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Abstract The dry‐wet abrupt alternation (DWAA) event, which is defined as the phenomenon of dry
(or wet) spells abruptly following wet (or dry) spells, magnifies the influence of individual wet and dry
events. The dynamic evolution of DWAA events has not been studied for different climate zones of China
that is particularly susceptible to dry and wet extremes. This study explores the future changes in the
abrupt alternations between dry and wet extremes across 10 climate divisions of China, with a thorough
assessment of dry and wet conditions using the Standardized Precipitation Evapotranspiration Index (SPEI).
We take advantage of an ensemble of regional climate model simulations including the Providing Regional
Climate Impacts for Studies (PRECIS) experiment and five CORDEX East Asia experiments to produce
high‐resolution climate information for a baseline period of 1975–2004 and a future period of 2069–2098.
Our findings disclose that a total of 70% of China's land area suffered from the DWAA events at least once
during 1975–2004. The wet‐dry alternation event is projected to become more frequent in summer, and a
prominent increase in the number of dry‐wet alternation events is expected to occur in spring over most
parts of China. Moreover, an increasing number of DWAA events with intensified magnitude is projected to
strike the North China Plain dominated by warm temperature and humid zone, which is the most
densely populated region of the country and is also the largest agriculture production area. Our findings also
reveal a strong positive correlation between DWAA and heavy rainfall. The 95th percentile rainfall event
contributes most to the wet‐dry alternation event for most climate divisions of China.

Plain Language Summary The emerging disaster of dry‐wet abrupt alternation (DWAA) has
been receiving increasing attention due to its compound effects on agricultural production and
socioeconomic development. Since China is exposed to dry and wet hydrological extremes as well as their
interconnections, a first attempt is made in this study to explore the historical evolution and the future
change in the abrupt shifts between dry and wet extremes for different climate divisions of China. Our
findings reveal that a total of 70% of China's land area suffered fromDWAA events at least once from 1975 to
2004. More importantly, the DWAA is expected to occur more frequently and intense by the end of the
21st century, especially for the North China Plain which is the most densely populated region of the country
and is also the largest agricultural production area. Moreover, the summertime wet‐dry alternation is
expected to becomemore frequent for most climate divisions of China, while the dry‐wet alternation event is
projected to occur more frequently in spring over East China. These findings provide meaningful insights
into the development of adaptation strategies for enhancing society's resilience to compound extremes
in a changing climate.

1. Introduction

Dry‐wet abrupt alternation (DWAA) has raised increasing attention from the hydroclimate community
owing to the compound impacts of drought and pluvial events followed by each other (Christian et al., 2015;
Espinoza et al., 2012; Hastenrath et al., 2010; Yoon et al., 2018). Although droughts (or dry spells) and
pluvials (or wet spells) are usually treated separately due to different spatial‐temporal features and the use
of different metrics, both of them are highly related to precipitation anomalies. In fact, droughts and
pluvials are interconnected and dominated by the similar hydrological processes and atmospheric dynamics
(He & Sheffield, 2020). It is thus desired to detect the transition between droughts and pluvials in order to
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advance our understanding of physical mechanisms causing the consecutive occurrence of dry and wet
extremes.

Although pluvials can sometimes alleviate drought conditions, the abrupt alternation between droughts and
pluvials may cause substantial damage to properties and losses of human lives when pluvials lead to severe
floods. Thus, the consecutive occurrence of droughts and pluvials has received increasing attention over the
past decade. For example, Dong et al. (2011) investigated the 2006 drought and the 2007 pluvial in the
Southern Great Plains. Yoon et al. (2018) presented that Texas experienced the worst drought during
2011–2015, which was suddenly ended by a heavy precipitation event in spring 2015. The following pluvial
event caused flash floods, thereby devastating the consequences of the previous drought event which already
caused substantial damage. There is also plenty of evidence to show that the consecutive occurrence of
drought and pluvial events can have a greater influence on agricultural production and economic losses than
individual hydrological extremes (Chen,Wang, &Wang, 2020; Darenova et al., 2017; Handwerger et al., 2019;
He & Sheffield, 2020).

China is exposed to frequent hydrological extremes, including droughts (Liu et al., 2019; Zhang
et al., 2020), floods (Wang & Gu, 2016; Zong & Chen, 2000), and the co‐occurrence of droughts and floods
(Long et al., 2014; Ma et al., 2019). The dramatic switch between droughts and floods was also observed in
some regions of China (Du et al., 2013; Feng et al., 2014; Ma et al., 2019). Wu et al. (2006) proposed a
drought‐flood coexistence index to investigate the co‐occurrence of droughts and floods in summer from
1957 to 2000 in the Yangtze River Basin of South China. Yan et al. (2013) investigated an extreme rainfall
occurrence after a drought period in the Huang‐Huai‐Hai River Basin of North China based on station
data from 1961 to 2011. Shan et al. (2018) analyzed the spatial‐temporal characteristics of the transition
between dry spells and wet spells in summer, in the Yangtze River Basin, based on station data from
1960 to 2015. Ji et al. (2018) investigated the hazard levels of sudden alternation between droughts and
floods in the Huai River Basin of Central East China over the period from 1955 to 2010. Previous studies
mainly focus on the Yangtze‐Huai River Basin with an emphasis on the transition of summertime
drought and flood events. Due to complex geographical features and diverse climatic conditions over
China, there is a lack of a thorough assessment of DWAA events across different seasons and climate
zones of China.

In addition, it is recognized that the changing climate has contributed to a considerable increase in the fre-
quency and magnitude of hydrological extremes (Carvalho &Wang, 2020; Chen, Wang, Wang, & Zhu, 2020;
He & Sheffield, 2020; Wang et al., 2018; Wang & Wang, 2019; Zhang et al., 2019). The intensification of the
hydrological cycle is expected to amplify the temporal and spatial heterogeneity of precipitation under global
warming (Madakumbura et al., 2019), by increasing the intensity of heavy rainfall at the expense of light to
moderate rainfall (Wang et al., 2017). This can result in an amplification of the fluctuations between periods
of heavy precipitation (wet spells) and low precipitation (dry spells) (Annamalai et al., 2001; Giorgi
et al., 2011; Singh et al., 2014). Therefore, it is necessary to project future changes in the abrupt alternation
between dry and wet spells in a changing climate so as to identify the most vulnerable regions. Based on glo-
bal climate model simulations, Swain et al. (2018) disclosed that a 25% to 100% increase in dry‐to‐wet events
is projected over California at the end of the 21st century as a result of anthropogenic forcing. Projected
future changes in the swing between dry and wet extremes, however, remain inadequate, especially for
China with unique climate characteristics and complex geographical features. Thus, it is desired to conduct
a comprehensive and reliable assessment and projection of the rapid transition between dry and wet
extremes in China, which can facilitate the development of adaptation strategies and to strengthen society's
resilience to future compound extreme events.

The aim of this paper is to explore the dynamic evolution of DWAA events and potential causes from both
historical and future perspectives for 10 climate divisions of China. The high‐resolution climate information
will be produced through an ensemble of regional climate model simulations, including the Providing
Regional Climate Impacts for Studies (PRECIS) experiment and five CORDEX East Asia experiments for a
baseline period from 1975 to 2004 and a future period from 2069 and 2098 under the business‐as‐usual
Representative Concentration Pathway 8.5 (RCP8.5). The standardized precipitation evapotranspiration
index (SPEI) will be used to characterize dry and wet extremes as well as the rapid transition between
extremes at each grid cell. Moreover, the underlying interrelationships between two different types of
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DWAA and heavy rainfall with different intensities as well as potential evapotranspiration (PET) will be
examined thoroughly to further explore the mechanisms that trigger the occurrence of DWAA.

This paper is organized as follows. Section 2 will introduce the study region, data sets, models, and heavy
rainfall indices as well as the definition of DWAA. In section 3, the temporal and spatial evolution of heavy
rainfall events will be examined for the historical and future periods, the historical DWAA events will be
reproduced, the future changes of DWAA events will be projected, and the interrelationships between var-
ious DWAA events and heavy rainfall with different intensities as well as PET will be revealed for 10 climate
regions of China. In section 4, the primary novelty of this work and the key findings will be highlighted.

2. Study Region, Data Sets, and Methods
2.1. Study Region

China is prone to experiencing a great number of droughts and floods due to its complex topography and
climatic features (Yan et al., 2013; Zhang et al., 2020). China's average altitude is less than 100 m in the east
and raises to over 4,000m in the west (Figure 1b). Themainland consists of mountains (33%), plateaus (25%),
valleys (19%), plains (12%), and hills (10%). Most areas of South China are dominated by the East Asia
Summer Monsoon (EASM) climate which has a feature of high‐frequency abnormal weather and climate
extremes (Tang et al., 2016). By contrast, the mainland is affected by the dry cold air masses from Siberia
in winter. The features related to continental climates can be characterized with hotter summer, colder win-
ter, and more varied annual temperatures than other parts of the world with similar latitudes (Yang
et al., 2008). The monsoon climate, therefore, tends to be dominant, with a marked change of wind direc-
tions between winter and summer as well as seasonal variations of precipitation depending on the advance
and retreat of monsoon in China (Yang et al., 2008). Mountains and plateaus prevent the moisture from the
EASM penetrating into Northwest China, thereby leading to low moisture there. However, the instability of
monsoonal precipitation has a substantial influence on the frequency and magnitude of hydrological
extremes such as droughts and floods (Wang et al., 2014).

China has continental and monsoon climates, and the region of the mainland can be divided into 10 climate
divisions, as shown in Figure 1a. The average annual temperature increases from south to north including
warm and cool temperatures, except for the southwestern part located on a high plateau with cool tempera-
ture due to the high‐altitude effect (Figure 1c). The average annual precipitation shows an increasing trend
from northwest to southeast (Figure 1d). The average annual PET shows lower values in Tibet and the north-
ernmost part but higher values in south and northwest (Figure 1e). The temporal distribution of annual pre-
cipitation is not uniform, with more than 60% of annual precipitation occurring in late spring and summer
(Du et al., 2013). And heavy rainfall is mostly concentrated in Southeast China. The uneven distribution of
the interannual precipitation results in an increased risk of droughts and floods across different regions of
China, thus further leading to the occurrence of a dramatic swing between dry and wet extremes.

2.2. Data Sets

The Climate Research Unit (CRU) gridded monthly data set (see http://www.cru.uea.ac.uk/) was selected as
the observation data set to validate the multimodel ensemble (MME) simulations (Harris et al., 2020). The
CRU data set is derived from the interpolation of observations at meteorological stations with a spatial reso-
lution of 0.5° × 0.5° and covers the mainland of the global surface for more than 50 years (Harris et al., 2014;
Zhu et al., 2019). To examine the ability of MME in capturing the daily and seasonal precipitation patterns, a
gridded daily observational data set, derived from the Asian Precipitation‐Highly‐Resolved Observational
Data Integration Toward Evaluation (APHRODITE, hereafter APHRO) of the Water Resources project in
Japan, was also used in this study (see http://aphrodite.st.hirosaki‐u.ac.jp/). The APHRO data set was
derived based on station observations with spatial resolutions of 0.25° (only for Japan) and of 0.5° covering
the period from 1951 to the present day (Yatagai et al., 2012). In this study, the gridded daily precipitation
data set was obtained with a spatial resolution of 0.5° from 1975 to 2004 for the purpose of model validation.
Moreover, the APHRO data set and theMME simulation were regridded tomatch the CRU data set using the
bilinear interpolation, in order to facilitate a quantitative comparison among the CRU data set, the APHRO
product, and the MME simulation.
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Historical simulation and future projection of DWAA characteristics are analyzed using the MME mean
values derived from five Coordinated Regional Climate Downscaling Experiment (CORDEX; see https://cor-
dex.org/) East Asia experiments and the Providing Regional Climate Impacts for Studies (PRECIS) simula-
tion for two 30‐year periods, including a historical period of 1975–2004 and a future period of 2069–2098. The
CORDEX data set with a spatial resolution of 0.44° was produced by dynamically downscaling four GCMs,
including CNRM‐CM5, EC‐EARTH, MPI‐ESM‐LR, and HadGEM2 (Giorgi et al., 2012). The PRECIS model
is an atmospheric and land surface model with a spatial resolution of 0.5° (Wilson et al., 2015), which shows
good ability in climatological mean and extreme climate simulations over China (Zhu et al., 2019). A detailed
description of experiments and climate models is provided in Table 1. To assess the DWAA characteristics,
the MME simulation provides the important climate variables including precipitation and PET. In this
study, PET was calculated using the FAO Penman‐Monteith method based on air temperature, solar radia-
tion, relative humidity, and wind speed obtained from the MME simulation (Zotarelli & Dukes, 2010). A
detailed description about the PET method is included in Text S1 of the supporting information.

2.3. Extreme Indices

Precipitation and PET are dominant factors causing the water surplus or deficit. The potential interrelation-
ships of DWAA and extreme precipitation events were explored in this study using the extreme precipitation
indices including PR75p, PR85p, and PR95p. The tailed student t test was also used with the significance
level of 0.05. PR75p, PR85p, and PR95p represent the gridded monthly cumulative number of days, with
daily precipitation greater than the 75th percentile, the 85th percentile, and the 95th percentile of daily total

Figure 1. (a) Spatial distribution of the 10 major climate divisions covering China's land area, including West China (WTA, PSA, and PSH), Northeast China
(CTH, MTH, WTSH, and WTH), and Southeast China (NSTH, MSTH, and SSTH); (b) Topography (m); The 30‐year daily mean of (c) temperature, (d)
precipitation, and (e) PET derived from the CRU data set.

Table 1
List of Experiments and Climate Models Used in This Study

Experiment Driving model RCM Variable Spatial resolution Temporal resolution

PRECIS MOHC‐HadGEM2‐ES PRECIS P, T, R, H, W 0.5° Mon; daily (P)
CORDEX DMI‐ICHEC HIRHAM5 P, T, R, H, W 0.44° Mon; daily (P)
CORDEX MPI‐ESM‐LR CCLM5‐0‐2 P, T, R, H, W 0.44° Mon; daily (P)
CORDEX EC‐EARTH CCLM5‐0‐2 P, T, R, H, W 0.44° Mon; daily (P)
CORDEX CNRM‐CM5 CCLM5‐0‐2 P, T, R, H, W 0.44° Mon; daily (P)
CORDEX MOHC‐HadGEM2‐ES CCLM5‐0‐2 P, T, R, H, W 0.44° Mon; daily (P)

Note. RCM denotes the regional climate model. P, T, R, H, and W denote precipitation, temperature (mean, maximum, and minimum), solar radiation, relative
humidity, and wind speed, respectively.
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precipitation, respectively. The precipitation percentile‐based indices
were used to define the intense and extreme rainfall events (Cao
et al., 2018). The 75th percentile precipitation was also used in extreme
precipitation studies at regional scales, such as in China (Cao et al., 2018)
and the United States (Marquardt Collow et al., 2016). PR75p, PR85p, and
PR95p on a monthly basis were thus used to define the frequency and
magnitude of extreme precipitation for further investigation on the contri-
bution of heavy rainfall with different intensities to DWAA over China.

In order to identify the onset and terminate of dry and wet spells for 10 cli-
mate divisions of China, the SPEI was calculated based on the difference

between precipitation and PET to quantify water surplus and deficit (Vicente‐Serrano et al., 2010).
Although the SPEIwas originally proposed for droughtmonitoring, it can also be used as a tool to detectflood
risk (Xu et al., 2020). The SPEI is typically calculated by summing up the difference between precipitation and
PET for 1 month and then by fitting the difference to a parametric probability distribution from which prob-
ability distributions are converted to the standard normal distribution (Beguería et al., 2014; McKee
et al., 1993; Vicente‐Serrano et al., 2010). The SPEI calculationmethod is introduced in Text S2 of the support-
ing information. According to the categories of SPEI, the climatic water condition can be divided into seven
grades, as shown in Table 2. In this study, the gridded monthly SPEI was calculated based on the regridded
monthly precipitation and PET derived from theMME simulations for the historical period of 1975–2004 and
the future period of 2069–2098.

2.4. Identification of DWAA

Dry and wet spells can be represented by the SPEI values estimated to quantify the climatic water deficit and
surplus conditions. In this study, the severe dry spell is defined by the SPEI value less than or equal to −1.5,
while the severe wet spell is represented by the SPEI value greater than or equal to 1.5 (McKee et al., 1993).
The threshold of 1.5 has been widely used in previous studies of climate extremes (Schaub & Finger, 2020;
Vido et al., 2019; Yu et al., 2014). In addition, a sensitivity assessment on the thresholds of SPEI used to detect
dry‐wet transitions is depicted in section 3.3. The abrupt alternation between severe dry and severe wet spells
in adjacent months is defined as the DWAA event using the 1‐month SPEI. There are two types of DWAA
events examined in this study. When a severe wet spell (SPEI > = 1.5) abruptly turns into a severe dry spell
(SPEI <= − 1.5) due to the precipitation deficit or the intensified PET, this phenomenon is a wet‐dry (W‐D)
alternation event. By contrast, when a severe dry spell (SPEI <= − 1.5) is suddenly terminated by a severe
wet spell (SPEI > = 1.5) as a result of the increased precipitation, this phenomenon is a dry‐wet (D‐W) alter-
nation event. Consequently, the potential links between two types of DWAA (W‐D and D‐W alternation
events) and precipitation extremes with different intensities (PR75p, PR85p, and PR95p) as well as PET will
be thoroughly examined to advance our understanding of the complex evolution of compound extremes.

3. Results and Discussion
3.1. Validation of MME Climate Simulations

As SPEI is estimated based on the difference between precipitation and PET, it is necessary to examine the
ability of theMME simulation in reproducing precipitation and PET. Figure 2 shows the spatial distributions
of 30‐year mean temperature and precipitation over China, derived from the APHRO data set, the MME
simulation, and the CRU observation for the period from 1975 to 2004. The APHRO shows that the multi-
year mean temperatures are relatively low over Southwest China and Northeast China, and temperatures
increase southward with a maximum detected in South China (Figure 2a). The mean temperatures gener-
ated from MME (Figure 2b) and CRU (Figure 2c) also exhibit similar spatial patterns. But the average pre-
cipitation amounts obtained from APHRO (Figure 2a) are relatively low over Northwest China and increase
southeastward. The spatial distribution of average precipitation amounts from CRU is similar to those from
APHRO. Comparing to APHRO and CRU, however, the MME‐simulated average precipitation amounts are
overestimated over South China. In fact, the overestimation of precipitation is found in many climate model
simulations with relatively coarse resolution. It should be noted that the MME simulation is capable of
reproducing a spatial pattern of mean temperature and precipitation over China even though the simulated

Table 2
SPEI Classification of Dry and Wet Conditions

SPEI value Description

SPEI > = 2.0 Extreme wet
2.0 > SPEI > = 1.5 Severe wet
1.5 > SPEI > = 1.0 Moderate wet
1.0 > SPEI > − 1.0 Normal
−1.0 > = SPEI > − 1.5 Moderate dry
−1.5 > = SPEI > − 2.0 Severe dry
−2.0 > = SPEI Extreme dry
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precipitation is slightly overestimated over South China. Based on theMME simulation, the changes in SPEI
and precipitation can then be calculated to generate the spatial distribution of DWAA events over China.

Figures 3a and 3b shows the spatial distribution of daily mean PET (mm) over China, derived from theMME
simulation and the CRU observation for the period from 1975 to 2004. There is a similar spatial pattern of
daily mean PET from MME and CRU. Figure 3c depicts the comparison of spatial patterns of daily PET dif-
ferences between the MME mean and the CRU observation. It can be seen that PET is relatively high in
Northwest and South China and relatively low in West China. These indicate the high skill of the MME
simulation in performing a reliable assessment of DWAA events in comparison with the CRU observation
over China.

As depicted in Figure 4, the precipitation extreme indices (PR75p, PR85p, and PR95p) derived from the
MME simulation are validated against those derived from the APHRO product for the baseline period.
PR75p represents the number of days in each month, with daily precipitation greater than the 75th percen-
tile of daily total precipitation for the baseline period. It can be seen that the spatial patterns of PR75p
(Figures 4a–4c) and PR85p (Figures 4d–4f) are well simulated by the MME. Both low precipitation extremes
in the arid regions of Northwest China and high precipitation extremes in the wet regions of Northeast and
Southeast China are well captured. However, the MME simulation tends to underestimate the low values

Figure 2. Spatial distribution of (top, a–c) average daily temperature and (bottom, d–f) average daily precipitation over China from 1975 to 2004 derived from
(a, d) the APHRO product, (b, e) the MME simulation, and (c, f) the CRU observation, respectively.

Figure 3. Spatial distribution of average daily PET over China from 1975 to 2004 derived from (a) the MME simulation, (b) the CRU observation, and (c) the
difference between MME and CRU.
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over the middle part of Northwest China and overestimate them in the lower part of Northwest China.
PR95p (Figures 4g–4i) represents the number of days in each month, with daily precipitation greater than
the 95th percentile of daily total precipitation for the baseline period. The MME simulation shows a similar
spatial distribution with APHRO, with a slight overestimation over Northwest China. Therefore, the MME
can be used to simulate the spatial distribution of precipitation extremes over China. In light of the agree-
ment between the MME simulations and the observation data sets (the APHRO product and the CRU data
set), the MME is capable of simulating climatic features (precipitation, temperature, and PET) over China
and can thus be used to identify the hot spots of DWAA events.

3.2. Projected Changes in Precipitation Extremes and PET

To investigate the possible cause of the observed intensification of extreme events, the seasonal changes in
precipitation and PET are analyzed for historical and future periods. Figure 5 represents the averages of
PR95p derived from theMME simulation against those derived from the APHRO product for 10 climate divi-
sions of China during 1975–2004. It can be seen that the peak number of heavy rainfall events often appears
in summer (June, July, and August) for most climate divisions, whereas the largest number of heavy rainfall
events detected in April rather than summer over the north‐subtropical and humid (NSTH) region.
Moreover, the precipitation patterns, in terms of the number of heavy rainfall events, are relatively
underestimated in the warm temperature and arid (WTA) region. Overall, our findings reveal the
prominent seasonal precipitation characteristics with more heavy rainfall events occurring in summer
and less in winter over China. The averages of PR75p and PR85p derived from the MME simulation against
those derived from the APHRO product are also depicted in Figures S1 and S2 of the supporting information.

Figure 4. Spatial distribution of (top, a–c) PR75p, (middle, d–f) PR85p, and (bottom, g–i) PR95p over China from 1975 to 2004, derived from (first column, a, d, g)
the MME simulation, (second column, b, e, h) the APHRO product, and (third column, c, f, i) the difference between MME and APHRO.
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Figure S3 shows the projected changes in the PR75p, PR85p, and PR95p for the period of 2069–2098 relative
to the baseline period. The MME simulation shows a general increase in the number of heavy rainfall events
over West and Northeast China, with relatively few events occurring in Southeast China, especially in the
Yunnan‐Kweichow Plateau (located in between 22°N and 30°N, 100°E and 111°E). To further understand
the changes in the occurrence of heavy rainfall events, Figure 6 shows the future changes in the PR95p over
10 climate divisions of China for the rainy seasons including spring (March, April, May) and summer (June,
July, and August). The PR95p is projected to increase for most parts of China by the end of this century,
except for the southernmost region (SSTH) that shows a decreasing trend in March, April, July, and
August as well as for North Central China (WTSA) with a decreasing trend in June. Moreover, there is a con-
siderable spatial variation in the PR95p in July. Specifically, there is an increasing trend in West China (PSA
and PSH) and Central China (WTSA, NSTH, andMSTH), whereas the PR95p is expected to decrease slightly
in several northernmost regions (WTA, CTH, MTH, and WTH) and the southernmost region (SSTH).

Figure 7 presents the projected changes in annual and seasonal mean PET for the future period of 2069–2098
relative to the baseline period. There is a prominent increase in PET over Northwest and South China, and a
decreasing tendency is projected to appear over Northeast and Southwest China. Similar patterns are
detected for the changes of PET across different seasons. Specifically, a decreasing tendency is expected to
appear in winter and spring over Southwest China. And the largest increase of PET is expected to appear
in summer, especially for Northwest and South China. This could be caused by a downward trend of relative
humidity and an upward trend of air temperature (Zhao et al., 2020).

3.3. Temporal and Spatial Evolution of DWAA Events

To facilitate an in‐depth understanding of DWAA events in China, a sensitivity assessment on the thresholds
of SPEI used to detect DWAA was also carried out in this study. Previous studies identified the drought by
the threshold of smaller than −0.8 (Qing et al., 2020) or −1.0 (Su et al., 2018), which could lead to a large
number of the swings between dry and wet spells. However, the threshold of smaller than −0.8 or −1 did
not indicate a severe drought. Instead, the threshold of smaller than −1.5 (or larger than 1.5) can be used
to represent a severe dry spell (or a severe wet spell). Figure S4 represents the spatial distribution of the
annual average number of DWAA events identified using three different thresholds (±0.8, ±1.0, and ±1.5)
for the historical period of 1975–2004. The decreasing number of detected DWAA events is mainly due to
the selection of the relatively large threshold of ±1.5 (SPEI <= − 1.5 indicates a dry condition and SPEI
> = 1.5 indicates a wet condition). The transition between dry and wet spells appears over Northeast and
Central East China, particularly for NSTH. Since the spatial distribution detected by the threshold of ±1.5
exhibits a more prominent spatial heterogeneity in comparison with other thresholds, the threshold of
±1.5 was used to detect the DWAA event over China. In general, the detection of DWAA events provides
meaningful insights into the geographical hot spots of severe compound extreme events (i.e. the abrupt tran-
sition between dry and wet extremes), which plays a crucial role in helping policymakers and stakeholders
develop adaptation plans for reducing potential damages caused by compound effects of climate events.

Figure 5. (a–j) The annual cycle of PR95p over 10 climate divisions of China, derived from the MME simulation (orange lines) and the APHRO product
(blue lines).
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Figure 6. Projected changes in the area‐averaged PR95p in spring (March, April, and May) and summer (June, July, and August) across 10 climate divisions of
China for 2069–2098 relative to 1975–2004. The red and blue bars represent the increasing and decreasing PR95p, respectively.

Figure 7. Spatial distribution of projected changes in the 30‐year average daily PET over China for (a) annual (Ann), (b) winter (DJF), (c) fall (SON), (d) spring
(MAM), and (e) summer (JJA).
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To examine the relative changes in wet and dry periods, the total number of wet and drymonths is compared
between the future period of 2069–2098 and the historical period of 1975–2004 at each grid cell without con-
sidering the extent of extreme events. By using the SPEI, the projected changes in the total number of wet
and dry months are shown in Figure 8. The wet months are projected to appear more frequently in the
West and Northeast China (Figure 8a), with less frequent dry months (Figure 8b). By contrast, the less fre-
quent wet months (Figure 8a) and the more frequent dry months (Figure 8b) are expected to appear in
Southeast China. These results are in agreement with previous studies that West China will become wetter
and South China will become drier under climate change (Zhang et al., 2012).

Figure 9 shows the projected seasonal changes in the total number of wet and dry months. The frequency
of wet spells shows an obvious upward trend in West and Northeast China and a downward trend in
Southeast China for winter and fall, but an opposite trend is observed for the frequency of dry spells.
Moreover, the frequency of wet spells increases in spring for most parts of North China. Meanwhile, the

Figure 8. Spatial distribution of projected changes in the 30‐year total number of (a) severe wet months and (b) severe dry months for the future period of
2069–2098 relative to the historical period of 1975–2004.

Figure 9. Spatial distribution of projected changes in the 30‐year total number of (top, a–d) seasonal severe wet months and (bottom, e–h) seasonal dry months for
the future period of 2069–2098 relative to the historical period of 1975–004.
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frequency of dry spells decreases in Northwest, Northernmost and Central East China, excluding Southeast
China that shows an increasing frequency of dry spells. The positive trend in the frequency of wet spells is
prominent for the summer season over Southwest and North China; meanwhile, a negative trend in the
frequency of dry spells is observed in Southwest China.

The wet‐dry (W‐D) alternation event is characterized by a wet condition occurring in the ith month and
abruptly turning into a dry condition in the i + 1st month. The percentage frequency of occurrence of
gridded W‐D alternation events is estimated based on different categories, including none, 1, 2, and greater
than or equal to 3, for 10 climate divisions of China during the period of 1975–2004, as shown in Figure 10a.
The color bar represents the percentage of grid cells (i.e. land area) within a specific category (none, 1, 2, and
greater than or equal to 3) for the frequency of W‐D alternation events detected in each of the 10 climate
divisions of China. In general, a total of 73% of China's land area suffered from the W‐D alternation event
at least once during 1975–2004, including 35% of the land area occurring once, 24% of the land area occur-
ring twice, and 14% of the land area occurring greater than or equal to three times. However, it can be seen
that NSTH has the largest percentage of the land area occurring the W‐D alternation event, with 92% of the
land area occurring more than once and 36% of the land area occurring greater than or equal to three times.

Figure 10b shows that the percentage frequency of occurrence of gridded dry‐wet (D‐W) alternation events
for 10 climate divisions of China. The D‐W alternation event occurred at least once for a total of 70% of the
land area in China, including 33% for once, 22% for twice, and 15% for greater than or equal to three times.

Figure 10. The percentage frequency of occurrence of gridded (a) W‐D alternation events and (b) D‐W alternation events based on different categories (none, 1, 2,
and greater than or equal to 3) across 10 climate divisions of China during the historical period of 1975–2004.
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Similar to the occurrence of W‐D alternation events, the detected area is decreasing for most climate divi-
sions of China (except for CTH, MTH, and NSTH) when the number of D‐W alteration events is increasing.
Moreover, MTH is the most severe climate division suffering from the D‐W alternation event, with 87% of
the land area occurring at least once and 31% of the land area occurring greater than or equal to three times.
NSTH is the second severe climate division suffering from the D‐W alternation event, with 82% of the land
area occurring at least once and 28% of the land area occurring greater than or equal to three times.

Figure 11a shows that the area‐averaged number of W‐D alternation events detected across different seasons
during the period of 1975–2004. It can be seen that the northernmost part of China (CTH) and Central China
(WTH, NSTH, and MSTH) experienced a relatively large number of W‐D alternation events in winter (DJF),
and the regions of West China (PSA and PSH) and Northeast China (MTH and WTSA) suffered from a rela-
tively frequent occurrence of W‐D alternation events in spring (MAM). In summer (JJA), a relatively large
number of W‐D alternation events occurred over the northernmost part of China (CTH) and Central
China (PSH and NSTH), and the W‐D alternation events occurred more frequently in fall (SON) over
West China (WTA, PSA, and PSH) and Central South China (WTSA, WTH, and NSTH).

Figure 11b shows that the area‐averaged number of D‐W alternation events occurred across different sea-
sons over China. It is indicated that the D‐W alternation events occurred relatively frequently in winter
for most parts of East China (except for CTH). For the warm seasons (spring and summer), there is a rela-
tively low frequency of occurrence of D‐W alternation events for almost all climate divisions, except for
CTH and MTH in Northeast China. In comparison, there is a more frequent occurrence of D‐W alternation
events in fall, especially inWest China (PSA and PSH) and Central China (MTH,WTH, andMSTH). Overall,
the wintertime DWAA events, including W‐D and D‐W alternation events, occurred relatively frequently in

Figure 11. The area‐weighted average of the total number of (a) W‐D alternation events and (b) D‐W alternation events across different seasons for 10 climate
divisions of China during the historical period of 1975–2004.
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South China, while there was a relatively large number of DWAA events detected in fall for most parts of
China, except for SSTH and CTH.

As for the future changes in spatial features of DWAA events (Figure 12), the less frequent DWAA events are
expected to be more widespread in West China (WTA and PSA), while the more frequent DWAA events are
projected to be more predominant in Central North China (PSH, WTSA, and WTH) and Southeast China
(MSTH and SSTH). Specifically, the increased W‐D alternation events are projected to be more dominant
while the decreased D‐W alternation events are expected to be more prominent in Northeast China
(MTH). The opposite pattern is observed in CTH and NSTH, where the decreased W‐D alternation events
are projected to be more widespread while the increased D‐W alternation events are expected to be more
prominent.

Figure 13 shows the future changes in the area‐averaged frequency of DWAA events across different seasons
over 10 climate divisions. As for the occurrence of W‐D alternation events (Figure 13a), an increasing ten-
dency is projected in summer for most climate divisions, except for WTA, CTH, and NSTH that show a
decreasing tendency. A similar tendency is expected in winter, with most climate divisions showing an
upward tendency except for WTA, CTH, NSTH, and MSTH showing a downward tendency. A decreasing
tendency is expected in spring for most parts of China, excluding WTH and NSTH. In fall, a decreasing ten-
dency is projected for five of China's climate divisions (WTA, PSA, CTH, WTSA, and NSTH), while an
increasing tendency is expected for the other climate divisions. As for the occurrence of D‐W alternation
events (Figure 13b), an upward tendency is projected in summer for about half of China's land area, exclud-
ing WTA, CTH, MTH, and NSTH which are projected to have a downward tendency. An increasing fre-
quency of D‐W alternation events is projected in spring over East China, while a slightly decreasing
tendency is projected in Northwest China (WTA and PSA). Moreover, there is a slightly increasing tendency
of D‐W alternation events in winter for most land areas of China, while a decreasing tendency is expected in
WTA, MTH, and NSTH. In fall, there is also an increasing tendency of D‐Walternation events for most parts
of China, except for PSA, WTH, and MSTH. In general, the frequency of W‐D alternation events is projected
to greatly increase in summer, and a prominent increase of D‐W alternation events is expected in spring for

Figure 12. Projected changes in the percentage frequency of gridded (a) W‐D alternation and (b) D‐W alternation events between the future period of 2069–2098
and the historical period of 1975–2004 for 10 climate divisions of China. The value equal to 0 represents no difference in the occurrence of DWAA events;
the value greater than 0 represents a more frequent occurrence of DWAA events, and the value smaller than 0 represents the less frequent occurrence of DWAA
events. The red bar represents the more frequent occurrence of DWAA events. The green bar represents the land area experiencing the less frequent
occurrence of DWAA events.
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most parts of East China. As a result, the rapid transitions between dry and wet spells in warm seasons will
pose a severe threat to agriculture development and food production, which should receive serious attention
to reduce potential damages caused by the emerging extreme events.

Figure 14 depicts the changes in the magnitude of W‐D and D‐W alternation events for the future period
of 2069–2098 relative to the baseline period of 1975–2004. The magnitude is defined as the difference of
SPEI values derived from two adjacent months in a DWAA event (magnitude = SPEIi – SPEIi+1, when
SPEIi > = 1.5 or SPEIi < = − 1.5), which can be used to quantify the intensity of the DWAA event.
As shown in Figure 14a, the W‐D alternation event is projected to become more intense with a larger
magnitude for most parts of China, excluding the northernmost part of China (CTH) and Central
China (PSH and MSTH). By contrast, the regions of East Central China are expected to experience an
increasing magnitude of D‐W alternation events (Figure 14b), including MTH and WTH. In general, more
frequent occurrence of the W‐D alternation event with a larger magnitude is expected to appear in MTH,
WTSA, WTH, and SSTH. The more frequent occurrence of the W‐D alternation event with a smaller mag-
nitude is projected to appear for only a few regions (PSH and MSTH). Moreover, less frequent occurrence
of the W‐D alternation event with a larger magnitude is projected to appear in WTA, PSA, and NSTH. In

Figure 13. Projected changes in the area‐weighted average of the number of (a) W‐D alternation events and (b) D‐W alternation events across different seasons for
10 climate divisions of China. The value greater than 0 represents that the DWAA event is projected to become more frequent, while the value smaller than 0
indicates that the DWAA event is expected to become less frequent.
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addition, the D‐W alternation event is projected to become more frequent with a smaller magnitude for
six climate divisions of China, including PSH, CTH, WTSA, NSTH, MSTH, and SSTH. The more frequent
occurrence of the D‐W alternation event with a larger magnitude is projected to appear in WTH. It should
be noted that the region with both an intensified magnitude and an increased frequency of DWAA events
is projected to appear in the North China Plain, where it is dominated by the warm temperature and
humid (WTH) climate and more than half of the land area (63% for the occurrence of W‐D alternation
events and 51% for the occurrence of D‐W alternation events) is expected to suffer from the more intense
DWAA events with an increasing magnitude. The DWAA event is projected to be arguably more hazar-
dous in the North China Plain which is one of the most densely populated region and is also the most
important growing region in China, and thus, urgent actions are needed to mitigate climate change
impacts on the emerging compound extremes.

Figure 14. Projected changes in the magnitude of (a) W‐D alternation events and (b) D‐W alternation events for 10
climate divisions of China. The magnitude is defined as the difference of the SPEI values calculated in adjacent
months when a DWAA event occurs. The right‐hand side of the dashed line represents that the DWAA events are pro-
jected to become more intense with a larger magnitude for the future period of 2069–2098, and the value represents the
percentage of land area detected in the right‐hand side of the dashed line.
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3.4. Interrelationships of DWAA, Heavy Rainfall, and PET

To further explore the dominant factors (rainfall and PET) contributing to the occurrence of DWAA events,
the Pearson's correlation coefficient (R value) and t test (p value) were used to assess the interrelationships
between the gridded DWAA events and heavy rainfall with different intensities (PR75p, PR85p, and PR95p)
as well as PET for the 2 months before and after the occurrence of each DWAA event. Figure 15 presents the
area‐averaged rate of coincidence between DWAA events and heavy rainfall as well as PET for 10 climate
divisions of China in the historical period of 1975–2004. The coincidence rate is defined as the strong corre-
lation coefficient (R > =0.8 for heavy rainfall and R < = − 0.8 for PET) for the concurrence of DWAA and

Figure 15. (a, b) The rates of coincidence between DWAA events and heavy rainfall with different intensities (PR75p, PR85p, and PR95p) for 10 climate divisions
of China in the historical period of 1975–2004. The coincidence rate is defined as the coefficient of a strong correlation (R > = 0.8) between DWAA events and
heavy rainfall at the significance level of 5%.

Figure 16. (a–f) Spatial distribution of interrelationships between DWAA events and heavy rainfall with different intensities (PR75p, PR85p, and PR95p). The
climate division of NSTH is highlighted by green circle.

10.1029/2020JD033894Journal of Geophysical Research: Atmospheres

CHEN ET AL. 16 of 20



heavy rainfall events as well as monthly PET at the significance level of 5%. It can be seen that the majority of
China's land area has the coincidence rates between 10% and 30% for the concurrence of DWAA and heavy
rainfall events, while China's land area has the coincidence rates less than 10% for the concurrence of
DWAA and monthly PET variability. And NSTH has the coincidence rate exceeding 40%, indicating that
there is a strong relationship between the occurrence of DWAA and the 75th and 85th percentile rainfall
events. For the regions of West China (WTA and PSA) and NSTH, there is a relatively high rate of coinci-
dence between DWAA and the 75th and 85th percentile rainfall events. In fact, the majority of China's land
area experienced a relatively high rate of coincidence between the occurrence of theW‐D alternation and the
95th percentile rainfall events, including PSH, CTH, MTH, WTSA, WTH, and MSTH. By contrast, most
regions of China had a higher rate of coincidence between the occurrence of the D‐W alternation and the
75th and 85th percentile rainfall events, excluding PSH,MTH, and SSTH. In other words, the 95th percentile
rainfall event contributes most to the occurrence of W‐D alternation events over more than half of China's
land area, while the 85th percentile rainfall events contribute more to the occurrence of D‐W alternation
events for more than half of China's land area.

Figure 16 shows the spatial distribution of mean correlation coefficients (R values at the significance level
of 5%) derived for the concurrence of DWAA and heavy rainfall. There is a strong positive correlation
between DWAA events and precipitation extremes at a significance level of 5%. The climate division of
NSTH, highlighted by green circle in Figure 16, suffered badly from the concurrence of DWAA and the
75th and 85th percentile rainfall events. The NSTH is situated in a transitional climate zone under the influ-
ence of the humid subtropical climate in the south and the warm temperature semihumid climate in the
north. The average annual precipitation in this division is approximately 900 mm. The precipitation exhibits
a large temporal variability, with more than 60% of annual precipitation concentrated over a few months,
especially for theMeiyu front in late spring and early summer. TheMeiyu front generates a persistent station-
ary rain (PR75p and PR85p) in late spring, which ends the early spring drought (Feng et al., 2012; Wang
et al., 2009). Compared with the 75th and 85th percentile rainfall events, we find less organized spatial struc-
tures for the 95th percentile rainfall events contributing to the occurrence of DWAA events.

4. Conclusions

This study explores future changes in the abrupt alternation between dry and wet extremes over China
through an ensemble of regional climate model simulations including five CORDEX East Asia experiments
and one PRECIS experiment. We attempt to explore the dynamic evolution of DWAA events including the
geographical hot spots of DWAA events and to investigate whether DWAA is becoming more widespread
under climate change. Moreover, we examine the interrelationships between two types of DWAA events
(W‐D and D‐W alternation events) and precipitation extremes with different intensities as well as PET,
which plays a crucial role in advancing our understanding of DWAA mechanisms and compound effects
of hydrological extremes in a changing climate.

Our findings reveal that a total of 70% of China's land area suffered from the DWAA event at least once dur-
ing 1975–2004. The climate division of NSTH is identified as the China's hot spot experiencing the most fre-
quent occurrence of DWAA events with a relatively large affected area in the historical period. The DWAA
events are projected to occur more frequently with a greater intensity in the North China Plain which is
dominated by the WTH climate and has dense population and agriculture production activities. A substan-
tial increase of the W‐D alternation event is projected to appear in summer, while a prominent increase of
the D‐W alternation event is expected in spring for most parts of East China. In addition, a strong positive
correlation between DWAA and heavy rainfall is detected. Specifically, the 95th percentile rainfall event
contributes most to the occurrence of W‐D alternation events, while the 85th percentile rainfall event has
the most significant correlation with the D‐Walternation event. For most climate divisions of China, we find
that there will be an increase in either the frequency or the magnitude of DWAA events, thereby leading to
great potential risks associated with the rapid transition between dry and wet extremes. Consequently, the
projected changes of DWAA provide meaningful insights into the risk assessment of compound extremes,
which facilitate policymakers and stakeholders to develop sound adaptation plans.

It should be noted that the MME climate simulations were conducted in this study under the highest emis-
sion scenario of RCP8.5. The projected changes of DWAA characteristics will vary under different future
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emission scenarios. In addition, we focused on the rapid transition between dry and wet extremes in two
adjacent months for each grid cell but did not consider the duration and extent of a dry or a wet spell.
Future studies should be undertaken to take into account various characteristics of dry and wet extremes
in order to further improve the assessment and projection of complex DWAA events.

Data Availability Statement

The precipitation and PET were derived from various sources, including the CRU data set, the APHRODITE
product, five CORDEX experiments, and the PRECIS experiment that can be accessed online (https://data.
mendeley.com/datasets/s6yj9t2rcy/2).
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