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Abstract. Automatic Radiosonde Launchers (ARLs) are increasingly adopted for upper-air observations as they offer major

operational advantages compared to manual launches, but they introduce new challenges for maintaining reference-quality

humidity measurements within the GCOS Reference Upper-Air Network (GRUAN). In particular, the applicability of the pre-

launch Standard Humidity Chamber (SHC) test, routinely used for manual radiosonde launches, has not been systematically

assessed for radiosondes stored inside ARLs prior to launch.5

This study investigates how residence time inside ARLs affects radiosonde humidity sensor’s performance and the adequacy

of SHC tests for automated GRUAN operations. A coordinated experiment was conducted at six sites using three radiosonde

models (Vaisala RS41, Meisei IMS-100, and MeteoModem M10) and three ARL systems (Vaisala AS15, Meisei ARS and

MeteoModem Robotsonde). Radiosondes were tested in an SHC prior to storage and again after residence times of 7 and

14 days. Relative humidity biases at saturation (RH= 100%) were analyzed using aggregated statistics, including a paired RH10

bias difference, i.e. changes in bias between pre-storage and post-storage measurements, to quantify the bias temporal drift. A

non-parametric bootstrap resampling analysis was first applied to assess the robustness and confidence intervals of the paired

RH bias difference estimates. Statistical significance of the paired RH bias difference distributions was subsequently evaluated

using the Wilcoxon signed-rank test. A normalized storage-effect metric combining the systematic drift and the variability of

the paired RH bias differences was compared with the GRUAN humidity uncertainty contribution associated with the ground-15

preparation.
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Results indicate that radiosonde humidity performance remains stable for residence times up to 14 days, under the tested stor-

age conditions, particularly for the RS41–AS15 configuration, where only small negative drifts were observed (∼−0.1% RH

week−1). In contrast, the IMS-100–ARS configuration exhibited a pronounced increase in drift with storage time (∼−0.8%

RH week−1), amplified under high-humidity and temperature seasonal conditions, while the M10–Robotsonde configuration20

showed a reversed drift with partial bias reduction during storage (∼+0.12% RH week−1). These findings demonstrate that

radiosonde behavior during storage strongly depends on the combined radiosonde–ARL system.

Based on the experimental and statistical evidence, an operational upper limit of 14 days for radiosonde storage inside

ARLs is recommended for GRUAN-compliant operations, with residence times up to 7 days providing optimal reliability.

The study confirms the feasibility of implementing SHC tests for ARL operations, while highlighting the need for manufac-25

turer and site-specific procedures to ensure long-term traceability and consistency of reference humidity measurements. The

results demonstrate that residence time inside ARLs constitutes a system-dependent source of uncertainty, warranting explicit

inclusion as an additional component in the GRUAN Data Product (GDP) humidity uncertainty budget.

1 Introduction30

The GCOS Reference Upper-Air Network (GRUAN) is an international observing network designed to provide high-quality

reference measurements of atmospheric essential climate variables through the troposphere and stratosphere (e.g. Seidel et al.,

2009; Immler et al., 2010; Dirksen et al., 2014; Bodeker et al., 2016). Its primary objective is to ensure measurement traceability

to SI standards and to deliver rigorous vertically resolved uncertainty estimates for all observations. This is achieved through

well-documented metadata, measurement sensors, processing algorithms, standardized procedures, calibration protocols, and35

dedicated pre-launch tests such as that using a Standard Humidity Chamber (SHC), which assesses and validates humidity

measurements of a Radiosonde (RS) under controlled conditions by a manufacturer-independent method.

The rapid development of automatic observing technologies, including Automatic Radiosonde Launchers (ARLs) systems,

has enabled more frequent and cost-effective measurements, particularly during nighttime and in remote or harsh environ-

ments (Madonna et al., 2020). These advances address logistical challenges and reduce operational costs, leading to a growing40

adoption of ARL systems by meteorological services worldwide.

However, this transition also introduces several challenges related to data consistency, traceability, and operational harmo-

nization. Ensuring consistency and homogeneity between historical manual observations and new automated measurements is

essential for maintaining long-term Climate Data Records (CDRs) (Global Climate Observing System (GCOS), 2010; Euro-

pean Space Agency, 2026). GRUAN plays a key role in safeguarding data quality by providing reference-quality observations,45

and ensuring that automation does not compromise the integrity of climate datasets (GCOS, 2007). This is particularly impor-

tant for climate research and for the calibration and validation (cal/val) of satellite and surface-based remote sensing systems.
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While SHC tests are routinely performed for manual launches within GRUAN, standardized procedures for automatic launches

remain insufficiently established. The need for performing a SHC procedure for ARLs is highlighted in Madonna et al. (2020).

To enable the integration of ARLs into the GRUAN network in compliance with its requirements, a procedure must be defined50

and evaluated for implementing a manufacturer-independent Ground Check (GC), specifically the SHC, for these systems. To

achieve this objective, a team of scientists from five GRUAN sites and the MeteoModem headquarters, assessed the impact of

the residence time t that a RS spends inside the ARL on its ability to measure RH= 100% within the SHC. This measurement

is compared to a reference measurement performed prior to storage inside the ARL at loading time t0. Based on the type of RH

sensor adopted by the RS participating in this study, a prolonged residence time inside the ARL is expected to progressively55

degrade the humidity sensor response through cumulative exposure to environmental contaminants, temperature and humidity

fluctuations, and storage-related aging effects. The participating sites are: Hong Kong Observatory (HKO), China; the Federal

Office of Meteorology and Climatology MeteoSwiss, Payerne (PAY), Switzerland; the Institute of Methodologies for Envi-

ronmental Analysis of the National Research Council (CNR-IMAA), Potenza (POT), Italy; the Japan Meteorological Agency,

Tateno (TAT), Japan; the Meteorological State Agency (AEMET), Tenerife (TEN), Spain; the MeteoModem headquarter, Ury60

(URY), France. Of the six sites participating in the experiment, four sites operate a Vaisala RS41 RS (Jauhiainen et al., 2014;

Survo et al., 2014a, b; Sommer et al., 2022) with the AS15 ARL, one operates the MeteoModem M10 RS (Dupont et al., 2020;

Diarra et al., 2026) with the Robotsonde and one the Meisei IMS-100 RS with the ARS ARL (Arkan and Nababan, 2017; Kizu

et al., 2018; Hoshino et al., 2022).

The description of the sites and their role within the framework of the experiment is provided in Section 2, followed by a65

description of the SHC procedures in Section 3. The design of the experiment and its limitations are presented in Section 4.

A dedicated study investigating the impact of Manufacturer Ground-Check (MGC) reconditioning on the capability of the hu-

midity sensor to recover its standard performance is presented in Section 5. Section 6 presents the statistical approach used to

assess the establishment of the SHC test as a GRUAN-compliant independent ground-check for ARLs. The main findings from

the statistical analysis are given for each site and their statistical significance is assessed in the context of the GDP humidity70

uncertainties associated with the ground-preparation component. Finally, Section 7 presents the conclusions and provides a set

of recommendations for the use of SHC tests to meet GRUAN requirements in ARL systems.

2 Experimental framework and sites description

For the experiment, the residence time t was selected to range from 0 (loading time, t0) to 14 days after loading (t14), with

an intermediate assessment time at 7 days (t7). The choice of residence times is motivated by prevailing operational practices,75

whereby ARLs are typically loaded on a weekly basis and can accommodate between 12 and 24 RSs.

Assuming a typical launch frequency of two RSs per day, the maximum residence time of a RS inside the ARL does not

generally exceed two weeks. The experiment was designed to evaluate, at each site, how residence time (at t7 and t14) and

storage conditions affect the ability of the RS to measure RH= 100% inside the SHC. The results are compared to a reference

SHC test performed at t0, before loading the RS into the ARL.80
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Table 1 summarizes the key characteristics of the six sites participating in the experiment. The sites span a wide geographical

region, with TEN (28.32◦N, 16.38◦W) representing the westernmost location and TAT (36.06◦N, 140.13◦E) the easternmost.

They also cover a broad latitudinal range, from URY (48.20◦N, 2.36◦E) as the northernmost site to HKO (22.31◦N, 114.17◦E)

as the southernmost. These geographical differences translate into markedly diverse climatological conditions. As a conse-

quence, RSs stored inside the ARLs may experience substantially different environmental conditions, including varying tem-85

perature and humidity diurnal and seasonal cycles, despite whether the ARL units are climate-controlled to mitigate ambient

indoor or outdoor variations (fifth column). A climate-controlled (CC) ARL can feature air-conditioned (A/C), air dryer (AD)

device or heating (H). Each site follows a distinct RS loading procedure that is summarized in the seventh column of Table 1.

This procedure is defined by three parameters: the frequency with which the ARL is loaded, the number of ARL slots that are

routinely filled after loading, and the maximum residence time t (in days) of a RS inside the ARL. For the URY site, the loading90

procedure is not operationally defined, as this site was activated solely for the purpose of this experiment and is normally used

as a testbed for MeteoModem RSs.

The last two columns report the number of measurements performed at each site for the 7-day and 14-day experiments,

respectively. The minimum requirement for each experiment is 20 RSs tested at t7 and 20 RSs tested at t14, while the target is

30 RSs. Deviations from the target sample size primarily result from limited time and logistical resources or from RSs failing95

the MGC. In addition, not all sites were able to fully allocate the available ARL capacity to achieve the target number of RSs

for both the t7 and t14 experiments.

Table 1. List of sites used in the experiment.

Site GPS RS ARL CC SHC Loading

procedure†
NRSt7

NRSt14

HKO 22.31°N, 114.17°E RS41-SG AS15 YES (A/C, AD, H) SHC1 weekly, 24, 11 20 20

PAY 46.81°N, 6.95°E RS41-SG AS15 YES (A/C, AD, H) SHC1 weekly, 12, 8 30 30

POT 40.60°N, 15.72°E RS41-SG AS15 YES (A/C, AD, H) SHC1 weekly, 2, 14 30 30

TEN 28.32°N, 16.38°W RS41-SGP AS15 YES (A/C, AD, H) SHC1 weekly, 24, 12 30 30

TAT 36.06°N, 140.13°E IMS-100 ARS YES (A/C, AD) RD-08-GC 4x weekly, 12, 14 24 28

URY 48.20°N, 2.36°E M10 Robotsonde YES (A/C,AD,H) SHC1 not applicable 30 29

∗ HKO: the same 20 RS were used for t7 and t14 experiments
∗ TAT: one year (≈ eight t7 and t14 tests per season) instead of short-duration campaign, RH. Ref. = RD-08-GC + Rotronic-HC2 instead of SHC1
† loading procedure: how often the robot is loaded, how many slots are always filled after loading, maximum residence time in days of a sonde in the

ARL.

Table 1 also shows which SHC type is in use at each site (sixth column), a description of the SHC is provided in the next

section.
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3 Standard Humidity Chamber - SHC100

A standard humidity chamber for radiosonde testing is a controlled environmental device designed to expose humidity sensors

to well-defined, known conditions. A commonly used well-defined condition is the thermodynamic equilibrium between water

vapor and liquid water, corresponding to RH= 100% at thermodynamic equilibrium (Hardy, 1998). The SHC has been used

in several studies conducted within the framework of GRUAN (Immler et al., 2010; Dirksen et al., 2014; Sairanen et al.,

2014, 2015; Lee et al., 2019; Dirksen et al., 2020). Through the last two decades, the SHC became a standard to assess the105

performance of a manually launched RS and its ability to measure the reference value of RH= 100%. In particular, during the

latest World Meteorological Organization (WMO) Upper-Air Instrument Intercomparison, the SHC was extensively employed

to characterize the laboratory and pre-flight performance of the humidity sensors from ten different RS models (Dirksen et al.,

2024). The SHC chamber consists of a sealed enclosure containing a water solution with which the water vapor establishes

thermodynamic equilibrium. For pure water, the resulting relative humidity of the air inside the SHC corresponds exactly to110

RH= 100%. Air circulation within the chamber ensures uniform conditions, while in certain setups high-accuracy reference

instruments (traceable hygrometers and thermometers) provide the baseline against which the RS measurements are compared.

The RS sensors are placed inside the chamber, by means of an adapter, often mounted in a way that mimics operational airflow

conditions, and are allowed to equilibrate before measurements are recorded.

The importance of this test lies in ensuring the reliability and traceability of humidity measurements in the atmosphere.115

RS data are widely used in weather forecasting, climate monitoring, and numerical weather prediction models. Testing at

RH= 100% is especially critical because this condition represents the upper limit of atmospheric humidity and is frequently

encountered in clouds, fog, and precipitation regions. At such high humidity levels, humidity sensors are particularly sus-

ceptible to saturation effects, condensation, and response-time limitations (Miloshevich et al., 2009; World Meteorological

Organization (WMO), 2024). A standard humidity chamber allows operators to verify that the radiosonde can accurately reach120

and report values close to 100% RH without significant bias or drift (i.e., evolution of the bias over time). It also helps identify

issues such as sensor contamination, aging, or manufacturing inconsistencies that could compromise performance. By sys-

tematically validating RS performance under saturated conditions, the humidity chamber test contributes to maintaining data

quality, inter-comparability between stations, and long-term consistency of atmospheric observations. Within GRUAN, and

as an example of application to the RS41 RS data, the SHC measurements are integrated into the processing and uncertainty125

characterization framework of the GDP as described in section 3.2.2.4 of Sommer et al. (2023a).

4 Design of the experiment

The heterogeneity of ARLs and RS models within the GRUAN network results in significant differences in the loading proce-

dures across sites. These differences include the sequencing of the MGC and SHC tests, the duration of storage inside the ARL,

and the environmental conditions under which storage occurs. The participating ARL systems operate under diverse climate-130

controlled temperature and humidity conditions and may perform MGC at different time (e.g., during the loading phase or

immediately prior to launch). More generally, the deployment of a ARL is often driven by limited staffing resources and/or
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the need to operate in remote locations. Consequently, the introduction of additional manufacturer-independent tests, such as

the SHC, can pose operational challenges for routine activities. Procedural differences and site dependent capabilities have to

be taken into account when implementing a procedure to use the SHC. For instance, at the TAT site, the GRUAN procedure135

for the ARS is a complete ground-check sequence comprising the MGC, followed by SHC-0% and subsequently SHC-100%

completed by a final MGC. In contrast, other GRUAN sites, such as those operating the Vaisala Vaisala Autolauncher (AS15),

do not currently follow a standardized SHC procedure, nor is there an established method to integrate SHC data into the gener-

ation of the RS GRUAN Data Product (GDP). Nevertheless, the SHC serves as the reference system regardless of the specific

model or implementation (see Table 1), as it defines the reference value RH= 100%. This study ultimately aims to define140

a GRUAN-compliant procedure for implementing the SHC during automatic flights, thereby compensating for the identified

methodological inhomogeneities between manual and automated launches within the network. As a first step toward establish-

ing such a procedure, the impact of the residence time t spent by a RS inside the ARL is assessed with respect to its ability to

accurately measure RH= 100%.

The experimental procedure is summarized in the diagram shown in Figure 1. The experiment consists of a sequence of145

preparation, storage, and post-storage checks. First, all RSs undergo an initial MGC, after which only the qualifying units

proceed to the RH= 100% test in the SHC. The RSs are then loaded into the ARL at t0, i.e. NRSt7
radiosondes are loaded at

t0,7 and NRSt14
at t0,14.

Subsets of RSs are subsequently retrieved after defined residence times: the 7-day group is unloaded at t7, and the 14-day

group at t14. Following removal from the ARL, all RSs undergo a final round of MGC and SHC tests to assess potential150

performance degradation.

The diagram represents the experimental procedure adopted at all stations except HKO. At HKO, all RSs are loaded into

the ARL simultaneously at t0 and unloaded at t7, at which time the MGC and SHC tests are performed. Subsequently, all

RSs are reloaded into the ARL and unloaded again at t14 to perform the final MGC and SHC tests. The experiments were

conducted over a period of approximately two months at all sites, with the exception of TAT. In contrast to the other sites, TAT155

provided a substantially different dataset in terms of temporal coverage, extending over nearly eight months, from January to

September 2025. This extended duration was specifically designed to monitor and quantify potential seasonal effects on the

performance of the RS humidity sensors.

We define here the RH bias of a RS with respect to the SHC at time t, as ∆RHt, with t ∈ {t0,7, t0,14, t7, t14}. As shown in

Figure 1, NRSt7
radiosondes at time t0,7 and NRSt14

radiosondes at t0,14, undergo the SHC test after completion of the MGC.160

This yields a total of NRSt7
+NRSt14

initial bias measurements ∆RHt0,7 and ∆RHt0,14 obtained prior to loading the RSs

into the ARL. The combined dataset [∆RHt0,7 ∪∆RHt0,14 ] exhibits a statistical spread that is characterized by its standard

deviation, denoted as Ω∆RHt0
. The RH interval 100%±Ω∆RHt0

therefore represents the minimum inherent variability of the

RH= 100% measurement obtained by a RS inside the SHC at t > t0,7 and t > t0,14.

The change in bias between pre-storage and after-storage time is defined as ∆(∆RH)t7 =∆RHt7 −∆RHt0,7 (for residence165

time of 7 days), and ∆(∆RH)t14 =∆RHt14 −∆RHt0,14 (for residence time of 14 days). These bias differences, hereafter

referred to as paired RH bias difference, quantify the impact of the residence time t (attributable to storage, handling and
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MGC

SHC

Load RS at t0,7

t = t7

Unload RSt7

MGC

SHC

Load RS at t0,14

t = t14

Unload RSt14

MGC

SHCt

t7

t14

t0

Figure 1. Experimental procedure flowchart. The left and right branches show the progression from the initial MGC and SHC tests at t0,7

and t0,14 to the final tests at t7 and t14.
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environmental conditions effects) on the ability of the RS to accurately measure RH= 100% at t7 and t14. The spread Ω∆RHt0

corresponds then to the intrinsic repeatability of the SHC measurement system under reference conditions and provides a

practical criterion to assess whether subsequent paired RH bias differences remain compatible with the expected variability of170

the SHC measurements.

4.1 Limitations of the experimental design

The experiment evaluates RS residence time under realistic site conditions, meaning that cross-site variations encompass not

only storage duration, but also distinct environmental, configurational, and operational factors. It should be noted that the t0,7

and t0,14 tests were conducted on different days. Consequently, differences in environmental or operational conditions may175

have contributed to the observed variations, potentially affecting the reproducibility and direct comparability of the results.

Also, the participating sites span a wide range of climatological regimes, and the ARLs differ in terms of internal climate

control, with a different exposure to ambient indoor or outdoor conditions. Table 2 summarizes the mean values and standard

deviations of the annual cycles of T and RH climatological conditions inside the ARLs at the different sites.

Based on the information provided in Table 1, all Vaisala sites are equipped with the full climate-controlled suite inside the180

AS15. This is reflected in the standard deviations of T and RH (shown in bold in Table 2), which are comparable across the

Vaisala sites. In contrast, these values are nearly twice as large for the Meisei site despite the A/C and dry air injection inside

the storage unit used to reduce the relative humidity. The strong variability of T and RH inside the ARS at TAT may therefore

contribute to the larger paired RH bias differences discussed further on in this study. The MeteoModem URY site exhibits a

temperature annual cycle with a similar variability as for the Vaisala sites, but with a humidity variability more aligned with185

the TAT site.

Table 2. Mean values and standard de-

viations of the annual cycles of T and

RH climatological conditions inside the

ARLs at the different sites.

Site T ±σT [K] RH±σRH [%]

HKO 28.6 ±2.3 32.4 ±5.8

PAY 21.6 ±4.2 36.9 ±5.8

POT 23.8 ±4.1 36.9 ±9.8

TEN 22.1 ±1.5 36.4 ±7.5

TAT 18.4 ±7.5 53.0 ±17.5

URY 23.0 ±3.5 41.5 ±17.4

Instead of using these variations as categorization criteria, this study evaluates the impact of residence time on both RS

humidity performance and SHC test representativeness under the diverse operational conditions of the GRUAN network. As a

consequence, the observed paired RH bias differences shall be interpreted as system-dependent operational responses resulting
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from the combined influence of residence time, environmental exposure, and handling procedures, rather than as isolated causal190

effects of residence time alone. Finally, the fact that the analysis is based on the data from four Vaisala sites and one Meisei and

MeteoModem site represents an unbalanced contribution to the study. However, it is representative of the current RS presence

across the GRUAN network (www.gruan.org, last access 21.05.2026).

5 Radiosondes and manufacturer ground-check

Table 3 summarizes the main characteristics of the three radiosonde models included in the experiment: Vaisala RS41, Meisei195

IMS-100, and MeteoModem M10. All three radiosondes employ capacitive thin-film polymer humidity sensors, but they

differ in sensor integration, reconditioning capability, recalibration strategy, and Quality Controlled (QC) criteria. The Vaisala

RS41 is equipped with a capacitive thin-film polymer RH sensor with heating capability combined with a platinum resistance

temperature sensor (Pt1000) (Vaisala Oyj, 2017). This model includes an active reconditioning process in which the RH sensor

is heated to remove contamination deposits, and recalibration is applied only to the humidity sensor. Default QC thresholds200

are more stringent for RH than for temperature, with radiosondes rejected if RH errors exceed ±2% in dry conditions or if

temperature errors exceed ±3K. The Meisei IMS-100 radiosonde combines a capacitive thin-film polymer RH sensor with a

glass bead thermistor for temperature measurements (Kizu et al., 2018). Unlike the RS41, the IMS-100 does not implement

sensor reconditioning, and RH sensor recalibration is applied only later when generating the GDP. The default QC rejection

thresholds are ±5% for RH and ±0.5K for temperature. The MeteoModem M10 radiosonde integrates a capacitive thin-film205

polymer RH sensor with an integrated temperature sensor (MeteoModem, 2023; Dupont et al., 2020). No sensor reconditioning

is performed, and recalibration is applied only to the temperature sensor. The QC rejection limits for the M10 are ±5% for RH

and ±2K for temperature.

5.1 Vaisala RS41

For the Vaisala RS41–AS15 configuration, there is not yet an established GRUAN procedure that includes the use of a SHC.210

The Vaisala RS41 Manufacturer Ground-Check (MGC) procedure (Vaisala Oyj, 2016) comprises several sequential checks

(rejection criteria are reported under the column “default QC” in the first row of Table 3). For the temperature sensor GC,

a short comparison (approximately 10–15 seconds) is performed between the main temperature sensor and the temperature

sensor integrated on the humidity sensor chip; the temperature calibration is not updated following the MGC.

For the humidity sensor GC, the procedure begins with reconditioning by heating the sensor for approximately 180 seconds,215

followed by a verification of the RH value at the “physical zero-RH” while the sensor is cooled back to ambient air tempera-

ture (approximately 60 seconds), from which a correction value δRHcorr is derived. After this, the manufacturer-provided RH

calibration coefficient is updated using the derived δRHcorr value (Vaisala Oyj, 2016; Sommer et al., 2023b). The correction

δRHcorr is applied across the full RH range (0–100%RH) using scaling factors to δRHcorr that vary from 1 in dry condi-

tions to 2.5 in saturated conditions, respectively (Vaisala, private communication, presented at the 16th Implementation and220

Coordination Meeting, Tenerife, Spain, 2025).

9

https://doi.org/10.5194/egusphere-2026-3215
Preprint. Discussion started: 12 August 2026
c© Author(s) 2026. CC BY 4.0 License.



Table 3. List of radiosondes used in the experiment.

RS model RH sensor T sensor reconditioning recalibration default QC

Vaisala RS41 capacitive thin

film polymer +

T (pt1000)

Platinum resis-

tor pt1000

YES (heated

RH sensor)

YES (RH sen-

sor)

>±2% RH

rejected;

>±3K re-

jected, > 3 hPa

rejected

Meisei IMS-

100

capacitive thin

film polymer +

T sensor

Glass bead

thermistor

NO YES (RH sen-

sor)

>±5% RH

rejected;

>±0.5K re-

jected

Meteomodem

M10

capacitive thin

film polymer +

T sensor

Glass bead

thermistor

NO YES (T sensor) >±5% RH re-

jected; >±2 K

rejected

Finally, the pressure sensor GC lasts about 30–60 seconds for RS41-SGP and RS41-D models; prior to launch, the pressure

calibration is updated through comparison with a reference barometer (Vaisala Oyj, 2016).

5.2 Meisei iMS-100

For the Meisei IMS-100–ARS configuration, a standard GRUAN procedure that includes the use of the SHC has been published225

by Kizu et al. (2018). The IMS-100 RS undergoes a sequence of MGC + SHC + MGC prior to launch. An initial MGC is

performed more than one day before launch under room temperature and RH conditions inside a ventilated container, where

temperature and RH measurements are compared against the reference sensor Rotronic HC2-A probe. This step determines RS

acceptance, with criteria of ±5% for RH and ±0.5K for temperature; no temperature recalibration is applied.

Following a successful initial MGC, the SHC test is conducted more than 24 hours before launch. The humidity sensor230

is sequentially exposed to approximately 0% RH (molecular sieve, < 1% RH, 7 minutes) and 100% RH (humidified sponge,

10 minutes) in ventilated containers, with RH biases derived from measurements. Afterward, the RS is stored in a low-humidity

chamber for more than 24 hours.

Immediately prior to loading the IMS-100 into the ARS, to ensure RS acceptance, a second MGC is carried out under room

conditions. No recalibration of the sensor is applied following this step. The RH deviations obtained from the first MGC and235

the two SHC reference points (0% and 100% RH) are subsequently used for humidity sensor recalibration in the GDP (Kizu

et al., 2018, Section 2.4).
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5.3 Meteomodem M10

For the Meteomodem M10–Robotsonde configuration, a standard GRUAN procedure that includes the use of the SHC is

currently under review by the GRUAN Lead Center, (personal communication by Antoine Farah, MeteoModem). Prior to240

launching the M10 RS, a ground preparation procedure is performed to configure, verify, and validate the system. This includes

setting the transmission frequency, verifying key system parameters using the preparation software, and checking battery

voltage, GPS 3D acquisition, and sensor data accuracy.

The MGC relies on factory calibration for temperature and relative humidity using a Rotronic HC2-A probe, with recali-

bration required every three years at Meteomodem. Measurements are conducted within a ground-check device consisting of245

a plastic enclosure that houses the radiosonde alongside reference temperature and humidity sensors operating under ambient

conditions, as well as a GNSS signal transmitter and an infrared transmitter.

During the measurement phase, the enclosure is closed and a fan ensures homogeneous air conditions. The radiosonde sen-

sors, positioned near the reference sensors, are allowed to stabilize before comparison. The resulting deviations in temperature

and relative humidity are evaluated against predefined thresholds listed in Table 3, which determine whether a correction to the250

thermistor is applied and whether the radiosonde is validated or rejected.

5.4 Impact of Vaisala MGC on the humidity sensor

In addition to the main experiment, at the PAY site, three dedicated experiments were conducted with the objective of investi-

gating the detailed functioning and the impact of the reconditioning of the RH sensor performed by the Vaisala MGC on the

performance of the humidity sensor itself.255

The first experiment aimed at assessing the role and impact of 10 consecutive MGCs on the capability to recondition the

humidity sensor. The second experiment pursued the same objective, but included an immediately subsequent SHC test after

each MGC in order to assess the performance of the reconditioned humidity sensor inside the SHC. The third experiment

focused on evaluating the capability of the MGC to recondition the humidity sensor after short (2 minutes) to long (150 minutes)

exposure to different Volatile Organic Compounds (VOCs) contaminants.260

The first experiment, referred to as “sequential MGC”, consists of repeated calibration cycles on two Vaisala RS41 radioson-

des (RS1 and RS2). Two sets of MGC devices, each connected to a dedicated computer, are used in parallel to perform 10

consecutive MGCs on each radiosonde, with the correction value δRHcorr recorded after every cycle.

The second experiment (performed on a different day), denoted as “sequential MGC + SHC”, extends this approach by

alternating calibration and high-humidity testing. After preparing the MGC devices and stabilizing the ventilated SHC, the265

radiosondes RS3 and RS4 undergo 10 successive cycles combining MGC and SHC. Following each MGC, the correction

value δRHcorr is stored, and the radiosondes are alternately placed in the SHC. During each cycle, their humidity biases

∆RHSHC relative to the RH= 100% reference are recorded.

Figure 2 shows the results of the first two experiments in terms of the correction values δRHcorr for RS1 (blue squares)

and RS2 (yellow squares) as a function of time. In the left panel (“sequential MGC”), both RS41 radiosondes, RS1 and RS2,270
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exhibit a nearly linear decrease of δRHcorr with increasing cycle number. This behavior indicates a cleansing effect of the

MGC on the humidity sensor: with each successive MGC, contaminating material is progressively removed from the sensor

surface, resulting in progressively smaller correction values δRHcorr, i.e. the humidity sensors require less correction at each

cycle. The right panel of Figure 2 shows the results of the second experiment (“sequential MGC + SHC”). Again, both RS3

and RS4 display a decreasing trend in δRHcorr over the 10 MGCs. In contrast to the first experiment, and coincidentally, the275

δRHcorr values of RS3 and RS4 exhibit no relative offset and align along the same negative trend. The cleansing effect of

the MGC is also clearly reflected in the SHC results: the corresponding ∆RHSHC values for both radiosondes are distributed

around the reference value RH= 100%, without any systematic trend beyond measurement noise. This demonstrates that, after

each MGC, the humidity sensor is effectively reconditioned and retains its ability to accurately measure the reference value

RH= 100% inside the SHC, with no observable degradation in performance over successive cycles.280

The third experiment, denoted as “sequential MGC + SHC with humidity sensor contamination”, investigates the impact of

controlled contamination on sensor performance. Two Vaisala MGCs systems connected to dedicated computers are used to

record the correction value δRHcorr, and a ventilated SHC is prepared and stabilized prior to testing.

The same two radiosondes of the first experiment, RS1 and RS2, undergo, respectively, 2 and 3 successive cycles combining

in quick succession (i) contamination of the sensor, (ii) SHC (contaminated measurement), (iii) MGC (reconditioning), and (iv)285

SHC (decontaminated measurement). The contamination is applied directly to the humidity sensors using three approaches:

exposure to Volatile Organic Compounds (VOCs) from commercial skin care creams at close range for varying durations (100,

150, and 15 minutes; cases “cont1”, “cont2”, and “cont4”, respectively), exposure to tobacco smoke for 2 minutes (“cont3”),

and exposure to ambient air for 110 minutes (“cont5”).
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Figure 2. Left: 10 consecutive MGC cycles and corresponding δRHcorr values for RS1 (blue) and RS2 (yellow) with linear fit. Right: 10

consecutive MGC + SHC cycles and corresponding δRHcorr values for RS3 (blue circles) and RS4 (yellow circles) with linear fit on top

part. On bottom part, the corresponding ∆RHSHC for RS1 (blue squares) and RS2 (yellow squares) obtained from the SHC test. The [−1,1]

∆RHSHC is shown in red on the right axis.

Figure 3 shows the results of the third experiment, “sequential MGC + SHC with humidity sensor contamination”. The time290

series displays the RH values measured by the two RS41 radiosondes, RS1 and RS2, inside the SHC following intentional

contamination of their humidity sensors by the three aforementioned contaminants.
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Figure 3. RHSHC measured in the SHC as a function of time during the sequential contamination – MGC – SHC. Five contamination condi-

tions: VOC exposure of different durations (cont1, cont2, cont4), cigarette smoke (cont3), and ambient air (cont5). After each contamination

and subsequent MGC recalibration, RS1 and RS2 are alternately measured in the SHC. Blue and yellow markers indicate reference-stable

measurements near RH= 100%, while red-contoured markers highlight deviations associated with each contamination type, and illustrate

the impact of contamination on humidity measurement bias ∆RHSHC.

The ∆RHSHC values measured by RS1 and RS2 immediately after contamination and prior to reconditioning are substan-

tially larger than the uncontaminated measurements. For example, the ∆RHSHC value obtained by RS1 after contamination

“cont1” by VOC exposure for 100 minutes reaches nearly 3%RH.295

Following contamination, RS1 undergoes reconditioning by the MGC, which exhibits a clear cleansing effect. This effect

is reflected in the subsequent SHC test, which yields a ∆RHSHC value close to zero, indicating that the humidity sensor

is restored to its nominal performance. The same pattern is observed for the other contaminants, i.e. tobacco smoke and

ambient air, although with a smaller effect on the humidity sensor. Commercial VOC products can therefore induce different

levels of contamination. For example, the “cont2” case, despite a longer exposure time (150 minutes) than “cont1” (100300

minutes), produced a smaller effect on the RH measurements inside the SHC. This difference is attributed to the use of different

creams in the two experiments. The deterioration of the RS41 humidity sensor when exposed to VOC contamination arises

from the occupation of H2O bonding sites on the thin-film polymer sensor by VOC molecules. This reduces the number of

H2O molecules that can bind to the polymer, leading to a lower capacitance and consequently a lower RH output (i.e. larger

∆RHSHC) (Vaisala Oyj, 2020, 2012). The nominal performance of the humidity sensor is restored following the subsequent305

MGC.

These results provide a basis for interpreting the data from the Vaisala site HKO. This site is unique in that the same set of

RSs was used throughout the entire experiment; consequently, the RSs reaching t= t14 underwent one additional MGC+SHC

iteration compared to those at the other sites. Based on the findings in Sect. 5.4, the RH bias of the RSs at HKO after t14 is

therefore expected to be smaller than in the case of a single MGC (as applied at the other Vaisala sites), owing to the additional310

cleansing effect associated with the reconditioning of the humidity sensor.

The experiment evaluating different contaminants was designed to simulate a residence time of the RS inside the ARL,

extending well beyond t14. The results suggest that, for long residence times combined with uncontrolled environmental
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conditions, which lead to sensor contamination, the RH measurements obtained in the free atmosphere after launch may

no longer comply with GRUAN measurements quality requirements. To provide a realistic example, the RS sensor boom is315

exposed during the time t to talcum powder released by the balloon envelop inside the ARL. As the third experiment has

proven, any exposure to contaminants without reconditioning reduces the capability of the RH sensor to accurately measure

RH= 100%.

6 Analysis and Results

The results of the dedicated tests presented in Section 5 provide useful context for interpreting the evolution of the SHC320

measurements discussed hereafter. Figure 4 presents the statistical results for all sites. The left panel shows box plots of

the bias distributions ∆RHt for t ∈ {t0,7, t0,14, t7, t14}. The median values illustrate the central tendency of the biases at

each experimental stage. The boxes have vertical width corresponding to the inter-quartile range (25th − 75th percentile), and

whiskers extend to the most extreme values within 1.5 times the inter-quartile range.

The two right panels show the corresponding distributions of paired RH bias difference, ∆(∆RH)t7 and ∆(∆RH)t14 . These325

quantities represent the statistical drift of ∆RHt from t0,7 to t7 and from t0,14 to t14, respectively.

The vertical zero line in the paired RH bias difference plots indicates the absence of systematic drift in the bias during the

residence time inside the ARL. The gray shaded areas represent the repeatability interval ±Ω∆RHt0
around the zero-line and

indicate the expected variability of the measurement.

The error bars associated with the mean values of ∆(∆RH)t7 and ∆(∆RH)t14 correspond to the standard deviation of the330

paired RH bias difference distributions at t7 and t14, respectively. Individual paired RH bias difference values are shown as

black crosses.

6.1 Sites results

6.1.1 Hong Kong Observatory (HKO)

The first row of Figure 4 shows the results of the experiment performed at the HKO site using the Vaisala AS15 ARL. As335

described in Section 4, the RSs at HKO were loaded into the ARL at t0 and subsequently unloaded at t7 and t14 to perform the

MGC and SHC tests.

The narrow inter-quartile range of the distribution at t0 indicates that the repeatability of the SHC test for the NRSt0
RSs

is high and characterized by a very small spread. A negative trend in the ∆RHt values is observed over t ∈ {t0, t7, t14}, with

the mean (and median) bias at t14 being the most negative among the three measurement times. The tendency for the bias to340

increase in magnitude with residence time inside the ARL is further shown in the paired RH bias difference plots. In particular,

the mean value of ∆(∆RH)t14 falls outside the repeatability interval (gray shaded region), i.e. ∆(∆RH)t14 <−Ω∆RHt0
,

indicating a systematic negative drift after 14 days of residence time exceeding the repeatability interval ±Ω∆RHt0
. This value

is accentuated by the fact that the RS at HKO underwent one additional MGC+SHC iteration at t7 compared to the other sites.
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Figure 4. For the six sites, each row shows box plots of RH bias distributions ∆RHt at the four stages t0,7, t0,14, t7, and t14 (left). Boxes

indicate the inter-quartile range and horizontal lines the median. The two right panels show paired RH bias differences ∆(∆RH)t7 and

∆(∆RH)t14 , representing changes after 7 (orange) and 14 days (green) in the ARL. Crosses denote individual measurements and filled

circles the mean. The vertical zero line marks no drift; shaded gray regions indicate ±Ω∆RHt0
around the zero-slope reference.
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Table 4. Summary statistics of paired RH bias differences.

Site ∆(∆RH)t7 [%] ∆(∆RH)t14 [%] Ω∆RHt0
[%]

HKO∗ -0.24 ±0.16 -0.40 ±0.21 ±0.24

PAY 0.00 ±0.23 -0.18 ±0.23 ±0.37

POT -0.09 ±0.27 -0.21 ±0.27 ±0.23

TEN 0.06 ±0.20 -0.07 ±0.25 ±0.27

TAT -0.88 ±0.78 -1.90 ±1.41 ±1.02

URY 0.14 ±0.24 0.19 ±0.74 ±0.48

∗ HKO, ∆(∆RH)t7,t14 = -0.16 ±0.26%

6.1.2 Meteoswiss, Payerne (PAY)345

The second row of Figure 4 shows the results of the experiment performed at the PAY site using the Vaisala AS15 ARL.

Overall, the mean values of the ∆RHt biases at t0,7, t0,14, t7, and t14 range between approximately −1.0% and −1.3%. This

systematic underestimation is likely related to the orientation of the RS sensor relative to the airflow direction inside the SHC,

which can introduce a bias in relative humidity (Sommer et al., 2024).

The box plots indicate that the ∆RHt distributions at t0,7 and t0,14 exhibit very similar mean values and inter-quartile350

ranges, suggesting high repeatability of the SHC measurement performed by the NRSt7
RSs at t0,7 and the NRSt14

RSs at

t0,14. Although the spread is larger than that observed at the HKO site, the repeatability ensures high confidence.

The mean value of ∆(∆RH)t7 is very close to zero (0.00%± 0.23%), as also reported in Table 4, indicating that no mea-

surable degradation occurs after 7 days of residence time inside the ARL. In contrast, the mean value at t14, ∆(∆RH)t14 =

−0.18 %± 0.23 %, deviates further from zero reference, but remains within the repeatability interval ±Ω∆RHt0
=±0.37 %.355

This suggests good stability of the RH measurements over the investigated residence times, despite the presence of a persistent

systematic bias.

6.1.3 CNR-IMAA, Potenza (POT)

The third row of Figure 4 shows the results of the experiment performed at the POT site using the Vaisala AS15 ARL. Overall,

the results of the statistical analysis are consistent with those obtained at the other Vaisala sites. In the box plots shown in the360

left panel, the mean values of the ∆RHt biases at t0,7, t0,14, t7, and t14 range between approximately −0.2% and −0.7%,

indicating a smaller systematic underestimation of the reference value RH= 100% inside the SHC compared to PAY, likely

due to its opposite positioning of the RS inside the SHC.

The inter-quartile ranges of the ∆RHt distributions are narrow and remain very similar across all experimental stages at t0,7,

t0,14, t7, and t14. In particular, the small spread observed at t0,7 and at t0,14 suggests high repeatability of the RSs performance365

inside the SHC.
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The paired RH bias differences, shown in the right panels of Figure 4 and summarized in Table 4, indicate negative trends

both at t7 and at t14 even though they remain within the repeatability interval ±Ω∆RHt0
=±0.23 %. Specifically, after 7 days,

the mean value is ∆(∆RH)t7 =−0.09 %±0.27 %, while after 14 days it increases in magnitude to ∆(∆RH)t14 =−0.21%±
0.27%.370

6.1.4 AEMET-Tenerife (TEN)

The fourth row of Figure 4 shows the results of the experiment performed at the TEN site using the Vaisala AS15 ARL.

Overall, the results of the statistical analysis are consistent with those obtained at the other Vaisala sites. The mean values of

the ∆RHt biases at t0,7, t0,14, t7, and t14 range between approximately −0.1% and −0.5%, indicating a smaller systematic

underestimation of the reference value RH= 100% inside the SHC compared to the other Vaisala sites, likely due to most375

appropriate positioning of the RS inside a new update version of the SHC at TEN. However, the mean of ∆RHt biases at t0,7

and t0,14 show a larger difference compared to the other Vaisala sites. As mentioned in section 4.1, The difference of the mean

at t0,7 and t0,14 can be explained by different environmental and operational conditions. Despite this apparent inconsistency

in the experiment condition at the loading times, the paired RH bias differences, shown in the right panels of Figure 4 and

summarized in Table 4, indicate a virtually zero trend both at t7 and at t14. Specifically, after 7 days, the mean value is slightly380

positive ∆(∆RH)t7 = 0.06%±0.20%, while after 14 days it becomes slightly negative ∆(∆RH)t14 =−0.07%±0.25% also

within the repeatability interval ±Ω∆RHt0
=±0.27 %.

6.1.5 Japan Meteorological Agency, Tateno (TAT)

The fifth row of Figure 4 presents the results of the experiment performed at the TAT site using the Meisei ARS ARL. As already

mentioned in Section 4, the TAT dataset extended from January to September 2025 to monitor and quantify the seasonal effects385

on humidity measurements.

In the context of the experiment objectives, the Japan Meteorological Agency (JMA) team at TAT has reported that the

IMS-100 RS humidity sensor exhibits a pronounced dry bias under high-humidity and temperature conditions, such as those

inside the SHC. In particular, during the summer season, the magnitude of the dry bias increases with longer residence times

of the RS inside the ARL. As the experiment spans multiple seasons, the resulting datasets show a considerably larger spread390

in the ∆RHt distributions across all experimental stages at t0,7, t0,14, t7, and t14. Moreover, the mean bias values at all stages

range between approximately −3.5% and −4.5%, indicating a substantially larger systematic underestimation of the reference

value RH= 100% inside the SHC compared to the other sites.

Figure 5 further illustrates the dependence of the biases ∆RHt on both residence time and seasonal environmental condi-

tions. The largest paired RH bias differences are observed during Summer and for the longer residence time t14. These results395

suggest that prolonged storage under high-temperature and high-humidity environmental conditions, particularly longer than

7 days, may negatively affect the humidity sensor performance. This climate-driven response of the humidity sensors is the

subject of ongoing investigation by the TAT team in collaboration with the Meisei manufacturer.
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Figure 5. Top panel: seasonality of ∆(∆RH) at t7 (orange) and t14 (green). Bottom panel: seasonality of T (circles) and RH (triangles).

Highest T and RH mean values correspond to a larger inter-quartile range of the Summer paired RH bias difference at t14

The paired RH bias differences shown in the right panel of Figure 4 confirm, over the full duration of the experiment, the

strong impact of the combination of environmental conditions and residence time on reducing the ability of the RS to accurately400

measure RH= 100% inside the SHC. Consistently with the results obtained at the Vaisala-operated sites, Table 4 indicates

negative trends for both residence times t7 and t14. Specifically, after 7 days, the mean value is ∆(∆RH)t7 =−0.88%±
0.78%, while after 14 days it increases markedly in magnitude to ∆(∆RH)t14 =−1.90%±1.41% with a repeatability interval

±Ω∆RHt0
=±1.02 %.

6.1.6 MeteoModem (URY)405

The last row of Figure 4 shows the results obtained at the URY site, which operates the MeteoModem M10 RS in combi-

nation with the Robotsonde ARL. The box plots of the ∆RHt distributions indicate moderately negative mean biases at all

experimental stages, with a spread comparable to that observed at PAY and TEN operating the Vaisala configuration. The inter-

quartile range at t0,14 reveal a substantially larger spread compared with the bias distribution at t0,7. This disparity suggests

that the repeatability of the SHC measurements prior to storage is low, likely due to changes in environmental and operational410

conditions between t0,7 and t0,14. In contrast to all other sites, the paired RH bias differences for URY exhibit a reversed trend.

Both show predominantly positive mean values, ∆(∆RH)t7 = 0.14%±0.24% and ∆(∆RH)t14 = 0.19%±0.74%, indicating

that the RH bias tends to decrease in magnitude with increasing residence time inside the ARL. This behavior suggests an

apparent reduction in the initial RH bias magnitude after storage, rather than the deterioration observed at the other sites. Such

a reversed tendency is not consistent with the expected gradual deterioration associated with prolonged storage inside the ARL.415

Although the mean values remain largely within the interval ±Ω∆RHt0
=±0.48 %, the consistent sign reversal relative to the

other GRUAN sites points to site- or system-specific effects, potentially related to the interaction between the M10 sensor
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characteristics and the Robotsonde ARL storage conditions. This distinct response warrants further investigation to clarify the

underlying mechanisms.

6.2 Statistical significance of the results420

Figure 6 summarizes the paired RH bias differences by grouped sites according to RS and ARL type.
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Figure 6. Summary of paired RH bias differences grouped by radiosonde and ARL configuration. The left column shows combined results

from the four Vaisala sites (HKO, PAY, POT, TEN), the center column shows the results from the Meisei site (TAT), and the right column

shows the results from the MeteoModem site (URY). "X" markers represent individual ∆(∆RH) values after 7 (mean in orange circle

marker) and 14 (mean in green circle marker) days of residence time. The zero line indicates no systematic drift, the gray shading denotes

±Ω∆RHt0
and the dashed red lines indicate the uncertainty component ±URS

G of the GDP after ground-preparation.

The left panel shows the aggregated paired RH bias difference distributions for the Vaisala RS41 RS operated with the AS15.

The four Vaisala sites have overall mean values ∆(∆RH)t7 =−0.05± 0.24 and ∆(∆RH)t14 =−0.20± 0.26 . The narrow

clustering of the means reflects the overall robustness and consistency of the RS41–AS15 system observed across the four

Vaisala sites. The majority of the individual values remain within the repeatability interval ±Ω∆RHt0
(gray-shaded around425

zero-line) and within the uncertainty interval ±URS
G (uncertainty component of the GDP after ground-preparation), indicating

that, on average, residence times up to 14 days inside the AS15 ARL do not lead to a large degradation of the RS41 humidity

measurements (red dashed lines for ±URS
G ).

The central panel presents the results from the TAT site. In contrast to the Vaisala group, a substantial fraction of individual

measurements lies outside the interval ±Ω∆RHt0
and ±URS

G , highlighting the sensor response to both residence time and430
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seasonal high-humidity and temperature conditions, and confirms that prolonged storage inside the ARL significantly reduces

the sensor’s capability to accurately measure RH= 100% already after t7.

The right column shows, although most values remain within ±Ω∆RHt0
and ±URS

G , the reversed drift at the URY site

compared with the other sites and indicates a distinct sensor–ARL interaction. On average, residence times up to 7 days inside

the Robotsonde ARL do not lead to a large degradation of the M10 humidity measurements435

As an additional robustness assessment, Table 5 summarizes the results obtained by applying a non-parametric bootstrap

(BS) resampling (10,000 iterations) to the paired RH bias differences ∆(∆RH)BS
t7 and ∆(∆RH)BS

t14 . The bootstrap-generated

distributions reproduced the observed statistical behavior of the different radiosonde–ARL configurations, supporting the ro-

bustness and stability of the inferred residence-time effects.

Table 5. Non-parametric bootstrap (BS) resampling of the paired RH bias differences. 10,000 bootstrap iterations were performed for each

system configuration.

Configuration ∆(∆RH)BS
t7 [%] 95% CI [%] ∆(∆RH)BS

t14 [%] 95% CI [%]

RS41–AS15 -0.05 [−0.10;0.00] -0.20 [−0.25;−0.15]

IMS-100–ARS -0.88 [−1.18;−0.57] -1.90 [−2.42;−1.40]

M10–Robotsonde 0.14 [0.05;0.23] 0.18 [−0.09;0.44]

The mean values ∆(∆RH)t7 and ∆(∆RH)t14 , shown in Figure 4, together with the bootstrap estimates ∆(∆RH)BS
t7 and440

∆(∆RH)BS
t14 obtained from non-parametric resampling, are characterized by their statistical confidence intervals (Tables 4

and 5). When these values overlap with the repeatability interval ±Ω∆RHt0
, no conclusion can be drawn as to whether the

paired RH bias differences are statistically significant. To further analyze the results for the different RS–ARL configurations

and to assess whether the paired RH bias differences significantly depart from zero, a Wilcoxon signed-rank test was applied

to the paired RH bias difference distributions. The results are summarized in Table 6. The Wilcoxon signed-rank test is a445

non-parametric paired test that does not assume normality and accounts for the dependence between repeated measurements

(Wilcoxon, 1945). The measurements are tested based on the null-hypothesis that the ∆(∆RH)t7 and ∆(∆RH)t14 are equal

to zero. While the test gives a p-value (significance), the effect size r tells how strong the difference from zero is (see Table 6

notes for r). For RS41 (HKO, PAY, POT, TEN), a statistically significant difference was observed at t7 (p= 0.011), associated

with a small effect size (r = 0.24). A highly significant difference was found at t14 (p < 0.001), with a large effect size450

(r = 0.62), indicating an increase in the magnitude of the differences over the residence times t7 and t14. The Meisei RS IMS-

100 (TAT) exhibited statistically significant differences at both t7 and t14 (p < 0.001), with large effect sizes (r = 0.77 and

r = 0.83, respectively), indicating a strong and consistent shift between time points. For M10 (URY), a statistically significant

difference was detected at t7 (p= 0.0037) with a large effect size (r =−0.51), indicating a substantial shift in the opposite

direction compared to RS41 and IMS-100. No significant difference was observed at t14 (p= 0.14), with a small effect size455

(r =−0.28), most likely due to the large scatter of biases observed at t0,14. These results show that the magnitude and direction

of the temporal evolution of ∆(∆RH) depend also on the instrument type. In addition, the results highlight that statistical
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significance does not necessarily imply a large effect size, as illustrated by RS41 at t7, where a significant p-value is associated

with a small effect.

Table 6. Wilcoxon signed-rank test results comparing initial conditions (t0) to t7 and t14. Effect

sizes (r) quantify the magnitude of the paired differences.

Configuration pt0,t7 rt0,t7 Interpretation pt0,t14 rt0,t14 Interpretation

RS41–AS15 0.011∗ 0.24 small < 0.001∗∗∗ 0.62 large

IMS-100–ARS < 0.001∗∗∗ 0.77 large < 0.001∗∗∗ 0.83 large

M10–Robotsonde 0.004∗∗ -0.51 large 0.14 (NS) -0.28 small (NS)

Wilcoxon signed-rank tests were used to assess paired differences between time points.

Effect sizes were computed as r = Z/
√
N , where Z = x−x̄

σx
is the standardized test statistic derived from

the Wilcoxon signed-rank test and N is the number of paired observations.

Interpretation of r: small (∼0.1), moderate (∼0.3), large (≥0.5).

Significance levels: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; NS: not significant.

To further assess the practical relevance of the storage-related effects, the paired RH bias differences were evaluated relative460

to the GRUAN GDP humidity uncertainty associated with the ground-preparation component, URS
G , for each radiosonde type

(Table 7). The corresponding uncertainty estimates after ground-preparation (k = 1) are approximately 1.2 %RH for RS41

(Sommer et al., 2023b), 1.15 %RH for IMS-100 (Kizu et al., 2018), and approximately 1.2 %RH for M10 based on the

current GRUAN processing assessment under review by the GRUAN Lead Centre, (personal communication by Antoine Farah,

MeteoModem).465

Following (Dirksen et al., 2024, Appendix J, Eq. J.2), we show here the equivalence between the root-mean square value of

the paired RH bias differences and the sum of the squared mean and the squared standard deviation. For a series of N paired

RH bias differences, let ze =∆(∆RH)e with e ∈ [1; . . . ;N ], with arithmetic mean z̄ and standard deviation σz , their mean

square z2rms can be expressed as:

z2rms =
1

N

∑

e

ze
2 = z̄2 + z2rms − 2z̄2 + z̄2470

= z̄2 +
1

N

∑

e

ze
2 − 2

N
z̄
∑

e

ze +
1

N

∑

e

z̄2

= z̄2 +
1

N

∑

e

(ze − z̄)
2

= z̄2 +σz
2. (1)

Following from Equation 1, in order to account for both the magnitude and variability of the storage-related effects, the

normalized metric is defined as,475

MU =

√
z̄2 +σ2

z

URS
G

. (2)
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The metric MU therefore represents the quadratic combination of the systematic storage-related drift and its random variabil-

ity normalized by the corresponding GRUAN humidity uncertainty after ground-preparation. Values of MU much smaller than

unity indicate that the storage-related effects remain limited compared to the expected GDP uncertainty range. In contrast, val-

ues approaching or exceeding unity indicate that storage-related effects become comparable to, or larger than, the uncertainty480

contribution associated with the GDP ground-preparation component.

For the RS41–AS15 configuration, MU remained well below unity at both t7 and t14, indicating limited impact of storage on

the SHC measurements. Although statistically significant negative drifts were identified, particularly at t14, their magnitudes

remain small relative to the GRUAN humidity uncertainty budget.

In contrast, the IMS-100–ARS configuration exhibited substantially larger MU values, approaching or exceeding unity de-485

pending on the residence time considered. This behavior is consistent with the pronounced dry-bias increase and the strong

statistical significance (Table 6), indicating that storage-related effects become relevant for residence times extending toward

14 days, particularly under high-humidity and temperature environmental conditions.

For the M10–Robotsonde configuration, MU remained below unity but increased substantially at t14, mainly due to the larger

variability of the paired RH bias differences rather than to a pronounced systematic drift. Although the mean drift remained490

moderate, the increased spread suggests a less stable humidity response after prolonged storage.

Table 7. Normalized metric MU results. The statistical significance was quantitatively assessed from the magnitude of MU. Values of MU

much smaller than unity indicate that the storage-related effects remain limited compared to the expected GDP uncertainty range. In contrast,

values approaching or exceeding unity indicate that storage-related effects become comparable to, or larger than, the uncertainty contribution

associated with the GDP ground-preparation component.

Configuration MU,t7 MU,t14 Significance

RS41–AS15 0.21 0.27 Limited impact

IMS-100–ARS 1.02 2.06 Increasing impact with residence time

M10–Robotsonde 0.23 0.64 Limited impact despite elevated variability

In summary, the paired RH bias difference quantifies systematic storage-related bias changes, Ω∆RHt0
characterizes the

intrinsic variability of the SHC measurements, bootstrap resampling assesses the robustness and confidence intervals of the

estimated effects, Wilcoxon signed-rank tests and associated effect sizes evaluate the statistical significance and magnitude of

the observed changes, while the normalized MU metric evaluates their relevance relative to the ground-preparation component495

of the GDP humidity uncertainty.

7 Conclusions

This study investigates the effect of radiosonde residence time inside ARLs on the accuracy and stability of humidity measure-

ments within the SHC. It also aims to evaluate the suitability of combining SHC measurements with automatic observations

from ARLs in the context of GRUAN operations. The analysis, conducted across six sites and three RS–ARL configurations,500
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demonstrates that the response to storage is strongly system-dependent and influenced by environmental conditions and sensor

handling procedures. For the Vaisala RS41–AS15 configuration, humidity measurements remain generally stable for residence

times up to 14 days. Although small negative drifts are observed, they are typically within the expected measurement variability

and well below the GRUAN uncertainty budget, indicating limited impact. These results highlight the robustness of the RS41

system, which is likely reinforced by the sensor reconditioning carried out during the Manufacturer Ground-Check (MGC).505

In contrast, the Meisei IMS-100–ARS configuration exhibits a pronounced increase in dry bias with increasing residence

time, particularly under high-humidity and temperature conditions. Storage-related effects increase markedly with residence

time and become strongly statistically significant after 14 days, highlighting the sensitivity of this system to environmental

exposure and the lack of an active reconditioning step. The MeteoModem M10–Robotsonde configuration shows a distinct

behavior, with a partial reduction of the initial bias during storage, although the underlying mechanisms require further inves-510

tigation.

Across all configurations, the optimal residence time for minimizing humidity bias drifts is found to be within 7 days,

while storage up to 14 days represents an upper limit for maintaining GRUAN-compliant performance, i.e. after ground-

preparation uncertainty estimation (k = 1). Extended residence times, particularly in uncontrolled environments, may lead to

sensor contamination and reduced effectiveness of sensor reconditioning procedures. Overall, the results confirm the feasibility515

of implementing SHC tests for ARL-based operations and suggest that the use of the SHC may support compliance with the

high-level measurement requirements of reference observing networks such as GRUAN.

The analysis clearly shows that the residence time inside ARLs can be explicitly considered as an additional source of

uncertainty in the GRUAN GDP humidity uncertainty budget. The observed paired RH bias differences demonstrate that

the effect of storage is system-dependent and may become significant under specific environmental and operational conditions,520

particularly for prolonged residence times and non-climate-controlled ARLs. Therefore, a dedicated residence-time uncertainty

component should be developed and propagated into the final GDP uncertainty budget. Such an approach would ensure that

the long-term traceability and reference-quality requirements of GRUAN are met under automated conditions.
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List of acronyms

ARL Automatic Radiosonde Launcher

ARLs Automatic Radiosonde Launchers

AS15 Vaisala Autolauncher

GC Ground Check560

GCOS Global Climate Observing System

GDP GRUAN Data Product

GRUAN GCOS Reference Upper-Air Network

JMA Japan Meteorological Agency

MGC Manufacturer Ground-Check565

QC Quality Controlled

RS Radiosonde

SHC Standard Humidity Chamber

VOC Volatile Organic Compound

TT4 Task Team 4570

WMO World Meteorological Organization
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