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ABSTRACT

Atmospheric temperature and humidity profiles are important for weather prediction, but climate change

has increased the interest in upper-air observations asking for very high-quality referencemeasurements. This

paper discusses an experimental approach to determine the radiation-induced error on radiosonde air tem-

perature measurements. On the one hand, solar shortwave and thermal longwave radiation profiles were

accurately measured during radiosonde ascents from the surface to 35-km altitude. On the other hand, air

temperature was measured with several thermocouples on the same flight, simultaneously under sun-shaded

and unshaded conditions. The radiation experiments reveal that thermal radiation errors on the very thin

thermocouple of the Meteolabor SRS-C34 radiosonde are similar during night- and daytime. They produce

a radiative cooling in the lower troposphere and the upper stratosphere, but a radiative heating in the upper

troposphere and lower stratosphere. Air temperature experiments with several thermocouples, however,

show that solar radiation produces a radiative heating of about 10.28C near the surface, which linearly in-

creases to about118C at 32 km (;10 hPa). The new solar radiation error profile was then applied to SRS-C34

measurements made during the EighthWMO Intercomparison of High Quality Radiosonde Systems, held in

Yangjiang, China, in July 2010. The effects of thermal and solar radiation errors are finally shown in contrast

to the 10 other internationally used radiosonde systems, which were flown during this international campaign.

1. Introduction

Atmospheric temperature and water vapor measure-

ments have been used in a wide variety of both opera-

tional weather prediction and research applications for

many years. However, upper-air observations for climate

have recently been given more attention with the initi-

ation of the Global Climate Observing System (GCOS)

Reference Upper Air Network (GRUAN) to provide

climate-quality measurements of tropospheric and lower-

stratospheric variables (Trenberth et al. 2002; GCOS

2007; Seidel et al. 2009). GRUAN’s goal is to feature

measurements of the ‘‘essential climate variables’’ iden-

tified by GCOS (GCOS 2010) with a focus on upper-air

variables. The primary objectives are to monitor changes
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in temperature profiles and to characterize water vapor

in the upper troposphere and lower stratosphere (UTLS)

(Thorne et al. 2005; Randel et al. 2006).

The measurement quality of present-day operational

radiosondes is best described in a recent report on the

Eighth World Meteorological Organization (WMO)

Intercomparison of High Quality Radiosonde Systems,

held in Yangjiang, China, in July 2010 (Nash et al. 2011).

During this intercomparison, 11 operational radiosonde

systems from 11 manufacturers were tested and com-

pared in relation to temperature, humidity, pressure, and

wind components. With respect to temperature profile

measurements at night, most radiosonde systems were

found to provide suitable quality for both weather and

climate application. During daytime however, a rather

large spread was found between the results of the in-

dividual sondes, particularly at high altitudes, with biases

up to 60.88C at 32-km altitude (;10 hPa). A particular

large cold bias of 20.88C at high altitude was found for

the Meteolabor SRS-C34 radiosonde (MeteoSwiss op-

erational radiosonde), which uses a large daytime radia-

tion error correction (21.88C at 32km) that is based on

laboratory experiments and on statistical analyses of

day–night differences (Ruffieux and Joss 2003).

The large differences of daytime temperature mea-

surements observed during the 2010WMOintercomparison

led us to reanalyze the radiation error of theMeteolabor

SRS-C34 radiosonde. In the following, we present ex-

periments that allow determining the thermal and solar

radiation error of the thermocouple temperature sen-

sors used on the SRS-C34 radiosonde. We show solar

shortwave and thermal longwave radiation profiles

measured through the atmospherewith radiosondes, which

allow relating radiation errors on temperature sensors to

the radiative fluxes. We further show an experimental

method allowing direct measurements of the radiation

error by using several thermocouples on the same sonde,

which simultaneously measure air temperature under

sun-shaded and unshaded conditions. The new radiation

error correction is then applied to the SRS-C34 radio-

sonde, and we use the data of the 2010 WMO inter-

comparison to analyze and compare night and day

measurement differences between the SRS-C34 and the

10 other internationally used radiosonde systems.

2. Radiation error of air temperature
measurements

A large number of studies and tests on the problems of

gas temperature measurements have been reported in

the nineteenth century and first half of the twentieth

century (Freeze 1951). It is generally known that the

temperature, which a temperature sensor indicates, is

not usually the temperature of the gas. It is a tempera-

ture that is a result of the rate of heat transfer from the

gas and its surroundings to the sensor by radiation,

balanced against the rate of heat transfer from the sen-

sor by radiation and convection–conduction to the gas

and surroundings, and by conduction from the sensor to

its support. The factors that cause a sensor to indicate

a temperature different from the gas temperature have

been described as ‘‘errors of the sensor’’ (Daniels 1968).

With respect to air temperature measurements with

radiosondes, a number of analyses on errors of sensors

have been published (Vaisala 1964; Schmidlin et al.

1986; Luers 1990; McMillin et al. 1992; Luers 1997;

Ruffieux and Joss 2003). The most prominent error of

upper-air temperature sensors is the radiation-induced

temperature error, or ‘‘radiation error,’’ which is related

to the following three main causes:

1) Radiative transfer between the sensor and its sur-

rounding objects, which have a temperature different

from that of the air; for example, the sun, as a source

hotter than the gas, will cause a thermometer to

indicate too high a temperature, while a clear sky, as

a source colder than the gas, will cause a thermometer

to indicate too low a temperature.

2) Convective–conductive heat transfer between the

sensor and the gas, which is the main process through

which the temperature sensor approaches the gas

temperature and this varies with pressure and with

the speed of motion of the air across the sensor.

3) Construction of the sensor and its support itself,

which influences the radiation error and causes

additional errors. The surface emissivity/absorptivity

of the sensor, on the one hand, is crucial with respect

to the radiation error. Conductive heat transfer from

the sensor to the sensor support, on the other hand,

causes large errors on poorly designed air tempera-

ture measuring systems.

The three causes indicate that on atmospheric air

temperature measurements, the radiation error changes

with altitude—first, due to changing radiative fluxes; and

second, due to decreasing pressure—and hence decreasing

convective–conductive heat transfer between the sensor

and the air. Many methods have been used to improve air

temperature measurements. However, the most generally

accepted methods—that is, reducing the size of the

sensor, reducing the surface emissivity–absorptivity, and

increasing the speed of the gas over the sensor (Daniels

1968)—are to this day always a compromise and only

partially eliminate the error.

In our experiments we used the Meteolabor thermo-

couple temperature sensor, which to our knowledge is

smaller than all other temperature sensors presently
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used on operational radiosondes. As on most other ra-

diosonde systems, we have only limited knowledge on

the emissivity–absorptivity of the sensor head and the

connecting wires, for the shortwave as well as for the

longwave radiation. The ascent rate of the radiosonde

during the experiments, and hence the ventilation, was

the same as during standard operational radiosonde

ascents. However, we measured the solar and thermal

radiation fluxes downward and upward and measured

the air temperature under sun-shaded and unshaded

conditions during the same flight. This allowed us to

directly measure the radiation error and relate it to the

measured thermal and direct solar radiation.

3. Experimental setup

The experiments were made with a global positioning

system (GPS)-equipped digital Meteolabor SRS-C34

radiosonde, which is fitted with several thermocouples

to measure air temperature under shaded and unshaded

conditions and has a capacitive polymer humidity sen-

sor. A second SRS-C34 provides measuring channels to

measure the signals of a modified Kipp & Zonen CNR4

net radiometer, which is used to measure shortwave

and longwave radiation fluxes through the atmosphere

(Philipona et al. 2012). The CNR4 net radiometer is

mounted between the two SRS-C34 radiosondes (Fig. 1a).

The sonde package also carries a Vaisala RS92-SGP

radiosonde for temperature and humidity comparisons

and a video camera to monitor the flight. We use a new

flight technique with two balloons, which reduces pen-

dulum motion and guarantees a more quiescent ascent

and a controlled descent (Fig. 1b).

a. Air temperature measurement with thermocouples

The air temperature sensor used on the SRS-C34 was

developed by Meteolabor AG and consists of a copper–

constantan thermocouple, which is referenced to a high-

precision custom-made copper resistance thermometer

Rmeasuring the temperatureTr inside the sonde (Fig. 2).

The sensor measuring air temperature T is a soft-solder

connection of a 64-mm copper and a 50-mm constantan

wire, which are both about 5 cm long and extend from

300-mm copper and constantan wires. The solder con-

nection is of similar size as the thin wires, hence less than

100mm. Accurate measurements of the resistanceR and

FIG. 1. (left) Radiosonde package to measure radiation flux profiles and air temperature under shaded and un-

shaded conditions and (right) double-balloon sounding. Two SRS-C34 radiosondes measure air temperature with

several thermocouple sensors, as well as humidity and all signals from the CNR4 net radiometer. CNR4 is in the

center measuring upward and downward solar and thermal radiation. Shading plate for measuring temperature in

shaded conditions is mounted on the SRS-C34 on the right. The system is also equippedwith aRS92-SGP radiosonde

and a video camera.
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the voltage U, which are both measured by the same

electronic circuit, allow determining the temperature

inside the sonde Tr and T. All copper and constantan

wires used for the thermocouple and the resistance

thermometer are always from the same batch, which has

been characterized at the Swiss bureau of standards,

Federal Office of Metrology (METAS). Since the re-

sistance of copper has a well-known quasi-perfect linear

relation to temperature, the ‘‘calibration’’ of the in-

dividual sonde consists of a simple adjustment of the

ambient temperature reading of the copper resistance

thermometer by the radiosonde electronics to aMETAS-

traced reference thermometer. Thus, the temperature

traceability chain is ensured essentially from theMETAS

reference down to the temperature sensor on board the

SRS-C34. The adjustment is made by the manufacturer,

and the prelaunch check only consists of a comparison of

the radiosonde temperature reading to a reference ther-

mometer at room temperature. The robust calibration

also allows easy reuse of the sonde, which reduces costs

and is a contribution to environmental protection.

b. Shaded and unshaded air temperature
measurements

The specifically prepared SRS-C34, which has several

thermocouples, is also equipped with a shading plate

in the upper part on the right side of the sonde (Figs. 1

and 3). Shading plates of differentmaterial (aluminumand

styrofoam) and different colors (aluminized, black, and

white) have been used. All thermocouples are identical

and referenced to the same resistance thermometer. The

operational thermocouple, which measures T, is on the

left side and unaffected by the shading plate (Fig. 3). On

each side of the shading plate, a thermocouple ismounted

at a distance of 5 cm and close to the center of the shading

plate. During the ascent the sonde package is free to ro-

tate, hence the temperature sensorsTS beside the shading

plate are at times in the shade and at times exposed to

the sun. Because of the large size of the sonde package,

the rotation is rather slow and the very fast temperature

sensors (tc , 300ms), which are sampled at 1-s resolu-

tion, can easily track the air temperature changes when

the TS are in the shade or in the sun. Hence, these ex-

periments allow measuring the difference of the air

temperature measured by the operational air tempera-

ture sensor, which is continuously exposed to direct so-

lar radiation and the air temperature measured under

direct sun-shaded conditions.

c. Upper-air solar and thermal radiometry

TheCNR4net radiometer consists of two pyranometers

for measuring downward and upward solar shortwave

radiation, and two pyrgeometers for measuring upward

and downward thermal longwave radiation. The pyr-

anometers and pyrgeometers thermopile voltages, and

body and dome temperatures are measured by the

second SRS-C34 radiosonde. Precise body and dome

temperature measurements of the pyranometers and

pyrgeometers are crucial. Thesemeasurements allow for

corrections of differential thermal emissions between

the radiometer domes and the thermopile, which result

from large temperature gradients, when the instrument

cools from 1208C at the surface down to 2608C in the

stratosphere. The four radiometers are precalibrated

and compared to surface radiation measurements at the

FIG. 2. Copper–constantan thermocouple sensor used on the

SRS-C34 to measure T, which is referenced to R measuring Tr

inside the sonde.

FIG. 3. Shading plate on Meteolabor SRS-C34 radiosonde for

shading TS, which are at a distance of 5 cm at each side of the

shading plate;TSmeasured in the shade is compared toTmeasured

by the unshaded operational temperature sensor.
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Payerne Baseline Surface Radiation Network (BSRN)

station before launch. Measurement uncertainty is

traced to BSRN standards, which is on the order of 1%,

hence,6(2–4)Wm22 for longwave radiation and6(4–8)

Wm22 for shortwave radiation. The CNR4 is kept as

horizontal as possible during the flight, and the pyran-

ometers and pyrgeometers measure solar and thermal

irradiance from above and from below, respectively, in

watts per meter squared (Philipona et al. 2012).

d. Double-balloon flight technique

A new technique is used to lift the radiosonde pack-

age for these experimental flights, consisting of two

balloons and an aluminum triangle equipped with a GPS-

controlled mechanism that allows automatic release of

the larger carrier balloon at a preset altitude (Fig. 1b). The

two balloons are inflated such as to lift the payload at

a constant ascent rate of 5–7ms21 from the aerological

station at Payerne (491m) to above 30km.During the 2-h

ascent, the radiosonde makes a horizontal displacement

of 30–50km and transmits the measured signals at 1-s

resolution to the ground. After the release of the carrier

balloon, the sonde descends with the smaller parachute

balloon at a similar speed as during ascent, which makes

a second profile measurement possible. The double-

balloon flight technique not only allows flight control

but also strongly reduces the pendulum motion of the

sonde and guaranties a smooth flight with reduced sonde

rotation. The sondes are tracked by GPS technology and

recovered and reused.

4. Radiative flux profiles and radiation error

Sensors measuring atmospheric temperature are sub-

ject to radiative fluxes from above and from below, which

are balanced by the sensors’ thermal radiative emission.

Shortwave downward (SDR) and upward (SUR) radia-

tion, as well as longwave downward (LDR) and upward

(LUR) radiation, were measured under cloud-free situ-

ations during daytime (NAME_d) and night (NAME_n)

on 23 September 2011 from the surface to about 32km

(Fig. 4a). Downward radiative fluxes are positive and

upward fluxes negative and are given in watts per meter

squared. SDR shows the vertical downward solar flux,

whereas the direct solar irradiance (DIR) is the compo-

nent normal to the light propagation using SDR. More

detailed information on upper-air radiation measure-

ments is given in Philipona et al. (2012).

a. Radiation errors on temperature sensors during
nighttime

Figure 4b shows the night radiative fluxes that are

absorbed and emitted by a temperature sensor shown as

a sphere. Here, fluxes absorbed by the sphere are positive

and fluxes emitted are negative. LDR_n and LUR_n are

both positive fluxes because they are absorbed by the

sensor from above and from below, respectively. How-

ever, the sensor, which is close to air temperature, emits

radiation downward and upward according to the Stephan

Boltzmann law multiplied by its surface emissivity («sT4)

(see also section 4c). The sum of the absorbed and

emitted fluxes result in the longwave radiation balance

of the sensor during the night (LRB_n), which is negative

in the lower troposphere, and then becomes positive and

again negative further up in the stratosphere. Hence, in

the lower troposphere, LRB_n cools the temperature

sensor, higher up LRB_n warms the temperature sensor,

and above 25km it again cools the temperature sensor.

b. Radiation errors on temperature sensors during
daytime

The longwave radiative impact on the sensor from

above and from below is very similar during the day and

during the night (Fig. 4c). The magnitude of LRB_d

of about 2100Wm22 in the troposphere and of about

1100Wm22 in the stratosphere is representative of

clear-sky situations throughout the year, but is smaller

in the troposphere during cloudy situations. However,

during daytime, direct solar radiation DIR from above

and reflected solar radiation SUR from below produces

an additional and considerably larger error on the tem-

perature measurement (see chapter 7). Under cloud-free

situations DIR increases in the troposphere and with

more than 11300Wm22 reaches almost the solar con-

stant at the tropopause, and shows only minor increases

further up. SUR is considerably lower under cloud-free

situations but can reach values of about 1500Wm22

above highly reflective clouds.

c. Temperature sensor absorption and emission

As mentioned above, shortwave and longwave ab-

sorption and emission coefficients of the sensors are not

well known. The radiation fluxes in Fig. 4 are shown as

measured in the atmosphere. Thermal emission of the

sensor is calculated with an emissivity coefficient of 1.

Hence, the irradiances shown for LRB_n and LRB_d

are calculated with sensor emissivity–absorptivity equal

to 1. In reality, longwave absorptivity and emissivity are

equal but rather between 0.4 and 0.8; hence, LNR_n

and LNR_d need to be multiplied by the emissivity–

absorptivity coefficient to get the correct magnitude, but

the vertical distribution stays the same. Shortwave ab-

sorption is also considerably lower than 1; hence, a di-

rect quantitative relation between radiation fluxes and

temperature error cannot easily be done. However, the

measurements allow a qualitative evaluation of the
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FIG. 4. Solar and thermal radiation flux profiles from the surface to 32-km altitude. (a) LUR

and LDR for day and night, and SUR and SDR as well as direct solar radiation. (b) Thermal

fluxes during the night and LRB on the temperature sensor. (c) Thermal fluxes and solar fluxes

during daytime (adapted from Philipona et al. 2012).
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vertical distribution of the radiative impact and dem-

onstrate longwave cooling at the bottom and the top and

warming around the tropopause, and shortwave warm-

ing increasing with altitude.

5. Status of upper-air temperature measurements

The 2010 WMO radiosonde intercomparison in

Yangjiang, China, evaluated 11 operational radiosondes

and the Sippican LMS-6 multithermistor (daytime only)

for temperature (Nash et al. 2011). The 11 instruments

were flown in two groups. Group working references

were determined, which were part of most flights in a

group, and have good measurement quality. The LMS

systemwas used as groupworking reference in one group,

whereas theMeisei systemwas used as working reference

in the other group. The linking between the two groups

was made with the help of Vaisala, Meteolabor, Daqiao,

and Multithermistor measurements. Temperature com-

parison statistics were computed for simultaneous sam-

ples, banded into layers 1 km thick from the surface to

33 km using the RSKOMP software suite. Statistical

analysis was used to estimate systematic and random

errors, day–night differences, time response, and other

characteristics of each sensor. For the systematic night

biases (Fig. 5a), at least 15 successful comparison flights

of each type to 26 km, 8 flights to 29 km, and 5 flights to

33 km were used. The systematic day biases (Fig. 5b)

were calculated using 12 successful comparison flights of

each type to 26km, 12 flights to 32km, and 10 flights to

33km. The reference for the systematic bias plots (Figs. 5a

and 5b) were four independent sensor types with good

time constants of response at all heights.

a. Nighttime performance during 2010 WMO
intercomparison

Figure 5a shows the systematic bias of the 11 systems

between simultaneous temperature measurements dur-

ing the night. Below the tropopause (around 16 km)

systematic differences of all systems are within more or

less 60.28C. Around the tropopause larger differences

are observed on some sensors, which is likely linked to

icing effects on the sensors when they leave dense upper

clouds. At higher altitudes in the stratosphere, the dif-

ferences are around 60.48C. Overall, these results are

rather good, particularly if we take into account that the

increase from 60.28 to 60.48C in the upper part is

mainly due to three systems with larger biases. The

Meteolabor system shows an interesting behavior, with

the highest temperature in the troposphere and among

the coldest in the stratosphere. This fact is further in-

vestigated below in the context of radiative cooling in

the lower troposphere and radiative warming in the

stratosphere observed during nighttime (Fig. 4b).

b. Daytime performance during 2010 WMO
intercomparison

Daytime systematic differences of simultaneous tem-

perature measurements are on the order of 60.48C in

the troposphere and around 60.88C in the stratosphere

(Fig. 5b). The large divergence, particularly in the

stratosphere, is primarily due to the solar radiation er-

ror, which strongly increases because of the reduced

atmospheric pressure and related ventilation. The Me-

teolabor system shows a large cold bias, which is due to

a very large radiation correction of about21.88C around

FIG. 5. Results of the 2010 WMO radiosonde intercomparison, which evaluated 11 operational radiosondes and the Sippican LMS-6

multithermistor (daytime only) for temperature, for (a) nighttime and (b) daytime (figures from Nash et al. 2011). Reference that defines

zero temperature differences is the average of four radiosondes, as discussed in the text.
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30-km altitude. This large cold bias was the main moti-

vation for the present reinvestigation of the radiation

error on the Meteolabor temperature sensor.

6. Nighttime thermal radiation error

Figure 4b shows that the thermal radiation balance of

temperature sensors at night suggests a cooling of the

sensor in the lower troposphere and a warming in the

upper troposphere and lower stratosphere. Above 25-km

altitude, the warming again switches to a cooling.

a. Temperature sensor size

The analysis of gas temperaturemeasurements showed

that the sensor size, its surface emissivity–absorptivity,

and its ventilation are the three most critical parameters

with respect to measurement errors. The ventilation,

even though strongly changing with altitude, is more or

less the same in all experiments since the ascent rate of

radiosondes is always on the order of 5m s21. Emissivity–

absorptivity is not well known for the individual sensors.

However, the sensor size can be measured and allows

best to quantify the thermal emission–absorption of the

individual sensors. With its 64-mm copper and 50-mm

constantan wires, the Meteolabor sonde has the smallest

temperature sensor of all the radiosonde systems used in

the 2010 WMO intercomparison.

b. Nighttime temperature differences between
Meteolabor and Vaisala

In Fig. 6a we show temperature differences between

the Meteolabor and the Vaisala systems during the 2010

WMO intercomparison in China. With the Vaisala taken

as reference, we observe that the Meteolabor sensor

measures too high a temperature in the troposphere and

too low a temperature in the stratosphere. To show that

this behavior is not only observed in tropical latitudes,

we show similar comparisons between Meteolabor

and Vaisala at midlatitudes, made at the station

Payerne during 2011. Figure 6b shows four individual

flights and the average, which show a very similar

pattern with Meteolabor warmer in the troposphere

and colder in the stratosphere by similar amounts as

during the 2010 WMO intercomparison. The Vaisala

temperature sensor, which is about 200mm thick, has a

diameter about 3 times larger than the Meteolabor

sensor. With a thermal cooling tendency in the tropo-

sphere, the larger Vaisala sensor likely reacted stronger

to cooling, and accordingly stronger to thermal heating

in the stratosphere.

7. Daytime thermal and solar radiation error

Thermal longwave radiation produces similar errors

on temperature sensors during the day and during the

night (Fig. 4c). In the troposphere these errors are on the

order of 0.18C on the Meteolabor sensor and may be

compensated by solar radiation. In the stratosphere,

however, solar radiation errors are considerably larger

than thermal errors. Important to note is that above the

tropopause, direct solar radiation and surface-reflected

solar radiation are more or less constant.

a. Measuring the solar radiation error

The experimental setup for direct in situ measure-

ments of the radiation error is shown in Fig. 3 and de-

scribed in chapter 3b. The basic idea is to measure air

FIG. 6. Nighttime temperature differenceMeteolaborminus Vaisala with Vaisala as reference (a) average reported during the 2010WMO

radiosonde intercomparison and (b) measured in four flights at Payerne in 2011.
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temperature during special radiosonde ascents with the

operational all-time sun-exposed sensor, and to com-

pare these measurements with identical air sensors that

are at times unshaded and at times shaded by a shading

plate mounted on the radiosonde.

Data measured during a more or less cloud-free noon-

time flight on 23 September 2011 is shown as an example

in Fig. 7. To explain the measurement principle, we show

the temperature measured by four sensors between

25- and 26-kmaltitude (Fig. 7a). Twooperational all-time

sun-exposed temperature measurements from two dif-

ferent Meteolabor sondes—TA3 C34/68 (blue) and TA3

C34/69 (green)—show the uncorrected air temperature

with an average difference of about 0.28C between the

two sondes. T1 C34/69 (yellow) is one of the sensors that

is located at a distance of 5 cm from the center of the

shading plate. Between 25.1 and 25.5km, T1 C34/69 is

about 0.88Ccolder than the operational sun-exposedTA3

C34/69 sensor (both sensors are of the same sondeC34/69).

Here we observe that during this phase, T1 C34/69 was

mostly shaded by the shading plate. Above 25.5km we

observe that T1 C34/69 is getting warmer than TA3

C34/69; hence, during this phase the sensor is unshaded.

During this phase, with the sensor in front of the shading

plate and exposed to the sun, temperature spikes of sev-

eral degrees above the operational sun-exposed sensor

temperature are observed. These spikes are not fully

understood, but are very different from the behavior of

the temperature reading of the operational sensors (with

no shading plate behind) and the temperature readings of

the sun-shaded sensor. Temperature measurements of

the shading plate itself showed that the size of the spikes

that appeared in front of the plate were related to the

plate color and hence the plate temperature, whereas no

plate color and temperature dependencewas found on the

temperature measured in the shade of the plate. From

these measurements we conclude that the temperature

measured by T1 C34/69 is the real true temperature

reading whenever the sensor is shaded by the plate.

The red curve is the solar-radiation-corrected temper-

ature measured by the Vaisala RS92-SGP sonde. We

observe that around 25.2 km when T1 C34/69 is shaded,

the RS92-SGP shows about 0.28C colder. The measure-

ments also show that the sonde rotation (which is the

same for all sondes) produces larger temperature varia-

tions on the Vaisala RS92-SGP than on the two Meteo-

labor TA3 sensors.

b. Solar radiation correction

The analysis over the entire altitude range is made by

calculating the difference between the shaded T1C34/69

measurement minus the sun-exposed TA3 C34/69

measurement (blue arrow shown in Fig. 7a). These dif-

ferences are shown in Fig. 7b, with dots representing

measurements taken each second when T1 was colder

than TA3. The coldest temperatures measured under

FIG. 7. (a) Measurements of four temperature sensors between 25- and 26-km altitude. TA3 C34/68 and TA3 C34/69 are sun-exposed

uncorrected temperature measurements of twoMeteolabor radiosondes. T1 C34/69 is an additional temperature sensor at a distance of 5 cm

from the shading plate. RS92 is a solar-corrected temperaturemeasurement of aVaisala radiosonde. (b)Difference of T1C34/69minus TA3

C34/69 for all altitudes [also shown by the blue arrow in (a)]. Old (blue) and the new (green) radiation correction curves are shown.

2390 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 30



shaded conditions are then assumed to represent the

correct air temperature measurement. The figure shows

that the old solar radiation error curve (blue polynomial

curve) is outside the blue dots and hence too large,

particularly in the stratosphere. A new solar radiation

error curve (green linear line) has therefore been de-

termined using measurements from 16 sensors, which

were shaded–unshaded during eight individual flights

(Fig. 8). The new curve represents an average solar er-

ror, following the coldest temperatures observed during

the 16 measurements, and assuming a linear increase

and an uncertainty of60.18C at the surface and6 0.38C
at 32-km altitude. The uncertainty is based on the vari-

ations over the 16 measurements, which were made

under different atmospheric conditions. In the tropo-

sphere the uncertainty is strongly influenced by varying

cloud conditions, and in the stratosphere it strongly

depends on the reflection of the clouds below.

The old radiation error curve (Fig. 7, blue) was cal-

culated with respect to atmospheric pressure as a mean

temperature difference DTyear profile for the whole year

and was represented by the second-degree polynomial

fit (Ruffieux and Joss 2003):

DTyear 5 2:9272 1:293 log(p)1 0:131[log(p)]2 . (1)

The new radiation error curve (Fig. 7, green) or mean

temperature differenceDTyear profile for thewhole year,

on the other hand, is represented as a first-order linear

equation with respect to geopotential altitude:

DTyear 5 0:21

�
0:8

Alt geo

320000

�
. (2)

Equation (2) is now used for the radiation correction

of all 1200 UTC flights made with the new digital Meteo-

labor SRS-C34 radiosonde at Payerne. The equation has

also been used to correct all measurements made with

the SRS-C34, since its introduction as operational ra-

diosonde in January 2011. Measurements that were

madewith the old analog radiosonde SRS-400 from 1990

to the end of 2010 have also been corrected in the Data

Warehouse (DWH) of MeteoSwiss. The old analog and

the new digital radiosondes from Meteolabor use basi-

cally the same copper–constantan thermocouple sensor,

except for the physical connection of the thin copper and

constantan wires, which was X shaped on the SRS-400

and is now V shaped on the SRS-C34. Weekly double

soundings between the old SRS-400 and the new SRS-

C34 during 2011 revealed that X-shaped sensors had

a slightly larger radiation error than the new V-shaped

sensors, and therefore the following slightly modified

FIG. 8. Temperature difference between shaded sensors located close to the shading plate minus unshaded temperature sensor, during

eight individual flights (blue dots). Green line curve represents the new radiation correction curve with an uncertainty of 60.18C at the

surface and 60.38C at 32-km altitude. Old correction curve is shown in blue.
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equation was used to correct all the old soundings made

with the SRS-400:

DTyear 5 0:21

�
1:1

Alt geo

320000

�
. (3)

8. New thermal and solar radiation error curves

The radiation profiles show that thermal longwave

radiation upward and downward have cooling and

warming effects on temperature sensors. The Meteola-

bor thermocouple, being the smallest temperature sen-

sor, is likely less influenced than other sensors, but it is

too cold in the lower troposphere and too warm in the

UTLS. Nevertheless, so far no thermal radiation error

corrections are made on the Meteolabor temperature

sensor, neither on the old SRS-400 nor on the new SRS-

C34 night measurements.

However, since the present analysis suggests minor

corrections for night measurements, we are adding here

longwave corrections on the Meteolabor night measure-

ment during the 2010 WMO intercomparison (Fig. 9a),

assuming that the correct reading would be slightly

warmer in the troposphere, slightly colder in the UTLS,

and again slightly warmer in the stratosphere.

Solar radiation errors, on the other hand, are cor-

rected on all measurements using Eq. (2) and are also

applied on daytime measurements of the 2010 WMO

intercomparison results shown in Fig. 9b. In the tropo-

sphere the Meteolabor reading is still the warmest of all

sensors, even though only solar correction has been ap-

plied. This suggests that it is likely that all other opera-

tional radiosondes measure too cold in the troposphere.

In the stratosphere the new correction curve brings the

Meteolabor sensor in between the other radiosondes

used during the 2010 WMO intercomparison.

FIG. 9. Thermal and solar radiation corrections applied on Meteolabor measurements taken during the 2010 WMO radiosonde in-

tercomparison in Yangjiang, China: (a) night and (b) day. WMO intercomparison results referenced to new Meteolabor corrections:

(c) night and (d) day.

2392 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 30



9. Results and conclusions

Thermal longwave and solar shortwave radiation pro-

files allowed determining the radiation balance on tem-

perature sensors during the night and day. The nighttime

longwave radiation balance suggests cooling and heating

at different altitudes, and suggests corrections of tem-

perature sensors on the order of60.28C. Figure 9c shows
the 2010 WMO intercomparison results referenced to

thermal-radiation-corrected nighttime Meteolabor read-

ings. Radiative cooling in the lower troposphere ap-

parently led to a cold bias of 20.28 6 0.28C for all

radiosondes compared to Meteolabor. In the UTLS and

in the stratosphere, radiative heating produces a warm

bias of 10.28 6 0.28C for many radiosondes. Further ex-

perimental investigationswill have to bemade on this issue.

Solar shortwave radiation errors were determined

using Meteolabor thermocouples under shaded and

unshaded conditions during the flight. These results led

to an experimental determination of the solar radiation

error. Figure 9d shows the 2010 WMO intercomparison

results referenced to Meteolabor results, which are cor-

rected with the new solar radiation error curve. In the

lower troposphere the measurements of all radiosonde

systems are 20.28 6 0.28C colder than Meteolabor

measurements, which is likely due to thermal and solar

radiation errors. However, in the stratosphere the new

radiation correction centers the Meteolabor system

within the results of the majority of the other radio-

sonde systems. The differences in the troposphere will

have to be further analyzed, and future international

intercomparisons will help to reduce differences be-

tween radiosonde temperature measurements.
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