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Abstract

Historical changes in extreme precipitation and their return-period characteristics have been widely investigated. Most pre-
vious analyses have focused on extreme precipitation indices or extreme-value series. However, for global annual precipi-
tation anomalies, the long-term evolution of wet and dry anomalies remains insufficiently characterized within a unified
statistical framework. Based on global land annual total precipitation data for 1891-2020, this study applies the Unified
Extreme Value Theory (UEVT) to systematically examine changes in the return levels, occurrence counts, and spatial pat-
terns of extreme wet and dry precipitation anomaly events. The results show that both 10-year and 50-year events exhibit
a consistent 'wet-gets-wetter and dry-gets-drier' tendency over the past 130 years. The return level of 10-year extreme wet
anomalies increases from 17.4 mm to 40.8 mm, and events with the same return period occur more frequently in recent
decades. Spatially, the strengthening of 10-year extreme wet anomalies is more widespread, with nearly 70% of global
land showing an increase, whereas extreme dry anomalies intensify over about 57.2% of the land area. The 50-year events
generally retain this wet-dry contrast, although their spatial extent is slightly smaller and their local changes are stronger.
Regional analyses indicate that wet anomalies strengthen more markedly in mid- to high-latitudes and monsoon-affected
regions, whereas dry anomalies intensify more prominently in arid and semi-arid regions. By using a unified probabilistic
framework, this study reveals the co-evolution of global extreme precipitation anomalies in terms of intensity, occurrence
frequency, and spatial structure.
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1 Introduction to intensified heavy precipitation, rising drought risk, and

amplified wet-dry fluctuations (Held and Soden 2006; Tren-

The global hydrological cycle is highly sensitive to climate
changes, and variations in precipitation anomalies are among
its most direct and complex manifestations. Previous studies
have shown that increases in atmospheric moisture content
and evaporative demand under warming jointly contribute
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berth 2011; O'Gorman 2015; Gebrechorkos et al. 2025). In
addition, precipitation variability has increased significantly
over most global land areas during the past century, suggest-
ing an expansion of precipitation anomalies toward both
wet and dry extremes (Zhang et al. 2024a, b). Extreme wet
and dry precipitation anomalies are closely linked to floods,
droughts, and water-resource security, and they also affect
ecosystem stability and socioeconomic activities through
changes in soil moisture, runoff generation, and land—atmo-
sphere water exchange (IPCC 2021; Trenberth and Asrar
2014; Huang et al. 2017; Xie et al. 2020). Phenomena such
as concurrent droughts and floods and abrupt drought-flood
transitions indicate that wet and dry precipitation anoma-
lies may occur successively or alternately within a short
period, leading to compound risks that often exceed those
associated with individual wet or dry anomaly events (Wu
et al. 2006a, 2006b; Tan et al. 2023; Su et al. 2024; He et al.
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2025). Therefore, identifying the long-term and global-scale
changes in these two types of anomaly events, as well as
their differences, is essential for understanding how hydro-
logical anomalies translate into climate-related risks.

Previous studies have examined historical changes in
precipitation anomalies and related extreme events across
global, regional, and multiple temporal scales. Observa-
tional analyses indicate that long-term precipitation changes
do not simply reflect a globally uniform intensification, but
instead exhibit pronounced spatial heterogeneity. Heavy
precipitation events have continued to intensify in many
regions, while precipitation deficits and drought anomalies
have also increased in a number of areas, indicating that
changes in the hydrological cycle are expressed on both the
wet and dry sides of precipitation anomalies, with marked
regional differences (Donat et al. 2016; Sun et al. 2021; Chen
et al. 2025; Yate and Ren 2025), This regional disparity is
also consistent with the understanding that extreme precipi-
tation events are jointly modulated by moisture transport,
vertical motion, air-sea interactions, and synoptic-scale cir-
culation processes(Sun et al., 2023; Zhao et al. 2024; Li et
al. 2026). Methodologically, existing studies have mainly
relied on two types of approaches. One group uses extreme
precipitation indices or drought indices to describe and
detect trends in heavy precipitation, consecutive dry days,
and precipitation deficits (Alexander et al. 2006; Donat et
al. 2013; Dunn et al. 2024; Vicente-Serrano et al. 2010). The
other group applies conventional extreme value theory to fit
probability distributions to extreme-value series and thereby
estimate changes in return periods and return levels (Katz et
al. 2002; Kharin and Zwiers 2005; Westra et al. 2013; Griin-
demann et al. 2023; Jorgensen and Nielsen-Gammon 2024,
Wehner et al. 2024; Li et al. 2025). These studies have laid
an important foundation for understanding the historical
evolution of precipitation anomalies and related extremes,
and have established the general understanding that heavy
precipitation is intensifying, drought risk is increasing, and
regional differences are substantial.

Although precipitation anomalies and related extreme
events have been characterized from different perspec-
tives, existing analyses commonly examine wet and dry
anomalies separately using different statistical objects. For
wet anomalies, studies usually focus on heavy precipita-
tion events themselves, or use metrics such as occurrence
frequency, record-breaking rates, and return levels of rare
rainfall events to describe their changes (Benestad et al.
2024; Devo et al. 2025). In contrast, dry anomalies are
more often characterized using drought severity, drought
recovery probability, and compound drought-heat events to
represent precipitation deficits and their persistent impacts
(Zhang et al. 2024a, b; Fan et al. 2024; Chen et al. 2025;
Zhuang et al. 2024). As a result, although changes in wet
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and dry anomalies have been investigated separately, their
return periods, intensities, and long-term evolution are diffi-
cult to compare directly because the two types of anomalies
are usually defined using different indicators and statistical
objects. For annual precipitation anomalies, however, wet
and dry events both arise from deviations of annual total
precipitation from the climatological mean. This provides
a basis for characterizing the two types of events within a
unified probabilistic framework.

To address this gap, this study starts from annual total
precipitation anomalies and applies the unified extreme
value theory to quantify the return periods and return levels
of extreme wet and dry precipitation anomaly events within
a common probabilistic framework. We focus on three ques-
tions: how return levels change for events with different
return periods; whether events with the same return period
have become more frequent; and how these changes differ
spatially across global land areas and the Intergovernmental
Panel on Climate Change Sixth Assessment Report (IPCC
ARG6) reference regions. Through this analysis, we aim to
reveal the co-evolution of extreme wet and dry precipitation
anomalies and to provide a unified statistical perspective for
understanding long-term changes in global extreme precipi-
tation anomalies.

2 Data and methods
2.1 Datasets

This study uses the GPCC Full Data Monthly Product
Version 2022, provided by the Global Precipitation Cli-
matology Centre (GPCC) of the German Weather Ser-
vice (DWD). The dataset has a spatial resolution of 2.5° x
2.5°, a monthly temporal resolution, and covers the period
1891-2020. It is constructed from rain-gauge observations
and has been widely used in studies of global and regional
precipitation variability (Becker et al. 2013; Schneider et al.
2022). Monthly precipitation was first summed from Janu-
ary to December to obtain annual total precipitation. Annual
precipitation anomalies were then calculated as

B/ =B — P1go1-1040 (1

where B is the annual precipitation anomaly in year y, P,
is the annual total precipitation in that year (or the area-
averaged annual precipitation within an IPCC AR6 region
for the regional analysis), and P1ge;_1040 is the mean annual
precipitation during 1891-1940. Following the general
practice adopted in the IPCC AR6 of using an early period
of approximately 50 years as the reference baseline, the first
50 years of the GPCC record (1891-1940) were selected
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as the fixed early-climate reference period for construct-
ing the annual precipitation anomaly series throughout the
study period. Using a 50-year mean reduces the influence
of interannual and decadal climate variability and provides
a relatively stable historical reference. Because the method
relies on the temporal variability of precipitation anoma-
lies, several grid points with insufficient variability or evi-
dent abnormal values were screened before the analysis. In
the early part of the record, some grid points show nearly
constant precipitation for consecutive years, particularly in
high-latitude regions, leading to extremely small variance;
in addition, a few grid points contain anomalously large val-
ues in individual years. To improve the robustness of the
results while maintaining a consistent sample length, a stan-
dard-deviation screening was applied to the first 20 years of
annual total precipitation at each grid point. Let the annual
precipitation series during the first 20 years be

PI’PZ’ ’PZO

and its standard deviation be defined as

2

where P is the mean annual precipitation during the first 20
years. When o < 2mm, the grid point is regarded as invalid
and is set to missing in the subsequent analysis. To assess
the sensitivity of the results to the selected threshold, the
grid-based return-level analysis was additionally repeated
using standard-deviation thresholds of 1 and 3 mm, while
all other calculation settings were kept unchanged. This
screening was designed to identify and exclude abnormal
grid points where precipitation anomalies remained nearly
unchanged during the first 20 years and thus lacked mean-
ingful interannual variability, thereby reducing the influ-
ence of unreliable precipitation records on the subsequent
analysis of extreme-value distributions and the estimation
of return levels and return periods.

To assess the consistency of the main conclusions across
datasets, the CRU TS v4.05 monthly precipitation dataset
(Harris et al. 2020) was additionally analyzed. This station-
based gridded land precipitation dataset has a spatial resolu-
tion of 0.5° x 0.5° and covers the period 1901-2020. The
same annual aggregation, anomaly calculation, and extreme
value analysis were applied to CRU, with its first 50 years
(1901-1950) used as the reference period. CRU was used
as an independent cross-dataset consistency assessment,
whereas GPCC remained the primary dataset because of its
longer temporal coverage.

2.2 Unified extreme value theory

Annual precipitation anomalies are calculated relative to the
1891-1940 mean, as described in Sect. 2.1, and are used as
the input series for the analysis. The Unified Extreme Value
Theory (UEVT) developed by Ban and Li (2026) is then
applied to characterize the occurrence probability, return
period, and intensity of extreme wet and dry precipitation
anomaly events within a common statistical framework.
Positive anomalies denote wet events, whereas nega-
tive anomalies denote dry events; the two types of events
therefore correspond to positive and negative departures
of annual total precipitation from the climatological mean,
respectively.

The return period T is defined as the average time inter-
val required for an event to recur. If a given type of event
occurs m times in a time series of length N, its occurrence
frequency can be written as

f= (€)

Z|3

and the corresponding return period is defined as the inverse
of the frequency:

1
T=g= )

The return level denotes the event intensity associated with
a given return period, that is, the corresponding quantile.
An event with a return period of T is referred to as a 7T-year
event. Following these definitions, an independent and iden-
tically distributed annual precipitation anomaly series can
be expressed as

X ={x1, %3, . X }

According to the sign of the anomaly, the series is divided
into positive anomalies (wet events) and negative anomalies
(dry events), representing anomalous high andlow annual
precipitation, respectively. The occurrence probabilities of
wet and dry events are then defined as

PX<x)=F(x),x<0 (5a)
PX>x)=1-F(x),x>0 (5b)

where F (x) is the cumulative distribution function of the
annual precipitation anomaly series X. Its empirical form is

F(x) = Z bi (6)

Xi<x
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Accordingly, the return periods of wet and dry precipitation
anomaly events can be written in an unified form as

1
— x>0

RP(x)={ PX2X 7)
Px<x *=0

where RP (x) is the return period of the event and x is the
corresponding return level. This formulation establishes
the relationship between return period and return level for
extreme wet and dry precipitation anomaly events within a
unified statistical framework.

To investigate the temporal evolution of extreme precipi-
tation anomaly events, a 50-year moving-window approach
is applied to the annual precipitation anomaly series. Let
L,, denotes the moving-window length and T represents the
return period. The empirical estimation requires L, > T
. Because both 10-year and 50-year events are examined,
L,, = 50 years was selected as the minimum window length
that satisfies this requirement while retaining relatively high
temporal resolution. Tests with longer windows yielded
smoother estimates and minor numerical differences but did
not alter the main conclusions. Within each moving window,
the return period—return level relationship is estimated sepa-
rately for wet and dry events. The return level associated
with a given return period T is defined as the critical inten-
sity in that window, namely the intensity of a 7-year extreme
wet or dry precipitation anomaly event. If the return level
corresponding to T in the k-th moving window is denoted

Fig. 1 Temporal evolution and
statistical characteristics of return
levels for extreme precipitation
anomaly events derived from the
globally averaged annual total pre-
cipitation anomaly series over land
based on the GPCC dataset (1891—
2020). a Time series of return
levels for extremely wet (red) and
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as xi (T), then the sequence xi (T), obtained as the window
advances year by year, represents the time-varying critical
intensity for a fixed return period and is used to characterize
the long-term intensity evolution of extreme wet and dry
precipitation anomaly events. In addition, the critical inten-
sity during the reference period is used as a fixed threshold,
and the number of events exceeding this threshold in each
moving window is counted to assess changes in the occur-
rence frequency of events with the same return period.

2.3 Regional division

To examine regional differences in extreme precipita-
tion anomaly events under different climatic backgrounds,
the IPCC ARG reference regions are used as the regional
framework (Iturbide et al. 2020). The abbreviations, names,
and attributes of these regions are listed in Supplementary
Table 1.

3 Temporal evolution of 10-year and 50-
year extreme precipitation anomaly events

The temporal evolution of return levels indicates that both
10-year and 50-year extreme precipitation anomaly events
exhibit concurrent intensification of wet anomalies and dry
anomalies (Fig. 1a, c). For the 10-year event, the return level
of extreme wet precipitation anomalies increases from about
17.4 mm in the early period to 40.8 mm in recent decades,
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corresponding to an increase of approximately 134.5%.
The trend is statistically significant, indicating a sustained
increase in the positive anomaly magnitude associated with
the same return period. In contrast, the 10-year extreme dry
anomaly decreases from about —20.9 to —26.4 mm, repre-
senting a reduction of approximately 26.3%. This change is
relatively gradual and does not reach statistical significance,
suggesting that the dry-side signal is weaker and less stable
than the wet-side signal at the global land mean scale.

For the 50-year event, the return level of extreme wet
anomalies increases from about 31.9 to 46.9 mm, with an
overall increase of approximately 47.0%. The stepwise
upward evolution of the moving-window estimates sug-
gests a persistent intensification of rare wet anomalies
under different background climate states. The return level
of extreme dry anomalies decreases from about —31.1 to
—47.3 mm, corresponding to a reduction of approximately
52.1%. Notably, the dry return level shows a marked down-
ward shift when the ending year of the moving window
approaches the 1990s, after which it remains at a relatively
low level.

The box plots further illustrate the distribution of return
levels across different moving windows (Fig. 1b, d). The
boxes and whiskers represent the distribution of return lev-
els for a fixed return period across all windows, while the
yellow and blue dots denote the baseline return level and
the mean critical intensity, respectively. For the 10-year
event, the baseline return level of extreme wet anomalies is
about 17.4 mm, whereas the mean critical intensity is about
27.1 mm, representing an increase of approximately 55.7%
relative to the reference period. For extreme dry anomalies,
the baseline return level changes from —20.9 mm to a mean
critical intensity of about —22.8 mm, corresponding to a
change of approximately 9.1%.

For the 50-year event, the baseline return level of extreme
wet anomalies is about 31.9 mm, and the mean critical
intensity is about 40.2 mm, corresponding to an increase of
approximately 26.0%. For extreme dry anomalies, the base-
line return level changes from —31.1 to about —39.0 mm,
with a relative change of approximately 25.4%. Overall,
the wet anomalies show a wider box-plot range and a larger
mean increase under the 10-year return period, whereas the
intensification of dry anomalies is more pronounced under
the 50-year return period. These results indicate an asym-
metric response of wet and dry anomalies across different
return periods.

A comparison between the 10-year and 50-year events
shows that extreme wet and dry anomalies in the global
annual precipitation anomaly series do not evolve sym-
metrically. The wet side exhibits a clearer and more robust
long-term increase under the 10-year return period, whereas
the dry-side intensification is more evident for the 50-year

event. This asymmetry indicates that the long-term changes
in extreme precipitation anomalies involve not only a simul-
taneous expansion toward both tails of the distribution, but
also differences in magnitude, trend stability and dispersion
between wet and dry anomalies. The intensification of wet
anomalies is consistent with the thermodynamic effect of
increased atmospheric moisture under warming, while the
strengthening of dry anomalies may be linked to changes in
large-scale moisture balance and an amplification of hydro-
climatic variability (Held and Soden 2006; Tan et al. 2023;
Gebrechorkos et al. 2025). Taken together, these results sug-
gest a two-sided expansion of global precipitation anomalies
over the past century, with wet anomalies becoming wetter
and dry anomalies becoming drier, rather than a change con-
fined to only one tail of the distribution.

The changes in return levels described above character-
ize the long-term evolution of event intensity under fixed
return periods. From a climate-risk perspective, however,
it is equally important to determine whether events that
were defined as multi-year events in the reference climate
have become more frequent under later climate conditions.
We therefore use the return levels for the reference period
as fixed thresholds and count the number of exceedances
within each 50-year moving window, thereby evaluating
the temporal evolution of event occurrence under the same
return-period definition.

The results show an overall increase in the number of
occurrences of reference-period multi-year extreme precipi-
tation anomaly events in later 50-year windows (Fig. 2).
For the 10-year event (Fig. 2a), extreme wet anomalies
occur about five times in the early window (1891-1940),
but increase to about 14 occurrences in the recent window
(1971-2020). Over the same period, the number of extreme
dry anomalies increases from about five to about nine.
Thus, within a fixed 50-year window, both 10-year wet and
dry anomaly events defined by the reference climate have
become more common. The increase is larger for wet anom-
alies, while the rise in dry anomalies is mainly concentrated
in the later windows.

A similar pattern is found for the 50-year event (Fig. 2b).
Extreme wet anomalies increase from about one occurrence
in the early window (1891-1940) to about eight occur-
rences in the recent window (1971-2020), whereas extreme
dry anomalies increase from about one to about four occur-
rences. This indicates that events that were relatively rare in
the reference period have occurred more frequently under
later climate conditions, implying a shortening of their
effective recurrence intervals. As for the 10-year event, the
increase is more pronounced for wet anomalies, although
dry anomalies also show a clear increase in the later period.

Overall, the number of occurrences of extreme pre-
cipitation anomaly events increases within fixed 50-year
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Fig. 2 Temporal evolution of the number of occurrences of extreme
precipitation anomaly events derived from the globally averaged
annual precipitation anomaly series over land based on the GPCC
dataset (1891-2020). a Number of occurrences of extremely wet (red)
and extremely dry (blue) precipitation anomaly events with a 10-year
return period within each 50-year moving window. The period 1891—
1940 is used as the reference, and the x-axis denotes the ending year
of each moving window. b Same as a, but for the 50-year return period

windows for both return periods, with a stronger increase
for wet anomalies than for dry anomalies. Together with the
increase in return levels, these results indicate that changes
in global land-mean extreme precipitation anomalies are
expressed not only as stronger events under fixed return
periods, but also as more frequent occurrences of refer-
ence-period multi-year events. This points to an increase
in extreme hydroclimatic risk along both the intensity and
occurrence dimensions.

4 Spatial patterns of changes in return
levels of extreme precipitation anomaly
events

Figure 3 shows a consistent statistical relationship between
the intensity of extreme annual precipitation anomaly events
and the local climatological mean annual precipitation
during the reference period. Grid points with larger mean
annual precipitation generally exhibit larger positive anom-
alies for extreme wet events and larger absolute negative
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anomalies for extreme dry events. The absolute regression
slopes are larger for 50-year events than for 10-year events,
indicating that rarer events are more sensitive to the back-
ground precipitation climatology. However, the substantial
scatter also suggests that the mean precipitation climatol-
ogy explains only part of the spatial variability in extreme
anomaly intensity.

The spatial distribution of changes in 10-year return levels
during 1971-2020 relative to 1891-1940 shows widespread
strengthening of extremely wet precipitation anomalies over
global land (Fig. 4). Increases are concentrated mainly in
the Northern Hemisphere mid- to high-latitudes, includ-
ing northern and eastern Europe, western Siberia, eastern
North America, and East Asia, where local values exceed
100-150 mm. Pronounced increases also occur in Southeast
Asia, southeastern South America, and northern Australia,
whereas decreases are more scattered across parts of the
low latitudes and subtropics. Consistently, the zonal mean
shows a continuous positive signal over the Northern Hemi-
sphere mid- to high-latitudes, while the Southern Hemi-
sphere signal is concentrated mainly between 10° and 40°S
(Fig. 4b). Overall, wet-event return levels increase across
approximately 69.3% of the effective global land area and
decrease across 30.7% (Fig. 4a).

The changes in 10-year extremely dry precipitation
anomalies exhibit greater regional heterogeneity (Fig. 4d).
Because dry-event return levels are negative, a further
decrease represents an intensification of dry anomalies,
whereas a positive change represents a weakening. Inten-
sification occurs mainly in central and southern Africa,
South and Southeast Asia, Indonesia and adjacent Maritime
Continent regions, parts of South America, and localized
areas of Australia, with local change magnitudes exceeding
200 mm. The zonal mean indicates that these changes are
concentrated in the low latitudes and parts of the Southern
Hemisphere, while dry anomalies generally change only
weakly or become weaker over the Northern Hemisphere
mid- to high latitudes. Decreased dry-event return levels
cover 57.2% of global land, indicating an overall intensi-
fication of dry anomalies, although with less spatial extent
and continuity than the strengthening of wet anomalies
(Fig. 4c¢).

The wet and dry patterns exhibit both regional correspon-
dence and asymmetry. Southeast Asia, parts of Australia,
and central-to-southern Africa show simultaneous strength-
ening of wet and dry anomalies, indicating an expansion of
both tails of the annual precipitation anomaly distribution.
By contrast, eastern North America and the region extend-
ing from northern Europe to western Siberia exhibit stron-
ger wet anomalies but weaker dry anomalies, suggesting a
shift toward the wet side of the distribution.
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Fig. 3 Relationship between

the intensity of extreme annual
precipitation anomaly events and
the climatological mean annual
precipitation at each land grid
point during the reference period
(1891-1940) based on the GPCC
dataset. a Extremely wet precipita-
tion anomaly events with a 10-year
return period: the x-axis represents
the mean annual precipitation at
each grid point, while the y-axis
represents the return-level anomaly
of extremely wet events (mm).

¢ Same as a, but for extremely

dry precipitation anomaly events.
The solid black line denotes the
univariate linear regression fit,

and R(c) is the regression slope.

b Same as a, but for the 50-year
return period. d Same as ¢, but for
the 50-year return period

Fig.4 Characteristics of changes
in the 10-year return levels of
extreme annual precipitation anom-
alies over global land during the
recent 50-year period (1971-2020)
relative to the reference period
(1891-1940). a Fraction of global
land area with increasing (green)
and decreasing (tan) return levels
for extremely wet precipitation
anomaly events. b Spatial distribu-
tion of return-level changes (mm)
for extremely wet events; the curve
on the right indicates the corre-
sponding zonal mean. ¢ Same as a,
but for extremely dry precipitation
anomaly events. d Same as b, but
for extremely dry events
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The spatial pattern of 50-year events is broadly consis-
tent with that of 10-year events, but the affected areas are
slightly smaller (Fig. 5). Increased wet-event return levels
cover 63.2% of the effective global land area, compared with
69.3% for 10-year events, and remain pronounced in South-
cast Asia, East Asia, Australia, and parts of the Northern
Hemisphere mid- to high latitudes (Fig. 5a, b). Decreased
dry-event return levels account for 53.7% of global land,
compared with 57.2% for 10-year events, and are concen-
trated mainly in Southeast Asia, low- to mid-latitude Africa,
and other tropical and subtropical land regions (Fig. 5c, d).
In contrast, changes in the Northern Hemisphere mid- to
high latitudes are generally weaker or indicate a weakening
of dry anomalies.

Overall, both return periods show strengthened wet
anomalies and intensified dry anomalies over most global
land areas, but their spatial characteristics differ. The
10-year events exhibit broader and more spatially continu-
ous changes, whereas the 50-year events affect smaller areas
but show stronger local changes. This contrast indicates that
the spatial evolution of extreme precipitation anomalies
depends on both spatial coverage and return-period-related
differences in local magnitude.

To further assess the stability of the spatial results, we
repeated the analysis using standard-deviation thresholds of
1, 2, and 3 mm. The estimated land-area proportions varied
only slightly, with a maximum difference of 1.6 percentage
points among the three thresholds, while the overall wet and
dry patterns for both return periods remained consistent.
This indicates that the main conclusions are not sensitive

Fig.5 Same as Fig. 4, but for (a)

100

to reasonable variations in the screening threshold (Supple-
mentary Table S2).

5 Regional characteristics of extreme
precipitation anomaly events across IPCC
ARG reference regions

The time series and trend slopes for the IPCC AR6 reference
regions further reveal substantial regional differences in
extreme wet and dry precipitation anomaly events (Figs. 6
and 7). Overall, return levels of wet anomalies show increas-
ing trends in most regions. For the 10-year events, more
than two-thirds of the IPCC land regions exhibit positive
trends, with relatively pronounced increases in NEU, EEU,
WSB, RFE, EAS, SEA and NAU; some of these trends are
statistically significant at the 0.05 level. This indicates that
multi-year extreme wet anomalies have intensified in sev-
eral mid- to high-latitude regions and in regions influenced
by monsoonal precipitation. By contrast, changes in dry
anomalies are more spatially heterogeneous. For the 10-year
events, enhanced dry anomalies occur mainly in SCA,
NWS, SAM, WAF, SEA and SAU, whereas WNA, ENA,
NEU, WCE, ESB and NZ show weakened dry anomalies or
relatively weak changes.

Clear differences are also found between return peri-
ods. Compared with the 10-year events, the 50-year events
show a more spatially uneven response, with stronger local
changes in some regions and, in some cases, changes in
the opposite direction to those of the 10-year events. This

50-year events
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Temporal evolution of extreme wet and dry precipitation return levels across IPCC ARG regions

Lo I'V — —
I Wet i, dry T . '_QI_LI" = = I e
W Wt &, dry b = I} —— Extrernely wet{10-yr event) —— Extremely dryl 10-yr event) . — | | ——
g | » = l'_‘
O meo-nsignificant . 4“—1 —— Extremely wet{50-yr event) ——— Extremely dry(SOyrevent)] = oo

Fig.6 Temporal evolution of return levels of extreme wet and dry pre-
cipitation anomalies across the IPCC AR6 reference region, calculated
separately from the area-weighted annual precipitation anomaly series
of each region during 1891-2020 (units: mm). Red and blue curves
represent extremely wet and extremely dry precipitation anomaly
events, respectively. Thin solid lines denote 10-year return-period

suggests that extreme precipitation anomalies of different
intensity levels do not respond uniformly to changes in the
climatic background. The trend-combination classification
further shows that NWS, SAM, ESAF, EAS, SEA, NAU
and CAU are typical regions where both wet and dry anoma-
lies intensify, indicating a widening of both the positive and
negative tails of annual precipitation anomalies. In contrast,
WNA, ENA, NEU, WCE, ESB, RFE and NZ are character-
ized by enhanced wet anomalies but weakened dry anoma-
lies, suggesting a shift of the anomaly distribution toward
the wet side. The complete regional classifications are given
in Tables 1 and 2. Overall, the classifications based on the
number of [IPCC ARG regions are consistent with the grid-
cell area statistics shown in Figs. 4 and 5: both indicate that
wet-anomaly intensification is more widespread, whereas
dry-anomaly intensification is more regionally selective.
These results suggest that the spatial changes identified in
this study are robust across different statistical scales, with
regional extreme precipitation anomalies characterized by
both widespread wet-anomaly intensification and more
selective dry-anomaly intensification Tables 3 and 4.
Tables 3 and 4 further quantify the overall deviations of
extreme wet and dry annual precipitation anomaly events
from the reference period across the IPCC AR6 reference
regions, in terms of baseline return levels, mean critical
intensities and relative changes. In most regions, the mean
critical intensity of wet anomalies is higher than the baseline

events, while thick solid lines denote 50-year return-period events.
Return levels are calculated using a 50-year moving window, and the
x-axis indicates the ending year of each window. The two vertical color
bars to the right of each inset indicate the trend-combination types for
the 10-year and 50-year events, respectively, with colors defined in the
legend and Tables 1 and 2

return level, indicating relatively widespread regional con-
sistency in wet-anomaly intensification. Typical regions
that pass the trend test, such as NEU, EEU, WSB, RFE and
EAS, show not only significant upward trends but also large
positive relative changes, further confirming the persistent
intensification of extreme wet anomalies in these regions. In
contrast, although dry anomalies shift toward more negative
mean critical intensities in several regions, their magnitudes
and statistical significance are more spatially heteroge-
neous, indicating that dry-anomaly intensification is not
spatially uniform. Compared with the 10-year events, the
50 year events show stronger local changes in some regions
but fewer regions with significant trends, suggesting that
higher-return-period events are more regionally dependent
and exhibit more complex spatial responses. Taken together,
the regional time series, trend tests and tabulated quantita-
tive results show that long-term changes in extreme precipi-
tation anomalies at the regional scale are characterized by
widespread wet-anomaly intensification and selective dry-
anomaly intensification in specific regions.

To assess the sensitivity of these results to dataset choice,
the analysis was repeated using CRU TS v4.05 (Supplemen-
tary Figs. S1-S4). Because GPCC and CRU have different
starting years and first 50-year reference periods, the com-
parison focuses on long-term tendencies and regional pat-
terns rather than exact numerical agreement. Both datasets
show significant increases in the 10-year and 50-year return
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Fig.7 Trends in return levels of
extreme precipitation anomalies for
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levels and occurrence frequencies of extreme wet anoma-
lies. For dry anomalies, the 10-year changes are weak and
statistically insignificant, whereas the 50-year results show
stronger return-level magnitudes in recent windows relative
to the reference period, accompanied by a modest increase
in occurrence frequency. At the regional scale, GPCC and
CRU yield the same wet—dry trend-combination classifica-
tion in 56.8% and 63.6% of the IPCC AR®6 land regions for
the 10-year and 50-year events, respectively, with 72.7%
agreeing for at least one return period. Overall, the com-
parison supports the stability of the wet-side intensification

@ Springer

and provides qualitatively consistent evidence for changes
in rarer dry anomalies.

6 Conclusions and outlook

This study characterizes the long-term changes in extreme
wet and dry precipitation anomaly events within a uni-
fied statistical framework, thereby avoiding the limited
comparability that arises when the two types of events are
described using different indices or statistical objects. The
results show that, over the past century, global extreme
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Table 1 Trend-combination types of 10-year extreme wet and dry
precipitation anomaly events across the IPCC ARG6 reference regions,
based on the trend test results shown in Fig. 7

Trend-combination Regions Number Frac-
type tion
of 44
regions

Both wet and dry NWN, SCA, NWS, 16 36.4%
anomalies intensify ~ NSA, SAM, MED,

ESAF, MDG, WCA,

ECA, EAS, ARP,

SEA, NAU, CAU,

SAU
Wet anomalies inten- GIC, WNA, ENA, 15 34.1%
sify, dry anomalies NCA, SES, NEU,
weaken WCE, EEU, SEAF,

RAR, WSB, ESB,

RFE, EAU, NZ
Wet anomalies NES, SWS, WAF, 5 11.4%
weaken, dry anoma- NEAF, TIB
lies intensify
Both wet and dry None 0 0
anomalies weaken
At least one side is NEN, CNA, CAR, 8 18.2%
not significant SSA, SAH, CAF,

WSAF, SAS

The full names and attributes corresponding to the IPCC AR6
regional abbreviations are provided in Table S1 of the Supplementary
Material

Table 2 Same as Tab. 1, but for a 50 year event

Trend-combination ~ Regions Number Frac-
type tion
of 44
regions

Both wet and dry GIC, NEN, SCA, 16 36.4%
anomalies intensify ~ NWS, NES, SAM,

ESAF, ESB, WCA,

ECA, TIB, EAS, ARP,

SEA, NAU, CAU
Wet anomalies inten- WNA, CNA, ENA, 14 31.8%
sify, dry anomalies CAR, SES, NEU,
weaken WCE, EEU, MED,

SEAF, RAR, WSB,

RFE, NZ
Wet anomalies SWS, WAF, WSAF 3 6.8%
weaken, dry anoma-
lies intensify
Both wet and dry NWN, SAU 2 4.5%
anomalies weaken
At least one side is NCA, NSA, SSA, 9 20.5%

SAH, CAF, NEAF,

MDG, SAS, EAU

The full names and attributes corresponding to the IPCC AR6
regional abbreviations are provided in Table S1 of the Supplementary
Material

not significant

precipitation anomalies have generally exhibited a concur-
rent intensification of wet and dry extremes. This indicates
that the statistical distribution of annual precipitation anom-
alies has expanded toward stronger positive and negative

anomalies. Such changes are reflected not only in increasing
return levels, but also in the more frequent occurrence of
events with the same return period in recent decades, sug-
gesting that global extreme hydroclimatic risk has increased
in both intensity and occurrence frequency.

Beyond the globally averaged signal, the spatial and
regional analyses reveal pronounced regional heterogene-
ity in the changes in precipitation anomalies. The responses
differ substantially among regions and return periods. The
intensification of wet anomalies is mainly concentrated in
the mid- to high-latitudes and monsoon-affected regions,
whereas the intensification of dry anomalies occurs more
frequently in parts of the low latitudes and subtropi-
cal regions. Both the 10-year and 50-year events show a
consistent spatial pattern of enhanced wet anomalies and
intensified dry anomalies. However, the 10-year events
are characterized by broader spatial coverage, whereas the
50-year events affect a relatively smaller area but exhibit
stronger local changes. Together with previous findings on
the influence of the AMOC on Northern Hemisphere land
precipitation, the cross-hemispheric modulation of Northern
Hemisphere winter precipitation by the Southern Annular
Mode, and the combined effects of tropical-South Pacific
SST anomalies and the NAO on regional precipitation, the
above regional differences suggest that the spatial responses
of extreme precipitation anomalies may be related to large-
scale ocean circulation, atmospheric teleconnections, and
air-sea coupled variability (Nan and Li 2003; Liu et al.
2015; Zhang et al. 2021; Tang and Li 2024).

Overall, global extreme precipitation anomalies over the
past century are characterized by increasing event inten-
sity, more frequent occurrence of events with the same
return period, and substantial spatial heterogeneity. Future
research will proceed in three steps. First, regions exhibiting
a pronounced two-sided expansion of wet and dry precipi-
tation anomalies will be selected, and 7T-year wet and dry
events will be identified using a full-record fixed-threshold
approach, ensuring that all event years are selected accord-
ing to a common intensity criterion. This framework can
also be applied separately to different seasons to identify
season-specific extreme precipitation events. Second, com-
posite and moisture-budget analyses will be conducted to
compare the common physical characteristics of wet and
dry events, focusing on local moisture conditions, land—
atmosphere interactions, moisture transport, and circulation
anomalies. Third, the same return-period framework will be
extended to potential drivers, including regional circulation
indices and sea-surface temperature anomalies, to examine
their temporal correspondence and lead-lag relationships
with precipitation-event years. Comparisons across different
periods or moving windows will further determine whether
these relationships vary with the background climate and
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Table 3 Baseline return levels (mm), mean critical intensities (mm), and relative changes (%) of 10-year extreme wet and dry annual precipitation
anomaly events across [IPCC ARG reference regions relative to the reference period (1891-1940)

Subregions Wet events Dry events

No Region Baseline RL Mean CI Relative Change (%) Baseline RL Mean CI Change (%)
1 GIC 29.03 51.92 78.84 —32.66 —35.59 8.98

2 NWN 26.8 36.85 37.54 —20.6 —36.44 76.89
3 NEN 13.86 26.95 94.37 -17.17 —25.82 50.43
4 WNA 73.4 82.62 12.56 —79.47 —72.83 —8.36
5 CNA 109.56 142.19 29.78 —109.89 —103.15 -6.13
6 ENA 73.27 111.19 51.76 —76.91 -51.9 —32.52
7 NCA 71.93 88.6 23.18 —58.38 —68.69 17.66
8 SCA 137.03 165.72 20.93 - 1183 -197.37 66.84
9 CAR 184.88 190.81 3.21 - 11591 —148.57 28.18
10 NWS 66.44 152.41 129.41 —37.63 —129.94 245.35
11 NSA 74.3 149.22 100.83 —77.48 —147.68 90.6
12 NES 168.65 208.23 23.47 —124.11 —215.13 73.33
13 SAM 14.6 85.74 487.19 —-10.55 -107.92 923.2
14 SWS 76.95 69.91 -9.14 —77.08 —113.14 46.79
15 SES 69.7 13491 93.56 —87.52 —84.26 -3.72
16 SSA 60.75 61.51 1.26 —62.06 —76.93 23.96
17 NEU 57.49 91.28 58.78 —52.98 —52.6 -0.71
18 WCE 83.88 90.41 7.78 —84.61 —78.15 -7.63
19 EEU 54.5 73.39 34.67 —63.43 —44.22 —30.29
20 MED 46.47 54.15 16.54 —34.59 —53.16 53.7
21 SAH 14.08 19.84 40.87 -8.31 - 18.75 125.77
22 WAF 97.36 100.42 3.14 —95.33 —163.15 71.14
23 CAF 61.81 89.14 4421 -36 —74.03 105.65
24 NEAF 66.76 59 -11.61 —63.74 -57.21 —10.24
25 SEAF 105.24 143.76 36.6 —95.79 —108.5 13.26
26 WSAF 55.01 82.63 50.2 —4245 —78.53 85.01
27 ESAF 102.94 111.2 8.02 -99.25 —120.87 21.79
28 MDG 129.15 185.83 43.88 -93.7 —180.75 92.89
29 RAR 10.63 29.62 178.54 —18.53 —26.87 44.96
30 WSB 28.14 43.63 55.07 —30.34 -32.22 6.18
31 ESB 12.65 27.28 115.66 —13.36 —20.62 54.35
32 RFE 30.13 68.3 126.65 —37.15 —51.54 38.72
33 WCA 21.14 42.37 100.45 —26.5 —30.91 16.64
34 ECA 10.36 21.54 108.04 —8.96 -14.17 58.09
35 TIB 39.61 39.86 0.62 —36.46 —42.07 15.39
36 EAS 74.18 94.79 27.78 —69.96 —76.68 9.6

37 ARP 3.95 20.41 416.22 -35 —14.33 309.24
38 SAS 125.07 116.1 -7.17 - 101.15 —103.01 1.84
39 SEA 170.71 197.36 15.61 —206.94 —246.97 19.34
40 NAU 172.42 236.24 37.01 —185.05 —190.78 3.1

41 CAU 60.85 106.87 75.63 —52.44 —66.05 25.97
42 EAU 154.21 202.29 31.17 —224.49 —214.29 —4.54
43 SAU 71.23 100.27 40.77 -56.9 —86.6 52.18
44 NZ 106.39 119.6 12.42 —155.77 —146.76 -5.79

RL =return level; CI = critical intensity. Relative change is calculated as (|[Mean CI|—|Baseline RL|)/|Baseline RL|x100%. Positive and negative
values indicate an increase and a decrease, respectively, in the absolute magnitude of the mean critical intensity relative to the baseline return

level
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Table 4 Same as Table 3, but for 50-year events

Subregions Wet events Dry events

No Region Baseline RL Mean CI Relative Change (%) Baseline RL Mean CI Change (%)
1 GIC 43.25 92.17 113.08 —54.14 —72.74 34.37
2 NWN 85.24 78.69 —-7.68 —34.25 —69.81 103.81
3 NEN 24.55 42.44 72.88 —34.04 —45.74 34.39
4 WNA 114.77 160.7 40.02 —129.46 —122.94 -5.03
5 CNA 191.5 221.36 15.59 —184.19 —160.95 —12.62
6 ENA 114.23 165.24 44.65 —142.7 —114.54 -19.73
7 NCA 120.85 197.37 63.31 - 115.89 —117.44 1.34

8 SCA 272.48 292.63 7.39 -177.97 —271.55 52.58
9 CAR 264.35 281.57 6.51 —220.26 —220.37 0.05

10 NWS 106 281.11 165.21 —181.32 —233.39 28.72
11 NSA 152 280.68 84.66 —197.58 —255.47 29.3

12 NES 402.88 464.25 15.23 —314.36 —343.29 9.2

13 SAM 42.86 152.75 256.41 —50.94 -217.6 327.16
14 SWS 207.33 163.17 -213 —134.8 - 167.15 23.99
15 SES 161.17 219.88 36.42 —140.11 —158.96 13.45
16 SSA 115.36 175.71 52.31 -79.76 —104.8 31.39
17 NEU 95.7 130.15 36.01 —114.03 --102.19 —10.39
18 WCE 104.92 126.25 20.33 —160.2 —126.35 -21.13
19 EEU 120.68 121.84 0.96 —76.69 —71.34 -6.98
20 MED 54.63 82.01 50.12 —50.38 -91.35 81.35
21 SAH 23.26 39.05 67.86 —14.31 —28.62 100.07
22 WAF 160.65 144.1 -10.3 —168.94 —268.57 58.97
23 CAF 127.99 144.93 13.24 —96.69 —148.16 53.23
24 NEAF 117.31 120.4 2.63 - 112.75 —123.04 9.13

25 SEAF 131.81 313.63 137.94 —223.39 —201.75 -9.69
26 WSAF 168.62 161.64 —4.14 —100.46 —119.87 19.32
27 ESAF 189.44 207.83 9.71 —160.31 —188.51 17.59
28 MDG 264.67 320.18 20.97 —346.3 —289.94 -16.28
29 RAR 12.7 74.73 488.24 —48.49 —53.27 9.86
30 WSB 50.32 70.16 39.43 —57.48 -60.37 5.03

31 ESB 37.08 53.43 44.09 —28.16 —36.15 28.37
32 RFE 44.62 103.7 132.4 —80.11 -94.47 17.93
33 WCA 337 61.01 81.03 —43.72 —48.75 11.5

34 ECA 25.89 40.58 56.72 -17.8 -30.37 70.67
35 TIB 56.6 58.05 2.57 —52.84 —56.64 7.19

36 EAS 132.41 188.24 42.17 -107.26 —115.46 7.64
37 ARP 9.11 44.14 384.5 —4.23 —242 471.64
38 SAS 167.97 185.94 10.7 —123.22 —168.51 36.76
39 SEA 271.34 295.6 8.94 —396.07 —452.37 14.22
40 NAU 322.51 413.83 28.32 —265.04 —289.85 9.36

41 CAU 100.93 227.67 125.56 —84.72 —90.44 6.75

42 EAU 369.54 520.02 40.72 —400.8 —332.72 —16.99
43 SAU 195.9 190.17 -2.93 —164.37 —156.07 -5.05
44 NZ 158.39 202.62 27.93 —236.48 —208.78 - 11.71

RL, CI, and relative change are defined as in Table 3

help identify potential precursor signals, thereby deepen-
ing our understanding of the physical causes of changes in
extreme precipitation anomalies and their implications for
regional risk.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00382-0
26-08378-8.
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