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Summary

The aocuracy required of an atmospherio sounding system varies with the use to be
made of the data, and with the area and season in whioh the. observation is made.
ment is made of

th~

maximum preoision which is worth

atte~pting

An assess-

in the light of the known

"patohiness" of the atmosphere and unrepresentativeness of a single observation. The limit
of error beyond which an observation becomes almost worthless is also assessed6

The results are summarized in Appendices I to

rv.

The range of temperature and

wind in which a sounding system should operate is also considered.

VIII

Resume

Le degre d 1 exactltude requis dfun systeme de sondage atmospherique.varie selon
llutilis~tion

que lion fait des donnees recuel11ies et selon la zone et la saison dans

lesquelles on procede aux observations.

Ie present document evalue Ie degre maximal de

precision quill vaut la peine d'essayer.d'atteindre en fonction

de

la

connue de llatmosphere et de la non-representativite d'une observation

discontinuite
~solee.

II deter-

mine egalement la limite d'erreur aU-dela de laquelle une observation est pratiquement

denuee de valeur.
Les resultats sont resumes dans les appendices I
la temperature et du vent

a llinterieur

a

IV.

La gamme des valeurs de

de laquelle un systeme de sondage dolt fonction-

ner est egalement prise en consideration.
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Resumen

El grado de exactitud que requiere un sistema de sondeo atrnosfer1ao varfa.segdn la
utilizaai~n

en

q~e

que se vaya a haaer de los datos reaogidos y segJri la zona y la estaai6n del ano

se proceda a realizar las observacioneso

El presente documento evalua e1 grado

m~

ximo de precision que vale 1a pena tratar de alcanzar, en funoion de la·disoontinuidad oonocida de la atmosfera y de la falta de caracter representativo de una observacion aisladao
Tambien se determina e1 margen de error mas alta del cual cualquier observacion oareoe prao~
ticamente de valor.
Se resumen los resultados

e~

los apendices I a IV. Tambien se tiene en Quenta la

gama de los valores de temperatura y viento dentro de·la cual debe funcionar un sistema de
sondeo.

PERFORMANCE REQ.\JIREMENTS OF AEROWGICAL INSTRUMENTS _
AN ASSESSMENT BASED ON ATMOSPHERIC VARIABILITY
by

J.S. Sawyer

1.

INTRODUCTION

1.1
When any soientifio measurement i~ made some thought must be given to the precision
which is required in the results. If the accuracy aimed at is too low the results will be
poor or worthless~ whereas if the precision attempted is too high, effort may be wasted in
attaining an accuracy which will not or. cannot be of any use for the purpose envisaged. If
it is easy to make the observations with anaoouracy greater than can possibly be required
then no problem arises, but this is rarely true of aerological observations in which greater
precision is attainable, if at all, only at a substantially increased cost.
1.2
In 1957, with these factors in mind, the Commission for Aerology established a working group to survey the purposes for which aerological observations are used up to an altitude of 30 km and to determine, in relation to the variability of the atmosphere :

(al

The limits of performance beyond which improvement is unnecessary for various purposes, and

(b)

The limit of performance below which the data obtained would be of negligible value
for various purposes.

1.3
The following paper is based upon my report as acting chairman of the working group
and I wish to acknowledge the helpful contributions of my. colleagues, in particular Dr. A.
Eliassen.

2.

GENERAL CONSIOERl\TIONS ON THE ACCURACY REQUIREMENT OF OBSERVATIONS

2.1
When a measurement is made of any observed quantity the resul~ may be regarded as
made up of two parts - the " s ignal ll and the II noise ll • The "signal" constitutes the quantity
which one sets out to determine and the "noise" is the part-whioh is irrelevant. The "noise"
may arise in several ways; from observational error, because the observation is not made at
the right time and place,. or because short period or small scale irregularities occur in
the observed quantity which are irreleyant to the use to which the observation is put and
have to be smoothed out. Assuming thatob~ervational error could be reduced at will, the
ll
11noise
arising from other causes would set a limit to the accuracy which would be worthwhile - further refinement in the observing technique would improve .the measurement of the
"noise" but give little better results for the "s ignal lt •
2.2
At the other extreme an instrumentt~e error of which is greater than the amplitude
of the II s ignal" ·itself can give little or no information about the "signal ll • Thus the amplitude of the "noise" and of the "signal" serve respeotively to determine the limits (a) and
.(b) of paragraph 1.2, provided that the ffnoise ll and "signal II can- be appropriate.lY defined.
Even if the amplitude of the "noise lt is established there remains an element of choice in
fixing the limit beyond which reduction of observational error is unnecessary. Throughout
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this paper this has been fixed at half the amplitude of the "noise". Table I shows how the
total error falls off as the observational error is reduced relative to the amplitude of
the "notse ll • The small gain from further improvement (beyond u = 0.56) is apparent.
E in relation to observational
amplitude of "noise"

Table I

error
e

2 "

1.5 "

E

2.2 "

1.8"

"

"

1.4"

0.75 "

0.5 "

0.25 "

0.1

(J

1.25 "

1.12 "

1.03 "

1.0

(1

At the other extreme the limit of error beyond which observations have little value
has been fixed at the amplitude of the "signal". Thi·s implies that the observed values will
have a correlation of 0.7 with the required "signai ll • This corresponds to a very crude observation, and it must be supposed that observational error will be allowed to approach this
limit only when improvement is exceedingly difficult or expensive.
2.3
In order to deoide what should be regarded as "signal!! and what as "noise", it is
convenient to divide the uses of aerological observations into three groups, as follows 1
(a)

Those which employ a single aerQlogical observation and regard it as a sample of
the atmosphere at a given place and time. (Local use.J

(b)

Those which use the aerological observation as part of a conventional
ne~work in conjunction with other similar Observations.

(c)

Those which use-the aerological observation to establish the climatology of an area
or as part of a network defining synoptic features on the very large scale (3 or 4
long waves round the· hemisphere).

(d)

Study of climatic change.

~ynoptic

2.4
When an aerological observation is made for local use (Use (A)) it cannot be made
at precisely the time and place at which it is required - the sounding itself oocupies both
time and space. The unavoidable "noise" is therefore provided by the variability of the
atmosphere over intervals of the order of 1/2 hour or 10 km and the "signal" is the difference of the mean value over such intervals from the climatologioal mean value which would
provide the best estimate in the absence of an observation.
2.5
If an aerological observation is used as part of an aerological network fUse (B))
then it is intended to deteDt disturbance down to the scale which can reasonably be resolved
by the network (a few mesh-lengths). To some extent the accuracy requirements vary with
the spacing between stations, but experience has shown that a practical network for synoptic
meteorology and forecasting should have a spacing around 300 kID in space -and 6'hours in time
and .the accuracy requirement can be specified in terms of such a network. The !lnoise" now
constitutes the difference between the value of the observed quantity and an analysed field
of the quantity smoothed on a scale of several hundred kilometres in space-and 6 to 12 hours
in time. The t1 noise" arises from disturbances of the field on a scale too small to be
resolved by the network. The "signal" On the other hand can be regarded as the difference
between the value of the observed quantity at adjacent stations in space or time - if the
observational technique is no~ adequate to detect these differences it is inadequate to
detect synoptic features which could otherwise be resolved by the networko
2.6
If an observation is used as part of a climatological network (Use (e)) or of a
very wide scale synoptic network the "noise" is again prOVided by the differenoe in the
observed quantity over the aerological station from a representative value appropriate to
an area of some hundreds of kilometres around the station - it is essentially the 'same as
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in respect cf (Use (B)) above. The "signal" is, however, provided by the difference of the
climatological mean value at the station from that at other stations at.whioh it is already
adequately known.

Defining the "signal ll in thi's' way probably sets the limit of error beyond

which observations are valueless more stringently than if the use of the observations for
defining the largest-scale synoptic features on a day-to-day basis were considered. However,
it was not considered worth while to specify a"separate criterion for the latter rather restricteduse, especially as it is usually desirable that the observational network should
define the smalle~ scale synoptic systems as well as the largest.
2.7
A special mention is perhaps desirable in regard to the use of aerological observations in the study of climatic change (Use (D)).
Hitherto observational series have not
been long enough for -this purpose, but future use of aerological data for this purpose can
be foreseen. Sipce the averages of long series of data will be employed, random observational error can be reduced to a very low level. However, systematic errors will not be
similarly reduced and the requirements ori systematic errors are likely to be very stringent.
It is not possible now, if ever, to specify a lower limit beyond which the systematic error
could not be further reduced with advantage. The upper limit beyond which observations
cannot be used in the study of climatic change can be specified, regarding the probable variation over 50 or 100 years as the l'signai ll • This figure i"s given tn. the later sections of
the paper and is to be regarded as applying to the systematic part of the error of observation alone.
2.8
For brevity in the remaining sections of the paper the two limits which it is
desired to specify will be referred to as limit (aj and limit (b) defined as follows I
(a)

The limit 9f observational error beyond which further reduction of observational
error of aerological ·observation is unnecessary for the use specified.

(b)

The limit of observational error beyond which aerological observations are of negligible value for the use specified.

2.9

It needs to,beemphasized that in developing any sounding system the aim should be
to bring the performance as close as possible to limit (a). Relaxation of performance
characteristics should only be as necessitated by physical difficulties or serious economic
considerations. Limit (b) is not intended as a guide to the permissible relaxation of
performance limits - but merely as a guide to the magnitude of error which would render a
sounding system valueless. Only if more accurate measurement is impossible, exceedingly
difficult or very expensive, should errors approaching limit (b) be tolerated. Summarizing
from the previous paragraphs the criteria principally used in -determining these limits are
as set out in Table II. In respect of some individually observed elements other considerations arise and will be discussed in the text.

2.10
In the sections which follow an attempt will be made to speoify the limits (a) and
(b) according to the criteria of Table II· for the individual elements which are observed _
wind, temperature, humidity, heights of isobaric surfaces and heights of significant levelss
There are very marked seasonal changes in the variability of the observed elements, and even
greater differences from one geographical region to another. Thus the criteria cannot be
specified precisely and, in general, it has been appropriate to select the most stringent
values of limit (a) or (b) which apply over a sUbstantial region or season for inclusion in
the tables. The geographical and seasonal variations are discussed in the text.
2.11
The range of wind and temperature in which aerological sounding equipment should
be able to operate is also discussed.

4
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Table II -

Use

criterion used to specify performance
limit p for aerological instruments

P~incipal

Limit (a)
(for definition see para. 2.8)

Limit (b)
(for definition see para. 2.8)

Local Use (A)

0.5X (standard variation between
observations at intervals of
10 km or 1!2hour)

standard deviation from
·climatological mean

Synoptio Use (B)

0.5X (standard deviation from
value smoothed over 300 km or
6 hours)

standard differenoe between
adjacent stations

Climatological
Use (c)

0.5X (standard deviation from
value smoothed over 300 kin)

Difference of climatological
value from nearest station at
which it is reliably known

Climatic Change

Not assessed

Amplitude of probable climatic
change

(D)

2.12
The performance limits specified in the following. sections are intended to apply
to the results of the spunding system as a.whole and not to the performances of the individual units - thermometer, barometer, etc., which make- up the system. This distinction is
important because the result which is required from a sounding depends on two or more of
the units and errors may arise from either. Thus an error in the temperature at a specified
pressure level may arise either from an error in the thermometer or in the pressure unit.
Thus we have considered the permissible error in the deduced temperature at a specified
pressure level, etc. For the same reason the permissible error in pr~ssure determination
is not discussed except in so far as it. enters into other determinations such as that of
the height of isobaric surfaces or significant pressure levels.

3.

PERFORMANCE REQUIREMENTS FOR WIND MEASUREMENTS

3.1
It is convenient to consider separately the requirements for wind measurement
four separate regions of the atmosphere :
(a)

The extra-tropical troposphere.

(b)

The equatorial belt of the troposphere.

(c)

The stratosphere of middle and high latitudes.

(d)

The equatorial stratosphere.

3.2

The extra-tropical

in

tropospher~

The variability and average strength of the wind in the troposphere varies con~
area to.area oVer extra-tropical latitudes. Broadly, winds are strongest and
most variable over the oceans of middle latitudes _ the variability is iess OVer the continents and also decreases Eq~atorward as the subtropics are approached. Wind strength and
variability are also less in the lower troposphere than at higher levels. It is not possible
here to consider all areas individually and performance requirements are therefore specified
in regard to a coastal area of middle latitudes such as Western Europe where requ~rements
are stringent but not extreme.
3.2.1

siderab~ from
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Performance adequate for Western Europe should also ·prove adequate over most extratropical areas but some exceptions will be mentio~ed.
3.2.2
Statistics for a winter and summer month at Downham Market (eastern England)
reasonably typical of circumstances which must be provided for (see Table III).

are

Table III - Statistics of upper winds at Downham Market (England) 1948-1950

Pressure
level

(mb)

July

January
Mean

wind
speed

Standard
vector
deviation

Wind speed

Max.

Mean

. Max.

speed

wind
speed

Standard
vector
deviation

Wind speed

exceeded

exceeded

speed

on 25% of
occasions

on 25% of
occasions

mls

mls

mls

mls

mls'

mls

mls

mls

200

23

21

30

70

23

23

30

60

300

27

26

37

80

24

24

33

70

500

21

2G

28

70

15

15

19

50

700

16

15

20

40

10

10

1)

)0

850

1)

1)

18

40

9

9

12

)0

3.2.3
The magnitudes of the -changes in wind with time and distance have been examined
by Durst (1954). His data is mainly for the British Isles but should have wide applicability over the extra-tropical areas-.

It can be used in conjunction with the data for Downham

Market in Table I. Taken from Durst's Figure 5~ the probable values of the root-mean-square
wind variation over various intervals of time and distance are given in ~able IV.
Table IV - Root-mean-square variation of wind over various times
and distances near the British Isles

6
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3.2.4
Following the procedure outlined in paragraphs 2.4 to 2.9, limit (a) for local use
(Use (A)) is set at half the standard variation over an interval of 1/2 hour or 10 km, leading to a figure of OG8 mls in the lower -troposphere and 1.5 mls in the upper troposphere.
Similarly soundings have negligible value if their error exoeeds the standard deviation of
the wind from its climatological mean for the season. Taking values for the wind variability
as given by Brooks et alii (1950), limit (b) for local use (Use (A» is derived as 7 mls in
the lower troposphere and 13

mls

near the t r o p o p a u s e . ·

-

3G2.5
Considering next the use of wind observations in a synoptio network limit (a) is
fixed at half the standard deviation of the wind from a mean over an area of 300 km or 6
hours (see section 2). The required standard vector deviation from the mean can be derived
roughly by dividing the figures in the third columns of the sections of Table IV by {2, *
leading to a value of limit (a) beyond which reduction of error is unnecessary, of 2 m/s in
the upper troposphere and 1 m/s in the lower troposphere. Recalling that observations are
of little value for synoptic use if their error is as great as the standard difference between
adjacent stations assumed spaced some 300 kID apart, limit (b) for synoptic use (Use (B»
is
set at 7 m/s in the lower troposphere and 16 m/s near the tropopause.

3.2.6
Following section 2 the greatest accuracy necessary for climatological use of upperwind observations is taken to be the same as for synoptic use. (As determined in paragraph
3.2.5.) The climatology of the troposphere has now been explored (except possibly over the
southern oceans) so that the climatological mean winds are known with vector errors of not
more than about 8 m/s in the lower. troposphere and 15 mls near the tropopause. Larger' errors
than this would render observations of little value and limit (b) for use (c) can be regarded
as 8 m/s and 15 m/s in the lower and upper troposphere respectively.
3.2.7

Few studies of climatio.change have been made involving the use of winds in the
free atmosphere but studies of the long period changes in surface pressure distribution (Lamb
and Johnson, 1959) suggest that differences of the order of up to 4 or 5 m/s may occur between
periods of the order of a decade or more. Limit (b) for the study of climatic change is
therefore fixed at 2 m/s.

3.208

Wind measuring systems are likely to fail in strong winds because the balloon is
carried out of range. It is therefore desirable to speoify a wind strength up to which observations should be attainable. Limit raj is fixed by the maximum wind whioh is believed to
occur and a reasonable limit (b) would be obtained on the assumption that 3 out of 4 measurements are to be suocessful. From Table III for Great Britain this implies that limit of
performance (a) calls for operation in winds of 40 m/s near the Eround inoreasing to 80 mls
near the tropopause. Limit of performanoe (b) (for the worst season) requires operation in
a wind of 18 mls near the ground inoreasing to 30 mls near the tropopause.

3.2.9

An area with particularly
vations during strong winds is the
of the continents. Wind speeds in
to 125 m/s and 150 mls is believed

*

stringent requirements rega!ding the mainten~nce of obserregion of the subtropical Jet stream on the east coasts
the Jet stream over Japan have been reliably reported up
to be reached occasionally (WMO Technical Note No. 19).

The factor 1/vr2 can be roughly justified by the following argument. The area average
wind can be regarded as the mean of n observations with a standard deviation a from
their mean. If we evaluate theroot.mean-square-difference, 8, between pairs of these
selected at random we will have e 2 = 2 (J 2 or a = 8 /12",8 will naturally be larger
than average if the points are olose together and smaller than average if they are
further apart. Thus the relation u = 8 / {2 should apply i f the spacing between the
selected points is around the average for any pair within the area concerned.
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In vigorous Atlantic and Pacific depressions wind speeds in the lower- troposphere also reach
50 m/s& Thus ideally sounding systems for use anywhere in extra-tropical latitudes should
be able to operate in winds of 50 m/s in the lower atmosphere increasing to 150 mls at the
tropopause
0

3.3

Equatorial belt of the troposphere

3.301
The lower troposphere betweep 20 0 N and 20°3 is typified by Qurrents of some regularity with mean speeds of the order of 5 to 8 m/s -and standard vector deviations of wind
of the order of 8
At high levels, towards the equatorial tropopause, i.e., between
200 and 100 rob, stronger winds are encountered in some regions (notably south of Asia in
the northern summer). Mean wind speeds there reach 35 mis, but the standard deviation of
wind from its seas·onal mean is not much greater than at lower levels - probably around
13 m/s.

mls.

3.302

Little information is available regarding the variation of wind over various ranges
of time and distance in the equatorial belt beyond a few calculations quoted by Durst (1954)
which show that the correlation between winds at adJace~t times and places is slightly lower
in the equatorial belt than over corresponding ranges in temperate latitudes. In view of
the known development of large convection aloud systems and of orographic winds in the equatorial belt with an intensity at least as great as in temperate l~titudes, perhaps the best
that can be assumed is that the local and short period variations of wind are at least as
great in the equatorial belt as in the lower troposphere of higher latitudes. In the equatorial belt, in contrast to temperate latitudes, there are extensive areas in which relatively light winds extend up to the tropopause and where there is no additional mechanism
to generate local wind irregularities.

36303

With these considerations in mind, limit (a) (beyond which improvement is unnecessary) for local use (Use (A)) can be set at 0.8 m/s throughout the equatorial troposphere
equal to the figure for the lower extra-tropical troposphere. Since in some areas of the
equatorial belt the standard vector deviation of wind is as low as 5 mls this sets the upper
limit of error (limit (b)).

3.3.4
For synoptic use (Use (B)) the lower limit (a) can again be set equal to that appropriate to the lower troposphere-of temperate latitudes, viz., I mls. It is not easy to
assess the standard vector variation of wind between equatorial wind stations some 300 km
apart because data for such pairs of stations are not readily available. However, the value
fixed for limit (b) must not be greater than th~ minimum standard vector deviation of wind
over significant areas, viz., 5 mls and this value has been adoptedo

303.5

Since over extensive areas of the equatorial belt climatological mean winds are
light, interest and importanoe attaches to air currents of 5 mls. The requirements for use
(C) are thus the same as for use (B).

3.3~6

No information is available upon which to base an assessment of the requirements
for the study of climatic change in the equatorial belt (Use (D)).

3Q3.7
Although it would be desirable that soundings should be made under all circumstanoes
opcurring in equatorial regions, it is perhaps possible to leave out of 'account the relatively rare tropical storms and squalls of short duration. Wind statistics for typical stations in the equatorial belt, Nairobi and Lagos, are given in Table V. These suggest that
almost complete regularity of sounding would be attained with equipment able to ope~ate in
a wind of 20 mls in the lower troposphere increasing to 55 mls in the region Just below the
tropopause (limit ,( a) ) • If failure of one sounding in four is accepted for limit (b) this
bepomes 10 mls in the lower troposphere and 30 m/sin the upper troposphere.
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Table V - Statistics of tropical winds
Ikeja/Lagos, 1954-1956

'mb)

July

January

Pressure
level

Mean
wind
speed

Standard
veotor
deviation

Wind·speed

Max.

exceeded

speed

on 2":f1, of

Mean
wind

Standard

Wind speed

Max.

vector

exceeded

speed

speed

deviation

on 2":f1, of
occasions

occasions

mls

mls

mls

mls

mls

m/s

mls

mls

200

15

12

19

43

24

9

28

38

300

12

13

15

31

15

6

18

27

50C

7

8

9

21

5

6

8

13

700

8

4

9

17

6

6

8

13

850

5

4

7

9

5

5

7

14

Nairobi, 1952-1958

(mb)

July

January

Pressure
level

Mean
wind
speed

Standard
vector
deviation

Wind speed
exceeded

Max.

Mean

Max.

wind
speed

Standard
vector
deviation

Wind speed

speed

exoeeded

speed

on 2":f1, of
occasions

on 2":f1, of
occasions

mls

mls

mls

mls

mls

mls

mls

mls

200

15

n

21

38

11

12

15

34

300

10

11

13

26

7

8

9

24

50C

8

8

10

22

7

8

9

28

700

7

8

10

20

5

5

6

11

3.4

The stratosphere of middle and high latitudes

3.4.1

Recent reviews of the wind regime in the stratosphere in winter and summer have

been given by Hare (1960 a and 1960 b). The distribution is simplest in summer when the
generally westerly winds near the tropopause decrease upward and are replaced by a rather
steady zonal easterly ~urrent above 20 km whioh inoreases upward to beyond 30 km. Average
easterly speeds of around 8 mls are to be expeoted.at 30 km altitude with a standard vector
deviation of 5 to 8 mls. The synoptio distur~ances at tropopause level deorease in intensity
upward and disappear above 16 to 20 km. The upper easterlies aresubjeot only to slow largescale variationso
3.4.2
In autumn and winter the regime is changed by the establishment of an expanding
belt of westerlies initially in very high latitUdes, but later extending southwar~ as far as
40 oN. When the stratospheric westerlies are strong, sounding balloons are likely to be
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carried out of range, and it is difficult to put any reliable figure to the maximum wind
likely to be encountered. Lee and Godson (1957) ·have analysed some typ1cal stratospheric
jet streams with speeds of 75 mls near the 30 km level. It is not unlikely that speeds of
100 m/s Or more are attained at times. The stratospheric westerlies are subject to large
disturbances, mainly on a time scale of the order of a week or more and they break down
irregularly in spring over a period of a week or two at a date which varies greatly from
year to year. The vector standard deviation in the region affected by the stratospheric
jet stream is as large or larger than near the tropopause - exceeding 25 m/s at Thule. How~ver, day-to-day changes of wind are relatively slower and lnterdiurnal wind changes smaller
than in the troposphere
a

3.4.3
Little is known as to what small-scale. disturbances are superimposed on the
flow in the stratosphere, but a comparison (Johnson 1952) of the wind at 100 mb at ~iverpool
with the mean of the wind at observation stations on either side of it and some 230 km dis_
tant gave a standard difference of 3 m/s implying that disturbances on a scale smaller than
the synoptic network must be responsible for wind irregulariiies of less than 2.5 mls at
these levels. Observations by Barbe (1958) also indicate that the wind up to 30 km is
reproduceable in a sounding some 10 minutes later within.1 or 2 mls. Flohn {1959) on the
other hand has presented some evidence for irregularities in the tracks of constant level
balloons in the summer easterlies around 25 km on a scale of 100 km - wind components of
some 3-5 mls appear to be superimposed on the general flow. (The observations were made
from Sardinia and some orographic effects may be involved.)

3.404

In the absence of more definite knowledge it seems best for the present to assume
that the wind in the stratosphere is no more subject to small-scale disturbance than in the
lower troposphere. The more restrictive limit of accuracy limit (a) can therefore be placed
as in the lower troposphere at 0.8 m/s. It is not pos~ible to discriminate between uses
(A), (B) and (C).

3.4.5
The upper limit of error for any usefulness (limit (b» is set for synoptic purposes
(Use (Bl) by the variation of wind between synoptic observing stations. Durst (1954) estimates the variation of wind with distance at 20 km altitude to be similar to -that in the
lower troposphere. It is appropriate then to seta similar value to limit (b), namely
7 m/s. For local use (Use (A» limit (b) is identified with the standard deviation of wind
from the climatological normal o This sets limit (b) for use (A) as 7 mls in summer,
although there would be some value in observations with greater errors in winter because
of the higher wind variability. In summer also a similar accuracy would be needed to add
to climatological knowledge although in winter some value might be attached to observations
with larger errors (say up to 15 mls) in the region of the stratospheric jet stream.

3.4.6
~Use (D»

No attempt is made to assess requirements ·of accuracy for study of climatic change
from stratospheric data.

3.407

Sounding equipment capable of co~pletely regular measurements to 30 km must be
capable of operating with maximum-wind conditions in the troposphere as specified in section 1 and with winds of up to 'lOOmis at 30 km; some decrease of wind between tropopause
and 30 km may be assumed but not to a v.alue below 50 mls. In view of the relatively· few
current soundings which at present reach 30 km, it would be unrealistic to assign a limit
of regularity based on wind speed below which soundings are of little value - the forecaster
and climatologist will accept any observations of adequate accuracy, however irregular in
time, as adding something to his knowledge.

305

The tropical stratosphere

3.5.1
Little information is yet available about winds ·in the tropical stratosphere except
that they are mainly easterly or westerly with moderate velocities, usually less than 50 mls.

10
There are considerable variations from year to year - for example the mean wind at Christmas

Island at 50 mb was 275 deg. 6 mls in January 1956 and 090 deg. 22 mls in January 1957. Dayto-day variations are~ however, smaller than year-to-year changes - the standard deviation
within one month being of the order of 5 to 8-m/se
3.5.2
There is little evidence yet as to the area and time over which a single wind observation can be regarded as representative, and in the absence of other evidence it seems best
to assume that the Bub-synoptic scale variations of wind are no greater than in extratropical latitudes.

3.5.3
as 10

0.8

With these considerations in mind we may place limit (a) as 0.8 mls and limit (b)
For synoptiq use (Use (E» we may set limit (a) as
climatological use (Use (e», limit (a) 0.8 mls and

mls for local use (Use (A».
mls and limit (b) as 5 mls. For

limit (b) 8 m/s seem appropriate.
of climatic change.

3.5.4

No attempt can be made to aSsess limits for use in studies

The equatorial stratosphere is so little explored that it is difficult to .set

limits of wind speed in which soundings should be possible. However, winds exceeding 50 mls
are probably rare up to 30 kID but, on the other hand, in particular seasons at certain

places winds of 20 to 25 mls occur persistently.

Thus limit (a) of 50

mls

and (b) of 30 m/s

might be suggested as reasonable guesses.
3.6

The suggested limits of accuracy required in wind measurement are summarized in

Appendix 1.

4.

PERFORMANCE REQ.UIREMENTS FOR TEMPERATURE MEASUREMENTS

4.1
As in resp~ct of wind' the requirements of accuracy of temperature measurement will
be CONsidered separately for the four regions

(a)

The extra-tropical troposphere

(b;

The equatorial belt of the troposphere

(c)

The stratosphere of middle and high latHudes

(d)

The equatorial stratosphere.

4.2

The extra-tropical troposphere

4.2.1
The distribution of mean upper-air temperature and the variability of temperature
through the extra-tropical troposphere has been comprehensively surveyed by Goldie, Moore

and Austin (1958).

The broad features of the mean temperature distribution _ temperature

decreasing with heights and with latitudes _ need no comment. The maps of standard deviation of temperature show high variability ·over the continents in winter reaching a maximum
standard deviation of Boc. In.summer variability is lower, but the maximum standard deviation of 4°c is still found over the continents·. Variability decreases rapidly from 40 degrees
latitude towards the Equator and at 30 degrees latitude in summer is generally little more
than 20C. Temperature variability doe~ not vary very mUQh with altitude, until the tropopause level is reached. It is lower around this level, but this rather limited region does
not merit special consideration in assessing instrumental requirements.
4.202

Information 'on the correlation of temperature between neighbouring observa~ions

in spaoe and time is limited, but some data is given by Durst (1951).

Mean oorrelation

coefficients of departures of temperature from the seasonal normal over various ranges of
time and distance near the British Isles may be summarized from Durst's paper as ~n Table VI.
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Table VI - Correlation of temperature with time and distance

(British Isles)

Pressure
level
(mb)

Time

Distance

6br

12 br

18 br

24 hr

210 km

510 km

1,080 km

+ .71

+ .61

+ .52

+ .83

+ .65

+ .20

300

+ .83
+ .62·

+ .49

+ .36

+ .32

+ .63

+ .54

+ .21

500

+ .85

+ ·72

+ .60

+ .47

+ .90

700

+ .86

+ .78

+ .69

+ .60

+ .84

200

4.203
In order to discuss the limits of desirabie or useful accuracy in temperature
measurements we also need information on the variations on a sub-synoptic scale. Hqrizontal
flights by aircraft on whioh temperatures have been observed at intervals of about 1 km
have been analysed by Frith (1948 and 1951). As reported by Sawyer ·(1953) these flights
reveal a standard deviation of temperature of about O.3°e from the mean temperature over
some 50-100 km when there is a normal lapse rate. Higher values (around O.4°C) ar~ observed
on flights in inversions and considerably larger variations are found in the neighbourhood
of cloud and precipitation (Sayer 1955). These small-scale fluctuations of temperature are
not closely correlated over depths exceeding 500 m so that assessment of Stability on a
vertical sounding is no more reliable than would be expected if random errors of 0.3oe were
superimposed on the sounding.

4.2.4
In assessing the maximum accuracy (limit (a» which can be exploited for local use
(Use (A» one must consider the assessment of stability from a vertical sounding. Here the
"noise" (see section 2) is represented by the difference of the observed temperature from
the mean of an area some 50 km diameter. Taking our error limit (limit (a» as half the
amplitude of the "noise ll , leads to a value of 0 .. 15°e. The accuracy limit beyond ,V'hich the
sounding has little value is fixed by the variability of temperature. Taking the lowest
figure for any season in a substantial area more than 30 deg. from the Equator limit (b)
becomes 2°C J although a somewhat larger val~eJ 3°G J could be fixed if the belt from 30° to
400 latitude were excluded ..
J

4.2.5
For use in a synoptic network (Use (B» the limit of error beyond which improvement
is unnecessary is again fixed (limit (a» by small-scale temperature irregularities at about
0.15°C. On the other hand the upper limit of error {limit (b» is determined by the difference to be expected between neighbouring soundings in time and space. Taking from Table VI
a value 0.75 as typical of the correlation ooe,fficient between adjacent soundings and a
figure of 3°e for the standard deviation of temperature we obtain 2.l oC as the r .. m.s .. difference between temperatures on adjacent soundings. The figure of 3°e has been taken as typical
of the lowest seasonal values of the standard deviation of temperature over much of temperate
latitudes. No figures of the spatial or temporal correlation of temperature are available
for subtropical regions of lower temperature variability, but since the oorrelation coefficients are probably lower J a figure of 2°C may be accepted" generally for limit (b) for
use (Bi.
4.2.6
In respect of the climatological use of temperature observations (Use (C), limit
(a) may be fixed as the same as for uses (Al and (B), namely 0.15°C. Limit (b) is given
by the accuracy with which climatological mean temperatures are known and by the error

12
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allowable in fixing largeF: scale synoptic features.

3°C would appear to be a reasonable

value for limit (b).
4.2.7
In the study of climatic change, differences of the order of 0.5°C in temperatures
observed at the ground are ~onsidered. It is reasonable to assume that similar differences
occur in the free atmosphere and that a sounding system unable to resolve suoh differences

would be unsuitable for the study of climatic change.
about 0.5°C.

This fixes limit (D) for use (D) at

4.2.8
It is perhaps desirable- here to note the overall range of temperatures which can
be expected in the free atmosphere. Ignoring the layers immediately adjacent to the ground,
temperatures range from _Boac to +40 oc and radiosonde equipment for use throughout temperature latitude should function through this range.
463

The equatorial troposphere

4.3.1
The latitude band within 20 degrees of latitude of the Equator is charaoterized by
a notable Uniformity of temperature in the troposphere.
The standard deviation of tempera~
ture is also low, being generally less tha~ 2°C in the lower troposphere and in some areas
as low as lOC6 Variability is slightly greater in the upper half of the troposphere, but
over very wide areas the standard deviation is little more than 1.5°C (see Hafmeyer, 1961).

4.3.2

Data given by Hofmeyer (1961) show that the lag correlations over one and three

days in tropical Africa ,are about 0.5 and 0.2 respectively. This confirms the oorrelations
given by Durst over twenty-four hour periods at Nairobi and quoted in Table VI.
Table VIr - Correlation between temperature at 24 hour intervals

at Nairobi (Data 1948-1949 - 1 year only)
Sept.
and

Dec.

Mar.

June

(m)

Jan.
Feb.

Apr.
May

July
Aug.

Nov.

200

+ 0.32

+ 0.39

- 0.01

+ 0.14

300

+ 0.54

+ 0.46

- 0.07

+ 0.17

500

+ 0.21

+ 0.07

- 0.15

+ 0.01

Pressure
level

4.363
This suggests a very low correlation between suocessive observations in the middle
troposphere and in some seasons at higher levels. In other seasons the correlation in the
upper troposphere is not dissimilar from that in temperate latitudes.
4.3.4
Little information is available on variations of temperature on a sub-synoptic
scale in equatorial regions, but as factors which cause these small-soale irregularities are
probably not peculiar to middle latitudes, the most reasonable assumption is that~mperature
fluctuations similar to those found by Frith over EnglaNd would also be found in low latitudes
Some confirmation is available from unpublished results of flights by the British
Meteorological Research Flight in the upper troposphere between Nairobi and Khartoum whioh
show that temperature. irregularities are small, With a range less than lOC.
6

4.3.5
On this assumption, the arguments applied to derive limit (a) for extra-tropical
latitudes in paragraph 4.2 apply equally to the equatorial belt. Limit Cal beyond which
improvement is unnecessary becomes 0.15°C for uses (A), (B) and (C).
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4.3.6
On the other hand, limit (b) beyond which the observations have little value is
much more stringent in the equatorial belt than in temperate latitudes~ Following the same
arguments as in temperate latitudes (paragraphs 4.2.4 to 4.2.6) we derive the follOWing value
for limit (b). Local use (A)

1°C in the lower troposphere rising to 1.5°C in
upper troposphere.

t~e

Synoptic use (B)

0.7°C in the lower troposphere rising to 1.00C in
the upper troposphere.

Climatological use (C)

1°C in the lower troposphere rising to 1.5°C
the upper troposphere.

in

The value of limit (b) attributed to synoptic use is here based on the assumption
that the correlation of temperature over intervals of distance and time is similar to that
in middle latitudes.

4.3.7

studies of climatic change in the equatorial belt have been concerned with differences of surface temperature of -the order of 0.25°0 or le~s. It can be assumed that for
studies from aerological data ohanges of temperature of this order would need to be resolved.
Limit (b) for use (D) is set at 0.25°C.
4.3.8
The overall range to be covered by the temperature measuring device in the equatorial
troposphere can be taken from Goldie et alii (1958) as _94°0 to +40 0 C.
4.4

The stratosphere of middle and high latitudes

40401

In the stratosphere of extra-tropical latitudes the winter and summer regimes are
very different. In summer there is a weak temperature gradient towards the pole and the
variability of temperature is similar to that in the lower troposphere (standard deviation
3 to 4°C). In winter a stroDg temperature gradient develops in high latitudes around the
cold stratospheric vortex near the pole. The Arctic vortex is subject to baroclinic disturbances and large temperature variations occur some of which amount to 30°C over a few
days (Hare 1960 a) - these changes are particularly notable during the breakdown of the cold
polar vortex some time in early spring. The Antarctic vortex is probably less subject to
these sudden temperature changes (see Figure 15 of Wexler 1959).-More generally the winter
stratopshere is probably subject to temperature fluctuations with a standard deviation of
5 or 6°c.

4.402

Little information is available on the correlation-of temperature between adjacent
soundings in the stratosphere but is is Widely recognized that disturbances in the stratosphere are on a scale at least as large as the "long_wave" features of the troposphere. Correlations at least as large as those in the troposphere are to be expected. T4is is supported
by the figures for 200 mb in Table I.

404"03

Sufficient information ori temperature variations over distances of a few miles is
not available to give a truly representative picture. However, observations by the aritish
Meteorological Research Flight (Murray 1956) in the lower stratosphere near jet streams
showed small-scale temperature fluctuations with a standard deviation of o.6°c - about twice
as great as in the troposphere o If the temperature irregularities were due to vertical displacements of the air in the course of gravity waves, it would be expected that the temperature fluctuations wou~d be greater in the stable conditions of the stratosphere than in the
less stable conditions of the troposphere. A value of o.60 c for the magnitude of smallscale temperature irregularities thus appears reasonable.
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4.4.4
For local use tUse (A)) we can therefore place limit Ca) as O.)OC. The limit (b)
oan then be placed at 3°e in order that a sounding could be more valuable than a climatological average in most areas and seasons.
4.4.5
For synoptic use (Use (B» the same lower limit of error (iimit (a» applies as for
use CAl. The upper limit (limit (b» is fixed by the standard difference between adjacent
soundings in the least variable seasons and areas. Taking the correlation coefficient
between adjacent soundings as +0.75 ,and the standard deviation as 3°e leads to a figure of
about 2°C.
4.4.6
Again limit (a) for climatological use (Use (C» is the same as for use (Bl, namely
0.3°G. The upper limit of error beyond which observations have little value is difficult
to assess' because very crude observations with errors of more than 100e would give an indioation of the position of the cold stratospheric vortex in winter. In summer I however l
little could be added to present climatological knowledge by observations with errors exceeding )OC.
No studies of olimatic ohange have yet been poss~ble on stratospherio data and error
4.4.7
limits for use CD) cannot be assessed. There is, however, little reason to think that they
should be less stringent than in the troposphere.
4.4.8
The range of temperature to be accommodated i~ the middle and high latitude stratosphere is -IOOoe to -IOoe. The latter figure appears to be possible during the lIexplosive
warming ll which occurs during the breakdown of the cold Arctic vortex (Teweles 1958) and may.
even be exceeded because few examples of the localised extreme"have yet been observed. If
the Antarctic stratosphere is exoluded the lower limit of temperature might be raised to
-90°C.
4.5

The

~quatorial

stratosphere

4.5.1
The temperature of the equatorial stratosphere has not been stuqied very extensively
and little is known about the disturbances to whioh it is subject. Surmounting the coldest
region of the atmosphere at the equatorial tropopause where t~mperature averages around
-Saoe, it inoludes substantial vertica~ and horizontal gradients of temperature. The variability of temperature in the equatorial stratosphere appears to be l~rger than in the troposphere - at Nairobi at 40 mb observations give the standard deviation as 6°c (East African
Meteorological Service 1960).
4.5.2

Little is known aoout small-scale temperature fluotuations or oorrelations of
with time and distanceo In the absence of other information we apply the figures
used 'for the stratosphere of middle latitudeso
tempe~ature

4.5.)
Following the arguments of previous sections we come to the following "acouracy
limits for temperature soundings in the equatorial stratosphere
Use (A) Local use

Limit (al O.)OC

Limit (b) 6°C

Use (B) Synoptic use

Limit (a) O.)OC

Limit (b) 4°C

Use (C) Climatological use

Limit (a) O.)OC

Limit (b) 6°0

Use (D) Climatio change

Not assessed

4.5.4
The temperahIre range to be acoommodated in the equatorial stratosphere is from
-95°C to -25°C.
4.6
The suggested limits of accuracy required in temperature measurements are summarized
in Appendix II.
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PERFORMANCE REQ.UIREMENTS FOR HUMIDITY MEASUREMENTS

5.1
Humidity measurements in the free atmosphere are probably the least satisfactory
of the regular aerological observations made at the present time. Together with the fact
that the humidity is one of the m9st variable quantities measured, this makes the discussion of the performance requirements of humidity measurements particularly difficult.
Broadly, although for some purposes at some times and places a high accuracy of measurement
would be desirable and could be Justifi~, in many circumstances a very crude measurement
has to be accepted.and provides useful information.

5.2

Insufficient information is available to justify separate consideration of different geographical regions but it is convenient to consider separately measurements made in
the following layers :
(a)

The convective and turbulent layer near the ground.

(b)

The troposphere above the convective layer.

(oj

The stratosphere.

5.3
The errors of humidity measurement are probably most conveniently considered in
terms of the error in the determined dew-point or frost point. If the basic humidity measurement is in terms of relative humidity the temperature and pressure measurements also contribute to the error in the dew-point~ but these contributions are usually smaller t~n that
of the basic humidity measurement and can be ignored for the present purpose. The meteorologist employs humidity measurements in two slightly different ways 1 first~ as a means of
studying the horizontal and vertical distribution of the humidity mixing ratio or similar
measure of humidity (and for this purpose a specified error in dew-point has much the same
significance under all circumstances); and second~ to assess whether or not saturation will
be reached (and for this a higher accuracy may be called for at high h~midity than at low
humidity). Also a meteorologist examining· an aerological sounding in the absence of visual
observations of clouds often wishes to determine from it whether or not cloud is present at
a particular level. For this purpose he requires~ preferably~ a direct determination of
the presence of liquid water but~ failing this, as accurate as possible a humidity determination when saturation is approached - errors of 0.2°C in dew-point being significant.
5G4

The convective and turbulent layer near the ground

5.4.1
Observations show that humidity in the atmosphere is very "patchy". This patchiness
is likely to be less in the layers near the ground where convective and turbulent mixing is
taking place~ than it is in the layers above~ where turbulence produces little mixing over
large regions. It is therefore desirable to consider first the region from the ground to
the base of convective or turbulent cloud or to the first stable layer.

5.4.2

Observations on horizontal flights by the meteorological research flight (James
1~500 m above ground have shown that fluctuation of dew-point
Occur over distances of a few kilometres or less and that the standard deviation of the dewpoint arising from them is of the order of lOC~

1954) at levels from 200 to

5.4 .. 3
These observations suggest that "spot U observations of dew-point in" the lower atmosphere need not have a standard error less than O.5°C for-local use or synoptic purposes
(Use IA) aed (B~). A similar value of limit (a) cae be adopted for climatOlogical purposes
because persistent local variations of this order are to be expected from site and topography. An average humidity of somewhat greater precision through a depth of 0 .. 5 to 1 km
would be representative as evidenced by the rather uniform base of cumulus and turbulent
cloud - a standard error of O.. 25°C might be adopted for limit (a) in respect of such mean
values~
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5.4.4
In assessing the limit of error beyond which humidity observations in the lower
layers of the atmosphere become valueless (limit (b) one may reasonably assume that reliable
humidity observations are available at,the level of the standard screen. When turbulenee or
oonvection is present these observations should enable the dew-point in the turbulent layer
to be estimated within about 5°0 and sunh estimates would be used in preference to aerological observations with a greater standard error. This sets limit (b) for local and synoptic
use (Use (A) and (Bl) as 5°C.
5.4.5
For climatological purposes (use {c)l a measurement is required of the actual water
content of the atmosphere. In order to draw charts such as those given by Bannon and Steele
(1960) an error of not more than 10 per cent in the water content of the air is required and
errors shoUld not, therefore, exceed about- 1.5°C.
5.4.6
It is not possible to discuss the requirements of the study of climatic change in
respect of humidity observations as insufficient data have been available for any SUch study
to be conunenced.

5.5

The troposphere above the convective layer

5.5.1
In the free atmosphere above the convection layer very wide variations of dew-point
oocur. Saturation provides an effective upper limit to dew-point, but depressions of the dewpoint of 25°0 are quite common in reliable observations with the frost point hygrom~ter. At
the higher humidities the desirable accuracy in measuring dew-point arises from the need to
determine whether saturation is attained and, as explained in paragraph 5.3, this places the
error limit (a) as low as 0.2°C in the absence of an independent device to deteot the presence of liquid water. At lower humidities the limit is set by the small-scale variations·
in humidity. Observations reported by Frith (1948 and 1950) have shown that dew-point (or
frost point) variations over distances of the order of 10-50 km may be up·to 15°C - a standard deviation of 5°C or more from the 'area mean seems to be quite usual. In view of the
fact that mean values over a deep layer may be more representative than individual values a
someWhat smaller error might be aimed at, but there seems little to be gained by reduoing
the error of dew-point measurement at low humidities in the free atmosphere below 1.5°C.
Limit (a) for use (A) or (B~ (local or synoptic use) may therefore be placed at 2.5°C at low
humidities for individual levels, but systematic error should be less than 1.5°C so that
greater reliance can be placed on mean values through a layer.
5.5.2
For climatological use (Use (C» in which averages over a considerable number of
soundings are employed, the main concern is to reduce the systematic error. The averaging
process largely eliminates the effect of the large amplitude small-scale fluctuations. To
provi~e an estimate of the mean water-content of the air within 3 per pent requires the dewpoint oorrect to about 0.5°C and the attainment of this accuracy in a long term mean is certainly a climatological. requirement. Thus limit (a) for use (0) should be fixed at 0.5°C
or eVen less.

5.5.3

In considering the greatest errOrs which can ocour without observation~ being completely worthless it can be reoalled that for many forecasting purposes, both using a single
sounding or a synoptic map, the forecaster finds it useful to recognize the very dry air
arising from large-scale subsidenoe and to distinguish it from moister unsubsided air masses
without quantitative consideration of its water vapour contento The difference in relative
humidity in the. free atmosphere between subsiding air and asoending air is usually very large_
dew-point differences of 20 0 0 are common _ consequently some distinction of praotical value
can be made between air masses even if errors in dew-point are as large as 10°C.

5.5.4
For climatological purposes (Use (C» a measurement is required of the actual water
content of the atmosphereo In order to draw.such charts as those given by Bannon and Steele
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(1960) an error of not more than 10 per cent in the water content of the air is required _
and errors should not, therefore, exceed about lu5°C.
505.5
A special requirement tnat needs to be considered in respect of the measurement of
humidity is the need to measure vertical humidity gradients with acouracy adequate for the
purposes of radio-meteorology. It is not possible to specifY the accuracy required because
up to "the present time very few aerological soundings are able to measure the strong humidity
gradients and obtain results which are correct even as to order of magnitude. This is because
of the lag of the humidity element. It is, therefore, important to recognize that in inversion l~yers, particularly above cloud~ dew-point gradients of the order of IOC in 5 mare
likely to occur (James 1959) and that sounding equipment should ideally be able to detect
and measure these gradients at least with errors not exceeding 25 per cent of the gradient
itself.
5.6

The stratosphere

5.. 6.1
The only extensive series of observations of humidity in the stratosphere have been
made by the British Meteorological Research Flight (Bannon, Frith and Shellard 1952) and are
restricted to levels below about 13 km. These show that the stratosphere is relatively dry _
both th~ relative humidity and the frost point falloff above the troposphere - the latter
tending to become steady at about -Booc some kilometres above the tropopause. Frost point
in the stratosphere seems .to be less variable than in the troposphere. Just above the
tropopause the standard deviation of frost point is about 5°C~ but the variations falloff
with height so that around 13 km long flights have been made with frost point varying by
only 1 or 2°C (Helliwell 1960).
5.6 .. 2
A few observations have been made of humidity at higher levels in the stratosphere
but the results are conflicting and the observational techniques cannot yet be regarded as
wholly reliable (Barclay~ Elliott~ Goldsmith and Jelley 1960 : Barrett~ Herndon and Garter
1950: Houghton and Seely 1960: and Gates, Murcray and Shaw 1958). Frost points appear to
be somewhere in th~ range -90 to _65°C but no information is available on the variability of
humidity. The near constancy of frost point found by Helliwell (1960) at 13 km would suggest
that variability of humidity. at higher levels would not be great but more direct evidence
is needed.
5.6.)
Since at the present time no routine observations Qf humidity are made in the strmosphere
and no practical use is envisaged for such current observations, it is perhaps
unnecessary to discuss the·desirable accuracy of routine humidity sounding in the stratosphere.. It may~ however, be noted that if Helliwell's observations at 1) km are accepted
ther~ are at least some levels of the stratosphere where errorS of frost point measurement
in the stratosphere will need to be reduced below 1 or 2°C before the sounding on a particular day can be distinguished from the seasonal mean~ and before any significant difference
between adjacent soundings in time and space can be noted.
5.6.4
The available information on water content in the stratosp~ere above 15 km is now
so meagre that any reasonable measurements of whioh the error magnitude can be assessed will
almost certainly add something to existing knowledge of the climatology of the stratosphere.
5.7
The limits on the performance requirements of aerological instruments for measuring
humidity are summarized in Appendix III from the discussion, of the preceding paragraphs.
6.

PERFORMANCE REQUIREMENTS FOR MEASUREMENT OF TRE HEIGHT OF ISOBARIC SURFACES

6.1
Contour charts of isobaric surfaces are one of the most important tools of the
aerologist and he is therefore closely interested in the accuracy of determinations of the
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heights of the standard pressure surfaces. However, the required height is not normally a
directly measured quantity - more often it is obtained by integration of the hydrostatic
equation starting from the accurately known height and pressure at the ground. There are
several ways in which this calculation may be performed - temperatu~e may be used as an
observed function of pressure, alternatively as an observed function of height or" of both
pressure and height- and it is- therefore thought better to specify the accuracy requirement in terms of the allowable error in the required quantity, the height of an isobaric
surface, rather than in terms of the errors of the individual measurements of pressure,
temperature or height whioh may be combined in several different ways.
662
The relation between the wind and the slope of isobaric surfaces is of great importanoe in regard to the use of measurements of the height of isobaric surfaces. This relation changes with latitude and it is convenient to consider· separately the region within
20° latitude of the Equator where the geostrophic wind is no longer a good approximation to
the true wind.
6.3

Middle and high latitudes

6.3.1
Because of their fundamental place in forecasting technique and lnthe study of
atmospheric dynamics the meteorologist wants the greatest possible accuracy in his charts
of contours of isobaric surfaces. He therefore desires the greatest accuracy in the height
determinations which is consistent with the representativeness of the observations~ Little
information is available about the small-scale fluctuations of the height of isobaric surfaces bScause such fluctuations generally have amplitudes which are less than the current
errors of height determination by radiosondeo However l it would be reasonable to assume
that the average magnitude of sUch small-scale disturbances is no greater in the middle and
upper tropo§phere and stratosphere than it is in the layers near the ground where the orographic and thermal factors likely to initiate such disturbances are most effective. When
detailed maps are drawn of mean sea level isobars the observations can frequently be fitted
within 0.3 mb by smooth isobars showing only large-scale featureso This corresponds to 3 m
in the height of an isobaric surface and it seems probable that if they could be observed
accurately the heights of isobaric surfaces in the free atmosphere would be representative
of synoptic scale features within this limtto (The diurnal pressure variation affects adja~
cent places similarly and can be ignored.)
6.3.2
There is little requirement for local use (Use (A» of observations of the height
of pressure surfaces except possibly in connexion with altimetry. The errors of the "aneroid
of the aircraft altimeter are likely to set the limit of worth-while accuraoy at around 5 m
rather than any restriction imposed by the inhomogeneity of the atmosphere.

603.3

In order to assess the level of error at which it would be better to use a climatological average height for a pressure surface- rather than an observation l one requires
the standard deviation of the height of isobario surfaces o Relevant figures are given by
Klein (1957) for the standard devJation of pressure at fixed heights, and some oharts of
the standard deviatiOn of 500 mb height are given by Jenkinson (1957).. Lakey, Bryson,
Corzine and Hutchins (1960) give maps of the standard deviation of 300 mb height. There is
a maximum variability around latitude 55° where it corresponds broadly to a standard deviation of the height of an isobaric surface of around 80 m in the lower troposphere increasing
to 150 m around the tropopause. In limited areas around the Aleutian and Iceland lows
values of 250 m are exceeded at the 300 mb level. The variability falls off rapidly towards
the Equator and at latitude 20° the standard deviation is about 20 m in the lower troposphere increasing to 38- m around the tropopause. These figures~provide a rough limit of
error beyond which observations of the height of isobario surfaces have little value (limit
(b)1 for local use (Use (A)1. The standard deviation of height of the 100 mb surfaoe is'
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about 130 m at all extra-tropical latitudes. Values for higher levels are not readily
available, but in sununer the standard deviation from the seasonal average probably drops

to some 20 m at 30 km.

In winter at high laUtudes it is probably more variable than

in

the troposphere.

6.3.4
Thus for local use (Use (A)) throughout middle and high latitudes we may set limit
(a) at 10 m and limit (b) as 15 m in the lower troposphere increasing to 40 m around the
tropopause. In the stratosphere limit (b) should be reduced upward to 20 m at 30 km. It
should, however, be recognized that observations with standard errors in excess of limit
(b) may still have some value in the regions and seasons where pressure is more variable.

6.3.5
For synoptic use (Use (B)), the lower limit of error beyond which improvement is
unnecessary (limit (aj) is set at half the standard deviation of the local contour height
values from values corresponding to smoothly drawn isobars on the synoptic chart.

the estimates of paragraph 6.3.1 this leads to a value of limit (a) of 1.5 m.

Using

The value

set for limit (b) corresponds to the r.m.s. difference between the heights of isobaric surfaces at neighbouring stations. A suitable estimate can be based on" the typical average
wind speeds to be expected using the geostrophicequation, taking such a wind as 8
in
the lower troposphere, 20 mls in the upper troposphere a~d 8 mls again in the summer easterlies. of the stratosphere~ The geostrophic wind equation involves latitude and thus limit
(b) varies with latitude~ Calculated values are given in Table VIII, assuming that observing stations are 500 km apart~

mls

Table VIII - Limit of error in height of isobaric surfaces beyond which

observations have little value for synoptic purposes (limit (b))
Latitude

6.3.6

25°

45°

65°

m

m

m

Stratosphere

25

43

54

Upper troposphere

63

105

134

Lower troposphere

25

43

54

For climatological purposes (Use (C)) the lower limit of accuracy (limit (a))

beyond which improvement is unnecessary is similar to that for synoptic purposes, namely
1.5 m. However, this limit now applies to the average of" a considerable number of soundings and the principal concern is to reduce the systematic error which will not be reduced
in the averaging procedure~ The larger limit (b) for climatological purposes is largely
determined by the accuraoy with which the mean height of isobaric surfaces is already
mapp~d~ This is difflcuit to assess~ Probably existing maps are correct to about 60 m in
th~ lower tropospher~ of the northern hemisphere, but errors would be larger in the southern
hemisphere~ In the upper troposphere errors of existing climatological maps no doubt exceed
150 m in places. The error in the stratosphere depends greatly upon the unoertain radiation
error of the radiosonde at these levels and it is very difficult to know what weight to put
upon existing measurementso It is not possible to specify a satisfaotory value for limit

(b) in the stratosphere.

Studies of climatic change 'Use (D)) are made on the basis of

surface pressure observations in which differences of the order of 2 mb are significant~ It
must be expected that similar studies will be made in future on the basis of aerological
data and a comparable accuracy say with an error not exceeding 20 m would be necessarYe
Limit (b) for use (D). is thus set at 10 m; This applies to averages of large numbers of
observations and only systematio errors are important. Limit (a) is not assessed.

6.4

Equatorial

6.4.1

As in middle latitudes the limit of accuracy required for local use of height

~egions
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observations of isobaric surfaces is probably set by the users requirement for altimetry.
The aocuracy required to improve on a climatological mean value of the height of an. isobaric
surface defines limit (b) for local use (Use (A)). The standard deviation of pressure at
sea level from its seasonal mean is about 2 rob in the equatorial belt,' corresponding to a
standard deviation in the height of the 1,000 mb surface of about 20 ID o No accurate figures
are available for the standard deviation of heights of pressure surfaces at higher levels,
but the standard deviation probably increases upward slowly as the standard deviation of
wind increases and is likely to attain a value of around 50 m at and above the tropopause.
This sets the limit (b) for use (A).
6.4.2
For synoptic use the lower limit of accuracy is set by the small-scale variations
in pressure (and height of isobaric surfaces). This is likely to be similar in the equatorial
belt and in middle latitudes' as the disturbances responsible are not greatly influenced by
the Coriolis parameter. Limit (a) for synoptic use (Use (B)) can therefore be set as in
middle latitudes at about 1.5 m.

6.4.3

Little experience is available on the synoptic analysis of heights of isobaric surfaces in the equatorial belt because of the sparse network of observing stations and the
fact that current accuracy of measurement is barely adequate to define the significant synoptic patterns. We may therefore turn to the equations of motion.
Du
Dt + fv

=

g

oh
;:>x

+ F, etc.

where u and v are velocity components, f the Coriolis parameter and F the frictional
or other forces on unit mass of air and note that in the equatorial belt the terms fv and
oh
g
are not dominant and in approximate balance as in middle latitudese If the term

ax~h

g dx

is to provide any useful information about the air

mo~on

an error which is certainly no greater than the acceleration Dt.

it must be determined with
Assuming that we are in-

terested in "accelerations of the order of 10 mls in 24 hours and intend to measure gradients
over a distance, ~ x, of around 1,000 km (the distance between sounding stations) the
error in the height difference, J h, must be no greater than 12 m from the relation
A h

g7X

Du
Dt

A value of 12 m is thus suggested for limit (b) in the equatorial belt at all levels.
6~4.4
Equatorial upper-air analysis as at present carried out normally extends well into
the zones beyond latitude 20 degrees where the geostrophic relation applies. Thus extrapolating from and interpolating between the reasonably well defined contour patterns of higher
latitUdes, it is possible to recognize characteristic patterns of the 500 mb and other isobaric surfaces Over the equatorial regions al~hough the accuracy of the observations may not
qUite reach that specified in paragraph 6~4e3e However, it must be recognized that these
patterns are on a very large scale and do not demand a close synoptic network in the equatorial belt to define them. If on the other hand a network of aerological soundings is to
be established in the equatorial belt comparable in density (spacing of the order 1,000 km
or less) with that in higher latitUdes, then a standard of accuracy less than that specified
in paragraph 6.4.3 (standard error 12 m) will mean that the network is ineffective to define
the disturbances on the scale Which its spacing was designed to detect.

6.4.5
Climatological use (Use (B)) demands as great an accuracy as synoptic use if the
data are to be used for the study of dynamical problems. Limit (a) for use (C) can therefore be set again at 105 m, but this can be regarded as applying to the average of a large
number of- sQundingsrather than individually.
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6.4.6
In the equatorial belt the total variation of the mean height of most isobaric surfaces does not exceed 60 m. Thus in order to add anything material "to the climatological
maps of the isobaric surfaces over this area the error must be considerably smaller than this.
A value of about 20 m would seem appropriate to limit (b) for use (C) in the equatorial belt.
6.4.7
Year-to-year variations of surface pressure Occur in the equatorial belt of the
order of 1 mb. These may be of interest in cannexion with climatic change and studies of
climatic change would probably be initiated from aerological data if the data were suitable.
For this purpose a standard error at least as low as 10 m would be needed. This provides
an estimate of limit (b) for use (D). Limit (a) is not assessed.
6.5
The limits on the performance requirements of aerological instruments in the determination of the heights of isobaric surfaces are summarized in Appendix IV.

7.

PERFORMANCE REQ,UIREMENTS IN TRE DETERMINATION OF TRE HEIGHTS OF SIGNIFICANT LEVELS

7Gl
In considering the accuracy with Which it is nec~ssary to determine the heights of
significant points of a sounding, it is not necessary to distinguish between one area anti
another, nor between the various uses for Which a sounding may be employed.
7 G2

Limit (a), the limit of error beyond which improvement is unnecessary, is determined
on
adjacent soundings. Certainly, some singular points - the base of marked inversions and the
tropopause are identifiable over large areas with only small changes of height. However,
small variations of height are usually present, probably resulting from gravity waves. An
aircraft following the top of a Stratocumulus layer sometimes finds only variations of the
order of 20-40 m in height - although often there is greater irregularity. Taking the
standard variation in the height of a significant level as 30 m leads to limit la) as 15 m.

by the degree to which the same singular points would be recognized at the same height

7.3
Such high precision is not needed for many purposes and for forecasting cloud tops
for aviation an accuracy within 100 m is probably all that can reasonably be attempted. It
is difficult to fix an upper limit beyond which the observation of a singular point becomes
valueless because as the error in height of the singular point increases the whole temperature structure-becomes poorly determined. However, one might reasonably fix 600 m as a value
for limit (b)G This is about the limit which would permit reasonable tropopause charts to
be drawn or give significant guidance in fixing the height of cloud layers.
7.4
The limits on the performance requirements of aerological instruments in respect
of the height determination of significant points of the sounding are summarized in
Appendix IV.

8.

CONCLUSIONS

8.1
The conclusions of this survey are summarized in Appendices I to IV. In interpreting the figures it must be recalled that limit (a) has been set at a point where effort put
into the reduction of error will have very little practical value o Such a limit cannot be
very clearly defined and practical returns from increased accuracy will falloff as it is
approached. However, it can be regarded as a practical target to be attained when such accuracy can be achieved reasonably cheaply and easily _ to be aimed at when error reduction is
more difficult.

8.2
Limit (b) has been fixed as a limit of error beyond which sounding equipment would
have negligible value in routine use. Soundings made with a standard error a little less
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than limit (b) although not quite worthless would nevertheless be very poor and every endeavour should be made to reduoe the standard error of sounding equipment-substantially below

limit (b).

Limit (b) should in no sense be regarded as setting the standard for sounding

equipment - it is a limit of error beyond which equipment should certainly be rejected for
the purpose consideredo

Appendix I - Summary of performance limits for wind sounding equipment
Limit (a) - the limit of error beyond which improvement is unnecessary for the stated purpose.

Limit (b) - the limit of error beyond which the data obtained will have negligible value for the stated purpose.

Use (A)
Local use

Extra-tropical
troposphere
.

troposphere

Use (c)
Climatology or
use in a very open
synoptic network

Use (D)
Study of
climatic
change

Wind strength in
which sounding
equipment must be
able to operate

(a)

(b)

(a)

(b)

(a)

(b)

(a)

(b)

(a)

(b)

mls

mls

mls

mls

mls

mls

mls

mls

mls

mls

0.8

7

1

7

1

8

-

2

40

18

increasing to

1.5

13

at tropopause

Equatorial

Use (B)
Synoptic use

0.8

5

increasing to

2

16

at tropopause

1

5

increasing to
2
15
at tropopause

1

5

increasing to

80

30

at tropopause

-

-

20

In particular localities

operation in winds of 50 mls
in the lower troposphere and
150 mls near the tropopause
may be called for

13

increasing to

55

Remarks

40

Ignores requirement for
soundings in tropical cyclones

at tropopause
Extra-tropical
stratosphere

0.8

Equatorial
stratosphere

0.8

7

8

0.8

0.8

7

5

0.8

0.8

7

10

-

-

-

100·

-

50

Not
specified

Larger values of limit (b)
would be accepted in winter in
the region of stratospheric
westerlies

30

All errors are stated as standard'vector errors in mls.
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AppendiX II - Performance requirements for aerological temperature soundings

'""'"

(a) The standard error of temperature below which improvement is unnecessary for the purpose statedo
(b) The standard error of temperature above which soundings have little value for the purpose statedo

Local use
Use (Ay

Region

Synoptic use

Climatological use

Use (Bl

Use (C)

Climatic Changel
Use (D)

Range of

Remarks

temperature

Extra-tropical
troposphere

(a)

(b)

(a)

(b)

(a)

(bj

(a)

(b)

°c

°c

°C

°C

°C

°C

°C

°C

0.15

3.0
(2.0 from
30 to 40°
latitude)

0.15

0.15

3.0

-

0.5

-80 to +40

-

0.25

-94 to +40

2.0

1.0
Equatorial
troposphere

0.15

0.15

to

stratosphere

0.3

rising in
upper
troposphere

0.15

1.5

1.0

3.0

0.3

upper
troposphere

to

to
1.5

Extra-tropical

1.0
rising in

0·7

rising in
upper
troposphere

°c

2.0

0·3

3.0

-

-

-100 to -10

Observations with
errors larger than
specified for limit

(b) w.ou1d have sare
value in high latitudes in winter

1

I

Equatorial
stratosphere

0.3

6.0

0.3

4.0

0·3

6.0

-

-

-95 to -25

Appendix III _ Performance requirements for aerological instruments measuring humidity
(a) The limit ,of error in frost point or dew point below which improvement is unnecessary for the purposes stated.
(b) The limit of error in frost point or dew point beyond which the observation would have negligible value for the
purpose stated.

(A)
Fcr local
use

Layer

(B)

(C)

For use in a
synoptic network

For climatological
use

Remarks

.

The convective
and turbulent
layer near the
ground

(a)

(b)

(a)

(b)

(a)

(b)

°c

°c

°C

DC

°C

°C

0.5

5.0

0.5

5.0

0.5

1.5

I

0.2
at higher
humidities

0.2
at higher
humidities

The troposphere
above the
convective layer

10.0

10.0

0.5

1.5

2.5*

2.5*
at low
humidities

at low
humidities

I
The stratosphere

Not
assessed

2.0

1'}ot
assessed

2.0

Not
assessed

10.0

Systematic errors should be
below O.25°C if possible so
that aye:rage water content of
a column of air with greater
accuracy than the water content at a specific level

Additional requirement for
measurement of steep humidity
gradients for radio meteorology
*Systemati~ error should not
exceed 1.5°C

It is impossible to set any
lower error limit beyond which
improvement is unne"cessary in
the absence of reliable information in humidity at all
levels in the stratosphere

iii

Appendix·IV - Summary of performance requirements in determinations of the heights
of isobaric surfaces and significant points

!\l

'"

Limit (a) - the limit of error beyond which improvement is urmecessary for the stated purpose o
Limit (b) - the limit of error beyond which the data obtained will have negligible value for the stated purpose.

Use (A)
Local use

(a)

Use (E)
Use .in a synoptic
network

(b)

(a)

Use (C)
Climatology or use
in a very open
synoptic network

(b)

(a)

(b)

m

m

Use (D)
Climetic change

(a)

(b)

Height of isobaric surfaces
Middle and
high
latitudes

Equatorial belt

m

10

10

m"

m

m

m

15
increasing to
40
at tropopause
20
in stratosphere

1.5

25
increasing to
63
at tropopause
decreasing to
25 in stratosphere

10

60
on troposphere
increasing to
150 at tropopause
unspecified in
stratosphere

-

20

1.5

12

3

20

-

10

20
in lower
troposphere
increasing to
50 at and above
tropopause

.

Height of significant levels
All latitudes

15

Not
relevant

600

-

-_._-_._-_.--

*These figures
apply'in latitude
250. Considerably
larger values hold
high latitudes
(see Table VIII)
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