
A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y A P R I L  2 0 2 5 E678

Article

Discussion on Major Drought Issues in the 
Northern Drought-Prone Belt in China
Qiang Zhang,a,b Weicheng Liu,a Ping Yue,a Liang Zhang,a Sheng Wang,a Jinhu Yang,a 
Xiaojuan Lu,a and Xinyang Yanc

ABSTRACT: In northern China, the transition zone affected by summer monsoon and its neigh-
boring areas frequently experience drought events. Especially since the twenty-first century, the 
number of major drought events in this region has significantly increased, making it a notable 
drought-prone area known as the northern drought-prone belt (NDPB). Till now, major drought 
events in this area have profoundly impacted China’s historical progress and socioeconomic de-
velopment. In fact, similar drought-prone belts are common in other monsoon transition zones 
globally, making it highly relevant and scientifically valuable to study the major drought issues 
in this region. Therefore, we discuss the major drought issues in the NDPB for the first time, 
comprehensively analyze the basic characteristics of the NDPB, systematically review the main 
stages of drought research in northern China, and identify scientific challenges currently faced 
in major drought research in the NDPB. Based on this and in line with the current forefront of 
Earth system science research, we outline five research directions and their basic approaches, 
including scientific experimental research focusing on major droughts in the NDPB, the impact 
of multifactor atmospheric circulation interactions on major drought formation, mechanisms 
promoting major drought development through the land–atmosphere coupling, the synergistic 
mechanisms of the atmospheric circulation and land–atmosphere coupling on major droughts, 
and fine monitoring technology and prediction methods for the full-chain progression of major 
droughts that have multifactor collaborative impacts. This research work holds significant sci-
entific reference value for promoting innovative breakthroughs in the theory of major drought 
formation and monitoring and prediction techniques in northern China.

SIGNIFICANCE STATEMENT: Since the twenty-first century, the northern China drought-prone 
belt has seen a significant increase in severe and extreme drought events. However, there has 
never been a dedicated discussion on the major drought issues in this unique region. Our manu-
script is the first to propose the scientific concept of the northern China drought-prone belt. By 
understanding the basic characteristics of this region’s climate and environment and identifying 
the main scientific challenges encountered in major drought research, we suggest several key re-
search directions and fundamental approaches. This work offers new insights into future in-depth 
studies on mechanisms behind major drought occurrences in northern China and methods for 
their monitoring and prediction.
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1. Introduction
Drought is a pervasive natural disaster characterized by its high frequency, long duration, 
extensive coverage, and significant economic losses, making it one of the most destructive 
natural disasters globally (Dai 2011; Belayneh et al. 2014). It directly affects the balance 
between supply and demand and causes severe damage to agricultural production, natural 
environments, and socioeconomic sectors (Andreadis and Lettenmaier 2006; Mishra and  
Singh 2010; Jenkins et al. 2021). Historically, major drought events have been closely asso-
ciated with the rise and fall of civilizations and changes in dynasties, and in modern times, 
economic losses from droughts account for one-third of the total losses from all natural  
disasters (Qin et al. 2015).

In the context of climate warming, the extremity and spatiotemporal variability in global 
precipitation have further intensified, while water budget processes such as Earth surface 
evapotranspiration (evaporation) have undergone significant changes (Zhang et al. 2019a). 
The frequency and intensity of drought disasters are increasing, and their characteristics 
and patterns are becoming more complex and unpredictable. This exacerbates drought risks, 
increasing vulnerability in agriculture, ecology, and water resources (Zhang et al. 2019c) and 
posing a growing threat to human production and livelihoods (Murray and Ebi 2012; Van 
Loon et al. 2016). From 1964 to 2007 alone, global food production decreased by an aver-
age of 10.1% owing to drought (Lesk et al. 2016), and annual economic losses surged from 
an average of USD 17.33 billion (1980–2009) to USD 23.125 billion (2010–17), far exceeding 
those from other natural disasters (Wilhite 2000; Su et al. 2018). Moreover, recent studies 
suggest that extreme weather events such as droughts will further intensify owing to climate  
warming (Held and Soden 2006; Liang et al. 2008; Orlowsky and Seneviratne 2013). Therefore, 
organizations such as the World Meteorological Organization and the Food and Agriculture 
Organization of the United Nations (FAO) prioritize drought research. Unless otherwise 
specified in this article, the drought events mentioned refer to meteorological droughts; 
major drought events are defined as meteorological drought events if the meteorological 
drought composite index (MCI) reaches severe and extreme drought levels according to  
the National Standard of the People’s Republic of China “Meteorological Drought Grade” 
(GB/T 20481-2017). Here, MCI considers the comprehensive effects of monthly scale evapo-
transpiration and effective precipitation at 2-month, seasonal, and semiannual scales,  
applicable for monitoring and assessing meteorological drought on a daily basis during the 
crop growing season (Zhang et al. 2020a). When −2.0 < MCI ≤ −1.5, it is classified as severe 
drought, and when MCI ≤ −2.0, it is classified as extraordinary drought, with major drought 
being the situation where MCI ≤ −1.5.

China ranks among the countries experiencing the highest frequency and most profound 
impact of drought disasters globally. Extensive droughts persistently occur, affecting ap-
proximately 61% of the total land area and accounting for 34% of all losses from natural 
disasters (Zhang et al. 2020b). Annually, an average of 20.9 hm2 of crops are affected by  
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drought, leading to a reduction in grain yield ranging from several million to over 30 million 
tons, equivalent to the grain demand of a medium-sized country. The direct economic losses  
caused by drought disasters amount to around 44 billion RMB per year (He et al. 2011;  
Xu et al. 2015; Su et al. 2018). Since the 1950s, with the exacerbation of climate warming, 
both the degree and frequency of drought disasters in China have increased, and the affected 
areas have significantly expanded (Li et al. 2015). This trend includes a notable expansion in 
the overall drought-affected area (Fig. 1). In particular, since the beginning of the twenty-first 
century, there has been a significant increase in major drought events, with the area affected 
by major droughts increasing by 3.72% every 10 years (Yu et al. 2014; Wang and Zhang 
2011). For example, the large-scale drought disaster event in Yunnan Province, China, from 
November 2009 to March 2010 threatened nearly 10 million residents with drinking water 
shortages (Lü et al. 2012). Drought disasters pose a serious threat to China’s food security, 
ecology, and water resources. They have become one of the critical factors constraining 
the high-quality development of China’s current socioeconomy and the construction of an 
ecological civilization. Therefore, the Scientific and Technological Innovation Plan for the 
“14th Five-Year Plan” of China has listed technological innovation in drought prevention 
and mitigation as a key research area. Enhancing drought prevention and mitigation tech-
nologies has become a major task in national disaster prevention, mitigation, and climate 
change response initiatives.

Moreover, the spatial distribution of drought disasters in China is highly specific (He et al. 
2016; Jia et al. 2018; Bai et al. 2019; Han et al. 2020; Wen and Chen 2023). Owing to its loca-
tion in the monsoon climate zone, China has a unique transitional zone between the areas 
of summer monsoon influence and those that are not, known as the summer monsoon’s 
northern boundary swinging zone. This zone extends from the southwest corner of China 
through northwestern, central, and northern China to northeastern China. The uncertainty 
of summer monsoon activity in this transitional belt and its surrounding area results in 
significant spatiotemporal variability in precipitation, making it extremely prone to drought 
disasters, thus becoming a prominent area for drought disasters (Wang and Zhang 2011). Stud-
ies have shown that against the backdrop of climate warming, the response of land surface 
evapotranspiration in this region to climate warming is more significant, leading to further 
increases in the frequency and intensity of droughts. Furthermore, the northern regions of 
this drought-prone area exhibit more prominent characteristics than the southern regions 
(Ma and Fu 2007; Han et al. 2019), attracting widespread attention and concern from various 

Fig. 1.  Variations in areas affected and damaged by droughts in China from 1951 to 2022. [Data are 
obtained from the National Bureau of Statistics of China (https://data.stats.gov.cn/index.htm)].
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sectors of society (Fu and Ma 2008; Qian et al. 2012). Therefore, we define this region as the 
“northern drought-prone belt” (NDPB).

The NDPB is located between China’s agricultural and pastoral regions and the areas 
with scarce surface water resources. Agriculture, ecology, and water resources in this belt 
are extremely vulnerable, and socioeconomic development is highly sensitive to droughts. 
The major drought from 1637 to 1643, which contributed to the downfall of the Ming 
Dynasty, occurred in this region. Even under the overall trend of warming and humidifi-
cation (Zhang and Wang 2022), severe early summer droughts and consecutive droughts 
in midsummer still occurred in 2021. As one of the world’s largest agricultural regions, 
the NDPB’s drought patterns provide essential insights into how climate change affects 
food security in monsoon-influenced semiarid regions. Therefore, the NDPB remains the 
region that is most severely affected by drought disasters in China and where ecological 
protection and high-quality development in the Yellow River basin are most constrained by 
droughts. The region’s unique geographical location at the edge of the East Asian monsoon 
system makes it an ideal natural laboratory for studying how climate change influences 
the monsoon system and drought mechanisms in climate transition zones. This helps un-
derstand similar monsoon–arid transition zones worldwide. The strong land–atmosphere 
coupling characteristics observed in this region offer valuable case studies for understand-
ing how global warming affects soil moisture–atmosphere feedback processes, which is 
crucial for improving global climate models. Long-term drought monitoring in the NDPB 
helps validate and improve climate change projection models, particularly in simulating 
extreme climate events in monsoon-influenced semiarid regions. Nevertheless, there has 
never been a specific focus on discussing drought issues in this particular area, severely 
hindering the improvement of drought disaster prevention and mitigation technologies 
in northern China.

In light of the above, this paper aims to focus on the major drought issues in the NDPB, 
providing insights into some of the major scientific issues faced by research on major droughts 
in this region. By understanding the basic characteristics of the climate environment in the 
NDPB and reviewing the research progress on major droughts in China, the paper proposes 
several key research directions and their basic approaches. The primary scientific theme is 
the synergistic effect of atmospheric circulation and land–atmosphere coupling on major 
droughts in the NDPB of China. This research provides scientific references for in-depth stud-
ies on the occurrence and development mechanisms of major droughts in northern China, as 
well as their monitoring and prediction methods.

2. Basic characteristics of the NDPB in China
Geographically, the NDPB roughly covers a vast area extending from the east part of north-
western China and the western part of central China to most parts of northern China and the 
central and western parts of northeastern China. This region is roughly distributed around 
“Hu’s line,” a geographical boundary line extending from Heihe in Heilongjiang Province 
to Tengchong in Yunnan Province (Hu 1935), running in the northeast–southwest direction 
and was first proposed by Mr. Huanyong Hu, a renowned Chinese geographer. Situated at the 
northern boundary swinging zone of the East Asian summer monsoon and an active area for 
northern wind flow (Fig. 2), the NDPB’s climatic conditions are significantly influenced by 
the activity of the summer monsoon and disturbances in mid- and high-latitude atmospheric 
circulation systems. Consequently, precipitation in this region is highly variable, with signifi-
cant interannual and interdecadal fluctuations. Lengthy periods without precipitation are 
common, making the area particularly susceptible to meteorological droughts (Tang et al. 
2007; Zhang et al. 2016a, 2019c).

Brought to you by Northwest Institute of Eco-Environment and Resources，CAS | Unauthenticated | Downloaded 06/11/25 08:34 AM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y A P R I L  2 0 2 5 E682

In the NDPB, the seasonal variation 
characteristics of droughts and floods are 
primarily controlled by the advance and 
retreat process of the summer monsoon, 
while the interannual and interdecadal 
fluctuations, along with changes in the 
intensity of the summer monsoon, create 
a fundamental climatic pattern character-
ized by alternating droughts and floods. 
The multiple time-scale superposition 
effects or abrupt processes of anomalous 
summer monsoon changes are fundamen-
tal drivers of significant drought events. For 
instance, major shifts in the Asian summer 
monsoon in 1965 and 1980 resulted in se-
vere drought disasters in the region (Yang 
et al. 2005; Li et al. 2013; Q. Zhang et al. 
2003). Furthermore, the northward-shifted 
airflow featuring the “ridge-front, trough- 
back” pattern within mid- and high-latitude 
circulation systems intermittently resides 
over the area, leading to prolonged mois-
ture deficits in northern China and, ulti-
mately, extreme droughts.

Statistics show that the NDPB has expe-
rienced frequent and major droughts over 
the years, highlighting a notable drought problem. The region’s average annual drought days 
generally exceed 40, with some areas experiencing more than 60 days. The frequency of 
drought events in most areas exceeds 30%, significantly higher than the national average. 
It is noteworthy that severe and extreme drought events predominantly occur in the NDPB 
region (Fig. 3) (Wang et al. 2011; Liao and Zhang 2017).

Major drought events in the NDPB are characterized by their devastating impact, long 
duration, and extensive coverage, frequently resulting in widespread crop failures and se-
vere famines. Historically, social unrest in northern China has been closely linked to major 

Fig. 2.  Composite map of the average distribu-
tion of north wind intensity during major drought 
events in the NDPB from 1951 to 2020. The de-
termination of drought events and their levels is 
based on the national standard of the People’s 
Republic of China, Meteorological Drought Classi-
fication (GB/T 20481-2017), with data sourced from 
the ERA5 reanalysis data and station observation 
data. Coloring represents 500-hPa meridional wind 
speed (m s−1), with cool colors indicating north 
winds and warm colors denoting south winds. The 
purple line area represents the NDPB, the red line 
indicates the long-term average northern edge 
influenced by summer monsoon, and the dotted 
black line is Hu’s line.

Fig. 3.  Frequency of (a) severe drought and (b) extreme drought in China from 1961 to 2009 (revised 
from Han et al. 2020). The frequency of drought occurrence is the ratio of the number of months with 
different levels of drought to the total number of months in the statistical period, and the purple line 
area denotes the NDPB.
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droughts in the NDPB. During the Ming and Qing Dynasty periods, the NDPB experienced  
frequent and severe droughts, with multiple major drought events lasting more than 3 years 
and affecting more than four provinces. A particularly notable example was a 7-yr-long 
drought that occurred during Emperor Chongzhen’s reign (1637–43, Ming Dynasty period). 
This severe drought affected most of northern China, resulting in barren lands stretching 
thousands of miles, dried-up rivers, exhausted wells and springs, withered crops, and com-
plete harvest failures. The situation was so dire that there were even instances of cannibal-
ism. The resulting famine became a trigger for peasant uprisings, which, combined with 
internal troubles and external threats, led to the fall of the Ming Dynasty. The “Guangxu 
major drought” that spanned from 1874 to 1879 caused approximately 13 million deaths in 
provinces, including Shanxi, Henan, Hebei, and Shandong, making it the deadliest recorded 
drought event before the twentieth century (Chen 1991). This event triggered significant  
social changes, forcing large numbers of Shanxi residents to migrate north to Inner Mongolia, 
while famine victims from Hebei and Shandong fled to the grain-rich northeast China. These 
mass migrations of disaster victims in modern Chinese history, known as “Zou Xikou” (going  
through the western pass) and “Chuang Guandong” (venturing into Northeast China),  
continued until the early twentieth century.

Additionally, the region shows significant spatial variability in climatic environment 
and land surface characteristics. Summer monsoon precipitation decreases rapidly from 
900 mm at the southern boundary to 100 mm at the northern boundary, with a gradient of 
approximately 200 mm (100 km)−1. Simultaneously, the Bowen ratio, a comprehensive land 
surface water–heat parameter, increases sharply from 1.0 to 6.0, with a gradient of about 
1.3 (100 km)−1. This makes it the area with the most significant spatial gradient changes in 
China for both precipitation and the Bowen ratio. Moreover, potential land surface evapo-
ration in the region is high, reaching up to 1500 mm annually, about 4 times the average 
annual precipitation. The dryness index ranges from 0.2 to 0.5, indicating a continental arid 
climate. This significant spatial variation in precipitation results in large spatial changes 
in ecological vegetation, with interspersed deserts, sparse vegetation, natural grasslands, 
shrub forests, and farmland, making it the most typical ecological transitional zone in China.

The region responds significantly to global warming, with faster temperature increases 
and more intense land surface evapotranspiration, leading to increased drought frequency 
and intensity (Fu and Ma 2008; Qian et al. 2012; Huang et al. 2017). In particular, drought 
frequencies in Inner Mongolia, northeastern China, and northwestern China have increased 
by 75%, 66%, and 64%, respectively, since 1980 compared to earlier periods. The areas ex-
periencing significant increases in drought frequency are precisely located within this region 
(Huang et al. 2016; Zhang 2018) (Fig. 4). Notably, the research by Lu et al. (2023) indicates 
that under a temperature rise of 2°C, the region’s drought frequency will exceed 1.5 months 
(yr)−1, exhibiting a clear increasing trend far above the national average.

This region shows strong land–atmosphere coupling, with land–atmosphere interaction 
processes significantly influenced by monsoon climate dynamics (Li et al. 2012; Zeng et al. 
2016; Liu 2023). The frequent turnover of land-cover types results in significant spatiotemporal 
variations in the land surface characteristics, such as soil temperature, soil moisture, vegeta-
tion cover, and runoff (Li and Ma 2015; Li et al. 2017). The pronounced horizontal spatial 
changes in land surface characteristics lead to significant spatial gradients in land surface 
water–heat exchange, atmospheric boundary layer transport, and atmospheric boundary 
layer thickness. These notable gradients inevitably influence atmospheric motion processes 
and may even induce local atmospheric circulation (Zhang et al. 2017a), thereby impacting 
the formation and development of droughts.

The region is also under the synergistic effects of several atmospheric circulation fac-
tors. The formation of major droughts is clearly impacted by the synergistic influence of the 
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westerly circulation, Asian monsoon, and Tibetan Plateau monsoon. It is closely associated 
with the overlapping or merging of the westerly belt high pressure ridge and subtropical 
high, as well as the synergy of dynamic divergence and negative vorticity increase caused 
by the plateau terrain (Yang et al. 2005). Moreover, the frequent convergence of summer 
cold and dry northwest airflow and warm and moist southward airflow activates mesoscale 
weather processes, manifesting a distinct dynamic nature of the climate in this region 
(Huang et al. 2009).

More importantly, the region represents a terrain transitional zone in China, characterized 
by several features: a terrain transition from high plateaus to plain basins, an interweav-
ing belt between agricultural land and grasslands, a spatial overlap of semiarid, ecological 
fragile zones, and a crucial belt for desertification and southward and eastward shifting of 
sandification. The socioeconomic development in this region is highly sensitive to drought 
(Wang and Zhang 2011; Yue et al. 2015). Furthermore, many species in the region are on 
the brink of collapse, where slight climate changes or human disturbances could lead to 
systemic failures, making it a focal point for the impacts of global climate change (Zhang 
et al. 2009a). Additionally, the region is located within China’s primary rain-fed agricultural 
area, underscoring its strategic role in food security.

It is noteworthy that similar drought-prone belts may also be prevalent in monsoon 
transition zones globally, such as western North America, southwestern South America, 
northern Australia, and southern Africa (Stahle et al. 2007; Cui et al. 2021; King et al. 2020; 
Verhoeven et al. 2022). However, while the NDPB shares similarities with these regions in 
terms of drought characteristics and driving mechanisms, there are also significant differ-
ences. Taking the U.S. Great Plains and northern Australia as two typical drought-prone 
regions, for example, both the NDPB and the Great Plains are situated in monsoon-to-arid 
transition zones, exhibiting high precipitation variability and being significantly influenced 
by atmospheric circulation and land–atmosphere coupling (Stahle et al. 2007). Droughts 
in both regions are associated with mid-to-high latitude circulation anomalies, and global 
warming has intensified their frequency and severity (Zeng et al. 2021). Similarly, northern 
Australia’s drought region displays precipitation instability, with strong land–atmosphere 
coupling characteristics akin to those of the NDPB (Yuan et al. 2023). These commonalities 
suggest that droughts in monsoon transition zones are collectively regulated by multiscale 
climate systems. However, the differences are more pronounced. Droughts in the Great Plains 
are primarily driven by the Pacific decadal oscillation (PDO) and La Niña, exhibiting strong 

Fig. 4.  Distribution of drought trends in China during 1950–2009, where drought events are identified based on (a) self-calibrated 
Palmer drought intensity index (Han et al. 2020) and (b) distribution of changes in drought frequency in China during 2015–2100 
under a 2°C warming scenario (Lu et al. 2023), where drought events are identified based on standardized precipitation evapo-
transpiration index (SPEI). Purple solid areas represent the NDPB.
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interannual variability (McCabe et al. 2004), whereas the NDPB shows lower interannual 
variability, modulated by monsoon oscillations and the thermal effects of the Tibetan Plateau 
(Yang et al. 2005). Northern Australia’s droughts are dominated by El Niño–Southern Oscil-
lation (ENSO) and the Indian Ocean dipole (IOD), with interannual fluctuations exceeding 
those of the NDPB (King et al. 2020; Reddy et al. 2022). Furthermore, the NDPB’s complex 
terrain (transitioning from plateaus to plains) and heightened ecological vulnerability 
amplify the impacts of drought on agriculture and water resources (Zhang et al. 2020b). In 
contrast, the Great Plains feature flat terrain, while northern Australia has sparse vegeta-
tion, resulting in distinct socioeconomic impact patterns from drought. These differences 
position the NDPB as a unique laboratory for studying mechanisms in monsoon transition 
zones, offering insights not only for drought prevention and mitigation in China but also as 
a reference for similar regions worldwide.

3. Research progress on major droughts in northern China
The issue of drought is exceedingly complex, involving numerous factors that often include 
superposed, interrelated, coupled, and synergistic effects influencing its formation and de-
velopment. While minor droughts may result from a single dominant factor, major drought 
events typically arise from the synergistic linkage of multiple factors and the superposition 
of multiple scales. Thoroughly understanding the causes and development of development 
is, therefore, a challenging task. Consequently, the study of drought in northern China has 
undergone a lengthy process of continuous development and gradual deepening.

a. Stage of statistical investigation on drought disasters and distribution characteristics.  
China has long recognized the importance of major drought issues. Since its founding, the 
country has organized specialized investigations into major drought disasters (Hsiao et al. 
1964), beginning with the documentation of significant drought events and analyzing their 
performance characteristics and hazards. With the improvement of observational networks 
and detection methods, research on the temporal and spatial distribution patterns and 
causes of droughts has gradually expanded (Wang and Zhao 1979; Xu and Zhang 1983; Tao 
and Zhang 1998; Luo 2005; Zou and Zhang 2008). Consequently, the study of droughts has 
progressed from a qualitative and descriptive understanding to a quantitative analysis of 
their objective characteristics and theoretical explanations of their causes.

b.  Research on the role of mid- and high-latitude atmospheric circulation systems in 
drought formation.  Owing to the frequent occurrence of drought disasters in northern 
China, particularly the prolonged 6-yr drought from 1978 to 1983 (Huang et  al. 1999), 
early Chinese drought research primarily focused on this region. Studies on drought forma-
tion mechanisms emphasized the trough–ridge movement and perturbations in mid- and 
high-latitude atmospheric circulation systems and the distribution of synoptic fields.

Initially, research suggested (Bai et al. 1988) that when the 500-hPa circulation field in 
midlatitudes featured a Xinjiang high pressure ridge, a deep East Asian trough, and strong 
north winds, with positive anomalies over Xinjiang and negative anomalies over the Sea of 
Japan—forming a “positive west and negative east” pattern—northwestern China was gener-
ally prone to drought. Subsequent studies further identified (Yatagai and Yasunari 1998; Qian 
et al. 2001) that drought years in northwestern China during summer often featured a specific 
atmospheric pattern: “upper-level western-type South Asian high combined with a lower-level 
Xinjiang high pressure ridge or an eastward-extending Iranian high pressure system over the 
Qinghai–Tibet Plateau” pattern. Additionally, Luo (2005) found that positive anomalies in 
northwestern China and negative anomalies near the East Asian coast created a dipole-type 
thermal forcing anomaly, leading to summer droughts in eastern northwestern China. For the 
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northern China region, Shen et al. 
(2012) determined that in sum-
mer drought years, when mid- to 
high-latitude regions were domi-
nated by meridional circulation, 
northern China experienced a 
“high west, low east” circulation 
pattern. This pattern, controlled 
by anomalous northerly airflow 
and the descending airflow of 
the Baikal high pressure ridge, 
hindered summer precipitation, 
thus making drought events more 
likely (Fig. 5). Furthermore, stud-
ies found that the stability and persistence of a deep, thick, warm high pressure system in 
midlatitude East Asia, combined with strong subsidence in the upper atmosphere leading 
to air adiabatic heating and increased sensible heat near the surface, resulted in sustained 
temperature rises. The nonadiabatic forcing from the underlying surface and the strength-
ening of the continental warm high pressure system created a positive feedback process, 
exacerbating summer droughts in northern China (Wei et al. 2003; Q. Zhang et al. 2003).

c. Research on the role of the summer monsoon and subtropical highs in drought formation.  
As research on droughts in northern China deepened, the academic community found 
that the seasonal variations, east–west oscillations, and north–south movements of the 
East Asian summer monsoon and the western Pacific subtropical high significantly impact 
drought formation and development in northern China. Consequently, attention shifted to 
the properties of air masses originating from the ocean, the transport of warm and moist air 
flows, and the distribution characteristics of monsoon activities and the subtropical high. 
Studies indicated (Q. Zhang et al. 2003) that when the East Asian summer monsoon is weak 
and the western Pacific subtropical high is positioned southward, summer precipitation in 
northern China decreases, which is a primary cause of drought events in this region. Other 
research found (Qian et al. 2001; Ding et al. 2003; Zhang et al. 2019b) that when the ridge 
line of the western Pacific subtropical high shifts southward, the rain belt located 8–9° of 
latitude north of the ridge also moves southward. This positioning causes the rain belt to 
settle south of eastern northwestern China, preventing it from reaching eastern northwest-
ern China and leading to drought. Additionally, research suggested (Wei and Zhang 2009; 
Zeng and Yuan 2021) that when the western Pacific subtropical high is southward and 
weak in summer, the enhanced Mongolian high hinders the transport of cold air from high 
latitudes to northeastern China, resulting in reduced summer precipitation and increased 
drought. Furthermore, studies (Huang et al. 2007; Zhang and Zhou 2015) pointed out that 
northeastern China, characterized by a temperate continental monsoon climate, frequently 
experiences droughts owing to monsoon climate instability. Other studies (Lian et al. 2010; 
Qian and Zhou 2014) revealed that during weak East Asian summer monsoons, the persis-
tent Baikal blocking high weakens the westerlies and hampers moisture transport from the 
Bay of Bengal, reducing precipitation and making summer droughts more likely in north-
eastern China. Additionally, researchers (Ding and Li 2016) noted that northern China, in-
fluenced by the overlapping effects of two subsystems of the East Asian monsoon—tropical 
and subtropical monsoons and affected by the westerly circulation and the Qinghai–Tibet 
Plateau monsoon, exhibits significant regional complexity in drought occurrence and 
development.

Fig. 5.  Composite distribution of 500-hPa geopotential height 
field (gpm) during years of below-normal precipitation in north-
ern China from May to August during 1981–2019. Contours rep-
resent the height field, shading represents the geopotential 
height anomaly field, and the purple dashed line indicates the 
climatological position of the subtropical high.
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d. Research on the impact of climate warming on drought. With intensifying climate 
warming, its impact on drought has garnered increasing attention. Observational and 
modeling results (Held and Soden 2006; Chou et al. 2009) indicate that climate warm-
ing leads to the “wet getting wetter and dry getting drier” or the “rich getting richer” 
phenomenon. This means that tropical and midlatitude regions, which are relatively  
wet, will become wetter, while arid and semiarid regions in the subtropics will become 
drier, exacerbating global drought. Research (Zarch et al. 2015) suggests a pronounced 
trend of increasing drought in severely arid regions globally compared to a decreasing 
trend. Semiarid, semihumid, and humid regions are becoming slightly drier. Notably, 
studies (Han et al. 2021; Giorgi et al. 2011) found that since the abrupt temperature rise 
observed in the 1990s (Table 1), the intensity, frequency, and duration of droughts in 
China have increased. Northern China and parts of northwestern China are experiencing 
more frequent and major droughts, corroborated by data on the number of light rain days 
and precipitation amounts (Yan and Yang 2000). Global warming has led to the signifi-
cant warming of the Eurasian continent, increasing lower-tropospheric baroclinicity and  
ultimately contributing to enhanced anticyclonic anomalies in the NDPB, potentially lead-
ing to increased consecutive dry days and persistent summer extreme droughts (Zhang 
et al. 2018). Based on the CMIP5 and CMIP6 simulation results, by the mid-twenty-first 
century, under the RCP4.5 scenario, the drought duration, frequency, and intensity are 
expected to increase in most parts of northern China, with the drought intensity in most 
areas in the NDPB being projected to increase by more than 10 times compared to the 
baseline period (1976–2005) (Zeng et  al. 2021). As the drought intensity and affected 
areas increase, drought-related losses are expected to surge dramatically. Compared to 
the baseline period, drought-related losses are projected to increase by 10 times at the 
1.5°C warming level, representing nearly a 3-fold increase relative to the 2006–15 period 
(Su et al. 2018). At the 2.0°C warming level, population exposure to extreme drought risk 
will increase by approximately 17%, with the NDPB region showing the most prominent 
increase (Chen and Sun 2019).

Giannini (2010) outlined two possible mechanisms by which global warming could 
affect drought. First, increased greenhouse gas emissions lead to higher net surface radia-
tion, enhancing potential land surface evaporation and directly causing drought. Second, 
global warming increases moist static energy in the upper atmosphere, affecting verti-
cal atmospheric stability and indirectly causing drought. Global warming also leads to a 
more uneven precipitation distribution, with increased precipitation observed in tropical 
and high-latitude regions and decreased precipitation in midlatitude regions, increasing 
the probability of droughts in midlatitude areas such as northern China. Held and Soden 
(2006) found that global warming significantly increases the spatial heterogeneity of Earth’s 

Table 1.  Comparison of drought intensity, occurrence frequency (%), and duration (month) before  
and after climate warming in China and North China during 1961–2014 (Han et al. 2021). Drought 
intensity is characterized by the comprehensive meteorological drought index, occurrence frequency 
is the regional average of the proportion of drought years to total years, and duration is the average 
number of drought months per year. The Mann–Kendall mutation analysis method was used to  
evaluate the temperature change trend. Based on the intersection of the forward (UF) curve and 
backward (UB) curve, it was found that China’s annual average temperature suddenly rose after the 
early 1990s. Therefore, 1961–90 was defined as before temperature warming and after that was  
defined as after temperature warming.

Before warming After warming

Intensity Frequency Duration Intensity Frequency Duration

North China −0.98 32.8 10.32 −1.08 35.9 10.70

China −0.87 28.0 10.91 −0.98 31.8 11.0
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surface net water flux (precipitation P minus evaporation E). This heterogeneity is mainly 
attributed to the uneven distribution of average and transient atmospheric moisture trans-
port. In the wettest tropical regions, the convergence of trade winds and moisture leads to 
positive P − E, while in arid regions, moisture divergence caused by trade winds, station-
ary waves, and transient eddies results in significant negative P − E. Therefore, although 
a warmer atmosphere will hold more moisture, water moisture transport is enhanced even 
when the circulation remains constant. Under these hypotheses, the overall distribution 
of P − E will remain unchanged but with more extreme values, making wet regions wet-
ter and dry regions, like northern China, drier. Additionally, under global warming, the 
increase in global temperatures is unevenly distributed. Since 1960, approximately 88% 
of the world has experienced significant warming trends, with over 98% of arid regions 
seeing a rise in temperatures (Zarch et al. 2015). This may be explained by higher trends 
in potential evapotranspiration in these regions, further accelerating drought development 
and intensifying drought intensity.

e. Research on the role of SST anomalies in drought formation. With the occurrence of 
the El Niño phenomenon, the impact of sea surface temperature (SST) anomalies on major 
droughts in China has garnered significant attention. Unlike atmospheric movements, SST 
changes are slower and more persistent, with anomaly signals transmitted to the atmosphere 
through ocean–atmosphere interactions. This leads to abnormal atmospheric circulation, in-
fluencing droughts in northern China (McCabe et al. 2004; Wu et al. 2008). Recent studies 
(Qian and Zhou 2014; Han et al. 2015; Du et al. 2020) have shown that circulation anomalies 
caused by SST can significantly impact drought events. Decadal SST signals from different 
ocean basins may affect droughts in different regions. In particular, the SSTs of the Pacific, At-
lantic, and Indian Oceans have a significant impact on droughts in northern China. Research 
also indicated (Li et al. 2000; Wu et al. 2008) a significant negative correlation between the 
SST of the equatorial central and eastern Pacific during autumn and spring droughts in north-
western China the following year. Lower SST anomalies, indicative of La Niña phenomena, 
often result in droughts in northwestern China in the following spring. Furthermore, SST dis-
tributions featuring negative anomalies in the North and west Pacific and positive anomalies 
in the equatorial central and eastern Pacific during summer hinder the development of the 
western Pacific subtropical high. This makes it challenging for warm and moist airflows from 
the periphery of the subtropical high to reach northwestern China, rendering the region prone 
to summer droughts. Other studies (C. J. Zhang et al. 2003; Zhang and Zhou 2015) found that 
El Niño phenomena significantly impact autumn droughts in eastern northwestern China. 
A strong El Niño in autumn correlates with higher temperatures and reduced precipitation, 
increasing the likelihood of droughts. Additionally, Hurrell (1996) suggested that changes 
in North Atlantic SST could partly explain the occurrence and development of droughts in 
northern China. Fu and Zeng (2005) pointed out that an abnormal North Atlantic Oscillation 
(NAO) in the previous season could affect drought occurrences in northern and northeastern 
China in the current season. When the NAO is in a positive (or negative) phase, the frequency 
of droughts (or floods) in eastern northern China during summer is exceedingly high. Particu-
larly since the 1970s, when the NAO was in a high positive phase, there was reduced rainfall 
and major droughts across most parts of northern China (Fig. 6).

SST anomalies and atmospheric circulation anomalies interact in ways that significantly 
impact major droughts in northern China (Si and Ding 2016). Various studies (Deng et al. 
2009; Qian and Zhou 2014) have shown that the phases of the PDO or interdecadal Pacific 
oscillation significantly affect these droughts. During the positive phase of the PDO, warm 
SST anomalies in the equatorial central and eastern Pacific increase the sensible heat flux 
from the ocean to the atmosphere, heating the entire tropical troposphere. Meanwhile, the 
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midlatitude troposphere in the Northern Hemisphere undergoes anomalous cooling, which 
alters the meridional temperature gradient in the North Pacific and surrounding areas. This 
anomaly results in abnormal northwesterly winds in northern China, weakening the East 
Asian summer monsoon and preventing the northward advance of tropical moisture and 
rain belts, thus causing drought conditions. Additionally, research has found (Wang et al. 
2009; Sheng et al. 2021; Yang et al. 2017) that different oceanic modes dominate droughts 
on different time scales. The “drought and flood” in China distribution pattern in China is 
influenced by the Atlantic multidecadal oscillation (AMO), while the PDO primarily drives 
interdecadal changes in the “south flood, north drought” precipitation pattern. The AMO 
further modulates this effect.

f. Research on the relationship between land–atmosphere interactions and drought.   
Land–atmosphere interactions are crucial in the climate system’s response to external forcings. 
The exchange of matter, energy, and momentum between the land and the atmosphere signifi-
cantly impacts regional droughts, a topic that has gained attention only recently. The Global 
Land–Atmosphere Coupling Experiment (GLACE) demonstrated that reduced soil moisture 
significantly exacerbates soil and atmospheric drought through land–atmosphere interaction 
processes, such as feedback involving surface temperature, relative humidity, and precipita-
tion (Berg et al. 2016; Zhou et al. 2019). Since the late twentieth century, China has conducted 
significant land–atmosphere interaction observational experiments, such as the Heihe River 
Basin Field Experiment (HEIFE), the Inner Mongolia Semi-arid Grassland soil–vegetation– 
atmosphere Interaction (IMGRASS), the Atmosphere–land Interaction Experiment in Arid  
Region of Northwest China (NWC–ALIEX), and the Land Surface Processes in Chinese Loess 
Plateau (LOPEX). These observational studies have provided preliminary insights into the  
impact of land–atmosphere interactions on drought in northern China (Hu and Gao 1994;  
Lü et al. 2005; Zhang et al. 2005, 2009b; R. Huang et al. 2013).

Current research indicates that the impact of land–atmosphere interactions on drought 
can be categorized into two main types. The first type involves rapid feedback processes: 
land surface processes are influenced by factors such as solar radiation, atmospheric dy-
namics, physical and chemical properties, temporal variations, spatial variability, and hu-
man activities. Changes in these land surface processes can lead to reduced (or increased) 
local convective activity and precipitation, thereby causing drought (or flooding) events  

Fig. 6.  Temporal variations of drought-flood indices (bar) in the NDPB region from 1951 to 2023, along 
with the NAO index (NAOI) (yellow solid line). The calculation method for the drought-flood grades 
refers to the Chinese Academy of Meteorological Sciences (1981), where −2, −1, 0, 1, and 2 represent 
drought, moderate drought, normal, moderate flood, and flood, respectively. The NAOI is defined as 
the difference in the zonally averaged standardized monthly sea level pressure in the North Atlantic 
region between 35° and 65°N from 80°W to 30°E. This paper uses the annual average values, and the 
data are sourced from the National Oceanic and Atmospheric Administration website (https://psl.noaa.
gov/data).
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(Segal et al. 1995; Pielke 2001; 
Liu et al. 2022). Meanwhile, dry 
soil leads to reduced evapotrans-
piration, possibly further decreas-
ing atmospheric humidity and 
increasing vapor pressure deficit, 
resulting in reduced precipita-
tion and corresponding drought  
(Hirschi et al. 2011; Berg et al. 
2016). Once a drought event occurs, 
negative soil moisture anomalies 
further disrupt land–atmosphere 
coupling, potentially sustaining 
soil moisture deficits for weeks 
to months. A persistent, strong, 
sensible heat flux can heat the 
lower atmosphere, create high 
temperatures, and further reduce 
the evapotranspiration and atmo-
spheric moisture content, thereby 
intensifying drought (Roundy 
et al. 2013; Miralles et al. 2014; 
Zhou et al. 2019).

The second type of feedback 
process involves slower mech-
anisms where anomalies in 
land–atmosphere coupling can 
slowly affect local atmospheric 
circulation through “memory 
effects” or impact downstream 
atmospheric circulation through  
long-distance transmission (Fig. 7).  
For instance, some studies (Li et al. 
2018; Wang et al. 2019; Du et al. 
2022) suggest that the disappear-
ance of Barents Sea ice in spring may increase snow depth in western Eurasia, triggering a 
polar-Eurasian teleconnection pattern. Concurrently, intense warming in Europe and the 
Caspian Sea can enhance anticyclonic circulation anomalies over the Tibetan Plateau, which 
subsequently affect the downstream droughts in northeastern China during July–August 
through long-distance interactions. Additionally, other studies (Zhang and Zuo 2011) 
revealed that late spring wet soil anomalies in northern China could weaken the thermal 
contrast between land and sea during summer. This weakening reduces the strength of the 
East Asian summer monsoon, leading to decreased precipitation and increased drought 
events. Furthermore, Zhou and Huang (2008) and Zhou et al. (2009) found that since the 
mid-1970s, significant increases in spring land–atmosphere temperature differences in 
northwestern arid regions have intensified spring sensible heat flux and abnormal rising 
airflows. These changes create downward flow anomalies and interdecadal anticyclonic 
abnormal circulation patterns over northern China, thereby reducing summer precipitation 
in the region (Fig. 8).

Fig. 7.  Schematic of the self-intensification and self-propagation 
of drought events (Miralles et  al. 2019). Local and telecon-
nected land feedback may aid in the intensification and prop-
agation (expansion and concatenation) of meteorological 
droughts.
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g. Understanding the mechanisms of drought from the perspective of the East Asian 
climate system.  Ye and Huang (1996) first proposed the concept of the East Asian cli-
mate system, suggesting that droughts in China are linked to various components of this 
system. Huang et al. (2003) also argued that the formation and development of droughts 
in China are primarily driven by chain reactions caused by anomalies in certain aspects 
of the East Asian climate system. Zeng et  al. (2019) specifically investigated the severe 
drought in northeast China in 2017, attributing it to the synergistic effects of atmospheric 
circulation anomalies and land–atmosphere coupling anomalies (Fig. 9). Their research 
pointed out a strong positive phase of the Arctic Oscillation in the spring as the initial trig-
ger for the drought. This was followed by anomalous anticyclonic circulation over south-
ern Baikal during the summer, which strengthened the Baikal high pressure ridge and 
caused subsidence, thereby weakening moisture transport from the south. Meanwhile, 
the land–atmosphere coupling state in northeast China shifted from wet coupling (occurs 
under the conditions of sufficient soil moisture and can mitigate drought development 
through evaporation–precipitation feedback processes that regulate the water balance) 
in spring to dry coupling (occurs under the conditions of soil moisture deficit and may 
intensify drought intensity) in summer. This shift increased surface sensible heat, reduced 
cloud cover, and weakened longwave absorption. This caused anomalous nonadiabatic 
heating in the lower atmosphere and cooling in the upper atmosphere, resulting in nega-
tive anomalies in lower-level potential vorticity. These conditions ultimately caused pro-
longed extreme drought events in northeast China.

Fig. 8.  Schematic map of the impact of intensified spring sensible heat in the arid area of northwest 
China on summertime precipitation in North China (revised from J. Huang et al. 2013).

Fig. 9.  Composite analysis of atmospheric circulation and land surface processes during seven persis-
tent drought events in northeast China (revised from Zeng et  al. 2019). (a) Abnormal geopotential 
height (shaded; dagpm; ASLB represents Lake Baikal); (b) abnormal nonadiabatic heating Q1 (shaded; 
K day−1), and surface sensible heating (contour; W m−2).

Brought to you by Northwest Institute of Eco-Environment and Resources，CAS | Unauthenticated | Downloaded 06/11/25 08:34 AM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y A P R I L  2 0 2 5 E692

4. Major scientific issues facing the study of major droughts in the NDPB
First, there is an urgent for a thematic study focusing on the major drought issues in the 
unique NDPB region. This region covers a vast area in eastern northwest China, western 
central China, western northern China, and central–western northeast China. It is a typical 
ecologically sensitive zone and a major rain-fed agricultural area, playing a crucial role in 
food security and ecological protection (Wang and Zhang 2011). Climatically, this region 
experiences more active atmospheric circulation, greater uncertainty in monsoon activities, 
and a significant influence of westerly circulation, the East Asian monsoon, and the plateau 
monsoon. The role of atmospheric circulation in drought formation is complex. Additionally, 
the region exhibits tight and strong land–atmosphere coupling, where land surface energy, 
moisture, and ecological physiological factors exert profound influences through multipath 
and multiprocess coupling. Moreover, the formation and development of drought disasters 
in this region involve not only complex climatic dynamics but also multiscale moisture  
and energy cycle mechanisms (Zhang and Zhou 2015). This makes the NDPB an extremely 
unique and scientifically significant region for studying major droughts. However, there are 
currently few dedicated studies on the detailed dynamic characteristics, formation mecha-
nisms, monitoring, and forecasting methods for major droughts in this region. Notably, almost 
no major national projects have focused on this issue.

Second, there is a unique contribution of land–atmosphere interactions to major droughts 
in the NDPB. Previous drought research has predominantly focused on atmospheric cir-
culation factors, often neglecting the impact of land–atmosphere interactions. Even when 
land–atmosphere interactions are involved, they are usually approached from the perspec-
tive of land surface forcing. This oversight might be one of the main reasons for the current 
low accuracy in drought monitoring and prediction (Zhou et al. 2019). Studies have indi-
cated that in climate transition zones and areas prone to frequent droughts, the degree of 
land–atmosphere coupling is significantly stronger, and the multiscale characteristics of 
land–atmosphere coupling are more pronounced (Seneviratne et al. 2006; Liu et al. 2022). 
The contribution of land–atmosphere interactions to drought formation and development can 
sometimes be comparable to or even exceed that of atmospheric circulation. Moreover, the 
temperature–evaporation–humidity–precipitation feedback between land and atmosphere 
during drought formation and development is not a simple linear relationship but often 
manifests as a complex multilevel, multipath cross-coupling process. Some land surface 
elements exhibit both positive and negative feedback processes (Fig. 10), and their coupling 
characteristics can change with variations in land surface features and atmospheric back-
ground conditions. Furthermore, the pronounced land–atmosphere coupling in this region 
notably accelerates the pace of drought development compared to other areas (Wang et al. 
2021; Zeng and Yuan 2021). In the region, the feedback relationships between land surface 
thermal, moisture, and physiological–ecological processes play a critical role in drought signal 
transmission and disaster processes. This coupling is an important physical link that connects 
meteorological droughts with agricultural, ecological, and hydrological droughts (Zhang et al. 
2017b). In other words, the land–atmosphere coupling process reflects the sensitivity of the 
drought-prone environment and determines the disaster process of meteorological drought, 
playing a unique role in drought formation and development. However, it is evident that this 
issue is not given sufficient attention in many current studies on major droughts.

Third, the issues related to the multifactor synergistic action and multiscale superposition 
effects in major drought formation in the NDPB are critical. Current studies often focus on 
specific circulation influencing factors or specific spatiotemporal scales to understand drought 
formation and development mechanisms. This approach often results in significant errors in 
drought prediction methods based on such scientific understanding. The formation and devel-
opment of major droughts in northern China are influenced by a combination of monsoon and 
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westerly circulations, as well as the individual and synergistic effects of different branches of 
the monsoon system, such as the East Asian monsoon and the Indian monsoon. Additionally, 
interactions exist between meridional and zonal atmospheric circulations, the associative 
effects of the subtropical high and the South Asian high “moving toward” or “moving away 
from” each other, and the seesaw effect between westerly and monsoon circulations (Zhang 
et al. 2019b; Du et al. 2020). There are also interactions between mid–high-latitude and 
low-latitude circulation systems. In summary, multifactor linkage in atmospheric circulation is 
quite prominent in this region (Fig. 11). From the perspective of land–atmosphere interactions, 
both local thermal and moisture 
contributions and nonlocal ther-
mal anomalies caused by the 
large topography of the Tibetan 
Plateau and changes in snow 
cover and vegetation must be 
considered. Moreover, the influ-
ence of SST anomalies in key 
ocean areas such as the Pacific 
warm pool and the remote corre-
lations of global sensitive region 
land surface processes play a 
role (Huang et al. 2017). Notably, 
drought events exhibit charac-
teristics of multiple time scales, 
ranging from 10 days to decades 
or even longer. Major droughts 

Fig. 10.  Schematic diagram of the positive (negative) feedback mechanism between drought and soil 
moisture. The planetary boundary layer (PBL) is the lowest part of the atmosphere affected by Earth’s 
surface; convective inhibition (CIN) represents the energy barrier to convection; LFC is the height where 
air parcels become buoyant; and lifting condensation level (LCL) is the height where condensation  
begins. The T − Td is the temperature–dewpoint difference.

Fig. 11.  Schematic diagram of multifactor linkage in atmospheric 
circulation.
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often form through the superposition or transformation of multiple time scales (Zhang et al. 
2017b). For example, the severe drought event that affected most of the NDPB region in the 
winter of 2008 was mainly caused by the synergistic effects and multiscale superposition  
of multiple factors, such as the southward shift of the subtropical high, the weakening of  
the Indo–Burma trough, higher surface temperatures on the Qinghai–Tibet Plateau, and  
SST anomalies, like ENSO and La Niña events (Gao and Yang 2009). Therefore, thoroughly 
studying the multifactor synergistic actions and multiple time-scale superposition and trans-
formation effects of drought formation is essential to grasp their laws and characteristics. 
However, current research in this area remains quite weak.

Fourth, the progressive development characteristics of drought need to be addressed. 
Present understanding of the drought process is often limited to certain stages or processes. 
Drought monitoring and prediction often focus on a specific aspect of drought, lacking a  
systematic scientific understanding of the entire process. Consequently, different conclusions 
or monitoring results often arise for the same drought event. In fact, the occurrence and devel-
opment of drought disasters are not immediate but a progressive process (Zhang et al. 2016b). 
Under cumulative precipitation deficits, meteorological drought inevitably occurs, followed 
by a chain reaction: “meteorological drought → agricultural drought → ecological drought 
→ hydrological drought → socioeconomic drought.” Significant transmission processes  
are within hydrological, agricultural, ecological, and socioeconomic droughts (Fig. 12). For 
example, within agricultural or ecological droughts, there is a finer transmission process: soil 
drought → crop (or natural vegetation) physiological drought → crop (or natural vegetation) 
ecological drought → economic 
yield reduction (or vegetation 
degradation) → reduced agri-
cultural (or ecological) benefits. 
Nevertheless, these transmission 
processes do not necessarily oc-
cur automatically; they are often 
conditional and constrained by 
thresholds. From the perspec-
tives of both drought monitoring 
and disaster reduction, it is es-
sential to thoroughly understand 
the process characteristics of 
the progressive development of 
drought disasters. However, cur-
rent scientific understanding of 
this issue remains very limited.

Fifth, the issue of temporal 
sensitivity of drought impact on 
agriculture or ecology is crucial. 
Traditionally, the development 
state of agricultural or ecologi-
cal drought is assessed using 
changes in specific drought 
indices or elements. This ap-
proach often leads to inaccurate 
or erroneous judgments because 
it overlooks the sensitivity of 
drought impacts on agriculture 

Fig. 12.  Schematic diagram of the progressive development 
process of drought disasters (Zhang et al. 2016b).
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or ecology. This sensitivity is mainly attributed to distinct water demands of crops or natu-
ral vegetation at different growth stages and varying water consumption under different 
climatic conditions. In other words, the sensitivity of crops to drought indices or impact 
elements varies greatly across different growth stages, seasons, or regions. During the peak 
water demand period, which is critical for crop growth, crops are highly sensitive to drought 
intensity. Conversely, during noncritical periods, the water demand of crops is much lower 
or even minimal, making the impact of drought intensity on crop growth less significant 
and, in some cases, even having the opposite effect. Therefore, when analyzing drought 
development or assessing drought impacts, it is crucial first to understand the dynamic 
variation law in sensitivity or impact weight coefficients for specific regions and crops (or 
ecosystems) during their growth stages and accurately judge the development trend or im-
pact degree of agricultural (or ecological) drought. However, current knowledge about the 
distribution characteristics of critical drought impact periods or the dynamic variation in 
sensitivity for crops (or ecosystems) remains very limited. Furthermore, different climatic 
environments and crop (or ecological) types exhibit significant differences in drought impact 
weight distribution, which can even change to some extent with climate warming (Zhang 
et al. 2020a). Given these complexities, an in-depth understanding of how drought impacts 
plant physiological and ecological responses throughout different growth stages, seasons, 
and climatic environments is crucial for understanding agricultural (or ecological) drought. 
However, research progress on this issue is still relatively slow.

Sixth, the complexity of major droughts’ response to climate warming must be addressed. 
The complexity arises because almost all factors affecting drought formation and develop-
ment respond to climate warming, often triggering chain reactions. Additionally, the response 
process of many factors to climate warming can be multifaceted, occurring through different 
pathways and exhibiting multiple modes, both direct and indirect (Fig. 13). For instance, the 
response of precipitation to climate change, a primary factor influencing drought formation, 
is one of the clearest examples. Recent research has found (Byrne and O’Gorman 2015) that 
the response of precipitation to climate warming is highly complex and does not exhibit a 
straightforward trend with temperature changes. Instead, it shows distinct response charac-
teristics in different regions and periods. Some international studies even suggest that with 
climate warming, dry areas will become drier and wet areas wetter. Similarly, the response 
of drought-controlling factors such as surface evapotranspiration to climate warming is sig-
nificantly influenced by climatic and environmental backgrounds, demonstrating opposite 
response characteristics in different regions (Zhang 2018). Additionally, affected by climate 

Fig. 13.  Time evolution of the moisture index, sensible heat flux, latent heat flux, and Bowen’s ratio of 
the NDPB (Zeng 2020).
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warming, the feedback amplification effect of land–atmosphere interactions may intensify 
drought intensity and speed up drought development in certain regions (Berg et al. 2016). 
Thus, current research results may only reflect the response of drought to climate warming 
under certain conditions or in particular ways. To accurately understand the development 
patterns of climate warming, it is essential to fully recognize the complexity of these responses 
and systematically understand how climate warming affects various drought-controlling 
factors. Achieving this goal requires further research in the future.

5. Major research directions and preliminary approaches for major droughts in 
the NDPB
Based on major scientific challenges identified in studying major droughts in the NDPB and 
the authors’ understanding of current frontier directions in climate system science research, 
five major directions and approaches for studying major droughts in the NDPB are prelimi-
narily proposed.

First, conducting specialized scientific observation experiments focusing on major 
droughts in the NDPB is essential. Previous research has led to the establishment of a “com-
prehensive drought meteorological observation and test system” and a “land–atmosphere 
interaction observation and test network in the summer monsoon transition zone” in the 
NDPB and its surrounding areas (Fig. 14). These efforts have enhanced our capability to 
observe the “+”-shaped land–atmosphere interactions of summer monsoon across the 
northern region and the “V”-shaped major droughts covering extensive drought-prone 
areas from northwestern and central to northern China. We have conducted scientific ob-
servational experiments and studies on the land–atmosphere coupling characteristics and 
drought events in the NDPB region (Zhang et al. 2005, 2009b; J. Huang et al. 2013; Zhang 
and Zhou 2015). Moving forward, existing scientific observations and test conditions can 
be fully utilized to integrate the +-shaped land–atmosphere interaction observation and 
test network with the V-shaped drought scientific observation network. This will enable 
systematic and scientific observation tests focusing on land–atmosphere interaction pro-
cesses and major drought processes during the formation and development of major drought 
events in the NDPB. We will conduct a detailed analysis of the dynamic process charac-
teristics and formation mechanisms of these droughts to gain an in-depth understanding 
of their dynamic characteristics and development patterns in the region. To achieve this, 
we will utilize advanced data from ERA, GLDAS, China’s newly developed land surface 
data assimilation system (CLDAS), China reanalysis data (CRA), multisource satellite data, 
conventional meteorological observation data, and drought disaster data.

Fig. 14.  Distribution diagram of (a) a drought observation system and (b) a land–atmosphere interaction observation system 
located in the research area (Zhang et al. 2020b).

Brought to you by Northwest Institute of Eco-Environment and Resources，CAS | Unauthenticated | Downloaded 06/11/25 08:34 AM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y A P R I L  2 0 2 5 E697

Second, examining the multifactor synergistic linkage and multiscale superposition effects 
in atmospheric circulation and their impact on major droughts in the NDPB is critical. This 
involves analyzing the interaction between the westerly circulation, monsoon circulation, 
and the branches of the monsoon system (East Asian monsoon and Indian monsoon) and 
their combined impact on major droughts in the NDPB (Fig. 15a). Specifically, focus on five 
typical synergistic influence mechanisms of atmospheric circulation: 1) synergistic linkage 
of atmospheric circulation systems from different developmental orientations: this includes 
the interaction between the westerly belt system and the Asian monsoon system; 2) syner-
gistic linkage of atmospheric circulation systems at different impact scales: this considers 
the superposition effects among the westerly belt system, Asian monsoon system, and the 
Tibetan Plateau monsoon system; 3) synergistic linkage of atmospheric circulation systems 

Fig. 15.  Schematic diagram for the main scientific issues and technical approaches of the NDPB major 
drought research. (a) The multifactor interaction laws of atmospheric circulation during major droughts, 
(b) the characteristics of multiscale and multiprocess land–atmosphere coupling and their effects on the 
major drought process, (c) the mechanisms of the synergistic effects of land–atmosphere coupling and 
atmospheric circulation on major drought processes, and (d) the development of a new physical model 
for major drought prediction.
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at different dimensions: this involves analyzing the combined impact between meridional 
and zonal circulation systems; 4) synergistic linkage of atmospheric circulation systems at 
different altitude levels: this involves exploring the moving toward and moving away from 
interactions between the lower-tropospheric subtropical high and the upper-tropospheric 
South Asian high; and 5) linkage of atmospheric circulation systems at different latitudes: 
this involves examining the interactions between mid–high latitude longwave trough–ridge 
activities and low-latitude tropical cyclones. Additionally, it requires analyzing how major 
atmospheric circulation responses to climate warming, such as the poleward expansion  
of the Hadley circulation, the poleward shift of the westerly jet, and the weakening of the 
Northern Hemisphere polar vortex, influence the formation and development of major 
droughts in the NDPB.

It also requires exploring the multiple time-scale superposition (or conversion) effects of 
drought formation by analyzing the multiscale characteristics of drought events ranging 
from 10 days to decades or even longer. Investigating the dominant factors in atmospheric 
circulation and the superposition features of multiscale droughts, such as seasonal droughts 
and abnormal interannual or decadal droughts, is also essential in addition to studying 
atmospheric circulation conditions under which seasonal drought anomalies develop  
into longer-term droughts. Generally, multiscale influencing factors corresponding to 
droughts of different scales differ (Fig. 16): seasonal droughts in China’s NDPB are primar-
ily associated with summer monsoon activity, plateau heating, and the annual cycle of 
solar radiation; interannual droughts correspond mainly to ENSO cycles and interannual 
variations in the summer monsoon, westerly circulation, and plateau heating; decadal 
droughts relate mainly to the interdecadal variations in the summer monsoon and westerly 
circulation, as well as the PDO and AO phases; multidecadal droughts are linked mainly to 
multi-interannual oscillations in the summer monsoon and westerly circulation, as well as 
the AO and NAO phases; and the long-term trend of drought intensification corresponds to 
global warming. Therefore, it is possible to delve further into the multiple time-scale super-
position (or conversion) effects of drought formation by studying the impact characteristics 

Fig. 16.  Schematic of intensity and main influencing factors at different time scales of drought events. 
The horizontal axis represents the time scale of drought events, the vertical axis denotes the inten-
sity of drought events, and filled rectangular blocks indicate atmospheric circulation factors affecting 
drought events, with the meaning of different colored blocks shown in the legend on the right. Rectan-
gular blocks corresponding to different time scales represent the main atmospheric circulation factors 
affecting that type of drought event, and the thick blue dashed line denotes the intensity of drought 
events at different time scales.
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of different atmospheric circulation factors or oceanic modes on drought formation and 
development at different time scales.

Third, examining the characteristics of land–atmosphere multiprocess coupling in the 
NDPB against the backdrop of climate warming and their promotion mechanisms for the 
development of major droughts is important. By analyzing observations and test data as well 
as conducting sensitivity experiments in land–atmosphere coupled numerical simulations, 
it is practical to investigate the processes of energy, moisture, and kinetic energy exchange 
and transport from soil → vegetation → the boundary layer → the troposphere → the strato-
sphere during major drought events in the NDPB. Delving into the multilevel, multipath-
way, multiscale, and multiprocess coupling characteristics between land and atmosphere; 
exploring the action mechanism of the feedback processes among land surface thermal, 
moisture, physiological, and ecological factors in the land–atmosphere coupling process 
for the transmission of drought signals and the process of drought-induced disasters; and 
revealing the nonlinear effects of the coupling processes among land surface temperature, 
evaporation, humidity, and precipitation on drought formation and development are critical. 
Moreover, for major drought events in the NDPB, it is essential to systematically analyze the 
response characteristics of water and energy cycle processes among the atmosphere, soil, 
and vegetation against atmospheric circulation factors such as the westerly jet and monsoon 
under climate warming. It is also essential to study the chain effects of land–atmosphere 
interactions through responses to climate warming on drought formation and development, 
as well as explore the impact mechanisms of climate warming on key drought control factors 
and reveal the characteristics of land–atmosphere multiprocess coupling in this context and 
the promotion mechanisms for major drought development (Fig. 15b).

In particular, to explore the impact mechanisms of land–atmosphere coupling on major 
droughts in the NDPB, it is imperative to consider different perspectives such as spatial scale, 
temporal scale, and physical processes. For the land–atmosphere coupling at different spatial 
scales, from a physical perspective, this includes microscale, local small scale, and regional 
scale; from an observational technology perspective, it encompasses ground observation 
footprint scale, satellite pixel scale, and model grid scale. Regarding temporal scales, at the 
diurnal scale, there is coupling between the land surface radiation balance and boundary 
layer clouds through land surface energy processes; at the seasonal scale, coupling occurs 
between the soil temperature, moisture, and boundary layer clouds and land surface radia-
tion balance through land surface evapotranspiration; and at the interannual scale, coupling 
occurs between the solar radiation and vegetation through land surface radiation balance 
and aerosol processes.

Land–atmosphere coupling involves different physical processes and is more complex, 
requiring an understanding of both positive and negative feedback mechanisms (Fig. 17). 
Positive feedback processes may include 1) drought intensification → reduced surface latent  
heat → decreased atmospheric water vapor → increased dewpoint spread → reduced pre-
cipitation → further drought intensification and 2) drought intensification → thickening 
of the boundary layer and enhanced entrainment at the boundary layer top → decreased 
atmospheric water vapor and reduced moist static energy → level of free convection  
(LFC) → LFC further away from the boundary layer top → reduced precipitation → further 
drought intensification. Negative feedback processes may include two different mechanisms: 
1) drought intensification → increased surface sensible heat → enhanced vertical motion 
over heterogeneous surfaces → increased precipitation → drought mitigation; and 2) drought 
intensification → increased surface sensible heat → enhanced atmospheric turbulence and 
entrainment at the boundary layer top → thickening of the boundary layer → boundary 
layer top closer to LFC → increased precipitation → drought mitigation.
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Fourth, investigating the synergy mechanism of atmospheric circulation and land– 
atmosphere coupling on major droughts in the NDPB is pivotal. This involves analyzing 
the ratio and matching relationships of the multiple physical elements that contribute to 
major drought events in the NDPB, such as dynamic, energy, and moisture conditions. Their 
response characteristics to changes in atmospheric circulation and land surface processes 
need to be thoroughly researched. Key areas of investigation include 1) the interaction 
mechanisms between local atmospheric circulation controlled by land–atmosphere cou-
pling and large-scale circulation backgrounds, 2) the dynamic and thermal structures of 
typical drought circulation patterns under different land surface physical conditions and 
their climatic dynamic characteristics during the evolution process (Fig. 15c), 3) analyzing 
different combinations of multilevel and multipathway land–atmosphere coupling with 
multifactor and multiscale atmospheric circulation to explore the main characteristics of 
drought formation and development under different combinations, and 4) studying how the 
influence of atmospheric circulation on major drought changes under different intensities 
of land–atmosphere coupling.

Four typical synergistic modes of atmospheric circulation and land–atmosphere coupling 
can be mainly selected to compare and analyze the impact patterns of mutual synergy 
on major droughts in the NDPB. These modes include normal land–atmosphere coupling 
with normal atmospheric circulation, normal land–atmosphere coupling with abnormal 
atmospheric circulation, normal atmospheric circulation with abnormal land–atmosphere 
coupling level, and abnormal land–atmosphere coupling level with abnormal atmospheric 
circulation. Additionally, the synergistic combinations of different circulation factor anoma-
lies and land–atmosphere coupling levels can be further subdivided for detailed analysis. 
Numerical models can serve as a basis for designing sensitivity tests of land surface processes 
and atmospheric circulation coupling under different conditions. These include no land sur-
face processes with atmospheric circulation (namely, using lower boundary forcing instead 
of a land surface process model), single land surface physical quantities with atmospheric 

Fig. 17.  Schematic diagram of land–atmosphere multiprocess interaction [(left) positive feedback and 
(right) negative feedback].
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circulation coupling, partial single land surface physical quantities with atmospheric circula-
tion coupling, and all land surface physical quantities with atmospheric circulation coupling.

Fifth, developing the whole-chain refined monitoring techniques for major drought pro-
gressive processes and predictive methods for multifactor synergistic effects in the NDPB 
is important. By analyzing the “whole-chain” transmission and development characteris-
tics of significant agricultural and ecological drought events under varying climatic and 
environmental conditions, we can better understand the progression from meteorologi-
cal drought to soil drought → crop (or natural vegetation) physiological drought → crop  
(or natural vegetation) ecological drought → crop yield (or vegetation biomass) decline → 
agricultural (ecological) benefit reduction. Developing drought monitoring indices requires 
considering the effects of climate warming and the sensitivity of different plant growth 
stages. It also involves revealing the mechanisms by which drought control factors at dif-
ferent scales influence drought formation and development. This approach aims to estab-
lish monitoring methods for major droughts that simultaneously consider drought impact 
sensitivity, progressive development characteristics, and multiscale drought variation 
patterns. Predictive methods for major droughts focus on understanding the relationships 
between drought occurrence and development in the NDPB, atmospheric circulation fac-
tors, and land–atmosphere coupling elements. This entails developing predictive methods 
that consider multifactor rhythms, improving key land surface parameterization relation-
ships affecting drought formation and development, such as moisture processes and their 
physiological and ecological coupling. Additionally, it involves enhancing the capability of 
climate-coupled models to simulate the synergistic effects of atmospheric circulation and 
land–atmosphere coupling on major droughts and ultimately establishing a dynamic and 
statistically combined prediction method for major droughts in the NDPB (Fig. 15d).

6. Conclusions
Currently, major drought issues are closely related to global change, ecological environment, 
socioeconomic factors, and sustainable development, making them a prominent international 
interdisciplinary research hotspot. With the intensification of global climate warming and the 
increasing sensitivity of various social sectors to drought impacts, the complexity of major 
drought issues has further increased, posing significant theoretical and technical challenges 
for research on major droughts.

The NDPB is the most prominent drought-prone region in China, yet its emergence is not 
coincidental. This study introduces the scientific framework of the NDPB, providing a com-
prehensive analysis of its fundamental characteristics, the evolution of drought research, and 
the key scientific challenges ahead. Its formation involves both significant regional factors 
and certain global factors, essentially representing an extreme regional state in the evolu-
tion of the global climate system. Situated at the periphery of the Asian monsoon, the NDPB 
experiences droughts primarily driven by the synergistic interplay of land–atmosphere cou-
pling and multifactor atmospheric circulation. With the intensification of climate warming, 
the drought characteristics of the NDPB may become more pronounced owing to the more 
significant response of precipitation and temperature variations to climate warming in this 
region, as well as more active interactions among Earth’s systems.

A historical review of drought research in northern China reveals a progression from 
statistical assessments to investigations of atmospheric circulation and land–atmosphere 
interactions, yet focused studies on the NDPB remain limited. Despite some progress in major 
droughts in the NDPB, there is considerable inconsistency, primarily owing to the long-chain 
progression of major droughts. Future efforts should focus on understanding the rules of 
drought progression chains to develop comprehensive drought monitoring methodologies 
that can govern the whole chain of drought progression processes. High uncertainty in major 
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drought prediction is attributed to an insufficient understanding of the complex formation 
mechanisms. To address these gaps, this study proposes key research priorities: conducting 
targeted field experiments to enhance understanding of the NDPB land–atmosphere interac-
tion dynamics, quantifying the effects of multifactor synergies and multiscale interactions 
to refine drought prediction accuracy, developing full-chain monitoring technologies to 
elucidate drought transmission from meteorological to ecological impacts, and evaluating 
the multifaceted drought responses under climate warming to inform adaptive management 
strategies. These research avenues promise to drive theoretical advancements in the NDPB 
drought studies while offering valuable insights for drought mitigation in monsoon transi-
tion zones globally.

In recent years, China’s advancements in meteorological satellite remote sensing tech-
nology and atmospheric numerical simulation technology have been significant. The 
meteorological big data analysis and new technologies like artificial intelligence are also 
witnessing fast development. China’s comprehensive meteorological observation system 
has become increasingly complete, and the field scientific experiment system has gradually 
matured. The China Meteorological Administration’s atmospheric/land surface reanalysis 
datasets and land surface data assimilation systems (CRA and CLDAS) have also achieved 
initial success, providing a solid foundation for studying major droughts in the NDPB. In 
the future, it is essential to adhere to the principle that “scientific research should not only 
be at the international forefront but also address key socioeconomic development arenas, 
advancing society and the economy.” Efforts should focus on the fundamental theories 
and core technologies of major droughts in the NDPB, promoting interdisciplinary and 
technological integration in drought research and fostering deep cooperation between 
departments and internationally. Mobilizing research efforts and resource investments in 
drought studies will create a strong collaborative force, aiming for new breakthroughs in 
understanding the formation mechanisms and developing effective prediction methods for 
major droughts in the NDPB.

Acknowledgments. The authors would like to acknowledge the financial support provided by the 
National Natural Science Foundation of China (42230611).

Data availability statement. No datasets were generated or analyzed during the current study.  
Software (other than for typesetting) was not used for this research.

Brought to you by Northwest Institute of Eco-Environment and Resources，CAS | Unauthenticated | Downloaded 06/11/25 08:34 AM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y A P R I L  2 0 2 5 E703

References

Andreadis, K. M., and D. P. Lettenmaier, 2006: Trends in 20th century drought over 
the continental United States. Geophys. Res. Lett., 33, 10 403–10 403, https://
doi.org/10.1029/2006GL025711.

Bai, Q. S., Y. Pengcheng, C. Dihua, J. Hongmei, F. Guolin, and Z. Tiejun, 2019: 
Inter-decadal change characteristics of different grades drought in Northwest 
China in recent 56 years (in Chinese). J. Arid Meteor., 37, 722–728.

Bai, Z. Y., G. C. Xu, and X. J. Sun, 1988: Weather of Northwest China. China 
Meteorological Press, 250–254.

Belayneh, A., J. Adamowski, B. Khalil, and B. Ozga-Zielinski, 2014: Long-term SPI 
drought forecasting in the Awash River Basin in Ethiopia using wavelet neu-
ral network and wavelet support vector regression models. J. Hydrol., 508, 
418–429, https://doi.org/10.1016/j.jhydrol.2013.10.052.

Berg, A., and Coauthors, 2016: Land–atmosphere feedbacks amplify aridity 
increase over land under global warming. Nat. Climate Change, 6, 869–874, 
https://doi.org/10.1038/nclimate3029.

Byrne, M. P., and P. A. O’Gorman, 2015: The response of precipitation minus evapo-
transpiration to climate warming: Why the “wet-get-wetter, dry-get-drier” 
scaling does not hold over land. J. Climate, 28, 8078–8092, https://doi.org/10. 
1175/JCLI-D-15-0369.1.

Chen, H., and J. Sun, 2019: Increased population exposure to extreme droughts 
in China due to 0.5 °C of additional warming. Environ. Res. Lett., 14, 064011, 
https://doi.org/10.1088/1748-9326/ab072e.

Chen, Y. Q., 1991: A study on the droughts and their impacts from 1470 to 1979 in 
North China (in Chinese). Meteor. Mon., 17, 17–21, https://doi.org/10.7519/ 
j.issn.1000-0526.1991.03.003.

Chinese Academy of Meteorological Sciences, 1981: Atlas of Drought and Flood 
Distribution in China in Recent 500 Years (in Chinese). Map Publishing House, 
321–332.

Chou, C., J. D. Neelin, C.-A. Chen, and J.-Y. Tu, 2009: Evaluating the “rich-get-
richer” mechanism in tropical precipitation change under global warming.  
J. Climate, 22, 1982–2005, https://doi.org/10.1175/2008JCLI2471.1.

Cui, D. Y., S. L. Liang, and D. D. Wang, 2021: Observed and projected changes in 
global climate zones based on Köppen climate classification. Wiley Interdis-
cip. Rev.: Climate Change, 12, e701, https://doi.org/10.1002/wcc.701.

Dai, A., 2011: Drought under global warming: A review. Wiley Interdiscip. Rev.: 
Climate Change, 2, 45–65, https://doi.org/10.1002/wcc.81.

Deng, W., Z. Sun, G. Zeng, and D. H. Ni, 2009: Interdecadal variation of sum-
mer precipitation pattern over eastern China and its relationship with the 
North Pacific SST (in Chinese). Chin. J. Atmos. Sci., 33, 835–846, https://doi.
org/10.3878/j.issn.1006-9895.2009.04.16.

Ding, Y., and Y. Li, 2016: A review on climatology of Afro-Asian summer monsoon 
and its long-term variability (in Chinese). J. Trop. Meteor., 32, 786–796.

——, J. Zhang, Y. Xu, and Y. F. Song, 2003: Evolution and Forecast of Climate 
System. Vol. 2003, China Meteorological Press, 75–79.

Du, Y., J. Zhang, S. Zhao, and H. Chen, 2020: Impact of the eastward shift in the 
negative-phase NAO on extreme drought over northern China in summer. 
J. Geophys. Res. Atmos., 125, e2019JD032019, https://doi.org/10.1029/2019 
JD032019.

——, ——, ——, and Z. Chen, 2022: A mechanism of spring Barents Sea ice ef-
fect on the extreme summer droughts in northeastern China. Climate Dyn., 
58, 1033–1048, https://doi.org/10.1007/s00382-021-05949-9.

Fu, C., and Z. Zeng, 2005: Correlations between North Atlantic Oscillation index  
in winter and Eastern China flood/drought index in summer in the last 530  
years (in Chinese). Chin. Sci. Bull., 50, 2505–2516, https://doi.org/10.1360/ 
04td0284.

——, and Z. Ma, 2008: Global change and regional aridification (in Chinese). Chin. 
J. Atmos. Sci., 32, 752–760, https://doi.org/10.3878/j.issn.1006-9895.2008. 
04.05.

Gao, H., and S. Yang, 2009: A severe drought event in northern China in win-
ter 2008–2009 and the possible influences of La Niña and Tibetan Plateau.  
J. Geophys. Res., 114, D24104, https://doi.org/10.1029/2009JD012430.

Giannini, A., 2010: Mechanisms of climate change in the semiarid African 
Sahel: The local view. J. Climate, 23, 743–756, https://doi.org/10.1175/2009 
JCLI3123.1.

Giorgi, F., E.-S. Im, E. Coppola, N. S. Diffenbaugh, X. J. Gao, L. Mariotti, and Y. 
Shi, 2011: Higher hydroclimatic intensity with global warming. J. Climate, 24, 
5309–5324, https://doi.org/10.1175/2011JCLI3979.1.

Han, L., Q. Zhang, Z. Zhang, J. Jia, Y. Wang, T. Huang, and Y. Cheng, 2021: Drought 
area, intensity and frequency changes in China under climate warming, 1961– 
2014. J. Arid Environ., 193, 104596, https://doi.org/10.1016/j.jaridenv. 
2021.104596.

Han, L. Y., Q. Zhang, J. Y. Jia, Y. H. Wang, and T. Huang, 2019: Drought intensity, 
frequency, duration and regional differences in China (in Chinese). J. Desert 
Res., 39, 1–10.

Han, T., H. Chen, and H. Wang, 2015: Recent changes in summer precipitation 
in Northeast China and the background circulation. Int. J. Climatol., 35, 
4210–4219, https://doi.org/10.1002/joc.4280.

Han, X., J. Wu, H. Zhou, L. Liu, J. Yang, Q. Shen, and J. Wu, 2020: Intensification 
of historical drought over China based on a multi-model drought index. Int.  
J. Climatol., 40, 5407–5419, https://doi.org/10.1002/joc.6527.

He, B., A. Lü, J. Wu, L. Zhao, and M. Liu, 2011: Drought hazard assessment and 
spatial characteristics analysis in China. J. Geogr. Sci., 21, 235–249, https://
doi.org/10.1007/s11442-011-0841-x.

He, J., X. Yang, Z. Li, X. Zhang, and Q. Tang, 2016: Spatiotemporal variations of 
meteorological droughts in China during 1961–2014: An investigation based 
on multi-threshold identification. Int. J. Disaster Risk Sci., 7, 63–76, https://
doi.org/10.1007/s13753-016-0083-8.

Held, I. M., and B. J. Soden, 2006: Robust responses of the hydrological cycle to 
global warming. J. Climate, 19, 5686–5699, https://doi.org/10.1175/JCLI3990.1.

Hirschi, M., and Coauthors, 2011: Observational evidence for soil-moisture im-
pact on hot extremes in southeastern Europe. Nat. Geosci., 4, 17–21, https://
doi.org/10.1038/ngeo1032.

Hsiao, T., F. Peng, C. Li, B. Chou, F. Sheng, and H. Chang, 1964: On the droughts 
occurring in historical period of Honan Province (in Chinese). Acta Geogr. Sin., 
30, 259–276.

Hu, H., 1935: The distribution of population in China, with statistics and maps (in 
Chinese). Acta Geogr. Sin., 2, 33–74, https://doi.org/10.11821/xb193502002.

Hu, Q., and Y. Gao, 1994: Some new understandings of processes at the land sur-
face in arid area from the HEIFE (in Chinese). Acta Meteor. Sin., 52, 285–296, 
https://doi.org/10.11676/qxxb1994.037.

Huang, C. C., S. Zhao, J. Pang, Q. Zhou, S. Chen, P. Li, L. Mao, and M. Ding, 2003: 
Climatic aridity and the relocations of the Zhou culture in the southern Loess 
Plateau of China. Climatic Change, 61, 361–378, https://doi.org/10.1023/ 
B:CLIM.0000004550.82862.72.

Huang, J., M. Ji, Y. Liu, L. Zhang, and D. Gong, 2013: A review of research on cli-
mate change in arid and semi-arid regions (in Chinese). Climate Change Res., 
9, 9–14, https://doi.org/10.3969/j.issn.1673-1719.2013.01.002.

——, H. Yu, X. Guan, G. Wang, and R. Guo, 2016: Accelerated dryland expan-
sion under climate change. Nat. Climate Change, 6, 166–171, https://doi.
org/10.1038/nclimate2837.

——, Y. Xie, X. Guan, D. Li, and F. Ji, 2017: The dynamics of the warming hia-
tus over the Northern Hemisphere. Climate Dyn., 48, 429–446, https://doi.
org/10.1007/s00382-016-3085-8.

Huang, Q., J. H. Marsham, D. J. Parker, W. Tian, and T. Weckwerth, 2009: A com-
parison of roll and nonroll convection and the subsequent deepening moist 
convection: An LEM case study based on SCMS data. Mon. Wea. Rev., 137, 
350–350, https://doi.org/10.1175/2008MWR2450.1.

Huang, R., J. Chen, and G. Huang, 2007: Characteristics and variations of the East 
Asian monsoon system and its impacts on climate disasters in China. Adv. 
Atmos. Sci., 24, 993–1023, https://doi.org/10.1007/s00376-007-0993-x.

——, and Coauthors, 2013: Recent progress in studies of air-land interaction 
over the arid area of Northwest China and its impact on climate (in Chinese). 

Brought to you by Northwest Institute of Eco-Environment and Resources，CAS | Unauthenticated | Downloaded 06/11/25 08:34 AM UTC

https://doi.org/10.1029/2006GL025711
https://doi.org/10.1029/2006GL025711
https://doi.org/10.1016/j.jhydrol.2013.10.052
https://doi.org/10.1038/nclimate3029
https://doi.org/10.1175/JCLI-D-15-0369.1
https://doi.org/10.1175/JCLI-D-15-0369.1
https://doi.org/10.1088/1748-9326/ab072e
https://doi.org/10.7519/j.issn.1000-0526.1991.03.003
https://doi.org/10.7519/j.issn.1000-0526.1991.03.003
https://doi.org/10.1175/2008JCLI2471.1
https://doi.org/10.1002/wcc.701
https://doi.org/10.1002/wcc.81
https://doi.org/10.3878/j.issn.1006-9895.2009.04.16
https://doi.org/10.3878/j.issn.1006-9895.2009.04.16
https://doi.org/10.1029/2019JD032019
https://doi.org/10.1029/2019JD032019
https://doi.org/10.1007/s00382-021-05949-9
https://doi.org/10.1360/04td0284
https://doi.org/10.1360/04td0284
https://doi.org/10.3878/j.issn.1006-9895.2008.04.05
https://doi.org/10.3878/j.issn.1006-9895.2008.04.05
https://doi.org/10.1029/2009JD012430
https://doi.org/10.1175/2009JCLI3123.1
https://doi.org/10.1175/2009JCLI3123.1
https://doi.org/10.1175/2011JCLI3979.1
https://doi.org/10.1016/j.jaridenv.2021.104596
https://doi.org/10.1016/j.jaridenv.2021.104596
https://doi.org/10.1002/joc.4280
https://doi.org/10.1002/joc.6527
https://doi.org/10.1007/s11442-011-0841-x
https://doi.org/10.1007/s11442-011-0841-x
https://doi.org/10.1007/s13753-016-0083-8
https://doi.org/10.1007/s13753-016-0083-8
https://doi.org/10.1175/JCLI3990.1
https://doi.org/10.1038/ngeo1032
https://doi.org/10.1038/ngeo1032
https://doi.org/10.11821/xb193502002
https://doi.org/10.11676/qxxb1994.037
https://doi.org/10.1023/B:CLIM.0000004550.82862.72
https://doi.org/10.1023/B:CLIM.0000004550.82862.72
https://doi.org/10.3969/j.issn.1673-1719.2013.01.002
https://doi.org/10.1038/nclimate2837
https://doi.org/10.1038/nclimate2837
https://doi.org/10.1007/s00382-016-3085-8
https://doi.org/10.1007/s00382-016-3085-8
https://doi.org/10.1175/2008MWR2450.1
https://doi.org/10.1007/s00376-007-0993-x


A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y A P R I L  2 0 2 5 E704

Chin. J. Atmos. Sci., 37, 189–210, https://doi.org/10.3878/j.issn.1006-9895. 
2012.12303.

Huang, R.-h, Y.-h Xu, and L.-t Zhou, 1999: The interdecadal variation of summer 
precipitations in China and the drought trend in North China (in Chinese). 
Plateau Meteor., 18, 465–476.

Hurrell, J. W., 1996: Influence of variations in extratropical wintertime teleconnec-
tions on Northern Hemisphere temperature. Geophys. Res. Lett., 23, 665–668, 
https://doi.org/10.1029/96GL00459.

Jenkins, K., B. Dobson, C. Decker, and J. W. Hall, 2021: An integrated framework 
for risk-based analysis of economic impacts of drought and water scarcity 
in England and Wales. Water Resour. Res., 57, e2020WR027715, https://doi.
org/10.1029/2020WR027715.

Jia, Y., B. Zhang, and B. Ma, 2018: Daily SPEI reveals long-term change in drought 
characteristics in Southwest China (in Chinese). Chin. Geogr. Sci., 28, 680–693, 
https://doi.org/10.1007/s11769-018-0973-3

King, A. D., A. J. Pitman, B. J. Henley, A. M. Ukkola, and J. R. Brown, 2020: The 
role of climate variability in Australian drought. Nat. Climate Change, 10, 
177–179, https://doi.org/10.1038/s41558-020-0718-z.

Lesk, C., P. Rowhani, and N. Ramankutty, 2016: Influence of extreme weather 
disasters on global crop production. Nature, 529, 84–87, https://doi.org/10. 
1038/nature16467.

Li, D. L., P. C. Shao, H. Wang, and L. Chen, 2013: Advances in research of the 
north boundary belt of East Asia subtropical summer monsoon in China (in 
Chinese). Plateau Meteor., 32, 305–314, https://doi.org/10.7522/j.issn.1000- 
0534.2012.00030.

Li, H., H. Chen, H. Wang, J. Sun, and J. Ma, 2018: Can Barents Sea ice decline in 
spring enhance summer hot drought events over northeastern China? J. Cli-
mate, 31, 4705–4725, https://doi.org/10.1175/JCLI-D-17-0429.1.

Li, M., and Z. Ma, 2015: Soil moisture drought detection and multi-temporal 
variability across China. Sci. China Earth Sci., 58, 1798–1813, https://doi.
org/10.1007/s11430-015-5076-8.

——, ——, H. Gu, Q. Yang, and Z. Zheng, 2017: Production of a combined land 
surface data set and its use to assess land-atmosphere coupling in China. 
J. Geophys. Res. Atmos., 122, 948–965, https://doi.org/10.1002/2016JD025511.

Li, X., W. Zhou, and Y. D. Chen, 2015: Assessment of regional drought trend 
and risk over China: A drought climate division perspective. J. Climate, 28, 
7025–7037, https://doi.org/10.1175/JCLI-D-14-00403.1.

Li, Y.-h., D.-l. Li, and Q.-y. Zhao, 2000: A study on spring rainfall anomaly in 
Northwest China and Pacific SSTA features in autumn and their correla-
tions (in Chinese). Plateau Meteor., 19, 100–110, https://doi.org/Y2000/
V19/I1/100.

Li, Y.-y., Q. Zhang, X.-c. Hu, and R.-j. Wang, 2012: Atmosphere boundary layer 
characteristics and their responses to wetness change over arid regions 
and Loess Plateau in Northwest China (in Chinese). J. Glaciol. Geocryol., 34, 
1047–1058, https://doi.org/10.7522/j.issn.1000-0240.2012.0128.

Lian, Y., C. Bueh, Z. W. Xie, B. Z. Shen, and S. F. Li, 2010: The anomalous cold vortex 
activity in Northeast China during the early summer and the low-frequency 
variability of the northern hemispheric atmosphere circulation (in Chinese). 
Chin. J. Atmos. Sci., 34, 429–439, https://doi.org/10.3878/j.issn.1006-9895. 
2010.02.16.

Liang, X.-Z., K. E. Kunkel, G. A. Meehl, R. G. Jones, and J. X. L. Wang, 2008: Re-
gional climate models downscaling analysis of general circulation models 
present climate biases propagation into future change projections. Geophys. 
Res. Lett., 35, L08709, https://doi.org/10.1029/2007GL032849.

Liao, Y. M., and C. J. Zhang, 2017: Spatio-temporal distribution characteristics 
and disaster change of drought in China based on meteorological drought 
composite index (in Chinese). Meteor. Mon., 43, 1402–1409.

Liu, W., 2023: Study on the influence of soil moisture on atmospheric convective 
activity in the transitional zone affected by summer monsoon in Northern 
China (in Chinese). Lanzhou University, 165 pp.

——, Q. Zhang, C. Li, L. Xu, and W. Xiao, 2022: The influence of soil moisture on 
convective activity: A review. Theor. Appl. Climatol., 149, 221–232, https://
doi.org/10.1007/s00704-022-04046-z.

Lu, D., X. Zhu, T. Liu, and S. Zhang, 2023: Changes in meteorological drought 
characteristics in China under the 2°C temperature rise scenario (in Chinese). 
Arid Land Geogr., 46, 1227–1237.

Lü, D. R., C. Zuozhong, C. Jiayi, W. Gengchen, J. Jinjun, C. Hongbin, and L. Zhongling, 
2005: Study on soil-vegetation-atmosphere interaction in Inner-Mongolia 
semi-arid grassland (in Chinese). Acta Meteor. Sin., 63, 571–593, https:// 
doi.org/10.11676/qxxb2005.057.

Lü, J., J. Ju, J. Ren, and W. Gan, 2012: The influence of the Madden-Julian Oscil-
lation activity anomalies on Yunnan’s extreme drought of 2009–2010. Sci. 
China Earth Sci., 55, 98–112, https://doi.org/10.1007/s11430-011-4348-1.

Luo, Z. X., 2005: Introduction to Arid Climate Dynamics in Northwest China (in 
Chinese). China Meteorological Press, 232 pp.

McCabe, G. J., M. A. Palecki, and J. L. Betancourt, 2004: Pacific and Atlantic Ocean 
influences on multidecadal drought frequency in the United States. Proc. Natl. 
Acad. Sci. USA, 101, 4136–4141, https://doi.org/10.1073/pnas.0306738101.

Miralles, D. G., A. J. Teuling, C. C. van Heerwaarden, and J. V.-G. de Arellano, 2014: 
Mega-heatwave temperatures due to combined soil desiccation and atmo-
spheric heat accumulation. Nat. Geosci., 7, 345–349, https://doi.org/10.1038/
ngeo2141.

——, P. Gentine, S. I. Seneviratne, and A. J. Teuling, 2019: Land–atmospheric 
feedbacks during droughts and heatwaves: State of the science and cur-
rent challenges. Ann. N. Y. Acad. Sci., 1436, 19–35, https://doi.org/10.1111/
nyas.13912.

Mishra, A. K., and V. P. Singh, 2010: A review of drought concepts. J. Hydrol., 391, 
204–216, https://doi.org/10.1016/j.jhydrol.2010.07.012.

Murray, V., and K. L. Ebi, 2012: IPCC special report on managing the risks of 
extreme events and disasters to advance climate change adaptation (SREX). 
J. Epidemiol. Community Health, 66, 759–760, https://doi.org/10.1136/
jech-2012-201045.

Orlowsky, B., and S. I. Seneviratne, 2013: Elusive drought: Uncertainty in observed 
trends and short- and long-term CMIP5 projections. Hydrol. Earth Syst. Sci., 
17, 1765–1781, https://doi.org/10.5194/hess-17-1765-2013.

Pielke, R. A., Sr., 2001: Influence of the spatial distribution of vegetation and soils 
on the prediction of cumulus convective rainfall. Rev. Geophys., 39, 151–177, 
https://doi.org/10.1029/1999RG000072.

Qian, C., and T. Zhou, 2014: Multidecadal variability of North China aridity and 
its relationship to PDO during 1900–2010. J. Climate, 27, 1210–1222, https://
doi.org/10.1175/JCLI-D-13-00235.1.

Qian, W., X. Lin, and Y. Zhu, 2012: Global and China temperature changes as-
sociated with the inter-decadal variations of East Asian summer mon-
soon advances. Chin. Sci. Bull., 57, 3923–3930, https://doi.org/10.1007/
s11434-012-5318-5.

Qian, Z. A., and Coauthors, 2001: Drought and arid climate in Northwest China’s 
progress and problems (in Chinese). Adv. Earth Sci., 16, 28–38.

Qin, Y., D. Yang, H. Lei, K. Xu, and X. Xu, 2015: Comparative analysis of drought 
based on precipitation and soil moisture indices in Haihe basin of North 
China during the period of 1960–2010. J. Hydrol., 526, 55–67, https://doi.
org/10.1016/j.jhydrol.2014.09.068.

Reddy, P. J., S. E. Perkins-Kirkpatrick, N. N. Ridder, and J. J. Sharples, 2022: 
Combined role of ENSO and IOD on compound drought and heatwaves in 
Australia using two CMIP6 large ensembles. Wea. Climate Extremes, 37, 
100469, https://doi.org/10.1016/j.wace.2022.100469.

Roundy, J. K., C. R. Ferguson, and E. F. Wood, 2013: Temporal variability of 
land–atmosphere coupling and its implications for drought over the south-
east United States. J. Hydrometeor., 14, 622–635, https://doi.org/10.1175/
JHM-D-12-090.1.

Segal, M., R. W. Arritt, C. Clark, R. Rabin, and J. Brown, 1995: Scaling evalua-
tion of the effect of surface characteristics on potential for deep convection 
over uniform terrain. Mon. Wea. Rev., 123, 304–310, https://doi.org/10.1175/ 
1520-0493(1995)123<0383:SEOTEO>2.0.CO;2.

Seneviratne, S. I., D. Lüethi, M. Litschi, and C. Schär, 2006: Land–atmosphere 
coupling and climate change in Europe. Nature, 443, 205–209, https://doi.
org/10.1038/nature05095.

Brought to you by Northwest Institute of Eco-Environment and Resources，CAS | Unauthenticated | Downloaded 06/11/25 08:34 AM UTC

https://doi.org/10.3878/j.issn.1006-9895.2012.12303
https://doi.org/10.3878/j.issn.1006-9895.2012.12303
https://doi.org/10.1029/96GL00459
https://doi.org/10.1029/2020WR027715
https://doi.org/10.1029/2020WR027715
https://doi.org/10.1007/s11769-018-0973-3
https://doi.org/10.1038/s41558-020-0718-z
https://doi.org/10.1038/nature16467
https://doi.org/10.1038/nature16467
https://doi.org/10.7522/j.issn.1000-0534.2012.00030
https://doi.org/10.7522/j.issn.1000-0534.2012.00030
https://doi.org/10.1175/JCLI-D-17-0429.1
https://doi.org/10.1007/s11430-015-5076-8
https://doi.org/10.1007/s11430-015-5076-8
https://doi.org/10.1002/2016JD025511
https://doi.org/10.1175/JCLI-D-14-00403.1
https://doi.org/Y2000/V19/I1/100
https://doi.org/Y2000/V19/I1/100
https://doi.org/10.7522/j.issn.1000-0240.2012.0128
https://doi.org/10.3878/j.issn.1006-9895.2010.02.16
https://doi.org/10.3878/j.issn.1006-9895.2010.02.16
https://doi.org/10.1029/2007GL032849
https://doi.org/10.1007/s00704-022-04046-z
https://doi.org/10.1007/s00704-022-04046-z
https://doi.org/10.11676/qxxb2005.057
https://doi.org/10.11676/qxxb2005.057
https://doi.org/10.1007/s11430-011-4348-1
https://doi.org/10.1073/pnas.0306738101
https://doi.org/10.1038/ngeo2141
https://doi.org/10.1038/ngeo2141
https://doi.org/10.1111/nyas.13912
https://doi.org/10.1111/nyas.13912
https://doi.org/10.1016/j.jhydrol.2010.07.012
https://doi.org/10.1136/jech-2012-201045
https://doi.org/10.1136/jech-2012-201045
https://doi.org/10.5194/hess-17-1765-2013
https://doi.org/10.1029/1999RG000072
https://doi.org/10.1175/JCLI-D-13-00235.1
https://doi.org/10.1175/JCLI-D-13-00235.1
https://doi.org/10.1007/s11434-012-5318-5
https://doi.org/10.1007/s11434-012-5318-5
https://doi.org/10.1016/j.jhydrol.2014.09.068
https://doi.org/10.1016/j.jhydrol.2014.09.068
https://doi.org/10.1016/j.wace.2022.100469
https://doi.org/10.1175/JHM-D-12-090.1
https://doi.org/10.1175/JHM-D-12-090.1
https://doi.org/10.1175/1520-0493(1995)123<0383:SEOTEO>2.0.CO;2
https://doi.org/10.1175/1520-0493(1995)123<0383:SEOTEO>2.0.CO;2
https://doi.org/10.1038/nature05095
https://doi.org/10.1038/nature05095


A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y A P R I L  2 0 2 5 E705

Shen, X., C. Zhu, and M. Li, 2012: Possible causes of persistent drought event in 
North China during the cold season of 2010 (in Chinese). Chin. J. Atmos. Sci., 
36, 1123–1134, https://doi.org/10.3878/j.issn.1006-9895.2012.11192.

Sheng, B., and Coauthors, 2021: Meridional temperature difference over pan-East 
Asia and its relationship with precipitation in century scales. Front. Environ. 
Sci., 9, 769439, https://doi.org/10.3389/fenvs.2021.769439.

Si, D., and Y. Ding, 2016: Oceanic forcings of the interdecadal variability in East 
Asian summer rainfall. J. Climate, 29, 7633–7649, https://doi.org/10.1175/
JCLI-D-15-0792.1.

Stahle, D. W., F. K. Fye, E. R. Cook, and R. D. Griffin, 2007: Tree-ring reconstructed 
megadroughts over North America since A.D. 1300. Climatic Change, 83, 
133–149, https://doi.org/10.1007/s10584-006-9171-x.

Su, B., and Coauthors, 2018: Drought losses in China might double between the 
1.5°C and 2.0°C warming. Proc. Natl. Acad. Sci. USA, 115, 10 600–10 605, 
https://doi.org/10.1073/pnas.1802129115.

Tang, X., G. W. Sun, and W. H. Qian, 2007: Research on the Northern Edge of the 
Asian Summer Monsoon (in Chinese). China Meteorological Press, 8–32.

Tao, S., and Q. Zhang, 1998: Response of the Asian winter and summer monsoon 
to ENSO events (in Chinese). Chin. J. Atmos. Sci., 22, 399–407, https://doi.
org/10.3878/j.issn.1006-9895.1998.04.02.

Van Loon, A. F., and Coauthors, 2016: Drought in the anthropocene. Nat. Geosci., 
9, 89–91, https://doi.org/10.1038/ngeo2646.

Verhoeven, E., G. M. Wardle, G. W. Roth, and A. C. Greenville, 2022: Characteris-
ing the spatiotemporal dynamics of drought and wet events in Australia. 
 Sci. Total Environ., 846, 157480, https://doi.org/10.1016/j.scitotenv.2022. 
157480.

Wang, A., D. P. Lettenmaier, and J. Sheffield, 2011: Soil moisture drought in 
China, 1950–2006. J. Climate, 24, 3257–3271, https://doi.org/10.1175/2011 
JCLI3733.1.

Wang, D., Y. Chen, D. Zhang, J. Yan, and G. Zhang, 2021: Climatic characteristics 
and causes of severe drought in the Central and Southern Shanxi Province 
from May to August in 2019 (in Chinese). Plateau Meteor., 40, 1127–1135, 
https://doi.org/10.7522/j.issn.1000-0534.2021.00036.

Wang, R., and Q. Zhang, 2011: An assessment of storage terms in the surface 
energy balance of a subalpine meadow in Northwest China. Adv. Atmos. Sci., 
28, 691–698, https://doi.org/10.1007/s00376-010-9152-x.

Wang, S., and Z. Zhao, 1979: An analyses of historical data of droughts and floods 
in last 500 years in China (in Chinese). Acta Geogr. Sin., 34, 329–341, https://
doi.org/10.11821/xb197904005.

——, X. Yuan, and R. Wu, 2019: Attribution of the persistent spring–summer  
hot and dry extremes over Northeast China in 2017. Bull. Amer. Meteor. Soc., 
100 (1), S85–S89, https://doi.org/10.1175/BAMS-D-18-0120.1.

Wang, Y., S. Li, and D. Luo, 2009: Seasonal response of Asian monsoonal climate to 
the Atlantic Multidecadal Oscillation. J. Geophys. Res., 114, D02112, https://
doi.org/10.1029/2008JD010929.

Wei, F. Y., and T. Zhang, 2009: Frequency distribution of drought intensity in North-
east China and relevant circulation background (in Chinese). J. Nat. Disasters, 
18, 1–7.

Wei, J., Q. Y. Zhang, and S. Y. Tao, 2003: Characteristics of atmospheric circulation 
anomalies during persistent droughts in North China for last two decades (in 
Chinese). J. Appl. Meteor. Sci., 14, 140–151.

Wen, Q., and H. Chen, 2023: Changes in drought characteristics over China 
during 1961–2019. Front. Earth Sci., 11, 1138795, https://doi.org/10.3389/
feart.2023.1138795.

Wilhite, D. A., 2000: Drought as a natural hazard: Concepts and definitions. 
Drought: A Global Assessment, Routledge, 3–18.

Wu, G., Y. Liu, J. Yu, X. Zhu, and R. Ren, 2008: Modulation of land–sea distri-
bution on air–sea interaction and formation of subtropical anticyclones (in 
Chinese). Chin. J. Atmos. Sci., 32, 720–740, https://doi.org/10.3878/j.issn. 
1006-9895.2008.04.03.

Xu, G. C., and Z. Y. Zhang, 1983: The effect of Qinghai-xizang plateau on the 
formation of dry climate over the northwest of China (in Chinese). Plateau 
Meteor., 2, 9–16.

Xu, K., D. Yang, H. Yang, Z. Li, Y. Qin, and Y. Shen, 2015: Spatio-temporal variation 
of drought in China during 1961–2012: A climatic perspective. J. Hydrol., 526, 
253–264, https://doi.org/10.1016/j.jhydrol.2014.09.047.

Yan, Z., and C. Yang, 2000: Geographic patterns of extreme climate changes in 
China during 1951–1997 (in Chinese). Climatic Environ. Res., 5, 267–272, 
https://doi.org/10.3878/j.issn.1006-9585.2000.03.05.

Yang, Q., Z. Ma, X. Fan, Z.-L. Yang, Z. Xu, and P. Wu, 2017: Decadal modulation of 
precipitation patterns over eastern China by sea surface temperature anoma-
lies. J. Climate, 30, 7017–7033, https://doi.org/10.1175/JCLI-D-16-0793.1.

Yang, X.-Q., X. Qian, Z. Yi-Min, S. Xu-Guang, and G. Yan-Juan, 2005: Decadal-to-
interdecadal variability of precipitation in North China and associated atmo-
spheric and oceanic anomaly patterns (in Chinese). Chin. J. Geophys., 48, 
789–797.

Yatagai, A., and T. Yasunari, 1998: Variation of summer water vapor transport 
related to precipitation over and around the arid region in the interior of 
the Eurasian Continent. J. Meteor. Soc. Japan, 76, 799–815, https://doi.org/ 
10.2151/jmsj1965.76.5_799.

Ye, D., and R. Huang, 1996: Study on the Patterns and Causes of Droughts and 
Floods in the Yangtze and Yellow River Basins. Shandong Science and Tech-
nology Press, 387 pp.

Yu, M. X., Q. Li, M. J. Hayes, M. D. Svoboda, and R. R. Heim, 2014: Are droughts be-
coming more frequent or severe in China based on the Standardized Precipi-
tation Evapotranspiration Index: 1951–2010? Int. J. Climatol., 34, 545–558, 
https://doi.org/10.1002/joc.3701.

Yuan, R., F. Li, and R. Ye, 2023: Global diagnosis of land–atmosphere coupling 
based on water isotopes. Sci. Rep., 13, 21319, https://doi.org/10.1038/
s41598-023-48694-1.

Yue, P., Q. Zhang, W. Zhao, R. Wang, L. Zhang, W. Wang, J. Shi, and X. Hao, 2015: 
Influence of environmental factors on land-surface water and heat exchange 
during dry and wet periods in the growing season of semiarid grassland on 
the Loess Plateau. Sci. China Earth Sci., 58, 2002–2014, https://doi.org/10. 
1007/s11430-015-5133-3.

Zarch, M. A. A., S. Bellie, and A. Sharma, 2015: Droughts in a warming climate: 
A global assessment of standardized precipitation index (SPI) and reconnais-
sance drought index (RDI). J. Hydrol., 526, 183–195, https://doi.org/10.1016/ 
j.jhydrol.2014.09.071.

Zeng, J., 2020: The characteristics of land surface heat fluxes and their responses 
to monsoon humidity index in summer monsoon transition zone of China (in 
Chinese). Lanzhou University, 117 pp.

Zeng, D., and X. Yuan, 2021: Modeling the influence of upstream land–atmosphere 
coupling on the 2017 persistent drought over Northeast China. J. Climate, 34, 
4971–4988, https://doi.org/10.1175/JCLI-D-20-0650.1.

——, ——, and J. K. Roundy, 2019: Effect of teleconnected land–atmosphere 
coupling on Northeast China persistent drought in spring–summer of 2017.  
J. Climate, 32, 7403–7420, https://doi.org/10.1175/JCLI-D-19-0175.1.

Zeng, J., Q. Zhang, and C. L. Wang, 2016: Spatial-temporal pattern of surface 
energy fluxes over the East Asian summer monsoon edge area in China and 
its relationship with climate (in Chinese). Acta Meteor. Sin., 74, 876–888, 
https://doi.org/10.11676/qxxb2016.064.

Zeng, P., F. Sun, Y. Liu, Y. Wang, G. Li, and Y. Che, 2021: Mapping future droughts 
under global warming across China: A combined multi-timescale meteoro-
logical drought index and SOM-Kmeans approach. Wea. Climate Extremes, 
31, 100304, https://doi.org/10.1016/j.wace.2021.100304.

Zhang, C. J., X. J. Gao, and H. Y. Zhao, 2003: Impact of global warming on au-
tumn precipitation in Northwest China (in Chinese). J. Glaciol. Geocryol., 25, 
157–164, https://doi.org/10.7522/j.issn.1000-0240.2003.0027.

Zhang, H. L., 2018: Research on responses of aridity and drought to the East Asia 
summer monsoon in monsoon transition zone of China (in Chinese). Ph.D. 
dissertation, Lanzhou University, 1–112.

Zhang, L., and T. Zhou, 2015: Drought over East Asia: A review. J. Climate, 28, 
3375–3399, https://doi.org/10.1175/JCLI-D-14-00259.1.

Zhang, Q., and Y. Wang, 2022: Distribution of hazard and risk caused by agricul-
tural drought and flood and their correlations in summer monsoon–affected 

Brought to you by Northwest Institute of Eco-Environment and Resources，CAS | Unauthenticated | Downloaded 06/11/25 08:34 AM UTC

https://doi.org/10.3878/j.issn.1006-9895.2012.11192
https://doi.org/10.3389/fenvs.2021.769439
https://doi.org/10.1175/JCLI-D-15-0792.1
https://doi.org/10.1175/JCLI-D-15-0792.1
https://doi.org/10.1007/s10584-006-9171-x
https://doi.org/10.1073/pnas.1802129115
https://doi.org/10.3878/j.issn.1006-9895.1998.04.02
https://doi.org/10.3878/j.issn.1006-9895.1998.04.02
https://doi.org/10.1038/ngeo2646
https://doi.org/10.1016/j.scitotenv.2022.157480
https://doi.org/10.1016/j.scitotenv.2022.157480
https://doi.org/10.1175/2011JCLI3733.1
https://doi.org/10.1175/2011JCLI3733.1
https://doi.org/10.7522/j.issn.1000-0534.2021.00036
https://doi.org/10.1007/s00376-010-9152-x
https://doi.org/10.11821/xb197904005
https://doi.org/10.11821/xb197904005
https://doi.org/10.1175/BAMS-D-18-0120.1
https://doi.org/10.1029/2008JD010929
https://doi.org/10.1029/2008JD010929
https://doi.org/10.3389/feart.2023.1138795
https://doi.org/10.3389/feart.2023.1138795
https://doi.org/10.3878/j.issn.1006-9895.2008.04.03
https://doi.org/10.3878/j.issn.1006-9895.2008.04.03
https://doi.org/10.1016/j.jhydrol.2014.09.047
https://doi.org/10.3878/j.issn.1006-9585.2000.03.05
https://doi.org/10.1175/JCLI-D-16-0793.1
https://doi.org/10.2151/jmsj1965.76.5_799
https://doi.org/10.2151/jmsj1965.76.5_799
https://doi.org/10.1002/joc.3701
https://doi.org/10.1038/s41598-023-48694-1
https://doi.org/10.1038/s41598-023-48694-1
https://doi.org/10.1007/s11430-015-5133-3
https://doi.org/10.1007/s11430-015-5133-3
https://doi.org/10.1016/j.jhydrol.2014.09.071
https://doi.org/10.1016/j.jhydrol.2014.09.071
https://doi.org/10.1175/JCLI-D-20-0650.1
https://doi.org/10.1175/JCLI-D-19-0175.1
https://doi.org/10.11676/qxxb2016.064
https://doi.org/10.1016/j.wace.2021.100304
https://doi.org/10.7522/j.issn.1000-0240.2003.0027
https://doi.org/10.1175/JCLI-D-14-00259.1


A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y A P R I L  2 0 2 5 E706

areas of China. Theor. Appl. Climatol., 149, 965–981, https://doi.org/10.1007/
s00704-022-04093-6.

——, H. Xiangjun, W. Sheng, L. Hongyi, Z. Jie, and W. Runyuan, 2005: NWC-ALIEX 
and its research advances (in Chinese). Adv. Earth Sci., 20, 427–441.

——, W. Sheng, Z. Jie, W. Runyuan, L. Hongyi, and L. Yanying, 2009a: The pro-
gresses on land surface processes and atmospheric boundary layer in arid 
regions. Adv. Earth Sci., 24, 1185–1194.

——, and Coauthors, 2009b: Some technological and scientific issues about the 
experimental study of land surface processes in Chinese Loess Plateau (LOPEX).  
Adv. Earth Sci., 24, 363–371.

——, S. Wang, S. Wang, Y. Zhao, and X. Wen, 2016a: Influence factors and 
variation characteristics of water vapor absorption by soil in semi-arid 
region. Sci. China Earth Sci., 59, 2240–2251, https://doi.org/10.1007/
s11430-015-5531-5.

——, L. Han, J. Jia, L. Song, and J. Wang, 2016b: Management of drought risk 
under global warming. Theor. Appl. Climatol., 125, 187–196, https://doi.
org/10.1007/s00704-015-1503-1.

——, J. Wang, and Y. Yao, 2017a: Drought Disaster Risk and Its Management. 
China Meteorological Press, 30 pp.

——, H. Zhang, L. Zhang, and P. Yue, 2017b: Study on summer monsoon transition 
zone and its land-air interaction (in Chinese). Adv. Earth Sci., 32, 1009–1019.

——, J. Lin, W. Liu, and L. Han, 2019a: Precipitation seesaw phenomenon and its 
formation mechanism in the eastern and western parts of Northwest China 
during the flood season. Sci. China Earth Sci., 62, 2083–2098, https://doi.
org/10.1007/s11430-018-9357-y.

——, Z. Yang, X. Hao, and P. Yue, 2019b: Conversion features of evapotrans-
piration responding to climate warming in transitional climate regions in 
northern China. Climate Dyn., 52, 3891–3903, https://doi.org/10.1007/
s00382-018-4364-3.

——, and Coauthors, 2019c: Characteristics of drought in Southern China un-
der climatic warming, the risk, and countermeasures for prevention and 

control. Theor. Appl. Climatol., 136, 1157–1173, https://doi.org/10.1007/
s00704-018-2541-2.

——, L. Han, J. Zeng, X. Wang, and J. Lin, 2020a: Climate factors during key  
periods affect the comprehensive crop losses due to drought in southern  
China. Climate Dyn., 55, 2313–2325, https://doi.org/10.1007/s00382-020- 
05379-z.

——, and Coauthors, 2020b: Causes and changes of drought in China: Research 
progress and prospects. J. Meteor. Res., 34, 460–481, https://doi.org/10. 
1007/s13351-020-9829-8.

——, S. Tao, and L. Chen, 2003: The interannual variability of East Asian sum-
mer monsoon indices and its association with the pattern of general circula-
tion over East Asia (in Chinese). Acta Meteor. Sin., 61, 559–568, https://doi.
org/10.11676/qxxb2003.056.

Zhang, R., and Z. Zuo, 2011: Impact of spring soil moisture on surface energy 
balance and summer monsoon circulation over East Asia and precipitation 
in East China. J. Climate, 24, 3309–3322, https://doi.org/10.1175/2011J
CLI4084.1.

——, C. Sun, and W. Li, 2018: Relationship between the interannual variations 
of Arctic sea ice and summer Eurasian teleconnection and associated influ-
ence on summer precipitation over China (in Chinese). Chin. J. Geophys., 61, 
91–105, https://doi.org/10.6038/cjg2018K0755.

Zhou, L., and R. Huang, 2008: Interdecadal variability of sensible heat in arid and 
semi-arid regions of Northwest China and its relation to summer precipita-
tion in China (in Chinese). Chin. J. Atmos. Sci., 32, 1276–1288, https://doi.
org/10.3878/j.issn.1006-9895.2008.06.04.

Zhou, S., and Coauthors, 2019: Land-atmosphere feedbacks exacerbate concur-
rent soil drought and atmospheric aridity. Proc. Natl. Acad. Sci. USA, 116, 
18 848–18 853, https://doi.org/10.1073/pnas.1904955116.

Zou, X. K., and Q. Zhang, 2008: Preliminary studies on variations in droughts  
over China during past 50 years (in Chinese). J. Appl. Meteor. Sci., 19, 679– 
687.

Brought to you by Northwest Institute of Eco-Environment and Resources，CAS | Unauthenticated | Downloaded 06/11/25 08:34 AM UTC

https://doi.org/10.1007/s00704-022-04093-6
https://doi.org/10.1007/s00704-022-04093-6
https://doi.org/10.1007/s11430-015-5531-5
https://doi.org/10.1007/s11430-015-5531-5
https://doi.org/10.1007/s00704-015-1503-1
https://doi.org/10.1007/s00704-015-1503-1
https://doi.org/10.1007/s11430-018-9357-y
https://doi.org/10.1007/s11430-018-9357-y
https://doi.org/10.1007/s00382-018-4364-3
https://doi.org/10.1007/s00382-018-4364-3
https://doi.org/10.1007/s00704-018-2541-2
https://doi.org/10.1007/s00704-018-2541-2
https://doi.org/10.1007/s00382-020-05379-z
https://doi.org/10.1007/s00382-020-05379-z
https://doi.org/10.1007/s13351-020-9829-8
https://doi.org/10.1007/s13351-020-9829-8
https://doi.org/10.11676/qxxb2003.056
https://doi.org/10.11676/qxxb2003.056
https://doi.org/10.1175/2011JCLI4084.1
https://doi.org/10.1175/2011JCLI4084.1
https://doi.org/10.6038/cjg2018K0755
https://doi.org/10.3878/j.issn.1006-9895.2008.06.04
https://doi.org/10.3878/j.issn.1006-9895.2008.06.04
https://doi.org/10.1073/pnas.1904955116

	Discussion on Major Drought Issues in the Northern Drought-Prone Belt in China
	KEYWORDS
	Introduction
	Basic characteristics of the NDPB in China
	Research progress on major droughts in northern China
	Stage of statistical investigation on drought disasters and distribution characteristics.
	Research on the role of mid- and high-latitude atmospheric circulation systems in drought formation.
	Research on the role of the summer monsoon and subtropical highs in drought formation.
	Research on the impact of climate warming on drought.
	Research on the role of SST anomalies in drought formation.
	Research on the relationship between land–atmosphere interactions and drought.
	Understanding the mechanisms of drought from the perspective of the East Asian climate system.

	Major scientific issues facing the study of major droughts in the NDPB
	Major research directions and preliminary approaches for major droughts in the NDPB
	Conclusions
	Acknowledgments.
	Data availability statement.
	References


