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comparison. The 00 UTC and 12UTC observations are separately shown for both panels.

Fig. 8.

Profiles of the mean differences in temperature (Vaisala-RS92 minus Meisei-91) and the standard deviations

for each season from the simultaneous sensor comparison.

Meisei-91 humidity values are higher than those of
the Vaisala-RS92.The percentage of humidity differ-
ence in Meisei-91 humidity values (Fig. 9b) is larger
than Vaisala-RS92 by about 10% in ranges larger than
10%RH. At very low humidity conditions (<10% RH),
the positive bias in the percentage differences tends to

be quite large for some cases.

The humidity difference (Vaisala-RS92 minus
Meisei-91) for different pressure layers using 4-second
data is plotted in Fig. 10. The difference increases
in proportion to humidity in all the pressure layers.
Humidity data from the Meisei-91 are consistently
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higher than those from the Vaisala-RS92. The differ-
ence is about 10% of the relative humidity value at
relative humidities greater than 20% RH. The mean
humidity difference is somewhat larger in the relatively
cold 500-300 hPa layer than in the 1000-700 hPa
layer. There is little difference in distribution between
00UTC and 12UTC. The dependence of humidity
differences on temperature is plotted in Fig. 11. The
humidity differences are mostly negative above 0°C.
Also, the dispersion of humidity difference is some-
what larger below 0°C than above 0°C. The sign
change at 0°C may be in part caused by the tempera-
ture-dependent humidity correction of Meisei-91. The
correction is applied only below 0°C by the Meisei-91
data processing software to correct wet biases (JMA
2004).

Figure 12 shows the vertical profile of mean
humidity difference. The humidity difference is about
5% RH and slightly greater in autumn than in other
seasons. The weather at launch in autumn was often
rainy or cloudy (the fractional cloud coverage was 7
or 8, where § corresponds to the full cloud coverage)
with very humid conditions at the surface. Figure 10
shows that higher humidity conditions are associated
with larger humidity differences. The humidity differ-
ence as a function of height has no clear characteristics,
and the results of Figs. 9, 10 suggest that the humidity
difference depends more on RH values at each level

rather than height.

Figure 13 shows the mean difference (Vaisala-RS92
minus Meisei-91) in pressure and height for the 00
UTC and the 12 UTC observations. Most pressure
differences are positive, that is, Vaisala-RS92 pres-
sures are greater than Meisei-91 pressures. Above the
100 hPa layer, the difference is 0.5-0.6 hPa and almost
constant. Because geopotential heights are calculated
from pressure, the height differences increased with
height as a direct result of this pressure difference.

Figure 14 shows the mean differences in geopoten-
tial height obtained from the pressure measurements
of Vaisala-RS92 (P-height) and from GPS altitude
measurements (GPS-height) of Vaisala-RS92 at 00
UTC and 12 UTC. The differences are about a half of
the mean difference in height between Vaisala-RS92
and Meisei-91 (Figs. 13c, d). Therefore, the Vaisa-
la-RS92 pressure sensor may have negative biases and
the Meisei-91 sensor has positive biases of a similar
magnitude in the stratosphere with respect to the GPS
measurements.

3.2 Pressure-level comparison for temperature and
humidity
Tables 5-8 show the mean differences in tempera-
ture, humidity and height on pressure levels at each
observation time and in each season from the pres-
sure-level comparison explained in Sub-subsection
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2.4.b and Appendix E. Figure 15 shows the profiles of
mean temperature differences and their standard devia-
tions. We see that temperatures from the Vaisala-RS92
are 0.1-0.6 K higher than those from the Meisei-91
from 1000 to 500 hPa, and the temperatures from
Meisei-91 are 0.1-0.3 K higher than those from the
Vaisala-RS92 at 300hPa at all times. In 12 UTC obser-
vations, the temperatures from the Vaisala-RS92 are
higher than those from the Meisei-91 above the 30 hPa
level except in winter, and in 00 UTC observations,
the difference is positive above the 100 hPa level in

summer. These results are similar to the simultaneous
comparison results.

The humidity measurements from the Meisei-91
are about 5% RH higher than those from the Vaisa-
la-RS92 (Fig. 16), similar to the simultaneous compar-
ison results. In 00 UTC observations, the differences
above 600 hPa level are smaller in spring than in other
seasons. In autumn, the differences in humidity are
larger than 5% and larger than the differences in other
season above the 500 hPa level.
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3.3 Summary of the comparison results

The results from comparisons of Meisei-91 and
Vaisala-RS92 radiosondes are summarized as follows:

(1) The temperature from the Vaisala-RS92 was
0.1-0.4 K higher than that from the Meisei-91 above
the 100 hPa layer in 12 UTC observations, and the
temperature from Meisei-91 was ~0.1 K higher than
that from the Vaisala-RS92 above the 30 hPa layer in
the 00 UTC observations.

(2) Relative humidity from the Meisei-91 was
5%RH higher than that from the Vaisala-RS92, partic-
ularly under very humid conditions.

(3) Pressure from the Vaisala-RS92 was 0.5 hPa
greater than that from the Meisei-91 above the 100 hPa
level. Comparison with the Vaisala-RS92 GPS altitude
measurements suggested that the Vaisala-RS92 pres-
sure sensor may have positive biases, and the Meisei-91
sensor has negative biases of a similar magnitude in the
stratosphere.

4. Discussion

4.1 Comparison with GPS precipitable water vapor
measurements

To investigate systematic differences in radio-
sonde relative humidity measurements, we compare
the precipitable water vapor (PWV) measurements
obtained through two different methods: The atmo-
spheric path delay method (Mannoji 1998), based on a
collocated ground-based GPS receiver measurements
at the Tateno station and a method based on radiosonde
observations. PWYV is the total amount of water vapor
in a column of air over a unit area, and is expressed
as a water depth if all water vapor in the air column is
condensed into water. Because most of the atmospheric
water vapor exists in the lower troposphere, the PWV
comparisons show differences mostly in the lower
troposphere.

We should pre-check the reliability of the GPS
receiver measurements in order to use them for valida-
tion of radiosonde measurements. Rocken el al. (1995)
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Table 5. Temperature differences, humidity differences and height differences (Vaisala-RS92 minus Meisei-91) at standard
pressure levels for all seasons.
Pressure Temperature difference(°C) Humidity difference(%) Height difference(m)
Level (hPa) Mean of Mean of Mean of
both time 00 UTC 12 UTC both time 00 UTC 12 UTC both time 00 UTC 12 UTC
1000 0.12 0.06 0.18 —4.2 -3.8 —4.7 0.2 0.3 -0.2
925 0.24 0.29 0.18 —4.7 —4.8 —4.5 0.3 0.4 0.2
900 0.24 0.3 0.18 —4.3 —4.3 —4.2 0.6 0.7 0.5
850 0.29 0.38 0.2 —4.8 5.2 —4.4 1.1 1.4 0.9
800 0.3 0.41 0.2 —4.6 —4.7 —4.6 1.6 2 1.2
700 0.24 0.27 0.2 —4.5 —4.4 —4.5 29 3.6 23
600 0.14 0.2 0.07 -3.5 -3.2 -3.9 39 4.8 29
500 0.1 0.19 0.01 -3.8 -34 —4.3 4.9 6.1 3.6
400 —0.02 0.09 —-0.13 5.1 —4.4 5.7 52 7.1 3.4
350 —0.12 —-0.03 -0.22 53 —4.6 —6 5.1 72 3
300 -0.15 -0.07 —0.24 —6 —4 7.6 4.5 7.1 1.9
250 —-0.16 —0.12 -0.21 7.9 —4.8 -11.8 4 6.9 1.1
200 —-0.09 0.04 -0.22 32 6.7 -0.4
175 —0.11 —0.02 -0.21 3 6.8 0.8
150 —0.02 0.04 -0.08 3 7.1 -1.2
125 —0.04 —0.04 —0.04 3 7.6 -1.6
100 0.03 0.1 —0.04 3.1 7.9 -1.7
70 0.07 0.1 0.04 4.7 10.4 -1
50 0.08 0.03 0.14 6.8 12.6 0.6
40 0.17 0.29 0.05 7.9 13.4 2
30 0.27 0.32 0.22 9.7 15 43
20 0.32 0.21 0.44 13.2 18.1 7.7
15 0.24 0.08 0.42 14.9 17.8 11.8
10 0.88 0.53 1.35 24.4 253 232
5 2.68 2.55 2.79 47.5 47.5 47.6

compared PWV from several GPS receivers to water
vapor radiometer (WVR) measurements, and showed
that the GPS receiver estimates and the WVR esti-
mates agree within 1-2 mm Root Mean Square (RMS).
The GPS receivers estimate the average water vapor
concentration over a radius of a several ten km area
(e.g., Mannoji 1998). On the other hand, radiosondes
estimate the water vapor concentration along their
flight route. Therefore, the PWV difference between a
GPS receiver and radiosonde includes the difference
associated with the measurement location difference.
Sasaki and Kimura (2001) reported that the difference
of changes in the amount of PWV between mountain
and coast in the Kanto plane, Japan, where Tateno is
located, is about Smm at the maximum.

PWYV is obtained from radiosonde data by inte-
grating a mixing ratio for the measurement pressure
range (Nishimura et al. 2003):

PWV:l/gf rdp (1

Fourface

Fop

where 7 is the mixing ratio of water vapor, g is gravi-
tational acceleration, p is pressure, Pgyface 1S the pres-
sure at the launching place, and Py, is the pressure at
the top of the humidity measurement (the limit of the
humidity measurement is —40 °C in temperature for
this study). The water vapor mixing ratio is derived
from radiosonde temperature, relative humidity and
pressure data.

The average and standard deviation of PWV from
the GPS receiver during the radiosonde comparison
campaign were 14.4/6.2 mm in spring, 34.7/12.4 mm
in summer, 33.0/9.8 mm in autumn, and 10.5/4.8 mm
in winter. Figure 17 shows the PWV differences esti-
mated from the two radiosonde types and the GPS
receiver. The RMS differences in PWV between the
GPS receiver and the radiosondes are about 1.4 mm for
the Vaisala-RS92 and about 1.8 mm for the Meisei-91
(Fig. 17a). The mean PWV differences of the Vaisa-
la-RS92 minus the GPS receiver are about —0.5 mm for
10-30mm bins, and about 0 mm for 30-50 mm bins
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Table 6. Temperature differences on standard pressure levels for each season and for each launch time.

Pressure Temperature difference (00 UTC) Temperature difference (12 UTC)

%hegae)l Spring Summer Autumn Winter Spring Summer Autumn Winter

(°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C)

1000 0.03 —-0.07 0.11 0.12 0.08 0.10 0.25 0.30
925 0.26 0.23 0.46 0.21 0.18 0.13 0.23 0.17
900 0.20 0.30 0.47 0.23 0.11 0.18 0.29 0.14
850 0.31 0.32 0.60 0.25 0.07 0.30 0.32 0.12
800 0.46 0.43 0.53 0.20 0.04 0.40 0.25 0.12
700 0.14 0.35 0.41 0.20 0.16 0.13 0.37 0.15
600 0.08 0.23 0.38 0.13 —0.01 0.18 0.15 -0.03
500 0.01 0.22 0.35 0.18 —0.19 0.15 0.18 -0.09
400 —0.02 0.17 0.19 0.03 -0.13 —0.16 -0.02 -0.23
350 —0.08 0.03 0.04 —0.12 -0.20 -0.26 -0.13 -0.28
300 -0.16 -0.05 0.00 —0.06 —0.29 -0.29 —0.14 -0.24
250 -0.15 -0.15 —0.11 —0.05 —0.09 -0.32 -0.22 -0.23
200 0.30 —0.17 —-0.18 0.15 —0.16 -0.30 -0.31 -0.13
175 0.11 —0.13 —-0.06 —0.01 —-0.03 —-0.34 —0.12 -0.37
150 —0.04 0.13 0.03 0.06 -0.08 0.05 —0.18 —0.08
125 -0.18 0.05 -0.02 0.03 -0.11 0.02 0.12 —0.18
100 0.05 0.16 0.03 0.21 —0.09 0.02 0.13 -0.22
70 0.11 0.19 0.00 0.15 —0.19 0.48 -0.06 0.01
50 0.25 0.10 -0.03 -0.19 0.43 0.04 0.33 —0.22
40 0.06 0.24 0.6 0.22 0.10 0.09 0.09 -0.07
30 0.22 0.52 —0.04 0.70 —0.04 0.43 0.51 —-0.01
20 0.09 0.46 0.00 0.42 0.54 0.66 0.50 0.13
15 -0.32 0.60 0.08 0.20 1.25 0.08 0.33 0.05
10 1.03 0.54 0.50 0.07 1.24 0.74 1.82 1.69

5 —0.35 4.00 2.79

Table 7. Relative humidity differences on standard pressure levels for each season and time.

Pressure Humidity difference (00 UTC) Humidity difference (12 UTC)
]Elf[‘)/;)l Spring Summer Autumn Winter Spring Summer Autumn Winter
(%) (%) (%) (%) (%) (%) (%) (%)

1000 -3.0 -0.9 4.6 -5.8 -4.0 -0.9 -5.8 -7.5
925 4.5 2.4 -5.6 -6.3 -5.0 -2.8 -5.5 -4.6
900 -39 -3.1 -5.5 4.5 -33 -2.0 -7.1 4.3
850 —4.1 -3.0 -7.0 -6.2 -2.8 -3.8 -7.2 -3.8
800 4.4 —4.0 -7.0 -2.9 -32 -5.7 -5.5 -4.0
700 -2.5 -5.5 -6.3 -3.5 -3.0 4.6 -6.2 4.4
600 -1.3 -3.9 4.2 -3.7 -2.5 -3.5 5.4 4.2
500 -0.6 2.2 -6.1 4.5 -3.6 -4.6 -6.5 -2.5
400 -0.8 -3.1 -8.9 4.4 -4.9 4.5 -9.6 -34
350 -1.3 -3.5 -6.9 -6.4 -5.2 -3.8 -9.9 -3.0
300 -3.2 -5.0 0.0 -3.0 -5.1 —-11.5 0.5

250 -3.0 -7.5 -13.5 -20.0 0.0
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Table 8. Geopotential height differences on standard pressure levels for each season and time.

Pressure Height Difference (00 UTC) Height Difference (12 UTC)
%he;:)l Spring Summer Autumn Winter Spring Summer Autumn Winter
(m) (m) (m) (m) (m) (m) (m) (m)
1000 -0.6 -0.1 0.0 -0.4 -0.4 -0.2 -0.1 -0.2
925 0.1 0.6 0.8 0.0 -0.1 0.2 0.4 0.2
900 0.1 1.0 1.2 0.4 0.2 0.6 0.8 0.2
850 0.6 1.5 2.2 1.1 0.4 1.5 1.0 0.7
800 1.6 2.3 3.0 1.2 0.5 1.9 1.6 0.9
700 3.6 4.0 4.6 2.2 1.6 3.0 3.0 1.6
600 4.4 5.8 6.3 2.9 1.9 4.2 3.9 1.8
500 49 7.4 8.5 3.7 1.6 5.1 6.2 1.6
400 49 8.5 10.8 4.1 1.1 4.8 6.6 0.9
350 5.1 9.1 11.0 3.8 0.9 4.4 6.2 0.3
300 4.4 9.2 11.4 3.5 —-0.4 33 5.7 -1.1
250 4.2 8.7 11.1 3.6 -1.2 2.1 5.2 -1.8
200 43 7.8 10.8 4.0 2.2 0.2 3.6 -3.1
175 4.8 7.5 10.7 4.2 2.1 -1.1 3.2 -3.2
150 5.5 8.0 10.6 4.5 -1.9 -1.7 2.7 4.2
125 5.8 8.7 11.1 5.1 2.4 2.2 2.7 -4.9
100 5.6 9.2 12.1 4.7 2.0 2.2 35 -6.2
70 7.1 12.0 15.5 6.9 -1.6 -1.4 5.8 -7.0
50 10.1 15.0 17.2 8.1 0.6 0.5 8.6 —6.8
40 11.5 16.0 17.9 8.3 0.6 1.9 11.9 -5.9
30 12.2 18.8 18.7 11.1 3.7 4.5 15.1 -5.2
20 15.0 23.4 21.0 14.5 4.7 9.5 23.8 4.7
15 15.1 27.0 18.9 13.7 9.5 15.0 27.0 -1.5
10 29.5 33.1 22.2 19.8 214 26.6 46.8 10.0
5 48.0 47.2 47.6
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Fig. 15. Profiles of mean temperature differences (Vaisala-RS92 minus Meisei-91) and the standard deviation for
each season (a-d), and for all seasons (e) from the pressure-level comparison.
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tween Meisei-91 and GPS receiver data, and (b) the mean difference and standard deviation for each 10-mm PW

bin.

(Fig. 17b). On the other hand, the mean PWV differ-
ences for the Meisei-91 minus the GPS receiver are
smaller than +0.4 mm for 10-30 mm bins, and about
+2 mm for 30-50mm bins. These results mean that the
PWYV value from the GPS receiver fall between those
of the two radiosondes. Vaisala-RS92 underestimates
the PWV for 10-30 mm bins and Meisei-91 overes-
timates the PWV for 30-50 mm bins in comparison
with the GPS receiver. Note that the limit of the rela-
tive humidity measurement for this study is —40 °C,
but the Vaisala-RS92 gives relative humidity data also
below —40 °C. It was found that the difference between

the Vaisala-RS92 PWYV obtained down to —40 °C esti-
mated from all observation data (up to the balloon burst
height) is about 0.1 mm on average, and the standard
deviation was about 0.4 mm. Therefore, the measure-
ment temperature limitation has negligible influence
on the results.

4.2 Sensitivity analysis for the number of dual sound-
ings

It is very helpful to know how many dual sound-

ings are actually needed to obtain a statistically stable

result. Therefore, we made a sensitivity analysis by
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Fig. 19. As for Figure 18 but for relative humidity.

randomly subsampling our data set, and saw changes
in the standard error of the mean difference. Note that
00 UTC and 12 UTC data were combined in this anal-
ysis. Figures 18, 19 and 20 show the standard errors
of mean difference for temperature, relative humidity,
and pressure, respectively. The standard deviations in
mean differences were calculated for each of the 13
pressure layers from 4-second data (see Appendix D),
and 5, 10, 20 and 30 soundings were chosen randomly
for each season from all 115 observations. The standard
errors for temperature are smaller than ~0.1K from
1000 to 50 hPa when the number of sounding is larger
than 20, and increase above the 50 hPa layer because
of the differences in burst height for each sounding. In
the case of relative humidity, the standard errors are
smaller than ~1% RH from 1000 to 300hPa when the
number of soundings is larger than 20 and increase

with height. On the other hand, the standard errors for
pressure are almost constant with height if the number
of soundings is larger than 20. We randomly picked 20
soundings from all data, 5 times for each season, and
the results were found to be robust.

4.3  The influence of switching radiosonde instru-
ments on long-term temperature trend detection

Upper-air observations are typically referenced at
standard pressure levels as in the TEMP code, and
upper—air data on pressure levels are quite important
for long-term monitoring of climate. Our results indi-
cate the possibility that data on pressure levels are
influenced by transitions from one type of radiosonde
to another. Uesato et al. (2008) analyzed temperature
trends over 50 years using pressure level data at Tateno
by making corrections for the past two radiosonde tran-
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sitions in March 1981 (Aerological Division of IMA
1983) and in October 1992 (Sakota et al. 1999) using
comparison observation data. For example, they found
an upward trend of +0.20 K per decade at the 850 hPa
pressure level. On the other hand, our study found a
comparable temperature difference of 0.2-0.4 K at 850
hPa due solely to the transition in radiosondes (Table
5). Therefore, data adjustment at instrument transitions
is critical for trend analysis.

We reanalyze upper-air temperature trends at
Tateno by including the results from this paper for the
December 2009 transition. We add the temperature
difference between Vaisala-RS92 and Meisei-91 radio-
sondes for each pressure level (shown in Table 5) to the
data prepared by Uesato et al. (2008). We only use data
at 12 UTC (21 LT) to avoid influence by solar radia-
tive heating, and do not consider the seasonality of the
differences in the transition adjustment. The results of
the reanalysis for the period between 1956 and 2010
are shown in Fig. 21. The dotted lines show the data
without instrument transition adjustment, and the solid
lines show the data with the adjustment for the three
radiosonde transitions (i.e., March 1981, October 1992
and December 2009). The adjustment for the three
transitions is found to increase the rate of temperature
change in the troposphere (850 hPa) from +0.09 K per
decade to +0.21 K per decade, that is, the reported
warming trends become greater. The adjustment is
also found to increase the rate of temperature change
in the stratosphere (50 hPa) from —0.26 K per decade
to —0.39 K per decade, that is, the cooling trends also
become greater. It should be noted here that in many
previous studies (e.g., Lanzante et al. 2003), adjust-
ments generally decrease tropospheric warming and
stratospheric cooling. The differing results obtained in
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As for Figure 18 but for pressure.

this paper are due to the difference in the adjustment
method. For example, Lanzante et al. (2003) identified
artificial discontinuities through visual examination of
time series plots and statistical procedures. Our results
emphasize the need to accurately account for the
effects of instrumental changes in radiosoundings and
other measuring instruments. The accuracy of the pres-
sure sensors has also changed, and the effects of the
pressure sensor changes might be more significant than
those of the temperature sensor changes for climatic
data analysis (Nash et al. 2011). Unfortunately, the
information on the pressure sensor comparison is not
available for the former two transitions.

5. Conclusions

The comparisons between the Meisei-91 and Vais-
ala-RS92 radiosondes demonstrated the differences
in data from these instruments. Temperature from the
Vaisala-RS92 was 0.1-0.4 K higher than that from the
Meisei-91 above the 100 hPa layer in night time obser-
vations; and the Meisei-91 temperatures was ~0.1 K
higher above the 30 hPa layer in day time observations.
Relative humidity data were compared at temperatures
only down to —40 °C. The Vaisala-RS92 measurements
were up to ~5% RH drier than the Meisei-91 measure-
ments, particularly under humid conditions; and were
especially large in autumn because of very wet condi-
tions. Also, the percentage difference was quite large
in very dry conditions (<10% RH). The Vaisala-RS92
pressure was about 0.5 hPa higher than the Meisei-91
pressure in the stratosphere. Comparison with Vaisa-
la-RS92 GPS altitude measurements suggested that
the Vaisala-RS92 pressure sensor may have positive
biases and the Meisei-91 sensor has negative biases of
a similar magunitude in the stratosphere.
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The difference in relative humidity data between
the two radiosondes is considerable, and we further
investigated it by using independent precipitable water
vapor data obtained from a collocated GPS receiver.
The GPS PWYV values fell between those from the
two radiosondes. Therefore, there is a possibility that
both radiosondes have biases with opposing signs.
The Vaisala-RS92 relative humidity sensor is known
to have a solar radiation dry bias of up to ~50% in the
upper troposphere (Vomel et al. 2007; Miloshevich et
al. 2009). The software that we used was version 3.63
of Vaisala’s DigiCORA Sounding System. but there is
a report that the humidity data processing algorithm
of new software version 3.64 has been improved to
take into account sensor’s slow response time at low
temperature and sensor’s heating error by solar radi-
ation; both of which become significant in the upper
troposphere (Vaisala 2011). During the WMO Inter-
comparison of High Quality Radiosonde System (Nash
et al. 2011), Vaisala-RS92 radiosondes were used with
the version 3.64 software and good humidity obser-
vations were reported. Therefore, the Vaisala-RS92
relative humidity measurements with the version 3.64
software would not be so dry when compared to the
Meisei-91 measurements, and the humidity differences
between these two radiosondes would be smaller than
the results shown in this paper.

Furthermore, the new version 3.64 software applies
a new solar radiation correction for the temperature
measurement (Vaisala 2011). This new solar radiation
correction algorithm takes into account the radiosonde
ventilation effects during the flight. Therefore, the
accuracy of the Vaisala-RS92 temperature measure-
ments was also improved shortly after our comparison
soundings. Therefore, the users of Vaisala-RS92 radio-
sondes (and other radiosondes as well), including us,
should keep and disclose the software information for
users to evaluate data quality.

We also made a sensitivity analysis on the number of
dual soundings by randomly subsampling our data set.
The results showed that more than 20 flights in each
season are necessary for all parameters to obtain statis-
tically stable results.

In addition, we reanalyzed long-term temperature
trends using the comparison data set at the three radio-
sonde transitions (March 1981, October 1992, and
December 2009) in order to address the data conti-
nuity issue. The results indicated that the temperature
difference between the Vaisala-RS92 and Meisei-91 is
comparable to the actual 10 year temperature changes.
We have not analyzed long-term humidity trends. This
is because some minor instrumental change occurred
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within the humidity sensors between transitions,
but the impacts were not thoroughly investigated by
comparison soundings. Therefore, it is very difficult
to analyze humidity trends with sufficient precision.
However, our temperature results suggest that the
instrumental changes would affect the long-term trend
estimates significantly.

Validation of observational datasets that account
for the transitions in measurement instrumentation is
necessary for long-term analysis of climate data. The
information about the differences between radiosondes
is absolutely necessary for analyzing future climate
trends. We have illustrated this case using the instru-
ment transition at Tateno station and temperature trend
reanalysis as an example of comparison data utiliza-
tion. Precise upper-air observations for the monitoring
of long-term climate change are one of the GRUAN’s
purposes. The results of shown in this paper will be
utilized in the GRUAN’s and other relevant activities.
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Appendix A: Pre-launch check of radiosondes

The accuracies of temperature and humidity sensors
of the Vaisala-RS92 radiosonde were checked using
Vaisala Ground Check Set GC25. The temperature
sensor was checked using the temperature reference
unit in the chamber of GC25. The GC 25 chamber
includes desiccant (molecular sieves) which provides
the 0%RH humidity reference, and the humidity sensor
was checked in the chamber. The humidity difference
at ground check was used to adjust the observation
data. Therefore, the desiccant was refreshed when the
humidity difference at ground check was larger than
2%RH. However, the humidity data can have an error
which is introduced as a result of the absorption of
humidity by the desiccant.

Sensors of the Meisei-91 radiosonde were checked
using an atmospheric chamber (JMA 2004). Reference
temperature and humidity values were obtained with a
psychrometer in the chamber. The chamber was venti-
lated with a wind of about 6 m s

The reference pressure value for both radiosondes
was obtained from the routine surface observation at
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Tateno, and the deviation from this reference value was
used to adjust observational data for both radiosondes.

When the deviations from reference values for
temperature, humidity and pressure were within a
specified limit (Table 3), these results were used to
adjust observational data for both radiosondes, except
for the temperature and humidity observations of the
Meisei-91.

Appendix B: The observation process

Observational data from the Vaisala-RS92 radio-
sonde were received by the Vaisala Telemetry Antenna
(RB31) and converted into each meteorological
element by the Vaisala Sounding Processing Subsystem
(SPS311), and then sent to the Vaisala DigiCORA
Sounding System (version 3.63) to calculate observed
values.

The Meisei-91 radiosonde used a JMA-91 type
sounding system (Meisei). The analog signals from
the radiosonde were received by automatic direc-
tion-finding equipment and converted into measure-
ment values for each element by a signal converter,
and then the observed values were calculated. Height
data were derived from the hypsometric equation using
pressure, temperature and humidity values.

The surface observation data at launch time (pres-
sure, temperature, humidity, wind direction and wind
speed) were obtained from the routine surface obser-
vation at Tateno.

Appendix C: Method of time adjustment of
observational data

Temperature profile data were used between 5 and
10 minutes after balloon release when the tempera-
ture difference between radiosondes was smaller than
IK. If this condition is not satisfied, the data in any
S-minute period between 10 and 25 minutes in which
the temperature difference between radiosondes was
smaller than 1K were used. We used temperature data 5
minutes after the launch to avoid the unwinding of the
string holding the dual radiosonde rig. We calculated a
correlation coefficient for the time difference between
the 2-second data of the Vaisala-RS92 and the interpo-
lated 1-second data of the Meisei-91. Then we found
the time lag yielding the best-fit cross-correlation
coefficient. A histogram of the time offset between the
Vaisala-RS92 and the Meisei-91 showed the majority
at —1 second (58 cases), and the largest offsets of —4
seconds (1 case) and +2 seconds (3 cases).
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Appendix D: The method of
simultaneous sensor comparison

We defined T,-V and TI.M as measurement values
from the Vaisala-RS92 and Meisei-91, respectively, at
the 4 seconds time step i. These data were sorted into
13 pressure layers based on the pressure data PiM from
the Meisei-91, that is, 1000—700, 700-500, 500-300,
300-200, 200-150, 150-100, 100-70, 70-50, 50-30,
30-20, 2015, 15-10 and 10-5 hPa.

The mean of each element (7", T™) and the
mean of the difference (AT ) were calculated by the
following equations for each pressure layer. The differ-
ence is defined as Vaisala-RS92 data minus Meisei-91
data, or AT, =T —T;".

The mean for each pressure layer is

ie
2T
oV i=is TT\/I _ =i
i, —i,+1°

(D1)

and the mean difference for each pressure layer is

i (D2)

where i, and i, are the observation counts of the first
and last data points, respectively, when EM is in that
pressure layer.

Statistics for each pressure layer were calculated for
every observation time and season, being based on the
N soundings made in the order K = 1,2,...,N.

The ensemble mean for each pressure layer is

N J—
DTk I

V_K=L  pM_ K=l
N N

(D3)

~

The ensemble mean difference for each pressure
layer is

N
2k (D4)

_ k=1
AT = N

The standard deviation of ensemble mean difference
for each pressure layer is

(D5)
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Appendix E: The method of
pressure-level comparison

The pressure levels for comparison are 1000, 925,
900, 850, 800, 700, 600, 500, 400, 350, 300, 250, 200,
175,150, 125, 100, 70, 50, 40, 30, 20, 15, 10 and 5 hPa.
The difference is defined as Vaisala-RS92 data minus
Meisei-91 data, where ATy =T, KV —T, 1?4 and 7, KV and
T,?’I are the Kth sounding value at any pressure level.
Statistics were calculated based on the N soundings
made in the order K=1,2,...,N.

The mean for each pressure level is

N N
DD ' S 3
_ K=l _ k=l

(ED)
T = T ™ = N
The mean difference for each pressure level is
N
> ATy (E2)

AT — K=1
AT = I

The standard deviation of difference for each pres-
sure level is

i (AT, - E)z

K=

(E3)

—_

o(AT)= ~
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