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INTRODUCTION
The WMO Commission for Instruments and Methods of Observation (CIMO)
is responsible for the implementation of the WMO Instruments and Methods of
Observation Programme (!MOP).
One of the fundamental tasks of !MOP is the
transfer of technology and knowledge by organizing technical conferences on
special instruments, observing systems and observing methods.
TECIMO-IV is the fourth of the WMO technical conferences organized
since 1977 prior to statutory sessions of CIMO.
The programme of the
conference was agreed by the Advisory Working Group of CIMO in Potsdam,
German Democratic Republic, in June 1988.
The International Organizing
Committee for TECIMO-IV, composed of Dr. A. Van Gysegem (Chairman),
Dr. J. Kruus, Mr. M. Gilet and Mr. S. Klemm (co-ordinator) has been
responsible for selecting the papers and specifying the themes and contents of
sessions.
This publication contains a representative sample of completed or
ongoing activities related to CIMO and !MOP in several Member countries of
WMO.
It also summarizes the status of development in various areas of
interest to instrument specialists. I hope that participants of TECIMO-IV and
other readers of this report will find the contents useful and informative. I
should like to express my gratitude to the Government and the Royal
Meteorological Institute of Belgium, to the International Organizing Committee
for TECIMO-IV and to the Secretary-General of WMO for the planning and
arrangements made for TECIMO-IV.

~--

--

~

H
•'

------~~-:_ ___ ~·1(_:?.~~bo---- -- -----

(
- --·- ·-

Seppo Huovila
President of CIMO

WWW/34

/

e.,.--~4'T <..~·

-------·

Session I
INTERCOMPARISONS

(Reference !.1)

by
John Skaar and Kjell Hegg
Det norske meteorologiske institutt-DNMI (Norwegian Meteorological Institute),Norway
1. Background. Following up a decision by the ninth session of CIMO to include an
international hygrometer intercomparison in the Programme of WMO International
Comparison of Meteorological Instruments, the Norwegian Meteorological Institute
(DMNI) accepted to carry out a hygrometer intercomparison in January 1986. The
project was planned to be run over a period of two years.

I.

Procedures, rules and responsibilities regarding the intercomparison were
drawn up in a Final Report during a session in May 1986 by an Organizing Committee,
whose members were appointed from Switzerland, the Netherlands,the German Democratic Republic, WMO and Norway.
The committee decided to divide the intercomparison of humidity measuring
instruments into two parts: One comprising electronic instruments or sensors, preferably designed for automatic weather stations (or distant reading) to be carried
out in Norway;- the other part: "The WMO Assmann Psychrometer Intercomparison",to
be accomplished under laboratory conditions in the GDR during 1987.
2. Objectives of the Intercomparison. The following objectives were established by
the International Organizing Committee at its first session in May 1986:
(i).To derive performance characteristics on the operational use of hygrometers with electrical output;
(ii).To find out the suitability of instruments for long-term unattended operation;
(iii}.To evaluate the EAP Psychrometer of the German Democratic Republic as an
Interim Reference Psychrometer for temperatures above zero;
(iv} .To evaluate the performance of the different Assmann-type psychrometers
including the evaluation as a working standard by intercomparison against
the' Interim WMO Reference Psychrometer.
(v).To make proposals for the further improvements in the field of humidity
measuring instrumentation;
(vi).To evaluate the ARP under favourable weather conditions.
3. Participation. All together 11 Member countries participated in the intercomparison
with 20 different humidity sensors, some with 2 or 3 equivalent units,so that a
total of 34 sensors were connected to the logging system.Products from 15 manufacturing firms or institutions have been tested.
4. The Intercomparison Procedure was established by the Organizing Committee (in May
and December 1986 and in September 1988). It will lead too far to go into details
of the reports issued, only the definition of the Relative Reference Values will
be included here:
Since no absolute reference was available, and since conditions inside the
instrument screen and outside in open air under certain weather conditions may be
different, two Relative Reference Values (RRVI inside the screen and RRVO outside
in open air) were defined as follows:
- "The RRVI (inside screen) will be the average of a psychrometric value (see
next para.) and a dew-point value (see.next para.) .For a wet bulb temperature below zero and/or humidities below 50% only the dew-point value will be used.The RRVO
(open air) will be derived from the RRVI using the two Thygans as a transfer standard':
- "The psychrometric value will be the average of the relative humidity readings derived from the two Interim WMO Psychrometers (EAP instruments).The dew-point
value is calculated from the average of the relative humidity readings from the
Thygan inside. the screen."

SUMMARY OF RESULTS OF THE HYGROMETER INTERCOMPARISON IN NORWAY .1987 - 89.
The summary below is a short concentrate of what has been described in some of the paragraphs of the final report:
"WMO International Hygrometer Intercomparison", Norway 1987- 89.
'!he

sut'!'l:lcy

belCM is given in the following order:

5,1 Psychrometers, 5.2 Dew~point meters, 5.3 Chemical sensors :5,3.1Polymer type,5.3.2 Hygrolyte type, arrl 5.4 Hair hygrometers.
PSYCHROMETERS: The psychrometers were kept in operation only when air temperature was above 0 °c (usually from May through
October) except for the Heated Psychrometer (Ref.No.4, DI 140) which was kept in operation throughout the year.
Frequency of service performed: A: Refilling of destilled water irt reservoir, B: Change of wick ort the wet bulb
sensor, C: Total number of days of repair.

.j

Unre-:- Estiliable mated
data sensor
.!U! .das~e!? l
' of drift
MEAN SDEV total ~2 mths

I

Ref., DI
HYGROMETER TYPE 1 ~xpoCOUNTRY 1 No. Nos. NAME OF INSTRUMENT ure

GENERAL PERFORMANCE I
SERVICEABILITY I MALFUNCTIONS etc.

I

'
i

.

NORWAY

1

lOO

EAP 1

I

42657

-0.1

11.4

1.9\

GDR

2

110

EAP 2

I

43011

-0.2

Eo

1. 2%

d \ RH

FRG
-·-

13

1120

IO
3010
(Frankenberger type)

142178

o.o

1.7

3.3\

0 \

FRG

4

140 I FRIEDRICHS 3020
I IIO 184275
(Heated Psychrometer)

-2.6

2.8

5,1\ I -1.4\ RHI The instrument operated fairly good at temperatures
above 10 °c 1 but failed frequently.at lower temperatures,mostly due to urtsufficient moistening of the
wet bulb sensor.Irtdic. in excess of 100\:29 days.
A:3.3 times per month,B:Once per 2 months, C: 0

AUSTRALIA

5

130

o. 3

1 .8

o.H

I FRIEDRICHS

I AUSTRALIAN

REFE~

RENCE PSYCHROMETER
(ARP)

I0

1466

I

1

+0,7\

RH

RH

The EAP 1 and the EAP 2 instruments were very reliable in terms of performance. Materials used
could have been of better quality, and capacity of
the water reservoirs larger.
A:Every 4,3 days, B:Approx.once a month, C: 1 day.
The instrument was very reliable. All-over performance, constructional details and materials usedWP~
of hioh stan:lard.
A: Every 8 days, B:Every 1 112 months, C: 0

The instrument operated satisfactorily,but was exposed only Under favourable weather conditions during 3 months of the summer 1987.The irttercomp. required lots of work and attertdance.Repair of sensor head (loose soldering) had to be carried out.
A~ B:Change every day (using plastic gloves),C:7

~

I
I

DEW-POINT HYGROMETERS: All were exposed outside the
the Protimeter (DI 650). All
code figures for number

o~

:::!:::::

screen in open air except for one of the Thygans (DI 620) and
Protimeter (DI 650)

~ere

artificially ventilated.

days of malfunctioning: Code 2: Sensor/transmitter/cable lines defective,

Code 4: Records faulty due to contamination or ice/water accumulated on mirror ,or reason uncertain.
Code 5: Service performed , Code 3: Occasions of instrument indicating in excess of 100 % RH.

!
COUNTRY

~~~

SWITZERI 6
LAND

7

I

I

I

I

EstiUnreliable mated
SUMMARY OF RESULTS
DI
HYGROMETER TYPE / if:xpo- Ail T and RH classes} data
sensor
Nos. NAME OF INSTRUMENT s~re
\ of
drift
MEAN sDkv total 12 mths
N

I

610

THYGAN VTP 6 Venti
lated Thermohygrometer.

620

"

NORWAY

18

630 I GENERAL EASTERN
1500 MPS

USA

9

640

EG&G

llO~

0

91927

0.4 I 1.6

I

93096

o.o I 1.1

0

0

( DEW-POINT HYGROMETERS: TO BE CONTINUED)

72054

-3.0 I 4.2

53395

-0.7

1.8

GENERAL PERFORMANCE /
SERVICEABILITY / MALFUNCTIONS etc.

The Thygan instruments appeared to be far superior
to the other dew-point ~eters when perframance,
regularity and long-term stability are concerned.
These instruments are considered to be very good
1.7\ l-0.6\ RH I and reliable.- Thygan (0) (DI 610) :Code 2:0, Code 4:
6, Code 5:1, Code 3: 1 - Thygan (I) (DI 620):
Code 2:0, Code 4:1, Code 5: 1, Code 3: 1 (Code 5:
Replacement of PCB indic . ice .£E. water on mirror) •

I 2.2\ I

0

22.7\ 1-5.1% RH I Main reason for faulty records was, by far, the
frequent growing of ice on the mirror. The so-called Auto-Reflectance/ PacerTM Feature did n.ot operate as described. - The instrument is in the present state not considered fit for unattended use
at automatic weather stations.- Code 2:0, Code 4:
BO, Code 3: 60, Code 5:The sensor unit had to be
taken inside to melt ice on mirror several times.
22.1\

1)

The instrument operated very well during the first
1 1/2 years of the intercomparison.After that,fau1t
occurred in the regulating system and the unit had
to be reset daily, and many faulty records had to
be rejected (22\). However, this type of dew-point
meters was, apart from the last 1/2 year period,
considered very reliable in terms of performance
and regularity. (It has been reported that the EG&G
llOM-S is not being manufactured any more).
Code 2:47, Code 4:17, Code 5: 90, Code 3: 10.

V1

DEW-fOINr HYGR:M:I'ER5 (CXNI'DUID)
Unre- Estiliable mated
SUMMARY OF RESULTSI
data sensor
Expo- (All T and RH classes)
HYGROMETER TYPE I
Ref. DI
COUNTRY
\ of drift
NAME
OF
INSTRUMENT
sure
No. Nos.
MEAN SOEV total 12 mths
N

NErnffi-

10

650

PRJI'IMEI'ER DP383R

I

7~

. -2.1

-

I..liN)3

7.7

20.1%

GENERAL PERFORMANCE I
SERVICEABILITY I MALFUNCTIONS etc.

2)
'Ihe i.nstl:urent cperated witln.rt: ll'ai1y interuptions during the
period of the i.nt:er=rp:lrisoo, !:ut the mi.=r had to be cleaned
frequently. - With reference to the results ard limitation of

use (an.ly forT > 0 "c l , the instrurrent is oot considered suitable for l:::eing used at autara.tic ;,;eather stations,- at least
rot in oold countries.
Code 2: 0, Code 4: 56, Code 5: 0, cede 3: 9
USA

USA

11

12

660;
661

670

H:::e3HY~

EG&G 20CM D:EWIPJ\K

0

0

28009
-2.9
(Q'lly 1st period)

50297

-3.5

4.5

16.7%

1)

'Ihe i.nstl:urent, installed 1. 3. 87, op:rated well during the first

3 rn:nths. After that frequent faulty records were cbserved,rrostly
dlE to heavy corrosion. In Decarber 1987 defective KB was replaced (DI 661) !:ut rot with great i.rrproVEfiE!lt. ('Ihe prcblem of
oorrosirn is well krown to Me!tber. )
Code 2: 4, Code 4: 40, Cede 3: 44
3:9

16.4%

1)
A prot0tyFe instrurent , installed in rbve!rt:er 1987 ,!:ut rot p.1t
into op:ration before February 1988 (because of defective cable
lines) . - 'Ihe i.nstrt.m:nt functioned well during the period of
cperaticn, !:ut the mi.=r had to be frequently cleaned in order
to cbt:ai.red reliable results.
Code 2: 47 (defective signal lines) ,Cede 4:21, Code 3: 10

SlM-11\RY DEW-rornr HYGR:MEl'ER5 -MAIN REI\SN3 FCR F1\UL'IY REJ::I:R:'S: (a) l Accurulation of ice or water on the mirror, (b). COntamination of the mi.=r,
(c) • Non-sycronized cperation (i.e. p::s.Sible ooi.nciden::e !:::etween, reoo:rdi.ng of data with autaratic mirmr cleaning, (d). Heavy corrosion,

(e). In SClle cases reascn is given as uncertain or unkrown. (1\c:c6rding to Rules ard Responsibilities established by the Organizing Ccmnittee (May arrl
DecenDer 1986) para. 4.5 (d) v.hlch reads: Olring the inter~isoo _t:eriod:- N:l changes to the Eqliprent hardware or software will l:::e _t:ermitted
except repl.acem:mt of sensors in case of failure. N:l adjustfent is ,t:ermitted •••• ) •

:J.

Esti.nated sensor drift (12 rrooths ,Le tw:> sumer periods): l) N:lt
q;eraticn during both sumer periods.
2) Correfa-tion coefficient to small (< 0. 7) for reliable regression.
Explanation to synbols: N = Totali'IUli:ler of d:servaticns. (O'le c.bsenraticn is the average of 6 records during last minute of every 10 min. interval).
MEAN = 1-t!an deviaticn frcm carprt:ed Relative! Reference Value (RRV) ,
SDFN = Starnard deviaticn of cleviaticn frcm
For N, MEAN ard SDFN all data v.hlch have been
EXl'CSURE: I= Inside the i.nstrtirent screen, ~ OJtside in q::en air.
considered reliable, are i.ncltiled.

RRv.

o-.
1.

rnEMrCAL SEN9JFS :

Al~

'2fi

toget:har
sen5ors of this catecpry -.ere kept in c.p:!raticn fran tre start {1.3.87) to tre close of tre.project {28.2.89) except the
PCR:-11 (DI 420,430,440) which -.ere coonected to tre ~ system 8.5.87. N:l replacatent , repair or adjust:Irent tock place during this
~iod,- rot even filters -.ere cleared or replaqed.
'lhe chanical sensors -.ere very reliable instruren~ in terns of perfonnarx:e. M:lst of these sensors agreed with ccrrpited Pelative
Fafererx:e Values (RRV) azrl especially sensors of tre 5a11e type agreed closely at t:a~F&atui:es aboile zero &agree Centigrade. H::ll.ever,
rragnitlrle of the MEAN's given in the table belCM is nostly owing to in::reasing deviation with falling ~ature (see belCM) .It is
believed that these sensor types to a very high degree will iirtJrove accuracy of air hunidity rreasuremmts at autcnatic \<.eather stations,
provided co=ectioos related to tenperature are applied ,eit:har in hardware or software.

Unre- Estiliable mated
SUMMARY OF RESULTS
Ref. DI
HYGROMETER TYPE / Expo- All T and RH classes) data sensor
COUNTRY
% of drift
No. Nos. NAME OF INSTRUMENT sure
MEAN SDEV total 2 mths
N

_GENERAL PERFORMANCE I
SERVICEABILITY I MALFUNCTIONS etc.

l?OLYMER TYPES:

NEIHER-:
IA'U>

13

310

rorn::mc mw-1oco

I

92069

2.1

2.0

2.1%

-o.9%m

I
I

91582
91853

-0.7
0.1

2.1
:1.9

2.6%
2.4%

-o~]' m

I

92078

2.0

i2.0

2.1%

-o.9%m

I

90154

-0.4

:2.2

4.1%

-1.9% m

VA.l:SAIA I:D!ICAP HMP21
with H-type sensor. (Uncorrected values)
I

I

92592

5.1

:3.0

1.6%

-J.6% m

!

I

-.J

(Hygrarer)

.

."

14
15

320
330

-

SWEDEN

16

340

rorn::mc

"

-

I

MP- 100F

i

(Hygrarer)

17

"

FINI.AND ~8.1

350
360

"

11.9.1 370
20.1 380

"

18.2 360

"

19.2 370
20.2 380

"
"
FRAN:E
--

21

390

"

22
23

410

"

400

-

"

-

- " - " -

I
I

HMP21
(Values corrected for
tatp.& lirearity)

VAI5AI.A HtMICAP

- " - " SPSI - Hygraretre capacitif illl-5400A

-

"
"

{ rnEMrCAL SEm:FS : 'ID BE

-

CXNI'mJED)

92230
92272
92592

3.3
2.9
2.1

5.9
3.8
2.4

1.9%
1.9%
N:Jtre-

corded

,
i

fuses in

-1.4% FH
-1.1% FH
As

above

I

I

92230
92272

3.3
0.9

2.3
2.0

I

74336

0.2

2.4

12.9%

-3.0% FH

I
I

91800
93179

0.0
0.0

,3.1
'3.2

2.4%
0.9%

-4.1% m
-4.5% m

I
I

.ve cases of break because of b1CMJ.
irrlicator units {7 days) .

"

"

"
"
did rot q:erate satisfactorily in ~io:ls,
presurebly due to fault in the elect.rc:parts of the
sensor itself.

~sensor

CliEMICAL SilB:RS

(CXNI'llUED)

Unre- EstiSUMMARY OF RESULTS
liable mated
HYGROMETER TYPE / Expo- All T and RH classes) data sensor
Ref, DI
COUNTRY
\ of drift
No. Nos. NAME OF INSTRUMENT sure
MEAN SDEV total 12 mths
N

GENERAL PERFORMANCE I
SERVICEABILITY I MALFUNCTIONS etc.

rnEMICAL SElS:R5 : FOLYMER 'lYPE

24
25
26

UK

"
"

420
430
440

KX:-11 HLMIDTIY sa:s:R

-

"

.

-

0

I
ii

79092
82505
82093

I

-15.3 ' 5.5
-4.2
4,1
-7.6
4.3

6.8%
2.9
3.3%

2)
2)
2)

I
I

CHEMICAL SEN3:RS: HYGRJLY'IE 'I"iPE
NE'IHffi-

I..Nn3

.
.

27
28
29

510
520
530

RJIKNIC Il£-lCXJH

30

540

NNASINA Ht.MIDTIY AID

-

. .
-

I
I
I

91354
91457
91397

-2.6
-3.2
-3.2

3.3
3.3
3:2

2.9%
2.8%
2.9%

-2.5% RH
-2.8% RH
-2.9% RH

I

92748

0.0

3.2

1.4%

-1.7% RH

I
I

81385
91838

-1.0
-o.2

2.6
3.0

4.9%
2.4%

-0.9% RH
-1.4% RH

I
I

31320
58083

5.9
-3.6

5.1
3.7

9.7%
1.6%

I

87755

-3.1

4.2

4.8%

TEMI?:ElWIURE SERr:R

"
"

- " - " -

31
32

550
560

33

210
211

I1ll>lBRKHI'

34

220

AAIDERAA 2820

00

Signal line defective fDom·23.3 to 18.6 1987

HAIR HYGR:l1EIE85:
ER;

t'l)fW'\Y

--

-

. -8(XN30

1)
1)

c:p!ration fran 1. 3 to 4.12 1987. Transmitter defecIn c:p!ration fran 4.12.87.
tive •

In

2)

In c:p!ration durin3' tm v.tnle interccrrparison paricxi.
IDli\R1(S:

Both hair h¥grareters indicated rrarked diurnal variation

fran RRV (i.e. ta!!Jerature deperrl:ncy) .
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7.

INTERCOMPARISON IN RELATION TO RELATIVE HUMIDITY.
The method used when comparing two instruments or one instrument with the
relative reference value (RRVO or RRVI) is the so-called Empirical Quantile-Quantile Plot.-The method is shortly described in Report No. 32 of the WMO Series
Instruments and Observing Methods, and the use has been explained in the final report of the present intercomparison. The method compares two distributions directly
by computing the cumulative number of occurence in percentage of the totals.An example is given in Fig. 4, page 10. From this graph the following can be derived:
{a) . The Australian Reference Psychrometer (ARP) indicated at an average slightly
lower RH-values than computed RRVO (order of magnitude 1%) but with increasing
difference for the highest relative humidity values (> 90% RH).
(b). Very good agreement between EAP 2 & THYGAN (I) and computed RRVI ,all temperature classes (all data) included.
(c) . THYGAN (0) indicated a "bias" difference to computed RRVO for all relative
humidity values of the order of magnitude 1-2 % RH.
Similar graphs have been prepared and included in the final report for all
sensors and for different temperature classes and in relation to certain weather
phenomena. Instruments of the same type and reference values have also been compared.

B.

INTERCOMPARISON IN RELATION TO TEMPERATURE.
Since this paragraph is considered one of the most important of the final
report, emphasizing the need of applying corrections to the relative humidity
measurements in relation to ambient temperature especially below freezing, this
part will be dealt with in details here. (See table below).
In· the report ("WMO International Hygrometer Intercomparison",Norway 198789) the relation between computed Relative Reference Values (RRV) and the records
of the different sensors in question are given as graphical interpretations (in
Cartesian co-ordinates) where the abscissa is equally divided in such a way that
the divisions indicate the middle points of the temperature classes -20<T~-15 °C,
-15<T -lO~C ...•.••. 20<T~25 °c, 25<T&3o 0 c.- The equidistant scale along the
- ordinate indicates Mean--De-v-iat-ion from RRV (MEAN)- (in--%-~---111l ,_.computed _for_ the. _
temperature classes given above.- All humidity classes have been included. (See
examples, F'io.larrlFig. 3)
Similar graphs have been prepared for Standard Deviation of Deviation from
RRV (SDEV), using the same divisions as for the MEAN's.(See example, Fig.2)
Many MEAN- and SDEV-curves of the graphs can, especially those of the chemical sensors, be referred to certain pattern as far as their traces on the diagrams in relation to the axis are concerned.Very often marked changes occur around
0 oc.
In the table below indications of the curve pattern have been given with
numbers and symbols- together with aata of MEAN and SDEV for all sensors included.
It should be evident from the graphs (or the table below) that corrections
to humidity measurements as function of temperature should be applied to most of
the sensors, especially when measurements are being made at low temperatures.
An example of "improved" records when including corrections related to temperature
is given in Fig. 1.

9.

CONTENT :The following main items have been described or discussed in the final report and some of the results presented by means of tables and/or graphs:
(a). Site and facilities ; (bl. Instrument description and principle of operation;
(cl. Procedure of the intercomparison and data processing;
(dl. Performance and serviceability of instrument-s and equipment;
(e). Results: (i).Intercomparison in relation to temperature ; (ii). Sensor drift;
(iii).Intercomparison in relation to relative humidity (EQQ-plots);
(iv) .Analysis in relation to certain weather phenomena (EQQ-plots);
(v) .Long lasting high relative humidity (graphs etc.)
(f). Summary tables for total nurber of oi:Gervations, ITEanS arrl standard reviations.
(g). Flag statistics (table).

INTERCQ~ARISON

Ref.DI Hygrometer type I
Country No. Nos.Name of instrument

NORWAY
GDR
FRG
FRG

1
2
3
4

100
110
120
140

SWITZER-6
7
LAND
NORWAY 8
9
USA
NETHERL.10
11
USA
12
USA

610
620
630
640
650
660
670

NETHER- 13
14
LANDS
15
"
SWEDEN 16
17
"
FINLANn18.1
19.1
"
20.1
"
18.2
"
19.2
"
20.2
"
FRANCE 21
- - - 22
"
23
"
UK
24
25
"
26
"

310
320
330
340
350
360
370
380
360
370
380

--

NETHER- 27
LANDS
28
29
"
30
"
31
"
32
FRG
FRG
NORWAY

33
34

IN RELATION TO TEMPERATURE

MEAN DEVIATION: FROM RRV (MEAN)
STANDARD DEVIATION OF DEVIATION FROM RRV (SDEV)
(MiOO,l.e points )
Temperature classes (Middle points)
Pattern -17.5 -12.5 -2 •.5 +2.5 +12.5 +17.5 +27.5 Pattern -17.5 ~12,5 -2.5 +2.5 12.5 17.5 27.5
~ture cl.a.sse$1

PSYCHRQMETERS:
1 -EAP 1
1
EAP 2
FRIEDRICHS 3010
1 3020
FRIIDRirns
3
DEW-POINT METERS:
2;
1.7
THYGAN (0)
-0.4
THYGAN (I)
1
3
GE 1500 MPS
-0.4
EG&G llOM-S
1
PROTIMETER DP383R 2
(0)
6 ..............
H083
EG&G 200M DEWTRAK 2
CHEMICAL SENSORS. POLYMER TYPE:
....____ Rotronic HTW-100D 4
......_,.,
6
- " .............
6
- " ROTRONIC MP-100F
4
4 '-- " 5
VAISALA HUMICAP
HMP21 (Uncotrected)5
5
- "
4
VAISALA HUMICAP
HMP21 (CORRECTED
4
FOR TEMP.& LINEAR. 4 "---

-- -

---------

-

---

---

....__

-

~
"'--.:

'--- -

-

"-- -

390 SPSI,TYPE UOl-540016

~

5 '-...._

400
" '-...
410
" 5 ........_
420 PCRC-11
6
430
"
4 '-440
"
.
6 "CHEMICAL SENSORS. HYGROLYTE
"'-510 ROTRONIC DMS-100H 6 .......__
520
- " 6
530
6 '-- " 6 '-540 NOVASINA
550
6 '"
560
6
"
HAIR HYGROMETERS:
211 LAMBRECHT 800N30(1 5
220 AANDERAA 2820
4

,_

-

9.8

-

-

-

-

-

-

-

I
I

-

-6.4

I

-4.7

1.8
o·.2
-4.9
-0.5

0.7
-0.4
-3.5

4.3
-3.2

0.7
-3.4

-

-1.2

-

-0.3
-0.4
-0.2
-3.9

-0.1
-0.3
-0.1
-1.1

0.0
-0.2
0.2
-0.7

-0.2
-0.1
1.0
0.1

1
1
1
4

0.7
0.0
-2.7
-1.1
-1.1
-2.4
-2,9

0.2
0.1
-3.3
-0.4
-2.2
-4.0
-4.4

0.0
0.1
-2.9
0.1
-2.2
-1.5
-4.6

0.0
0.1
-0.9
0.2
-3.8
1.4

2
4
2
1
7
2
1

-

5.5
2.1
2.6
1.6
2.5
2.8 4
1.5 -1.6 -1.6 -0.2
0.1
1.7 4
0.8 -0.5 -o.5
0.8
1.2
2.2 4
6.7
2.8
2.1
1.8
1.3
1.8 4
5.7
0.0 -0.3 -0.8 -1.3 -1.2 4
3.3
15.2
6.8
5.5
4.6
2.0 4
17.2
8.1
6.5
5.2
3.4
1.7 4
4.3
14.6
5.7
3.3
2.0
1.3 4
6.8
2.0
1.6
3.4
2.9
1.5 4
4.0
9.2
3.4
2.7
3.0
1.2 4
0.1
6.1
0.6
1.8
1.6
0.8 4
9.0 -0.4 -0.7 ·. 0.8
0.2
2.4 2
0.3 -1.4 -3.0 2
8.3
0.4
0.0
10.1
0.9
0.0 -1.9 -3.4 2
0.2
-4.5 -18.0 -18.2 -14.1 -12.5 -10.5 1
8.2 -4.2 -5.2 -3.9 -4.6 -6.2 1
2.5 -9.6 -9.7 -6.4 -6.0 -5.9 1

TYPE:

-

4.4
3.9
5.3

"'-- "--- -

~1.8

---......._

------""""
'--

-------

'--

-

3.4
2.1

-

1.6

-

......._ --

'--

'-.......__

-

-

-

.......__ ..__ -'--

---

-

5.7

-

-- -

---

----

1.9
0.9
1.0
3.4
2.9
3.8

-4.1
-4.7
-4.7
-1.6
-1.8
-1.6

-3.7
-4.3
-4.2
-1.5
-2.1
-1.6

-2.4
-2.3
1.5
-0.4
0.7

-1.4
-2.1
-2.3
2.4
0.5
1.4

0.2
-0.3
-o.5
1.8
0.1
0.8

4.2
4.9

-3.0
-3.4

-3.2
-2.5

-4.9
-2.7

-3.7
-5.0

-7.3
-9.5 c ! _ -

2
2
2
2
2
2
1

-

-

-

-

6.4
6.3
6.3
_,_

-

-

-

10.6

3.0

3.6
2.2
5.5
2.8

2.0
1.5
5.0
1.9

1.3
0.9
2.0
2.1

1.3
1.0
1.7
1.6

1.4

1.3
1.1
3.6
1.6
3.3
3.8
3.2

1.4
1.3
2.7
1.5
3.3
3.0
3.9

1.3
1.0
1.2
1.2
3.3
2.0

1.2
1.7
1.7

1.1
1.0
1.2
1.2

5.8
4.9

4.1
4.0

1.5
0.8
5.0
1.6
9.7
4.5
3.2

5.6
5.6
5.7
5.7
5.2
6.4
6.0
6.2
6.1
5.9
6.0
2.2
5.4
4.2
2.8
3.3
2.3

2.1
2.3
2.2
2.1
2.3
2.6
2.7
2.3
2.1
2.5
2.2
2.1
2.6
2.7
5.3
4.2
4.7

1.6
1.8
1.8
1.8
1.9
2.3
2.2
1.9
1.4
1.8
1.4
1.8
2.7
2.9
4.9
3.6
4.3

1.5
1.5
1.5
1.5
1.7
2.3
2.2
1.7
1.6
1.7
1.4
2.3
2.7
2.7
3.5
3.9
3.2

1.6
1.5
1.5
1.5.
1.7
2.0
1.9
1.8
1.8
1.7
1.5
2.4
2.4
2.4
3.5
3.7
3.2

1.3
1.3
1.3
1.2
1.6
1.2
1.3
1.3
1.2
1.3
1.2
2.2
1.7
1.8
3.5
3.0
2.3

4.3
4.1
4.0
5.1
6.0
5.7

3.6
3.6
3.5
3.3
2.9
3.1

3.0
2.9
2.9
2.8
2.4
2.8

2.6
2.6
2.6
2.3
1.8
2.3

2.6
2.7
2.6
2.1
1.8
2.1

1.6
1.7
1.7
1.4
1.3
1.5

2.4
3.7

3.6
3.6

3.2
3.5

3.1
4.2

3.5
4.4

2.1

-

~

-

4_n

....0
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MEAN DEVIATION AS FUNCTION OF TEMP.
VAISALA HU ..ICAP (VAI(380))
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STANDARD DEVIATION AS FUNCTION OF TEMP.
VAISALA HUMICAP (VAI(.SI!IO))
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20
10
0
-22.5

-17.5

c

-12.5

-7.5

-2.5

2.5

7.5

12.!5

17.5

22.5

27.!1

TEMP. CLASS£$ (Mid point In deg. C)
UNCORRECTED
+
CORRECTED

The two curves in Fig.l above (Mean Deviation from .RRVI as function of temperature)
arean example of "improved" accuracy (relative to RRVI) when introducing corrections
in the software related to ambient temperature (and to a minor degree, to unlinearity)
The Vaisala Humicap HMP 21 with H-type sensor was the only sensor included in the intercomparison for which both uncorrected (below a certain temperature) and corrected
values in relation to RRV were evaluated. It-se€ms, however, that the corrections_for_
the ~ terperatures are insufficient.
Fig. 2 is a graph showing Standard Deviation of Deviation from RRVI (SDEV) for uncorrected and corrected values. No great differences between the curves are observed,
but increasing SDEV with falling temperatures indicates greater uncertainty (or
greater dispersion of the comparison data) when using this sensor type for humidity
~easurements at low temperatures (and indeed, if extrapolation of the curves could
be imagined. )Unfortunately both winter periods of the intercomparison were unusually
mild with very few days with minimum temperatures below - 15 °C •
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MEAN DEVIATIOl\' AS FUNCTION OF TEMP.
ALL HUMIDITY CLASSES
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EXPLANATION TO FIG.4:
The straight lines (45 °) are the zero-lines indicating full accordance between the two
distributions of data series compared.-The numbers 2,4 ... stand for 20%,40% .•• and the
marks in between and at the ends for 10%,30% •.. 90%.Errl of the curves irrlicilte 100% of all data.
The bending upwards at the end of some of the curves indicates that the instrument sometimes has indicated in excess of 100% RH,whi1e computed RRV-va1ues were reduced to 100% when·
ever data from the instruments included in the RRV showed in excess of 100% RH.

(Reference !.2)

THE FIRST WMO INTERNATIONAL INTERCOMPARISON OF VISIBILITY MEASUREMENTS
PART I: THE INSTRUMENTS, SITING, DATA LOGGING AND DATA PROCESSING TECHNIQUES
D J Griggs, D W Jones, M Ouldridge and W R Sparks, Meteorological Office, United
Kingdom.
Introduction
Following a decision of the Executive Council at its 38th session, the first WMO
International Intercomparison of Visibility Measurements was organised by the
Commission for Instruments and Methods of Observation. The Intercomparison was
hosted by the UK Meteorological Office and held at RAF Finningley, near
Doncaster, England <WMO station number 0336U) over the period October 1988 to
April 1989.
The objectives of the Intercomparison were:
(a)
To record values of atmospheric extinction coefficient or Meteorological
Optical Range <MOR) for each instrument ..
(b)
To make and record visual estimates of MOR.
(c)
To record prevailing atmospheric conditions.
(d)
To analyse the recorded data in order to investigate the performance of
the instruments in different atmospheric conditions.
<e>
To assemble information on the operational aspects of the visibility
instruments entered into the Intercomparison.
The present paper will describe the organization and facilities of the
Intercomparison and part II will go on to present some preliminary results.
Description of Instruments
A total of twenty six visibility instruments were entered into the
Intercomparison. A list is presented in Table 1.
The twenty six visibility instruments comprised twenty one different designs.
These represented all of the major methods of instrumental measurement of
visibility, namely forward scatter meters, back scatter meters and long and
short baseline transmissometers.
The Site
- -RAF Finningley was chosen for several reasons. During an average winter
Finningley experiences relatively high incidences of both radiation and
advection fog, and as it is a very open site these fogs are generally quite well
mixed and therefore relatively homogeneous. The site also operates a synoptic
observing program 24- hours a day, 7 days a week and has an excellent range of
local visibility points. The instruments were deployed on a wedge shaped area
of land a scale diagram of which is shown in Figure 1.
In general the long baseline transmissometers were deployed in the centre of the
area in a divergent pattern in order to minimize any possibility of interference
between adjacent instrume-nTs. One example of each of the Torward scatter
instruments was placed at the eastern end of this array. The short baseline
transmissometers, the one back scatter instrument, and where available second
examples of the forward scatter instruments were sited at the other end of the
array.
Meteorological instrumentation
In order to study the performance of the instruments with respect to various
weather conditions a range of meteorological sensors was deployed to provide
background data for this analysis. These were placed in the centre of the array
of instruments as shown in Figure 1.
A list of the meteorological variables measured and instruments used is given in
Table 2.
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.Par am._e t er
Wind Speed

2.5 m, 5 m,

10 m*

Wind Direction

2 ,;;t=: m, 5 m,

10 m*

Dry Bulb Temperature
Wet Bulb Temperature
Relative Humidity
Global I l l umi nanc e
Rainfall

0. l m,

1. 25 m, 5 m
0. 1 m, 1. 25 m, 5 m
0. 1 m, 1. 25 m, 5 m
3 m
Surface

Solar radiation: direct &
diffuse
Precipitation on/off

1. 25 m

Instrument
Vector A100/L20,
fMunro MK4
Vector W200,
fMunro MK4
Rosemount ERT MK4A
Rosemount ERT MK4A
Rotronics YA-100
SKYE SKL310 photopic meter
Weighing tipping bucket
raingauge. Tipping bucket
raingauge. Tilting syphon
raingauge.
Kipp + Zonen CM5

6 m

Vaisala DPD12A

Table 2:

Heights

Meteorological variables recorded throughout the Intercomparison.

In addition to these instruments a LED Weather Identifier <LEDWI> manufactured
This device is designed to measure precipitation
occurrence, type and rate and was deployed on a trial basis with the aim of
increasing the resolution of these factors beyond that provided by the observer.
by STI Ltd was also deployed.

Visual Observations
The full programme of station synoptic observations were supplemented by site
specific observations of visibility and present weather during many periods of
particular interest for this Intercomparison. These were made by a scientist
detached specifically for the Intercomparison; his duties also included ensuring
the proper operation of the data logging equipment, routine maintenance as
detailed by the participants at the start of the Intercomparison and first line
tault tracing and repair in the event of instrument malfunctions.
Data recordlrig_
The signal cables from the visibility sensors and the meteorological instruments
were directed to a nearby cabin which housed the data recording facilities. A
simplified schematic diagram for the data logging system is shown in Figure 2.
lt was necessary to record both analogue and digital data, and the two types
were handled by separate processors, connected by a high speed link. Where
possible, data recording from each of the visibility sensors took place at 15
second intervals. For some digital instruments this interval was not available
and the nearest value to 15 seconds was chosen. Data were recorded from the
meteorological sensors every minute.
Because of the very large amounts of asynchronous data <N 5 MBytes/day) in a
variety of formats the digital signals <after passing through signal line
lightning protection devices) were directed into dedicated processors
<Microscribe 600's). Here the extinction coefficient or MOR data along with any
status information were extracted and reformatted into a standard format
message. The microscribes were polled in turn every minute by the central
digital processor and the data multiplexed through a fast serial communication
link into the central digital processor.
The analogue data were also passed through dedicated signal line lightning
protection devices and then via dedicated ports into the central analogue
processor before being combined with the digital dat~ into a single data string.
This data string was then passed to several data storage devices. The primary
devices were two twin 1.2 MByte floppy disc Data Tracker 1500 systems operated
in parallel with a 10 MByte Winchester disc and either a DC300 cartridge
recorder or 9 track tape recorder as further back up.
1.5 MBytes. Safeguards
The method of recording produced a daily data set of
N
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were built into the system to account for drift in calibration and to restart
automatically on detection of a system failure. In addition the whole central
logging system was supported by an uninterruptable power supply.
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Schematic d-iagram-

of the data logging system

Data Analysis
The data analysis for the trial was carried out on the United Kingdom.
Meteorological Office's mainframe computer in Bracknell, approximately 200 miles
from the test site. The data were transferred daily and were immediately passed
through quality control checks to identify obvious instrument malfunction.
Quality control failures were then reported back to the scientist at the
intercomparison site for checking and attention as a~propriate.
Maintenance and reliability
In qddition to analysing the performance of the various instruments <a
preliminary report of which will be given in part II of this paper> an objective
also was to assemble infol"mation on the operational aspects of the instruments.
The only routine maintenance required was the cleaning of the optical surfaces
and this mainly for the transmissometers. Data loss was experienced from
several instruments during the period of the trial. A table summarizing the
cleaning and seviceability record of the instruments is shown in Table 3.
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instrument

Cleaning Interval as specified
by Participants

KNMI 16
KNMI 75
FUM01
FUM02
QUALIMl
QUALIM2
VIDEOGRF
BELFORTl
BELFORT2
SKOP S75
SKOP DBL
ELECMA
ELTRO
JRI
VAISALA
MEISEI
AEG1
AEG2
SICK SMB
SICK SMBO
SICK SM61
AGI
MARCONI!
MARCONI2
HSS

If dirty (found to be approx monthly),
No cleaning required.
Two weeks
Two weeks
No cleaning required.
No cleaning required.
Two weeks.
No cleaning required.
No cleaning required.
Two weeks.
Two weeks.
Two weeks.
Two weeks.
If dirty <found to be approx 2 weeks).
Monthly and as required by status message
Monthly
No cleaning required.
No cleaning required.
No cleaning required.
No cleaning required.
No cleaning required.
No cleaning required.
Monthly.
Monthly.
No cleaning required.

(1)

(2)

<3>

(If)

<5)
\6)

<7>

Number of
faults
0

1
1
0
0
0
1
Q

Number of days
of no data
0
44
0
0
0
0

5

~

I

;J

(

;.;;:)

(

;~:a)

0
0

0
B
0
0

1

4

<.4)

2

12

<: .\::.,\)

0
0
0

0
0
0
0

1

0
0

0

6

42

(,

4
0
0
0
0
0

25

( (:";o)

0
0
0
0
0

(, :? :)

~!'•

:•

Faulty PCB. Original replaced by UKMO staff. Second replaced by
Participant.
Loose PCB edge connector.
Blown fuse in lightning protection circuit.
Calibration shift giving nonphysical results.
Transmitter lamp failure.
Several faults including EPROM replacement by Participant.
Although there were no faults reported, the SW fault noted in the SICK
SM80 could also have affected the SM61 and so the EPROM was exchanged.

Table 3:

Summary of instrument cleaning intervals and serviceability history.

Summary
This paper has described the conduct of the First WMO International
Intercomparison of Visibility Measurements together with some operational
aspects of the various instruments. Part II of this paper will describe some
prelimin.ary results from the intercomparison,
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THE FIRST WMO INTERNATIONAL INTERCOMPARISON OF VISIBILITY MEASUREMENTS
PART II: PRELIMINARY RESULTS
MOuldridge, WR Sparks, D J Griggs and D WJones
United Kingdom Meteorological Office
INTRODUCTION
At the time of writing, the data-gathering phase of the First WMO International Intercomparison
of Visibility Measure~ents is coming to an end, Detailed analysis of the measurements is still at an
early stage, and in the limited space available here it is impossible to give a full account of the
performance of the 26 instruments in all weather conditions, Therefore in this paper a brief summary
of the overall perfor~ance of the instruments is presented, as reflected in the analyses carried out
so far, It is stressed that the conclusions are preliminary: a complete account will be published as
a WMO Report in early 1990,
A description of the visibility sensot'S studied appears in the companion paper, Griggs et dl,
(1: hereafter referred to as Part n, togethet' with details of the siting, data-recording and
processing techniques, Instruments will be identified in the present paper by the abbreviated names
that appear in Table I of Part I,
WEATHER EXPERIENCED
The winter of 1988/89 in the northeast of England ~as unusually mild and dry, with better than
average visibility, Of the 3978 hourly reports received during the period 17 October 1988 to 31
March 1989 fro~ the operational observers at RAF Finningley, only 125 included a visibility estimate
of less than 1000 m; this is just under one-ha 1f the avet•age for the same pel'iod over the previous
IS years (6,4%), On 76,5% of occasions, the visibility was estimated as 5 km or greater,
Precipitation appeared in 15,5% of reports, the vast majority being slight rain, Snow was unusually
rare, appearing in only 36 reports,
QUALITY-CONTROL AND FILTERING OF THE DATA
Many of the instru~ents were designed to produce information. in analogue form for input to
chart-recorders, and some of these occasionally output levels intended t•::t be chart scale-markings
rather than visibility estimates, Efforts to remove these outliers were hampered by the fact that
visibility can range over many orders of magnitude, and can change rapidly, In fact, sorRe of the
transmissometers exhibited step-changes in output whenever the external optical surfaces were
cleaned,
The method used to exclude transient outliers (Morel & Passi (2)) was o11e in which the
effective tolel'ance was continually adjusted to reflect the current variance in the l''garithm of
indicated visibility, as the data from a particular instrument were scanned sequentially,
Refinements to the original scheme were introduced to accommodate genuine step-changes, and to allow
for gaps in the data-series,
·
The signals from those instruments producing output in analogue form wel'e all sampled at ISsecond intervals, However, those producing digital messages did so with a variety of frequencies,
from ·once to si:><: times per minute, Although it is intended that short periods of the data will be
studied at these high frequencies, for the bulk of the Intercomparison it is necessary to arrive at
a common frequency for all instruments, na11ely one datum per minute,
Folloll'ing the quality-control procedure outlined above the data from all sensoi'S, with the
exception of MEISEI which sampled once per minute, were passed through digital filters appropriate
to their individual frequencies, des1gned to remove all variations with frequency greater than
1 min-•, whilst retaining as much as possible of the variance at frequencies lower than 0,5 min-•,
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REPRESENTATIVE VALVE
One of the gu1d1ng pr1nciples la1d down by the International Organizing Committee wat that no
s1ngle instru~ent should act as a standard against which all other instruments would be judged, It
was also strongly felt by members of the Committee that visual observations of visibility would be
,:of 1nsufficient quality to fulfil this rOle, A representative value has the1•efore been calculated
each m1nute hora the automatic data to ar.t as the standal'd, with the dual aims that it is (a)
completely obJective and lbl a good esti~ate of the true visibility, It will be referred to below as
:HANDARD,
In calculattng STANDARD, it was necessary to overcome one major problem, Some instruments would
report values of v1sibility well within theil' stated ma::drnum ranges even when all other evidence
showed that the true visibility was very much greater, If allowed to contribute their full weight to
the calculation of STANDARD, such data might have adversely affected the apparent perfor11ance of
many cdher instruments, For this reason, the following procedure was ad,,pted:
(a) Calculate the median visibility from only those instruMents with stated maxi11u111 ranges
greater than 10 km; call this value STENP,
(b) Calculate a second median visibility, now using all thc,se instruments with stated maxima
greater than STEMP; this is STANDARD,
The rnedian value was used, rather than the me.an Dl' s,:;,me other measure of !''cation, because it
is l'elahvely insensitive to I:Jutliers, but also because it is independent of whi,:hever paraMeter
(viSibility, extinction coefficient, transrdttance etc) is used to describe atmospheric obscuration,
Its disadvantage is that it is always equal to the value reported by one instruMent, and in
situations where the instl'UII1ents differ systematically, a given candidate might supply the STANDARD
on a disproportionately large number of occasions,
TABLE I : Distribution of choice of STANDARD,
Percentage of STANDARD visibilities supplied by a particular instrument, for each class of STANDARD,

Sensor

ftEG 1
A.EG 2

AGI
BELFORTI
BELFORT2
H.ECMA
ELTRO
FIJMO I
FUMO 2
HSS

JRI
KNMl 16
KNMI 75
MARCONI!
MARCONI2
ME lSE!
QVALIM I
QVALlM 2
SICK SMS
SICKSN80
SICKSM61
SKOP DBL
SKOP 075
SKOP S7S
VAISALA
VIDEOGRF

0-100111
0,1
0,0
I, 2
0,0
0,0
3,1
1'0

1.,2
6,8
0,6
7,9
19, 1
20,0
0,9
2,.5
0,4
2,2
0,0
21, 9
2,7
O,S
0' :3
7,8

I00-200m

STANDARD visibility class
200-500m 500m-1h
lkm-2km

-----0,5
0,3

7' 1
0,4
0,5
8,2
3, 7
5,9
2,9
l' I)
2,5
0,5
10,6
3, 9
8,5
1,0
2, 1
0,8
0,4
0,2

12,0
l '4
1'2
0,6
16,6
7' 1

2klli-Skm

---~--------------_,

1'2
0, 7
13,5
0,4
O,S
!I' 6
.2,9
6,0

:3.2
0,6
2,4
2,9
2,9
3,0
4,2
1'9
2, 9
1' 1

l 's
1'6
5,4
9,0
3,9
2,3
12, 1
1'8

2, 1
1 '0

5,8
1' 1

9,:3

10,5
0,4
1'5
3, l
3,2
6,6
7,2
2,4
2, 1
0,0
5, 7

0,"8
I, 6
7,6
4,5
3,:3
4, 7
2,6
3,7
1'0

4,4
4,8
2,2
0,5

5, :3

1'8
1'3
3, 1

1':3
0, 1
:3, 6
1' 4
0,5
0,5

10.4
B,S
1'0
1:3,0
3,6

11,5
10,6
0, 1
14,0
1'7

:3' 1)

.Skm-lOkll

) I Ok'm

_________
1, :Q

27,2
5,0

8,9

2,9
15,4

l!' 9
24.9

3,3
14,8
11. 3
2, 1
5,9
0,0
2,6
4,8
2,5
0, 1
4.9
1'8

:3, 3
.9, 0
12,9
1'!
10,0
0,0
I, I
:3,3
2,5
0, I
3,6
1'2

16.0

2,8
0,4
1,3

I ,4
1' 6
0,0
11,9

1, 5

20,8

8,0
4,2

1'4

18,0

.S,l

6,7
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Table I shows the relative frequencies with which contributing instruments supplied the value
of STANDARD, for various visibility ranges, The vel'y-short-baseline transmissometers (SICKSM61,
MARCONI I /2) clearly dominate the table at the lowest visibil i ties where the f•nward-scatter types
111ake little contribution, Conversely, the forward-scatter sensors provide the ftlajority of the values
at high visibilities, beyond the ranges of most of the transmissometers, VAISALA is the only
instrument to supply a consistently significant proportion of STANDARD values right across the
visibility range,
PRELIMINARY RESULTS
Visibilities from each instrument are compared individually with STANDARD in one of the Figures
1-3, Each Figure contains a number of diagrams successively displaced along the x-axis, Each diagram
is a 'box-plot' featuring visibilities from one instrument along the x-axis, against STANDARD along
the y-axis, Values of STANDARD are grouped into logarithmically-spaced bins each one-tenth of a
decade wide, Then for each bin of STANDARD visibilities, a representation of the distribution of
sensor visibilities is given; the limits of each 'box' show the inter-quartile range, the small
vertical line is the median and the horizontal line marks the 5-95~ range, The line at 45' Marks
'equality', and terminates at the Participant's stated maxi~um valid visibility,
In Figure 1 He displayed the results from the long-baseline transmissometers ( ie those with
baselengths 75 M or greater), together with a comparison of the manual observations !OBSERVER> with
STANDARD, The degree of correspondence between OBSERVER and STANDARD, from 50 m to 30 km visibility,
is highly encouraging, pal'ticulal'ly since OBSERVER contributes in no way towards the calculation of
STANDARD, Apart from the anoMaly at the lowest STANDARD visibilities (consisting of only 3
observations), the two are in close agreement up to about 500 m, a1though OBSERVER is about 25%
higher at greater values,
Many of the transrnissometers in Figure 1 show a commendable level of correspondence at
visibilities up to 1 km, As is mentioned in Part I, the SICKSMBO had a relatively poor
serviceability record during the study, and the large degree of scatter that it displays in Figure l
may l'eflect the inclusion of periods when it was not working propel'ly, The systematic difference
between the 'twin' instruments SKOP S75 and SKOP D75 was a feature noticeable throughout the datagathering phase, and was not alleviated by cleaning; it possibly reflects an imperfect calibration
procedure, On the other hand, the results from SKOP DBL (that emerge froll the same system as
SKOP 0751 are in very good agreement with STANDARD throughout the instrument's specified range,
The results frort MEISEl, alone amongst the transmissometers, are systematically higher than
STANDARD throughout its range, and by typ ic a 11 y a factor of 2 over the range 1 - 10 km, It may be
relevant that the optical path of MEISEI was at a height of about 3 m, whereas the other instruments
sartpled at about 2 m,
The VAISALA maintains a very good correspondence with STANDARD up to about 3 km, but at higher
visibi 1ities it proves more erratic, In fact, the effect shown in Figu1•e 1 results from a
combination of periods early and late in the study, when the instrument was probably over-reading at
high visibilities, and an intervening period when it is thought to have been under-reading,
Figure 2 shows the results fronl the short-baseline tra.nsmissometers (baselengths less than
75 m), together with the single back-scatter sensor <VIDEOGRFJ, Although the instruMents' specified
maxima are generally lower <and that of KNMI 16 is still in doubt), the diagram again shows a high
level of correspondence with STANDARD, SICK BM8 suffered from periods of unserviceability and some
of its data must be suspect, but ovenll it appears to perforM better than its long-baseline
'partner' <SICKSMBO, Figure I), The two MARCONI instruments agree well up to about 1 km, but are
increasingly erratic at higher visibilities, There is conside1•able evidence that their perforunce
at high visibili ties has a diurnal dependence, possibly due to distortion of the supports in
sunlight, but further analysis is needed to substantiate this point,
Figure 2 suggests that the manufacturers of AGI have underestimated their system's performance
somewhat, Its quoted maxiMum is only 2500 m, whereas it appears to perform well up to at least 5 km,
Part of the scatter evident at high visibilities is due to the fact that it reports digitally,
supplying an estimate of transmission with a precision of only 0, U,
Figures 1 and 2 also show tuny examples of cases where instruments l'eport visibi 1i ties much
lower than their specified maxima, when othel' evidence suggests that the true value is very much
greater, Particulal' examples are SKOP 875, ELTRO, and KNMI 75 from Figure l, and MARCONil /2 from
Figure 2, In contrast, MEISEI, VIDEOGRF and SKOP DBL almost always indicate visibilities dose to
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the1r max1ma under such conditions,
Finally, in Figure 3 are shown the results fi'Or~ the 10 forward-scattel' instruments, The major
points to note a1'e the high level of agree11ent and low level of scatter at high visibilities, in
contrast to the general tendency to report values h1gher than STANDARD at low visibi I i ties, Also
worthy of comment are the systematic differences between 'twins', particularly FUMO 1/2, AEB 1/2 and
QUALIM 1/2, These al'e evident even at high visibilities whel'e there can be no suggesti•:>n of
differences arising from siting, and must be due to imperfect calibration procedures,
CONCLUSIONS
Preliminary results from the First WMO International Intercomparison of Visibility Measurements
have been pl'esented and the over a11 performance of i ndi vi dua 1 instruments have been discussed, We
tentatively conclude that the best transmissometers pel'fol'm extre11ely 11ell at low visibilities, but
that calibration problems and sensitivity to contamination of the optical surfaces probably limit
their practical usefulness to visibilities below 5 km, The useful range of most of the forwardscatter devices is clearly much greater, although there is some doubt about their accuracy,
particularly at low visibilities, Howevel', their general level of serviceability and apparent lack
of sensitivity to optical contamination suggest a useful rOle in remote operation in support of
synoptic meteorology,
We strongly reco~~end that efforts are made by manufacturers to ensure that, whenever the true
vislbility is far beyond the range of their equipment, this fact is clearly indicated,
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PRELIMINARY RESULTS OF THE WMO AUTOMATIC
SUNSHINE DURATION MEASUREMENT COMPARISON
1988/89 IN HAMBURG
Klaus Dehne
Deutscher Wetterdienst
Meteorologisches Observatorium Hamburg
1.

Introduction
The new definition of the quantity sunshine duration recommended at
CIMO-VIII ( 1981) as the sum of time intervals during which the direct
(normal) solar irradiance exceeds the threshold of 120 W· m-2 has stimulated
the development of automatic measurement methods.
A first regional comparison of electronic sunshine duration recorders for
RA VI was held in Budapest, from July to December 1984. The results for the
three participating sensors are reported in (1). The WMO comparison described
here was performed according to the terms of reference of the Working Group on
Radiation and Atmospheric Turbidity Measurement (see Resol. 10 of CIMO IX) "in
order to establish and maintain comparability of sunshine duration data
throughout the world."
Only three of the important planning items of this comparison which have been
supported by an International Organizing Committee should be mentioned here:
the participation also of combinations of pyranometers for measuring global
and diffuse solar radiation (G and D, respectively, used in calculation
methods);
- a common data acquisiti_on system for all participating instY'uments;
- the assessment of a mean effective irradiance threshold for each sensor and
method.
11

11

11

11

2. Comparison
2.1 Participating instruments
Totally 9 Member countries have participated in the comparison with 11
optoelectronic S-sensors, 4 pyranometer combinations with shade devices
GD -methods) and 2 Campbell-Stokes sunshine recorders. In the following
Table 1 those opto-electronic sensors which scan periodically the sky irradiance of more or less narrow sectors are compiled in group A. The MS-91 is the
only one using a black receiver (pyroelectric detector). The sensors in
group B apply silicon cell arrays to evaluate the contrast, which is amplified
in the case of the model SOLAR by a rotating shade· bow. To specify the GD
methods, Table 2 contains informations about the pyranometers and shade rings
used (incl. corrections) as well as the applied threshold formulae. In the
case of method GD (GDR) the latter and the ring corrections are approximated
by simply calculable terms which are derived from measurement values (2).
The 2 participating Compbell-Stokes recorders are models as used in French or
German networks equipped vJith blue or black chards, respectively.
For deriving the reference values 2 Eppley Normal Incidence Pyrheliometers
(NIP) of the Regional Radiation Center Hamburg are used.
(

11

11

11

11

11

11

11

11

11

11

-
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Tab.

1

-- ·-·---·-----number

model

A

2

11

1
3
3

Hel iogr. a Fibre Optique
HFO
MS - 91
SONie 6.008
SOLAR 1118
DB - SS9
NG - A1

~roup

manufacturer

-owner country (abbr.)

·I-·-

11

B
11
11

l

Tab.

1
1

F

EKO
SIGGELKOW
HAENNI
Slovc.Hydr.Inst.
AES (Canada}

J
FRG, NL, SF
CH, FRG, NL
CSSR
CON

2

pyraoon. models for
G
0
PRM2
CM11
CM11
11

CIMEL

PRM2
CM11
CM11
CM11

shade device
ring:
ring:
ring:
disl<:

shade ring
corrections

r=200; b=40 rrm monthly factors
r=310; b=55 rrm 11 isotropic ski'
r=296; b=50 rrm formula 4 (3}
r=600; ~=60 rrm

--

threshold form.

Mler
country

G-D > 20 + 0/10
G-D >11 120•sin •

GDR

f

~:

NL

FRG
11
solar elev.angle} FRG

2.2 Site and duration
The comparison was accomplished at the Meteorological Observatory Hamburg
(53°79'N; 10°07'E, h = 49 m} of the German Weather Service which is RRC
in WMO-RA VI. All the participating instruments were installed so at the measurement field on the roof of the observatory that interferences are negligible
and the horizon was free of obstructions according to WMO recommendations.
The main period of the comparison was the interval of 8 months from August
1988 to March 1989. For special studies data from July 1988 and Apri 1 1989
are available.
2.3 Data acquisition
The data acquisition system has been controlled by a CBM 8032 which read
out the digital channels at a rate of 50 samples per second. 13 analogue
signals (from 7 pyranometers and 2 SONI as well as 5 readings of the .reference pyrheliometers) have been scanned by 2 digital multimeters (Prema-Type
5000} within 12 seconds at a sampling rate of 1 per 20 seconds. The hourly
results have been printed out and stored at TST on a disk; first of all:
- the sunshine duration for each measurement method
- the sunshine duration for 41 fictitious threshold values
(Is = 80 + n ~ 4 wm-2 for 0 ~ n ~ 40}
- the hourly sums of solar energy for all analogue values.
2.4 Reference values:
The reference sunshine duration Sref ist determined according to the WMO
definition from the average of 5 signals of the two NIPs for each set of
scanned data.
2.5 Sunshine and weather conditions
During 6 months the monthly sums of sunshine hours were lower than the
climatological means. The relative monthly sunshine duration Srel (Sref
related to the astronomical possible monthly sum} fluctuated between 35%
(August) and 15% (December}. The total number of threshold transitions N
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amounted more than 7000, with high contributions of September and February.
The winterly temperatures were extremely mild (only one short snow episode in
November). The precipitaion was 440 mm corresponding to 90% of the climatological mean.

3.

Preliminary results
3e1 General
The results now available are preliminary since the raw data are not yet
cleaned finally. Furthermore, a lot of investigations of data subcollectives should be done to support the analysis of the uncertainty of the participating methods.
The results are compiled in 4 data tables:
- the daily · S-basis table (monthly values of Sref, and N as well as the
absolute and percent deviations from Sref for all methods);
- the 2rel - subcollective table (monthly values of Sref and N as well as of
the absolute and percent deviations from Sref for all methods, determined
separately for all days in group A, 8, or C which are discriminated by Srel
~ 0,3; 0,3 < Srel ~ 0,7; and 0,7 < Srel• respectively (4).)
- the daytime - subcollective table (values of N, Sref and the deviations
from Sref for all methods, determined monthly for groups of hours: forenoon,
afternoon, 10 - 12 TST, and 2h before and after sunset and sunrise, resp.)
- the MElT table (for all days of a month and each method: value of the mean
effective irradiance threshold determined by comparing the measured hourly
"$"-value with those derived from the NIP signals at fictitious irradiance
thresholds. Hours with a constant S-value over a threshold interval
> 20 W· m-2 have been rejected to eliminate cases of 11 Steep 11 threshold
transitions.)
3.2 Examples
Fig. 1 S'lows in 4 diagrams the course of the percent deviations of monthly
soms s-rrom the reference-values Sref, as an example-oftheresults wHich
are compiled in the S-basis table. In the upper diagram the results of the
GO-methods deviate between about 0% and 10%; only the GD (GDR)-values deviate
around the zero line. In the second diagram the results of the sensors with
field - of - view angles of about 1° deviate typically between 0% and -10%.
The sensor HFO (F-1) has been replaced in December. (The increase of HFO (F-2)
-values in 1989 may be caused by a not corrected shift of the puls length.)
The remarkable course of the SOLAR (CH) -values in the third diagram reflects
sensor problems in August, September and January and a sensor replacement in
October. (The Swiss sensors are the only ones which were nominally adjusted to
and evaluated at an irradiance threshold of 200 w~m-2.). The monthly sums of
NG-A1 (CDN) which was delivered late deviate between about -20% and -5%.
Generally, the sums of all SOLAR-sensor and the DB-SS9 (CSSR) deviate between
0% and 10%. The MS-91 (J) ·shows the lowest deviations. The last diagram illustrates differences between the two CS-recorders and the deviations produced
by evaluation of the chards by 2 German and 1 Hungarian technician. Compared
to Fig. 1 the corresponding diagrams which are produced for data subcollectives
measured during 10 and 14 TST show both, remarkably increased and decreased
deviations (for instance, for GO (GDR) and for GD (FRG-D) and NG-A1 (CON),
resp.).
The course of the monthly values of the MElT (mean effective irradiance threshold) is displayed in Fig. 2 using the same diagram scheme as in Fig. 1. Generally, MElT -values which are higher or lower than 120 W• m-2 correspond - as
expected - with negative or positive percent deviations, respectively. The
exceptional case for the CS-recorders may be explained by the 0,1h resolution

- 30 AUG

I

SEP

I

OCT

I

NOV

I

OEC

I

JAN

I

FEB

I

MAR

A----------6.
%

0

0

+-·-·-+

·----·
-10
AUG

I

SEP

I

OCT

I

NOV

I

DEC

I

JAN

I

FEB

I

MAR

10

HFO IF-1)

A-------- -6.

HFO IF-2)

0>------oO

O-l--=--+--k:-:-+----::-·1----t--c::----1---+~r____,t--:--t- SONI (NL)

+-·-·-+

SONI (SF)

·----·
y

SONI (FRG)

-10
10

A-·····--..fl
0

0

o··-··-.. -a
MS-91 (J)

+-·-·-·+

OB-SS9 (CSSR)

-20

AUG

I

SEP

I

OCT

I

NOV

I

DEC

I

JAN

I

FEB

I

MAR

NG-A1 (CONI

Y-----Y

CS (F -11

A---------6.

CS IF-21

0

0

CS IF-31

a

o

CS (FRG-11

+-·-·-·+

CS (FRG -21

·----·

CS (FRG-3)

y

I

20

10

0-l---+----t--+---~!ot----t----1;'-----.q--+

r

-10
I AUG

I

SEP I OCT

I NOV

I

DEC

I

JAN I FEB

I MAR

I

Fig. 1: Percent deviations of the monthly sums for all participating methods.
(Replacement of SOLAR (CH) in October and HFO (F-1) in December.).
of the hourly data and the 20 W·m-2 rule to reject hours with steep threshold
transitions. If other rules are used the effective data collective will be
changed .and the MElT - values could be shifted more or less for all methods.
In Fig. 3 results of all sensors for the total data collective (August88-March
89) are shown. The percent deviations are given for the set of unselected data
(~1) as well as for the data subcollectives (A), (B), (C) which are classified
by ranges of the daily Srel (see 3.1) to separate roughly days with large
clusters of clouds ( 150), days weth scattered clouds (40), and days with
fine weather (20), respectively. For most of the methods the points for (B)
11
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Fig. 2: Mean effective irradiance threshold (MElT) for each month and all participating methods, determined after rejection of hours with steep
threshold transitions. (Replacements as in Fig. 1)
and (C) are relatively close to another while the (A)-point can be found more
separated at the side of higher deviations. This may be explained by the high
probability to meet fields of bright altus and cirrus clouds in the group (C).
- The standard deviations (in hours) describe the scattering of the absolute
daily deviations of the unselected data set and is typically high for the
CS-deviations. The MElT -values (in .w. m-2) are calculated from the monthly values weighted by the proper number of evaluated hours. At least for some
methods these values should be considered as very preliminary.
4.

Final remarks
a) The WMO Comparison was successful and has produced a lot of data sets
\'lhich should be finally. evaluated until t~arch 1990.
b) The preliminary results show that most of the automatic methods to
measure sunshine duration deviate from the reference for monthly sums
within± 10%, some deviate even witllin ±. 5%.
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Fig. 3: Preliminary results from the total data set for all participating

methods. Percent deviations (left scale) for the total sums (M) and
sums of data subcollectives (A), (B), (C). Standard deviations
(in h) of the absolute deviations for the total data set (upper right
scale). MElT - values (in W· m-2, lower right scale), determined from
results in Fig. 2.
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PRELIMINARY RESULTS OF THE WMO SOLID PRECIPITATION
INTERCOMPARISON IN FINLAND
Elomaa, E., Hyvonen, R.,
Tammelin, B., Tuominen, A.
Finnish Meteorological Institute
1. PRECIPITATION GAUGES
Measurements started
gauges (Fig. 1):

1st

of

February 1987

with the

following

No of a gauge in the field
1
2
7
9
11
13
14
16

Tretyakov with a wind shield
Tretyakov without a wind shield
Wild without a wind shield
Tretyakov with a wind shield
Swedish gauge (SMHI)
Tretyakov with a wind shield
Wild with a Nipher wind shield
Tretyakov with a wind shield in
a Valdai double fence

Later on measurements were started with the following gauges:
15
8

12
--~-g

4

10
6

19
20

Danish Hellman
Norwegian
Geonor
Geonor in a double fence___ Friedrich's tipping bucket
(a heated gauge from Sweden)
Finnish prototype
Hungarian Hellman
Danish tipping bucket
(a heating gauge)
Canadian gauge with a Nipher
wind shield

6. February 1987
7. April 1987
26. August 1987
-··Auguse------1-9 a 7 --- -- -- ----·------

---2--6--~

19.
1.
1.
21.

January 1988
February 1988
May 1988
February 1988

23. February 1988

The gauges in operation only during summer (May - September) were
as follows:
3

17

Tipping bucket
Pit gauge

26. August 1987
12. May 1987

2 . - PRECIPITATION SUMS.
Sums of solid precipitation of seven months, November 1987December 1988 showed differences as great as nearly 50 % when
compared to the reference gauge, a Tretyakov in a Valdai double
fence (Table 1).
In 51 % of the cases the amount of solid precipitation was
smaller or equal to 1,0 mm and only in 11 % of the cases over
5,0 mm (Table 2).
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Table 1. sums of solid precipitation (November 1987 - March 1988,
November- December 1988). Orifice area corrected
values, mm and % of the gauge 16.
a) By weighing (mm)
15
13
14
16
11
9
8
7
2
1
Tret. Nor. Wild Tret. Tret. Tret. SMHI Tret. Wild Dan.
268.3 243.2 172.8 191.7 276.2 330.4 258.2 275.9 220.7 194.6
59
100
78
84
67
81
74
52
58
84
(%)

No

b) Volymetric (mm)
15
2
2
16
11
13
14
9
8
7
Tret. Nor. Wild Tret. Tret. Tret. SMHI Tret. Wild Dan.
252.0 224.6 166.9 173.8 248.6 316.3 251.9 254.1 216.1 171.2
100
80
80
68
54
80
71
53
55
79
(%)

No

(a-b)/a
.061

.076

.034

.093

.100

.042

.025

.079

.021

.120

Table 2. Precipitation intensity (mm/12 h) at Jokioinen in
1.2.1987 - 31.1.1989 (2 years).
Amount of precipitation
in 12 hours
Trace
0.1
0.6
1.1
5.1
10.1

0.5 mm
- 1.0 "
- 5.0 11
- 10.0 11
11
-

Per cent of the total
of 597 cases
10.6 %
28.5 "
11.7 11
38.0 11
7.5 11
3.7 "

3. WETTING LOSS AND EVAPORATION FROM THE GAUGES
To eliminate wetting loss in the measurem.ent a digital balance
was used to weigh the gauges. It was very sensitive
After
putting a cold gauge on the balance its weight was at first
increasing because of condensation of water vapour onto the gauge
surface. It took some ten minutes before the weight of the gauge
was stabilized and could be read (Fig. 2).
o

Wetting loss from different type of gauges varied from 0.1 to 0.3
mm per one measurement and from 2 to 12 % in the sums of seven
months (Table 1) .
Evaporation from the gauges was as great as 0.1 ...
during the warm February of 1989 (Fig. 4).
4

o

0.6 mmjday

WIND ERROR

The wind error of different gauges is studied in a form of
catching ratio Ci = Gi/G16 by comparing each gauge (G) to a
Tretyakov within the double fence (Fig. 1). In practice the
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calculated wind error underestimates the true wind error of each
gauge, because also the reference gauge is disturbed by the wind,
even if the wind error for a double fence must be very small
(Tammelin, 1984). Thus instead of true wind error we are able to
study the relative wind error.
In these preliminary analyses the wetting effect is avoided by
using weighted values of precipitation. Such error sources as
outblow, that depends on wind speed, form of snow, humidity and
temperature (Tammelin, 1984) still remain. The results show that
c typically decreases when wind speed increases (Fig. 5 a), while
there is a big difference between the gauges. Anyhow, even this
study show the inferiority of unshielded gauges.
The correction of individual snow fall cases for different gauges
using the typical curves of mean error versus wind speed is
however quite uncertain as can be seen from the scattering of c
in figures 5 b and 5 c.
Wind error depends also on the shape, structure and size of snow
flakes which again depends on air temperature and humidity
(Tammelin, 1984). However the influence of temperature and
humidity is in this study much smaller than in our earlier
studies. The linear multiple regression coefficients for some
gauges are given below:
Gl
G2
G7
GB
G9
GlO
--Gll
G13
Gl4
Gl5

intercept
0.824
0.682
0.807
0.963
0.828
0.581
0.511
0.495
0.734
0.474

wind speed
-0.098
-0.139
-0.168
-0.121
-0.098
-0.080
--o .1os
-0.089
-0.130
-0.135

temp
-0.003
0.011
0.015
0.007
-0.003
0.002
-0.001
-0.006
0.002
0.003

If also the amount of precipitation is used:
Cl5 = Gl5/Gl6 = 0.560
0.138 WB + 0.003 u r2

-

r2
0.74
0.78
0.76
0.79
0.74
0.50
a .71
0.71
0.81
0.72

humidity
0.002
0.003
0.002
0.001
0.002
0.005
0.006
0.006
0.003
0.005

=

0.75

To be able to do a careful study of the wind error also the
homogeneity of the wind field must be considered. For our test
area wind could be described by one anemometer during easterly
winds (Fig. 6 c). For westerly winds anemometer w5 (Fig. 1) and
the gauges close to it are strongly sheltered by the mast
itselves and wlO by the double fence. By measuring wind speed at
each gauge the unhomogeneity of the wind field can be neglected
in the comparisons. However a bigger problem still remains; the
unhomogeneity of the rate of precipitation and wind during the
recording period of 12 hrs (Fig. 6 a and 6 b).
REFERENCES
Tammelin, B., (1984). Suomalaisen sademittarin tuulivirheesta.
(English summary: On the wind error of the Finnish raingauge).
Ilmatieteen laitoksen tiedonantoja 37, 59 s. (Reports, Finnish
Meteorological Institute, n:o 37, 59 pp.
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A Comparative Study of a Set of
Digital Automatic Barometers
Jitze P. van der Meulen
Royal Netherlands Meteorological Institute
De Bilt, Netherlands
1. INTRODUCTION

In a previous paper (1} we presented some results of a study
on a number of digital automatic barometers. Procedures and
testfacilities are described in some detail in that paper.
At present the test of that number of barometers is finished
and the final results are presented in this paper. The test
itself is continued as a WMO Intercomparison. As already
stated in (1) we found that the accuracy and stability of
the new generation of digital automatic barometers has
increased significantly. Moreover portable barometers has
come on the market, with high accuray and suitable for use
as portable or travelling working standards.
2. TEST PROCEDURES
During the tests we learned that the instantaneous accuracy
cif a number of barometers is better than 0.05 hPa. However,
the barometer we used as reference (dr. Alfred MUller,
Mercury barometer no 2k-standard barometer) can not be read
out with an accuracy better-than 0.05 hPa. Moreover mercury
barometers readings have to be corrected for temperature,
geoid, and particular shape of the meniscus, which do
increase the random error. For instance we found that the
hystereses of the mercury barometer was worse than most of
the barometers under study. We therefore used this reference
only for calibration purposes, i.e. to measure the offset of
any barometer to the absolute pressure. We measured at
pressure values in the range from 950 to 1050 hPa. Each test
consists of 2 runs of 11 messure values each with pressure
going upwards (from 950 to 1050 hPa) and reverse, providing
a total account of 44 datapoints.
By fitting these datapoints the random errors in the
reference barometer readings are eliminated sufficiently,
where as from this polynome fit the offset of the barometer
under study at a pressure value of 1000 hPa can be
calculated. In fact we use two reference barometers, which
are calibrated to a standard barometer (Krecke Barometer,
manufactered in 1845 by C. Becker} at KNMI.
(1) WMO/TD-no 222, WMO Instruments and Observing Methods Report
no 33, (1988} p.p. 287.
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Testing for relative accuracy (standard deviation of the
datapoints to the polynome fit} and hystereses has been done
at the same pressure levels for all barometers at the same
time but by comparing the data from any barometer to the
average value of a set of ten well qualified digital
barometers. This procedure provided us more reliable
information than when using the working standard as
reference. Traditionally these tests are done at a constant
temperature of 22 oc.
In order to learn about temperature influences we also
tested the barometers in the range from 950 to 1050 mbar at
temperatures from -5°C to 35°C and at 95%RH. For this
purpose all barometers were placed in a Weiss climate room,
in which the temperature can be varied at will.
Since most station barometers are not calibrated in situ but
on central calibration sites, we tested the influence of
transport on the calibration data. This was done by
transporting the barometers in a KNMI service car over a
distance of 400 km. Note that some factories advice to avoid
shocks. We therefore treated the devices gently but not more
carefull than one should do in operational use and
transport. Some barometers can use high voltage power
supply, other devices needs low voltage power supply but
with large instabilities allowed. We tested the devices
equiped for 220 V AC mains power supply by varying the
voltage levels and frequency and with short drop outs and
short pulses.
We also investigated the possibility and easyness to
calibrate the devices. Another important issue is the data
output facility. Since we are dealing with digital
barometers the digital communication interface (IEEE or
RS232) was tested for correct functioning.
Note that most of the devices has an RS232 output in its
most simple form: Only a so-called TX line with ASCII coded
output every n seconds, without any kind of handshaking.
3. TEST RESULTS
The barometers which we studied and the test results are
listed in table 1. As stated in (1) all barometers had to be
recalibrated after receipt (on average +or- 0.3 hPa).
Based on this experience we do suggest to organize so-called
audits to compare the national reference barometers in the
countries where these barometers are manufactured and
calibrated. For institutes, like KNMI, which have
calibration facilities, such deviations or offsets as found
with new barometers are in fact of minor or no importance.
However, institutes which rely completely upon the
calibration reports of the manufacturer must be aware of
these deviations.
In tabel 1 we present the results for estimated standard
error, estimated average accuracy, long term effects
(drift) and hystereses. Note the difference between
"standard error" and "average accuracy". The standard
error is defined to as the error expected immediately after
having calibrated the device. The average accuracy is
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Table 1. Test results
manufacturer Number
and type
of
number
devices

long
term
stability
(hPa/year)

Estimated Estimated
standard average
accuracy
error
{hPa)
(hPa)

instability hystereses
due to
(hPa)
temperature
variations
(hPa)

Nakaasa
F 451

0.15

0.3

± 0.02

0.3

± 0.01

0.15/1.0
0.2

± 0.01

1

± 0.1

± 0.10

2

± 0.03

± 0.10

2
1

± 0.03
± 0.005

± 0.20
± 0.10

-

Paroscientific
1015 A
2

± 0.03

± 0.05

- 0.01

0.1

0.01

Vaisala
AP 11

2

± 0.1

± 0.10

- 0.05

0.3

0.02

Meteolabor
GB 1

1

± 0.1

± 0.20

+ 0.8

0.2

0.03

Druck
DPI 140

- 0.1

AIR
DB-lA
DB-2A

0.03/1.3
0.2

defined as the error to be expected when measured on any
given moment and when calibrating regulary, i.e. by
compensating long term effects (linear drift). This average
accuracy can also ~e regarded as to be a measure for the
variation of theca11bration values over a longer period of
time. Standard error and accuracy are inclusive of
hystereses. Although knowledge of hystereses is important
when testing devices, it is of no meaning to most users
since they are not always aware of the tendency of the
pressure.
After determining the calibration curves for the devices at
the different temperatures we were able to estimated a
measure for the influence of temperature variations on
pressure measurements. Note that all barometers are
compensated for temperature variations (within a certain
temperature range) by hardware or by software. In table 1
this measure is indicated as "instabilty due to temperature
variations".
It is important to understand that our results are based
upon a limited number of devices of the same type. Except
for AIR, all barometers for which we tested more than one
device of the same type, showed comparable results.
Brief impressions of our results are shown in the figures 1
to 3. The values we show are always the so-called "positive
correction values". By adding these values to the measured
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values one should get the correct calibrated value, i.e.
correction := p(reference) - p(device).
Figure la and lb show typical results for these corrections
of a given barometer. In figure la, the mercury
standard barometer is taken as reference barometer. From
these data a second order polynome fit is calculated. The
value of this function at p=lOOO hPa 1s taken as an input
for further investigations on long term stability. Figure lb
shows values obtained from the same test but by taken the
average value of the output of ten other digital barometers
as reference. Using this procedure we get a more accurate
impression of the random errors as well as of the hystereses
of the device. The directions of the triangles in this
figure inform about the tendency of the pressure-steps
(upwards or downwards). Clearly no hystereses is observed
here.
Figure 2 shows the values for the corrections, calculated
from the polynome fits at 1000 hPa as a function of time.
The trend of these points give direct information about the
long term stability (or drift). Although the accuracies of
all tested instruments are quiet similar, we found rather
large differences when observing drift. We have also
investigated long term trends of standard error, average
accuracy and hystereses. No device demonstrated any
significant trend.
In figure 3 the influence of temperature variation is
demonstrated. With reference to other instabilities the
sensitiveness of most instruments to temperature changes is
Barometer:
Druck DPI-140
(hP a)

(a)

.

. ·~· :--.,-=----'---.
.
. -~·-~-~-:--....,..._ ...._.,_,.. ~-·.:..•. .
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r::

0
'M

t:
''0""''

Barometer:
Druck DPI-140

0.0

(!)

(b)

u

950

absolute pressure

1050

1000

Date: 29/30 NOV 88
Temperature: 22 °C
Reference: Average
values of a set of
10 calibrated digital barometers.
Hystereses: -0.01 hPa

(hPa)

Fig. 1. An example of a typical result as obtained from calibration
measurements. The 44 datapoints in (a) are from p(MUller 2k) minus
p(Druck DPI-140) =: C (=positive correct1:on)~ i.e. by comparing the
tested barometer (Druck DPI-140) by the reference barometer (MUller 2k).
The straight curve represents a second order polynome fit~ C2(p) through
these points. The points in (b) are arrived by intercomparing the data
from the tested barometer with a set of ten well-qualified other barometer·s~ i.e. C := p( best 10 ) - p(Druck DPI-140). Note the directions
of the triangles~ indicating the upwards and downwards runs. Differences
between these tuJO nets of datapointH do infoYm about hysteres :=
r' (down) - r (up) .
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clearly demonstrated. At present it is not clear to us what
the real reasons are for these effects. All barometers use
different types of sensor technologies and temperature
compensation techniques. For instance a number of devices
measure the temperature of the sensor and take that into
account when calculating the pressure. In fact when using a
barometer for operational purpose such temperature effects
can be neglected if such a barometer is maintained at the
same temperature as when it was calibrated.
From the transport test it turned out that there was no
significant change in the calibration curve of any device
determined just before and determined just after this test.
Notice that this test was not a real shock proof, it was
only done to learn about any effects when moving a barometer
e.g. from the calbration site to a weather station and back.
Our Nakaasa and Druck types of barometers need 220 V AC
power supply. Disturbing this supply within the permitted
tolerances yield no effects at all on the devices.
Digital barometers have the great advantage to have digital
output. This type of output is very usefull when connecting
such a device to an automatic and computerized weather
station. Any trouble with AD-convertors is avoided ( at the
calibration site as well as at the weather station site).
During six months all barometers were kept on power 24 hours
a day and read out by a computer every minute. During this
period all barometers communicated perfectly, with exception
of both Vaisala AP 11. At random moments these devices
started to produce completely wrong data. Switching the
power off and on was the only possibility to reset this
type of device.
We learned that barometers, who use the IEEE-bus for
communication have a great advantage compared with RS232
devices. The later devices have all different form and
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Fig. 2. Long term stability. The tendency of the correction values (i.e.
C2(1000 hPa) ) as a function of time is a direct measure for the drift.
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fonmats of output making it very difficult connect them to
one computer. Some devices with an RS232 output can give
value upon request (polling mode), but not all (AIR,
Meteolabor).
Any kind of "handshaking" is mostly of practical use in
complex data-acquisition systems. Therefore uniform
communication formats and forms of handshaking are still to
be recommended, also in meteorology.
Finally, the easyness of calibrating a barometer was of
great interest to us. Especially the possibility to
calibrate devices automatically at calibration sites has
advantages. However each calibration laboratory has its own
procedures. Therefore we cannot indicate any particular
barometer which has the most suitable calibration
facilities.
In fact we found tree types of (re-)calibration
possibil Hies:
1) Input of one single correction by hand (Vaisala,
Meteolabor),
2) Input of a number of parameters remotely (from a
terminal), i.e. by changing memory of an EEPROM inside
the device (Nakaasa, Oruck, Paroscientific) and
3) by replacing an EPROM by another, containing up-dated
parameters (AIR).
4. CONCLUSIONS
It 1 s our opinion that all barometers we have tested are
accurate and reliable devices. However some of these devices
have a rather poor temperature compensation or are not very
stable in terms of months. These effects can be avoided by
placing the instruments in temperature stabilised rooms or
by calibrating regulary. Most devi-ces have a good working-digital communication interface. However non-uniformity of
the data-output give rise to displeasure at the users•
side. All devices can be recalibrated. It is up to each
calibration laboratory to determine which technique is the
most convenient.
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PROPOSALS FOR THE DESIGN OF FUTURE WMO RADIOSONDE COMPARISONS
J. Nash
Meteorological Office, Bracknell, U.K.
Practical experience obtained during the WMO Radiosonde Comparison is used to
prepare recommendations for future radiosonde intercomparisons. The problems of
linking comparison data obtained under different flight conditions to a common
reference are discussed. The use of the results in the preparation of data
adjustments to be used at numerical forecasting centres is also examined.
1 . INTRODUCTION
The RAII/RAVI WMO Regional Radiosonde Comparison to be held in Dzhambul,
U.S.S.R.in August 1989 is intended to complement Phases I and II of the WMO
Radiosonde Comparison. Direct comparisons between the measurements of all
widely used radiosonde types apart from those currently manufactured in Japan
and France should be available, when analysis of the results has been completed.
The purpose of this paper is to review the experience gained from the WXO
Radiosonde Comparison ( Nash and Schmidlin <6>) and then to examine the
requirements for further tests to follow the RAil/VI Comparison.
2. THE PRIMARY AIMS OF RADIOSONDE COMPARISONS
A major aim of multiple radiosonde flights is the identification of errors
in individual radiosonde systems, or in the methods of observation used with
-individual _systems, so that corrective actions can subseq_uently be impleJilented.
If data from the individual sensors of the radiosondes are sampled
simultaneously in the comparison, it becomes possible to discriminate between
the individual sensor errors, e.g. to identify whether standard level
temperatures reported by the radiosonde systems differ because of differences
in temperature sensor performance or because differences in sensed pressure
have led to a difference in the actual height I time into flight from which the
temperatures were reported. This information is only readily acquired by direct
intercomparison and is required to interpret results from the monitoring of
operational radiosonde observations. Errors can be identified from relatively
small numbers of flights and in recent years, such tests < e.g. SONDEX , Richner
and Phillips<7> ) have proved particularly useful to manufacturers in the
development of new radiosonde designs. Comparison against the measurements of
well-proven radiosonde types has led to the rapid identification of significant
flaws in new systems.
However, the most important aim of comparisons between operational
radiosondes must be to provide reliable quantitative observations of the
systematic biases between the 1neasurements of temperature, pressure and
geopotential height < and also relative humidity and wind , where feasible) of
the types under test. For this to be achieved it is necessary to have larger
comparison dat~ sets than in SONDEX <typically at least 15 comparison flights
in a given category) or than required for initial error identification.
Furthermore, the comparison flights must be grouped into categories in which
the variation of sensor performance with flight condition is expected to be
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small. Thus, in daylight the range of solar elevations encountered in a given
category should not produce a significant variation in the errors in the
radiosonde temperature measurements. When solar elevations are close to zero
,the range of elevations in a given category should be small, probably not
larger than 5•, However, at solar elevations higher than 20, where temperature
sensor errors from solar heating usually vary more slowly with solar elevation
a range of solar elevation of up to 15• within a given category can probably be
tolerated. The requirement for larger data sets means that quantitative
comparison tests usually continue for at least three or four weeks.
The number of different operational conditions examined in an individual
test is limited to three or four by staff availability, flight duration and
costs. If the performance of the radiosondes under other operational conditions
is to be determined, information from the monitoring of operational radiosonde
observations must be interpreted in the light of the direct comparison
measurements, e.g. see Kitchen <2>. Monitoring techniques which can be used
include comparison of radiosonde geopotential height observations with those of
munerical weather prediction model short tenn forecast fields
<Hollingsworth,et.al<l> ) ,comparison of radiosonde temperature profile
observations against satellite radiometer observations <McMillin, et al.<4>
and Nash and Edge <6)) and error analyses on a combination of all relevant
available observations at a given location as proposed by Lange <3>.
3,

PRACTICAL LESSONS FROM THE WMO RADIOSONDE COMPARISON
Practical experience gained during the WMO Radiosonde Comparison and
subsequent attempts to generate adjustment procedures for operational
radiosonde measurements have emphasised the need to take into account the
following considerations when planning future comparison exercises.
3.1 Uncertainty of the accuracy requirement for measurements of systematic
bias between different radiosonde types,
The observgtio:Qal error <rms) of upper air temperature .measurements
required for the Global Observing System <GOS) in the late 1990's was specified
by CBS-IX in 1988 as 0.5 - 1.o·c for layers about 1 km thick in the troposphere
and 1 - 2·c for layers up to 4km thick in the stratosphere. A review of the
monitoring results in Kitchen <2> indicates that in 1988 about 75 per cent of
all operational radiosonde stations were always able to meet this accuracy
requirement without any additional adjustment between the surface and 100 hPa .
Of the remaining stations, where errors may be larger than allowed by the GOS
requirement, mare than 85 per cent were using radiosondes either from the
U.S.S.R., China or India. The stations at which the largest errors occur are
generally those with ground equipment faults or anomalous methods of
observation. These types of errors are absent from radiosonde comparison
results where it is intended that observations are obtained using the correct
procedures for a given radiosonde type. For instance, the quality of
measurements at Indian radiosonde stations and the measurements obtained with
the Indian radiosonde in the WMO Radiosonde Comparison are quite different as a
result of poor observational procedures and ground equipment errors at the
Indian stations.
If the GOS basic requirement were the ultimate compatibility requirement,
there would be little purpose in continuing with radiosonde comparison tests in
the future. All system errors which could possibly cause current radiosonde
measurements to fall outside of the GOS requirement should have been identified
following the completion of the RAil/VI Comparison. It would only remain for
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large errors at individual stations to be rectified by j.mprovement of ground
equipment and observational practices in the national networks concerned.
However, the level of compatibility between radiosonde temperature
measurements required for operational remote sensing using satellite radiance
observations is more stringent than the GOS requirement, with a compatibility
target of better than 0.2"C in both troposphere and stratosphere considered
desirable. Similarly, numerical modellers indicate that, in future, geopotential
height observations should be compatible to about 10 m at 100 hPa.This is
equivalent to about 0.2"C in mean layer temperature from the surface to 100 hPa.
The reproducibility with which mean layer temperature measurements can be
measured by the better modern radiosondes is about 0.2·c from the surface to
about 30 hPa, Nash and Schmidlin <6>. Thus, compatibility to within 0.2 ·c in
mean layer temperatures is a feasible target for the future.
3 .2

Lack of an adequate absolute reference measurement
No operational radiosonde which participated in the WMO Radiosonde
Comparison provided measurements of such high quality (i.e. temperature
measurements at a given height to an accuracy of better than 0.2·c.from the
surface to 10 hPa ) that the measurements could be treated as an absolute
reference
3 .2 .1

Temperature
At night, where solar heating errors can be discounted, the most reliable
temperature measurements were provided by the U.K. RS3 and the Vaisala RS80.
However there was a systematic bias between the observations from the two
radiosondes of at least 0.5 ·c at all pressures lower than 200 hPa. In the
troposphere, the Vaisala RS80 temperature sensor has thermal lag errors which
may be larger than +0.2·c and the thermal isolation of the sensor is less than
ideal for observations in the upper stratosphere. < This is also true for the
VIZ <U.S.A.> temperature sensor). The U.K. RS3 sensor has negligible thermal lag
errors an_d__is designed wi"tll._ adequate thermaJ__j.solation for_()Q§eryations at 10
hPa. However, it indicated lower temperatures than all the other radiosondes in
the WXO Radiosonde Comparison and thus the absolute accuracy of its
measurements at low temperatures requires further investigation. As the WMO
Radiosonde Comparison was unable to identify the radiosonde which provided
measurements closest to absolute truth, an arbitrary reference was established.
This was the average of the measurements, at night ,of the VIZ and Vaisala RS80
radiosondes.and was the result of a practical compromise based on the fact that
the Vaisala and VIZ radiosonde measurements provided the link between Phases I
and II of the Comparison. Ideally, measurements by a radiosonde with good
reproducibility and no thermal J.ag errors should have been used to define the
reference.which would then have been independent of vertical temperature
structure. The U.K. RS3 system is not portable and was therefore unsuitable for
use as a link radiosonde. In the future, it would be preferable to use link
radiosondes whose temperature sensors had faster thermal response and improved
thermal isolation of the sensor from its support mounts.
-

3.2 .2

Geppotential height/presssure
Radar geopotential height measurements can be used as an absolute
reference for radiosonde geopotential height measurements, ideally with data
samples obtained on those occasions when upper winds are relatively weak and
the horizontal displacement of the balloon from the launch site is ~mall. If
radiosonde temperature measurements which fall within± 1·c of absolute truth
are used in combination with radar geopotential height observations of accuracy
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better than ± 5m it is then possible to compute pressure as a function of time
into flight.with an accuracy as follows:- within ± 1 hPa,± 0.4 hPa and ± 0.2
hPa of absolute truth at levels around 100 hPa, 30 hPa and 10 hPa respectively.
Hence, radar geopotential height observations allowed unambiguous identification
of radiosonde pressure sensors which had large systematic errors 0 1 hPa) in
the WHO Radiosonde Comparison. In future, the availability of temperature
measurements of higher absolute accuracy could allow a substantial iiDprovement
in the accuracy of pressures derived from radar geopotential heights.
Although the average of the VIZ and Vaisala measm"ements was again used
to define a reference for pressure sensor observations, the radar geopotential
height measurements in Phase II demonstrated that both VIZ and Vaisala pressure
sensor observations had absolute errors of at least +1 hPa .at some levels in
the troposphere. The Vaisala RS80 pressure sensor measurements proved to be
the IDost reproducible of all the types tested in the WHO Radiosonde CoiDparison
and in subsequent evaluation tests performed for the Bureau of Heteorology,
Australia in the United Kingdom. However, the results from these tests also
demonstrated that it would be unwise to assume that mean pressure sensor
performance was consistent to better than.0.5 hPa between comparisons.< This
magnitude of pressure change would produce a typical change in 10 hPa standard
level temperature of 0.5·c.>. At Halley Bay, in Antarctica, erroneous pressure
observations resulted if Vaisala radiosondes were taken from a wariD environiDent
and then launched very rapidly < after less than about 5 minutes) in a very
cold environment. This provided an extreme example of the susceptibility of the
Vaisala RS80 pressure sensor output to errors from changes in internal thermal
gradients during flight. As these gradients IDay be expected to change when
launch procedures and conditions change, the Vaisala sensor output clearly has
its limtations as a reference link between.between different comparison tests.
Thus, if high precision radar tracking is unavailable at a test site it is
iiDportant to have a second link radiosonde producing high quality pressure
measurements ,in addition to the Vaisala RS80, if the pressure sensor
observatigns ~d_]l~nce the te~:>_:tre~t,!l"ts are :tob~_reliaQly l:i.nk:eQ. at G\ll lel{els
to those of the WMO Radiosonde Comparison.
3.3

Links between daytime and nighttime measurements
If compatibility of all radiosonde measurements is to be achieved there
must be only one arbitrary reference to which both daytime and nighttime
measurements can be linked. As the reference was defined for nighttime
conditions in the WHO Radiosonde Comparison, a method of relating the
nighttime comparison measurements to the day time measurements is essential.
Prior to the WMO Radiosonde Comparison, this problem was not addressed and
radiosonde comparison results were presented with different arbitrary
references for daytime and nighttime measurements.
In the WMO comparison, time series of geopotential height or height
increment observations (viz. 100 hPa, <100-30) hPa and (30-10) hPa) were
analysed in combination with a simple model of the diurnal and semidiurnal
solar tides to provide estimates of day-night difference in the measurements of
the two link radiosondes. Comparisons with radar geopotential height
observations demonstrated that day-night differences in the link radiosonde
pressure observations were not larger than 0.5 hPa. As a 0.5 hPa day-night
difference in pressure sensor performance would have resulted in a day-night
geopotential height differences of -3, +3 and -HOrn for 100, (100-30) and <3010) hPa respectively, the day-night differences obtained from the time series
analysis primarily arose from day-night differences in the temperature sensor
observations. The subsequent estimates of day-night temperature difference,
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averaged in the vertical through the layers considered, were used to derive the
position of the WMO temperature reference <nighttime) relative to the daytime
observations of the link radiosondes. The accuracy of these estimates was about
±0.1 C from the surface to 30 hPa but at best ± 0.3 C at levels above 30 hPa.
Results of subsequent tests by Sc:hmidlin and Luers.<8> with the VIZ radiosonde
show that the time series analyses proved most reliable for the (100-30) hPa
geopotential increment for which tidal variations were smallest. The time series
analysis was least reliable for the <30-lO)hPa layer because of the large
number of missing observations in the time series at 10 hPa due to early
balloon bursts.
In future comparison tests. observational schedules should be designed to
minimise the gaps in the time series of observations from the test site, so
that time series analysis can be exploited. This would be essential if the
daytime categories differed from those used in the WNO Radiosonde Comparison.
3.4

ImpJementation of corrections and recommended adjustments
Recommended adjustments from the WMO Radiosonde Comparison were intended
to adjust operational observations to make them correspond to the WMO
reference,e.g. Nash and Schmidlin <6>. These adjustments consist of the
difference between absolute truth and the WMO reference plus any compensation
for errors in the radiosonde observations of a given type .. WMO recommend that
operational radiosondes should have had all known sensor errors corrected
before data are issued to users. If no significant errors had been detected in
the WMO comparison, the systematic biases found in the comparison could have
been used permanently to provide data adjustments which would have harmonised
operational measurements. In actual practice, the WMO Radiosonde Comparison was
very successful in identifying many uncorrected or poorly corrected errors in
every radiosonde type. Hence, in accordance with WKO policy many correction
procedures have been implemented and improved in subsequent years. Consequently
the data adjustments derived from the original WMO Radiosonde Comparison
rej;)ults needed to be updated _each time error rec~:i._fication took pl('l.ge. At thE! __
moment there is no permanent system which actively monitors and records these
changes and establishes appropriate liaison between users, radiosonde
manufacturers and radiosonde network managers. This has led to some confusion
as to the validity of recommended adjustments which have been officially issued.
A more comprehensive radiosonde monitoring system needs to be established so
that users can be aware of the changes that are taking place in operational
systems together with the associated updates in data adjustments.
3.5

~

The completion of Phases I and II of the WMO Radiosonde Comparison
involved each national participant in significant expenditure <typically at
least US$25k, if a team with 4 members lived in local hotel accommodation) .The
expenditure by the host country was very much larger than this < more than
US$150k, including substantial staff costs in each case). The staff effort
required to produce the statistical results was substantial, given that suitable
sqftware for checking the data base and producing the analyses was not
previously available. The large expenditure required by the comparisons means
that a strong scientific rationale is required, if similar tests are to be
continued in the future, or that alternative cheaper methods of obtaining the
relevant information must be sought.

- 52 -

4. Proposals for future radiosonde comparisons
Following the RAII/VI Radiosonde Comparison, the major requirements for
radiosonde comparison exercises will be:(i)
to establish a direct comparison link between the measurements of
the Japanese and French radiosonde systems and the WXO comparison results.
<ii)
to establish a direct comparison link to other new radiosonde types
which produce good quality measurements and are introduced at a substantial
number of stations. Large national networks where equipment is expected to
change in the next five years include those of the U.S.A.,China and Canada.
<iii)
to eliminate persistent anomalies in national networks,as indicated
by operational radiosonde monitoring or previous comparisons.
<iv)
to perform another extensive intercomparison at a site where high
precision tracking radar is available so that the long term stability of the
measurements of the radiosondes in operational use can be ascertained.
It is suggested that in the light of the considerations in section 3, the
most cost effective method of achieving (i) to <HD would be by deploying two
types of readily portable, fully automated radiosonde systems of known high
quality to the stations/countries concerned. Suitable equipment, already tested
by the U.K. Meteorological Office relative to the UK RS3 could be a Vaisala RS80
system coupled with an AIR Intellisonde system. These systems are so simple to
operate that the equivalent of one team in the V/MO Radiosonde Comparison could
easily cope with the operation of both systems, i.e. the number of staff
deployed to the host site could be cut to two or three depending on the scale
of the comparison envisaged.
The deployment of 2 reliable systems to the station/network under
investigation is more likely to lead to the identification of anomalies, see
requirement (iii) than the participation of that system in an international
comparison in another country where the equipment and methods of observation
utilised may not be fully representative of operational practices. It is also
more suitable for testing systems where the system performance is critically
dependent on the alignment of the ground equipment, as, far instance, with those
systems where pressure is deduced from geopotential heights measured by a
secondary radar.
If the compatibility target, suggested in section :3.1, is accepted then
there clearly will remain a requirement for further large scale international
tests. Given the large casts involved, a frequency of one comprehensive test per
decade may be the optimum which is practicable.
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Abstract
The First WMO Regional Pyrheliometer Comparison of RA 11
and RA V was held from 23 January to 4 February 1989 at the WMO
Regional Radiation Center Tokyo < Tsukuba ). Twenty-three
experts from ten Members of RA II and RA V, and the WRC/Davos
participated with the total number of 17 pyrheliometers and 8
pyranometers in the Comparison. During six measuring days, the
total 41 measuring series were completed and 13 series of them
were selected for the final evaluation. From 13 valid series
of comparison, sufficient results were obtained. The Comparison
resulted in ~uccess.

The First WMO Regional Pyrheliometer Comparison of RA II
and--Rtt -v-was carr i ea.- out n:·-om-23 January to- 4--FebrtiarY- 19-89 at the WMO Regional Radiation Center Tokyo ( Tsukuba >. The name
of participated Members, the number of participants
and
instruments were listed in Table 1.
The
measurements were
made on the roof of Tsukubasan Keisei Hotel ( 140° 7.5· E, 36°
12.9' N, 560 m MSL > which is located .at the half way up to the
Mt. Tsukuba, the highest peak in the Kanto plain.
The duration of one series of measurements was 18 minutes
and the readings
of measuring values were made each 90
seconds. The synchronization of measurement was achieved by
voice announcement and buzzer signal from the computer system
each 90 seconds. As shown in Table 2, there were 6 days on
which measurements were
permitted,
and
41
series
of
measurements were completed. Also, during each
measuring
series, total atmospheric ozone concentration was measured by a
Dobson spectrophotometer at Aerological Observatory about 20
km apart from the comparison site, and aerosol optical depth
was measured by a sunphotometer at the comparison site.

- 54 -

The Regional Standard Group was consisted of 3 absolute
radiometers: one instrument of the World Standard Group ( PM05, WRC/Davos ) and two Regional Standard ( PACRAD,
India and
PM0-6, Japan ). PM0-6 served as the working standard for
preliminary data evaluation. On the basis of the provisional
comparison results, qperating condition of instruments and data
quality was checked each day.
Calibration
of
the
pyranometers
was
also
made
simultaneously with
the
pyrheliometer
comparison.
The
reference values for the calibration of pyranometers were
calculated from the direct solar radiation determined by the
regional reference and diffuse solar radiation measured by the
shaded pyranometer with sun tracking disk.
The evaluation of reference data was made according to the
procedure as given at TECIM0-111 ( 1985, Ottawa: KEYNOTE
PAPERS, Instrument and Observing Methods, Report No.23, pp.7677 ) and 9 series of measurements were selected as valid. At
the second session of the International Organizing Committee
held after the Comparison, however, the Committee analyzed the
data and adopted to apply a 0.25% criterion to the mean values
of series instead of 0.2% criterion as given at TECIM0-111. As
a result, from total 41 series, 13 series of measurements were
selected for the final evaluation. The WRR reduction factors
and new calibration factors for the pyrheliometers were listed
in Table 3, and the calibration results of the pytanometers
w~re listed in table 4.
The values in these tables are to be
endorsed by the next session of CIMO, RA II and RA V.
Most of the reJected data were under windy and I or thin
cirrus cloudy conditions.

- 55 -

TABLE-I.
LIST OF
PARTICIPATED MEMBERS AND INSTRUMENTS

INSTRUMENT
MEMBER

NUMBER OF
PARTICIPANTS

PYRHELIOMETER

PYRANOMETER

----------------------------------------------------------------------------AUSTRALIA

1

A 578

CHINA

2

H-f' 19743
H-f' 20294

PSP 20463F3

HONG KONG

1

A 17864

CM5 784530

INDIA

1

PACRAD 13219

IRAN

2

A 12579

JAPAN

11

MALAYSIA

2

PM0-6 811107
H-f' 23738
A 26043
A 26044
NIP 10816E6
NIP 25677E6
A 23628

MS801 F83006
MS801 f'85035
- -PSP 25918f'3

CM5 881454

A 13591

NEW ZEALAND
REPUBLIC OF KOREA

1

A 703

USSR

1

A 212

WRC DAVOS

1

PM0-5

TOTAL

CM5 752820

23

SCP 23208

17

8
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TABLE 2.
NUMBER OP SERIES,METEOROLOGICAL DATA
AND ADOPTED SERIES

DAY

-+

(NUMBER OF SERIES)
TOTAL
0.2 % CRITERION
0.25% CRITERION
FINALLY ADOPTED

JAN 25 JAN 27 JAN 28 JAN 29 JAN 30 JAN 31
(TEST
RUN)
5

7
1
2
2

4
0
0
0

11

9.4

5

0
1
1

9
7
7
7

3
3

-0.3

3.1

7.2

'7 .4

938.6

945.8

954.2

959.4

955.9

62

66

44

38

57

1.8

2.9

2.0

o.o

1.8

N--NNW

N

N---NE

-

N--NE

1

(METEOROLOG. DATA)
TEMPERATURE(OC)
PRESSURE(mb)

955.5

RELATIVE HUMID(%)
WINO SPEED(m/sec)
WIND DIRECTION

- o.o
-

TOTAL OZONE(cm NTP)

0.306

0.314

0.288

0.291

AEROSOL OPTICAL
DEPTH
368 nm
500 nm
675 nm

0.275
0.218
0.170

0.107
0.076
0.049

0.146
0.108
0.074

0.201
0.146
0.106

TOTAL OZONE
: VALUE AT NOON
AEROSOL OPTICAL DEPTH
: AVERAGE POR FINALLY ADOPTED SERIES
OTHER METEOROLOGICAL DATA : AVERAGE POR ALL SERIES

- 57 -

TABLE 3.
LIST OF
WRR REDUCTION FACTORS AND
NEW CALIBRATION FACTORS RECOMMENDED
FOR PYRHELIOMETERS
{ Draft )

OLD
CALIBRATION
FACTOR

VRR
REDUCTION
FACTOR

31.638 V·m- 2 •v- 2
m-2
10079
23.984 V·m- 2 ·V- 2

0.99946

0.00224

71

0.00026

0.99955

0.00370

155

0.00030

1.00051

0.00215

155

0.00017

1.00092

0.00476

155

0.00038

20012

m-2

H-F 20294

20030.0 m-2
20030.0 m-2

1.00079

0.00427

155

0.00034

20014

m-2

H-F 23738

20040

m-2

1.00235

0.00268

131

0.00023

19993

m-2

A 212

10535

1.00303

0.00447

110

0.00043

1.00062

0.00342

130

0.00030

1.00159

o.oo661-

123

0.00060

59tl5

v~m- 2 •A"' 2

INSTRUMENT
PH0-5
PACRAD 13219
PH0-6 811107
H-F 19743

A 578
----

A 703

-

V·m- 2·A- 2
6237.3 V·m- 2·A- 2
5954.3 V·m- 2;A- 2

ac

N

ac/vN

NE\J
CALIBRATION
FACTOR
RECOMMENDED

1.01149

0.00900

112

0.00085

4295

V·m- 2 ·A- 2

A 13591

4344.4 V·m- 2·A- 2
V·m- 2·A- 2
4200

0.99826

0.00311

128 .0.00027

4207

V·m- 2 ·A- 2

A 17864

4697

·A-2

0.99291

0.00298

130

0.00026

4731

V·m- 2 ·A- 2

A- 23628

4550.5 W·m- 2 ·A- 2

0.99057

0.00245

129

0.00022

4594

W·m- 2 ·A- 2

A 26043

4831.1 V·m- 2 ·A- 2

0.99765

0.00313

123

0.00028

4843

W·m- 2 ·A- 2

A 2604tl

4870.2 V·m- 2 ·A- 2

0.99tl30

0.00420

123

0.00038

4898

0.99812

0.00356

14tl

0.00030

W·m- 2 ·A- 2
127.6 W·m- 2·mV- 1

.0.99401}

O.OOtl46

132

0.00039

128.0 W·m- 2 •mv-t

A 12579

NIP 10816E6
NIP 25677E6
NOTE:

~~ 111 -2

127.37 W·m- 2 •mv-t
127.21 W·m- 2•mv- 1

=STANDARD DEVIATION Of' WRR REDUCTION FACTOR
= NUMBER Of' MEASUREMENTS
a cl.fN= STANDARD ERROR OF MEAN
ac
N
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TABLE 4.
LIST Or
NEW CALIBRATION FACTOR RECOMMENDED
FOR PYRANOMETERS
( Draft )

INSTRUMENT

OLD
CALIBRATION
FACTOR

NEW
CALIBRATION
FACTOR
RECOMMENDED

ac

ac/vN

N

[W·m- 2 •mv- 1 J
PSP 20463r3

95.97

101.8

0.8

0.07

120

CM 5 784530

87.22

90.6

0.8

0.07

120

*CM 5 752820
*MS-801 F83006

84.10

90.1

0.4

0.04

120

139.99

142.6

0.7

0.07

120

PSP 25918F3

103.32

104.1

0.6

0.06

120

CM 5 881454

88.89

- 91.1

0.04

120

890.47

927.8

0·4
12.1

1.11

120

*

SCP 23208

NOTE:

=STANDARD DEVIATION
N
= NUMBER OF MEASUREMENTS
a c /yN= STANDARD ERROR Or MEAN
ac

*The calibration was performed at temperature around 7

oc.

for non-compensated pyranometers (CH 5 and MS-801),
these values may only be used after temperature correction.
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FIRST WMO REGIONAL PYRHELIOMETER COMPARISON OF RA IV

Ignacio Galindo
Instituto de Geofisica, Ciudad Universitaria, 04510, Mexico, D.F.
Universidad Nacional Aut6noma de Mexico, MEXICO

ABSTRACT

Under the approval of the WMO Executive Council at its 39th session, it took place
the first WMO regional pyrheliometer comparison of RA IV in Ensenada, Baja California, Mexico on the 20 to 25 April 1989. Five regional Members and the WRC
Davos participated together with0 21 experts. Fifteen pyrheliometers of which 9
are absolute radiometers and 5 Angstrom instruments took part besides 3 pyr- anometers. Here are presented the main results of this comparison.
INTRODUCTION

Solar radiation measurements have in Mexico a great tradition. It was in May of
1911 that measurements started 0 in Mexico City at the National Astronomic Observatory of Tacubaya. Using the Angstrom Pyrheliometer Nr. 102, 430 direct solar
radiation measurements were performed during 323 days between 1911 and 1917. Between 1923 and 1926 some non-systematic measurements were also made.
In November 1926 measurements were reinitiated now at the Central Meteorological
Observatory of Tacubaya which it was contiguos to the Astronomical Observatory.
The measurements were made· until the first half of--1928. Here w~re observed -259
days with 635 measurements, all of them made with the Silver Disk Pyrheliometer
Nr. 22.
In 1926 came to Mexico Dr. Ladislao Gorczinski who as all of us know was a dis-tinguished radiation man. In analysing his stay in our country we find that he
was mainly interested in the following topics:
Initation of global and diffuse radiation measurements. The instru- ment used was the solarigraph designed by him;
Spectral measurements performed by him in different parts of the country;
A very careful analyses and interpretation of all the solar radiation
observations made in Mexico up to 1928. The reports contain a full
description of the instruments used, its calibrations and the derived
factors. The results are published (2.) in a series of booklets from
the National Meteorological Service.
The importance of the above works resides not only in the fact that these are
perhaps the oldest radiation records in Latin America and in many other countries
around the world, but also that measurements were made in a very clear atmosphere
since urbanization of Mexico City started in the late forties. To have an idea

- 60 of the atmospheric transparency of Mexico City at that time it can be mentioned
that the atmosphere was similar to the Davos atmosphere. As you know, at present
it shows decrements of the direct solar radiation between 15 to 20% due to severe
air pollution (1).
The modern times of solar radiation studies started in 1957 on behalf on the International Geophysical Year. Since then the Solar Radiation Observatory of the
National Autonomous University of Mexico located in Mexico City has continued
these works by the performance of measurements of all the components of the radiation field together with meteorological and air pollution measurements such as
aerosol particles and anthropogenic gases including ozone.
Since the Observatory is a university institution, several Mexican
American colleagues have been trained and prepared there.

and

Latin--

The scientific and technical staff of the Observatory has performed a lot of field
work under different scenarios: At the mountains, the deserts and, the oceans.
Through the WMO technical cooperation we have provided asistance to
American countries.

many Latin-

At the IX Assembly of the Regional Asociation IV, held in San Jose, Costa Rica,
our work was recognized at it was decided to designate Mexico as Regional Radiation Center which with Toronto and Boulder share this responsability.
In spite of the above facts, it has never been held a pyrheliometer comparison in
our Region.
The Mexican Government through the Consejo Nacional de Ciencia y Tecnologia and
the UNAM have appreciated these efforts providing us all the necessary finantial
founding for the realization of the comparison. The Permanent Representative of
Mexico to WMO and the Direction of the National Meteorological Service have given
also their support. Last but not least the Centra de Investigaci6n Cientifica y
Educaci6n Superior de Ensenada (CICESE) provided all the meteorological instrumentation and daily weather forecast during the time of the comparison.

PARTICIPATION
The five regional Members that participated are CANADA (RRC), COSTA RICA, MEXICO
(RRC), UNITED STATES (RRC) and VENEZUELA. Besides of that, also participated
specialists with their instruments from six private american research institu- tions. The acronym RRC states for Regional Radiation Centers from which their
radiometers were present at the IPC Davos together with the PMO 5 from the World
Standard Group.

METHODS
i)

Data acquisition and evaluation

The comparison was carried out 7 km northwest of the city of Ensenada which is located about 200 km south from the border with United States. The site elevation
is about 50 m above sea level. The terraces of the National Astronomic Observatory of UNAM where adapted to set up the comparison there.
The pyrheliometers and pyranometers were monted on wood benches which were fixed
on the roof of the Observatory.
AC power 120 V/60 Hz was available on the -benches.
All participants operated their own instruments during the comparison sessions.
the signals from each radiometer were manually introduced and storaged in a micro-terminal which was previously programmed. At the end of the daily session,
input from the micro-terminals was brought through an interface into a data logger
and a PC computer for validation (Figs •. l).
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Meteorological Service an "in ·situ" meteorological station measuring the following
elements:
Air temperature,
Humidity,
Pressure,
Wind speed,
Wind direction,
Visibility.
For each series of observations it was also determined solar elevation, relative
air mass and atmospheric turbidity.
ii)

Procedures

Timing.- The duration of one series of measurements was 18 minutes. This period
was divided into 12 intervals of 90 seconds, so that 6, 10 or 12 readings were
obtained
by individual instruments in one series, PMO 5, cavity radiometers and,
0
Angstrom pyrheliometers, respectively. The synchronization of the measurements
was achieved by voice announcement and buzzer from the computer system each 90
seconds. Voice announcements were made at -5 minutes, -90 and, -15 seconds. To
indicate data reading the buzzer sounds consisted of short pulses given at -75,
-15 and, -5 seconds before reading.
Operation of instruments
0

Angstrom Pyrheliometers: Zero adjustments were made before each series. Readings
started with the right aperture closed. Right and left apertures were alternatively closed every 90 seconds. Twelve observations were thus made in each series were discarded.
Absolute radiometers (H-F and TMI): Zero adjustment and self-calibration were
made before starting each series. Zero-point readings were taken first, then the
heater current was turned on, an heater voltage/current and thermopile output
were read. After this calibration, the heater was turned off and the sensor ex-posed to the sun. The thermopile output was read every 90 seconds. TWelve values
were obtained in each series.
PMO 5 absolute radiometer: Series started with a closed reading, then the PMO
radiometer alternated between open and closed shutters every 90 seconds. Six
readings were obtained in each run. The signals were acquired automatically, but
their shutters were manually operated.
iii)

Comparison reference

As comparison reference it was established a Regional Standard Group. It con- sisted of the PMO 5; two
cavity radiometers: HF18747 (RRC Toronto) and TMI67502
0
(RRC Boulder) and, the Angstrom instrument A18587 (RRC Mexico). All of the quoted
radiometers took part in the IPC Davos. The determination of the regional radiometric reference was made according to the following average:
Ref. (IV)

= 1/4(PM05 + HF18747 + TMI67502 + A18587)

For the reference evaluation, the whole series of data (80 measurements) were
subjected to a 2% criterion of selection. All of the data collected satisfied the
above condition; than 20 average values are obtained as reference values after
the application of a 0.25% criterion (see Table 1).
iv)

Pyranometers

Only one pyranometer took part in the comparisono This was compared against an
standard pyrheliometer with traceability to the Angstrom Pyrheliometer Nr. Al8587
(RRC Mexico) according to the WMO Guide to Meteorological Instruments mn Methods
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of Observation para. 9.4.1.3.
The comparison of the pyranometer was carried out parallel at the same place and
during the same period as the RPC (see Table 1).

RESULTS
The comparison was performed under very clear skies, meteorological parameters
ranked as follows:
Air temperature: 16 to 20 C
Relative humidity: 48 to 60%
Wind speed: 4 to 12 m/s
In spite of the gusty wind persistent most of the observations time, the measured
irradiance values have shown very small standard deviations, the smallest values
were of course attained by the cavity radiometers, from 4 to 9 wm-2 for irradi-ance values between 830 and 970 wm~2. The Angstrom pyrheliometer was the radi-ometer which shave shown higher scattering of the measurements performed under
windy conditions, i.e., its standard deviation ranked from 8 to 19 wm-2.
The new calibration factors recommended have shown that the H-F and TMI cavity
radiometers fluctuate between .1 and .3%. The Eppley Normal Incidence Pyrheliometers that were compared have shown important variations in their calibration
factors 5.4 and 4% respectively. It seems that these instruments had only the
original calibration factor and that they were on routine operation basis, un- fortunately it is not know how old are these instruments.
All the 80 collected individual data of each instrument satisfy a 2% criterion.
From these 20 reference values were obtained which also satisfy the 0. 25% crite-rion.
The PSP pyranometer that it was compared shows a variation of only 1%, again the
original calibration factor. It is also not known how old is this instrument.

(1)!

Galindo, I.: Tranformaciones energeticas en atm6sfera urbana originadas
por la contaminaci6n atmosferica. Rev. Soc. Mex. Hist.-Na-t.--1989 (in press).

(2)

Gorcyznski, L.: Radiaci6n solar en Tacubaya segiin las mediciones pirhe- liometricas d.esde 1911. Folletos Serv. Met. Mexicano, S.A.G. 1-4 y niimero
especial (1926; 1928; 1929; 1932).
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RESULTS OF A COMPARISON OF RADIOSONDES USED BY UNITED STATES AGENCIES
F. J. Schmidlin
GSFC/Wallops Flight Facility
Wallops Island, Virginia 23337 USA
R. 0. Olsen
Atmospheric Sciences Laboratory
White Sands Missile Range, N. Mexico 88002 USA

J. Facundo
National Meteorological Service
Silver Spring, Md. 20910 USA

ABSTRACT

The introduction in the United States of a number of different radiosonde systems and an even larger number of upper-air instruments is of significant concern.
The operating procedures, sensors, and resulting measurements are found
to have differences similar to those radiosondes used on the international
scale.
To insure that compatibility could be obtained for these systems a test
was carried out·at Wallops Island, Virginia, USA which involved five ground systems and nine different upper-air instruments. The results of this intercom~
parison are given, as are suggestions for improving results from individual sys~
terns.
INTRODUCTION

The World Meteorological Organization International Radiosonde Intercomparison
included eight different radiosonde systems [1].
Six of the systems are flown
on a routine basis, the others were new designs with intentions to be used
operationally.
The routine US instrument and one new design of a US manufacturer were tested.
However, during the period of the intercomparison a number
of new radiosonde types were,becoming available for use in the United States.
The National Weather Service had, in fact, decided to use instruments from VIZ
Manufacturing Co.
and Space Data Corp.
These radiosondes are comparable with
their recently modified Automatic Radio-Theodolite (A.R.T.) system. A number of
US Air Force sites use the MSS system manufactured by Space Data. Corp., the US
Navy invested in the Vaisa1a System, and the US Army is developing· a system
under contract with Bendix Corp. Additionally, these· agencies and NASA tested a
system manufactured by Atmospheric Instrumentation Research, Inc. (AIR).

Because of the sudden proliferation of these new radiosondes, a field experiment
was carried out at NASA's Wallops Flight Facility, located at Wallops Island,
Virginia between 11-22 April 1988 to evaluate the performance of several of
these upper-air systems.
Eight ground stations and ten instruments were
included.
Thirty-seven balloons were released with each carrying up to six
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The same cross-shaped platform design used in Phase II of the WMO
intercomparison [2] was' affixed to a single 3000-gram natural rubber balloon.
Pressure, temperature,
relative humidity, and wind information were collected
and processed for comparison.
One of these systems
(GMD-5 with the MSS
radiosonde)
used a transponder technique to measure altitude and winds. Each
flight was also tracked by one of NASA's precision tracking radars to provide
reference heights and winds. Most flights exceeded 30 kilometers. An independent vertical coordinate was possible using the elapsed time from release
recorded by each system.
SYSTEMS DESCRIPTION
A few facts about the systems tested are presented here for clarity.
AIR
deployed two 1680 MHz radiosondes, both with capacitive aneroid pressure sensors, bead and rod thermistors, and carbon hygristors.
One was an analog
radiosonde called AIRSONDE, and the other a digital radiosonde, called INTELLISONDE. Both of these are tracked with an automatic radio-theodolite.
The
analog radiosonde only operates to -250 hPa. In both cases, data were computer
processed every few seconds but were presented. every minute for the comparison.
The Vaisala radiosonde RS-80 was used with two different ground systems,
DigiCora and Marwin.
Either was utilized depending upon whether Loran-C or
Omega were being evaluated. Data were available at 10 second intervals, however, only one minute data are used for the comparison.
Three radiosondes were tested by the National Weather Service (NWS) . Two of the
radiosonde types were from VIZ.
The VIZ "a-sonde" is the standard 1680 MHz
instrument currently flown at most NWS sites. The VIZ "b-sonde" is a new model
designed to replace the present radiosonde and is similar to the "a-sonde"
including the same sensors. The third radiosonde is manufactured by Space Data
Co·rp and is intended for use in the US Southwest. All of these radiosondes
operate with the NWS A.R.T. ground station.
The A.R.T. signals are reduced
using a desk top computer.
Radiosondes used wit:h the -GMD--5 ground station --were--tne M.SStype manufactured by
Space Data Corp.
- This radiosonde transmits at 1680 MHz and transponds at 403
MHz for position information. Temperature, relative humidity, slant range, and
azimuth and elevation angles are recorded every six seconds. Pressure is calculated from the altitude and temperature measurements. Pressure-related data are
output at constant pressure surfaces and significant levels, while altitude,
temperature, relative humid1ty, and winos are output every 30 seconds.
VIZ Manufacturing Co. participated with the new ZEEMET instrument and the W-9000
ground station.
This is a new system. The system operates using 403 MHz and
navaid techniques, but during the Wallops test the wind finding capability was
inoperative.
Reference altitude and wind data were computed from slant range, azimuth, . and
elevation angle information from a precision tra-cking radar. Although radar
measurements were available at one-second intervals, the altitude and wind data
were used at one-minute intervals.
There were a number of conflicting frequencies in operation near 403 MHz and
1680
MHz
which limited the types of instruments that could be flown
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since the 403 MHz type instruments create extreme
instrument's transponding capability.

MHz type radiosondes
interference for this

COMPARISON DISCUSSION
It was the intention of this comparison to follow the test procedures of the WMO
intercomparison.
The inclusion of eight ground stations and ten radiosondes
created a very complex situation. Data loses were more then desirable.
This,
and the limitation imposed by the MSS radiosonde transponder frequency led to
fewer then expected joint measurements. The smaller number of common-pair data
sets restricted the use of the type of statistical testing that could be
applied.
The comparison of individual profiles is instructive, but requires detailed discussion of each observation set. For example, temperature measurements obtained
at the same elapsed time of flight for observations made on 15 and 19 of April
reveal a number of interesting features.
The same profiles compared at measured
pressure levels are even more revealing.
The measurements of 15 April,
shown in Figure la,
indicate good agreement
between the VIZ standard and AIR Intellisonde temperature measurements. Small
differences observed are within the random variability expected from paired
measurements of identical sensors, approximately 0.4 C [3].
It also is possible
that the differences could have arose from the different methods of reduction,
manual (VIZ) vs. automatic (AIR). The Vaisala RS-80 radiosonde indicates colder
temperature values than measured with the VIZ and AIR radiosondes.
The magnitude of the difference for a daytime observation is similar to the results
experienced in the WMO intercomparison [1] and is due to corrections added to
the RS-80. The difference is exaggerated because of a bias of about 1.0 C that
exists between the Vaisala capacitive temperature sensor and the rod thermis~
tors.
The measurements for 19 April are shown for five instruments in Figure lb.
Three different sensors were employed; the rod thermistor with the AIR Intellisonde, Vrz-staridard, and ART-"o:..:.sonde", a smaller rod-thermistor is used with
the W-9000
(these all are resistive type), and the capacitive sensor used with
the Vaisala RS-80 radiosonde.
It is expected that the temperature bias between
the Vaisala and VIZ thermistors at night would show the VIZ sensor to be colder
[1], however, this figure indicates that the Vaisala is colder.
The bias
between the AIR Intellisonde and Vaisala RS-80 is such that the Intellisonde
temperature measurements are colder. This indicates a probable error with the
VIZ measurement,
since identical thermistors are used with the AIR and VIZ
instruments. The temperature difference between the W-9000 and ART "b-sonde"
measurements vs Vaisala also are in the same direction as shown between AIR and
Vaisala. This is not surprising since the sensors all use the same reflective
white coating so that the radiative influence is similar on all rod thermistors.
Both the observations, on the 15 and 19 of April, show that changes in lapse
rate observed by each of the radiosonde thermistors occurred at the same times.
This is encouraging since it means each sensor was responded in a similar manner
to atmospheric changes.
Figures la and lb have characterized the real capability of the temperature sensors to measure temperature.
It was shown that while bias exists between most
of the profiles, the sensors are able to keep up with changes in the vertical.
On the other hand, temperature as a function of pressure shows _an altogether
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between the capacitive thermistor and the rod thermistors and even some
disagreement between the rod thermistors. Careful examination reveals that the
changes in the lapse rate do not occur at the same place for the measured pressures. This is a result of pressure measurement error. For levels up to about
17 hPa, the Vaisala RS-80 and AIR Intellisonde temperatures are in register at
the same pressures. At levels above 17 hPa, the disagreement obviously results
from one, or both, of the instruments reporting the wrong pressure. Temperature
disagreement between VIZ and AIR occurs at levels above 70 hPa.
The observations on 19 April, Figure 2b, appear to report similar temperature
changes with respect to pressure at levels up to 70 hPa. At levels above 70 hPa
it becomes clear that the size of the pressure measurement error is a big factor
in determining the reliability of data reported over the GTS. From these few
examples, it is understandable why reported geopotentials are so variable
between sites.
Examining these same observations with relation to radar it is realized that for
the sounding of 15 April there are significant differences.
It is assumed that
the precision radar track gives the most accurate and precise altitudes. Referring back to Figure la, it can be noted that the temperatures of the VIZ standard and AIR Intellisonde are quite similar. Given that the temperatures are in
agreement then the geopotentials should also be in agreement, if pressure measurements are correct. However, the differences in geopotentials between the two
instruments and radar indicate that the VIZ and Intellisonde disagree by a substantial amount at elapsed times later than 50 minutes, as shown in Figure 3a.
The heights between VIZ minus radar indicate that the VIZ radiosonde reports
lower heights than radar; on the other hand, the RS-80 radiosonde reports higher
heights than the radar, while its temperature measurements are actually colder
than those of VIZ. Referring to Figure 2a, temperatures vs pressures, it now
becomes apparent that the pressure measurement differences are significant,
especially at levels above 100 hPa.
The Height differences on 19 April also indicate anomalies that are more difficult to explain. For example, in spite of similar temperature profiles shown in
Figure lb, the differences between the VIZ standard and Vaisala vs radar
heights, Figure 3b, show that the Vaisala radiosonde is recording higher altitudes than radar and VIZ lower altitudes. On the other hand, AIR Intellisonde
in4~cates
colder temperatures than VIZ, but is recording higher geopotentials.
The W-9000 reports very nearly the same temperature as the Intellisonde, indicating lower heights. Although it is well known that a radiosonde's position in
space is never really known, and is dependent upon the size of errors in reading
pressure and temperature, it is difficult to reconcile the total inconsistency
observed with the example of Figure 3b.
CONCLUSIONS
Comparisons of radiosonde instruments that are seeing increased use in the US
were carried out at Wallops Island. Two examples were examined in detail. With
the exception noted for the VIZ rod thermistor on 19 April, all of the rod
thermistor reported values, including the small rod thermistor used with the W9000 system, to within about 0.5 C rmsd. Measurements of rod thermistor temperatures from the complete series of observations generally agreed, in the
mean, to within less than 1.0 C. Individual soundings occasionally were larger
than this, but examination revealed that this was mostly due to corrections
being used on one radiosonde
(RS-80)
and no corrections on the
other
radiosondes.

- 69 The examples also emphasized very dramatically the important role pressure measurements play. As indicated, poor or inexact pressure sensor measurements lead
to the reporting of erroneous temperatures.
It was shown in both examples that
perturbations that occurred at the same elapsed time were no longer in agreement
when compared against similar pressures.
This leads to the use of the use of
the wrong temperatures (and pressures) that results in inappropriate geopotentials.
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INTERCOMPARJSON OF DIFFERENT WIND SENSORS
AT THE SWISS METEOROLOGICAL INSTITUTE.
by

B. Hoegger, A. Heimo, G. Converso,
Swiss Meteorological Institute
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Preface and short summary
Within the project of the extension of the Swiss network of automatic weather
stations ANETZ, the problem of wind measurements has been extensively studied.
For this purpose, nine instruments have been considered for low land as well as
mountainous applications: cup-, propeller-, hot wire- and pneumatic-anemometers.
Field measurements in stochastic, turbulent wind streams, either for low land
or for extreme mountainous environmental conditions, have been performed during
the last years. Statistical methods applied to the data recorded with a 1 second
resolution have been used in order to validate the different types of instruments.

Anemometer configuration on the test site at the Aerological Station, Payerne.
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1. Site and facilities
The measurements were performed on the test field of the Aerological Station
of the Swiss Meteorological Institute at Payerne. Nine wind sensors mounted on a
10 meter mast (see picture) have been intercompared in weak and strong natural
stochastic wind flows. Care has been given to the exposure of the sensors to reduce
possible mutual interference to a minimum.
List of sensors (see numbers on picture)
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8,9)

Rosemount Orthogonal Anemometer model 87 4BN, USA
Cossonay Geotec Anemometer series 260, Switzerland
Hollis Anemometer AN-85 System Young, USA
Vaisala WAA 15/WAV 15 Anemometer System, Finland
Lambrecht 1467 Cup Anemometer, FRG
Lambrecht 14512 Cup Anemometer, FRG
Weather Measure W103 Cup Anemometer, USA
Schiltknecht (SCHASTA1 and 2) type 655, Switzerland

The high quality dynamic sensors Rosemount and Cossonay produce each 2
analog signals corresponding to the orthogonal wind components. The Vaisala
wind sensor data are transferred as ASCII strings by serial interface. The
Lambrecht 1467 delivers a wind speed proportional DC signal. All other cup
anemometers produce an impulse train with 0.1 meter wind path.
Data acquisition has been performed with the help of a personal computer
equipped with different interfaces like AID converters, serial interfaces, counters,
etc. Each measurement series has been performed over 10 minutes with a time
resolution
of 1 second. The resulting- 600 values
per sensor
were eventually
stored
on
---- - t - - ------- ·-+--------- ---- -mass s orage um~~s.
2. Time series analysis
2.1 Dynamic analysis
From 1987 to 1988, a set of 798 time series covering all available significant
synoptic weather situations e.g. heavy thunderstorms, front passages, including
pre- and post periods, were acquired following the method described above.
Data plots, mean values, standard deviation and maximum velocity were
computed for each 10' interval. Figure 1 displays a typical fingerprint of the behavior
of two instruments (Rosemount 874BNand Lambrecht 14512) with different response
time during a storm period. The sensors were intercompared using regression,
cross correlation and covariance analysis methods. Regressions give information
about the linearity and threshold values of the different anemometers. Residual
analysis performed with the regression results together with the correlations allow
to estimate quantitavely the characteristics of the sensors. Table 1 presents an
example of the evaluation performed on the data as displayed on Fig. 1.
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Table 1.
Statistics
Rose mount
874BN

Mean velocity
Standard deviation
Gust maximum

11.56 [mls]
2.17 [m/s]
18.6 [m/s]

Cossonay

Mean velocity
Standard deviation
Gust maximum

11.91 [mls]
2.37 [m/s]
23.9 [mls]

SCHASTA 1

Mean velocity
Standard deviation
Gust maximum

11.63 [mls]
2.20 [mls]
18.7 [mls]

Lambrecht
14512

Mean velocity
Standard deviation
Gust maximum

11.94 [mls]
2.25 [m/s]
18.8 (m/s]

The standard deviation is a measure of the turbulence amplitude of the 10' interval.
Plots of the 10' regressions were eventually computed in order to get a complete
overview of the measurements and a closer look at the residuals behavior.
2.2 Long term analysis
In order to obtain a global insight on the characteristics of the different
-anemometers, the mean__yalue_and gusLmaximum _for each_instrument_and_each
time series (10' interval) were collected in a single data set allowing regression plots
between each pair of sensors. The resulting regression coefficients, correlation
coefficients and residuals yield a relative characterization of each instrument.
Examples of such graphs are illustrated in Figure 2 for the mean velocity cases and
in figure 3 for gust maximum cases, respectively. The obtained values of the
computed parameters are presented in table 2 and 3 for a sample of instruments,
including two identical sensors.
Table 2 : Comparison of the mean values
SCHASTA 1 I Lambrecht 14512
Correlation coeff.
Slope
Offset
Residual

:1.00
: 1.06
:-0.36 m/s
: + 0.39 m/s

SCHASTA 1 I SCHASTA 2
Correlation coeff.
Slope

:1.00
:0.99
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Offset
Residual

:- 0.05 rn/s
: + 0.38 rn/s

Table 3 : Comparison of the gust maximum values
SCHASTA 1 I Lambrecht 14512
Correlation coeff.
Slope
Offset
Residual

:1.00
:1.06
:- 0.45 rn/s
: + 1.10 rn/s

SCHASTA 1/ SCHASTA 2
Correlation coeff.
Slope
Offset
Residual

:1.00
:0.99
:- 0.05 rn/s
: + 1.06 rn/s

Due to the different dynamic behavior of the two types of cup anemometers, it
may be seen that the residuals are more important for the gust maximum case than
for the mean value.
3. Discussion
The fact that the above presented statistical results do not yield important
differences concerning the physical characteristics of the anemometers leads to the
conclusion that most of today's available sensors differ only in their 'dynamical
behavior. Technical specifications will therefore grow in importance for
implementations when maintenance con.s-ideratfons as well as siting ana-security
criteria e.g. harsh environment, high mountains, air traffic control [1], etc. will
play an important role.
The present study was restricted to the selection of a suitable anemometer for
the extension of the Swiss Network of Automatic Weather Stations, ENET. Attention
was given to information about ruggedness and behavior in harsh environment and
icing situations. As the test field of the Aerological Station was not representative for
such extreme weather situations, a Lambrecht 14512 anemometer was installed on
a very exposed ANETZ station (Napf, altitude 1400 m.a.s.l.) during the winter
1988/1989. As this instrument worked perfectly during potential icing situations,
further measurements at higher altitude (Weissfluhjoch, 2690 m.a.s.l.; Titlis, 3030
m.a.s.l.) are planned with a wider sample of sensors in order to find out their actual
operational limits.
References
[1] Cremer M. and Canniff J.
Evaluation of Wind Sensors for the F AA Low Level Windshear Alert System
(LLWAS)
U.S. Dept. of Transportation, FAA
DOT-TSC-FA915-PM-88-28, January 1989.
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Session II
ALGORITHMS

(Reference II.1)

A PRACTICAL CLOUD ALGORITHM FOR AUTOMATIC WEATHER
STATIONS

C. E. Robinson and D. J. McKay
Atmospheric Environment Service Canada
Background
Cloud algorithms for automatic weather stations are used to relate a time series
of automatic cloud base measurements into cloud coverage. The Canadian
Atmospheric Environment Services (AES) has been developing these types of
algorithms for many years. An early example was the MARS 1 (Meteorological
Automated Reporting Station) which used mechanical integrators with the
Rotating Beam Ceilometer (RBC) to implement it's algorithm ( Belhouse &
Dickson ( 1) ). A simple coded message gave 4 levels of cloud coverage.
Subsequent algorithms used electronic detection and integration of cloud from
the RBC with slightly more complex coded cloud messages. Laser ceilometers
were introduced as cloud base sensors in 1977 and with them a microcomputer
based cloud layer following algorithm (coded cloud layers were provided for
compatibility) was developed.
The concepts used for the previously mentioned cloud algorithms are quite
similar. We start with a sensor which periodically measures the cloud parameters
above itself, the cloud data is organized into several layers and the cloud amount
is determined by the percentage of total time that the sensor "sees" cloud in a
particular layer. Studies carried out by Duda (4) have shown this simplistic
approach-yields good clo_ud __c_oy_erinformation for_ the majority of do1_1ci
situations. The basic assumption for this type of algorithm is that cloud is
advected into the area over the sensor and that no local formation or dissipation
of cloud occurs. Additional spatial information should enhance algorithm
performace but Bradley (2) showed only a small increase (3 to 5 %) in accuracy
when three sensors spaced several kilometers apart were used. The cost of
additional sensors or scanning equipment is not justified for this small
improvement.
The laser ceilometer is now the primary cloud height measurement device used
in new autostations. It has a small compact size, mak-es accurate height
measurements of the base of well defined clouds, and is easy to maintain.
Commercial laser ceilometers are built to conform to the eye safety regulations
for lasers which means that all units use low power transmitters and some form
of averaging in the receiver to separate the return signal from "noise". Most of
the complexity and cost of the ceilometer are in the signal processing used to
bring the signal to noise (SIN) ratio to acceptable levels. The signals scattered
from clouds are about the same level as "noise" signals because cloud bases are
frequently poorly defined (not "hard' targets). The majority of ceilometers
cannot detect diffuse clouds and have difficulty when there is precipitation or
fog. (WMO Report No. 32 (7)). Many commercial laser ceilometers have been
designed to provide the lowest 2 cloud bases every 15 seconds (to conform with
output of the RBC).
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AES CLOUD ALGORITHM

The design of our latest cloud algorithm is based on the same general concepts,
but we have introduced a cloud model which alters the dynamic response of the
algorithm for better agreement with cloud coverage observed by a trained
observer. Even more importantly the algorithm overcomes some of the
shortcomings of the sensor by data processing. The resulting empirical
relationships are based on analysis of performance compared to an observer
under a variety of weather conditions.
CLOUD DETECTION

Figure 1 shows a time record of signal return amplitude for each height from
an ASEA QL1212 ceilometer. The amplitudes have been scaled so that a single
digit represents the amplitude at each height bin. The data was taken on a day
with a diffuse overcast layer of cloud based at about 2500 meters.The "standard"
output of the ceilometer indicated clear, however it is obvious from the data that
there is an organized pattern at approximately the height of the cloud layer.
50

60

70

80

90

I

I

I

I

I

11

1
1 1

~;s*l#~~~!~~:)~~~

1
1 1 3,.,

21
121 121
1
1
21322 1
2 12 31
231 23113 1
1
....... : 21 1124
1
11
.:~~~:~~~~JJ:\~'J~~· 32111 12 1 2
~5:1{:·2:i:·f' 2
1 1 11
r:~:•:·.:·:-',t·.,., 1 1111 2
113 12311221 2112 1
2132 11 113112 1 22
1
11 11
122 1 1 222 2 13 1 11
11
1121 1
12112221
11
11 22113111 3
. . 1221 3 22234 14132 1 22
: 22211
11112342 1222 13
.1ifiij1~23353121
24232
22 2212222113
.
... · ... •, . . 31 .d~ 1114223
..', . . . . 121'ali~ 221121
·. ·. · . 1 2i.\HJ12 32
121 11112122 1121 :::~U:3. 1222
..
11
:,:..: . :·: 22221111 111 11 2 21 21 ··i).ln21
1 1 ........:.... 121 11131 1 11 111132322 21111
12 221221111 1 1223411112222122
1111111 221321 1 132342 111112 2134
2112 121212121 2 1 ~::~?3232 121 4:1:2333221
1 21232121 1 11
::~n:~2211211~r· 111212
1
112211 111.~MP.~332 1PM~~35223
11 2 2
2
1
11
1
22 1 123121 1
1 21 11 2 11122\i' 1121 21

~1 ~ ~ ~ ~ ~ ~~~~~:~;: ~11 ~~:~J:~ 1 ~~~

058:17:54
058:17:55
058:17:56
058:17:57
058:17:58
058:17:59
058:18:00
058:18:01
058:18:02
058:18:03
058:18:04
058:18:05
058:18:06
058:18:07
058:18:08
058:18:09
058:18:10
058:18:11
058:18:12
058:18:13
058:18:14
058:18:15
058:18:16
058:18:17
058:18:18
058:18:19
058:18:20
058:18:21
058:18:22
058:18:23
058:18:24
058:18:25

Scaled analog return as a function of time
Figure 1

- 83 -

The shaded overlay on Figure 1 shows the cloud information generated by the
algorithm. This enhancement of cloud detection uses standard signal processing
techniques with averaging techniques chosen to match the physical properties
of clouds. This is seldom done in commercial ceilometers and for this reason
AES chose to include a cloud detection method in the cloud algorithm based on
their knowledge of the properties of clouds.
Cloud has persistence in time and space and this persistence can be used to
increase the SIN. For a constant signal and random noise the SIN increases in
ratio to the square root of the number of independent samples averaged. For
cloud to be significant (even if it is not overcast) we should be able to average the
returns for several minutes. Davis (3) showed that perturbations of low level
cloud height reach a plateau of about 30 meters after about 5 minutes of
averaging. We have chosen a five minute period as a compromise between
averaging to increase SIN and decreasing the time response to detection of
changing cloud events. Further increases in SIN can be obtained by spatial
averaging. Our "horizontal" measurements are averaged by the time series but
we can do spatial averaging in the vertical measurements. Again there is a
compromise between vertical resolution and increased SIN. 30 meter height
resolution is the goal at low heights decreasing to about 200 meters above 1500
meters. This is consistent with the resolution offered by human observers.
In order to detect the diffuse cloud in Figure 1 we used a "count above analog
threshold" rather than the more common "slope" (rate of change of return
amplitude with height) method. Analog returns are processed by a "digital filter"
5 bins (five 1 minute samples) wide and several bins high. If half or more of the
_bins within the filter have amplitudes exceeding the threshold then "cloud is
present''. Thethreshofd. val1ie-(or-alternately the-percentage- of73TiiS -exceeding threshold) is determined by data analysis of a large data base of real cloud data
from a variety of cloud conditions over a four year period using the ASEA
QL1212 laser ceilometer. The analog threshold described can only be used if
the analog values from each bin are comparable. The ASEA QL1212 provides
compensation of the return amplitude for height (range squared attenuation in
the radar equation) and also provides an additional correction for scatterers
between the source and the target. As well the output power is automatically
monitored and controlled. This means that the analog bin values are almost
independent of range and scatterers so it is valid to do further averaging and
other linear system manipulations (ie. level detection). Samples of data were
recorded for a wide variety of conditions including diffuse cloud, solid cloud,
and conditions with both rain and snow. These recordings allowed us to
objectively determine the algorithm parameters and also experimentally "fine
tune" portions of the cloud detection algorithm since it could be run several
times faster than real time (and also run overnight) on an IBM PC-AT personal
computer. Cloud returns were retained as analog values for as far into the
analysis as possible so as to allow the possibility of using adaptive thresholds. It
was found that false cloud detection was occurring from return signals in
precipitation that were significantly larger than expected from theoretical
analysis (the models of Tampieri & Tomasi (6) predicted almost an order of
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magnitude difference in backscatter between stratus and rain). We have
observed that very weak returns occur during snowfall with visibilities of 2 to 10
Km. but that returns are very strong (comparable to rain) for snow with
visibilities below 2 Km. Large quantities of data (both recorded and current) were
examined to try to identify signatures in the data returns from precipitation and
other obstructions to visibility. Rain signatures can be identified and the "slope"
technique is used to determine cloud bases when a rain signature occurs.
CLOUD COVER ALGORITHM

The cloud cover portion of the algorithm consists of grouping the individual
cloud readings and determining the percentage of time the sensor sees cloud at
each level. Early attempts at producing cloud cover algorithms were limited by
mechanical complexity or by restricted memory (also by lack of a good sensor).
Thus it was common to group cloud into a limited number of categories (ie. low,
mid, and upper cloud).The modern data system does not need to impose such
restrictions but it is generally accepted that nothing is gained by presenting more
than 4 cloud layers except an unreasonably long cloud message. The conversion
of a time series of cloud information to cloud coverage is normally done by
piecing together clouds of similar height from the cloud history for the past 30
to 60 minutes. The percentage of time clouds are present at a particular level is
related to the total time to determine coverage. The human observes clouds as
a 3 dimensional object and because of this low cloud appears to move into and
out of the observers field of view at a much faster rate than higher cloud. Also
because of obstructions, the human observer seldom scans the total sky, but
rather observes the sky to within several degre_es of the horizon. The present
cloud algorithm attempts to duplicate this human trait by assuming that the time
that a cloud will remain within the observers field of vision is a function of height.
The algorithms current criterion is that a cloud at 200 meters will remain in view
for 6 minutes while a cloud at 2000 meters or higher will be in view for 60 minutes
(This is equivalent to a observer with a 170 degree field of view and a modest 2.5
meter/sec cloud movement). With the above restriction the present cloud layers
are stored in an array for the past 60 minutes and are scanned each minute to
determine the cloud coverage. The thickness or cloud tops reported in the
present cloud may only represent the distance that the laser signal has
penetrated into the cloud, however, over the 60 minute period it is likely that
cloud penetration near the edges of dense clouds will yield the true upper extent
of a cloud layer. The analysis follows the natural layering of the recorded data
except that at progressively higher heights some grouping is allowed of cloud
layers that have small gaps between them (small gaps of 30 to 60 meters have no
significance when a 200 meter spatial filter has been used on the data). The
percentage coverage of each layer is calculated and a cloud coverage message is
formulated. It should be noted that the ASEA QL1212 declares a "Range Limit"
above which they present no information. In our algorithm we do not process
any cloud information above the range limit of that particular scan, however the
present cloud detection algorithm will carry cloud from previous scans where
"valid" data occurred (in a few cases this could give a maximum of 3 minutes of
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erroneous cloud). The final step in the algorithm is to reduce the number of
reported layers to 4 or less (to keep the message length within reason). In most
cases the layer clustering done by the algorithm will have reduced the number
of layers, but if it hasn't the algorithm tests the layer and its accumulated
coverage against a predetermined cloud significance criterion. The output
format of the cloud message is very similar to the MANOBS Airways Code so
the users can easily read and understand it.
ASSESSING THE CLOUD REPORTS

This version of the cloud algorithm represents a significant improvement over
previous AES algorithms when the ceilometer is being used to measure
"terminal" cloud. Its ability to handle low cloud and obstructions to visibility
(primarily rain and moderate snow) has been enhanced, both in proper cloud
detection and the ability to quickly follow low cloud ceilings. It works best for
conditions where the sensor works well (well defined cloud with few obstructions
to visibility) but gives reasonable results in less favorable conditions. It is certainly
not perfect and can probably be improved with more data and more algorithm
development.
By making the "time within view" of clouds to be a function of their base height
we get a more realistic cloud cover observation. The rate of movement of low
clouds appears more rapid to an observer because of the rapid change in the
sight angles for a low level cloud element moving overhead. Also since low level
cloud is much more significant in terms of operational restrictions it is important
that the algorithm be able to form or dissipate low level cloud "ceilings" (broken
-DI'- Ollercast layers) at rates _comparable to those obsenred by an ob&erver.. The
_.
restricted "field of view" means that the time series for low level clouds is short
thus clustering should be accurate. The longer time series for higher cloud may
be less satisfactory but the significance of erroneous linkages is lower. The rate
at which clouds of certain heights are removed from the algorithm's view was
chosen to be a reasonable rather than totally accurate because it is probably a
site specific parameter (there is no doubt that our test data cloud cover usually
clears faster than allowed by the algorithm however it conse!Vatively retains cloud
to match conditions which may remain in the vicinity of the terminal).
CONCLUSIONS

Although the cloud algorithm works well for most cloud conditions we have not
been able to significantly reduce the number or scope of the assumptions which
are necessary for its operation so there will remain cases where it does not work
satisfactorily. These cases must be handled either by careful siting or by
developing parameter specific techniques which do not require general
assumptions to be made. Time has not permitted us to investigate what
enhancements (if any) could be gained by using a multi parameter addition to
the algorithm. The addition of surface temperature and humidity should give
some improvement and the addition of present weather would definitely be of
value, however the formation of a multiparameter algorithm with all the
necessary parameter (and error) handlers was far beyond the scope of this project
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(notwithstanding that a present weather sensor does not exist). By writing the
algorithm in a modular fashion we have allowed such additions to be added at a
later date with a minimum of impact. The modular form of the program also
allows the cloud clustering techniques to be used somewhat independently from
the cloud detection portion. The cloud cover portion of the algorithm could also
be used (with some modification) with other types of ceilometers.
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AN ALGORITHMIC APPROACH FOR IMPROVING AND CONTROLLING
THE QUALITY OF UPPER-AIR DATA
Antti A. Lange
Finnish Meteorological Institute
P. 0. Box 503, 00101 Helsinki 10, Finland

1.

INTRODUCTION

1.1

The problem

Numerical
weather
forecasting
experiments
with/without
satellite soundings no more indicate positive impact for the
Northern Hemisphere.The quality andfor compatibility of satellite
and/or radiosonde soundings has now become a limiting factor in
numerical weather prediction (NWP). The situation is complicated
by the fact that the observational inconsistencies are both
instrumental and operational.
1.2

Action underway

The CBS Working Group on the Global Observing System (GOS)
discussed the problem during its fifth session in Geneva, 13-17
March 1989 and the following measures to improve the situation
were identified:

--1ncrecrs1ng---use - of- ---fully--automated - observin-g---s~a-tions,
including the use PCs and standardized quality control
algorithms;
exchange of both quantitative and qualitative quality control
information along with the observations;
instrument intercomparisons by CIMO and guidance on the
quality control procedures used for satellite measurements;
data-compatibility studies such as the Baseline Upper-air
Network (BUAN) Feasibility study; and,
assimilation of raw radiances from satellites.
various algorithms are required to support these activities
and have been proposed e.g. by McMillin, Schmidlin and Lange. The
mathematical problem of estimating so-called state-parameters
(here: the observational biases) recursively under the assumption
that there is some prior information on them was originally solved
by Kalman (1960) and Kalman and Bucy (1961) and is the celebrated
Kalman filter.
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2.

SCOPE OF PAPER

This paper introduces a new algorithmic approach that
combines the Kalman filter concept with the Optimum Calibration
procedure reported by the author in conjunction with the VLF Omega
Navaids (1982), windfinding with a hybrid system (1984) and the
Global Observing System (1988a). The mathematical formulation for
an optimal real-time filtering of observational biases is given.
This makes it possible to use standard statistical techniques for
internal consistency checking of input data for an improved
quality control as well as to estimate in real-time the
operational accuracy of an observing system. A PC compatible
software package will be demonstrated.

3.

KALMAN APPROACH FOR OPTIMUM CALl BRA TION

3.1

The recursion formulae for g tracking problem

An optimal recursive filter is one which there is no need to
store past measurements for the purpose of computing present
estimates. Kalman filtering was developed for this purpose. The
optimali ty is usually achieved if the future measurements are
independent of the past of the measuring process, given its
present
state.
For
a
wind-tracking
problem
the
position
coordinates of a balloon (and, as we shall see in paragraph 3.2,
the more or less unknown calibration parameters of the tracking
devices as well) are referred to as the state of the system.
The mathematical model is described by equations ( 1-3) and
the Kalman recursion formulae leading to optimal updates of the
state parameters are given by equations (4-6).
The first equation is a standard multiple regression equation
that indicates· how an observation vector Yt of the present
measurements depend on the state vector st at any timepoint t.
This is so-called Measurement (or observation) equation:

(1)
The second equation describes the time evolution of the balloon
flight and is usually known as the System (or state) equation:
,..
(2)
8
8
t = t-1 + 0 t-1 + at
which tells how the present position of the balloon is composed of
its estimated (") previous position st_ 1 as well as of the
increments ut_ and at. These increments are thought to be caused
1
by a uniform motion and an unknown acceleration, respectively. The
measurements, the acceleration term and the previous position are
affected by random noise. These effects are mutually uncorrelated
and described by the following covariance matrices:
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=

Ra
Pt-1

Cov(at)

=

=

(3)

E(atat')

Cov(;t-1>

=

E{<;t-1- 8 t-1) <;t-1- 8 t-:l>'}

The Kalman (forward) recursion formulae give us
linear unbiased estimates (BLUE) of the present state
;t

=

the

best

(4)

;t-1 + ut-1 + Kt{Yt - Ht(;t-1 + ut-1)}

together with its covariance matrix
pt

=

"

Cov(st)

=

(5)

pt-1 - KtHfPt-1

where the Kalman gain matrix Kt is defined as
Kt= (Pt-1 + Ra) Hf {Ht(Pt-1 + Ra )Ht, + Re}-1

3.2

(6)

The Kalman filter for calibration updating
Let us now partition the estimated state vector st and its

covariance matrix Pt into their two components as follows:

st

=

(7)

"
- where · bE·isthe- est-imated -posi-tion vector· of the ·balloon]· and, ·" is the vector of all estimated calibration parameters.
et
The respective partitioning of the other quantities will then be
as follows:
(8)

The recursion formulae (4-6) give us the
the updated calibration) position vector
bt

=

bt-1 + ubt_

~t

=

~t-1

filtered

+ Kbt{Yt- Ht(;t-1 + ut-1>}
1
and the updated calibration parameter vector
+ uct_

1

+ Kct{Yt- Ht(;t-1 + ut-1>}

(involving

(9)

(10)

- 90 -

The Kalman gain matrices are respectively
Kb
K

=

t

et

=

(Pb
(P

t-1

ct-1

+ R ) H' {Ht(Pt-1 + Ra)Hf + Re}-1
ab
bt

( 11)

H' {Ht(Pt-1 + Ra)Hf + Re }-1
et

(12)

+ R
a

c

The equation
(10)
recursively updates the calibration
parameter vector and this process is similar to Exponential
smoothing filter. Weights of the moving average process come from
the Kalman gain matrix (12). It is a high-pass filter with varying
frequency
responses depending on the calibration stability
assigned to each tracking device. Optimal tuning will take place
automatically. However, it is crucial to have accurate estimates
of the covariance matrices Pt=O' Re and Ra as well as to keep
track of all re-calibrations u
of the tracking instruments
ct-1
before each timepoint t.
3.3

Initialization of the Kalman calibration filtering

Most calibration parameters tend to be closely related with
the actual measurements and each single design matrix Ht may thus
have linearly dependent column vectors. This may cause problems
during
an
early
stage
of
the
Kalman
filtering
and
an
initialization based on an adequate data set is necessary.
In fact, accurate initial values of the position vector bt=O
and the calibration vector ct=O are required at the timepoint t=l.
The author (1988a) published the Optimum Calibration algorithm
that combines all available information from different data
sources
i.e.
instrument
calibration,
laboratory
tests,
intercomparisons and archived operational measurements. Optimal
estimates of the required covariance matrices are also provided.
3.4

Regression Analytical approach to the Kalman filtering

The Kalman recursion formulae (4-6) were originally derived
to facilitate manual recursive computation of least squares
problems. In fact, they solve the linear regression problem
y

=

Xb + e,

Ee = 0

and

V = Cov(e) = Eee'

(13)

for the particular regression model that we have after inserting:

y:~k-l::t_J. x:~[---~~--].
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Thus, the best linear unbiased estimate (BLUE) of the state vector
st can also be computed by using the more familiar formula
(15)
that is employed by most Regression Analysis algorithms. All the
other results from the Kalman recursion equations (4-6) can be
similarly computed with the help of any adequate statistical
subroutine package. The two approaches are algebraically identical
(Kalman, 1960) but certainly not numerically. In fact, when using
the recursion formulae (4-6) one must be able to cope with
inversion of much larger matrices than with the conventional
formula (15) of ordinary multiple regression.

4•

THE KALMAN CALl BRATION FOR LARGE SYSTEMS LIKE THE GOS

The initialization of the Kalman filtering can be done by the
author's Optimum Calibration algorithm (see Lange, 1988a) that
solves regression models with the following block-angular matrix
structure:
(16)

Daily updates of the calibration parameters are obtained by
using the Kalman approach. However,
for large systems the
recursion formulae lead to exceedingly large matrices that cannot
be inverted on available computer of supercomputer systems. The
Regression Analytical formulation of this Kalman process has the
same block-angular structure as above.
The optimal
(BLUE)
estimates (A) are obtained by making the following logical
insertions__t_o the regress_ion model (l~L of the _Optimum Calibre1tion
algorithm at any timepoint t=1,2, ... :

for k=1, •.. ,K;

and,

(17)

and
A

eK+l:= (ct-ct)-act.
These insertions conclude the specification for the new algorithm.
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Vector yk typically contains various observed differences for
a radiosonde station or a small homogeneous group k, k=1, ... ,K;
whereas the "calibration" vector bk tells what is wrong and how.
The "calibration" vector c refers to errors that are more or less
common or global e.g. satellite radiance or weighting function
biases. (For tracking problems the interpretation is different,
see Chapter 3.)

5.

CONCLUDING REMARK

The initialization stage of the Kalman filter approach has
been materialized on the Cray XMP-48 supercomputer system of the
ECMWF. Both satellite cloud-cleared radiances and radiosonde
reports were used over a sampling period that appeared too short
for definite statements on single radiosonde stations as reported
by the author (1988b). It is necessary to collect an extensive
satellite/radiosonde match data set and possibly to combine the
BUAN data in its radiance form with it for the initialization. An
interesting step would then be to start a real-time Kalman
updating of the "calibration" of observing systems for an improved
data-compatibility of the Global Observing System (GOS) and
Regional Basic Synoptic Networks (RBSN).
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SOFTWARE ENGINEERING TO IMPROVE METEOROLOGICAL MEASUREMENTS

Jacques J van Gorp
Royal Netherlands Meteorological Institute,
De Bilt, The Netherlands

A B S T R A C T. Like many other terms associated with information technology, the term "software engineering" has been subject to a number of
interpretations. However, if we take a dictionary definition of engineering and apply that to the term "software engineering" we get the following
definition: "The profession of applying scientific principles for the
design, construction and maintenance of software". In this paper we
describe how to cope with an abstract way of designing. Focus is placed on
the analogy between hardware and software. We emphasise simultaneously
data collection and sensor testing, by means of concurrent programming.
1.

Introduction.

The use of a computer within the meteorological measurement practice
in many cases will reduce or eliminate the overall system monitoring function performed by a human observer. For this reason, the substitution of a
computer has not only to deal with the data acquisition task, but must also
replace the test and validation checks on the observing system.
The__firs_t___S_i:_ep_in_t_he__pr_o_c_e£S_n_L_aut_o_mationis__t_o_realise_th_a_t_d_i_stur,..._________ _
bances to the observing system may occur at any time. These randomly
occurring transients in a data collection system are extremely difficult to
detect. Differences in time are causes of race hazards in both disciplines
(h.w. and s.w.). By simple examples, the impact of time delays in hardware
circuits and software programmes are demonstrated and solutions are given.
2.

Race hazards in hardware.

As a practical example, the pulse counting in the measurement of wind
speed can be disturbed by heavy atmospheric interferences. - To eliminate
the harmful influence a "two wire connection" is needed, Fig.l.
CLR

receiver
and
pulse
counter

Fig. 1.

A two wire transmission path (a) and state graph (b).
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The sender is equipped with a switchable source and sink circuit,
leading to the currents i 0 and i 1, as indicated in Fig. la. The source
and sink circuits can be symbolised by two binary digits A and B, and
thence its behaviour in a state graph, Fig. lb.
The two "equilibrium" states (01, 10) are extended with two "intermediate states" (00, 11). This implies that a number of transactions
becomes possible. The "normal" transactions a and b deliver the opposite
currents in Fig. la. But also "exceptional" transactions are possible, by
way of the detours c through f. After initialisation, the circuit is in
state (00), dictated by the clr-signal, in Fig. lb.
When thinking of currents, i.e. "the practical approach", it is hard
to argue for the existence of a fourth state (11), because currents cannot
flow in opposite directions. But with an abstract view of matters, the
explanation of the whole state diagram is quite simple: the switching time
of components within a circuit cannot be instantaneous. That means one has
to deal with time delay differences, and these can be positive or negative.
In Fig. lb, this leads to a race between the two "bits" A and B, and
two detours becomes even likely. Assumptions that can be made:
1.
If bit A is slower changing than bit B, path c,d are detours.
2.
If bit A is faster changing than bit B, path e,f are detours.
3.
Only if there is no time difference, ideal paths are a,b
The intermediate states have been observed, and because of their short
existence, they lead to race hazards. These difficult to detect disturbances are the cause of unwanted transient signals, named spikes, which
under certain changes of an input and with certain relationships of circuits delays appear at the output of a digital circuit. They are caused by
differences in the delay time of the integrated circuits used, resulting
from changing component values due to temperature or aging. Their
existence is few and far between: exceptions.

3.

Elimination of race hazards in hardware.

To be sure of an error free data transmission, the influence of both
''intermediate" states must be eliminated, according the Boolean equation:
Z = A

* B+

A

*

B = ( A* B+ A

*

B )

= ( Ae B )

(1)

In case, output Z="l" an error is detected, while the opposite logical
level (Z="O") indicates an undisturbed transmission path.
The solution for elimination of hazards, given formula 1, is symmetrical: both time delays are taken into account. In the simple case that only
a current-less line is regarded as an error condition, only half of the
possible errors should be detected. Since there is no reason for such an
assumption the result is a malfunction of the designed circuit, if the "bad
exceptions" appear.
This demonstrates the value of a more abstract way of thinking,
independent of the implementation aspects (Boole,l854). By synchronising
the sequential circuits through a central clock, the erroneous influence of
races can be eliminated, as demonstrated in van Gorp (1976).
4.

Modeling a computer system.

Before examples of races in software can be given, the concepts of
sequential versus concurrent programming needs to be explained. Most of
the time, the computer within an automatic weather station (AWS) is
involved with more than a single task. This situation can be illustrated
in a simplified way, Fig.2.
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Fig. 2.

A primitive computer model (a), and state graph (b).

In the model, an input (e.g. a sensor) is sampled at a rate f 1, while
an output (e.g. a printer) assimilates the acquired data, with frequency
f 2. A simple programme controls the transfer of information between the
input- and output device, by means of alternately {inp,outp} actions. Both
actions are managed by "programmed I/0", which means that a next action
starts only after the completion of the previous one.
In the truly sequential case, input and output are alternately waiting
on the completion of each other. Again, the successive actions can be symbolised in a state graph, Fig. 2b. In state (00) the system is at rest,
e.g. after the power-on ("clr-signal). States (01) and (10) stands for one
single action at the time, i.e. input or output.
In Fig. 2a, the programme {inp} starts an input action (01), thence
generating a transaction signal a, in Fig. 2b. After completion of this
input action, the programme {outp} is turned on, followed by {inp}, and so
on, till infinity (meaning of Cycle, in Fig. 2a).
To be specific, a handshake protocol must be included within the
sequential programmes for {inp} and {outp}, otherwise the completion of the
actions are not measurable. By taken this circumstances into account, the
sequence of tasks can easily be dealt in a programme with. However, these
- ex tens i~ns--ars-t-ime-- c-Onsum-ing, ei-t-het:'----t-0 develop--them,-e-ither:--during-exec.u... _
tion, leading to a low throughput of the computer system.
Again, state (11) models an exceptional situation, symbolising two
processes active at the same time: concurrent processes. In case, of
sequential execution of programmes, the resulted actions are equal in
repetition frequence: f 1 = f 2, while the concurrent processes are characterised by f 1 F f 2, most of-the time. For this reason, concurrent
processes demands for specific solutions, see section 7.
5.

Concurrency and interrupt mechanism.

As explained in section 4, a sequential programme controls the
sequence of actions by itself, resulting in a strong dependency of events.
In contrary, concurrent processes are intrinsic independent of each other,
and thence their time relationship is unpredictable. Starting such a process, it proceeds without further intervention, in general till completion.
That milestone will be signaled to the commanding computer, e.g. by
means of an interrupt signal. The computer programme restores the communication, by interpretation of that signal as a "request for service",
e.g. it commands a repeated execution the same process. So, a communication mechanism is defined for the concurrent actions of external devices
and computer system, leading to a much more higher throughput. But some
sort of synchronisation is needed, see the following section.
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6.

Race hazards in software.

By interpreting input- and output actions as concurrent processes,
another model for synchronisation between I/0 and a computer system is
illustrated, in Fig.3 •

.Input
device

Fig. 3

External devices as concurrent processes.

The computer spents most of the time on computations itself, only
interrogated, when the external world request for attention, by sending an
interrupt signal (~). Still synchronisation is not warrantied, leading
to the same three assumptions as in section 2, now concerning the relative
repetition frequencies and their effects:
1.
f 1 < f 2, no problem, no data will be lossed.
2.
f-1 > f-2, in error, by missing data.
3.
f-1 = f-2, critical, can generate race hazards!
If either f 1 or f 2 are unstable, situation 1 or 2 becomes even
likely, and a harmless-preference cannot be anticipated.
7.

Eliaination of race hazards in software.

Race hazards are of time critical behaviour, and occurs rarely. Of
course, a remedy can be offered by intermediate buffering of the information. This extension can resolve -the harmful effects of temporary
overspeeding, but not without precautions. In this respect, most effective
is the introduction of the producer-consumer principle. We give only a
brief explanation, because it is a well known idea, in the literature on
computer science, e.g. Dijkstra (1968), Ben-Ari (1982), Krakowisk (1988).
A producer (e.g. sensing) process tries to deposit an acquired information item into a buffer, and a consumer (e.g. printing) process, on his
turn, tries to get this information item out of the buffer. Two instances
of type "semaphore" are introduced to manage the cooperation between the
two processes. The only permissible operation on such a semaphore variable
(s) are defined as P(s) and V(s), and must be implemented as indivisible
operations.
The actual execution of the actions, deposit and get, are dependent on
the result of a previous inspection of the appropriate semaphores. E.g. a
producer process will be delayed if the inspection indicates a full buffer,
and forces a process switch to the consumer process, to release a buffer
full lock. Consuming from an empty buffer is prevented in the same way.
These solutions to the software problems of race hazards have the same
symmetric form, as do our solutions for hardware races, see section 3. It
makes no difference, whether the processes are truly-concurrent on different processors, or pseudo-concurrent on only one processor. In both,
the same demand for synchronisation exists to prevent violation of race
hazards.
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8.

Real ti•e aspects of measurements.

As mentioned, in section 4, an AWS is busy with a number of tasks. Of
course, the main task is the collection, processing, transmitting or
archiving the meteorological data. But, nothing is ideal, so it is with
computers. Therefore, an AWS has also to manage malfunctions in or through
the connected external devices, like sensors and transmission systems. The
main task is to define in a sequential programme, while the response to
exceptional situation~ can be provided by interrupt driven actions. Such
actions create the necessary communication for synchronisation. To preclude misinterpretations of the message, other actions must be blocked temporary.
Again, a race hazard can arise, in case the execution of the so called
"interrupt service routine" takes a relatively long time. Dividing this
task into two parts, harmful effects by this type of race hazard can be
eliminated, as demonstrated by van Weyenborg (1984). The first task takes
care of the response and transfer of the message, and starts a suspendable
process for providing the actual service. Essential are an extremely short
execution time of the indivisible first task, and a preemptive scheduling
mechanism for the second one. Programming languages, with a high degree of
abstraction, and in which concurrency is incorporated, are effective tools
for the design and implementation of a stand-alone AWS or integrated sensor, see e.g. Ford and Wiener (1986).

9.

Conclusions.

In hardware as in software the differences in speed have to be
reckoned with. To avoid unpredictable speed ratios, both hardware circuits
and software programmes must be synchronised to cooperate together. The
behaviour of systems can be made unaffected through these race conditions.
In general, the design must be strongly implementation independent. The
examples demonstrate the positive results of a more and more abstract
design concept. Both in hardware and software, there exist many tools for
abstraction.
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VERS L 1 AUTOMATISATION COMPLETE DE L'OBSERVATION
METEOROLOGIQUE DE SURFACE : LE PROJET SOLFEGE

Jacques PILON
Direction de la Meteorologie Nationale
service des Equipements et
des Techniques Instrumentales
de la Meteoroloqie

1 - INTRODUCTION
Au terme de la mise en place du programme d'aide automatisee a
!'observation meteorologique de surface,
la Direction de la Meteorologie Nationale s'engage vers la definition d'un reseau d'observation totalement automatique 1 ---susceptible de - prendre en charge
!'ensemble des parametres meteorologiques actuellement observes au
sein de la Veille Meteorologie Mondiale.

2 - BILAN DU PROGRAMME D1 AIDE AUTOMATISEE A L'OBSERVATION
Ce programme a vu son aboutissement au cours de la presente
decennie ;
il s'est concretise par la definition puis le developpement et enfin le deploiement de stations automatiques comme
soutien de !'observation meteorologique.
Le reseau national frangais comprend actuellement environ 120
stations automatiques (MISTRAL ou MIRIA). Ces stations, avec les
capteurs associes, precedent aux mesures de base : vent, temperature, humidite, pression, quantite de precipitations, rayonnement
et duree d'insolation. Certaines sont en outre equipees de dispositifs de mesure de parametres a usage aeronautique : visibilite,
portee visuelle de piste et hauteur de la base des nuages.
Les mesures effectuees sont normalement presentees a un operateur qui les complete en ajoutant essentiellement !'observation
du temps present, du temps passe, des nuages, de l'etat du sol et
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de la visibilite. L'operateur-observateur voit ainsi sa tache
partiellement realisee par le systeme automatique. Il reste neanmoins responsable des observations effectuees, et a ce titre il
excerce une fonction de controle et de validation des informations
fournies.
Par rapport a son objectif premier, on peut considerer que ce
programme etait pleinement justifie. Dans de nombreuses situations,
l'observateur, soulage d'une partie des charges de !'observation,
s'est trouve plus disponible pour des activites d'assistance et de
service aux usagers.

3 - DE L'AIDE AUTOMATISEE A L'OBSERVATION
MENT AUTOMATIQUE

A L 1 0BSERVATION TOTALE-

Cependant, la fagon dont sont actuellement exploites les systemes mis en place par ce programme va souvent au dela de ce qui
etait contenu dans son objectif initial : dans maintes circonstances -et de lieu, et de temps, notamment pour les observations
de nuit-, l'observateur humain n'est plus present.
Cet etat de
fait aboutit a ce que dans bien des cas, la station automatique
est devenue la source unique d'informations meteorologiques.
\

Ce passage d'une utilisation prevue comme "auxiliaire de
l'observateur" a une utilisation en tant que "systeme d'observation
totalement automatique"
n'est pas sans
consequences sur la
disponibilite d'informations meteorologiques completes et, de la,
leur exploitation.
En ce qui concerne les applications
numerique des parametres traditionnels a
!'absence des informations ajoutees par
raitre comme peu dommageable. C'est le cas

utilisant le traitement
des fins de prevision,
l'observateur a pu appades modeles numeriques.

En revanche, la carence de ces memes informations s'est revelee
tres penalisante dans les domaines de la signalisation et de la
prevision a tres courte echeance. Prenons l'exemple des services
de prevision generale et d'assistance qui sont quotidiennement
charges, entre autres, de !'elaboration des premieres directives
en debut de matinee, de la fourniture des informations
aux
media du matin ainsi que de l'alimentation des repondeurs telephoniques ou telematiques. Pour ces besoins, les observations les
plus importantes sont celles des reseaux synoptiques de 0 et 3 h
TU ; or ce sont les reseaux les plus
demunis d'observations
humaines. Il est difficile dans ces conditions pour le previsionniste de connaitre et de dire le temps ... qu'il fait !
Une autre consequence de la diminution de facto de !'observation humaine est liee a la prise en charge des mecanismes
d'alerte et de surveillance. Dans la mesure ou elles ont ete
congues pour etre supervisees par un observateur, les stations
automatiques actuelles n'ont pas ete prevues pour une mise a
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disposition rapide d'indications de depassement de seuils ou de
detection d'evenements potentiellement dangereux. Correlativement,
les aspects d'autocontrole n'ont pas ete pousses aussi loin que
l'auraient exige des specifications initiales etablies pour des
systemes automatiques autonomes.

4 - L 1 0BSERVATION METEOROLOGIQUE AUTOMATIOUE - LE PROJET SOLFEGE

Le bilan et les considerations qui viennent d'etre presentees
ont ete determinants dans la decision de la Direction de la Meteorologie Nationale de s'engager dans la voie de !'automatisation
totale de !'observation meteorologique de surface
en mettant sur
pied un projet de recherche et developpement baptise SOLFEGE
(Systeme d'Observation Locale Favorisant !'Exploitation des parametres GEophysiques).
Prenant acte du caractere irreversible de la diminution de la
duree consacree a !'observation humaine, notamment pendant la nuit,
ce projet a pour principal but
de porter remede a la degradation
et a la carence en observations meteorologiques qui en resultent.
Son objectif general est la definition, la realisation puis
!'installation des capteurs et dispositifs permettant d'assurer au
mieux, et de faQon totalement automatique, !'observation locale de
surface.
L'expression "assurer au mieux 11 laisse une certaine latitude et
une certaine flexibilite au niveau de la limite d'acceptabilite du
"produit" fina-l.
Demander a ces systemes automatiques d'assurer l'integralite de
la fonction d'observation telle qu'elle est actuellement
prise en
charge par l'observateur humain assiste d'une station automatique,
est sans doute une ambition trop couteuse, du mains a court et
moyen termes.
Dans un premier temps, on visera essentiellement a caracteriser
le "temps qu'il fait", -sans pour autant s'astreindre a traiter de
faQon exhaustive tous les types de temps present.
on s'efforcera d'abord de parvenir a une
tative des phenomenes les plus importants, en
indication de leur intensite. Ce sera le cas
des hydrometeores (brouillard, pluie, bruine,

discrimination qualidonnant au besoin une
pour !'identification
neige, grele ••• ).

On cherchera egalement a qualifier l'etat du sol : est-il sec,
humide, couvert de glace ou de neige ? Il ne fait pas de doute
qu'il faudra d'abord definir le ou les types de sol pour lesquels
on cherche a caracteriser l'etat de surface. Le comportement vis a
vis d'une chute de neige d'un sol engazonne n'est certainement pas
le meme que celui de la chaussee d'un grand axe de circulation
routiere.
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Faibles visibilites et plafonds nuageux bas sont egalement a
traiter dans cet objectif de determination du temps qu'il fait,
notamment dans la mesure ou ces parametres interessent la securite.
Dans un deuxieme temps, on s'interessera a la description de la
couverture nuageuse.
Un aspect important du projet est la prise en charge du
caractere autonome de fonctionnement des futurs systemes. Ce point
ne signifie pas qu'il s'agit de definir des dispositifs que l'on
puisse laisser totalement a !'abandon, hors de toute intervention
humaine (notamment pour des visites d'entretien). En revanche,
!'absence d'une permanence humaine impose la necessite d'une prise
en compte particulierement poussee des fonctions
de controle,
de diagnostic et de validation des donnees a tous
les niveaux du
systeme : qu'il s'agisse des capteurs, des composants electroniques, des algorithmes, des protocoles de transmission .ou de la
mise a disposition des informations.
La gualite des
mesuree et fournie,
meteorologiques.

observations produites devra pouvoir etre
au meme titre que les valeurs des parametres

Le d~rnier aspect qui sera evoque ici est celui des possibilites nouvelles offertes par la perspective d'une observation
en continu : au-dela de la fourniture d'observations plus completes
aux heures synoptiques,
transparaissent les possibilites
de
surveillance et d'alerte -pour peu que les voies de transmission
des observations autorisent leur mise a disposition rapide.

5 - CONCLUSIONS

Ce bref aper<;:u du projet SOLFEGE laisse entrevoir, a terme,
la totale automatisation de !'observation meteorologique, basee
sur des reseaux complementaires fonctionnant en continu :
- reseau spatial de satellites
- reseau d'altitude,
ture, humidite)

constitue

de

profileurs (vent, tempera-

- reseau de radars panoramiques (precipitations)
- reseau en surface, constitue de stations automatiques.
L'exploitation judicieuse de la complementarite de ces quatre
grands reseaux reste cependant l'un des defis majeurs qu'auront a
traiter les hommes responsables de !'observation meteorologique.

(Reference III.2)

THE NEXT GENERATION OF SENSORS OF ASOS
Frank W. Gallagher Ill
Belfort Instrument Company, Baltimore, Maryland, USA
1.

Introduction

In the early 1980's, the U.S. National Weather Service (NWS) launched major programs to
upgrade the nation's weather observing and forecasting system. These modernization
programs consisted of three major efforts: NEXRAD, a new Doppler radar; AWIPS, a state-ofthe-art data handling and communications system; and ASOS, an automated ground based
observing system. All of these systems are scheduled for deployment in the early to mid
1990's and are expected to substantially improve weather observing and forecasting.
Belfort Instrument Company is teamed with AAI Corporation to develop prototypes of the
Automated Surface Observing System (ASOS). ASOS is a ruggedized, environmentally
qualified system of sensors, computers, and communications equipment which automatically
and continuously measure surface weather conditions. Belfort's role is to design and
manufacture the new sensors required for ASOS, the next generation of ground based
weather instruments. These "intelligent" sensors not only permit a full range of
communications options (phone line, RF link, synthesized voice), but also allow for automatic
self checking, diagnostics, and remote maintenance monitoring.
2.

Overview of ASOS

The ASOS system consists of three major components: a sensor suite, a remote data
collection package (DCP), and an acquisition control unit (ACU). The sensor suites, typically
located at the center field and/or touchdown zone areas of airports, measure the following
meteorological parameters: wind speed and direction, ambient temperature and dew point,
precipitation type and accumulation, visibility (including day /night determination), cloud
height, snow depth, frozen precipitation water equivalent, and freezing rain detection.
Sensors to measure barometric pressure are located in the ACU.
The DCP's are located at or near the sensors and are configured to accommodate inputs
from a varying number of sensors. Besides multiplexing sensor data, other functions of the
DCP include sensor suite timing and control, as well as data communications with the ACU
via a hard wire modem or radio link.
The ACU is located indoors and provides for overall system timing and control, data
formatting and storage, data quality checking, archiving, power control and distribution,
system diagnostics, and data output. The ACU has multiple communication ports interfacing
to a wide variety of users. The ACU peripherals include: an Operator Interface Device (OID a high resolution color terminal with a keyboard, a video display unit, and printer), displays
for ASOS users and air traffic control personnel, and a fanfold paper tractor printer to
produce hard copies of data. This paper will focus on the ASOS sensor suite.
3.

Wind Sensors

The Belfort wind sensor consists of four basic parts: the wind speed sensor, the wind
direction sensor, the crossarm, and the signal distribution enclosure. The wind speed sensor
cups are manufactured in accordance with the NWS specification 450.6150/T. The speed
sensor has a range of 0 ~ 64 m/s with a 0.5 m/s resolution and an accuracy of± 1 mjs or 10%,
which ever is greater.
The wind direction vane is based on the Belfort Model 1277 splayed-tail vane. The
direction sensor has a range of 0 °- 359 ° with no dead band and a resolution of one degree.
The accuracy of the sensor is ± 5 ° at wind speeds greater than 2.6 mjs. Wind direction is
detected by an encoder attached to the vane shaft. The output of the encoder is input
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directly into the controller. The controller, located on a small, circular printed circuit board
directly below the encoder, reformats the encoder's output into a signal equivalent to wind
direction.
The controller performs the advanced functions of the sensor. In addition to collecting
and averaging the wind data, the controller executes a variety of diagnostics that indicate if
any of the field replaceable units (FRU) are malfunctioning. Furthermore, the controller
communicates digitally with the DCP transferring the wind data and any maintenance work
that may be required.
Both sensors and signal distribution enclosure mount to the ASOS wind crossarm. The
crossarm contains the cables that route the signals and power between the sensor heads and
the signal distribution enclosure. The enclosure contains all of the elements necessary to
interface the wind sensor to the DCP. Alignment to North uses a familiar two-step process.
First, during assembly, the keyed wind vane is aligned to a mark on the sensor head. Once
mounted to the tower, the crossarm is aligned by pointing the wind direction sensor end of the
crossarm to North. Once the crossarm is aligned and locked to the tower, no additional
alignment surveys are required.
4.

Temperature/Dew Point

The ASOS temperature/dew point (T /D) sensor is an upgraded version of the NWS
standard H083. The temperature section will detect and report an ambient temperature range
of -62 ° C to +54 ° C. The sensor has an accuracy of ± 0.5 ° C for the range of -50 ° C to
+50 ° C and an accuracy of ± 1.1 ° C for the remainder of the range. The dew point section
will detect a dew point range of -34 ° C to +30 ° C with and accuracy of ± 1.1 ° C in the range
of -1 ° C to 30 ° C, with an accuracy of± 1.7 ° C in the range of -23 ° C to -2 ° C, and with an
accuracy of ± 2.2 ° C in the range of -34 ° C to -24 ° C. The dew point resolution is 0.05 ° C.
Temperature is detected by the use of a platinum resistance temperature device (R TD)
whose resistance varies linearly with temperature. A constant current is supplied to the RTD
and the resultant voltage drop across the RTD is used as the temperature detect signal. The
voltage is converted into a digital signal before being sent to the controller. The controller,
located in the transmitter unit with the power supplies, reformats the temperature (and dew
point) information for output via the digital interface to the DCP.
Dew point is detected by the chilled mirror technique. A small light emitting diode (LED)
projects a beam of light onto a mirror at a 45 ° angle. Two phototransistors, placed 90 ° to the
mirror and 45 ° opposite the LED, receive the reflected light. At temperatures above the dew
point there is no condensation on the mirror, therefore the majority of the reflected light is
received by the 45 ° phototransistor. When the mirror is cooled to the dew point, a thin film
of condensation appears on the mirror. This condensation alters the reflectance of the mirror
such that the 90 ° phototransistor receives much more light. At this point the controller
checks the R TD buried in the mirror to determine the dew point.
Diagnostic circuits, governed by a controller, continually check the instrument to
determine the optical quality of the mirror and to verify if the power supplies are
functioning properly. If an error is detected by the controller, a message is sent to the DCP.
These, and other built in tests (fan failure, autobalance, etc.), greatly increase reliability and
maintainability of the T jD sensor compared to older, less intelligent models.
5.

Pressure

The ASOS pressure sensor is an enhanced version of the Setra Model 470 pressure
transducer. Enhancements to the transducer allow for coverage of the entire ASOS range of
572 mb to 1067 mb. The accuracy of the pressure sense system is± 0.7 mb with a resolution of
0.1 mb. The Model 470 uses a Setra proprietary capacitive device, the SETRACERAM, to
measure the pressure. The pressure sensor has a complete set of diagnostics that allow the
ACU to check sensor operation insuring proper performance of the transducer.
Since barometric pressure is so vital to the air transportation industry, three transducers,
mounted in a Belfort pressure tray, are used for redundancy. The pressure tray provides
protection for the sensors and for the signal and power wiring. It also houses the single
pressure inlet that is common to all three sensors. The tray mounts on slides in an
electromagnetic interference (EMI) protected enclosure. The sensors are easily removed for
servicing or calibration.
In most installations, the pressure inlet is vented outside the EMI enclosure into the
building. In some situations, such as modern climate controlled buildings, air conditioner
over pressure can result in incorrect pressure readings. In these few cases, the pressure
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sensors are vented to the outside of the building. In order to avoid inaccurate pressure
fluctuations due to wind blowing over the venting tube, Belfort is employing a static pressure
vent. This venting device allows for correct pressure readings regardless of the wind speed
and direction.
6.

Visibility

The Belfort ASOS visibility sensor, an advanced version of Belfort's Model 6113B
commercial visibility sensor, is a highly sophisticated instrument designed to measure the
extinction coefficient for equivalent visibilities up to 16 km. Once the visibility data is
received by the ACU, extinction coefficients are converted into sixteen reportable increments.
These increments indicate the visibility, in miles (i.e. 1, 1-1/4, 1- 1/2, etc.), that an observer
would see at the sensor suite. The visibility sensor will report the correct visibility (once
converted by the ACU) within one reportable increment 90% of the time and within two
reportable increments 97% of the time.
The visibility sensor determines the extinction coefficient by using a forward scatter
technique. Directed by the controller, the transmitter flashes a visible xenon lamp. A
photodiode in the receiver, looking at the scatter volume but not directly at the transmitter,
detects the scattered light. The received signal is sent to an intelligent sample and hold
circuit. This circuit scans through sampling windows during initialization and locates the
receive pulse. Once this is done, the v~sibility sensor will always know where to find the
receive signal. Upon detection, the receive signal is then digitized by a voltage to frequency
converter. The controller then counts the frequency pulses and calculates the appropriate
extinction coefficient.
Field calibration is accomplished by mounting a scattering disk in the sensing volume and
placing several different neutral density filters over the receiver optics. The calibration
technician needs only to place the scatter disk filters on in the proper sequence and press a
few buttons to calibrate the device. The visibility sensor automatically calculates new
calibration coefficients. The new coefficients are automatically stored in nonvolatile
memory. A RS232 port is available for hand held terminal access of detailed diagnostic and
calibration featUJ:es.
There are two different equations used to convert an extinction coefficient into a
visibility. Koschmieder's law is used during the day whereas Allard's law is used at night. To
determine which equation to use, the Belfort visibility sensor has a built in day /night sensor.
The day /night sensor, looking at the northern sky six degrees above the horizon, outputs a
"day" signal for light intensities of 32.3 Lumens/m 2 or greater or for increasing intensities
between 5.4 and 32.3 Lumensjm 2• Otherwise the output is "night". In the ASOS s-ystem, the
ACU calculates the correct visibility from the extinction coefficient.
Included in the many diagnostic features of the visibility sensor is its ability to detect and
correct for xenon flash lamp power output deterioration. The output of the lamp is
continuously monitored and, if required, receiver data correction is implemented. Other
diagnostic routines check the integrity of the memory and data lines, as well as the output of
the power supplies. Unless an error is reported, the only maintenance required is periodic
cleaning of the windows and a yearly calibration check. If an error is reported, a technician
simply replaces the defective FRU with a spare.
7.

Present Weather

The ASOS present weather sensor (PWS) detects precipitation occurrence, type of
precipitation, and amount of precipitation, all without a human observer. The PWS detects
liquid precipitation and identifies it as such (rain, drizzle, etc.) greater than 90% of the time.
Detection is even better for solid precipitation, identifying a solid precipitation event (snow,
mix) better than 97% of the time. The PWS reports a precipitation event within five minutes
following the commencement of the event as would be detected by a human observer.
The ASOS PWS is the Light Emitting Diode Weather Identifier (LEDWI). The LEDWI
utilizes an infrared LED and an optical system to transmit a I mm x 50 mm horizontal beam
of light. The light beam is modulated by a 50 kHz carrier signal to remove any background
noise. Precipitation falling through the beam produces scintillations, or frequency changes in
the modulated light wave. By analyzing the power spectrum of the resultant received signal,
the LEDWI determines the type and accumulation rate of the precipitation. The precipitation
type is reported to the host processor by ASCII characters: R-, R, R+, S-, S, S+, P.
Precipitation rate is expressed in mm/hr.
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The LEDWI, like other ASOS sensors, has a full compliment of diagnostics that includes
detecting a power supply failure and sensing an obscuration of the light beam. The only
regular maintenance required is to clean the windows and to annually calibrate the unit.
8.

Snow Depth

The Belfort ASOS snow depth sensor accurately measures snow depth in a range of 0 - 250
cm. The resolution of the snow depth sensor is 1.3 cm in the range of 0 - 13 cm, and 2.5 cm in
the rest of the range.
The sensor detects snow depth by bouncing an acoustic wave off the snow surface. Upon
initialization, the sensor measures the distance from the sensor head to the bare ground.
During or after a snowfall event, the sensor measures the new (reduced) time between
emission of the acoustic wave and the reception of the echo. This allows the snow depth
sensor to use simple depth sensing algorithms to determine the distance from the sensor head
to the surface of the snow.
The Belfort sensor also uses sophisticated signal processing techniques to overcome blowing
snow and other wind effects. Furthermore, it uses two different methods to filter thermal
gradient effects. First, a second acoustic transducer is used to measure the speed of sound
through a known distance. The other method involves detecting the temperature at various
levels and calculating the average speed of sound through the sample volume.
Diagnostics continually monitor the operation of the snow depth sensor. Any errors are
reported when polled by the DCP. The sensor needs to be checked for debris and have the
calibration checked once per year before the start of the snow season.
9.

Liquid Precipitation

The Belfort liquid precipitation sensor is an improved Belfort Model 5-405HA tipping
bucket rain gage. During a rain event, water falls into a 30.5 cm diameter collection funnel.
The funnel empties into one of two small buckets inside the rain gage. When a bucket fills
with water (0.03 cm) it tips to one side dumping its contents. The other bucket continues to
collect the precipitation. A magnet on the bucket actuates a single pole, single throw,
normally open mercury switch. The switch closure creates an electrical pulse of 150 - 250 ms
duration. The pulse indicates an accumulation of 0.03 cm. The range of the gage is 0 - 25.4
cm with an accuracy of 0.05 cm or 4%, whichever is greater.
Currently the LEDWI is undergoing extensive field testing to see if it can be used as a
liquid precipitation gage. So far the results look encouraging but further evaluation is
required in order to qualify the LEDWI as a liquid precipitation gage.
10.

Frozen Water Equivalent

The frozen precipitation water equivalent gage measures the liquid water content of
frozen precipitation. This device is similar to a weighing rain gage except it uses an
antifreeze pool to collect the frozen precipitation. A load cell weighs the antifreeze solution
before a precipitation event and reports this weight to the host controller. During a
precipitation event, the load cell constantly updates the controller on the new weight of the
precipitation and antifreeze mix. The controller subtracts out the antifreeze and reports the
precipitation accumulation to the DCP. The gage has a range of 0 - 102 cm, a resolution of
0.03 cm, and an accuracy of± 0.1 cm or 1%, which ever is greater.
Since the gage is to be unattended for extended lengths of time, an automatic siphon
empties the used antifreeze and water solution into a waste reservoir. A pump refills the
precipitation collector with new antifreeze and the controller establishes a new baseline for
measurement. Once the gage is "recharged", the controller resumes data collection. The only
required maintenance is to periodically refill the antifreeze reservoir and to collect the spent
fluid. Any debris that falls into the collector should be removed at this time. Diagnostics
include data quality checking, siphon overflow, pump failure, and power supply failure.
Currently the LEDWI is undergoing extensive field testing to see if it can be used as a
frozen precipitation water equivalent gage. So far the results look encouraging but further
evaluation is required in order to qualify the LEDWI as a frozen precipitation water
equivalent gage.
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11.

Ceilometer

The laser ceilometer employed in the ASOS system is essentially an upward looking LIDAR
(Light Detection And Ranging). The ceilometer transmits a beam of light and waits for an
echo. The cloud height can be calculated from the time between the transmitted pulseand the
returned echo. Since laser light is dangerous, low power laser light pulses are used to
determine cloud height. The pulses are repeated many times and their echoes are summed to
create a composite return. This improves the signal to noise ratio while filtering out
background noise.
The ceilometer digitally samples the return signal every 100 ns providing a 15 m resolution.
Height sampling is initiated every 25.4 J.I.S resulting in a useful range of 3810 m. Once all
samples have been taken, the ceilometer controller calculates the cloud height. The ceilometer
performs a wide variety of diagnostics. For example, there are continuous checks and alarms
reported on the following items: power supply voltages, internal temperatures, and laser power
output. Data and status are reported digitally to the DCP.
12.

ASOS Highlights and Conclusions

The above described sensors, combined with the DCP and ACU components, provide a
state-of-the-art system for collecting and distributing surface weather information. The
Belfort/ AAI ASOS system is tested to withstand harsh environments thereby permitting
continued operation in all types of weather and EMI conditions. Redundancy is used
throughout ASOS to ensure a high level of continuous operation. An uninterruptable power
supply provides power to a system with an availability of greater than 99%. The ASOS system
not only automatically produces weather data for pilots, but provides separate displays for the
air traffic controller and weather service forecaster, data archives for potential accident
investigation and national climate centers, and dissemination of data into other systems such
as AFOS. Modular software and hardware allow for the easy addition of new capabilities or
the quick removal of unused features. In essence, ASOS systems can be tailored to meet many
different applications including: a continuous self test of all system segments, extensive built
in diagnostics for. fault isolation, dial in capability for trouble shooting, and modular
hardware for quick replacement of faulty components.
The next generation of ground based weather observing systems, spawned by ASOS, will
capitalize on recent advances in computing and telecommunications to provide cost effective
weather data to a wide range of users. These new environmentally-tough systems with
"intelligent" sensors will provide a continuous 24 hour weather watch with standardized,
nonsubjective, m-eteorological surface observing coverage. With a r-un range of sophisticated
sensors, many communications options, and a complete remote maintenance monitoring
capability, the Belfort/ AAI ASOS system will provide accurate and timely surface
meteorological data for years to come.

(Reference III.3)

FIELD AND LABORATORY INTERCOMPARISON OF
PRECIPITATION

SENSORS

P. Winkler
Deutscher Wetterdienst
Meteorologisches Observatorium Hamburg
Frahmredder 95, D-2000 Hamburg 65
Abstract
An investigation of the behaviour of precipitation sensors at the beginning and end of precipitation
events is described. A precipitation chamber has been developed in order to test instruments under
laboratory conditions. With this facility it has been found that the principle of detection, electrode
material and electrode distance are parameters which are important for a high sensitivity. The
threshold resistance between the electrodes is less important.
The detection of the end of precipitation events depends on the detection principle and constructive details. A sophisticated electronics for regulation of the instrument heating is of minor importance. The sensor heating should be thermostated.
1. Introduction
Not any precipitation event is connected with a high precipitation intensity or productivity. In
previous papers (Winkler, 1988; Winkler and Jobst, 1988), some fundamentals on precipitation
detection have been published. It has been shown that the main mass of total precipitation amount is
falling at intensities above 0.05 mm/hr. This threshold intensity seems to be relatively independent
of the climatic regime, i.e. a more continentally or maritimely seasoned climate.
The detection of the beginning of precipitation events depends not only on the intensity but on
numerous other parameters like size drop distribution, wind velocity, size and geometry of the
precipitation detector, threshold resistance between the electrodes, electrical conductivity of the
precipitation, type of heating of the sensor, wettability of the sensor surface and electrodes and so on.
Besides the detection of the beginning of precipitation events the detection of the end of events is
also of importance. Therefore questions of high priority are;
-How is the beginning of precipitation events characterized with respect to drop size distribu
tion as function of intensity in order to know what is to be detected ?
-How should a good sensor be constructed so that it reliably detects precipitation under all
meteorological conditions ?
-Which of the construction features are of most importance ?
-What is of importance in order that the precipitation end is recognized reliably ?
To answer these questions, investigations on the precipitation structure have been conducted and
sensors have been investigated under outside and laboratory conditions. A automatically controlled
precipitation chamber has been developed to study the response of precipitation sensors under
reproducible laboratory conditions.

- 112 -

2. Drop size distribution at beginning of precipitation
By this investigation, we want to find out how raindrop size distributions develop during the first
minutes of events because this information may give useful hints for the construction of precipitation
sensors. At the moment only data on rain can be presented since suitable spectrometers are available
only for rain. A spectrograph after Joss and Waldvogel ( 1968) has been used to derive fig. ·1, where
average drop size spectra are shown for the first 5 minutes of events for two periods in November
1986 and in September 1987. The development of the spectra is similar in both periods, but slight
differences can be recognized. In September 1987 the number of drops arriving at the surface
increases with each minute, while inNovember 1986 a maximum was reached in the third and fourth
minute followed by a reduction.
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Although the size distributions show some similarities it is known, that the intensity can be quite
variable at the beginning of rain events. Showers may begin with higher intensity while frontal
precipitation starts with slight intensities. Consequently, it may be more useful to investigate the
evolution of the drop size distributions not as function of time but as function of precipitation intensity.
Size spectra as function of intensity are presented in fig. 2 for the period November 1986 . To
calculate these spectra the data measured during the first 10 minutes of all evenEfof a productivity
higher than 0.06 mm have been used. We see from fig. 2 that at intensities below about 0.6 mm/min
only very small droplets are present. At intensities between 0.6 and 9 mm/min a maximum at
diameters around 0.5 mm develops which shifts towards still larger diameters as the intensity
increases. The threshold intensity at which a sensor should respond is around 0.05 mm/h. The
development of rain drop spectra for the observations of September 1987 is similar.
From a comparison of the size distributions as function of time (fig. 1) and as function of intensity
(fig. 2) we can conclude that the threshold intensity which should be detected by a precipitation sensor
is exceeded during the first 2 minutes on the average and that the drop diameteroccuring with highest
frequency is below 0.5 mm on the average.

3. Response of sensors under outside conditions
The response of several sensor types has been presented earlier (Winkler, 1988). The essential result
will be repeated here forreasons of clarity. Fig. 3 shows the response curves of9 sensors as function
of intensity. These curves were derived from measurements during November 1986 which was the
same material to derive the rain drop size distributions shown in figs. 1 and 2. It can be seen from
fig. 3 that the sensors A, D and E show to be very sensitive whereas sensors C, F and I are very poor.
It has to be investigated now, for which reasons such large differences in the response exist and if
shortcomings can be overcome by suitable choice of adjustments of instrumental parameters.
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Fig. 3: Response curves of various precipitation sensors as function of precipitation intensities
(only rain events, data from November 1986).

One important parameter influencing the sensor response is the surface temperature and typ of
heating. Therefore the surface temperatures ofthe sensors have been in >-estigated as function of the
air temperature. Fig. 4 shows the result and we can distinguish two typic jl types. The sensors 4, 7 and
9 (note that the numbers do not correspond to the letters in fig. 3) show an increasing temperature
difference with falling air temperature while sensors 1, 2 and 5 exhibit a decreasing difference with
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Fig. 4: Surface temperature T. of precipitation sensors as function of air temperature TL' The
sensors A, E, F, G, H, I in fig. 3 correpond to pictures 6, 4, 3, 5, 7, 8 in fig. 4, respectively.
sinking air temperature. From the idea of construction the sensors 4, 7 and 9 are designed to be
thermostated while the sensors 1, 2 and 5 are not. This latter group was constructed in order to save
energy during times free of precipitation. Such sensors activate the heating when they become
wetted. This may seem to be an advantage because such an unheated sensor should be very sensitive at the onset of rain. After activation of the heating also the end of precipitation events should be
recognized well. While this idea might proof to be useful at temperatures above the freezing point,
the response of such sensors is poor below ooc because snow will not be melted by an unheated
sensor if the snow flakes are dry. And indeed such sensors turned out to be snow covered without
giving a signal under certain conditions.
In contrast the thermostated sensors were more reliable inspite of the fact that they don't keep the
surface temperature constant due to radiation losses and cooling by wind. The temperature at which
sensors are thermostated should not be choosen too low in order to compensate for the losses.

4. Precipitation chamber
A precipitation chamber has been developed where sensors could be exposed to artifical rain (fig. 5).
In the chamber water of known electrical conductivity is pumped to a nozzle, where it is sprayed by
means of pressurized air. The drop size distribution is again measured by a distrometer, from which
the precipitation intensity is derived by integration. The chamber is fully controled by a computer
which adjusts the water flow and the air flow, selects the electrical conductivity out of three stocks
and which registrates and evaluates the signals of the sensor and the distrometer. A sensor test program
can be run automatically.
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Fig. 5: Precipitation chamber for testing precipitation sensors under laboratory condtions.
TG =drop generator, ND =precipitation sensor, V= fan, R =rotameter, L =needle value,
S =pump, M= manometer, D = distrometer, P =processor, A = analyzer, I= interface,
RN= computer, PR= printer.
The following tests with this precipitation chamber have been made:
4.1 Response with intensity
An example of the response curves of two sensors as function of intensity in shown in fig. 6. These
curves are steeper as compared to outside conditions (fig. 3). The reason may be that the drop size
distribution in the precipitation chamber is more uniform, whereas under outside conditions the drop
size distribution may vary more pronounced (e.g. showers, frontal precipitation drizzle), and temperature and wind may influence the behaviour of sensors. It can, however, be established that sensors
which turned out to be poor under outside conditions proved to be poor under laboratory conditions
as well.
4.2 Influence of electrical conductivity
A precipitation sensor switches if the resistance between the detector electrodes due to wetting by
rain drops becomes lower than a preset threshold resistance. Consequently a sensor should become
more sensitive as the electrical conductivity of rain increases. Experiments with conductivities
between 5 and 150 vS/cm of the artifical rain water exhibited no large influence . By more detailed
experiments it was found that the resistance between the electrodes due to wetting is lowered
sufficiently so that the sensor switches also at low intensities.
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4.3 Influence of the electrode material
The wettability of the electrodes has a large influence on the sensitivity of precipitation sensors.
Tinned electrodes showed the best wettability. Gold covered electrodes, which are believed to
withstang longer to weathering, have a less good wettability unless special treatments are applied to
improve the wettability. Stainless steel, which is also used frequently as electrode material turned out
to have the lowest wettability. On stainless steel Raindrops tend to form droplets instead of a wetted
spot.
It must be kept in mind, however, that all materials will either weather with time to some degree or
become covered with dirt when exposed to the atmosphere, so that the wettability will probably
increase with time of exposure.
A point of equal interest is wettability of the isolating material. For example, silicon rubber or teflon
are very hydrophobic and will also hinder the electrodes to become bridged.
4.4 Influence of drop size distribution
The drop size distribution in the precipitation chamber can be changed by variation of the air stream
which sprays the droplets. By increasing the air stream more smaller sized droplets are produced.
1oo
From this experiment it can be concluded that the
~
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distance of the electrodes in the sensor grid might be of
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Fig. 6 shows as an example the response of two sensors
(types B and I) as function of intensity for two drop size
distributions. While sensor B does not react to a shift of
the maximum of the drop size distribution to smaller
droplets, sensor I becomes more insensitive as more
smaller droplets are present.

4.5 Influence of electrode distance
If the precipitation intensity at the 80 % response, which means that a given intensity is recognized
in 80 % of all cases, is plotted against the electrode distance, an influence of the electrode distance
on the sensitivity becomes obvious.
From a more detailed investigation ofthe size distributions presented in fig. 2 a similar conclusion can
be drawn. These size distributions can be integrated by successive ommission of the smallest droplet
size classes resulting in a decreasing intensity which is based only upon the largest droplets. If a sensor
does not recognize droplets which cannot bridge the electrodes, such a sensor does not see the true
but a reduced intensity. By a suitable evaluation of the size spectra the influence of the electrode
distance on the sensitivity could be confirmed.
5. Response to the end of precipitation events
The recognition of the end of precipitation events is as important as the recognition of the
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beginning.The end of events has been defined in the following way: If the distrometer has not received a droplet anymore and no further drop is received for the subsequent 10 minutes the first minute
is defined as the end. For the same period November 1986 the beha vi our of sensors has been studied.
In fig. 7 the average responses at the end of 60 events are depicted. It must be mentioned that some
sensors have a delay time before they switch off. This time had been adjusted to 1-2minutes
whereever possible. For some sensors this delay time is fixed, however. Slight differences in the
response at the precipitation end can therefore be introduced by non-uniform delay times. From
sensor H we can expect the most reliable response, because this instrument has a rotating disc (see
Winkler, 1988) from which the rain drops are centrifuged to a ring electrode. By this pinciple, no delay
in the detection of the precipitation and can occur. The instruments A, D, E, F, G are also reliable
but others (type B, C, I) are very slow in detecting the end. Type B for example has an electronically
regulated heating which shall control the instruments temperature 3 degrees above the air temperature. This is obviously not enough to guarantee a rapid switch off at the precipitation end.
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Fig. 7: Average response of several sensors at the end of precipitation events (marked by 0).
There are some types (A, I) which rise the heating energy during precipitation to a higher level, in
order to detect the precipitation end more rapidly. As can be seen this is of no real importance since
other instruments (e.g. E) are not slower in detecting the end without having such a device.
Other constructive details are also important for detecting the precipitation end. This has been
described earlier (Winkler 1988).
The type of precipitation and the maintenance are also of importance. Some instruments work with
DC or have a slight DC level although working with AC. This DC may cause corrosion with time
which must be removed. Before removal of such corrosive products, a large delay in the detection
of the precipitationend was established for some instruments. It seems also important to mention that
not all events were detected by the sensors. In fig. 7 the behaviour of the sensors at the end of only
those eventsare depicted which after all were detected by the instrument .
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A NEW AUTOMATIC DEVICE FOR THE MEASUREMENT OF
SOLAR IRRADIANCE
by
A. Heimo and B. Hoegger
Swiss Meteorological Institute
CH-1530 Payerne

Preface and short summary
The World Radiation Center Davos (WRCD) has recently developed an allweather automatic device for the measurement of the solar spectral and nonspectral irradiance.
Following a successful test period of about 4 years [1], the Swiss Meteorological
Institute, which managed the project, has decided to install a first package of 6
units at selected sites of the network of automatic weather stations ANETZ,
representative of the various climatic regions of Switzerland.

The prototype RASTA
device installed at the
WRCD.
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1. Introduction
Potential users of direct irradiance continuous data recorded at
representative sites (in the climatological sense of the word) may be found in
numerous fields of activity such as solar energy, photovoltaic conversion,
atmospheric physics, agriculture and bio-meteorology, climatology, medicine,
building industry, heating and air-conditioning, satellite imagery, etc ....
Information about the direct solar irradiance is essential to all studies in
the field of solar energy, active as well as passive, thermal as well as
photovoltaic, in the form of instantaneous or averaged values. These data
may be obtained from routine pyranometer measurements as long as nonspectral information is required. This is however not the case when accurate
data and/or narrow-band spectral irradiance intensities are needed.
In order to fulfill the actual and future needs for this kind of information,
the Swiss Meteorological Institute has decided in the late seventies to integrate
such measuring systems named RASTA (Radiometer for Automatic STAtion)
in its national meteorological network ANETZ (Automatisches NETZ) at six
selected stations in Switzerland. A first prototype of the RASTA, developed by
the World Radiation Center Davos (WRCD), has been operating at the ANETZ
station of Davos since 1.1.1982. A thorough test period followed during the next
3 years, with successful results. A study of the atmospheric transmission
based on the extensive use of the data recorded between 1982 and 1987 has also
been performed [1] which proved the quality of this new measuring system. It
was then decided to proceed to the construction of a series of six units which
will be installed on the ANETZ until the end of 1990. Apart from the pilot device
in operation at Davos for more than eight years, the first official RASTA system
is due to arrive at Payerne at the end of spring 1989.
2. System description
A complete RASTA system configured for the operation on the ANETZ
consists of :
1. an all-weather automatic sun-tracker system controlled by an on-board
micro-processor and a real-time clock, optionally heated for highmountain operation. The processor computes the new position of the sun
every second and sets the hour angle correspondingly. The declination
angle is computed at mid-night every day for the next noon position and
accordingly set;
2. an active cavity absolute radiometer, type PM0-6;
3. one or more spectral SPM-2000 sunphotometers (up to four) for spectral
measurements with narrow-band interference filters, each photometer
measuring at three wavelengths (standard: 368, 500, 778 [nm]);
4. a specially designed ventilated protection enclosure for the sensors;
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5. a micro-processor system driving the sun-tracker and performing the data
acquisition as well as the routine operational house keeping of the
instruments;
6. an RS-232 intelligent interface system allowing local saving of the data on
magnetic tapes or data transfer to the automatic station of the network.
The normal integration time chosen for the ANETZ is 10 minutes.
Therefore, the absolute radiometer data are integrated over this period.
Concerning the sun-photometers, only instantaneous data are recorded at the
end of the 10 minute period. This whole procedure is however dependant on the
ANETZ, but could be configured in any other way by simple changes of the
resident software.
3. Test period results
The presence of the WRCD at Davos, Switzerland, offers many
possibilities to study the characteristics and behavior of all kind of radiation
instruments. The available redundancy of information allowed to perform
thorough tests of the RASTA during the period extending from 1.1.1982 to
31.12.1983 which are fully described in [2].
The movements of the sun-tracker were first checked with the help of a
four-quadrant sensor placed on the tracker and recording optically the position
of the sun relative to the instruments.
The behavior of the absolute radiometer could be controlled with the help of
the pyranometers of the WRCD recording synchronously the global and diffuse
components of the sun radiation, thus allowing to compute the direct
irradiance though with lower accuracy.
Unfortunately, no sun photometer was available at that time, but the
know-how and experience gathered at the WRCD in the field of photometry is a
guaranty, if any, that the RASTA units will work properly.
4. Conclusion
The integration of six RASTA devices on the Swiss Network of Automatic
Weather Stations ANETZ represents a first step in monitoring continuously the
direct irradiance on a national scale. This new system is a state of the art
development and offers for the first time an all-weather solution to measure the
solar irradiance, even in harsh environment, with an outstanding accuracy.
Following the final stage of the planned introduction of these
instruments in the Network, the monitoring of the direct irradiance, either
spectral or non-spectral, will be made possible in the main climatic regions of
Switzerland, thus allowing the continuous survey of the atmospheric
transparency.
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The presence of one unit at the Jungfraujoch (3580 m.a.s.l.) will offer the
opportunity to gather high altitude reference values (background atmospheric
transparency) and extend the contribution of Switzerland to the BAPMON
program of the WMO.
Finally, the outfitting of all stations of the Network with less sophisticated
devices measuring the direct solar irradiance will be sustained by the presence
of accurate reference devices at strategic locations.
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UN VISIBILIMETRE PAR DIFFUSION ARRIERE DE LA LUMIERE

J.L. GAUMET et P. SALOMON
METEOROLOGIE NATIONALE, EERM
78470 MAGNY -LES-HAMEAUX, FRANCE

I- INTRODUCTION

a

La Meteorologie fran<;aise vient de terminer une action de recherche consistant
concevoir et a mettre au point un nouveau visibilimetre specialement adapte aux
besoins des transports routiers. En effet, ces dernieres annees ont vu s'accroitre
une nouvelle demande d'informations de visibilite provenant de divers usagers de la
Meteorologie et plus particulierement des gestionnaires des routes. Ce sont les
nombreux carambolages de vehicules survenus sur les autoroutes par visibilite tres
reduite, particulierement aggraves par l'intensite du trafic et une vitesse
excessive, qui ont ete a l'origine de la prise de conscience du phenomene brouillard
et du besoin de mesures de visibilite le long des grands axes routiers.

Le prototype de visibilimetre a ete realise compte tenu d'un cahier des charges
etabli en relation avec les Services Routiers et dont les principaux objectifs
d'application sont les suivants :
- la mesure des faibles visibilites U0-500m) avec une precision relative modeste,
de l'ordre de 20%.
- la simplicite et la fiabilite des techniques.

a

- la facilite d'exploitation. A ce sujet, les objectifs consistaient reduire au mieux
l'encombrement de l'appareil et a rendre son implantation aisee sur le terrain en
evitant notamment les alignements optiques.
- l'autonomie d'energie pour rendre possible son installation en rase campagne en
!'absence de secteur.
- de faibles couts d'achat et de maintenance. Cet objectif de cout est le plus
important car il a prevalu a la realisation de ce nouvel instrument.
Pour repondre a ces objectifs, le choix du type de visibilimetre s'est porte sur un
diffusometre. La technique de mesure utilise le principe de diffusion de la lumiere
par les gouttelettes de brouillard 0968).
U- METHODOLOGIE

1°) determination de la visibilite
Les distances de visibilite presentees ici sont deduites du concept de visibilite
meteorologique de jour qui fait intervenir la notion de seuil de contraste : c'est la
distance maximale a laquelle un objet noir et de dimensions angulaires suffisantes
peut etre reconnu et identifie par contraste sur un fond lumineux plus clair. La loi
physique correspondante est donnee par la relation bien connue de Koschmieder :
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(1)

ou o{ est le coefficient d'extinction atmospherique et
l'oeil (E. =0,05).

E.

le seuil de contraste de

2°) mesure du coefficient d'extinction par diffusion
Dans le domaine de la lumiere visible, le coefficient d'extinction peut s'obtenir au
moyen du phenomene de diffusion de la lumiere. En effet, !'absorption
atmospherique est negligeable et le coefficient d'extinction s'identifie a celui de
diffusion. L'instrument est constitue d'un emetteur et d'un recepteur optique places
proximite l'un de l'autre de fac;on sonder !'atmosphere qui fait face au dispositif
experimental. Le volume d'analyse est constitue par !'intersection du faisceau de
lumiere emise avec le champ de reception optique.

a

a

En presence de brouillard, l'emetteur illumine les gouttes en suspension dans le
volume, lesquelles diffusent une partie de la lumiere rec;ue en direction du
recepteur. Le signallumineux est ensuite converti en un signal electrique au moyen
d'une photodiode PIN. A la quantite de lumiere emise par le projecteur, puis
diffusee par le brouillard, s'ajoute le fond lumineux ambiant qu'il faut
necessairement retrancher pour avoir une mesure exploitable en terme de
visibilite.
Soit Po la puissance lumineuse emise par la source ; la puissance lumineuse diffusee
par le volume echantillon et rec;ue par la lenti!le collectrice s'ecrit :

0

~d. =- ..\?0 • A~/&(&)

\

e

-a<(e,i"e..,J

z
s -l,a,

(2)

c:lv

ou les termes se definissent de la fac;on suivante:
- Les caracteristiques atmospheriques
le coefficient d'extin.ction : o<.
la fon.ction de diffusion dans la direction

e

- Les .caracteristiques geometriques
la section droite du champ d'emission : S
la surface de la lentille ~ A
la distance entre l'emetteur et !'element de volume diffusant
la distance entre dv et le recepteur _Q~

d,l :

.t.t

L'obtention du coefficient d'extinction, parametre- essentiel pour determiner la
visibilite, n'est pas possible a partir de la relation (2) qui necessite les
approximations suivantes :

~(e)= -k o<

(3.)

- la suppression du terme de transmittance

-o< (~1 T ~&.)

e

, """

1.

(4)

Cette approximation n'a pas beaucoup d'incidence sur l'erreur absolue qui reste
toujours inferieure a 8 m dans toute la gamme de visibilite de 10 a500 rn.
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Le coefficient d'extinction est alors deduit de !'equation suivante:

_eel = K.

o(

(5)

K est la constante d'appareillage qui regroupe tous les termes non
atmospheriques.

oil

Ill - DESCRIPTION DE LA MESURE

Un prototype de mesure a ete detini pour resoudre les problemes resultant du choix
des techniques et tenir compte des particularites de la mesure de visibilite et des
specifications des gestionnaires des routes.
1°) contole de la puissance de lampe
Le type de lampe choisi- la lampe flash Xenon- presente une grande variabilite de
sa puissance lumineuse crete qui peut atteindre 30%. Le controle de cette
puissance s'avere indispensable pour eviter les erreurs induites dans la mesure
d'extinction. Dans ce but, i1 a ete decide d'utiliser un second detecteur semblable
au premier dont la tension de sortie est directement proportionnelle a la puissance
de lampe. 11 suffit alors de faire le rapport des tensions des deux detecteurs pour
s'affranchir des fluctuations de la lampe.
2°) seguencement de la mesure
La necessite d'economiser l'energie electrique et la limitation pratique des
visibilites a un plafond Vm= 5oo m ont conduit a definir deux cadences de mesure:
- une cadence, dite normale, lorsque la visibilite est inferieure
correspondant a 1 mesure par minute.
- une seconde plutot lente, lorsque la visibilite est superieure
correspondant a 1 mesure toutes les 12 minutes.

a V, ,

a Yw.,

et

3°) moyenne des mesures
Suivant le type d'application, deux niveaux de moyenne peuvent etre obtenus:
- une moyenne sur 5 impulsions qui donne une mesure elerne.ntait'e (1 ou 12. mn).
- une moyenne sur 30 impulsions qui donne une mesure toutes les 6 minutes a raison
d'un train de 5 impulsions par minute ( 6 me.sure.s ~ifY'ICi>n tQtr-es; Ciii o'U V <V"').
4°) La constante d'etalonnage
Elle est determinee experimentalement pour chaque visibilimetre avant son
installation sur le terrain. Pour cela, l'experimentateur utilisera une cible
prealablement etalonnee qu'il disposera une distance donnee face !'instrument.

a

a

IV- RESULTATS EXPERIMENTAUX

Les resultats experimentaux concernent differents essais de qualification du
visibilimetre : une serie d'experiences en chambre
brouillard qui a permis
d'effectuer un premier etalonnage de !'instrument de laboratoire aupres d'un

a

~
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transmissometre ; puis une serie d'experiences sur le terrain qui a permis de
verifier les mesures delivrees par le prototype par comparaison a des references
visuelles.
1°) qualification de !'instrument dans une chambre a brouillard par reference a un
transmissometre
Ces experiences ont mis en evidence un excellent accord entre le diffusometre et
le transmissometre. Un cas typique d'evolution temporelle des visibilites mesurees
par les deux instruments est montre sur la figure 1. Sur tout le domaine de
visibilite, l'ecart moyen entre les visibilites mesurees par les deux instruments est
faible et inferieur a 8 m. L'erreur relative qui en resulte est a peu pres constante
sur tout le domaine de mesure et reste inferieure a 20%.
2°) qualification du prototype sur le terrain

Les visibilites mesurees par le prototype ont ete comparees a des references
visuelles observees par difference de contraste par rapport a un fond plus clair' et
soigneusement selectionnees dans la gamme 10-500 metres. Les resultats des
comparaisons sont rassembles dans la figure 2. L'ajustement lineaire des 103 points
de mesure conduit a !'equation suivante :
(6)

ou ~et

Yo representent les visibilites mesurees et observees.

Au dela de V = 200 m, la droite de regression ajuste des points dont la dispersion
augmente. Cette remarque s'explique probablement par la difference de duree de
mesure dans les brouillards moins denses qui presentent une plus grande variabilite
temporelle. En effet, au cours de cette experience, le visibilimetre delivrait un
point toutes les 6 minutes alors que les mesures visuelles s'effectuaient
normalement en une dizaine de secondes.
La figure 3 montre une evolution temporelle de la visibilite au cours d'un long
episode de brouillard dense, enregistree avec une resolution de 6 minutes. Enfin, la
figure 4 rapproche deux enregistrements simultanes de visibilite, effectues avec
deux prototypes de visibilimetre places cote a cote. L'accord entre les deux
instruments est tres satisfaisant, malgre !'existence d'un petit decalage tempore!
entre les emissions de lumiere.
V - CONCLUSIONS

Le visibilimetre que nous avons presente a ete specialement etudie pour les besoins
routiers. Le prototype etant termine, de nombreuses experiences ont ete
effectuees pendant plus d'une annee, pour qualifier !'instrument en ce qui concerne
la validite de ses mesures et egalement sa fiabilite par conditions meteorologiques
defavorables. Ce visibilimetre interesse egalement la Meteorologie pour equiper
ses propres stations dans le cadre de !'automatisation integrale du reseau (gamme
de visibilite 20-1000 m). Son industrialisation est en cours, le prix de
commercialisation devrait €hre tres inferieur a celui des diffusometres actuels.
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A SIMPLE FAST-RESPONSE THERMOMETER FOR OUTDOOR USE
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ABSTRACT
A fast-response temperature sensor for measuring the absolute
temperature as well as the atmospheric temperature fluctuations
has been constructed and described here. The sensor is based
on the thermocouple principle, where the cold junction has been
compensated via an electronic reference. This reference compensation has been built into the sensor itself.
The mean temperature measured by the sensor has been compared
with an accurately calibrated Pt 100 resistance thermometer.
The agreement between both sensors for outdoor measurements was
within 0.1 % (standard error of estimate 0.20 K between both
sensors).
The fast outdoor temperature excursions around the running mean,
measured by the sensor, have been compared with those measured
by a fast-response sonic thermometer. The agreement of the
temperature variances between both sensors was better than 2 %
(standard error of estimate 0.05 K) and was dependent on measuring height and mean windspeed. The 3 dB point of the instrument
is about 2 Hz.
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A SIMPLE FAST-RESPONSE THERMOMETER FOR OUTDOOR USE
INTRODUCTION
Temperature senso~s are the most common sensors used in
meteorological practice and research. Here, not only the
mean absolute temperature is important but also the
turbulent characteristics of the flow medium.
In the first application a slow-response sensor is desired
where a time constant of about 90 s (for example for a normal spirit-in-glas thermometer) is commonly used [1].
In the latter application a fast-response sensor is needed
where the desired time constant is dependent on the goal
of the measurement program, the measuring height in the
atmosphere and the windspeed [2].
In most micrometeorological applications the turbulent
transports of heat, mass and momentum are pursued by using
the so-called eddy correlation techniques [2,3]. Here, fast
measurements are taken near the earth's surface and as a
rule of thumb we may say (see also later) that a time
constant is desired of about 0.1 s.
The present paper reports on a fast-response thermometer sensor,
which can measure the absolute mean temperature as well as fast
excursions from the mean. The sensor is based on a thermocouple
principle and has been designed for atmospheric use.
THEORY
The fast-response sensor originates from a manganine constantan thermocouple junction of 0.1 mm in diameter which is
resistance welded under a microscope. To decrease the
thermal time constant, the junction region is rolled out
to a thin flat strip of about 0.02 mm thickness and width of
0.4 mm. The wire has a length of ea 4.0 cm and is mounted
on a V shape support (see Fig. 1).
In outdoor experiments the leads to the sensors can be relatively long (> 100 m) and, hence, can be a source of trouble for
the low-level signals. To cancel this potential source of error,
a cold-junction electronic reference (AD595) has been built in a
housing near the sensor, and, in addition, here also the signals
are amplified. The electronics is so adjusted that the sensitivity of the sensor is 10 mV/K. The electronic lay-out of the design
is given in Fig. 2.
Under laboratory conditions it appeared that the so-called·drift error envelope of the electronics is-better than+/- 0.6 K
and the error caused by self heating is less than 0.065 K in
still air. By doing an individual calibration per sensor,
the drift error envelope can be reduced considerably.
90
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To avoid flow interferences between the thermometer sensor
and other sensitive instruments, (for example a fast-response
anemometer) the housing is aerodynamically streamlined.
The properties of the thermocouple materials used in the design
are very homogeneous, and, the construction process of the
sensor heads well reproduceable. Differences in various
sensor heads are small in comparison to inaccuracies in the
electronic processing of the signals. This yields the advantage
that the sensor heads, which are very vulnerable, are easily
interchangeable in the field without a time consuming recalibration.
In atmospheric turbulence, the thermal characteristics are
important, and, consequently in outdoor experiments the dynamic
response of the sensor. For example, to measure the r.m.s.
value of the temperature correctly, the spectral distribution must lie within the band width of the measuring system.
From analysis of McBean [3] we can conclude that for steadystate conditions and for homogeneous terrain, the maximum
cut-off frequency of the instrument in dimensionless form,
f = (n z)/u must at least be 5 in order to cover completely
the range of frequencies required (n is frequency, z is
measuring height and u is mean windspeed). And, if an error
of 5 % is accepted f must be at least 1.
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common in micrometeological practices, the maximum frequency
of the temperature fluctuation, n
has been depicted
max
versus the mean windspeed for frequency cover with a 2% error and
for acceptance of a 5 % error.
The thermal time constant,lt, of the sensor is dependent on the
thermal propert.ies of the material used, the geometrical shape
of the sensor and the windspeed. Or mathematically expressed [4]:
7: = cV/Ah, (1)
where, c is volumetric heat capacity, V is volume, A is area and
h is the convective heat transport coefficient, which is highly
dependent on the windspeed. The convective heat transport
coefficient is mostly expressed in dimensionless form, in the
so-called Nusselt number, Nu= hd/ A, where d is a length scale
of the sensor and A is the molecular thermal diffusivity of
still air. For a flat strip the Nusselt number equals the
expression [5]:
4

0.5
Nu

0.60

Nu

0.032 Re

for Re < 2 10

Re

4

0.8

(2)

for Re > 2 10

where Re is the Reynolds number, Re = ud/~. in which d is the
width of the sensor and V is the kinematic viscosity.
From eqs. (1) and (2) the cut-off frequency, n = 1/(2 rr"'() of
CO

the sensor head can be estimated and the result of this has
been depicted in Fig. 3 together with the cut-off frequency
of the original circular wire.
From the results of Fig. 3 it can be inferred that, if the forementioned assumptions are reasonable, the sensor must sense the
temperature fluctuations correctly (< 2%) up to a windspeed of circa
2.4 m/s and that in the rqnge between 2.5 - 13 m/s the error
is less than 5 %. Moreover, Fig. 3 clearly indicates the
improvement of the time constant by flattening_ the original wire.
LABORATORY CALIBRATIONS
For absolute temperature measurements an individual calibration
is necessary due to the absolute error of the AD595, the thermocouple conditioner, used in the present design. A simple gain
and offset calibration over the temperature range used must be
executed in order to obtain an absolute accuracy of at least
0.1 K under laboratory conditions.
Under laboratory conditions, calibrations have been carried out
for eleven sensors. -Here, the-sensors were placed in a cryostat
and compared with an accurately calibrated standard Pt lOO
thermometer. The calibration has been carried out ranging from
0 C to 30 C. Between the standard thermometer and the individual
sensor a linear regression line was fitted with the result for all
sensors that the correlation coefficient was better than r > 0.9999
and the standard error of estimate was of the order of 0.06 K.
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FIELD EXPERIMENTS
During an outdoor experiment, the sensor has been compared with
a slow-response aspirated Pt lOO resistance thermometer and a
fast-response sonic thermometer from Kaijo-Denki.
The results of 5 days and 2 nights of the mean temperature of the sensor and the Pt 100 thermometer, averaged over 30 minutes,
have been plotted in Fig. 3. The unbiased linear regression line
is found y = 1.001 x with a linear correlation coefficient
r = 0.999 and a standard error of estimate see= 0.20 K.
The standard deviation of the temperature measured by the sensor
and the sonic instrument has been compared also and the result
has been plotted in Fig. 4. Here, data of only two days could be
used, since, due to instrumental trouble with the sonic system,
only two days were available. The unbiased linear regression of
the scattergram is found y = 0.983 x with a linear correlation
coefficient r - 0.99 and a standard error of estimate see = 0.05 K.
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CONCLUSIONS
From the foregoing, we can draw the following conclusions:
1) In a relatively simple way _a fast-response thermome~er, based
on the thermocouple principle can be constructed.
2) In order to reduce the so-called drift error envelope of the
electronics of about 0.6 K, an indoor calibration per sensor has
to be executed.
3)' With the sensor, the mean air temperature can be estimated
accurately with a standard error of 0.2 K. This result meets
the standard of 0.2 K required by the World Meteorological
Organization [1].
4) With the sensor, the temperature variance of the outdoor turbulence can be estimated within a standard error of 0.05 K. For
most day-time temperature variances, this result will be acceptable.
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A SIMPLE HOT CYLINDER WIND PROBE

Sergej PAHOR, Zlatko POLAK and

Jo~e

~NAJDER

"Jo~ef Stefan" Institute
Edvard Kardelj University
Ljubljana, Yugoslavia

ABSTRACT - Temperature profile of hot cylinder in wind can be
used for wind velocity and direction measurements. In this report a
simple construction of hot cylinder and its performance are
described. The cylinder is made of two sided Copper coated Capton
laminate. One side is etched as a heater and the other as a part of
thermocouples system for measuring the temperature profile.
1. INTRODUCTION
The temperature profile of hot cylinder in a cross flow was
studied by many authors /1/,/2/,/3/ but the idea to use ~hat
profile for wind speed and direction measurements is rather new. In
this report a simple and unexpensive construction of hot cylinder
and its performance are described. The results of our measurements
show, that wind speed and direction can be accurately enough
determined from the circumference temperature profile of such a hot
cylinder in wind. Since the probe has a low heat capacity, time
response e~en for sudden wind change is about two seconds.
2. HOT CYLIND~ICAL PROBE-CONSTRUCTION
The cylinder is made of 0.05 mm thick two. sided Copper coated
Capton laminate with 35 mm diameter and 60 mm height. Cylinder
inner side is etched as a heater with resistance of 20 ohm. The
external side is etched as a system of sixteen separated and
equidistant stripes, connected with Constantan wires to form a
thermocouples system for measuring the circumference temperature
profile of hot cylinder. Cylinder is mounted on an aluminium
construction with protection disks to reduce the influence of
vertical wind speed component, sixteen separated and electrically
isolated cold junctions of Cu-Constantan thermocouples, and an
output connector. The photography of the probe is shown in Figure 1.
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For wind speed
measurements
with hot cylinder wind probe two
kinds of measurement procedures
can be used
with
constant
voltage heating or with constant
temperature difference ~T (circumference temperature) of average circumference
temperature
and the temperature of the air.
In the first c~se wind speed is
determined
by
decrease
of
cylinder circumference tempera_ture and in the second case by
heating power, needed to maintain
constant circumference temperature~
rn both cases the informa_tion of wind direction is calculated from the temperature profile of hot cylinder.

3. THE PROCEDURE FOR WIND
DIRECTION MEASUREMENTS
The circumference temperature
profile
depends
on
wind
direction. Such profiles for wind
speeds of 1 m/s and 10 m/s are
shown on diagrams in Figure 2. On
horizontal axis are the position
numbers of thermocouples and on
vertical axis the corresponding
temperatures. In both cases wind
was directed on zero numbered
thermocouple.

A hot cylinder
wind probe

Figure 1
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Fig 2a : 1 m/s
Fig. 2b : 10 m/s
Figure 2
Circumference temperature profile of hot cylinder
wind probe in cross wind
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It·is evident from this diagrams, that wind direction can be well
determined by the profile minimums at the wind front and back
points. The latter minimum is even more pronounced and is therefore
more suitable for wind direction measurements.
4~

THE PROCEDURE FOR WIND SPEED MEASUREMENTS

The procedure of wind speed measurement by constant voltage
heating is rather straightforward. Wind speed as a function of
circumference temperature AT for different constant voltages is
presented in Figure 3. This voltages are choosen so,
that the
circumference temperatures AT0 in still air were l0°C,
20°C and
30°C, respectively. It follows from these
procedure is suitable for low wind speeds.
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Wind speed as a function of AT at diferent
constant heating voltages
for instance, wind

speed

dependence

on

circum-

ference temperature can be expressed well enough as

V

=

(30°C -AT)· ( 6.075 m/s ~ 0.179 m/s°C·AT)
AT

Measured data and calculated wind speeds are shown in Figure 4.
The procedure of wind speed measurement by constant temperature
diference AT is more complex /7/,/8/. Wind speed is determined by
heating power or voltage for maintaining constant circumference
temperature AT0 = 20°C for all wind speeds. Wind speed as a function
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Figure 4 : Measured data and calculated wind speeds as a
function of circumference temperature for AT0 = 30°C
of heating voltage Ug for constant circumference

temperature

AT 0

=

20°C is shown in Figure 5. This dependence can be well aproksimated
as :
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This procedure is suitable for all wind speeds, but is more power
demanding and requires microcomputer control.
4.1. Hot cylinder wind probe microcomputer controlling
To measure sudden wind speed and direction changes a microcomputer control with discrete PID regulator based on measured
data and coresponding mathematical model was developed. Block
diagram of microcomputer controlling of hot cylinder wind probe is
shown in Figure 6.
16-chnnnel
AMUX with
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A/D
converter

,.,.....
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si steM
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Figure 6

MC controlled
power
source

D/A
converter

Hot cylinder wind probe microcomputer controlling

To determine time response of hot cylinder wind probe,
sudden
change of wind speed was applied. As a standard,acoustic anemometer
with response time less then 0.05 seconds was used. The same sudden
wind changes measured by acoustic and hot cylinder anemometers are
shown in Figure 7a and 7b, respectively. From this diagrams it is
evident, that even for such extreme wind changes the hot cylinder
wind probe response time is less than two seconds.
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Sudden wind speed changes measured with
hot cylinder anemometer

5. CONCLUSIONS
Hot cylinder wind probe is an anemometer without moving parts for
wind speed and direction measurements.
For accurate and fast
measurements,
microcomputer
controlling
and
corresponding
measurement procedures were developed. With sixteen thermocouples
hot cylinder wind probe, wind speed accuracy of 0.1 m/s and wind
direction accuracy of three degrees were achieved with response
time less than two seconds in interval from 1 m/s to 10 m/s.
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MICRO-ELECTRONIC WIND METER
B.W. van Oudheusden, J.H.Huijsing
Electronic Instrumentation Laboratory
Dept. of Electrical Engineering, Delft University of Technology
P.O.Box 5031, 2600 GA Delft, The Netherlands
Abstract
This paper describes a micro-electronic wind meter without moving parts,
for the measurement of wind speed and direction. The central part of the wind
meter is an integrated silicon sensor, which detects a flow-induced temperature
gradient on its surface. Typical inaccuracy in the measurement of the thermal
gradient is 1 degree in direction and 1 per cent in absolute value. An aerodynamic probe shape has been designed to eliminate the sensitivity to vertical
wind components, and to protect the sensor from possible disturbing external
influences. Wind tunnel measurements have been carried out for flow velocities
in the range-of 1 to 25 m/s. In the present configuration, the flow detection
threshold is 1 mm/s, and the response time about 2 seconds.
1. Introduction
As a basic material for semiconductors, silicon plays a very important
role in signal conditioning electronics, which form such a vital part of modern
instrumentation and data systems. Recent years show an increasing interest in
the application of silicon for sensors as well [1]. In addition to the many
interesting physical properties of silicon and the well-developed IC fabrication techniques, the use of an integrated silicon sensor allows the combination
of sensor and signal-conditioning electronics on a single chip [2]. In this way
a low-cost microcomputer-compatible sensor can be realized, which is suitable
for a digital bus interface system.
This paper describes the -development of an electronic wind meter, based on
the application of a silicon thermal flow sensor made in a standard IC process.
The project aims at the realization of a low-cost electronic wind meter without
moving parts, for the measurement of wind speed a,nd direction. An electronic
wind meter can be used in combination with sensors for other meteorological
variables in an automated weather station.
2. The silicon flow sensor
The central part of the wind meter is formed by a thermal IC-sensor. By
measuring temperature differences on the heated chip in two directions normal
to each other, a flow-induced temperature gradient is detected on the surface
of the sensor [3].
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2.1 Operating principle
Let the sensor be assumed to be heated to constant temperature difference
AT above the flow temperature, When a flow is present over the surface, the
sensor is cooled strongest at its upstream side, and this results in a small
temperature gradient over the sensor. The orientation of the thermal gradient
is that of the wind direction, while the absolute value of the gradient depends
on the flow velocity. By measuring temperature differences on the surface of
the sensor (T 2 -T 1 and T4 -T 3 , see Fig.l), in two directions normal to each
other, a two-dimensional measurement of the flow vector can be realized. Two
sensor output voltages, v12 and v34 proportional to these temperature differences are generated, which dependence on the flow velocity U and direction angle
~can be written as [3]:
~

(la)

S(U) !J.T sin t/>

(lb)

S(U) ilT cos

Here S(U) is a sensitivity function (in mV/K) which expresses the dependence of
the output on the flow velocity U, and which in general will be a function also
of flow properties such as density, specific heat, conduction and viscosity.
According to laminar boundary layer theory (with Pr the Prandtl number and Re
the Reynolds number; Re= UL/v, with La length scale and v the viscosity) [5]:

s

a K

s

K
p

3 jPr

jRe

(2)

where a is the sensitivity of the temperature sensors (in mV/K). K is a sensor
geometry factor (depending e.g. on the length -and thickness of th~ sensor chip
and the thermal conductivity of it) and K an overall probe geometry factor
(sensitivity decreases with increasing pr&be size). According to (2), the
output is proportional to the square root of the wind velocity, which makes
accurate flow direction measurements possible even at very small velocities.
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TRANSISTOR
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0

lo~~
0

FLOW VECTOR

Fig.l Direction-sensitive thermal
flow sensor

"---- THERMOPILE

Fig.2 Schematic chip lay-out

2.2 Description of the sensor
The re-sensor has been fabricated in a fully standard bipolar re-process
at the Departmental re-Laboratory, and measures 6 by 6 mm, with a thickness of
0.3 mm. The chip contains (see Fig.2) four diffused resistors to heat the
sensor and bipolar transistors to measure the average temperature of the sensor
(the temperature dependence of the base-emitter voltage is -2.1 mV/K). The
temperature differences on the chip are measured with integrated thermopiles,
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components which do not suffer from eLectronic offset or drift [4]. Thermopiles
can be made in IC's using the silicon-aluminium thermocouple. For each measurement direction the sensor contains a 22-element DP-type diffused thermopile,
with an estimated sensitivity of 13 mV/K and an internal resistance of 18- k!J.
In the present tests, the sensor has been maintained at a constant temperature
difference (usually 10 to 20 K) with the flow temperature, using a similar
unheated reference sensor [5]. The s·ensor can alternatively be employed under
the condition of constant power dissipation. Corrections for the effect of
temperature changes can be based on the sensor temperature measurement.
FLOW

CER~·IC

SUBSlRATE?

/§SIV£ BONO

/2 222//
\BONDING WIRE

\ENSOR (ljJF

BONDING PAD

Fig.3 Sensor assembly (not to scale)
As it is undesirable for an IC to be exposed directly to a corrosive
environment, the chip has been mounted to a thin ceramic carrier and sensing
substrate (size 25 by 25 mm), which is exposed with its back-side to the wind
flow (see Fig.3). In this way, a smooth flow surface has been obtained, while
the chip itself has been shielded from the flow. Thanks to the small thickness
of the ceramic (0.25 mm) the thermal sensing principle remains valid. Its
presence has however a significant effect on the response speed of the total
sensor. The response time for a sudden change in flow direction has been measured to be about 2 seconds (see also Fig.7), whereas the theoretical time
response of the chip alone is only 40 ms. This response speed is however sufficient for the present application.
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Fig.4 Sensor output as a function of flow angle (+ U=6 m/s;

*

U = 22 m/s)
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2.3 Experimental results
Sensor calibration tests have been performed in the turbulent boundary
layer over the flat wall of a wind tunnel. Fig.4 shows the result of the rotation of the probe at two flow velocities, confirming the sensor model (1) with
an inaccuracy of 1° in angle and 1% in amplitude. The total heat loss and the
flow-induced temperature difference for three samples have been plotted in
Fig.S. For an individual device, the repeatability is found to be within 1%.
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Fig.S Sensor characteristics; total power consumption (left) and induced
temperature gradient (right) as a function of flow velocity
3. Wind probe design
To be able to use the sensor as a wind meter, it must be incorporated in a
suitable probe body. The shape of the probe should be such, that the flow over
the sensor is representative of the horizontal wind flow, having a 360 degree
sensitivity in obtaining the wind direc~ion angle ~. while eliminating the sensitivity to vertical wind components (The pitch angle ~ is defined as the angle
between the flow velocity vector and the horizontal plane of the sensor). In
addition, it should protect the sensor from disturbing external influences.
The simplest rotational probe form would be a flat disk mounted on a
vertical shaft (the densely hatched areas in Fig.6), but this shape is highly
unsuitable because of its high sensitivity to pitch (see Fig.8). The signal
falls rapidly near ~ = 0, and even large negative values occur! By interpreting
the probe body as a small circular lifting body (wing), it is seen that these
effects are caused by tip vortices sweeping over the upper surface at positive
~
and stall occurring at ~=10°. The slight shift of the graph towards negative
angles is due to flow displacement by the support shaft.
A suitable probe shape has been obtained by placing large circular disks
below and above the central body, to guide the flow. In this way, the effective
pitch angle of the sensor body is reduced strongly, while furthermore the
sensor is shielded against direct sunshine and precipitation.
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PERSPECTIVE VIEW WITH
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Fig.6 Wind meter design
Rotation tests showed that over the full range of 360°, the maximum error
when using eq.(l) is about 2° in angle and 2% in absolute value. In the
prototype the upper disk has been mounted with four cylindrical posts with a
diameter of 2 mm. When the flow direction is such that one of the posts is in
the path of the flow over the sensor, considerable errors occur due to the wake
of the cylinder (5° in angle and 10% in amplitude). Therefore, thin posts or
preferably a thin-wire grid or screen should be used. An open structure is
however essential to minimize the resistance to the flow. Good results were
obtained with a fine metal screen. Measured characteristics have been plotted
in Fig.9, for a clean configuration and a fine screen. In the lower-velocity
region, the sensitivity was measured to be 35 J.'V/K/(m/s), so that for .t.T=20 K
and a typi~ally thermal offset of 20 J.'V, 'the detection threshold is 1 mmjs.
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Fig.9 Wind meter characteristics; total power consumption (left) and
induced temperature gradient (right) as a function of flow velocity
4. Conclusions
An electronic wind meter has been designed, based on an integrated thermal
flow sensor. A prototype has been built, and !ested in a wind tunnel. Further
research should be devoted to an optimalization of the aerodynamic shape of the
wind meter, and the development of integrated electronics.
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INTRODUCTION
As stated somewhat obscurely in WMO [15]: "readings from Piche
evaporimeters with carefully standardized exposures have been used with some
success to derive the values of wind run and saturated vapour pressure deficit
required for evaporation estimation". This tries to verbally account for the
relationships [10]:
Ea = a . Ep + b

(1)

and
Ea

=

f(u) . [ es (Ta) - ea]

(2)

with
Ea, the aerodynamic term in the Penman evaporation equation;
Ep, shaded Piche evaporation;
a,b

~orrelation

constants, with b close to 0.0;

f(u), wind function with wind speed at
equation;

2m height

as used in the Penman

es(Ta), routine saturated water vapour pressure at air temperature Ta;
ea, routine water vapour pressure in the air.
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Problems with routine humidity data in the tropics in general and with
errors in the saturation deficit in particular have been illustrated for
Tanzania in another paper in this publication [11]. In the present paper we
report on work to replace equation (2) by equation (1) in the Penman formula.
This work was carried out in tropical East Africa, started in Tanzania by
Stigter and associates [6.9, 13] and validated in follow-ups in Tanzania [10]
and Sudan. An earlier debate on the principle of the shaded Piche, as proposed
by Stigter et al. [9], was recently decided in our advantage by the work of
Van Zyl and De Jager [14].

TANZANIAN WORK
The earliest work in Tanzania was on a successful updating of the
physics of evaporation of a Piche atmometer using recent insights in the
approximation of mass transfer and heat transfer boundary layer theories by
relatively simple empirical formulae [6, 13]. This was assisted by measuring
accurately unique axial temperature profiles on the Piche blotting paper. It
showed that the Piche could be understood as a simple integrating mass (water
vapour) transfer meter when this temperature behaviour was understood. Slight
differences between two commercial types of Piches could be understood along
the same lines ([9] and Stigter and Kainkwa in [5]).
Subsequently
it
was
elaborated on experimentally that
accurate
confirmation of earlier found correlations as implied in equations (1) and (2)
needed certain important precautions in using the Piche under shaded
conditions [9, 10, 12]. One of the more important precautions appeared to be
undisturbed axissymmetrical conditions of air movement around a shaded Piche.
This became of importance after we proved that under ideal conditions indeed a
needed constant relationship existed between ~ir movement inside and outside
the Stevenson screen. Also the change in heat and mass transfer patterns at
around 75 cmjs wind speed, as simultaneously derived from calculations by Thorn
et al.
[12] and from experiments by Stigter and Uiso [6], pointed to
advantages of shaded Piches in the open [ 9] . In Tanzania we found the best
correlations of the type of equation (1) with a Piche in the centre of an
empty Stevenson screen. With a = 0.25 and b = 0.26, correlation coefficients
for daily measurements were 0.89. This improved to 0.94 for decadal averages
and 0.97 for monthly ones.

VALIDATION IN SUDAN
The work in Sudan concentrated first on the development of an easy to
build axissymmetrical shade for use with Piches outside the Stevenson screen
[ 10] . In crop microclimate investigations in The Netherlands in the early
seventies,
Stigter and associates
[7,
8)
developed a square minimum
interference shade for platinum resistance thermometers (two sides) and
thermocouples (psychrometers, one side). The same principle was followed,
using low density Tempex between two (now round) surfaces: an aluminized Mylar
(polyester) surface facing the sky and a dully white painted one facing the
soil. For the sake of strength the 2 cm Tempex was sandwiched between two 2.5
mm wooden plates before Mylar and paint were applied. The slight air drainage
slope of surfaces facing thermometers was not applied because the Piche is not
used inside high density crops. Contrary to a recent simultaneous but
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independent development of a round shade by Van Zyl and De Jager [14], our
minimum interference shade has only an upper side protection against incoming
radiation. Therefore also no connectors between an upper and a lower part
influence air movement asymmetrically. Our developed round shade screen of 25
cm diameter was initially fixed at 7 em above the blotting paper with tohe
Piche protruding from its center. It was tested for sensitivity for the
following factors: wind influence from the screen (i); distance between
blotting paper and screen (ii); radiation influence on the protruding part of
the Piche (iii); colour of the lower surface of the screen (iv) and albedo of
the surface above which the Piche was mounted (v).
By correlation results with single parameters reported on by Ibrahim et
al. in [3], it was convincingly shown that wind speed and saturation deficit
are giving farmost the highest correlation with shaded Piche evaporation. The
first series of five months of measurements did compare three types of shade
screens: the round one described above, a square one of SO x SO cm, mounted at
lS cm above the blotting paper and a square 1 m2 one, mounted at 31 cm above
the blotting paper. All glass parts protruding from the upper surfaces of the
screens were protected by an aluminized Mylar covered insulating tube. The
screen measures were calculated to have equal hours of shade under the
conditions of Wad Medani (Sudan) Meteorological Station. Details have been
given in Appendix S of [2]. These experiments showed that on the basis of half
a year, decadal differences in mean daily evaporation between the small shade
screen and both others were in the order of only 1 % and the maximum decadal
difference was 2.S %, equivalent to 0.4 mm of daily Piche evaporation. Because
Piche tubes were interchanged, it was estimated that a bit more than half of
this maximum error may have been due to reading errors and accidental exposure
differences and less than half due to systematic exposure differences between
Piches. We have taken this as a thorough proof that air movement around the
Piche blotting paper was not substantially altered by the presence of the
round 2S cm shade screen, which could therefore be kept in routine
observations. Subsequently another six months of intercomparisons of Piches,
including two with a black painted lower surface at 7 cm and 10 cm distance
from the blotting paper respectively and two from which the top protectorwas
left out, showed convincingly that on an average decadal basis there were no
systematic differences between these Piches
[4].
The maximum decadal
difference was 3.7 % or 1 mm of daily Piche evaporation, but this was a case
of an average decadal difference of 0.0 %, as difference between a covered and
an uncovered protruding glass tube. The only other decadal error over 3 % was
a 3. 6 %, representing only 0. 2 mm of daily Piche evaporation, while the
average difference was only 0. 6 % in that case between the two distances
between screen and blotting paper. This extremely small systematic error must
be largely due to a bit higher exposure to radiation in morning and evening in
the 10 cm distance case. The higher random differences are therefore supposed
to be largely due to reading errors and accidental exposure differences,
mainly from air movement. The white lower surface had only a systematic 0.4 %
higher evaporation than. the black one. So we decided on a standard shade
screen with no top cover on the protruding glass, a black painted lower
surface of the 25 cm diameter round screen and a distance of 10 cm between
lower screen surface and blotting paper.
A last series of experiments dealt for three months with two of such
selected shaded. Piches above two partially artificial surfaces of different
albedo.
The latter was measured at the position of the two Piches
intercompared. Although the view factors were only in the order of O.S, the
measured effective albedos were close to 0. S and 0.1 for the white and the
black surface respectively, showing a slight deterioration due to dust
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accumulation. In these measurements we distinguished between night time and
day time observations, because only in daytime the albedo may have an effect.
Again on an average decadal basis there were no systematic differences worth
mentioning (0.1 %) in daytime for the period of observations, with a worse
decade in three months of 2 %, meaning 0. 3 mm of daily Piche evaporation,
which must have been due to non-systematic causes as in the earlier cases. For
the much lower night evaporation the systematic errors became 0.25 mm of daily
Piche
evaporation,
showing
that most
likely
systematic air movement
differences are occurring at night.
With the selected screen (or its closest equivalent), the total period
of Piche measurements was now compared on a decadal basis with the aerodynamic
term in the Penman equation for a reference crop, using the approach earlier
applied by Rashidi for Tanzania [10]. From a careful comparison, using in
equation (2) the selected wind function [1], 24 hrs thermohygrograph data from
Wad Medani Meteorological Station, occasionally calibrated with an Assman
psychrometer, and local wind data, using an occasional calibration from a
comparison with a calibrated Woelfle anemograph, appeared the approach to be
preferred. This is in line with the results on humidity parameters at
Tanzanian stations [11]. Again by careful comparison and climatological
reasoning,
given that no data were available
for May and June,
a
distinguishment of three different periods was selected for the correlation.
For physical reasons the point 0, 0 was added as a measuring point. With
respective correlation coefficients of 0.975, 0.985 and 0.965 this delivered
on a chronological decadal basis the correlations for February to May, July to
October and October to February as given in Fig. 1. For equation (1) the a's
are 0.20, 0.24 and 0.21 respectively and the b's 0.35, 0.31 and 0.07.

CONCLUDING REMARKS
As Fig. 1 shows, the correlations in Sudan were obtained from average
decadal measurements of Piche evaporation of between 12 and 37 mm/day and
aerodynamic terms of between 2 and 7 mm/day. It is extremely satisfying that
nor the equations nor the correlations obtained in Sudan are very different
from the ones obtained in Tanzania, where all Piche evaporations were below 6
mm/day and the aerodynamic terms below 2 mm/day. Given the decadal data
obtained,
it
should be advised that correlations between the Penman
aerodynamic term and shaded Piches should preferably be obtained from a longer
series of data than the fourteen months we took, between three and five years,
simultaneously at ten to twenty main Meteorological Stations in one country
and with extreme care in data quality control.
In that case higher
correlations may be obtained on a monthly basis and the worst cases will give
even less errors than in our work. Like it was done in Tanzania, an additional
set of identical thermohygrographs and calibrated anemographs is suggested to
be used at these stations during such a period.
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Fig. 1

Correlations of shaded Piche evaporation, Ep, with the aerodynamic
term in the Penman evaporation equation for a reference crop, Ea,
for three different periods: Febr. -May (0), July- Oct. (e) and
Oct. - Febr. ~.
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ABSTRACT
The modern history and theory of the psychrometer are briefly considered.
Recent calculated and experimental results are reviewed, with an emphasis
on the wet cylinder in a transverse airstream, as exemplified in the
whirling psychrometer and the WMO Reference Psychrometer, and the wet
round-nosed cylinder in an axial airstream, as exemplified in the Assmann
psychrometer. A hitherto unreported study of the axial system is outlined,
and the implications are considered.
1.

INTRODUCTION

The true nature of the heat- and mass-transfer processes which occur in the
psychrometer was not appreciated unti 1 the 1930s, when rapid advances were
made, mainly in the USA. However, good agreement between theory and experiment proved elusive.
For another 40 years acceptance of the theory was
impeded by unfamiliarity with convective-transfer principles and doubts as to
the magnitudes of a number of small effects, while the experiments in successive studies generally continued to be inadequate in design and accuracy.
Recently, methods of calculation have been developed for the small effects
while experimental results have been obtained for much better defined
conditions by accurate new methods. Not least in impact has been the finding
that organic films acquired by the wet surface through direct or indirect
contact with the hands can increase the psychrometer coefficient A as much as
10%. The overall result has been that theoretical and experimental values of
lagree within about 1%. - (For a relative humidity of 50% at 20"C, for
example, an error of -1% in A would result in a derived relative humidity of
50.2%.) The former discrepancies, which had originated not in the theory but
in the experiments, have been resolved.
Guidance for a sortie into the literature of well over 1000 papers may be
sought from Sherwood [1], Wylie [2, 9] and Wylie and Lalas [3, 4].
2.

DEFINITIONS AND OUTLINE OF THE THEORY
The psychrometer coefficient A may be defined precisely by

{Xw - x} = A{T - Tw) ,

( 1}

where T and Tw are respectively the temperatures of the dry and wet elements,
X is the mole fraction· of water vapour in the airstream, and Xw is the
saturation value of X for Tw and the prevailing pressure p. The quantity Xw
is given by

e

X

-f Ji.
w- w p

(2)

•

fw

where ew is the saturation pressure of pure water vapour [5], and
(Tw.P) is
the Goff-Gratch enhancement factor [6] for water in air [7] which for a wide
range of conditions approximates 1.004.
Expressed in terms of conventional heat- and mass-transfer coefficients,
the enthalpy-flux balance at the wet surface gives
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(3)

where he and ke are respectively the mean surface convective heat- and
mass-transfer coefficients, hr is the.radiative heat-transfer coefficient, ka
is the mass-transfer coefficient which represents the resistance to
evaporation (a-resistance) associated with the evaporation coefficient a, and
L is the heat of evaporation.
The first bracketed factor in eq. (3)., the Stefan factor, arises from the
net flow of gas from the surface [8].
This factor, which for atmospheric
pressure and a Tw of 20•c, for example, reduces A by 2.3%, is all too often
omitted.
The second bracketed factor is the basic psychrometer coefficient,
Be. The third is the radiation factor and the fourth the a-factor. The A for
the hypothetical psychrometer in which no radiative transfer or a-resistance
occurs, ie the convective psychrometer coefficient, is

A.,

= (1

- xw)

[~>]

= (1

- xw) Be .

(4)

Except for the highest values of Tw. air reduces L by less than 0.1% [2].
The theory, outlined in greater detail elsewhere [2], evaluates each of the
four factors in eq.(3). The Stefan factor is straightforward. The radiation
and a-factors (the former contributing typically several percent and the
latter less than 1% to A) require transfer coefficients (theoretical or
experimental) of only modest accuracy. Formulae and data needed for present
purposes are given or referenced in [2]. The central problem of the theory,
treated in detail by Wylie [9], is to evaluate the quotient helke in Be.
Based on the lead given by Colburn [10] in 1932, the procedure exploits the
mathematical similarity of the equations for heat and mass diffusion in a
moving gas.
Departures from exact similarity represent some of the small
effects referred to above.
The key point is that, small effects apart, the
functions Nu (Re, Pr) and Sh (Re, Se) are the same, where Nu and Sh are the
Nusselt and Sherwood numbers (dimensionless forms of he and kc). and Pr and Se
are the Prandtl and Schmidt numbers. Because the quantity required is the
ratio Nu/Sh, and Pr exceeds Se by only about 20%, the form of the function
need not be known very accurately. The accuracy of the theoretical A is
limited to about 1% by the uncertainties in the data for the thermal
conductivity of air (which occurs in Nu and Pr) and the diffusivity of water
vapour in air (which occurs in Sh and Se).
The coefficient Be depends practically only on Tw. with which it slowly
increases linearly, while Ae depends little even on Tw, passing through a
shallow maximum at about 10•c {for atmospheric pressure).
In the radiation
factor, hr/he contains a factor F representing the effect of any reflecting
shield provided, and is at least roughly proportional to d~ and v-~. where d
is the length parameter which governs he and V is the airspeed.
In the
a-factor, kc/k
3.

1

a

1

is similarly proportional to d- 2 and v2 .

THE CYLINDER IN A TRANSVERSE AIRSTREAM

The wet cylinder is immersed in black-body radiation corresponding to the
airstream temperature.
(For a comparison of this system with others, see
[7]). A depends only slightly on atmospheric conditions and, if d/v is kept
constant, only slightly on d (or v). Therefore, for convenient comparisons,
values of A are given below for a wet-element covering of cotton sleeving,
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atmospheric pressure, values of T and Tw of respectively about 2o•c and 15•c,
and a v in m/s numerically about equal to d in mm.
3.1 The Theoretical Value of A. The complete theory [9], as first applied in
1973 using property values entirely independent of measurements of A, gives
(for the adopted- standard conditions) 6.24 xro-4x-t--±-1%. -c-uncertaThties ate--quoted at the 95% confidence level.) The theoretical A of the WMO Reference
Psychrometer [7] with a true effective airspeed of 4.5 m/s {while d = 4.5 mm)
is naturally the same.
3.2 Experimental Values of A. Among many early experimental results for A
[11], the result of Ferrel [12], which gives 6.7x10-4 K-1, is representative.
By directly measuring the temperature differences of the wet elements,
Wylie [2] related the A of the present system to that of narrow-angled wedges.
The wedges were proven by accurate heat-transfer measurements to be close
simulators of the classical flat plate system, for which the theory is
especially manageable. The results give 6.23 x 10-4 K-1 ± 1%. (The error in
this and that in the theoretical result of Section 3.1 are highly correlated).
Wylie and Lalas [3] determined A for d = 1. 75 mm and v = 0.5 to 5 m/s,
using dry air at temperatures from 11 to 58• C.
Their values of A for 82
different sets of conditions are fitted by the theory with a standard
deviation of only 0.26%. Adjusted by + 0.35% for a duct blockage effect not
fully allowed for earlier, the work gives 6.24 x 10-4 K-1 ± 0.4%.
Fan [13] has determined A for the WMO Reference Psychrometer using a
standard gravimetric hygrometer. With a new allowance for the duct blockage
effect, and for a true effective airspeed of 4.5 m/s, his result gives
6.20 x 10-4 K-1 ± 0.8%. Further work by Fan in Beijing [14] with the Academy
of Meteorological Science and the National Institute of Metrology, has
utilized an automatic dew-point hygrometer calibrated against a standard
gravimetric hygrometer and again given 6.2 x 10-4 K-1.
Comparisons of the EAP of Schadlich and Sonntag [15] with an automatic
dew-point hygrometer, carried out by Skaar [16], yield a value of about
6.55 x 10-4 K-1, but with an uncertainty of the order of 20%.
Fan [17] has
made direct measurements of the temperature difference between the wet element
of an EAP and that of a WMO Reference Psychrometer, both mounted in the EAP
body.
For a range of conditions he found differences of 0.15 to 0.28·c,
indicating that, for the same airspeed, the A of the EAP is the higher by
approximately 7%, ie is about 6.68 x 10-4 K-1.
The higher value is
undoubtedly mainly due to the use of aluminium tubes for the elements of the
EAP.
These have a longitudinal thermal conductance about 45 times greater
than that of the stainless-steel tubes specified for the WMO Reference
Psychrometer, so that leakages of heat from the supports and ends of the wet
element inevitably contribute errors to th~_observed wet-element temperature.
4.

THE ROUND-NOSED CYLINDER IN AN AXIAL AIRSTREAM

The cylinder may be provided with a concentric radiation shield, blackened
or polished inside. The significant length parameter d is the distance from
the centre of the nose, along the surface to the end of the section occupied
by the temperature sensor. As the Nusselt-number function for this shape is
not· readily available {but could be derived from boundary-layer theory), that
for the flat plate, which involves a somewhat similar flow, is used here. The
justification is in the consequent good agreement with experiment.
4.1 Experiments with an Assmann-Like System. Wylie and Lalas constructed wet
elements with a round-nosed brass core approximately 11 mm long which was
ex tended to beyond 150 mm by a glass tube with the surf ace flush. A cot ton
covering 110 mm long was provided for the cl indrical surface, and a smooth
covering of lens-cleaning tissue for the nose.
A concentric shield of thin
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stainless steel 19 mm in diameter and 43 mm long was fitted (for some
experiments), projecting 5 mm forward of the element. The element closely
simulates that of the true Assmann psychrometer (v. Section 4.2, below) while
the larger radiation shield only changes F, the factor by which the shield
reduces the radiative transfer.
The airflow was established by setting the
unit in a wind tunnel, and the temperature difference between the brass
section of the core and a wet cylinder mounted transversely nearby in the
airstream was recorded.
As the A for the latter element is known, that for
the axial element could be derived. To obtain the corresponding theoretical
A, F must be known. However, for no shield or a blackened shield F = 1. For
a polished shield, F was calculated by numerical integration.
Results for airspeeds from 1.4 to 7.2 m/s are given in Fig. 1 for no
shield, a blackened shield, and a polished shield.
Each point represents a
The results for the first two cases are practically
number of runs.
identical, showing that the effective airspeed is not significantly affected
by adding the shield. The quite independent theoretical curve agrees closely
with these results at the higher airspeeds, and within about 1% at the lower
airspeeds.
With a polished shield, A is reduced and the results are more
scattered, no doubt because of the difficulty of preserving concentricity with
frequent handling. The theoretical curve for the calculated F (0.4) is found
to lie well below the experimental points. The curve shown has been fitted by
adjusting F to 0.65.
Because of the geometrical complex! ties and the
imperfect specular reflection, the calculation of a realistic F may be
impracticable.
Nevertheless, Fig. 1 shows that, when an approximate F is
known, A can be calculated reasonably accurately.
It also shows that even
when F is as high as 0.65 the A for an airspeed of incidence of 2.2 m/s
(Assmann's value) is only about 6.25 x10-4 K-1.

x Without shield

+ With shield, blackened inside

6.6

o With shield, polished inside
Dimensions:
Wet-bulb length
Wet-bulb diameter
Shield length
Shield diameter
Wet-covering length

6.5

...0

.-l

0

X 6.4
,....,

....
~
~

llmm

6.4mm
43mm
19mm
llOmm

6.3
6.2
6.1
1.0

1.5

2.0
v 112 ( rn/s ) 112

2.5

Fig. 1.
Experimental and theoretical results for an axially ventilated
round-nosed cylinder with no radiation shield, a blackened shield, and a
polished shield.
4.2 The Assmann Psychrometer.
In Assmann's original specification [18] the
wet bulb is 8 to 12 mm long, and, by implication, 5 to 6 mm in overall
diameter.
It is surrounded by a polished shield 10 mm in diameter and 50 mm
long.
The upstream airspeed is 2.2 m/s.
The extension of the wet covering
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onto the thermometer stem is not specified.
Calculated by numerical
integration, F is about 1/3, but Fig. 1 suggests the true value could be
higher.
Commercial Assmann-like psychrometers commonly depart substantially
from Assmann' s specification, often having wet bulbs well over 20 mm long.
However, F decreases with increasing 1ength, providing. some compensatio_n.
For F = 1/a and the.adopted conditions, the theory, proven by Fig. 1, gives
6.08x10-4K-1.
For airspeeds of respectively 1.5 and 3.0 m/sit gives
6.12 x 10-4 K-1 and 6.05 x 10-4 K-1, while for 2.2 m/sand F = 1/ 5 it gives
5.99x 1Q-4 K-1.
Sonntag [19, 20] has calculated A using essentially the
Col burn equation [10], omitting the Stefan factor but including a small
allowance for radiation and, remarkably, an allowance of approximately + 10%
for heat leakages (eg thermal conduction in the thermometer stem).
Heat
leakages of 10% would have about the same effect as if an instrument had a
non-reflecting (ie black) radiation shield, increasing A and making it fully
dependent on the airspeed.
Also, Sonntag' s substitutions imply an entirely
unrealistic F of about 1/2 5 •
However, he has found [21 J his result to be
consistent with measurements made by other workers using almost dry air, and
comparisons of his own employing dew-point and gravimetric hygrometers.
His
analysis would give approximately 6.55 x 10-4 K-1.
The traditional experimental value is Sprung's [22] 6.62 x 10-4 K-1. Over
some years, Schurer [23] calibrated Assmann-like psychrometers of European
manufacture using dew-point hygrometers and found 6.35 x 10-4 K-1. By
comparisons with calibrated electrical resistance humidity sensors and direct
comparisons with a humidity grenerator, Scholz [24] derived A for the
instruments used by the GDR, and his result gives 6.53 x 10-4 K-1. Comparing
instruments made in China with the WMO Reference Psychrometer, Fan [13, 25]
obtained 6.2 x 10-4 K-1. An extensive intercomparison of different
Assmann-like psychrometers has recently been carried out for WMO in the GDR,
but the results have not yet been published.
The experimental results listed here are higher, some much higher, than
could, in the light of Fig. 1, possibly be consistent with Assmann's
specification and with an adequate extension of the wet covering onto the stem
of the thermometer.
As d·ifferent manufacturers have departed in different
ways and to different degrees from Assmann's specification, their instruments
cannot have accurately the same value of A, and the results could all be
approximately correct for the instruments tested.
However, if substantial
parts of the differences are due to heat leakages (eg an inadequate extension
of the wet covering onto the thermometer stem), which would generally imply
even less leakage than the approximately 10% which Sonntag has been prepared
to assume,. then the instruments need to be modified. Unless an Assmann-like
instrument is badly designed, it is a simple matter to fit a wet covering
which makes its stem conduction negligible.
It is more difficult for the
designer to achieve Assman's desirable small bulb length of 8 to 12 mm.
5.

CONCLUSIONS

For properly designed psychrometers employing transversely ventilated wet
cylinders or axially ventilated wet round-nosed cylinders, the experimental
values of A and their airspeed dependence agree with theory.
"Properly
designed" means, among other things, that any heat conducted into the wet
element from its ends and supports is negligible.
The transversely ventilated cylinder is the most advantageous system for
accurate work, ·and involves only one length parameter, namely the cylinder
diameter. The A for this system is known within 0.5%. In the form of the WMO
Reference Psychrometer it has been adopted by WMO as the international
reference standard for meteorological humidity measurement.
Instruments in
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which the heat conducted to the wet element from its supports is significant,
such as the EAP, have higher and less definitive values of A, and should not
be used for reference purposes.
The axially ventilated round-nosed cyclinder, especially with the addition
of a polished radiation shield, is a geometrically complex system involving
several length parameters. The most important is the length of the temperature
sensor. The quality of the shield and the smoothness of the nose of the
element are also factors. When the heat conduction in the wet-element stem is
significant the system is still more complex. The values of A for commercial
Assmann psychrometers are significantly greater than for a well designed
axial-flow system with a wet sensor of Assmann's length (8-12 mm) and a
polished shield. They appear to differ accordingly to the origins of the
instruments. The differences are, no doubt, partly due to differences in the
length of the wet bulb, and probably partly to differences in the leakage of
heat to that bulb from its stem. Sonntag considers that, for the Assmann
psychrometers with which he is concerned, heat leakages increase A by about
10%. Assmann-like psychrometers which are well designed and for which A has
been determined are convenient general-purpose instruments with modest airflow
requirements. However, they should not be used for reference purposes.
There is no such thing as a universal value of A, accurately applicable to
all well-designed psychrometers. However, well designed instruments with
transversely ventilated cylinders of conventional sizes, operated at
conventional airspeeds, have values of A much closer to 6.2 x 10-4 K-1 than to
traditional values, which approximate 6. 7 x 10-4 K-1. Also, well designed
Assmann-like psychrometers have values of A closer to 6.2 x 10-4 K-1 than to
Sprung's value of approximately 6.6 x 10-4 K-1.
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THE DETERMINATION OF THE PSYCHROMETER COEFFICIENT AND
A COMMERCIAL WMO REFERENCE PSYCHROMETER
jinpeng Fan and Guirong Zhao
Ac~ of M eteorofogi.cal Science, Beijing, China
Yipeng Yu and Guodong Yang
national Institute of Metrology, Beijing, China

1. Introduction
The WMO reference psychrometer was developed by Wylie ( 1969; 1977) and by Wy1ie and
Lalas ( 1981a) to provide the means sought by the
WMO Commission for Instruments and Methods
of Observation ( CIMO), whereby instrumentation
used to measure atmospheric humidity at the
--earth's surface could be tested -and calibrated in
situ. It was adopted by CIMO and WMO in 1977
as the international standard for meteorological humidity measurement ( WMO, 1977) and in 1981 as
the international standard for meteorological temperature measurement (WMO, 1982). The specitication which defines the instrument, given in an
updatcx:i form by Wylie and La1as ( t981a), deals
only with those aspects which have a significant
bearing on the relationship between the humidity
and the observed wet- and dry- element temperatures. Thus, individual reference psychrometers
which conform to the specification may differ considerably in some details, although they have this relationship in common.
Central to the inStrument are wet and dry elements which are relatively long cylinders, nominally
4. 5 mm in overaB diameter, exposed to a transverse airstream of norninaBy 4. 5 m s- 1• The elements are immersed in bla.ckbody radiation oorre-

sponding to the ak temperature. Especially important features are the provision of a wen- defined radiation environment for the elements, and the adoption of procedures which ensure that the wet element is free of significant monomolecular .fihns.
If our only knowledge of an instrument is that it
conforms to the specification, the absolute
uncertainty given by Wylie and Lalas for the
measurement o~ tbr example1 a relative humidity of
50% at 20 "C is equivalent to ± 0. 4% relative humidity at the 99% confidence level (Whereas the
uncertainties given by those authors are at the 95%
confidence leve~ all uncertainties given in the present paper are at the 99% level.) However, for an
instrument for which the actual values of the
wet- element diameter and the airspeed are known
and taken into account, and for which the
wet - and dryelement temperatures are measured
more accurately than specified, the uncertainty can,
aroording to those authors, be as little as ± 0. 16%
relative humidity. This value, which corresponds to
only 0. 32% in the mixing ratio, is so smaD that a
comparison of the instrument with even a standard
gravimetric hygrometer demands the full accuracy
of which the latter is capable, and is an exacting
task
The relationship between the humidity and the
wet- and dry-element temperatures is expressed
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most appropriately by the psychrometer equation

where t and x are respectively the temperature and
vapor mole fraction of the airstream, Xw is the saturation mole fraction oorresponding to the wetelement temperature tw and the prevailing pressure
p, and A is the psychrom.eter coefficient The quantity x w is given by
X =I' ...£.._
(2)
w Jw
p
where ew is the saturation pressure d. pure water
vapor corresponding to tw, and fw is the
Gotf- Gratch vaporp rcssure en.hancc:ment factor,
which is a function oft,. and p. The rdative humidity U% is given by
X
U=IOO{3)

WMO referenoo psychrometer with a standard
gravimetric hygrometer in atmospheres nominaDy at
standard atmospheric pressun; a temperature of 23
'C and rd ative humidities in the range: of 40% to
50%. Observations d t and tw were made with the
reference pychrometer, r was determined with the
gravimetric hygrometer, and observations of p were
made with a suitable barometer. Then, sin~ fw is
known, A could be derived using {4), ( 2) and { t) .
Then, the psycb.rometer coeft'icient for Aamann
- like psychrometcrs were telted too.
2. The M880S WMO reference psychromcter and
psychrooomputer

2. t The reference psychrometer

X 8 '

where x8 is the saturation mole fraction corresponding to t and p, and the mixing ratio r by

0.62198x

r= (1-x)

{4)

where the numerical factor-is the ratio of the molecular weight of water to that of dry air. The
psychrometer coefficient A varies only slightly with
the temperature, humidity and pressure, but its variation over the meteorological range ia significant for
the reference paychrometcr.
The value of A for the reference psychrometer
is known from two quite different studies. In the
first ( Wylie, 1979) , wet- element systems of essentially the same type as that in the instrument were
compared directly with wet flat- plate simulators,
the value of A for which was calculated from
flat- plate psychrometer theory ( Wy~ 1985). In
the second study (Wylie and Lalas, l98lb; 1985),
which is more accurate, direct measurements were
made using air of practically zero humidity over a
wide range: of temperatures. Although the two sets
of results agree wen within the uncertainties involved, it seemed to the authers that a further determination of A, made in another place by a different
method again, would be of considerable interest.
The present paper reports such a determination.
It has involved the experimental comparison of. a

Fig. 1. The WMO Rderen~ psychrometer
used in the compariaon

Fig . 2. The M8805 Psychrocxmputcr

Fig . 3. Wet- and dry- dements for
the M8805 WMO reference psychrcmcter
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The reference psychrometer used in the comparisons, one of two made by the Academy, shows in
Fig. 1. The wet and dry- elements in which is the
temperature sensors are made of a tube of 4 x 0. 1
mm stainless steel which coated with aluminium by
vaccum deposition (Fig. 2) . The wet- ebnent
covering is of seamless cotton sle ing which has
been degressed The overall diameter d of the
wet- d.cment is 4. 6 mm with an uncertainty of
0. 01% , bs half that allowed.
The ductin& the shielding and the positioning of
the wet- and dry- wlements are conform to the
specification given by Wylie and Lalas. The outside
of both outer and inner shield are a specularly retlecting aluminium, and the inside of them are
amatt black.
The airspeed is 4. S m s- 1 and measured by
observing Pitot- static pressure ditrerence.

2. 2 The M8805 PJYChrocomputer

A convenient protable measurement instrument was developed for our WMO reference
psychrometer (Fig . 3 ) . M8805 l,l8ychrometr
can display the wet and dry element temperature
directe, and then one put mthe atmospheric pu.ssure and the airspeed { the different pressure of
Pitot- static tube) through the counter on the frot

Fig . 4. Block- diagram of M8805

psycbrocomputer

plate, the coefficient and humidity values,A,U, td, e,
r, are calculated and displayed or printed according
to the selections.
The M880S apply the high accuracy platinum
resistance thermometer for wet- and dry- elements
and which is furnished with a certification of
calibration traceable to Chinese National Institute
of Metrology ( NIM), IPTS- 68.
The Fig. 4 shows ofM88 05 psychrooamputer
principalblack-diagram. Thet emperature constant
system guarantees the accuracy of the temperature
measurement at any circumstance temperature below SO o C that rovers the extreme conditions
wbitbin which the reference psycbrometer is to be
used. Its accuracy for temperature is better than
0. 03 t
and the reproducibility of its is so high
that the wet -element temperature depression lms
than 0. 02 o C and the uncertainties of derived relative humidity is around 0. S% rh.
2. 3 The reproducibility d. the wet- clement
temperatures
The two available M8805
reference
psychrometers were used for the comparison with
the gravimetric hygrometer, one with a wet covering on the normally dry element as wen as the
norma.Ry wet one, and the other with its usual wet
and dry elements. The instruments were otherwise
operated normaDy, side by side, with their airspeeds
a.cljustcd as c1osety as possible the specified value
( 4.5m s- 1). Several sets of the 20 to 30 reading
were made of the temperatures of the wet elements,
each set extending over 10 to 15 minutes. The air
temperature, wet-element temperature depression
and atmospheric pressure were approximately 23
t. 6.., C and standard pressure, respectively. The result of the mean and standard deviation of the observations for the individual elements for each set,
and the differences of the means are only one exceeds 0. 01 o C in magnitude. Indeed, they are not
significant, and are consistant with WyHe's finding
( 1979) that the values of for nominally similar,
transversely ventilated cylindrical wet- elements exposed to the same airstream are the same wit bin

0.01%.
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3. The detennination of the psychrometer coefficient
A of the WMO referencfpsychrometer by comparison with a standard gravimetric hygrometer

··[b

3. 1 The gravimetric hygrometer
At least in principle, the gravimetric method of
hygrometry is cajlable of the highest absolute accura.cyJ and most countries which have set up standards of humidity measurement have chosen it for
their primary standard The instrument usedJ
which was constructed by NIM as a temporary primary standard (Yu Yipeng and Wang ChangchenJ
1981 ) , conforms to the block diagram in Fig. 5
and is similar in concept to that developed by the
U. S. National Bureau of Standards (Welder and
Hyland, 1964).
Its absolute uncertainty for
mixing ratios from 0. 2 to 15 mg g- 1 does not exceed 0. 3%.
The absorption train consists of three
U- tubes, the fust filled with anhydrous magnesium perchlorate, Mg( CI04) 2 J and the other two
with phosphorus pentoxide, P,,s. The :first tube
removes almost all the vaporJ and the second the remainder. The third serves to show that no vapor
escapes the secondJ and to ensure that no vapor
finds its way upstream to the second tube from the
wet gas meter. The meter, which is preceded by a
smaD saturatorJ measures the volume of gas which
passes in a run, and is calibrated in situ by
discharging air from a cylinder (Fig. 5 ) which is
weighed before and after the discharge. ln weighing
the U- tubes and the air cylinder it is of major importance to pay due attention to the usual potential
sources of error, and especially buoyancy effects.
The apparatus gives the mixing ratio simply as the
ratio of the mass of the water absorbed to that of
the dry air which must be discharged from the air
cylinder to reproduce the flowmeter reading.
For the present work, the whole instrument
was transported from NIM to the National Meteorological Center (NMC), where the comparisons
were made.

Figure 5. Diagram of the arrangement for the
comparison of the WMO reference psychrometer with
the gravimetric hygrometer. 1. WMO reference
psychrometer, 2. Digital resistance meter, 3.
Manometer, 4. Adsorption train, 5. Air cylinder
for gas meter calibration, 6. Saturator, 7. Wet
gas meter, B. Aneroid barometer, 9. Diaphragm
pump, 10. Flowmeter, 11. Sample line.

3. 2 Experimental procedure
All the experiments were carried out in a large
basement room ventilated so as to provide an atmosphere of practicaily constant and uniform temperature and humidity. Air was pumped through
the absorption train by a diaphragm pump which
took its sample from a point near the inlet of the
reference psychrometer. The flow was maintamed
at a rate of t. 0 to 1. 5 l min-I . Bach run took 30
to 40 min, during which time about 0. 4 g of water
was absorbed During each run, measurements of
the wet- and dry- element temperatures were
made at intervals of 30 sec, and occasional
measurements made of the. barometric pressure and
the height of liquid in the manometer, which indicates the Pitot- static pressure difference.

Three runs were made for nominaDy a temperature of 23 o C and a relative humidity of 48%
(series I) , and three for nominally that temperature and a relative humidity of 41% (series II) .
The atmospheric pressure was always in the tOH
to 1018 hPa range.
3. 3 Results

The observations were averaged for each run to
give values of t, t.,.. p and v which were associated
with the value obtained for r. The values of d and
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v were, respecitively, 4. 65 ± 0. 10 mm and 4. 47
1

m s- :!: 5% throughout the study. The water- vapor mole fraction x was obtained from r by
means of ( 4). The saturation value xw was calculated from ( 2) using the Wexler ( 1976) formulation
of the saturation pressure of pure water vapor and
the Wylie and Lalas ( 1981a) tabulation of the
enhancement factor, which :indicates that, for present purposes, a constant value of 1. 0041 is appropriate. The psychrometer coefficient A, of the actual
psychrometer could then be calculated from ( 1).
A very small acljustment was made to A11 , to
obtain the corresponding coefficient A 0 for the
specified values of d and v of 4. 5 mm and 4. 5
m s-1• This was obtained with an ample degree of accuracy using the equations given by Wylie and
Lalas ( 1981a) as ( 7) and ( 8), and found to be
- 0. 09% for each run. Also, the value cl the relative humidity was calculated from ( 3) for its general interest, the value of x being obtained from an
equation similar to ( 2).
The results are summarized in Table 1. In the
talbe, 100 .6. A I A is the percentage difference of A
from the value Ao given by Wylie and Lalas
( 1981a) . The quantity 100 .6. r jr is the corresponding percentage dift'erence in r, which is practically the same as that in x, and .6.U is the corresponding c:ti.tlCrence in the percentage relative humidity. The smallness of the mean difference between Ao
and A tw. is, perhaJ]S. best appreciated from the magnitude of the mean corresponding relative humidity
difterence, which is only - 0. 06% relative humidity.
3. 4 Accuracy
Significant contnbutions to the uncertainty in
A 0 a.rise from the uncertainties in the values of t
and t,. obtained from the pJychraneter and the value of r obtained from the gravimetric hygrometer,
and also from an unavoidable small degree of
unsteadiness of the atmospheric oonditions during
the comparisons. The contributions of unoortainty

which arise from the measurements of the pressure
p, the airspeed v and the wet- element overall diameter d (in separate experiments) , and that
which arises from the calculation of the adjustment
applied to Aa~ are neg]igible.
Noting that the value of the })3ychrometer
coefficient is not expected to Val'Y significantly over
the range of conditions in the comparisons, and
anticipating that the uncertainty in A 0 is only
slightly smaller for the runs of series II than for
those of series I, we may treat the six values obtained for A 0 as equally ranldng measurements of
the same quantifY. Then, not only may they be averaged to obtain a final value of 6. 23 xt0- 4 K -~ bltt
they may be analyud using the statistical
distribution for fi.ve degrees of freedom to obtain
the random component of uncertainty of that value, which is found to be :!: 0. 9%. This includes
contributions from the random uncertainties in t, tw
and r, as well as any contribution :from the :fluctuations in the conditons.
To obtain the absolute uncertainty in the
mean Ao , the random uncertainty must be
combined statistically with the systematic
unoortainties which arise
from
those in
t. t., and r. The three additional components are estimated to be, respectively, 0. 2%, 0. S% and 0. 6%
for series I, and only slightly less for series U, leading to an absolute uncertainty which may be
rounded to t. 2% for both series. This is about
four times the difference between the mean Ao and
the value of AWL , and so the difference is not signilicant even when the uncertainty in AWL , which, following Wytie and Lalas, would be about 0. 8% in
the present context, is not taken into account

4. The pretiminaey determination of A for assmann
psychrometer by comparison with the WMO
reference psychrometer
4. 1 Assmann -like Psychrom.eters
One hundred years ago the pioneers of humidi-
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TABLE 1. Summary of the results of the comparison. For each run the table includes the derived value AG of the psychrometer coefficient
of a WMO reference psychrometer with a wet-element diameter and an airspeed of the nominal values, the value AwL of the coefficient for
such a psychrometer according to Wylie and Lalas ( 1981 a), the percentage difference tJ.AfA of AG and AwL, the percentage difference !:t.r/r
of the mixing ratios given by the psychrometer for values of A of A a and AwL, and the corresponding difference t:t.U in the percentage relative
humidity.

Series
and run

(OC)

(·c)

'··

(m b)

1-1
1-2
1-3
11-1
11-2
11-3

23.39
23.4t
23.42
22.7t
22.74
22.8t

16.t7
16.04
16.08
14.54
14.49
14.46

10tl.35
t0tl.25
10tl.35
10t7.8
t0t7.2
t0t7.0

I

p

rX t0 3

(mg

g~')

8.6723
8.52t5
8.5276
7.0845
7.0tt9
6.9469

u
(%)

A,x to•

A 0 X t0 4

Awt.X t04

(to•

(to'

(to•

48.1
47.3
47.3
41.3
40.8
40.3

Kr'

6.230
6.221
6.294
6.205
6.231
6.245

Kr'

6.224
6.215
6.288
6.199
6.225
6.239

Kr'

6.2t
6.2t
6.2t
6.21
6.2t
6.2t
Mean values

ty measurement established the psychrometer
coefficient A for Assmann and whirling
psychrometers, that is about 6. 7x10 K -J. This value of A is adopted by most countries. However,
the research work about the psychrometer including
the fundamental theory is needed because the
psychrometer is used as a very important humidity
standard. Wylie has determined that the coefficient
A for ventilating sufficiently and cleaning wet surface
is lower by 8% than used today. The value of a
given by wylie is confirmed to the theoretical values
{ Svennson 1932; Gregory 1957). The WMO had
recommended its number as determined by the
psychrometer coefficient A for their psychrometers
using the WMO reference psychrometer as standard We tested prelimina.rily the coefficient A for
three Assmann -like psychrometers.
These Assmann -like psychrometers are ventilated by the electrical driven fan and made by different factories in China. They are similar to classical
Assmann psychrometers. A pair of thermometers
are suspended in a chrominump laced, highly polished frame. The dry-and wet-bulb the:rmemeters
are the mercury-in- glass thermometer which
~ed in 0. 2 oc Tht length of the bulb of the
is
ther mometer is about 20 mm and· the diameter
is 5 mm.
The wet bulb is covered with the
cotton gauze ( degreased) and the length is abo11t
30mm The wick is cleaned and wetted with
distilled water. The airspeed is 3 to 3. 5 ms- 1,
4. 2 Comparison methods
The comparison between WMO reference

tOOD.A/A
(%)

tOOt:t.rjr
(%)

t:t.U
(%r.h.)

0.23
0.09
1.26
-0.17
0.25
0.47

-0.08
-0.03
-0.43
0.08
-O.It
-0.22

-0.04
-O.Ot
-0.20
0.03
-0.05
-0.09

0.36

-O.t3

-0.06

psychrometers and Assmann -like psychrometers
were made in the mentioned basement laboratory
before or after the comparison between the WMO
reference psychrometer and standard gravimetric
hygrometer. Three Assmann -like psychrometers
were hung belride the WMO reference
psychrometer. A telescope was used to read the
dry- and wet- bulb temperatures to reduce the
radiation influence of the observer's body. Considering the difference of the response time between
WMO reference psychrometer and Assmann -like
psychrometer and the fluctuation of the atmospheric condition, an average value of 8 to 12 times
reading of both WMO and Assmann -like
psychrometers provides one run result for compari-

son.
4. 3 Preliminary Results
The results of eight runs for three
Assmann -like psychrometers are given in Table 2.
It shows the following two points.
a. The

coo~nt

A of three Assmann -like

psychrometers are near 6. 3xto-~- 1, but not 6. 7
x10-4 K-1.
b. The biggest difference among three
Assmann -like psychrometers i 1. 2%. It is the evidence that the coefficient A for Assmann -like
psychrometer is depended on different instrument
which has different construction details, such as the
dimensions and shape of the wet bulb, the wet covering and the shield, and even the rate of ventilation.
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The preliminary determination of AA, for three different types of Assmann psychrometers by comparison with WMO reference psychrometer.

Table 2.

WMO reference

Assmann psychrometers

psychrometer

t

u

tw

II

I

(

(oC)

tw

(OC)

Ill

AA

t

tw

AA

(l04K-1)

(DC)

coc)

(104K-l)

coc)

t

AA

'tw

(OC)

(lo4i(-l)

Test

(DC)

(DC)

(%)

la

20.48

12.16

36.94

20.47

12.03

6.190

20.53

12.09

6.255

20.48

12.07

6.256

2a
3b

20.68

12.34

37.13

20.42

12.29

6.340

20.46

12.18

6.104

20.41

12.15

6.086

23.40

15.68

45.00

23.47

15.81

6.460

23.48

15.76

6.337

23.41

15.71

6.280

4b

23.48

15.71

44.79

23.53

15.76

6.499

23.51

15.76

6.309

23.55

15.78

6.322

5b

23.54

15.74

44.68

23.55

15.86

6.460

23.59

15.77

6.247

23.57

15.81

6.354

6c

24.10

19.12

73.74

24.01

19.15

6.142

24.06

19.20

6.283

23.93

19.11

6.066

7C

24.24

19.27

73.81

24.06

19.20

6.161

24.1l

19.21

6.260

24.08

19.25

6.355

8c

24.24

19.34

74.13

24.03

19.31

6.369

24.09

19.20

6.245

24.10

19.33

6.360

Mean values

6.321

6.248

6.259

Standard variation s:

0.138

0.0686

0.119

Note:

a air pressure, p

= 1015.6

hPa

b air pressure, p = 1011.3 hPa

4. 4 Discussion

= 1003.3

hPa

S. Conclusions

Using the accuracy of WMO reference
psychrometer, the uncertainty of coefficient AA for
Assmann -like psychrometers is limited mainly by

two factors.

a. The Accuracy of the mercury- in- glass thermomcters.

c air pressure, p

B

ecause the scale or
dry- and wetbulb thennometer is 0. 2 o C, the uncertainty of
temperature is about 0. 12 o C theoretica.Dy. Even
with certilied thermometers ca.refuDy checked before
the test,
the uncertainty of dry- and
wet- temperature for Assmann -like psychrometer
could not be better than 0. 05 o C.
b. The Unsteadiness and Distribution of the
Ambient Air Conditions
There are two aspects which influence the accuracy of dry- and wet- bulb temperatures. One
is the response time of the mercury-in- glass thermometer. that is slower than the platinum resistance sensor. Anotherp is that the Assmann -like
psychrometer could not be hung as near as possible
to WMO reference psyc rometer because the heat
of the electrical motor disturbs the dry- and
wet- buJb
temperature of the WMO
reference psychrom.eter.

The determined value of A for 8805 WMO
reference psychrometer, which has an abs-olute
uncertainty of t 2%, differs by 1f8s than 0. 4%
from that derivable from the tabulation given by
Wylie and Lalas ( l98la.). Strictly, this result confirms the latter value only for atmospheric conditions approximating those in the experiments. However, as it has long been accepted that A depends
only slightly on atmospheric conditions [and the data ofWylie and La!as ( 1981a; t981b; 1985) confirm
this] the result may be regarded as having a much
wider significance.
The reproducibility of the performance of the
reference psychrometer, and our present knowledge
of its psychrometer coefficient, are consistent with
its role as a reference standard. Indeed the discus, s.ion by Wylie and Lalas ( l98la) of the component
uncertainties in. their values of a would imply that,
for measu em.ents in the laboratory at intermediate
values of relative humidity, the instrument is capable of about the same absolute accuracy as a practical standard gravimetric hygrometer. The present results do not challenge this implication.
The WMO reference psychrometer provides a
oonvennient s-tandard with
which other
psychrometers may be compared. We have
prefuninarily determind coefficient A for three
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Assmann -like psychrometers with only a little
different of the wet bulb. It occur the different
psychrometer coefficient but close to 6. 25x 10- ~1
Wylie 's discussion ( 1979) of the true values of
A for ventilation psychrometers with different
wet- element systems would lead to the conclusion
that they must be approximately the same as for
the reference psychrometer. The present work therefore supports Wylie 's conclusion that the true values for wen designed ventilated psycbrometers are
much closer to 6. 2 xto- 4 K-t than to the values
about 8% higher which are in general use.
Schurer { 1981) reported that the lowering of A
had resolved discrepancies between psychrometric
and dew-point measurements which his laboratory
bad been encountering for some years. Tak.ahashi
and Wy!ie (see Wylie and Lalas 1985) have more
recently found from comparisons with transversely
ventilated cylinders that the value for A spherical
wet element also is closer to the lower value, while
the present authors has found from comparisons
with the WMO reference psychrometer that the value for A particular commercially produced
Assmann -like psychrometer again approximates
6. 2x 10- 4K- 1 • However, some differences must exist between the values of A for different designs of
psychrometers, because of differences in the types
and sizses of their wet -elements and radiation
shields (if any) and differences in their airsopeeds.

WMO, 1977. Abridged final report of the seventh
session of the Commission for Instrnuments
and Methods of Observation, Hamburg, 1 - 12
August, 1977. WMO- No. 490, World Meteorological Organization, Geneva. {The acoeptance of the relevant recommendations by
WMO is reported in a supplement to this report issued on 22 November 1978}.
WMO, 1982 Abridged final report of the eighth session of the Commission for Instruments and
Methods of Observation, Mexico City, 19-30
October, 1981. WMO- No. 590, World Meteorological Organization, Geneva. (The
acceptance of the relevant recommendations
by WMO is reported in a supplement to this report al o issued in 1982 )
Wylie, R. G. , ' 1969. Final report of the working
group on hygrometry of
CIMO- IV to the
Commission for Instruments and Methods of
Observation, World Meteorological Organization Geneva.
Wylie, R. G. 1977. Final report of the rapporteur
on reference psychrometry of CIMO- Vll to
the Commission for Instruments and Methods
of Observation, World Meteorological Organization, Geneva.
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AN INTERCOMPARISON BETWEEN THE WMO REFERENCE
PSYCHROMETER AND DEW POINT HYGROMETER OR EAP2
Jinpeng Fan, Qionglan Liang and Jingye Wang
Academy of Meteorological Science, Beijing, Chma
Guodong Yang and Yiding Zeng
National Institute of Metrology, Beijing, China

l. Introduction

A commercial WM 0 reference psychrometer
was developed by the Academy of Meteorological
Science ( CAMS), National Meteorological Admini
stration, China, according to the theory about the
psychrometer with a transverse ventilated( Wylie ,
1979,1985a) and the specification for WMO
reference psychrometer ( Wylie and Lalas, 1981a,
1981b and 1985). The WMO reference
psychromter ma.de by CAMS was determined the
p;~ychrometer coefficient by a comparison with the
gravimetric hygrometer, the national primary humidity standard(Yu, Yipeng and Wang, Gangchen,
1981) of National Institute of Metrology( NIM) in
1985. The psychrometer coefficient of this reference
psychrometer (briefly M8805 psychrometer or
M8805) is 6. 23 x t0- 4K -t with an uncertainty of
1. 2% at the 99% confidence level under the experimental air condition. This value of A is within
0. 4% of given by Wylie and Lalas. It comes to a
conclusion that the WMO refrence psychrometer
can be reprod1.lCC« Fan, Jinpeng, t 987) . However,
Dr. D. Sonntag from the Meteorological Service of
the GDR , developed a Electric Aspiration
Psychrometer ( EAP2) which looks Hke the WMO
reference psychrometer but with substantial differences. Its psychrometer coefficient value given by

Sonntag is around 6. 5 x 10- 4K _, as a function of
the wet- element temperature ( Sonntag, 1985).
EAP2 was used as a standard for the
intercomparison of WMO Assmann psychrometer
in Berlin By Sonntag (Sonntag, 1988). Meanwhile,
Dr. Wylie, the rapporteur on the WMO reference
psychrometer made several comments on the nature of the EAP2 and those intercomparison. Wylie
wrote the EAP2 is not a WMO reference
psychrometer and that Sonntag had some errors or
omissions at the calculation of the psychrometer
coefficient A ( Wylie, 19850, 1988). We are interested in these arguments very much. In consideration of that CAMS has bought two EAP2 from the
GDR and it becomes possible to compare the
M8805 WMO reference psychrometer with EAP2
directely. Furthermore, it was made a
intercomparison among the M8805 ,EAP2 and two
precision dew point hygrometer in the NIM. Some
, reliable and valuable results have been obtained
through all of these accurate comparison. We wish
it would be very helpful to settle the dispute above
and to improve the consistent for the international
humidity measurements.
2. Instnnnents
The instruments been compared are the M8805
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and EAP2 additional two precision dew point
hygrometers M 1500 and M911. The performances
of them are foDowed respectively.

a. M1500 precision dew point hygromter
It was made by the Genaral Eastern
Instrumente Corporation, U. S. A., the model series
for measurement instrument is S/N 15934 and its
sensor is M1111D, S/N 1552. The accuracy of dew
point temperature is ±0.15 'C (typical) and the sensitivity is ± 0. 03 'C This dew point hygrometer
was calibrated by the gravimetric hygrometer of
NIM, and the accuracy is better than ± 0. 1 'C in
the range we used. This instrument has been affirmed as the secondary humidity standard Its numher of the National Standard is " ( 88) -065 "
and the certification number is " Humi- 8807"
validated from the July 29, 1988 within one year.

b. M911 Digital Humidity Annalyser
It is a product of EG & G with series of the

measurement instrument S/N t2780,and the sensor
M660,S/N A019022. The aamracy of dew point
temperature is ±0.2 t norminaDy calibrated byEG
& G in the February 1989 against the standard
M992 dew point hygrometer which is traceable to

the NBS (US), and its uncertainty is ± 0. 04
'C dew point temperature. The error of calibration
is - 0. 04 'C at 12. 5 'C dew point temperature.
M911 was calibrated again in NIM and the error
of the calibration is 0. 00 'C at 12. 3'C .
It is clearly that the humidity standards of NIM
(China) and NBS(U. S. ) are exceDent agreement.
this result built a firm base for these reliable comparison.
c. M8805 WMO refrence psychro:meter
The M8805 psychrometer was designed by
CAMS in accordence with the specification for the
WMO reference psychrometer. Wet- and
dry- element
thermometers are used fourterminal platinum resistance thermometers with the
accuracy of ± 0. 03 'C and its outside are ~ 4 x
0. 1 mm stainless steel tube. The wet- element covering is of seamless cotton sleeving and degreased
with the oontinuious water supplying. The airspeed
for M8805 is 4. 5 m s-1, The psychrometer
coefficient A was determined by a comparison
with a gravimetric hygrometer of NIM and
the value of A is 6. 23 x t0- 4 K-t with the
uncertainty of 1. 2% at the 99% confidance. The
right of the Fig. 1 shows the view of M8805 in the
front.

Fig. t. M805 psychrometer and EAP2
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Fig . 2 . Comparison between M8805 and EAP2 in same room

Fig . 3 . Comparison among M8805, EAP2, M 1500 and M911 in the
constant temperature and humidity chamber
d EAP2 psychrometer
It was de1ivered to CAMS by GDR at the end

of 1988. Wet- and dry- clement sensors are
encapsulated in the IJ) 6 x 0. S mm aluminium tube.
The wet -element coveting is of seamlees cotton
sleeving with about 0. 7 mm thickness and supplyed
water continuiously. The ldl of Fig. 1 shows the entrance of the EAP with the wet- element of
M8805.

e. Calibration of the thermometers
The wet- and dry- element thermometers for

M8805 were calibrated by the Heat Division of
NIM to determine the Ro, R 100 originally. It was
checked again from - 10 to +SOt at 10 t interval with the measurement instrument M8805
psychrocomputer before this comparison. The temperature accuracy is better than ± 0. 03 t .
To guarantee the reliable of comparison we
re- calibrated the wet- and dry- element thermometers of EAP2 and certified them with
measurment instrument using the standard platinum resistance thermometer (No. 77210) which is
traceable to NIM, IPTS- 68. The temperature accuracy is not lower than ± 0. 05 t .
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b. comparison in a constant temperature and
humidity chamber

f. Barometer

An aneroid barometer was used to measure the
atmospheric pressure when the comparison was
making with the accurcy of the air pressure
±0. 5 hPa.

The series 11 and Ill comparisons was taken in a
constant temperature and humidity chamber
(w-lOOOmm x d-800mm x h-1000 mm) with
· two precision dew point hygrometers, Mt500 and
M911 as "arbitrations" in INM( Fig. 3).
The data sampHng are similar to series I rea:ling
10 times of the wet- element temperatures in
approximately 6 minutes as one run. Table 2 shows
the means and standard deviation of observations
for all of the instruments compared at t= 20 'C I
U= 30150170 90 % rh four levels. The standard deviations of air temperatures for aD runs is 0,025 "C
and s. = 0. 024 ·c 1 and for wet- element temperatures is 0. 03 'C and s8 = 0. 016 'C .

3. Comparison method and experiments
a. The comparison between M8805 and EAP2
in the same room
Fig. 1 shows the directe comparison of M8805
with the EAP2 in the same air condition of a big
room. At first comparing four thermometers to
check the temperature again and the unifonn of
the air in the room. The differences among the four
thermometrs are less than ±0.05'C. After prepa.reing
the wet- elements and ventilating 4 minutes the
display of M8805 and EAP2 were been constant
and t, tw of M8805 and EAP2 recorded in 30 seconds interval continuely tO to 14 reading for each
run. Repeat such processes 3- 4 times and get the
means of an data. The results of series I are shown
in Table 1.
It is clear that from Table I-1 M8805 has lower wet - element temperature than one of EAP2 or
M8805 has bigger wet- element temperature depression than the EAP2. In consideration of the differences between them in the structure and the
airspeed, we changed the left and right side shields
of the EAP2 and put the wet- element of M8805
in it to compare two wet -element temperatures in
the same airstream (See Fig. 1) . The upper
wet- element is one of M8805 and the lower is one
of the EAP2. Another M8805 to be measured the
air temperature was placed beside of the EAP2 as
near as possible. Table I- 2 to I- 4 show the results for these runs comparison. The standard deviation s for such air temperature t and tw are give
in the Table t. too. The standard deviations, on the
average, for air temperature is 0. 038 'C and s5
is 0. 030 'C, and for the wet- element temperatures is 0. 028 'C , and s, is 0.15 'C respectively.

Table. 1 Comparison results between M8805 and
EAP2

s

u

(t I f.WI ttl, Atw, m"C;
i:nrh%;
Aw=6. 22x 10- 4K- 1; Au=6. 66x 10- 4K- 1;
4K-r )
A,, =6. 55 x

w-

:re~
I
t
1.
1014. 2 t.,

hpa

s

WMO

Au

EAP2

A.,

s

g.

18.90
0. 071
18.90 085
0.038
9.53
9. 20 . 050
-0.88
-1.20
t.c -1.33
26.23
25.63
25.38
9.37
At., 9. 70

u

0.029
18.19
2.
t 18.19 0.029
0.020
8.86
1015. 0 t,..
8.58 0.015
-2.12
-2.48
hpa td -:-2.41
25.03
24.38
u 24.50
9.33
At., 9.61

3.

t
1010. 7 t.,

18.35 0.020

18.35

17.89 0.018
9.83 0.023

17.89
10.08

0.020

8.20
0. 017
7.82 0.023
-4.97
-5.45
hpa td -5.67
20.02
19.30
18.98
10.15
Atw 10.53

u

4.
t
1014.0 tll'

hpa

t4

2.04

u

34.53

At.,

8.06

0. 018
0.016
2. 28
35. 13

2.07
34.61
7.81
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Here t, tw are dry- and et- element
temperatres .xs and x,.. are the saturation vapor
mole fraction corresponding t and tw and prevailing
pressure; U, t4 , e and x are the relative humidity
and dew point temperature, vapor pressure and
mole fraction of the air; fw is the Goff- Gratch vapor pressure enhanoement factor taken a constant
1. 0041 for now experiments. A is the psychrometer
coefficient.
The value of A 11 for M880S is calculated according to the formula given by Wylie and Lalas
( 198la) and the A,, for EAP2 is calculated with
the Sonntag's formula(Sonntag, 1985). Table 3.
shows the Aw and A,g corresponding three series,
9 runs test, and A 1, is for EAP2 calculated as
M8805 as a standard. The means of A 18 is 6. 66 x
10 -4K - 1 ( rejected run 9) •
There are two sets of t4 and U for EAP2 corresponding the A 11 and A,g. Otherwise the t<~
and U are calculated with the means of Aw , 6. 22
x to-~K - 1 for M8805.

4. Results
As said above, Table l. shows the results of
series I which contains four runs experiments at

lower relative humidity and Table 2 shows the results at two air temperatures and four relative humidity levels. The explanation how to get U and t,.
are given follows.
In fact, there are microprocessors with M150 ,
M911 and M880S which can display the U or U
and td automatically, but the U for M1SOO and
M911 and U or t4 for both M880S and EAP2 are
calculated in the same way.
( 1)
x=x~tw) -A(t-tw)
or x 8 -- fw !JlU_
p

U= 2:.. x100

( 3)

x,

td

2148. 491-35. 85 t1 e
( 10. 286-lg e)

=

(2)

( )
4

Table . 2 Comparison results among M8805

1

EAP2

I

and precision

dew point h)grometrs M 1500 and M911

Series

M1500

and run
ll5.
1002.9

hpa
Ill

6.

1007.8

hp a
7.
1007. 2

hpa
8.
1006.8

hpa
9.

1007. 1

hp a

t
tw
t4

s

20.81 0.033

u

9.19 0.08
47. 37

t

25.80 0.044

tw

u

t<l

5.35 0. 053
26.79

t

25.68 0.063

t.,
t4

u

13.90 0. 155
47.94

t

25.90 0.042

tw
tot
V

19.38 0.079
67.05

t
tw
ta

u

25. 10

0.00

23.40
89.94

0.00

M911

s

M8805

s

Au

21.0 0. 00 20.87 0. 020
13.99 0. 023
9. 29 0. 08 9.36
9.24
47. 31
46.89
47. 49
25.94 0.014
14.25 0.011
5.36
26.71

EAP2

A.,

s
0.018
0.017

20.87
14. 15
9. 34
47.61
25.87
14. 46

5.19
26. 51

0. 014

5.40
26.88

o. 015

25.91 0.012
25.82
0.060
18. 10 0. 040
18. 25
0.025
13.91
13.92
13. 99
47.53
47.83
48.03
26.03 0.018
21.40 0. 048
19.45
67. 10
25.34 0.013
24.02 0.024
23.55
89.87

0. 012
0. 038

25.88
21; 45
19.46
67. 73

19. 48
67.82
25.26
24. 05

23.59
90. 51

0.013
0. 020
23.60
90.53
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Table. 3 Differences oftl1e wet-ele'l'llent temperature depression
and the psychrometer coefficients for M8805 and EAP2
ll

I

MW
Aw
At;,

EAP2

A,,
A,.

-

5
6
X
7
8
9
9. 70 9. 61 10.53 8.06 6. 88 11.69 7. 81 4.63 1.32
6.212 6.243 6. 242 6.245 6.200 6.210 6. 205 6. 197 6.185 6.22
1

M8B05

2

Ill

3

4

9. 37 9.33 10.15 7. 81 6. 72 11. 41 7. 57 4. 43 1. 21
6.518 6. 514 6. 510 6. 521 6.546 6. 548 6. 571 6.590 6.606
6. 715 6. 633 6. 724 6. 679 6. 591 6. 566 6. 676 6. 676 7. 229

6.55
6.66

DAtw -0.33-0.28-0.38-0.25-0.16-0.28-0.24-0.19-0.11-0.25

a. differences among the M8805 and M1500 or
M9l1
It is obversely that the maximum differences of
t 4 and U between M8805 and M1500 are 0. 15
'C and 0. 41% rh res}leetively, and the corresponding_ means differences are 0. 07 t and 0.08%

rh. from table 2
The differences of t11 and U between M8805 and
M911 are 0. 07 t and 0. 60% rh.
The differences are so small that the M8805 conform with the precision dew point hygrometer very
wen and it is proved that the NIM( China) and the
NBS( US) have the same humidity standard
b. EAP2
( 1) EAP2 and M8805

If we compare the values of A for M8805 and
EAP2,the means of A,, is higher 5. 3% than
M8805. The Maximum differences of t 4 and U
betwen M8805 and EAP2 are -0. 70 'C and - 1.
04% rh, and the mean differences are - 0. 21 'c
and -0. 58% rh respectively.
These differences would be reduced to half if we
use the A" instead of A.,.
( 2) EAP2 and M1500 or M9H
When one use the same way to compare the
EAP2 with Ml500 or M91 t the differences of both
t4 and U or the means of t4 and U between the
EAP2 and M1500 or M911 are sma1ler if replacing
A,a with A1 , •

5. Conclusions
The differences of derived humidity values between M8805 and M1500 or M911 are so small
that all of them are within the uncertainties of these
instruments. J.t is confirmed again that the WMO
reference psychrometer can be reproduced with the
psychrometer coefficient A aroundd 6. 2 x to-•
K -I if anyone make it strictly in accordence with
the theory of the transverse ventilating
psycbrometer and the specification of the WMO
reference psychrometer. It is proved by the humidity standard of both NIM( China) and NBS( US).
The EAP2 is a .kind of psychrometr with the transverse ventilation like the WMO reference
psychrometer, but its wet -element departs so seriously from the specification for WMO reference
psychrometer that it brought a definitive different
psychrometer coefficient It seems more suit ble to
use 6. 66 x10- 4K -l instead of given by Sonntag as
the function of the wet- element temperatures.
Our experiments about the EAP2 are limited under one set EAP2 and nine runs comparisons. We
couki not give the uncertainty of its and the resolution of its psychrometer coefficient It might need
to do more test for searching the cause which lead
to a higher va1ue of A, such as the use of aluminium tube instead of the stainless steel tube, the four
terminal wire exposed in air and closed to the
wet -element, the thickness wet covering and little
lower airsped , etc.

(Reference IV.4)

THE.PSYCHROMETER EQUATION FOR THE ASSMANN ASPIRATION
PSYCHROMETER FOR USE IN METEOROLOOICAL PRACTICE
D. Sonntag, G. Scholz and K. Schulze
Meteorological Service of the German Democratic Republic,
Bureau of Standardization and Quality Control
For use in meteorological practice in the temperature range of -25°C
to +50°C D. Sonntag ( 7) has given psychrometer equations for the Assmann
aspiration psychrometer checked on by D. Sonntag (8) on the basis of data
experimentally obtained. The psychrometer equations for water and ice at the
wet bulb are based on the analogy theory:
e'

I
= ew<tw>

Cp

-

i"· lv(tw)

p·(~~

= e'dtd

-

r.

+o()l f- f.)(f

(t-tw)

(1)

Q(

n

Cp

e'

o(

ls

p. (; )-<t-td

(2)

The meaning of the symbols us~d being

t

tw
ti
Cp

t

lv(tw)
ls

p

a
D
n

water vapour pressure of moist air
saturation vapour pressure in moist air with regard to
water at the wet bulb temperature
saturation vapour pressure in moist air with regard to ice
at the ice bulb temperature
air temperature
wet bulb temperature
ice bulb temperature
specific heat of moist air at constant pressure
· ratio of the molar masses of water vapour and dry air
latent heat of vaporisation at the wet bulb temperature
latent heat of sublimation
pressure of moist air
thermal diffusivity
diffusion coefficient
ratio of the aspiration velocity at the boundary layer of
the wet bulb thermometer and the air velocity in a greater
distance
heat transfer coefficient by convection
heat transfer coefficient by heat conduction
heat transfer coefficient by radiant heat
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The latest numerical values are: cp = 1005.45 J kg- 1 K- 1 ,
a= 1.846·10- 5 m2 s- 1 ,

D = 2.22·10-s m2 s- 1 ,

lv<tw) =(2500827 - 2360•tw) J kg- 1 with tw in °C, ~= 0.62198,
~A= 6.11

n = 0.50,
~

= 59.0

W m- 2 K- 1 ,

W m- 2 K- 1 •

For Assmann aspiration psychrometer we obtain:

1

e' = e dtd

for water

(3)

for ice

(4)

ew<tw> and e1 (tt) are the saturation vapour pressures in the
pure phase. The numerical values can be directly calculated by means of
formulae or taken from tables. lt is, therefore,
used
e'w<tw> = fw(p, tw>•ew<tw>
e' dtd = fdp, td• edtd

(5)
(6)

with the enhancement factors fw and ft that are functions of p and tw or
t1 respectively. These factors have a value of nearly 1.0047 at an air
pressure of 1000 hPa.
In equations (1) to (4) all terms with unimportant influence are
neglected, in order to obtain a short equation for meteorological practice.
The psychrometer coefficient can be determined with
e~(tw> - e'

( 7)

t and tw were measured with an Assmann aspiration psychrometer, and
e~ (twl was calculated by means of a saturation vapour pressure formula for
water in the pure phase or taken from tables by D. Sonntag and D. Heinze (11)
and equation (5). The values of the pressure of moist air p were measured with
a precision barometer with an uncertainty of ± 0.2 hPa. The determination of
the vapour pressure of moist air e' was made with the help of different methods
and by different observers.
Our values of Aw<tw) and At (in equations (3) and (4)) were
supported by 14 measurements made with an Assmann aspiration psychrometer in
dry air in a climate chamber at t= 20°C by G.N. Aljancikova and
M. .A. Doronin (1) and V. .A. Usol 'cev (12). In these two cases the . remaining
vapour pressure was measured with an automatic dew point meter. The measuring
values can also be seen in D. Sonntag (8), where 7 measurements carried out by
D. Sonntag in 1975 in air with a relative humidity of 44 per cent at t = 21.5°C
are also contained. These measurements were made in a large laboratory of the
Polish Conunittee of Standards and Measures in Warsaw, Poland.
As reference
instrument was used an electrolytic hygrometer of the Gregory type (Negretti
and Zambra Ltd., London) that was calibrated before and after the measurements
by means of a humidity generator which was checked by a gravimetric
hygrometer. The results of the determination of Aw in dependence of the wet
bulb temperature tw obtained in the course of the three measuring series
described are shown in Fig. 1.
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V.A. Usol'cev (12), on the basis of 8 measurements, obtained the mean
value At= (5.69 + 0.05)•10- 4 K- 1 • As his mean value
Aw<tw) = (6.5'0- + 0.02) '10- 4 K- 1 at tw = 7°C is by 0.07 •10 4 K- 1
lower than our mean value obtained with the coefficient in equation (3) we get
by correction
.
,
4
1
At = (5.69+0.07+0.05)•10- K- = (5.7G+ 0.05)·10- 4 K- 1 ,
a value that agrees -;ery well with the -A 1 in equation (4). The given
uncertainties are the standard deviations of the mean value.
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Experimental determination of Aw<tw)•, coefficient from
equation (3) -----, deviation of Aw<tw> caused by ±0.1 K

Fig. 1 also contains 6 mean values of ea. 20-30 single measurements
made by K. Dittberner in 1984 at t = 22°C and 32 per cent relative humidity.
They were carried out in the ".Amt fiir Standardisierung, Messwesen und
Warenpri.ifung" in a climate chamber with air from a hummidity generator that was
checked with a gravimetric hygrometer. (See also G. Scholz (5) and (6)).
Four electrical sensors of the resistive type (type 1060 and 1061 VEB
Feutron, Greiz, GDR) were calibrated in the humidity generator before and after
the measurements. Three measuring series were made in a large laboratory and
three series in a climate chamber. The humidity generator and the gravimetric
hygrometer used are similar to those used by the National Bureau of Standards,
Washington and by the Polish Committee of Standards and Measures.
A
description is given by G.. Scholz ( 3) and ( 4). The gravimetric hygrometer works
on a absolute basis in terms of the mixing ratio. Moist air is sucked through
three U-tubes, that are filled with P20.&, with the help of an evacuated
30-li tres-cylinder. The humidity generator is based on the principle of the
two-pressure-method.
G.
Scholz
( 5)
and
( 6) measured two series of 23 and 12
Aw<tw)-values in 1984 and one series of 11 values in 1988 directly
connecting the Assmann aspiration psychrometer with the exit of the humidity
generator, the flow rate of which was chosen so that a velocity of about 3 m/s
on the wet bulb was generated.
The wet and dry bulb thermometer were
alternately brought into the air stream. The result was always the same,
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whether the ventilation was caused by the aspirator of the psychrometer or by
a small overpressure in the generator. The vapour pressure of moist air e'
was calculated on the basis of the mixing ratio given by the parameters of
the humidity generator, that was checked by the gravimetric hygrometer. The
result of the measurements is included in Fig. 1.
D. Sonntag measured one series of 30 AwCtw)-values in the period
December 1988 to January 1989 in a laboratory at t=20°C and 35 per cent
relative humidity. He compared a gravimetric hygrometer with the Standard
Assmann Aspiration Psychrorneter (SAP) type llc No. 512350 that had been used
during the WMO International Assmann Aspiration Psychrometer Intercomparison
(D. Sonntag (9 and 10)). The thermometers were calibrated with an accuracy of
0.01 K and read with the help of a fortyfold magnifying telescope with an
accuracy of 0. 05 K. The result is also included in Fig. 1. Because of the
fact that the measurements were very carefully and precisely carried out and
that the wet bulb range was small (tw = (11.75 ± 0.71) °C), he obtained for
n . - 30 measurements a value Aw(ll. 75)
6,606 • 10- 4
K- 1
with the
standard deviation of the mean value s/ (n' = + 0. 017 " 10- 4 K- 1 •
The
coefficient in equation (3) gives an 1\w(11.75) ;; 6.Go1 .. 10- 4 K- 1 ~
The
deviation in Aw<tw) is only ~o. OOit • 10- 4 K~ 1 which corresponds to a
tw
-0.002. K. The unpredictable systematic errors of the measuring values
of the gravimetric hygrometer and the SAP were very small compared with the
random errors caused by influences of the environment.

=

=

Taking into account all n = 103 measurements shown in Fig. 1 carried
out with different methods and by different observers with different
instruments, we get the regression equation
(8)

The uncertainty is valid for a confidence level of 95 per cent. The standard
deviation of the random error was sr = 0.093 •10- 4 K- 1 and the estimated
standard deviation of the systematic error was Ss = 0.025,10- 4 K- 1 •
It is
and for the confidence level of 95 per cent the standard deviation of the
mean value is

The values of equation (8) are in close agreement with those of the
coefficient of equation (3), so that equation (3) can be used in practice
provided that the Assmann aspiration psychrometer used meets certain standard
conditions, such as:
1.

2.
3.
4.
5.
6.
WWW/253

The thermometers have to be carefully calibrated, possibly with an
accuracy of ±0.05 K, but no worse than +0.1 K.
The grease-free wick has to have a length greater than 30 mm and a
good fit.
The inner surface of the inner radiation shield tube should be made
from polished or highly polished metal (nickel-or chromium-plated) . •
The aspiration rate has to be between 2.2 and 4.4 m/s.
There must not be any water droplet between wick and inner radiation
shield.
There must not be any break in the mercury columns.

- 179 D. Sonntag ((9) and (10)) showed that the values of the WMO Interim
Reference Psychrometer EAP (Electrical Aspiration Psychrometer) are in close
agreement to those of the SAP (Standard Assmann Psychrometer). Therefore,
equations (3) and (4) can also be used for the EAP. However, as we have with
the EAP other heat conduction conditions and a black surrounding of the wet
bulb, other numerical values have to be taken for oc· , o(A and d.. r.
In 1989, D. Sonntag and U. Wendling found complete agreement between
the dry and wet bulb temperatures mea~ured with an Assmann aspiration
psychrometer equipped with Pt-100 resistance thermometers and those measured
with the Standard Assmann Psychrometer equipped with mercury-in-glass
thermometers.
According to our experience the gravimetric hygrometer has to be
handled very carefully. That means that the whole system has thoroughly to be
purged for a few hours with dry air before the measurement can start. The
purification with dry air of the U-tubes, containing the drying agent, is
very important. If the gravimetric hygrometer is not carefully cleaned, one
gets values of the psychrometer coefficient of ca.6.2 • 10- 4 K- 1 •
Such
values were given by J. Fan (2) for a WMO Reference Psycgrometer and an
Assmann Aspiration Psychrometer. Furthermore, the gravimetric hygrometer used
by J. Fan, in important parts, deviates from the instruments used in the
German Democratic Republic, Japan, Poland and in the USA with the _main
deviation being that the air is pumped through the system and a flow meter,
and a diaphragm pump is used before the U-tubes containing the drying agent.
There is the danger that these parts give additional moist•lre within the
absorption train. With all the other gravimetric hygrometers mentioned above
the moist air enters directly into the U-tubes, containing the drying agent,
and -filling the evacuated cylinders- is sucked through the hygrometer.
The determination of the mass of dry air by these systems is also
more accurate than by the gravimetric hygrometer used by J. Fan.
The
absorption of additionally gene1.ated moisture from parts of the hygrometer
system gives a higher mixing ratio and, therefore, a higher e' and a lower
'/>.w. This should be taken into consideration if a gravimetric hygrometer- is
used.
Finally,
it shall
be
underlined that
the
accuracy of
our
determination of the psychrometer coefficient presented is, in any case,
sufficient since, in meteorological practice, the psychrometer thermometers
are read to +0.1 K.
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EXPERIENCE

WITH DEW-POINT SENSORS IN AUSTRIA
0. Motschka and E. Rudel

Central Institute of Meteorology and Geodynamics,
Vienna, Austria
1. Introduction
Using automatic weather stations there is the demand for reliable and exact
sensors for measuring the air humidity. Especially in extreme climatic situations in high
mountain regions the conventionally used Pernix hair-hygrometer has the following disadvantages:
a) inaccurate measurement especially at low temperatures
b) blockage of the instrument due to icing
c) extreme errors after icing conditions
The best solution for solving the above mentioned problems is considered to be the
measurement of humidity wich dew point mirrors. (1)
This kind of instrument especially for the use as sensor in the network of the
automatic weather stations was developed by the Austrian Research Center in·
Seibersdorf. The first prototypes were manufactured in 1985. The sensor is mass-produced by the Kroneis-Company which is a specialist of meteorological instruments in
Vienna, Austria.
2.

M e t h o d s and M a t e r i a 1

The dew-point sensor consists of an optical bridge made of a measuring mirror at
the cold side of a Micro-Peltier-Element and a reference mirror at the hot side. With no
energy supply to the Peltier-Element the bridge is balanced, that means, the light from
an IR-source reflected from each mirror to seperate sensors has same intensity. Energising the Peltier-Element the measuring mirror cools down until condensation of Water
appears on its surface, this disbalances the optical bridge. An electronic circuit connected with the optical bridge supplying the Pettier-Element now controls the currant,
which is flowing into the Peltier-Element in that way, that a very small disbalance of
the optical bridge will be maintained. In this way the measuring mirror is kept at
dew-point. To measure the temperatur of tha,t mirror, a small linearised NTC-Sensor is
mounted in a hole in the approximately four millimeter thick mirror.
In the network of the automatic stations in Austria the sensor is mounted in the
ventilated thermometer screen.
3. R e s u 1 t s
Continuosly operated the first prototypes of the sensors showed errors in measurement mainly caused by unclean and corroded mirrors caused by the physical and chemical components of the dew. Whenever the pollution exceeds a certain amount the mirror
has to be cleaned. The frequency depends on status of air pollution and varies from 5 to
15 days. To avoid difficulties with an automatic cleaning system the mirror is polished
by hand.
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Figure 1 shows a time series analysis of a station in Vienna of the period December 1987 - March 1989. The graph shows the mean daily differences between the
dew-point measured with the new sensor and the dew-point calculated with psychrometric formula from the conventional measurements. The mean difference between the
dew point temperatures is +0,5°C. That means in other words that the relative humidity
is about 4 % higher with the new system.
The peaks in the figure correspond to extreme errors and faults. In the shown
period the sensor had to be repaired or replaced five times.
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Figure 2 shows the correlation between the mean daily values measured with the
dew-point sensor and a hair-hygrometer which is calibrated with psyclu'ometrie measurements on the Sonnblick-Observatory in 1987.
In this extreme climatic conditions (Temperature-range 1987: -32, 7°C - +ll.0°C)
the values of the dew-point sensor in the lower ranges are smaller than with the hygrometer. In the upper range of relative humidity the dew-point sensor often shows values
over lOO %.
Reference
(1) Hoegger, B.A., J. Joss, P. Wasserfallen and P. Ruppert: THYGAN. A New Rugged and
Microprocessor-Based Thermometer and Dew-Point Hygrometer, WMO Report No 16,
TECIMO 1985 Ottawa, July 1985
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This paper describes multilayer hygrometers.
We shall particularity focus on the following aspects
standard characteristics, no necessary calibration
long life durability in polluted environnement
no alteration by saturation
easy adaptable technology
2

DESCRIPTION

2-1
The superimposition of several layers of different
kind
of
polymers
allows
to
obtain
a
thin
dielectric
whose characteristics depend on relative humidity.
2-2

A

sensor

includes

an insulated support
an electrode
several layers of polymers
another electrode achieving a variable capacitance
several layers of polymers and/or elastomers allowing
the chemical and mechanical protection
3

PROPRIETIES

3-1

Variation

c =

f(U%)

The capacitance variation of such a sensor
with great accuracy the following relation
C(U)
at

Co/(1 -KU)

o

respects

(1 )

eo

capacitance

K1

1 ,876

x1 0-3

+/- 0.01 2

K2

2.237

x1 0-3

+/- 0.03 x1 0-3 over 73 %

%
x1 0-3

from

o

%

1% max)
This relation is standard
( + /for
types of sensors.
A
calibration
is
therefore
not
·necessary.
measure allows to calculate eo, which is the
known parameter for a given sensor.
3-2

to

all

73

%

these

A
single
only un-

Linearisation

Capacitance variations are turned into
an oscillator of which the response is :
F

=

1/AC

frequences

with
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A

=

The

Constont
equation

(1 )

becomes
F

with fO
see fig

:

=

F0(1 -I<U)

4il

60

(2)

1 / ACO
1

F
8231!1

761!11!1

7 4BI!I

781!19

29

BEl

u
3-3

Hysteresis

All the laboratory results
very small (<=+/- 1 %).
3-4

Temperature

show

that

the

hysteresis

is

influenct:;3

This parameter has been obtained after hundreds of experimentations between -30°C and +20°C.
Supposing that the variation is linear, the coefficient
comes out with a value of 0,2%/°C.
The temperature correction will be :
U ·=
with

Ui

Ui+0,2(Tref-T)

= initial humidity
Tref = reference

.(3)

temperature

Remark : for the temperature below
ways indicates a relative humidity in

0°C, . the sensor
relati.on to

al-
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liquid
3..:....5

wotsr.
Time

constant

it can be adjusted from 0,2 to 1 20 sec according to
the number of layers
it doubles almost every time the temperature decreases from 1 1 °C
4

- , TIME

4-1

In

STABILITY

laboratory

In room c.onditions, the deviation is lower
per year over a period of 4 years.

than

2

%

4-2 In saturated ambiance (distilled water), the fig 2
shows the behaviour of a sensor during a 4 months test
103

t
97 I

nb

98

4-3

outside

d'e

j ours

test

After 3 months test made by the "METEOROLOGIE NATIONALE FRANCAISE" the following results have been found
out (see fig 3 and 4)
so
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333 measurements
average deviation : 0,3%
standard deviation : 1 ,1 3%
Tests have demonstrated that the life duration of
these sensors was included between 6 months and 1 year
in an urban environment.
These se.nsors have been tested during the international
comparaison
of
WMO
In
Norway.
The
first
results
show that the deviations measured there are roughly the
same as those described above.
CONCLUSION
allow
its·
The
particularities
of
this
kind
of
sensor
use in various applications such as automatic stations,
radiosondes and aircraft measurements •.•

(Reference IV.?)

SOME RESEARCH ON. THE TEMPERATURE CHARACTERISTICS OF
CAPACITIVE THIN FILM (POLYMER) HUMIDITY SENSORS

Zheng DeCheng
Academy of Meteorological Science,
National Meteorological Administration,
People's Republic of China.

l. INTRODUCTION
Tn China, during the last few years, the deployment of capacitive thin film (polymer) humidity sensors in various areas has
steadily grown.
The important pBrameters, which characterize the capacitive
.
thin film (polymer) humidity sensors, such as: accuracy, linearity,
hysteresis, rep~atability, long term stability, temperature dependence, response time~ interchangeability, etc., are of great concern
to the users and potential users. Of these parameters, the temperature characteristics of the sensors, especially the temperature
dependence under low temperature, is the persistent question of
users.
This paper presents the results of the investigation on the
temperature characteristics of domestic fabricated capacitive thin
film (polymer) humidity sensors (CAMS sensor) and some Vaisala's
sensors as well. This investigation works have been done under
both. laboratory condition and field condition during the period of
1985-1988.
The properties of CAMS sensors are summarized in Table 1.
Table 1
1•

2.

3.
4.
5.
6.
7.

8.

· Some properties of CAMS sensors

( O%RH')
Dynamic range ( C/C 0 )
Humidity range
Operating temperature
Linearity (10--80 %RH)
Hysteresis (for humidity
·excursion 15-80-15 %RH)
Response time (0.9 response)
Accuracy (at 2QOC)

C0

45

::1:

5 pF

28---34 %

0---100 %RH

-1+0--- +40 °C
1 %RH
~ .2 %RH

s
±3 %RH

~1
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2. LABORATORY TEST
2.1. Reference Standard and Test Facility_
A two-pressure humidity generator, which is established and
maintained in Academy of Meteorological Science of China (CAMS) and
has been approved and certified by the National Institute of Metrology of China, is used as the reference standard of humidity measurements and principal facility for calibrating and testing hygrometers and humidity sensors. The CAMS two-pressure humidity generator provides optional moist air in ·its test chamber over a wide
range of t@mperature (-45-- +45°C) and over a wide humidity range
(-60-- +45 C of dew point). The overall uncertainty (3 er) of measured humidity values of the CAMS two-pressure humidity generator
is ±0.8% for temperature range +10-- +50°C, ±1.5% for temper8ture range 0-- -30°C and ±2.0% for temperature range -40-- -50 c.
2.2. Laboratory Calibration
All humidity sensors should receive their basic calibration
before test. For this purpose, 8 CAMS sensors and 6 Vaisala sensors
were calibrated at least twice in the CAM§ two-pressure humidity
generator at an ambient temperature of 20 C. Each calibration is
defined as a cycle calibration, which is starting from 15%RH point
up to 95%RH point and then returning to 15%RH point with int.ervals
of about 15%RH. So that a total number of 11-12 calibration points
(or data) was obtained for each sensor in one calibration cycle.
The results of basic calibration show that both CAMS sensors
and Vaisala sensors have a good repeatability, which is estimated
to be better than ±1%RH.
2.3. Temperature Test
The temperature test of humidity sensors is defined as the.
accurate calibration of humidity sensors at different controlled
temperatures. After the basic cali brat:Lon, all tested sensors (as
mentioned above) were conducted the calibratign in the C~MS two .
pressure humidity generator at temperature 40 C, 20°C, 0 C, -20°C
and -40°C by turns. The calibration cycle ( 15%RH -- 95%RH -- 15%RH),
which. is the same as mentioned above, was performed at least twice
at each temperature. The order gf · temp~rature cycle is:· starting
from +20°G then down to 0 c, --20 C, -40 C and retgrning to -20°C,
0°C, +20°C iJnd up to +40 G; or, 8tartbng from +§0 C th~n straight
down to -40 C and then up to -20 C, 0 C and +20 C, +40 C. · .·
Af..ter temper8-ture test,. all tested sensors were recalibrated
at temperature 20 C and any changes in calibration for each sensor
were estimated. By comparison with the basic calibration of each
sensor, no distinguishable changes in Calibration during tempera tu re
test were observed.
The results of temperature tests sho·w that both -the CAMS sensors
and the Vaisala sensors have a similar nature .of tempei-ature characteristics, i.e. the shapes of calibration lines at different temperatures of the 14 tested sensors are simil~r each other.
The representative diagrams of temperature characteristics of
three types of tested humidity sensors (CAMS, HMP14U, HMP31UT) are
given in Fig.1, Fig.2 and Fig.3. ( Note: The calibration line at 40°C
are not given because of they are nearer to the calibration line at
20°C. )

g
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In the Fig.1,
Fig. 2 and Fig •3 , i t
can be seen that the
calibration lines of
sensors at temperature 20°C have slight
increasing of sensitivity at ambient
humidity above 80%RH.
This is the well-known
shortcoming of the
behaviour of polymer
thin film capacitive
humidity sensors.
But, obviously, it
has not been observed
in calibration lines
at lower temperatures.
Some de tail investigations of temperature characteristics of polymer
thin film capacitive
humidity sensors
over the same temperature range
(-40-- +400C) with
smaller intervals of
about 10°c have been
done additionally •
The restl-lts is shown
in Fig.4.
Figure 4 shows
that the temperature
correction ·fac:tor (k)
is not linearly depend
on the ambient temperatures. It is maintaining a almost constant value within
temperature range of
+10-- +30°C and-it
has a small increment
(5%) within temperature range of -5-+20°C
and --a-larger-increment
of 35% within temperature range· of -5°C to
-40°C •
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3. FIELD TEST
Validity of field test of humidity instruments is entirely dependent upon the field standard instrument and a sufficiently large
set of measurements.
3.1. The Field Standard Instrument
Since the dew point hygrometer (cooled mirror type) has been recommended as the most. accurate instrument for measuring atmospheric
humidity, especially
at low temperature,
100 %RH
a EG&G model 300 au...;
Indication
tomatic chilled-mirof Sensor HMP31UT
ror dew point hygrometer is used as a
field standard ins80
trument of air humidity measurements.
This dew point hygrometer has been care60
fully calibrated
against the CAMS two
pressure humidity
g~nerator over the
dew point range from
40
+20°C to -40°C.
Calibrations had
been done several
times. The calibration results of the
20
dew point hygrometer
is shown in Table.2.
A remote mountStandard Value %RH
ing PRT(platinum resistance thermometer)
100
80
20
40
60
accessory, which enables the EG&G dew,Fig. 3
point hygrometer to
measure the ambient
temperature (dry
Correction
bulb
temperature),
k
Factor
had been calibrated
in laboratory. The
1.40
calibration results
show that the error
1.30
of the indications
of PRT within the
t.emperature range
l.20
~40-- +30°C ~s less
than o.05°C.
1.10
The EG&G dew
point hygrometer artd
1.00
its PRT accessory
were recalibrated in
laboratory when these
-20
0
+20
. +40
-40
instruments returned
Ambient Temperature,. 0 G
from the field. No
changes in calibration were observed.
Fig. 4
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Table 2
The calibration result of EG&G hygrometer
Indication range (°C)
+20.0 -- +0.1
-0.1 -- -45.0
Correction

(°C)

+0.1

0.0

12

11

Standard deviation (cr)
Number of measurements

3.2. Test Location
Four sensors, which comprise 2 CAMS sensors and 2 Vaisala sensors, were selected from the 14 tested sensors. The 4 sensors and
the air-sampling tube of dew point hygrometer were mounted in a
louvered thermometer screen at the site of a weather·station, which
is located in the steppe in northeast of China (the frigid zone of
China). The measuring instruments of dew point hygrometer and humidity sensors were placed in the cabinet of a mobile station, which
is located to the south of louvered thermometer screen at a distance
about 10 meters from the screen. The mobile cabinet is air-conditioned, so that the temperature inside the cabinet can be maintained
at 5--10°C even though outside is frosty.
Field test of capacitive humidity sensors had been done for
half year from January to June in 1988. During field test the temperature excursion was -25-- +25°C and the humidity excursion was
10--95%RH.
3.3. Results
A total number of 652 sets of measurements excluding 28 sets
of false.data were obtained during field test. The results of field
calibration of humidity sensors against dew point hygrometer is
gi v.en in Table .3.
Table 3
Results of field test of humidity sensors
Temperature Humidity
HMP
CAMS2
HMP 2
CAMS1
range
range
n
oc
MD
SD
MD
MD
SD
SD
MD
%RH
SD
+1

+25

20---80 174 -0.9 ±1.6 -1..3 ± 1 • 6 -1.8 ±1.7 -1..3 ±2. 1
80--100
48 -.3.0 ±1.8 -3 • .3 ±2.0 -.3.5 ±2.0 -.3.0 ±2.2
-1
.-25 10---95 4.30
** ± 1 • 4
** ± 1. 4
** ± 1 • .3
** ±1..3
MD(mean difference) =~(Udew point- Usensor)/n •
SD( standard. deviation).
n---number of sets of measurements.
** denote that it is meaningless to calculate MD at temperature
below 0°C, if the temperature correction had not been applied
to the indications of humidity sensors.
Table .3 shows that the 4 tested sensors are qualified excluding
the "swelling effect" at higher ambient humidity (above 80%RH), which
had occurred even at temperature 2°C.
Owing to having sufficiently large number of measurements, the
temperature characteristics of tested sensors had been determined
at gour temperature conditions, i.e. +15°C(11--18°C), +5°C(2-~9°C),
-10 C(-7-- -1.3°C) and -20°C(-18-- -22°C) •. The representative diagrams of CAMS sensor and Vaisala sensor are given in Fig.5 and Fig.6
respectively.
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By comparison
Fig.5 and Fig.6 with
Fig.1 and Fig.2, it
is found that these
figu~es are in good
conformity.
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The temperature
characteristics of
polymer thin film
capacitive humidity
sensors had been
studied and determined under both laboratory conditions
FJ.nd field conditions.
Because the humidity instruments
are calibrated at
room temperature in
general, so the polymer capacitive
~umidity sensors can
be used without temperatur~ correction
within temperature
range +5-- +40°C.
Bowever, when the
sensors are used at
temperature beyond
the range (5--40°C)
especially at low '
temperature, the temperature correction
should be applied to
the humidity measurements.
The study on
the automatic temperature compensation technology for
the polymer thin film
capacitive humidity
sensors is necessary
and is also of concern
to the users.
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SRS-400: THE NEW SWISS RADIOSONDE

B. Hoegger, A. Heimo, G. Levrat, J. Rieker
Swiss Meteorological Institute
CH-1530 Payerne

Preface and short summary
The Swiss Meteorological Institute together with a Swiss manufacturer of
meteorological instruments, Meteolabor Inc., have been developing the new
radiosonde SRS-400 during the last years. The features of this sonde include
thermocouple of 0.05 mm diameter, a full range hypsometer and the US/NWS
carbon element humidity sensor. Signal conditioning, sensor multiplexing and
transmitter modulation have also been redesigned.
The different utilizations of thermocouple sensors are displayed together
with the performance of two concurrent hypsometers, the full range water
hypsometer and the Freon 114 model.
Intercomparisons with the conventional mechanical sensor radiosonde
have been extensively performed and results will be presented.

1. Objective
The Functional Specifications for the Next Generation Upper Air System
(NEXAIR) provided a set of detailed system performance requirements along
with general system description in terms of relatively broad design concepts
which are today still valid. The Functional Specifications established
temperature, pressure, humidity, wind direction and wind speed as the
parameters to be reported by the NEXAIR [1].
To move directly from a set of performance requirements to prototype
hardware, the Swiss Meteorological Institute together with a long experienced
manufacturer of radiosonde systems Meteolabor Inc. decided to launch the
development of a new radiosonde system intended to replace the existing flight
and ground subsystems based on mechanical sensors and registration
systems.
2. Requirements
The NEXAIR performance requirements as specified in [1] were
thoroughly fulfilled in using thin thermocouples as temperature sensors, full
range hypsometer as pressure sensing element and the US/NWS carbon
element as humidity sensor.

- 198 -

Because of technical restrictions, the principle of the existing windfinding
system based on a 403 MHz transponder radar has been retained. Figure 1
shows the block diagram of the complete BASORA-400C radiosonde system.
3. SRS-400 Radiosonde performance
Figure 2 presents the block diagram of the flight subsystem SRS-400. The
main sensors for PTU consist of a full range hypsometer for the pressure P, a
thermocouple for the ambient air temperature T and a carbon element for
recording the humidity U.
3.1 Temperature sensor
Simple fast response Cu-Konst thermocouple with 0.05 mm diameter is
used to measure temperature. The reduced size of the temperature sensor
results in improved time response and reduced error due to radiation. Nonlinear behavior of the thermocouple is easily corrected by well known
algorithms.
Using thermocouples introduces an important drawback arising from the
necessity to make use of reference temperature source. For this purpose, the
SRS.-400 radiosonde uses an inherently linear Cu resistor fed by a highly
constant current source. The temperature range extends from -80°C to +110°C
with a linearity better than 30 ppm, an absolute accuracy of± 0.1 °G and a
resolution of 0.03°C.
3.2 Pressure sensor
Because of the notorious behavior of aneroid capsules at low pressure
resulting in large percentage errors, two newly designed full range
hypsometers based on Freon 114 and water respectively for continuous
pressure measurements were developed and compared in laboratory as well as
during real flights. These experiments lead to comparable results: though the
Freon 114 hypsometer has the inherent advantage of needing no external power
supply, the water hypsometer was chosen because of world wide concern about
the effect of the use of CFC on the atmospheric ozone.
The water hypsometer may be used as full range hypsometer with
satisfactory accuracy because temperature is measured with the above
mentioned precise temperature measuring technique [2]. An algorithm taking
into account the ground pressure, measured by a precision barometer, and
computing the hypsometric temperature for water allows to adjust the
pressure baseline.
3.3 Humidity sensor
A fast response VIZ ACCU-LOK carbon hygristor is used to measure
humidity. Basically intended for world wide radiosonde use, the humidity
sensors are packed in small hermetically sealed metal cans. This package
provides both physical and environmental protection over a wide spectrum of
storage conditions for extended periods of time. During the radiosonde preflight procedure, the lock-in humidity resistance is introduced in the data
acquisition software and the sensor is ready for flight. The provided range
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extends from 0 to 100% RH, from -60°C to +40°C, with an accuracy of 2% RH
(rms). Polynomial equations for computer evaluation provide means for
temperature correction allowing full range atmospheric humidity sensing.
3.4 Signal conditionin2'
The PTU sensor outputs are available as DC voltages. They are
multiplexed together with three other auxiliary signals (reference
temperature, span and offset) leaving two spare channels for ozone
measurements or other future applications. A voltage to pulse length converter
prepares the signals for modulation of the RF transmitter. The time interval
between the fixed RF bursts (1 ms pulse length) is proportional to the signal
amplitude. All meteorological parameters are samples once per 8 seconds
throughout the flight.
3.5 Pre-flight procedures
As the SRS-400 radiosonde uses only sensors with known constant
physical characteristics (thermocouples) or lok-in parameters (carbon
hygristor), there is no need to calibrate them. A pre-flight check measures the
span and offset voltages with a precision DVM as well as the absolute
temperature of the reference. This information is included in the radiosonde
data stream.
3.6 Data processing
Figure 3 ·displays a diagram of the complete data processing and
acquisition. The BASORA-400C micro-processor based transmitter-receiver
system (transponder) converts all incoming signals to pulse length duration
which are then converted to physical quantities by the HP 9000/835 computer
system.
4. Intercomparisons
More than 50 test flights, most of them together with the operational Swiss
Radiosonde, were performed between 1985 and 1989. Taking into account that
only the pressure and temperature measurements are thus comparable, it may
be said that the new SRS-400 radiosonde offers an enhanced quality of the
recorded meteorological data throughout the considered atmospheric range.
Comparisons of the temperature profiles show that the improvement resides in
higher time resolution, yielding more detailed information in the lower
troposphere. The introduction of the hypsometer drastically improves the
quality of the pressure measurements. This is due to the fact that the
mechanical radiosonde has been using two systems of aneroid barometers
which are switched at 100 hPa and matched subsequently by software. The
resulting significant deviations arising from the poor behavior of the two
aneroid barometers (not fully compensated temperature coefficients) may be
seen on figure 4 which illustrates the absolute differences between the
mechanical radiosonde and the SRS-400 outfitted with two identical water
hypsometers during an ascent.
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5. Conclusion
The results presented in this paper together with the fact that the
introduction of the new radiosonde resulting in significant reductions of preflight handling and costs lead the Swiss Meteorological Institute to the decision
to introduce the radiosonde SRS-400 as flight- and BASORA-400C as groundsubsystems for the next decade.
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SRS 400

Figure 1
Block diagram of the
BASORA-400C Radiosonde
system.
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barometers of the operational Swiss radiosonde during an ascent.
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1. Introduction
As opposed to many other countries, the Federal Republic of West
Germany has strict regulations on the transmission of meteorological
data. These regulations mainly concern the 20 kHz 6hannel spacing and
the spectral purity. Due to the ever increasing occupation of the UHF
band it is likely, that other countries will tighten up their
regulations as well.
This article deals with a new radiosonde system, that has beeri
developped for the use in the FRG.
2. Radiosonde
2.1 Data acquisition and sonde control
For the acquisition of the meteorological data worldwide proven
sensors are used: The pressure is measured by the GRAW aneroid
capacitive capsule working in a Re-oscillator. Similarily the
resistance of the temperature and humidity transducer (NTC-thermistor
and carbon element respectively) are converted into a frequency. The
period time of each transducer oscillator is counted, as shown in
fig. 1, by a microprocessor with an averaging time of 70 ms.
Due to the maximally allowable power in the adjacent channel of -20
dBm, it is desirable to improve the overall S/N ratio at the
receiver not only by increasing the transmitted power.
So a forward error correction is performed ( 4 bit to 8 bit), which
allows correction of one error and detection of two errors. This
results without any additional expense in hardware in a 3 dB
improvement in S/N ratio, since the'microprocessor can generate the
coded data words within a negligible time. Additionally the peak FM
deviation of the transmitted signal can be increased by 10 percent
to give 1 dB more S/N ratio in the base-band.
After biphase modulation with a 1.25 kHz subcarrier the resulting
digital word is transmitted over the telemetry channel using the FSK
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(frequency shift keying) modulation scheme. During measurements only
the bit clock is transmitted in order to permanently synchronize the
receiver. Fig. 2 shows the format of the digital signal transmitted.
Every sensor data block starts with a synchronisation with a length
of 16 bit, which has been chosen to have maximum code distance from
every other data word. A unique sensor identification byte and four
data bytes follow. During measurements only null words are
transmitted. One cycle of measurement and transmission for one
sensor needs 12 8 ms, so that a complete cycle of 8 sensors is
finished within one second.
·
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Fig. 2 :. Format of the digital transmission

2. 2 Tel.emetry transmitter at 400 MHz
The transmitter is based on a phase locked loop (PLL) synthesizer
with an amplifier stage to give 50 mW effective radiated power
according to the German FTZ (Fernmelde technisches Zentralamt)
specifications. The frequency can.be set by the user right before
the launch by connecting the sonde to the ground station. The
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channel information is transferred to the non volatile memory of the
sonde. So the PLL can be reset, just in case it should loose phase
lock during flight. This virtually arbitrary selection of the
transmitting frequency provides more flexibility and efficiency for
stockkeeping.
·
For sensitive measurements or in case the PLL is of out of lock the
microprocessor can reduce the transmitted power by 25 dB.
The transmitter needs a supply of 5 V I 70 mA.
2.3 Omega windfinding
For windfinding the usual Omega transponder system , as published by
Swanson /1/ and Govind /2/ cannot be used in West Germany because of
the limitation of the RF-channel bandwidth to 20 kHz) .
In order to reduce the usually occupied bandwidth of 60 kHz to 20
kHz, a modification of the Omega system is under developement now,
using a down-conversion of the omega frequencies with the quartz
oscillator of the radiosonde. Fig. 3 shows a block diagram of the
Omega signal conversion in the radiosonde. The received Omega signal
u1(t), given by
u1(t) = uiv(t) cos(mlt + ~v(t))
is downconverted by a mixer with the local oscillator signal
uLo(t) = uLo cos(roLot + ~Lo(t))
to yield after low pass filtering
u2(t) = v uiv(t) cos(ro 1 t - mLot + ~v(t) - ~Lo(t))
=

v uiv(t) cos(mzFt +

~v(t)

-

~Lo(t))

The index v stands for the consecutive signals of the Omega transmit
stations (V = A, B, C ... ) ,
ro1 is one of the Omega frequencies and rozF
. = ffii.::.mLo is the Tntermediate frequency. The . constant factor V
includes all gain terms. The different phases ~V (t) have to be
stored within one Omega epoch by a perfectly stable local oscillator
with the phase ~Lo(t) constant over the time.
13.6 kHz

mixer

Omega
receiver

lowpass
filter

crystal
1-----~--~~ biphase
modulator
oscillator

Fig. 3

3.6 kHz

FM

modulator
transmitter

Block diagram of Omega downconversion in the sonde
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The short term stability for one centicycle (that is 3. 6 degrees)
error over one Omega epoch of 10 s has to be 3x1o-8, which is only
achievable with a high quality temperature compensated quartz
crystal oscillator (confer to Poppe /3/) . These short term stability
requirements can be substantially alleviated by a simultaneous
transmission of the local oscillator's phase to the ground station.
The bit clock of the digital transmission, which has to be recovered
at the ground station anyhow, represents the local oscillator phase,
since it is derived from the same source. The downconverted Omega
signal is added to the digital data stream and after transmission
over the telemetry channel separated again in the ground station by
appropriate filters. After reception and FM demodulation, as shown
in fig. 4, the recovered local oscillator, given by:
ULor<t) = uLor cos(roLot + ~Lo(t) +~N(t) + K)
and the modified Omega signal given by
U2r(t) = v uiy(t) cos((ro 1 -roLo)t + ~y(t) - ~Lo(t))
are mixed again and yield after bandpass filtering
U1r (t) = Vr uiy(t) cos((ro1-roLo)t + ~y(t) - ~Lo(t) + roLot +
~Lo(t)

+ ~N(t) + K)
Vr uiy(t) cos(ro1t +

+

~(t)

~N(t)

+ K)

The index r stands for signals recovered at the ground station, ~N
represents an additional phase jitter due to the transmission over
the noisy telemetry channel and K a constant phase lag (e.g. due to
the 90 deg. phase shift of the PLL) . The PLL for the bit clock
recovery works with a loop bandwidth of about 10 Hz. The signal
U1r(t) can then be used for further processing to extract the speed
vector of the sonde.
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Fig. 4
Block diagram of Omega signal reception at the ground
station and local oscillator phase compensation
3. Ground station
The ground station is based on high quality standard components. The
rf section comprises two antennae, for normal and overhead reception
(dipole and helix antenna respectively), a low noise preamplifier
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(20 dB gain and 1.5 dB noise figure) and a modified communication
receiver.
Basic part of the ground station is a rugged IBM compatible computer
for all control and processing tasks.
Before launch the radiosonde is connected to the ground station for
initialisation to set the rf channel and to store this information
in the nonvolatile memory of the sonde and to read the
identification and the calibration data of the sensors. Since all
necessary data are contained in the radiosonde itself, both handling
and launch has become a lot easier.
Additionally a battery check and a functional self test is
performed.
During the ascent the received data are stored and processed off
line in the computer according to WMO standards.

(
'"~

Fig. 5 : Photograph of the radiosonde without housing
4. Performance
The accurracy of PTU measurement exceeds the WMO standard. The
measurement of pressure has been found to be equivalent to the RSG
sonde (that is+/- 0.1 hPa), since the same pressure transducer is
used.
The digital error correction and the low noise frontend lead to a
word error propability of 1%, with a rf signal-to-noise ratio of
5 dB, or -127 dBm rf-power, a noise temperature of 290 K and an
effective bandwidth of 10 kHz. This means a 15 dB margin at a slant
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range of 250 km with a transmitted power of 50 mW and a standard
dipole receiving antenna. The acquisition of the bit clock and of
the sensor data block synchronisation is achieved within 500 ms
after starting transmission.
The accuracy of phase measurement for the downconverted Omega
signals is only slightly reduced, so that after appropriate
processing a determination of the wind vector with an accuracy of
1m/s can be expected. This system has not been proven in a field
test yet, but has been verified in the laboratory.
The sonde meets the specifications concerning the 20 kHz channel
bandwidth and the spectral purity of the transmitter. Fig. 5 shows a
photograph of the sonde without housing and shielding. The size of
the printed circuit board is 175 x 80 mm2. The sonde is powered by a
single 9 V lithium block battery, the overall current is 100 mA. The
whole radiosonde including battery weighs less than 250 g.
5. Summary
For the use in the Federal Republic of Germany a new 50 mW
radiosonde with fully automatic receiving and data processing
system, according to the German FTZ specifications, has been
developped.
Both the acquisition of pressure, temperature and humidity and the
RF-PLL-synthesizer are controlled by a microprocessor. The selection
of the operating channel can be done by the user right before the
launch. The highly reliable digital telemetry link with forward
error correction requires only 50 mW radiated power for 250 km slant
range.
The system is capable of measuring up to 8 sensor channels within a
complete cycle time of one second. The accurracy of the PTU
measurement exceeds WMO standard. An Omega windfinding system using
the same 20 kHz RF-bandwidth will be available.
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A NEW

DROPSONDE

DEVICE

FOR

LWC

MEASUREMENTS

IN

CLOUDS-

Dimiter E. Gaytandjiev
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Ab s t r a c t
A new dropsonde is under laboratory and !light tests in the
Bulgarian Hydrometeorological Service. The sonde is designed for
measuring the liquid water content (LWC) as well the air temperature and the airflow velocity along its descent trajectory in the
observed cloud zone. The dropsonde is tracked by an ordinary aerological radar. The subsequence sonde positions are registred on
the basis of a traneponder method. The signale from the LWC and
the air temperature transducers are telemetered to the ground via
such radar channel.
-

A variation of the "hot wire" method has been proposed to-

a·e:..

termine the LWC on the basis of two measurable parameters - the
temperature difference between eonde droplet collectors and the
altitude of the measurement point over s.l. A new aerodynamic
method has been used for balanced ventilation of the compensation
wire.
Some results from laboratory and flight testa of the dropsonde are presented in the paper.
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A SOLID STATE 1680 MHz RADIOSONDE TRANSMITTER.
S.K.Srivastav, S.K.Bindra & P.K.Paliwal
India Meteorological Department
Lodi Road, New Delhi-110003

ABSTRACT

The paper presents design of a solid state 1680 MHz radiosonde
transmitter to replace the existing valve version. The transmitter
is tunable in the range 1670 to 1690 MHz with power output of 300
mW. It uses all indigenous components except an emitter ballasted
transistor (MRF 905) and is easy for mass manufacture. Stripline
technique is used in the design to obtain optimum performance at
L-band and transfering power to dipole antenna which forms down
link with ground reception system. An improved design using glass
epoxy printed circuit boards and a thin teflon sheet sandwitched as
dielectric is used to attain frequency stability of +2 MHz in
working temperature range of +50°C to -70°C. This provides a more
economical indigenous alternative.
The design has successfully
replaced valve transmitters and is being operationally used at two
field stations in the national upper air network.
---

1.

--

INTRODUCTION

Seven Weather Bureau Radiotheodolites operating in L-band (1680+20MHz)
are operational in the national upper air network for the last two decades.
These radiotheodolites are auto-tracking using a 10 ft parabolic antenna and
the radiosonde transmitter is tracked employing conical scanning. The radiosonde transmitter used with these ground systems operate at a central frequency
of 1680 MHz and till recently 6C21D/5794A/6562 cavity tuned vacuum tubes were
used for RF oscillator. The modulator is also a tube version with 6C4 triode
valve. These valves require 110 Volts, 50 mA plate supply and 7.5 volts, 400
mA filament supply.
The battery weighs 1. 2 kilograms increasing the weight of
the radiosonde, thereby reducing the ceiling height of the balloon borne
system. With the obsolescence of valve te_chnology _during recent years, these
specialised valves became prohibitively costly and also their availability
became uncertain. Thus necessity was. f·elt to design an alternate radiosonde
transmitter using upcoming solid state devices.
With the recent advances in the solid state technology, power transistors
operating in L-band range were available at cheaper cost in the global market.
In this paper, design of a solid state L-band transmitter has been discussed
which utilises stripline circuitry and indigenous components except the power
oscillator transistor.
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2.

SPECIFICATIONS
Some broad specifications of the radiosonde transmitter are given below:
Carrier frequency
Carrier stability
Operating temperature range
Carrier Drift

1680+20 MHz (tunable)
+100-KHz
"+50°C to -50°C
+2.0 MHz (operating temperature
-range)
300 milliwatt (nominal)
A/4 Dipole Antenna
18 - 25 volt D.C.
22.5V (nominal) water activated
150 mA (maximum)

Power output
Radiation element
Operating voltage range
Type of battery
Current drain
3.

CIRCUIT DESIGN

The design of a power oscillator circuit operating at a nominal frequency
of 1680 MHz, microstripline, shielding and choice of proper substrate are discussed in this section. Innovative improvisations to get the optimum performance at lowest cost form the most interesting part of the design.

3.1

Power oscillator

A modified colpitt design used as power oscillator is shown in Fig.1(a)
and its equivalent circuit in Fig.l(b).
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~Re
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l
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Cbe
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(a)

Fig.l(a)
(b)

Cce
(b)

Schematic circuit diagram of L-band power oscillator
Equivalent circuit

Emitter ballasted NPN silicon transistor ~ffiF 905 (Motorola) is used as a
Base emitter (Cb ) and Collector emitter (C ) · internal
power oscillator.
capacitance characteristics of the tr1tnsistor form the feed back c~etwork. A
striplined transmission line L with a tuning condenser c forms the tank cir2
cuit of the oscillator. Condenser c is required to achieve lossless characte2
, ristics with capacitance variation range 0.1 to 1.0 pf. Such a condenser is
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not available indigenously and is, otherwise, very costly if imported. This
has been designed locally by using a silver plated brass tube with teflon core
and a silver coated self threading screw provided in the teflon core for
varying the capacitance. Feed-through condensers c and c are utilised along
1
3
with striplined emitter and base inductances for providing a dynamic ground and
eliminating the electromagnetic noise. R, Rb' and R form the biasing network
for the oscillator. The oscillator operates at -22.«='s volts (nominal) with a
current drainage of about 100 mA and gives 300 milliwatt (nominal) output. The
bodyofthe transistor is soldered with a brass frame which acts as a heat sink.
3.2

Microstripline

A L-band frequency, discrete components cannot be used for chokes and
tank inductance of the oscillator. The stray inductance and capacitance of the
leads of the discrete components play a crucial role in the circuit operation
prohibiting the standardization of the circuit for mass manufacture. Thus,
striplining with single ground plane of these crucial components provides the
only practical solution.
Some theoretic~l considerttion for designing the
stripline components are as follows (Edward , and Howe ).
Phase velocity V of electromagnetic waves in a dielectric medium is
given as
p

Eeff

where C is the velocity of light and
is the effective relative permittivity of the medium taking into account air-solid dielectric combination. The
effective wavelength at frequency f is given as

Aeff

=
z

* en

The characteristic impedance
and . €
are given in terms of relative permittivity of the dielectric mat~rial €r , width of the transmission line W and
the thickness of the substrate h in terms of the following formulae:
])

~=--------------------~----~-----------8226
[ W ;- O• 44127 + O·O 2 ( €"Y" -r) + ( Ev+t) f 1·4516 + In ( W + o~94)1]
'2.h..
E:y
2 Tt €y 1.
"2h
J

=

E'f +I

2

+

E:'y -I

2 tl+ '~J0•55S

59·957\;'l

e..,

In our case 17 mm x 6 mm transmission line on a substrate thickness of
1.4 mm has been found most effective for a low characteristic impedance (of the
order of 50 ohm) for proper matching of )\ I 4 dipole as the radiation element
using teflon as a dielectric material.
3.3

Choice of substrate

The radiosonde encounters a temperature of +50°C to -50°C (Rao and
3
Verma ). Hence, it was necessary that the characteristics of the material of
substrate do not adversely change in the desired temperature range. As we have
seen in the previous section, the characteristic impedance and the transmission
line parameters depend very much on the relative permittivity of the dielectric
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material. Thus any dependence of Ey on temperature will affect both the frequency of oscillation and the power output of the transmitter.
The common material indigenously available is double sided copper clad
glass epoxy sheet. The printed circuit board was prepared and placed in a low
temperature chamber to study its effect. It may be seen from Fig. 2 that the
frequency of the oscillator drifted more than 10 MHz in the temperature range
of +30°C to -50°C. The frequency drift of 10 MHz was not acceptable for operational purposes as such sharp and wide changes in the frequency were beyond the
tracking limits of the ground equipment.

0 - Ordinary Epoxy P.CB. ·

e;. .

30

. 20

Ordinary Epoxy P.C. B. (Thickness 0.4 mm J
and Teflon sheet (Thickness I·Omml

-30

10
Temperature (

Fig.2

•c J

-40

-50

-

Temperature effect on oscillator frequency

4
Alternate material prescribed for such applications (Rausch ) are copper
clad alumina, woven teflon fibre glass, microfibre teflon glass and polyolifin
etc.
Copper clad sheets of these materials are not presently manufactured
indigenously and prohibitively costly if imported. In order to overcome this
problem, an alternate arrangement of printed circuit board (PCB) was evolved as
shown in Fig.3.

UPPER P.C.B

TEFLON SHEET

BRASS FRAME

LOWER P.C.B

Fig.3

Blow up of the transmitter Assembly
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It consists of two single sided glass epoxy printed circuit boards, lower
one providing the ground plane and the upper one which is 0.4 mm thick containing all the stripline circuitry. A brass frame of 0. 75 mm thickness and a
teflon sheet of 1. 0 mm thickness are sandwitched between two PCBs, tightly
rivetted, leaving no air space in between. In this design, the dielectric
medium is formed by 0.4 mm thick glass epoxy (thinnest possible indigenously
available copper clad glass epoxy sheet) and 1.0 mm thick teflon sheet. Therefore, the major portion of the dielectric is of teflon which is lossless and
has negligible temperature effect on its dielectric constant. Several pieces
of such assembled transmitters were subjected to cold chamber tests and the
frequency drift was found to be within 2 MHz as shown in Fig. 2 in the operating temperature range and found acceptable for the operational use. This
innovation has provided a cheap alternative to double sided copper clad teflon
and woven fibre glass sheet which otherwise would have been inescapable.

3.4

Shie1ding

The top surface of the microstripline is an open structure and the electromagnetic field does not remain confined to the solid dielectric. The electromagnetic field propagate in transverse electromagnetic mode in the open
space on the top of the microstripline, thus dynamically distorting the
co-axial line. This makes shielding essential. A silver plated brass cone
covering the transmission line mounted on the brass frame provides a reasonably
good shielding and also outlet for the power to the dipole transmission antenna
connected to stripline.
4.

CONCLUSION

The present design provides a cheaper, state of art alternative to
replace existing valve type radiosonde transmitter at 1680 MHz frequency band.
The frequency stability of 2 MHz in the working temperature range achieved with
this design is fairly satisfactory for operational purposes. This transmitter
utilizes 22 volts tnominal) water activated battery in place of 112 volts heavy
battery required for valve version transmitter. This has reduced the overall
payload by about one kilogramme and improved the bursting height of balloon,
thereby improving overall data acquisition capability of the network stations
using thse transmitters.
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AN ACCOUNT OF THE DEVELOPMENT, TESTING,
AND INTRODUCTION OF A NEY DIGITAL RADIOSONDE
Robert A. Munio
Atmospheric Instrumentation Research, Inc.·
Boulder, Colorado U.S.A.

1. Introduction
Over the course of three years, Atmospheric
Instrumentation Research, Inc. (A.I.R., Inc.) has
developed, tested and introduced a new digital
radiosonde for upper air soundings.
Our
experience in manufacturing, testing and observing
radiosondes Led to a recognition of the need for an
instrument capable of producing reliable, accurate
soundings free of errors caused by telemetry
contamination or incorrectly entered calibration
data.
The advanced digital design and use of an
on-board microprocessor marks the growth from
analog to digital radiosonde sounding systems. By
using the same temperature and humidity sensors as
the U.S. Weather Service instrument, the radiosonde
maintains consistency with established standards.
Extensive testing under fLight trial conditions,
principally the radiosonde trials conducted in the
·United Kingdom, Australia, and Wallops Island,
Virginia, provides a valuable benchmark for
radiosonde performance and the development
progress. The results from the flight trials may
be translated to the WMO lntercomparisons and this
paper will describe the improvements in performance
with successive trials.
Recent flight trial
results are discussed which demonstrate that the
A.I.R., Inc. digital radiosonde provides precision
comparable to the two currently accepted WMO
reference radiosondes. This paper focuses on the
evolution of the digital radiosonde as a result of
comparison fLight testing.
2.

Instrument Description

The Model IS-4A series lntellisonde
radiosonde (Figure 1) is a Lightweight, high
resolution radiosonde capable of soundings to
greater than 30km altitude. The advanced digital
technology of the IS-4A radiosonde comes from the
proven Line of A.I.R., Inc. digital barometers and
altimeters. It operates under the control of an 8bit CMOS microprocessor with resistance and
capacitance
circuitry
capable
of
making
measurements with 18 bit resolution. The precision
and repeatability of the measurements are virtually
Limited by the sensors (Call, et al, 1987).
Each radiosonde is placed in an automated
environmental calibration system that cycles
through a number of pressure and temperature
calibration points simulating a flight through the
atmosphere. At each test point, the output from
the instrument and the pressure standard are
recorded.
When the calibration sequence is
completed, a transfer function is fit to the data

of each radiosonde. The calibration coefficients
from the transfer function are transferred
automatically to the EEROM memory of the
radiosonde's microprocessor.
In the field, no
baseline is required. Upon power-up, the IS-4A
radiosonde transmits its calibration data to the
ground station.
The process is automatic and
serves to reduce errors and manpower requirements.
To answer the need for immunity to
telemetry contamination, each frame of IS-4A data
contains an error detection code along with the
digital representation of the sensor measurements.
The ground station computer executes the same code
algorithm to ensure that the transmission was free
of errors.
In addition, the IS-4A digital
radiosonde employs a bi-phase manchester encoding
format.
Manchester encoding is a deep space
communication technology that enables the ground
station to receive error free data from the IS-4A
at -6 dBm signal-to-noise ratios (Call, et al,
1987).
Temperature and humidity are measured by a
rod thermistor and·carbon hygristor, respectively.
These sensors are the same as those used on the
standard U.S. Weather Service radiosonde.
A
patented dual-diaphragm, capacitance-type aneroid
cell is employed for the pressure measurement. The
IS-4A digital radiosonde provides a complete frame
of PTU data at approximately two second intervals.
It is avaiLable with either 403 MHz or 1680 Mhz
transmitters.
The IS-4A radiosonde is part of a new
digital upper air sounding system developed at
A.I.R.,Inc.
The ground processing system
incorporates personal computer technology and
applications software written in a modular,
structured, high Level programming Language. IS-4A
ground processing systems are available with the
A.I.R., Inc. 1680 MHz Radiotheodolite or 403 MHz
receiver. Data from the flight trials described in
this paper were collected on both types of systems.
3.

United Kingdom Trials

In February 1987, the Australian Bureau of
Meteorology began a radiosonde comparison program
pursuant to a contract to supply radiosonde systems
for their upper air network.
Phase Two of the
trials was conducted at the U.K. Meteorological
Office's facit ity at Crawley.
Under the
supervision of the U.K. Meteorological Office,
approximately 100 soundings were performed in May
and June 1987. Radiosondes participating in the
intercomparison were the A.I.R., Inc. IS-4A-403
Jntellisonde; the Mark 3 radiosonde (RS-3) from the
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U.K.; and the Vaisala RS-80 radiosonde. Typical
soundings, containing all three radiosondes on the
same balloon train, attained heights of greater
than 32 km (8 hPa).
Figure 2 shows the a view of the IS-4A
digital radiosonde as configured for the flight
trials.
The radiosonde body consisted of
polystyrene and heavy, water resistant paper which
_provided protection from rain and thermal
radiation. In addition, the water resistant paper
formed the double-shielded aerodynamic duct for the
carbon humidity element.
Figures 3 and 4 show comparisons in PTU
data from two soundings, flight #43 and flight #79.
An interesting feature to note is the very good
agreement in temperature, pressure and humidity
through 200 hPa in both soundings. By inspection,
it can be seen that the wide discrepancies in
The
humidity, > 10 % RH, occur below 20% RH.
standard transfer equation supplied by the
manufacturer
limits
the
carbon
hygri stor
measurement at approximately 20% RH, even in the
A characteristic
presence of lower humidity.
departure of 2 to 5 hPa higher pressure is found in
the majority of the first 70 soundings.
Engineering changes inspired by the flight results
led to improvements in performance as evidenced by
the comparison sounding in Figure 5.
4.

Wallops SITE 11

The second Sensor Intercomparison Test and
Evaluation (SITE I!) was conducted in April 1988 at
the NASA Goddard Sr>ace Flight Center•s Wallops
Flight Facility. The Wallops Flight Facility had
been the location of the second WMO International
Radiosonde Intercomparison.
Approximate! y 40
ascensions were made with multiple radiosondes
suspended from the same balloon. The VIZ Locate
radiosonde, the standard u.s. instrument at Wallops
Island for daily soundings, is the reference used
for intercomparison purposes.
A revised
version
of
the
IS-4A
Intellisonde, Figure 1, was flown in the SITE 11
tests. The experience and data obtained from the
flight trails at Crawley, England and at ~lops
Island, Virginia lead to significant changes in the
radiosonde.
A re-design of the packaging with
improved thermal characteristics, a new layout for
the electronics, and improved sensor mounting and
exposure are featured ·in the new sonde.
The new packaging reduces the temperature
extremes to which the electronics are exposed
resulting in longer battery life and improved
calibration fit. A more conventional humidity duct
is molded in the top of the polystyrene body and
formed by the sliding cap. Following suggestions
made during the Crawley trials, a new outrigger for
the thermistor was developed using a lightweight
printed circ·uit board material.
Radiative and
conductive error contributions attributed to the
outrigger used at the Crawley trials are
significantly reduced.

A larger aneroid cell, similar to the one
used in the A.I.R., Inc. barometer products, is now
employed in the IS-4A radiosonde. A combination of
the increased calibration precision and changes to
the printed circuit boards to provide enhanced
shielding for the sensor have brought a significant
advance in pressure measurement performance.
Figures 6a and ?a show comparisons between
IS-4A and VIZ temperatures versus pressure. The
IS-4A is in very good agreement with the VIZ
radiosonde throughout the sounding. Figures 6b and
7b are temperature comparisons versus elapsed time.
In each case the IS-4A agrees with the VIZ
temperature to less than one degree, with no
significant offset in pressure.
5.

Recent Flight Trials

A radiosonde evaluation test was conducted
at the Pacific Missile Test Center, Pt. Mugu,
California in December 1988. Six balloon releases
were made over a two day period. Three radiosondes
were included in each ascension. The radiosondes
used in the test were the IS-4A-1680 from A.I.R.,
Inc.; the Vaisala RS-80; the MSS 1680 MHz
radiosonde manufactured by Space Data Corporation;
and the VIZ J031 1680 MHz radiosonde, a standard
u.s. Weather Service instrument.
Figures 8 presents a dual flight comparison
of temperature between IS-4A and the VIZ
radiosonde. The temperature and humidity sensors
in the IS-4A and VIZ radiosondes are manufactured
by VIZ and are identical.
Consistently good
agreement in temperature with respect to time
indicates no significant bias from the standard.
A similar dual flight comparison of
temperature measurements between the IS-4A and RS80 radiosonde is presented in Figure 9.
The
comparison profiles are from the same ascension as
that in Figure 8. It is important to note that the
IS-4A temperature measurements do not contain any
correction for radiation.
The data values
displayed are the raw measurements converted from
the radiosonde without application of filters or
corrections.
6.Conclusions
An account of intercomparison flight
testing of a new digital radiosonde and its
development progress have been described. The data
obtained from dual radiosonde soundings under
flight trial conditions provides a valuable
benchmark for radiosonde performance. Test data
versus the U.S. Weather Service radiosonde and the
Vaisala RS-80 radiosonde enables the IS-4A data
sets to be translated to the results of WMO
Intercomparisons I and 11. Recent flight results
demonstrate a dramatic refinement of the IS-4A
radiosonde and its ability to provide measurement
precision comparable to the two currently accepted
WMO reference radiosondes.
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A Digital, High Resolution Tethered Balloon
sounding System for Probing the Planetary
Boundary Layer
D.B. Call
Atmospheric Instrumentation Research, Inc.
Boulder, Colorado U.S.A.

Abstract
This paper discusses the design of a new tethered
balloon sounding system which utilizes one or more
sensor packages attached at intervals along the
tetherline. The sensor package measures wind speed
and direction, as well as temperature, humidity,
and pressure (altitude). Data is transmitted at
403 MHz to a radio receiver on the ground and
processed into IBM-PC compatible records on a
portable, laptop computer.
The choice of sensors is explained as they relate
to tethered meteorological measurements.
Their
performance and limitations are evaluated. Factors
such as cost, ruggedness, low mass, and precision
will be covered.
Operation of the ground station, the 403 MHz
receiver, digital data decoder, and software
features are outlined.
Introduction
Instrumented tethered balloon sounding systems are
used widely for air pollution and meteorological
research. They provide unique capabilities - and
present unique problems
when compared to
meteorological towers and to radiosonde flights.
Tethered balloons compliment both tower and
radiosonde measurements.
The gap between 100
meters for towers and above 1000 meters with
is nicely filled by tethered
radiosondes
instrumentation.
Tethered systems a·re portable. Considerations that
regulate tower installations such as land
acquisition, zoning, visual pollution, aircraft
hazard, difficult and hazardous sensor maintenance,
etc. are less for tethered sensors.
Tethered
sensors can be readily transported, launched and
collecting data within hours instead of weeks. The
midlevel altitudes reached by tethered balloons
cannot be reached by practical towers because costs
rise very quickly with height for meteorological
towers.
Radiosonde data acquisition in the boundary layer
is both costly and unsatisfactory for many
purposes.
First, the cost of expendables is a
deterrent to frequent use.
Typical radiosonde
flights cost between $300 and $500. Second, sensor
response time provides poor spacial resolution.
This is particularly true for wind data in the
first 0 to 300 meters.· Third, specialized sensors

are impractical for radiosonde use in the boundary
layer from both a cost and speed of response
consideration. For example, measurement of ozone
in the boundary layer is impractical on a
radiosonde because the cost per flight would be in
excess of $750 and the speed of response of an
Electrochemical Concentration Cell type sensor is
on the order of 1 minute.
Tethered balloons and kites provide a relatively
stable platform for meteorological measurements.
They provide the ability to make repeated profiles
through a layer with the same sensors.
The
operator can maintain the instrument package at one
altitude and sample continuously with the same
sensors. Or, with multiple sensor packages the
boundary layer can be sampled continuously at
several heights.
A significant cost advantage favors tethered
boundary layer measurements. A typical airborne
sensor package costs a few hundred dollars, but its
cost per data point is very low.
Because the
instrument is reusable and normally carried aloft
hundred of times the cost per data point is only·
pennies.
The same comparison applies to the
balloon or kite. They cost a few hundred dollars,
but are reusable many times.
Tethered Balloons
Early portable boundary layer profilers used an
aerodynamic shaped balloon. This design relied on
the balloon to act as the wind vane with the
instrument package suspended in rigging immediately
below the aerodynamic blimp.
As the balloon
orients into the prevailing winds, an electronic,
magnetic compass measures balloon heading and thus
wind direction.
The TS-4A-SP sensor package (Fig.1) contains an
integral wind vane and electric compass. Since the
package is designed to orient itself with wind
direction, it may be used anywhere along the
tetherline. This provides a number of operational
It may be used with any tethered
advantages.
vehicle- a kite, a small aerodynamic balloon, even
a large tethered blimp.
It does not depend on
specific rigging beneath the balloon, since it will
attach to any tetherline.
In turbulent winds, balloons and kites can be quite
unstable. Updrafts, shear, turbulence around large
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structures, all cause tethered vehicles to respond
erratically. This affects the accuracy of winds
data and it can put severe stress on the
instrument's package sensors. Under extremes of
turbulent wind both the balloon and sensor can be
damaged or lost.
By attaching s.ensors to the
tetherline some distance below the vehicle, these
difficulties are ameliorated. The tetherline at
100 meters below the balloon is under maximum
.tension and much more stable than the rigging just
beneath the balloon. On Launch and recovery a very
significant advantage is realized.
With the
balloon already 100 meters high, the line just
above the winch is very stable. The balloon may
move erratically, but the sensor package can be
attached to or removed from the tether! ine with
relative ease and Little chance of damage. In a
conventional design with the sensor package
attached to rigging immediately beneath the balloon
the user must contend with attaching delicate
sensors to a balloon that is responding to gusty
surface winds. This requires considerable skill
and even luck to prevent damage to either th.e
balloon or sensors.
A key to the system's utility is portability. It
must be small enough to be shipped by common
carrier as personal Luggage.
This limits any
component to a packed shipping weight of about 30
kilograms. The weight of the heaviest items- the
winch and helium or hydrogen gas cylinders - are
all a function of sensor package weight.
All
system components are a design function of the
sensor package weight. The TS-4A-SP sensor package
weighs 25~grams. This mass dictates a balloon of
about 2 m, whose tetherline mass for about 1000
meters is about 0.5 kilograms.
All these
specifications can be realized in a system that
weighs less than 40 kilograms and is easily
transportable, and operable by one person.
Cost of airborne systems components is an important
consideration. Because the balloon, tether! ine,
and sensor package are at risk, they must be
relatively inexpensive.
Jn conflict with this
requirement is the need for rugged, stable, and
accurate sensors. This cost conflict is partially
resolved by utilizing as much commercial radiosonde
technology as possible in the sensor package
design.
Since AIR, Inc. manufactures digital
radiosondes and Rawln Systems in large volume and
at low cost, this technology was applied in the
sensor and system design.
The Sensors
Pressure, temperature, and humidity are measured by
the same sensors and with the same conversion
technique as is used in the Intellisonde digital
radiosonde (Fig.2).
Pressure is measured by a
dua l-di aph ragm
aneroid
capacitance
sensor.
Temperature is measured by a bead thermistor.
Humidity is measured by a carbon hygristor,
The pressure sensor Is fully compensated for
temperature effects on the diaphragm material as
well as for aging and drift of the electronic
circuitry. It is automatically calibrated within

a computer controlled test system and all
calibration data is stored in the microcomputer
memory of the tethered sensor package.
The
pressure sensor is accurate to 0.5 millibars from
600 to 1050 millibars over a temperature range of
+50°c to -55°c.
A small bead thermistor is used to measure
temperature. Since one objective of the design was
natural aspiration for both temperature and
humidity sensor a 1.0 millimeter bead is used. Its
one second response time in still air is sufficient
to avoid the use of fan aspiration. This gives a
significant weight and power savings. The bead is
lightly coated with reflective paint and shielded
from solar radiation.
The carbon hygristor was chosen for relative
humidity measurement primarily because it requires
less aspiration than a wet bulb psychrometer. A
secondary benefit of the hygrlstor is its fast
response at moderate temperature.
It has two
distinct disadvantages, though, compared to
psychrometry.
It is less accurate - especially
under very dry conditions.
It also must be
replaced frequently at some expense to the user.
In situations where hygr i stor performance is not
acceptable a third thermistor, a wet bulb sensor,
may be installed in the spare resistance channel of
the sensor package. This combination provides the
best of both types of sensors - the hygristor for
fast response, and the wet bulb for precision.
The thermistor and carbon hygristor resistance are
measured by circuitry with very high accuracy.
Te~rature is measured with 0.3°C accuracy and
0.02°C resolution over a range of +50°c to -55°C.
Humidity is measured by the hygristor with a 3% RH
accuracy and 0.1% RH resolution over a 15% to 100%
RH range.
A cup anemometer is used for horizontal wind
measurement. Despite its complexity and need for
mechanical moving parts, a cup anemometer has a
number of desirable attributes. It requires very
little power. It is rugged and not affected by
rain and moderate snow.
It is .quite ac;:cur.ate,
linear, and stable. Finally, unlike many other
types of anemometers, it does not have a cosine
response to tilt. A cup anemometer's response is
nearly flat to tilts of ! 20 degrees. Since the
cups are mounted on the front of a wind vane that
can pivot, they are subject to tilt in turbulent
wind. Cups also ignore wind along their axis of
rotation and hence measure on[y the horizontal
component of wind even ·while the tethered balloon
is ascending or descending.
The cup anemometer is accurate to 1 m/s from 0,5 to
25 meters per second, Resolution is 0.1 m/s and
starting speed is better than 0.5 m/s:
Wind direction is measured with a wind vane whose
orientation is sensed by a magnetic compass. The
compass is a flux gate magnetometer. It has no
moving parts and is both rugged and sensitive. The
wind direction sensor measures horizontal wind
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direction with
resolution.

~

5 degree accuracy and 1.0 degree

The wind vane and cup anemometer must remain level
to measure horizontal wind.
The sensors are
mounted on a carefully balanced fiberglass rod that
is free to pivot. Since the center of mass is
below the pivot it maintains a level orientation
independent of tetherline tilt.
The entire sensor package is attached to the
tetherline at two points above and below the
package. No bearings are necessary for rotation
about the vertical axis. The torque on the wind
vane caused by tension on a long tether! ine is
insignificant and can be ignored. The vane is free
to rotate 360 degrees and tilt to~ 30 degrees.
Measurement Circuitry
The basic circuitry is similar to AIR. Inc. •s
digital radiosonde circuitry.
An 8-bit CMOS
microcomputer samples three resistance sensors
(Temperature, Relative Humidity, and Spare), one
capacitance sensor (pressure> and eight voltage
channels. Yind speed is measured on one voltage
channel and wind direction on two channels.
Battery voltage is measured on one channel, this
leaves four voltage input channels free for other,
user developed, sensors.

The data decoder is a full-width IBM/PC compatible
circuit card. It is installed in one slot of the
personal computer. Demodulated FM data from the
403 MHz receiver is attached to the data decoder
with coaxial cable and BNC connectors. Serial, 600
baud data is processed by the decoder and
transferred to the PC bus for display and storage.
Great care was exercised in the design of the
decoder card to insure reliable data acquisition.
The CMOS microcomputer on this decoder dynamically
compensates for variations in baud rate, signal
amplitude, and very poor signal to noise ratio. If
telemetry noise does cause data er~~~s the decoder
detects single bit errors with a 10
performance.
The operating system is MS-DOS and application
software is written in Pascal.
The program
calculates and displays or prints real time data.
Graphic plots of PTU and winds versus altitude are
displayed on the 640 X 200 pixel LCD screen. All
data is stored on diskette in standard IBM/PC
format.

The A/D Converter is a dual slope integrating
converter. It measures ~ 2.5 volts with 14 bit
resolution and 11 bit accuracy.
A complete
measurement cycle requires 3 seconds for all
sensors and spare channels.
Measured data is processed by the microcomputer
into digital records which are transmitted serially
in biphase manchester.
Each record includes an
error detection code to insure data integrity.
The microcomputer ROM memory includes EEROM.
Calibration coefficients for the sensors are stored
in EEROM and transmitted to the ground receiver on
power up.
Hygristor "lock-in" resistance is an
exception and must be entered via keyboard when the
hygristor is replaced.
All sensors are
precalibrated and require no baseline check.
Ground Station Equipment
A radio receiver, data decoder, IBM-PC compatible
personal computer, and system software comprise the
ground station (Fig. 3).
The FM/AM radio receiver is synthesized and tunable
for operation over a 395-410 MHz range. Automatic
Frequency and automatic gain control can compensate
for transmitter drift and signal variation.
Receiver sensitivity is sufficient fbr reception
over many kilometers, so reception from a tethered
balloon is highly reliable.

BEAD

THERMISTER

Fig. 1 The TS·4A-SP sensor package internal view
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Ffg. 2 TS·4A·SP

Wind Vane and anemometer, radiation shield.

Fig. 3 Portable computer, 403 MHz Receiver, data. decoder, and circuit card that comprise ground station.

(Reference V.7)

OZONE SOUNDINGS .IN SODANKYLA METEOROLOGICAL OBSERVATORY
BY USING MICRO CORA SYSTEM
Esko Kyro
Finnish Meteorological Institute
Sodankyla Observatory
1.

INTRODUCTION

Global Ozone Observing System consists of about 100 stations
which regularly send their measured data to the World Ozone Data·
Centre in Toronto. Most of these stations only make the total
ozone observations with either Dobson or Brewer spectrophotometer
or M-83 filter photometer. Only about 20 stations also have the
ozone sounding program. Because of the observed depletion of the
ozone layer in Antarctic and possibly also in Arctic there is a
need to improve the coverage of the observing network especially
in the Polar region. In particular, only Resolute (74N,95W) in
the North and Soyowa (69S,39W) in the South polar region have
longer record of ozone soundings. One potentially effective way
to improve the situation could be to utilize the existing radiosonde network. The recent introduction of commercially available
ozone sounding options has made ozone soundings feasible in the
radiosonde stations having appropriate hardware. For example in
1988 the regular soundings were started in Sodankyla (67N) ahd in
Bear Islands (74N).
2.

EQUIPMENT

In Sodankyla we have used the option which can be added to
Micro Cora radiosonde ground station. The equipment consists of
the standard Micro Cora, additional PP-12A Universal Formatter,
and a PC computer with the printer. PP-12A processor assumes data
via UR-12 receiver from 8 different channels and conveys in
further to serial par~ of the computer. The menu driven ozone
sounding program will further in real time process the data, save
the sounding on the disk, and give the listing and the drawing of
the measured P-, T-,. U-, and 03 -values. It is worth noting that
the Micro Cora unit and the ozone sounding unit are completely
independent systems sharing only the UR-12 receiver. Therefore no
modifications are needed for the standard Micro Cora. On the
other hand there is also no communication between the Cora programs and the ozone sounding program. For example, it is not possible to get the omega winds directly in the ozone sounding files
but these have to be added later manually from the Cora listings.
As regards to PTU the results given by the Cora program and the
PC program may slightly differ because the data reduction procedures (for example the radiation corrections) are not identical
in the two computer programs.
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As an ozone sensor we use EEC5A-type ozone sondes DES 11 m~nu
factured by Science Pump Corp .. These consist essentially of
constant volume pump of 200 ml/min and electrolytic concentration
cells; cathode and anode connected by the ion bridge. Electrochemical reaction between ozone and electrolyte will give rise to
the small electric current proportional to the ozone abundance of
.the sampled air. The current is measured by Vaisala OIF 11 interface board and further converted in the digital form for transmission to the ground equipment. RS 80-15NE radiosonde, slightly
modifified from the standard RS 80-15N model, is attached on the
box containing the ozone sonde. and the interface. The schematic
of the equipment is presented in fig. 1.

f

~n
~"RBIIII•lS!'

fig 1. Vaisala ozone sounding system used with Micro Cora
For the pre-launch preparation of the ozone sonde we use
Science Pump Corp. Model TSC-1 ozonizer/test unit. By using it
one is able to produce ozone in controlled concentrations and
compare the sonde response against the standard sensor within the
TSC-1 unit. During the one year operation we have once checked
TSC-1 unit against the Dabisi 1008-RS ozone monitor. Supplementary tools such as the pressure gauge, flow meter, thermometer,
precise scale, simple laboratory ware, and chemicals are also
needed during the course of the flight preparation work.
3.

EXPIERIENCES AND EARLY RESULTS
The soundings in

Sodankyl~

started in March 1988. In the beg-
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inning we made one to two soundings per month to train the radiosonde operators to use the ozone sounding system. From January
1989 soundings have been done every Wednesday in conjunction with
the 12utc radiosonde ascents. Flight preparation of the ozone
sonde reguires much more time than the preparation of the PTU
sonde, altogether about three hours. However, it is possible to.
divide the preparation procedures in the smaller slices that will
fit convieniently in the usual weather observation schedule in
the station.
During the ascent and also during the descent the PTU/Ozone
data are received every 1-2 secon~s and stored in the raw data
file and in the edited data file including the raw filtered and
calculated ozone/PTU data. The subsequent data manipulation is
the user's resposibility. We have made some additional routines
to facilitate the further evaluation of the data. These perform
such tasks as; Smoothing of data with different time constants,
profile integration and correction according to the Brewer total
ozone measurement, and constructing of the final ozonogram.
Some sample soundings during the winter 1988-1989 are represented in fig. 2. In December-January the stratosphere was very
cold -BD to -90°C with high westerly winds. This explains the low
burst altitudes of the balloons during that time. At the time we
had only 1200 gram balloons available but it is probable that
even the larger rubber balloons would have bursted early in such
an extremely cold and turbulent airmass. The inability to get
proper ascents during the ozone climatigally importad polar
vortex period is a major problem because at the same time also
the spectrophotometric ozone data is scant due to the polar
night. The solution to this problem would be to use the larger
plastic balloons or other monitoring techniques such as lidar or
microwave sounder.
The mean burst altitude has been 25 hPa. Almost all balloons
went -higher than tha-10 hPa level during the spring and summer.
On the other hand during the December-January period no balloon
reached higher than 30 hPa. The mean correction coefficie~t of
the 14 soundings that have reached the 17 hPa level is 1.05 and
the range has been 1.00-1.11. Correction coefficient is used to
adjust the sounding profile according to the simultaneous Brewer
total ozone measurement.
The mean height of the ozone layer maximum has been 18.4 km.
The value of the ozone partial pressure at the height of the
ozone maximum varies greatly with the season. The smallest observed va,lue ha$ been 13--;-8 mPa ( Oct 5 1988) and the lar-gest value
has been 27.6 mPa (Feb 16 1989).
The lac~ of radiation correction in the ozone sounding P+ogram
will introduce small bias in the PTU results as seen in fig. 3.
The differencies of this size are probably insignificant as
regards to ozone studies and can be corrected during the later
data manipulations. However, this is so~ewhat clumsy feature and
should be removed in the later versions of the ozone sounding
program.
Finally, th.e average behaviour of the ozone layer over Sodankyla from August 1988 to April 1989 is represented in fig. 4.
Here the partial pressure values have been averaged over the consecutive standard pressure levels for the autumn season (four
soundings in Aug-Oct), the winter season (six soundings in NovJan), and the spring season (eight soundings in Feb-Apr).
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fig. 2.
Ozone soundings made during
the winter 1988-1989. The date is
shown in the row "File:" ' in each
pane 1.
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A NEW RADIOSONDE GROUND STATION FOR COMPLEX MULTIPLE TASKS
P.J. Lister and R.E.W. Pettifer
Vaisala (UK) Ltd. Cambridge, England

1. Abstract
In the past two years, a number of prospective purchasers have issued specifications for
radiosonde ground station equipment which is capable of being simultaneously used for routine
soundings and for special radiosonde data application activities. These requirements describe
equipment more akin to a radiosonde work station than to conventional ground stations.
Simplicity of operation and extreme ruggedness are not constraints for such a design, nor is a
high level of protection against deliberate intervention by the operator. Indeed, skilled human operator
intervention may be demanded even in the routine production of TEMP messages.
These requirements result in a different but complimentary form of ground station to those
standard versions (DigiCORA and Marwin) already available from Vaisala. The two types of system
address similar basic objectives but through quite different sets of operational practice. In particular,
the new system demands a relatively high level of operator and technician training because of the
------sophistication required to meet the demands for theexecution-of simultaneous-interactive tasks. - This paper describes the new equipment and examines the man/machine interface which is
crucially important in such a system. The advantages of modular navaid windfinding embodied within
the main system configuration are considered for the case of the gradual replacement of an existing
primary radar network.

2. Introduction
Discussions with potential customer groups during the mid 1980's led to the perception that a
new market sector was becoming available. This new market was being led by national meteorological
services who would previously have developed their own national radiosonde system 'in house'.
These customers are used to writing their own requirement specifications which are naturally weighted
very heavily towards their own detailed needs, rather than towards existing commercial products. The
type of requirement specification written by these groups typically includes some or all of the
following features:
•
•
•
•

a high level of decision making power available to the operator during flight processing
the system must be easily modified by the customer to match varying requirements with
time (highly configurable and the customer must be able to write his own application
software and/or modify the system software)
no requirement for particularly rugged hardware since installations are normally in
protected office environments (i.e. PC type computers could be used)
modular windfinding technology should be available so that a network can be managed
through a gradual change-over from one windfinding system to another (eg primary
radar to navaid)
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•
•
•

sufficiently sophisticated and 'user friendly' screen graphics to keep the operator
interested in a process which has become largely automated. The real involvement of the
skilled human in data quality control procedures is seen as essential.
a potentially conflicting mixture of automation and manual intervention at the operator
level
the presence of highly trained operators and maintenance technicians is assumed

It was evident to Vaisala that despite its suitability for other market sectors, their existing family
of DigiCORA and Marwin products would not address these types of requirement wholly
satisfactorily. We therefore decided to extend the product range by developing a parallel product to fill
this gap.

3. Plan
The plan was to utilize as much of the accumulated radiosounding expertise as possible whilst
re-orientating the system design philosophy towards the new requirements. Most of the expertise
gained through the development and support of the CORA family (CORA, MicroCORA and
DigiCORA) is contained in the DigiCORA radiosounding software, SOND. Other expertise in
hardware design and manufacture of radiosonde receivers, PTU samplers and radiosounding
computers would be of direct relevance.
These modules of accumulated experience would be moved sideways to form the basic building
blocks of a new radiosonde system. The new system was never conceived to be a replacement for
DigiCORA, rather another member of the family to address a different market sector. However it is
clear that they must both achieve the same core goal - the accurate computation of a radiosounding and
production of FM messages. Thus, keeping DigiCORA and the new product at the same level of
development was regarded as important, and it has been an objective of the programme that any
changes or improvements made to SOND during development of the new product should be retransferable back to DigiCORA.
Some existing hardware and firmware modules, including the UHF antenna, UHF receiver,
Navaid antennae and receiver/correlators, could be used without modification but a new piece of
hardware had to be developed which would integrate the PTU sampling and radiosounding
computation modules. This new hardware was specified to be PC/AT bus compatible and to be fitted
inside a suitable PC. It was specified to be able to run existing SOND software without using any of
the PC's computing power. The PC's processing power and graphical display capabilities were to be
reserved to run an interactive graphical operator interface.

4. The System
For the purposes of description, the system can be conveniently split into hardware and software
components.

4.1. Hardware
Figure 1 shows a block diagram of the major hardware modules & optional peripherals. The
basic hardware comprises the radiosonde (RS80), an UHF antenna (RB20), an UHF receiver (UR
15) a sounding processor (SPUll), a paper tape reader (SPTll), one or more windfinding modules
and a host PC with the usual peripherals. The major burden of the real-time sonde data computation
falls to the SPUll which is obviously the heart of the system, leaving the PC free to be used for tasks
associated with the graphical operator interface. The windfinding module may be either an interface to
an existing primary radar, or stand-alone Loran or Omega navaid receivers and local antennae.
RS80, RB20 and UR15 were previously developed products, SPTll and MPI15 could be
developed from previous similar designs, but SPUll had to be developed from scratch. The PC was
specified to be a suitable commercially available product.
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Radiosonde RS80-15

I

:

I I
·Navaid

:9-UHF-RB:ZO

I

SPU 11

PC(80386)

Fh:ure 1; Hardware Block Diagram

Special attention was paid to the development of the Sounding Processor Unit, SPUll. This is a
very advanced design which utilizes many modern techniques to achieve a highly integrated and
compact unit. A single 'full length' PC/AT expansion card includes PTU (and special sensor) filters,
microcomputer (PC equivalent - 8086 and 8087 16 bit processor and numeric eo-processor clocked at
8MHz) and 1Mb of main memory to store sounding data. A separate 8Kb of dual port RAM is used
for efficient data exchange with the PC via the PC/AT bus. This technique provides data exchange via
the bus which is approximately 800 times faster than would be provided by serial RS232c lines
running at 19200 baud, and ensures that response times and processing delays are short enough to be
largely transparent to the operator.
The choice of PC/AT became an interesting d~cision. As the PC software was growing in size
and complexity it was outgrowing the capabilities of the original target 80286 based PC's. At the same
time, PC's based on the much more capable 32 bit 80386 processor became more readily available.
The current host PC is an 80386 based machine running at 20MHz, with 4Mb of zero wait state ram,
fast memory caching and fast 16 bit vga video adapter.

4.1.1. Windfinding Module
The windfinding module may be either an interface to an existing windfinding radar, or a
complete navaid windfinding system. It is possible to fit more than one type of windfinding module to
a given groundstation. The windfinding module is connected directly to SPU 11 via a serial RS 232C
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link. Changing over from one type of windfinding to another is simply a matter of installing the new
module and antenna, then installing a software upgrade. Managing the transition from, say, radar to
Loran is eased by the fact that both modules can simultaneously co-exist in the system, so a series of
asynoptic Loran flights can be made whilst the synoptic flights still use radar.

4.1.1.1. Radar Interface
The radar interface (MPI 15) is connected directly to the Data Presentation Unit of the Radar.
MPI samples raw radar data (range, azimuth and elevation) once per second, time-stamps these data,
performs quality control procedures and buffers the data ready for collection by SPU. About 40
minutes worth of raw radar data can be buffered by MPI. When the buffer is full, oldest data is
overwritten with latest data.

4.1.1.2. Loran-C subsystem
The Loran-C subsystem comprises a Lbran-C antenna and cross chain receiver. The receiver is
optimised for wi·ndfinding purposes and in~ludes automatic digital notch filters. The Loran-C
subsystem uses r~dio signals intended for LOng RAnge Navigation by ships and aircraft. Groups of
transmitting stations (known as 'chains') e~:~ph have well defined transmission characteristics which
.
.
.
enable position fixing by conventional receivers.
The Vaisala RS80-15L ra:diosonde includes a Loran-C antenna and receiver. The antenna is ·
incorporated in the part of the unwinder string nearest the sonde and the receiver is fitted internally
within the sonde body. Loran-C sondes do not need any additional pre-launch procedures. The sonde
receives Loran-C signals which are modulated onto the 400MHz carrier frequency together with
normal PTU data and transmitted to the groundstation.
At the groundstation, the Loran-C signals are extracted from the radiosonde signal by a filter and
fed to the Loran-C receiver. This unit compares the signals transmitted from the sonde with those
generated by an internal reference. The rate of change of the difference between the signal received by
the sonde and that generated by the reference are used to compute wind speed and direction.

4.1.1.3. Omega subsystem
The Omega subsystem comprises an Omega antenna and VLF receiver. The receiver is
optimised for windfinding purposes and utilises all three Omega transmission frequencies from all
eight Omega stations, together with the three Sigma stations in the USSR. The Omega subsystem uses
both long and short path transmissions together with the multi-frequency data to ensure a very high
level of automatic quality control.
The Vaisala RS80-15N radiosonde includes an Omega antenna and receiver. The antenna is
incorporated in the part of the unwinder string nearest the sonde and the receiver is fitted internally
within the sonde body. Omega sondes do not need any additional pre-launch procedures. The sonde
receives Omega signals which are modulated onto the 400MHz carrier frequency together with normal
PTU data and transmitted to the groundstation.
At the groundstation, the Omega signals are extracted from the radiosonde signal by a filter and
fed to the Omega receiver. This unit compares the signals transmitted from the sonde with those
generated by an internal reference using very fast correlation techniques. The rate of change of phase
of the signal received by the sonde is used to compute wind speed and direction.

4.2. Software
Figure 2 shows a data flow diagram for the system and identifies major software modules.
4.2.1. SPU software
The SPU card contains a minimal amount of firmware known as a 'bootstrap' which enables the
SPU to start some self-diagnostic tests after power is applied. After testing, a suitable message is left
in the dual port ram and SPU simply waits for further instructions to arrive from the PC/AT bus.
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raw data at sonde

raw data at radar

Disc files on PC's hard disc
(rawptu.cur, radars.raw,
. edited.cur, fmxxxx.vsl)

figure 2; Data Flow Diagram

4.2.1.1. Operating Environment
The first instructions from the PC/AT bus comprise a rudimentary 'pre-loader' which then
enables a full loader to be transferred. Once the full loader is installed and running on the SPU
processor, an operating system can be transferred and started. The operating system is called 'SPUS'
and is optimised to support real time multi-tasking applications such as processing radiosonde ascents.
During the sounding, SPUS is primarily responsible for handling communications between SPU and
the PC via the PC/AT bus, and with peripheral devices connected to SPU's eight serial RS-232C
ports.

4.2.1.2. Application level
A variety of application level software is available to run under SPUS, but the two most
important programmes are SYSGEN and SOND. SYSGEN is an abbreviation of SYStem GENeration
and is used to configure the 'system' to make the kind of radiosoundings required. A large number of
parameters may be adjusted using SYSGEN, ranging from station type and number to real-time
message generation triggers, PTU and wind computation parameters. Changes made in SYSGEN may
be applied for a single flight, or stored for use until further notice (note that such permanent changes
require the use of a password).
SOND is the programme which controls every radiosonde ascent. SOND behaves in a manner
prescribed by the parameters set in SYSGEN to take the sonde through a pre-launch phase, detect the
launch, gather and process PTU and wind data throughout the flight, initiate real-time message
production as required, detect flight termination and complete data processing. At the end of the
sounding SOND has produced a quality controlled data base of sounding data which is held in ram on
the SPU card. SOND will protect this valuable data base as long as it can, by not allowing another
sounding to be started until the SPU is deliberately reset (either by switching the power off, or by
explicit operator command).
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4.2.2. PC Software
PC software was specified to run· on industry standard commercially available PC/AT
compatible computers running commercially available operating systems such as MS-DOS and MSWindows.

4.2.2.1. Operating Environment
PC software was developed to run under the Microsoft Windows graphical user interface. The
main modules include a control panel for SPU, a raw data display, an edited data display, a graphical
display with numerous advanced features, WMO message coding utilities (TEMP, PILOT), Nato
message coding utilities (STANAGs), Hodograph display and Tephigram display.
The graphical style of user interface was selected.because it offered the following desirable
features:
.,
•
easy 'point and ~.hoot' operation
•
common user interface between all applications
•
. operator control over screen layout & contents ·
~ulti-tasking window-based applications
•
The simph~. mouse-pointer driven 'point and shoot' operation means that the operator doesn't
have to remember ANY keyboard commands to use the system. The only times the keyboard has to be
used is to enter surface observations (even this step can be automated by connecting a MILOS
automatic weather station), or during the text entry phases of manual message editing.
The common user interface between applications means a reduced operator training burden.
Once an operator has learnt the basic mechanics of how to use the Raw Data Display, he can quite
easily apply the same techniques to the Edited Data Display, Graphical Display, FM message coding
and text processing applications
Giving the operator control over the screen layout and contents has the effect of giving him a
feeling of power over the machine. It is the operator who is in charge of making the sounding and the
operator who is finally responsible for the quality of the data reported from the station. Giving the
operator such a level of control re-inforces the concept that the machine is subservient to the human, it
is simply a tool to assist him in his important work.
The multi-tasking windowing allows the operator to view many processes simultaneously - to
see raw data and edited data side by side, or a graphical display of edited data with a numeric display
of standard level data, or a graphical display together with a textual TEMP message, or any other
combination or individual selection.
The combined effect of these four features leads to a significant advance in the operator/machine
interface.

4.2.2.2. Application level
The application level software includes a variety of control, alphanumeric and graphical
windows. The operator has a high degree of freedom to arrange his working environment to suit his
own particular needs. Each window may be run as 'full-screen' or re-sized to fit in a convenient area
of the screen, or reduced to iconic proportions.
The most important windows are CONSOLE, RAWDISP, EDTDISP, DRW, FM35-V and
BFS, each of these is discussed in turn below:
CONSOLE is the 'control centre' for the SPU expansion card. When CONSOLE is first
started, it also starts a hidden window called ROUTER. ROUTER is simply a fast electronic post-box
for messages between SPU, CONSOLE and any other windows which require sounding data. Before
the sounding starts, CONSOLE establishes a communication path to SPU via the ROUTER. When
successfully established, CONSOLE presents the operator with the range of options available on
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SPU. Normally the operator will choose SOND, and from this point until the end of the flight,
CONSOLE will display information from and send operator commands to SOND. SOND will prompt
the operator via CONSOLE to enter the radiosonde calibration coefficients, make a ground check and
it will then announce 'Ready for Launch'. One part of the CONSOLE window displays raw data from
the sonde so that the operator can verify correct sonde operation up to the point of release. The
operator starts the sounding by releasing the sonde rig. SOND continues to collect raw data and
perform quality control checks until the end of the sounding (which may be automatically sensed on
the basis of a variety of criteria, or may be manually commanded by the operator).
RAWDISP is a simple alphanumeric display window which requests raw data from SOND via
the ROUTER and lists the latest such data on the screen. The raw data may be recorded on disc at the
same time as it is displayed. If the operator needs to stop the constant screen scrolling in order to study
a particular feature in more detail, he may do so, and may take advantage of the buffer full of about
100 levels which is held in memory by RAWDISP. The operator may manually scroll the window up
and down this buffered data to find the level(s) of interest.Several different parameters may be viewed
in the RAWDISP window, for example Pressure, Temperature and Humidity data direct from the
sonde, or Azimuth, Elevation and Range data direct from the radar.
EDTDISP is a simple alphanumeric display window which requests edited data from SOND via
ROUTER and stores these data on disc. Several different parameters may be viewed in the EDTDISP
window, for example Pressure, Temperature and Humidity or Wind speed and Wind direction.
EDTDISP has a similar viewing buffer to RA WDISP which the operator may use to examine
particular features of interest.
DRW is a graphical window which may be used to plot EDT data. The EDT data will typically
be that from the sounding currently in progress, but could also be data from a pre-recorded file
(flight). The vertical scale may be chosen from logarithmic pressure, linear height or time and several
different zoom factors are available. PTU or Wind data may be plotted, and the automatically selected
significant levels are highlighted. Numeric list boxes are available concurrently with the graphical
display, they may show both standard level data and numeric values for the currently selected level.
The operator may edit the significant level selections by adding his own choices and/on:leleting the
automatic selections.A variety of 'helplines' are available to aid quality control of significant level
selection. Simple moveable dry adiabatic lapse rate and 'scratch' curves are complemented by
helplines which join various combinations of the currently selected significant levels and automatic
criteria lines. When criteria lines are enabled, the numeric list box shows the deviation of the selected
level from the straight line fit through the significant levels. Hardcopy output may be produced on the
system printer if required.
FM35-V is a WMO message coding utility. It reads the edited sounding data and produces
TEMP and/or PILOT messages at any time during or after the sounding. It may also produce
messages automatically on receipt of notification from SOND that the user-defined level has been
reached. An 'autoprint' facility enables automatic hardcopy output if required.
BFS is a Binary File Server. It is responsible for maintaining a single copy of the edited data
base in memory and allowing other processes to read and/or write the data base in an orderly fashion.
It is also responsible for creating the FM 94 (BUFR format) disc files which form the permanent
archive.

- 240 -

5. Conclusions
The needs for a new variant of the radiosonde groundstation have been met by a logical
development of the well established DigiCORA product. To provide the new features called for in this
configuration, some of the advantages of the sister product have been sacrificed. For example, the
new system is less rugged, less transportable, requires a more protected environment and demands a
much higher level of operator skill and training.
However, the basic compatibility of the two approaches has been rigorously maintained and all
the accumulated experience of the CORA family of products has been incorporated into the new
ground station. At the same time, advances generated in the new development have been kept
compatible with DigiCORA.
The same fundamental level of accomplishment in the processing of real-time radiosonde data is
therefore available from both products. The mutually exclusive demands for ruggedness, simplicity
and only a basic level of operator skill on the one hand, and a high level of operator control over and
interaction with the application of the basic data to additional, non synoptic requirements on the other,
have been sympathetically addressed.
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THE FULL AUTOMATIC UPPER-AIR SOUNDING SYSTEM
DEVELOPED FOR THE NETWORK OF CHINA
LIANG QIXIAN, HUANG BINGXUN, YA LIANGHE
Chinese Academy of Meteorological Science, PRC
1. Introduction
The widely used upper-air system at Chinese network is so called
type 59-701 system which consists of the type 59 (or GZZ-2) codesending radiosonde and the type 701 secondary radar operating at
403 MHz. Except the signal transmitting, the type 59 radiosonde is
a mechanical instrument. The temperature element used in the sonde
is a small thin bimetal strip of 0.2 mm thick and the pressure
element is a double aneroid capsule made of phosphor blonze.
The
humidity element is made of gold-beater's skin. The encoding device
consists of
a
c-segment (drum), a small motor and a gear
decelerator .. The C-segment has a total of 350 Morse•s codes. The
type 701 radar is a manual operating system. The measuring accuracy
of range is ±50 M, the measuring accuracy of angles is ±0.15• and
the minimum operting elevation is a•. The type 59-701 system is
very cheap in cost, but it is obviously that the performance of the
· sys-tem is no more satisfactory to the users.
Sinse 1970 China began to develop a so called semi-electronic
sonde and the first model designated as GZZ-7 had been fuffiled in
1975. This. sonde consists of a rod-thermistor as temperature
element, a carbon hygristor as a humidity element, an aneroid
capsule made of Ni-Span C as a pressure element, a transistorized
measuring circuit and a vacuum tube transmitter operating at 403
MHz suitable to the 701 secondary radar. Twin-flight with the VIZ
radiosonde of U.S.A. showed that the measuring accuracy of the new
sonde is satisfactory (See paragraph 3 ).
In recent years, we have developed a second-generation electric
radiosonde (TC-1 series} the circuit of which is solid-state.
As to the windfinding equipment, the type 701 secondary radar
has been modified to a semi-automatic system. Due to the low cost,
the modified 701 radar will still·be used in the Chinese upper-air
network for a long time. However , we have developed a c-band
primary radar system which has high accuracy and is full automatic
and will be applied as the next generation ground equipment of
Chinese upper-air network.
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The concept of the upper-air system design should be meet the
requirments of the numerical weather predication and research study
and the total cost as cheap as the financial support could be done.
The accuracy of the results and advanced techniques adopted such as
the
microcomputer and solid state techniques for the
mass
production are satisfactory for the needs of our country.
In this paper we are going to describe the new radiosonde
the C-band primary radar system in some detail.
2.

and

A series of 403 MHz solid-state radiosonde

In recent years, a 403 MHz solid state radiosonde, type TCl/01, compatible with the type 701 secondary radar or other radars
has been developed in Academy of Meteorological science. This sonde.
consists of a rod-thermistor as temperature element, a carbon
hygristor as a humidity element. The diameter of the thermistor is
less 0.5 mm and the length is about 10 mm. The surface of the
thermistor is painted with white painting and in this way the
diameter increaces to 1 mm. The reflectivity of the painting to the
solar radiation is as high as 94% and the stability of the
reflectivity is very good. According to the experimental test and
theoretical
calculation,
the solar radiation error of
the
thermistor at height of 30 km and ascent rate of 7 m/s is about 1°C
and the long-wave radiation error is about ±l~C, the time constant
is about 1.7 s near the ground surface and 11 sat height of 30 km.
Type of TC-1/01 sonde is only one model of the TC-1 series of
radiosonde developed by AMS. The new series of sonde has some
different models according to the pressure element applied. The
most simple model, type TC-1/01, has saved a pressure element. The
air pressure is derived from the air temperature and humidity
measured by the sonde and slant range and elevation angle measured
by the radar. The accuracy of the derived pressure, of cause,
depends upon the measuring accuracy of the radiosonde and the
radar. The shortcoming of the method appears in the jet layer where
the lapse rate of air temperature is large and the sonde elevation
is low. But in this case, we can use another model of this series
of sonde which has a pressure element. However, due to the saving
of a pressure unit, the cost of this model o! sonde is very cheap.
The models having pressure element
are still under developing.
The model of TC-1/02 has a pressure element similar to a bareswitch in the external form, but it is not a switch. It has a
resistance variable commutator. The aneroid capsule is made of NiSpan c. To reduce the cost of the
pressure unit, a capacity
variable aneroid capsule is under developing and will be applied in
type TC-1/03 sonde. Furthermore , to satisfy the requirement of
some researchers for the high accuracy of air pressure,
a
hypsometer has also been developed and applied in type TC-1/04
sonde. Twin-flight test showed that the accuracy of ±0.2 hpa had
reached.
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Specification of TC-1 series of radiosonde
Radio frequency
Modulation
Power input
Power output
Detection range
Battery
Temperature sensor
reflectivity of painting
, accuracy
Humidity sensor
accuracy
Pressure sensor (optional)
resistance variable
capacity variable
high altitude hypsometer

403 MHz± 3 MHz
AM, FM

24 V 1 18 V
>350 mw
>200 km
water activated Mg/CuCl
rod-thermistor (0.5 mm dia.)
94 % (to the solar radiation)
± 0.3°C, ± o.s•c (optional)
carbon hygristor
+ 3 %, ± 5 % (optional)

+ 1 hpa, + 2 hpa (optional)
+ 2 hpa
+ 0.2 hpa (at 12 hpa)

For the calibration of the operational radiosonde in flight
conditions, we have developed a temperature reference sonde. A thin
gold-plated tungsten-rhenium wire of 12 ~ diameter is used as
sensing element. The radiation error at altitude of 30 km is only
about 0.2°C. The sonde weighs 1 kgfj).
3.

Comparison test of rawinsonde system from China and

America

According to the Sino-American Atmospheric Scientific and
Technical Protocal, NOAA installed a set of GMD-2A with a large
mimber of VIZ-1292-sonde -at Beljing upper-air station in 1979, thus
providing a good opportunity for direct comparison between the
rawinsonde systems of China and America. In the following, some
main results are presented (2).
Before twin-flight test, we made some laboratory experiments on
the radiation error and lag error of the thermistors. The results
of the test showed that the radiation and lag errors of the VIZ
thermistor were higher than that of the Chinese thermistor. It is
seemed that
the VIZ thermistor had larger diameter, thiner
painting and less stability of the reflectivity of the painting
than that of the Chinese thermistor. When the VIZ thermistor was
painted with Chinese painting, its radiation error was reduced
significantly.
The following are the main results of comparison flight:
a.

The night time temperature differences between VIZ and Chinese
sondes are very small and perhaps are due to the different
time constant (See Fig.1 and 2).
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b.

But the daytime temperature differences are significant. The
VIZ-1292 is more than 2 C and the VIZ-1392 is more than 1 • C
higher than Chinese sonde at altitude of about 30 km and at
solar elevation of about 50 (See Fig.1 and 2).

c.

When the VIZ-1292 thermistor was additionaly painted with the
Chinese painting, the time constant of the element increased
in some degree, of cause, the solar radiation error decreased
significantly (See Fig.2: dashed line of VIZ-1292 ).

d.

The performances of both carbon hygristor
each other{,)(See Fig.3).

e.

The pressure difference between Chinese and VIZ sondes
small. At an altitude above 50 hpa, the difference did
exceed 1 hpa.

f.

Within 20 minutes, the mean square deviation of wind speed is
only about 1 m/s .. 20 minutes later the mean square deviation
is up to 3 m/s or so. The mean square deviation of the wind
direction is usually about 5°. So when the elevation angle is
above 11 • , the wind data reported from the 701 radar and the
GMD-2A upper-air set are not different significantly (in the
comparison, the GMD-2A was only used as a radio theodolite).
(See Fig.4).

4.

were

similar

to
was
not

The next generation wind-finding equipment

To satisfy the requirment of the forecasting,
2 rawinsonde
observation and 2 additional radiowind observation are conducted
almost in the every upper-air stations of China. Considering the
cost-effectiveness, we are developing a C-band primary radar as the
---next -generation wind-finding equipment. __ B_ec_ause _a __corner refle~tor
is much cheaper than a transponder. The new radar is of solid
state, adopts conic scanning system and has the minimum operating
elevation of 5°, angle tracking accuracy of o.os•, range detecting
accuracy of 15 m. The radar also includes a 403 MHz receiver for
the 403 MHz radiosonde signals. In principle,
it can be used with
any radiosondes.
Main specification
Maximum detection range
Minimum detection range
Minimum operation elevation
Angle tracking accuracy
Range tracking accuracy
Antenna control mode
Operation frequency
Transmitter peak power
Beam width
Transmitting pulse width
Receiver sensitivity

>150 km
<300 m

5•

±0 .os•
±15 m
auto, manual, acquisition
5600 MHz
>250 kw
<3.
0. 3 or 2 .us
-131 dbw
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Therefore, several years later, there will be two sets of uppersystem operating in the Chinese network. The 403 MHz solid
state radiosonde and the C-band primary radar will provid high
performance upper-air data while the 403 MHz solid state radiosonde
and
the 403 MHz new secondary radar will provid
moderate
performance upper-air data with the lower cost of the ground
equipment.
air

5. Data processing terminal system
The data processing terminal system consists of two preprocessors for radar and radiosonde data collection separately and
a main microcomputer for full automatic reducing of the raw data
such as selecting of significant levels, calculating of mandatory
levels, editing TEMP and PILOT messages and storing of raw data
and reduced results. It can be expanded in memory capacity and
accesories in optional to meet various requirments of the users.
Main specification
Pre-processor
Main computer
Floppy disc drive
Fixed disc drive
Display
Output

Z-80, 3.5 MHz, 16 KB x 2
CPU 8080, 4.77 I 8 MHz, 512 KB I 1 MB
360 KB X 2
10 I 20 MB
colour I graphics
various printers

6 .. Conclusion
a.
b.
c

The new uppe_r_-air system is more economic for the total
cost.
More accurate thermodynamic measurement can be obtained by
applying the excellent sensors.
More accurate wind measurement can be reached by using the
new C-band radar system.
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A TRANSPORTABLE, SELF CONTAINED SURFACE AND UPPER-AIR
MEASUREMENT SYSTEM FOR THE TROPICAL OCEAN
AND GLOBAL ATMOSPHERE PROGRAM (TOGA)
H.L. Cote
E.F. Chamberlain
National Center Atmospheric Research
Boulder, Colorado

*

W.H. Keenan
National Oceanic and Atmospheric Administration
Rockville, Maryland

Abstract
The largest area of warm water lies in the equatorial region of the Western Pacific Ocean
and the Eastern Indian Ocean. This region is believed to be the origin of the El Nino Southern
Oscillation phenomenon. Upper-air and surface meteorological data near this equatorial region can
provide data to better understand this phenomenon and provide an early indication of the onset
of El Nino. In the fall of 1986, the TOGA Project Office came to NCAR with the following
design requirements for a surface and upper-air station that could be installed on Kanton Island:
(1) A semi-automatic system capable of operation by a single person with minimum reading skills
and some meteorological observer training, (2) Reliable operation without on-site maintenance for
a several year period, (3) Minimum requirements for helium because of resupply difficulties, (4)
-----Self:sufficient power capaoilities, (5) Completely automatic gener~ffiotn:rn:a-sa1eflite transmission-of
the surface and upper-air data in standard WMO coded format, (6) A completely automatic surface
observing system that can provide three hourly observations for satellite transmission.
The Kanton Island system has six major components: (1) A 3.6 meter by 7.3 meter
insulated fiber glass modular environmental shelter, (2) A primary 1,200 Watt solar panel/battery
system and a secondary 1,000 Watt wind turbine/battery system, (3) An OmegaNLF Navaid based
upper-air sounding system, (4) A nylon bag balloon launching system, (5) An automatic surface
meteorological measurement system, (6) A satellite communications system.
Development of the Kanton Island system started in the first quarter of 1987; installation
of the system on Kanton Island occurred in August 1988. This paper will give a technical
description of the Kanton Island system.

* The National Center for Atmospheric Research is sponsored by the National Science Foundation.
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Introduction

TOGA is part of the World Climate Research Programme (WCRP) and has as its primary
objective to study the inter-annual variability of the tropical ocean and global atmosphere. It is an
international program that began in 1985 and is planned to run for approximately 10 years. A
major objective of the TOGA program is to do an intense study of the large-scale climatic
variations caused by the El Nino-Southern Oscillation (ENSO) event.
Many recent studies have shown that one of the precursors to ENSO is a change in wind
speed and direction in the western equatorial Pacific. To study the ENSO phenomenon, additional
atmospheric surface and upper-air measurements need to be made in the areas where these
anomalous wind events occur; one of th~se areas is Kanton Island (2 o 46' S. latitude and 171 o 43'
W. longitude).
2.

Design Considerations

Kanton Island, for many years, served as a refueling stop for the Trans-Pacific airlines. In
the early 1960's, it was used by NASA as a satellite tracking station for the Project Mercury space
research program; in the 1970's, it became a tracking station for the U.S. ballistic missile program.
All programs were discontinued in 1978 - 1979, and in 1981 Kanton Island was turned over to the
government of Kiribati.
Many facilities (e.g. housing, power, water, etc.) existed on Kanton Island when it was being
operated by the U.S. government, however, due to their cost of operation and maintenance and
a very limited nativf1 population (i.e. approximately 10-14 people), power and water are no longer
available and the buildings are starting to deteriorate. Because of the lack of facilities, part of the
design considerations for an upper-air sounding system had to include a low maintenance building
that would withstand the tropical environment for at least 10 years; a low maintenance power
system; and a simple, low power, semi-automatic upper-air sounding system capable of being
operated by a relatively unskilled operator.
3.

System Description
The engineering design of the Kanton system can be broken down into six (6) elements:
a.
b.
c.
d.
e.
f.

a.

Environmental shelter,
Power system,
NAVAID upper-air sounding and surface observing system,
Satellite communications system,
Balloon launching system, and
Support systems.

Environmental Shelters

Figure 1 shows the various components of the Kanton system. The environmental shelter
houses the upper-air sounding system, the power system batteries and the balloon launcher. The
building is of fiberglass construction and is made up of 1.2 meter (4 ft.) sections that can be bolted
together. The building is 3.6 meters (12ft.) wide by 7.3 meters (24ft.) long and has been modified
by NCAR. Some of the modifications made were:
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Figure 1. Kanton Island Sounding System

•
•
•
•
•

the addition of windows and doors,
the addition of a floor,
the addition of a balloon launcher,
the addition of an aluminum solar shield over the roof to reduce ultraviolet deterioration,
the solar panels mounted on the roof of the building (see Fig. 6).
b.

Power System

Kanton Island is located very near the equator (2o S.) and in the normally steady trade wind
area (average velocity is 6-9 meters/sec.). Being near the equator it is also locatedin an areaof
high solar radiation. The Kanton power system (see Fig. 2) takes advantage of these two factors
by utilizing solar panels and a wind turbine to charge a battery system that provides power for the
electronics and lighting (see Fig. 3). Twelve hundred Watts of solar panels are used as the primary
system for charging the main batteries (700 amp-hour capacity). A 1000 Watt wind turbine is used
as a secondary system to maintain the back-up batteries (700 amp-hour capacity) at a float charge
level. The wind turbine can be switched into the primary battery system if .the solar panels are not
maintaining the batteries at the proper level. If it is cloudy for an extended period with low winds,
a 4.4 kw gasoline generator can be manually started to charge the batteries.
c.

NAVAID Upper-Air Sounding and Surface Observing System

The upper-air sounding system (see Fig. 4) utilizes the world-wide Omega navigation signals
and the U.S. Navy VLF communications signals to compute the upper level winds. The system uses
a commercial lightweight radiosonde (about 200 gms.) to re transmit the received OmegaNLF signals
and to telemeter the measured pressure, temperature, humidity data back to the upper~air
electronics. This data is received by the electronics and processed by the base station computer
into standard meteorological units of wind speed, wind direction, pressure, temperature and
humidity. The computer also generates a standard WMO TEMP message for latter transmission
over satellite link. The upper-air system electronics has been designed for ease of operation and
minimal operator involvement.
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Figure 4. Upper-air Sounding System and Satellite Transmitter

Surface observations of wind speed and direction, pressure, temperature, humidity and solar
radiation is automatically taken and hourly averages computed. These values are sent to the base
station computer and stored for later satellite transmission.

d.

Satellite Communications System

The upper-air data, the surface data, and some engineering measurements (e.g. state of
battery charge) are transmitted through the GOES Data Collection System (GOES-West satellite)
to a ground receiving station in Vancouver, Canada. The surface and upper-air data is input into
the Global Telecommunications System. Figure 5 shows a iypical upper-air message (TEMP)
received from Kanton.

e.

Balloon Launching System

A balloon launcher is attached to the electronics building (Fig. 6) .to allow the operator to
fill the balloon, attach the sonde and launch the balloon and sonde from within the building so that
the sounding can be made in any kind of weather. A 1.2 meter diameter nylon bag with an
opening in the bottom is attached to the top of the shelter. The balloon is inserted in the bag
opening and filled to its proper volume; the sonde is then attached to the balloon; the launcher
roof is rotated open and the sonde, balloon and bag are lifted, by the operator, until the balloon
and sonde clear the top of the launcher. As the bag is raised, it extends above the building,
protecting the balloon and sonde. The bag peels away from the balloon until the balloon is about
half exposed. The balloon then rises by itself.

f

Support Systems

The support systems include the following:
• an 18.3 meter (60 ft.) tower for the wind turbine,
• a 10 meter (31 ft.) tower for the surface meteorological measurements.
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Figure 5. April 23, 1989 TEMP Message,Received from Kanton Island

Figure 6. View of Solar Panels and Balloon Launcher
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Experience on the Use of a Lower Tropospheric Wind Profiler
llkk:a lkonen, Vaisala Oy
Post Box 26, 00421 Helsinki,

Finland

To Be Presented in the Fourth WMO Technical Conference
on Instruments and Methods of Observation (TECIMO-IV)
September 4 - 8 1989 - Brussels (Belgium)
A DORA 400 L lower tropospheric wind profiler was installed at the Helsinki Airport for
experimental purposes from February 27 to Apri110, 1989. Another test phase is planned
for Summer 1989.

1. Experiment Arrangements
The system was placed near the intersection of runways. Minimum distance to a taxiway
was about one hundred meters and to landing aircraft about 300 meters. There was no
vegetation to cut reflections from the bypassing aircraft. The profiler was oriented to
minimize reflection from the aircraft (measurement axis perpendicular to the main runway).
Characteristics of the system are given in the table below. Effect of different operating
parameter settings were studied during the experiment in order to optimize performance.
Operating Frequency and Band Width:
Pulse Peak Power:
Effective Antenna Area:
Altitude Range Gate Spacing:
Altitude Range above Antenna:

404.37 MHz +/- 1 MHz
850W
26m~

250m
from 157 m to 5907 m

Table 1. Some Features of DORA 400L, Lower Tropospheric Profiler
The site is located appr. 7 km downwind ~NE)from-V-aisala radiosonde launch site-,-and
appr. 120 km from the nearest FMI synoptic upper-air station.

2. Shared Use of the Meteorological Frequency Band
Installation of a wind profiler and a radiosonde system near one another is desirable in
many cases. The issue of mutual interference between these systems sharing the 400 MHz
Meteorological Aids band is being debated. The factors affecting such operation are
discussed below on basis of our experience.
Three interactions can be foreseen: Profiler transmitted signal mayinterfere directly with
radiosonde receiver operation, profiler signal may affect operation of flying radiosondes, or
a radiosonde signal may affect the operation of a profiler. Possible interactions due to active
radiosonde tracking systems (radars, transponder radiothedolites) are not discussed here.
2.1 Operating Frequency and Band Width
Wind profiler frequency is controlled by a stabilized crystal. Once installed, a change of
frequency is not easy. Except in a few European countries, the radiosonde transmitters are
not crystal controlled, and the drift of their operating frequency during an ascent may be as
much as several hundred kiloherz. This does, however, vary considerably with sonde
make and model. The sonde frequency can usually be set before release. Generally a good
frequency stability should be considered a basic requirement of simultaneous use of a
wind profiler and a radiosonde system in close proximity to each other.
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Wind profiler's occupied band width depends on pulse length, being inversely proportional
to it. A short pulse is attractive because it implies better vertical resolution, whereas with
a long pulse one can reach higher altitudes. Most of the existing profilers resolve this
controversy by using two pulse widths or a pulse coding technique. The required band
width of most radiosonde systems is dominated by frequency drift of the transmitter. In
radiosondes with crystal controlled transmitters, band width depends mainly on the
modulation.
The occupied band width (contains 99% of the transmitted energy) of a radiosonde is
typically about 100 kHz, and that of a wind profiler slightly less than 2 MHz (for pulse
width 1.67 microseconds).
Selectivity of RF filters and dynamic range of the receivers typically determines sensitivity
to mutual interference.
2.2 Interference to a radiosonde receiver
Despite of the highly directional wind profiler antennas, a low level of energy is radiated in
the horizontal direction. This energy may be received by a radiosonde system antenna.
Actual interference depends on four factors: how far the antennas are from each other, are
there any obstacles (i.e. major buildings or earth walls) between them, how large is the
frequency separation, and how good is the radiosonde receiver and data system in terms of
selectivity and pulse noise handling. Some of of these factors are complex.
2.3. Interference to a radiosonde
Occasionally, a radiosonde may be carried into the high power beam of a wind profiler.
This has low probability in most cases, as the profiler beams are very narrow. The
likelihood can be further reduced by siting the profiler on dominant up-wind side of the
radiosonde system. It may be possible that some radiosondes collect enough power from
the beam to be damaged or to malfunction temporarily.
2.4. Interference to a wind profiler
Radiosonde transmits a relatively strong signal, which may be received by the narrow
beam, high gain antenna of a profiler. This can cause temporary overloading of the profiler
radio receiver system. As explained above, these cases are few, and the impact is transient,
depending on how long the sonde stays within the beam. Impact also depends on
frequency separation between the systems.
2.5 Interference Test Results
During the test period many radiosondes were released for various purposes from the
Vaisala radiosonde station, located about 7 km up-wind from the wind pro filer site .
Sonde and profiler frequency bands are given in the table below. During these soundings
we found no cases of harmful interference between the systems.
Wind Profiler
404.37 MHz

Radiosondes
401.0 - 403.0 MHz or 405.0 - 406.0 MHz

Table 2. Wind Profiler and Radiosonde Frequencies used
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To produce a worst case situation, a double radiosonde flight was launched when a SWwind was estimated to carrry the radiosondes over the wind profiler site. The sondes were
tuned to transmit near the profiler frequency and were tracked by separate automatic
ground systems. The balloon train passed the wind profiler site and ended close to the
direction of the profiler's Y-beam. The details of the experiment are given in the table 3;
Radiosonde 1

Radiosonde 2

404.25 MHz
31,017 m
8.3 hPa

404.00 MHz
32,600 m
7.4 hPa

Frequency
Max.Altitude
Last Pressure

- Terminal horizontal distance of the radiosonde train from the launch site: 45 km
- Terminal azimuth angle of the radiosonde train from the launch site: 54 degrees
Table 3. Details of the Interference Test
Reception from the 404.25 MHz radiosonde (No. 1) was gradually influenced by wind
profiler signal beginning at 20 hPa altitude. Five minutes before burst reception was
terminated by the automatic data quality control of the radiosonde system. Balloon burst
was detected by the No. 2 radiosonde, which was received throughout the flight without
any problem (apparently due to the larger frequency separation). The duration of the test
flight was 1 hour and 23 minutes.
The reported hourly consensus winds from the profiler were clean and reached up to the
normal altitude. No interference to the profiler was detected.
2.6. Operator reports from Japan
In Japan, a DORA 400 wind profiler is installed appr. 600 m from an experimental
aerological station. The antennas see each other over an open field without any obstacles.
Operator reports indicate interference to radiosonde reception, beginning at 200 hPa
altitude.
2.7. Conclusion and Suggestions
Based on current information, it is evident that a number of precautions have to be
observed if a wind profiler and a radiosonde system need to be eo-located. Each site has to
be evaluated individually at this stage. Some guidelines are listed here:
- Use stable radiosonde transmitters, drift less than 200 kHz
- Provide as large a frequency separation as possible, i.e. 1.5 MHz.
-Provide a distance separation between the the system antennas in excess of 1 km.
- Select the site so that a large building, a hill or an embankment prevents visibility between
the antennas.
-The profiler site should be in typical up-wind direction from the radiosonde launch site.
·
- Use a directional antenna for radiosonde reception.
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3. Wind Profiler vs. Balloon Comparisons
In a comparison, the functional principles of the two observation methods should be
understood. Differences of results should not be automatically considered a failure of either
system. A full validation of the wind profiler accuracy of measurement appears difficult by
a comparison against a balloon based technique. Small scale local meteorological effects
may have significant impact on results.
3.1 Balloon Based Wind Observations
Balloon based wind observation systems derive winds from the trajectory of the balloon.
Balloon winds are integrated in a nearly vertical direction (though flight time is often used
as a measure). This integration varies from one station to another, depending on
equipment, procedures and altitude. Time lag of a balloon responding to changes of the
wind is not known. There is no estimate of temporal or spatial variability along the path.
The winds from different height levels do not in fact represent the same geographical site
because the balloon moves with the wind. There is a time difference between the first and
last wind levels.
3.2 Wind Profiler Observations
A wind profiler observation consists typically of a large number (-100,000) of individual
samples that are time integrated to a wind vector. Integration periods may vary up to an
hour. Data editing methods are adapted to this specific measurement method. A basic
assumption is that during the integration, the wind does not change significantly. Another
assumption is that winds in the (three or five) different beams are the same despite of the
distance between them (1.2 km at 10 km altitude between oblique beam directions). The
average movement of the scatterers (turbulent eddies) is considered as wind. Width of the
Doppler spectra may include effects of both spatial and temporal variations in the sampled
volume.
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Wind profiler performance depends also on detection of the right Doppler shift peak from
the spectra. In Figure 1. the frequency axis is horizontal, and the signal power is vertical.
The horizontal axis covers a frequency range of about 7 5 Hz around the nominal frequency
of the profiler.
3.3 Comparison Results
The first stage of this experiment was not intended to provide actual wind comparison
data. Many tests on steering parameter combinations were performed, but no intensive
campaigns were carried out. Second stage of the experiment during the summer of 1989 is
planned to produce a WP vs. Loran-C comparison.

4. Weather Impact on Wind Profller Performance
During the test period, cases of both wet snowfall and rain were observed. These did not
appear to cause problems concerning profiler operation.
Dependence of maximum measurement heights of a low power profiler on stability class
and relative humidity of the atmosphere is clear. When absolute stability combined with
low humidity was the best description of the prevailing state of the air mass, the maximum
heights where typically less than in humid and conditionally unstable or unstable
conditions. This affects particularly the profilers operating with low power, intended for
tropospheric observations . The higher power systems do not see these effects as a
limitation of range.

5.

Conclusions

A test was made in order to understand operational issues related to simultaneous use of a
radiosonde system and a wind profiler within the 400 - 406 MHz meteorological frequency
band in the same geographical area. Potential interference situations have been analyzed.
The other purpose was to develop a test plan for intercomparison of radiosonde and wind
___profiler observations. _The Se_kond_phase of the experimeut will emp_ll<lsiz~ op~ratiQnal __
issues in an airport environment, and will also include a test campaign.
Methods for wind profiler vs. balloon based wind comparisons should be agreed upon
within the meteorological community. Differences between these two methods may reveal
yet unknown features of the behavior of the wind. Occasionally seen wide Doppler
spectra, and wind variability in consecutive profiles may increase knowledge of
atmospheric phenomena. Another consequence may be that in some applications the actual
position of the balloon should be determined and used in order to improve the usefulness of
the radiosonde observations.

(Reference VI. 2)

THE W1ND PROFILER FOR THE NOAA DEMONSTRATION NETWORK
Norman Hassel and Edward Hudson
Unisys Corporation
Great Neck, New York 11020
The National Oceanic and Atmospheric Administration (NOAA) of the U.S.
Department of Commerce is in the process of establishing a 30-station Wind Profiler
Demonstration Network in the central portion of the U.S. The purpose of the network,
which is scheduled to be completed toward the end of 1990, is to assess the
operational utility of Wind Profilers for observing the upper winds and to provide a
basis for planning a national Wind Profiler network.
The data from each of the systems in the demonstration network are transmitted to
a data collection facility in Boulder, Colorado, where hourly wind data will be prepared
and forwarded to the National Weather Service and various research users. In the case
of the systems being built for the NOAA Demonstration Network, data are transmitted
via both landlines and satellite. Data are sent every six minutes over landlines and
hourly averages via either the east or west Geostationary Operational Environmental
Satellite (GOES).
System Description
The Wind Profiler System which has been developed for the NOAA Demonstration
Network consists of a transportable equipment shelter and an antenna array. The
equipment shelter houses all the active components of the system: transmitter,
receiver, signal processor, computer, and data transmission equipment. It also includes
a digital environmental control subsystem which automatically regulates the
temperature and humidity within the shelter and a status monitor subsystem to
continuously assess more than 200 performance and status parameters to ensure
reliable performance.
Adjacent to the shelter is the antenna array. The antenna is a coaxial-collinear
phased array measuring 13 meters on a side. Other types of antennas, such as arrays
of yagi elements or large parabolic reflectors with ,multiple feeds, have been used with
experimental wind profilers; however, the coaxial-collinear antenna has beendetermined to be the most performance- and cost-effective for this operational system
application.
A summary of performance and environmental requirements, radar parameters, and
system features is presented in Table 1.
How It Works
The Wind Profiler sequentially transmits three beams of microwave pulses. One
beam is vertical and the other two are tilted about 15° from the vertical in orthogonal
directions. Data are taken with the beam dwelling for two minutes in each position,
thereby completing the measurement cycle in six minutes.

~;J~T

Table 1 - NOAA Wind Profiler

~,s.;, l ~

Performance Requirements

Maximum height (above ground level)

16.25 km

Minimum height (above ground level)

.50 km

Vertical resolution

250 m

Time to complete measurement cycle

6 minutes

Measurement accuracy:

Wind speed
Wind direction

Operation

Unattended

Mean-time-between-failures

6 months

300 km/hour

Temperature

-40°C to +50°C

Ice Build-Up (max)

7 .. 6 cm

s·now Depth (max)

1.2m

Radar
Parameters

Low Mode
(.5 9.25 km)

High Mode
(7. 5 - 16. 25 km)

Frequency

404.37 MHz

404.37 MHz

Bandwidth

1 MHz

1 MHz

Peak Power

16 KW

WINOS!
.

20. 0 mlcrosec
6. 6 microsec

PRF

10kHz

6. 7 kHz

Average Pov:er

.5KW

2.2KW

Svstem Features
Transmitter Type

Solid State

Antenna Type

Coaxial Collinear

Aperture Dimensions

13 m·x 13 m

.Number of Beam Positions

3

Beamwidth

4° Nominal

· Sidelobe Levels

Fortran 77 and Pascal

Remote Maintenance Monitoring

200 Parameters

Communications·· Inte'rface
SARSAT Protection

RS232C
·Automatic
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As the pulses propagate through the atmosphere, signals are backscattered by
variations in the radio refractive index of the air on a spatial scale of one-half the
transmitted wavelength. These variations are due primarily to turbulence-induced
temperature and humidity gradients. Because these gradients move with the speed and
direction of the wind, they serve as tracers of the wind for the radar.
The backscattered signals are almost infinitesimal compared with those that would
be reflected, for instance, from an airplane passing through the beam. However, the
Wind Profiler uses relatively long periods of time for coherent integration to extract the
desired return signals from the noise, and any momentary anomalous echoes, such as
those from an airplane or a flock of birds, are quickly filtered out without affecting the
accuracy of the wind measurements. The radar sensitivity is further enhanced by
accomplishing a measured overall system noise temperature of less than 130 oK.
The radial velocity with which the air mass is moving in each successive height
(range) cell is determined by Doppler processing of the return echoes. Wind speed
and direction are determined by using the Doppler shifts from the three different beam
positions to resolve the velocity vectors into their vertical and horizontal components.
Accurate Measurements
The Wind Profiler System is instrumented to measure the horizontal wind speed
and direction in vertical increments of 250 meters, beginning 0.5 kilometer above the
ground to an altitude of 9.25 kilometers, and in 1,000-meter increments from 9.25
kilometers to 16.25 kilometers. Within these vertical resolution cells and six-minute
sampling intervals, the average wind speed is determined with an accuracy of better
than ±1 meter per second (2 mph) and the average wind direction to ±3 degrees.
An example of the data produced by the Wind Profiler is shown in Figure 1.
These data are for 14 hours of observations made on 17 February 1989 at the
operational site in Platteville, Colorado. The first hourly profile is the one farthest to
the right. Low-level winds can be seen veering from northerly to southerly. Passage
of an upper level trough also is apparent.

Unattended Operation
The Wind Profiler generates an almost continuous stream of data on the upper
winds. What makes this high measurement rate economically feasible is that the
system requires no on-site personnel for its operation. The system has been designed
to have a Mean-Time-Between-Failure (MTBF) of six months or 4,400 hours. A
routine visit to the site by a maintenance technician twice a year should be sufficient
to keep the system in good operating condition. The configuration of a typical site is
shown in Figure 2.
System Operation
Based on master control from the data processor, the signal processor/controller
selects a pulse compression waveform and transmission parameters which are
generated in the frequency generator as shown in the block diagram in Figure 3. The
pulsed RF signal is phase-shifted for rejection of ambiguous range returns. This
signal then is amplified in the solid-state RF power amplifier, and fed to the antenna
subsystem through a circulator.
·
The antenna system is sequentially controlled for transmission and reception of
east, north, and vertical beams by commands from the beam-steering subsystem and
master timing from the signal processor/controller. Between the circulator and the
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antenna is a coupling point which permits a Doppler test RF signal with no phase shift
to be injected into the receiver from the RF generation circuits.
Upon reception, the RF signal (real or test) passes through the circulator and a T/R
switch into the receiver subsystem. The T/R switch is primarily for receiver protection,
but is also used for test purposes. Low-noise amplifiers, mixers, filters, and video
circuits process the received signal in analog circuits, ending with 8-bit AID conversion
of inphase (I) and quadrature (Q) outputs at a sample rate corresponding to twice per
waveform sample. The phase shifts that reject ambiguous range returns are removed
in the receiver mixers.
The digital I and Q signals are fed to a memory at the input to the signal
processor/controller. Pulse compression, range gating, and most of the required
time-domain averaging is accomplished in the signal processor, dependent on the
beam and mode of operation. I and Q outputs are provided to the data processor on a
range bin basis. The system timing signals for use in control and synchronization of
all system functions originate in the controller, based on the command words received
from the data processor for each mode of operation.
In the data processor, time domain averaging is completed, and the required
operations of de removal, Fourier analysis, windowing, spectral calculation and spectral
averaging are performed, followed by the appropriate ground clutter removal, noise
level estimation and spectral moment computation. Finally, velocity profiles are
calculated along with formatting and tagging of the data.

The data processor has two additional task categories. First, it receives test mode,
operational status, and environmental data to be analyzed, processed, and transmitted
as required for displays and fault indications. Second, the keyboard/display portable
maintenance terminal is used with the data processor. for test mode, input commands,
and output data. The data processor feeds the data transmission equipment, and
receives a real-time reference signal.
With the exception of the passive radar antenna, all the equipment described above
is packaged in a transportable, environmentally controlled shelter. Also in the shelter
are required ancillary equipment, electrical service distribution, and space for
technician personnel.
Design Highlights
The radar transmitter is completely solid state, providing an order of magnitude
increase in reliability over that obtainable with tube designs. Modules with low failure
rates are arranged in a redundant, fault-tolerant configuration to provide graceful
degradation in the case of component or module failure. The entire transmitter is
air-cooled, and low MTTR is achieved with a small number of easy-to-handle LRUs.
Solid-state design provides high efficiency to accrue the lowest operational costs for
prime power input.
Both low spectral occupancy, as required, and good rectangular pulse-shape
characteristics are achieved with advanced MSK waveforms and SAW filter designs.
Automatic built-in test features provide status and fault indications.
The radar antenna is a proven coaxial-collinear design of excellent performance,
providing low cost and high reliability with minimum complexity. The use of two
orthogonal array structures provides for the required beam directions with only five
simple switches, and is adaptable to the addition of other beam positions, if desired.
There are no active components exposed to the outdoor environment.
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The receiver is superheterodyne, providing duplex I-Q video output channels. A
self-contained Doppler test signal can be injected into the receiver's front end to
evaluate performance accuracies, and the T/R switch can terminate the input to the
low-noise amplifier to exclude antenna inputs, and permit receiver noise
measurements. Careful attention has been given to receiver protection and dynamic
range, and a system noise temperature of 130 oK has been achieved. Matched filtering
is performed by closely approximating the spectral shape of the transmitted pulse
waveform, dependent on mode.
The signal processor/controller is configured with special-purpose digital hardware,
providing the high-speed processing throughput and data transfer needed for real-time
system operation. System timing is controlled in each of the nominal one-minute
operation blocks by the controller, based on data processor commands.
A DEC MicroVAX IT computer with a PROM operating system is utilized as the
data processor. The computer incorporates 3 Mbytes of main memory. Structured
design and coding procedures are employed, using PASCAL and FORTRAN-77 as the
primary languages and ASSEMBLER for special needs as required.
Built-in-test features make use of the dead time following the radar return after
the longest range of interest and before the next transmitted pulse. With the receiver
input terminated, noise measurements are available; with the input open, pre-stored
digital patterns are used to test digital hardware and data processing algorithms;
coherent Doppler test signals also exercise the system algorithms.
In Summary
The Wind Profiler for the NOAA Demonstration Network is the culmination of
many years of research and development effort. In the 1970s and early 1980s, the
Aeronomy Laboratory and the Wave Propagation Laboratory in NOAA' s Environmental
Research Laboratories (ERL) organization developed the basic technology and
experimentally verified its wind-profiling capabilities. In 1985, NOAA determined that
the technology was ready for transfer to an industrial contractor for development and
production of operationally qualified systems. The following year, after an intensive
competition, the NOAA National Weather Service's National Data Buoy Center
awarded Unisys the contract for supplying the Wind Profilers for the demonstration
network. Overall management and direction of the program to establish the network in
the U.S. is being provided by the Profiler Program Office in NOAA/ERL's Forecast
Systems Laboratory.
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UTILISATION DES RADARS ST.
COMME PROFILEORB DB VENT OPERATIONNELS

Jacques PJ:LOR
Direction 4e la Meteoroloqie Rationale
service 4es Bquipements et
4es Techniques Instrumentales
4e la Meteoroloqie.

1 - INTRODUCTION
Le reseau de mesure du vent en altitude est constitue en France
de systemes RAFIX (radar primaire) pour ce qui concerne la
Metropole,
et de radiotheodolites dans
les Departements et
Territoires d'Outre-Mer.
L'etat de vetuste de ces radars ainsi que les inconvenients des
radiotheodolites contraignent la Direction de la Meteorologie
Nationale a proceder a leur remplacement a breve echeahce.
Dans cette demarche, !'utilisation de systemes profileurs de
vent bases sur des radars Strato-Tropospheriques (radars ST), est
envisagee.

2 - INTERET DO RADAR ST
Le radar ST se demarque quelque peu des radars classiques, meme
quand ils sont appe1es "meteorologiques". La difference tient en la
nature particuliere des cibles visees et, de la, aux frequences
utilisees pour les detecter. Ces cibles sont en effet "impalpables"
(a la difference des aeronefs, des batiments ou des precipitations). Le principe de la mesure repose sur la retrodiffusion des
ondes electromagnetiques par des variations locales de l'indice de
refraction de !'atmosphere. Ainsi ces radars d'air clair doiventils etre sensibles a des phenomenes evanescents et fluctuants,
etre capables de discerner leurs signaux extremement
faibles, et
traiter leur effet
Doppler.
Ces
particularites, auxquelles
s'ajoutent des contraintes technologiques (comme la dimension des
antennes, qui impose generalement a celles-ci d'etre fixes) font
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qu'ils sont utilises habituellement en mode "profileur", c'est a
dire toujours selon le meme axe de visee (vertical ou proche de la
verticale) •
Les capacites qU'offrent ces radars de realiser des sondages de
!'atmosphere avec une haute resolution temporelle peuvent en faire
des
instruments privilegie pour
les mesures meteorologiques
d'exploitation.
Utilise en profileur, ·. le radar ST apparait comme un instrument
capable
de concurrencer avantageusement les systemes actuels de
determination des profils
verticaux du vent. Mais il permet egalement d'apporter
des· ~ontributions nouvelles
aussi bien a
1' echelle Synoptique quI a. 'la mesoechelle grace a tOUte Une gamme de
possibilites inedites jusqu'alors : mesure de !'altitude de la
tropopause, mesure directe du vent vertical,
localisation du
jet-stream, des fronts et des phenomenes turbulents.
D'un point de vue economique, cet instrument, par son mode
operatoire (totalement automatisable)
et son faible cout de
fonctionnement,
est la aussi susceptible de se poser en concurrent
des systemes conventionnels.
En effet les systemes actuellement operationnels de mesure du
vent en altitude reposent toujours sur !'utilisation de ballons
libres ascentionnels emportant un
dispositif permettant leur
reperage dans l'espace et leur suivi depuis le sol. Les couts de
fonctionnement de ces systemes est eleve car, outre le prix des
materiels consommables,
ils exigent la presence de personnels
(preparation des ballons, lacher, puis suivi du sondage).
A l'inverse,
des
systemes
bases
sur
des
radars ST
beneficieraient de couts de fonctionnement tres reduits (absence
d'operateur, pas de materiel consommable), ce qui permettrait
d'abaisser considerablement le cout unitaire du sondage, voire de
fournir quasi gratuitement des sondages supplementaires.
3 - DEUX PROCEDES DE MESURE DU VENT BIEN DISTINCTS
3.1 - RAPPELS SUR LA MESURE ACTUELLE DU VENT EN ALTITUDE
La
mesure du profil vertical du
vent
par
le reseau
meteorologique se fait aujourd'hui par l'intermediaire de ballons
libres ascentionnels dont on suit la trajectoire. Pour les quinze
stations du reseau frangais de la Veille Meteorologique Mondiale,
les lachers sont realises toutes les six heures.
On prend pour hypothese que le mouvement horizontal du ballon
est le fidele reflet du mouvement d'une particule d'air de
dimension comparable emportee par le vent. Le profil du vent
horizontal est determine a partir des pointages successifs de la
position du ballon au cours de son ascension.
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Par cette methode, on exerce un filtrage a la fois temporel et
spatial sur les quantites mesurees : l'inertie non negligeable
du ballon et de son attelage, ainsi que les moyennages effectues
sur les positions,
vont eliminer des petites
fluctuations qui
sont jugees indesirables a l'echelle synoptigue.
La mesure ainsi realisee permet d'obtenir pour chaque lacher de
ballon un profil de vitesse de vent horizontal entre 300/500 m et
20/30 km d'altitude, avec une resolution verticale de l'ordre de
300 a 500 m.
Les inconvenients de cette technique sont bien connus :
Les points auxquels se rapporte la mesure, sur la trajectoire
du ballon, peuvent s'ecarter considerablement de la verticale du
lieu de lacher (plus de 100 km si le vent est fort).
De plus, la duree d'ascension du ballon (superieure a 1h30)
produit une decorrelation temporelle non negligeable entre les
premieres mesures,
pres du sol, et les dernieres, dans la
stratosphere.
Seule la vitesse horizontale du vent est accessible. Enfin, la
cadence des lachers ne peut pratiquement, en utilisation operationnelle, etre meilleure que trois heures.
3 • 2 - LA MESURE PAR RADAR ST
Le radar ST fait appel a une technique entierement differente.
Le traceur n'est --plus un- objet unique comme un - ballon, mais un
ensemble de structures turbulentes emportees dans le mouvement
moyen de !'atmosphere. Ces structures, pratiquement permanentes, se
localisent suivant des nappes quasi-horizontales d'une dizaine de
metres d'epaisseur, espacees verticalement de quelques dizaines de
metres.
Un radar ST
emettant des impulsions dans un lobe directif
sonde ces structures lorsqu'elles passent dans son axe de visee.
L'echo ainsi recueilli permet, par le calcul de l'effet Doppler, de
determiner la vitesse radiale de ces mouvements turbulents a
diverses altitudes. Les deux composantes horizontales du vent se
deduisent ainsi des echos obtenus en tirant alternativement a
partir du sol dans deux (ou quatre) directions obliques (par
exemple a 15° du zenith), suivant des azimuts perpendiculaires.
Le mesure par radar ST est done localisee a la quasi verticale
du radar. Le vent ainsi obtenu est representatif d'une moyenne
spatiale (volume delimite en hauteur par la resolution verticale de
!'instrument et en largeur par le lobe d'antenne), et d'une moyenne
temporelle (moyenne de mesures elementaires successives, pendant un
temps donne) .
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La
haute
definition temporelle,
liee a la possibilite
d'effectuer tres rapidement des mesures et de fa9on continue,
permet d'acceder a des echelles de phenomenes bien plus fines
qu'avec les methodes actuelles
passages de fronts, localisation
de courants jets, etc •••
Elle peut egalement etre mise a profit pour accroitre la
sensibilite de !'instrument (par une augmentation du nombre de
moyennes effectuees sur les echantillons individuels) : l'accroissement de la duree d'integration permet done, a puissance egale,
de viser plus haut ou bien, a puissance moindre, de viser aussi
haut. Cependant il faut trouver un compromis entre ce gain de
sensibilite et le temps
de comportement coherent de la cible
atmospherique, qui interdit de depasser une duree d'integration
trap importante.
Les signaux temporels sont ensuite traduits en representation
frequentielle ;
le traitement des spectres densite spectrale de
puissance (par exemple) permet de determiner, entre autres, la
contribution selon l'axe de sondage, de la vitesse moyenne de
deplacement des structures turbulentes, pour chacune des "partes"
-tranches d'altitude- explorees. Par combinaison des contributions
mesurees sur des axes de tir differents, on reconstitue, pour
chaque parte,
les composantes du vecteur vent tridimensionnel.
Naturellement, cette reconstitution impose d'utiliser des techniques de traitement et d'analyse des signaux (ceux-ci sont tres
faibles,
et noyes dans le bruit), et savoir discerner le signal
atmospherique des indications parasites (echos de sol, avions,
etc ..• ) .
4 - CONTRAINTES OPERATIONNELLES
Compte-tenu de ces differences dans les principes de mesure, il
y a lieu de prendre un certain nombre de precautions lorsque l'on
envisage d'utiliser un radar ST en profileur de vent, plus encore
si l'on veut l'utiliser de fa9on operationnelle, et plus encore si
l'on souhaite subsituer sur un meme site, a un dispositif de mesure
traditionnel (radar primaire par exemple), un profileur de vent.
Ces pratiques sont possibles, a condition d'etre capable d'en
evaluer les consequences en termes d'homogeneite et de coherence
tant spatiale que temporelle des mesures obtenues.
En outre,
rares sent aujourd'hui les profileurs de vent qui
peuvent pretendre etre veritablement operationnels, au regard des
contraintes imposees par le fonctionnement permanent des reseaux
meteorologiques. En plus des aspects habituels de fiabilite, de
securite, de maintenabilite et de disponibilite,
il faut tenir
compte du fait qu'ils operent dans un environnement electromagnetique qui doit etre le moins pollue possible, compte tenu de la
faiblesse des signaux qu'ils doivent traiter.
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Mais le point le plus important est qu'ils doivent operer dans
un cadre reglementaire, concernant !'utilisation de frequences
electromagnetiques : si la mesure par radar ST est possible pour
toutes les frequences des bandes VHF et UHF, il faut cependant
noter que les services meteorologiques n'y disposent pas actuellement de bande suffisamment large pour permettre le fonctionnement
de profileurs de vent operationnels -a !'exception toutefois de la
bande 403 a 406 MHz ; mais cette derniere pose le do~ble probleme
de son utilisation presente par les systemes de radiosondages et du
fait qu'elle est bordee par une bande allouee aux systemes de
localisation de detresses par satellites.
Ces
considerations _
ont
conduit
un
certain
nombre
d'organisations interessees par le deploiement de
reseau de
profileurs de vent operationnels a entreprendre les demarches
visant a obtenir des bandes de frequences a l'usage exclusif des
radars ST. Au plan europeen, il faut citer l'action de recherche
communautaire COST 74, par le biais de laquelle trois demandes
d'attribution (vers 50, 400 et 1000 MHz) ont ete soumises aux
autorites competentes, nationales et internationales.
5 - LES PROJETS DE LA METEOROLOGIE NATIONALE

Confiante dans l'aboutissement -qu'elle souhaite rapide- des
demarches citees ci-dessus,
la Direction de la Meteorologie
Nationale (qui a ete l'initiateur de l'action COST 74) s'oriente
vers le remplacement des systemes actuels de mesure du vent en
altitude par des profileurs de vent construits a partir de radars
ST. A terme, elle envisage egalement une densification de son
reseau de mesure du vent,
par
!'installation
de systemes
supplementaires
(dotes
de
performances
moindres concernant
!'altitude maximale sendee) dans le cadre d'une part d'un reseau
"sous-synoptique", qui pourrait comprendre une quarantaine de
systemes, et d'autre part, d'un reseau "basses-couches", dote d'une
centaine de systemes.
6 - CONCLUSIONS

Le passage d'instruments prototypes, con9us initialement et
utilises dans le domaine de la recherche, a des appareils destines
a se subsituer a des systemes conventionnels, pour effectuer des
mesures de routine dans le cadre de reseaux operationnels, est
toujours une operation delicate, qu'il s'agit de maitriser et de
controler.
Vis a vis des radars ST, cette affirmation est
particulierement d'actualite.
Cependant, au terme de ce processus, c'est la communaute
meteorologique et scientifique toute entiere qui beneficiera des
avantages offerts par ces nouveaux instruments.
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Performance Specifications for Thunderstorm Detection
in Aviation Automated Weather Stations
William T. Neumann and William L. Hiscox
Lightning Location and Protection, Inc.
12705 East Medina Road, Suite 111, Tucson AZ USA 85706
ABSTRACT
Thunderstorms and the associated severe weather hazards,
such as heavy rain, downbusts, and severe turbulence, pose a
clear hazard to aviation. In order to reduce this hazard, pilots
must have access to timely and accurate information regarding the
presence and location of severe weather in the vicinity of the
airport.
In recent studies, a clear correlation has been shown
to exist between the presence of lightning activity and severe
weather.
Therefore, the ability to detect the presence of
lightning provides a substantially improved warning capability to
an automated weather station.
In this paper, we will discuss
performance requirements for the detection and reporting of
thunderstorms by automated weather stations used by the aviation
community. We will also discuss how existing lightning detection
technologies can be used to meet these requirements.
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METEOROLOGICAL STUDIES WITH CLOUD-TO-GROUND LIGHTNING DATA:
SAMPLES OF RECENT ANALYSES
Raul E. L6pez, Ronald L. Holle, and Andrew I. Watson
National Severe Storms Laboratory, NOAA
Boulder, Colorado, U. S. A.
1. INTRODUCTION
Cloud-to-ground lightning data have been collected over an increasingly large area of the world for an
expanding number of applications since this type of information first became available about a decade ago.
Ground-strike data are, or will be, collected over at least 20 countries on 5 continents by the end of 1989.
Krider et al. [5] described the performance of networks using direction-finder antennas; Bent et al. [1]
described networks using time-of-arrival concepts. Meteorologists have used lightning data in four
somewhat overlapping applications: (1) using flashes to study meteorological phenomena more easily
than with most other data sources; (2) using flashes as indicators of significant weather; (3) using flashes
to identify the lightning threat itself; (4) using this new information source to advance classical lightning
physics.
Of particular interest to meteorologists in regions with a significant amount of convective weather is the
relatively low cost of a network. A 400-by-400-km area can be covered by a network and maintained for 10
years for less than the cost of a new radar, although many factors affect these numbers. Furthermore,
ground strike data can supplant the traditional source of information on flash density, thunderstorm days.
This parameter, expressing the number of days with thunderstorms, has been compiled at weather stations
around the world as a measure of significant convective weather, and has been based on the audible
detection of thunder at an observing station by a human observer. Figure 1 shows the lightning flash
distribution around eastern Colorado, U. S. A. for one summer [L6pez and Holle, 7]. The density of flashes
(Fig. 1) is about equal at Denver (DEN) and Colorado Springs (COS). The number of days with flashes (not

Fig. 1. Spatial distribution of all flashes (104,019)
recorded during June, July and August 1983 over
northeastern Colorado. Large numbers at Denver and
Colorado Springs are thunderstorm days at those
airports. Contours are labeled as percentages of the
total flash count on a 1/8 ° latitude by 1/8 ° longitude
grid. Shading is successively darker at 1800, 2600, and
3400 m. Cities with weather observing stations (dots
and three-letter identifiers), mountain peaks (X),
other cities (one- and two-letter identifiers), and the
Continental and Palmer Lake Divides (dotted lines)
are indicated.
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shown) is also similar for the two locations. However, the number of observed thunderstorm days is not
equal in the long-term records. It is possible that more thunder is heard at the observing station at
Colorado Springs (adjacent to Pike's Peak) than at the station at Denver, which is located farther from
the mountains and at a busier airport. More important is the fact that a maximum lightning frequency of
three times as many flashes is found over the ridge between the stations, owing to topographic effects.
This variation has important implications for meteorologists forecasting in the region, for utilities,
aviation, insurance, forest management, etc.

2. METEOROLOGICAL STUDIES
For a meteorologist, the lightning data provide a relatively easy-to-manage source of information on
convection. Lightning flash data can be used for research alone, or in combination with a variety of other
data sets, such as from radar [Holle et al., 4; L6pez et al., 10] satellite imagery [Goodman and Buechler, 2],
and other conventional meteorological observations. In the Colorado area shown in Fig. 1, a study was
made to define the time of thunderstorm occurrence in the area. For example, the preference for lightning
in summer is evident in Fig. 2. The dominance of an afternoon maximum is apparent in Fig. 3. By use of
observed thunderstorm hours and duration data reported by observers, it has been possible to determine
these cycles for only a few point locations (with the kinds of discrepancies described for Fig. 1). However,
with the use of ground strikes themselves, the results in Figs. 2 and 3 can be calculated for any time period
and any place. In another portion of the study, L6pez and Holle [7] showed where the flashes in Fig. 1 are
located in time and place through the day. The study produced two particularly important conclusions: (1)
The earliest flashes form over the highest peaks of the mountains at noon or before, which indicates a
significant threat for people who hike and climb in the area in summer; (2) the maximum flash density for
the day is not over the highest peaks, but over the gradient of the mountain topography facing toward
the low-level moisture. In northeastern Colorado, the data show that much lower ridges, in addition to
the highest mountain range in this region, act as sufficiently important barriers to low-level flow to
produce thunderstorm-producing updrafts under conditions of adequate instability aloft.
In Florida, a 3-year climatology was developed with lightning data to show, for the first time from
observations, the thunderstorm patterns resulting from the interaction between the peninsular sea breezes
and the regional flow. Figures 4 and 5 from L6pez and Holle [8] show two maps of lightning under
southwest and northeast flow in the low levels (surface to 3500 m). The significant differences in
thunderstorm activity shown here have never been illustrated with a large sample obtained with any
other sensor. The results have been helpful to researchers for better conceptualization of the typical
thunderstorm patterns in the area, and to operational forecasters for practical application in the region.

3. LIGHTNING AS AN INDICATOR
The ability of cloud-to-ground flashes to indicate other types of severe weather has also begun to be
studied. For example, there is more lightning in northeas~rn Colorado (Fig. 6) on days with severe
weather (reported in the NOAA National Weather Service publication STORM DATA) than on days
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Fig.4. Spatial distribution of 24-hour flash density
(flashes per 100 km 2 per day) for southwesterly-flow
days based on 1/8 • latitude by 1/8 ·longitude grid of data.

Fig. 5. Spatial distribution, as in Fig. 4, but for
northeasterly-flow days.

without an entry. This result also applies to individual phenomena (Fig. 7) in northeastern Colorado, as
well as in central Florida (not shown). The study will be expanded to more years of data, and to smaller
time and space scales composited around the severe weather. One intriguing finding is that very large
numbers of flashes are always accompanied by severe weather, but the reverse is not always true. We also
plan to composite the times and frequencies of flashes around casualties and damage in the same regions in
Colorado and Florida to determine whether the most important factor responsible for lightning casualties
and damage is the number of flashes, the first flash from a storm, the area covered, or other possibilities.
At NOAA's National Severe Storms Forecast Centcr (NSSFC), lightning data have been used
extensively since becoming routinely available in mid-1988 because they supplement radar and satellite
information. Despite the relatively short period of usage, Mosher [13] concluded that "NSSFC considers
lightning data a mandatory data set needed for severe storm forecasting." Lightning data are used at
NSSFC to determine, in order of importance, (1) existence of lightning, (2) initiation of flash activity, (3)
coverage of flashes, (4) configuration, (5) redevelopment, (6) dissipation, (7) movement, and (8) intensity.
Reap [15] developed statistical relations between upper-air parameters and flashes to calculate
thunderstorm probabilities for cities in the region; these have proved to be superior to determinations by
any previous method in the mountainous western U:t;tited States. Holle et al. [4] studied four Mesoscale
Convective Complexes (MCCs) and found that radar-derived convective rainfall related to negative flash
production by a constant factor during a typical 12-hour life cycle of an MCC, suggesting some possibility of
using flashes to infer rainfall amounts, and vice-versa. However, the relations between radar reflectivity
and lightning frequencies, on a--daily basis, are complex at best, and require the fullest possible
understanding of the meteorological situation [L6pez et al., 9].

4. LIGHTNING THREAT IDENTIFICATION
The flash data are also being used for situations where lightning itself is the threat, as opposed to the
use of lightning as a tool for studying meteorological features or as an indicator of other weather
parameters. Applications in most of the following are typical wherever a coalition of users supports the
operation of a lightning network: power companies [McGraw, 11], forest and rangeland fire management
[Krider et al., 6], aviation, shipping, defense, munitions and chemicals, insurance, and the preparation,
launch, and recovery of spacecraft. In the last-mentioned application, we have developed a dynamically
based method for short-term forecasting of lightning at Kennedy Space Center (KSC). A key ingredient is
the monitoring of surface convergence to identify the potential for future thunderstorm growth, which was
first shown for lightning by Watson et al. [17]. Figure 8 shows the typical relationship between lightning
and surface winds from Watson et al. [18]. This convergence-divergence pattern repeats itself regularly,
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resulting in the statistics shown in the histogram in Fig. 9. A total of 75% of the lightning over the KSC
mesonetwork in two summers occurred under southwesterly flow. The convergence criteria perform well
under that flow; 97% of the southwesterly-flow flashes were associated with convergence events, so that
the lightning threat at KSC was better defined with the use of the low-level flow and the surface
convergence [Watson et al., 18]. These are important results for the Cape Canaveral area, but they are not
directly transportable to other locations; the meteorological forcing and regimes that prevail over any
particular region must be understood before any physical reasoning can be considered as the basis of
nowcasting or forecasting.
We have recently developed a database of lightning casualties and damage in northeastern Colorado to
study the temporal and spatial distributions of lightning strikes to people and facilities on the ground.
Over the last 30 years, at least 1000 cases have been well documented; we intend to divide these cases by
time of year and day, location relative to the mountains, type of structure damaged, age and activity of
the individuals struck, etc. Such a study should be made for each region of the world, to improve
understanding of the dominant lightning threats in each area, and use of the ground-strike data to warn of
lightning. In the United States, lightning kills more people in most years than does any other single
weather hazard, and the numbers may be underestimated by as much as 50% [Mogil et al., 12]. The
meteorologist will perform an increasingly important role in the interpretation of the results from such
studies, as cloud-to-ground lightning data become regularly available.

5. ADVANCES IN UNDERSTANDING LIGHTNING
Although our studies emphasize meteorological· understanding of the lightning data and their possibJe
applications, studies of basic lightning physics have a great deal to gain from this growing, new database.
For example, the study by Orville et al. [14], showing that most long-lived storms have negative flashes
toward the beginning of the life cycle, and then end with a series of flashes lowering positive charge to
the ground, has. implications for understanding lightning itself~ Another study by Rutledge [16] has
examined the kinematics in MCCs that drive the charge separation. Similar studies of lightning-bearing
storms over other seasons and locations need to be made in order to progress toward widespread agreement
concerning the 27 thunderstorm charge separation theories listed in a recent paper by Hill [3]. We have
developed composites of thunderstorms in two areas, Florida (Fig. 10) and Colorado (Fig. 11). The flashes
are not at the location of the strongest reflectivity near the ground in either area. This observation can be
interpreted to mean that lightning is not occurring at the location of the heaviest rainfall near the ground,
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Fig. 9. Flashes per convergence event associated with
the 5 low-level wind regimes in the KSC network. Number
of convergence events (Events), lightning events
associated with convergence (Ltg), and lightning events
missed by convergence events (Misses) are noted.

but is associated with the area of active updraft in the region of large reflectivity gradients. This
conceptual model, however, is not fully satisfactory from several perspectives. The availability of flash
data is opening more opportunities to understand lightning, but also is multiplying the number of questions
and issues that need attention.

6. CONCLUDING REMARKS
The examples and remarks shown here have emphasized our own studies, and are less than complete.
We urge other meteorologists to collect and use good-quality flash data from the networks that are
becoming widespread. There are a multitude of obvious, difficult, exciting, and puzzling topics to explore.
There will be continuing new opportunities for meteorologists who come from other research and
operational emphases, as we did, to study lightning data, and to include them as part of their own
research interests. The combination of the significant effects on health and property, the relatively low
cost of detection, and the fact that lightning is one of the last important weather phenomena to be directly
measured, makes this an important and urgent topic to command the full attention of operational and
research meteorologists.
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Fig. 10. Development stage of a thunderstorm
composited along storm's motion for 2150-2215 UTC
on 26 June 1987 over the KSC network. Reflectivity
(shading at 20 and 45 dBZ), flashes (small numbers are
flashes per 1-by-1-km grid square), surface wind
streamlines, and isotachs (large numbers in m s-1) are
shown. [Watson et al., 17]

Fig. 11. Life cycle of a small storm in Colorado.
Each panel represents a composite relative to
storm position. Open (black) circles are for
negative (positive) flashes. Inset: flash counts
per 30 minutes. Roman numerals mark main
cells. Shadings: reflectivity as in inset table.
[L6pez et al., 10]
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METEOROLOGICAL APT PROCESSING SYSTEMS
Kenneth W. Ruggles
President, Systems West, Inc.
27880 Dorris Drive
Carmel, California, USA 93923

1.0

INTRODUCTION

Most weather satellites provide a low-data-rate analog data channel for the broadcast
of imagery and products. In the polar-orbiting satellites, these Automatic Picture Transmission
(APT) channels provide real-time imagery. The geosynchronous satellites, however, provide
data via a WEFAX channel for transmission of processed imagery and products. Ground
stations with relatively inexpensive equipment can receive these data and process the data for
local use.
The purpose of this paper is to describe APT receiving, processing and display systems
developed and marketed by SYSTEMS WEST, INC. which are specifically designed for smaller
and more remote user activities. They are based upon readily-available Personal Computer (PC)
technology and are therefore affordable and semi-portable.
2.0

APT TRANSMISSION CHARACTERISTICS

Traditionally, APT data have been processed and utilized as low-quality imagery in
meteorological and oceanographic applications. Users have depended upon the far more
expensive digital data systems, such as the NOAA HRPT data link, for precision information
from satellites. Systems West, Inc., however, has developed computerized terminals for APT
data that process and display data at substantial preeision. Imagery data are fully calibrated and
significant temperature gradients as small as 0.4° Celsius are routinely portrayed in the data.
Small features and details can be readily discerned in visual data that are totally lost in simpler
systems. The result is a high-quality quantitative image that can be used for a variety of
meteorological and oceanographic applications.
The APT data stream from NOAA polar-arbiter satellites is a continuous broadcast at
VHF frequencies. The APT signal contains data for both Visual and Infrared channels;
therefore images of cloud cover (Visual and Infrared) and cloud and/or surface temperatures ·
(Infrared) are available both day and night. The digital outputs of two high-resolution
radiometer channels are processed to yield a reduced ground resolution of 4km with a
linearized scan so that the re~olution across the scan is nearly uniform. Telemetry data for
image calibration are multiplexed with the imagery. A processor on the satellite then converts
the processed data to an analog signal, low-pass filters the output, and modulates a 2400-Hz
subcarrier. Table 2-1 summarizes the AJ.>T broadcast characteristics for the NOAA satellites;
Table 2-2 presents the NOAA APT format parameters.
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Table 2-1: NOAA APT Broadcast Characteristics
Line Rate (lines per min.)
Data Resolution
Carrier Modulation
Transmit Frequency
Transmit Power
Transmit Antenna Polarization
Subcarrier Frequency
Carrier Deviation
Ground Sta. Filter
Synchronization

120
4km nearly uniform
Analog
137.50 or 137.63 MHz
5 watts
Right hand circular
2.4 kHz
±17kHz
1400Hz, 7th order linear
7 pulses, 1040 pps, 50% duty cycle for
channel A 7 pulses, 832 pps, 60% duty
cycle for channel B.

Table 2-2: NOAA APT Format Parameters

3.0

Rate
Format
Length

1 frame per 64 sec
See Figure 2-2
128 lines

Rate
Number of Words
Number of Sensor Channels
Number of Words/Sensor Chnl.
Format

2 lines per sec
2080
Any 2 of 5

Rate
Analog-to-Digital Accuracy

4160 per sec
8 MSBs of each lOb AVHRR word

909

See Figure 2-1

SYSTEMS WEST WEATHER BROADCAST PROCESSORS

Systems West has developed a family of Weather Broadcast Processors (Models 570,
1050, 1070, 2050 and 3050) for different user applications. All models have certain features in
common:
•

All use a synthesized-tuned VHF Receiver manufactured by Systems West. The receiver
is mounted on the antenna mast as shown in Figure 3-1.

•

. All use standard Personal Computers as the Master Processor and come equipped with
a Mouse.

•

All have proprietary special processing cards manufactured by Systems West which
accomplish on..,the-fly capture, processing and precision display of APT data.

•

All provide for full imagery calibration and an image digital data base.

•

All provide for automatic scheduling, reception, and processing of the satellite signals.

•

All ·provide for automatic image gridding and pixel location in the processed images.

•

All units have fully documented data base structures so developers can build their own
applications programs on the system.

•

All have a high-resolution 64 grey shade or 256 false color palette display with powerful
image processing capability.
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Figure 3-2 presents a system functional
overview of the total family of Weather
Broadcast Processors including the broader
(optional) capabilities to receive WEFAX
images and charts from geostationary satellites
[land stations only].
Model 570
The Model 570 "Sportsman" is
specifically designed for users where only a
basic APT capability is required. The 570
comes with a whip antenna, uses an 8088
processor in a standard case with an XT
keyboard, has a 360KB diskette and a 640KB
main memory and is equipped with a 20MB
hard disk.
Model 1050
The Model 1050 "Minifisher" is
specifically designed for shipboard and field
applications where only satellite APT data are
required but where an ability to withstand
Figure 3-1
shock is a must. This version is contained in a
durable, shock-mounted case with air filtering
and additional cooling. An artists rendition of the Model 1050 is shown in Figure 3-3. The
Model 1050 comes with a whip antenna, uses an 80286 processor with mini keyboard, has a
1.2MB diskette and 1.0MB main memory and is equipped with a 32MB hard disk.
Model 1070
The Model 1070
"Fisherman" is designed for
shipboard
and
field
SAIB.lllt
F~lllll.f
IIWlE PIIOCE'SSilR
PROCE~
applications which require
MO Oo\TA IIASoE
MO Oo\TA eASE
APT, radiofacsimile and
radioteletype data. This
UIO.IIE FI'JI.
DOT W.TltiX PI!IHJ
version is also mounted in a
fi'JI. llECUIDIII
rugged,
shock-mounted
case. The Model 1070
' - - - - IMTI'WACE$ lfO GPTIQifi _ __,
comes with a turnstile
antenna manufactured by
Figure 3-2
Celwave in Denmark and
uses an 80286 processor
with 80287 math eo-processor and mini keyboard. Memory consists of a 1.2MB diskette, 1.0MB
main memory, 2.1MB bubble memory, backup 8.0MB RAM memory, 60MB tape unit and
optional hard disk. Single RS-422 and RS-232 comm ports arc standard.
RIID141f~lllll£
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Model 2050
The
Model
2050
"Briefer" is primarily for land
stations where storage capacity
and flexibility are primary
considerations and where APT,
radiofacsimile and radioteletype
data are all needed. It uses the
turnstile antenna. This model is
housed in a standard AT-style
case, has an AT keyboard and
uses the 80286 processor with
80287
math
eo-processor.
Memory consists of a 1.,2MB
diskette, 1.0MB main memory,
60MB tape unit .. and 40MB
standard hard djsk. Four RSc
232 comm ports are standard.

~
l'\
~,1;

·--J -- ····-- .

- f'

Figure 3-3

Model 3050
The
Model
3050
"Forecaster" is primarily for
larger weather centers where
speed
and
capacity
are
important. It handles satellite
APT,
radiofacsimile
and
radioteletype data and has four
RS-232 comm ports. This model
uses the more powerful 80386
processor with
math
eoprocessor. Memory consists of a
1.2MB diskette, 4.0MB main
memory, 60MB tape unit and
an 80MB hard disk (additional
RAM memory is optional.

An artist's rendition of the
Models 2050/3050 'with optional
WEFAX antenna is shown in
Figure 3-4.

Figure 3-4

Satellite APT Processing/Display Systems
Since this session of TECIMO-IV is concerned with Remote Sensing, only the satellite
data processing and display capabilities of the Weather Broadcast Processor Systems are
discussed here in more detail. Table 3-1 summarizes the capabilities of the satellite APT
processing system, and an overview of the display system is presented in Table 3-2.
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Table 3-1: Satellite Data Processing Summary
•

Receives Polar Orbiting Satellite APT Transmissions
NOAA and METEOR Signals
Worldwide Coverage

•

User-Friendly Scheduling and Acquisition
Automatically Acquires/Processes Passes
User Can Manually Modify Schedule

•

Precise Pass Processing For NOAA Satellites
12-bit Digitization
2 to 1 Oversample Rate
Full Demultiplexing of Telemetry
Sample Linearization and Calibration
IR Data Calibrated to Black Body Temperature
Vis Data Normalized to Standard Brightness

•

Accurate Gridding
Automatic Decode of TBUS/fBXN Ephemeris Messages
Precise Orbit Calculation
Five Degree Lat/Lon Grid on Image

e

Optional GOES/METEOSAT/GMS WEFAX Receipt
Requires 2-Meter Dish Antenna

Table 3-2: Satellite Image Display Summary
•

Sophisticated Image Processing/Display
64 Grey Shade Display
False Color Display From a Palette of 256 Colors
Shades/Colors Calib. in Temperature or Brightness
Grey/Color Ranges Easy to Change
Pixel Lat/Lon or Value Can Be Extracted
Image Lat/Lon or Temps Can Be Changed on Screen
Smoothing or Numerical Enhancement of Screen Image
Panning and Zooming of Image

•

Expansion Capability
Image DB Documented for User Program Interaction
14 Planar Levels Available for Graphic Overlay
Planned Geographic Reference Points
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USERS AND USER APPLICATIONS

The family of Weather Broadcast Processors described here is designed to support a
variety of users. They range from commercial and sports fishermen on vessels down to 55 feet
in length to aviation users at remote airports to military units in the field and to professional
forecasters/climatologists in national weather centers. Table 4-1 presents a summary of typical
user groups, the models they might use and some of the more common applications.
Table 4-1: Summary of APT Processing User Groups
and Applications by Model Type
MODEL/USER GROUP
Model 570 "Sportsman" (APT Only)
Sports Fishermen

TYPICAL APPLICATIONS
·.

Safety at Sea, Planning of Operations,
Selection of Optimum Fishing
Areas(factics

Amateur Weathermen

Hobby Pursuits

Schools/Colleges

Environmental Education

· Model 1050 "Minifisher" (APT Only)
Commercial/Sports Fishermen

Same as above plus Extra Memory and
Rugged Case

Merchant Marine

Same as above plus On-board
Applications Algorithms (Fuel, Inventory
Damage Control, Payroll etc.)

Military Field Units

Monitor Weather for Tactical
Operations

Model 1070 "Fisherman" (APT/FAX/RATT)
Fishermen, Merchant Marine,
Military
Models 2050 "Briefer" - 3050 "Forecaster"
Remote Airports, Air Operations
Offices

Same as above plus Extra Product
Receipt

Monitoring of Cloud Cover/Heights/
Temps, Receipt of Route(ferminal
Forecasts, Self Briefing

Forecast Offices

Workstation Support of Forecast
Operations

Weather/Climate Centers

Workstation Support, Data Base
Management, Solution of User
Applications Algorithms

Radio/TV Stations

Weather Monitoring, Broadcast Support

Utility Companies

Weather Monitoring, Network
Scheduling

(Reference VI.7)

THE AUTOMATED RADAR SUBSYSTEM FOR VERYSHORT-RANGE WEATHER FORECAST
A.A.Ivanov, U.V.Melnichuk,
A.A.Chernikov
( Central Aerological Observatory )
USSR
In the late 80-s works on dev~pment and creation of the
Automated Radar Subsystem (ARSS) have been initiated in the
USSR. This subsystem is designed for providing very-short-range
weather and severe phenomena forecast in Moscow and adjacent
regions.
A basic element of the ARSS is the Radar Information
Collection, Processing and Representation Automated Complex
(AKSOPRI) which is industrially produced in the USSR. The
AKSOPRI includes a meteorological radar MRL-5 which operates
in the wave lengths of 3 and 10 cm; preliminary processing
equipment and a minicomputer SM-1420. The AKSOPRI provides
different modes of radar meteorological information collection:
reflectivity measurement when operating at wave lengths of 3
or 10 cm, a mode of simultaneous operation at two wave lengths
and a mode of obtaining information on turbulence in clouds
and precipitation that allows to identify zones of higher inhomogeneity of wind field within the scanning radius of the
radar. A scanning range of the radar can be chosen regarding
observation conditions and is equal to 125 or 250 km. Resulting charts have the dimensionality of 100x100 elements with
the spatial dimensions of cells - 2x2 km or 4x4 km.
The AKSOPRI software allows to fully automate the process
of radar meteorological information collection, to carry out
operational control of the complex, to repres-ent processed
data in a set form and scale, to file obtained data, and to
transmit processed data to different users via selected and
switching telephone lines.
Under the AKSOPRI operation the following types of information in the form of colour charts or digital charts (depending on a data representation terminal - a printer or a colour
display) can be obtained and transmitted to users:
- precipitation intensity distribution over an area;
- reflectivity distribution at a chosen height or according to a preset azimuth;
- a map of echo-top heights;
- a map of severe phenomena (heavy shower, thunderstorm,
hail, squall, etc.);
- distribution of wind field inhomogeneity zones;
an extrapolation precipitation map for 1-2 hours in
advance;
- precipitation amount in an arbitrary time interval •
.The sites of the AKSOPRI complexes location have been
chosen for the following reasons. Firstly, the complexes were
to be installed at a distance of 180 ••• 200 km one from the
other to overlap areas of precipitation consistent measurements. Secondly, a size of the area covered by the ARSS and
its location with regard to Moscow were to provide an advance
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in forecasting up to 6 hours and a possibility to track characteristic (principal) transfers of atmospheric fronts that deal
with unfavourable weather variations in Moscow and Moscow region. Taking into account the above reasons, the AKSOPRI complexes were installed in Moscow, Kalinin and Kaluga.
Information obtained by each complex of the ARSS is trans-mitted via switching and selected telephone lines to users
located within the scanned area of the complex. Now the users
are aviation, the forecasting service, and agricultural institutions. Transmission of information to the Data Collection
Control Centre (DCC) which is situated in Moscow is carried
out simultaneously according to a program specified by the
central office. So the ARSS has a "star-like" structure.
At the DCC, information from the AKSOPRI complexes is
processed and the resulting composite map is generated and
transmitted to the forecaster for use in weather and severe
phenomena prediction.
Cloudiness and precipitation data transmission to a computer is suggested to take place several times a day. The computer provides computation of numerical mesoscale short-range
forecast for a certain area.
An experience of the AKSOPRis operation has shown a perspective for the use of information obtained by the automated
radar network.
Implementation of the project of automated radar subsystems setting-up in other regions of the USSR, firstly, in economically developed and densely populated areas, has been
initiated, based on the experience of setting-up and 9peration
of the ARSS for very-short-range weather and severe phenomena
forecast in Moscow and adjacent areas. It is planning to set
up 9 territorial automated radar subsystems in the european
part of the USSR.

Session VII
DATA QUALITY

(Reference VII.1)

EFFECT OF RADIOSONDE LAG ERRORS ON
UPPER-AIR CLIMATOLOOICALDATA
by Seppo Huovila and Asko Tuominen
Finnish Meteorological Institute
1. INTRODUCTION
The influence of the lag error of radiosonde thermometers and hygrometers on vertical
temperature and humidity profiles has been long recognized. In particular, the lag properties of
radiosonde thermometers have been investigated in detail, whereas the lag behaviour of radiosonde
hygrometers under different atmospheric conditions has been less certain. The freezing of
supercooled water on the humidity sensor or the extremely long lag coefficent of some humidity
sensors at low temperatures have presented more problems in humidity than in temperature
measurements.
The basic equations for evaluating the lag error are well known. However, practical attempts to
remove the lag error during the whole flight of a radiosounding may not be very successful. The
lag coefficients of thermometers and hygrometers are not constant during a radiosounding but are
functions of ventilation (pressure, speed of ascent), temperature, sensor characteristics etc. The
normal example in textbooks of the influence of lag error refers to a case in which a stepwise
temperature jump takes place and the reaction of the sensor is recorded as a function of time.
Assuming further that the thermometer lag coefficient remains constant within a narrow altitude
range we may produce nice curves to illustrate the influence of the thermometer lag error (see
Figure 1). Real curves, however, normally indicate a wide variety of temperature changes versus
pressure or altitude. A practical method for the lag correction of radiosonde thermometers, although
possible, is rather laborious and hardly applicable to manual evalution. On the other hand,
thermometer lag might quite easily be corrected in automated radiosonde systems, but the lag error
of most modern temperature sensors is rather negligible.
·"
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Fig.l Classical example by Nyberg [6] of the influence of the thermometer lag error on radiosonde
records of ground inversion. a= lag coefficient (seconds), n=altitude (metres), t=time from start
(seconds)
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The lag error of radiosonde hygrometers is more complicated, because the error very much
depends not only on temperature but also on the range of relative humidity and on occasional
soaking of the sensor by rain or cloud droplets, followed by ice formation on the sensor. An
attempt to correct individual soundings for hygrometer lag error would hardly be useful except in
very simple cases of stepwise jumps of humidity near the ground. Actually, such an attempt would
probably do more harm than good in conditions of several successive cloud layers.
The purpose of this paper is to give some simple examples of the influence of radiosonde lag
error on upper-air climatological statistics in Finland from the 1950's until now. Similar
examples may be found in countries using other types of radiosondes. These examples may be
useful in preventing misuse of old data by scientists who are not familiar with all the sources of
error.
2. DEFINITION AND APPLICABILITY OF THE LAG COEFFICIENT

The lag coefficient of a thermometer can be defined in connection with the rate of temperature
change when the thermometer is moved from temperature TI to temperature T2. The rate of change
of the thermometer reading can be written:

(1)

dT =- _l ('f 1-Tz)
dt
A.

where t=time, A=lag coefficient and T=instantaneous thermometer reading. As. early as in 1897
Hergesell [1] published theoretical and experimental studies on the lag of thermometers. He
derived the following general formula for the lag coefficient:

(2)

').,- M..:.C

- f(v)·A

where M=mass,
thermometer.

C=specific heat, f(v)= ventilation function and A=surface area of the

Equation (1) can be integrated using different assumptions, e.g. by assuming T2 and A. to be
constant. Another variation is to assume A. to be constant and T2 to vary according to a constant
lapse rate. A third alternative is to assuq1e T2 constant and A. to vary with time. These three
alternatives have been discussed by Nyberg [ 6]. . ·
The first of the alternatives mentioned above can be used to study the behaviour of a
radiosonde thermometer after a sudden temperature jump, e.g. when the radiosonde is moved from
a warm room into the cold open air. The second alternative is applicable to situations when the
radiosonde is ascending through atmospheric layers of constant lapse rate. The third alternative can
be applied by expressing A. as a function of thermometer ventilation during the radiosonde ascent.
The lag coefficient of a radiosonde hygrometer can be defined analogically. However, the
mass of water vapour per unit volume (absolute humidity) in the atmosphere widely varies with
temperature. It is thus customary to express the lag coefficient of a radiosonde thermometer as a
function of ventilation (combination of air density and rate of ascent) whereas the lag coefficient of
a radiosonde hygrometer is normally given as a function of temperature or, more exactly, as a
function of temperature and·relative humidity.
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3. NUMERICAL VALUES OF THE LAG COEFFICIENT
Several radiosonde manufacturers or instrument specialists have measured and published
numerical values of the lag coefficient of radiosonde thermometers and hygrometers. Single values
normally refer to ground level indoor conditions (1000 hPa, 20 aq but some experts have also
studied, either theoretically or experimentally, the dependence of the Jag coefficient on ventilation
and/or temperature.
Hinzpeter [1] has derived the following formula for the Jag coefficient of bimetal thermometers:

(3)

a =194 d 5--fx. (v y) -0·46 seconds

where d=thickness of the bimetal (cm), x=width of bimetal in the direction of air flow (cm),
v=ventil~ti<;m speed or rate of asce~t of the_ radiosonde (cm/s) ~nd s=a~r density (g/cm3 ). This
formula Indicates that the lag coefficient of bimetal thermometers IS proportional to (v J t 0.46 .
Table 1 gives numerical values of the lag coefficient of temperature sensors used in the
standard Finnish (Vaisala) radiosondes at Finnish radiosonde stations. Values at 1000 hPa are from
actual laboratory tests and at other pressure levels are derived from equation (3). It is assumed that
the speed of ascent is 6 rn/s.
Table 1. Thermometer lag coefficient (seconds) at different pressure levels
Radiosonde
type

RS 11
RS 12
RS 18
RS80

Years
used

1938-59
1960-75
1976-80
1981-

Sensor
type

bimetal strip
bimetal strip
bimetal ring
capacitive bead

Pressure
level (hPa)

Sensor
dimensions (cm)

3.7x1.5x0.04
2.5x0.8x0.025
3.8x0.5x0.015

1000

300

100.

30

10.5
5.1
3.5
2.3

16.4
8.0
5.5
3.6

26.5
12.9
8.8
5.8

46.6
22.6
15.5
10.2

One should note that the figures in the column "years used" are somewhat ambiguous
because different radiosonde types have been used in parallel during transition periods of some
months. An assumption has also been made that the thermometer ofRS 80 follows equation (3)
which was orginally derived for bimetal strips.
The variation of the tag coefficient of a radiosonde hygrometer as a function of temperature
and humidity is more difficult to measure. The most detailed investigations to be found in the
literature are those related to the rolled (Frankenberger) hair in the 1950' s. The behaviour of the
lag coefficient of the rolled hair is rather satisfactory if the relative humidity is high, but the
performance deteriorates sharply at 20-30 per cent relative humidity. This characteristic of the rolled
hair (and of many other hygrometers, too) makes its use rather questionable in the upper
troposphere and in the stratosphere where not only the temperature drops, but also the relative
humidity is normally fairly low.
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Table 2 gives values of the lag coefficient of humidity sensors used in the Finnish radiosonde.
Values for the normal hair and rolled hair have been published by Schulze [7] and Misselwitz (5].
The Humicap sensor has been tested and data submitted by Vaisala Oy.
Table 2. Hygrometer lag coefficient (seconds) at different temperatures

type

Sensor
type

RS 11
RS 12-18

Normal hair (1938-55)
Rolled hair (1956-80)

RS 80

Capacitive thin film
(Humicap) (1981-)

Radiosonde

RH

Temperature °C
20
-20
0

100%
60%
20%

30
3
6
10

55
6
11
33

1

5

-40

-50

400
(23) (50)
40
53(10) (30) (65)
145(15) (70) (150)
30

140

250

The values of the lag coefficient of the rolled hair, as measured by Misselwitz and Schulze (in
brackets), differ considerably from those of the other author, suggesting that one or the other must
be in error.
4. EXAMPLES OF THE EFFECf OF THERMOMETER LAG
Classical examples of the influence of thermometer lag were given in Figure 1. The ground
inversion in Finland can be very sharp, with the temperature gradient sometimes exceeding a value
of 1 oC/10 m within the lowest 100-200 metres. An assumption of a sharp-edged ground inversion
100 metres deep with a temperature gradient 1 octlQ m, followed by a lapse rate of -0.6 oC/100 m,
was therefore made, and the behaviour of the radiosonde thermometers specified in Table 1 was
calculated. Figure 2 shows that the bimetal sensor of the RS 11 substantially rounds off the edge of
the inversion and gives the temperature maximum at a height of about 250 metres, instead of 100
m. On the other hand, the performance of the capacitive sensor of the RS 80 is fairly good, and the
maximum temperature is recorded at a height of about 130 metres.

m

200

lOO

Fig.2 Records of a sharp-edged ground inversion by RS 11 (left), RS 12 (middle), and RS 80
(right). Thermometer lag coefficients are given in Table 1.
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Kulmala [4] has published data on ground inversions in Finland 1963-69. Referring to Figure
2 and Table 1 we can expect that new data on ground inversions might give lower mean heights for
the top of the inversion because the lag coefficients of the temperature sensors of RS 12 and RS 80
are 5.1 seconds and 2.3 seconds, respectively, at ground level. Data on ground inversions at
Jokioinen observatory in 1982-88 was therefore examined.
Table 3. Mean height of ground inversion at 02 hrs local time in 1963-69 (A) and 1982-88 (B) and
mean range of inversion during the same periods (C and D) at Jokioinen

A
B

c
D

I

II

Ill

IV

V

VI

VII

VIII

IX

X

XI

305
242

326
266

273
197

235
194

242
184

238
187

223
164

224
186

219
196

206
183

202
189

8.1
7.1

6.9
6.2

6.2
5.9

4.1
4.4

4.6
5.1

4.5
4.4

3.8
4.7

4.0
4.2

3.7
3.8

3.3
3.1

3.1
3.7

XII Year
241
200
5.4

5.3

244 m
199 m
4.8 oc
4.8 oc

Table 3 shows that the mean annual inversion height was 244 metres in 1963..69 but only 199
metres in 1982-88. One might expect a mean height of over 300 metres in 1938-59, but this study
is yet to be done.
Another consequence of the lag error is the general delay of the thermometer in following the
lapse rate of the atmosphere in the troposphere. If i.. is constant and the temperature varies with time
according to the formula T =To- ~. t, then the delay of the thermometer soon approaches the value:
(4)

.l\T= -A.f3

Assuming conditions of the standard atmosphere in the troposphere, and a speed of ascent 6
m/s, we get -i..~ =0.41oC for RS 11, 0.20oC for RS 12, 0.14 oC for RS 18 and O.Q9oC for RS
80 at 1000 hPa etc. Graphical integration shows that at the 200 hPa level the lag error introduces a
systematic cumulative geopotential error of about 27 metres in the case of the RS 11 but only 6
metres with the RS 80. On the other hand, the geopotential error caused by thermometer lag in the
lower stratosphere is normally negative and the cumulative error e.g. at the 30 hPa level may be
rather small.

5. EFFECT OF HYGROMETER LAG
The behaviour of the hygrometer lag is rather complex because the lag coefficient of a
hygrometer may strongly depend not only on temperature, but also on relative humidity and on the
sign and gradient of the humidity change. The lag coefficient of most radiosonde hygrometers has
been given as a function of temperature only and also numerical values given by different authors
may be confusing, as shown in Table 2. An attempt to correct the hygrometer lag error of
individual soundings may thus cause more harm than good.
In Finland the upper troposphere is normally much drier, in terms of the relative humidity,
than the lower troposphere in the surface layer. One would thus expect that the mean relative
humidity recorded by the normal hair hygrometer in the upper troposphere in the 1950's would be
somewhat higher than the Humicap records in the 1980's, because the lag coefficient of the normal
hair in Table 2 is about tenfold that of the Humicap. Humidity data from 1951-55 and 1984-88
were therefore compared from the surface to the 300 hPa level, which was the top level of humidity
records in the 1950's. It turned out that the difference between these data sets increases with
altitude (Figure 3), with the annual mean of the systematic difference at the 300 hPa level being
about 18 per cent in South Finland and 23 per cent in North Finland. The difference in the
summertime at the 300 hPa level was 10 per cent in South Finland and 13 per cent in North Finland
whereas the differences in the wintertime were 24 and 31 per cent, respectively.
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Helsinki, Hmala (60'12'N, 24"55'E) Jokioinen (60°49 N, 23"29'E)

1000

850

•

rLI

700

500

llmala 51-55
Jokioinen 84-88

300

Sodankyla (67"22'N, 2fi39'E)

850

1000

•

121

700

500

300

51-55
84-88

Fig.3 Mean relative humidity at 1000, 850, 700, 500 and 300 hPa levels in 1951-55 (RS 11, rolled
hair) and 1984-88 (RS 80, Humicap capacitive thin film sensor)
6. LAG ERROR AND AUTOMATION
Several radiosonde systems have been automated in recent years. The automated evaluation of
radiosonde records and the composition of TEMP messages may also be subject to the influences
of the lag error. One particular problem appears to be how to automatically select significant levels
for the TEMP message.
Suppose that the lag coefficient of the radiosonde thermometer is very different from that of the
hygrometer. Suppose further that the radiosonde is ascending through an atmospheric layer in
which both temperature and humidity change significantly, e.g. through a thick cloud. One can see
from Figs. 1 and 2 that the actual heights of recorded turning-points very much depend on the lag
coefficients of the sensors. The automated system may therefore select a single significant level
twice: first based on change of temperature and then based on change of humidity, if the
hygrometer is reacting more slowly [3].
The above shortcoming may in some cases lead to an unreasonable number of significant
levels. There are two alternatives for avoiding such cases: either to develop pairs of temperature and
humidity sensors with uniform lag responses (which might be very difficult) or to override the
automated system manually when needed. An excessive number of unnecessary significant levels is
also an extra load on the Global Telecommunication System.
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7. CONCLUSIONS
The effect of lag error on old radiosonde data is very evident . The lag of the temperature
sensor can be recognized e.g. in statistics of the height of the ground inversion and in the
smoothing of sharp-edged inversions. The influence of the thermemeter lag may also-be-feund as
cumulative systematic errors in old geopotential data in atmospheric layers with rather large lapse
rates.
The lag error of radiosonde hygrometers increases considerably with decreasing temperature,
and the influence of the hygrometer lag on humidity data thus greatly depends on altitude and also
on seasonal temperature differences. The systematic difference in the relative humidity at the 300
hPa level between old data measured with normal hair hygrometers and new data measured with
Humicap sensors is 10-13 per cent in the summertime and 24-31 per cent in the wintertime in
Finland. The difference is due to the inability of the normal hair to react reasonably in the dry and
cold upper troposphere.
A very serious disadvantage of the lag error is the difficulty in adjusting the lag coefficients of
the radiosonde thermometer and hygrometer to behave similarly during the whole ascent. The
radiosonde does not thus necessarily record significant temperature and humidity changes
simultaneously if they occur at the same level. An automated TEMP coding system may now
record a single significant level twice, normally first as a significant temperature change and then a
second time as a significant humidity change at a somewhat higer level. A manual override system
can help to reduce an excessive number of significant levels in such cases.
Acknowledgement: This paper is an extended summary of a wider study to be published later by
the same authors. Cordial thanks are due to the staff members of Jokioinen observatory for data
treatment and to Mrs. Hanna Lappalainen for text and figure processing.
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THE

~REPRESENTATIVENESS

OF RADIOSONDE RELATIVE HUMIDITY MEASUREMENTS

M Kitchen
Meteorological Office, Bracknell, UK
1. IITRODUCT lOll.

The error associated with the use of an observation in an
analysis scheme is a combination of the measurement error <E) and
the~
representativeness
error
(R).
The
magnitude
of
the
representativeness error depends on the structure of atmospheric
variations and the atmospheric scales represented in the analysis.
The representativeness error may also include an element due to the
measurement being ascribed to a slightly different time and/or place
in the analysis from which it was actually made.
It is important to quantify the spatial and temporal
representativeness errors associated with the use of radiosonde
observations to be able to improve the design of synoptic and mesascale humidity analysis schemes. Knowledge of the representativeness
problem is also necessary to determine the requirements for upper-air
humidity measurements in terms of network spacing, sensor performance
and data resolution. For example, if for all practical uses of
radiosonde· humidity data, R»E, then it would be fruitless to devote
effort into small reductions in E.
The correlation between adjacent or consecutive synoptic
radiosonde relative humidity measurements is much lower than for the
other parameters commonly measured <temperature, geopotential and
horizontal wind). Much of the small vertical scale · structure is
peculiar to an individual radiosonde ascent and is not correlated
with structure seen in profiles recorded as little as one hour later
<Fig 1). Significant variability in RH at mid-latitudes occurs on
time scales which are much shorter than the typical interval between
operational radiosonde ascents <12 hours). Similarly, a
large
fraction of the spatial variance in . humidity occurs on a smaller
space scale than the recommended upper-air station spacing <300km).
For example, Barnes and Lilley< 1 :. reported that 37% of the total
variance in specific humidity at an altitude of 1500m was associated
with scales <200km. At an altitude of 5700m, the fraction was even
higher (50%).
In many countries, the radiosonde measurements of the vertical
structure of relative humidity <RH) have improved significantly over
the last decade. VIZ Carbon hygristor and Vaisala 'Humicap' sensors
have good reproducibility and fast time constant of response <Nash
and Schmidlin o;;:,).
About half the radiosondes flown operationally
(and almost all flown in Western Europe and America) now use one of
these sensor designs.
Tropospheric RH profiles provided by these
sensors contain a considerable amount
of detail in the vertical
structure <see Fig 1).
The aims of this work are to quantify the representativeness
errors associated with the use of relative humidity measurements in
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synoptic analysis and to assess the contribution from the measurement
errors.
2. REPRESENTATIVENESS ERRORS.
The computation of representativeness error requires knowledge of
the structure of atmospheric variability.
a) Variations on small timescales. ·
In Fig 2, the RMS difference between relative humidity
measurements at a given height are plotted as a function of the time
separation between the observations <temporal structure functions).
The functions have been derived from time series of radiosonde
humidity measurements at 5 standard pressure levels in the lower
troposphere. All the graphs have rather low average gradients <N0.3
cf ~0.5 for temperature and horizontal wind structure functions, see
Kitchen c: ::~)) •
In the WMO radiosonde comparison held in the UK during June and
July, RMS differences in RH between observations 4 hours apart are
in the range 12-24% <Fig 2a). At the 12 hour operational observation
spacing, the differences are 15-30%. These statistics confirm the
subjective impression from Fig 1, that considerable variability in RH
occurs on timescales of a few hours or less. A wintertime time series
of radiosonde ascents from Wallops Island on the east coast of the
USA exhibited higher RH variability <Fig 2b) than the UK data on all
time scales between 4 and 30 hours. Over the North Atlantic ocean,
the RH variability at the lowest pressure level <1000hPa) is less
than over land <Fig 2c), but at higher levels is very similar to that
over land at mid-latitudes. Structure functions for the Tropical
Atlantic <Fig 2d) show less temporal variability in RH; as low as 9%
at lOOOhPa over 6 hours. Note however that here the average specific
humidity will be higher than at mid-latitudes.
Far VIZ and Vaisala RS80 radiosondes, the RH measurement
reproducibility
is
estimated
to
be
about
3.5%
<Nash and
Schmidlin ° 5 :.), much smaller than the lowest RMS difference plotted in
Fig 2. Thus the curves plotted in Fig 2 represent the atmospheric
variability and the contribution from measurement uncertainty can be
neglected.
b) Variability on small space scales.
Datasets sui table far computing structure functions down to
scales <300km are not readily available. Those shown in Fig 3 are
constructed using data from the UK operational radiosonde network
which was temporarily enhanced during the summer of 1984 by ascents
made at the Meteorological Office experimental site (see Kitchen(~)),
For spacings >300km, the structure functions in Fig 3 have slopes
~0.2 and the RMS differences at 300km are
<50% lower than those for
lOOOkm separation. Far spacings < 300km, most of the structure
function slopes are >O. 5. Observations separated by 52km have RMS
differences in RH of 7-13% at both 0000 and 1200GMT, the equivalent
correlation coefficients are in the range 0.76-0.93, indicating that
a large fraction of RH variance could be resolved by a network with
50km observation spacing. The correlation between observations
separated by 300km is in the range 0. 3-0.45. A similar analysis of
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specific humidity data by van Maarnen<c.,;.) in the law countries gave
correlation coefficients for 300km spacing at the 850mb level of
0.4 in summertime cf 0.65 far surface measurements of RH.
The data used in Fig 3 are from UK RS3 radiosondes which provide
RH measurements of inferior quality compared to those from Vaisala
RS80 and VIZ radiosondes <Nash and Schmidlin< a>:>). Comparison of
temporal structure functions from RS3 and RS80 data show only small
differences in slope although the RS3 measurements tend to
underestimate the true level of atmospheric variability.
!l<

c) Representativeness Errors.
From the data in Figs 2 and 3, the errors associated with the use
of radiosonde data in analysis of RH on constant pressure levels may
be estimated.
The spatial representativeness error is specifically
defined here as the RXS error associated with the interpolation to
the centre of a square of side d from values of RH at the corners of
the square < the measurement sites in a network of spacing =d). From
Gandin< 2 > :R2 (d)

=S

2

(d/2~ot~)

- 0.25

S::;~(d)

- 0.125 S2 (d.2Mt)

S<s> is the RMS difference between measurements separated by a
horizontal distance s. The total error associated with the
interpolation will be:-

However, it can be seen from the values of R in Table 1 that the
measurement reproducibility of the hygristar and Humicap sensors
makes only a small contribution to the interpolation error and I ~ R
for d~ 100km.
Table 1
RMS RH representativeness errors .<%> for three values of d.
Pressure(hPa> R<300km)
925
850
700
500

R<200km)

R<lOOkm>

10

9

11

7

14
13

11

5
5
7

10

HO

The benefit of .an increased observation density in reducing the
representativeness error is apparent, particularly if spacings ~100km
can be achieved. Note that the values in Table 1 are the minimum RMS
representativeness errors because it is assumed that the measurements
were made precisely at the time and place to which they are ascribed
in the analysis. However, radiosondes are typically launched up to 1
hour before the nominal analysis time. Extrapolation of the curves in
Fig 2 suggest that typically, ,. <1h) may be in the range-- 10-15% far
mast levels in the troposphere. Thus time mis-matches of this size
could make a significant contribution to the RMS interpolation error
if temporal changes are spatially coherent over the horizontal scales
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considered here. Also, the profiles in Fig 1 clearly show that for
individual cases, T<1h) can be much larger than 15%.
3. ADDRESSING THE REPRESENTATIVENESS PROBLEM.
It has been shown in section 2 that the interpolation error
associated with RH measurements from the operational radiosonde
network is dominated by the representativeness errors and the
improvements in reproducibility of modern RH sensors is not obviously
leading to improved synoptic or mesa-scale humidity analyses. Three
possible methods of reducing the representativeness error· are
considered.
a) Increase in the number of upper-air stations.
This is the most obvious method of reducingR. Table 1 shows that
there are considerable benefits to be obtained from reducing the
observation spacing to around 100km. However, the resources required
to increase the number of operational radiosonde stations ·by ' a
corresponding factor are prohibitive. A solution adopted by the UK
Meteorological Office is to deploy simple radiosonde systems at 6
forecast offices in the UK. The cost-benefit of this strategy is
maximised because:(i) the radiosonde systems are simple <no windfinding> and cheap.
( i i ) the equipment is housed within existing accommodation.
<iii) additional radiosonde ascents are only performed in critical
forecasting
situations
when
interpolation
from
surrounding
observations is difficult (i.e.
representativeness errors are
largest).
b) Descent Tracking.
Some designs of radiosonde provide acceptable measurements of RH
as they descend by parachute after the balloon has burst. Typically,
the descending radiosonde traverses the lower troposphere 50-150km
from the launch site. Thus by recording the data on the descent,
some increase in the observation density is achieved at minimal
additional cost <see Kitchen et al c "'· :•). However, the ability to
receive descent data from the lowest levels depends upon the ability
of the radiosonde equipment to receive acceptable radio signals from
the radiosonde at low elevation angles and long range.
c) Averaging RH data in the vertical.
A simple method of improving the representativeness of radiosonde
temperature measurements in the stratosphere <where there is
considerable structure on small scales) is to average the data in the
vertical <e.g. by using geopotential increment data, rather than
point measurments of temperature); see Kitchen<:::<:~:·. The efficacy of
averaging RH data in the vertical has also been examined. Fig 4 shows
the reduction in RMS RH differences that can be achieved using
averages computed over pressure bands 50-200hPa thick over point
measurements. These particular pressure bands were chosen because
they correspond to the proposed processed RH data output from the
AMSU-B satellite instrument. For this particular dataset <N. Atlantic
wintertime), the effect of vertical averaging is marginal and does
not significantly reduce the representativeness errors.
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This is not to say that analysis schemes which can make use of the
detailed information on the RH vertical structure are not likely to
be more successful than those relying on a few point measurements at
fixed levels. Typical RH profile~ show a layered structure with very
strong RH gradients associated with stable layers in the temperature
profile. Small variations in the height of these stable layers with
time or horizontal distance contributes to the low correlation
between RH measured at a given pressure level. High resolution,
unsmoothed RH profiles are of value in
tracking the vertical
movement of the moist and dry layers, but sophisticated analysis
techniques are required to exploit the profile information and reduce
representativeness errors.
4. SUMXARY AID COICLUSIONS.
a) A large fraction of atmospheric
variability in RH occurs on
scales which are smaller than those resolved by conventional
radiosonde networks in mid-latitudes, and probably in the tropics as
well.
b) Errors in the interpolation of RH at a tropospheric pressure level
within a mid-latitude
upper-air network <inter-station spacing
N300km) are N10%. In order to reduce this representativeness error by
, half, the inter-station spacing would need to be reduced to N100km.
c) Differences between the actual time of observation and the time
associated with the observation in the analysis should be minimised,
particularly if the observation spacing is reduced to <200km.
d) The representativeness errors associated with the use of RH
measurements in synoptic scale analysis are probably much larger than
the measurement errors.
The advantage of modern radiosonde
measurements is in the accuracy and high vertical resolution of the
RH profiles. The ~ximum information on RH structure may be obtained
by combining radiosonde measurements with RH soundings from satellite
instruments which offer better spatial resolution but poorer vertical
resolution.
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Fig I,
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EVALUATION OF THE QUALITY OF RADIOSONDE GEOPOTENTIAL HEIGHT OBSERVATIONS
IN TROPICAL REGIONS.
J.Nash and H.Broad
Meteorological Office , Bracknell
Evaluation of the quality of radiosonde geopotential height observations
in tropical regions will be demonstrated. Observations are compared against
the first guess forecast or the analysis of a global numerical weather
prediction model. The results are then interpreted using additional
information from analyses of the time series of observations at a given
station. Most of the radiosonde types used in tropical regions were tested
in the WMO Radiosonde Comparison so that reference to the Comparison results
allows the influence of the methods of observation used at individual
stations to be examined.
1.

UfiRQDUCT ION
Radiosonde data compatibility studies performed for CIMO between 1978
and 1985, e.g.see Spackman <7> and Moores<3>, tended to concentrate on
observations from regions where the spacing between radiosonde stations was
relatively small, i.e. in regions at latitudes higher than 25'N. In other
areas the analysis fields used as a reference tended to fit to the
observations at an isolated station, even when the observations were in
error. Thus, the systematic bias between the observation and the analysis
field did not provide a reliable indication of systematic error at an
isolated station. In this paper, it will be shown that the use of the short
term forecast <first guess) field from a modern numerical weather prediction
model, such as that operated by ECMWF <e.g.see Hollinsworth, et.al.<1>>, can
overcome this problem -t;o a large extent. Hence, J t is now possible to obtai!l
estimates of systematic bias in geopotential height measurements at isolated
radiosonde stations between 30'N and 30'S, in addition to estimates of
measurement reproducibility.
2.

Use of the ECMWE First Guess as a reference in the tropiQa
The ability of the EC.KWF First Guess <6h forecast) field to provide a
reliable reference for 100 hPa geopotential height observations was checked
at five isolated stations in the Pacific. <WMO indices 91066,91165,
91217,91245,91285), These use VIZ radiosondes. Analysis of the time series
of 100 hPa geopotential- heights at each station < e.g. see Moores--<3»
indicated an overall mean difference in June of 42m between 0000 and 1200
GMT observations, when the daytime solar elevation was close to 90'.The
latitude and local times of observations at these stations are such that
diurnal solar temperature tides do not produce a significant <OOOO -1200)
difference on average in the true 100 hPa geopotential heights. Hence the 42
m difference was primarily the result of day-night differences in the
radiosonde error. This difference is considered to be consistent with the
W.KO Radiosonde Comparison results, if the difference in daytime solar
elevation is taken tnto account using the results of Schmidlin and Luers<6>.
Wh.en the observations <OB) from these stations in June were compared
with the ECMWF First Guess <FG> and also the ECMWF analysis <AN> the
following results were obtained:-
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(0000-1200)
0000 GMT
1200 GMT
<OB-FG)
10m
-32n
42m
<OB-AN)
2m
-12m
14m
Thus, reference to the first guess field produced a realistic estimate of
-day-night difference in the VIZ radiosonde measurements. The estimate of
day-night difference using the analysis field as a reference was clearly
erroneous. As with previous analysis schemes, the ECMWF analysis had fitted
to the observation including error to a significant extent.
Kitchen <2> deduced that for the reference defined in the WMO Radiosonde
Comparison <WNO REF>, the value of <W:MO REF-FG> at 100 hPa is typically -25m
± 15m. Thus <OB-FG) monitoring results from the Pacific imply that the
nighttime (1200 GMT> observations were probably slightly lower than the W.MO
Reference with the day time measurements higher than the WMO Reference, as
found in the WMO Radiosonde Comparison. These results demonstrate that
realistic estimates of systematic bias in geopotential height observations
can be obtained at isolated stations in the tropics using the ECMWF First
Guess field as a reference.
3

Review of systematic biases in 100 hPa geopotential height
Kitchen <2> has produced a survey of the 100 hPa <OB-FG) systematic
biases for all the radiosonde stations which were in operation throughout
May-July 1988. The results for 30•N to so·s are plotted in Figure 1. Biases
from observations at 0000 and 1200 GMT were averaged together, when
observations at both times were available. The biases were divided into
categories, as defined in the key for Figure 1. Systematic biases in
category 0 are those for stations where performance was judged to be closest
to the WMO REF, i.e. where temperature observations are expected to be
within± 0.25·c of WMO REF on average between the surface and 100 hPa.
Systematic biases in categories 1 and -1 merit investigation as there are
probably some outstanding radiosonde corrections to be made. For instance,
at stations using the VIZ radiosonde and following the current practices in
mainland U.S.A., radiation corrections would improve the day-night
compatibility of the measurements, and the use of the correct value of g in
the computation of geopotential heights, (9. 80665 m. s """' > would reduce
positive bias in the 100 hPa geopotential heights by 10m.
Stations with even larger systematic biases relative to the W.MO REF
constitute about one third of the total in the tropics. Observations from
stations with systematic biases in categories higher than 2 or lower than -2
were probably failing to meet the basic requirement for upper air
temperature measurements of the Global Observing System in the late 1990's
(as specified by CBS- IXJ. Corrective actions to remedy the errors in both
equipment and methods of observation are essential at these stations.
4.

FIRST GUESS FIELDS USED AS A REFERENCE BETWEEN NEIGHBOURUfG STATIONS
The First Guess fields can also be used to compare geopotential height
obse~vations at neighbouring stations in detail. This is illustrated by a
comparison of measurements in Hong Kong <HK) and neighbouring stations in
China <CH) averaged together, where:<HK-CH> !:>! <HK- FGHt<:) - <CH- FGc:t·i)
was applied to the following geopotential height increments:- <850-500),
<500-300), (300-200), (200-100), <100-50), (50-30) and <30-20)hPa. Figure 2
presents plots of COB - W:MO REFJ for the temperatures output by the systems.
Note: here temperature bias may originate from temperature sensor bias and
pressure sensor bias, with pressure sensor bias leading to an incorrect
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assignment of height to the temperatures. The position of the Hong Kong
measurements relative to WMO REF was that derived from Nash and Schmidlin
<5> for a Vaisala RS80 system with the-' 198£V temperature correction scheme,
after applying a small adjustment to take account of changes in the thermal
lag errors of the temperature sensor in tropical temperature profiles. The
geopotential height increment differences between China and Hong Kong were
converted into equivalent mean layer temperature differences. These resulted
in the biases in the Chinese radiosonde measurements. Indiv:l.dual mean layer
temperature differences were probably accurate to± 0.3·c e.g. compare
results from a more limited geopotential height comparison in western Europe
in Nash <4>. The most striking characteristic of the systematic biases of
the Chinese temperature measurements is the sudden transition from large
positive.biases relative to WMO REF at levels just below lOO bPa to negative
biases at upper levels in the stratosphere. The most plausible reason is
that there was a substantial positive bias error <about +5 hPa> :l.n the
Chinese pressure sensor measurements near lOO hPa.
5.

Review of measurement reproducibility
Kitchen <2> produced a summary of the standard deviations <SD,FG> of
<OB-FG> geopotential heights at 100 hPa in the tropics for May-July 1988.
Table 1 compares values for <SD,FG> with estimates of reproducibility
<EHAT),e.g. see Moores <3>, from analyses of 100 hPa time series. Data
samples are for areas where stations observe at both 0000 and 1200 GMT. The
small differences between EHAT and <SD,FG) for the stations with the best
reproducibility indicate that the random errors in the lOO hPa FG field in
the tropics are certainly not larger than 20m. EHAT is usually slightly
smaller than <SD,FG> at stations with very poor reproducibility because
more of the anomalous observations tend to be rejected in the computation of
EHAT than in the computation of <SD,FG>.
Table 1 Indicators of LOO hPa geopotential height reproducibility .Units; m.
EHAT <SD,FG>
AREA
R/SONDE
EHAT <SD,FG)
AREA
R/SONDE
W.AFRICA VAISALA
22
28
JAPAN
MEISEI
14
18
93
100
PACIFIC
VIZ
20
24
INDIA
IN MKIII
40
45
MEXICO
VIZ
26
31
THAILAND VIZ/BEUK
USA
VIZ
21
23
29
36
MALAYSIA VARIOUS
W. INDIES VIZ
22
26
37
39
CHINA
SHANGHAI
HONG KONG VAISALA
10
13
The data fri Table 1 confirm that <SD,FG> is a satisfactory indicator of the
reproducibility of the geopotential height measurements at stations in the
tropics. Values of <SD,FG) are plotted for all the stations between 30•N and
so·s in Figure 3. In Figure 3,category 1 indicates optimum performance from
the best radiosonde types currently available. Measurements at stations in
categories 6 and higher are of sufficient} y poor quality to fall outside the
Basic Requirement for the GOS in the 1990's. Observations from stations in
category 7 usually have to be excluded from numerical analyses in the
tropics if erroneous forecasts are to be avoided. This very poor performance
is only found at stations in India and Indonesia.
In Figure 4 histograms of the ratio <SD,FG>I< reproducibility observed
in the WMO Radiosonde Comparison) are presented for the stations using
Vaisala and VIZ radiosondes respectively, Stations where this ratio exceeds
3 clearly have deficiencies in the methods of observatton or ground
equipment used. There is clearly potential for marked improvement at about
25 per cent of the Vaisala stations and 50 per cent of the VIZ stations.
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6.

CLOSING REMARKa
It is hoped that this short study will encourage operators to consider
the results of Kitchen <2>, and also the additional monitoring results
available from ECMWF through participation in the CBS pilot study on
radiosonde data monitoring. It must be remembered that the performance of
the global radiosonde network will not be improved by the provision of
better radiosondes and monitoring information unless local faults in ground
equipment and methods of observation are. rectified by the operators.
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Mean Bias from ECKWF 100 hPa First Guess Field, Xay-July 1988

Figure 1
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Figure 3

Standard deviation of bias from BCKYF 100 bPa First Guess Field
May-Jul y 1988.
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ACCURACY OF RELATIVE HUMIDITY MEASUREMENT EQUIPMENTS FOR AUTOMATIC WEATHER
STATIONS.
Robert Spichiger
rotronic ag, ZUrich, Switzerland
Obtaining 'even the almost standard accuracy of +/-2%RH is not a trivial matter.
From specifications it would seem that practically any instrument can provide
+/-2%RH accurac,y, regardless of the conditions to be measured. However, many
of the instruments thus specified would not pass a serious test. Instrument
users that require accuracies .of 1% relative humidity or even less should keep
this in mind.
As there is no real physical standard for relative humidity calibration,
verifying the quality of a relative humidity measurement equipment is quite
difficult. As a result, there has probably been more abuse in· specifying
humidity instruments than with any other type of instrument.
SPECIFYING INSTRUMENT ACCURACY
Specifying instrument accuracy must take into account the combined effect of
the different errors. With the exception of calibration errors, all other
errors are specific to a given type of instrument.
Because calibration accuracy is not instrument-specific, an assumption must be
made regarding the calibration method used~
There are different possibilities:
1. ) NATIONAL BUREAU OF STANDARDS, WASHINGTON DC, USA. {NBS)
Tests can be done using the NBS Mark 2 Two-Pressure Humidity Generator.
This equipment makes it possible to produce humidity conditions with an
accuracy of +/-0,2%RH at temperatures between ooc and +40°C and +/-0,4%RH
at temperatures between 0 and -20°C. The humidity of the test air is known
to ·+/-0,8%RH at temperature -4DDC and +/-0,5%RH at temperature of +60°C
using the NIST Pressure Humidity Apparatus. at +60°C. These systems are
using a flow of test air with known humidity which is passing through the
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test chamber in which the sensors and associated electronics will be
exposed.
2.) NATIONAL PHYSICAL LABORATORY, UK (NPL)
Two-Temperature Generator can be used. Humidity range of l%RH to 98%RH can
be covered by an accuracy of +/-0,5%RH.
3.) CETIAT, France
The MEAN TEMPERATURE Calibration Station (M.T.) using a Humid Air Generator, controlled by a Transfer Standard Hygrometer, is approved by the
National Bureau of Meteorologie France and is working from -70°C up to
+35°C with a range of Dew Point Temperature from -20°C to +25°C.
The accuracy in %RH is +/-0,6%RH above

ooc

and +/-0,9%RH below

oc.

4.) MANUFACTURER CALIBRATION
In the case of the manufacturer calibration there are at least two
different possibilities: calibration in reference to salt solutions as
described in the ASTM standard, with a temperature stability of 0.05°C
(temperature bath), and calibration with non-saturated salt solutions in
an insulated area or enclosure, using an individual chamber as a temperature sink to further stabilize both the solution and the sensor.
Depending on the method, we may assume a typical deviation from the
nominal ASTM solution values ranging from 0,3 to l.l%RH, which is equal to
the random error resulting from calibration. This error can be combined
with hysteresis by taking the square root of the sum of the squares of
both errors. The combination results in a total random error of +/~0.5 to
T.2.%RH.
Systematic errors can be added together, taking the sign of each. error
..
i:nto account. At room tempe·rature, the only systematic error is the
linearity error •. Adding it to the total rand.oitr error, we obtain an'
accuracy in the range of +/·L3%RH or better with a special calibration,
·and +/-2%RH or better with a starrdard calibration. It is important to note
that tliis specification is valid at room temperature and that this is in
reference to the values published in the ASTM standard for aq~eous
solutions.
At temperatures between -20 and 40°C, NBS test data indicates that the
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accuracy of units calibrated with the standard manufacturer method is
within a band of +/-2%RH. More critical is the accuracy at -40°C and below.
Test from Sept. 1988 show an accuracy of +/-5%RH. Trlthe meantime these
results have been improved to +/-3%RH. Other independent test data show
that the total error at temperatures up to l50°C does not exceed 4 to 5%RH
at high humidity and is much less at low humidities.
CALIBRATION ERRORS
Calibration consists of adjusting the instrument output or readout to the
values provided by two or more reference humidity conditions. The accuracy to
which these conditions are known is critical. Calibration should be as
physically direct a process as possible to eliminate the substantial errors
that frequently result from an indirect calibration process, such as relative
humidity calibration vlith a de~tl point instrument and a thermometer.
The accuracy of calibration with aqueous solutions of salt or acid in a sealed
chamber is largely dependent on the stability of temperature during calibration. According to ASTM standard liE 104-85, an accuracy of +/-0.5%RH requires
a temperature stability of +/-0.l°C in the solution head space environment.
With a temperature stability of only +/-0.5°C, the accuracy of the method can
already deteriorate to +/-2.5%RH. In the judgment of the committee that prepared tfi~ ASTM standard, most labriratori~s dri~cit ~fovid~ ~ te~perat~re
stability of better than +/-0.5°C. Both the preparation and handling of the
solution are also critical to accuracy.
What can you expect when you use nonsaturated salt solutions as a reference?
Standard calibration is done in a thermoinsulated room. Instruments are calibrated by placing the sensor in an individual sealed chamber that provides
additional temperature lagging. During the 45 to 75 minutes required for each
calibration point, temperature stability in the solution head space environment is typically O.l5°C or better. Special calibration with higher stability
is available on request. This is done by immersing the sealed chamber containing the sensor and solution in a temperature-controlled bath with a stability
of better than 0.05°C. Units, tested at the NBS, were calibrated according to
the manufacturer-standard calibration method. NBS data provides an estimate
of the accuracy that was achieved.
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Table 2
Accuracy Determination
Humidity Standard

10%RH
20%RH
35%RH
50% RH
80%RH
95%RH

Average Error

-0.20%RH
-1.41%RH
-0.18%RH
-1.04%RH
-0.80%RH
-0.35%RH

Standard Deviation

+/-0.12%RH
+/-0.12%RH
+/-0.29%RH
+/-0.28%RH
+/-0.12%RH
+/-0.21%RH

Standard deviation summarizes the differences found between the different
units. These were calibrated in one batch. The errors found at the NBS are the
errors of the entire calibration process, including external factors. As such,
they do not provide an indication of the accuracy of the manufacturer's humidity standards themselves.
A frequent concern of humidity instrument users is NBS traceability and the
maintenance of this traceability in the field. The best approach is probably
to ask the NBS, NPL, CETIAT to verify an instrument. Unfortunately, this is
rather costly and does not address field maintenance requirements. Transferring
NBS traceability from one humidity instrument to another should be regarded
with extreme caution because of the many external factors that may intervene.
Contrary to an opinion frequently propagated by manufacturers of humidity
instruments, aqueous solutions do not provide NBS traceability. Essentially,
the values published by Lewis Greenspan in the Journal of the NBS (1977) result
from the compilation of a large number of previously published data. For
example, the uncertainty on the value of each salt is not an accuracy statement
but indicates the fit of the average value that was computed. The legitimacy
of aqueous solutions stems from their acceptance by agencies such as the Food
and Drug Administration, by ASTM, and many others. Because aqueous solutions
are also inexpensive and convenient, they are probably the only practical
means available today that can be used by both instrument manufacturers and
users.
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CONCLUSIONS
Contrary to commonly held opinion, achieving an accuracy of +/-2%RH with a
relative humidity instrument is not-a-t-ri-vial--matter,---even--at temperatures of
20 to 25°C. Chances are, many of the instruments that are being so specified
would not pass a serious test. Instrument users should keep this in mind when
requiring accuracies of 1 percent humidity or less.
Verifying a relative humidity measurement is made difficult by the fact that
there is no real physical standard for relative humidity calibration. As a
result, there has probably been more abuse in specifying humidity instruments
than with any other type of instrument. For his own protection, the user should
insist on getting reliable, detailed, independent test data from the instrument manufacturer. Most manufacturers will be more than happy to comply.
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PRECIPITATION CORRECTION: PARAMETER ESTIMATION OF PRECIPITATION
STRUCTURE
Boris Sevruk
Swiss Federal Institute of Technology, ETH Zentrum, 8092 Zurich, Switzerland

ABSTRACT: Different methods of estimation of actual and mean monthly values of
parameter N of the structure of rain are compared and a new indirect method is
suggested. This method uses an index of monthly values of temperature and
precipitation per day. The 6-year data from 12 Swiss stations were used to derive the
index. The new method makes it possible (i) to estimate N values at gauge sites where
no measurements of intensity of rain are available, ·(ii) to regionalize the N values
over the territory of Switzerland, and (iii) to estimate the correction of mean monthly
precipitation for systematic error of measurement at gauge sites where wind speed is
known.

INTRODUCTION
The reliability of precipitation data can be increased when point precipitation
measurements are corrected for the loss due to wind adverse effects. The correction
·procedures are based on data of wind speed and a parameter of precipitation structure.
Because the latter is generally not measured in meteorological networks, the intensity
of rain is used to derive the parameter N of structure of liquid precipitation. However,
there is only a small number of locations with recording rain gauge. In addition, to
estimate theN values a lot of work is needed, because according to Bogdanova [1], N is
defined by the percentage fraction of the total amount of rain falling with an intensity
equal to or smaller than 0.03 mm min-1. This means that rainfall records have to be
digitalized on a base of 10 min. intervals to sum up the relevant rainfall values for a
given time period.
Thus the problem arises on how to estimate the rain structure using data other than
the intensity. Bogdanova [3] suggested to use mean monthly air temperature, or its
combination with air humidity: Four slightly different relationships covered all
climatic regions of the USSR. As shown further, a temperature index D, defined as the
product of monthly amount of rain divided by the number of days with rain and air
temperature, gives fairly good results in Switzerland. The advantage of this parameter
is that its values could be easily regionalized. Consequently, having the wind speed
data, the corrections of mean monthly rain totals can be assessed for locations where
no direct information on the intensity of rain is available.
For shorter time intervals (one day and less). the structure of rain can be also assessed
from the amount and the type of rain as well as from the meteorological conditions
during rainfall. The relevant methods are reviewed by Sevruk [5](in Table V and VI on
page 10-ll)and in Sevruk and Hamon [6].
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METHODS
In the present study, the method by Bogdanova I 1] was slightly modified.
Taking the large temporal resolution of older types of Swiss recording rain gauges into
consideration, the treshold value of N was defmed by the amount of rain of 0. 9 mm per
half hour instead of the recommended 0.03 mm min-1. The 6-yr records from April to
September 1965- 1970 from 12 Swiss stations were used in the analysis. The stations
are listed in Table 1.
Table 1
Comparison of mean monthly values of parameter of structure of rain as estimated
from the records of recording rain gauges, N, and as computed from the temperature
index of intensity of rain (N). 12 Swiss stations, April- September, 1985- 1970.
s
v

*

standard deviation
coefficient of variation
April

Station

May

indicates the difference between
N and (N) greater than 5

June

N

(N)

N

(N)

N

53

45

43

(N)

July
N

(N)

N

(N)

N

(N)

35

31 27

31

30

28

36

35

30

29

1

St. Gallen

50

2

Uster

58

3

Luzern

62

57

45

44

29

30 32

31

4

Altdorf

64

56*

49

44

39

33* 38

5

Lausanne

56

55

44

44

39

6

Arosa

69

55

67*

7

Zurich

58

56

45

8

Bern

60

58

9

Oeschberg

68

10 Neuchatel

69

11

63

Miinsterlingen

44

August September

32
28

34
36

34

30* 36

29* 43

38

37 30

30

25

25

38

36

47

53* 34

42* 42

46

33

46*

43

29

34 29

31

26

28

32

32

51

47

35

42* 29

29

28

32

42

34*

65

49

49

35

41* 32

34

23

28

36

37

60*

54

48*

37

41 29

30

28

30

31

34

37

33

53

25

41

38

12 Schaffhausen

61

60

64

58*

37

41 44

44

35

35

39

42

N

61

58

50

49

36

38 32

33

30

31

37

37

Average

s

5.9

3.5

6.2 4.0

4.3

v=s/N 100

9. 7

6.1 12.5 16.0 14.4 18.0 16.1 16.6 19.5 20.0 11.8

11.5

6.2

7.9

5.2

6.8 5.2

5.5

5.8

In the first step, 406 actual monthly N values from all stations have been plotted
against the mean monthly intensity of rain, i, and compared with the Bogdanova·s [2]
results.
In the second step, the 6-yr mean monthly values of N were correlated with mean
monthly temperature, as done by Bogdanova [3] and Golubev [4], and in addition, with
the temperature index D% of monthly intensity of rain as defined in the Introduction.
In the third step, using the derived N-D relationship, the mean monthly N values were
computed for 64 selected Swiss stations, uniformly distributed over the territory of
Switzerland. Finally, these point N values were regionalized to show the temporal and
spatial distribution of rainfall structure in Switzerland.
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RESULTS AND DISCUSSION
In Figure 1 the plots of actual monthly N values against the intensity i are
presented. They show larger N values as compared with these by Bogdanova [2],
particularly for intensities i smaller than 1.0 mm h-1. The 3-degree polynomial fits
the data fairly well, with the coefficient of determination r2 value of 0.89 as follows:
N=141-131i + 48.3i2-6.2i3

(1)

Using the logarithm of i a linear fit is possible but as shown in Figure 1, it
underestimates the small N values:
N = 54 - 118log i

(2)

The relevant equation by Bogdanova [2] is as follows:
N=45-75logt

(3)
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Plots of actual monthly values of parameter N of rainfall structure
against the intensity of rain, i, in the normal and half-logarithmic
scale. 12 Swiss stations, April - September, 1965 - 1970. Dashed line
is according to Bogdanova (1971) for the USSR,

The differences among the N values as estimated according to the three above
mentioned equations are seen in Table 2. They are mainly due to different time
intervals of averaging small intensities ( Bogdanova·s 10 min. vs half hour in
Switzerland) than different climatic conditions between the two countries. In any case
the stations as used by Bogdanova [2] were widely distributed over the territory of the
USSR. However, an additional error source could be the different types of recording
rain gauges as used in the USSR and in Switzerland and consequently, the different
magnitude of the wind-induced loss which could be very large for small-intensity
rains. In this sense, the generally smaller N values by Bogdanova (Eq. (3). Tab. 2) could
be interpreted as being due to the higher standard level of the gauge above ground in
the USSR (2m vs 1.5m), and to stronger winds.
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Fig. 3

Spatial and temporal distribution of the parameter N of structure
of rain over the territory of Switzerland in the summer season from
April to September.
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Table 2
Comparison of actual monthly values of parameter N of structure of rain as computed
from monthly intensity of rain, according to different equations

Intensity of rain in [mm h-1]

Equation
0.5

1.0

1.5

2.0

2.5

3.0

(1)

87

52

32

22

17

13

(2)

90

54

33

18

8

(-2)

(3)

68

45

32

22

15

9

In Figure 2, the plots of mean monthly N values against temperature T and the
temperature index D of intensity of rain are presented. The scatter indicates that the
temperature index D is a far better N predictor than the temperature alone. However,
the two curves a and bin Figure 2, fitting the Swiss data and data from the north-west
part of the USSR by Bogdanova [3], respectively agree quite well with each other. In
contrast, the curve c by Golubev [4] considerably overestimates the N values. The
coefficient of determination r2 was high (0.84) for the temperature index D and the
resulting regression equation was simple, as follows:
N= 145- 53D

[ degree C mm per day] (4)

D =TlogPM-1
where

(5)

T = mean monthly temperature, [ degree Cl
P = mean monthly precipitation amount [mm]
M = mean monthly number of days with precipitation

The mean monthly N values for the 12 Swiss stations as estimated from the records of
recording rain gauges and as computed according to_equation (4) are compared in
Table 1. The differences are generally small.
In Figure 3, the regionalized N values over the territory of Switzerland are presented
for the summer season from April to September. Here, the seasonal pattem of the
parameter of rainfall structure is evident. In April and May the small intensity rains
prevail, in the high summer months from June to August, the convective rains with
large drops are common. Higher N values occur during the summer season in the Alps
and along the north-west border of Switzerland.
CONCLUSIONS
The suggested indirect method of estimation of mean monthly parameter of structure
of rain is based on mean monthly value of temperature, precipitation and number of
days with precipitation. It makes it possible to assess the correction of wind-induced
losses at sites without rain gauge where wind speed data is available.
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HOMOLOGATION DES MATERIELS METEOROLOGIQUES
Par M. GILET et P. VITON
S.E.T.I.M. - 78190 TRAPPES - FRANCE

La reduction des coftts des systemes modernes de collectes de donnees meteorologiques et la facilite de leur mise en oeuvre ont incite divers organismes a
installer des reseaux de mesure afin de connaitre les parametres climatiques
necessaires a la conduite de leurs activites. Rapidement, ces organismes se sent
rendus compte des avantages qu'ils pourraient tirer d'un rapprochement avec le
Service Meteorologique National (D.M.N.) en lui demandant, dans un premier
temps, de contrOler les donnees acquises par leur soins, puis dans un deuxieme
temps, de les archiver dans les banques de donnees Meteorologiques Nationales
(B.D.M.). De son cOte, la Direction de la Meteorologie est tout a fait favorable
a une telle demarche. Car elle peut ainsi beneficier de d'onnees climatiques
sans avoir a financer des equipements de mesure correspondants, mais aussi
d'accroitre le patrimoine climatologique national dans l'interet de tous les
usagers. Or, la satisfaction de ces demandes souleve un bon nombre de
difficultes dues essentiellement a l'heterogeneite des equipements utilises
mais aussi aux differentes consignes d'exploitation en vigueur. Devant ce
constat, la DMN a decide de mettre en place une procedure d'homologation des
materiels meteorologiques afin de s'assurer que les equipements fournissant des
donnees,
dent la charge lui incombe,
repondent a des caracteristiques
metrologiques bien definies.
Pour faire aboutir une telle entreprise, les services techniques de la DMN,
charges de conduire les operations de certification ont du effectuer un certain
nombre de demarches administratives et d'actions prealables. La delivrance d'un
certificat d'homologation implique :
1 - Un agrement du service certificateur.
2 - !'existence de documents normatifs de reference.
3 - Des moyens d'essais et de contrOle adaptes.
4 Des personnels competents aptes a conduire ou a faire effectuer des essais
suivant 4es methodes et des procedures normalisees et codifiees.

1 - ASPECT REGLEMENTAIRE - AGREMENT DES SERVICES TECHNIQUES DE LA DMN
Selon la legislation fran~aise, un service d'etat ou prive,
des appareils ou dispositifs de mesure que s'il a re~u.
autorisation delivree par le Ministere de l'Industrie.
appelee "Agrement" est fournie a l'issue d'une enquete pour
service demandeur a les moyens materiels
et humains
prestation.

ne peut homologuer
au prealable, une
Cette autorisation
s'assurer que le
d'effectuer cette
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Par arr~te paru au Journal Officiel de la Republique Fran~aise, signs du
Ministre des Transports et de la Mer, le Service des Equipements et des
Techniques Instrumentales de la Meteorologie " ... exerce la responsabilite des
actions d'homologation et de qualification au nom de la Meteorologie Nationale."
L'homologation d'un materiel se traduit par la delivrance d'un certificat de
conformite a un document normatif, qui peut ~tre soit une norme officielle, soit
un ensemble de specifications etablies en vue d'un usage donne.
2 - LES DOCUMENTS NORMATIFS
Ces documents sent etablis par les services techniques de la Meteorologie, en
fonction du besoin a couvrir au niveau de l'utilisateur. Quand le document
normatif se rapporte a un equipement destine a produire des informations pour
les reseaux de la VMM, on se situe dans le cadre d'une application etudiee par
une commission de l'OMM. Ce document prend en compte les recommendations de la
CIMO. D'autres documents normatifs peuvent ~tre etablis pour une utilisation
determinee, suivant un cahier des charges etabli en accord avec un utilisateur.
Dans le cas ou ce document recouvre les exigences de la CIMO, se contentant d'y
ajouter des exigences supplementaires, les donnees fournies par le materiel sent
autorisees a circuler sur le reseau et dans les banques de donnees de la DMN.
Dans le cas ou le document ne respecte pas les exigences minimales de la CIMO,
le materiel est homologue dans un cadre plus restrictif, la responsabilite de
!'utilisation des donnees etant laissee A l'utilisateur. Les documents normatifs
precisent les caracteristiques metrologiques et fonctionnelles des materiels :
Precision,
gamme
de mesure,
domaine d'utilisation, rapidite, frequence
d'echantillonnage, algorithme de traitements, format de sortie etc ... Ces
specifications se rapportent a un type de materiel bien determine, destine a un
usage defini (synoptique, climatologique, d'enqu~te .. ) mais aussi exploits dans
un environnement bien precis (climat tempere, arctique, tropical, milieu marin,
haute montagne etc ... ).
On distingue deux niveaux de normes de certification :
Le premier traite exclusivement des criteres metrologiques A !'exclusion de
toutes fonctionnalites ou caracteristiques technologiques. La certification
d'un materiel en prenant pour reference ce niveau de specifications est une
garantie que les donnees fournies ont une qualite suffisante pour ~tre acceptees
dans une BDM.
Le deuxieme, plus complet, prend en compte, outre les normes prevues au premier
niveau, des specifications et des fonctionnalites touchant a la maintenabilite
et a !'exploitation des materiels (interchangeabilite des sous-ensembles,
normalisation des entrees/sorties, formats de sortie etc.). Les materiels
homologues A partir de ces normes sent conformes a ceux qu'utilise la DMN dans
ses reseaux. Et dans le cas precis d'une station automatique, cela signifiera
qu'elle peut ~tre raccordee
aux concentrateurs
regionaux qui re~oivent
automatiquement les messages emis par chacune des stations.
Actuellement,
disponibles.

un grand nombre

de documents

normatifs ont ete rediges

et sent
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3 - LES MOYENS D'ESSAIS
Les essais de certification necessitent des equipements de simulation telles que
des enceintes dans lesquelles on peut faire varier et ajuster les principaux
parametres (pression, temperature, humidite ... ), mais aussi toute une serie
d'appareils de reference ou de tres grande precision capables de mesurer des
grandeurs physiques usuelles. La plupart des equipements necessaires sont en
place et servent deja a faire des essais d'evaluation ou a mettre au point des
materiels de mesures
meteorologiques
dans le
cadre
de developpements
intrumentaux. La prise en compte de la certification des materiels par les
services techniques de la Meteorologie n'induira pas de depenses importantes.
Il s'agira simplement dans quelques secteurs tel que celui des mesures de
visibilite de completer les moyens de controle et surtout d'amenager une aire
experimentale instrumentee capable d'accueillir tous les appareils a tester,
quelle que soit leur gamme de mesure.

4 - METHODES ET PROCEDURES D'ESSAIS DE HOMOLOGATION
La verification de la conformite des materiels aux specifications contenues dans
les documents normatifs s'effectue au vu des resultats d'essais. Pour mener a
bien ces essais et tests, les personnels qui en sont charges, se referent a
une serie de documents intitules "Methodes et Procedures d'Evaluation". Ces
documents fixent pour les principaux equipements meteorologiques, les modalites
de deroulement des essais. Ils donnent la liste des appareils de controle a
utiliser, la severite et la duree des contraintes a appliquer, les temps
d'exposition, la chronologie des epreuves,
la
presentation
des resultats
etc ..• Les methodes decrites sont le plus souvent normalisees afin que les
resultats obtenus puissent etre reproduits en cas de necessite.
_ PQ.ur __ les materiels _cour.ants, la__ plupart__des procedures.- d' essais -existent, uncertain nombre sont en cours de redaction. L'etablissement de ces procedures
represente un travail important qui doit tenir compte du material soumis aux
essaix mais aussi des moyens d'essais disponibles.
Au cours de la premiere annee de fonctionnement du service d'homologation, les
materiel
ayant
fait l'objet
d'essais sont
des
stations automatiques
climatologiques
et
hydrologiques
puisque
c'est
dans
ce
secteur de
!'instrumentation meteorologique, que le besoin de rationnalisation et de
normalisation se fait le plus sentir. Jusqu'ici, sur 4 equipements testes, deux
seulement, ont re~u un certificat d'homologation.
Dans un proche avenir, les travaux d'homologation porteront sur 4 stations
automatiques et de nombreux capteurs et transmetteurs. A terme, on espere ainsi
pouvoir eliminer des materiels deficients dont les performances sont tres
eloignes des exigences de l'utilisateur. Sur un plan plus general cette
politique devrait limiter certains gaspillages auxquels on assiste actuellement
en ne mettant en service que des materiels ayant des caracteristiques prevues
par des normes precises et reconnues de l'utilisateur.

TRAPPES, le 09 Mai 1989
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QUALITY CONTROL TECHNIQUES FOR SURFACE OBSERVATION REPORTS
AS APPLIED AT A METEOROLOGICAL CENTER
By Frederick G. Finger and Vernon L. Patterson
Climate Analysis Center, NMC, NWS, NOAA
Washington, D.C. 20233
1.

INTRODUCTION

Evaluations of short-term (current) climate conditions have, in the
past, been based primarily on CLIMAT reports, consisting of monthly data
from some 1200 designated stations. To satisfy the pressing needs of
groups involved in agriculture, energy and water resources for more
current information than supplied by the CLIMAT reports, use is now
being made of surface observations received over the Global
Telecommunication System (GTS). These operational reports are generated
by Global Observing System (GOS) surface stations. Additional regional
or local reports may also be be available for use.
Observations from more than six thousand GOS stations are available
4 to 8 times per day and daily summaries of these reports can be used to
produce longer term summaries. The ability of summaries to correctly
picture short-term climate changes is highly dependent on the accuracy
of the observations as well as on the techniques used in the data
processing system.
This paper describes some of the primary data quality-control
methods used and the problems encountered in producing data summaries at
the Climate Analysis Center (CAC). Problems include observational and
transmission errors, incomplete or missing reports, inadequate
summarization techniques and lack of knowledge of regional observing and
·reporting practices.
2.

QUALITY-CONTROL PROCEDURES FOR TEMPERATURE

An automated quality-control system was devised to check all
surface reports at the time of receipt or shortly thereafter. Focus is
on testing of temporal continuity; that is, incoming data are checked
against recent-past reports. For this purpose, 48-hours, or as many as
16 temperature reports are used to determine large deviations from the
Such deviations suggest the possibility of errors, or of
trend.
anomalous weather events. Experimentation has shown that if the
computed standard deviation (SD) of these temperature reports is less
than 4°C, the sequence is generally valid. However, if the SD exceeds
that value, further tests must be performed, especially on individual
outlyers. The most important checks are shown in Figure 1.
Maximum (max) and minimum (min) temperatures are also important
climate variables. Evaluation of the reported values is effected by
scanning temperature reports for the previous 12 or 24 hours. This
requires the availability of as many reports as possible.
Unfortunately, hourly reports are taken at a large number of global
stations, but many are not transmitted outside countries or regions of
origin.
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3.

QUALITY-CONTROL PROCEDURES FOR PRECIPITATION

The evaluation of reported (GTS) precipitation creates most complex
problems. This is due primarily to global differences in precipitation
reporting procedures. There is also the increased possibility of
observing errors and special problems due to missing reports. Basic
checks on reported 24-hour precipitation totals can be accomplished by
adding the 6- or 12- hour values included in the various reports.
A more complex evaluation compares the reported totals with
estimated precipitation values derived from interegating reported
weather elements. An estimation system has been developed for the CAC
and used operationally for several years (Thomas and Patterson, 1983).
The basic aspects of this system include:
o assignment of nominal precipitation amounts to
present and past weather types.
o calculation of 3-hour precipitation amounts.
o adjustments of up to 24 hours for missing precipitation
reports.
o application of corrections for latitude and season and
national observing procedures.
Verification and special tests of the estimation system indicate
that the derived values are useful for verification of reported amounts
and also may be summarized with reported amounts to provide a more
complete total of precipitation (Figure 2). Development of methods to
estimate precipitation from satellite observations are continuing and
should soon supply additional results, useful for current climate
applications.
4.

REDUNDANT DATA CHECKS

Different agencies may operate observation stations in close
proximity. Although the stations functionally serve different needs,
some measured variables might be the same. In the United States, for
example, the National Weather Service (NWS) operates many GOS stations
at airports, which are also served by stations operated by the Federal
Aviation Administration (AIRWAYS stations).
The redundancy of some reported variables allows comparing of
reports in various ways. Checks include the comparing of:
o reported 6, 12, or 24 hour amounts from NWS and AIRWAYS
stations.
o reported precipitation amounts from NWS and AIRWAYS
with estimated precipitation.
o reported temperatures (including maxjmin) from NWS and
AIRWAYS stations.
o reported max/min temperatures (NWS and AIRWAYS ) with those
derived from AIRWAYS hourly reports.
There may be other opportunities to perform redundancy checks on
data reported by eo-located stations in other areas of the Globe. This
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is dependent on the planned expansion of the GTS capabilities, which
presently are not able to handle such large volumes of data.
5.

DATA SUMMARIES

The above noted quality-control methods are applied, on a real-time
basis, to GOS and AIRWAYS reports from stations included in the CAC
surface observation dictionary. The checked data are then inserted in a
continually updated 1000-day file, allowing summaries (e.g. temperature
and precipitation) to be formed for varying periods (e.g. weekly,
monthly, seasonally, or longer).
Unfortunately, even with a surface GOS network of more than 6,000
stations there are areas which provide insufficient information for
current climate evaluation. As can be seen from the Figure 3, large
areas of Africa are not adequately covered by GOS observing sites.
Efforts to alleviate this problem include the use of estimated
precipitation values. Although not as reliable as reported data, the
estimated values provide valuable information.
Another important problem in constructing and evaluating data
summaries is the variance in reporting practices around the globe. This
is especially evident in the reporting times of 24-hour or 12-hour
precipitation amounts and in max/min temperature reporting. Precise
user definition of all practices is necessary, especially for the
automated data processing system.
6.

VERIFICATION OF SUMMARY DATA
6.1

Consistency Checks

Charts with plot tea summarY-data proviae- major tools for current
climate evaluation. The consistency of the data and general usefulness
of these charts is an indication of the success of the quality-control
system. In addition, the summary charts are checked for consistency
through the application of "buddy checks". As an example, max/min
temperature and total precipitation are compared to similar type data
from nearby locations. For this check, the globe is divided into areas
of 1.5 degrees latitude by 3 degrees longitude. Data within a
particular area and within 8 adjacent areas are compared in various
manners. Aside from differences in temperature due to altitude, values
of a parameter that do not meet the predetermined allowable differences
are eliminated.
6.2 Checks using CLIMAT Reports
Monthly average temperature and total precipitation from more than
1200 locations are reported in CLIMAT messages. The CAC considers these
data the best available monthly information. Even so, a small number of
CLIMAT reports arrive via the GTS in garbled, incorrect or incomplete
form. A number of these errors may be sufficiently large and thus,
readily identified. Automated comparisons of the CLIMAT data with the
CAC monthly summarized data was developed to eliminate these large
errors. Approximately 3 to 4 percent of the CLIMAT data are eliminated
by this program.
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6.3 Summary/CLIMAT Differences
A view of the data flow within the CAC system is shown in Figure
4. As can be seen, CLIMAT reports are used as a check on the success of
the summarized data. For this purpose, mean differences and root mean
square errors (RMSE) between the CAC monthly summaries and CLIMAT data
are regularly calculated (see Table 1). A portion of the precipitation
RMSE is due to timing differences in the CAC monthly summation period.
In the case of western Europe, precipitation amounts are keyed to 1800
GMT. Thus, precipitation that occurs between 1800 GMT and midnight on
the last day of the month is not included in the monthly total, but is
included in the total for the subsequent month.
A more serious problem occurs in the calculation of average
temperature and is due to regional and national practices for reporting
extreme temperatures. Comparisons of CAC summaries with the CLIMAT
temperatures show that the CAC values average 0.2° higher for the entire
world (see Table 1). These biases vary seasonally and by country and
may at times be as great as 0.7°C. China, as an example, reports a 24
hour maximum temperature at 1800Z (near midnight local) and a 24 hour
minimum at 0600Z (early afternoon local). The effect of this is to
introduce a positive bias when comparing to averages based on the
calendar day (Figure 5).
7.

Final Remarks

There is a need for current climate information that cannot be
adequately supplied by the monthly CLIMAT reports. The needed
information includes data summaries keyed to various time frames, which
may be even shorter than one week. These are required to satisfy
applications related to agriculture, energy and water resources
evaluations.
It is feasible to use the GOS observations for current climate
monitoring. Intensive quality-control procedures must be applied
however, in order to gain the level of confidence generally given to the
CLIMAT reports. Other information from regional and local networks, as
well as from estimation systems and satellite cloud observations can
also be useful supplements for monitoring.
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90-98

TEMP
COUNT
160

GLOBAL

92

AVG
PRCIP RPTD
COUNT PRCI
158 62.1
86 42.4
59 19.8
44 20.4
129 35.5
32 33.3
189 60.5
230 62.5
136 90.3
136 122.4
1199

AVG
AVG
ESTD
CLMT
PRCIP PRCIP
63.2
63.6
45.4
43.4
22.2
21.4
23.7
24.1
41.9
41.2
36.1
34.7
66.6
65.4
63.0
64.7
93.9 107.0
130.7 130.6

63.3

66.7

68.8

ESTHD
RHSE
9 .l+
9.3
4.8
8.4
13.9
15.5
22.4
7.2
35.0
30.1

RPTD
RHSE
13.9
10.1
4.0
10.5
16.1
16.8
24.1
7.4
37.1
30.5

20.9 19.5

PRCP
COUNT
158
86
59
44
129
32
189
230
136
136
1199

Table 1. Comparison CAC Monthly Swnmaries to CLIMAT (CAC-CLIMAT for
March 1989)
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ERRORS IN ROUTINE HUMIDITY DATA FROM TANZANIAN STATIONS
AND THEIR CONSEQUENCES

C.J. Stigter [1], T.M. Hyera [2] and Y.B. Mjungu [3]

[ 1]
Department
of
Meteorology,
Wageningen
Agricultural
University,
Duivendaal 2, 6701 AP, Wageningen, The Netherlands. Formerly of the Direction
of Agricultural Physics (DAP) Project, Department of Physics, University of
Dar es Salaam, Tanzania; [2]
FAO/KILIMO Early Warning and Crop Monitoring
Project, Dar es Salaam, Tanzania. Seconded from the National Directorate of
Meteorology, Dar es Salaam, Tanzania; [ 3]
Formerly of the Department of
Physics, Section Agricultural Physics, University of Dar es Salaam, Tanzania.

INTRODUCTION
Although
computerization
of
routine
data
from
Meteorological
Observational Stations is taking place everywhere in Africa, quality control
of collected data leaves often much to be desired. This is especially true at
the ___ immediate
sour-ce __ and in the communication between stations and
headquarters. The economical cr~s~s in Africa South of the Sahara has
negatively influenced routine data taking/collection and foreign aid normally
does not cover transport facilities, petrol and spare parts necessary to visit
stations for control of routine instruments and data quality control on the
spot. The authors have proven earlier [5, 6] that simple statistics to compare
temperature
measurements
simultaneously
taken
with
different
routine
instruments were a strong tool to quality control and improve these data from
18 Tanzanian main stations. We showed that on a country average basis,
differences from systematic errors between instrument types and their readings
do not occur or are very small. For the random year used for checking, 5
stations performed perfectly in relation to temperature data at the 0.2 degree
Celsius limit level and another 6 stations needed only a correction of less
than or equal to a degree celsius of one of their four instruments compared,
while 2 needed a large correction of thermograph data. There were 5 stations
which performed less regularly but the data of 4 of these could be restored
beyond doubt with our statistical approach at this same level of accuracy.
Only 1 station suffered an irrepairable loss of accuracy at that level but
this could be
restored at the 0. 5 degree Celsius level. A formula for
determining the monthly and annually averaged mean daily temperature from the
respective (corrected) maxima and minima was also derived as valid for 17 of
the 18 stations: T(av) = [T(max) + T(min)]/2·- 0.5. This formula includes any
scale factors from the thermohygrographs involved and applies to hourly
thermohygrograph data as well as to maximum and minimum thermometers, because
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statistically no differences between these two averaging methods were found
(Table 1: DELTA (4) = 0.0).

RESULTS WITH ROUTINE HUMIDITY DATA
More recently the authors published in Africa results for a comparable
approach with two types of routine humidity data for the same Tanzanian
stations: (thermo)hygrograph data and data obtained from unventilated wet and
dry bulb thermometers, both within a meteorological screen [ 7] . From these
data relative humidity, water vapour pressure and saturation deficit values
were calculated. Parameters involved in the analysis using thes.e values are·
summarized in Table 1. The methodology has been extensively described and the
most relevant results obtained may be reviewed as follows [7]:

-the most accurate way to approximate true annually or monthly averaged mean
daily relative humidity data in % from hygrographs in Tanzania from DELTA (8)
in Table 1 is RH(g,av) = [RH(g.max) + RH(g,min)]/2 + 1, with an accuracy
within 2 % for 15 stations and within 3 % for all 18 stations (Table 2, with
ml =mean, m2 =median and m3 =mode).

-conservativeness of water vapour pressure is often believed as allowing the
use of only one measurement of this parameter a day. Water vapour pressure
derived from thermohygrographs had an average (for the country) 24 hours mean
only 0.2 hPa higher than the value of the morning observational hour only,
with an accuracy of 1. 5 hPa for all stations and 1. 0 hPa for 17 stations
(DELTA (9) in Table 1). The WMO determined standard accuracy requirement of
0.2 hPa was only reached in 3 of the 18 stations by the use of this formula.
Using that the afternoon observational hour value was 1.0 hPa lower than the
average 24 hours mean (DELTA (10)), was even less accurate. But the
determination of the 24 hours mean water vapour pressure from the average of
the hour with maximum and the hour with minimum vapour pressure had an
accuracy of 0.3 hPa for 16 stations (DELTA 11). The average range of water
vapour pressure over the day was 6 hPa, varying in the order of only 1.5 hPa
up and down this value for the 18 stations (DELTA (12) in Table 1).

-From DELTA (13) and DELTA (14) in Table 1 follows the inaccuracy of the
routine use of the unventilated wet and dry bulb. Table 3 exemplifies the
systematic average difference with the thermohygrograph derived observational
hour value. In this case it was 1.6 hPA in the morning, while it was 1.5 hPa
in the afternoon. These differences become occasionally as large as 4.7 and
5.6 hPa and as a consequence there are extremely high standard deviations of
1. 7 and 1. 9 hPa.
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PARAMETERS INVOLVED IN DATA QUALITY CONTROL AND DATA ACCURACY
ANALYSIS OF TEMPERATURE AND HUMIDITY DATA OF 18 TANZANIAN STATIONS.
T(g), RH(g), e(g) and D(g) have been taken from thermohygrographs;
T and e have been determined from other thermometry. mo = morning
observational hour; af = afternoon observ_a_tinnaL__ hour;_ max___,.
maximum; min =minimum; av = 24 hours average.

DELTA (1)

T(g,max) - T(max)

DELTA (2)

T(g,min) - T(min)

DELTA (3)

[T(g,mo) + T(g,af)]/2 - [T(mo) + T(af)]/2

DELTA (4)

[T(g,max) + T(g,min)]/2 - [T(max) + T(min)]/2

DELTA (5)

[T(g,mo) + T(g,af)]/2 - T(g,av)

DELTA (6)

[T(g,max) + T(g,min)]/2 - T(g,av)

DELTA (7)

[RH(g,mo) + RH(g,af)]/2 - RH(g,av)

DELTA (8)

[RH(g,max) + RH(g,min)]/2 - RH(g,av)

DELTA (9)

e(g,mo) - e(g,av)

DELTA (10)

e(g,af) - e(g,av)

DELTA (11)

[e(g,max) + e(g,min)]/2 - e(g,av)

DELTA (12)

e(g,max) - e(g,min)

DELTA (13)

e(mo) - e(g,mo)

DELTA (14)

e(af) - e(g,af)

DELTA (15)

[e(g,mo) + e(g,af)]/2 - e(g,av)

DELTA (16)

[D(g,mo) + D(g,af)]/2 - D(g,av)

DELTA (17)

[D(g,max) + D(g,min)]/2 - D(g,av)

DELTA (18)

D(mo) - D(g,mo)

DELTA (19)

D(af) - D(g,af)
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TABLE

l

-STATISTICAL VALUES FOR ,6 8, IN

% R.H.,

FOR

18

TANZANIAN STATIONS

*More than one mode

s

Station

Bukoba . .
Dares Salaam
Do doma . .
Iri nga
..
Kt goma . .
Ki limanjaro
..
M beya
M ombo . .
M orogoro
..
M os hi
M twara . .
M usoma . .
M wanza . .
Pe mba
..
Same
..
..
Songea
Ta bora
..
Za nzibar . .

..

..
..
..
..
..
..

..
..
..
..
..

..

..
..

..

..
..
..
..

..
..
..
..
..
..
..
..
..
..

..

..

..
..
..
..
..

M aximum
..
..
M inimum ..
Average . .
..
Standard Deviation

3

TABLE

..
..
..

..

..
..
..
..
..
..
..
..
..
..

..
..
..

..
..
..

..
..
..

..
..

m1

1·30
1·00
1·60
1·40
1·00
0·40
0·50
1·10
1·00
1·20
1·50
1·10
1·20
0·80
0·20
1·80
2·25
1 ~20

-1·1
-3·3
0·8
-0·9
-1·3
0·0
-0·8
-2·6
-2·0
0·0
-4·0
-2·2
-1·0
-1·6
-0·1
-0·4
1·5
-2·2

2·25
0·20
1·15
0·55

-4·0
-1·2
1·4 .

-STATISTICAL VALUES FOR

-1·0
-3·0
1·5
-0·5
-1·0
-0·1
-0·4
-2·0
-2·0
0·0
--4·0
-2·0
-1·0
-1·0
0·0
-0·~

2·5
-2·0

1·5

f'..n,

IN HPA, FOR.

m3

ffi2

-1·5•
-2·8

1·6·

--0·9·
-1·5
-()·1
--{)·4
-1·9
-1·2•
-()·7•
-3·0•
-2·9
-{)·7
-0·4

O·l

-2·7•
2·S•
-()·8·

2·S

2·5
-4·0
-1·9
1·5

18

-3·0
-1·0

l·S

TANZANIAN STATIONS

*More than one mode

s

Station
Buboka ..
Dar es Salaam
Dodorna ..
Iringa
..
Kigorna ..
Kilimanjaro
Mbeya
..
Mornbo ..
Morogoro
M oshi
..
Mtwara ..
Musoma ..
Mwanza ..
Pemba
..
Same
..
Songea
..
Tabora
..
Zanzibar . .

..
..
..
..
..
..

..
..
..
..
..
..
..
..
..
..
..
..
·• .
..
..

Maximum
Minimum ..
Average ..
Standard Deviation

..
..

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..

..

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..

..

0·65
1·05
1·45
0·65
0·95
0·80
0·85
0·80
0·50
0·65
1·05
0·65
1·50
1·50
0·50
0·60
1·40
0·90
1·50
0·50
0·90
0·35

fit

2·1
1·7
0·9
-1·2
-0·1
1·9
2·6
2·8
2·2
0·5
3·7
0·3
J ·8

-2·3
2·8
2·8
1·2
4·7
4·7
-2·3
1·6
1·7

m2

lnJ

2·1
1·7
1·3
-1·3
-0·1
2·2
2·9
2·8
2·4
0·6
3·7
0·7
I ·5
-2·0
2·8
2·8
0·9
4·4

2·4*
2·5
1·5
-1·3
0·1*
2·0
3·4
2·9
2·3
0·6
3·6
1·2*
1·6*
-1·8
3·2*
2·5*
1·2
3·2*

4·4
-2·0
1·6
1·6

3·6
-1·8
1·7
15

- 337 -

CONSEQUENCES FOR THE USE OF HUMIDITY DATA
With
DELTA
(8)
the
almost
unreasonable
accuracy
required
for
agricultural meteorology by WMO [ 8] standards, of 1 %, is not reached but
those of climatology (3 %) and synoptic meteorology (2 %above 50% R.H.) are
reached in all and 15 cases respectively. Of course any systematic errors, if
they exist, have to be added.
From the above, DELTA (11) appears to be by far the most accurate way to
determine average water vapour pressure quickly, but asks for the use of
thermohygrographs. The 0.2 hPa WMO accuracy requirement was in this way kept
by 13 stations. These are of course again relative accuracies, as the absolute
ones can only be obtained with reference psychrorneters, which are usually not
operational in African countries.
Unventilated wet and dry bulbs are unsuitable equipment under most Third
World tropical conditions in Africa, even if one believes that for most
agricultural purposes the needed accuracy is appreciably less than officially
required. Reasons for such unsuitability are serious general errors of the
kinds distinguished in WMO [8], especially those that have to do with
handling wicks and water supplies under African conditions. For one everywhere
much valued application of such data, in the aerodynamic term of the Penman
evaporation formula, which we also used extensively in our Tanzanian research
[2, 3, 4], we discuss below the consequences.
Table 4 shows calculated saturation deficit (D) data used earlier by
Stigter [2]. Determinations of DELTA (18) and DELTA (19) show average
systematic errors for D of -1.6 to -2.0 hPa, due to the use of unventilated
wet and dry bulb thermometer data. In the latter case the absolute error in D
is 25 % on the average and goes as high as 50 % for Tanzanian conditions.
Given that the average ratio of the aerodynamic term over total Penman
evaporation is 0.30 [2], this alone means an error in average reference crop
evaporation of close to 7. 5 %, ranging from 5 to as high as 15 %. For
reference crop evaporation, accuracies between 10 and 20 % on a mothly basis
are needed everywhere and for Tanzanian conditions the aerodynamic term will
be allowed to contribute from 3 to 6 %. But these figures also include errors
in the wind functions applied [3, 4]. This means that basically only 2 to 4 %
error is allowed in the aerodynamic term due to the saturation deficit. Errors
due to routine wet and dry bulb thermometry are therefore not acceptable from
such a single source in this example. They are up to a factor 4 too high, even
systematical hygrograph errors apart. The latter instruments should therefore
be used and unventilated wet and dry bulb thermometry should be abandoned in
present African conditions. Moreover, DELTA (16) and DELTA (17) results show
that 24 hrs averages should be used. For the aerodynamic term in Penman's
equation correlations with a shaded Piche evaporimeter outside the Stevenson
screen appear an advisable alternative [1]. This will be dealt with elsewhere
in this conference.
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4 --Snu.1ATIO>I Dc:FICIT DATA AS Us:m IN EvA:>o:lATIO>I CALSULATIO~S
IOR 'fAN7:ANIA (IN HPA). STANDARD DEVIATION FOR MmHHLY DATA

TABLE

Avera~e

Station
. Bukoba . .
Dar es Salaam
Dodoma . .
rringa
..
Kigom1 ..
Kimai\iaro

..

M:o~."a

Mombo . .
Morogoro
Moshi
..
Mlwara . .
Musonu . .
Mwama . .
Pcmba
..
Sa m~
..
Songea. . .
Tabora
..
Za.nzibar . .
Masim~im

..
.

.

..

..
..
..
..
..

..

..

..

..
..

..
..
..

..
..
..

Minimum ..
..
Average . .
..
Standard Deviation

..
..
..
..
..

..
..
..
..
..
..
..

..
..
..
..
. . .. . .
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..

..

..
..
..
..

:t: S.D.

Max .

4·2±0·3
6·7 :1::0·8
10·5±2·0
7·7±2·0
7·7±2·7
10·0±3·2
5-4±2·1
10·6±2·1
8·2:U·2

4·8

3·6
5·4
8·6
4·9
4·9
6·6

8 ·1

7·7:U ·0
8 ·6::1:~0·9
S·3±1·7
5-4:1: 1·0
9·1 ±1·7
7·9 _L2 -4
l1·7:J:3·6
7·3±0·9

14·3
11·2
11·9
15 ·4
9·2
13 ·4
10·8
13·1
8·9
10·2
11·0
7 ·1
j 1·2
12·3
17·9
9·2

11·7
4·2
8·2
2·0

17·9
4·8
11·1
3·1

10·0::!~2·5

Min.

;

3-2
7·8
4·9
6·2
6-1
6·7
6·2
4·1
6·6
5·8
8·0'
5·9

8·6
3·2
5·9
1 ·5

Range
1·2
2·7
5·7
6·3
7·0
8·8
6·0
5·6
5·9
6·9
2·8

. 3·5

4·8
3·0
4·6
6·5
9·9

3·3
9·9
1·2

5·3
2·2
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NETWORK OPERATION
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ESTABLISHMENT OF SURFACE MESOSCALE NETWORKS IN AUSTRALIA
S.L. Barrell and W. Selesnew
Bureau of Meteorology, Melbourne, Australia
1.

Introduction

The increasing interest of national weather services in the provision of
very-short-range (0 - 12hrs) forecast and warning services results from
several factors. It is now realised that many of the life threatening severe
weather events are organised on the mesoscale; observation technology is
developing the capacity to monitor the atmosphere on those scales; the
community is coming to realise that it could profit from the astute use of
very-short-range weather forecasts in operational activities; and
governments, aware of this fact also, are encouraging weather services to
provide the type of products which will generate significant revenue.
Recognising the growing importance to the community of very-short-range
weather forecasts, the Australian Bureau of Meteorology has initiated a
program to improve the coverage of observational data on the appropriate space
and time scales and to ensure that these data are utilised effectively by
forecasters in the derivation of the appropriate forecast products. Toward
this end, the Bureau is progressively installing a series of surface mesoscale
networks around major population centres, where the demand for such forecast
services and the benefits of warning services are greatest. The mesoscale
networks are designed and installed as integrated systems and include
observations, communications, network performance and monitoring, network data
management, forecaster workstation and forecaster training as core components.
This paper discusses briefly the philosophy behind the design of the
mesoscale networks and, focussing on the observational component, some aspects
of the field equipment employed in the network. The paper concludes with an
indication of future plans, particularly with respect to the observational
component of the networks.
2.

Network Design

The design of the mesoscale networks is based on a detailed and up-todate specification of the requirements of the community for very-short-range
weather forecasts and warnings. The specification of requirements was
determined through extensive surveys of a wide range of users of weather
information. The surveyed user groups include those who use the information
in the protection of life and property (e.g. flood mitigation authorities),
those who apply it in industrial or economic decisions (e.g. agriculture,
fishing, construction) and the general public who use weather information to
plan, for example, leisure activities. Analysis of the survey results
indicated, among other things, the forecast timescales of importance and the
types of weather elements and associated accuracy levels and forecast
amendment criteria that are critical to users. Focussing on the high priority
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requirements of the community, this information was used, in the first
instance, to:
- identify the weather elements that must be observed or derived from
observational data, and
- identify the critical weather phenomena that must be monitored and
forecast on the very-short-range timescales.
An understanding of the critical weather phenomena, which includes
identification of preferred genesis and development areas and the speed and
direction of movement of systems, is important in the next step of the design
process. This understanding is derived through such avenues as case studies
of particular events, conceptual models of the phenomena, climatologies and
other available research or local expertise. The resulting knowledge together
with an analysis of how the observed data are used in the forecast process to
derive the necessary forecast products, permits the functional specification
of all components of the mesoscale network, from the field instrumentation to
the forecaster workstation. In particular the attributes of the observational
component of the network can be functionally specified, addressing such
attributes as:
required measurement accuracy of instruments and sensors,
reporting precision of instruments,
reporting frequency,
location of remote observing sites and required sensors at each site,
level of on-demand, real-time access to observations by forecasters,
criteria for alarm reports when particular values of selected weather
elements are attained or exceeded,
data report format,
communication to and from the remote sites, and
automatic handling and/or processing of the data within the relevant
forecasting office.
To illustrate the type of information provided by the functional
specification, Table 1 shows a sample of the attributes that were included in
the specification for the second mesoscale network.
3.

Observational Component - Field Equipment

The field equipment providing the observational component of each of the
mesoscale networks comprises between 10 and 16 remote surface automatic
weather stations (AWS) which communicate with a responsible regional
forecasting office through a variety of communications media such as
geostationary satellite, switched public networks and fixed leased circuits.
The remote sites in each network are located at distances of 10 to 250 km from
the forecasting centre. On-site microprocessors compute extreme and
accumulated quantities and compile and transmit routine and alarm reports.
Figure 1 illustrates the observational component of the network in a schematic
form.
As mentioned in Section 2, the weather elements that are measured and
reported by each of the remote stations are dictated by the weather phenomena
that must be monitored. All of the stations in the mesoscale networks monitor
wind speed and direction. Some of the stations monitor wind alone while
others are fitted with some or all of temperature, dewpoint temperature,
pressure and rainfall sensors in addition to reporting wind speed and
direction.
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Most of the stations which monitor wind alone report continuously (in
effect, a report every 1 minute) to the forecasting centre. All other
stations report routinely every hour using a modified METAR report format.
When specified measurement criteria are attained, alarm reports are generated
using a modified SPECI code. It is expected that within a year, a more
standard synoptic code (AAXX) will be used for the routine reports.
4.

Equipment Design

Much of the mesoscale network equipment was developed and built in-house
in the Bureau and arose out of equipment developments for much smaller
specialised networks for which commercial equipment developments were not
viable. Nevertheless, where possible off-the-shelf commercial items were
utilised.
For instance, an off-the-shelf industrial measurement and control
computer with some on-board signal conditioning is utilised in the Type 1 AWS
(Figure 1). This computer, together with the communications interface, surge
protection and other signal conditioning circuits, is housed in an
environmental enclosure. Similarly, a commercial lap-top personal computer
(PC) is used in the Processor/Display for continuous wind information, and the
Maintenance Console consists of a commercial PC. The Type 2 AWS and DCP AWS
were supplied commercially to Bureau specifications.
To reduce the commitment of Bureau resources to the assembly of mesoscale
network equipment, it is intended to seek commercial interest in manufacturing
this (or functionally identical) equipment for future networks.
5.

Project Status

To date, one network has been fully installed in and around Sydney and
forecasters are-using the data operationally. A colour graphics workstation
with customised menu system allows forecasters to display and analyse data
from the network in real time and to refer to a range of other data and
products, such as satellite imagery and numerical model output, available from
the central office responsible for numerical analysis and prediction. This
workstation is a preliminary attempt at meeting the requirements imposed by
the forecast process. Detailed specification and design of .the workstation
component of the network is addressed more fully elsewhere (Barrell et al.,
1989 [1]).

The number of remote stations in each of the networks--are extended
through the incorporation of both routine and special reports (METAR and
SPECI) from the hourly aviation network. In the Sydney network, for example,
this results in a total of 25 stations (16 automatic weather stations and 9
aviation stations reporting hourly).
A second network is currently being installed in the Melbourne region.
This network will have the same basic functionality as the Sydney network but
will feature enhanced operational control by the forecaster of the
observational data from the network. This will allow the forecaster to
perform a number of tasks including, for example, selection of short periods
of higher frequency reports from individual remote stations (e.g. reports
every 15 minutes for a 3 hour period) or altering critical values for alarm
reports when particular severe weather events are threatening. Once the
second network is operational, the first network will be upgraded to the same
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level of functionality.
Further networks will be progressively installed around other major
population centres at the rate of one per year.
Attention has been directed on two levels towards the forecaster training
component of the project. In order to use the data effectively, forecasters
need both a good knowledge of mesoscale weather systems and an understanding
of how to access and use the data from the network. The latter understanding
was developed through forecaster involvement in the design of the network and
the construction of the workstation menus. On the scientific front, the
Bureau's Training Centre is engaged in preparation of a course in mesoscale
meteorology, and overseas scientists with expertise in both operational and
research aspects of mesoscale meteorology are being invited to participate
through presentation of lectures and workshops as well as working in the
forecasting office with forecasters on an operational basis.
6.

Resources

Some 2 man-years of effort was expended on the final development of the
mesoscale network equipment (on top of approximately 3 man-years for a number
of earlier developments that were the forerunners to the present mesoscale
network). In addition, for each mesoscale network approximately 2 man-years
of effort goes into purchase, assembly and commissioning, and another 1 manyear is required for site selection and installation.
A mesoscale network comprising 14 remote sites costs approximately
A$500 000. Approximate nominal component costs (including installation and
complete with spares) are A$30 000 for a remote station and A$25 000 for the
regional office network monitoring and processing equipment, while the colour
graphics forecasters' workstation costs an extra A$30 000. Costs can vary
considerably of course, depending on the degree of difficulty of installation,
etc.
7.

Future Plans

In addition to the inclusion of data from the hourly aviation networks,
the mesoscale networks are also supplemented by automatic weather stations
owned and operated by other organisations, such as electricity authorities and
environmental protection agencies. In order to encourage the supply and
installation of field and communication equipment which is precisely
compatible with the Bureau's system, a general specification for AWSs is in
its final stages of preparation.
It was drawn up both as a necessary initial step in preparation for major
AWS purchases which the Bureau intends to make over the next five years, and
as a response to requests for advice by other organisations which intend to
purchase their own and want the facility to connect their system to the
Bureau. Accordingly the specification is very general as to configuration. It
is highly specific, however, with regard to interfacing to the Bureau's
communications networks and also with regard to performance for units which
are intended to be entered into the Bureau's real time and data bank systems.
The specification consists essentially of a check list which a purchaser can
use to specify his requirements, and it is expected to be of considerable
utility to purchasers and to suppliers.
Currently, the AWSs installed in the Bureau's mesoscale networks are assembled
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within the Bureau. Attention is being directed towards contracting the
assembly and installation of the remote stations to local industry.
References
1. Barrel!, S.L., Wilson, K.J. and Coleman, A.M., 1989, An Information
Processing System for Operational Meteorology: Developing the Specification,
Proceedings of the 5th International Conference on Interactive Information and
Processing Systems for Meteorology, Oceanography and Hydrology, AMS, Anaheim,
30 Jan - 2 Feb, 1989.

Table 1:

An example of the attributes included in the functional
specification for the Melbourne mesoscale network.

Parameter

Measurement Accuracy

Reporting Precision

Station pressure

0.3 hPa (desirable)
0.5 hPa (acceptable)
0.1 oc
5 %
(measure R.H.)
2 kn
10°

0.1 hP a (instantaneous)

Temperature
Relative humidity
Dewpoint temp.
Wind speed
Wind direction
Rainfall

0.1 oc (instantaneous)
(report Dewpoint temp.)
0.1 oc (instantaneous)
1 kn (10 min. average)
10° (10 min. average)
0.2 mm (10 min. total)
0.2 mm (total since 0900
local time)

Report frequency

Wind only stations - continuous
(i.e. updated every 1 min with a
1 min average)
AWSs - 1 hourly routine reports plus
alarm reports

Level of on-demand access

Forecaster to poll any AWS in real
time and to request short period polls
(~ 3 hr) of high frequency reports
(~ 10 min) from selected AWSs

Alarm criteria

Variable, selected by forecaster. For
example, 10 min. rainfall total ~ 5mm

Data report format

METAR-type format
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EXTENSION OF THE SVISS NETYORK OF AUTOMATIC STATIONS (ENET)

G. Muller, B. Hoegger and G. Haller,
Swiss Meteorological Institute, Krahbuhlstrasse 58, 8044 Zurich

Abstract
In order to upgrade the wind and snow
conditions and avalanche forecasting,
of automatic stations is beeing built
the project is presented with respect

height measurements for stormy
the extension of the Swiss network
up (project ENET). The status of
of selected materials.

1. Task of the ENET
Storm warnings, as results of forecasts of dangerous and rapidly developing storms, have considerably improved during recent decades in Switzerland. The storm warning service of the Swiss Meteorological Institute
(SMI) is based on the measurements of a special storm warning station
network. The main topic of the network is to produce storm warnings for
the lakes in dangerous weather situations and to put into action gale
warning signalling systems and alarm rescue services.
In Switzerland such storm warning stations with automatic function exist
since about twenty years. ENET h_as tP replace these statio_ns _because of
their decreasing reliability and obsolete technology. ENET complements
the existing automatic measuring network of the SMI (ANETZ) in the real
time accumulation of meteorological information. It must fulfill the
following tasks:
- Basic Network:
Collection of wind measurements and other chosen meteorological informations for the forecasting of gales, frost and avalanches as well as
providing data to the Climatological Information Service. For the
avalanche forecasts SMI is in cooperation with the Federal Institute for
Snow and Avalanche Research in Davos-Weissfluhjoch (SAR).
- Special Stations:
Integration of special stations with continuous measurements of temperature, humidity, wind, precipitation or radiation parameters. Special
stations are also used for temporary tasks.
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2. ENET project evaluations and time schedule
Preparations for the project ENET began 1985, when a special project
group ENET was created. Based on equipment specifications ENET (1) the
tendering procedure ENET started in february 1988; it followed the rules
of the General Agreement on Tariffs and Trade (GATT} and asked for proposals related to the supply, installation and maintenance of the stations
and sensors. More than a dozen of well known international firms participated. After careful evaluation of the tenders and after completion of
some comparative test measurements the following solutions were found:
- Field stations:

Data logger RTU - 9000, Sutron Corporation, USA.
Casing and logger integration ("station finish") by
Meteolabor AG as representative of Sutron Corp. in
Switzerland.

- Installation and maintenance of field stations: Meteolabor AG. The
realization of the field stations is done under the
leadership of the Swiss firm Alphareal AG, which is
acting as some kind of general contractor for the
realization.
After delivery of the loggers the realization of the stations starts in
autumn 1989 and will terminate at the end of 1991.
3. Network configuration (fig. 1)
ENET in its basic form consists of 40 stations in Swiss territory: 30 SMI
stations situated at heights of less than 1000 meters above sea level, 10
SAR stations situated higher than 2000 meters above sea level. The ENET
stations fill the gaps in the main network of automatic weather stations
ANETZ. In the near future it is planned to include informations of
similar wind stations of neighbouring countries into the ENET information
system too.
4. ENET central data collecting computer (EZEN)
Data collection, transmission and a part of processing is directly
controlled by a computer system at a central data collecting point
(EZEN). Communication between the stations and EZEN takes place over the
switched telephone network. The transfer speed is 1200 baud and ASCII-code
is used.
The central computer dials the ENET stations once an hour and collects
the information of the six 10-minutes data sets of the preceding hour.
Should a wind alarm occur outside the hourly call interval, the station
dials the computer. Alarms are generated in case of wind speeds
surpassing the threshold values of 25 and 42 knots.
The EZEN consists of a double system of DEC/MicroVAX computers running
under the VMS operating system. For the ENET-specific data collection,
processing and storage Sutron's VAX/DMS software is used. Long range data
storing is made on a data base on METEOR, the main computer of SMI,
Siemens model G 7570. METEOR is concerned with the further distribution
of the ENET information to the various users in an appropriate way.
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5. ENET stations (ESTAs)
The data collection unit ESTA consists of a data logger placed in a
metal casing; it must fulfill the following tasks:
-

collection and transformation of signals delivered by the sensors
transmission of control signals to the sensors
storage of data
further transmission of data to the central computer (EZEN) or to
peripheral instruments

The selected logger Sutron RTU-9000 is similar to a PC/XT-like system
hardened for unattended field operation. It offers real-time multitasking facilities. The CPU is based on an 80C88 CMOS microprocessor.
Programming is done in a high-level PASCAL-like language called the
Sutron Data Language (SDL). The ENET-specific SDL programs have been
developed by SMI in a PC environment.
The "station finish" provided by Meteolabor consists of the integration
of the logger into a casing with installation of heating of the casing,
battery buffered power supply, protection against lightnings and
excessive voltages (by USS-8-E circuits), protection against nuclear
electromagnetic pulses (NEMP).

6. Measuring program and sensors
As usual in many countries and also in the Swiss ANETZ a measuring
intervall of 10 minutes forms the basis for the ENET data acquisition.
Standard measurements at SMI stations are:
- Wind velocity and wind direction: The anemometer for the lowland and
prealpine region must be able to measure wind speed from 0.3 m/sec
up to 45 m/sec and has heating as precaution against ice formation.
The nonlinear characteristics of the wind speed sensor is compensated
by a second degree polynomial. From the mean values measured every
second at the top of a 10 m wind mast the maximum value of the past 10
minutes is taken as maximum wind speed. To get a simple frequency
distribution for each 10 minutes interval, wind speed values of every
second are classified and counted depending on twelve classes.
For the lowland stations the combined sensor for wind speed and wind
direction Lambrecht Model No. 14512 with electrical heating was chosen.
-Air pressure (only at chosen stations): Based on the good experience
in the ANETZ the Swiss sensor GB-1 of Meteolabor AG is used. Reduction
of the measured pressure values at station level to mean sea level
(MSL) and to 500 m MSL using atmospheric standard values is provided.
500 m MSL corresponds to the mean sea level of the Swiss lowland. The
barometer is integrated in the casing of the data logger.
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Measurements at SAR stations are:
Wind velocity and wind direction: It is expected that the mountain
anemometer will function effectively under extreme weather conditions.
It should measure wind velocities up to 70 m/sec without being damaged.
With respect of the developments going on on the market to get a well
experienced sensor without movable parts (e.g. based on pneumatic
orthogonal principle), the selection of the anemometer for the mountain
stations is not to be expected before spring 1990.
- Snow depth: ultrasonic depth measurements up to 400 cm above ground.
For this topic a special snow depth sensor is in development by SAR
in collaboration with the Swiss firm Brusa AG.
- Snow temperature: measurements with the linearized thermistor ANETZ,
type Yellow Spring Instruments, at bights of 50, 100, 150 and 200 cm
above ground are executed.
- Air temperature: the sensor must be compatible with ANETZ standard.
Therefore the ANETZ sensor VHT-1, ventilated thermometer from the
Swiss firm Meteolabor AG, with measurements at 2 m above ground is
incorporated.
At the mountain stations the position of the wind measurement and that of
the other measurements may be 100 to 500 m be apart.

Reference
(1)

Equipment specifications for the Expansion of the Automatic
Meteorological Station Network SMA (ENET). SMI I Project Group ENET,
ZUrich, january 1988
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(Reference VIII.3)
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!MPLE~ENTATION OF THE INTEGRATED AUTOMATION
CONCEPT FOR GROUND-BASED METEOROLOGICAL OBSERVATION IN THE USSR.

(Abstract to the paper to be presented at the CIMO TC-10)
1.CIMO recommendations assess as expedient the concept of primary
observation network aut0mation,which envisages the application of three types
of measuring facilities:
"an aid-to-the observer" device;·
operited semi-automatic stations;
unattended (automatic) stations,involving those for almost unaccessible and poorly populated areas.
This is how meteorological observation network is updated in the
USSR,its equipment being replaced by new advanced hardware (measuring instrumentation). By now two new measuring devices had been developed and put into
commercial str~amline production. These are a remote "aid-to-the observer"
device DU-M and an AGMS operated station. As for the new unattended station,
its elaboration had not yet been accomplished.
2.The DU-M instrumentation is the most mass-scale,relatively nonsophisticated and cheap. It is slated to equip in the 5-6 years to come all
meteorological stations of the country (up to 5000 stations,including over
3000 during the 1989-95 period). It will promote the solution of an important
social task: to considerably facilitate an observer's labour,enhance his
safety by way of reducing the number of visits to a meteorological observation
point under unfavourable or dangerous conditions.
Furthermore,it permits to make real-time information bri~f and to shorten
the time. of its coll~ction. Figure 1 shows the block-diagram of the based on
microprocessor DU-M and table 1 gives its performances. DU-M comprises
conventional sensors manufactured in lots. The meteorological parameters
having reached the storm threshold values,light and sound (audiol warning
signals are generated.
3.The semi-automatic based on microcomputer station (ASMSJ is characterised by the following features:
it is multi-purpose,which allows to automatize most of an observer's
operations;
it permits to obtain a great amount of meteorological parameters
through computations,including the logical diagnostics of a number of weather
phenomena;
a relatively small hardware provides an enhanced reliability of
operation;
observation procedures may be modified by means of software.
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Fig.l. DU-M Block Diagram

DU-M measuring ranges and accuracy
P a r a me t e r s

!Measuring range!

'C <mean,min,maxl

1. Air temperature,

2.Dew point temperature, 'C
3.t~ind

speed ! V)

'

m/s

(mean, mu l

4.Wind direction,degree <mean)
5.Soil temperature,

'C

6.Total precipitation

Table 1.

!at 6 levels}
( Ql '

mm

7.Pr-ecipitation intensity for 1 hour-,mm

Accuracy

-50 to 50

+- 0.25

-30 to 0
~ to 30

+- 1.0
+- 0.8

0.6 to 50
0

to 360

-50 to 50

+- {0. 4+0. 04Vl
+- 5

+- 0.3

0 to 150

+- ( 0. 15+0. 02Q)

0 to 99

+- (0.15+0.029)

Every minute the station performs a survey of a real meteorological
situation and as soon as the preset threshold values are reached showing
storm initiation,enhancement and cancel,it produces automatically a storm
warning as well as generates an audio signal for an operator. Obtained
information is displayed in full format on a videomonitor,which permits to
exercise video control alongside manual input of data. The latter refers to
the data which are not measured by instruments.
There are 24 measured parameters and 47 calculated ones forming synoptic
(FM-12l ,climatological,storm and supplementary messages. The meter inquiry cycle
lasts 5-60 seconds. The information is automatically transmitted over users'
telegraph and telephone communication channels.
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Figure 2 shows the station block diagram and table 2 gives principal
speci-fications.
By 1995 AGMS stations are slated to equip more than 600 meteostations
which which will total 1700-1900.
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Symbol 1 i st

RU1, RU2- remote unit

81 - soil temperature unit
S2 - air temperature sensor

57 - precipitation sensor

83 - soil temper.sensor (at surface)
54 - total solar radiation
SS - dew point sensor
S6 - wi n d ·se n s or

sensor

E:I4T

----~

: : :;: ------1

r-

1

t-

SB - cloud base hight sensor
59 - sunshine sensor
510- transmissometer
511- atmosphere pressure sensor

EAT - equipment for data transmission
Fig. 2. AGMS Block Diagram
4.The development of the unattended !automatic) new generation
station C"Nord"l for almost unaccessible and poorly populated areas is
underway.
The table 3 shows the parameters which are provided by conventional
meters manufactured in quantity. Nowadays the development of new more
economical and more accurate meters is underway. The station is based on
a microprocessor.
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AGMS measuring ranges and accuracy.

Table 2.
ACCURACY

METEOPAR'AMETER

ME'ASUR!NG

RANGE

pressure~

::. Air temperah1re, 'C
3. Temperature of
barometer, 'C
4. De~: point, 'C

<~
for "", t > 0
for air t

5. Wind direction, degr
(\I),

m/s

(mean, scalar)
7-11. Soi 1 temperature t
'C 1 open gound ~
at depths:
2 and 5 cm
10,15 and 20 cm
l2-2~. Soil temperature,!
'Ct under natural 1
cover, at depths:!
2t5,10,20,40,B0,120 cm!
160 and 320 cm
21. Soil temperature,·c
(at surface)
22. Atmospheric transparency coefficient, %!
23. Total rain precipitation (Rl, mm
24. Prec:ipitation
25. Su.nshine

26. Cloud base
height !Hl, m

WITHOUT

I

SENSORS

TOTAL

0! 15

0,5

0' 10
0' 1111

0,25
0,25

1 '0
0,8

0' 15
0,15

5

5

1' 1
1 '0
10

0,35

-50 to 50
5 to 40
-30 to 0
0 to 30
0 to 360
0 1 5 to 40

-30 to 60

-10 to 60

-35 to 60
-20 to 30
-6111 to 60
B

to

27. Glaze ice
2!. Total radiation

90

0 to 150

yes,no
yes,no
30 to 150
150 t 0 111100

Auxiliary

(QJ,

1

60l1! to 111180

hPa

\mean,.
6. Wind speed

SENSORS

130 from

1.- Atmospheric

1------------------------------------

0,5

0,2
111,2

0' 10

0,2
0,2

0,10

1 '5

Ql 1 15

2,0

0,5

0 1 8+0,11!5V

111,25
0,25

0' 10

0,10

2,0

0,1+0,02R !0 1 05+0,11!05R! 0,15+0,02R

1C:
4w

15

0,05H
0,05H

0 I 1H

0 1 1H

channels:

yes,no
to 1,5

!1!

0,5+0 1 05V

!0,07+0,05[;!

I

0,02

I1J

1

07+0,05Q

k~!/m2

To ensure a long term operation mode <no less than 1 yearl two power
supply models are being designed. One of them will be based on the Stirling
engine using liquefied gas as a fuel and the other one-on a wind generator.
To transmit information various communication channels can be used
depending on the installation location: short-wave radio channel,ultrashortwave radio channel (both ground-based and satellite), users' telegraph and
telephone channels.
The station facili~y provides the basic,storm and test operation modes
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as well as the possibility to relay signals from similar stations,
Beginning from 1992 approximatly 400 "Nord" stations are to be installed
en the meteorological network.

Table 3.

"Nord" measuring ranges and accuracy

P a r a me t e r s
!.Atmospheric pressure, hPa
Z.Air temperature, ·c
3.Dew point temperature, 'C
4.Mean wind speed (Vl, m/s
5.Mean wind direction, degrees
6. Instant wind speed (V), m/s

Additional
7.Total liquid precipitation (Ql 1 mm
B.Liquid precipitation
9.Water temperature, 'C
10.Soil temperature, ·c (at 6 levels)

Calculated
11. Maxi mum temperature between obser-

vations, ·c
12.Minimum t~mperature between observat ions, ·c
13.Mean wind speed for 10 min during
observation, m/s
14.Maximum instant wind speed between
observations, m/s
15.Maximum instant wind speed during
observation, m/s

Measuring ranges
6011! - 1100
-60 - +50
-30 - +32
0.6 - 60
111

....,

-

36111

- 60

' Accuracy
0.5
0.3
1.0
(0.4+0.041J)
1111
( 1. 0+0. 07Vl

parameters
0 - 150
yes,.no
0 - +40
-60 - +60

(0.3+0.05Q}
0.3
0.3

parameters
-50 - +50
-50 - +50
0.6 - 50
0.6 - 50
0.6 - 50

The installations will be regularly set up according to the "cluster"
principle,i.e. 15-30 unattended stations will communicate through channels
with the central station which functions might be assumed by the AGMS.
Hereout the information is to be transmitted <relayed! to processing centres.
Remote and poorly populated areas which conditions do not allow of establishing a central collection and transmission point,will be provided with
satellite communication channels.
Such local "cluster" systems can be set up both in almost unaccessible
and poorly populated areas,but in latter case a si~pler and cheaper "Nord"
station modification will be employed since in these cases the problems of
power supply and data communication are facilitated.
A wise siting of the three types of measuring facilities (DU-M 1 AGMS and
"Nord") on the meteorological network makes it possible to cut expenses for
the reequi~ment of meteorological observation points over such vast area as
that of this country.

(Reference VIII.4)

INDIAN RADIATION NETWORK- STANDARDISATION, MANAGEMENT
AND DATA ANALYSIS
by

V. Desikan and S. Raghavan
Instruments Division,
India Meteorological Department, Pune - 411 005, India

1.

Introduction:

Radiation measurements were being made in India by the India Meteorological
Department (lMD) since the nineteen-thirties though in a sporadic manner. The
''
•
Angstrom
pyrgeometer was used at Pune (Lat. 18 0 32 I N, Long. 73 0 51 I E altitude
559 m) as early as in 1932 to study the night sky radiation. Measurements on a
regular basis, however, started only in 1957 during the International Geophysical
Year (IGY). Four stations, Calcutta, Delhi, Madras and Pune, started measuring
global solar radiation using glavanometric recorders and the night sky radiation using
Angstrom pyrgeometers. Delhi and Pune were also equipped with a diffuse radiation
pyranometer and an Angstrom pyrheliometer, the latter to measure the direct solar
radiation in different spectral regions to enable the computation of Angstrom
turbidity coefficient. Duration of bright hours of sunshine using Campbell-Stokes
sunshine recorder was, however, being measured from a large number of stations,
two of them for more than a hundred years.
2.

Network Establishment:

It was realised that the network needed to be expanded and the number of
radiation quantities to be measured also diversified, in order to meet the demands
of agriculture, irrigation, hydrology, solar energy studies; construction and
architecture, biomedical and biochemical work and of course meteorological research
and long-range weather forecasting.
Hence, following the systematic and regular
measurements at the four stations during the IG Y and the International Geophysical
Cooperation (IGC) period, the radiation network was gradually expanded in
subsequent years to 45 stations (Fig. 1) covering the entire country. Based on the
WMO definition of principal and ordinary radiation stations, there are now 21
principal radiation stations measuring global and diffuse radiation continuously and
direct solar radiation either continuously or at fixed times. There are 17 ordinary
radiation stations continuously recording global radiation. 12 of the stations measure
also the net terrestrial radiation in the night using Angstrom pyrgeometer and 5
record net total radiation continuously. Besides these, there are five stations using
Bellani spherical pyranometers over agricultural observatories, one measuring net
radiation at selected times and another measuring only atmospheric turbidity with
Volz type sunphotometers using 500 nm filters are used in
a sunphotometer.
turbidity measurements at Basic Air Pollution Monitoring Network (BAPMoN)
stations. Besides this network, continuous measurement of global solar radiation is
also made at the Indian Antarctic Station, Dakshin Gangotri. This station takes
observations with sunphotometer also.
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3.

Instrumentation:

The pyranometers (measuring global, diffuse or reflected radiation) used in the
network are either Kipp pyranometers (CM-5 type) or departmentally (IMD) made
wire-wound thermopile pyranometers. Both types use 30mm and 50mm. BK-7 or
Infrasil clear-glass hemispherical covers. While the instantaneous measurements of
direct solar radiation are made using Angstrom pyrheliometers, continuous recording
of the parameter is made using wire-wound thermopile pyrheliometers mounted on
solar trackers. ·Funk type of net pyrradiometers are used for net total radiation.
RG band pass filters are used with the pyrheliometer when Angstrom turbidity.
coe~ficient S is to be derived. The continuous records of the various parameters
are made on either suspension galvanometric or potentiometric strip chart recorders.
Diffuse solar radiation measurements are made independently using another
pyranometer equipped with a shading ring arrangement based on Schuepp's model.
Assuming isotropic sky conditions a correction to the hourly tabulated values are
applied based on the theoretical considerations given by Drummond (2).
4.

Central Radiation Laboratory, Pune:

4.1
The radiation entwork in India is managed by the Central Radiation
Laboratory located at the Instruments Division, India Meteorological Department,
Pune.
This Laboratory constitutes the National Radiation Centre for India.
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Following a WMO Executive Council (EC) resolution, the Laboratory is also designated as one of the two Regional Radiation Centres for Regional Association-II (Asia)
the other being in Japan. A set of standard pyrheliometers and pyranometers is
maintained by the Laboratory. It includes 4 different types of absolute radiometers,
10 Angstrom pyrheliometers of different tube lengths and hence of different
apertures, 2 silver disc pyrheliometers, 1 Linke-Feussner pyrheliometer and a set of
7 thermopile pyranometers. The absolute radiometers are intercompared at every
available opportunity and other pyrheliometers are intercompared annually and with
reference to the absolute radiometers. The standard pyranometers are calibrated
annually using a working standard pyrheliometer for several days. These are done
outdoor with the sun as the source. The pyranometers chosen have been very stable
over the 40 year period well within +1 per cent.
4.2
The Laboratory had adopted the International Pyrheliometric Scale-1956
(IPS-56) for the radiation data collected in the network.
Two standard
pyrheliometers had participated in the International Pyrheliometer Comparisons (IPC)
II and Ill. Following the adoption of the SI units with effect from 1 January, 1980
and the World Radiometric Reference (WRR) scale with effect from 1 January,
1981, the calibration factors of all the standard instruments were revised and
brought on the WRR scale. PM0-6 and EPAC radiometers participated in the
IPC-VI and the calibration factors checked. Thus the calibrations of each instrument in the standard groups are traceable to the World Group of Standard
Radiometers maintained at Davos.
4.3
The Central Radiation Laboratory also prepares sensors for Angstrom pyrheliometers, Angstrom pyrgeometers, sun tracking pyrheliometers, thermopile
pyranometers and Funk type net pyrradiometers. The Laboratory has developed
successfully all the radiation instruments used in the network.
These are
manufactured in sufficient numbers in the workshops attached to the Instruments
Division at Pune. All sensors are blackened with Parson's optical black lacquer or
equivalent. The instruments are calibrated mainly with the sun as the source for
several days.
4.4
The Laboratory has also the responsibility to establish and maintain the
network. All the necessary requirements for each station are monitored and supplied
by the Laboratory. The instruments that become defective or get damaged in the
network are reconditioned in the Laboratory and recalibrated. The instruments in
use at the network are calibrated in situ by using the travelling standards by
scientists from the Central Radiation Laboratory who visit . each station.
The
calibrations are normally carried out once every year.
Travelling standard
pyranometers are used to calibrate the station pyranometers by comparison of
outputs. Angstrom pyrheliometer is used to obtain one or two calibrations to serve
as a check. - Net pyrradiometers are -calibrated - with reference to Angstrom
pyrheliometers using a shading disc. The calibrations for terrestrial radiation wavelengths are carried out in the nights using an Angstrom pyrgeometer.
The
sunphotometers are calibrated by the Langley method.
The Laboratory also
undertakes calibration of instruments from other countries in the Region and
occasionally outside it whenever a request is made.
4.5
Arrangements are undet:way for the establishment of full-fledged calibration
facilities in the Laboratory · ith artificial sources.
F?.cilities already exist for
checking optical filters and f r the calibration of Angstrom pyrgeometers against a
low temperature blackbody. Determination of cosine errors and tilt effects are also
being attempted.
Facilities for determination of temperature coefficient and for
linearity tests are being set up.
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4. 6

Accuracy of Data Collection:

WMO (12) recommends certain accuracy limits for the data collection in the
network and also for the calibration stability of the network instruments. These
limits are closely followed in practice. The limits are:
Instruments

Data collection

WMO

Specification

5.

WMO

India

Specification

India

1.

Pyranometer

+2%

+2%

2•

Pyrhelianeter ( 'Ihennopile)

+1%

+1%

5%

3,

Pyrheliometer (Angstran)

+0.5%

+0.5%

2%

4.

Net pyrradiometer

+7%

+ 5%

5%

5%

5%

Training:

The Laboratory conducts trammg in radiation work for a period of 5 weeks
for the persons manning the station. Personnel from other organisations operating
radiation instruments such as agricultural institutes are also trained depending on
their specific requirements. Requests from other countries are also entertained and
training imparted for periods extending up to 9 months depending upon the needs of
the individual Member Country.
6.

Data Collection and Processing:

Data recorded on charts are evaluated at the stations. The evaluated data
sheets and the recorded charts are collected at the Climatology Division of the IMD
at Pune and undergo 100% scrutiny. The data are processed by computer and stored
. on magnetic tapes. The scrutinised global and diffuse radiation data are published
annually in the form of 'Radiation Bulletins'. The daily values of global solar
radiation are sent regularly to the World Radiation Data Centre at Leningrad for
publication. A close liaison is being maintained between the Central Radiation
Laboratory and the Radiation Scrutiny Branch of the Climatology Division to ensure
accuracy of data. The data collected are made available to various organisations
on demand. Advice is also given by IMD as and when necessary to users of data
in various fields. The Central Radiation Laboratory closely collaborates and extends
full technical support to numerous organisations who wish to organise their own
radiation measurements.
7.

Radiative Flux Measurements in the Upper Air:

Based on Soumi-Kuhn economic radiometers, radiometer sensors with linear
thermistors attached to mylar sheets are made to form a radiometersonde. The
radiometer head is attached to a conventional 401 MHz audio-frequency modulated
radiosonde which is also manufactured by IMD. The sonde is flown to heights of
the order of 25 to 30 km and the terrestrial radiation field evaluated for every
level at 50 hPa intervals. These balloon-borne measurements are being made after
sunset once in a fortnight at eight stations in .the country (these stations are also
depicted in Fig. 1) and also at Dakshin Gangotri in Antarctica. The upper air
radiation data are received from the stations in raw form at the Instruments
Division and processed on the computer.
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8.

Data Analysis:

The data collected are analysed as a routine to obtain derived quantities.
8.1
Important among these is the Angstrom turbidity coefficient B computed using the
Angstrom pyrheliometer observations with and without RG filter at 14 stations.
2
Schuepp turbidity factor B is derived from sunphotometer observations at 12 stations
in India and one at Dakshin Gangotri. The values of albedo at hourly intervals are
computed for bare soil at Pune. Similar computations for Delhi are available for
about 17 years. A Radiation Atlas of India (3) has been brought out by the IMD
in 1985. Short period averages of radiation have also been published (4).
9.

Studies Utilising the Network Data:

9.1
Several studies using the network data, both surface and upper air, have been
made and published from time to time. Some of the salient findings are summarised
below.
9.2
Mani (7) and Mani and Rangarajan (9) have published comprehensive Handbooks
covering radiation climatology and all aspects of solar radiation at the surface.
These include data required for solar energy applications such as radiation on tilted
surfaces.
9.3
Taking the year as a whole, 3000 to 3200 hours of bright sunshine are
received every year over the area consisting of the States of Gujarat and Rajasthan
and Western Part of Madhya Pradesh. 2600 to 2800 hours are recorded over the
rest of the country excepting the Kashmir valley, the heavy rainfall regions of
north-east India and the State of Kerala where they are considerably lower (7, 9).
A number of studies have been made to relate the hours of bright sunshine to
incident radiation, to gain radiation data over a much denser network (9).
Winter presents an interesting situatt;pn when the Gujarat-Rajasthan area
9.4
receives solar radiatisp as high as 20 MJm
in a day while the Kashmir valley
receives only 8 MJm
per day due to a_ number of Western Disturbances passing
over tha_~ area in this season. The global solar radiation received is uniformly above
20 Mjm
per -~ay in April over the entire country excluding Kashmir where it is
about ~~ MJm
per day.
Gujarat-Rajasthan area records the highest amount
28 MJ m
and above per day. Further rise during the summer months is abruptly
terminated by the extensive clouding due to the South Asian summer monsoon, over
most parts of the country.
9.5 · Desikan et. al ( 1) analysed diffuse solar radiation measurements all over India.
They found a high ratio of diffuse to total radiation in the summer and monsoon
months and also a -close correlation between this ratio and the Angstrom turbidity
coefficient.
9.6
Mani et. al (8) found that Angstrom's Turbidity .Coefficient over India shows
a marked annual variation at most stations with very high values in summer about
2 to 3 times those of the values in post-monsoon and winter months. During the
winter, the wavelength exponent a in Angstrom's extinction formula is approximately
1.0 as against the classical value of ·1.3. But in summer a over the central and
northern parts it is less than 0. 5 and sometimes negative apparently on account of
the predominance of large-sized dust particles resulting in neutral haze scattering.
The occurrence of large dust particles up to considerable heights due to dust storms
and dust raising winds over north and north-west India is well known. Hence the
increase in turbidity in summer is not surprising. As the data are based on daytime
observations on clear days, the night time or early morning effects such as winter
inversions are not reflected in the results. However, there have been interesting
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year to year variations in turbidity. For instance, Raghavan and Yadav ( 11) found
that the attenuation of solar radiation by aerosols increased sharply from the
summer of 1961 to that of 1962, fell in 1963 and rose again steadily thereafter.
Kondratyev (6) attributes the rise in 1962 to high altitude nuclear explosions. The
subsequent rise is probably attributable to deforestation and urbanisation (5).
9. 7
M ani et. al ( 10) have analysed the radiometer soundings. They found that at
Pune there is an increase in net upward flux with height with a maximum at about
12 km and a decrease at the tropopause followed by an increase in the stratosphere.
The mean radiative cooling in the troposphere is of the order of 1 to 2 °C up to
200 hPa.
In the clear months it is about 50% higher than in cloudy months.
Warming below the tropopause is a maximum during the monsoon season, about 7 °C
per day. Stratospheric cooling is large and variable and in the mean about five
times that in the troposphere.
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USERS' NEEDS FOR QUANTIFICATION IN TROPICAL AGROMETEOROLOGY:
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Department of Geography, University of Nairobi, Kenya; [5]
TT MI- Project,
Department of Physics, Section Agricultural Physics, University of Dar es
Salaam, Tanzania.

INTRODUCTION
User technology needs in tropical agriculture are determined by the
problems of these users but also by the conditions under which these problems
have to be tackled. In fact these conditions are part and parcel of the
problems. In instrumental research, simplicity and accuracy, resulting from an
easier understanding of the principles of operation, and use and maintenance
that remain within the local potential shaped by the conditions, are
requirements for appropriate instrumental technology. The users of equipment
to generate operational information have a great need for equipment
appropriate to the specific tropical field needs. Kassar and Stigter [7] have
indicated that cooperation with CIMO (WMO) in such matters is absolutely
esential.
Over the past decade the two senior authors and their associates have
been involved in the testing and development of instrumentation for
quantification of crop space environment in the tropics. Their experiences in
testing the sensors involved for the requirements of appropriateness mentioned
above will be discussed. in some selected case studies. We will deal below
with:
(i) Solar radiation interception/shade measurements in Kenya and
Tanzania; (ii) Measurement of surface temperature in combination with the
former case in Tanzania and in a separate case in Kenya; (iii) Quantification
of wind generated sand movement in Sudan and (iv) Soil moisture measurements
in dry soils in Kenya. General aspects of our approach of appropriate
instrumentation have been discussed elsewhere [3]. Problems and advised
approaches in microclimate quantification in the tropics have recently been
reviewed by Stigter and Darnhofer [12].

- 366 SHADE/RADIATION INTERCEPTION
Kainkwa [6] and Stigter et al. [16] reported results on quantification
of global radiation extinction in layers of a dry grass mulch under the high
tropical radiation conditions of Dar es Salaam (Tanzania), using two Kipp
solarimeters as well as two large (1 m) Delta-T black and white thermopile
tube solarimeter (TSL, [18]). Applying that the transmission is exponentially
decreasing with the leaf area index (L), the extinction coefficient obtained
from the Kipp values was 0. 92 + 0. 02. This was very close to a theoretical
value of 0. 91 obtained using an approximation method of Goudriaan [ 5] for
horizontal leaves. The extinction coefficient for simultaneously made TSL
measurements with again one under the grass and one in the open was 0. 64 +
0.3. This high discrepancy, due to an increasing TSL/Kipp ratio with
increasing L, we have tried to explain ever since.
Early in the morning and late in the afternoon the tube solarimeters are
known to be decreasing in sensitivity to the direct radiation at higher angles
of incidence relative to the Kipp, leading to a low TSL/Kipp ratio which
increases .when the radiation becomes more vertical. However, recent very
accurate measurements by Mungai in Kenya (Fig. 1) revealed a much more
complicated TSL/Kipp pattern, among which a clear increasing trend in this
ratio between highest intensity radiation near noon and earlier and later
parts of a bright day. Whatever the reason for this trend, this might well be
at least part of the explanation we need, because the Dar es Salaam
measurements were made between 10.00 and 16.00 hrs. Although with thicker
grass layers the average angle of incidence of contributing direct radiation
over that period of the day becomes smaller, the overall contribution of
direct radiation becomes itself appreciably smaller. Because a layer of plant
material is a highly scattering medium (e.g. Baldy and Stigter, unpubl.), the
relative amount of diffuse radiation is very much increasing deeper in the
canopy. This implies a large average increase of the angle of incidence,
especially in the middle of the day, giving rise to an increase of the
TSL/Kipp ratio as measured by Kainkwa [6].
Theoretically and experimentally, some other effects can be
shown to be able to work in the same direction. It looks as if one should warn
against possible
errors
from TSL's
in extinction coefficients or L
determinations obtained in the tropics in crops that lower the wind speed
appreciably and have relatively high L's, due to an accumulation of radiation
geometry, air movement, long wave radiation energy balance and (in some cases)
internal condensation effects [17].

SURFACE TEMPERATURES
Problems and successes with surface temperature measurements have been
well documented [e.g. 22]. Stigter et al. [13, 15] showed the limitations of
the infrared thermometer pictured in Fig. 2. Its potential after proper
insulation and fie.ld calibration was demonstrated as well by Stigter . et al.
[ 14, 16], A developed calibration plate improved the potential for outdoor
checking [14]. Coulson et al. [4] more recently showed the superiority of a
commercially available infrared thermometer compared to other field equipment
in the determination of leaf/air temperature differences as a water stress
indicator. They warned that the interpretation of bean drought stress
resistance differed completely with the choice. of which instrument to believe
for the measurement of leaf as well as of air temperature.
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Fig. 1 TSL/Kipp ratio against
time (units of five minutes)
over one bright day [Mungai,
unpublished results, 1988] in
Machakos (Kenya) for a N/S
mounting of solarimeter tubes.
Maxima around 9 and 16 hrs.
160

Fig. 2 TFDL infrared thermometer.
1 = thermopile sensor; 2 = glass
window for closing the tube during reference measurements;
3 = hole for thermocouple determining reference (glass window)
temperature; 4 = insulation
material; 5 = aluminium cover
(to be improved); 6 = polyethylene sheet; Cu =Copper. The
other materials are hard
plastics. From [13].
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Fig. 3 Distribution of amounts
of caught saltating sand
[Ln (grams)] with height
(number of catcher increasing
with height) in a sediment
wind tunnel for different
total amounts of blown
sand. After [19].

- 368 As a matter of fact, for routine field observations the infrared
thermometer remains a rather expensive and cumbersome (calibration!) but
potentially very accurate alternative to simpler contact surface thermometry.
However, the local development [2] and testing [3] of such simple and other
available equipment should get more attention.

WIND INDUCED SAND MOVEMENT
Desertification is a much discussed subject but even recent reviews [1,
11] show that simple instruments for quantification of saltating and creeping
sand are small in number and physically not very well understood. Sediment
wind tunnel research to test simple equipment is rare. However, the user in
such investigations as on sand invading irrigated areas and related measures
to keep sand from moving by partial soil covering or barriers, needs multipoint measuring equipment that is preferably able to separate moving and
deposited saltating and creeping sand fractions. The CAgM (WMO) recently
considered that the measurement and analysis of sand and dust transport should
be better. described and standardized and as a consequece CIMO has been
requested to develop appropriate instrumentation for this purpose [21].
Improving on an idea of Spaan and Oldenziel, a simple saltating sand
catcher made from 10 plastic coffee cups mounted at 3 cm distances on a metal
rod was further developed and tested in the wind tunnel and in the field ([11,
19] and El-Tayeb Mohamed et al., unpubl.). Fig. 3 shows representative
examples of the logarithmic distribution of the weights of caught sand with
height in a wind tunnel in The Netherlands. Such results were confirmed in
simultaneous field measurements with 25 of these catchers in Sudan. Laborious
particle dimension frequency distributions give simple but adequate additional
information to understand sand transport (prevention) mechanisms. These remain
relative measurements until catch efficiencies have been determined in the
wind tunnel, using absolute values of moving sand. Determination of creeping
sand sofar remained one of those problems in physics where every field sensor
appears to influence unacceptably the parameter to be measured. However, it
looks as if for sand moving on a hard underground the use of two traps with
different round openings solves for the first time properly the separation of
saltating and creeping sand. The appropriateness of equipment of this kind
should for the time being be assessed after its cheap multi-point application
potential to understand the inhomogeneity of moving sand and the changes any
cover or barrier provokes.

SOIL MOISTURE
Abundant recent literature exists on soil moisture measurements [8, 10].
However, as Wellings et al. [20] have pointed out most recently, in a range at
the drier end important to plant growth, easy to install equipment that does
not need large disturbances of the root zone in on-farm or comparable research
conditions appears still to have to rely on gypsum blocks. Its limitations
were highlighted in the above mentioned reviews [10, 20], but even with that
information Mpelasoka and Stigter [9] experienced surprising results of high
time constants of blocks with the wet installment generally advocated. This
shows that the experimental procedure at and after first installation should
be closer to what actually happens in the field than in our case.
Alternatives for on-farm research have to be found in portable
instrumentation with less calibration requirements. These experiences with
soil moisture equipment confirm that even simple equipment like gypsum blocks
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may have properties, in this case hydraulic conductivities, complicating their
use considerably and diminishing their appropriateness for our purposes. This
shows, like all the other examples given above, that tropical researchers in
agrometeorological quantification have to contribute to development of
suitable cheap multi-point sampling equipment that often may deliver the
required simplicity.
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INTRODUCTION
The absence of and need for reliable tropical solar radiation data of
different kinds are well known. To cater for such needs and to provide some
suitable subjects for an M. Se in Physics programme, specific work on solar
radiation measurements started at Dar es Salaam University in 1976 and a
University Radiation Measurement and Calibration Station was established in
1978. In a collaboraton with the National Directorate of Meteorology, this
became the National Radiation Measurement and Calibration Centre in 1981 [22].
In the tropics and especially in many African countries the solar
radiation measuring network has low density. In Africa it has suffered from
the general deterioration of the quality of meteorological stations, due for a
good part to the economic crisis in Africa South of the Sahara and the related
stagnation within National (Research) Institutes [18]. However, the growing
interest in solar radiation as a source of cheap renewable energy within
agricultural production and for other domestic uses increased the demand for
tropical solar radiation data of all kinds [10].

EARLIEST PERIOD
The general lack of electricity at up-country stations made it necessary
to look first closely at the potential of simple data and their mutual
relations for network and quality control purposes. The work on cloudiness
observations [12, 13, 16] is an example of how basically simple research may
lead to important results in the field concerned. Picking up results by Hoyt
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[ 3] on the need for a distinguishment between point cloudiness (PC), as
estimated by observers, and areal cloudiness (AC) or shade duration, obtained
as a complement of sunshine duration, from the Tanzanian data of Fig. 1 two
things could be observed [16]. Firstly, PC overestimates AC indeed and in the
tropics with a much higher percentage than hitherto expected: on average 25 %
(absolute) and with a maximum in the order of 30 %, depending on average
cloudiness concerned. Secondly, neither this overestimation nor the exorbitant
scatter are due to bad observations but inherent to estimations of sky cover
by tropical clouds from one place. These results cautioned against using PC
observations in the tropics for solar energy determinations and in climate
modelling. The same research also revealed interesting information for
satellite observed cloudiness on sampling densities and equivalence with AC
[12, 13]. An important anomaly in the Tanzanian network was detected along the
same lines [17, 20].
Subsequently it was shown that Campbell Stokes data could be used very
well for the checking, (re)calibration and temporary replacement of Gunn
Bellanis and other global solarimeters in East Africa [11, 21]. Because of the
importance of quality control of African data through intercomparisons of
different instruments, we paid long term attention to four types of Robitzsch
actinographs and to comparisons of the non-electrical methods with routine
solarimeters needing mains electricity [4, 7, 8, 28]. In this context the use
of electronically and otherwise integrating equipment became a point of
separate emphasis [ 19, 24]. Important results are the quite successful long
term (five years) use without need for recalibration in this part of the
tropics and the tested suitability for the average local Meteorological
Station of the Casella (not all), the Fuess and the SlAP actinographs,
although we detected an (later on admitted) appreciable error in the
calibration standard of the last mentioned manufacturer.

LATER DEVELOPMENTS
We then introduced pyrheliometry for calibration purposes and started a
more specialized measuring programme of photosynthetically active radiation
(PAR) and of direct and diffuse components of global radiation [4, 8, 23, 27].
One of the internationally most needed and afterwards most used results has
been pictured in Fig. 2, showing the ratio of PAR to global radiation as a
function of the ratio of diffuse to global radiation in Dar es Salaam. Its on
the average 10 % higher value for relatively clear skies than hitherto
reported outside the tropics and its conservativeness up to a value of 60 % of
diffuse radiation were spectacular results. Another of our results, on
comparing diffuse radiation equipment, is given in Table 1.
When we reached the stage that we could permit ourselves to get engaged
in research work more applied towards local agricultural production [14, 15],
next to this other later work we started to make use of some more special
radiation equipment, partly in collaboration with other sections of the
Physics Department. Such examples may be found in Lushiku [5] and Lushiku et
al. [6] and in Jiwaji (unpubl.). That the research had immediate influence on
University educational aspects is illustrated by Stigter et al. [26]. Here we
used an albedometer to understand differences in surface temperatures of soils
in a demonstration experiment.
In a recent recalibration of actinographs after another five years, now
without much maintenance, only the oldest Casella was more than 20 % off. Half
of the ten tested instruments were still within 10 %, independent of indoor
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Table 1
Kipp/Eppley ratios of diffuse radiation amounts measured with Kipp and Eppley shadow
band stands. Correction factors applied were for isotropic sky (q = 1.0) and anisotropic
clear sky (q'=1.3 in September), taken from Steven and Unsworth (1980). DRE=
Daily Radiant Exposure

q=1.0
g=1.3
Expected

DRE

<950 Jfom2

>950 Jjom2

0.960±0.015
0.975±0.015
0.975 ±0.015

0.955 ±0.020
0.970 ± 0.020
0.975 ±0.015

0.965±0.015
0.980±0.015
0.975 ±0.015
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storage or outdoor use, and the average of the two permanently in routine use
(one Fuess and one SlAP) was within 5 % of the standard Kipp used. Standard
deviations showed signs of absence of maintenance and of an appreciable loss
of measurement skills and quality control.

CONCLUDING REMARKS
A final aspect throughout out: work has been the economy of radiation
data collection in the tropics. · In the above examples, the attention to
Tanzanian cloudiness and Campbell Stokes. data, to . ~he requirements of the
mounting of Gunn Bellanis, of which the ageing in long term use was proven to
be appreciably less than expected· [ 21], to the long .t~rm testing of Robitzsch
actinographs, to the use of electrolytic integrators to prevent data losses
due to frequent interruptions in mains electricity supply [ 24] and to the
comparison of a relatively cheap and a more expensive type of shadow band
diffuse solarimeter [27], suggesting that cheap 'self-made stands may also be
used [ 2] , ·have all been caused by our concern for appropriate radiation
equipment for the needs and conditions of African stations. A successful
attempt to use counting of sunlit area on a meter stick in stead of integrated
solar radiation from tube solarimeters as a measure for solar radiation
extinction in shade quantification [4] is another example.
Hills [1] has argued that for most agricultural purposes in developing
countries no high levels of precision in routine observations is required. We
have learned from our African work that simple reliable data are of more use
to those who need data and more easily to produce than potentially more
accurate data from more complicated, more difficult to handle or less
tropicalized
equipment
[ 25].
However,
as
follows
from
the
above,
appropriateness of equipment can only be obtained when National Centers exist
for the development and/or validation of the most reliable observation and
measuring techniques for tropical conditions. The Center discussed here has
had successful early years in these respects.
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ABSTRACT

The Brewer ozone spectrophotometer has been developed in Canada
for the purpose of replacing the Dobson ozone spectrophotometer in
the ground based ozone monitoring network.
Fully automated Brewer
instruments are operating routinely at about twenty-five stations in
fifteen countries including the seven sites in the Canadian network.
Field instruments are calibrated against the Brewer Ozone Reference
Triad located in Toronto.
The Brewer instrument is briefly
described. The reference triad and the methodology by which station
instruments are calibrated and maintained are discussed.
Data
acquisition and archiving of ozone measurements in the Brewer data
base are described.
INTRODUCTION

In the early 1970's it was realized that the Earth's strataspheric ozone layer is vulnerable to chlorine containing chemicals
that are anthropogenically produced and released into the atmosphere.
Because of this concern, a significant effort was made to improve the
capabilities of the WMO Global Ozone Monitoring System (Go 3 os) in
order to allow the early detection of the predicted ozone depletion.
As part of the general upgrade of the Go 3 os, the fully automated
Brewer ozone spectrophotometer was developed in the early 1980's by
the Canadian Atmospheric Environment Service (AES) with the goal to
replace or supplement the manually operated Dobson instrument which
has been the standard ground based instrument used in the Go 3 os.
Development of the Brewer instrument was based, in part, on earlier
work by Wardle et al. (6) and Brewer (1).
The Brewer instrument takes ground based measurements of the
total column amount of ozone as well as the vertical distribution of
ozone above a station.
Total ozone is measured either directly by
measuring the transmission of sunlight or moonlight which passes
through the atmosphere and is absorbed by ozone or indirectly by
measuring light scattered to the ground from the zenith sky.
The
vertical distribution of ozone is measured by the Umkehr method.
Details of the method by which the Brewer instrument measures total
ozone is given by Kerr et al. (3) and the method of Umkehr
measurement is given by Mateer et al. (5).
Brewer instruments are calibrated on an absolute scale by using
the laboratory measurements of the ozone absorption spectra made by
Bass and Paur (2) at a temperature of -45°C. The Brewer reference
consists
of
three
instruments
which
have
been
calibrated
independently and absolutely.
This reference Triad is located in
Toronto and is used as the calibration standard for all field Brewer
instruments.
Routine data measured by a Brewer instrument are automatically
stored on flexible diskettes in the field. The field data disks are
duplicated and one copy is submitted to the AES in Toronto where it
is entered into the Brewer Data Management System (BDMS). The BDMS
archives the data and allows for further analysis.
This paper describes the automated Brewer instrument, the
operational calibration of the Brewer network and operation of the
BDMS.
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THE FULLY AUTOMATED BREWER SPECTROPHOTOMETER

The Brewer Spectrophotometer is a modified Ebert grating
spectrometer that measures ultraviolet light intensities at six
wavelengths with a nominal band-pass of 0.5 nm.
A diagram of the
optical assemblies is shown in Figure 1. Five of the wavelengths are
used for ozone measurement and the sixth is used for wavelength
setting.
Wavelength selection is done with a motor driven mask
located in front of the six exit slits. Absolute light intensities
at the five operational wavelengths are sampled sequentially by a
photomultiplier. Wavelength adjustment is achieved by rotating the
diffraction grating with a motor driven micrometer acting on a lever
arm.
The field of view of the instrument is a solid angle of about
three solar diameters and any part of the celestial hemisphere may
be viewed by aligning the instrument's field of view in azimuth and
zenith.
Azimuth pointing is achieved by rotating the instrument
about a vertical axis and rotation of a right angle prism around the
instrument's horizontal optical axis allows for zenith pointing from
the horizon to vertically upwards. Pointing accuracies of 0.15° in
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Figure 1: The Automated Brewer Spectrophotometer: Plan of the Optical
Assemblies.
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zenith and 0.05° in azimuth are achieved.
A ground quartz diffuser
is used for measurements on direct sunlight and an appropriate
neutral attenuation filter is inserted to reduce the signal when
required.
The pointing and optical adjustments are made with
stepping motors.
The instrument contains an internal mercury vapour lamp and a
well regulated quartz halogen "standard" lamp.
The wavelength
setting is calibrated by using the micrometer to scan a mercury
emission line from the mercury lamp. Standard lamp measurements are
made to monitor the spectrometer's relative responsivity at the five
passbands.
An on-board microcomputer is programmed to carry out basic
operating functions of the instrument including the drive to the
adjustment motors which determine the settings for wavelength,
optical attenuation and pointing position. Integration of the light
signals at the five wavelength channels and power to the reference
lamps are controlled by the computer. The internal computer accepts
commands from an external source, carries out the basic operation,
and returns the result and status to the external source.
The observer operates interactively via an external desktop
microcomputer which communicates with and controls the operation of
the Brewer instrument.
This computer accepts observation requests
from the operator, sends the appropriate command sequence to the
Brewer instrument, analyses data returned from the instrument, prints
out results and stores data on flexible diskettes.
The external computer combined with the internal computer
control of the adjustment motors allows the Brewer instrument to
operate in a fully automated mode. Automatic operation is executed
from a predetermined daily schedule which is entered by the observer.
All types of observations are possible including direct sun, direct
moon and UVB scan measurements.
The instrument can run unattended
for several days in this fully automated mode of operation.
THE BREWER TRIAD REFERENCE SYSTEM
Five Brewer instruments are dedicated to calibration and
maintaining the reference.
Three are operated continuously at
Toronto and comprise the reference Triad. The other two instruments
are travelling standards and, when in Toronto, they are operated
continuously in parallel with the reference Triad.
The Canadian
regional standard Dobson instrument #77 is also stationed at Toronto
and a long term comparison between the Brewer and Dobson standards
has been carried out by K~rr et al. (4).
,
Each reference instrument yields ozone measurements that are
absolute in the sense that the ozone absorption cqefficients and
extraterrestrial constants are all assign~d i:qdependently of other
instruments. The ozone absorption
coefficients are calculated
from
0
.
laboratory measurements at · -45 C of Bass·· and·· Paur ( 2) and the
measured transmission functions of the five wavebands.
The Brewer
transmission functions are nominally identical: but .because individual
instruments may differ slightly there are small differencep from
instrument to instrument. The extraterrestrial values. used for each
reference instrument are derived from observations made at Mauna Loa
Observatory, Hawaii where conditions are favorable for extrapolation
to zero airmass.
An observation period of about ten days . is
sufficient for this purpose.
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When a travelling standard or any other Brewer instrument is to
be calibrated against the reference, simultaneous measurements are
recorded for several days with maximum solar elevation greater than
45°. Absorption coefficients and extraterrestrial values are then
determined for the instrument being calibrated so as to maximize the
agreement between it and the reference.
All new instruments are
calibrated in this manner at Toronto and transferring the calibration
from the reference Triad to a travelling standard is done similarly.
To calibrate a field Brewer instrument, a travelling standard
is brought to the field location and the two instruments are run
simultaneously for at least one full day when good quality direct sun
measurements are possible.
Calibration constants for the field
Brewer instrument are derived for the intercomparison data.
The
travelling standard is then returned to Toronto where its calibration
is verified by further comparison with the reference. The travelling
standard acts as a
safeguard against changes in instrument
performance that might result from transportation and perhaps go
undetected.
Travelling Brewer standards have also been used to
calibrate field Dobson instruments and they have participated in
international comparisons where results can be compared with those
of other instrument types.
THE BREWER DATA MANAGEMENT SYSTEM
The fully automated Brewer instrument is capable of measuring
ozone continuously throughout the day in accordance with a
predetermined schedule entered by the operator.
The data acquired
are printed out on hard copy in real time and stored on flexible
diskettes. At the end of each day the data are automatically played
back and printed out on summary sheets.
Measurements are screened
and only those of good quality are used to determine the daily
statistics (such as daily mean total ozone value). The data printed
out in the field are preliminary ozone values and are used to verify
that the instrument is operating satisfactorily.
A centralized database has been developed for archiving and
analysing ozone data made by Brewer instruments.
This Brewer Data
Management System (BDMS)
is implemented on a Hewlett Packard
minicomputer at the AES in Toronto.
One diskette is sufficient to store between one week to one
month of ozone data depending on how frequently measurements are made
as determined by the local measurement schedule. When a diskette is
full, it is duplicated in the field and one copy is submitted to the
AES where the data are up loaded into the database. During the upload
the data are automatically identified, sorted and archived according
to Brewer instrument number and date of observation.
Access to and analysis of the ozone data are carried out by
specifying the Brewer instrument number and .the two dates defining
the start and end of the desired period.
The database is searched
and the requested data are returned after specified selection
criteria such as statistical averaging (e.g., daily mean values) and
correction operations have been carried out, if requested. The data
are printed out on a laser printer in graphical or tabular format
with a quality suitable for publication. Figure 2 is an example of
output from the database where daily mean total ozone values measured
by the Edmonton Brewer instrument between 1984 and 1989 are plotted.
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These data
were processed and graphically displayed by the BDMS.
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AUTOMATIC WEATHER STATION

(Reference IX.1)

AN AWS, VALIDATION AND REPAIR-POLICY
ROYAL NETHERLANDS METEOROLOGICAL INSTITUTE ( KNMI )
Instrumentation Department
Ir. A.N. Mazee, Netherlands
History
During several years the Royal Netherlands Meteorological Institute has
been involved with the development of automatic weather measure systems. In
parallel there are two developments, one for the civil-airfields and the
other for unmanned synoptical I climatological stations. These two systems
have in common the use of Sensor Intelligent Adaption Modules, interfaces,
who have been developed in our Institute. Because of the different applications the two systems are built up in a different way. For instance the
systems for use on the airfields are manned and have a backup-system permanently standby.
In the following text the unmanned Automatic Weather Stations will be discussed. These stations consist of Sensors, SIAM's and a Main-Stationprocessor.
Sensor interfaces
Between the sensors and the station-datalogger, standard interfaces are
used. The so called Sensor Intelligent Adaptation Modules, SlAMs, are fitted with a microcomputer. There are several SIAM's for different elements
such as Wind, Precipitation, Atmospheric-pressure and Temperature.
The different SIAM's are all built with the same hardware and have a
built-in serial-output that is suitable for medium range signal transmission. The use of this type of interface was necessary specially for the
use on airfields, where larger distances between sensor and computer exist.
The units are built in a uniform way and only the interface to the sensor
can be different.
The output-records of the different SIAM's have identical lay-outs.
For checking of an undisturbed transmission all records are sent three
times.
Every 12 seconds an output-record, with information on the actual and some
derived values, is sent.
Fifty samples forming a 10-minute history, are stored in the SIAM. In
order to be able to measure a wind-gust, in the case of a WIND-SIAM, the
12-second period is divided in four 3-second periods. In the output record
all four values are reported.
The built-in microcomputer is used for the following purposes:
- digitising the signal near the sensor,
so the output signal is relatively insensitive to interference
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- checking for the proper state of:
the sensor
the SIAM itself
the incoming signal
- errors are reported in the output record
- computing of derived values over 10- minutes, e.g. mean, maximum and
minimum
- conversion to physical values
An example of the output record of a pressure SIAM is given here.
P28 0 0 0095 0095 0096 0094 0095 0000 OO<CR)
here in is: p
28
0
0
0095
0095
0096
0094
0095
0000
00
<CR>

identification of the measured Element
location of SIAM, externally wired
status
instrument type
12 second sample
this represents a pressure of
1 minute mean
1009.5 hPa
10 minute maximum
10 minute minimum
10 minute mean
10 minute standard deviation
% rejected samples
Carriage return

The pressure is not corrected to sealevel in the SIAM, but necessary
height corrections are made in the main-processor.
Station-processor (AWS)
In 1987 a study was made if it was feasable to compose our own stationdata-logger or to buy an industrial type. Because of the flexibility and
the ability to apply our standard sensors in combination with SIAM's, we
decided to proceed with our own development.
The AWS computer was specified and programmed to process several SlAMs signals. So a complete and flexible AWS was configured. In 1989 the first AWS
was installed.
The memory of the AWS is battery-backupped so that the stored information
will not be lost during a powerdown.
When the specifications were made a discussion rose if it was nesesary to
compose the SYNOP and KLIM in the station itself or, to derive it from collected data on the central site. Both possibilities are provided in the
AWS.
Three types of information are stored in memory.
- hourly SYNOP and KL:(M
- information on a 10-minute base
- status information on the functionning of the processor and the SIAM's
A memory size of 640 Kbytes allows us to have all in~ormation resident for
a period of at least 7 days, this. is used for historical information,
trouble-shooting and maintanance. There is a possibility of displaying all
actual signals from one SIAM at the time or to get an overview of all
actual measured values.
Some technical information about the industrial avalable processor can be
given here.
The main processor board is an INTEL SBC-C36 with a 80C86, for processing
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complete system is running with the INTEL RMX-86 operating system. It is
possible to have three users connected at the same time to the station.
One of the connections is for service purposes only, the two others are
suited for a modem connection.
Validation
The incoming signals are validated in a simple way. For the checking of
harware internal standards are used e.g. for temperature, reference resistors. As there is only one sensor for every parameter, it was considered
that it is not usefull to make cross-links between different parameters.
Errors could be detected, but corrections are not made at the measuring
site.
All incoming signals are checked and result in a three level status signal:
1 all signals are completely within specifications and correct;
status code: 0
2 signals are still within specification, but the error limit is
approached:
attention is needed;
status code: lowercase letter
3 signals are out of specification.
In this case signals from the sensor are rejected and replaced by
status code: uppercase letter
All status codes different from
status-report.

1111.

0 are collected and reported in an hourly

The meaning of some status-codes will be given here:
A
reset state ( after powerup )
B
open line, sensor disconnected
C,c transient error in the incoming signal
D,d signal out of range
E
no serial-signal from sensor
G,g internal range test of AID-converter and analogue cirquits
H,h internal zero test of AID-converter and analogue cirquits
z sensor is switched off
In the next table the values for temperature measurements are given.
c

c

g,h

G,H

12s step < - 0.5 oC or > + 0.3 oC
12s step < - 1.0 oC or > + 0.7 oC
offset of analogue circuit > 0.05 oC
offset of analogue circuit > 0.2 oC
Maintanance

All the information about the functioning of the sensors and the interfaces
can be monitored in a central site. Control of the network can be done
remote. The status information will be collected daily, so that an overview
of the functioning can be made.
The hardware is built up in a modular way, all modules are kept in stock.
Repair is possible on site by replacement of the defective unit. The modular system allows to have only few items in the servicepack.
All the collected status information and the quality information of our
Climatological Department, where all consistency checks are made, is
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directed to our service-centre. Because some SIAM's are able to warn before
unrecoverable errors occur, there is a possibility to replace the SIAM's.
The results of limited validation of the SIAM's are an indication of the
state of the sensor.
There are two service-centers in the Netherlands. One is situated in
De Bilt near the centre of our country. The other situated in Schiphol is
responsible for the systems on the airfields. In De Bilt all spare parts
and spare sensors are in stock in order to replace defective ones. Our
service-men can reach every station within 24-hours. A preventive maintanance scheme for the replacement and quality control of the sensors assures
us the proper functioning.

(Reference IX.2)

A COLD REGIONS AUTOMATIC WEATHER STATION
I.C.Strangeways and R.G. Wyatt
Institute of Hydrology, Wallingford, UK

1

INTRODUCTION

Automatic Weather Station (AWS) development began at the Institute of Hydrology in
1964, with the design of one of the first conventional AWS (12). Since 1976, the problems of
operating AWS in cold regions has been under investigation.
Few meteorological measurements are available from mountainous or polar areas. This is
no longer, in part, because of the difficulties of logging or of telemetering data in or from such
places, nor is it due to problems with power supplies, even where an AWS must run unattended
for a long period. These are no longer problems, as they were only 15 years ago, because modern
microelectronic systems can be designed to consume very little power and because electronic
components are available that operate down to the -60°C of Antarctica. The main problem now
remains the conditions under which the sensors must operate.

2

EXPOSURE OF SENSORS

There are several climatic hazards to which the sensors of an AWS may be exposed at
high altitude or in high latitudes. Ice accretion is a major one. Roar frost is the generic term
for ice formed directly from vapour. As there is little water vapour at subzero temperatures, the
amount accumulated is small. Rime forms when supercooled droplets of cloud meet a surface and
freeze; freezing occurs as soon as the- latent heat of fusion is dissipated. A hard rime forms when
the loss is slow, as liquid-flow occurs before freezing. A soft rime forms when freezing is rapid,
due to entrapped air. Rime builds mostly into the wind, although eddies cause it to form on lee
and horizontal surfaces. Glaze ice, also known as black ice, forms when droplets have time to flow
in a continuous film before freezing, producing a hard ice with few air bubbles. Rime and glaze
are the greatest icing hazards in AWS operation.
;High winds can also be a problem in these areas. Speeds of up to 45 m.s- 1, with gusts
considerably more, can occur in the UK mountains. If, in addition, rime is present, the wind
pressure on sensors can be ~amagingly high.
Snow causes problems in three ways. When falling as wet snow, it sticks to the sides of
sensors and accumulates on top of them, filling anemometer cups, blocking temperature screen
louvres and covering solarimeters. Falling dry snow, or dry wind-bourne ice crystals, can enter the
smallest of holes in sensors, filling the cavities within. Finally, falling or blown snow can
accumulate to several metres depth and cover the AWS, or change its effective height.
Cold regions may also experience temperatures above
therefore, spared even the effects of wind -driven rain.

3

oac

at certain times.

AWS are not,

EARLY SOLUTIONS
Technically the easiest way of combating most of these problems is manually.

A well
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known example of this was the Ben Nevis Observatory in Scotland (8) which was operated from
1883 to 1904, with hourly readings being taken day and night for 21 years. A similar station was
operated on the mouth of the Lena River in Siberia (IO). The British Antarctic Survey also
operates semi-manual stations, such as that at their Faraday base, the sensors being within a short
walk of the living quarters. However, for remote, unattended, stations, the whole process must be
automatic.
The commonest means of automatic deicing has been by heating. Hartley (5) describes a
cup anemometer heated by a !.2 Kw mains heater. Gerger (4) reviews a heated pressure tube
anemometer of 750 watts, a heated precipitation gauge, an 80 watt wind speed and direction sensor,
a 750 watt cup anemometer, other wind sensors and a system using heated air blown over a
solarimeter dome. However, heat losses are very high, especially in high winds, and several
kilowatts would be required to keep all the sensors of an AWS free of ice.
An alternative is to mount the sensors in an insulated housing which opens periodically, the
housing being .heated only at its opening point and internally to keep the sensors just above 0°C.
Gerger (4) reports this method and Alexeiev (2) notes the use of an opening cover for
anemometers on ships. More recently Barton (3) described such a system, the housing being
opened by a motor for three minutes every half hour, to expose wind speed, wind direction and
temperature sensors. It is mains powered and consumes a peak of !.25 kW and an average of 400
watts. However, for remote sites, heating in any form is not a good solution because of its high
power requirements.
Less direct methods of ice removal have also been proposed. Gerger (4) reports the use
of temperature screens covered by mesh, the use of Teflon (PTFE) as an ice-deterring
constructional material and coverings of de-icing pastes, de-icing fluids and oil, all of which were
reported as unsuccessful. Alexeiev (2) also comments that coatings of vaseline were of no use, nor
was any one material (metal, plastic, wood, etc.) any less prone to ice accretion than any other,
including PTFE. Induced vibration (at 50 Hz) also failed to deter the formation of ice. The use
of larger than normal sensors had some, but limited, success as did the use of black paint to
absorb solar radiation. Alexeiev also reports the use of flexible covers on anemometer blades which
shook ice off when they vibrated due to eddies in the wind. But his final comment is that none
of these methods worked when conditions were poor. He also draws attention to the use of
impact-vibration through electrical means (magneto striction) in aircraft wind de-icing. Ackley et al.
(1) describe the use of flexing bags on radomes and bending plates on lock walls to crack ice off,
while Sewell (11) describes his work on the removal of ice from helicopter blades by a flexing
metal foil.
4 ICE ADHESION - THEORY

Sayward (9) notes that the forces involved in adhesion are rarely those of primary chemical
bonding (electron-sharing or valence forces) but those due to van der Waals forces and hydrogen
bonding. Jellinek (6) notes that ice adheres less well to a substance with which water forms a
large . contact angle than to those which form a small angle. Sayward (9) also explores this in
search of lowered ice adhesion (for helicopters). All metals form low contact angles, while
hydrocarbons, flurocarbons and polymers in general have large angles making them water repellent
or hydrophobic. The good · wetting of metals, according to Jellinek and Sayward, encourages strong
ice adhesion, by aiding in the trans-interface forces through intimate contact, while poor wetting has
the reverse effect. Poor wetting also increases the possibility of air being trapped at the interface
which, like dust, grease, etc. is a contaminant, all of which reduce adhesion..
Disagreement, however, exists between writers on the usefulness of hydrophobic materials.
The conslusion reached by Kobeko (7) is that while the strength of ice adhesion to plastics
(polystyrene and other polymers) is about ten times less than 'it is to metals and to glass, it is still
so high (around 2 kg cm-2) as to be of little practical use in aiding the shedding of ice. Along
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with Jellinek and others they also point out that contaminants radically affect surface forces, making
precise measurement difficult.

5 ICE ADHESION - PRACTICE
Because of these conflicting views, a series of tests were carried out in a climate chamber,
a selection of materials being cooled to -5°C onto which water at ooc was sprayed to form a
coating of ice. Amonst the materials tested were: expanded polystyrene, PTFE sheet, PTFE rod,
PVC tube, polythene sheet, polycarbonate sheet, aluminium plate, plate coated with silicone grease,
steel plate, plate covered in PVC adhesive tape, glass tube, tube tightly wrapped in polythene sheet,
non-stick frying pan, flexible berylium-copper sheet, etc. Ice adhered strongly to all of the rigid
samples, irrespective of material, but was shed easily from all that flexed. Additional tests involving
"anti poster" paint and a preparation for keeping windows clean, were carried out, along with tests
on several silicone sprays and coatings. While these all produced a hydrophobic, water repellant,
finish, ice nevertheless adhered strongly if the material to which they were applied was unflexing.
Field testing started early on in the project, for the conditions cannot be simulated ·
effectively in a climate chamber. The summit of Cairn Gorm in NE Scotland was used as test
site, for it was both accessible and has one of the harshest cold climates anywhere as regards AWS
operation. As field experience grew, it was found that differences existed between the various
plastics, each having its own particular characteristics in regard to the ice formation process and to
the strength of ice adhesion to it. While investigating these topics, tests were also undertaken to
evaluate the effectivness of wind-flexing to bring about ice shedding. As Alexeiev had reported,
such techniques are effective provided conditions are not too severe. In harsh conditions, however,
the sensors become completely encased in ice.
Enquiries were also made into how manual deicing was best achieved, with the intention of
reproducing it automatically. It was found that the most effective method of manually removing ice
was to strike the iced object (such as a path marker pole or a chair-lift cable) a sharp blow, the
shock-wave causing flexing sufficient to remove most of the ice. In general it was most effective
on plastics.
6

AWS DESIGN

Following several winter's field investigations into these matters, designs were evolved which
combined powered shock-induction, powered flexing and the use of hydrophobic materials for
external construction. This proved to be a very effective means of both minimising the adhesive
strength of ice and of shedding it with minimal power. , It was the combination of all three
methods that produced successful results; each technique, individually, would have failed on its own,
or would have been much less effective.
Through the research into ice adhesion and with due regard for the other hazards of cold
region operation, a series of prototype A WS were evolved over several years (13) (14). Initially,
shock-induction was by electrical means, a car battery activating a solenoid, but this was later
changed to a pneumatic method since, weight for weight, more power could be obtained from an
aqualung than from a battery. While using the electrical method, only individual sensors could be
deiced, but with the change to pneumatics, all sensors could be deployed from one central
shock-induction unit. At this stage, sensors were still individual units, the final step being to
combine them into one, compact, sealed and aerodynamically smooth housing.
Figure I illustrates
the current design, showing the "sensor-head" and its pneumatic shock-induction mechanism.
It comprises a 45 cm square aluminium plate mounted on a pneumatic piston and cylinder,
the latter protected by a rubber bellows which flexes on firing, removing any ice. The plate is
sandwiched between foam rubber, I cm thick, forming a support for the black polythene sheet
envelope which encases the whole. Cavities on the underside house three sensors. These cavities
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are sealed with hydrophobic materials which allow the variable being measured to penetrate to the
sensor, while preventing the ingress of snow, ice crystals, cloud droplets or rain, while also allowing
flexing to occur to remove any accreated ice.
The sensors comprise a conventional platinum resistance thermometer, a humidity sensor
(Phys Chemical's PCRC ll) and an albedo sensor (a light-sensitive silicon diode). The temperature
cavity is covered by a silvered polythene or Mylar film to minimise radiative heating from below,
the cavity also being insulated internally from the main body of the head. The humidity cavity is
protected with a skin of PTFE, which allows water vapour to pass easily but not liquid water or
ice particles. The albedo sensor, which could, if required, be replaced by a net radiation sensor, is
protected by white polythene .which diffuses the incident radiation giving a good cosine response;
the use of a more conventional dome would have increased icing due to its protrusion into the
airflow.
While the above sensor cavities are protected by flat, horizontal, covers, wind sensors must,
inevitably, project into the airstream and are thus much more prone to icing. While miniature,
flexing, vanes for wind direction proved surprisingly successful (because they always presented their
narrow leading edge to the rime-forming wind) anemometer cups, in contrast, became iced all
round. This did not yeild so readily to deicing by shock and flexing. Early, experimental, rotating
sensors were, therefore, replaced by a static, drag-force, anemometer, following a brief evaluation of
the possible use of a miniature hot wire system. The drag-force sensor, developed specially for the
project, is mounted on top of the sensor-head and comprises a cylinder supported on a tube, the
drag-force being sensed by eight straingauges on the support tube.
The one sensor is thus able
to measure both speed and direction.
The sensing cylinder is protected against icing by a
specially-made, injection-moulded, silicone rubber cover, convoluted once to prevent any elastic
stressess from being transfered to the straingauges and being falsely interpreted as wind. On top of
the wind cylinder is a cavity containing the solar sensor. The cavity cover and the sensor are the
same as those for albedo.
The pneumatics is activated by an electronic timer, or by the logger, for five seconds every
hour, air from an aqualung, reduced to a pressure of 7 Bar (100 PSI), forcing the piston and the
sensor-head mounted on it, upwards through about 5 cm, inducing a sharp mechanical shock. The
same air is then vented into the wind sensor's rubber cover, inflating it to remove accreated ice
not already removed by the shock. The air, now at much reduced pressure, is vented into the main
body of the head, gently inflating and flexing the polythene envelope and cavity covers which
encases it, removing any ice. The same process is repeated again five seconds later to ensure that
all the ice has been removed. Because the head is completely sealed, blowing ice and snow cannot
gain access to any internal part of the structure.
The signals from the sensors are logged hourly, generally being averaged from 60 one-minute
readings. Details of the logging equipment will not be given since they are not relevant to the
main problem of sensor exposure.

7

EVALUATION

The Cairngorm mountains were used as the test site for all of the basic research into the
1cmg process and for the evaluation of progressive hardware developments. In all, this occupied ten
consecutive years (1976-1986), the current design of AWS having been operated there for the last
three of the ten years and, since 1981, stations not disimilar had also been in continuous operation
there. For the past three years a station has also been operated at Sgoran Dubh Mor, a summit
li Km distant from Cairn Gorm and 134 m lower.
Considerable experience has, therefore, been
gained of the station's performance in this harsh climate. Stations were also operated throughout
the summer months.
To extend the evaluation to a climate more traditionally seen as being cold, and one with a

- 393 -

noticable lack of A WS, a joint project was set up with the British Antarctic Survey. In March
1987 a station was installed at Faraday base, an island off the Antarctic Peninsula at latitude 65°
south, where it was operated for the southern winter, regularly reaching temperatures of arround
-30°C.
An experimental logging system was used with it to allow the station to be coupled to a
Data Collection Platform so that data could be telemetered directly to Wallingford via Meteosat.
The Station remained ice free throughout.
Very recently a station was also installed on the summit of Snowdon (North Wales) for a
consortium of interested parties. This produced an unexpected new problem in the form of attack
by birds, the solar cover being badly damaged within a day of each attempt to install it, with slight
damage to the main black polythene skin; solutions are under evaluation.
The current design has, therefore, been extensively tested on Cairn Gorm for many years,
with an additional trial in Antarctica.
8

CONCLUSION

The station described is one of the first A WS to be developed able to measure all of
the commoner meteorological variables in cold regions without the requirement of large amounts
of power for heating or the presence of people to attend it. It is compatible with the majority
of modern loggers and satellite transmission systems.
Because the present design evolved gradually over several years, and was more the
vehicle of the research than its outcome, it is now possible to see alternative approaches to the
problem and to formulate new and different lines of development. There are many possibilities
for the future.
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There are now some forty manned stations operating throughout
the year in the Antarctic.
Of these about 75% contribute SYNOPS
or CLIMATS to the GTS.
Few have a record of more than 30 years,
and only Orcadas in the South Orkney Islands has a record of more
than fifty years.
Quantitative meteorological measurements in the
Antarctic began with James Clark Ross's expedition in 1840.
There
were, however, no wintering expeditions until the turn of this
century.
During the Second World War both Britain and Argentina
set up permanently manned stations in the region of the Antarctic
Peninsula.
The International Geophysical Year of 1957/58 provided
a major boost for the setting up of manned stations and 12 new
stations were built.
Of these stations most are still operating
though some are under threat of closure and others are operated
during the summer only.
Recent political interest in the
Antarctic has led to the setting up of several new stations.
Some manned stations have been replaced by automatic stations
and additional automatic stations have been deployed, particularly
for a programme run by the University of Wisconsin [2].
Automatic
stations suffer from a number of problems not encountered by
manned stations.
They do not provide some data required for
aircraft operations eg cloud cover and height.
Other data of
climatic importance is also difficult to obtain eg precipitation
type, amount and duration.
A major problem for an AWS erected on
a snow surface is that it becomes buried or partially buried 1
sometimes after less than a year.
It is not always clear when an
automatic station is returning faulty data and they therefore
require periodic visits for raising and maintenance.
A number of drifting buoys are now deployed each year in the
coastal waters around the Antarctic.
Particular attention has
been focussed on the Weddell Sea and Drake Passage as part of the
TOGA project.
These buoys have to be specially ice strengthened
to prevent their being crushed in the moving pack-ice.
They
measure pressure, air and sea temperature and windspeed. The
measured sea-temperature is sometimes misleading during the summer
if the buoy is sitting in a melt pool formed by solar heating,
Data is transmitted to the NOAA polar orbiting satellites as they
pass over the buoy and is processed by system ARGOS.
The buoys
continue to transmit for around nine months before the batteries
fail. Very occasionally one is recovered and can be reused.
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There is approximately just one manual or automatic station
per 200,000 km 2 in the Antarctic.
All but two of the manned
stations are located near the coast, primarily for logistic
reasons.
Some areas are over-endowed with stations, particularly
King George Island in the South Shetland Island group which has
eight manned stations within 800 km2 .
As exploration of the
continent continues and tourist visits to it increase, it will be
important to establish an adequate synoptic network.
Scientists
deploying AWS must be encouraged to ensure that the data from them
is put onto the GTS in real time.
A larger network of AWS is
needed.
Improved forecasts using this better synoptic coverage
will be required from regional centres.
This is needed both for
planning ship and aircraft movements and to increase safety
margins for tourist travel.

In the late 1970s the British Antarctic Survey (BAS) was
faced with a shrinking budget and steadily increasing costs of
maintaining a full synoptic and climatological meteorological
programme.
A request for proposals was put out to manufacturers
for an AWS to be located at the BAS manned stations, but the cost
of their proposed stations was such that BAS decided to build its
own.
The reasoning behind this was that it could be exactly
tailored
to
our
requirements,
and
that
manpower
for
the
construction of the hardware and writing
the
software was
available within BAS.
This essentially meant that it was costed
at the component level only and therefore became a cheaper option.
The system was called SCAWS (Synoptic and Climatological
AWS).
It was intended to record instrumental measurements
automatically, and accept manual input at the synoptic hours and
output the full synoptic code.
In addition some error checking of
the input data was to be provided.
As it was to be located at
permanently
manned
stations
power
consumption
was
not
a
restriction on the design.
It passed through a number of stages
before becoming fully operational.
SCAWS 1,
based on the
Stonefield processor was deployed at King Edward Point, South
Georgia.
A number of sensor problems were identified,
in
particular a
humidity probe
whose
supposedly gold contacts
corroded.
Problems were also encountered with the system power
supply and A/D conversion, but the biggest difficulty was the lack
of processor power.
BAS had developed its own microcomputer for
Antarctic use, built round the Acorn 6809 microprocessor, and it
was decided to use this as the basis for an AWS.
This system was
designed to operate in a high radio interference environment, and
not to generate any interference of its own.
Software for SCAWS 2
was written in Pascal using this system, but it proved too slow in
operation and was never deployed.
The software was rewritten in
PL/9 and this became the present SCAWS 3 which is now deployed at
Faraday (65"S, 64"W), Halley (76"S, 27"W) and Signy (61"S, 46"W).
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The system uses sensors from a number of manufacturers.
A
standard
non-aspirated
PRT-100
sensor
is
used
to
measure
temperature.
This has given trouble free operation.
Ideally an
aspirated system should be used to combat irradiation effects
under clear skies which are particularly severe over a high albedo
surface.
For an automatic station however this can give problems
as the inlet for the aspirator frequently becomes choked with snow
giving larger errors than the aspiration is intended to cure.
A
Vaisala humicap HMP-14 probe is used to measure humidity, with
dew-point and vapour pressure being derived from this and the PRT100
temperature,
using
the
standard
hygrometric
equations.
Although responsive over a wide range of humidities the probe has
proved difficult to keep in accurate calibration, possibly due to
salt contamination at our coastal sites.
Pressure is measured
using either Rosemount or KDG sensors; neither has given problems.
The KDG sensor is much more bulky than the Rosemount.
Wind is
measured using pairs of Vector Instruments A100 anemometers and
W200 vanes, with heated spindles, the software choosing the upwind
vane and anemometer.
In common with most wind measurement systems
in the Antarctic the main problem has been the formation of glaze
and rime on the anemometer cups, which causes too low a wind speed
to be measured.
For manned stations these deposits can be removed
by tapping the cups with a stick or spraying them with antifreeze.
The effect is difficult to detect with certainty in un-manned
stations.
Gates and Thompson have shown [1] that propeller type
anemometers suffer less from icing problems than cup anemometers.
Sunshine is measured by a Haenni Solar-111 detector.
This
has a heated dome and has proved extremely reliable, although it
occasionally suffers from icing in severe conditions.
A Kipp &
Zonen pyranometer measures global solar radiation.
A major
problem with this is that it needs frequent inspection to check
for, and if necessary remove, deposits of snow, hoar frost, rime
and glaze.
These generally reduce the amount of radiation
detected, but can in some circumstances give an increase in the
measured amount of radiation.
When only hourly totals are
recorded it is almost impossible to detect the effects and a
pyranometer is not recommended for use at a purely automatic
station.
A recent addition to the suite of instruments deployed
with SCAWS is the Eppley ultraviolet radiometer.
So far no
problems have been encountered with it, though it has been in
operation for only a few months during the summer.
It is likely
that it will be affected by solid deposits in the same manner as
the pyranometer •

.P..~t.~. . J-•C?..S:.S..!. P..S
This instrumental data, together with derived quantities such
as maximum gusts, 10 minute and hourly mean winds, temperature and
pressure extremes is logged to floppy disc, normally at hourly
intervals.
Subjective data to complete the synoptic coding is
entered interactively by an observer.
For some i terns, such as
visibility or cloud height the estimated value is entered and
coded up by the software.
For others such as cloud type or
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weather the coded value taken from the appropriate table is
entered.
Some checking for consistency takes place as the
observations are entered, and if necessary data is prompted for
again.
A simpler coding routine can be selected for use when no
trained meteorologist is present.
The completed message is logged
to disc and is also sent, with the appropriate header, to a DCP
for transmission to the GTS.

P. .! . §.9.~.§.§..! . 2.P.:
The biggest problem with the system has been with the
software.
The decision to write the software "in house" was in
retrospect incorrect.
BAS did not use an expert programmer and
the resulting code was extremely tortuous.
The cross checking
between groups in the SYNOP coding was in particular too complex.
The software is inflexible and it is only possible to read the
floppy discs on the BAS produced micro.
It has therefore required
considerable time to transfer data, to maintain and to improve it,
eg to add extra sensors or to incorporate WMO revisions to the
synoptic code.
The hardware proved both susceptible to radio
interference and to generate its own radio emissions which
interfered with the base communications equipment.
The
main
advantages
of
the
system
have
been
the
simplification of
the
data
gathering
process,
the
on-site
validation of subjective data and the easier compilation of the
monthly statistics.
Some manpower saving has been effected in the
Antarctic, although it has led to an increased requirement for
electronic and computing ability in the meteorologists we employ.
Greater support for the system has however been required in the
UK.
Although in the short term it was cost effective to produce
an in-house AWS, in the long term it has lead to diversion of
manpower from research work.
We believe a better approach is to
obtain a commercial system built around a standard processor, and
we are issuing tenders for such a system .

.E.~.£.2.m.m.~.n..9:.~.:t. .!..2.P.:.§.
Future systems need to fill two main areas of operation.
Remote stations with low power requirements, measuring simple
instrumental parameters will be needed to expand the synoptic
network and for research into mesoscale systems and boundary layer
processes.
Power for such systems can come from solar panels or
wind generators, with batteries providing power back-up.
They can
transmit their data to polar orbiting satellites, or back to
manned stations if a frequent measuring interval is required.
Transmission to geostationary satellites is not possible for
stations deployed south of about 78 • S.
Sensors should be kept
simple;
pressure,
temperature,
wind speed and direction and
possibly humidity.
Manned stations generally have no restrictions on
that it is possible to build a system round a modern PC,
being logged to industry standard magnetic tape.
Such
has a number of benefits.
It is possible to display

power, so
with data
a system
the data
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graphically, an important point for use in boating or aircraft
operations.
The software can be highly sophisticated and allow
manual data input at a number of levels according to the
competence of the observer.
It should, however 1 not be unduly
complex, and should anticipate the probability of revisions to the
SYNOP code,
A likely requirement for many research applications
is that a wide range of sensors can be attached to the system.
Logged data can easily be transferred from the PC to main-frame
computers for subsequent climatological analysis.
We intend to deploy the first of our new AWS at Halley and
Rothera (68"8, 68"W) in the 1990/91 season, and I look forward to
receiving the data from them over the GTS.

[1] Gates, E. M. and Thompson, W. c., 1985, Simulated atmospheric
rime icing of some wind speed sensors. J, Atmos. Oceanic
Technol., 3 {2), pp 273- 282.
[2] Stearns, C. R., and Wiedner, G. A., 1987, Antarctic automatic
weather stations, austral summer 1986 - 1987. Antarctic Journal
of the U.S., 22 (5), pp 270- 272.

AN INTERCOMPARISON OF ANGULAR TRACKING
PERFORMANCE BETWEEN RADAR
AND RADIOTHEODOLITE
F.E. Robitaille, S.D. Whitaker,
D.L. Holladay, and D.B. Call
Atmospheric Instrumentation Research, Inc.
Boulder, Colorado U.S.A.
ABSTRACT
An
intercomparison
of
radar
and
radiotheodolite
angular
positioning performance while tracking radiosondes was conducted in
March and April 1988, at NASA Wallops Flight Facility in Wallops
Island, VA. This paper discusses the results of the intercomparison
between the FPS-16 and FPQ-6 radars and the AIR-3A-RT radiotheodolite.
A series of upper-air soundings was conducted over a period of
days.
Because of location and season, the sample is heavily biased
towards very windy conditions.
During the soundings, simultaneous
angular position data was logged for the radar and radiotheodolite at
one-minute intervals.
The differences between the logged values of
azimuth and elevation for the two tracking systems is the primary
subject of this paper.
During the analysis the radar is assumed to
give the true angular position and the differences are considered to
be errors associated with the radiotheodolite tracking.
The errors
are interpreted in terms of their origin and effect on the accuracy
of upper-air wind measurements.
1. INTRODUCTION
In March and April 1988,
the NASA Goddard Space Flight
CenterjWallops Flight Facility (WFF) hosted the Sensor and Instrument
Test and Evaluation 2 (SITE 2) project. SITE 2 was designed to test
various radiosonde instruments presently used or proposed for use, in
the United States.
During SITE 2, twenty-three AIR, Inc. radiosondes were simultaneously tracked by the AIR Model AIR-3A-RT radiotheodolite and
either the WFF FPS-16 radar (accurate in azimuth to 0.005 degrees and
in range to 5 meters) or the WFF FPQ-6 radar (accurate in azimuth to
0.00025 degrees and in range to 5 meters).
This paper is concerned with the intercomparison of radar and
radiotheodolite angular tracking data. WFF radar data is accepted as
correct for all flights.
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2. ANGLE DATA PROCESSING
80

The
radiotheodolite
transmits
azimuth
and
elevation readings at a
rate of 2 per second and
the ground station processes
this
incoming
data
before using it to compute
winds.
The comparison of
angular tracking between
the
radar
and
radiotheodolite uses angle data
that has been processed by
the
ground
station
and
stored to disk. Processing
consists of applying a lowpass filter to the incoming
angle data. During SITE 2,
the cut-off frequency of
the filter was systematically lowered through the
flight.
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3. EVALUATION OF AGREEMENT

Visual examination of
plots
of
wind
uand
v-components derived simultaneously and independently
from radar and radiotheodolite data reveals 3 "good",
9 "fair", and 13 "poor"
agreements
between
the
radar and radiotheodolite
tracking systems.
Fig. 1
shows Flight TC-2016, an
example of good agreement;
Fig. 2 shows Flight TC2023, an example of poor
agreement.
Good 11 agreements occurred
when wind speeds were less
than 30ms- 1 and the elevation
angle
exceeded
20
degrees. In soundings with
11
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Intercomparison flight TC-2023,
an example of poor agreement between the
AIR-3A-RT radiotheodolite and WFF radar.
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poor" to "fair" agreement, regions exist with relatively "good"
agreement.
However, the overall agreement suffers because large
differences in u- and v-components occur in other regions.
11

4. SOURCES OF RADIOTHEODOLITE TRACKING ERRORS

The following could be sources of radiotheodolite tracking errors:
Initialization:
Prior to tracking a radiosonde, the AIR-3A-RT
must first be accurately leveled and then must have its electronic
bore-sight and optical bore-sight aligned. If this is not the case,
a systematic error in the angular data will occur.
Data Processing Methods:
Filtering must be done with care to
prevent elimination of real angular variability and creation of
spurious characteristics in angular profiles.
Antenna Control Function: The antenna-positioning serve-control
steers the antenna lobe in four different directions, measures signal
strength at each directional change, computes azimuth and elevation
angle errors, and adds these errors to current shaft encoder angles
to determine correct angles.
The serve-control then commands the
antenna to move to these correct azimuth angles.
Antenna Mechanical Movement: After the antenna-positioning servecontrol commands the antenna to move, the motor and drive train
respond and physically move the antenna.
Multipath Transmissions: Multipath transmission (ground reflection) can cause erroneous elevation angles when the antenna is
pointing below 17 degrees.
Depending on the phase of the reflected
signal, the radiosonde position indicated by the radiotheodolite
tracking antenna will be above
ELEVATION ANGLE SAMPLE DISTRIBUTION
or below the true position.
All F l i g h t s
5. ANALYSIS OF ERRORS

Elevation Angle Error

a;a

.....,.. ot Suplu
..

:

'

188

.

168

..

~

14&

As can be seen from the ele- 128
vation angle sample distribu- tee
tion, Fig. 3, this intercompar- 88
ison is heavily biased toward 68
elevation angles less than 20 48
degrees.
Due to factors that ze
are explained below, the radiotheodolite performance in this
region was not as good as would
be expected over the entire
elevation angle range.

~~~~~~~~~~~=-~------~
28

38

41

se

Elt•alion Anglt <d•gl

"'

78

89

Fig. 3

The elevation angle error is defined as the radar elevation angle
less the radiotheodolite elevation angle at each recorded minute. In
the analysis, the error data were separated into 1 degree elevation
bins.
Statistics were performed on each bin and for all samples
combined. The analysis was limited to the elevation angle range 7 to
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33 degrees since inadequate
sample size existed outside
this range.
The mean elevation angle
error was computed for each 1
degree bin and the distribution
is shown in Fig. 4.
The mean
error over the limited elevation angle range was 0. 8 degrees, indicating the radiotheodolite systematically reported
elevation
angles
that
were
lower than the radar, symptomatic of imprecise initialization.
In addition, there are
peaks in the distribution centered at 9. 5 and 16.5 degrees.
These peaks are the result of
multipath transmission from the
sonde and occur at angles that
agree very well with theory.
In addition to mean values,
standard deviations were computed for the mean error in
each bin.
The results are
shown in Fig. 5.
The standard
deviation of the mean of all
samples was 0. 8 degrees.
For
elevation angles less than 25
degrees, the standard deviation
is about 0.5 degrees.
The
larger overall standard deviation is due primarily to the
fact that the variation in
errors were larger at larger
elevation angles.
This is a
result of the rapid rate of
change in angle early in the
flight,
when
the
elevation
angle is high, and the phase
lag
induced
in
the
angle
measurements. The phase lag is
due to the mechanical lag in
the radiotheodolite and the
filtering of the data.
The mean elevation angle
error varies throughout the
flight as does the standard
deviation.
These effects are
shown in Fig. 6 and Fig. 7.
The data for these figures
consist of the mean and standard deviation of elevation
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errors for all flights at each
minute into the flight.
Early
in the flight, the mean errors
and standard deviations are
relatively large.
This is due
in part to the induced phase
lag described above.
When the
elevation angle is changing
rapidly, this phase lag creates
substantial differences between
the radar and radiotheodolite
elevation angle.
Fortunately,
wind computations are much less
sensitive to angle errors early
in the flight when the sonde is
near.
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Azimuth Angle Error
The winds observed during
SITE 2 showed very little distribution in direction.
As a
result,
the distribution of
azimuth
angle
samples
was
tightly grouped between 50 and
13 0
degrees,
as
shown
in
Fig. 8.
Analysis of the Model
AIR-3A-RT azimuth angle errors
as a function of time shows
much the same behavior as the
elevation angles.
Fig. 9 and
Fig. 10 show that the mean
errors and standard deviations
are strongly peaked early in
the flight when angular velocities were high. After about 10
minutes into the flight, the
mean error stabilized at about
0.5 degrees with a standard
deviation of about 0.5 degrees.
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To reduce the systematic
bias in elevation and azimuth
angle readings, new initialization and alignment procedures
have been implemented.
In
addition, a new spotting telescope design has been incorpor-
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6. Radiotheodolite Improvements
As a result of this study, a
number of improvements have
been made to the radiotheodolite design and operation.
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ated to improve optical and RF
beam collimation.

AZIMUTH ANGLE ERROR STANDARD DEVIATION
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The directional sensitivity
of the radiotheodolite has been
found to decrease with decreasing signal-to-noise ratio and
is
particularly
pronounced
beyond 60 km distance.
To
overcome this shortcoming, a
second
low-noise
amplifier
stage has been added to the
current design.
This will
result in a reduced standard
deviation of errors.
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To reduce errors associated
with phase lag in the radiotheodolite transmitted angles, electronic beam steering data is now
incorporated in the output.
The radiotheodolite angle data used in
this study were derived directly from shaft encoders on the rotational
axes.
These would lag the actual position on the sonde at high
angular velocities. The beam steering data now allows corrections to
the mechanical angle for the lag, reducing the error significantly.
In addition, the ground station now uses centered filtering techniques
to eliminate phase lag in wind computations.

Multipath transmission induced tracking errors are clearly one of
the major sources of error below 20 degrees elevation. AIR, Inc. is
currently testing antenna designs that have the potential for reducing
this error.
7. SUMMARY
The tracking performance of the AIR-3A-RT radiotheodolite was
evaluated in comparison with WFF radar over a limited range of azimuth
and elevation angles.
The results indicate a 0.8 degree elevation
bias (radiotheodolite reading too low) and a 0.5 degree azimuth bias.
After ten minutes of flight, both elevation and azimuth angle errors
showed a standard deviation of about 0.5 degrees about the mean error.
As a result of this performance evaluation, a number of procedural
and design changes have occurred for the AIR-3A-RT radiotheodolite.
These changes are expected to improve tracking performance.

AN OPERATIONAL EVALUATION OF WIND MEASUREMENTS BY TWO DOPPLER SODARS
J.Nash and F.Bond
Meteorological Office , Bracknell
Remtech and Sensitron Doppler Sodars were operated continuously at a
test site in southern England throughout April and early May 1988. The
Remtech equipment provided measurements to significantly greater heights
than the Sensitron equipment throughout the evaluation. The SODAR wind
measurements were compared with wind measurements produced by high
precision tracking of pilot balloons launched from the SODAR observation
site. Differences between the pilot balloon measurements and the SODAR
measurements were interpreted using the observed differences between
closely spaced pilot balloon measurements at the SODAR site <minimum
separation about 15 minutes ). Estimates of the observational errors in
the SODAR wind measurements and wind measurements derived by tracking
pilot balloons were deduced.
1.

INTRODUCTION
Requirements for measurements of law level vertical wind profiles
with high vertical and temporal resolution exist at many test ranges in
the United Kingdom. The measurements are to be used in the analysis of
trial results and far the provision of acoustic assessment forecasts
where noise damage in the areas surrounding the range is possible.
Extensive evaluations of various Doppler sodar measurements were
conducted at Boulder Atmospheric Observatory in 1982, see Finkelstein,
et.al <1>. Sodar wind measurements were compared against measurements at
three levels on an instrumented tower. This evaluation showed that a
Remtech three-axis monostatic system measured wind speed and wind
direction with a reproducibility <1 s.d.) better than 0.7 m.s···• and 24'
respectively at heights up to 300 m.
Experience with Remtech sodar: equipment in_southern Englandsince
1985 has indicated that sodar measurements of similar quality might be
obtained at the U.K. test ranges. However, it was necessary to find the
heights to which reliable measurements could be produced in the presence
of the typical background noise at test ranges. In tests at a power
station site with significant background noise near London, the wind
observations provided by a Remtech sodar had been limited to heights
less than 200m. Tbis poor performance was later attributed to
deterioration of the foam linings of the Remtech sadar antennae which
had occurred during less than two year's operation.
Thus, an extensive operational evaluation of Doppler sodars from two
manufacturers was organised in April/May 1988. The chosen site was at
Larkhill, a typical test range site, located in the Salisbury plain area
of southern England.
2.

DESCRIPTION OF THE EVALUATION TRIAL
The two Doppler sodars deployed in the trial were a Remtech,
equipped with AO antennae <130W), and a Sensitron 325 B/I (150W). These
were located on a site sloping gently to the NE, with a horizontal
separation between the sodars of about 75m. Ground level at the Remtech
site. was 3n higher above sea level than that at the Sensitron site. The
sodars were able to operate simultaneously, as the Remtech and Sensitron
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observed at frequencies of 1600 and 2300 Hz respectively. The absence
of interference between the two systems was verified by the
representatives of both manufacturers who were present at installation
and during the initial data collection phase.
For most of the trial both sodars were operated in modes with wind
observations averaged through layers 50m thick. The Sensitron equipment
reported winds from fixed layers centred at 50m intervals in the
vertical, starting with a minimum height of 25m. The heights of Remtech
reported winds could be adjusted. Therefore, Remtech observations were
reported at 50m intervals above a layer centred at a minimum height of
72m, so that they were at the same heights above sea level as the
Sensitron measurements. Both sodar systems were operated with
observations derived from 30 minute sample periods.
Winds derived from tracking pilot balloons were used as an
independent reference for the sodar measurements. The balloons (30g or
100g) were tracked using the high precision optical Kinetheodolites
which were available for use from time to time during the day at this
test site. In poorer visibility a high precision tracking radar was also
used. Most of the pilot balloons were launched from a site next to the
Sensitron sodar. Wind measurements were also provided during the
evaluation by a Cossor operational windfinding radar tracking balloons
launched at the .M:et.Office station, about 4 km from the sodar test site.
Sodar wind observations were logged at all levels where data were
available up to 1025m above ground level. Data were collected for 28
days and during this time about 60 pilot balloons were successfully
tracked from the sodar site. An example of a comparison between sodar
and Kinetheodolite wind measurements can be seen in Figure 1.
On several occasions balloons were launched at 15 minute intervals
in sequences lasting for more than an hour.These data were used to
examine the errors in the pilot balloon measurements, see section 5.
3.

DATA AVAILABILITY
The sodar site was usually manned during the day, but was not
normally manned at nights and during the weekends. Under these
conditions, the Sensitron system output observations for 95 per cent of
the time. Data loss was caused by paper jal1lllling the printer on two
occasions. The Remtech system output observations for only 87 per cent
of the time, with most of the data loss caused by the ground computer
locking up on two occasions when the site \'las unmanned.
The availability of wind observations as a percentage of the total
possible for reports at 30 minute intervals is indicated in Figure 2 as
a function of height and time of day. <These percentages do not include
the data loss for those times when the complete system failed to output
data.> Winds were reported by the Remtech sodar for at least 50 per cent
of the time at all heights up to 600m and for at least 25 per cent of
the time at all heights up to 800m, but very few winds above 575m were
reported by the Sensitron sodar. Note that the two sodars differed in
many aspects of design, signal processing and operation, e.g. the two
off-axis antennae were inclined at an angle to the vertical of 3o· in
the Sensitron but only 18° in the Remtech, the Sehsitron equipment was
operated with a pulse repetition of 7s whereas the sequence repetition
used with the Remtech was 4s and the number of valid returns required
before a wind could be reported at a given height differed between the
systems.
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Winds at upper levels were reported more frequently by the Remtech
between 0900 and 1800 GXT than during the night. This diurnal variation
was not apparent in the Sensitron results.
Although it was expected that the Larkhill site might be noisy, the
heights to which winds were reported by the Remtech system compared
favourably with the heights obtained in tests following the initial
system delivery in 1986 at the Met. Office Research Unit, Cardington.
4.

QUALITY OF OBSERVATIONS
Sodar and pilot balloon wind measurements are compared in Table 1 in
terms of the easterly (u) and northerly (v) wind components. Values are
cited for those height ranges where there were more than 50 comparison
samples. In the height range closest to the surface, more than 200
comparison samples were available between sodar and Kinetheodolite
measurements and more than 4000 comparison samples between the
measurements of the two sodars.
The Remtech sodar measurements had small but consistent biases
relative to the Kinetheodolite measurements of about 0. 3 m. s-" 1 in both
easterly and northerly wind components. Comparisons in terms of wind
speed rather than components showed that Remtech wind speeds were
generally higher than the Kinetheodolite windspeeds by 0. 2 m. s"·- 1 •
Table 1 Ccmpa.z::15cn cf Sodar wind measurements ~RemteQb,Sen5itz::cn2 liitb
11ind5 dez::1Yed fz::cm high pz::eQ15icn :tz::a.Qk1ng cf pilc:t ba.llccmii ~Kine~,
Sensitron - Kine Remtech - Sensitron
Remtech - Kine
Height range
Mean difference Mean difference
Mean difference
m
u
V
u
V
u
V
-0.2
-1.3
0.5
75- 225
0.3
0.5
1.6
-0.4
-1.8
0.5
1.7
275- 425
0.2
0.3
0.3
1.6
475- 625
0.4
0.3
0.3
0.4
2.0
675- 825
0.3
0.1
825-1025
0.3

75- 225
275- 425
475- 625
675- 825
875-1025

s.d.
u
1.0
1.1
1.3
1.3
1.4

s.d.
V

1.3
1.5
1.4
1.4

s.d.
u
1.1
1.3

s.d.
V

1.3
1.3

s.d.
u
0.9
0.9
1.7
2.Q

s.d.
V

1.0
1.1
1.1
1.0

1.9

A large <~ 1. 5 m. s··- 1 ) systematic bias in the norther 1y component of the
Sensitron wind measurements was apparent in comparisons against
Kinetheodolite and Remtech measurements in Table 1. The origin of this
error has yet to be explained.
Erroneous winds were reported by both sodars on several occasions.
It is concluded that the quality control criteria used with both systems
were not always adequate. Anomalous wind reports occurred most
frequently at the highest levels where winds were being reported, i.e.
in the height range 875-1025 m for Remtech and 475-825m for Sensitron.
Examination of the comparison data plots suggested that it would be
reasonable to assume that the variations in the errors of the sodar,
EF·~t;::MT 1 E:;;;"''"'''''' 1 and Kinetheodoli te wind neasurements, E~·:: :c ''"": were
uncorrelated.
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.-

[ s. d. of <REMTECH-SENSITRON) J ::z
[s. d. of <REMTECH-KINE) J ·~
€ ~.!ii~IE!:I ...... !Eli + € .;;:;I··~ J: 1'-1 F.!: C:< [ s. d. of <SENSITRON-KINE) J '"'
Estimates of the reproducibility of wind component and wind speed and
direction measurements, consistent with these relationships, are shown
in Table 2. Results have also been included from a data set optimised
for wind direction comparisons This optimised data set was generated by
excluding comparison data for wind speeds < 2. 5 m. s···l, together with
information from a small number of occasions when rain or range
operations may have led to degradation of observations.
The reproducibility of the Remtech observations in Table 2 compares
favourably with the results obtained by Finkelstein,et al. <1>. The
systematic bias in the northerly component measured by the Sensitron
sodar led to poorer reproducibility of Sensitron wind speed observations
and poorer optimum reproducibility for direction measurements.
Therefore

€ ~~F\' 1:1'::1'1 T .

+E ;;\:>F.i:I>JJ;;;:

C:<

€ ;;\~EI'1T

+ € ;.!: I< J: 1'-1 ~;;:

C:<

Table 2 Estimated reproducibility of winds (1 s.d.) relative to a
minute average.at a vertical resolution of 50m for heights 75 to
Remtech
Sensitron
Kine
u
0.5
0.75
0.9
All data
v
<m. s···· 1 )
o..8
0.7
1.1
All data
speed (m. s . - 1 )
0.75
1.3
0.9
All data
direction (')
14
11
19
All data
speed (m, s··· 1 )
0.6
1.4
1.0
Winds > 2. 5
Winds> 2.5
direction <')
5
11
11
5.

30
42f) m.

m. s-·1
m.s···l

ERRORS IN WINDS OBTAINED BY TRACKING PILOT BALLOONS
The observational error attributed to the Kinetheodolite wind
measurements, E~o:::n-m:, in Table 2 originated from :Ci)
Kinetheodolite tracking errors, but these should have been
negligible relati·ve to the values of E•·o:Ne:: in Table 2.
<ii)
Motion of the pilot balloons relative to the air flow.
<iii)
Differences between sodar and balloon measurements introduced by
atmospheric variability, often termed representativeness differences.
Differences occurred because the balloons sampled winds along the line
of ascent whilst the sodars sampled over larger atmospheric volumes,
with sampling lasting up to 30 minutes.
The r.m.s. vector differences between closely spaced pilot balloon
ascents obtained at Larkhill are su:mmarised in Table 3 and will be used
to estimate the relative magnitude of the balloon motion errors,·
EP:.:t. .. cn·, and the r.m.s.vector difference between balloon ascents
introduced by atmospheric variability, O'A...-Jvlta::;:.
Table 3 R.m.s. vector differences between closely spaced wind
observations (50m vertical resolution) at Larkhill. obtained With the
range Kinetheodolite and the Met. Office Cossor radar tracking.
Height range Kine - Kine
Kine - Kine
Kine -ICine
Cossor - Cossor
m
.6t e:< 0.25h
.6t C:< 0.5h
.6t ~ 2h
At ·e:< 2h
r. m. s. <m. s···•) r. m. s. <m. s··l) :r-. m. s. <m. s .... ,) r .. m. s. <m. s .....,)
75- 2.25
2.0
1.9
2.6
275- 425
3.5
1.9
1.8
2.5
1. 7.
. 3. 4
475- 625
2.4
1.7
675- 825
2.0
2.4
1.9
3.6
875-1025
1.9
2.0
2.4
3.2
72
~ 116
140
No. of samples
~ 200
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In all cases, the mean differences between the measurements were very
much smaller than the r.m.s.differences shown in Table 3. The
Kinetheodolite results in Table 3 are almost identical to those found by
Jasperson <2> for pilot balloon winds with lOOm vertical resolution.
Observations of the dependence of the r.m.s. vector difference
between winds measured with 300m vertical resolution on the time
separation between observations are found in Kitchen <4> (including a
data sample from flights at 20 minutes separation). These show that the
r.m.s vector difference for e.t~ 0.5h should be about half the r.m.s
vector difference for 6t~ 2h. If this is also a valid approximation for
wind measurements with a 50m vertical resolution:[r.m.s. <Kine-Kine)(6t"'0.5h)J;;;:"' cr:;;:(.H'MCJ:':l<b.t"'0.5h) + 2.E::zP:r.•... cn·
[r.m.s. <Kine-Kine)(6t,2h)J::z"' 4.cr~""·~·n'1c:t::~<e.t"'0.5h) + 2.E 2 F·:t:t... nr
[r.m.s. <Cossor-Cossor) <.~t,2h>J"~"' 4.cr""c-~...-·,...,o:;;l(b.t"'0.5h) + 2.E'"'cn:;;::::lot"l
Values of O',, . ,. ,v,n:~:, Et"·:t:L. oT and Ecn:;::::wcwl derived from this assumption
are shown in Table 4 column (i), along with a second set of estimates,
column <ii), derived using the r.m.s. vector differences for b.t"'0.25h on
the assumption that cr~",·.~.,..'"'o:m: <ot"'2h) = 7. cr~'"·"~'''"'o:::l <e.t~o. 25h).
Table 4 Estimates of the contribution to the yector differences between
closely spaced wind observations of atmospheric variability, and
r.m.s.errors in Kine and Cossor pilot w1nd measurements :Un1ts: <m.s-· 1 )
Height
0' f.·~ ·n'1o:;;;:
cr ?'t'TtYtCJ:;;:
EP J: 1.... oT
Ec:o::;:~;;:(::lf'~
e.t
2 h
range m
e.t"'0.5h,"' 0.25h
Q!

(i)

75- 225
275- 425
475- 625
675- 825
875-1025

1.0
1.0
1.0
0.8
0.8

(ii)

(i)

0.7
0.7
0.7
0.6
0.6

2.0
2.0
2.0
1.5
1.5

I

I
I
I

(ii)

(i)

1.8
1.8
1.8
1. 6
1.6

1.1
1.1
1.0
1.3
1.3

I
I
I
I

(ii)

(i)

1.3
1.3
1.1
1.3
1.3

2.0
2.0
2.2
1.9

(ii)

I
I
I
I

2.1
2.0
2.3
2.0

Hence, it is probable that the motion of the pilot balloons relative
to the air flow introduced random errors in the wind measurements at 50m
vertical resolution of between 1 and·1.3 m.s···•. This magnitude of error
is compatible with earlier studies of balloon motion errors as
summarised in Jasperson <3>.
Representativeness errors of the balloon wind observations relative
to the 30 minute averaged wind were most probably in the range 0.5 -1.0,
m. s···l given the estimates of atmospheric variability in Table 4.
The errors in Cossor radar wind measurements with a 50m vertical
resolution were larger than the errors in Kinetheodolite measurements.
This was to be expected from the technical specification of the Cossor
radar.
6. CONCLUS IOK

This evaluation demonstrated a substantial difference in the
availability of wind reports at upper levels from two commercial sodars
with apparently similar power outputs. The user requirement at test
ranges in the U.K. was most closely addressed by the Remtech system,
but a higher percentage availability of wind reports at 600m would be
desirable .
. The balloon motion errors in pilot balloon measurements were
slightly larger than the typical measurement errors in the Remtech sodar
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reports and probably larger than the representativeness differences
between the sodar and pilot balloon samples. Winds at 50m vertical
resolution provided by tracking balloons with the U.K.operational Cossor
radar were inferior to the Sodar measurements.
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Figure 1 An example of 'simultaneous' sodar and balloon wind profiles.
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