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ARTICLE INFO ABSTRACT

Keywords: Monitoring the long-term dynamics of the wet season is important for both the current operation and future
Wet season management of water resource systems. Wet seasons in China are substantially influenced by monsoons with
Dry spell great variability but are unknown. We conducted a comprehensive assessment of rainfall regimes in China be-
8:::;tion tween 1982 and 2020 using a modified anomalous accumulation method at the pixel level. We observed

divergent patterns of “wet areas becoming drier, and dry areas becoming wetter” with rainfall amount and rainy
days increasing in dry regions, and decreasing in humid regions. Wet seasons extend to dry areas and shorten in
wet areas, with trends related to dryness. Simultaneously, as the dryness increased, the length, number of dry
spells, and consecutive dry days increased. Concurrent increases in rainy days and dry spells indicated a seasonal
rainfall regime toward greater variations in drier areas, which was not entirely consistent with a global inten-
sification pattern of “dry getting drier and wet getting wetter”, implying increased potential climatic risks in dry
areas. For climate risk prediction, water resource allocation, and agricultural management, we advocate a finer

Climate risks

and more precise dynamic assessment of the wetting—drying pattern.

1. Introduction

The wet season refers to the period of the year when the majority of
annual precipitation occurs in a certain region or country, and is one of
the basic necessities of research on climate change, drought, and flood
disasters (Funk et al., 2019; Zhou et al., 2022a). China, which is located
at the mid-latitudes, is influenced by the Asian monsoon (Guo et al.,
2020). Rainfall shows distinct intra-annual distribution differences and
is highly concentrated during the wet seasons (Dai et al., 2020). Wet
seasons in China have gained a considerable attention from the aca-
demic community, as their variations are linked to hydrological cycles
and the Asian monsoon, which is an important component of global
atmospheric circulation and substantially affects crop production and
social security (Zhang et al., 2018; Zhou et al., 2022a; Zhang et al.,
2023).

However, inconsistent definitions of wet seasons have resulted in a
limited number of studies on rainfall regimes (Kniveton et al., 2009;

Seregina et al., 2019). Most studies on the onset and cessation of the wet
season in China have used a qualitative method on a regional scale,
which is relatively arbitrary; for example, Meiyu from June to August
over the middle and lower reaches of the Yangtze River, (Ge et al., 2008)
autumn wet season in Western China (Zhang et al., 2019a), summer
monsoon rainfall in Southeast China (Dai et al., 2020), and three-stage
summer precipitation during early summer, Meiyu season, and late
summer (Liu et al., 2020). Quantitatively, rainfall amount is the basic
criterion. For example, Wang (2020) defined Asian wet seasons by
relative climatic pentad rainfall, and Wu (2024) conducted a compara-
tive analysis of different pentad precipitation to determine the onset and
end of the wet season in Southwest China. However, it is difficult to
accurately reflect the characteristics of the wet season in China because
of different rainfall amounts in different subareas, as well as diverse
terrain features and monsoon systems (Guo et al., 2022). In this context,
a unified study of the wet season in China is required with finer de-
scriptions at different places.
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Intensified hydrological cycles under global warming further in-
crease uncertainties in wet season variations in China (Guo et al., 2020;
Ferijal et al., 2021). Extensive research has been conducted to investi-
gate alterations in precipitation around totals (including mean values)
and tails (i.e. extreme precipitation based on a certain threshold) on
monthly-to-multi-year time scales (Chou and Lan, 2012; Qian et al.,
2022). However, the wet season process is more interesting to agro-
climatological users but less known, as the start and end of wet sea-
sons not only determine crop sowing dates (Zhang et al., 2021a), but
also play a critical role in flood and drought prevention (Kniveton et al.,
2009; Faradila and Bowo, 2023). Rainfall intensity, frequency, and
intra-variability are important features of wet-season processes and
climate models (Wang et al., 2014; Liu et al., 2022). The dry spell index
(i.e. consecutive dry days) also supplements the extreme fluctuation of a
dynamic wet season (Dietzsch et al., 2017). This study attempts to
construct a more detailed wet-season regime to provide a comprehen-
sive assessment of rainfall changes in China.

Additionally, the changing wet season regime also affects the wetting
and drying patterns, which are crucial to the current effective regula-
tions and future management of water resource systems. A response of
“wet regions getting wetter and dry regions getting drier” has been
recognised for the physical reason that global mean precipitation in-
creases by 1-3 % per degree rise of surface air temperature (Allen and
Ingram, 2002; Held and Soden, 2006; Chou et al., 2009). Hence, a
similar conclusion was reached regarding the seasonal cycle change that
“wet seasons get wetter and dry seasons get drier” (Chou and Lan, 2012;
Chou et al., 2013). However, reports discovered 9.5 % of global land
area with a robust “dry gets wetter, wet gets drier” pattern using over
300 combinations of various hydrological data sets from 1948 to 2005
(Greve et al., 2014). These conflicting results may be partly due to the
terrestrial paradigm originating from oceanic data (Durack et al., 2012;
Roderick et al., 2014). Another potential reason may be hydro-
climatological regime shifts with great uncertainties and largely un-
known underlying mechanisms related to circulation patterns (Ghassabi
et al., 2022; Ma et al., 2022a; Chen et al., 2023), local topography (Cuo
and Zhang, 2017; Li et al.,, 2022c), and energy balance and so on
(Kuricheva et al., 2021; Freire et al., 2022; Shiogama et al., 2022). Such
topics need to be discussed in China under the current case study, mainly
in Africa but with global heterogeneity (Konapala et al., 2020; Palmer
et al., 2023).

In this study, we address these issues using an improved method to
robustly capture seasonal water cycles in an automated manner (Lieb-
mann et al., 2012). Based on the definition of the cumulative daily
rainfall anomaly, we propose a rainfall regime framework (Table 1) to
fully uncover the dynamics of the wet season. New daily precipitation
data spanning nearly 40 years have been used to characterise wet sea-
sons at the pixel level (Han et al., 2023). This study provides the latest
quantitative integration of the wet season and its evolution over the last
four decades to refine the existing patterns.

2. Data and methods
2.1. Data

2.1.1. Precipitation data sets

A new daily gridded precipitation dataset for the China mainland
(CHM_PRE, as a member of the China Hydro-Meteorology dataset)
provides long-term precipitation with spatial resolution of 0.1° from
1961 to present (Han et al., 2023). It overcomes previous limitations by
1) using daily observations from 2839 stations located across China and
nearby regions; 2) fully accounting for topographic effect; and 3)
balancing local data fidelity and global fitting smoothness in the inter-
polation of precipitation. Comparisons between the 45 992 high-density
gauge observations show the CHM_PRE has the consistent temporal
patterns of monthly precipitation series and the best overall perfor-
mance within the existing gauge-based precipitation in China, including
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Table 1
Rainfall metrics of wet season regime.
Variables Definitions Units
Onset of wet season The minimum value in the accumulative Day of year
(onset) anomaly of daily rainfall (DOY)
Cessation of wet The maximum value of the accumulative DOY
season (cessation) anomaly of daily rainfall
Length of wet season Number of days between the onset and Days
(LWS) cessation of the wet season
Seasonal rainfall Rainfall amount during the wet season mm
amount (R)
Rainy days (RD) Number of days with rainfall >1 mm Days
between the onset and cessation of the wet
season
Rainfall intensity (RI) Ratio of the total rainfall within the rainy mm day !
days and number of rainy days
Rainfall frequency Percent of rainy days: the number of rainy %

(RF) days/length of wet season
Inter-annual rainfall Rainfall coefficient of variation

variability (CV)
Consecutive dry days Maximum number of consecutive days with ~ Days

(CDD) rainfall <1 mm during wet season

Dry spell Rainfall <1 mm/day during a period of at _
least seven consecutive days
Number of dry spells The number of dry spells during rainy _

season

Length of dry spells Mean length of dry spells Days

CNO05.1 (Wu and Gao, 2013), CMA V2.0 (Zhao et al., 2014), and CGDPA
(Shen et al., 2014). Multi-Source Weighted-Ensemble Precipitation
(MSWEP) version 2.2 (Beck et al., 2019b) is a reanalyzed gridded dataset
at a 3-hourly and 0.1° resolution since 1979. It has provided that are
closer real-time estimates by merging gauge, satellite, and reanalysis
precipitation estimates to enhance performance in densely gauged re-
gimes (Beck et al., 2020), with overwhelmingly higher accuracy than
ERA5-HRES, ERA-Interim, CHIRPS, CHIPS, GCPP, GPCP, and other
datasets (Beck et al., 2019a). Precipitation across China from various
datasets are compared in Supplementary Fig. 1, which showed generally
similar temporal trends. To maximize the duration of the available
datasets and optimize the spatio-temporal scales, we averaged the gauge
observations (CHM_PRE) and reanalysis precipitation (MSWEP) in this
study.

2.1.2. Aridity types

Aridity index (AI) was calculated as the ratio of precipitation to
potential evapotranspiration (PET) (Greve et al., 2019). A big Earth Data
Platform for Three Poles (https://poles.tpdc.ac.cn/en/data/8b11da09
-1a40-4014-bd3d-2b86e6dccad4/) provides PET with a 1 km resolu-
tion (Shouzhang, 2022). China was classed into five aridity level
(Franklin and Cardy, 2000): (i) hyper-arid (HD, AI < 0.05), (ii) arid (AD,
0.05 < AI < 0.2), (iii) semi-arid (SD, 0.2 < AI < 0.5), (iv) dry sub-humid
(SH, 0.5 < Al < 0.65), and (v) humid regions (HM, AI > 0.65) (Fig. 1,
Supplementary Fig. 2a).

2.1.3. Hydrometeorological data

Annual temperature (TMP) and data was derived from the big Earth
Data Platform for Three Poles (Shouzhang, 2019). The solar radiation
(SOLAR) data was derived from the ERA5-Land monthly averaged data
produced by the European Centre for Medium-Range Weather Forecasts
(ECMWF) (Munoz-Sabater et al., 2021). We obtained (root-zone) soil
moisture (SM) data from the Global Land Evaporation Amsterdam
model (Martens et al., 2017), and resampled them to a 0.1°spatial res-
olution using the nearest-neighbour interpolation (Wei et al., 2019).

2.2. Methodology

2.2.1. Extension of the Liebmann method for China
In this study, the method described by Liebmann et al. for the entire
Africa (Dunning et al., 2016) was used to identify wet seasons in China.


https://poles.tpdc.ac.cn/en/data/8b11da09-1a40-4014-bd3d-2b86e6dccad4/
https://poles.tpdc.ac.cn/en/data/8b11da09-1a40-4014-bd3d-2b86e6dccad4/
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Fig. 1. Seasonality, onset and cessation of the climatological wet season. (a) The ratio of the amplitudes of the second harmonics to the amplitude of the first
harmonic per year for each grid point in 1982-2020. (b) Climatological cumulative daily mean rainfall anomaly (red) for 29.8°N, 101.1°E averaged over 1982-2020,
cumulative daily mean rainfall anomaly (blue) and daily rainfall (black) in 2000. The gray polygon marks the extent of the wet season in 2000. (c) Spatial dis-
tributions of dry and wet regions. HD: hyper-arid; AD: arid; SD: semi-arid; SH: dry sub-humid; HM: humid. (d) Climatological wet season in different regions. DOY
represents the day of the year. The Z-axis represents the spatial multiple-year mean daily rainfall. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Rather than setting a unified precipitation threshold, this method cal-
culates cumulative rainfall anomalies in relation to local climatology,
which increases when the daily precipitation is above the climatological
mean daily rainfall and decreases when the daily precipitation is below
the climatological mean daily rainfall (Dunning et al., 2016). The onset
and cessation of the wet season correspond to dates with the minima and
maxima of cumulative rainfall anomalies (Zhang et al., 2018), respec-
tively, which have mostly been applied to tropical regions, including
parts of Western and Central Africa (Sanogo et al., 2015; Froidurot and
Diedhiou, 2017), the Sahel (Dunning et al., 2018), and the Intergov-
ernmental Authority on Development (IGAD) regions of eastern Africa
(Omay et al., 2023). We adjusted the processes for their application in
China, as described in sections 2.2.2-2.2.4. First, harmonic analysis was
conducted to determine the number of wet seasons per year (He et al.,
2022). Then, using multi-year average time series, we found the
“climatological wet season” or the time when wet season typically
occurred. Finally, the start and end dates of each wet season were
determined for each year.

2.2.2. Estimation of seasonality

Harmonic analysis of time series (HANTS) is a synthesis of smoothing
and filtering methods (Gautam et al., 2007), that fully utilises and
connects the existing temporal and spatial characteristics of grid data.
We performed a Fourier transform on the entire daily time series (Zhou
et al., 2022b). The ratio of harmonic amplitudes at frequencies of one
and two cycles per year was calculated using HANTS to determine
seasonality (Jiang et al., 2019). A ratio less than 1 signifies that a single

wet season fits time series better, otherwise (ratio > 1) the harmonic of
two cycles per year is more likely (Dunning et al., 2016). MATLAB was
used to conduct the HANTS.

2.2.3. Identification of onset and cessation

The processes for grid points with one wet season cycle are described
by Liebmann et al. (2012). For points with two seasonal cycles per year,
the dates were determined using the method used for a single season
(Dunning et al., 2016). We initially extracted the climatology wet sea-
son, which is the period when the wet season occurs, and considered
those seasons that span the calendar year (Ferijal et al., 2022), by
calculating the climatological cumulative daily rainfall anomaly (C(d))
from the long-term average daily precipitation (R;) in the calendar year.
C(d) was calculated using Eq. (1):

d v =
Cld) = Zi:umei —R

In this case, i runs from 1 January to 31 December to calculate the

@

climatological daily mean rainfall R* (displayed by the black line in
Fig. 1b); the anomaly is the climatological daily precipitation (R;*)
minus the daily mean precipitation (R"). Fig. 1b shows C(d) as a red line.
In view of this, C(d) increases when R;* is greater than R, and decreases
when R;* is less than R”, the day with the minimum C(d) marks the start
of the wet season (ds), and the day with the maximum C(d) after ds
marks the cessation of the wet season (dc).

Subsequently, the start and cessation of the wet season were calcu-
lated for each year by applying the individual daily cumulative rainfall
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anomalies (C(D)) on a certain day (D) using Eq. (2):

D =
o)=Y KK 2
For individual years, the cumulative rainfall anomaly was calculated for
day j, considering the range from ds - 50 to dc + 50. The day with the
minimum C(D) marks the start of the wet season (ds’) for that year, after
which rainfall is consistent in its occurrence and intensity (above R").
The day with the maximum C(D) after ds’ marks the cessation of the wet
season (dc’) for this year. Fig. 1b shows 2000 as an example of C(D) as
the blue line). To reduce synoptic noise, all the precipitation datasets
were smoothed beforehand using a 30-day running window. To date, we
have a long-term database of the timing of the wet season on a daily
scale for each pixel in China.

2.2.4. Regime framework for wet season

Table 1 summarises the rainfall regime metrics used to fully depict
the characteristics of wet seasons. Apart from rainfall amount, which is
recognised as one of the essential factors of the wet season influencing
both primary productivity and human social life, rainfall frequency and
rainfall intensity are rising concerns which may benefit woody and
herbaceous plants differently (Brandt et al., 2019; Zhang et al., 2019b).
These are still one of the complex climate variables used to handle
climate monitoring and climate model simulations (Ferijal et al., 2022).
The inter- and intra-annual variability of rainfall is affected by climate
change and exhibits diverse directions and magnitudes that require
further exploration in terms of heterogeneity (Baldocchi et al., 2021).
Dry spells were described based on the Global Expert Team on Climate
Change and Indices (ETCCDI)-based precipitation climatology (Dietzsch
et al., 2017).

2.2.5. Variability analysis

The variance and unranked Gini index (UGI) were used to detect
inter-annual and intra-annual variations, respectively (Ritter et al.,
2020). The variance was estimated as the standard deviation of the
detrended and temporally filtered time series (Schillaci and Schillaci,
2022). The UGI was derived from the economic Gini coefficient, which
measures the income disparity among residents. Here, a UGI ranging
from 0 to 1 was used to describe the relative degree of irregularity in the
daily precipitation distribution. A value of O indicates equal rainfall
distribution every day, and 1 indicates the concentration of rainfall on
the first or last day of the wet season (Ritter et al., 2020). Calculations
were performed using R, MATLAB, and ArcGIS.

2.2.6. Trend analysis

Linear regression is widely used to detect significant increasing or
decreasing trends in climatic variation based on the least-squares
method (Xu et al., 2022). A two-tailed Student’s t-test was used to
measure the P values of trends (Jiang et al., 2019). The significance level
was set at P < 0.05. Trend tests were performed on each rainfall metric
at the pixel level using Eq. (3):

M, =TM, xy+b+e 3)

where My, is the n rainfall index in year y. y ranges from 1982 to 2020.
TM,, is the regression slope representing the linear rainfall index trend. b
is the intercept of the equation, and ¢ is the error.

For the annual mean precipitation time series, we identified breaks
by using the R packages ‘segmented’, ‘tseries’, and ‘rlang’. The shortest
segment was set to 0.25 of the total data length to limit the number of
observations in each segment (Hu et al., 2023). The most significant
breakpoints were determined using the Chow test (P < 0.05) (Novak and
Truong, 2023).

We identified the year 2000 as the breakpoint of the annual mean
precipitation time series from multiple datasets (Supplementary Fig. 1).
Previous studies identified distinct hydroclimatological variations in
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China before and after 2000 (Hu et al., 2022). For specific changing
amplitudes and statistical comparability, we calculated the changes and
changing rates of the rainfall metrics between different periods divided
by breaks, using Eq. (4):

RM, = (RM,, — RM,,,\) /RM,,x 4)

where RM,p1 and RM,,; are the multiple-year mean values of the nth
rainfall metric in Table 1 during the first and second periods, respec-
tively, and the difference between them is the change in the nth rainfall
metric. RM,, is the rate of change in the nth rainfall metric.

2.2.7. Relative importance evaluation

We used a bootstrap technique based on the method developed by
Lindemann, Merenda, and Gold (LMG) to calculate the relative signifi-
cance of the contributors to changes during the wet season (Liu et al.,
2021). Key components of energy and water cycles, including changes in
near-surface temperature (TMP), SOLAR, SM, PET, and annual precipi-
tation (PRE), are used to explain the variation in the length of wet season
(LWS) from the viewpoint of their contribution to R2 (Shi et al., 2021).
Before modelling, all variables (V) were normalised for each grid cell (x,
y) for each year (t) using the Z-score by Eq. (5):
Vitsy) = Vios-a020(sy)

(5)

VZ')V Hxy) =
corenty 6(Vios2-2020(x) )

where ¢ (Vigg2-2020(xy) ) is the standard deviation, and Viogz_2020(xy) 1S
the mean of values during 1982-2020. All variables were tested for no
multicollinearity by variance inflation factor values (VIF < 5) (Wei et al.,
2019). The model was conducted for the drylands, humid areas and the
whole China.

3. Results
3.1. The onset and cessation of wet season

The maximum harmonic ratio was less than 0.72 across all regions
(see Section 2.2.2), indicating that each grid point experienced a distinct
wet season (Fig. 1a). Subsequently, the wet season was diagnosed based
on cumulative daily rainfall anomalies (Fig. 1b). Finally, the identified
wet seasons and their onsets and cessations are summarised for the five
dryland subtypes and humid regions (Fig. 1c). On average, the wet
season begins earliest in humid regions on 14 April (Fig. 1d). For the
dryland subtypes, the drier the area, the earlier the wet season began
and ended (mean on September 30, 26, 13, and 10, respectively). Across
China, more humid areas experienced longer wet seasons, averaging
122,126,133, 140, and 145 d for humid, dry sub-humid, semi-arid, arid,
and hyper-arid areas, respectively.

3.2. Spatial-temporal trends of wet season

To clearly show the long-term changes in the wet season, we
compared the differences in the wet season onset, cessation, and length
between 1982 and 2000 and 2001-2020 periods. The results showed
that the wet season increased in 66.76 % of the drylands (both from the
perspective of trends and changing rates, P < 0.05) and in 59.43 % of the
humid areas (Fig. 2a, Supplementary Fig. 3, P < 0.05). The reasons for
the variations in the duration of the wet season are different. The earlier
occurrence in hyper-arid and dry sub-humid areas contributed to pro-
longed wet season duration by an average increase of 3.24 + 1.98 and
3.65 + 0.93 days after 2000 (Fig. 2b, e, P < 0.01). The wet season in
arid, semi-arid and dry sub-humid areas prolonged by 14.43 + 1.54,
8.28 + 1.37 days during the past four decades due to both the earlier
onset (decreasing purple lines in Fig. 2¢, d, P < 0.01) and later cessation
(increasing orange lines in Fig. 2 ¢, d, P < 0.01). Humid areas displayed
slightly shortening wet season length with the decreasing trend of —
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Fig. 2. Spatial patterns of changes in the length of wet season (LWS). (a). Linear trends of LWS. The black dots represent grid points with trends of significance
level of P < 0.01. (b)-(g) plot time series of onset (purple), cessation (orange) and duration (black) during 1982-2020 in different dry and humid areas. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

0.15 + 0.18 (black lines in Fig. 2f, P < 0.05), although the whole regions
displayed significant increasing length of wet season by 4.44 + 1.55
days (Fig. 2g, P < 0.01). In general, we found a pattern in China’s wet
season that “in wet area gets shorter and in dry area gets longer” over the
last four decades.

3.3. Inter- and intra-annual variability of rainfall

On an annual timescale, the amount of rainfall during the wet season
fluctuated more violently from humid to dry areas (Fig. 3a). The hyper-
arid and arid areas were characterised by high inter-annual variability
(i.e. variance). During the wet season, the majority of regions that
experienced uniform rainy days was humid. In addition to the mean
state, changes in the inter- and intra-annual rainfall variability were
further characterised by asynchronous patterns. Over the last four de-
cades, semi-arid and humid areas have displayed the greatest negative
and positive inter-annual variability during the wet season, respectively

(Fig. 3b). However, the intra-annual variability experienced a broad
decrease, with a greater decrease in the UGI in less dry areas in dryland
subtypes (Fig. 3c). The disagreement in the changing patterns of pre-
cipitation variability at different timescales suggests that increased
inter-annual variability (i.e. variance) and decreased intra-annual vari-
ability (i.e. UGI) help allocate daily rainfall in the wet season, especially
in the eastern coastal areas (Supplementary Fig. 6).

3.4. The relationships between rainfall and aridity

The multi-year average of seasonal rainfall amount ranged from
274.83 + 212.34 mm in the drylands to 801.30 + 208.96 mm in the
humid areas, indicating a highly coherent spatial pattern with rainfall
intensity gradually increasing from 2.61 + 1.43 mm/day (in the dry-
lands) to 6.24 + 1.54 mm/day (in the humid areas) (Fig. 4, P < 0.05).
Locations with rainy days of up to four months (120 days) were found in
76.34 % of the dry sub-humid and humid areas, whereas 78.84 % of the
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hyper-arid and arid areas had less than 60 rainy days. Interestingly, the
trends in the rainfall amount, rainy days, and rainfall intensity showed
consistent pairwise patterns, contrary to the respective mean states. That
is, significantly increasing trends were dominant in areas with less
rainfall/rain days/rainfall intensity, such as almost all arid regions,
whereas decreasing trends were mostly detected in areas with more
abundant rain, such as humid areas. Moreover, temporal changes in
rainfall were positively correlated with dryness. The positive magnitude
of rainfall amount change in wet season was greatest in arid and semi-
arid areas, with a rise of 18.51 + 20.18 % and 1.41 + 0.83 mm/year
on average, and lowest in humid areas, with a drop of 7.81 + 4.97 %
with 2.32 + 1.67 mm/year on average (Fig. 4, P < 0.05). Rainy days (i.
e., days with rainfall > 1 mm) markedly increased in the arid areas of
3.52 + 1.08 days and semi-arid areas of around 6.30 + 1.05 days, but
decreased in the humid areas of — 2.77 + 0.77 days after 2000 (Sup-
plementary Fig. 6, P < 0.05). There was a greater reduction in rainfall
intensity in drylands with lower dryness. The increase in rainfall in-
tensity in parts of humid eastern areas may have been caused by pre-
vailing shortening of the wet season, albeit with less rainfall. Overall,
changes in rainfall regimes showed that wet seasons in arid areas
became wetter, whereas in wet areas became drier.

To assess the applicability of the increase in precipitation variability
that triggers wider swings between wet and dry conditions, we
compared dry spell changes. Dry spells generally occurred more
frequently and lasted longer in drier areas, with mean lengths ranging
from 2.21 + 0.37 to 26.14 + 13.25 days per dry spell, mean numbers
ranging from 0.21 + 0.03 to 1.73 £+ 0.54, and mean consecutive dry
days from 4.39 + 0.44 to 35.21 + 18.51 days in dry sub-humid and arid
areas, respectively (Fig. 5a-c). Changes in dry spells displayed
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heterogeneous spatial patterns in both direction and magnitude; how-
ever, all showed a declining line with aridity (Fig. 5d-i). The extended
wet seasons in drier regions not only gave rise to the occurrence of rainy
days, but also consecutive dry days, with a mean rise of 12.42 + 11.23
days in 73.47 % in the hyper-arid and arid areas (Fig. 5j-1). Dry spells
occurred more frequently in 60.94 % of the arid regions and lasted 0.11
=+ 0.06 more days per dry spell after 2000 (Supplementary Fig. 6). The
co-occurrence of positive changes in the direction of rainy and dry days
indicates an exacerbated risk of floods and droughts under global
warming at the regional scale.

4. Discussion

Using a unified framework and a variety of metrics, we reconstructed
the onset and cessation dates of the wet season in China over the last four
decades to investigate the potential dynamics of hydrological responses
to global warming. The state-of-the-art precipitation datasets allow
more accurate application of the Liemann method via accumulated daily
precipitation anomalies. Two opposing trends were detected during the
advancement of the wet climatological season. One was the first inva-
sion in the central humid areas (on 5 April), and the other was the initial
launch in the hyper-arid areas (on 5 May) and downwards to the dry
subhumid areas (on 11 May). These results are consistent with the major
wet season determined by the threshold of the standardised climatic
pentad rainfall records from Chinese stations (Zhan et al., 2016). In
drylands, the wet season commences slightly earlier in the northern part
than in the southern part, owing to the effects of westerlies with obvious
local features (Zhang et al., 2021b). Moreover, the intensity of the Ti-
betan Plateau Monsoon may help transport cold air from high latitudes
southward, prompting precipitation and triggering the wet season in the
southwest regions (Zhang et al., 2022). The quantified onset and
cessation of wet seasons in a modified manner for each pixel provides a
more precise analysis of the local characteristics of wet season processes
than previous subjective and semi-objective descriptions across China.

Wet season changes in time and space become more complex and
unknown as climate warming and hydrological cycles intensify (Zhang
etal., 2018; Brandt et al., 2019; Li et al., 2022b). In contrast to the global
“wet gets wetter, dry gets drier” paradigm (Liu and Allan, 2013), this
study confirms the paradigm in China that “wet areas get drier, dry areas
get wetter” through analysis of various factors such as the length of the
wet season, precipitation amount, number of rainy days, and rainfall
intensity. Similar patterns of rates and linear trends support these
changes. On a temporal scale, the daily precipitation was distributed
more uniformly during the wet season in humid areas (Fig. 3). Our
findings align with the global re-assessment of land-based wetting and
drying trends, emphasising that the catchphrase “DDWW” over-
simplifies the complexity of these processes over land (Greve et al.,
2014).

Another new revolution of wet season in relation to duration is that
“in wet areas gets shorter, in dry areas gets longer” (Fig. 6a). We
attributed these annual changes in LWS during 1982-2020 to potential
hydrothermal conditions using a relative importance algorithm.
Changes in annual precipitation and SM were the leading controlling
factors, with relative weights of 54.96 % and 39.03 % in the drylands,
and 45.25 % and 34.70 % in humid areas, respectively (Fig. 6b). China is
located at the mid-latitudes and is influenced by the subseasonal
monsoon system. The East Asian monsoon rain belt migrated northwest
from the Last Glacial Maximum to the mid-Holocene, leading to
increased precipitation and a longer wet season in northern China (Yang
et al., 2015). Disrupted summer winds can reduce rainy days and
shorten the length of the wet season in the humid regions of South China
(Yao and Wang, 2021). In particular, the dynamic synergy of the
Qinghai-Tibetan Plateau summer monsoon and boreal summer
intra-seasonal oscillations can lead to changes in drought and flooding
during the wet season in southwest China (Li et al., 2022a). In this re-
gard, wet season changes may benefit northern agriculture while posing
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Fig. 4. Changes of rainfall in wet season and response to aridity. (a), (b) and (c) show spatial patterns of mean rainfall amount, rainy days and rainfall intensity,
respectively. (d), (e), and (f) show the corresponding trends during past four decades. The areas with black diagonal lines display significant changes in rainfall
regimes with P < 0.05. (g), (h) and (i) plot the amplitude of changes along the aridity. (j), (k) and (1) show rates in 2001-2020 on the baseline of 1982-2000. The
color of the violin box generates rate values in four dryland subtypes and humid areas, for more categorization details in 2.1.2 Aridity types and Supplemen-

tary Fig. 2.

drought risks in the south. For example, the continuously decreasing
water level in Poyang Lake, as well as SM around China’s largest
freshwater lake, has been a serious concern in wet areas (Li et al., 2023).
Therefore, it is necessary to examine the evolution of the wet season at
different scales to monitor regional risks and promptly adjust for global
climate governance.

One large-scale explanation is the interdecadal oscillation of
seawater in the North Pacific (Zhang et al., 2021b). The cold phase of the
Pacific Decadal Oscillation (PDO) over the last four decades has resulted
in increased precipitation in the drylands of China (Jiang et al., 2023).
The other underlying physical mechanism is the Clausius-Clapeyron
relationship, where moisture increases by 6-7 % for per Kelvin of tem-
perature increase (Neelin et al., 2022). The general trend is that tem-
peratures at higher latitudes climb faster than those at lower latitudes,
contributing to a larger increase in moisture during the wet season in
drier regions, which also provides a possible principle to predict global
dry-wet transitions (Wang et al., 2023).

Simultaneously, we found that variations of dry spells increased as
the drought intensified across most of China’s drylands. This change
represents the nonlinear progression of an increase in dryness severity
due to dry spells, as evidenced by the increasing temporal trends and
spatial tendencies to expand. For example, the average length of dry
spells was extended to 70.89 % of the arid areas (Supplementary Fig. 6).
The number of dry spells increased by 71.09 % in arid areas, at an

increase rate of 19.56 %. Interestingly, dry spells revealed that nearly
63.22 % of the area with increasing dryness received more rainfall,
indicating that the monsoon wet season shifted toward more frequent
extreme rainy and dry spell events (Donat et al., 2016; Huang et al.,
2022). Increased rainy days contribute to an increase in the total pre-
cipitation, which may mask drought progression through dry spells
(Ferijal et al., 2021). Hence, an impression based on accumulated pre-
cipitation may lead to a misinterpretation of intermittent drought
development, although it may display a wide increase (Yu and Zhai,
2020; Li et al., 2021; Ma et al., 2022b).

In contrast to the threshold-based derivation that covers the entire
region, the improved Liebmann statistical analysis considers climatic
variability and local responses to maximise guidance for local agricul-
tural arrangements (Dunning et al., 2016). The wet season framework
proposed herein is crucial for effective water resource management
because it can capture rainfall features with fine spatial resolution. The
adaptability of comprehensive wet season estimations allows for
rational planning and full utilisation of rainfall over a variety of time
periods (Granato-Souza et al., 2020). Furthermore, because rainfall is
closely linked to natural disasters such as floods and droughts, our long-
term trend analysis at the pixel level is essential for improving local risk
assessments and effective strategy formulation. Researchers have sug-
gested drawing cautious conclusions from global to local patterns, owing
to the co-occurrence of significantly increasing rain and dry days in drier
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regions and geographical variability (Chou et al., 2013; Greve et al.,
2014; Donat et al., 2016). With the increasing need for climate risk
monitoring under global warming, there is an urgent need to develop a
globally applicable method to re-evaluate wetting and drying patterns
(Zhang et al., 2021Db).

5. Conclusion

Through an improved Liebmann statistical approach using daily
precipitation records (1982-2020), we quantified the long-term onset
and cessation of the wet season and evaluated the rainfall regime
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dynamics in China. The wet season duration changed in the opposite
direction, becoming shorter in wet regions and longer in dry regions.
Rainfall amount and rainy days significantly increased in dry regions
(/on drylands) and decreased in wet regions, resulting in the wet season
mode of “in wet areas getting drier, in dry areas getting wetter”.
Moreover, a similar pattern was observed for dry spells, as indicated by a
larger increase in dry spell length, number of dry spells, and consecutive
dry days with increasing dryness. Concurrent increases in rainy days and
dry spells suggest a tendency of rainfall regimes toward more frequent
extreme conditions in drier areas. These observed changes emphasise
the importance of our comprehensive framework for characterising
dynamic rainfall regimes, which serve as the foundation for addressing
climate-related risks, optimising water allocation, and boosting agri-
cultural prosperity.
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