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13 Abstract:

14  Accurate knowledge of the relative humidity (RH) in the troposphere is important for
15  predicting cloud formation, particularly in the upper troposphere where contrails can form
16  and contribute to global warming. However, it is difficult to predict their formation due to the
17  lack of precise RH measurements at these altitudes. This paper compares RH data from
18 Meteomodem radiosondes (M10 and M20) acquired over a 5-years period (2020-2024) at the
19  Trappes and Nimes meteorological stations in France with ECMWF ERAS analyses, with a focus
20 on the upper troposphere. For Trappes, two datasets exist: one processed operationally by
21  Météo France (MF) and a second processed using the GRUAN standard. Whatever the
22 processing is, Meteomodem radiosondes RH values are on average higher than ERAS5 ones, by
23 about 2 % at 800 hPa up to 10 % at 200 hPa. The operational MF processing generally gives
24 higher RH than the GRUAN processing. The median difference between both processing
25 methods is lower than 2.2 % for pressures higher than 300 hPa and is maximum for lower
26  pressures and nighttime measurements, the GRUAN processing showing more consistency
27  between daytime and nighttime measurements. The evolution of MF processing over time
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28 does not seem to affect the comparison. The major differences observed between the relative
29  humidities measured by the sondes and those provided by the ERAS reanalysis are between
30 200 and 300 hPa. First, ERA5 indicates more occurrences of RH below 40 % than the sondes.
31 Second, the sondes indicate supersaturation conditions (~20 %) more frequently than ERA5
32 (11 %), probably due to the cloud parameterization in the IFS model, which fixes the RH at 100
33 % as soon as a cloud forms, in agreement to the higher occurrence of saturation conditions
34  observed by ERAS in this study. A first comparison of the results obtained at Trappes and
35 Nimes between the year 2020 and the years 2022, 2023 and 2024 shows no major differences,
36  suggesting that the switch from M10 to M20 sondes in March 2021 at Nimes does not
37  significantly affect the ability to combine RH data for long term trends. However, more
38 detailed investigations are required to assess finer differences. Finally, this study underlines
39 the need to continue efforts to assess the quality of RH measurements in the upper
40  troposphere and to improve cloud parameterizations in the model to increase supersaturation

41  frequency in the upper troposphere as observed by the sondes.
42

43  Keywords : Relative humidity, radiosondes, ERA5, GRUAN, upper troposphere
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44 1. Introduction

45  Atmospheric water vapor plays a crucial role in the Earth's radiative balance, firstly because it
46  isthe main natural greenhouse gas, and secondly through the formation of clouds (Pruppacher
47  and Klett, 1997), which themselves have an impact on the radiative balance (IPCC, 2013). The
48  vertical distribution of water vapor in the troposphere is critical for mesoscale processes,
49  particularly the development and persistence of convective systems (Sherwood et al., 2010).
50 In addition to these natural processes, aviation also contributes to an additional Earth
51  warming mainly due to the formation and persistence of contrails in the upper troposphere

52  (Karcher, 2018; Lee et al., 2021).

53  Calculating the relative humidity (RH) of the air mass allows to determine whether saturation
54  isreached or not, a key factor in studying cloud formation and their radiative impact. However,
55  RH depends both on the water vapour concentration and on the temperature. The accurate
56  measurement of the water vapour concentration in the whole troposphere remains complex
57 due to its rapid decrease with altitude, spanning several orders of magnitude, as well as its
58 strong horizontal and temporal variability (Fischer et al., 2012; Konjari et al., 2025; Shao et al.,
59  2023).

60  Satellite observations provide global coverage of RH. For example, Ruzmaikin et al. (2014)
61 studied the tropospheric RH distribution and its influence on outgoing longwave radiation
62  with the AIRS instrument. However these measurements have low spatial resolution and are
63 in no way capable of reproducing the fine vertical structure of humidity observed in the
64  tropopause region (Khaykin et al., 2009). On the other hand, measurements performed from
65 commercial aircraft give RH in the upper troposphere but do not provide full coverage. One
66 illustration is the MOZAIC (Measurement of ozone and water vapor by Airbus in-service
67  aircraft) programme, which became IAGOS (In-service Aircraft for a Global Observing System)
68 in 2011. (Smit et al., 2014) performed a reanalysis of upper troposphere humidity data from
69 the MOZAIC programme for the period 1994 to 2009. Nevertheless, a dense measurement
70  network is necessary for assimilation in numerical weather prediction models as studies have
71  shown that disagreements between model and observations exist such as the difference in
72 supersaturation occurrence between MOZAIC and ERAS (ECMWF analysis) noticed by (Gierens

73  etal, 2020) as well as RH biases between different models (Lang et al., 2021). Radiosondes,
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74  which cover altitude ranges from ground to the mid-stratosphere, can access these fine

75 structures with in-situ sensors.

76  Many studies have characterized the RH distribution and trends using different types of
77 radiosondes, the difficulty being to combine different instruments and technologies. For
78 example, (Dai et al., 2011) have proposed statistical tests to detect changepoints to
79 homogenize daily radiosonde humidity data and (McCarthy et al., 2009) have shown by
80 combining multiple datasets that the extratropical Northern Hemisphere lower and mid-
81 troposphere show moistening on the order of 1%—5 % per decade since 1970. In the past,
82 radiosonde evaluations were conducted either by attaching multiple sondes to the same rig
83  (Bock et al., 2013; Dirksen et al., 2024; Hoshino et al., 2022; Miloshevich et al., 2006) or by
84  placing the sondes in a chamber simulating atmospheric descent (Miloshevich et al., 2001;
85 Nash et al.,, 2010). These exercises allowed the development of a more homogeneous
86  worldwide network with sondes from different manufacturers. At the same time, IGRA
87 (Integrated Global Radiosonde Archive, (Durre et al., 2018)) was developed to provide data
88 from more than 2800 stations around the world and GRUAN (GCOS Reference Upper-Air
89  Network, (Seidel et al., 2009)) was created to provide climate-quality measurements of

90 tropospheric and lower stratospheric variables such as water vapour.

91 Among the different radiosonde manufacturers, Meteomodem developed its first sonde, the
92  GL98, in 1998, followed by the M2K2 in 2004. Since 2010, the M10 radiosonde has been used
93  in more than 60 countries around the world, and since 2020, a more compact model, the M20,
94  has been available. These radiosondes primarily rely on capacitive sensors consisting of a
95 dielectric polymer placed between two electrodes, whose dielectric constant varies

96  proportionally with RH.

97 To date, few studies have investigated the RH measurements provided by Meteomodem
98 radiosondes in comparison with other data. For M10, Dupont et al. (2020) showed that
99 radiosondes humidity measurements still face difficulties in covering the large dynamical
100 range of water vapour, which spans several orders of magnitude and in performing
101  measurements in mixed-phase conditions. Sondes also experience many spurious effects such
102  as sensor response time and radiative effects. Dupont et al. (2020) applied the correction

103  methods developed by Dirksen et al. (2014) for Vaisala RS92 sonde to M10 RH measurements

4



https://doi.org/10.5194/egusphere-2026-482
Preprint. Discussion started: 3 March 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

104  at the Trappes site (France) in order to meet GRUAN standards. After correction, M10
105 measurements were on average consistent with those of the Vaisala RS92, with differences of
106 2 % RH at night (compared to 6 % before correction) and 5 % during the day compared to 9 %

107  before correction) with M10 being more humid than Vaisala RS92.

108 The overall dry bias found by (Bock et al., 2013) for M10 radiosonde measurements relative
109 to ground-based OHP lidar observations was likely related to the fact that these sondes
110  belonged to the first production series. Concerning M20 sondes, they participated to the 2022
111  Upper-Air Instrument Intercomparison Campaign (Dirksen et al., 2024) which reported a wet
112 bias of ~10 % relative to a Combined Working measurement Standard formed by RS41-SGP
113  and iMS-100 radiosondes at around 10 km for nighttime measurements. They also concluded
114  that the M20 sonde is capable of reporting 100 % RH inside clouds and does not overestimate

115 ambient RH after exiting a cloud, a limitation that still affects other radiosondes types.

116  The aim of this study is to compare RH measurements from the M10 and M20 sondes with
117  the ERA5 ECMWEF reanalysis on the whole troposphere, taking into account that the RH can
118 be calculated with respect to liquid water or to ice depending on the temperature as shown
119 by (Song et al.,, 2020) over the Korean Peninsula with other sondes. For this purpose,
120 radiosoundings conducted by Météo-France, the French meteorological operational center,
121  atthe Trappes station (48.77° N, 2.01° E) and the Nimes station (43.87° N, 4.40° E) from 2020
122  to 2024 are used. In addition, M10 data recorded at the Trappes station has been reprocessed
123 according to the GRUAN standards. These datasets allow a comparison of different processing

124  methods and radiosonde types with ERAS in the whole troposphere.

125 The details of the datasets and RH calculation are presented in Section 2, the results in Section

126 3, and the conclusions and perspectives in Section 4.

127 2. Data
128 2.1. ERA5 ECMWEF reanalysis

129  ERAS is the fifth-generation atmospheric reanalysis produced by the European Centre for
130 Medium-Range Weather Forecasts (ECMWF). ERA5 data is generated using a numerical
131  atmospheric model (Integrated Forecasting System) called IFS that provides detailed

132  estimates of past and present atmospheric conditions across the entire globe. This model
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133  assimilates a wide range of real-time meteorological observations, including satellite,

134  airborne, and terrestrial data such as radiosondes and dropsondes (Hersbach et al., 2020).

135 In this study, we extracted pressure, temperature, and specific humidity parameters at a
136  horizontal resolution of 0.125 ° and a temporal resolution of one hour. To compare with
137 radiosonde measurements which have a higher vertical sampling and could thus detect
138  thinner atmospheric structures, we used the 137 native model levels rather than the
139 interpolation on pressure levels to ensure maximum vertical resolution. This required
140  recalculating RH (RH in percent) based on saturation vapor pressure (esatin Pascal) and specific
141  humidity (q in kilogram of water vapor by kilogram of moist air), following the equation 1,
142 which is derived from the IFS documentation. According to the temperature, the saturation

143 vapor pressure is calculated following Equation 2:

144 e above liquid water (egq4¢(w)) for temperature above 273.16 K according to Buck (1981)
145 (Equation 3).

146 e above ice (egq(;)) for temperatures below 250.16 K according to Alduchov and
147 Eskridge (1996) (Equation 4).

148 e or a combination of both for temperature between 250.16 K and 273.16 K (Equation
149 5).

150 RH=—"% 100 (Eq. 1)

esar(1+q(G-1)

151  where € is the ratio of the molar masses of water and dry air (e = 0.621981).

152 With:

153 egqe(T) = aesae(w)(T) + (1 — @)esar(iy(T) (Ea. 2)
154  and

155 egqrw) = 611.21 * (750262555 (Eq. 3)
156 egquy = 611.21+ 2STCT5E) (Eq. 4)
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a=0 T <250.16 K
_ 2
157 {a= (%) 250.16 < T < 273.16 K (Eq. 5)
a=1 T >27316 K

158  During the study period, the humidity measurements from the radiosondes launched from
159  Trappes were assimilated in ERA5 up to 100 hPa (Bell et al., 2021; Hersbach et al., 2020). This

160 is not the case for the radiosondes launched from Nimes.

161 2.2. Meteomodem radiosondes

162 The data used in this study was provided by the French meteorological operational center,
163  Météo-France, which performs radiosounding measurements twice a day, once at night
164  (~23:15 UTC) and once during the day (~11:15 UTC), from various locations in France using
165 Meteomodem Automatic Radiosonde Launcher (ARL). Data was obtained during the ascent
166 phase of the balloons, before their burst (on average at ~25 km). The maximum ascent
167  duration of the balloons is 1 hour 45 minutes, with an average vertical sampling of 10 m
168  (vertical ascent around +5 m s?), corresponding to approximately 2000 data points per
169 sounding due to a measurement frequency of 1 Hz. For this study, we used data from the
170  Nimes and Trappes stations recorded from 2020 to 2024. M10 sondes were used throughout
171  this period, except at Nimes after March 2021, when M20 sondes were launched. Technical

172  information of these two sondes is provided in the following subsections.

173 2.2.1 M10 type

174  The M10 radiosonde, marketed by the company Meteomodem since 2010, measures 95 mm
175 x 95 mm x 88 mm and weighs 150 g (including batteries). It is equipped with a capacitive
176  humidity sensor covered by an innovative metal shield. This shield ensures efficient ventilation
177  while protecting the sensor from direct radiation and water droplet freezing. It also integrates
178  atemperature sensor located at the end of the sensor probe and a GPS sensor. The GPS sensor
179  provides the balloon’s position from which pressure, vertical velocity, wind speed and

180 direction can be derived.

181  The capacitive humidity sensor consists of three main elements: a base layer functioning as
182  an electrode, a dielectric substance whose properties vary with humidity, and a porous, fast-
183  response electrode serving as the second electrode of the capacitor. A secondary thermistor,
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184  positioned under a protective shield near the humidity sensor, provides a temperature
185 measurement to calibrate the humidity retrieval. The precision given by the manufacturer is

186 3% for RHin the 0to 100 % range and 0.3 °C for temperatures in the -100 °C to +60 °C range.

187 The technology of Meteomodem radiosondes is now deployed in 60 countries. All new
188 Meteomodem stations installed since 2011 use the M10 technology (Dupont et al., 2020).
189  Since March 2021, some Météo-France stations, including Nimes, have switched to the M20

190 type.
191 2.2.2 M20 type

192 The M20 radiosonde is an evolution of the M10 model. It is designed to be significantly lighter
193  and more environmentally friendly, with dimensions of 98 mm x 63 mm x 42 mm for a total
194  weight of 36 grams, including the battery. The M20 is equipped with a redesigned capacitive
195  humidity sensor featuring an integrated heating system (which can be switched off) that
196 activates when the sensor passes through clouds, minimizing condensation and frost
197 formation, that can compromise measurement accuracy. A built-in barometer has been
198 added, enabling more precise pressure measurements, especially in the lower atmosphere.
199 The sensor response time is now less than 0.3 s at 1000 hPa and 20 °C, and around 50 s at 300
200  hPaand-55 °C. The M20 also offers environmental advantages using 15-30 % less launch gas,
201  allowing for smaller balloons, and potentially eliminating the parachute while maintaining the

202  same altitude performance.

203 2.2.3 RH calculation for Meteomodem radiosondes
204  The operational output product of radiosondes is the dew point temperature calculated from
205 the Sonntag formulation (Sonntag, 1994). To compare with RH provided by ECMWF ERAS,

206  conversions have to be performed. The formulas for these conversions are given as follows:

207

208 e We used the Sonntag formulation available between 173.15 K and 373.15 K to
209 calculate the water vapor pressure with respect to water (e in hPa):

210 log(e) = 260969385 4 16.635794 + —2.711193 x 1072T, + 1.673952 x 1075T,* +

211 2.433502 log(T,) (Eq.6)

212 where T, is the dew point temperature in Kelvin.
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213 e For the saturation vapor pressure, we used the ECMWF-ERAS5 parameterization

214 (Equations 2 to 5) with the temperature recorded by the sonde.

215 e Finally, the RH is calculated by Equation 7 :

216 RH = 100 x — Eq.7
esat(T) ( q )

217  The resulting RH depends on the temperature T: if T < 250.16 K, it represents RH over ice ; if
218 T2>273.16 K, it represents RH over liquid water and if 250.16 < T < 273.16 K, it represents a
219  mixed-phase RH.

220 2.3 The GRUAN Network

221  Météo-France radiosonde observations obtained with M10 sondes are operational
222  measurements and datasets are primarily designed for short-term weather forecasting. To
223 make this data suitable for scientific studies over both short and long timescales, it needs to
224  be consolidated. This is one of the missions of the Global Climate Observing System (GCOS)
225 Reference Upper Air Network (GRUAN, https://www.gruan.org/), an international initiative
226  providing a reference-quality observing system, to address key gaps in the current global
227  atmospheric monitoring network. GRUAN delivers long-term, high-precision observations
228  extending from the surface through the troposphere and into the stratosphere, supporting
229  the monitoring of climate trends, validation and calibration of satellite measurements, and
230 improved understanding of atmospheric processes (Vomel et al., 2009).

231  M10 data from Trappes has been corrected according to Dupont et al. (2020) to be included
232  in the GRUAN network and to align with GRUAN standards (Seidel et al., 2009). These
233  adjustments addressed: (1) calibration biases; (2) the sensor’s slow response, particularly
234 under very high or very low RH conditions due to limited molecular diffusion; (3) the influence
235  of temperature gradients on the humidity sensor measurements; and (4) the response delay
236  at low temperatures, which can impact readings in areas with sharp humidity gradients. The
237  GRUAN-corrected RH data set (Dupont et al., 2020) has been available since 2018. Data from
238  Trappes has already been used for comparison with lidar observations acquired 20 km away

239  at the SIRTA station (Alraddawi et al., 2025).

240  As with the M10 data from Météo-France, the M10 data from Trappes processed by GRUAN
241  cannot be directly compared with ECMWF-ERAS, because RH is given with respect to liquid
242  water (RHw) using the Hyland and Wexler formulation (Hyland and Wexler, 1983), regardless
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243  of the water phase. To compare with the RH calculated from ERA5 data (section 2.1),

244  conversions need to be performed. The formulas for these conversions are given as follows:

245 e We used the Hyland and Wexler formulation to calculate the saturation water vapor

246 pressure with respect to liquid water (esatiw in Pascal):

—0.58002206%x10*

247 log(esaraw) = +0.13914993 x 101 — 0.48640239 x 107!T +
248 041764768 x 107* T2 — 0.14452093 X 10~7T3 + 0.65459673 x 10log(T)
249 (Eq.8)

250 where T is the temperature in Kelvin.

251 e The saturation vapor pressure es, is estimated using the ECMWEF-ERAS
252 parameterization (Equations 2 to 5) with the temperature recorded by the sonde.
253 e Finally, the RH is calculated by Equation 9:
254 RH = RH,, x %W (gq.9)

€sat

255  Asfor M10 and M20, the resulting RH is over ice, liquid water or mixed-phase according to the

256  temperature.

257 3. Daily and vertical variations of RH

258 3.1 Mean RH vertical profiles

259 A first objective of this study is to quantify the differences between the M10 data and the
260  ERAS reanalysis. For the M10 data, two processing methods are available : the GRUAN
261  processing (M10gruan) and the Météo France operational processing (M10wmg). This
262  comparison is based on 1245 nighttime and 1249 daytime RH radiosounding profiles, acquired
263  between 2020 and 2024 included from Trappes. For each radiosounding profile, a colocated
264  ERAS RH profile has been calculated by 3D interpolation in space of the ERA5 reanalysis at
265  12:00 PM for daytime profile or 12:00 AM for nighttime profile taking into account the sonde
266  displacement. Then, to enable profile averaging, the data has been resampled by dividing the
267 900-100 hPa range into 10 hPa bins, within which the values have been averaged to get
268  profiles with a 10 hPa vertical resolution. The same has been made for the ERAS5 profile

269 created. Finally, a mean profile as well as a 2-standard deviation profile have been calculated

10
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270  with the 1245 nighttime profiles at 10 hPa vertical resolution for M10sruan, M10me and ERAS.
271  The same has been done with the 1249 daytime profiles at 10 hPa vertical resolution. Figure
272 1 presents the intercomparisons of mean RH profiles obtained from the two processing
273  methods and from ECMWF ERAS5, with the dataset separated into nighttime (a) and daytime

274  (b) measurements.

275  The three datasets provide similar mean RH profile shapes, with a gradual decrease from ~76
276 % to~47 % RH between 900 and 600 hPa (~1 to 4 km) followed by a gradual increase from ~47
277 % to ~70 % RH between 600 and 300 hPa (~4 to 9 km). Above this level, RH decreases sharply
278  from ~70 % to ~10 % RH between 300 and 150 hPa (~9 to 12 km) and remains very low (a few
279  percent) up to 100 hPa (~16 km). No strong discrepancies are observed in the shape of mean
280  RH profiles during nighttime (Figure 1a) and daytime (Figure 1b). Tests have been performed
281  using median of profiles (not shown) instead of mean of profiles and the shapes and
282  magnitudes of the profiles are the same, meaning that no extreme values impact the

283  comparison.

284  Between 900 hPa and 200 hPa, radiosondes (M10me and M10gruan) exhibit higher mean RH
285  value than ERAS despite their assimilation in the model. This difference, less than 2 % for
286  pressures greater than 800 hPa (and within the measurement accuracy of the sondes),
287  increases with altitude to reach around 8-9 % around 300 hPa. This result differs from the
288  conclusion of Virman et al. (2021) which found ERA5 more humid than radiosondes

289  measurements of 2-6 % at 650-800 hPa. This difference could be due to two factors:

290 1) The comparison was performed in a different environment: above the Tropical
291 western Pacific Ocean during the convective period (November to February).

292 2) The comparison was performed with different sonde types from the Integrated Global
293 Radiosonde Archive (IGRA) version 2.

294  For pressures lower than 200 hPa, M10mr mean RH values are systematically higher than those
295  of ERAS5, by ~5 % during daytime and ~10 % during nighttime, while M10cruan is in better
296  agreement with ERA5. The difference between the two M10 processings is greater for
297  nighttime measurements than for daytime measurements with differences between 300 and

298 900 hPa which could reach 5 % at 300 hPa for nighttime measurements.

11
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299 The dotted lines in Figure 1 indicate the 2-standard deviation, which gives an indication of the
300 RH variability according to the altitude. For the three datasets, the 2-standard deviation is
301 quite constant between 800 and 200 hPa around 12-13 % and one quarter lower at 900 hPa.
302  For pressure lower than 200 hPa, the 2-standard deviation decreases down to a few percent.

303  ERAGS has the lowest variability, followed by M10wmr and then by M10gruan.

304 The main difference between ERAS5 and radiosondes mean RH vertical profiles is observed
305 around 300 hPa (~9 km), an altitude where accurate measurements are necessary for studying
306 cirrus clouds and contrails formation. This observation was previously reported by Alraddawi
307 etal. (2025) which used M10gruan, ERAS and ground based IPRAL lidar data to conclude that
308 ERAS systematically underestimates water vapour at cruise altitudes, with a dry bias
309 increasing from 10 % at 9 km to >20 % at 11 km. In the following section, we investigate the

310  origin of this difference.
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312  Figure 1. ERA5 (blue), M106ruan (black) and M10wmr(red) mean RH vertical profiles over Trappes
313  during five successive years (from 2020 to 2024), during night (a) and day (b). The dotted lines
314 indicate the 2 standard deviation range, while the light green shaded band between 200-300

315  hPa represents the typical contrail formation altitudes.
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316 3.2 Focus on the 200-300 hPa layer (~9 to 12 km altitude)

317 To compare the distributions of radiosonde observations (M10cruan and M10wme) and ERAS
318  outputs in the 200—-300 hPa layer, we extracted all data points from the native resolution
319 profiles available over the 5 years period where pressure values are between 200 hPa and 300

320 hPaand aggregated them to produce histograms with 5 % RH bin range (Figure 2).

321 The water vapor distribution in the upper troposphere (300-200 hPa, ~9 to 12 km altitude)
322  reveals distinct shapes between ERA5 and radiosonde observations from both processing
323  methods (M10gruan Figure 2a and M10wr Figure 2b). ERAS RH distribution is quite flat (or
324  slightly decreasing) from 0 to 95 % with an average occurrence of 4.4 % per 5 % RH bin range
325  except for one peak between 5 and 10 % of RH reaching 7.0 % of occurrence. Above 95 % of
326  RH, occurrences near saturation (95—105 %) are high (12.1 %), supersaturation occurrences

327 are lower and decrease as RH increases, with no values above 165.9 %.

328 The radiosondes (M10cruan and M10wme) present fewer occurrences of RH below 40 %
329 compared to ERAS, except for RH values lower than 5 %, where M10gruan Shows a peak
330 frequency of 11.2 %, more than twice that of ERAS. This peak is due to the occurrence of a
331 large number of 0 in the RH values (6.95 %). Between 40 and 95 %, M10wmr and ERAS are in
332  good agreement with similar occurrences, while M10gruan shows slightly lower occurrences.
333  The peak observed around the saturation by ERAS5 is not observed by the radiosondes;
334  however, the radiosondes show higher frequency of supersaturation : 19.5 % for M10cruan
335 and 21.1 % for M10mr compared to 11.3 % for ERAS. The operational processing retrieves
336  higher supersaturation compared to the GRUAN processing: up to 189.2 % for M10gruan and
337  upto 192.5 % for M10wr. Despite the assimilation of the M10wr by the IFS model to produce
338 ERAS, the two RH distributions diverge, particularly for RH <40 % and RH >90 %.

339  Hoferetal. (2024) studied the possibility to predict ice-supersaturated regions where contrails
340 can persist. They compared cumulative RH above ice distributions from MOZAIC/IAGOS data
341 (16 588 flights over 10 years at midlatitudes, 310-190 hPa) with the corresponding ERA5

342  distributions. They also found that the two distributions differ, particularly near saturation.
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344  Figure 2. RH frequency histograms for (a) ERA5 (blue) and M10:gyan radiosondes (grey) and
345  (b) ERAS (blue) and M10y, radiosondes (orange) over a five-year period (2020 - 2024) in the
346  200-300 hPa range.

347  The comparison of histograms alone does not provide sufficient evidence to determine
348  whether the RH peak observed between 90 % and 105 % by ERAS corresponds to situations
349  where radiosondes detect supersaturation. To address this question, we applied the following

350 procedure:

351 1) Each ERA5 and M10 profile was interpolated at the vertical resolution of the M10
352 radiosounding performed on 1 January 2020.

353 2) Ateach altitude, ERAS values from all profiles were divided into two groups: those with
354 RH above 90 % and their corresponding M10 points (labeled RH > 90 %) and those with
355 RH below 90 % and their corresponding M10 points (labeled RH < 90 %). This yields
356 two series of data pairs.

357 3) For each pair, the RH difference ARH = M10 - ERA5 was calculated at each altitude.

358  The vertical profiles, presented in Figure 3, are the median, the 5" and 95t percentiles of the

359 RH differences between radiosondes and ERAS, calculated at each altitude for each series.

360 Under dry conditions (RH < 90 %), which represent more than 1695 of the 2494 profiles
361 available at each level (Figure 3c), the median RH differences between radiosondes and ERA5
362 remain relatively small, less than 5 % on average, indicating quite good agreement in the 300

363  to 200 hPa layer (~9 to 12 km altitude) over the five-year period. The median RH differences
14
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are negative for the GRUAN processing (ERA5 RH higher than M10cruan RH) and positive for
the Météo-France processing (ERA5 RH lower than M10me RH). According to the 5t and 95t
percentiles, RH differences can reach -33.5 % to +29.2 % for the GRUAN processing and -28.7
% to +34.8 % for the MF processing.

In contrast, under wet conditions (RH > 90 %), which represent less than 800 profiles of the
2494 profiles available at each level in the 200-300 hPa layer, discrepancies increase markedly.
ARH medians range between 21.6 % and 27.5 % for both M10;zyany and M10y,- indicating
that radiosondes often exhibit higher RH than ERA5 under moist conditions. However, this is
not always the case, as the 5t percentile is negative, reaching -14 %. The variability of ARH in
wet conditions is smaller than in dry conditions and is also not symmetric, with medians closer

to the 95%™ percentile than the 5™ percentile.

These results show that ERA5 tends to underestimate supersaturation events that are often
recorded by radiosondes. This may be related to the cloud parameterization in the IFS model,
which could trigger cloud formation too quickly, leading to an instantaneous reduction of

water vapour to the saturation level upon nucleation (Tompkins et al., 2007).

(a) M10 GRUAN (b) M10 Météo-France (©)
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Figure 3. Vertical profiles of differences between (a) M10;gyan and ERAS (b) M10,,r and ERA5
according to humidity conditions : RH ERA5 < 90 % in blue or RH ERA5 > 90 % in red over five
years of observations (from 2020 to 2024) in the 200 hPa - 300 hPa range. The solid lines are
the medians of the RH differences, and the shaded areas indicate the 5 and 95 percentiles
range. (c) Corresponding number of values used for each condition, GRUAN (solid lines) and

Meétéo-France (dashed lines).
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387 3.3. Impact of the data processing evolution on the RH measurements

388  On Figure 3, a difference in RH is observed between the GRUAN processing and the Météo-
389  France processing. This part will focus deeply on the difference observed between the two
390 processings across the time. Indeed, while the GRUAN processing is a reprocessing of the M10
391 radiosounding data according to Dupont et al. (2020) and is thus stable with time, the Météo-
392  France processing evolves across the time as changes of the retrieval are regularly done by
393 Meteomodem, so it is necessary to follow the difference between the two processings with

394  time.

395  For each radiosonde recorded at the Trappes station between 2020 and 2024, the RH
396 difference between the Météo-France processing (M10mr) and the GRUAN processing
397  (M10cruan) Was calculated. This comparison is based on 436 profiles in 2020, 613 profiles in
398 2021, 474 profiles in 2022, 516 profiles in 2023 and 455 profiles in 2024 mixing daytime and
399 nighttime profiles. Then minimum, quartiles and maximum of RH differences were calculated
400 by bins of 50 hPa from 900 hPa to 100 hPa for each year and for the entire period. The resulting
401  statistics are displayed in Figure 4 as boxplots for the full period, while the yearly evolution of

402  these parameters is shown in Table 1 for two pressure layers: 900-400 hPa and 300-200 hPa.
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404  Figure 4. Boxplots of RH differences between M10 Météo-France processing (M10wmr) and M10
405 GRUAN processing (M10cruan) for radiosoundings at the Trappes site from 2020 to 2024.
406  Overall, the comparison shows a very good agreement between the two processing methods
407  from 900 hPa (=1 km) to 300 hPa (=9 km), with median differences remaining below 2.2 %,
408  within the 3 % precision specified by the manufacturer. On average, M10wr relative humidities
409 are 1.2 to 1.8 % higher than those from M10gruan in this pressure range. From 900 hPa to 500
410 hPa, RH difference between the two processings can reach 14.8 % as shown by the minimum
411  and maximum of the boxplots. From 500 hPa to 200 hPa, the minimum and maximum
412  differences in RH increase, with extreme values reaching -32.1 % for the minimum difference
413  (between 250 and 300 hPa) and 44.8 % for the maximum difference (between 200 and 350
414  hPa). They decrease then in the range 200 to 100 hPa. The mean difference is maximum in the
415  range 200 to 250 hPa and reaches 5.2 %.
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416  Table 1: Annual values of RH differences between M10 Météo-France processing (M10ve) and
417  M10 GRUAN processing (M10cruan) at Trappes from 2020 to 2024. Values are shown for two
418  pressure layers (900—400 hPa and 300-200 hPa). Columns indicate the minimum (Min), first
419  quartile (Q25), median (Q50), third quartile (Q75) and maximum (Max) of RH differences for
420  each year.

Pressure

layer 300-200 hPa 900-400 hPa

Year Min Q25 Q50 Q75 Max Min Q25 Q50 Q75 Max
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

2020 -28.7 -2.3 33 8.7 41.2 -8.4 -0.3 13 2.6 10.8

2021 -32.1 -1.8 4.7 11.3 44.8 -12.9 -1.0 1.2 2.9 14.8

2022 -23.3 -1.1 3.7 8.8 38.1 -5.4 0.6 1.8 2.8 9.2

2023 -18.1 0.8 45 9.3 36.4 -6.1 0.1 13 24 9.4

2024 -25.5 -2.7 25 7.1 29.1 -5.8 <0.1 1.2 2.2 8.3

421  According to Table 1, no systematic trend is apparent over the five-year period in the two
422  pressure layers, with median differences remaining consistently below 5 % across all years.
423  The largest differences between the two processing methods are observed in 2021, which also
424  has the highest number of profiles available for comparison. A decrease in maximum
425  differences is observed in the 300-200 hPa layer after 2021 (from approximately 45 % to 29
426  %). However, additional years would need to be analyzed to account for interannual variability

427  and to determine whether this change reflects an evolution of the processing software.
428 3.4. Impact of radiosondes type on RH measurements

429  From March 2021, the Nimes station switched from M10 to M20 radiosondes, while Trappes
430 continued operating M10 radiosondes. This configuration provides an opportunity to evaluate
431  whether the transition between sonde generations introduced any discontinuity or systematic
432  change in RH measurements, by comparing the RH differences of M10 and M20 relative to
433  ECMWF ERAS data.

434  To this end, four years of data were analyzed:

435 e 2020, when only M10 (M10,,r) sondes were deployed at both Nimes and Trappes,
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436 e 2022, 2023 and 2024, when M20 (M20,) sondes were in operation at Nimes,
437 while Trappes continued with M10 (M10,z) sondes.

438 The year 2021 has been omitted because the switch from M10 to M20 sondes occurred in
439  March at Nimes. Since the number of radiosoundings per year was much higher at Nimes than
440  atTrappes, only the dates when measurements were available at both stations were retained,
441  ensuring a similar monthly distribution for each station. The number of selected profiles for

442  each yearis listed in Table 2.

443  Table 2: Number of daytime and nighttime profiles selected for each year for both the Nimes

444 and Trappes stations.

Year Daytime Nighttime
2020 191 186
2022 208 204
2023 301 255
2024 224 231

445

446  Comparison of the monthly distribution of profiles (not shown) show nearly identical
447  distributions for 2023 and, to a lesser extent, for 2024. However, in 2020 and 2022, fewer
448  radiosoundings were available from August to December (43 and 74 profiles in 2020 and 2022,
449  respectively, compared to 241 and 203 profiles in 2023 and 2024). This difference in monthly

450  coverage could influence the calculation of annual variability.

451 Radiosonde data was systematically compared to collocated ERAS profiles, used as a common
452  reference, to determine whether the change in sonde type affects RH measurements. For each
453  radiosounding, a colocated ERAS RH profile was generated by 3D spatial interpolation of the
454 ERAS reanalysis at 12:00 UTC for daytime profile and 0:00 UTC for nighttime profile. All the
455  radiosounding profiles and their corresponding ERAS profiles were then interpolated onto the
456  vertical sampling of the first radiosounding of 2020 to calculate the difference between both.
457  Then, quartiles of the differences were calculated for each year, station and processing

458 method, and are presented in Figure 5 for nighttime and daytime measurements separately.
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Figure 5. Quartiles of the RH differences between Meteomodem sondes (M10 or M20) and

ERA5 from 2020 to 2024 : the shaded areas represent the 25-75 % interquartile range, while

the solid lines represent the medians. Blue is for the year 2020, red for the year 2022, green

for the year 2023 and purple for the year 2024. The left column (a, c and e) are for nighttime

radiosoundings and the right column (b,d and f) are for nighttime radiosoundings. Top figures
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465 (a and b) are for Météo-France processing at Nimes, middle figures (c and d) are for Météo-
466  France processing at Trappes and bottom figures (e and f) are for GRUAN processing at

467  Trappes.

468 Before addressing the issue of radiosonde transition, we note that Figure 5 confirms the
469  observations made in Figure 1 for the entire period 2020-2024 : radiosondes generally
470  measure relative humidities higher than those provided by ERAS5, especially between 200 and
471 300 hPa (~10 % RH difference). Between approximately 150 and 400 hPa, the differences
472  between Météo-France and ERAS processings are larger for nighttime measurements (Figures
473  5aand 5c¢) than for daytime measurements (Figures 5b and 5d) with a maximum difference of
474  about 5 %. Although radiosonde data from Nimes station is not assimilated into the IFS model
475  producing ERAS reanalysis, unlike Trappes, the observed differences between radiosonde and

476  ERAS RH are similar at both stations with the Météo-France processing.

477  For the Nimes station, the median RH differences between radiosondes and ERAS are larger
478  in 2020 when M10 sondes were used, than in subsequent years with M20 sondes. However,
479  the same pattern is observed at the Trappes station, which used M10 sondes throughout the
480 period. This suggests that the larger difference observed at Nimes in 2020 is more likely due
481 to interannual variability than to the change in sonde type. The interannual variations
482  observed in the median RH differences profiles (radiosonde - ERA5) do not appear to result
483  from difference in sampling, as 2020 and 2022, years with fewer profiles from August to
484  December, do not show similar profiles and are not substantially different from those of 2023
485  and 2024. Despite the sonde change, the greater RH difference observed at night compared
486  to daytime persists at Nimes in 2022, 2023 and 2024. As this daytime/nighttime difference is
487  not visible for the GRUAN processing (Figures 5e and 5f), it seems that this difference could

488  be reduced by processing improvements.
489 4. Conclusion

490  Five years (2020 to 2024) of Meteomodem radiosondes relative humidity (RH) measurements
491 from the Trappes and Nimes meteorological stations in France were compared to RH from the
492 ECMWF ERAS reanalysis. Differences between the operational Météo France processing

493  (M10wmr) and the standardized GRUAN processing (M10gruan) to retrieve RH from M10
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494  radiosondes measurements were evaluated. The impact of the switch from M10 to M20

495  sondes at the Nimes station in March 2021 was also investigated.

496 Meteomodem radiosondes generally report higher RH values than ERAS5, with differences
497  increasing from 2 % at 800 hPa to 10 % at 200 hPa (Figure 1) for both processings. The two
498  processings applied to the M10 measurements at Trappes are in good agreement between
499 900 and 300 hPa with median differences lower than 2.2 % indicating higher relative
500 humidities in average for MF compared to GRUAN even if individual differences could reach
501 130 % (Figure 4). The agreement is better for daytime measurements than for nighttime
502 measurements, where the mean absolute difference reaches 5 % at 300 hPa (Figure 1). The
503 difference between the two processings is maximum between 200 and 250 hPa (~11 km), with
504 amedian of 5.2 % (Figure 4). For the GRUAN processing, the RH difference observed between
505 the radiosondes and ERAS is similar during nighttime and daytime measurements while it is
506 greater for nighttime measurements compared to daytime measurements for the MF
507  processing (Figure 5). As the MF processing evolves with time by the modifications of the
508 retrieval regularly pushed by Meteomodem, we would expect a better agreement with time
509 between GRUAN and MF RH. However it is not the case as the major difference between MF
510 and GRUAN occurs in 2021. The evolution of the MF processing with time seems thus not
511 noticeable on the data. For pressure higher than 200 hPa, ERA5, M10mr and M10gruian show
512  similar RH variability which is not the case above where ERA5 shows the lowest variability and

513  M10cruian the highest one.

514  Between 200 and 300 hPa, ERAS indicates more occurrence of RH lower than 40 % than sondes
515 except close to 0 where ~7 % of relative humidities equal to 0 % are retrieved by the GRUAN
516  processing (Figure 2). For higher RH values, ERAS indicates more occurrence of conditions near
517  the saturation (~12,1 % between 95 and 105 %) compared to the sondes while the sondes
518 measure more occurrence of supersaturation conditions (~19,5 % for GRUAN and ~21,6 % for

519  MF) compared to ERA5 (~¥11,2 %) as already mentioned in Hofer et al. (2024).

520 The maximum of supersaturation retrieved by the GRUAN processing (189.2 %) is lower than
521 those retrieved by the MF processing (192.5 %). When ERAS indicates relative humidities
522  above 90 %, the difference between the sondes and ERAS is much greater than when ERAS

523  relative humidities are below 90 % (Figure 3), which could be due to the cloud
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524  parameterization in the ISF model, which produces clouds too quickly and reduces the amount

525  of water vapour to saturation level instantaneously during nucleation.

526  The lower agreement observed between sondes and ERA5 at Nimes in 2020 compared to the
527  more recent years doesn’t seem to be due to the switch from M10 to M20 sondes as the same

528  conclusion is observed at Trappes which didn’t switch its sondes (Figure 5).

529  Altogether, these results seem to indicate that the modifications of the retrieval regularly
530 implemented by Meteomodem to process radiosonde data, and the switch from M10 to M20
531 sondes do not have a statistically significant impact on RH estimates and thus shouldn’t
532  prevent climatological studies, although this should be confirmed with additional data in the
533  future. The larger RH differences between sondes and ERAS5 observed at night, mainly
534  between 200 and 300 hPa, appears reducible through processing improvements, as they are

535 only observed in the MF processing and not in the GRUAN processing.

536 The largest discrepancies between radiosondes and ERA5 RH occur between 200 and 300 hPa,
537 the altitude range where cirrus and contrails form. As numerous studies are ongoing to try to
538 reduce the non-CO; effect of aviation on climate warming, this study underlines the need to
539  continue efforts to qualify the quality of RH measurements at these altitudes. To this end, a
540 measurement campaign was carried out at the SIRTA station in May 2025 to provide RH
541 measurements from different instruments launched on the same balloon (M10, M20
542  Meteomodem and Vaisala RS41 sondes). This could enable us to study the difference in
543  supersaturation observed by the different probes in the same air masses, and to gain a better
544  understanding of the limitations of each type of sonde, but also help to see how the different
545  datasets can be combined to study long-term trends. Simultaneously, improvements of cloud
546  parameterizations in models are underway. For example, the new ice-cloud scheme proposed
547 by Sperber and Gierens (2023) seems promising but still requires further testing in more
548 realistic situations before being implemented in models such as ISF. This type of scheme will
549  enable us to see whether supersaturation is as frequent at this altitude as the probes observe.

550
551

552
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