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Abstract. Radiosondes provide one of the primary sources

of upper troposphere and stratosphere temperature data for

numerical weather prediction, the assessment of long-term

trends in atmospheric temperature, study of atmospheric pro-

cesses and provide intercomparison data for other temper-

ature sensors, e.g. satellites. When intercomparing differ-

ent temperature profiles it is important to include the effect

of temporal mismatch between the measurements. To help

quantify this uncertainty the atmospheric temperature varia-

tion through the day needs to be assessed, so that a correc-

tion and uncertainty for time difference can be calculated.

Temperature data from an intensive radiosonde campaign, at

Manus Island in Papua New Guinea, were analysed to cal-

culate the hourly rate of change in temperature at different

altitudes and provide recommendations and correction fac-

tors for different launch schedules. Using these results, three

additional longer term data sets were analysed (Lindenberg

1999 to 2008; Lindenberg 2009 to 2012; and Southern Great

Plains 2006 to 2012) to assess the diurnal variability of tem-

perature as a function of altitude, time of day and season of

the year. This provides the appropriate estimation of temper-

ature differences for given temporal separation and the un-

certainty associated with them. A general observation was

that 10 or more repeat measurements would be required to

get a standard error of the mean of less than 0.1 K per hour

of temporal mismatch.

1 Introduction

Radiosondes provide one of the primary sources of upper

troposphere and stratosphere temperature data for numerical

weather prediction, the assessment of long-term trends in at-

mospheric temperature, study of atmospheric processes and

provide intercomparison data for other temperature sensors,

e.g. satellites. For many of these applications, understand-

ing the measurement uncertainty is crucial to effectively us-

ing the data and interpreting the relationship between dif-

ferent measurement sources. The Global Climate Observ-

ing System (GCOS) and the Reference Upper Air Network

(GRUAN) have been established under the joint auspices of

GCOS and relevant commissions of the World Meteorolog-

ical Organization (WMO) as an international reference ob-

serving network, designed to meet climate requirements and

to fill a large gap in the current global observing system

(Thorne et al., 2013). Extensive work has been undertaken

within GRUAN to establish the traceable measurement un-

certainty associated with radiosonde measurements (Immler

et al., 2010). However, when comparing profile results be-

tween different atmospheric sensors, the individual sensor

measurement uncertainties only make up part of the over-

all comparison uncertainty. Allowance also has to be made

for the coincidence uncertainty in time and space, and the

smoothing uncertainty in the two profile measurements (von

Clarmann, 2006). This paper addresses the coincidence un-

certainty associated with using radiosonde results for inter-

comparisons with other temperature measurements.

Intercomparisons between temperature measurements

made by radiosondes and satellites are well documented

(Free and Seidel, 2005; Randel et al., 2009). The perfor-
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mance of radiosonde temperature sensors is reasonably well

understood and these sensors are normally traceably cali-

brated on site before launch (Immler et al., 2010). Whereas

satellite sensors are well characterised and calibrated be-

fore launch (Mo, 1996), there is no direct mechanism to

validate this calibration post-launch or over the time his-

tory of the satellite’s mission. Drift corrections can be per-

formed (Zou and Wang, 2010) and agreements with other

satellite measurement methods calculated (Zou et al., 2014),

however these do not make a direct comparison with ac-

tual in-atmosphere temperature measurements. Regular in-

tercomparisons between satellite and radiosonde measure-

ments need to be performed to validate the ongoing tem-

perature calibration of the satellite. Arranging a coincident

satellite overpass of a radiosonde launch is difficult and in

most cases impractical. Therefore the rate of change in atmo-

spheric temperature needs to be assessed and an appropriate

launch schedule determined to allow valid comparisons. Pre-

vious work (Sun et al., 2010) has found that the mean temper-

ature difference (all altitudes) across 13 types of radiosonde

and the Constellation Observing System for Meteorology,

Ionosphere and Climate (COSMIC) Global Positioning Sys-

tem, Remote Occultation (GPS RO) satellite measurements

for a global network to be 0.15 K. For Vaisala radiosondes,

whose data was analysed in this paper, an increasing warm

bias (from 0–0.4 K) with altitudes above 19 km (50 hPa) was

found. The effect of the difference in radiosonde launch time

and satellite overpass was also examined. The comparison

standard deviation errors (all radiosonde types) for tempera-

ture were found to be 0.35 K per 3 h time difference.

The aim of this paper is to establish a methodology, from

the limited data available from sites with a high launch fre-

quency, to see if a data correction factor could be established

at these sites to guide launch schedules. This represents the

first step in developing a general tool for calculating temporal

correction factors for any ground-based monitoring site. This

work presents the results of a study of existing radiosonde

data sets in order to estimate the uncertainty that would arise

due to a temporal mismatch between a radiosonde profile and

another source of temperature data. This is derived as a func-

tion of altitude, time of day and season of the year. This paper

does not try to physically explain or quantify the reasons be-

hind the correction factors derived at each site. In addition

to providing an estimation of the coincidence uncertainty in

time, it also gives guidance on the frequency of radiosonde

launches required to capture diurnal variations.

2 Overview and data

To help quantify the difference between radiosonde and

satellite measurements the diurnal atmospheric temperature

variation needs to be assessed, so that a correction for

time difference can be calculated. Radiosondes are routinely

launched at 12-hourly intervals (00:00 and 12:00 UTC) from

Figure 1. Fraction of radiosonde launches providing results as a

function of altitude for each data set used. Blue line: Lindenberg

1999 to 2008; red line: Lindenberg 2009 to 2012; green line: South-

ern Great Plains; grey line: Manus Island.

many sites around the globe (Seidel and Free, 2006) with

a very limited number of sites making more frequent mea-

surements (WMO, 2013). To determine the frequency of

launches needed to have an acceptable understanding of the

atmosphere’s temperature stability over short time periods

(< 24 h), temperature measurements from radiosonde flights

made by the upper-air sounding network for Dynamics of

the Madden–Julian Oscillation (DYNAMO) at Manus Is-

land, Papua New Guinea were analysed. During this cam-

paign, Vaisala RS92-SGP radiosondes with GPS wind find-

ing were launched every 3 h (00:00, 03:00, 06:00, 09:00,

12:00, 15:00, 18:00, 21:00 UTC) from 24 September 2011

to 31 March 2012. After conversion to local time, the hourly

rate of change in temperature between launches was calcu-

lated for 500 m altitude bins from the surface to 24 km, for

launches 3, 6 and 12 h apart. The mean hourly rates of change

were inter-compared to assess the launch frequency required

to acceptably characterise the diurnal change in temperature.

Following the analysis of launch frequency, long-term data

from four radiosonde launches per day at Lindenberg (1999

to 2008 Vaisala RS90 radiosonde and 2009 to 2012 Vaisala

RS92-SGP radiosonde) in Southern Germany and Southern

Great Plains (Vaisala RS92 radiosonde 2006 to 2012) Okla-

homa, USA were analysed to give hourly rates of change in

temperature. Table 1 gives a summary of the radiosonde data

sets.

The rate of change data was analysed to show differences

in temperature stability between launches over a 24 h period

and over the four seasons of the year, again up to an altitude

of 24 km. Although some results were available up to 40 km,

the number of samples fell off significantly with altitude –

as shown in Fig. 1. The maximum altitude of 24 km was se-

lected as a suitable upper limit as all data sets giving > 75 %

data capture rates up to this altitude.
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Table 1. Summary of radiosonde data sets used.

Launch site Manus Lindenberg Lindenberg Southern Great Plains

Latitude 2◦3′39.64′′ S 52◦12′36.0′′ N 52◦12′36.0′′ N 36◦36′18.0′′ N

Longitude 147◦25′31.43′′ E 14◦7′12.0′′ E 14◦7′12.0′′ E 97◦29′6.0′′W

Start 24/09/2011 01/01/1999 01/01/2009 01/01/2006

End 31/03/2012 31/12/2008 31/12/2012 31/12/2012

Launches per day 8 4 4 4

Sonde RS92-SGP RS90 RS92-SGP RS92-SGP

Total number of launches 1002 14466 4555 9754

Median near surface 26.4 9.4 17.1

(0 to 500 m) temperature, ◦C

Minimum daily near surface 15.9 −17.6 −14.3

(0 to 500 m) temperature, ◦C

Maximum daily near surface 34.3 30.2 40.9

(0 to 500 m) temperature, ◦C

3 Results and discussion

3.1 Manus Island DYNAMO data set

Radiosonde temperature readings are amalgamated into alti-

tude bins 500 m high, labelled as the centre of each bin, i.e. 0

to 500 m labelled as 250 m. The temperatures in each altitude

bin are averaged to provide a mean temperature, T , for that

specific altitude. The rate of change in temperature between

single launches 3, 6 and 12 h apart, at each altitude, were

calculated according to Eq. (1). The mean rate of change in

temperature between each launch separation and altitude, dT
dtn

,

were then calculated according to Eq. (2):

dT

dtn
=
Tn− T0

tn− t0
(1)

where n= 3, 6, or 12 h separation between launch time;

dT

dtn
=

∑
dT
dtn

i
(2)

where i = the number of launch pairs.

The mean rates of change in temperature ( dT
dt3

, dT
dt6

and dT
dt12
)

were used to define temperature change profiles over the day

at different altitudes and are shown in Fig. 2. These profiles

are for the complete 6-month data set and have not been split

into seasons.

The times given in the figure show the mid-point in lo-

cal time (LT) between the two launches used to calculate the

temperature differences. Note that, for the 12 h separation re-

sults the launch times used are the 00:00 and 12:00 UTC ra-

diosonde launches that are typically used by sites carrying

out two launches per day. The error bars on the profiles come

from the standard error of the mean. It can be seen in Fig. 2

that the profiles from launches 3 and 6 h apart follow similar

profiles during the day, within the error bars (standard error

of the mean), while the profiles from launches 12 h apart are

unrepresentative and generally underestimate the actual di-

urnal variability. The profiles shown in Fig. 2 are a subset of

all the altitudes evaluated. The complete set can be viewed

online in the Supplement.

In order to quantify the difference between the different

launch schedules it was assumed that 8 launches per day pro-

vided the best available measure of the changing state of the

atmosphere. The mean hourly rates of change in temperature

from these launches were therefore considered to be the base

set. The difference in temperature change rates,1 dT
dtn

(K h−1)

between the base set and a single launch, 2 launches a day

and 4 launches a day were calculated according to Eq. (3).

The results of which can be seen in Fig. 3:

1
dT

dtn
=

∑
ABS

(
dT
dtn
−

dT
dt3

)
8

(3)

where n= 6 or 12. For single launches, 1 dT
dtn

was taken as

the mean of dT
dt3

.

It can be seen from Fig. 3 that there is a marked differ-

ence in the temperature change rate between 4 launches a

day and 2 launches a day, and that there is little improve-

ment in performing 2 launches a day over a single launch.

The 4 launches per day data set is statistically different from

the single launch data set at all altitudes except 3250 m, with

a confidence level of 1σ (68 %). At the 2σ (95 %) level,

three altitudes (9250, 12 250 and 15 250 m) are statistically

different. It is therefore assumed in the later analyses that

launches spaced 6 h apart provide a reasonable estimation of

the hourly rate of change in temperature. Launches spaced

12 h apart do not suitably follow the short-term variations

in temperature change over a 24 h period. Clearly this result

only directly applies to the Manus data set, but it provides

reasonable confidence in the use of 4 launches per day data

for longer term analysis.
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Figure 2. The 24 h profiles of mean temperature change rate from

radiosonde launches at Manus Island during the DYNAMO cam-

paign. Error bars are the standard error of the mean. Red line: 12 h

separation; blue line: 6 h separation; green line: 3 h separation.
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Figure 3. Difference in temperature change rate for a single launch

(green triangles), 2 launches a day (red squares) and 4 launches a

day (blue diamonds).

3.2 Lindenberg and Southern Great Plains data sets

Once a 6 h launch frequency was accepted to adequately rep-

resent the rate of change in temperature, three data sets were

processed to calculate hourly rates of change, according to

Eq. (2), between the four launches covering a 24 h period.

Each data set was broken down into seasons and the cal-

culations repeated to show if there were any changes in be-

haviour. Subsets of these results are shown in Figs. 4 and 5.

Plots for all launches across all seasons can be viewed online

in the Supplement. The error bars represent the standard error

of the mean. Note that, as with the Manus data, the launches

spaced 12 h apart (at 00:00 and 12:00 UTC) did not show the

same degree of diurnal variability as the 6 h launch results.

It can be seen from Fig. 4 that all three data sets show

similar behaviour for all launches during winter, except for

the Lindenberg 1999–2008 data set, which shows some di-

vergence in the stratosphere for the rate of change calculated

from the 12:00 and 18:00 local time launches. Figure 5 shows

the results for all four seasons of the rate of change calcu-

lated from the 12:00 and 18:00 local time launches. In addi-

tion to the winter divergence highlighted earlier, the South-

ern Great Plains (SGP) data set shows cooling in the strato-

sphere in spring, while the two Lindenberg data sets show

heating. SGP shows significantly more heating in the tropo-

sphere and above 22 km in the summer. Autumn SGP results

are also significantly different from Lindenberg in the lower

troposphere, while the two Lindenberg data sets diverge in

the stratosphere and are split by the SGP data set at this alti-

tude. Summaries of near surface temperature (0–500 m) are

given in Table 1 to give an indication of the local climate

during the radiosonde launches. This difference in the strato-

sphere in the Lindenberg data may be due to the changes
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Figure 4. Hourly temperature change rate from 0 to 24 km, for

the three data sets during winter. Blue line: Lindenberg 1999 to

2008; red line: Lindenberg 2009 to 2012; green line: Southern Great

Plains.

in radiosonde type and analysis procedures between the two

data sets. The influence of these changes and the effect of

improved knowledge of the measurement uncertainty in the

more recent data is a potential area for further investigation.

The error bars in Figs. 4 and 5 are expressed as the stan-

dard error of the mean result. If the standard deviation for

a complete data is calculated and then the standard error

calculated for differing numbers of repeat measurements,

this gives an indication of the number of repeat measure-

ments/radiosonde flights with corresponding satellite over-

passes that would need to be made to bring the uncertainty

in the temperature correction into acceptable bounds. Ta-

ble 2 gives a summary of the mean temperature change rate

between two launch times 6 h apart from a single data set

(Lindenberg 1999 to 2008) along with the standard deviation

of the measurements, the standard error of the mean for 10

and 100 repeated measurements for the four seasons of the

 

 

  

0

4000

8000

12000

16000

20000

24000

-0.1 -0.05 0 0.05 0.1

A
lt

it
u

d
e

,m
 

Change in Temperature, K / hour-1 

Winter  12:00 to 18:00 

0

4000

8000

12000

16000

20000

24000

-0.1 -0.05 0 0.05 0.1

A
lt

it
u

d
e

,m
 

Change in Temperature, K / hour-1 

Spring  12:00 to 18:00 

0

4000

8000

12000

16000

20000

24000

-0.1 -0.05 0 0.05 0.1

A
lt

it
u

d
e

,m
 

Change in Temperature, K / hour-1 

Summer  12:00 to 18:00 

Lindenberg
1999 - 2008

Lindenberg
2009 - 2012

SGP Central
2006 - 2012

0

4000

8000

12000

16000

20000

24000

-0.1 -0.05 0 0.05 0.1

A
lt

it
u

d
e

,m
 

Change in Temperature, K / hour-1 

Autumn  12:00 to 18:00 

Figure 5. Hourly temperature change rate from 0 to 24 km, for three

data sets, calculated from launches at 12:00 and 18:00 local time

for all four seasons. Blue line: Lindenberg 1999 to 2008; red line:

Lindenberg 2009 to 2012; green line: Southern Great Plains.

year. The results for the three data sets for all seasons can be

viewed online in the Supplement.

Figure 6 summarises the results at 5 km altitude in spring

for 13:00 and 19:00 local time, to give an indication of the

reduction in the uncertainty with increased number of mea-

surements for each data set. It can be seen that to obtain a

standard error of the mean rate of change in temperature of

<= 0.1 K per hour, 10 or more repeat measurements are re-

quired. The standard errors of the means for 100 measure-

ments in Table 2 are similar to those for the Manus Island

results in Fig. 2 (0.038), which were typically made up of

90 launches per result. The number of launches per data point

for the Lindenberg 1999 to 2008 data set is 889, for the Lin-

denberg 2009 to 2012 data set 227 and 572 for the Southern

Great Plains data set.

The data in Fig. 6 also shows how these results could be

used in practice. Taking the Lindenberg 1999 to 2008 results

as an example, if a comparison was made between a single

SGP radiosonde temperature measurement and another tem-
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Table 2. Lindenberg 1999–2008. Mean rate of change in temperature between launches at 13:00 and 19:00 local time at different altitudes

for each season, along with standard deviation of a single measurement and standard error with increased number of measurements.

Altitude 5 km Spring Summer Autumn Winter

Mean rate of change, K h−1 0.036 0.040 0.010 0.013

SD (1 reading) 0.265 0.219 0.304 0.372

SE (10 readings) 0.084 0.069 0.096 0.118

SE (100 readings) 0.026 0.022 0.030 0.037

Altitude 10 km Spring Summer Autumn Winter

Mean rate of change, K h−1 0.011 0.027 0.023 0.000

SD(1 reading) 0.305 0.280 0.337 0.368

SE (10 readings) 0.097 0.088 0.107 0.116

SE (100 readings) 0.031 0.028 0.034 0.037

Altitude 15 km Spring Summer Autumn Winter

Mean rate of change, K h−1 0.006 −0.005 0.004 −0.003

SD (1 reading) 0.182 0.191 0.215 0.235

SE (10 readings) 0.058 0.060 0.068 0.074

SE (100 readings) 0.018 0.019 0.021 0.023

Altitude 20 km Spring Summer Autumn Winter

Mean rate of change, K h−1 0.031 −0.033 0.032 0.024

SD (1 reading) 0.199 0.175 0.202 0.270

SE (10 readings) 0.063 0.055 0.064 0.085

SE (100 readings) 0.020 0.017 0.020 0.027 
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Figure 6. Reduction in uncertainty in hourly temperature change

rate due to repeat radiosonde flights – for measurements between

13:00 and 19:00 LT, at 5km altitude in spring. Columns show the

mean temperature change rate and error bars should the uncertainty

associated with different numbers of samples. Blue: Lindenberg

1999 to 2008; red: Lindenberg 2009 to 2012; green: Southern Great

Plains.

perature measurement (between 13:00 and 19:00 local time,

at 5 km, in spring) then for each hour difference between the

measurements a correction of 0.036 K should be applied to

the radiosonde result and an additional random uncertainty of

0.265 K should be included in the comparison. This correc-

tion should be subtracted from the radiosonde measurement

to adjust for the temporal mismatch. If this was repeated

10 times the correction factor would remain the same, but

the additional random uncertainty would reduce to 0.084 K.

The supplementary data gives a summary of results for all

three data sets over the separate 6 h launch separations. The

results enable such an evaluation to be made for any altitude,

time of day and season.

4 Conclusions and further work

Four radiosonde data sets have been analysed to assess the

temporal variability of the temperature profile as a function

of altitude, time of day and season of the year. This pro-

vides information on the temporal mismatch uncertainty that

would result from comparing atmospheric temperature mea-

surements at different times. The results from the intensive

Manus campaign with 8 launches per day show that 2 ra-

diosonde launches per day (at 00:00 and 12:00 UTC) do not

capture the diurnal variability and would tend to underesti-

mate both the adjustment and uncertainty that would result

from a temporal mismatch, but that 4 radiosonde launches

per day provides a reasonable estimate of the diurnal vari-

ability.

Analysis of longer term data sets with four launches per

day provide appropriate estimation of temperature differ-
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ences for a given temperature separation and the uncertain-

ties associated with them. The uncertainties show similar be-

haviour for all data sets and indicate that, in general, 10 or

more repeat measurements would be required to get a stan-

dard uncertainty of less than 0.1 K per hour of temporal mis-

match.

Having established that the method presented in this paper

is a viable one for estimating temporal variability, it should

be recognised that these results only directly apply to the ra-

diosonde launch sites from which the data sets have been ob-

tained. In order to generate appropriate correction factors for

other sites the method will require further development, us-

ing additional data sources or model results for each site.

Given the conclusion that at least four launches per day

are needed to capture the diurnal variability and the very

limited number of launch sites from which such long term

data is available, then a modification to this analysis would

be needed to give it wider global applicability. Two meth-

ods to consider are combining twice daily radiosonde results

with higher temporal resolution data from another measure-

ment technique or using high resolution meteorological mod-

els to fill in the gaps between the radiosonde launches. Both

options will be the subject of further work.

The Supplement related to this article is available online

at doi:10.5194/amt-8-463-2015-supplement.

Acknowledgements. Manus

One of the upper air data sets developed for the Dynamics of

the Madden-Julian Oscillation (DYNAMO) 2011 to 2012 project.

This data set includes 1411 high vertical resolution (2 s) sound-

ings from the Atmospheric Radiation Measurement (ARM) C1

Momote. These data were provided by ARM and had preliminary

quality control by NCAR/EOL. This L3 version of the data set

has a correction by CSU. This station used Vaisala RS92-SGP

radiosondes with GPS wind finding during the DYNAMO field

campaign.

Data provided by NCAR/EOL under sponsorship of the National

Science Foundation. http://data.eol.ucar.edu/. Dataset name: Manus

ARM AMF Radiosonde L3 Data (ESC Format) [NCAR/EOL],

http://data.eol.ucar.edu/codiac/dss/id=347.009.

Southern Great Plains

Data were obtained from the Atmospheric Radiation Measurement

(ARM) Program sponsored by the US Department of Energy, Of-

fice of Science, Office of Biological and Environmental Research,

Climate and Environmental Sciences Division.

Lindenberg

The 1999 to 2009 data is based on radiosonde measurements using

Vaisala RS90 instruments.

The 2009 to 2012 data is a GRUAN data product (RS92-GDP

V2) based on radiosonde measurements using Vaisala RS92

instruments. All GRUAN data products are based on measure-

ments and processing that adheres to the GRUAN principles

(Immler, 2010). The raw data are read from the original Digi-

Cora III data base files and are corrected for known systematic

biases. The uncertainty of the temperature, the humidity and

the wind is calculated from estimates of the calibration uncer-

tainty, the uncertainty of the bias correction and the statistical noise.

Data provided by German Meteorological Service (DWD).
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