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Abstract. Radiosounding profiles are essential for weather and climate applications, as well as for the calibration and
validation of remote sensing measurements. Vaisala RS92 radiosondes have been widely used on a global scale until
2016, although in the fall of 2013 Vaisala introduced the RS41 model to progressively replace the RS92. To ensure
homogeneity and the highest quality of data records following the transition from RS92 to RS41, intercomparisons of
the two radiosonde models are needed. An intercomparison experiment has been performed where, for the first time and
independently of the manufacturer, RS92 and RS41 radiosondes have been simultaneously tested and compared inside
climatic chambers in order to characterize the noise, the calibration accuracy and the bias of their temperature
measurements. A pair of RS41 and RS92 radiosondes has been tested at ambient pressure under very different
temperature and humidity conditions. The results reveal that the temperature sensor of RS41 is less affected by noise
and more accurate than that of RS92, with noise values less than 0.06 °C for RS41 and less than 0.1 °C for RS92. The
error corrected by means of calibration, evaluated as the deviation from a reference value and referred as calibration
error, is within £0.1 °C for RS41 and the related uncertainty (hereafter with coverage factor k =1) is less than 0.06 °C,
while RS92 is affected by a cold bias in the calibration, which ranges from 0.1 °C up to a few tenths of a degree, with a
calibration uncertainty less than 0.1 °C. Under conditions similar to those that radiosondes meet at the ground in
nighttime radiosoundings, the temperature bias between RS41 and RS92 is within 0.1 °C, while its uncertainty is less
than 0.1°C. The radiosondes have also been tested before and after fast (within ~ 10 s) temperature changes of about
+20 °C, simulating a scenario similar to steep thermal changes that radiosondes may meet when passing from indoor to
outdoor environment during the pre-launch phase. The results reveal that such thermal changes may increase the noise
of temperature sensors during radiosoundings, up to 0.1 °C for the RS41 and up to 0.3 °C for the RS92, with a similar
increase in the calibration uncertainty of temperature sensors, as well as an increase in the uncertainty of their bias up to

0.3 °C. However, the thermal changes do not appear to affect sensors’ calibration error and temperature bias.

1 Introduction

Atmospheric profiles of temperature, humidity and wind (speed and direction) measured with radiosoundings are
essential for a wide variety of scientific applications, such as the study of the atmospheric thermodynamic structure and

related processes (e.g., Seidel et al., 2010; Rapp et al., 2011), the analysis of trends to detect and monitor signals of
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climate change both in troposphere and stratosphere (e.g., Gaffen et al., 2000; Free et al., 2005; McCarthy, 2008;
Sherwood et al., 2008; McCarthy et al., 2009; Thorne et al., 2011; Philipona et al., 2018; SY et al., 2020; Madonna et
al., 2021a), the calibration and validation of ground-based and satellite remote sensing measurements (e.g., Whiteman
et al., 1992; Zhou et al., 2007; Pougatchevet al., 2009; Loew et al., 2017; Finazzi et al., 2019), the improvement of
weather forecasting, climate models and atmospheric reanalysis (e.g., Haimberger et al., 2012; Hersbach et al., 2018,
2020).

Vaisala RS92 radiosondes, introduced in 2003, have been mostly used on a global scale until 2016 (Madonna et al.,
2021b). In particular, within the Global Climate Observing System (GCOS) Reference Upper-Air Network (GRUAN,
Bodeker et al., 2016; http://www.gruan.org), these radiosondes have been adopted by the majority of sites to provide
reference measurements, i.e. traceable to SI or community accepted reference standard and with a comprehensive
uncertainty analysis and quantification (Dirksen et al., 2014; Thorne et al., 2017). To improve measurement accuracy,
in the fall of 2013 Vaisala introduced the RS41 radiosonde to progressively replace the RS92, whose production was
terminated late in 2017, although some time is clearly needed to have the majority of global radiosouding stations
operating the new RS41 at the same time. Sensors’ changes typically lead to inhomogeneities in data records, which
may systematically alter the climate signal contained in the data and potentially affect radiosounding historical time
series and associated applications and analysis, as demonstrated by several studies (Gaffen, 1994; Parker and Cox,
1995; Lanzante, 1996; Sherwood et al., 2005, 2015; Haimberger et al., 2008, 2012; Madonna et al., 2021b).
Intercomparison experiments, such as the last WMO CIMO (World Meteorological Organization Commission for
Instruments and Methods of Observation) radiosondes’ intercomparison (Nash et al., 2011), are one of the most
effective approaches to quantify and adjust these inhomogeneities, as well as to evaluate improvements in sensors’
measurement accuracy. Intercomparisons of radiosondes, based on both atmospheric and laboratory measurements,
represent a unique opportunity to characterize the differences between their sensors in terms of biases, errors and
uncertainty contributions of the measurements.

For the recent transition from RS92 to RS41, the most relevant measurement errors and related uncertainties for both
radiosonde models have been characterized through laboratory tests performed by the manufacturer (Vaisala, 2013,
2017a; Jauhiainen et al., 2014; Survo et al., 2014). The evaluated errors include the errors corrected by means of the
calibration, evaluated as the difference with respect to traceable reference values and hereafter reported as calibration
errors, the radiation errors due to the heating of sensors by solar radiation - which introduces a warm bias in temperature
sensors and a dry bias in humidity sensors - and the time lag errors due to the increased response time of sensors at low
temperatures, mainly below -40°C (negligible for temperature sensors). Furthermore, additional manufacturer-
independent laboratory tests have been performed as part of GRUAN activities for both RS92 (Dirksen et al., 2014) and
RS41 (Dirksen et al., 2020; von Rohden et al., 2021).

On the other hand, the difference (bias) between RS92 and RS41measurements has been quantified via dual soundings,
i.e., simultaneous atmospheric measurements performed with two radiosondes of different type attached to a payload
and lifted by the same balloon. Dual soundings have been performed in different locations and time periods, in order to
assess sensors’ difference in dependence on regional climate, seasons, daytime and nighttime conditions. Examples are
provided both by the manufacturer (Jauhiainen et al., 2014; Vaisala, 2014) and by the GRUAN community (Jensen et
al., 2016; Kawai et al., 2017; Sun et al., 2019; Dirksen et al., 2020; Jing et al., 2021). In this regard, starting from 2014,
several GRUAN sites have performed dual soundings for periods of different duration and launch frequency, from long-
term campaigns (more than one year), typically with weekly or bi-weekly launch frequency, to short intensive
campaigns (less than 1 month), typically with daily launch frequency, up to sporadic launches (Dirksen et al., 2020).
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In support of the GRUAN intercomparison strategy for managing the transition from RS92 to RS41, only a few
dedicated experiments in a laboratory-controlled environment have been carried out. Merging the expertise of the
GRUAN station of the CNR-IMAA (National Research Council of Italy - Institute of Methodologies for Environmental
Analysis) Atmospheric Observatory (CIAO) and the metrology expertise of the Italian National Institute of Metrology
(Istituto Nazionale di Ricerca Metrologica - INRiM), an intercomparison experiment based on laboratory tests has been
performed with the aim to characterize RS92 and RS41 performances and differences. More specifically, the noise, the
calibration error and the associated uncertainty of radiosondes’ temperature sensors, as well as their bias, have been
assessed under different controlled temperature and humidity conditions inside climatic chambers, using sensors
traceable to Sl standards as reference. The methodology and results of this assessment are described and discussed in
this paper. This is the first time that, independently of the manufacturer, the RS92 and the RS41 have been
simultaneously tested and compared inside climatic chambers in order to characterize the noise, the calibration accuracy
and the bias of their temperature measurements.

Comparing radiosondes in climatic chambers has a few advantages compared to dual soundings. First, under controlled
measurement conditions in a climatic chamber the bias repeatability can be evaluated, which is not possible in dual
soundings, as the atmospheric conditions the two radiosondes meet at each altitude are not precisely the same during
each sounding and change in different soundings. Second, for a given measurement scenario, the number of
measurements that can be collected in a climatic chamber, even with a single pair of radiosondes, is much larger
compared to dual soundings, due to the limited number of dual soundings available for that scenario. Thus, to
characterize the bias between the two radiosondes' measurements, a few pairs of radiosondes are sufficient using a
climatic chamber, while many more pairs of radiosondes (and higher costs) are required for dual soundings, both to
represent a wide variety of measurement scenarios and to collect for each scenario a sufficient number of measurements
to minimize the effects on the bias of the different atmospheric conditions that the two radiosondes meet at each
altitude level during each sounding. Finally, it is much easier to compare radiosondes of the same production batches in
climatic chambers rather than in dual sounding datasets, thus reducing the uncertainty due to the variability of
production batches.

In Sect.2., the radiosounding activities at CIAO and the laboratory equipment available at INRiM, where the
intercomparison experiment was carried out, are detailed. Section 3 describes the experimental setup and the applied
methodology. In Sect. 4, the results of the intercomparison are reported and discussed. Finally, Sect. 5 provides a
summary and conclusions.

2 Radiosounding activities at CIAO and laboratory equipment at INRiM

One of the main scientific objectives of CIAO observatory is the long-term observation and study of atmospheric
aerosols, water vapor, clouds and their interactions and role in the climate system (Madonna et al., 2011a;
http://www.ciao.imaa.cnr.it). Since 2004, launches of Vaisala radiosondes are performed at CIAO with the aim to

monitor atmospheric thermodynamic parameters, calibrate a ground-based Raman lidar for the retrieval of atmospheric
humidity profiles (Mona et al., 2007; Rosoldi et al., 2013) and validate satellite observations and retrieval algorithms
(Zhou et al., 2007; Madonna et al., 2011b). CIAO became a GRUAN site in 2010 and since then routine weekly
nighttime radiosoundings are performed, using the RS92 sondes until December 2016 and the RS41 sondes thereafter.
RS92 data have been also used to assess how the redundancy of atmospheric humidity measurements performed using

radiosoundings and ground-based remote sensing techniques, such as microwave radiometer and Raman lidar, can
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reduce the random uncertainties in applications using only one of these measurement techniques (Madonna et al., 2014).
Until 2016, RS92 radiosondes have been launched at CIAO using both a manual system and an automatic launcher.
The database of automatic launchers operated by CIAO and other GRUAN sites has been recently used to assess the
reliability and the technical performance of automatic launchers compared to the most common manual systems
(Madonna et al., 2020).

INRIM is the Italian National Metrology Institute, with a deep involvement and leadership of metrology projects and
international initiatives dedicated to the investigation of temperature measurements and their uncertainties for
meteorology and climate applications, such as the MeteoMet projects of the European Metrology Research Programme
(Merlone et al. 2015, Merlone et al. 2018). Besides funded projects, INRiIM is also deeply involved in the growing
collaboration between the metrology and meteorology and climate communities. Metrologists from INRiIM serve as
chairs and experts in the WMO expert teams, in the CIPM-BIPM? working group on environmental metrology, in the
GRUAN working group and other study groups and initiatives.

INRiM’s laboratories feature facilities and equipment dedicated to the investigation of uncertainties in the
measurements of meteorological and climate parameters, and for the calibration of several types of instruments. Within
the present study, two climatic chambers have been used for radiosonde testing. The first one is a Kambic MeteoCal
KK-105 (Fig. 1, Merlone et al., 2019), specifically adapted by the manufacturer to address a wide range of
environmental temperatures (and beyond, range -40 °C/180 °C) and relative humidities (10 %/98 % in the temperature
range 10 °C/95 °C). The chamber has been designed to achieve a temperature stability better than 0.1 °C and a
uniformity in the measurement space within 0.3 °C, while for relative humidity the stability is 0.5 %. The second
climatic chamber is manufactured by Weiss Technik with a temperature stability of 0.2 °C, a uniformity within 0.5 °C
and no humidity control capability.

In order to compare the temperature readings from the radiosondes with the reference temperatures inside the climatic
chambers, a number of CalPower custom-made reference platinum resistance sensors (Pt100 with metal coating) have
been used.

Before their calibration, the Pt100 thermometers were thermally cycled between -20 °C and 50 °C in order to evaluate
the repeatability of the instruments. The thermometers were calibrated in a highly stable and homogeneous liquid bath,
by comparison with a standard resistance thermometer calibrated at the fixed points of the ITS-90. The thermometers
were calibrated at six temperature points: -40 °C, 0 °C, 20 °C, 30 °C, 40 °C and 60 °C, with two hysteresis-check points
at 0 °C and 20 °C. The final calibration uncertainty (given here and hereafter with coverage factor k =1, unless specified
differently) was evaluated as 0.005 °C for T > 0 °C and 0.01 °C for T < 0 °C. The reference sensors have been read
using a multimeter Fluke 1586A Super DAQ with a multichannel scanner, capable of a measurement uncertainty better
than 0.005 °C.

1 BIPM - Bureau International des Poids et Mesures — International office of weights and measures of the CIPM, the International
Committee for weights and measures

4
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Figure 1: Climatic chamber Kambic MeteoCal KK-105 in operation at INRiM and used to test the performances and
differences of RS92 and RS41 under various temperature and humidity conditions and ambient pressure. The chamber
simultaneously and independently controls temperature (range -40 °C/180 °C) and relative humidity (range 10 %/98 % in the
temperature range 10 °C/95 °C).

3 Experimental setup and methodology

The intercomparison experiment has been carried out by using two separate Vaisala DigiCORA MW41sounding
systems (Vaisala, 2018), consisting of a computer and a laptop, running the MWA41 sounding software v2.4.0 and v2.6.0
respectively, each connected to its sounding processing subsystem SPS311 (Vaisala, 2016) via a network adapter and to
its radiosonde ground check device (Fig. 2). The latter was a GC25 (Vaisala, 2008), connected to the computer via a
serial cable, for the RS92, and a RI41 (Vaisala, 2017b), connected to the laptop via a USB cable, for the RS41. Both
systems were connected to an omnidirectional ultra-high frequency (UHF) antenna by a splitter and they were
configured to separately receive and process the signals transmitted by the two radiosonde models at two different

frequencies, 402 MHz for the RS92 and 405 MHz for the RS41, avoiding interference in the received signals.
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GC25 and RI41 devices are used in ground check procedures recommended by the manufacturer before radiosondes’
launch. In the ground check of RS92 with GC25, humidity sensors are heated with integrated heating elements to
remove possible contamination affecting humidity measurements. Moreover, RS92 temperature and humidity
measurements are compared to reference values in order to check the factory calibration and determine possible
correction factors to be applied to radiosounding temperature and humidity profiles. The reference values for
temperature are provided by a Pt100 thermometer located inside the GC25 chamber, while a 0 % humidity reference is
obtained using a desiccant in the same chamber. When RS41 is checked with R141, as for the check of RS92 with
GC25, the humidity sensor is heated to remove any residual contamination, using the integrated heating element on the
sensor chip. Unlike the check with GC25, RS41 temperature measurements are not compared to reference values and no
correction factor to be applied to radiosounding temperature profiles is determined. However, a functionality check of
the temperature sensor is performed, by comparing its readings with those of the additional temperature sensor
integrated on the humidity sensor chip. Conversely, RS41 humidity measurements are compared to a 0 % humidity
reference generated in open air by heating the humidity sensor and taking advantage of the fact that for a given water
vapor content, the relative humidity decreases towards zero when the temperature rises enough. This allows to
determine a correction factor applicable to radiosounding humidity profiles.

UHF
antenna

%

SPS311

@

SPS311

Figure 2: Scheme of Vaisala sounding systems used for the intercomparison, consisting of a computer and a laptop, running
the MWA41 software, each connected to its sounding processing subsystem (SPS311) and radiosonde ground check device
(GC25 for RS92 and RI141 for RS41). Both systems are connected to an omnidirectional ultra-high frequency (UHF) antenna
by a splitter.
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In order to simultaneously test both radiosonde types inside a climatic chamber, a customized prototype frame has been
used. A light and robust plastic grid was mounted on a metal plate using two cylindrical steel holders fixed both to the
metal plate and to the grid with screws and bolts. Two holes have been created on the grid suitable to lodge the sensors’
booms of both radiosonde types through two adapters, which are the same used to test radiosondes’sensors in the
standard humidity chamber SPRH-100 (Dr. Schulz & Partner GmbH, http://www.drschulz.com) during the
manufacturer-independent pre-launch ground-check regularly performed for GRUAN radiosoundings (Immler and al.,
2011). The adapters were fixed to the grid with plastic ties and the two radiosondes of different type were kept in a
fixed position with their sensor booms vertically oriented opposite each other at a distance of about 15 cm. Both
radiosonde types were connected by electrical wires to their power supplies located outside the climatic chamber, which
replaced the alkaline batteries normally used during atmospheric radiosoundings. This enabled the acquisition of
measurements, with the radiosondes both outside and inside the climatic chambers, for many hours without
interruptions for replacing the batteries. Figure 3 shows the measurement layout inside the Kambic chamber. At a
distance of 3 cm from the temperature sensor of each radiosonde, a Pt100 reference thermometer traceable to SI
standards was placed and fixed to the plastic grid. Moreover, an additional Pt100 reference thermometer was placed in
the middle of the measurement frame, at the same distance of about 7.5 cm from the two radiosondes’ temperature
sensors. The reference thermometers were also connected to their own reading unit located outside the chambers. Figure
4 shows a schematic of the measurement layout, where the reference thermometers and their position with respect to
radiosondes' sensors are also represented.

The intercomparison was carried out in two separate stages described in the Sect. 3.1 and Sect. 3.2.

e

i

|2
Figure 3: Photo of the measurement layout inside the Kambic chamber, with the frame including the plastic grid, the metal
plate at the basis, the cylindrical steel holders, the radiosondes RS92 (left) and RS41 (right) with their sensor booms vertically

oriented each in opposition to the other. The two radiosondes, supported by two adapters fixed to the grid with plastic ties
passing through the holes of the grid, were connected by electrical wires to their power supplies located outside the chamber.

7
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RS41 f
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Pt100 % T -4 P1100
RS92 RS41
Thermometer Thermometer

Figure 4: Scheme of the measurement layout: the sensor booms of the two radiosondes and their thermometers were located
at 15 cm distance, while a Pt100 reference thermometer was at 3 cm from the temperature sensor of each radiosonde. An
additional Pt100 reference thermometer (not shown) was placed in the middle, at a distance of about 7.5 cm from each
radiosonde’s temperature sensor.

3.1 Tests using a single climatic chamber

At the first stage, a pair of RS41 and RS92 radiosondes has been tested inside the Kambic chamber at different
temperature and humidity conditions, at ambient pressure. A fan placed on the back inner wall of the chamber blows the
air in, which, after passing through the chamber internal components, is conveyed inside the chamber measurement
volume, where it is distributed uniformly both laterally and from below. In this way, the temperature and humidity are
kept homogeneous inside the chamber.

Simultaneous measurements from the radiosondes and the reference thermometers were acquired at nine conditions of
temperature (T) and relative humidity (RH), as reported in Table 1. The chamber cannot dynamically control the relative
humidity at T <0 °C, while for positive temperatures three different RH values have been set, corresponding to low (RH
= 20 %), moderate (RH = 60 %) and very high (RH = 98/95 %) humidity conditions. The above conditions of T and RH
have been selected to reproduce the atmospheric conditions that radiosondes meet at the ground, at different climatic

regions and seasons.
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For each T and RH condition, measurements from all the sensors in the chamber have been acquired only after thermal
stability was achieved, which required a time period up to several hours. The thermal stability within the chamber was
considered achieved when the minimum temporal variability was observed in readings of all reference thermometers.
The temporal resolution of measurements was 1 s for radiosondes and 3s for reference thermometers, while the
duration of the acquisition loop ranged from 5-10 min, corresponding to at least 300 repeated measurements for each
radiosonde sensor.

Before placing the radiosondes in the climatic chamber, the pre-launch ground check procedure recommended by the
manufacturer was performed, using GC25 and RI41 devices for RS92 and RS41, respectively. In this way, the
radiosondes have been tested inside the chamber simulating the complete pre-launch phase in radiosoundings.
Moreover, the raw data of radiosonde temperature measurements have been used, without the corrections applied by the
Vaisala or GRUAN data processing algorithms (i.e., the correction for warm/cold bias due to solar/infrared radiation in
daytime/nighttime launches, the time lag correction and the ground check correction for RS92 measurements only).

As an example, Fig. 5 shows the plots of temperature measurements from both the radiosondes and the reference
thermometers acquired at T = 20 °C and RH = 20 % for a period of 8 min, corresponding to 480 repeated measurements
for radiosondes’ temperature sensors.

Kambic settings | Temperature (°C) | Relative humidity (%)
1 -40 Off
2 -20 Off
3 0 Off
4 20 20
5 20 60
6 20 98
7 40 20
8 40 60
9 40 95

Table 1: Temperature and relative humidity values corresponding to the nine different measurement conditions reproduced
in the Kambic chamber (Kambic settings). At negative temperatures and 0 °C, the relative humidity in the chamber cannot
be dynamically controlled.
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259 Figure 5: Time series of temperature measurements (vertical axis) from all the sensors in the Kambic chamber set at T =
260 20 °C and RH = 20 %. The duration of the acquisition was 480 s (8 min), corresponding to 480 repeated measurements for
261 radiosondes’ sensors. The blue line refers to the RS92, the green to the RS41, the red and yellow to the reference
262 thermometer close to the temperature sensor of RS92 and RS41, respectively, the orange to the reference thermometer in the
263 middle of the measurement frame (i.e., between radiosondes’ temperature sensors).
264
265 In order to compare RS41 and RS92 and characterize their differences, the mean and standard deviation of
266  measurements from all the temperature sensors in the chamber, as well as of other measurement derived quantities
267 (detailed below in this section), have been calculated over the whole acquisition period for each condition of T and RH
268  set in the chamber. The standard deviation of readings from each temperature sensor results from the combination of
269 sensor's noise and chamber instability. The latter was measured as the standard deviation of reference thermometers'
270  readings in the points where these thermometers were placed, assuming their noise negligible. This measure of the
271  chamber instability made it possible to estimate the noise of radiosondes’ temperature sensors.
272 The chamber temperature inhomogeneity (or uniformity) through the measurement volume was measured as the
273 maximum difference between the mean values of reference thermometers” measurements.
274 From the results of the laboratory tests (Sect. 4.1.2), it was found that the chamber inhomogeneity through the portion
275 of the measurement volume between the temperature sensor of each radiosonde and the co-located Pt100 reference
276  thermometer is typically less than 0.05 °C and does not affect the temperature difference between these sensors,
277 AT (sonde, ref _therm). The latter can be considered as an estimate of the sonde calibration error, Err,,; (sonde), that
278 s
279  AT(sonde,ref _therm) = Err., (sonde) (1)

10
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The calibration errors of radiosondes’ temperature sensors have been evaluated by calculating the mean of

AT (sonde, ref _therm) over the acquisition period for each T and RH condition and can be expressed as:

ATyean (sonde, ref _therm) = Err[i*™ (sonde) @

The repeatability in calibration errors of radiosondes’ temperature sensors has been calculated as the standard deviation
of AT (sonde, ref _therm).

The temperature difference (i.e., bias) between RS41 and RS92, AT (RS41, RS92) = Tgrsa; — Trsoz, Can be affected by
the chamber inhomogeneity through the measurement volume and it may not represent the real temperature difference
between the two sondes. Therefore, instead of this difference, it was considered the temperature absolute difference

between the two sondes, AT, (RS41, RS92), defined, at any instant, as the difference between their calibration errors:

AT, (RS41, RS92) = AETT,0;(RS41, RS92) = Erroq(RS41) — Erryq; (RS92)
= AT(RS41,refrssy) — AT(RS92, 7€ frs02) 3)

AT,;,s(RS41,RS92) is not affected by the chamber inhomogeneity, being the inhomogeneity between the thermometer
of each radiosonde and the co-located reference thermometer negligible.
The temperature bias between RS41 and RS92 has been evaluated by calculating the mean of AT,;,,(RS41, RS92), that

is:

AT[i€9"(RS41,RS92) = AETT¢%" (RS41, RS92) 4)

The repeatability in the temperature bias has been calculated as the standard deviation of AT,;;(RS41, RS92).

3.2 Fast temperature changes using two climatic chambers

At the second stage of the experiment, the same pair of radiosondes tested during the first stage was tested before and
after a series of fast temperature changes, generated by quickly moving (within = 10 s) the measurement frame from the
Kambic chamber to the adjacent Weiss Technik chamber and vice versa, with the two chambers set at different
temperatures. Each chamber was also equipped with a Pt100 reference thermometer fixed to an inner wall. Both rising
and dropping temperature changes of about 20 °C were performed, and more specifically two rising changes from 0 °C
to 20 °C and two dropping changes from 20 °C to 0 °C and -5 °C. The Kambic was set at 0 °C and -5 °C, the Weiss
Technik at 20 °C. The objective was to study the effects of such changes on the temperature sensors of both
radiosondes. A step of about 20 °C was selected to simulate a steep thermal change that a radiosonde may meet when
passing from the indoor of a laboratory or inflation chamber to outdoor conditions before launch.

Simultaneous measurements from radiosondes’ temperature sensors and reference thermometers have been acquired
before and after each change as in the first stage, after thermal stability was achieved in the respective chamber, with
same temporal resolutions and similar acquisition durations. A period of about 2 h, longer than the typical duration of a
radiosounding, preceded the acquisition before each change. However, in order to study the potential effects of the

temperature changes on the measurements of radiosoundings, i.e. within their duration, the acquisition period
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considered after each change was started as soon as the thermal stability was reached in the chamber, typically about 15
min after the change. As at the first stage, the manufacturer ground check procedures were performed before the
chamber tests, in order to test the radiosondes under conditions similar to those before launch in radiosoundings, and
only raw measurements from radiosondes were acquired.

As an example, Fig. 6 shows the plots of temperature measurements from both the radiosondes and the reference
thermometers acquired before and after a quick change from 0 °C to 20 °C for a period of about 27 min.
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Figure 6: Time series of temperature measurements (vertical axis) from both the radiosondes and the reference
thermometers acquired before and after a change from 0 °C to 20 °C for a period of 1600 s (about 27 min). Solid lines refer to
the radiosondes (blue for RS92, green for RS41), dashed lines refer to the reference thermometers close to radiosondes’
sensors (red for RS92 and yellow for RS41), dotted lines refer to the reference thermometers fixed to chambers’ inner walls
(blue for the Kambic chamber set at 0 °C before the change and gray for the Weiss Technik chamber set at 20 °C).

The effects of the fast temperature changes on the temperature sensors of both radiosondes have been studied and
compared by considering the same quantities described in Sect. 3.1, that is, in terms of sensors’ noise, as well as of their
calibration error and bias with related repeatability. These quantities were calculated over the acquisition period under
thermal stability conditions in the chambers, both before and after each change. For example, for the change shown in
Fig. 6 the acquisition period under stability conditions in the first chamber (set at 0°C) before the change was 5 min
(from 0-300 s in Fig. 6), while the corresponding acquisition period in the second chamber (set at 20°C) after the

change was the last 5 min of acquisition (from 1300-1600 s in Fig. 6), starting about 17 min after the change.
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341 4 Results
342 4.1 Tests in the Kambic chamber

343 In this section, the results obtained during the first stage of the experiment, described in Sect. 3.1, are reported and
344 discussed. More specifically, Sect. 4.1.1 concerns the noise characterization of RS92 and RS41 temperature sensors,
345 Sect. 4.1.2 refers to RS92 and RS41 calibration errors with their uncertainties, section 4.1.3 refers to the temperature
346  bias between RS92 and RS41 and the related uncertainty.

347

348  4.1.1 Noise of RS92 and RS41 temperature sensors

349  The standard deviations of temperature measurements from all the sensors in the chamber for all T and RH conditions
350 considered (see Table 1) are plotted in Fig. 7. The standard deviations from reference thermometers (red, yellow and
351  orange stars for the thermometer close to RS92, to RS41 and in the middle of measurement frame, respectively)
352 represent an estimate of the chamber instability in the points where these thermometers were placed. For each T and RH
353 condition, the chamber instability is uniform through the measurement volume, being the standard deviations from all
354  reference thermometers very similar, and significantly lower than the standard deviation from both radiosondes’
355  temperature sensors (blue and green circles for RS92 and RS41, respectively). More specifically, for each condition of
356 T and RH the chamber instability is lower than 0.014 °C, with uniformity of instability (measured as maximum
357 difference between the chamber instabilities) within £0.006 °C, except for T = -20 °C, where the instability is slightly
358 higher, while remaining less than 0.03 °C, and less uniform (within £0.012 °C). These values of the chamber instability
359 are significantly lower than those reported in the manufacturer specifications, typically lower than 0.1 °C.

360  The high chamber stability compared to the standard deviations from radiosondes’ temperature sensors, together with
361 the high uniformity in the chamber instability, allowed to characterize the noise of these sensors and related differences.
362 Indeed, the standard deviations from radiosondes’ sensors, resulting from the combination of sensors’ noise and
363  chamber instability, represent an estimate of that noise. Moreover, the difference or the ratio between the noise
364  estimates for the two radiosondes' sensors is not affected by a different chamber instability in the points where these
365  sensors were placed. The plots shown in Fig. 7 reveal that for each T and RH condition, the noise of RS41 temperature
366  sensor (green circles) is lower than that of RS92 (blue circles). More specifically, the noise for RS41 ranges from
367 0.016 °C (T =40 °C, RH =95 %) to 0.064 °C (T = -20 °C), while the noise for RS92 ranges from 0.073 °C (T = -40 °C)
368  t00.1°C (T =-20 °C). In terms of noise ratio, the RS92 temperature sensor is from 1.6 (T = -20 °C) to 5.3 (T = 40 °C,
369  RH =20 %) times noisier than that of RS41.

370 At T =-20 °C, where the noise is maximum for both the radiosondes (= 0.06 °C for RS41 and = 0.1 °C for RS92) the
371  chamber instability is also maximum (ranging from 0.015 °C to 0.027 °C). In this case, a higher chamber instability
372 leads to overestimating the noise of both radiosondes’ sensors, being this noise estimated as the standard deviation of

373 sensors’ measurements, which is more contaminated by the chamber instability.

374
375
376
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Figure 7: Standard deviations of temperature measurements (vertical axis) from the radiosondes (circles) and the reference
thermometers (stars) calculated at the different temperature (T) and relative humidity (RH) conditions in the Kambic
chamber (horizontal axis). At T <0 °C there is no relative humidity control in the chamber (RH off). The blue and green
circles refer to RS92 and RS41, respectively. The red, yellow and orange stars refer to the reference thermometer close to
RS92, to RS41 and in the middle of measurement frame, respectively.

4.1.2 RS92 and RS41 calibration errors and uncertainties

In Fig. 8 the mean and the standard deviation of AT (sonde, ref_therm) calculated for each T and RH condition set in
the chamber are plotted (blue and green plot for RS92 and RS41, respectively). The chamber inhomogeneity through
the measurement volume, measured as the maximum difference between the mean values of reference thermometers’
readings, is also reported for all the measurement conditions (red vertical bars). The values of this inhomogeneity are
within £0.15 °C, with a minimum of +£0.07 °C (T = 0°C; T = 20 °C, RH= 20 %), except for T = -40 °C where the
inhomogeneity is within +0.29 °C. These values are significantly lower than those reported in the manufacturer
specifications, typically within £0.3 °C. It is reasonable to assume that the chamber inhomogeneity between each
radiosonde’s temperature sensor and the co-located reference thermometer is significantly lower than the above values

and does not appreciably affect the values of AT (sonde, ref _therm). Indeed, assuming the chamber inhomogeneity

14



https://doi.org/10.5194/amt-2021-337 Atmospheric
Preprint. Discussion started: 21 October 2021 Measurement
(© Author(s) 2021. CC BY 4.0 License. Techniques

394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433

Discussions

linearly dependent on the distance and considering the distances between the reference thermometers and between each
radiosonde’s temperature sensor and the co-located reference thermometer, the inhomogeneity between these latter
sensors can be estimated from 3 to 7 times lower than the above values and typically less than 0.05 °C. Thus, Egs. (1)
and (2) can be considered valid and the means and standard deviations of AT (sonde,ref_therm) shown in Fig. 8
represent, respectively, the calibration errors and related repeatabilities of radiosondes’ temperature sensors.

The plots in Fig. 8 show that, for each T and RH condition set in the chamber, the calibration error and related
repeatability of RS41 temperature sensor are smaller than those of RS92, indicating that RS41 is more accurate than
RS92. The lower repeatability in the calibration error for RS41 is due to the lower noise level of its temperature sensor
compared to RS92, as shown in the previous section.

More specifically, the calibration error of RS41 temperature sensor, Errla;®"(RS41) = ATyeqn(RS41, ref_RS41),
assumes both negative and positive values, ranging from -0.05 °C (T = -20 °C) to 0.08 °C (T = 40 °C, RH = 95 %),
indicating the absence of systematic bias in the calibration and a correction factor less than 0.1 °C for all considered T
and RH conditions. The repeatability in the calibration error of this sensor is lower than 0.04 °C at all conditions, except
for T = -20 °C, where it reaches the maximum value of 0.06 °C, which represents an overestimation due to a higher
chamber instability observed at this temperature. The total calibration uncertainty results from the combination of
repeatability (A-type uncertainty) and further B-type uncertainty contributions. The latter comprise the calibration
uncertainty of the reference thermometer (0.01 °C for T < 0 and 0.005° for T > 0), the uncertainty of sensors’ reading
systems (0.01 °C for both the radiosonde’s sensor and the reference thermometer) and the uncertainty due to the
chamber inhomogeneity between the radiosonde’s sensor and the reference thermometer. The B-type uncertainty
contributions are small compared to repeatability and do not significantly contribute to the total calibration uncertainty.
The above values of RS41 calibration error and related uncertainty are in very good agreement with those measured in
laboratory tests performed by the manufacturer, who reports a calibration error ranging from -0.08 °C to 0.06 °C,
resulting from tests with 5 different RS41 units at various temperatures from -98 °C to 39 °C (Vaisala, 2017a), and a
calibration repeatability (k = 2) less than 0.1 °C (Survo et al., 2014; Vaisala, 2017a). Moreover, there is also consistency
with GRUAN laboratory tests, carried out with more than 150 RS41 units at room temperature under various humidity
conditions inside multiple standard humidity chambers equipped with Pt100 reference thermometers (Dirksen et al.,
2020). The GRUAN tests indicate a cold bias in the calibration of 0.025 °C and a calibration uncertainty (k = 1) less
than 0.2 °C.

For RS92 temperature sensor, the calibration error estimated in our experiment, Errgg;®"(RS92) = ATy0qn(RS92,
ref_RS92), is negative under all T and RH conditions set in the chamber, ranging from -0.31 °C (T = 40 °C, RH =
20 %) to -0.08 °C (T =40 °C, RH= 95 %), indicating a cold bias in the calibration, with a correction factor ranging from
at least 0.1 °C up to a few tenths of a degree. The repeatability in the calibration error is less than 0.1 °C under all
considered conditions. The total calibration uncertainty results from the combination of the repeatability and the same
B-type uncertainty contributions described above, which are negligible compared to repeatability as for RS41. The
values of calibration uncertainty estimated for RS92 temperature sensor are 0.025 °C higher than those provided by the
manufacturer, who reports a calibration repeatability (k = 2) of 0.15 °C (Vaisala, 2013; Jauhiainen et al., 2014). On the
other hand, this uncertainty contribution has never been characterized with manufacturer-independent laboratory tests,
and in the GRUAN data processing it is evaluated by combining the value provided by the manufacturer with the
temperature correction factor AT, resulting from the pre-launch ground check performed with the GC25 (Dirksen et
al., 2014).
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Figure 8: Mean (circles) and standard deviation (vertical bars) of the temperature difference between each sonde and its co-
located reference thermometer (vertical axis), for all the temperature (T) and relative humidity (RH) conditions set in the
Kambic chamber (horizontal axis). The green plot refers to the RS41, the blue plot to the RS92. Red vertical bars represent
the chamber inhomogeneity through the measurement volume.

Finally, Table 2 provides the values of ATS% determined before testing the radiosondes inside the climatic chamber.
The same values of ATSSZ for different T and RH conditions refer to a single ground check procedure performed
before testing the radiosondes under those conditions during a single measurement session without interruptions.
ATESS is always negative, ranging from -0.27 °C to — 0.15 °C, indicating a warm bias of RS92 temperature sensor
compared to the Pt100 thermometer inside the GC25 chamber. Therefore, the application of this correction to RS92
temperature sensor leads to an increase of the difference between this sensor and the co-located reference thermometer,
that is the calibration error (blue circles in Fig. 8), making its measurement accuracy worse. This is due to possible
long-term instability or drifts in the calibration of the Pt100 thermometer inside the GC25 chamber, which requires

further investigation.
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-0.18
-0.18
-0.15
-0.15
-0.15
-0.15
-0.27
-0.27
-0.27
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Table 2: Values of the correction factor AT$$35 for RS92 temperature sensor resulting from the GC25 and determined before
testing the radiosondes inside the Kambic chamber under different temperature and humidity conditions (Kambic settings).

The above results confirm independently of the manufacturer that the calibration error and uncertainty of RS41
temperature sensor meet the highest quality standards of reference Platinum resistor thermometers and, therefore, this
sensor type does not need of a pre-launch ground check correction to be applied to radiosounding temperature
measurements. However, RS92 temperature sensor requires both such a correction with the GC25 and periodic high
quality assurance checks of the calibration of the Pt100 reference thermometer inside the GC25 chamber, to avoid cold
biases in radiosounding temperature measurements in the order of a few tenths of a degree or higher. Indeed, a not
reliable ground check correction with the GC25 can make the measurement accuracy worse rather than improving it, as
occurred in our experiment. In any case, the calibration uncertainty of RS92 temperature sensor is higher than that of
RS41.

4.1.3 RS41 and RS92 temperature bias and uncertainty

Figure 9 shows the mean temperature absolute bias between RS41 and RS92, AT;2*" (RS41, RS92), as defined in Eq.
(4), and the related repeatability (vertical bars) calculated for all T and RH conditions set in the chamber.
AT32%™ (RS41, RS92) is positive under all conditions, ranging from 0.1 °C (T =0 °C; T = 20 °C, RH = 20 %) to 0.36 °C
(T =40 °C, RH = 20 %), which indicates that RS92 is colder than RS41, mainly due to the cold bias in the calibration of
RS92 temperature sensor discussed in Sect. 4.1.2. The repeatability in AT,,;(RS41, R§92), as defined in Sect. 3.1, is
less than 0.1 °C under all considered conditions and it represents the total uncertainty in the temperature absolute bias,

being all B-type uncertainty contributions negligible.
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Figure 9: Mean temperature absolute difference between RS41 and RS92, AT (RS41,RS92) (vertical axis), for all the
temperature (T) and relative humidity (RH) conditions set in the Kambic chamber (horizontal axis); the vertical bars
represent the repeatability in AT .,s(RS41, RS92), calculated as the standard deviation.

The above results for the temperature bias between RS41 and RS92 are not directly comparable with those resulting
from dual soundings, carried out both by the manufacturer and within GRUAN, due to the different calculation methods
and measurements conditions. In dual soundings, the average and standard deviation of the measurement differences
from multiple pairs of RS41 and RS92 radiosondes are calculated at each altitude level, assuming the two radiosondes
exposed to the same atmospheric conditions during each sounding. Moreover, the measurement profiles are smoothed
(with a vertical resolution typically ranging from 10 m up to 2 km) and the measurement data used to calculate the
differences are processed with Vaisala or GRUAN algorithms, where the corrections mentioned in Sect. 3.1 are applied
to raw measurements. In our laboratory tests inside the Kambic chamber, the mean and the standard deviation of the
difference between the calibration errors of the considered pair of RS41 and RS92, AT,;,s(RS41,RS92), have been
calculated using repeated radiosondes’ raw measurements over time, to which no correction was applied.

On the other hand, in dual soundings the measurements are performed at decreasing pressure levels and with the sensors

exposed to solar radiation, for daytime soundings only, and the ventilation resulting from the combination of the balloon
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lifting vertical speed (typically 5 m/s), the horizontal wind and radiosonde’s pendulum motions and rotations.
Differently, in the Kambic the measurements are performed at laboratory ambient pressure and with the weak
ventilation on the sensors generated by the chamber.

Despite the above differences between dual soundings and our tests in the climatic chamber in order to determine the
temperature bias between RS41 and RS92, we can compare to some extent the results of our experiment with those
resulting from nighttime dual soundings at the ground. In such conditions, the corrections of temperature measurements
due to the time lag and infrared radiation implemented in Vaisala and GRUAN data processing are negligible (Vaisala,
2010; Dirksen et al. 2014; Vaisala, 2017a). Thus, the difference between the raw measurements in the climatic chamber
and the measurements used in dual soundings is essentially due to the ground check correction applied to RS92
measurements in dual soundings only. Therefore, recalculating AT,;;(RS41, RS92) by applying to RS92 measurements
the ground check correction ATS%’, a temperature bias comparable to that of nighttime dual soundings at the ground
should in principle be obtained. However, the values of ATSZ’ reported in Table 2 are not reliable and worsen the
measurement accuracy of RS92 temperature sensor rather than improve it, as shown in the previous section. As a
consequence, the correction corresponding to the mean calibration error of RS92 temperature sensor, Err[.;*" (RS92)
(blue circles in Fig. 8), was applied instead of ATSZ>. Such a correction is appropriate instead of ATS%’, as it comes
from the comparison of RS92 temperature sensor with the co-located Pt100 reference thermometer. Applying this
correction, by replacing Trgo, With Tgreo, — Errge;®™ (RS92), the corrected temperature absolute bias, comparable to

that in nighttime dual soundings at the ground, was obtained:

AT.,(RS41,RS92) = AT,,;(RS41, RS92) + Err™e*™(RS92) (5)

Figure 10 shows the mean AT, %" (RS41,RS92) and the standard deviation or repeatability (vertical bars) of the
corrected temperature bias, as defined in Eq. (5), for each measurement condition set in the chamber. The standard
deviation represents the uncertainty in the corrected temperature bias. The results reveal that AT, %" (RS41, RS92)
ranges from -0.05 °C (T = -20 °C) to 0.08 °C (T = 40 °C, RH = 95 %), indicating that RS41 can be colder or warmer
than RS92, with a temperature bias less than 0.1 °C in absolute value. The uncertainty in the temperature bias is lower
than 0.1 °C.

These findings are similar to the means and standard deviations of temperature differences between RS41 and RS92,
typically within + 0.1 °C and 0.2 °C respectively, calculated in nighttime dual soundings performed at different latitudes
both by the manufacturer (Jauhiainen et al., 2014; Vaisala, 2014) and independently within GRUAN (Jensen et al.,
2016; Kawai et al., 2017; Dirksen et al., 2020; Jing et al., 2021), not only at near surface, but throughout the
troposphere. Moreover, the values of the temperature bias and the related uncertainty obtained from the laboratory tests
in the climatic chamber in principle refer to the radiosondes at the ground before launch, while the corresponding values
resulting from dual soundings never refer to the radiosondes at the ground, but at higher altitudes after launch. Thus, the
results from the tests in the climatic chamber represent an additional information to that provided by dual soundings for

the characterization of the temperature bias between RS41 and RS92.
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5%4
535 Figure 10: Mean corrected temperature bias between RS41 and RS92, AT ;" (RS41,RS92) (vertical axis), for all the
536 temperature (T) and relative humidity (RH) conditions set in the Kambic chamber (horizontal axis); the vertical bars
537  represent the repeatability in AT}, (RS41, RS92), calculated as the standard deviation.
538
539 4.2 Fast temperature changes
540 In this section, the outcome of the second stage of the experiment, described in Sect. 3.2, is discussed. The effects of
541  fast temperature changes on RS92 and RS41 temperature sensors have been investigated in terms of noise (Sect. 4.2.1),
542 calibration error and its uncertainty (Sect. 4.2.2), bias and related uncertainty (Sect. 4.2.3).
543
544 4.2.1 Noise of RS92 and RS41 temperature sensors
545 Table 3 reports the values of chamber instability and noise of RS41 and RS92 temperature sensors before and after the
546  fast temperature changes described in Sect. 3.2 (i.e.: two rising changes from 0 °C to 20 °C and two dropping changes
547 from 20 °C to 0 °C and -5 °C). The temporal sequence of changes is also reported. As in Sect. 4.1.1, the chamber
548  instability and the noise of radiosondes’ sensors are measured as the standard deviation of readings from reference
549  thermometers and radiosondes’ sensors, respectively.
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T Rise Before change After change
°C) Chamber RS41 RS92 Chamber RS41 RS92
instability noise noise instability noise noise
"0+20" #1 0.02 0.04 0.12 0.01 0.09 0.13
"0+20" #3 0.02 0.05 0.10 0.01 0.13 0.17
T Drop Before change After change
°C) Chamber RS41 RS92 Chamber RS41 RS92
instability noise noise instability noise noise
"20-5" #4 0.02 0.05 0.09 0.02 0.13 0.27
"+20-0" #2 0.01 0.03 0.04 0.01 0.10 0.28

550
551

553
554

555
556
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558
559
560
561
562
563
564
565

566

567
568
569
570
571
572
573
574
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576
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578
579

Table 3: Chamber instability and noise of RS41 and RS92 temperature sensors before and after the two rising changes from
0 °C to 20 °C (yellow rows) and the two dropping changes from 20 °C to 0 °C and -5 °C (gray rows). The numbers next to
each temperature change in the left column indicate the time sequence of changes.

The results reported in Table 3 show that before each temperature change, the noise of both RS41 and RS92
temperature sensors is the same as in the first stage of the experiment, with values lower than 0.05 °C and 0.1 °C for
RS41 and RS92, respectively. After each change, an increase in the noise of both radiosondes’ temperature sensors is
observed and this increase is maximum for the RS92 and dropping changes. The values of noise after changes are
typically of 0.1 °C for RS41 and from 0.1 °C to 0.3 °C for RS92. However, the noise increase after each change is a
transient effect observed as soon as the thermal stability was reached in the chamber (typically about 15 min after the
change), fading within the following 2 h, as it is evident from the noise values observed before the next change. Such an
effect may affect the measurements of radiosoundings where radiosondes meet a fast and steep thermal change when
passing from the indoor of a laboratory or inflation chamber, where the ground check procedures are usually performed,

to outdoor condition before launch.

4.2.2 RS92 and RS41 calibration errors and uncertainties

Table 4 reports the values of calibration error Errcaand related uncertainty U(Errca) of both RS41 and RS92 temperature
sensors before and after the temperature changes described in section 3.2. For each radiosonde the calibration error is
evaluated as in Sect. 4.1.2, while the calibration uncertainty results from the combination in quadrature of the
repeatability in the calibration error (A-type uncertainty) and the B-type uncertainty contributions. The repeatability is
calculated as in Sect. 4.1.2, while the B-type uncertainty contributions are described in the same section. Among these
contributions, the uncertainty due to the chamber inhomogeneity between the radiosonde’s sensor and the co-located
reference thermometer has been estimated from the chamber inhomogeneity through the measurement volume,
measured as the mean temperature difference between the two reference thermometers close to the radiosonde s’
sensors, assuming the chamber homogeneity linearly dependent on the distance and considering the distances between
the two reference thermometers (= 20 cm) and between each radiosonde’s sensor and the co-located reference
thermometer (=~ 3 cm).

The values of calibration errors and related uncertainties reported in Table 4 are also plotted in Fig. 11.

21




https://doi.org/10.5194/amt-2021-337 Atmospheric
Preprint. Discussion started: 21 October 2021 Measurement
(© Author(s) 2021. CC BY 4.0 License. Techniques

Discussions
By

T Rise Before change After change

(°C) | ErraRS41) [ UlErra(RS41)] | Errca(RS92) | U[Errea(RS92)] | Errea(RS41) | U[Errea(RSAL)] | Errca(RS92) | U[Erra(RS92)]

"0+20"#1 0.14 0.05 -0.08 0.12 -0.10 0.08 0 0.13
"0+20"#3 -0.04 0.06 -0.21 0.11 0.17 0.13 -0.02 0.17
T Drop Before change After change

(°C) | ErcalRS41) | U[E(RS41)] | Errca(RS92) | U[Errcu(RS92)] | ErtcalRS4) | UErra(RS41)] | Errea(RS92) | U[Erma(RS92)]

"20-5" #4 -0.10 0.05 0 0.09 -0.19 0.13 -0.22 0.27

"20-0" #2 0.17 0.04 -0.02 0.044 -0.11 0.10 -0.28 0.28

580

581 Table 4: Calibration error Errca and related uncertainty U(Errcal) for RS41 and RS92 temperature sensors before and after
582  the two rising changes from 0 °C to 20 °C (yellow rows) and the two dropping changes from 20 °C to 0 °C and -5 °C (gray
583 rows). The numbers next to each temperature change in the left column indicate the time sequence of changes.

584
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ggg Figure 11: Plots of calibration errors Errca and related uncertainties (vertical bars) for RS41 and RS92 temperature sensors
587 before and after the temperature changes (vertical axis). Top panels refer to rising changes, bottom panels to dropping
588  changes, left panels to RS41 and right panels to RS92.

589

590  The results reported in Table 4 and plotted in Fig. 11 show how the calibration error of RS41 temperature sensor ranges
591 from -0.1 °C to 0.2 °C before all the considered temperature changes and it does not change significantly after the
592  changes, where it ranges from -0.2 °C to 0.2 °C. These values of calibration error for RS41 are slightly higher than
593  those observed at the first stage of the experiment, where the corresponding calibration error was less than 0.1 °C in
594 absolute value. For the temperature sensor of RS92, the calibration error is negative (cold bias), with absolute value less
595  than 0.2 °C before all the changes and less than 0.3 °C after all the changes. Therefore, also for RS92 the temperature
596  changes considered in this experiment do not significantly change the calibration error, which assumes values similar to
597  those observed at the first stage of the experiment.
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The calibration uncertainties of RS41 and RS92 temperature sensors before and after each temperature change are very
similar to their respective noises reported in Table 4, being their values less than 0.06 °C before the changes and less
than 0.1 °C after the changes for RS41, less than 0.1 °C before the changes and ranging from 0.1 °C up to 0.3 °C after
the changes for RS92. The above results indicate that a fast thermal change in the order of +20 °C, that a radiosonde
may meet before launch, does not appear to significantly affect the calibration error of temperature measurements
collected after that change, but may lead to the increased calibration uncertainty observed in laboratory, due to the

increase of sensor noise.

4.2.3 RS41 and RS92 temperature bias and uncertainty

The values of temperature absolute bias between RS92 and RS41, ATas (RS92, RS41), and of the related uncertainty, U
[ATas (RS92, RS41)], before and after each of the temperature changes considered in the previous sections are reported
in Table 5. ATas (RS92, RS41) is measured as difference between the calibration errors reported in Sect. 4.2.2, while its
uncertainty is evaluated by combining in quadrature the corresponding calibration uncertainties. The same values
reported in Table 5 are also plotted in Fig. 12.

T Rise Before change After change
(°C) AT.0s(RS92, RS41) | U[AT.ns(RS92, RS41)] AT.ns(RS92, RS41) U[AT.s(RS92,RS41)]
"0+20"#1 -0.22 0.13 0.10 0.16
"0+20"#3 -0.17 0.12 -0.19 0.21
T Drop Before change After change
(°C) AT.s(RS92, RS41) | U[AT.ns(RS92, RS41)] AT.ns(RS92, RS41) U[AT.s(RS92,RS41)]
"20-5" #4 0.10 0.11 -0.03 0.30
"20-0" #2 -0.19 0.06 -0.17 0.30

Table 5: Temperature absolute bias between RS92 and RS41, ATaps (RS92, RS41), and related uncertainty, U [ATabs (RS92,
RS41)], before and after the two rising changes from 0 °C to 20 °C (yellow rows) and the two dropping changes from 20 °C to
0 °C and -5 °C (gray rows). The numbers next to each temperature change in the left column indicate the time sequence of
changes.
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8%% Figure 12: Plots of temperature absolute bias between RS92 and RS41, ATass (RS92, RS41), and related uncertainty (vertical
624 bars) before and after the temperature changes (vertical axis). The left panel refers to rising changes, the right panel to
625  dropping changes.

g%? The results reported in Table 5 and plotted in Fig. 12 show that ATas (RS92, RS41) does not change significantly as a
628 result of the temperature changes, with values ranging from -0.2 °C to 0.1 °C both before and after the changes. These
629 values of temperature bias are similar to those observed at the first stage of the experiment under similar temperature
630 conditions (see Fig. 9), where the corresponding bias was negative (RS92 colder than RS41) and less than 0.15°C in
631 absolute value. The bias uncertainty U [ATas (RS92, RS41)] increases as a result of the temperature changes, being its
632 values within 0.1°C before changes and ranging from 0.2°C to 0.3°C after changes. The above results indicate that fast
633 thermal changes in the order of £20 °C met by radiosondes before launch do not appear to affect the temperature bias
634 between RS92 and RS41, but may lead to the increased bias uncertainty observed in laboratory, due to the increase of

635  sensors’ noise.

636
637 5 Summary and conclusions

638  Simultaneous comparisons between RS92 and RS41 radiosondes in climatic chambers have been performed for the first
639  time independently of the manufacturer with the aim to characterize the noise, the calibration accuracy and the bias in
640  temperature measurements. At a first stage of the experiment, radiosondes’ performances were compared at ambient
641 pressure and different temperature and humidity conditions, reproducing those that radiosondes meet at the ground and

642  different latitudes and seasons. The data analysis revealed the following results:

gj?l e  The temperature sensor of RS41 is less noisy than that of RS92, with noise values less than 0.06 °C for RS41 and
645 within 0.1 °C for RS92.

646

647 e The calibration accuracy for RS41 temperature measurements is better than for RS92, with an absolute value of
648 RS41 calibration error less than 0.1 °C and a calibration uncertainty (k = 1) less than 0.06 °C, while RS92 is
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affected by a cold bias in the calibration, which ranges from 0.1 °C up to a few tenths of a degree, with a calibration
uncertainty less than 0.1 °C and 0.025 °C larger than that provided by the manufacturer. The lower calibration
uncertainty for RS41 compared to RS92 is due to the lower noise of RS41. These results confirm the better
performance of RS41 compared to RS92, in terms of both higher accuracy in pre-launch temperature measurements
and simpler pre-launch ground check procedures.

e Under similar conditions that radiosondes meet in nighttime dual soundings at the ground, it is found that the
temperature bias between RS41 and RS92 is within +0.1 °C, with an uncertainty (k = 1) less than 0.1 °C. These
values are in agreement with those reported in literature for nighttime dual soundings, both at near surface and
throughout the troposphere, and suggest the possibility to integrate laboratory and dual soundings measurements
for managing sensor changes within observing networks.

At a second stage of the experiment, RS41 and RS92 radiosondes were tested before and after fast (= 10 s) temperature
changes of about +20 °C, simulating steep thermal changes that radiosondes may meet when passing from indoor to
outdoor conditions during the pre-launch phase. The data analysis revealed that these thermal changes may increase the
noise of temperature measurements collected during radiosoundings, with noise values up to 0.1 °C for the RS41 and up
to 0.3 °C for the RS92. This noise increase leads to a similar increase in the calibration uncertainty of radiosondes’
temperature sensors, as well as an increase in the uncertainty of their bias up to 0.3 °C. On the other hand, the thermal
changes do not appear to affect the calibration error and the bias of radiosondes’ temperature measurements.

The results reported in this paper refer only to a specific pair of RS41 and RS92 radiosondes and they should be
consolidated by further laboratory tests with multiple pairs of radiosondes. The methodology and the experimental setup
used in this study can also be applied and adapted to characterize RS41 and RS92 humidity sensors, using reference
hygrometers instead of the reference thermometers, as well as to characterize the sensors of other radiosonde models.
Finally, it appears clear that further experiments in climatic chambers will be needed in the future to corroborate the
results obtained from the analysis of radiosondes’ intercomparisons and dual soundings’ datasets. The overall goal of
this analysis is to evaluate within a level of known uncertainty the effect of radiosondes models’ change in climate data
series, which is one of the goals of the WMO efforts in facing technology improvements and instrument changes.
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