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1
1.1

OVERAI,L CONSIDERATIONS
The present-day situation

There are now several automatic sounding systems in operational
use, with more soon to be introduced.
These can undertake the
whole of the data-reduction task of radiosonde ascents, with or
without the inclusion of wind data.
Work upon automatic systems
highlights the fact that WHO guidance for the data reduction and
reporting of radiosonde ascents is partly quantitative and partly
qualitative.
This is because the guidance was evolved in the
context of manual sounding systems, and because some procedures
are incapable of exact specification.
Thus it is that present
automatic systems vary in the algorithms that they use.
Because
of this, artificial differences can arise between the messages
they provide.
It is as important to avoid this as it is
to
avoid performance differences between the radiosonde instruments
themselves.
Proposals are made elsewhere for improving the TEMP and PILOT
messages by extending the present quantitative requirements as
far as possible.
This would maximise the core of tasks common
to all systems and would make the tasks more convenient for
automatic application.
The purpose of this report is to collect together for convenient
reference all coefficients and procedures that arise from the
quantitative message requirements.
In addition, empirical algorithms are presented for the remaining (qualitative) tasks.
Except where stated, they have been in operational use for
several years.
Although drawn from specific systems, the algorithms have been generalised and are given in sufficient detail to
facilitate their use in other systems.
These algorithms will
serve as a standard of comparison for alternative procedures that
might be contemplated.
1.2 Quality control
The detection and removal of errors is best undertaken in several
stages, rather than as a single procedure.
This is because
lesser errors are more certainly detected when the larger errors
have been removed.
A three-stage system can be very successful.
The initial level of quality control is to some extent systemdependent and will not be considered here.
Instead, it is just
remarked that the task can be undertaken by the electronic
equipment of the system.
For example, particular data values.
or bursts of data, can be flagged when poor reception conditions
are recognised.
In addition. electronic filters can be used to
reject data values that are outside the telemetry band, and to
reject data sequences that represent rates-of-change exceeding
the bounds of meteorological possibility.
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The subsequent stages of quality control are tasks to be
undertaken by numerical processors, although the work may involve
just simple arithmetic.
An effective second stage can be set up
which makes use of no more than first-order or second-order
differences.
More complex processing is necessary for the third stage, and the
work can, with advantage, be combined with the task of data
compression.
Success can never be complete.
Just as for manual systems, it
is necessary to accept that good data will occasionally be
discarded (although we do not know that the data concerned are,
in fact,
good) in order to remove the greatest possible
proportion of bad data.
A high signalling rate is an advantage,
as erroneous data are then more likely to stand out from the
general run of results.
The parameters used when wind-finding, depend upon the system
concerned.
The rates at which they are observed range from
once per minute to many times per second.
In the same way as
for PTU observations, the initial quality control is best done
electronically.
Subsequent numerical quality control can take
advantage of the fact that, unlike PTU data, average winds are
wanted rather than spot values.
The tasks of numerical quality
control and of averaging can conveniently be combined, and are
usually applied to t.he observed parameters rather than to the
fine-structure winds that they represent.
1.3 Data compression
In seeking to determine the atmospheric profile that underlies
the
observed data,
the significant levels are not known
beforehand.
The greater the signalling rate, the more closely
can the significant levels be resolved.
Thus a high signalling
rate is an advantage, not only in providing better quality
control, but also in providing an improved definition of the
atmospheric profile.
However, a large amount of data are
produced, typically 5000 or so values of temperature and a like
number of other data.
Thus data compression is very desirable
for meteorological convenience.
Following the quality control procedures, it would be possible to
interpolate in the pressure and humidity data to obtain values at
the times of the temperature signals.
These data triples could
then be converted to obtain coincident values of pressure,
temperature and relative humidity.
However, the data would
contain small-scale scatter due in part to residual scatter
originating in the system itself, and in part to the effect of
real but non-persistent or localised features of the atmosphere.
If such scatter were retained then it would be difficult to avoid
selecting some of the values for inclusion with the sounding
report.
This could be misleading to users as such values might
emphasize or diminish underlying features of the atmospheric
5
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profile, or might introduce a structure
Removal of the scatter is a necessary step
the final stage in the sequence of quality
this stage, too, a high signalling rate is

that is non-existent.
and can be regarded as
control tasks.
For
an advantage.

A procedure is set down in a later section of this report which
both removes the small-scale scatter and at the same time
compresses the original data to some 200 to 400 levels.
In
doing this, everything of possible meteorological significance is
retained.
In addition the geopotentials implied by the full
data set are preserved.
Thus the selection is ideal for
retention as a meteorological archive.
It is also ideal as a
source for the selection of the 20 to 40 or so levels needed to
represen"l; the prominent features of the sounding in the TEMP
message.
By undertaking the task of compression before conversion of
observed values to meteorological units, a considerable saving of
computing time is gained.
However, some sounding systems have
a very non-linear relationship between observed values and
corresponding meteorological quantities.
As the method for data
compression is linear, it might be necessary for such systems to
carry out conversion to meteorological units before undertaking
compression.
In this situation the saving of computing time
cannot be gained.
For wind-finding, as already mentioned, numerical smoothing of
the observed data is necessary.
This is to provide winds that
are likely to be representative over space and time.
Apart from
winds for special purposes,
such as boundary-layer studies, the
need has been expressed informally for one-minute mean winds for
assessment of clear-air turbulence,
and for two-minute mean
winds
for
general synoptic purposes,
at least
in
the
troposphere.
Whatever the averaging time may be, for a
particular system, it is usual to generate a list of winds for
every minute (sometimes for every two minutes) of flight-time.
Such a list achieves the data compression looked for and provides
an excellent source of data both for a meteorological archive and
for the synoptic message.
The tasks of selection for the
message, and perhaps for an archive, are common to all sounding
systems.
1.4 Message selection
The effect of quality control and data compression is to create a
list of levels representing the fine-structure of the atmospheric
profile and which excludes all unnecessary detail.
This list is
the best source of data for the TEMP message.
Present requirements for PTU data in the TEMP message are given
in the Manual On Codes.
As already stated, the requirements are
not wholly quantitative.
The greatest uncertainty concerns
significant levels (see section 35.3.1 of the Manual).
The main
6
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part of that section deals with certain features such as inversion
layers and interpolation tolerances.
However, it is also
required that the significant levels shall, in so far as
possible, be the actual levels at which prominent changes in the
lapse rates of air temperature and relative humidity occur.
This section was devised in the context of manual processing and
relies considerably upon human judgement.
Thus manual message
selections have always depended in part upon the views of the
individual making them.
In an automatic system, human judgement has to be replaced by an
automatic procedure providing a selection which a concensus of
meteorological opinion would judge to be satisfactory. Provision
of a suitable algorithm is the most difficult task in designing
software for an automatic system.
In this situation alternative
methods have been developed.
That which appears in a later
section arises out of several years of operational experience and
is provided as a measure with which alternative algorithms can be
compared.
A similar problem arises for wind selections, and it is remarked
that a particular method of selecting significant winds for the
message is recommended in a Note to section 32.3.1.1 of the
Manual on Codes.
Although it has the advantage of being
programmable
in a
straight-forward way it does not always
minimise the user's interpolation errors, nor does it provide the
best representation of thee profiles of wind direction and speed.
This matter is discussed in a separate report upon message
specifications.
It has been remarked elsewhere that the method
is sometimes mis-employed to select the maximum wind of a
sounding, again with the risk of wrong results.
1.5 Computing resources
In choosing or developing algorithms for processing sounding
data, it has to be borne in mind that many techniques readily
undertaken on a main-frame computer may be unsuitable for the
simpler and cheaper micro-processors likely to be used at
sounding stations.
This is because micro-processors available
commercially have less arithmetic resolution. The use of doublelength arithmetic to overcome this causes a heavy penalty in
computing time.
A further time penalty arises when the programs
are written in a high-level language to gain flexibility and
convenience for making subsequent changes.
When the sounding
equipment is wholly automatic then the station processor has
additonal tasks to control, such as signal synchronisation and
reception.
For all these reasons, the algorithms should be no
more elaborate than is necessary for the task.
This is true for
all
processing stages,
from signal reception through
to
completion of the message and other sounding summaries.
As a guide, the aim should be to provide the results of a transaction with 16-bit precision,
with
double-length precision
(i.e. 32-bits) being used only where necessary.
However, it is
noted that at least one system has found it necessary to use
7
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calculations.

With regard to high-level languages, it is necessary to be sure
that
certain of the functions provided are executed with
sufficient precision for sounding purposes,
For example, the
logarithm of a pressure ratio near to unity, which can occur when
evaluating geopotentials, may be inaccurate.
The' algorithms given in the following sections make use of
nothing more complicated than the normal range of mathematical
functions provided in any programming language, along with leastsquares fitting.
Precautions are mentioned where thought to be
necessary to provide the resolution required.
2

NUMERICAL QUALITY CONTROL

2.1

Common aspects

The procedures described here for numerical quality control take
as their starting point a stream of data values for each of the
variables concerned.
Any change of time interval between
successive values of anyone variable is ignored.
Sequences of
"bad" data may occur within the data stream to be processed.
These will arise due to action taken during reception, either
because the signals received were suspect or because the expected
signals were not received at all.
Thus the routines have to be
able not only to start at. launch but also to re-start during
flight after a prolonged absence of good data.
The algorithms compare the value under test with an estimate
based upon previous data.
The intention is to reject data that
represent scatter beyond the limits of meteorological plausibility.
For data such as reference values, which change during
the sounding in a slow and regular way, a high level of discrimination is possible.
For humidity data, the quite large changes
that are possible between successive values result in a lower
level of protection. Such protection is nevertheless worthwhile.
A difficult situation arises when an error suddenly develops in
course of the sounding and then persists.
Apart from a single
large difference at the discontinuity, the subsequent data
are
corelated and so might be accepted as valid.
It is necessary to
recognise this event so as to correct subsequent data and save
the sounding.
As in all quality control procedures, the discrimination between
good and bad values is less than perfect.
A high data rate is
helpful in this situation, for then the test limits can be set so
that a proportion of good values are (wrongfully) rejected,
50
as to increase the rejection of bad values.
The following
aspects affect the limits to be used:
the meteorological fluctuations of the variable concerned
the speed of response of the sensor
the time interval between successive signals
8

It is not possible to give a universal set of limits; they have
to be determined by a study of the pool of data provided by the
system concerned.
Although the arithmetic is simple, the logic of the routines is
complex and their detailed description would be lengthy and
difficult to follow.
Instead, an outline description of the
principle of the method is provided for each procedure, which is
supported by a flow chart.
For the sake of clarity, the chart
is concerned only with representing the logical steps and does
not include all the details needed for an actual sub-routine.
The details depend, of course,
upon the design of the overall
program and upon the sounding system concerned.
2.2

Signals from a sensor with a fast response

A procedure for this situation is provided in the flow chart of
Figure lA,
which is suitable for use with the data from fastacting sensors such as thin-wire thermometers and some recent
designs of relative humidity sensor.
Given three successive
values in the order V~~, V~_I and V~
(where V~ is the latest
value), the intention ~s to make a decision upon the validity of
V....a •
Any of the values may already have been deemed bad and
over-written at a previous stage by a large and unique value
chosen to indicate rejection.
In Figure 1, the difference
(Vn
- V~-l ) is compared with two values which are the limits of
change (in telemetry units) possible for the sensor concerned
over successive signals.
These limits need to be set according
to the signalling rate, sensor response time, and meteorological
variable (T or U) concerned.
As a secondary action, which depends upon the result so far and
upon previous acceptance/rejection decisions, value Vfl~ may be
compared with the most recently available good value, and may be
rejected as well.
This test cannot be as powerful as the main
test and value V~I
is retested next time round when it is
regarded as value V7I_2 •
Upon completion of the foregoing work, the procedure then updates
a marker for the most-recent quality-controlled value to point to
value ~-2'
With this done, the procedure then enters the subroutine of Figure 2 to look alternately for sequences of bad and
good values which if long enough cause appropriate messages to be
sent to the Operator.
2.3

Signals that can only change slowly

A procedure for this situation, which makes use of double
differences, is provided in Figures 3A-C.
It is designed for use
with pressure data and for relative humidity data from a slowacting sensor such as gold-beaters skin.
Given three successive
available values in order v..... ' V..._1 and Vl1
,(where V..
is the
l~test
value) the differences (Vll - V1L-1) and (V"H - V.,.,_a) are
f~rst formed.
9
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From these, the signed double difference {( V"'(> - V-n_,) - (V'T!-I - VlI -z )}
and its modulus are formed and compared with:
rate-of-change limits
the trend of (Vn
- V1I -,) with (V"I-l - Vn - z )
the trend of (V'l1_1 - Vn - Z) with (Vll - - Vn _3 )
Z
a predicted value for ~~ (pressure data only)
The
complications of this are best understood by
manual
application of the sequence to a series of simple values.
A comparison is also made with a predicted value to prevent
consistently bad values from being accepted.
Finally, a marker
is then updated to point to Vn _2 as the most recent qualitycontrolled value of its kind.
For signals that drift very slowly indeed during flight, quality
control is very simple and takes the form of comparison with the
pre-flight starting value.
Very narrow limits can be set.
The only special action is to test whether those values labelled
as bad have arisen from a single sudden jump in value (which can
be corrected for) or from a succession of scattered values.
2.4

Wind data

Users require reported winds, at their most detailed, to be
averages over a height interval equivalent to one,or perhaps two,
minutes
of
flight-time ,depending upon
the
application.
Automatic wind-finding systems take at least several, sometimes
many, readings during such a time interval.
Thus smoothing and
data compression are natural steps in the processing to be
undertaken.
The averaging techniques in use for navaid wind-finding systems
are still being refined, and the manufacturers do not divulge
them.
Thus no presentation can be given here.
It is, however,
remarked that averages of four minutes worth of raw data are
often necessaery to reduce the observational uncertainty to
acceptable limits.
For
other automatic wind-finding systems (radio-theodolite,
radar), data-smoothing over an interval of one-minute is often
sufficient
to overcome system problems
certainly in the
troposphere. In the stratosphere, however, this may not be true
for those systems with a low sampling rate, such as one
observation per minute, on occasions of strong tropospheric
winds.
For the great ranges that can occur in such situations,
minute values from radio-theodolite data, for example, may need
to be smoothed over intervals of up to six minutes.
It is the
quality control and smoothing of the raw data of this group of
systems, rather than of the navaid systems, that is discussed
here.
In one operational system, a primary radar is used to provide
values of slant range, elevation angle and azimuth for every
eight seconds of flight-time.
Various ways of smoothing these
10

can be imagined.
The one chosen takes nine successive values of
slant range and fits a straight line with respect to time by the
method of least squares. Similar lines are fitted to the corresponding data for elevation and azimuth.
Each line is used to
obtain a smoothed value and rate-of-change for the mid-time of
the interval.
The six parameters that result are used to calculate the wind direction and speed together with the altitude.
For anyone of the three parameters, quality control is achieved
by
consideration
of
the
mean-sum-of-squares-of-residuals
(variance).
If this does not fall within a stated limit then
the largest residual is found and the value concerned is
discarded from the set of nine values.
A straight line is then
fitted to the remaining data.
Further residuals are discarded
one by one as necessary for the variance to fall within the test
limit.
The line that results is only accepted if the data
values that remain are sufficient in number and if the values are
distributed on both sides of the mid-time.
One of the test limits relates to linear data (slant range) while
the other two test limits relate to angular data.
Another
complication is that the limits have to be applicable at both
short and large ranges.
Thus no single limit value can be
stated for any of the three parameters.
A study of data from
six
wind-finding
radars in the
UK
(Forrester,
private
communication) suggests use of a variance limit V, as already
defined, which is given by the expression:
V = (K/SR) + B
where K and B are constants for the particular parameter
concerned and SR is the approximate slant range (metres) for the
set of data values being tested.
For anyone parameter, both
coefficients varied between individual radars by more than two to
one.
The extent to which this arises from differences in the
operational state of the radars and from differences in the wind
climatology (the more northerly located radars experience greater
ranges more frequently) is not yet known. The coefficients given
in
Table 1 are typical values based upon the results obtained.
Thus they should be regarded only as providing a starting point,
and should be refined in the light of experience with the equipment concerned.
Despite the uncertainties mentioned, tnere is
no doubt that some form of quality control is required for such
data.
TABLE

1

QUALITY CONTROL OF RADAR PARAMETERS
Slant range
K
-450000

Elevation

Azimuth

B

K

B

K

B

900

150

.003

650

.002
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Concerning the test variance for slant range
seen that V becomes zero for a slant range of
which is close to the minimum range for the
For radars with a shorter minimum range some
B is suggested.

data, it will be
500 metres, a value
particular radars.
adjustment of K and

The effect of fitting quadratic rather than straight lines to the
sets of nine values has been investigated.
However no evidence
could be found that quality control is improved or that the winds
subsequently calculated are better than those provided by a
linear fit.

3

SMOOTHING, DATA.COMPRESSION AND TURNING POINTS

3.1

Outline

The routines described in this section are used to smooth through
small-scale scatter and to compress the data by making a detailed
list of turning points.
The routines are applied after the
quality-control procedures outlined in section 2,
and
if
possible after conversion into meteorological quantities.
The
temperature and relative humidity data streams are dealt with
separately, each stream being divided into groups as determined
by the data trends with respect to time.
With this done, a
straight line is fitted by least-squares to each group as an
estimate of the underlying structure.
The intersection of
successive straight lines is used to determine values of temperature or relative humidity at the flight-times for the layer
boundaries concerned.
These layer boundaries for temperature
and relative humidity do not necessarily coincide.
Thus interpolation is then used to obtain coincident raw-data values of
pressure, temperature and relative humidity for a composite list
of all the layer boundaries.
The computing time spent upon converting raw data values
to
meteorological quantities is considerably reduced if the foregoing tasks can be undertaken first, as the amount of raw data to
be converted is then reduced by about a factor of ten.
When
data compression is, in fact, done first,
it is essential that
the compressed list of raw data values arises from least-squares
fitting (rather than any other kind of fitting) as this retains
the geopotential information implicit in the full set of raw
data.
Strictly speaking, several approximations arise when the observed
data are compressed before conversion.
This is because of non·'
linear relationships.
These exist between temperature-plusrelative humidity and virtual temperature, and may exist between
the raw data streams and their corresponding meteorological
variables, and also between flight-time and the logarithm of
flight pressure.

12 .

However. these non-linearities need be considered only within
each layer in isolation.
Also, the fitting tolerances used for
data compression cause the layers selected to be shallow.
As a
result, the effect of the approximations is generally negligible.
For
extremely
nonlinear
relationships,
such as
between
resistance and temperature for a thermistor, the size of the
approximation should be considered and initial conversation of
all temperature raw data be undertaken if necessary.
It has recently been suggested that the line-fitting process
described, could be used to extend the level of quality control
achieved.
The proposal concerns bursts of poor signal reception
which
can produce zones of small-amplitude scatter in the raw
data and which may carry through, in part. to the fine-structure
profile.
If the boundaries of such zones could be identified
in the course of reception, then the variance limits used when
line-fitting could be increased.
In this way much of the scatter
would be ignored,
although the overall trend would
be
preserved.
However, this technique has not yet been evaluated
and applied in operational circumstances, as far as is known.
The situation has also been considered of a layer within which
occurs a zone of increased variability which is real but lacking
meteorological significance.
It is proposed that when fitting
the straight lines,
less weight should be given to data within
such a zone.
The algorithms described hereafter change the
variance test limit when examining inversion layers. Thus, when
the flight-times bounding a zone of increased variability are
known, it would be a simple extension to change the variance test
limit within the time interval concerned.
There is no limit upon the variety of atmospheric profiles that
can occur,
and when selecting turning points there is no
single result that can be taken as correct.
The task is a
variant of pattern recognition.
Simple procedures ;generally
run through the data in a single direction and divide the data in
a way which places each boundary somewhat past the most prominent
changes.
A test for this shortcoming is to search through the
data in both directions and to see whether the selections are the
same.
An alternative procedure, which is not dependent upon the
direction of search, is to carry out progressive subdivision
of the data between given boundaries.
However, this procedure
often fails to select the most prominent features, and use of
some form of forward and backward search is probably . essential
for a successful selection.
The difficulties that arise with
these techniques are even more of a problem in message selection,
because the greater tolerance necessary to keep the number of
selections within the bounds of a synoptic message increases the
size of the selection errors.
Thus it is better to adopt a
different approach for this latter task, as discussed in section
5.

13
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Subdivision into groups

The method described here combines both forward and limited
backward searches.
Referring to Figure 4, the search loop
begins at a start point S which has already been determined.
The method fits a straight line,
by the method of least squares,
progressively to more and more points until the mean-sum-ofsquares of the residuals exceeds an empirical "narrow" limit, at
which stage the preceding point FL is noted.
The fitting then
continues through more data until a "wide" limit is exceeded,
when the preceding point B is noted.
B is then taken as the
starting point for a backward search towards S, using the same
"narrow" test limit as in the forward search from S.
The data
group is then taken as extending from S to an end point E which
is determined in one of two ways from the limit FL of the initial
forward search and the limit BL of the backward search.
When BL happens to be set earlier than FL but not as early as the
start point S, then the end E of the data group is set to the
mid-point between FL and BL, otherwise it is set to FL.
Note
that BL can be set to S or, very exceptionally, to one point
earlier than S.
When the analysis is applied to the raw data stream, rather than
to corresponding meteorological values, there is_ a need to
restrict the interval over which data are grouped so as to limit
the effect of non-linearity-in the subsequent conversion.
When
the conversion law is more nearly linear, rather than logarithmic
(for example), - it is advisable to restrict the interval from S to
B to a limit of four minutes.
Additionally, should the timeinterval from S to E, as determined in the foregoing way, exceed
two minutes then E is reset halfway back towards S.
For very
non-linear conversions, smaller time intervals may be necessary.
However, the tight limits for fitting, necessary to create a
detailed meteorological archive result in these time limits
hardly ever being applied.
They are provided as a safety
measure.
Within temperature inversion layers, the small-scale atmospheric
variability is greater than within layers of temperature lapse.
To avoid selecting too much detail, the narrow and wide test
limits for temperature data are increased within temperature
inversions.
The change of limits is decided by fitting a
straight line to the data from S to FL, as first found,
and
testing the sign of its rate-of-change.
For an inversion, the
work proceeds using a greater "narrow" limit to a more distant FL
and then onward using a greater "wide" limit to a still further B
followed by a return to a different BL using the greater "narrow"
limit.

14
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The variance limits, !d In,
are given in Table 2.
expressed in meteorological units for convenience in
to whatever telemetry units may be in use.

They are
converting

TABLE 2
TEST LIMITS

for

TURNING POINTS

Forward Search
narrow
wide
limit
limit
0

0.18" C

o .12"C

0.18 C

0

0.27"C

0.180 C

1.5

2.25 %

1.5

Temperature lapse

0.12 C

Temperature inversion
Relative humidity
3.3

Backward Search
narrow
limit

%

%

Forming the turning points

All reference to points in this section concerns values computed
from the coefficients of fitted lines.
Such points are smoothed
data derived from the somewhat scattered raw data values observed
over the time intervals concerned.
As each new line is found,
it is used with the preceding line to obtain an intersection.
Ideally, the intersection occurs at some level between that of
the first data value used for the new line and that of the last
data value used for the preceding line.
However, the lines, as
calculated, are inevitably affected to some extent by the scatter
of the data, especially when only a few raw data values are
available.
In the extreme, the new and preceding lines may be
parallel and so no intersection can be calculated.
Allowance
is made for the presence of scatter by accepting the intersection
if its time is not earlier than six seconds before, or later than
two seconds after, the time of the first raw data value used in
the new line.
If an intersection is not accepted under the foregoing rule then
an alternative test is applied.
By using the coefficients of
the new
and preceding lines, two alternative values Vs and
V
are calculated for the time of the first used point S of the
new line.
If these values are within 0.6"C (or 3 % relative
humidity) of each other then their mean value is assigned to the
mid-time between point S and the last used point L of the preceding line, and taken as the turning point required.

sw)

If this condition, too,
is not fulfilled then a value VL is
calculated for point L using the preceding line coefficients.
The points Vs
and VL
are entered with their times as two turning points.
Exceptionally, because of action taken elsewhere to
ensure a minimum of three points for a line, the start point S of
the new line may also be the end point L of the preceding line.
In this circumstance, the point Vs
is entered as a turning point
along with a value calculated for the second point of the new
line (using the coefficients of the new line).
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3.4

Starting and finishing

The previous section assumes the general condition that when a
new line is found there is a preceding line available for obtaining an intersection.
The line-fitting procedure allows a
certain amount of data to be missing intermittently as a result
of losses during reception or as a result of quality control.
A
limit has to be set to the amount of data loss that can be
ignored.
When the permitted data loss is exceeded then use of
the intersection of the new and preceding line is suspended.
Instead, a
last value is computed for the end of the preceding
line
and a restart value for the beginning of the new line.
The two turning points so formed are separated within the turning
point list by a missing-data entry,
which will later be
incorporated with the message.
In one system, this action is
taken when no usable data have been received for about 160
seconds.
The finish and restart sub-routine is used also to
cause a point to be calculated for the beginning of the
first
line fitted from sounding launch and to cause a point to be found
for the last level, upon termination of the sounding.
3.5

Completing the list of fine-structure turning points

The previous work is undertaken separately for temperature and
relative humidity data and results in two sets of fine-structure
turning points , which are then combined into a single list in time
order. Some entries have time and temperature data alone while
others have time. and humidity data alone.
At this stage it is
necessary to provide the missing data.
This is done by linear
interpolation with respect to the logarithm of pressure (or with
respect to flight-time) between data available in the list.
Linear
interpolation is also needed
to obtain coincident
pressure and reference data.
Occasionally,
turning points of opposite type, temperature
followed by humidity or vice versa, will occur in succession with
but a small time separation. Often the two entries will arise in
truth from a phenomenon at a single level, the time separation
being due to instrumental effects or residual approximations in
the data analysis.
If real, the small separation may have no
meteorological significance.
In such circumstances the two
levels concerned can be merged to form a single entry. In one
operational system, levels within the equivalent of about 75
metres
of each other are merged.
When
three
levels,
temperature/humidity/temperature or the reverse, occur with both
pairs within the limit then the closer pair are merged and the
new list so formed is reconsidered.
The procedure for merging two successive levels, which makes use
of data from the levels immediately before and after the levels
to be merged is given in section 4.
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3.6

Fine-structure wind turning points

A procedure used in one operational system for both quality
control and smoothing has been described in section 2.4.
It
results in a set of six coefficients from which an average 64second wind can be calculated which is approximately centred on
the mid-time of the interval.
It is difficult to select turning
points in the wind profile from a study of the trends in the raw
parameters.
Thus conversion to wind direction, speed and
altitude is undertaken as a preliminary step.
As a result, a
wind is determined for every set of raw data that passes quality
control.
Apart from any rejections that occur, a wind averaged
over 64-seconds of data is provided for every eight seconds of
flight-time.
Successive winds are not, of course, independent;
they have a large time overlap,
and when all data are available
have seven points in common.
The next step is to select winds for the fine-structure archives
on the basis of wind speed.
The process selects a wind speed
maximum and minimum alternately without regard to prominence.
It is arranged that successive wind maximae are far enough apart
in time to be based upon substantially independent data.
The
same condition applies for successive minimae.
Figures 5a and 5b provide a flow chart for the procedure.
The
logic is best understood by manual manipulation of a simple data
set.
The winds are examined in batches, the size of which is
related to the number of raw data observations used for each
wind. The batch size is easily varied when other numbers of
observations are used, and for other observing rates, without
losing the underlying principle.
On each pass through the routine, thirteen consecutive wind
entries are examined, starting with the last wind previously
selected (whether a maximum or a minimum).
The maximum and
minimum wind speeds in the batch of thirteen are first noted.
Either or both of the winds are entered into archives in order,
depending upon their location within the batch and upon how far
back in the whole data set the previous entry into archives was
drawn.
The rules are:

a.

If

b.

If one of the two selections is earlier than the fifth
wind of the set the second value is entered, after tests
have been made regarding possible entry of the first
value.

both selections are later than the fifth wind in the
set of thirteen then both winds are entered into
archives
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c.

For one selection only from the first five winds if the previous wind entered into archives was the
thirteenth wind last time round,
and not a startrestart
entry
then that previous
entry
is
overwritten with the new value if the previous wind entered into archives was
earlier than the thirteenth wind of the last batch
then the new value is discarded

d.

For both selections from the first five winds if either selection is from the first wind of the
present thirteen,
only the second selection is
entered, since the first selection was entered as
the final value last time
if neither selection is from the first wind of the
present thirteen (which was selected last time),
only the opposite type to that of the
previous
selection is retained.

The foregoing procedure provides typically about seventy winds as
the fine-structure archive from which to make selections for the
sounding report and other purposes.

4.

STANDARD COEFFICIENTS AND RELATIONSHIPS

4.1

Arithmetic precision

At· least three automatic sounding systems now in operational
service are based upon i6-bit processors.
This prec~s~on is
sufficient to express the results required.
However, this precision is not enough for some of the intermediate calculations.
Thus 32-bit arithmetic has to be undertaken at some intermediate
stages, while 48-bit precision is known to be used at a critical
stage of at least one system.
Although such "double-length" and
"triple-length" working adds considerably to the computing task,
no difficulties are experienced yet in completing the sounding
work within the time available.
However, it should be borne in
mind that various extensions to the task are likely to be added
over the years and these will extend the time taken considerably.
Thus when a new system is being designed, the possible. use of a
32-bit processor should be considered.
Because station processors do not have the capabilities of mainframe computers,
it is necessary to choose carefully from
alternative mathematical procedures so that use of 32-bit (or
greater) precision is not made unnecessarily.
For example, a
so-called "medium precision" function for calculating solar
elevation angles provides a result which is within one tenth of
one degree of the true value (ignoring refraction and the
diameter of the sun's disc).
Such accuracy is far more than is
needed when correcting radiosonde temperatures for the effect of
solar radiation.
Also, the function takes substantially longer
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to execute than a simpler one which is sufficient for the
purpose.
At the same time it is necessary to be certain that a
lack of precision at some intermediate stage of the calculation
does not affect the results significantly.
Thus care is
necessary when seeking the advice of specialists unversed in
aerological calculations.
The following sections provide formulae which are sufficiently
precise for sounding calculations and include for convenient
reference the various coefficients adopted by theWMO.
4.2

Solar elevation angle

Data required:
D
H
m
~

A

the
the
the
the

day of the year
time (GMT) of launch (in decimal hours)
elapsed flight-time from launch (minutes)
station latitude (strictly, the balloon latitude)
(North is positive)
the station longitude (strictly, the balloon longitude)
(East is positive)

Note

- that for a flight launched at 1115GMT on 1 March,
H is 11.25, while D is 60 in a leap year
or 61 in other years.

Calculations:

*

d

= (D-1

d

= 23.45 * Sin (d - 80.5)
= 1.855 * Sin d + 2;525 * Sin
= 15 * H + A - e

e

t

Sin E- Sin ~

+ H/24)

*

Sin~

360/365

- Cos 0

*

Cos

(solar declination)
(2

*

*

d + 20)

Cos(t+m/4) .... (l)

where E is the solar elevation angle
and m is the only parameter that need be changed in course of
a sounding
(since the change of balloon position has
small effect)
The foregoing equation provides values of E, the errors of which
are always less than 1.2 degrees, for the stated position.
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4.3

Atmospheric transmissivity

Values
of
relative radiation intensity for a
particular
atmosphere have been given by Vaisala (1948 and 1967).
The
atmosphere has a linear temperature lapse from 1000 hPa to the
tropopause at 200 hPa, with constant relative humidity, followed
by a dry isothermal stratosphere, thus:
P (hPa)
Temperature (K)
Relative humidity (%)

1000
200
stratosphere
284.8
217.8
217.8
~(- - 50~ t--n:il---~)

The following empirical functions, which to some extent represent
the geometric and physical factors, can be used to approximate to
Vaisala's values.
Data required:
E
P
either

the true solar elevation angle (degrees)
the pressure altitude (hPa) of the radiosonde

when E > 0

X
or

when 0

find:

= .003 *

p'-Si'/(E + 1)

? E ? -6 find:
U = exp [950 - (950 - Ln P)

*

cos E]

(where Ln is the natural logarithm)

*P

V = 1 + .000125
V
U

=
X = .0385 *

W

(2

* W-

P)

The quantity X is an approximation for the mass through which
the radiation passes.
It is used with equation (39) of Vaisala
(1948) to estimate the relative radiation intensity I:

However, because of various approximations, and the empirical
allowance made for water vapour, the computed value of I
may
occasionally be slightly negative.
Thus, if I < 0 put I = 0
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The extreme differences between values calculated by the foregoing procedure (rounded to the nearest .01) and those provided
by Vaisala are included in the following table
E
P
1000
100
30
10
7
5

90

30

3

1

0

-1

-2

-3

-5

-6

.06
.02
.01
.01
.01
.01

.00
.02
.01
.01
.01
.01

.05
.04
.03
.02
.01
.01

.04
.03
.(')5
.02
.02
.02

- '. 0 1~
-.02
,01
.00
.00
.01

.06
.02
.03
.02
.01
.01

.01
.03
.02
.01
-.01

.03
.02
.02
.02
.03

.01
.01
-.04
-.01

-.02
-.01

The functions are chosen to provide m1n1mum differences at the
highest altitudes, where the response of the temperature sensor
to solar radiation is greatest.
Because of the use of different
functions for positive and negative solar altitudes,
there is a
discontinuiy in passing through zero elevation.
However, this
discontinuity does not exceed 0.06.
It is felt that a closer approximation to Vaisala's data is
unnecessary since routine observations are likely to contain
considerable errors due, for example, to the presence of cloud,
variations in the amount of water vapour and uncertainties in the
response of the temperature sensor to the solar radiation
received.
On the other hand,
simpler functions for negative
solar
elevation
angles that have been
examined
provide
unacceptably large differences, which in one case exceeded the
range 0.15 to -0.5.3.
.,.

4.~

Internal temperature

Present day practice is to deploy the pressure-sensing capsule
inside the radiosonde in order to limit the temperature range
over which it has to operate.
Even so, there is often a need to
apply corrections for the effect of the ambient temperature upon
the capsule.
Sometimes a thermometer is carried within the
radiosonde for monitoring the internal temperature.
However,
experiment has shown that the internal temperature can be estimated well enough for satisfactory corrections to be applied,
using a very simple model based upon Newton's Law of Cooling.
Calculations start from the time at which the radiosonde is
finally ready for use (indoors), when the internal and external
temperatures can be taken as equal.
Subsequent changes of the
internal temperature with respect to time are based upon the
changes of external temperature signalled.
A time constant is
used which has to be determined experimentally as sufficiently
representative of the thermal lag provided by the radiosonde
casing.
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The excess, A~+I' of the internal temperature over the
temperature at time (level) n+l is taken as:
A 7I +1

where

E

c

= A71 *
= exp
= Ac *

and

- C

E

.

Ao

.

.

.

.

. (3)

[-(t'17+1 - t'l1 )/ AcJ
R71+ 1
(1 - E )

*

11

is the excess temperature at
time (level) n.

For the start time

.

external

the

preceding

is zero.

In one operational system, the value of >- is 155 minutes.
In
the same system, a heating term H
is included in order to
allow for the energy dissipated by the electronics.
This term
takes the form of an increment since last time which is then
combined
with the cooling term C into an overall excess
temperature A.
We have:

where

H

=

y.

'" -

cC

*

(exp

y.:

11

-

ex·p

y:

'11+1

)

•

.

.

.

(4)

1:,..

>-H

degrees
For the . system concerned, et:! is given the value. 5.5
is set to 94 minutes.
and A
H
However, the increment due to H is typically less than ~ne degree
Celsius and could probably be omitted with negligible ~ffect. .
"" ..

4.5
4.5.1

Humidity calculations
The Goff-Gratchexpression

Central to humidity calculations in radiosonde work is the
relationship between temperature and saturation vapour pressure
with respect to water.
The Goff-Gratch equations (1945 and
1965) enable the saturation vapour pressure to be calculated for
a stated temperature and are currently specified by the WHO
(Manual on the GOS).
It is there noted that the Goff-Gratch
equation
is based on data which have been experimentally
confirmed only in the range 0 degrees Celsius to 100 degrees
Celsius, but that the same formula can be used for saturation
vapour pressure over super-cooled water in the range -50 degrees
Celsius to 0 degrees Celsius, with, as far as is known, insignificant error.
As the WHO require radiosonde humidity reports to
be made with respect to water, this is sufficient for our
purpose. However, Goff and Gratch also provide a formula for
saturation vapour pressure over ice, and this is dealt with also.
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4.5.2

Saturation vapour pressure from temperature

Over water:
The Goff-Gratch equation is elaborate and inconvenient for
everyday
use.
Thus
a considerable number
of
simpler
approximations have been developed over the years.
A useful
collection of some of these has been published by Sargent (1980).
However, the alternatives given are either insufficiently precise
or else are over-precise (and lengthy to calculate) for radiosonde work.
Accordingly the following equation, developed by
the present writer for use with simple hand calculators is
provided:

where

*T

e~

= (ao

e'....
T
ao
a,
a2

is the saturation vapour pressure over water
is in degrees Celsius
= 1.3521
= 1.6369E-02
= 3. 1794E-05
= -1.4892E-07

a,

+

a,

.

.

(5A)

The value returned for ~ is within 0.15% of the value provided
by the Goff-Gratch equation over the range from 60 degrees
Celsius to -50 degrees Celsius, and is therefore sufficient for
radiosonde purposes.
Over ice:
For the same reasons, the following equation, developed by the
present writer for use with simple hand calculators is provided:
Z

+ c, * T

where

+ c2 * T

+

c~*

l) 8

T

..

(5B)

e1 is the saturation vapour pressure over ice
T is in degrees Celsius
Co =
1.2539
~
= 1.2924E-02
c 2 = 1.9187E-05
c = -9. 41E-08
3

The value returned for eJ is within 0.2% of the value provided by
the Goff-Gratch equation over the range from 0 degrees Celsius to
-80 degrees Celsius, and within 0.34% from the latter temperature
to -100 degrees Celsius.
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Dewpoint temperature from vapour pressure

Over water:
The only way to use the Goff-Gratch equation to determine the
dewpoint temperature for a given vapour pressure is by iteration.
Such a procedure is far too time-consuming for radiosonde work.
Alternative expressions are few in number, see Sargent (1980).
Again, those that are available are either insufficiently precise
or
else
are
over-precise (and
lengthy
to
calculate).
Accordingly, the following equation developed by the present
writer for use with simple hand calculators is provided:

where

*

2

*

3

= bo +

T

is the dewpoint temperature (degrees Celsius)

Z

(e':' )Jrl
= -159.2
= 152.57

bo
b,
b,

and

*

T

bI

bl

Z, + b2

Z

+ B"J

Z

. ..

. • ( 6A)

=
= -31.34
= 15.37

Illustrative differences in dewpoint temperature due to use
equation (6A) rather than iteration of equation (5A) follow:
TABLE 3
Errors in aewpoint temperature
when using equation (6A)
e~

200
.011

(hPa)

ERROR (deg C)

80
.000

10
.009

1
.008

0.1
.016

of

(0.003)
( .098)

These
results indicate that equation (6A) is sufficiently
accurate for calculation of dew points greater than -50 degrees
Celsius when using radiosonde observations.
Over ice:
For the same reasons, the following equation developed by the
present writer for use with simple hand calculators is provided:

where

*Y

*l

* y3

T

= d11

T

is the icepoint temperature (degrees Celsius)

y
do
d,
d.
d

= (e} )>(6
= -183.16
= 183.66
= -45.09
= 24.26

3

+ dI

+ d i?

+ d3

. . . (6B)

0.017 degrees
The error in icepoint temperature is within
Celsius for vapour pressures down to 0.00001401 hPa (ice-point
For still lower vapour
temperature -100 degrees Celsius).
pressures no data are available.
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4.5.4

Vapour pressure from dry- and wet-bulb temperatures

upon
The surface data reported for a sounding are based
observations of dry- and wet-bulb temperatures.
The semiempirical psychrometer equation is used to obtain the vapour
pressure.
Thus:

e' = e,;, - A
where

and

*P *

(T - Tw )

.

•

•

•

(7 )

•

e' is the vapour pressure
e'w is the saturation vapour pressure (hPa) at the
temperature Tw of the wet-bulb (with respect to
water)
A is the psychrometer coefficient
P is the atmpspheric pressure (hPa)
T is the dry-bulb temperature (degrees Celsius)
Tw is the wet-bulb temperature (degrees Celsius)

The value of A depends upon,
amongst other things,
the ventilation rate and psychrometer design.
Thus no single value can be
stated for the psychrometer coefficient A.
However,
in the
absence of a precise determination for a particular instrument,
reference can be made to the Guide to Meteorological Instruments
and Methods of Observation, fifth edition,
which states that for
a well-ventilated psychrometer,
the value of A can be taken as
6.2E-04 K-l.
Solution of equation (7) requires the saturation vapour pressure
to be evaluated for the wet-bulb temperature Tw '
This entails
use of an expression such as equation (5A),
after which the
relative humidity is given by:
U

= 100

* e' le:'

.

.

.

.

.

.

(8 )

The dewpoint temperature is obtained by using the vapour pressure
and an expression such as equation (6A).
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4.5.5

Virtual temperature

Calculation of the virtual temperature is based upon
the
definition adopted by the IMO Aerological Commission, Toronto,
1947:
Tv = T
(1 + r lE) I (1 + r)

*

where
and

r is the mixing ratio)
E = 0.62198

combining this with the definition for vapour pressure
in the Manual on the GOS:
e'

= r*P/(E

provided

+ r)

whence we obtain
Tv
~

where

T

U
e~

and
4.6

P

* U * e";/P)

= T/(l

- 3.7802E-03

is
is
is
is
is

virtual temperature (Kelvins)
air temperature (Kelvins)
relative humidity (per cent)
saturation vapour pressure (hPa)
atmospheric pressure (hPa)

the
the
the
the
the

(9)

Altitude

4.6.1

Standard geopotential

The WMO requires that altitudes provided in radiosonde reports be
expressed in units of standard geopotential, with respect to
mean sea level.
The increment of geopotential from MSL to the
station datum is normally taken as the surveyed geometric height
above MSL.
Thereafter, the geopotential is accumulated by
evaluation of geopotential increments,
layer by layer up through
the atmosphere, using:
ABm' = -(R/9.80665E-03)
where R

*

Tv

*

Ln(~ ...

/Pn )

is the gas constant for 1 grm of dry air, given by:
0.28705 joule g"' K"'(Manual on the GOS)
is the mean virtual temperature in Kelvins through the
layer from pressure Pt>
to pressure p...,.
and Ln is the natural logarithm.
R
~

=

More conveniently for routine use,
error) :
.0!2 Bm'

= -14. 6355 *

(T..,,"to + T" n)
}

we can use (with

* Ln (P,,+o IP,,)

negligible
(10 )

where the boundary virtual temperatures are used, and where
the rate of
change of virtual temperature within each
layer,
considered in isolation,
is closely linear with
respect to the logarithm of pressure.
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Previous practice was to report in units of geopotential, which
is given by use of the coefficient
9.BE-03.
The difference
between the former and present unit accumulates linearly with
altitude to a total close to 20 metres at the 30 kilometre level.
This amount of run out is significant when compared with
systematic differences between some present day
radiosonde
designs.

4.6.2

Conversion

between geopotential

and

geometric height

It is sometimes wished to convert between geopotential and
geometric height,
for example,
when comparing
radiosonde
geopotential data with radar height data as part of a system
evaluation.
The procedure of Smithsonian Meteorological Tables
(Tables 49-51) is required, but with due modification to allow
for the present day use of standard geopotential.
Thus:
Hm' = S

Z
where

and

*

= Hm'

Z /(R + Z)

(11 )

* R /(S - Bm')

(12)

Bm' is the standard geopotential
Z is the geometric height (metres)
R is the appropriate "radius" of the earth at the
location concerned (see hereafter) and is not
to be confused with the gas constant R for 1
grm of dry air, referred to in section 4.6.1
S = g_ * R /9.80665
g~ is the actual acceleration of gravity
at mean
sea level in the given latitude 0

Table
49
of
the
reference
provides
values
of
Rand
(g_* R)/9.8
for every degree of latitude.
Values
for the latter parameter should be multiplied by 9.8/9.80665 for
use with standard geopotentials.
The tabulated data can be
interpolated for intermediate latitudes or else calculated by the
method given in the Manual on the GOS thus:
g = 9.80616 * (1 - 2.6373E-03 * cos(2 *
~
+ 5.9E-06 * cos(2 * ~)

0)

_z
(in m sec )

whence R = 2 * g,/(3.085462E-06 + 2.27E-09 * cos(2 * ~)
- 2E-12 * cos(4 * ~)

. . (13)

and is a fictitious quantity as defined in the Tables mentioned.
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4.6.3

Geometric height and earth curvature

Z

The altitude

Z
where SR
E
and C
C
where
and

above the level of the radar aerial is:

= SR

*

sin E + C

(14)

is the slant range
is the elevation angle
is the correction to radar altitude
earth curvature, given by:

=

(SR

* cos

E)Zf

*

(re

+ H + SR

data

*

sin

E)

for
(15)

H is the altitude of the radar aerial above msl
re is the radius of curvature concerned (see below)

Note that the radius of curvature is not generally the distance
from the centre of the earth to the radar aerial, and speaking
strictly, varies with azimuth.
However,
allowance for the
variation with azimuth is unnecessary when using the radar data
to compute a height to which the observed wind will be assigned,
and a single value,
appropriate to the station location, can be
set for re .

4.6.4

Radio-wave refraction

An indication of the size of correction for average conditions of
radio-wave refraction is given in Table 12.2 of the Guide to
Meteorological Instruments and Methods of Observation, fifth
edition, W.M.O. No.8.
The correction is, on average, less than
half the vertical depth through which a one-minute wind is
measured.
Thus the correction for earth curvature (section
4.6.3)
may be regarded as sufficient for determining the
altitudes to which winds will be assigned in a PILOT message.
When so wished,
a simple allowance for refraction can be made by
multiplying the station value of r o by a factor k to provide an
alternative fixed value for use instead of ~ in equation (15).
A value for k of 4/3 was often used for radar propagation
purposes in the early years of such work (this is the 50-called
"four-thirds earth" adjustment).
However, this multiplier is
not
well-chosen
for radar wind-finding.
Comparison
of
refraction and earth curvature corrections in Table 12.2, of the
Guide referred to,
shows that k is better set to a value in the
range 1.27 for low altitudes to 1.14 at an altitude of 30km. A
good single compromise value which is aimed at reducing the
effect of the approximation in circumstances when the refraction
effect is large (balloon at great range in the stratosphere) is
1.16.
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Table 12.2 also indicates the limits of radio-wave refraction due
to the range of atmospheric conditions at the stations concerned.
Precise allowance may be necessary when using radar data
to
determine the altitude of a radiosonde.
This may be in order to
save the cost of a pressure capsule or else to reduce altitude
errors by making use of the redundancy provided by having both
pressure data and radar height data available.
A method of
allowing for both earth curvature and refraction, using sounding
data for the occasion concerned, has been provided by Hooper
(1981).
Considerable computing precision is required and the
task of sounding data reduction is materially extended.

4.7

Mathematical procedures

4.7.1

Straight line fitting (least-squares)

Least-squares fitting is a widely used technique described in
most books upon elementary statistics.
The process assumes a
set of data pairs (say x.,. , Y,,) in which the X values are correct
and the Y values arise from a linear relation with X, but are
subject to Gaussian scatter.
The best estimate of the underlying linear law is that straight line for which the sum of the
squares of the residuals (the differences of the Y values from
the line) is a minimum.
The coefficients of the line are
obtained from various summations.
It is remarked that there can
be problems with the calculations due to rounding and 50 extra
precision may be required.
Gi ven n data pairs X"
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For the special case of a straight line fitted by least
and constrained to pass through the origin we have:
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4.1.2

The sum-of-squares of residuals

The work of section 3.2 requires consideration of the mean-sumof-squares of residuals (the variances) of many alternative
straight lines.
In this situation it is more efficient to
calculate each variance directly, without first finding each line
and the associated residuals.
This can be done from the
summations needed for finding the line.
Using the notation of
section 4.1.1, we have:

B * I:Y + A * I:(X*Yl.

C

(16)

*n

A point to watch is that for the applications concerned, the
difference between variances is generally small and arises from
triple products of generally large values.
It is essential to
provide sufficient computing resolution for the task, and 48-bit
precision may be necessary.

4.1.3

Polynomial fitting

The conversion of raw data into meteorological units is often
undertaken by means of empirical fitting of some function to
calibration data.
Often a polynomial function is used, with or
without a transformation of one or both of the data parameters.
Thus the pressure P may be represented by:
-n
2
+ .
P = a o + a,
X + a2 X
+a... X
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where X is the raw data value.
The coefficients a o ' a, ' .
a~
are generally determined
by least squares fitting,
as an extension of the process set out
in section 4.1.1.
These coefficients can be found by the
solution of a set of simultaneous equations (the "nor.al"
equations) which are built up from summations of powers of x and
various cross-products:
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It is intrinsic to the least-squares requirement that these
equations are "ill-conditioned".
In other words, their solution
involves the evaluation of small differences between very large
numbers.
When using them it is necessary to be certain that
sufficient computing precision is available.
For this reason,
an alternative method of solution, which makes least demand for
precision, is preferred (Clenshaw (1960).
This method makes use
of orthogonal polynomials and has the additional advantage that
the
intervals
between data can be unequal.
Thus it can be
applied to data sets in which omissions, and deletions due to
quality control, have occurred.
The method has the penalty that
the original data pairs have to be retained for repeated use
during evaluation.
Figure (6) provides a flow chart of the
process for convenient reference.

4.7.4

Merging turning-point levels

Merging is a process that has been undertaken for many years in
course of manual sounding data reduction.
The procedure
described here replaces the data values for two successive levels
with merged data for a single (intermediate) level such that the
geopotentials for higher levels are unchanged.
It is undertaken,
for example,
when a level has been selected for a temperature
feature and another level, very close to it, has been selected
for a humidity feature.
It is often possible to merge such data
without loss of significance and so to reduce the message length.
Consider successive levels labelled 1,2,3 and 4.
It is wished
to merge the data for levels 2 and 3 to form a new level m to
replace them.
The geopotential for the present level 4 shall be
the same when computed from level 1 via level m to level 4, as
when computed from level 1 via levels 2 and 3 to level 4.
Representing the logarithm of pressure by L and the virtual
temperature by Y, we have data thus:

The value Lm at the merged level is defined as at the middle
the interval from L, to L+ so that:
Lm
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(L,

+ L4
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For the stated condition (preservation of geopotential),
merged variable Ym at level m is obtained from:
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In common with previously mentioned procedures, it may suffice to
replace the logarithm of pressure with values of flight-time as
a sufficiently close approximation.
Also,
if it is wished to
merge the levels before virtual temperature has been evaluated,
equation (17) can be used twice, using the variable Y to represent first the temperature and then the relative humidity, with
negligible effect upon the geopotentials if the levels to be
merged are close enough.

4.7.5

Interpolating standard level data

The sounding message requires values of temperature, dewpoint and
geopotential for each standard isobaric surface.
These have to
be obtained from the fine-structure data.
However, the finestructure data were chosen for a linear variation of temperature
and relative humidity between levels (with respect to the logarithm of pressure).
Because of this, the variations of dewpoint, virtual temperature and geopotential are non-linear, and
these data cannot be interpolated without risk of
error.
Instead, values of temperature (which are required anyway) and of
relative humidity should be interpolated (with respect to the
logarithm of pressure) for the standard level.
The required
values of dewpoint, virtual temperature and geopotential can then
be calculated in the same way as for turning-point levels.
Consider a variable Yswanted for standard level s by interpolation between adjacent turning-point levels a and b.
The
required value of Ys is given in the usual way by:
Ys = YIl + (Yj, - Ya>*Ln(I$/Paytn(If,,!pa) .
. (18)
Note however, that the pressure ratios may be close to unity and
because of this the logarithm may suffer from limited accuracy,
depending upon the computing precison available.
However, the
effect upon the standard level values will be small if levels a
and b are closely spaced.
To avoid a possible accumulation of
errors in geopotential data, the geopotential for level b should
be computed in a single step for the whole interval from level a
to level b, rather than in two steps, first from level a to level
s and then from level s to level b.

4.7.6

Winds from radar data

At one time, the radar parameters were observed once per minute
and used to plot positions along a diagram of the balloon track
by hand methods.
The plot was subjectively smoothed to reduce
observational
errors
and the effect of
limited
angular
resolution
at great range.
Providing that the observed
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parameters can first
nowadays
be readily
calculator.

be smoothed numerically, the wind can
obtained by a hand-held
programmable

Given smoothed values of slant range SR, elevation
angle E, and azimuth A, to the balloon, first find the components
of distance to the east U and to the north V from:
U = SR * cos(E) * sin(A)
V = SR * cos(E) * cos(A)
and thence the increments L1U and L1V from minute n to minute n+l:
L1U = U"+I - UTI
AV = V7I +1

-

Vll

whence the wind speed is given by:
ff = a *i(LJU)2 + (LJV)f ]
where

i

( 19A)

a is determined by the units in use,
and is 0.0324
when the slant range is in metres, the time interval is
one minute, and the wind speed is required in knots.

The wind direction is given by:
ddd = k + arctan(L1Uj'L1V)
and

where the value of
"a V, thus:

k

(19B)

is set according to the signs of

Au

TABLE 4
Values of

k

sign of LlU
+
sign
of
AV

+

180

180

-

360

000

As stated in section 2.4, more recent systems may take several,
perhaps many,
observations in the course of one minute.
In one
operational system, the observed data are quality-controlled and
smoothed, by finding for each parameter a straight line (using
the method of least-squares) fitted to one minute's worth of
data centred on each observation in turn.
After rejection of
bogus data, each line provides a smoothed mid-value and rate-ofchange which together enable the wind speed and direction to be
calculated.
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Obtain
where

SR is the slant range
E is the elevation angle
A is the azimuth of the balloon
subscript 0 denotes the smoothed mid-value
and subscript , denotes the smoothed rate-of-change

Next find the radial component of the speed:

= SRI

R

* cos (Eo )

- E,

* Ro *

*

sin(Eo )

j

(20A)

and then the tangential component of the speed:

(20B)
where the multiplier j is equal to iT/180 and is provided
convert El and AI. into radians per unit time.

to

Then the wind speed is given by:

= k *~R2

ff
where

2
+ T )

(21A)

k takes the value 1.944 when the slant range is in
metres,
and the rates of change are in metres per
second and degrees per second, and the wind speed is
required in knots.

while the wind direction is given by:
ddd = Aa + X + 180
where X
X

(21B)

= arctan(T/R) except
= 90 * sign of T

when R

= 0,

in which case:

Note that for these evaluations, as for most radar and theodolite
evaluations, the wind determined is that which blows parallel to
the tangent plane through the origin rather than parallel to the
tangent plane beneath the balloon.
However, the error in wind
speed due to this is less than 0.15 per cent of the speed, even
at extreme range.
Note also that the equations (20A) onwards
can be used with minute data by using the data to determine the
necessary mid-values.

34

4.7.7

Winds from radio theodolite data

The difference between this section and section 4.7.6, devoted to
radar data,
is that the distance parameter is provided as the
height above ground (from the radiosonde) rather than as a slant
range (from the radar).
The procedures set down here simply
convert the height parameter into a closely equivalent slant
range, after which the equations of section 4.7.6 can be applied.
We simplify equation (14) with negligible effect upon the
computed winds and put:
C

=

[SR

* COS(E)]2)2 *

ro )

and re-arrange equation (15) to read:
SR = { J [ l + 2*z/{r*tan2

(E~]'

- 1} * r o * tan(E) * sec(E)

(22)

Note that we ignore as negligible in effect any difference
between geopotential and geometric altitude of the radiosonde,
although this could be allowed for if so wished (see section
4.6.2).
For several observations taken over the wind smoothing interval
required, we can fit straight lines to the elevation and azimuth
data to obtain smoothed mid-values and rates-of-change.
For
height,
equation (22) can be used to convert each value to a
slant range,
after which smoothing to obtain a mid-value and
rate-of-change can be undertaken.

4.7.8

Interpolating boundary winds

For various reasons most, probably all, wind-finding systems fail
to provide winds for an initial period from launch of the
balloon.
This period extends to at least 400 metres aloft and
occasionally, in adverse conditions, to more than one kilometre
aloft.
There is motivation to interpolate the missing data at
the point of observation, where more data with greater accuracy
are available for the purpose,
rather than to estimate the
missing data at the point of use.
In at least one automatic
system the missing winds are provided by manual interpolation
and intervention.
In another automatic system, it is understood
that the missing winds are provided automatically by use of the
Ekman Spiral, which assumes a balance between the pressuregradient force,
the Coriolis force and friction.
Unfortunately
this assumption is not always justified - perhaps because the
Ekman Spiral was developed to describe conditions in the surface
layer of the oceans rather than conditions in the boundary layer
of the atmosphere.
For example,
it has been found that in 11 of a particular batch
of 113 soundings the Ekman model could not be used at all because
35
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the wind first observed aloft was smaller in magnitude than was
the surface wind.
Additionally, the Ekman model has been tested
on 40 suitable occasions when winds were available for checking.
The magnitude of the mean vector difference of the estimated
"Ekman" wind and the observed wind about 200 metres aloft ranged
from 7 to 16 knots at different stations (standard deviation 5
knots), whereas manual estimates made on part of the same data
set, without knowledge of the observed winds, had a mean vector
difference
of
3.5 knots (standard deviation 2.3
knots).
Alternative empirical ways of estimating missing winds have been
tested.
The best of them,
set out here, provided a performance
comparable to that of manual estimation.
The technique uses
easterly U and northerly V components of four balloon positions.
The positions are the origin, a position derived from the surface
wind,
and the first two balloon positions observed aloft.
The
position derived from the surface wind is that for three seconds
after launch.
This places the surface wind (measured at ten
metres above ground level) at the mid-point of the interval.
A quadratic is fitted, by least squares, to each set of component
distances with respect to flight-time, to obtain:

and

U

2
= a l * t + az * t

V

2
= bl * t + bz * t

where t is elapsed flight-time.
Component distances and thus balloon positions are then found for
the times of missing data,
and the winds then derived over oneminute displacements centred on the times required,
as in
equations (19A) and (19B).
Alternatively, the missing winds can
be obtained by entering the times concerned into differentiated
versions of the displacement equations.
It should be noted that the choice of time for setting the
position of the second point (which is derived from the surface
wind) is arbitrary.
If set close to the origin, as here, then
the coefficients are strongly dependent upon the two positions
observed aloft and hardly at all upon the surface wind.
Thus
the least-squares fit is almost an exact quadratic fit and the
advantage of redundency in the least-squares process is largely
lost.
On the other hand, a longer time interval would restore
some measure of redundency but would make it easier for an unrepresentative surface wind to impair the result.
Although some
work remains to be done to settle upon the best time for the
second point, and to demonstrate acceptable performance in all
conditions, the results are very encouraging.
The method offers
the hope of a fully satisfactory and automatic process, which is
lacking at present,
for interpolating missing winds for the
boundary layer.
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SELECTING PROMINENT FEATURES FOR THE SOUNDING MESSAGE

5.1

Published work

Section 1.4 refers to the requirement to select, in so far as
possible, the prominent features of a sounding profile that may
occur between other (mandatory) levels selected to comply with
quantitative parts of the message specification.
This is a
qualitative task of pattern recognition for which the human brain
is well suited, but for which there can be no single correct
result.
Because of the infinite variety of atmospheric profiles
that can occur, it is difficult both to provide an equivalent
algorithm for the task and to assess the extent of its success.
few papers have appeared upon the subject even though
several
automatic sounding systems are now in operational
service.
Street et. al. (1983) have provided illustrations of
some of the difficulties that arose when developing
automatic
data
reduction procedures for the GMD-I sounding
system.
Proposals for refining the UK RS3 sounding system based upon
investigation over several years have been published by Forrester
and Booper (1983).

Very

A more detailed account of the latter work is also available,
Forrester and Booper (1984), which is helpful in mentioning
several techniques that were tried and discarded.
The account
provides, for the technique proposed, comparisons with human
selections, shows some of the larger discrepancies found when the
method was applied to 80 sets of sounding data chosen at random,
and also considers the effect upon message length.
The
following treatment draws heavily upon this report and has been
generalised to make it applicable to all systems which first
compress their observed data to form a fine-structure archive, as
discussed in section 3.
5.2

Selection rather than smoothing

The profile between any two successive mandatory levels is
defined by a succession of fine-structure turning points which
follow the raw data closely but include some smoothing to reduce
localised atmospheric or sounding system fluctuations.
They
represent the best estimate of the under-lying atmospheric
profile.
It is not acceptable to derive a further-reduced set
of levels for the message by fitting straight lines to the finestructure turning points and taking their intercepts (as was
done for data compression and smoothing).
This is because the
intercepts could lie well off the observed profile due to the
interpolation tolerance set by message requirements.
Instead,
the profile between successive mandatory levels has to be represented by a selection of the intermediate levels available and
not by further mathematical modification of the data.
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5.3

The fine-structure data set

A selection can be taken as representing the under-lying trend if
the
unchosen fine-structure turning points
are
scattered
symmetrically about the indicated profile.
When only a few
fine-structure turning points are available it is difficult to
see just what the under-lying trend is, and impossible to judge
how well the trend is represented.
Although smoothing and
compression of the raw data is advocated in order to avoid
carrying over localised scatter into the results, this work
should not be over-done or else there may be too few finestructure turning points to indicate the under-lying trend.
It
is not possible to be quantitative about this.
However, as a
guide, the procedure described in section 3 will result in
between
200 and 400
fine-structure turning points for a
sounding, and these are usually sufficient for the purpose.

5.4

The problems

In general, it is possible to make a visual inspection of a plot
of the intermediate fine-structure turning points and to see just
how many levels are necessary to represent the under-lying
trend.
We do this by taking in simultaneously the whole data
plot.
With many levels available, a closer inspection may then
be necessary to identify exactly which levels comprise the best
choice.
Sometimes there will be conflicts to resolve between
desirable detail and message length.
It is the inability of any
algorithm to look at data simultaneously that is the major
difficulty.
A further difficulty is that there are two profiles to be
considered, temperature with relative humidity or wind speed with
wind direction.
If we are considering one kind of profile, say
temperature, then a prominent feature of the humidity profile
forces a temperature to be added for the level concerned.
When
the level concerned happens to be a prominent feature also of the
temperature profile then there is no problem.
Often, the levels
of prominent features do not coincide.
However, the levels
would be at least 75 metres apart if the merging rule of section
3.5 has been applied in course of smoothing and data compression.
In this situation, further merging is often unacceptable because
it would loose significant information.
When a temperature is forced into the composite list of levels,
the temperature profile represented by that list is generally
displaced from the profile represented by the list selected for
temperature alone.
As a result, the tolerance for interpolating
intermediate temperatures is often exceeded.
It is then
necessary to add further temperature levels, or to re-select the
temperature levels from the forced level onwards.
These changed
selections, in turn, may distort the composite humidity profile
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with further follow-on effects.
Thus, selections for the two
profiles are interactive and the best composite list of levels is
not the best list for either the temperature or humidity profiles
when considered separately.
Even were separate temperature and humidity selections to be
provided in the message, the problem of forced levels would not
be removed.
This is because some forced levels arise from quite
different requirements and are unavoidable.
For example, it is
necessary to force a level just below the 100 hPa level in order
to ensure that the Part 1 message represents the temperature
profile that far.
Thus in a separate document, concerned with
refinement of the message specification, it is proposed to
minimise
the number of additional forced levels.
It is also
proposed that when forced levels have to be included, they should
be chosen so as to coincide with the level of a prominent feature
that is due to be reported anyway, rather than be given at a
fixed level.
It is remarked that historically, although not the subject of WHO
guidance, there has always been a greater emphasis placed upon
representing the observed temperature profile rather than the
observed humidity profile, except for some humidity features that
are meteorologically critical.
Suitable action has been left to
the meteorological awareness of the sounding supervising staff.
Thus an even-handed treatment of the two profiles by an algorithm
does not correspond with established practice and a procedure
which to some extent places emphasis upon the temperature
selection would both help with this and ease the problem of
forced levels.
The procedures described hereafter adopt this
strategy.
Another problem is that any algorithm has to respond in some way
to the fine-structure data. and make decisions as to significance
based upon quantitative but empirical test criteria.
Because of
meteorological factors, the fine-structure is more varied within
stable layers than in layers of temperature lapse although not of
particular significance to the general user.
Unless the
selection criteria are varied. within the sounding, message
selections
will
be
made with greater
frequency
within
tropospheric inversions and in the stratosphere - which places
the message detail in the wrong zones.
A disadvantage arises with any procedure that searches from one
given boundary level towards another.
This is that although an
intermediate level may be reached which exceeds the test limits
applied, the level concerned may actually be within limits when
higher intermediate levels are considered.
For this reason, it
is better to examine the whole layer from one boundary to the
other and then to retreat within the layer until the test
conditions are fulfilled.
Such a process results in a minimum
number of selections, but may mean that features closer to the
starting level are not examined and so have no chance of
selection.
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5.5

Some alternative procedures

The following is a possible procedure for selecting a prominent
feature and at the same time complying with the tolerance set for
interpolating intermediate values of the profile.
The basic
step is to advance as far as possible from the current starting
level (either a mandatory level or previously chosen prominent
feature) testing all the while to ensure that all intermediate
data shall lie within the tolerance given in the message specification
for
interpolated data.
The procedure
has
the
disadvantage that the selections tend to run past the prominent
levels and that the selection depends upon the direction
of
search (upward or downward).
Section 5.4 described the way in which selections for temperature
and humidity (and for wind speed and wind direction) interact.
Such interactions cannot be avoided and generally degrade the
composite selection as compared with selections made for each
kind of profile in isolation.
Thus the benefit of seeking the
very best possible selection for each profile, considered in
isolation, may not be wholly attainable, and a measure of compromise may be acceptable.
With this in mind, and to avoid the
follow-on effect, the foregoing selection procedure was extended
to carry out a double search.
In this, the two profiles were
searched to identify the next selection for each.
The earlier
of these two levels was then taken as the next selection for the
composite list, and as the starting point for the next stage of
the double search (in which the later of,the two selections may
or may not be re-selected).
The result proved to be generally
unsatisfactory, with each of the two kinds of profile damaging
the' representation of the other to the extent that prominent
features were often missed.
. Ancattempt was made· to overcome
this by extending each stage of the double search until two
levels were identified for each profile.
These four
levels
were then tested to decide which and how many of them should be
placed in the composite list.
As the method was applied to more
and more soundings, more and more cases requiring special treatment were found.
Finally, the method was abandoned as lacking
promise of success.
Another procedure, which has the desirable property of being
independent of the direction of search, is to consider a steady
lapse between the two mandatory levels and to find that intermediate level the value of which departs by the greatest amount
from the value implied for that level by the overall lapse.
The
level is selected for the message if its offset is outside the
limit set in the message specification for interpolation.
If a
selection is made, then the two sub-divisions are each tested in
the same way and more levels selected if necessary.
The process
of sub-division continues until all interpolations between the
selections are within tolerance.
This method is that currently
mentioned in the Note to section 32.3.1.1 of the Manual on Codes.
However, as shown in a
document concerned with message specification, the method cannot be relied upon to minimise the interpo40
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lation error.
In addition,
it does not provide the best
representation
of the intermediate profile.
Because of these
fundamental objections, the technique was abandoned.
Several other procedures have been evaluated and discarded.
Quite apart from the problem of interaction, one conclusion is
that there is no single procedure which by itself will select
just those levels necessary to represent the prominent features
of the profiles.
For the troposphere at least, it seems
necessary to begin by using a procedure that over-selects in
order to achieve a high probability of including all features of
significance.
Some
selections
are then
discarded
after
testing,
either due to lack of prominence or because of
difficulty in interpretation.
A second procedure is then
applied to select sufficient additional features to obtain a
satisfactory result.
It will be noted that this double level
procedure is similar in principle to the double-level process
described for discarding erroneous data.
The procedure finally proposed by Forrester and Hooper uses two
algorithms.
One of them - the special selection process - is
confined solely to the selection of prominent
temperature
features (between mandatory levels) within layers of temperature
lapse in the troposphere.
The other algorithm - the main
selection process - is applied to both temperature and humidity
data, and to all zones of the sounding data.
It is the final
step of message selection.
5.6

The special selection process

This algorithm is applied only to temperature data.
It searches
for sharp changes of lapse rate below the 300 hPa level or the
tropopause (whichever is the lower).
It is not used within the
mandatory inversion layers already found, or in the stratosphere,
because of the concentration of detail that often exists.
The prominence of a feature depends upon both the difference in
the lapse rates and their numerical values.
In this situation,
the angular change in the plotted lapse rates is a convenient
measure of prominence to calculate.
By using arbitrary units no
reference is necessary to any particular design of plotting chart.
For the change of lapse rate at level n, for example, the temperature lapse between levels
n-l and n is first defined (in
arbitrary angular units) with respect to an isothermal by taking:
8 7-1,11 = arctan(O. 018
(Tn - ~., );tn(p"
(23)
'
where Ln is the natural logarithm of the pressure ratio
and 8ll~',n is in radians

*
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The temperature lapse between levels nand n+1, e~~+"
is then
found in a like manner.
The change in angle betJeen the two
plotted lapse rates (in arbitrary units) is obtained from:

Lien
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,

E!n_1 1'1 -

,"71+1

8 71

With
Lle71 found in this way for each level, those levels for
which Ae is a local maximum or minimum (when compared with the
levels imediately beneath and above) and also outside the range
from
-1 to +1 radians are provisionally identified as special
selections.
Note that if the geopotential increments
available,
then
equation (23) can be
facilitate computation:

8'J'-I;TI =
where

arctan[O. 26344

* (T~-I -

T;

t between

levels are
re-written thus to

)jg;T1-.,., J

T is in Kelvins, and is taken as a sufficient
approximation to the virtual temperature.

All provisional selections for which the levels
beneath and above are not selected are confirmed as
selections for the message.

immediately
temperature

When two successive levels have been provisionally identified,
one is a local maximum while the other ,is a local minimum.
This situation arises at inversions.
Whether or not the two
levels are reported depends upon the significance of the feature
concerned.
This is tested by extrapolating the lapse rate
immediately above the higher of the two levels down to the lower
of the two levels to obtain an alternative tenperature.
The
absolute difference between this alternative temperature and the
actual temperature at the lower level is then obtained.
If this
difference exceeds one degree Celsius then the feature is deemed
significant and the two provisional selections are confirmed as
special selections for the message.
If the absolute difference
does not exceed the test limit, then both levels are ignored and
not included in the message (except that if one of them is a
mandatory level it will be retained).
Figure 7 provides an
example in which the difference between the actual temperature at
870 hPa and the "alternative" temperature just exceeds one degree
Celsius.
A provisional selection of three or more successive levels
occasionally occurs.
This situation arises either from a
complex feature of the atmosphere or from a considerable amount
of erroneous data scatter that has survived the quality control
procedure.
Any test procedure which tries to determine the
significance of such features would be complex and probably
unsatisfactory.
Thus such provisional selections are rejected
and reliance placed upon the main selection process that follows
to reselect any levels that represent an actual significant
atmospheric structure.
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At this stage, the layers bounded by mandatory levels have been
subdivided by the special selection process.
These subdivisions
are then searched by the main selection process that follows,
both for further temperature features and for humidity features.

5.7

The main selection process

This process is applied to all available temperature and humidity
data using test limits appropriate to the circumstances.
It
involves a form of least-squares fitting which tries to model the
approach of human analysts - who prefer that unreported levels
should
lie
in
an even distribution
about
the
linear
interpolation.
Starting from the surface data, the search is made layer by layer
between the mandatory and special levels already determined.
For any such layer, the aim is to advance from the base level of
the layer in steps that are as large as the test limits allow.
The procedure begins by testing the temperature data from some
base level p (whether mandatory, special or the most reoent
level selected by the main selection process) directly to the
next mandatory or special level.
If an intermediate selection
is found to be required, it is necessary to retreat, level by
level, down the layer until the test limits are complied with.
With a temperature level provisionally selected (be it the layer
upper boundary or within the original layer), and if humidity
data are available for reporting, the procedure is then applied
to the humidity data from base level to the provisionallyselected level.
If the humidity test limits are met then the
provisional temperature level is accepted and the procedure restarts, taking the level aocepted as the new base level.
If the
humidity conditions are not met then it is necessary to retreat
further down the layer until they are fulfilled, when the level
concerned
replaces the previous ohoioe as the provisional
selection.
It is then further necessary to test the temperature
data from level p to this lower (humidity) level.
This is
because the temperature data conoerned may not satisfy the
temperature conditions even though temperature data extending
from level
p to the higher, first-determined level did 50.
The work may then alternate further between the humidity and
temperature
data, retreating as necessary until a level is
reached which fulfills the test conditions for both variables.
This level is then selected for the message and beoomes the new
base (restart) level.
Central to the procedure are
whether or not a selection is
and some level n.
Figure
both a straight line joining
value at level n, together
constrained to pass through

the test conditions which determine
neoessary between the base level p
8 illustrates the method and shows
the datum at level p to the data
with a "least-squares" broken line
the datum at level
p.
If the
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offset Jx
(where X represents either temperature or humidity)
between the two lines at level p is not less than the test
limit
A, then a selection between levels
p
and
n is
necessary.
If the offset is, in fact, within the test limit A,
then attention is turned to the offsets of data at intermediate
levels from the values implied by linear interpolation between
the data at levels p and n (represented by the straight line).
If anyone of these offsets is outside a set interpolation
tolerance, test limit B, then a selection between levels p and
n is necessary.
Whenever a selection between levels p and n
is required as a result of either test, then n is reset to n-l
and the procedure restarted over the reduced layer so defined,
from level p to the new level n.
The
selection rules limit the error that can occur when
interpolating intermediate temperature and relative humidity
data.
For humidity, a further interpolation error can arise
because dewpoints, rather than relative humidity, are given in
sounding messages.
Many users of sounding messages make use of
diagrams with scales and axes that are other than rectangular
T-Log P.
Linear interpolation on such diagrams can also result
in errors that exceed the WHO limits.
To restrict these
additional contributions to the error of interpolated data, the
procedures described here include a limit upon the press~re
interval between successive reported levels.
The limit is
relaxed in the stratosphere, where the non-linear effects are
less marked and less significant.

5.8

Main selection test limits

Test limits A and B of the main selection process take
alternative values depending upon various circumstances.

up

Test limit A depends upon the general trend through the layer
being considered.
This is because for large rates of change,
the visuallY acceptable temperature difference becomes greater.
Also, the test limit is increased anywhere through the sounding
when the data for the next mandatory/special level (labelled
"Mnd/Spc"
in Table 5) are included in the
least-squares
calculation of the trend.
This avoids selecting a "main" level
immediately before a mandatory/special level (which is a feature
of searches in a single direction) except when necessary, to
avoid serious distortion of the profile.
Test limit B takes up alternative values intended to vary the
amount of detail selected so as to correspond with that provided
by human selection.
The values depend upon the meteorological
variability and the general level in the atmosphere of the data
being ccnsidered.
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Test limit C, which is used to limit dewpoint interpolation
errors,
and
temperature interpolation errors on
sounding
diagrams, restricts the ratio of successive reported pressure
levels.
The effect is to place a maximum on the height interval
between
successive reported levels which is
approximately
constant.
We require:
C ,

where C

P71+1

= 0.6

Ip",
in the troposphere or 0.3 in the stratosphere

Values of test limits A and B are given in Table 5.
They have
been developed for soundings made in mid-latitudes.
In the
tropics and at high latitudes, the levels at which limit A is
changed may need to be altered to achieve a suitable number of
selections
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TABLE 5
Test limits for Main Selection
above 300/Trop

below 300/Trop
Test
Limit

modulus,
leastnext Mnd/Spc level squares
lapse,
critical
not inc. values
inc.

next Mnd/Spc level
inc.

not inc.

q

0.215
0.2
0.45

A

0.35
(5.0%)

0.5

0.25
(3.5%)

0.8

0.55
0.8
0.7
1.0

1.0

0.7
100

300/Trop Trop/300
Test
Limit

B
Notes:

lapse
0.67
(10%)

inv.,<100hPa in
vertical extent
1.0
(10%)

1.0

1.5

2.0

"300/Trop" means the 300 hPa level or the tropopause,
whichever is the lower
"Trop/300" means the tropopause or the 300 hPa level,
whichever is the higher
the test limits are given
relative humidity per cent

in

degrees

Celsius

and

q is the modulus of the least-squares temperature
lapse with respect to the natural logarithm of pressure
The values of Limit B, used to test the offsets of data values
from a linear interpolation, are somewhat smaller at some flight
altitudes than those provided in the message specification.
This is because use of the message tolerances with the procedure
described here does not always give an acceptable result.
The
tighter limits are used in preference to a still more complex
set of tests.
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5.9

Wind selection

The foregoing procedures have not yet been tested upon wind data.
However, the problems that occur when selecting prominent wind
features are often similar to those that occur with temperature
and humidity data.
Priority could be given to the profile of
wind speed by applying the special selection procedure to it
before applying the main selection procedure to both wind speed
and wind direction.
It is likely that a reduction in the
number of alternative values for the test limits would be
possible.

6

CONCLUSION

The work of an automatic sounding system begins with organising
the reception of the signals, their measurement and their
logging. These tasks are very system-dependent.
This report
presents a generalized treatment of the subsequent tasks of
quality control, data compression, data reduction and message
selection.
In common with some other workers, it is here
advocated that the final product is best achieved in several
steps, as this affords better rejection of bad data and more
successful selection of the prominent features. Such a course has
the further advantage of providing a finely-detailed list of the
sounding data suitable for a meteorological archive.
The procedure for the selection of prominent features of the
profiles (section 5) is the one procedure not in operational use.
However, it emerges as the best of several quite diverse and
complex methods, which were evaluated in the course of several
years work by three workers in the subject, and has been tested
upon 80 sets of sounding data.
A study of the results is
presented in the reference.
The method appears suitable for the
selection of wind data, but this has not yet been demonstrated.
Some steps in data reduction and message selection are the
subject of WMO specification and have to be followed exactly.
The remainder of the task is empirical and so admits of
alternative procedures and interpretation of data.
However,
with the one exception just mentioned, the procedures described
herein have all proved satisfactory in operational use.
Thus,
taken together as a set, the procedures can be used as:
a)

a ready-made core for the meteorological
operational system - with a large saving
development

b)

a starting point for further refinement

c)

a standard against which
assessed
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part of an
of software

alternative procedures

can be
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ANNEX

This report on algorithms for automatic aerological soundings is most
welcome to facilitate standardization of computational procedures at modern
computerized upper-air stations. Mr. A. Hooper (U.K.) has a long and
outstanding expertise in this field.
From the CBS point of view the following
two problem areas have been especially successfully and thoroughly dealt with:
1.

Selection of significant levels not only to satisfy the pertinent
interpolation criteria but also to guarantee that the geopotential
heights to be derived at GDPS centres are not biased because of the
currently existing possibility that observed temperature or humidity
values are systematically on one side of the interpolation curve. The
concept of least squares has been applied to overcome this problem.

2.

Simultaneous selection of significant levels of temperature and
humidity in a way that the adequacy of the two interpolation curves is
not degraded which may happen when independent selections are
performed for the two variables.

As pointed out by Mr. Hooper these two outstanding problems·with
current selection practices may also be overcome by using more stringent
selection tolerances.
(Instead of the current tolerances of 1 and 2
centigrades for the troposphere (or below 300 hPa) and the stratosphere (above
300 hPa), respectively, we may take, say, 0.5,1 and 2 centigrades for the
lower troposphere (below 500 hPa), the upper troposphere (500-300 hPa) and the
stratosphere (above 300 hPa), respectively). However, this would be done at
the expense of increased loads on the GTS as well as those GDPS centres that
apply manual plotting methods for the upper-air data.

It would be highly desirable to have the proposed additional
sophistication implemented at all upper-air stations. However, implementation
of these new selection algorithms is not a straightforward task. Difficulties
will arise because low-level programming languages of Assembler type are still
used in most of the computerized systems.
In fact, the use of the low-level
languages seems to be a major obstacle in the development and implementation
of any new concepts. Therefore, the Commission for Basic Systems
(CBS/Ext.(85» emphasized the need for sharing software in order to help
development of automated systems including upper-air stations. The
requirements of software were to bez
of general application,
well written,
well documented,
easy to transfer (in standard language, e.g. Fortran 77),
independent of hardware and operating system.

The manner in which these proposed radiosonde data reduction
algorithms have been reported here fully comply with the standards set for
exchange of meteorological software. The software is not available in a
standard language yet.
The necessary actions to upgrade the algorithms up to
the CBS requirements have been included in the work plan of the CIMO Working
Group on Upper-air Measurements.
All comments and other voluntary
contributions are welcome to support these efforts for the best possible
outcome.
(2042)

Another way of making direct use of this report is to implement the
algorithms on a mainframe system of any GDPS centre (the ECMWF or a national
meteorological centre e.g. the U.K. Meteorological Office where most of this
basic research have been performed) and then apply the software package for
benchmarking i.e. comparing processed outputs from different upper-air
systems. This approach calls for a standardized format for raw input data
from the radiosondes. The recently introduced BUFR code forms are to be used
for the purpose. This approach has already been approved for the same purpose
in the Automated Shipboard Aerological Programme. A description of the BUFR
code forms rogether with the necessary tables of data descriptors are
currently being developed for the purpose.

(A. Lange)
Representative of CBS in
the CIMO Working Group on
Upper-Air Measurements

