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Abstract

Trends in annual precipitation statistics are extracted from the CONUS-404 hydroclimate reanalysis for the 1993-2022 period.

For the annual precipitation volume, contrasted trends are found across CONUS, and most of them are statistically non-

significant. When decomposing the annual precipitation volume into number of wet days and mean wet-day intensity, at

40-km resolution, the fraction of CONUS showing significant trends remains low. At 4-km and 1-hour resolution however, an

intensification of the mean wet-hour precipitation intensity is found over 81% of CONUS, and the fraction of the domain showing

significant increasing trends is three times greater than at 40-km daily resolution. This intensification of precipitation during wet

hours is particularly pronounced in the Midwest. Changes in the multiscale spatial and temporal organization of precipitation

are assessed through Fourier spectral analysis, revealing that the intensification of small-scale short-lived precipitation features

occurs at a higher rate than that of larger-scale longer-persistence features.
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Key points 13 

 Trends in daily precipitation statistics from 1993 to 2022 at 40-km resolution in CONUS-14 

404 are mostly statistically non-significant. 15 

 At the 4-km and 1-hour resolution, significant increasing trends are found in the mean 16 

wet-hour intensity, mostly in the Midwest. 17 

 Spectral analysis shows that the magnitude of small-scale short-lived features has 18 

increased at a higher rate than that of larger features. 19 

 20 

Abstract 21 

Trends in annual precipitation statistics are extracted from the CONUS-404 hydroclimate 22 

reanalysis for the 1993-2022 period. For the annual precipitation volume, contrasted trends are 23 

found across CONUS, and most of them are statistically non-significant. When decomposing the 24 

annual precipitation volume into number of wet days and mean wet-day intensity, at 40-km 25 

resolution, the fraction of CONUS showing significant trends remains low. At 4-km and 1-hour 26 

resolution however, an intensification of the mean wet-hour precipitation intensity is found over 27 

81% of CONUS, and the fraction of the domain showing significant increasing trends is three 28 

times greater than at 40-km daily resolution. This intensification of precipitation during wet 29 
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hours is particularly pronounced in the Midwest. Changes in the multiscale spatial and temporal 30 

organization of precipitation are assessed through Fourier spectral analysis, revealing that the 31 

intensification of small-scale short-lived precipitation features occurs at a higher rate than that of 32 

larger-scale longer-persistence features.    33 

 34 

Plain language summary 35 

This study analyzes precipitation records covering the past three decades (1993 to 2022) 36 

over the Contiguous United States (CONUS) seeking trends in precipitation statistics. When 37 

performing the analysis at 40-km resolution, it is found that, over most of CONUS, the 38 

magnitude of the internal year-to-year variability dominates that of the long-term trends in terms 39 

of annual precipitation amount, annual number of wet days and mean intensity of wet days. 40 

When focusing however on the mean intensity of precipitation during wet hours at 4-km 41 

resolution, a clear intensification trend emerges over a large fraction of CONUS, in the Midwest 42 

in particular. Further analyses reveal that the average amplitude of short-lived small-size 43 

precipitation features has increased at a higher rate than that of large long-lived features. 44 

 45 

1. Introduction 46 

Increased atmospheric temperatures under global warming are expected to lead to 47 

increased atmospheric water content on average, as the Clausius-Clapeyron relationship 48 

establishes that the water-holding capacity of the atmosphere increases by 7% for every 1-K 49 

increase in temperature [North and Erukhimova 2009]. Change in atmospheric water content is 50 

ultimately expected to translate into changes in precipitation statistics, with increased 51 

precipitation volume on average. The response of precipitation characteristics to temperature 52 

changes is however strongly nonlinear, and, beyond the Clausius-Clapeyron relationship, 53 

precipitation patterns at the global, regional and local scales respond to changes in synoptic 54 

circulation patterns controlling moisture transport, and changes in the thermodynamics of 55 

precipitating cloud involving moist convection processes. For these reasons, historical 56 

precipitation trends across the globe generally show contrasting patterns [Zaitchik et al. 2023], 57 

and some studies have reported contradictory findings regarding the sign, magnitude, spatial 58 



patterns and statistical significance of precipitation trends [e.g., Emmanouil et al. 2022, Williams 59 

et al. 2024, Nerantzaki et al. 2025]. Moreover, global climate models often fail to accurately 60 

reproduce historical precipitation trends [Gu and Adler 2023], and are often inconsistent with 61 

each other regarding future projected precipitation trends [Li et al. 2021, John et al. 2022]. Yet, 62 

within these contrasted findings, a consensus emerges regarding high precipitation extremes, 63 

whose frequency and magnitude appear to increase consistently in both observations and model 64 

predictions, across different regions of the globe, different observational datasets, and different 65 

climate models [e.g., O’Gorman 2015, Papalexiou and Montanari 2019, Thackeray et al. 2022]. 66 

This increase in the frequency and magnitude of precipitation extremes is generally attributed to 67 

a shift toward a higher convective fraction and higher convective intensity in precipitating clouds 68 

in warmer climates and has been sometimes labelled as “super-Clausius–Clapeyron” scaling, as 69 

its magnitude can exceed the 7%-per-K rate of the Clausius-Clapeyron relationship [Haerter and 70 

Berg 2009, Berg et al. 2013, Panthou et al. 2014, Fowler et al. 2021, Da Silva and Haerter 2025].    71 

The contiguous United States (CONUS) has been the focus of numerous studies seeking 72 

to identify trends in historical precipitation datasets [e.g. Feng et al. 2016, Hu et al. 2020]. For 73 

the recent decades, high-resolution reliable precipitation records are available over CONUS, 74 

which is unfortunately not the case for many other regions of the world (including, in particular, 75 

oceanic regions and the “Global South”). In the present study, precipitation statistics from the 76 

recently released CONUS-404 hydroclimate reanalysis [Rasmussen et al. 2023] are analyzed for 77 

the 1993-2022 period. The annual precipitation volume is first decomposed into number of wet 78 

days and mean wet-day intensity at the daily 40-km resolution, and then into number of wet 79 

hours and mean wet-hour intensity at the hourly 4-km resolution. The fraction of wet hours 80 

above increasing intensity thresholds is also assessed, and the spatial and temporal organization 81 

of precipitation features across scales is evaluated through the Fourier power spectral density 82 

(PSD) of the precipitation fields. 83 

This study revisits the intensification of precipitation extremes and the super-Clausius-84 

Clapeyron scaling paradigms from a scale-dependent perspective rather than an intensity-85 

dependent perspective. We show that, when focusing on sub-daily kilometric precipitation 86 

statistics, the signature of the intensification of precipitation rates is detectable at a significant 87 



level in low-order statistics such as conditional means and scale-specific variances, and not only 88 

in the statistics of rare extreme events which have been the focus of numerous previous studies. 89 

 90 

2. Data and method 91 

2.1. The CONUS-404 downscaled hydroclimate reanalysis 92 

The CONUS-404 high-resolution (4-km, 1-hour) hydroclimate reanalysis covering the 93 

1980-2022 period has been released in December 2023 [Rasmussen et al. 2023]. This dataset 94 

results from the dynamical downscaling of the ECMWF ERA-5 global reanalysis [Hersbach et 95 

al. 2020] through the WRF model. At 4-km resolution WRF explicitly resolves mesoscale 96 

processes and orographic forcing. Compared to gridded precipitation estimation products derived 97 

from observations only (ground stations, precipitation radars, and satellite measurements), 98 

CONUS-404 has advantages in terms of resolution [Guilloteau et al. 2017, Guilloteau and 99 

Foufoula-Georgiou 2020] and consistency and homogeneity over space and time [Eldardiry et al. 100 

2017, Carvalho 2020, Rasmussen et al. 2023]. When it comes to trend analysis at multi-decadal 101 

scales, the stability over time of the observation network becomes critical. For exclusively 102 

observation-derived products, technological evolutions of the sensors and the data processing 103 

chain, while allowing for improved estimation accuracy over time, are prone to introducing 104 

artifacts in the records [Petković et al. 2023]. Moreover, the number of sensors in an 105 

observational network often varies over time as well as the spatial distribution of the sensors and 106 

the temporal frequency of the observations, leading to inhomogeneous spatial and temporal 107 

sampling [Kidd et al. 2017, Ayat et al. 2021, Rajagopal et al. 2021]. While CONUS-404 is 108 

constrained by the observations assimilated in ERA-5, its fine-scale precipitation patterns 109 

essentially result from the thermodynamics of the WRF model, whose parametrization remains 110 

constant and homogeneous over the simulated period. CONUS-404 therefore inherits the 111 

advantages of numerical models in terms of homogeneity and consistency over time and space, 112 

while still relying on observations for its boundary conditions, allowing for realistic synoptic 113 

forcing and sub-seasonal to decadal variability and mitigating model biases [Rasmussen et al. 114 

2023]. 115 



In this study the CONUS-404 data from 1993 to 2022 is analyzed. Limiting the analysis 116 

to the post-90’s era allows to limit the potential influence of data artifacts in ERA-5 in the early 117 

years of the satellite era [Buschow 2024, Bromwich et al. 2024], as well as data artifacts in the 118 

first six years of the CONUS-404 record (1980-1985), due to spinup issues with the WRF 119 

downscaling model [Rasmussen et al. 2023].    120 

2.2. Linear trend extraction through least squares regression 121 

 In this study, precipitation statistics over the 1993-2022 period are first analyzed in terms 122 

of annual number of wet days (or wet hours) and mean annual wet-day (or wet-hour) intensity. A 123 

wet day (or wet hour) is defined as a day (or hour) with at least 0.1 mm of accumulated 124 

precipitation. The mean annual wet-day (or wet-hour) intensity is the mean precipitation 125 

intensity over all the wet days (or wet hours) of the year. The annual number of wet days and 126 

mean annual wet-day intensity are computed at the 40-km spatial resolution. The annual number 127 

of wet hours and mean annual wet-hour intensity are computed at the 4-km spatial resolution and 128 

then averaged spatially at the 40-km scale. This is done to assess scale-dependence in the 129 

magnitude and statistical significance of precipitation trends. The land areas of the CONUS-404 130 

domain are divided into 7477 surface elements (“surfels”) of dimensions 40 km by 40 km. In 131 

each surfel, the 1993-2022 series of annual precipitation volume, number of wet days, number of 132 

wet hours, mean wet-day intensity mean annual wet-hour intensity are constructed and linear 133 

trends are extracted by least squares regression of the annual values 𝑋(𝑦) against the year 𝑦. The 134 

regressed line �̅�(𝑦) follows the equation: 135 

�̅�(𝑦) = 0.1 𝛼 (𝑦 − 1993) + 𝛽 

The regressed trends are characterized by the slope coefficient 𝛼, expressed in 𝑚𝑚 𝑑𝑒𝑐−1 when 136 

𝑋 represents precipitation volume or intensity, or in 𝑑𝑒𝑐−1 when 𝑋 represents the number of wet 137 

days (or wet hours). In the following, the relative slope coefficient  𝛼′ in percent per decade is 138 

often used instead of the absolute slope coefficient 𝛼 to characterize the trends: 139 

𝛼′ =  
𝛼

�̂�𝐷1

 

where �̂�𝐷1 represents the mean value of the variable of interest over the first decade of the 140 

analysis period (1993-2002). 141 



In each surfel and for each variable of interest the p-value of the trend has been estimated 142 

with three different methods: t-test, Mann-Kendall test and Monte Carlo permutations. As the 143 

three methods produced highly-consistent p-values (see supplementary material) only t-test-144 

derived p-values are reported below. Trends with p-value lower than 0.05 are considered 145 

statistically significant.  146 

2.3. Statistical distribution of precipitation intensities 147 

 The statistical distributions of wet-hour precipitation intensities at 4-km resolution are 148 

represented through probability of exceedance (PoE) curves. PoE curves are advantageous when 149 

focusing on the tail of the distribution and the rare extreme events. To quantitatively represent 150 

the change in the distribution between the first decade of the analysis period (D1, 1993-2002) 151 

and the last decade (D3, 2013-2022), the ratio of the respective PoE curves is shown. If, for an 152 

intensity value 𝑅, the PoE ratio 
PoE𝐷3(𝑅)

PoE𝐷1(𝑅)
= 𝛾, then the probability of exceeding the intensity 153 

value 𝑅 has been multiplied by 𝛾 between the first decade and the last decade. 154 

  Changes in the distribution between the D1 and D3 are also represented through the 155 

quantile-quantile plots, specifically, through the 
𝑄𝐷3(𝐹)

𝑄𝐷1(𝐹)
 ratio, where the quantile function 𝑄(𝐹) is 156 

the inverse of the cumulative density function (CDF) with 𝐹 in [0,1].         157 

2.4. Spatial and temporal Fourier power spectral densities   158 

 The space-time dynamics of the 1-hour 4-km precipitation fields are analyzed through 159 

their spatial and temporal Fourier power spectral densities (PSDs). The temporal PSDs of the 160 

hourly precipitation time series are computed in each 4-km pixel of the CONUS-404 dataset and 161 

are then spatially averaged over specific regions of interest. The two-dimensional spatial PSDs 162 

are computed from the 4 km precipitation maps in pre-defined regions of interest for each hour 163 

of the 1993-2022 period, and are then temporally averaged over specific periods of interest. The 164 

two-dimensional spatial power spectra, defined in polar coordinates as functions of the spatial 165 

wavenumber and the azimuthal direction, are subsequently averaged over all azimuthal 166 

directions to produce the omnidirectional spatial PSD as a univariate function of the spatial 167 

wavenumber. For easier interpretation, the spatial and temporal PSDs are shown as functions of 168 

temporal period and spatial wavelength, respectively, instead of frequency and wavenumber. 169 



Changes in the spatial and temporal PSDs between D1 and D3 are represented through the ratio 170 

of the PSDs.           171 

 172 

3. Results 173 

3.1 Trends in precipitation occurrence and intensity at different spatio-temporal scales over 174 

CONUS  175 

 Wet days are defined as days with at least 0.1 mm of cumulative precipitation (section 176 

2.2). If we ignore the contribution of days with precipitation amounts between 0.0 and 0.1 mm, 177 

the annual precipitation volume can be calculated as the product of the number of wet days by 178 

the mean wet-day intensity. Relative trends in the annual precipitation volume, number of wet 179 

days and mean wet-day intensity are reported in Figure 1 for each one of the 7477 surfels (40 km 180 

by 40 km) of the study domain.   181 

For the annual precipitation volume, 68% of the surfels show a positive trend and 32% a 182 

negative trend. Negative trends are essentially found in the West; positive trends are found in the 183 

South (northern Mexico), North (southern Canada) and East. However, when considering solely 184 

statistically significant trends (p-value < 0.05), only 5.6% of the surfels show a significant 185 

positive trend and 4.4% a significant negative trend (and 89% of the surfels do not show 186 

statistically significant trends). Even the strong negative trends (-10% to -15% per decade) in the 187 

West are deemed not statistically significant in most surfels because of the strong year-to-year 188 

variability of the precipitation volume in this region.   189 

When decomposing the annual precipitation volume into the number of wet days and 190 

mean wet-day intensity, it appears that the decreasing precipitation volume trend in the West 191 

essentially reflects a decrease in the number of wet days. In contrast, the increasing volume 192 

trends in the South, North and East are associated with an increase of wet-day intensity, with 193 

little variation in the number of wet days. Most of these trends are however not statistically 194 

significant, only 4.2% of the surfels show a statistically significant trend in the number of wet 195 

days and 5.8% in the mean wet-day intensity, when 5% spurious significant trends are expected 196 

on average for a 0.05 p-value under the null hypothesis.     197 



The top row of Figure 2 shows trends in precipitation occurrence and intensity when 198 

computing statistics at the 1-hour and 4-km resolution instead of 24 hours and 40 km. Trends in 199 

the number of wet hours essentially show a decrease in the West which is deemed non-significant 200 

(only 1.1% of the surfels show a significant decreasing trend, which is less than what is expected 201 

on average under the null hypothesis). Most interestingly, at the 1-hour and 4-km resolution, 202 

81% of the surfels of CONUS show an increase in the mean wet-hour intensity, and 15% show a 203 

statistically significant increase (6 times more than what would be expected under the null 204 

hypothesis). The fractional area of CONUS showing a statistically significant increase of the 205 

mean wet-hour intensity at 4-km resolution is nearly three times larger than the fractional area 206 

showing a statistically significant increase of the mean wet-day intensity at the 40-km resolution. 207 

The increasing wet-hour intensity trends with the greatest magnitude (+5% to +15% per decade) 208 

are found in the Midwest. 209 

For this study, we define the Midwest as the longitudes between -108° and -80° and 210 

latitudes between 38° and 49° (Figure 2, top-right panel), and focus on this region for further 211 

analysis of precipitation trends. The bottom left panel of Figure 2 shows the 1993-2022 time 212 

series of the annual mean wet-hour precipitation intensity at 4-km resolution in the Midwest. The 213 

wet-hour intensity increases at an average rate of 0.04 𝑚𝑚 ℎ−1 𝑑𝑒𝑐−1 over the Midwest, which 214 

corresponds to a 4% 𝑑𝑒𝑐−1 increase with respect to the 1993-2002 average wet-hour intensity. 215 

This spatially-averaged trend in the Midwest is statistically significant with a p-value of 6 ×216 

10−5.    217 

To assess changes in the distribution of wet-hour intensities beyond the mean, we analyze 218 

the fraction of wet hours with intensities above pre-defined thresholds. Three thresholds are used, 219 

defined in each surfel of the CONUS domain as 2 × �̂�𝐷1, 4 × �̂�𝐷1 and 8 × �̂�𝐷1, where �̂�𝐷1 is the 220 

average wet-hour intensity during the first decade of the analysis (1993-2002) in the 221 

corresponding surfel. These intensity thresholds are considered as medium-high intensities, high 222 

intensities and extreme intensities respectively. The second row of Figure 2 shows the 1993-2022 223 

relative trends in the fraction of wet hours with intensities above the medium-high-, high-, and 224 

extreme-intensity thresholds, over each 40 km by 40 km surfel. While the spatial patterns of the 225 

trends are similar for the different thresholds, and generally follow the spatial pattern of the mean 226 

wet-hour intensity trends, we note that, the higher the threshold, the greater the relative 227 



magnitude of the increasing trends, with locally up to a +30% per decade increase of the fraction 228 

of wet hours above 8 × �̂�𝐷1. In the Midwest region, the fraction of wet hours above the extreme 229 

intensity threshold is found to have increased at an average rate of +12% per decade (with 230 

respect to the 1993-2002 mean fraction) over the 1993-2022 period (bottom right panel of Figure 231 

2).          232 



 233 

Figure 1: Maps of the relative trends in annual precipitation volume, number of wet days and mean wet-234 

day intensity for the 1993-2022 period. The white hatching indicates areas where trends are not 235 

significant at the 0.05 level. The histogram associated with each map shows the statistical distribution of 236 

the relative trends across the 7477 surfels of dimension 40 km by 40 km of the study domain. The 237 



fractions of increasing and decreasing trends are indicated on top of the histograms, the fractions of 238 

statistically significant increasing and decreasing trends are indicated in parentheses. The relative trends 239 

are shown in % per decade, with respect to the average value over the first decade of the analysis period 240 

(1993-2002). 241 

 242 

 243 

Figure 2: (Top row) Maps of the relative trends in number of wet hours and mean wet-hour intensity for 244 

the 1993-2022 period. The white hatching indicates areas where trends are not significant at the 0.05 245 

level. The histogram associated with each map shows the statistical distribution of the relative trends 246 

across the 7477 surfels of dimension 40 km by 40 km of the study domain. The fractions of increasing 247 

and decreasing trends are indicated on top of the histograms, the fractions of statistically significant 248 

increasing and decreasing trends are indicated in parentheses. (Middle row) Maps of the relative trends 249 

in the fraction of wet hours with intensity above 2 × �̂�𝐷1, 4 × �̂�𝐷1 and 8 × �̂�𝐷1 respectively, for the 250 



1993-2022 period, where �̂�𝐷1 is, for each surfel, the mean wet-hour intensity during the first decade of 251 

the analysis period. (Bottom row, left) Time series of the annual mean wet-hour intensity in the Midwest 252 

region with regressed linear trend for the 1993-2022 period. (Bottom row, right) Time series of the 253 

annual fraction of wet hours with intensity above 8 × �̂�𝐷1  in the Midwest region with regressed linear 254 

trend for the 1993-2022 period. The Midwest region corresponds to the blue rectangle in the top-right 255 

panel. 256 

 257 

3.2 Statistical distribution of 4-km hourly precipitation intensities in the Midwest: 2013-2022 258 

decade vs 1993-2002 decade 259 

 In this section, we further analyze changes in the statistical distribution of the 4-km wet-260 

hour intensities in the Midwest, by comparing the statistics for the first decade of the analysis 261 

period (D1, 1993-2002) with the statistics for the last decade (D3, 2013-2022). The first row of 262 

Figure 3 shows a comparison of the respective PoE curves for the two decades, as well as the 263 

PoE𝐷3

PoE𝐷1
 ratio as a function of intensity and the 

𝑄𝐷3(𝐹)

𝑄𝐷1(𝐹)
 ratio as a function of  𝑄𝐷1(𝐹). One can see 264 

that, the greater the intensity, the greater the difference between the D3 PoE and the D1 PoE. 265 

Between the 0.1 mm/h and 1 mm/h intensities the PoE ratio remains relatively close to 1, 266 

revealing that the distribution remained relatively stable for low intensities. At intensity 10 267 

mm/h, the D3 PoE is 1.25 times greater than the D1 PoE (+25% increase). At intensity 50 mm/h 268 

the increase in the PoE between the two decades is +55%.   269 

 The Q/Q ratio plot reveals that the increase in the wet-hour intensities is not linear, 270 

meaning that the D3 distribution cannot be obtained by linearly scaling the D1 intensity values 271 

with a constant coefficient. If this were the case the Q/Q ratio curve would be flat. The Q/Q ratio 272 

curve is found to increase with quantile values up to the 99
th

 percentile (Q99%) at which it 273 

reaches a peak value of 1.13, meaning that the intensity value associated with the 99
th

 percentile 274 

of the distribution of wet-hour intensities is 13% greater for D3 than for D1. This non-linear 275 

increase of precipitation intensities, intensity values increasing at a higher rate for higher values 276 

is consistent with what has been reported in the literature for CONUS and in other regions of the 277 

globe [Feng et al. 2016, Fowler et al. 2021]; we note however that, in our case, this holds only up 278 

to the 99
th

 percentile, corresponding to intensities of the order of 10 mm/h.   279 



 280 

 281 

Figure 3: Comparison of precipitation statistics at 1-hour and 4-km resolution in the Midwest between 282 

the 1993-2002 decade (D1) and the 2013-2022 decade (D3).  (Top row, left) Probability of exceedance 283 

(PoE) as a function of the wet-hour intensity 𝑅, for D1 (black curve) and D3 (blue curve). (Top row, 284 

middle) PoE ratio curve 
PoE𝐷3(𝑅)

PoE𝐷1(𝑅)
. (Top row, right) Quantile to quantile ratio  

𝑄𝐷3(𝐹)

𝑄𝐷1(𝐹)
 as a function of  285 

𝑄𝐷1(𝐹), where  𝑄𝐷1(𝐹) and 𝑄𝐷3(𝐹) are the quantile functions of the distribution of wet-hour intensities 286 

for D1 and D3 respectively. The 95th and 99th percentiles are marked on the curve (Q95% and Q99%). 287 

(Middle row, left) Temporal Fourier power spectral density functions (PSD) of the hourly precipitation 288 

time series, for D1 (black curve) and D3 (blue curve). (Middle row, right) PSD ratio 
PSD𝐷3(𝑝)

PSD𝐷1(𝑝)
 as a function 289 

of the temporal period 𝑝. (Bottom row, left) Omnidirectional spatial Fourier power spectral density 290 

functions (PSD) of the hourly precipitation maps, for D1 (black curve) and D3 (blue curve). (Bottom row, 291 

right) PSD ratio 
PSD𝐷3(𝜆)

PSD𝐷1(𝜆)
 as a function of the spatial wavelength 𝜆.        292 

 293 



3.3 Spatial and temporal spectral characteristics of precipitation in the Midwest: 2013-2022 294 

decade vs 1993-2002 decade 295 

 In this section, changes in the space-time dynamics of precipitation are quantified 296 

through temporal and spatial Fourier spectral analyses of the 1-hour 4-km precipitation intensity 297 

fields. The spatial and temporal Fourier PSD functions allow us to non-parametrically detect and 298 

quantify changes in space-time dynamics of precipitation [Guilloteau et al. 2025], at a minimal 299 

computational cost using a fast Fourier transform algorithm.  300 

  Here also, the statistics for the 2013-2022 decade (D3) are compared to that of the 1993-301 

2002 decade (D1), in the Midwest. One can see that, at all Fourier periods and wavelengths, the 302 

D3 PSD is higher than the D1 PSD (the 
𝑃𝑆𝐷𝐷3

𝑃𝑆𝐷𝐷1
 ratio is greater than 1), reflecting an overall 303 

increase of the variability (variance) of the 1-hour 4-km precipitation intensities between D1 and 304 

D3, across all spatial and temporal scales (Figure 3, second and third row). Interestingly, the 305 

magnitude of the PSD increase between D1 and D3 is greater at shorter periods and shorter 306 

wavelengths, revealing that the average amplitude of short-lived small-size precipitation features 307 

has increased at a higher rate than that of large long-lived features. Specifically, as the Fourier 308 

period get shorter, the 
𝑃𝑆𝐷𝐷3

𝑃𝑆𝐷𝐷1
 ratio gets larger, from a 1.12 value (meaning a +12% increase of the 309 

PSD between D1 and D3) at periods longer than 100 hours, down to the 6-hour period at which 310 

the PSD ratio reaches a plateau around a value of 1.23 (+23% increase of the PSD between D1 311 

and D3). The 
𝑃𝑆𝐷𝐷3

𝑃𝑆𝐷𝐷1
 ratio also gets larger with shorter Fourier wavelengths, down to the 50-km 312 

wavelength, where it plateaus between 1.27 and 1.28 (+27% to +28% increase of the PSD 313 

between D1 and D3). This again demonstrates a scale-dependence in the magnitude of the 314 

change in precipitation statistics, the changes becoming more pronounced at finer spatial and 315 

temporal scales. The PSD having increased at a higher rate at shorter periods and shorter 316 

wavelengths also corresponds to a decrease of the spectral slope (slope of the PSD curves) 317 

between D1 and D3, which, in precipitation data, is generally interpreted as a signature of 318 

increasing convective activity and atmospheric instability [Harris et al. 2001, Willeit et al. 2015].      319 

 320 

4. Conclusions 321 



 The analysis of precipitation statistics in the CONUS-404 downscaled hydroclimate 322 

reanalysis at 4-km and 1-hour resolution shows a clear increase of mean precipitation intensity 323 

during wet hours for the 1993-2022 period, over most of the CONUS domain, and in particular 324 

in the Midwest where the average rate of increase is +0.04 𝑚𝑚 ℎ−1 𝑑𝑒𝑐−1 (+4% 𝑑𝑒𝑐−1 with 325 

respect to the 1993-2002 mean wet-hour intensity). This rate of increase is largely above what is 326 

predicted by the Clausius-Clapeyron relationship, given that trends in mean annual atmospheric 327 

temperature reported in the literature are of the order of 0.1 to 0.25 𝐾 𝑑𝑒𝑐−1 for the recent 328 

decades in the Midwest [U.S. Global Change Research Program 2023].   329 

 The nonlinear scaling of precipitation intensities between the first decade and the last 330 

decade of the analysis period in the Midwest, and the changes in the space-time structure of 331 

precipitation fields revealed by the changes in the temporal and spatial Fourier PSD indicate a 332 

change in precipitation dynamics, consistent with the hypothesis of a shift toward a higher 333 

convective fraction and higher convective intensity of precipitating clouds. It is not surprising 334 

that the signature of this shift is clearly perceptible in the precipitation statistics at high 335 

resolution (e.g., 1 hour and 4 km) but is fainter at coarser resolutions (e.g., 24 hours and 40 km). 336 

Indeed, a long-lived large-extent medium-intensity stratiform precipitating system may produce 337 

the same amount of precipitation as a more localized and short-lived high-intensity convective 338 

system; however, these two systems would undoubtedly show radically different space-time 339 

variability and statistical distribution of precipitation intensities at a fine scale. As compared to 340 

stratiform clouds, convective cloud systems tend to produce more intense precipitation over 341 

shorter periods of time and more concentrated areas, the amplification of short-period and short-342 

wavelength precipitation features revealed by the Fourier spectral analysis is thus also consistent 343 

with a shift toward more frequent and more intense convective precipitation.  344 

We note that it is only when convection becomes organized at a large scale, forming 345 

mesoscale convective systems (MCSs) or mesoscale convective complexes through the 346 

aggregation of several convective cells, and causing widespread high-intensity precipitation over 347 

periods exceeding 12 hours [Feng et al. 2016, Hu et al. 2020, Schumacher and Rasmussen 2020], 348 

that convective precipitation may become statistically distinguishable from stratiform 349 

precipitation at coarse resolution. Notably, the statistical signature of organized MCSs is 350 

identifiable at coarse resolutions (24 hours and 40 km or coarser) [Roca et al. 2014, Roca and 351 



Fiolleau 2020, Zhao 2022], unlike that of isolated short-lived convective cells. For this reason, 352 

historical multi-decadal changes in precipitation statistics at coarse resolution may only be 353 

noticeable when focusing on organized MCSs, which are generally associated with extreme high 354 

values in daily-accumulated precipitation amounts at 40 km to 100 km resolutions. This may 355 

explain why studies reporting historical trends in precipitation statistics at relatively coarse 356 

resolutions have often focused on high extremes, for which the changes may appear more 357 

pronounced [e.g., Papalexiou and Montanari 2019, Harrison et al. 2019, Alexander et al. 2020, 358 

Sun et al. 2021, Thackeray et al. 2022, Wang et al. 2023]. One must however consider that 359 

identifying trends in the frequency of extreme events with long return periods in a robust manner 360 

necessarily requires correspondingly long data records. In addition, observational data records 361 

often exhibit large biases and uncertainties when it comes to the representation of extremes, 362 

related to sensor limitations and data processing [Masunaga et al. 2019, Guilloteau and Foufoula-363 

Georgiou 2023]. In the present study statistically significant trends and changes are identified not 364 

only in the frequency of extremes, but also in the mean intensity of precipitation during wet 365 

hours at the 4-km resolution and in the overall space-time dynamics of precipitation fields 366 

represented by the spatial and temporal Fourier PSD functions. 367 

It is also worth noting that the nature of the statistical changes reported in the present 368 

analysis of historical data over CONUS, i.e., an increase of the mean wet-hour intensity and an 369 

amplification of the fine-scale variability of precipitation, over the Midwest in particular, is 370 

consistent with the changes reported in Guilloteau et al. [2025] between historical (1981-2020) 371 

and future (2041-2080) hydroclimate simulations at 6-km and 1-hour resolution over the western 372 

half of CONUS under the RCP8.5 scenario, and with other published studies focusing on future 373 

hydroclimate simulations [e.g. Westra et al. 2014, Dallan et al. 2024]. The present study tends to 374 

indicate that the hypothesized shift toward higher convective fraction and higher convective 375 

intensity in precipitating clouds under global warming, which has been confirmed by model 376 

simulations [Singleton and Toumi 2013, Moseley et al. 2016], is already detectable in high-377 

resolution historical datasets in certain regions of the world. Such trends may however be less 378 

detectable at the coarse resolutions of global products (observational products and reanalysis) 379 

and global climate models.    380 

 381 
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Introduction 

 The two supplementary figures demonstrate that the p-values derived with three different 

methods, namely, t-test, Mann-Kendall test and Monte Carlo permutations (with N=500 

permutations) are consistent with each-other regarding the statistical significance of the trends in 

the annual frequency of wet hours at 4-km resolution (Figure S1) and in the mean annual wet-hour 

intensity at 4-km resolution (Figure S2) across the 7477 surfels of dimension of the CONUS study 

domain. In particular, the statistical distributions (CDFs) of the p-values across the domain are 

found quasi-identical, regardless of the method.  
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Figure S1: Comparison of the p-values derived from different tests, namely, t-test, Mann-Kendall (M-K) test 

and, Monte-Carlo permutation of the time series (with N=500 permutations), for the trends in the 1993-

2022 time series of annual frequency of wet hours at 4 km resolution across the 7477 surfels of dimension 

40 km by 40 km of the study domain. (a) Scatter plot, M-K test against t-test. (b) Scatter plot, Monte Carlo 

permutations against t-test. (c) Scatter plot, Monte Carlo permutations against M-K test. (d) Cumulative 

distribution functions (CDF) of the 7477 p-values for the three tests (note that the p-values are in 

decreasing order on the x-axis). 



 

Figure S2: Comparison of the p-values derived from different tests, namely, t-test, Mann-Kendall (M-K) test 

and, Monte-Carlo permutation of the time series (with N=500 permutations), for the trends in the 1993-

2022 time series of annual mean wet-hour intensity at 4 km resolution across the 7477 surfels of 

dimension 40 km by 40 km of the study domain. (a) Scatter plot, M-K test against t-test. (b) Scatter plot, 

Monte Carlo permutations against t-test. (c) Scatter plot, Monte Carlo permutations against M-K test. (d) 

Cumulative distribution functions (CDF) of the 7477 p-values for the three tests (note that the p-values are 

in decreasing order on the x-axis). 

 


