
1. Introduction
Increasing trends and changes in the frequency of Precipitation Extremes (PEx) have already been observed 
(Guerreiro et al., 2018; Hoerling et al., 2016; Markonis et al., 2019; Papalexiou & Montanari, 2019; Westra 
et al., 2014) and intensification is expected to be more prominent in a future warmer climate (Fischer & 
Knutti, 2014; Fischer et al., 2013, 2014; Pendergrass & Hartmann, 2014; Pfahl et al., 2017). A wide scientific 
consensus is being built with increasing confidence upon this robust agreement between theory, models 
and observational data (Fischer & Knutti, 2016). In their effort to become more resilient to the upcoming 
natural disasters (Cutter et al., 2008), communities need to be aware of the expected PEx intensification and 
its associated risks, and hence, understanding the mechanisms driving this change is of crucial importance. 
However, predictions regarding PEx at the hourly scale, which is more relevant for hydrological design (Pas-
chalis et al., 2014) and ecosystem functioning (Paschalis et al., 2015, 2020), remain challenging and have not 
been extensively studied (Westra et al., 2014).

According to the Clausius-Clapeyron (CC) relation warmer air can hold more moisture at a rate of ∼7%/K 
and it has been suggested that PEx should be increasing with rising temperature roughly at the same rate 
(Lenderink & Van Meijgaard, 2008). Indeed, Moustakis et al. (2020) recently demonstrated in a global study 
that this relationship holds over most parts of the mid- and high-latitudes for hourly PEx, while devia-
tions were found over the (sub-) tropics. On the contrary, changes in the body of rainfall distributions are 
constrained by the atmospheric energy budget at a lower rate of ∼2%/K (Held & Soden, 2006). However, 
the complexity of precipitating systems and the interplay between thermodynamic and dynamic factors 
enhancing or diminishing precipitation formation shed doubt over approaches based on thermodynamic 
scaling alone (Moustakis et al., 2020; O'Gorman, 2015; Pfahl et al., 2017). Changes in temperature lapse 
rate, upward wind velocity and large-scale moisture convergence, accompanied by shifts in the Intertropical 
Convergence Zone's strength, width and location are expected to jointly shape the future state of precipita-
tion extremes globally (Byrne et al., 2018; O'Gorman, 2015; O'Gorman & Schneider, 2009). As we progress 
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from regional to local scales, uncertainty due to internal variability remains irreducible (Fischer et al., 2013; 
Fatichi, Ivanov, et  al.,  2016) and topographical features and the area-specific weather patterns will also 
determine the magnitude and direction of change (Moustakis et al., 2020), thereby increasing the difficulty 
of making predictions.

Climate models operating at coarse spatial scales do not explicitly resolve processes occurring at the local 
scale and convection is instead parameterized (Prein et al., 2015). Such models are incapable of properly 
simulating PEx, especially over regions experiencing deep convection and orographic enhancement (Prein 
et al., 2015). Recently, given the increasingly available computational capabilities, convection-permitting 
models (CPM) operating at fine spatial resolutions (kilometer scale) have been used yielding promising re-
sults (Ban et al., 2018; Kendon et al., 2017; Prein et al., 2015). Such model outputs allow for a more detailed 
investigation of storm producing environments and changes in rainfall distributions for the first time.

Continental-wide applications have recently been performed (Berthou et al., 2018; Chan et al., 2020; Knist 
et al., 2020; Liu et al., 2017; Stratton et al., 2018), with the longest being two 13-year simulations of present 
(CTL) and future (PGW) climate over the US with the Weather Research and Forecasting (WRF) CPM (Liu 
et al., 2017). Studies based on these simulations have revealed the expected changes in the distribution of 
rainfall (Dai et al., 2017) and the intensity-duration-frequency curves (Cannon & Innocenti, 2019), the for-
mation, organization and propagation of Mesoscale Convective Systems (MSC) (Prein, Liu, Ikeda, Bullock, 
et al., 2017; Prein, Rasmussen, et al., 2017), the diurnal cycle of PEx (Scaff et al., 2019) and the features of 
convective environments (Rasmussen et al., 2017).

However, a detailed investigation of changes in rainfall tails has not been made yet. The term tail refers to 
the upper parts of the complementary cumulative distribution function (i.e. survival function) and express-
es the likelihood of PEx occurrence. Investigating the statistical properties of rainfall tails and their future 
changes is crucial for the scientific community in order to properly assess future flood risk. However, focus 
should not be limited only to PEx changes, but changes in the total Storm Depth Extremes (SDEx), which 
are more directly related to flood volumes should be studied as well.

In this study we focus on: (1) the spatial pattern of the statistical properties of rainfall tails across the US, (2) 
future changes in PEx/SDEx, (3) their seasonality, (4) SDEx durations, and (5) conceptualizing PEx intensi-
fication in relation to different storm producing environments affecting a region. We reveal increases in tail 
heaviness over most of the domain both in hourly precipitation and storm depths. Increases in heaviness 
lead to larger and more frequent extremes and indicate an intensification beyond expectations based on 
basic thermodynamic approaches. Significant changes in seasonality and event duration are also evident. 
Such changes could jointly affect the coupled water-carbon dynamics in ecosystems and significantly alter 
catchment flood responses, thus further increasing future flood risk.

2. Data
The hourly precipitation NOAA -ISD and -HPD datasets are used in this study. It is considered that at least 
3,000 values of non-zero hourly rainfall are necessary in order to evaluate the tails of rainfall with confi-
dence (Papalexiou, AghaKouchak, & Foufoula-Georgiou,  2018), and only station records exceeding this 
threshold have been used. All values flagged as possibly spurious have been treated as missing. The final 
pool of station data consists of 3,119 stations, located in the Contiguous United States (Figure S1). Spatial 
interpolation of station data is performed with an inverse distance weight function.

The climate simulations used in this study are an output of the Weather Research and Forecasting (WRF) 
model, which is is a convection permitting climate model (CPM) operating at a 4 km resolution. The present 
WRF simulation (CTL-WRF) (Liu et al., 2017) used in this study is a retrospective simulation of the pres-
ent climate spanning from October 2000 to September 2013 that is driven by ECMWF's 6-h ERA-Interim 
reanalysis data. Given that WRF model biases exhibited at the local scale may affect and contaminate the 
larger-scale dynamics that are forcing the simulation, spectral nudging has also been applied, and hence, 
larger-scale dynamics remain relatively unchanged (Liu et al., 2017).

The future WRF simulation (PGW-WRF) (Liu et al., 2017) is a simulation of the future climate under the 
RCP8.5 scenario, realized with a pseudo global warming (PGW) approach. Under the PGW experiment, 
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ERA-Interm's boundary conditions are perturbed by the 95-year mul-
ti-model (19 GCMs) ensemble-mean climate change signal correspond-
ing to the periods 1976–2005 and 2071–2100 (Liu et al., 2017).

A 2-D median filtering within a 10 × 10 moving window is applied on 
all maps showing WRF results to reduce noise. Only values exceeding 
0.1  mm/h are considered as non-zero values and only gridpoints with 
at least 3,000 non-zero values are examined. We make use of the Buk-
ovsky (2011) regionalization, which classifies eco-regions of similar re-
gional climatological characteristics to aid in our analysis.

3. Methods
3.1. Statistics of Rainfall Extremes

The tail of the distribution of non-zero hourly rainfall extremes (PEx) 
is defined as the part of the distribution exceeding a certain threshold. 
In order to estimate the tails of SDEx statistically independent rainfall 
events are defined as those separated by a 2-h dry interval (supporting in-
formation's Methods). Since extreme flooding does not necessarily occur 
when the rarest PEx occur, but is rather conditioned on antecedent soil 
moisture (Ali et al., 2019; Sharma et al., 2018), we have chosen a tail defi-
nition that is not limited and sensitive only to the rarest PEx. Hence, we 
use the 0.95th quantile throughout the study. Given the relatively small 
WRF sample size and the absence of multiple ensemble members, using 

higher quantile levels would make our analysis subject to higher uncertainty. However, the 0.90th, 0.98th, 
0.99th, and 0.995th quantiles have also been examined, yielding similar results. Tail analyses are also per-
formed for the cold (October-March) and warm (April-September) periods separately (supporting informa-
tion's Methods).

The Lomax (Pareto type II), which is a power-type distribution and the Weibull, which follows an exponen-
tial form are used to describe tails, following Equations 1 and 2 respectively:
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where β > 0 is the scale and γ (Weibull γ > 0) is the shape parameter (tail index). These distributions are 
widely popular across different scientific fields and have been found to perform well in describing hourly 
PEx (Papalexiou, AghaKouchak, & Foufoula-Georgiou, 2018) and jointly cover a wide range of tail types 
including power, exponential, stretched-exponential and hyper-exponential. Tails are fitted by minimiz-
ing the probability ratio mean square error (PRMSE) as in Papalexiou, AghaKouchak, and Foufoula-Geor-
giou (2018), thus making the fit insensitive to possible outliers, while equally weighting all tail values.

The tail index determines the “heaviness” of the tail (i.e. the rapidity with which the survival function ap-
proaches zero). The less rapidly a tail's survival function approaches zero, the heavier the tail is considered 
and hence extremes increase and become more frequent. Based on the tail index, we qualitatively define 
tails as very heavy, heavy, moderately heavy, medium, moderately thin, thin, very thin and hyperexponential 
(tails whose survival function approaches zero more rapidly than the exponential distribution) (Figure 1). 
According to the formulation of the Lomax (Weibull) distribution used here, higher (lower) tail indices 
indicate heavier tails.
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Figure 1. Assessment of the robustness of the distributions used: Boxplots 
of the (a) Weibull and (b) Lomax shape parameter (tail index) for tails 
defined with different quantiles of non-zero hourly rainfall. Different 
colors indicate different levels of heaviness as indicated by the colormap. 
(c) Red and (d) blue color indicate gridpoints where the Weibull and 
Lomax are used respectively.
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Even though the scale parameter is mostly linked with rainfall amounts it remains a parameter of a math-
ematical formulation and does not have a straightforward physical meaning. Decreases in the scale pa-
rameter can occur due to large increases in heaviness even in cases where an intensification is evident 
(Figure S2) and slight decreases should not be misinterpreted as a sign of de-intensification. It is the joint 
change of both scale and shape parameters that determines the direction and magnitude of intensification.

In order to determine which distribution is more appropriate for describing rainfall tails over the domain 
we first fitted both the Weibull and Lomax distributions over all gridpoints based on the 0.90th, 0.95th, 0.98th, 
0.99th, and 0.995th quantiles. Theoretically, if a tail is properly described by a shape-scale parameter pair, 
then this pair should roughly hold for all quantiles used for defining the tail. As a result, the distribution 
that yields estimations that are more consistent throughout all quantiles can be considered as a better fit 
(Figures S3 and S4). The same results are obtained if decision is made based on PRMSE values (Figure S5). 
Negative tail index values for the Lomax distribution imply that an upper threshold in the rainfall tail exists. 
Even though this could have a physical basis, we refrain from strictly defining an upper PEx bound and over 
such regions (i.e. the Pacific coast) the Weibull was instead chosen, which also performs well (Figure S3).

3.2. Seasonality of Rainfall Extremes

The seasonality of rainfall extremes is defined here as the non-uniformity (i.e. distance of true distribution 
from the uniform distribution) of the distribution of monthly occurrences in the tail and indicates the 
tendency of extreme rainfall events to cluster within a specific period of time during the year. Non-uni-
formity is expressed as the Relative Entropy (RE) (Kullback-Leibler distance) (Cover & Joy, 2005; X. Feng 
et al., 2013), following Equation 3:


 

12

2
1

RE log ( / ),m m m
m

p p q (3)

where, given the total number of tail values L and the number of tail values nm having occurred at each 
given month m, the probability of occurrence per month is pm = nm/L, while qm is the probability under the 
uniform distribution (i.e. 1/12 for each month). Seasonality values are then normalized. Higher values of 
RE indicate a stronger deviation from the uniform distribution. Of course, strong non-uniformity does not 
suggest that a distinct seasonal signal necessarily exists, however, this property holds throughout the do-
main (Figure S6), since PEx tails have a distinct seasonality and are mostly clustered within specific periods 
of the year. The seasonality index is further assessed under a Monte Carlo experiment and values < 0.08 
(depending on sample size) may correspond to a uniform distribution (Figure S7).

Inference of statistical significance of our results has been performed with the methodology presented in 
supporting information's Methods.

4. Results
Our results show that the Lomax distribution (a power-type distribution also known as Pareto-II) is a better 
fit over the Great Basin and the Southern and Northern Rockies (from now on referred to as MtWest) where 
tails are mostly moderately thin to moderately heavy. The Weibull distribution (distribution of exponential 
form) performs better over the rest of the domain, with mostly (moderately) heavy tails (Figures 1 and S3–
S5). The Lomax outperformed the Weibull distribution over the Pacific Northwest and Southwest (from now 
on referred to as Pacific coast) (Figures S3–S5), however negative tail indices were estimated and Weibull 
was chosen instead (see Methods). As expected the variability increases as higher quantile levels are used to 
define the tail due to decreasing sample sizes (Figures 1, S3 and S4) and uncertainty increases.

The basic features of the spatial pattern of shape parameters (tail indices) γ, based on 3,119 stations (Fig-
ure 2a) are in agreement with Papalexiou, AghaKouchak, and Foufoula-Georgiou (2018), who, however 
used the 0.995th quantile and, hence differences are expected. Over the Pacific (very) thin tails appear, mod-
erately heavy tails are prominent over MtWest and tails are heavy over the Southwest (Tables S1 and S2). 
Heavy tails are evident over the Northern Plains and the northernmost parts of the Prairie and the Great 
Lakes. Over parts of the Southeast and the Deep South (from now on referred to as South), a consistent 
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band of moderate tails is exhibited, while, over the rest of the domain moderately heavy tails are common. 
High values of the scale parameter β occur over the South, gradually decreasing toward the northwest and 
reaching the lowest values over MtWest and Northern Plains (Figure 2d). The scale parameter is increased 
over the Pacific coast.

The CTL-WRF simulation is able to represent the observed patterns, albeit with some biases (Figures 2b and 
2e). Compared to station data CTL-WRF shows an east-west bias in estimating heaviness and a consistent 
underestimation of scale parameters throughout the domain. In particular, CTL-WRF exhibits thinner tails 
over MtWest and the Pacific coast, and heavier tails over the rest of the domain (Tables S1 and S2). Similar 
results are obtained when the Weibull and Lomax distributions are examined separately (Figures S8 and 
S9).

The PGW-WRF simulation yields a pattern with heavier tails and larger scale parameters than CTL-WRF, 
with changes being statistically significant throughout the domain (Figures  2c, 2f, and S10). Heaviness 
increases over MtWest, the Pacific coast, the Plains, the Prairie and the North Atlantic (Figures  3a and 
3d). Over the South, the MidAtlantic and the Great Lakes increases in heaviness are less pronounced and 
more scattered. This image is roughly mirrored, with strong increases in scale parameter over the South 
and Mid-Atlantic (Figure 2f), decreases over the Northern and Central Plains, and moderate increases over 
MtWest and the Pacific coast. Intensification is also evident when spatially aggregated relative changes over 
high rainfall quantiles are examined (Figure S11).

During the cold period (Figures 3b and 3e), heaviness increases over most parts of the domain, but more 
strongly over the Pacific coast and the Mid- and North-Atlantic (from now on referred to as East coast). A 
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Figure 2. PEx tails spatial pattern: Maps of tail indices across the US based on (a) Station data, (b) CTL-WRF and (c) PGW-WRF simulations. The color scale 
corresponds to the qualitative classification of tail heaviness presented in Figure 1. Maps of the scale parameters across the US based on (d) Station data, (e) 
CTL-WRF, and (f) PGW-WRF simulations. The thick black line forms the outline of the region where the Lomax is used (Figure 1). PEx, Precipitation Extremes; 
PGW, Pseudo Global Warming; WRF, Weather Research and Forecasting model.
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more coherent spatial pattern of increases in scale parameters is exhibited over the domain, with greater 
increases over the South and the Pacific coast. During the warm period (Figures 3c and 3f), the changes are 
roughly similar to the changes obtained when the full record is used (Figures 3a and 3d). However, heav-
iness increases more notably over MtWest and the Plains. The scale parameter is severely increased over 
the South, the Southern Plains, the East Coast, Appalachia and the Prairie. Similar changes in distribution 
parameters are obtained when the Weibull and Lomax distributions are separately examined (Figures S12 
and S13).

The analysis has also been performed for the tails of SDEx (Figure 4, Tables S3 and S4). The Lomax distri-
bution fits better to SDEx tails and is, hence preferred (Figure S14). According to station data SDEx tails 
are moderately heavy and medium throughout most of the domain (Figure 4a) and a pattern with distinct 
spatial features is not obtained. The Pacific coast, the Northern Plains, the East coast and the northern parts 
of MtWest yield generally heavier tails, although differences are not strong (i.e. all regions lie mostly within 
the range 0.2–0.3). The scale parameter (Figure 4d) varies similarly with PEx (Figure 2d), although with 
larger values, since total storm depths are considered.

The CTL-WRF simulation adequately captures the spatial SDEx tail pattern (Figures 4b and 4e). However, 
an overestimation of heaviness is evident over the Plains, the South, the Mezquital and Southern Rockies, 
and an underestimation over the Great Basin, the Great Lakes, and the North Atlantic. The scale parameter 
is most notably overestimated over the North Atlantic and the western parts of the Pacific Coast where 
precipitation gets orographically enhanced upon meeting the mountain ranges and underestimated over 
the Plains and the South.
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Figure 3. Future changes in PEx tails: Maps of differences in PEx shape and scale parameters between PGW-WRF and CTL-WRF simulations estimated based 
on the (a and d) full record, (b and e) cold months (October-March) and (c and f) warm months (April-September). Colormaps are adjusted so that purple color 
indicates intensification. The thick black line forms the outline of the region where the Lomax is used. Only gridpoints with statistically significant changes are 
shown. PEx, Precipitation Extremes; PGW, Pseudo Global Warming; WRF, Weather Research and Forecasting model.
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Under the PGW-WRF simulation, statistically significant changes are revealed. SDEx intensification is ev-
ident in terms of heaviness throughout the domain (Figure 4c), while scale parameter also increases (Fig-
ure 4f). Strong increases in heaviness seem to dominate the signal, which is however noisy (Figure 5a). 
Heaviness increases mostly over the Plains and the South and scale parameter over the East coast, the South 
and the Southern Plains (Figure 5b).

The CTL-WRF simulation can adequately capture the observed SDEx duration spatial pattern (Figures S15 
and S16). Typically, Pacific Coast receives the longest SDEx (Tables S3 and S4). Large durations are also 
common over the East coast, followed by Appalachia, the South, the Great Lakes the Prairie and the Plains. 
Differences between station data and CTL-WRF are mostly induced by gauge resolution and can be allevi-
ated by defining a different non-zero threshold (i.e. 0.01 inch, which is a typical lowest threshold in many 
gauges) (Figures S1, S15, and S16).

Statistically significant duration changes under PGW-WRF are exhibited over 96% of gridpoints, 69% of 
which are decreases. Decreases are more severe over the Pacific Coast and the North Atlantic and increases 
mostly over parts of the Prairie and the Great Lakes (Figure 6).

Observed PEx seasonality increases from the south toward the northwest (Figure 7a). Regions with low sea-
sonality experience PEx throughout the year, while high seasonality suggests that PEx are clustered within 
certain periods during the year (Figure S6). Increased seasonality is evident over the Central and Northern 
Plains, the Prairie, the Mezquital and the Pacific Southwest. Seasonality is low over the South and the East 
coast (Tables S1 and S2). Seasonality decreases from the outermost toward the innermost parts of MtWest.

The CTL-WRF simulation adequately captures the observed seasonality pattern, with an underestimating 
bias over the Plains, the Prairie and Mezquital, while seasonality is overestimated over the Pacific coast and 
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Figure 4. SDEx tails spatial pattern: same as Figure 2, but for SDEx. The parameters refer to the Lomax distribution which is a better fit for SDEx tails. SDEx, 
Storm Depth Extremes.
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the Southeast (Figure 7b). Statistically significant changes in seasonality 
are revealed throughout the domain (Figures 7c and S7). It is evident that 
over the Central and Northern Plains, the Prairie, North Antlantic, the 
Appalachia and Southern and Northern Rockies seasonality decreases.

Roughly the same pattern is obtained when the seasonality of SDEx is 
examined (Figures 7d–7f). However, observed seasonality (Figure 7d) is 
weaker over the North Atlantic, the Appalachia and the Prairie, while 
it is stronger over the Pacific Coast (especially the southwestern parts) 
compared to PEx seasonality. CTL-WRF simulation (Figure 7e) captures 
the seasonality pattern adequately, with an underestimating bias over the 
Plains, and an overestimating bias over the Pacific Coast and over the 
northernmost MtWest. Statistically significant changes in SDEx season-
ality (Figures 7f and S7) appear in 94% of gridpoints, 53% of which de-
crease. Most notably, seasonality decreases over parts of the Central and 
Northern Plains and the Northern Rockies and increases over parts of the 
Prairie, the South and Southern Plains.

An investigation of the rarest PEx (Figure 8, Table S1 and S3) reveals that 
what was a 20-year PEx (SDEx) estimated based on CTL-WRF, becomes 
more frequent and corresponds to smaller return periods in PGW-WRF 
for 75% (76%) of the domain gridpoints. The most extreme PEx inten-
sification is observed over MtWest, the Pacific coast and the East Coast. 
PEx intensification is also strong over Appalachia, the Plains, the Great 
Lakes, and the Prairie. Intensification is also consistent throughout all 
eco-regions for SDEx, with Appalachia, Southern and Central Plains, the 
Prairie, Southern Rockies, the Great Lakes and the South facing the most 
severe intensification.

Aside from the statistical significance of changes revealed here, the prob-
ability that such changes lie within the uncertainty boundaries of CTL-

WRF has also been assessed (Figures S7, S17, and S18). Changes in PEx/SDEx lie mostly outside the limits 
of CTL-WRF uncertainty boundaries throughout the domain. PEx seasonality decreases over the Plains, the 
Northern Rockies, the Prairie and the North Atlantic and SDEx duration decreases over the Pacific coast 
are also quite robust.

5. Discussion
Here we demonstrate a consistent PEx/SDEx intensification throughout 
the domain, expressed with increases in the scale and shape parameters. 
Under a warmer climate PEx will be more uniformly spread throughout 
the year with more pronounced changes over the Plains, the Northern 
Rockies and the Prairie (Figures  7 and S7), while mixed responses are 
expected regarding SDEx seasonality. SDEx duration also changes, with 
decreases over the Pacific coast being the most robust (Figures 6 and S18). 
Changes in PEx/SDEx lie mostly toward or beyond the limits of uncer-
tainty estimates (Figure  S17), thus pointing toward non-stationarity in 
rainfall extremes. A power-type (Lomax) and a stretched-exponential 
(Weibull) tail have been used, with Lomax being a better fit over MtWest 
and Weibull over the rest of the domain.

An intensification complying with expectations based upon basic ther-
modynamic principles would possibly be expressed as a roughly uniform 
transfer of the tail toward greater rainfall values along a thermodynam-
ic (∼CC rate) trajectory (Figure  9a). In terms of tail properties, such a 
change would be translated to an increase in the scale parameter with 
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Figure 5. Future changes in SDEx tails: Maps of differences in the (a) 
shape and (b) scale parameters between the PGW-WRF and CTL-WRF 
simulations. Colormaps are adjusted so that purple color indicates 
intensification. The parameters refer to the Lomax distribution which 
is a better fit for SDEx tails. Only gridpoints with statistically significant 
changes are shown. PGW, Pseudo Global Warming; SDEx, Storm Depth 
Extremes; WRF, Weather Research and Forecasting model.

Figure 6. SDEx duration changes: Differences in mean SDEx duration 
(h) between the PGW-WRF and CTL-WRF. Purple color indicates an 
increase in duration. Only gridpoints with statistically significant changes 
in duration are shown. PGW, Pseudo Global Warming; SDEx, Storm Depth 
Extremes; WRF, Weather Research and Forecasting model.
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a roughly unchanged tail index. However, our results show a dipole of 
different flavors of intensification, with strong scale parameter increases 
over the south/southeast and strong heaviness increases over the rest of 
the domain (Figure  9b). This dipole suggests that even though simple 
thermodynamics may serve as a common basis for PEx intensification, 
more complex mechanisms exacerbate this signal (Pfahl et al., 2017) and 
increases in heaviness are also exhibited.

Our results add to the wide scientific consensus toward rainfall intensifi-
cation (Westra et al., 2014) and confirm previous findings that suggest an 
intensification throughout the US (Bador et al., 2018; Barbero et al., 2019; 
Cannon & Innocenti, 2019; Easterling et al., 2017; Fischer et al., 2013; 
Pfahl et al., 2017; Prein, Liu, Ikeda, Trier, et al., 2017; Prein, Rasmussen, 
et al., 2017). A similar decrease in PEx seasonality has only recently been 
demonstrated over Europe based on continental-wide CPM future projec-
tions (Chan et al., 2020). Examining the statistical properties of rainfall 
tails can support a more comprehensive understanding of PEx intensi-
fication compared to approaches based on commonly used extreme in-
dices. Cannon et al. (Cannon & Innocenti, 2019) using the same dataset 
studied changes in intensity-duration-frequency curves and revealed that 
intensification is greater in finer than coarser temporal scales. The added 
value of CPMs toward this end has been already documented in recent 
studies (Ban et  al.,  2018; Kendon et  al.,  2017; Knist et  al.,  2020; Prein 
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Figure 7. Tail seasonality: Maps of PEx seasonality indices based on (a) station data and (b) the CTL-WRF simulation. (c) Difference between the PGW-WRF 
and CTL-WRF seasonality index. Purple color indicates gridpoints where seasonality index increases in the future. Only gridpoints with statistically significant 
changes in seasonality are shown. (d–f) Same as (a–c), but for SDEx. PEx, Precipitation Extremes; PGW, Pseudo Global Warming; SDEx, Storm Depth Extremes; 
WRF, Weather Research and Forecasting model.

Figure 8. Changes in 20-year rainfall: Map of the return period estimated 
based on the PGW-WRF simulation, corresponding to the 20-years (a) PEx 
and (b) SDEx obtained by the CTL-WRF simulation. PEx, Precipitation 
Extremes; PGW, Pseudo Global Warming; WRF, Weather Research and 
Forecasting model.
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et al., 2015) and our analysis benefits from the increased WRF resolution 
(∼4 km, 1 h) which allows to investigate PEx/SDEx changes at hydrolog-
ically relevant spatiotemporal scales. This can reveal the link between 
rainfall intensification, topography, atmospheric convection and the 
weather patterns affecting a region.

To reveal this physical link, PEx seasonality and PEx sensitivity to surface 
air temperature can prove to be very helpful. In fact, a remarkable simi-
larity exists between the spatial pattern of tail heaviness (Figure 2b), PEx 
seasonality (Figure 3b) and the spatial pattern of PEx scaling with sur-
face air and dewpoint temperature shown by Moustakis et al. (2020) (Fig-
ure S19). In general, higher (lower) scaling rates correspond to heavier 
(thinner) tails with a more (less) intense seasonal signal. Understanding 
this pivotal role of scaling rates as jointly reflecting non-linearity and sea-
sonality is very important in order to properly interpret studies focusing 
on scaling estimations and assess their applicability in climate change 
studies. The shape parameter and the seasonality index used here are 
more direct measurements of non-linearity and seasonality respectively 

than scaling estimations. This is why seasonality and heaviness changes revealed here are only slightly 
reflected in changes in future scaling rates (Figure S19). In agreement with Prein, Rasmussen, et al. (2017) 
who presented spatially aggregated results, scaling rates remain relatively unchanged in a warmer climate, 
even though at a non-aggregated level increases appear over gridpoints with strong increases in heaviness.

Positive scaling rates (Moustakis et al., 2020) (Figure S19) suggest an increasing temperature gradient with-
in the tail, meaning that the most extreme events occur at warmer temperatures. Indeed, the upper parts 
of rainfall tails tend to cluster more strongly within the warm months throughout the domain (Figure S6), 
except for the Pacific coast, where the most extreme PEx occur during winter (Figures S6 and S19).

In regions where heaviness increases, relative PEx changes are stronger for the higher percentiles, which, 
given the above, occur mostly at warmer temperatures. It is known that under higher temperatures vigorous 
atmospheric convection producing severe storms organized at the local or larger spatial scales occurs. As a 
result, increases in heaviness point toward changes in strong convection. Indeed, conditions are generally 
more favorable to severe convection and occur more frequently in PGW-WRF (Rasmussen et al., 2017). In 
particular more energy is available for convection to occur, as expressed by increases in Convective Availa-
ble Potential Energy (CAPE) (Rasmussen et al., 2017). However, Convective Inhibition (CIN) also increases, 
meaning that more energy is necessary so that convection can actually occur. This simultaneous increase in 
CAPE and CIN means that weaker convective events are suppressed and become less frequent, but, when 
convection does occur, exceeding the increased CIN suppression, it can be significantly more vigorous (Ras-
mussen et al., 2017).

Increases in heaviness are revealed over MtWest (Figure  3), where the frequency of intense convection 
especially during July-August strongly increases (Rasmussen et al., 2017) and the most extreme PEx are 
mostly clustered within the warm months (Figure S6). Similarly, heaviness increases over the North Atlan-
tic, the Plains and the Prairie, where strong convection becomes more frequent as well (Prein, Liu, Ikeda, 
Trier, et al., 2017; Rasmussen et al., 2017). These changes in heaviness over the regions where events of 
strong convective and non-convective nature coexist within the tails imply that events of strong convective 
nature get more severely intensified than non-convective ones. This appears to distort the expected uniform 
thermodynamic signal, leading to increases in heaviness (Figure  9b). Such a differential intensification 
between different storm types has been reported throughout the literature over the recent years (Berg & 
Haerter, 2013; Berg et al., 2013; Ivancic & Shaw, 2016; Lenderink et al., 2017; Molnar et al., 2015) and our 
results further support this finding.

Over the South, events of strong convective nature occurring throughout the year (Haberlie & Ashley, 2019; 
Z. Feng et al., 2019) probably already dominate PEx tails and, hence, increases in heaviness are not exhibit-
ed. In fact the expected severe increases in CAPE, CIN, and precipitable water (Rasmussen et al., 2017) are 
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Figure 9. Schematic representation of different types of PEx 
intensification: (a) PEx intensification based on basic thermodynamic 
principles, exhibited with increases in scale parameter. (b) PEx 
intensification with increases in heaviness. PEx, Precipitation Extremes.
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reflected in the strong increases of scale parameters, especially during the warmer months over the South 
(Figure 3f).

Given the above, even though one would reasonably expect that more uniform changes, complying with 
thermodynamical expectations, would be exhibited over regions where non-convective events dominate the 
tail, this is not the case. In fact, over the Pacific Coast, heaviness also increases. This suggests that, although 
convective events have been the main focus of research recently (Prein, Liu, Ikeda, Bullock, et al., 2017; 
Prein, Liu, Ikeda, Trier, et al., 2017; Prein, Rasmussen, et al., 2017; Rasmussen et al., 2017; Scaff et al., 2019), 
changes in non-convective storms seem to be intensifying beyond simplistic thermodynamical expectations 
as well, especially if the changes in SDEx durations are also considered. The added value of CPMs in simu-
lating the interplay of orography with larger-scale dynamics (Prein et al., 2015) can prove to be quite useful 
toward understanding the mechanisms driving such changes.

Even though strong convection which is by nature vigorous and of shorter duration is expected to dominate 
rainfall tails at the hourly scale, this is not necessarily the case when aggregating to larger temporal scales 
(Berg & Haerter, 2013; Berg et al., 2013; Ivancic & Shaw, 2016). Upon temporal aggregation, non-convective 
events generated by larger-scale disturbances (e.g. extra-tropical cyclones, frontals) might become more 
dominant within the tails, even in regions where severe convection occurs. In fact extra-tropical cyclones 
and frontals jointly constitute ∼78% of daily rainfall extremes over the US (Kunkel et al., 2012). Hence, 
when SDEx are examined non-convective events become increasingly present within the tails throughout 
the domain and increases in heaviness are evident.

We suggest that such a physical conceptualization of rainfall intensification that links changes in the tail's 
statistical properties with storm types affecting a region could help modelers to constrain parameter chang-
es in non-stationary simulations (Papalexiou, Markonis, et al., 2018).

Rainfall extremes greatly shape multiple earth system processes, from the hydrological response of river ba-
sins to more complex ecosystem dynamics and the intensification revealed here is expected to affect all those 
processes (Paschalis et al., 2015, 2020). It is expected that xeric and hydric ecosystems could benefit from 
more intense and less frequent rainfall events (Knapp et al., 2008), while productivity could be reduced over 
mesic ecosystems (Felton et al., 2020; Knapp et al., 2008). This is particularly relevant for grasslands which 
are highly sensitive to rainfall variability (Felton et al., 2020). Such ecosystems are common over the US and 
serve as livestock grazing lands that are significant for local food access and economies (Sloat et al., 2018). 
An increased water stress related to changes in PEx/SDEx could also affect rainfed crop yields over those 
regions, which are known to be more sensitive to climatic extremes than irrigated ones (Troy et al., 2015). 
In fact our results show that not only do PEx/SDEx intensify over the grasslands and crops of the Prairie 
and the Plains, but also that those regions constitute hotspots of changes in seasonality and storm duration 
(Figures 7 and 6). Impacts in crop and grassland yields due to these changes can have major consequences, 
which will will only be added to the significant impacts on ecosystems related to rising temperature and el-
evated CO2 levels alone (Fatichi, Leuzinger, et al., 2016; Mastrotheodoros et al., 2020; Paschalis et al., 2018).

Changes in ecosystem responses are expected to further alter convective activity, through land-atmosphere 
feedbacks (Bonetti et al., 2015; Manoli et al., 2016; Yin et al., 2015). Along with the free atmospheric state 
and atmospheric stability, soil water content, which is strongly coupled with vegetation dynamics codeter-
mines the partitioning of radiation to latent and sensible heat fluxes, and hence, the expansion and water 
content of the atmospheric boundary layer as well (Bonetti et al., 2015; Manoli et al., 2016; Yin et al., 2015). 
As a result, not only is ecosystem functioning altered by increased convective activity, but at the same time, 
vegetation dynamics strongly influence convective rainfall predisposition as well. Such feedbacks could be 
related with rainfall intensification over semi-arid regions revealed in this study, which are known hotspots 
of strong land-atmosphere coupling (Koster et al., 2006).

Here we suggest that rainfall intensification might be experienced in ways beyond basic thermodynamic 
expectations. Changes in seasonality indicate PEx/SDEx occurring under different vegetation growth states 
and soil moisture regimes than previously experienced. Decreases in storm duration suggest a more limited 
capacity of vegetation and soil to intercept and absorb water, suggesting increased flood volumes. Changes 
in the spatial structure of storms could be expected as well and could further alter catchment flood respons-
es (Chen et al., 2020; Peleg et al., 2019; Prein, Liu, Ikeda, Trier, et al., 2017).
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WRF is able to reproduce the spatial characteristics of rainfall tails compared to station data. When direct 
comparisons are made, an underestimating bias is evident, as documented in more detail in Figure S20. A 
distinct bias over MtWest is revealed (Moustakis et al., 2020), however the station network over this region 
is extremely sparse with most stations being located within valleys and near populated areas. As a result, 
we cannot have much confidence about the true spatial characteristics of rainfall tails over this mountain-
ous region and model validation at such fine spatiotemporal scales is uncertain. An overestimating bias in 
heaviness has also been exhibited over the rest of the domain, except for the Pacific Coast, while biases in 
simulating seasonality and SDEx duration are also documented. Model deviations could partly be attributed 
to the uncertainty related to the small sample sizes (13-years simulations). Despite that, our study focuses 
on WRF's ability to represent the spatial pattern in qualitative terms mostly. A more in depth model evalu-
ation is beyond its scope and has already been performed (Dai et al., 2017; Cannon & Innocenti, 2019; Liu 
et al., 2017; Prein, Liu, Ikeda, Bullock, et al., 2017; Prein, Liu, Ikeda, Trier, et al., 2017; Prein, Rasmussen, 
et al., 2017; Rasmussen et al., 2017; Scaff et al., 2019).

It should be noted that under the PGW approach the large-scale dynamic forcing (ERA-Interim) remains 
the same and the climate forcing is only perturbed according to CMIP5 projections. As a result, possible 
changes in larger-scale dynamics and their associated mechanisms that may be experienced under climate 
change are by definition not accounted for. In reality, significant changes in larger-scale dynamics might 
exacerbate or even mask this signal. However, under CMIP5, larger-scale dynamics are not so prominent 
over the US (Liu et al., 2017) and, hence, the use of the PGW approach is justified.

Model resolution and deficiencies in simulating rainfall and other complex physical processes related to 
precipitation formation limit all climate change studies and further improvement is still needed (Prein 
et al., 2015). However, continental-wide CPM outputs are currently the best tool at hand for such purposes. 
Of course, it remains uncertain whether the rainfall intensification revealed here will be experienced in re-
al-world. However, our results can definitely provide insight for real-world changes, to the extent that they 
are examined for what they are; representations of the changes in the models' reality. In that regard, the na-
ture of intensification revealed here can be highly relevant for real-world climate, as long as interpretations 
are made with caution and model biases are taken into consideration.

Sample size can also be limiting and longer simulations with multiple ensemble members, accounting for 
internal variability are needed in order to further solidify our confidence over the results. Given the com-
putational resources that are becoming increasingly available (Prein et al., 2015) it might be possible that 
multi-ensemble, multi-year continental-wide or even global simulations with CPMs could be performed in 
the near future.
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