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Global climate change has profoundly altered precipitation distribution patterns, with the “Wet getting
Wetter, Dry getting Drier” (WWDD) pattern widely recognized. However, most previous studies have
addressed either the temporal or spatial dimensions of precipitation concentration in isolation, leaving
a critical gap in understanding their finer-scale changes and their combined effects and interactive
risks. Here, we use the Gini coefficient and ERA5-Land daily data (1951-2020) to assess global
precipitation concentration in both time and space. Based on long-term trends, we classify regions into
WWDD or WDDW patterns. Our results reveal that 46.4% of global land area shows increasing spatial
concentration (WWDD), while 67.4% shows increasing temporal concentration (WWDD). Notably,
33.6% of the global land area exhibits a WWDD pattern in both spatial and temporal dimensions. These
jointly concentrated regions are especially vulnerable, as precipitation is becoming more uneven in
both time and space, increasing the risk of floods, droughts, and other extreme hydrometeorological
events. In contrast, regions with increasing concentration in only one dimension may face more specific
hazards—such as short-duration intense precipitation or localized runoff surges. These findings have
important implications for assessing global precipitation concentration and informing hydrological
disaster management strategies.

Global climate change has significantly altered the distribution of precipitation worldwide, posing serious
challenges to socioeconomic development and ecosystem stability!2. Greater precipitation concentration
increases the likelihood of extreme events, including droughts, floods, and other climate-related disasters>>.
Therefore, a deeper understanding of precipitation distribution patterns is crucial for developing timely and
effective adaptation strategies to reduce the negative impacts on both human societies and ecosystems®~.

Numerous studies have explored the “wet becoming wetter and dry becoming drier” (WWDD) phenomenon
from a temporal perspective, revealing that many regions experience “wet seasons becoming wetter and dry
seasons becoming drier“!?. For instance, Zhou et al. found that global warming intensifies the seasonality of
the hydrological cycle, with wet seasons becoming wetter and dry seasons drier, as evidenced by their analysis
of surface water availability!'!. Similarly, Chou et al. observed a “wet-get-wetter” pattern in humid regions,
while arid areas exhibited a “dry-get-drier” trend during their respective dry seasons'?. Other studies have
also highlighted an intensification of precipitation during wet seasons compared to dry seasons'>!4. However,
most of these investigations have concentrated on seasonal scales, leaving daily-scale precipitation changes
largely underexplored. This gap implies that short-duration, intense precipitation events remain insufficiently
understood. Precipitation concentration at the daily scale implies more abrupt and short-duration changes,
which may lead to disasters such as flash floods or intense short-term precipitation. Such events are harder to
predict and pose heightened risks to public safety and infrastructure.

In addition, many studies have assessed the WWDD phenomenon from a spatial perspective, focusing on
contrasts between wet and dry regions. For instance, Greve et al. estimated that only 10.8% of the global land
area exhibits the WWDD pattern, whereas Yang et al. found this pattern in more than 20% of land areas!'>!°.
Trancoso et al., employed ensembles of Global Climate Model (GCM) to identify robust signals of both drying
and wetting trends and to quantify population exposure under various emission scenarios!’. Although these
spatial patterns have been well documented at regional scales, changes in precipitation distribution within
regions remain insufficiently explored. This fine-scale hydrological shift could lead to localized flooding events,
presenting significant challenges for regional water management.
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The WWDD phenomenon in space or time is often discussed separately. Benjamin et al. comprehensively
reviewed the applicability and limitations of the temporal or spatial WWDD pattern in different frameworks,
scales, and contexts'®. Although the progress in research on both scales has been thoroughly analyzed, few
studies have investigated the combined results of these two scales. Whether in the temporal or spatial dimension,
WWDD indicates that certain areas or periods are at risk of drought or extreme precipitation. Notably, the
combination of these WWDD phenomena amplifies the effects of uneven precipitation distribution, significantly
increasing the likelihood of extreme droughts or floods.

To address existing research gaps, this study aims to identify the current spatial and temporal patterns of
precipitation concentration across different regions, and to trace their historical trends from 1951 to 2020 using
the Gini coeflicient. This enables us to differentiate between the dominant “Wet getting Wetter, Dry getting Drier”
(WWDD) pattern and the contrasting “Wet getting Drier, Dry getting Wetter” (WDDW) pattern. By combining
temporal and spatial dimensions, this approach offers a more comprehensive understanding of evolving
hydroclimatic extremes. This spatiotemporal coupling framework not only refines the analytical framework
for assessing precipitation concentration, but also highlights regions experiencing simultaneous intensification
in both temporal and spatial dimensions. These regions are particularly vulnerable to compound hydrological
extremes, such as the flash floods and prolonged droughts. By identifying regions with dual concentration trends,
our findings offer concrete guidance for regional decision-makers to implement adaptive strategies, including
early-warning systems, infrastructure planning, and water resource management. This marks a shift from broad
global assessments toward more targeted, actionable insights for enhancing climate resilience.

Materials and methods

Temporal coefficients

Reanalysis data is characterized by its broad spatial coverage and high temporal resolution. In this study, we
used daily ERA5-Land dataset(1951-2020)""which provides a consistent description of the evolution of
water and energy cycles over land, making it an essential resource for analyzing trends and anomalies?.
In this study, the selected variable is total precipitation, with the daily precipitation at 00:00 representing the
accumulated precipitation for the entire day. According to the ETCCDI definition, days with less than 1 mm/day
of precipitation were classified as non-rainy, allowing us to distinguish between rainy and non-rainy days (https
://etccdi.pacificclimate.org/). The ERA5-Land dataset spans from 1950 to the present, effectively addressing the
challenge of providing consistent global precipitation simulations on a worldwide scale?!. Recent studies have
shown that ERA5-land outperforms other reanalysis datasets or its predecessor ERA5 in terms of performance at
the global level, offering higher spatial and temporal resolution!?>23, However, it should be noted that this study
focuses on global-scale analysis, if the objective were to analyze only a specific region, more regionally datasets
might provide greater accuracy**-%.

The Gini coefficient, originally developed to measure income inequality, has been effectively adapted to
reflect the distribution of precipitation concentration. Drawing inspiration from its application in economic
studies, we used the Gini coefficient to evaluate precipitation concentration, focusing on its distribution among.
However, the traditional calculation of the annual Gini coeflicient can be heavily influenced by the number
of non-rainy days, which tend to skew the measure towards greater inequality when they constitute a large
proportion of the days. This occurs because a high number of zero precipitation days makes the Lorenz curve
veer toward the bottom-left corner of the equality line, indicating that most precipitation falls on relatively few
rainy days (Supplementary Figure S1). Given this bias, our assessment specifically utilized the Gini coefficient
for rainy days only (Eq. 1)

Drought will have adverse effects on agricultural production, vegetation growth, and human society?®. Suraj
D. Polade et al. identified the key role of dry days in altering regional climate and precipitation regimes, showing
that in much of the subtropics, changes in the number of dry days dominate annual variations in precipitation
and contribute significantly to interannual precipitation variability?. However, since the precipitation on dry
days is zero, with only the number of dry days having significance but not their magnitude, the Gini coefficient
cannot be used to reflect the annual concentration of dry days. Therefore, we use the ratio of non-rainy days to
total days to represent the importance of dry days (Eq. 2). A high ratio signifies fewer rainy days, suggesting that
precipitation is concentrated within those days. Conversely, a lower ratio indicates a more even distribution of
precipitation throughout the year (Supplementary Figure S1).

To provide a comprehensive measure of annual precipitation concentration, we combined both indicators,
which range from 0 to 1, by averaging them (Eq. 3). This method acknowledges the influence of both the volume
of rain on rainy days and the frequency of those days, offering a more nuanced insight into yearly precipitation
patterns. Where x; is the amount of precipitation on the i day, and n_, _is the number of total precipitation days.

rainy
1 Y (2 Npgimy — 1) - T
rainyday _coef ficient = . 2 i nm”fmy ) (1)
Nrainy Z i=1 ymi
nom"ainyday_coefficient = nnonrainy/(nnonrainy + no"ainy) (2)
rainyday coef ficient + nonrainyday coef ficient
Temporal _coef ficient = yday_coe/J + yday_coe]] (3)

2

Based on the regional divisions from the IPCC Sixth Assessment Report (AR6), we classified the world into 44
regions® (Table 1). For each region, we first calculated the rainy day and non-rainy day coefficients at the grid
level, then averaged these coeflicients over the region to obtain the regional mean values. The average of these
two coeflicients was then used to calculate the regional annual temporal coefficient.
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No. | Region names Abbreviation | No. | Region names Abbreviation
1 Greenland/Iceland GIC 23 | Central-Africa CAF

2 N.W.North-America NWN 24 | N.Eastern-Africa | NEAF
3 N.E.North-America NEN 25 | S.Eastern-Africa SEAF
4 W.North-America WNA 26 | W.Southern-Africa | WSAF
5 C.North-America CNA 27 | E.Southern-Africa | ESAF
6 E.North-America ENA 28 | Madagascar MDG
7 N.Central-America NCA 29 | Russian-Arctic RAR
8 S.Central-America SCA 30 | WSiberia WSB
9 Caribbean CAR 31 | E.Siberia ESB
10 | N.W.South-America NWS 32 | Russian-Far-East RFE
11 | N.South-America NSA 33 | W.C.Asia WCA
12 | N.E.South-America NES 34 | E.C.Asia ECA
13 | South-American-Monsoon | SAM 35 | Tibetan-Plateau TIB
14 | S.W.South-America SWS 36 | E.Asia EAS
15 | S.E.South-America SES 37 | Arabian-Peninsula | ARP
16 | S.South-America SSA 38 | S.Asia SAS
17 | N.Europe NEU 39 | S.E.Asia SEA
18 | West&Central-Europe WCE 40 | N.Australia NAU
19 | E.Europe EEU 41 | C.Australia CAU
20 | Mediterranean MED 42 | E.Australia EAU
21 | Sahara SAH 43 | S.Australia SAU
22 | Western-Africa WAF 44 | New-Zealand NZ

Table 1. Names and abbreviations of the 44 land regions.

A value closer to 1 indicates that precipitation is concentrated on a few days within the year, while a value
closer to 0 suggests a more even distribution of precipitation throughout the year (Supplementary Figure S2).
A positive trend indicates that precipitation is becoming more concentrated, reflecting the phenomenon of
“wet days getting wetter and dry days getting drier,” while a negative trend suggests a shift toward more evenly
distributed precipitation, reflecting the phenomenon of “wet days becoming drier and dry days becoming wetter”
(Supplementary Figure S2). It is important to note that the WWDD phenomenon refers to relative changes.

Spatial coefficients

For the spatial Gini coefficient of each region, we first calculated the annual precipitation for each grid using
ERAS5, which allowed us to derive the cumulative distribution of precipitation across the region’s grids. Based on
this distribution, we computed the annual regional Gini coefficient (Eq. 4). A higher Gini coefficient indicates that
precipitation is more concentrated in a few grids, while a value closer to 0 suggests a more uniform distribution
of precipitation. A positive trend indicates that precipitation is becoming increasingly concentrated, reflecting
the phenomenon of “wet areas getting wetter and dry areas getting drier” Conversely, a negative trend suggests
that precipitation is becoming more evenly distributed, i.e., “wet areas becoming drier and dry areas becoming
wetter”. Where X is the amount of precipitation on the j grid, and 045 18 the number of grids in the region.

Ngrids - .
1 Z 7j=1 (2] - ngrids - 1) : XJ
Mgrids
Ngrids Z jiaLdéXj

Spatial _coef ficient = (4)

Trend analysis

This study focuses on assessing changes in precipitation concentration (Gini coefficient), specifically identifying
“Wet getting Wetter, Dry getting Drier” (WWDD) patterns. Accordingly, Ordinary Least Squares (OLS) linear
regression was selected as the primary analytical method. While it may underestimate nonlinear trends in
regions with high variability—such as monsoon-influenced areas—its results are intuitive and facilitate cross-
regional comparisons due to the standardized units. Nonetheless, future research could incorporate more
sophisticated approaches, such as piecewise regression or machine learning techniques (e.g., Random Forest), to
better capture complex or nonlinear trend patterns. For trend analysis, both temporal and spatial scales are based
on the annual Gini coefficients of precipitation concentration. Specifically, a linear model is established between
the Gini coeflicient y at each spatial grid point (or time series) and the time variable t:

y=oa +P8t+e (5)

where « is the intercept, 3 is the slope (representing the rate of change), and e is the residual term. The sign
and magnitude of the slope 5 indicate the direction and strength of the trend (e.g., if 3 >0, the Gini coeflicient
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increases over time). In this study, the significant confidence levels of time-related linear trends are estimated
using 95%,99% and 99.9% Student’s t-test confidence level.

Results

Spatial patterns and trends in precipitation concentration

Between 2001 and 2020, the precipitation patterns in the SAH, ARP, ECA, and CAU regions exhibited high
spatial concentration, as indicated by exceptionally high Gini coeflicient values of 0.99, 0.99, 0.85, and 0.82,
respectively (Fig. 1a; Table 1). These values suggest that precipitation was highly unevenly distributed in these
regions, with a significant fraction of the total precipitation concentrated at a small number of locations®'. This
pattern may be attributed to regional climatological factors, such as monsoon systems or complex interactions
between local topography and atmospheric circulation®?~3. In contrast, the ENA region showed a much more
uniform precipitation distribution, as reflected by its notably lower Gini coefficient of 0.10 (Fig. 1a). This lower
value indicates a more even spread of precipitation across the region, potentially reflecting more stable and
evenly distributed weather systems.

The trend in the Gini coeflicient also has critical implications for understanding regional precipitation
patterns, particularly in relation to the WWDD and WDDW phenomena. Our results show that in half of the 44
regions studied(accounting for 46.4% of the global land area), the Gini coefficient increased, indicating a shift
towards a more uneven precipitation distribution and suggestinga WWDD pattern. The NEAF region exhibited

0.0 0.2 0.4 0.6 0.8 1.0
Spatial Gini coefficient

b)

0 0.2 0.4 0.6 0.8
Trend of spatial Gini coefficient(10%/yr)

Fig. 1. Current spatial Gini coefficient and its trend (1951-2020) across the different regions. (a) Current
spatial Gini coefficient. The values represent the mean spatial Gini coefficient for 2001-2020. Darker colors
indicate more concentrated precipitation distribution within a region, whereas lighter colors represent a more
uniform distribution of precipitation. (b) Trend of spatial Gini coefficient. The results show the historical trend
from 1951 to 2020. Red indicates a positive trend, meaning “wet areas get wetter and dry areas get drier” while
blue indicates a negative trend, meaning “wet areas become drier and dry areas get wetter”. (Symbols indicate
statistical significance: - for p<0.05, - for p<0.01, and - for p<0.001).
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the most notable WWDD pattern (p <0.001), characterized by a significant upward trend in the spatial Gini
coeflicient 1.4x107® yr~! (Fig. 1b). In NEAF, wetter areas received more precipitation over time, while drier
areas became even drier. This divergence amplified disparities, resulting in an increasingly uneven precipitation
distribution within the region (Supplementary Figure S3). And the precipitation trends at grid scale in other
regions are shown in Supplementary Figures S4 and S5.

Conversely, the other 22 regions exhibited a decreasing Gini coefficient trend, indicating the emergence of
the WDDW pattern, in which the precipitation distribution becomes more even over time. Among them, 11
regions showed statistically significant declines, with WSAF experiencing the largest decrease in Gini coefficient
(- 1.7x107% yr™!) (Fig. 1b). Similar to NEAF, this region encompasses both tropical desert and tropical savanna
climates®. However, the WSAF experienced increased precipitation in drier areas and decreased precipitation
in wetter areas (Supplementary Figure S3). These changes may be attributed to alterations in atmospheric
circulation patterns and regional climate dynamics driven by global climate change®*. Overall, although
African regions share a mix of high- and low-precipitation climate types, they clearly exhibit starkly contrasting
trends in wetness and dryness. WAF, NEAE, and SEAF all fall within the tropical monsoon climate zone, where
seasonal shifts in monsoon winds are the main driver of precipitation patterns®’. However, with climate change,
a weakening of the monsoon system has been observed in these regions, leading to a reduction in precipitation.
In contrast, CAF, which is partially situated in the tropical monsoon zone, exhibited a different trend. In the
CAF region, a general decrease in precipitation has been observed®’but precipitation is distributed more evenly
across the region, resulting in the WDDW pattern. The WSAF and ESAF regions, which occur outside the
tropical monsoon zone, exhibited an increasing precipitation trend, with more evenly distributed precipitation
across the region. Unlike regions dependent on monsoon systems, WSAF and ESAF benefit from more stable
and consistent precipitation regimes, which may help reduce the risk of extreme dry periods. In Asia, particular
attention is warranted for the EAS and ESB regions, where wet areas are becoming wetter while dry areas are
becoming drier. These densely populated regions face heightened exposure to hydrometeorological disasters due
to increasing precipitation concentration®®. As such, greater attention should be paid to flood events caused by
runoff convergence resulting from spatially concentrated precipitation.

Temporal patterns and trends in precipitation concentration

The temporal Gini coefficient reflects the degree to which precipitation is concentrated throughout the year. We
found relatively small regional differences in the temporal Gini coeflicient. Among these regions, CAU and ECA
showed the highest temporal Gini coefficients (0.69 and 0.64, respectively), reflecting more uneven precipitation
distributions (Figs. 2a and 3a). Specifically, CAU and ECA exhibited notably high rainy-day coefficient values
of 0.46 and 0.40, respectively, indicating that not only is precipitation concentrated throughout the year, but
it is also clustered within a limited number of rainy days (Fig. 3c). This is further exacerbated by high non-
rainy-day coefficients (0.91 and 0.87), suggesting long dry spells throughout the year, increasing vulnerability
to water scarcity and droughts (Fig. 3¢). In contrast, SEA had a much lower temporal Gini coefficient (0.17),
indicating a markedly more uniform precipitation pattern (Figs. 2a and 3c). This low value suggests a more
evenly distributed precipitation pattern, with precipitation spread evenly across the year. SEA also had the lowest
non-rainy-day coefficient (0.21), indicating infrequent and short dry periods (Fig. 3c). The value of the rainy-day
coefficient in SEA was also exceptionally low (0.13), suggesting that precipitation events are generally spread and
less concentrated on any given day (Fig. 3¢). This uniformity in precipitation supports stable water availability,
with important ecological and agricultural benefits. This consistency in precipitation is beneficial for agricultural
planning and water resource management, as it reduces the likelihood of severe drought events.

The temporal Gini coefficient trends revealed a notable pattern across many regions where the WWDD
phenomenon occurs. This phenomenon is indicative of more extreme precipitation events, which are becoming
increasingly concentrated on fewer, wetter days. Among the 44 regions, 33 exhibited an increasing temporal Gini
coefficient value, accounting for 67.4% of the total land surface, indicating a growing imbalance in the temporal
distribution of precipitation. Among these regions, 14 showed statistically significant changes (p<0.05),
highlighting the robustness of this trend in most of the regions examined (Figs. 2b and 3b).

Regions such as SEAF and NEAF exhibited the most pronounced WWDD trends, with temporal Gini
coefficient rates of 0.8x 1073 yr! and 0.9x 1073 yr!, respectively (Figs. 2b and 3b). In these regions, both the
rainy-day coefficient and the number of non-rainy days are increasing, suggesting that precipitation is becoming
more concentrated throughout the year (Fig. 3c). The rising number of non-rainy days points to increased
drought frequency, while the elevated rainy-day coefficient reflects a growing tendency for extreme rainfall
to be confined to fewer days. This combination reflects a growing vulnerability to both droughts and sudden,
heavy precipitation events. The observed WWDD trend in SEAF and NEAF also suggests a shift towards a more
extreme climate in these regions, with the potential for the occurrence of higher-intensity floods or drought
events. Agriculture in these regions may face increasing challenges and requiring more adaptive irrigation
systems and improved flood control mechanisms to mitigate the risks associated with these shifts*>*3. Urban
regions in these areas may also need upgraded drainage infrastructure to accommodate more frequent and
intense rainfall event®*-4!. In contrast, regions such as NSA and WSAF also exhibited a general WWDD pattern,
but the underlying drivers of this trend are different (Figs. 2b and 3c). In these regions, the WWDD pattern is
driven primarily by more concentrated precipitation on rainy days, while the non-rainy-day coeflicient value
decreases. This suggests that precipitation is redistributed across more days and that fewer non-rainy days occur.

Interestingly, 11 regions exhibited the opposite pattern, namely, identified as the WDDW pattern, with
statistically significant changes observed in four of these regions (Figs. 2b and 3c). This reversal of the WWDD
pattern was primarily driven by a significant reduction in the number of non-rainy days, indicating a more even
temporal distribution of precipitation throughout the year. In these regions, while precipitation on individual
rainy days is becoming more concentrated, the overall temporal Gini coefficient value decreases (Fig. 3c). This
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Fig. 2. Current temporal Gini coefficient and its trend (1951-2020) across the different regions. (a) Current
temporal Gini coefficient. The values represent the mean temporal Gini coeflicient for 2001-2020, It is the
average of the coefficient on rainy days and the coeflicient on non-rainy days. Darker colors indicate more
concentrated precipitation distribution within a region, whereas lighter colors represent a more uniform
distribution of precipitation. (b) Trend of spatial Gini coeflicient. The results show the historical trend from
1951 to 2020. Red indicates a positive trend, meaning “wet areas get wetter and dry areas get drier” while
blue indicates a negative trend, meaning “wet areas become drier and dry areas get wetter”. (Symbols indicate
statistical significance: - for p <0.05, - for p<0.01, and - for p<0.001).

suggests that while these regions still experience extreme precipitation events on certain days, the reduction in
dry periods reduces the occurrence of prolonged droughts.

In summary, the temporal Gini coefficient trends reveal pronounced regional disparities in precipitation
patterns, which are critical for understanding future climate change across different regions. The WWDD and
WDDW patterns represent two major patterns of precipitation concentration. Beyond assessing the overall
trends, it is essential to jointly consider the concentration of precipitation on rainy days and the frequency
of non-rainy days to comprehensively evaluate the precipitation distribution risks faced by each region. These
insights are vital for formulating region-specific climate adaptation strategies.

Coupling of the spatial-temporal variation trends in precipitation
Assessing the WWDD phenomenon solely from either a spatial or temporal perspective limits the ability to
comprehensively evaluate the disaster risks associated with precipitation concentration across different regions.
To address this limitation, we integrated changes in the precipitation distribution across both spatial and
Femporal scales, thereby categori?ing the global distribution into four types: WV.VI.)Dspaﬁal._Temporal (precipitation
is concentrated at both the spatial and temporal scales), WWDD. ooral (precipitation is concentrated at the
temporal scale), WWDD, . (precipitation is concentrated at the spatial scale), and WDDW,_..-
N o patial X Spatial-Temporal
(precipitation exhibits evenness at both the spatial and temporal scales).
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Fig. 3. Spatial pattern and trends of temporal coeflicient. (a) The mean value of temporal coefficient (2001-
2020). Darker colors indicate higher precipitation concentration, signifying more uneven distribution of
annual precipitation within grids. (b) The Trend of temporal coefficient (1951-2020). Red indicates a positive
trend, meaning “wet days get wetter and dry days get drier” while blue indicates a negative trend, meaning “wet
days get drier and dry days get wetter”. (c) Regional trends of temporal coefficient. Yellow bars represent the
trend in the non-rainy days’ coefficient, blue bars represent the trend in the rainy days’ coefficient, and the red
line indicates the trend of temporal coefficient. Regions are reordered based on the magnitude of the temporal
coefficient trend, from largest to smallest. Statistically significant regions are marked with *(P<0.05). The radar
chart in (c) shows the regional average of the temporal coefficient from 2001 to 2020.

The results revealed that 16 regions demonstrated the WWDD phenomenon on both spatial and temporal
scales (WWDD atial- Temporal) including Asia (EAS, ESB, SEA, TIB, and ARP), North America (WNA and CAR),
South America E SAM and SES), Europe (WCE, EEU, and MED), and Africa (WAE EAE, NEAF, SEAF, and
MDG), accounting for 33.6% of the global land area (Fig. 4a, c). The WWDD pattern clearly occurs worldwide,
encompassing both developed and developing regions. These regions are confronting the dual challenge of
more intense extreme precipitation, leading to flooding and infrastructure damage, and extended dry spells that
exacerbate water scarcity. Conversely, five regions exhibited a WDDW pattern at both the spatial and temporal
scales (WDDW_ .1 tempora)- These regions are located primarily at middle and high latitudes in the Northern
Hemisphere andp include GIC, NWN, NCA, RAR, and TIB (Fig. 4a, c). The WDDW pattern in these regions
could indicate a shift towards a more stable and predictable climate, which may have beneficial implications
for agriculture and human habitation. Additionally, most regions in the Southern Hemisphere exhibited the
phenomenon of “wet days becoming wetter but wet areas becoming drier” (WWDDTempml; Fig. 4a, ¢). The
phenomenon of “wet days becoming drier but wet areas becoming wetter” primarily occurs in six regions near
the Atlantic (WWDDyg_...). These regions showed more evenly distributed precipitation throughout the year but
an uneven distribution within each region (Fig. 4a, ). Spatially, the distribution of precipitation in these regions
is becoming more uniform, and short-term extreme precipitation requires increased attention, especially in the
NEU, ENA, EAU and other regions, which are economically developed and densely populated regions. Once
extreme precipitation occurs in these regions, considerable economic losses can occur.

When we analysed the precipitation trend, we observed an issue of concern. In regard to the
WWDDSpatlal ~Temporal PAttErN, precipitation in nearly 70% of the regions is decreasing, whereas precipitation
in the remaining regions is increasing, which demonstrates that although these regions are becoming wetter
in terms of both the number of rainy days and wet areas, the risks are not consistent (Fig. 4b, c). Adopting
NEAF and SEAF as examples, the total precipitation in these regions is decreasing, suggesting that, relative to
that of wetter conditions, the risk of dry conditions becoming drier is greater (Fig. 4b, c). These regions will
become less suitable for human habitation and agriculture. For example, as droughts increase, regions with
this trend may experience reduced conditions for rainfed agriculture, and the availability of a reliable water
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Fig. 4. Regional classification based on the spatiotemporal variation in the precipitation distribution. (a)
Global risk partitioning. Regions are classified based on the occurrence of temporal and spatial WWDD
patterns, included WWDDSlmialiTempm1 (red), WDDWSPatialiTeuml (gray), WDDWTemporal (green),

and WDDW_ i1 (blue). (b) Global regional scatter plot. Regions in the first quadrant are classified
asWWDDg o0 o v FEgIONS, those in the second quadrant as WWDD . regions, those in the third
quadrant as WDD Temporal regions, and those in the fourth quadrant as \/k’IWDDTempOral regions. The color
of the scatter points indicates whether the precipitation trend is increasing(dark blue) or decreasing(yellow).
The size of the scatter points represents the magnitude of absolute precipitation change, with larger diameters
indicating greater absolute changes. (c) Sankey map of precipitation distribution change on temporal and
spatial scales. The left side is the temporal scale, the right side is the spatial scale, and the middle is the name
of the region. The color of the region indicates the change of precipitation, with blue indicating the increase of
precipitation and red is decreasing.

supply for crop growth decreases, potentially rendering these regions even less attractive for agriculture and
settlement®*8. In contrast, SEA is experiencing an increase in the total precipitation. Thus, the risk of wetter
conditions becoming wetter will increase, and more attention should be given to extreme precipitation and flood
prevention in such regions (Fig. 4b, ¢). It is widely considered that with global warming, the overall amount
of precipitation worldwide will increase!. However, we generally observed the WWDDg, i1 temporal PAttEIN in
regions that do not conform to this phenomenon. Notably, decreasing precipitation more nota%ly affects the
occurrence of dry areas or days, possibly due to reduced water transport driven by subtropical anticyclones in
the Northern Hemisphere and complex circulation patterns in the Southern Hemisphere*2.

In terms of the WWDD,, _ pattern, precipitation is increasing in most regions, accounting for 80% of the
total land area, so more attention should be given to the occurrence of extreme precipitation events in urban or
ecologically vulnerable areas (Fig. 4b, c). Other regions experienced a decrease in precipitation, such as CAFE,
SAS, and NES, indicating that light precipitation occurs less in these regions, which calls for greater attention to
drought events throughout the year (Fig. 4b, c). In addition, in regard to the WWDD,__ . pattern, precipitation
in nearly all regions is increasing, which indicates that although the precipitation gap between wet and dry days
has not decreased, wet areas are more susceptible to extreme precipitation (Fig. 4b, c). In these regions, it is
essential to focus on flood events in areas with higher precipitation.
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Discussion and conclusion

Accurately characterizing and predicting precipitation distributions has long posed a significant challenge in
scientific research. Among existing challenges, the question of whether “wet regions are becoming wetter”
or “all regions are becoming drier” has been widely debated'®. This issue has significant implications for the
management of extreme precipitation and the impacts of drought-related disasters**-%>.

Unlike previous studies that relied on precipitation amount or related variables, this study adopts the Gini
coefficient to assess precipitation patterns. This enables a direct quantification of the degree of concentration.
More importantly, our analysis captures changes in precipitation concentration within regions, providing more
practical insights for local managers in disaster prevention and climate adaptation efforts. In this study, we
employed the Gini coeflicient of the regional precipitation to assess changes in intraregional precipitation
patterns and analyse both temporal and spatial patterns (WWDD or WDDW) in different regions. Via this
approach, we evaluated the degree of wet conditions becoming wetter across various grids and regions, thereby
combining temporal- and spatial-scale analyses to examine the risks posed by changes in precipitation patterns
in different regions. Our results, which are consistent with those of other studies, indicated that not all regions
are exhibiting the “wet areas becoming wetter and dry areas becoming drier” phenomenon!>!¢. Consistent with
Greve, the WWDD phenomenon was observed in the ENA, EEU, SAM and other regions, whereas different
results were observed in the NEAF, WAF and other regions'®. Yang et al. reported consistent WWDD phenomena
in the NEAFE ESB, SEA and other regions, whereas the opposite phenomenon was observed in the NWS and
other regions'®. The size of the WWDD region is smaller than the area determined in our study'>!. Globally,
half of the regions exhibited the WWDD pattern. In these regions, precipitation becomes more concentrated,
leading to rapid runoff convergence and the occurrence of natural disasters such as floods*#*. In contrast,
regions characterized by the WDDW phenomenon exhibit more evenly distributed precipitation, rendering
them increasingly suitable for human production activities and other endeavours.

By employing a new approach that integrates the Gini coefficient with the number of dry days, we were
able to capture not only the uneven distribution of precipitation but also the influence of dry-day frequency on
temporal concentration. This method offers a more comprehensive assessment of intra-annual variability. Using
this approach, we found that 67.4% of the global land surface exhibited an increasing trend in precipitation
concentration over time. This finding aligns closely with conclusions by Dunning et al. (2018) and Liu & Allan
(2013), who also observed the widespread presence of the WWDD phenomenon globally!®!3. Moreover, the
increased concentration of precipitation on a daily scale signifies the need for heightened attention to short-
duration intense rainfall events.

Unlike most previous studies that examined temporal or spatial concentration separately, this work uniquely
couples both dimensions to reveal a more complete pattern of precipitation distribution. When both the
temporal and spatial dimensions increase simultaneously, it indicates a spatiotemporal amplification of the
WWDD phenomenon. This could be directly linked to the risk of compound extreme events, such as flooding
or drought. Conversely, if the spatial Gini coeflicient increases while the temporal Gini coefficient decreases, it
may suggest that precipitation is concentrated spatially, but its temporal distribution becomes more uniform.
This combined pattern may reflect different climatic mechanisms (e.g., atmospheric circulation changes vs.
local evapotranspiration feedback)*®*”. Additionally, there could be a coupling relationship, where an increase
in temporal concentration (fewer rainy days but higher intensity) could further amplify spatial concentration
through soil moisture-precipitation feedback*®.

Similar to the study by Liu and Allan, which combines seasonal and spatial perspectives, we also confirm the
presence of WWDD at both temporal and spatial scales across global tropical land areas'. We categorize global
precipitation concentration changes into four spatiotemporal patterns. For our research, regions such as NEAF
and SEAF exhibited a decreasing precipitation trend, indicating that the WWDDg it temporal phenomenon is
achieved primarily via a significant reduction in precipitation on dry days (or in dry areas). This also creates
other problems, such as increases in the intensity of heavy precipitation days, which often occurs at the expense
of moderate or light precipitation days, either in terms of intensity or frequency?!*>4, In addition to addressing
the risks of extreme precipitation, a reduction in light precipitation decreases the removal of aerosols, which
further affects cloud formation and the absorption of solar radiation, thereby influencing the climate and posing
threats to human health*>, Conversely, in regions such as SEA, where precipitation increases, the mechanism
underlying the WWDD, atial-Temporal phenomenon is driven by a greater increase in the number of heavy
precipitation days. Therefore, these regions face a heightened risk of flooding that requires increased attention.
The WDDWSpatial_Temporal pattern is primarily concentrated in high-latitude regions of the Northern Hemisphere,
where precipitation is more evenly distributed both throughout the year and across regions, rendering these
regions more suitable for human production activities.

Regions where wet days are becoming wetter but wet areas are becoming drier mainly occur in the Southern
Hemisphere (WWDD TemPOral). In these regions, attention should be given to the occurrence of extreme
precipitation and drought events throughout the year. In regions where wet days are becoming drier and wet
areas are becoming wetter (WWDDspmal) the focus should be on the risk of natural disasters such as floods and
mudslides triggered by precipitation convergence.

This study provides a new perspective by applying the Gini coefficient to quantify changes in precipitation
distribution across both temporal and spatial scales. By identifying WWDD and WDDW patterns at finer
resolutions, we reveal pronounced regional differences in precipitation patterns, which give rise to distinct
water-related risks. Building on this, we integrate temporal and spatial dimensions to further classify shifts
in precipitation patterns, thereby informing the development of more targeted and region-specific adaptation
strategies. This integrated framework improves our understanding of evolving precipitation dynamics and offers
a robust basis for more effective climate change responses.
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Data availability
ERA5-land monthly averaged data is available at https://cds.climate.copernicus.eu/datasets/derived-era5-land-d
aily-statistics?tab=overview.
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