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Abstract

Paired, simultaneous, AN/GMD-1 radiosonde flights released 10 to 12 miles apart show smaller differences in
heights of pressure surfaces than would occur if previous
estimates of radiosonde error are accepted. The radiosonde system apparently delivers temperature information accurate to 0.3C (RMS error), exclusive of the
solar radiation and response time errors of the thermistor. A table of errors for computed values of height and
density at specified pressure, and of pressure at specified
height is presented, based on this temperature accuracy.
1. Introduction

In the process of investigating mesoscale space variability
of the height of pressure surfaces in the free atmosphere
it became apparent that the estimates of radiosonde
errors that were being used were too large. Observed
differences over short distances, which include instrument errors, were less than would be expected to appear as a result of the currently accepted values of system
error (see Fig. 1). Investigation of the origin of these
estimates and study of a number of reports on radiosonde
accuracies indicates that smaller errors are indeed to
be expected. Information obtained from the variability
data can be used to set maximum values for the error
estimates.
2. Theory

Errors will be assumed to be normally distributed about
a zero mean so that the root mean square (RMS) value is
the standard deviation of the distribution and appropriate probability interpretations can be made. In cases
where there is evidence that the mean error may not
be zero, it will be regarded as a bias and the standard
deviation will be used instead of the RMS.
The analysis will be directed to determining the error
in the height at which a specified pressure occurs. The
hydrostatic equation defines the thickness between two
pressures:
Zt — Zb = — — f1 Td(\nP).
g Jb

When integrated this becomes:
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FIG. 1. Root mean square differences in height between
paired radiosondes: Solid line and open circles—Tinker
series; X—Bedford series. Dashed line is height error for
single radiosonde based on temperature error of 1C, taken
from AWS Tech Report 105-133.
where Z is the geopotential height of the pressure P, RD
is the gas content for dry air, T is the mean virtual temperature of the layer and g is the acceleration of gravity,
assumed constant. The index values b and t refer to the
bottom and top of the layer, respectively. The error in
determining layer thickness is given by:
d{Zt-

Zh) =

g
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where 5T/5P is the baric lapse rate, dP is the pressure
error, and dT is the temperature error. These are the
sensing, transmitting and recording errors of the system,
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assumed constant through the layer. Derivation of the
error equation can be found in Johannessen (1953).
By accumulating layers up to the level of interest it is
possible to determine the error in computed height of a
specified pressure. It is generally assumed that errors
in individual soundings vary between soundings but are
consistent throughout the single sounding (i.e., if dP is
twice the RMS value and positive in part of the sounding, it is that way throughout the sounding, similarly
with dT). Temperature and pressure errors for a group
of soundings are assumed to be independent. These
assumptions are discussed by Johannessen (1953) and by
Leviton (1954). For them to be valid, the temperature
error must exclude the effect of solar radiation and response time of that thermistor. Errors due to these factors
may become important at high altitude but are composed predominantly of bias that can be removed as the
direction of the bias does not depend upon the instrument but upon the environment of the sounding
and is the same from one instrument to another (see
Ference, 1951). In normal practice these corrections are
not made, apparently without any serious consequences.
In this study radiation and response time are not considered; therefore, it does not deal with absolute accuracy or total error but only that part of the error that
can be treated as "random/' These bias errors would
not appear in the differences between simultaneous,
paired flights since each instrument would have the
same radiation and response error.
It is necessary to accumulate the temperature and
pressure contributions to the total height error separately
up to the desired pressure level and then to combine
them as independent entities. The computational process
is described by the following set of equations:

3. History

The first estimates of AN/GMD-1 radiosonde sensing
errors were surveyed by Johannessen (1953) and Leviton
(1954) and applied to determining the error in the height
of pressure levels. Results of additional experiments
were incorporated in an Air Weather Service report
(1955) with little change in the estimated height errors.
The error in temperature was taken to be 1C and the
error in pressure to be 3 mb from the surface to 200 mb,
2 mb at 100 mb, and 1.5 mb at 50 mb and above. As an
official publication this document became authoritarian.
Nevertheless the Air Weather Service was not completely
satisfied and in either 1956 or 1957 initiated another
experiment. This was conducted by the 6th Weather
Squadron at Tinker Air Force Base, Okla., and comprised some thirty or more flights. Each flight carried
two radiosonde packages in the same flight train, transmitting on separate frequencies so that they could be
tracked by separate ground sets.
Data from these flights was reduced and some analysis
made. It was not published because there appeared to
be some gross errors. A computer print-out of standard
pressure level data from these flights was available to
the author for a short period in 1959. The RMS differences between instruments were plotted and compared
to the height errors to be expected with a temperature
error of 1C as calculated in the Air Weather Service
report (1955). As can be seen in Fig. 1, the two lines are
nearly coincident. Since the line based on estimated
errors is for the RMS of a single instrument and the
experimental line is for the difference between two
instruments, one infers that the temperature error for a
single sounding was about 0.7C. That some gross errors
did exist in the experimental data is evident from the
departures of the RMS values at 200 mb and 300 mb
from the otherwise general trend.
Later in 1959, Johannessen and the author made a
dHT = — In ^ dT
E
= Sfc
£ dUT
g
Pt
consulting visit to the Air Weather Service detachment at Holloman Air Force Base, New Mexico. In re=
EZP=ildHp
sponse to their request for information on radiosonde
g
f t Of
f
capabilities to be provided to users of White Sands
<J Z = E?ZT + E? p
Missile Range, the value of 0.7C was used to prepare a
list
of radiosonde accuracies. This list was later given
where
— RMS error in height of pressure Pt
considerable
internal dissemination in the Air Force as
EZT = contribution to A of temperature error
an attachment to a letter from Headquarters, 4th
EZp = contribution to cz of pressure error
Weather Group, and the values have since been incorpodHT — error due to temperature in determining rated in an IRIG document (1965) as a standard for test
thickness of layer from P& to Pt
ranges. It is these height errors that are incompatible
dHP = error due to pressure in determining thick- with observed mesoscale variability reported in this
paper, implying that instruments have improved markness of layer from P& to Pt.
edly since the earlier tests.
The analysis will involve some discussion of the difference in height AZ between soundings. Where both sound- 4. Analysis
ings purport to measure the same point, observed differ- As a first step, errors in the height of pressure levels were
ences consist entirely of observing error. The soundings calculated for each 0.1C from 0.1C to 1.0C. From these
will be assumed to be equally accurate so that observed the RMS differences between two instruments were
statistics, such as the standard deviation, are related to computed using accepted pressure errors and standard
the individual error by =
lapse rates. When these latter values were compared
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samples. Not all of the flights reached the highest levels
and as the number of flights at a level decreases, the bias
increases.
When generalizing about errors from a biased sample,
the appropriate statistic is the standard deviation or its
square, the variance. Then the observed variance is the
sum of the true variance and the error variance. If the
true variance is assumed to be zero then the error variance is the observed variance given by <r\z — AZ — AZ .
In this case we have evidence from the wind flow that
the observed mean is an underestimate. Thus the
standard deviation of the height difference will be an
overestimate of the error in height difference.
This statistic, the standard deviation of the difference
in height between paired flights, is shown in Fig. 3 for
the Bedford flights. If the observed values are taken to
be largely due to error, an estimate of 0.5C is obtained
for the temperature error. The computed height differences between two soundings for this temperature error
are shown by the dashed line. The lapse rate used in
computing the height errors was derived from the mean
temperatures of the soundings at the specified pressure
levels. The pressure errors were taken to be 3 mb from
the surface to 200 mb, decreasing to 2 mb at 100 mb then
to 0.1 mb at 50 mb and above. This low error above 50
mb is supposedly characteristic of the hypsometer which
was used in both series of paired flights.
Similar information is given for the Vandenberg
flights in Fig. 4. The excursion in the Vandenberg profile
from 300 mb to 100 mb is peculiar to the particular
sample which was drawn from a larger group of nearly
1000 flights in order to correspond to the Bedford sample
in sampling rate (daytime soundings) and months included (January through March 1969). The profile
2

FIG. 2. Root mean square differences in height between
paired radiosondes: X—Tinker series; solid line for radiosondes with 0.6C error.
with the experimental results from the flights made over
a decade ago, it was apparent that a better estimate of
the temperature error would have been 0.6C (see Fig. 2).
These values were still larger than some observations of
mesoscale variability.
A review of more recent studies (Weidner, 1967 and
Wheeler, 1968) revealed no lower estimates of height or
temperature errors except for Hodge and Harmantas
(1965) who quoted RMS errors per radiosonde of 1.5 mb
in pressure and 0.36C in temperature.
Two new sets of paired flights were available for variability study. Both consisted of a series of paired, simultaneous releases of AN/GMD-1 type equipment on a
number of days during the period of 1 January to 31
March 1969. One set was released from sites in Bedford
and Maynard, Mass., that are about ten miles apart.
The other set was released from two sites at Vandenberg Air Force Base, Calif., that are about twelve miles
apart.
In both sets of soundings there is a bias error in the
height of the pressure surfaces. For many levels the mean
wind is blowing in a direction opposite to that required
by the mean height gradient. For most of the remaining levels the height gradient is much too small even
though in the proper direction for the wind flow. Apparently the number of flights, 41 at Bedford and 50
at Vandenberg, is not sufficient to average out the bias.
The effect of sample size is shown internally within the

FIG. 3. Standard deviation of height differences, solid line
for Bedford series, dashed line to be expected from radiosondes with 0.5C error in temperature.
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FIG. 4. Standard deviation of height differences, solid line
for Vandenberg series, dashed lines for radiosondes with
temperature errors as indicated.
yielded by the entire set of soundings is very nearly linear
with InP and similar in appearance to the Bedford
profile. Lines are included in Fig. 4 showing the height
differences to be expected due to error for temperature
errors of 0.3C and 0.4C. The latter could be accepted below 100 mb but not above that level as it indicates
larger differences than were observed. Hence one must
conclude that the error in the Vandenberg series is probably not over 0.3C and that some of the observed
difference is a real atmospheric phenomenon.
Both series of flights were made for research purposes
and were made rather carefully; data reduction was by
computer. There is no reason to believe that one series
would be more accurate than the other. If a temperature error of 0.3C is also assigned to the Bedford soundings, then the difference between the two series must
be attributed to a greater mesoscale atmospheric variability in the winter over New England than over Southern
California. This result is not unexpected since New
England lies on the major storm track for well developed winter cyclones.
Errors of 1.5 mb in pressure and 0.36C in temperature were quoted by Hodge and Harmantas (1965)
as RMS values for a series of flights for all levels. The
actual differences observed by them are plotted in their
Figs. 1 and 4. Upon examination of these plots, there
does not seem to be any trend in temperature differences
but the pressure differences do seem to be somewhat
larger in the lower part of the soundings than in the
upper part. The effect of varying pressure and temperature errors on height differences due to error is
shown in Fig. 5. Line 1 is for a temperature error of 0.3C
and constant pressure error of 1.5 mb. Line 2 is for the
same temperature error but a pressure error of 3 mb
from the surface to 200 mb decreasing to 2 mb at 100 mb

FIG. 5. Root mean square difference in height between
paired radiosondes to be expected due to error. 1) Temperature error of 0.3C and pressure error of 1.5 mb. 2)
Temperature error of 0.3C and pressure error of 3 mb to
200 mb decreasing to 2 mb at 100 mb and to 1.5 mb at 50 mb
and above. 3) Temperature error of 0.36C and preceding
pressure errors. 4) Temperature error of 0.4C and pressure
errors as for 2).
and to 1.5 mb at 50 mb and above. The greatest difference between these lines occurs at 100 mb and is only 20
ft. The crossing of the lines just below 25 mb is due to
the reversal in lapse rate above 100 mb and the difference
in accumulated height error due to pressure at 100 mb.
The larger pressure error builds 26 ft more height error
in a single sounding at 100 mb. When this is offset by
the lapse reversal, above 25 mb, the pressure error contribution to line 2 becomes and remains 26V2 ft less
than that to line 1. Lines 3 and 4 show the effect of
increasing the temperature error, using the height-varying pressure error as for line 2. Line 3 is for a temperature error of 0.36C and line 4 for an error of 0.4C.
5. Conclusion

Apparently the quality of manufacture of radiosonde
equipment has improved over the last fifteen years with
a resulting improvement in radiosonde accuracies. For
realistic estimates of accuracy, the previous values of
pressure error may be used but the temperature error
should be considered to be 0.3C or, at most, 0.4C. The
larger value should be used for observations suspected
of containing occasional errors of evaluation or computation, the smaller value for series that have been
edited or screened. For older records, say more than ten
years old, values of 0.5C and 0.6C would probably be
more appropriate.
The numerical values of RMS error of height and
density at specified pressures are given in Table 1 for
temperature errors of 0.3C and 0.4C. The pressure error
used for the calculations was 3 mb from the surface to
845
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200 nib decreasing to 2 mb at 100 mb. Above this the
pressure error was decreased to 1.5 mb at 50 mb and
then remained constant for the aneroid alone. For the
hypsometer pressure error was decreased to 0.1 mb at
TABLE

1. Root mean square errors in radiosonde computed
height and density at specified pressure.

Pressure
(mb)

700
500
300
200
100
50
25
10
5
50
25
10
5

Height error (ft)
dT = 0.3C

dT = 0.4C

Density error (%)
dT = 0.3C

Aneroid only
11
15
0.13
23
29
0.16
47
56
0.22
66
78
0.22
87
105
0.14
99
125
0.18
109
144
0.25
135
179
0.75
.248
282
1.02
Aneroid and hypsometer
101
126
0.15
118
150
0.14
141
183
0.14
157
207
0.14

dT = 0.4C

0.16
0.19
0.25
0.26
0.19
0.22
0.28
0.76
1.03
0.19
0.18
0.18
0.18

TABLE 2. Root mean square errors in radiosonde computed
pressure and density at specified height (U. S. Standard Atmosphere, 1962).
Height
(ft)

10000
20000
30000
40000
50000
60000
70000
80000
90000
100000
110000
120000
60000
70000
80000
90000
100000
110000
120000

Pressure error (mb)
dT = 0.3C

dT = 0.4C

Density error (%)
dT = 0.3C

0.30
0.41
0.14
0.51
0.64
0.20
0.64
0.77
0.30
0.61
0.72
0.35
0.46
0.55
0.42
0.32
0.40
0.47
0.22
0.27
0.51
0.19
0.14
0.55
0.10
0.13
0.60
0.07
0.09
0.95
0.06
0.07
1.61
0.05
0.06
4.87
Aneroid and hypsometer
0.33
0.40
0.47
0.22
0.28
0.51
0.15
0.19
0.55
0.10
0.13
0.60
0.07
0.09
0.65
0.05
0.06
0.69
0.03
0.04
0.77

dT = 0.4C

0.18
0.24
0.35
0.43
0.51
0.58
0.65
0.71
0.78
1.09
1.72
4.90
0.58
0.65
0.71
0.78
0.84
0.90
0.98

50 mb and above. Density error at a specified pressure is
dependent only on temperature error which is, however, affected by errors in sensing the pressure, hence
(<jp/p)2 — dT/T)2 + (dPST/TdP)2.
Baric lapse rates used
were taken from the Air Weather Service reports.
Table 2 presents values of RMS error of pressure and
density at specified heights determined hydrostatically.
The U. S. Standard Atmosphere, 1962 was used to determine pressure and temperature at the selected heights
and pressure error computed from dP = gPdZ/RoT.
Values of dZ were read from graphs of height error vs.
pressure for temperature sensing errors of 0.3C and 0.4C.
Density error at an altitude is a function of temperature
and pressure errors, with the temperature error again
affected by the pressure sensing error so that (<r //o) =
(dT/T)2 + (•dPdT/TdP)2 + (dP/P)2 where dP is the error
computed for the specific height.
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