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1 Abstract

Long-term upper-tropospheric humidity (UTH) trends are sensitive not only to sampling

and
observing-system changes but also to the vertical definition used for cross-product

4 comparison. We analysed the CM SAF version-2 microwave UTH climate record over
60°S—-60°N

5 and tested whether ERAS5 relative humidity at 200-500 hPa, individually or as non-

negative

6 vertical mixtures, could represent its 1996-2018 change. Area-weighted CM SAF UTH
declined

7 by 1.238 percentage points decade™ (95% moving-block-bootstrap interval: —1.472 to
—1.008;

8 AR(1)-adjusted P = 0.003), with negative slopes in 97.3% of valid grid cells. The sign

9 persisted across seasons, latitude bands, coverage thresholds, later start years, and a
10 platform-transition audit. ERAS showed weak and uncertain trends at 200-300 hPa but
significant moistening at 400-500 hPa. The CM SAF trend was 1.017 percentage points
12 decade™ more negative than the most negative ERAS5 level and therefore lay outside the

13 envelope of every non-negative mixture of the five pressure levels. A mixture optimized
for

4 spatial trends retained only moderate correspondence (r = 0.474), a +0.991

15 percentage-points-decade™ bias, and 65.8% sign agreement. A separately optimized

mixture
16 failed to predict detrended annual variability under leave-one-year-out validation (r =

17" —0.098). Thus, the satellite decline is internally robust but is not representable by
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18 fixed-pressure ERAS5 humidity or simple vertical averaging. Cross-product climate

9 assessments require an observation-operator-aware comparison rather than selection or

20 averaging of pressure levels.

21 Keywords: upper-tropospheric humidity; vertical representativeness; satellite climate data

22 record; ERAS; trend uncertainty; observation operator

23 1. Introduction

24 Water vapour is the atmosphere's dominant natural greenhouse gas, and changes in

25 upper-tropospheric moisture have a disproportionate effect on outgoing long-wave

radiation

26 because they occur above much of the lower-tropospheric water vapour burden (Held and

Soden
27 2000; Soden and Held 2006). Upper-tropospheric humidity is also dynamically

informative: it

28 reflects the interaction of convective detrainment, subsidence, large-scale advection, and

2% microphysical processes (Soden and Fu 1995; Sherwood et al. 2010). Detection studies

have

30 identified human influence on atmospheric moisture and satellite evidence of

31 upper-tropospheric moistening, but those results do not imply that every product-defined

32 relative-humidity record must increase (Santer et al. 2007; Chung et al. 2014). Long,

33 gpatially extensive UTH observations are therefore needed to evaluate climate models and

to

34 characterize the background against which radiative feedbacks operate.

35 Satellite humidity records provide the required spatial coverage but present several

36 interpretation challenges. UTH products derived from infrared or microwave channels

37 represent broad, humidity-dependent vertical weighting rather than a point measurement
ata
38 fixed pressure level (Buehler and John 2005; Houshangpour et al. 2005; Gettelman et al.

39 2006). Operational microwave records have enabled long-term UTH monitoring, but their

40 interpretation depends on inter-satellite consistency, retrieval definition, and comparison

41 with radiosondes and other products (Buehler et al. 2008; Moradi et al. 2010; Lang et al.
42°2020). Observations near the 183-GHz water-vapour absorption line are additionally
affected

43 by spectroscopy, radiative-transfer, calibration, cloud and precipitation, and

44 representativeness uncertainties (Brogniez et al. 2016). Experience with multi-satellite

45 microwave climate records also shows that inter-satellite offsets, orbital drift, diurnal

4 sampling, and cross-platform recalibration must be treated explicitly during

homogenization
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47 (Zou et al. 2006; Mears and Wentz 2017). Clear-sky sampling, changes in observing
systems,

48 calibration, and retrieval assumptions can therefore affect apparent long-term behaviour

49 (Bates and Jackson 2001; John et al. 2011). Trend estimates cannot be compared reliably

50 unless the product definition, quality control, sampling support, spatial weighting, and

51 statistical treatment are explicit.

52 The EUMETSAT Satellite Application Facility on Climate Monitoring (CM SAF)
provides climate

53 data records designed for consistent satellite-based climate analysis (Schulz et al. 2009;

54 Hollmann et al. 2013). The version-2 UTH thematic climate data record combines
microwave

55 sounder observations into a long daily record and documents its retrieval and

56 homogenization framework (Lang et al. 2020). Climate-data-record uncertainty should

57 nevertheless be communicated at the level of the measured quantity and its processing

58 chain, rather than reduced to a single generic error term (Merchant et al. 2017). A

59 reproducible analysis is therefore needed to establish how the CM SAF trend depends on

60 latitude, season, spatial significance, data-retention thresholds, and the selected time

61 window. These issues are scientifically consequential: unequal grid-cell area can bias a

62 domain mean; serial correlation can make a nominal trend test too permissive; and
thousands

63 of uncorrected grid-cell tests can produce an extensive but spurious pattern.

64 Here we use the CM SAF version-2 microwave UTH record to separate two questions that
are

65  often conflated in climate-data-record assessment: whether a trend is internally robust and

66 whether it is vertically representable in another product. We first quantify the 19962018

67 domain, latitude-band, seasonal, and gridded trends under observation-count weighting,

68 gserial-correlation adjustment, false-discovery-rate control, block-bootstrap uncertainty,

69 breakpoint selection, and a contributing-platform audit. We then compare the record with

70 ERAS relative humidity at 200, 250, 300, 400, and 500 hPa and introduce a constrained

71 vertical-representability stress test. This test asks whether any non-negative mixture of

72 the five fixed pressure levels can reproduce the CM SAF domain trend, spatial trend field,

73 or detrended annual variability. The analysis is deliberately observational and diagnostic:

74 it tests representability and robustness but does not attribute the trend to circulation,

75 temperature, radiative forcing, or a specific instrumental transition.

76 2. Data and Methods

77 2.1 CM SAF upper-tropospheric humidity record

78 We used the Copernicus Climate Data Store collection satellite-upper-troposphere-

humidity,
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79 variable mean_uth, version 2. The retrieved archive contains 8,944 daily NetCDF files
from

80 6 July 1994 to 31 December 2018 on a native 1° x 1° latitude—longitude grid. The product
is

81 the CM SAF Upper Tropospheric Humidity Thematic Climate Data Record based on
microwave

82 sounders (Courcoux and Schroder 2015; Lang et al. 2020), archived under DOI

83 10.5676/EUM_SAF CM/UTH/V002.

84 Although the original request covered 90°S—90°N, the primary analysis was restricted a

85 priori to 60°S—60°N because the product metadata caution against interpreting the

86 high-latitude values as representative UTH. This restriction yielded 120 latitude rows, 360

87 longitude columns, and 43,200 grid cells. The record contains 294 calendar months,

88 beginning with a partial July 1994.

89 2.2 Quality control and monthly aggregation

90 Daily files were processed without modifying the downloaded archive. A file was retained
91 only when its record_status indicated a valid record (status 0). At each grid cell, valid

92 UTH values were required to be finite, to have a positive number_of observations, and to
93 fall within the product-provided valid range (0-109%). Daily UTH values were then

94 aggregated to calendar-month means using number_of observations as weights:

% x (m,i,3) = sum (d in m)[n (d,1,3) x (d,1,3)] / sum_(d in m)

[n_(d,1i,3)]

9% where x is daily mean UTH, n is the corresponding observation count, d indexes the

97 observation day, and (i, j) identifies the grid cell. A monthly grid cell was retained when
98 at least three distinct days contributed valid observations. Across the full domain and

99 record, 92.44% of grid-months met this criterion. Tests using thresholds of one and five

100 days were performed to quantify sensitivity to this choice.

101 2.3 Domain and latitude-band time series

102 Spatial averages were weighted by the cosine of latitude to account for unequal grid-cell

103 area:

04 x-bar t = sum (i,3)I[x (t,i,j) cos(phi i)l / sum (i,3)

[cos (phi 1)]

105 where missing cells were omitted from the numerator and denominator. Annual means
were

106 calculated from monthly domain means and retained when at least ten months were valid.
The

107 complete annual trend sequence was 19962018 (23 years); 1994 and 1995 were excluded

from
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108 trend estimation because their annual coverage was incomplete.

109 We additionally calculated area-weighted series for four pre-defined latitude bands:

10 30°S-60°S, 0°-30°S, 0°-30°N, and 30°N—60°N. Monthly climatologies used all

M1 quality-controlled monthly data from July 1994 through December 2018. Seasonal
uncertainty

12 in Fig. 3B is described by interannual 10th-90th and 25th—75th percentile envelopes for

113 each calendar month.

114 2.4 Trend estimation and temporal uncertainty

115 QLS trends were fitted to annual mean UTH as a function of calendar year. A Theil-Sen
116 median slope was calculated as a robust alternative (Sen 1968). For the OLS hypothesis
7 test, lag-1 correlation (r_1) of the regression residuals was used to calculate an

118 effective sample size:
19 n eff =n (1 - r 1) / (1 + r_1)

120 pounded between 3 and n. The two-sided trend P value was recalculated from the

regression

121 correlation using the effective sample size minus two degrees of freedom, following

122 effective-sample-size practice for autocorrelated climate trends (Santer et al. 2000). When

123 residual autocorrelation was negative, the effective sample size was capped at n,

124 preventing a negative correlation from producing a more permissive test.

125 Trend uncertainty shown in Figs. 2—4 and 67 was estimated with a circular residual

126 moving-block bootstrap, which preserves short-range dependence within resampled
blocks

127 (Kiinsch 1989). Residual blocks of three consecutive years were sampled with
replacement,

128 wrapped at the ends of the sequence, and added to the OLS fitted values. We used 4,000
129 replicates for the domain series and 3,000 replicates for latitude-band and sensitivity

130 estimates. The 2.5th and 97.5th percentiles of the bootstrap distributions define the
displayed 95% confidence intervals. These intervals describe sensitivity to temporally

132 clustered residual variability; the reported P values remain those from the AR(1)-adjusted

133 test.

134 2.5 Gridded trends and multiple testing

135 Calendar-month climatologies were removed at each grid cell before annual gridded
anomalies

136 were calculated. A grid-cell annual value required at least ten valid monthly anomalies.

137 QLS trends and AR(1)-adjusted P values were computed independently at all cells with at

138 east eight annual observations. To control the expected proportion of false discoveries

139 across the spatial field, all valid grid-cell P values were subjected to the

140 Benjamini—Hochberg procedure at o = 0.05 (Benjamini and Hochberg 1995), following its
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141 application to field significance in spatial climate analyses (Wilks 2006). Map stippling

142 denotes only cells passing this FDR criterion.

143 2.6 Sensitivity analyses

144 Two sets of sensitivity tests were specified. First, the minimum number of valid

145 observation days per grid-month was set to one, three, or five while all other steps were
146 unchanged. Second, the trend start year was set to 1996, 2000, or 2005 with the end year
147 fixed at 2018. Each sensitivity trend was evaluated using the same OLS, residual

148 autocorrelation adjustment, and moving-block-bootstrap interval procedure as the primary

149 domain trend.

150 2.7 Seasonal trend atlas and supplementary mode analysis

51 Seasonal means were calculated separately for December—February (DJF), March-May

(MAM),

152 June-August (JJA), and September-November (SON). December was assigned to the

following

153 seasonal year. A seasonal grid cell was retained only when all three constituent months

54 were valid, and trends were estimated for seasonal years 1996-2018. Each season received

an

55 independent AR(1)-adjusted grid-cell analysis and Benjamini—-Hochberg FDR correction.

156 Calendar-month domain trends and season-by-latitude-band trends were also calculated as

157 supplementary temporal diagnostics; their uncertainty used the same three-year circular

158 moving-block bootstrap as the main analysis.

59 As a supplementary, non-inferential description of spatial covariance, empirical

orthogonal

60 functions (EOFs) were calculated from 1996-2018 annual calendar-month anomaly fields.
Grid

161 cells required at least 20 of 23 valid annual anomalies, retaining 40,016 cells (92.6% of

62 the domain). Missing annual values within retained cells represented 5.9% of the EOF

mnput
163 matrix and were linearly interpolated in time. The anomaly matrix was weighted by the
164 square root of cosine latitude before singular-value decomposition. Because EOF
sampling
65 and mode separation are sensitive to record length (North et al. 1982), and the principal
166 components can have strong serial persistence, their trends were evaluated with the same

167 AR(1) adjustment and were not treated as independent evidence of the domain trend.

168 2.8 Change-point and observing-platform audit

169 We tested whether the domain and latitude-band records were better represented by a
170 structural change than by one linear trend. Candidate breakpoints were scanned across all

171 admissible years while retaining at least five annual observations on each side. Three
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172 alternatives were fitted: a level shift with a common slope, a continuous slope change, and

173 a combined level-and-slope change. Model support was evaluated relative to the

174 single-linear-trend null using corrected Akaike information criterion (AICc) and Bayesian

175 information criterion (BIC). Because selection of the best breakpoint inflates nominal

176 significance, improvement in residual sum of squares was tested against 5,000 null

177 simulations generated by circular three-year moving-block resampling of residuals from
the

178 gingle linear model. Monthly calendar-month anomalies were analysed analogously, with
at

179 least 60 months on each side and 12-month residual blocks. Pettitt tests (Pettitt 1979)

180 were additionally applied to residuals after removal of the single linear trend to screen

181 gpecifically for abrupt distributional shifts. The interpretation of candidate segmented

182 models follows the broader structural-change framework of Bai and Perron (1998).

183 The daily files contain a bit-encoded satellites _contributing to_daily mean variable. We

184 decoded all 18 documented satellite bits and calculated, for each calendar month, the

185 fraction of valid 60°S—60°N satellite-code grid-cell-days containing each platform.

186 Fractions can sum to more than one because multiple satellites may contribute to the same

187 grid-cell daily mean. The resulting timeline was compared descriptively with statistical

188 breakpoint candidates; temporal coincidence was not treated as proof of instrumental

189 causation.

190 2.9 ERAS cross-product comparison

191 We compared the satellite record with monthly averaged ERAS5 relative humidity at 200,
250,

192300, 400, and 500 hPa for January 1996—December 2018 (Hersbach et al. 2020). ERAS
was

193 obtained on its 0.25° latitude—longitude grid and sampled at the 1° cell centres of the CM

194 SAF domain. For each pressure level, monthly fields were averaged to annual values and
then

195 processed using the same 60°S—60°N domain, cosine-latitude area weights, linear trend

196 estimator, AR(1) adjustment, and three-year moving-block-bootstrap interval as the

197 satellite domain series. We reported every selected level rather than choosing a level

198 after inspecting agreement.

199 Cross-product agreement was evaluated at three scales. Domain trends and their
uncertainty

200 tested agreement in the sign and magnitude of long-term change. Pearson correlations
were

201 calculated for both raw annual domain series and residuals after independently removing

202 each series' linear trend; the latter isolate year-to-year co-variability from the opposing

203 influence of long-term slopes. Spatial agreement was assessed from grid-cell trend
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204 correlations, trend-sign agreement, and zonal-mean profiles on the common 1° grid. A
Taylor

205 diagram summarized detrended temporal correlation and the ratio of residual standard

206 deviations (Taylor 2001). Because satellite UTH has a broad, humidity-dependent
weighting

207 function, ERAS5 fixed-pressure relative humidity was treated as a set of vertical proxies,

208 not as an observation-operator-equivalent reference or ground truth.

209 2.10 Vertical-representability stress test

210 Fixed-pressure ERAS fields cannot reproduce the broad, scene-dependent microwave
weighting

211 function, but they can test whether the satellite change is contained within the span of

212 plausible pressure-level behaviour. We therefore fitted non-negative weights for the five

213 ERAS levels under the constraint that the weights summed to one. This convex constraint

214 preserves the physical interpretation of an average of supplied pressure-level relative

215 humidities and prevents cancellation through negative coefficients. Three properties were

216 tested. First, the domain-trend envelope was defined by the minimum and maximum
trends

217 among the five levels; every convex mixture must lie within that interval. Second, weights

218 were optimized by least squares against the coincident CM SAF grid-cell trend field, after

219 which spatial correlation, root-mean-square error, mean bias, and trend-sign agreement
were

220 calculated. Third, independent weights were fitted to linearly detrended annual domain

221 series. Temporal generalization was evaluated by leave-one-year-out fitting, so each

222 predicted year was excluded when its weights were estimated. The spatial and temporal

223 optimizations were kept separate to test whether one vertical representation could satisfy

224 both objectives. This procedure is a representativeness stress test rather than a microwave

225 radiative-transfer observation operator; failure indicates that fixed-level selection or

226 simple vertical averaging is inadequate, not which product is closer to the unobserved

227 atmospheric truth.

228 2.11 Spatial machine-learning diagnostic

229 To test whether a flexible spatial predictor could recover information not captured by

230 fixed-pressure mixtures, we fitted a quadratic ridge-regression model to the 43,200

231 coincident grid cells. Predictors were the five ERA5 pressure-level trends, latitude,

232 Jongitude, squared latitude and longitude, and smooth longitude and latitude—longitude

233 interaction terms. The target was the CM SAF grid-cell trend. The regularisation strength

234 was fixed at a = 10; no target-derived tuning was performed. Generalisation was evaluated

235 with six contiguous 60° longitude blocks, each held out in turn. This design prevents

236 neighbouring longitudes from appearing in both training and test sets and therefore

237 provides a stricter spatial test than random cross-validation. The model is used only as a
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238 representativeness diagnostic; predictive success does not establish a physical observation

239 operator or causal mechanism.

240 2.12 Reproducibility and software

241 The workflow was implemented in Python using netCDF4 and xarray for data access,
NumPy and

242 pandas for array and table operations, SciPy for statistical estimation, Matplotlib for

243 plotting, and Cartopy for map projection. The processing scripts write annual series,

244 latitude-band summaries, gridded trend fields, breakpoint scans, platform contributions,

245 ERAS5 comparison metrics, coverage diagnostics, and sensitivity results to machine-
readable

246 CSV, NetCDF, and JSON files. Publication figures are exported as 600-dpi PNG and TIFF
files

247 and as vector PDF and SVG files. No spatial interpolation was applied to the CM SAF
trend

248 field; ERAS was sampled only at coincident 1° cell centres, and no missing statistics were

249 imputed. OpenAl Codex was used to assist with code drafting, debugging, figure-layout

250 implementation, manuscript-language revision, and submission-file preparation. All
analysis

251 choices, source data, numerical results, figures, citations, and final text were checked

252 and approved by the author, who takes full responsibility for the work.

253 3, Results

254 3.1 The decline is spatially coherent across the analysis domain

255 The primary spatial result was a domain-wide tendency toward lower UTH. Negative

slopes

256 occurred in 42,038 of 43,200 valid cells (97.3%). After residual-autocorrelation
adjustment

257 and Benjamini-Hochberg FDR control, 18,918 cells (43.8% of the analysed grid)
remained

258 significant, and every significant cell had a negative slope. The zonal profile remained

259 negative throughout 60°S—60°N. The composition plot in Fig. 1C further shows that the

260 Jatitude bands differed mainly in the severity distribution of drying, not in the sign of

261 change. The agreement between the map, zonal summary, and severity composition
indicates

262 that the domain trend was not produced by a small number of spatially extreme regions.
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FDR-controlled spatial trend in CM SAF upper-tropospheric humi

S0 05 00
“Trend (percentage points decade ™)
Trend itude and field signi vary ically with latitude
FDR-significant longitudes (%)
40 0

%0 100 C Latitude bands differ in the severity composition of drying

30°5-60°S

20
0°-30°8.
0°-30°N
-20
40
30°N-60°N

-1.75 ~1.50 -125 -1.00 —0.75 —0.50 025 0.00 o 20 A 60 80 1
Zonal trend (percentage points decade™) Share of grid cells (%)

Latitude (%)
s

263  Fig. 1 Spatial coherence and severity composition of CM SAF upper-tropospheric humidity
264  trends during 1996-2018. a Grid-cell OLS trends in annual UTH anomalies over 60°S—60°N;
265 black stippling marks cells passing the Benjamini-Hochberg false-discovery-rate threshold
266 at a = 0.05 after residual lag-1-autocorrelation adjustment. b Zonal-mean trend, shown with
267 the percentage of longitudes passing the FDR threshold on the upper axis. ¢ Composition of
268  grid-cell trend classes within four latitude bands; the stacked bars give the percentages

269  of cells in four trend intervals. CM SAF data credit: © EUMETSAT 2023.

270 3.2 The long-term decline slowed after a selected 2003 slope change

27" Area-weighted annual mean UTH decreased from 37.750% in 1996 to 34.926% in 2018, a
net

212 change of —2.824 percentage points. The OLS slope was —1.238 percentage points

decade™!

273 (95% moving-block-bootstrap CI: —1.472 to —1.008), with residual lag-1 correlation of

274 0.574, AR(1)-adjusted P = 0.003, and R> = 0.898. The Theil-Sen estimate was also —1.238

275 percentage points decade™, indicating that the result was not controlled by one or two
276 extreme years.
277

A full candidate search favoured a continuous slope change near 2003 over a single linear
278 trend (ABIC = —14.80; global three-year block-bootstrap P = 0.0136). The fitted decline
was

279 —2.355 percentage points decade™ before 2003 and —0.868 percentage points decade™

280 afterwards (Fig. 2). An abrupt annual level shift was not supported, and a Pettitt test on
281 detrended annual residuals gave P = 0.365. The evidence therefore supports a change in

rate
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283  Fig. 2 Temporal evolution and change-point evidence for the area-weighted CM SAF UTH
284 record. a Annual domain anomalies for 1996-2018, the single linear trend, and the selected
285 continuous slope-change fit with a 2003 candidate breakpoint. The annotation reports fitted
286 slopes before and after the breakpoint and the global moving-block-bootstrap P value. b BIC
287  scan across all admissible breakpoint years, expressed relative to the single-linear-trend
288 model; the selected 2003 breakpoint is the minimum. CM SAF data credit: © EUMETSAT 2023.
289 Table 1. Latitude-band trend estimates for 1996-2018
Latitude OLS trend (percentage 95% block- Theil-Sen trend (percentage 95% Theil- AR(1)-
band points decade™) bootstrap CI points decade™) Sen CI adjusted P
30°S-60°S —1.380 —1.756 to —0.986 -1.210 —1.622 to <0.001
—0.858
0°-30°S —0.744 —1.197 t0 —0.310 —-0.921 —1.282to 0.029
—0.579
0°-30°N —-0.707 —1.199 to —0.259 —0.983 —1.230 to 0.025
—0.756
30°N-60°N —1.158 —1.400 to —0.928 —1.140 —1.467 to <0.001
—0.846
290 3.3 Seasonal structure changes the magnitude but not the sign of the result
291
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combinations of seasonal-maximum month and annual amplitude, while point size

their mean UTH level. Despite this seasonal structure, trends were negative in all latitude
bands and all four seasons. Negative grid-cell slopes occurred in 88.0% of valid DJF cells,
92.7% of MAM cells, 93.1% of JJA cells, and 88.4% of SON cells. The latitude-band

dominant direction of change remained negative (Fig. 3C). Full seasonal trend maps are

retained in Online Resource 1 (Fig. S2) because they resolve within-season geography

292
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29 intervals showed that several tropical seasonal estimates were less precise, but the
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299 without repeating multiple maps in the main article.
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Fig. 3 Seasonal and latitudinal organization of CM SAF UTH. a Month-latitude climatology of
zonal-mean UTH. b Phase—amplitude scatter plot for four latitude bands; x is the month of
maximum mean UTH, y is seasonal max—min amplitude, point size scales with mean UTH, and

colour identifies latitude band. ¢ Seasonal OLS trends with 95% circular

moving-block-bootstrap intervals. CM SAF data credit: © EUMETSAT 2023.

3.4 Sampling and analysis choices do not explain the negative sign

The three-day monthly rule retained 11,741,182 of 12,700,800 possible grid-months

Coverage was lower in the earliest years but exceeded 95% across nearly the entire
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after approximately 1999 (Fig. 4A). The paired-period comparison in Fig. 4B shows that
this

gain in support occurred across all latitude bands. Changing the minimum number of valid
observation days per grid-month from one to three to five preserved negative domain
trends

of —1.205, —1.238, and —1.780 percentage points decade™, respectively; all 95% bootstrap
intervals remained below zero. Advancing the start year to 2000 or 2005 reduced the fitted
magnitude to —0.991 and —0.892 percentage points decade™* but did not change the sign or
statistical detectability (Fig. 4C). The primary estimate therefore did not depend on one
reasonable coverage threshold or on inclusion of the earliest complete years.

Annual sampling retention became spatially stable after the early record

100

Retained longitudes (%)

S = 70
1995 2000 2005 2010 2015

Year

B All latitude bands gained sampling support after the early period C Coverage thresholds and later start years preserve the sign
30°S-60°S L] Valid days > 1 |- ——
Valid days =3 | ———i
0°-30°S L]
Valid days > 5 |-
Start 1996 —6—
0°-30°N °
Start 2000 | ——
. o ioomit | samans| —
70 75 80 85 90 95 100 -25 -20 -5 -1.0 -0.5 0.0
Mean retained longitudes (%) Domain trend (percentage points decade™)

316 Fig. 4 Sampling support and robustness of the CM SAF domain trend. a Annual percentage of
317  longitudes retained at each latitude under the three-valid-day monthly rule; contours
318  identify 80%, 90%, and 95% retention. b Mean retained-longitude percentages for 1996-1998
319 and 1999-2018 in each latitude band; connecting segments show the gain in support. ¢ Domain
320 trends under one-, three-, and five-valid-day monthly thresholds and under 1996, 2000, and
321 2005 start years with 2018 fixed as the end year. Horizontal intervals are 95% circular
322 moving-block-bootstrap intervals; the dashed line marks zero and the dotted line marks the
323 primary estimate. CM SAF data credit: © EUMETSAT 2023.
324 3.5 The selected rate change coincides with observing-system evolution
325

The composition of the contributing microwave constellation changed substantially during
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326 the record. The weighted trajectories in Fig. SA show discrete observing regimes, with line

327 thickness proportional to the monthly contribution fraction, while the phase-average
bubble

328 matrix in Fig. 5B identifies the dominant contributors in 1994-2002, 20032010, and

329 2011-2018. Several satellites contributed simultaneously, and platform fractions can

330 therefore sum to more than one. The timing is relevant to the uncertainty audit but is not

331 evidence that a particular platform caused the fitted rate change. Together with the

332 absence of a supported abrupt level shift, the result motivates observation-operator and

333 calibration diagnostics rather than a post hoc instrumental correction.

A Platform contributions evolve as weighted trajectories
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334 Fig. 5 Observing-platform audit of the selected temporal rate change. a Monthly

335 platform-contribution trajectories; line thickness is proportional to contribution fraction

336 and the vertical line marks 2003. b Phase-average platform contributions for three record

337 phases; bubble area and colour encode mean contribution fraction. Fractions can sum to more
338 than one because platforms may contribute simultaneously. CM SAF data credit: © EUMETSAT

339 2023.

340 3,6 ERAS cross-product behaviour depends strongly on pressure level

341 ERAS trends at 200, 250, and 300 hPa were —0.010, —0.059, and —0.221 percentage points
342 decade™!, with intervals spanning zero, whereas 400 and 500 hPa showed significant

343 increases of 0.421 and 0.631 percentage points decade™'. The domain-level sign reversal is
344 shown in Fig. 6A. The regional pressure summaries in Fig. 6B shows that the pressure

345 dependence of the trend varies across latitude bands, while the offset anomaly bands in
346 Fig. 6C demonstrates that annual evolution is not a simple rescaling of CM SAF. The

347 strongest individual-level spatial correspondence occurred at 300 hPa (grid-cell trend r =
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Vertical definition

EGUsphere

348 (.474; sign agreement = 65.6%), but no pressure level simultaneously matched the domain
349 trend, spatial pattern, and interannual evolution (Fig. 6B).
A Domain trend changes sign with pressure level B 30°s-60°s 0°-30°8
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C Offset anomaly bands reveal distinct temporal phasing D Agreement criteria favour different pressure levels
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350  Fig. 6 Pressure-level dependence of the CM SAF-ERAS comparison. a Domain trends and
351 bootstrap intervals. b Regional pressure-level summaries for the four
352 latitude bands, with dashed CM SAF band means. ¢ Offset anomaly bands for CM SAF and ERAS
353 levels. d Bubble comparison of temporal correlation, spatial trend correlation, spatial
354 sign agreement, and negative-grid fraction. CM SAF data credit: © EUMETSAT 2023; ERAS data
355  credit: Copernicus Climate Change Service/  ECMWF.
356 3.7 No non-negative ERAS mixture represents all dimensions of CM SAF change
357 The convex-mixture test strengthened the individual-level comparison. The most negative
358 ERAS trend was —0.221 percentage points decade™ at 300 hPa, so the CM SAF trend of
—1.238
359 percentage points decade™ lay 1.017 percentage points decade™ below the lower bound
360 attainable by any non-negative mixture of the five levels (Fig. 7A). Vertical averaging
361 therefore cannot recover the domain magnitude without extrapolating beyond the supplied
362 pressure-level trends.
363 Optimizing weights for the spatial field assigned 93.4% to 300 hPa and 6.6% to 200 hPa.
364 This mixture retained a correlation of 0.474 but overestimated the CM SAF trend by 0.991
365

percentage points decade ' on average, had an RMSE of 1.324 percentage points decade ™,

and
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366

367

368

369

370

372

matched the trend sign in only 65.8% of coincident cells (Fig. 7B). The paired weight
comparison in Fig. 7C shows that the spatial and temporal objectives selected
incompatible

vertical representations: the spatial fit concentrated at 300 hPa, whereas the
leave-one-year-out temporal fit concentrated at 500 hPa. The year-specific residual bars in
Fig. 7D show the year-by-year disagreement directly; the cross-validated correlation was
—0.098 and sign agreement was 43.5%. Thus, spatial pattern, domain trend, and
interannual

variability cannot be reconciled by selecting or averaging the tested ERAS pressure levels.
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Fig. 7 Vertical-representativeness stress test. a ERAS domain trends and attainable
convex-mixture envelope. b CM SAF grid-cell trends versus the spatially optimized ERAS
mixture. ¢ Paired spatial-fit and leave-one-year-out temporal-fit weights connected by
vertical dumbbells. d Year-specific prediction-minus-CM SAF residual bars for the
leave-one-year-out temporal mixture. The procedure is a representativeness stress test

rather than a microwave radiative-transfer observation operator.

3.8 A spatial machine-learning diagnostic improves pattern prediction but not physical

representability

The spatial-block machine-learning diagnostic provided a deliberately flexible benchmark.
A

quadratic ridge model using the five ERAS pressure-level trends and geographic terms
achieved r = 0.355, R? = 0.042, RMSE = 0.591 percentage points decade™, and 97.2%

sign

agreement across six held-out longitude blocks. The low explained variance shows that
allowing smooth nonlinear spatial structure did not recover the CM SAF trend magnitude
or

detailed pattern with high fidelity. The result complements the convex-mixture analysis: a

flexible predictor can reproduce the dominant negative sign in most cells, but it does not
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388 constitute a validated microwave observation operator and does not remove the cross-
product

389 representativeness gap (Online Resource 1, Fig. S6).

390 4, Discussion

391 4.1 A coherent product-level decline

392 The central result is a spatially extensive decline in CM SAF mean UTH between 60°S

and

393 60°N during 1996-2018. The evidence is internally consistent across four levels of

394 analysis: the area-weighted domain mean, robust regression, fixed latitude bands, and the

395 FDR-controlled gridded field. The decline was not limited to a small number of grid cells

3% or one latitude zone: 97.3% of valid cells had negative slopes, every FDR-significant cell

397 declined, and all four latitude-band estimates were negative. Coverage-threshold and

398 trend-window tests further show that the result is not an artefact of a single defensible

399 processing choice.

400 Earlier satellite and reanalysis studies have reported both long-term UTH variability and

401 gubstantial sensitivity to observing system and analysis method (Bates and Jackson 2001;

402 Dessler and Davis 2010; John et al. 2011). Satellite analyses have also detected increases

403 in upper-tropospheric water vapour, particularly when expressed as specific or absolute
404 moisture rather than the product-defined relative-humidity quantity analysed here (Chung
et

405 al. 2014). That literature is not contradicted directly by the present decline because

406 records differ in humidity variable, spectral channel, cloud screening, homogenization,

407 vertical sensitivity, temporal span, and spatial weighting. The present result should
408 therefore be interpreted first as a well-defined change within one microwave-based
climate

409 data record. Its value is the explicit linkage between product-level quality flags,

410 observation-count weighting, area weighting, autocorrelation adjustment, FDR control,
and

41" robustness tests.

412 4.2 Latitude and season constrain interpretation

413 The climatological and seasonal results reveal strong hemispheric asymmetry. The tropical

414 bands had the largest seasonal amplitudes, but the strongest long-term OLS decline
occurred

415 in the southern midlatitudes. This separation between seasonal amplitude and trend

416 magnitude indicates that the long-term domain change cannot be inferred from the
seasonal

417 cycle alone. It also argues against interpreting the area-weighted decline as a uniform

418 multiplicative shift across all regimes.
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419 The seasonal trend atlas adds a second distinction: the decline was present throughout the

420 calendar year, yet FDR-significant spatial coverage was approximately 45% greater in JJA

421 and SON than in DJF and MAM. This pattern shows that an annual trend map combines

422 geasonally different centres of change. The season-by-latitude matrix further indicates

423 that the tropical contribution is not uniform; for example, the northern tropical seasonal

424 estimates in JJA and SON were weak and uncertain even though the annual 0°-30°N trend
was

425 negative. These features provide testable targets for future comparisons with convection

426 and circulation diagnostics.

427 UTH responds to convection, detrainment, subsidence, and horizontal transport (Soden
and Fu

428 1995; Sherwood et al. 2010). The spatial pattern is compatible with changes in one or
more

429 of these processes, but the present analysis contains no direct circulation, cloud,

430 temperature, or radiation diagnostics. Accordingly, the midlatitude concentration of

431 significant trends identifies where follow-up attribution should focus; it does not

432 establish a dynamical cause.

433 4.3 Statistical robustness and remaining structural uncertainty

434 The agreement between OLS and Theil-Sen slopes reduces concern that isolated annual

435 anomalies dominate the main estimate. Accounting for positive residual autocorrelation

436 makes the significance test more conservative, while FDR correction prevents the spatial

437 field from being interpreted through thousands of unadjusted P values. The

438 moving-block-bootstrap intervals provide a separate uncertainty view that allows residual

439 variability to remain temporally clustered. Together, these procedures support the

440 conclusion that the observed product-level decline is statistically robust.

441 The breakpoint analysis qualifies, rather than overturns, that conclusion. Both annual and

442 monthly records favoured a continuous slope change near 2003, with a faster decline
before

443 and a slower decline afterwards. The nonsignificant annual level-shift and detrended

444 Pettitt tests argue against describing the record as one abrupt discontinuity. Because the

445 breakpoint year was selected from all admissible candidates, the global block-bootstrap

446 probabilities are more appropriate than a nominal test performed at a preselected year.

447 Even so, a 23-year annual record provides limited information for distinguishing

448 low-frequency climate variability, gradual homogenization effects, and genuine changes in

449 the underlying trend.

450 The platform audit identifies a concrete competing explanation. The early 2000s included

451 changes in the combination of DMSP and NOAA microwave sounders contributing to the

merged
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452 daily field, while later years incorporated Metop and Suomi NPP platforms. Long
microwave

453 records commonly require explicit correction of inter-satellite offsets, orbital drift, and

454 changing local sampling time (Zou et al. 2006; Mears and Wentz 2017), while

455 climate-data-record guidance distinguishes measurement, sampling, and structural
components

456 of uncertainty (Merchant et al. 2017). Temporal proximity alone cannot establish an

457 instrumental origin: multiple platforms contributed simultaneously, the product was

458 designed as a homogenized climate data record, and no abrupt domain-level residual shift

459 was detected. Conversely, the present analysis cannot rule out smaller calibration or

460 sampling effects distributed over several transitions. The defensible inference is

461 therefore that the decline is robust within CM SAF v2, but its change in rate has both

462 climatic and observing-system explanations that require independent evidence.

463 However, robustness to statistical choices is not equivalent to invariance across

464 observational definitions. The ERAS comparison demonstrated this boundary directly: no

465 fixed pressure level reproduced the magnitude of the CM SAF domain decline, and the
sign

466 changed from weakly negative at 200-300 hPa to significantly positive at 400-500 hPa.

467 Reanalysis humidity fields can differ because their assimilated observations, forecast

468 models, bias corrections, and observing-system transitions differ, even between successive

469 ECMWEF products (Dee et al. 2011; Hersbach et al. 2020). This divergence could therefore

470 reflect real vertical redistribution of relative humidity, the broad and humidity-dependent

471 satellite weighting function, sampling and homogenization differences, or structural

472 yuncertainty in either product. Because ERAS5 assimilates satellite observations, it is not a

473 fully independent ground truth; agreement would not prove the satellite trend, and

474 disagreement cannot identify which record is closer to the unobserved atmospheric state.

475 The result also ends in 2018 and should not be extrapolated to the present climate state.

476 4.4 Vertical representativeness, rather than level choice, limits validation

477 The cross-product analysis separates three criteria that a convincing validation would need

478 to satisfy: domain-trend magnitude, spatial organization, and detrended interannual

479 variability. ERAS came closest to the spatial pattern at 300 hPa, but neither that level

480 nor any non-negative mixture reached the CM SAF domain trend. The optimized spatial
mixture

481 remained biased by almost one percentage point per decade, while an independently
optimized

482 temporal mixture failed under leave-one-year-out validation. The discrepancy is therefore

483 ot resolved by choosing a more favourable pressure level or by averaging the tested

484 Jevels.

485 This outcome is physically and methodologically plausible because satellite UTH is not a
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486 fixed-pressure variable. Its microwave weighting varies with atmospheric humidity and

487 temperature, and 183-GHz measurements carry radiative-transfer and representativeness

488 uncertainties that depend on the atmospheric scene (Brogniez et al. 2016). Pressure-level

489 ERAS fields instead follow fixed pressure surfaces whose relation to the upper-
tropospheric

490 emission layer changes in space and time. The incompatible spatial and temporal weights

491 also show that a data-fitted vertical average is not a stable surrogate: a mixture

492 optimized for one diagnostic does not generalize to another. The convex-mixture analysis

493 remains a deliberately simple stress test and cannot replace an observation operator. A

494 decisive comparison should apply a validated radiative-transfer model such as RTTOV to

495 reanalysis or model profiles, use the satellite viewing geometry and sampling, and
compare

496 synthetic radiances or retrieval-equivalent humidity with the observations (Saunders et al.

497 2018).

498 4.5 Implications for model evaluation

499 A model comparison based on this record should reproduce the satellite operator or

500 otherwise account for the product's broad vertical weighting and sampling characteristics.

501 Comparing the UTH trend directly with relative humidity at a fixed model pressure level

502 could confound physical and observational definitions. A defensible evaluation would

503 collocate model output with the satellite sampling, apply a compatible humidity

504 transformation, and compare the spatial, seasonal, and latitude-band structures shown
here.

505 Under those conditions, the processed record and source-data tables provide a useful

506 benchmark for evaluating whether simulated upper-tropospheric moisture changes have
the

507 observed sign, magnitude, and spatial organization.

508 5, Conclusions

509 CM SAF version-2 observations show an internally robust decline in upper-tropospheric

510 humidity over 60°S—60°N during 1996-2018. The area-weighted trend was —1.238
percentage

511 points decade™, negative slopes occupied 97.3% of valid grid cells, and the sign persisted

512 across seasons, latitude bands, coverage thresholds, trend windows, and a

513 platform-transition audit. The central cross-product result is not merely that ERAS

514 differs: the satellite trend falls outside the range attainable by every non-negative

515 mixture of ERAS5 relative humidity at 200-500 hPa. Spatially optimized mixing retained

516 moderate pattern correlation but large trend bias, whereas temporally optimized mixing

517 failed to predict detrended annual variability. Fixed-pressure selection and simple

518 vertical averaging therefore cannot provide an equivalent validation target for this
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519 microwave UTH record. The CM SAF decrease should be treated as a robust climate-data-
record

520 result whose atmospheric interpretation remains observation-operator dependent.
Attribution

521 and reconciliation require radiative-transfer-equivalent comparisons together with direct

522 temperature, circulation, cloud, and calibration diagnostics.
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