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Drought, which is severe and recurring in Northern China, is the most significant meteorological disaster on a worldwide scale. However, a definitive conclusion has not yet been reached on the multi-scale drought features in Northern China under a warming context. Drought is affected by several circulation-related variables and a deeper scientific comprehension of their synergistic effects is required. This research addresses the spatiotemporal aspects of summer drought and its causes in the northern drought-prone belt of China (NDPB), based on meteorological observation and data reanalysis. The primary findings indicate that the NDPB is very vulnerable to drought, with the uniform mode being the region’s most significant spatial mode associated with summer droughts. Inter-annual variations are the primary cause of the summer drought in the NDPB when considering multi-scale changes. Regional drought has typically declined during this century because of the effect of multi-decadal scale changes, which cannot be disregarded. Considering the circulation background field, during summer drought years in the NDPB, the South Asian high is weaker and moves eastward, while the high-level westerly jet is weaker and more northerly. From Lake Baikal to Northern China, there is an anomalous anticyclonic circulation, and the mid-level subtropical high in the western Pacific is more southerly and easterly. As a result, the NDPB is governed by the unusual northerly circulation. The Mongolian and northeastern surface cyclone activity is decreasing, the low-level warm and humid airflow is feeble, and the NDPB is not experiencing anomalous water vapor transport. In the high-, middle-, and low-level arrangement, the NDPB circulations diverge at low levels and converge at high levels—unusual sinking in the vertical field results in regular droughts. Multiple circulation parameters on inter-annual, inter-decadal, and multi-decadal scales interact synergistically to impact summer droughts in NDPB. However, the synergistic elements that mainly impact various timescales differ. They are primarily influenced by northerly circulation, westerly winds, and the combined effect of the South Asian summer monsoon on inter-annual timescales. The combined impact of the upper westerly winds, northerly circulation, and East Asian, South Asian, and plateau summer monsoons significantly influences their inter-decadal timescales. The westerly winds, northerly circulation, and East Asian, plateau summer monsoons are the primary multi-decadal factors.
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1 INTRODUCTION
Meteorological disasters account for about 70% of global natural disasters, and drought disasters account for more than one-third of meteorological disasters (Qin, 2015). During 1980–2009, global economic losses caused by drought averaged US$17,33 billion per year, while average annual losses during 2010–2017 increased to US$23.13 billion, far exceeding the growth rate of losses from other meteorological disasters (Wilhite, 2000; Su et al., 2018). In the context of climate warming, with the global water cycle further accelerating, the drought risk is increasing (Zhang et al., 2011; Zhang et al., 2015; Zhang et al., 2019a), and the frequency and intensity of droughts are increasing (IPCC, 2012).
Worldwide, China is among the nations that experience drought catastrophes the most frequently and with the worst effects. Large-scale drought catastrophes have impacted crops in recent years, with an average of 20.9 million hm2 affected annually and up to 40.54 million hm2 in specific years. Between several million to over 30 million tons of grain reduction occurs every year, and the annual direct economic cost of drought might reach 44 billion yuan (Su et al., 2018). Drought catastrophes limit sustainable economic and social growth and jeopardize ecological and food security. Since severe disasters and droughts are more common in China’s northern regions, studies have focused chiefly on droughts in the region. Since the 1970s, Northern China has experienced a severe drought trend (Wei and Cao, 1998; Huang et al., 1999; Ma and Fu, 2001; Zhou et al., 2020). In addition to decreasing precipitation, warming has an irreversible effect on droughts because it increases the severity and extent of droughts by 4%–7% (Ma and Fu, 2003), and in certain places has also caused the semi-arid zone to spread 300 km to the southeast (Ma, 2005; Ma and Fu, 2005; Qu et al., 2023). The dry and semi-arid climatic pattern of the northwest cannot be altered by a little increase in precipitation despite recent warming and humidifying trends in the area (Zhang et al., 2021; Zhang et al., 2022). Abnormal droughts have been regular throughout the last 40 years from the standpoint of all of Northern China (Li et al., 2023). There have been three summers since 2021 with significant regional droughts in the northwest.
Due to the unusual northerly airflow and the downdraft of the Lake Baikal high-pressure ridge, the formation mechanism of drought in Northern China indicates that the western Pacific subtropical high is oriented southerly and eastward in the middle and high latitudes, with a “high in the west and low in the east” circulation. It is easy to trigger drought events in Northern China (Shen et al., 2012). Drought is also more likely in the northwest summer when the upper and middle troposphere has an “upper high (western-type South Asia high)–mid-high (Xinjiang high-pressure ridge or Iranian high pressure eastward extending over the Tibetan Plateau)” structure (Qian et al., 2001). Northern China’s drought strongly correlates with warm, humid airflow, and monsoon activity. The western Pacific subtropical high is oriented southward, and it is difficult for warm, humid airflow from the ocean to move farther north in years when the East Asian summer monsoon is weak. According to Zhang et al. (2003), this is also the cause of drought in Northern China. Furthermore, because most of Northern China is located in the East Asian subtropical monsoon region, as well as being influenced by the westerly circulation and the Tibetan Plateau monsoon (Ding and Li, 2016; Zhang et al., 2019b), the monsoon and westerly winds—the combined influence of circulation and its synergistic effect—affect drought formation and development (Zhang et al., 2022).
Despite several studies on the evolving formation mechanism and changing features of drought in Northern China, little research has been done on the multi-scale features of drought against the backdrop of global warming. There is a severe paucity of knowledge on the effects of various circulation parameters on drought linkage. This study investigates the synergistic effects of several circulation factors on the northern summer drought, shows the multi-scale changing characteristics of the summer drought in Northern China, and reveals the circulation background field of typical drought modes. In light of this, we offer a reference for short-term climate prediction of summer drought in Northern China, and also scientific support for catastrophe mitigation and prevention, and sustainable economic development in Northern China.
2 STUDY AREA, DATA, AND METHODS
2.1 Study area
In Northern China (includes Heilongjiang, Jilin, Liaoning, Inner Mongolia, Beijing, Tianjin, Hebei, Shandong, Henan, Shanxi, Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang Provinces), which is bordered by 105°E, the summer precipitation standard deviation (June–August) is low in the west and high in the east (Figure 1). Except for the Qinghai Plateau, the precipitation standard deviation is below 50 mm in the west and above 50 mm in the east. There were more than 150 mm precipitation variances in Henan, Shandong, and Liaoning. The area east of 105°E has a substantially higher standard deviation of summer precipitation than the area to the west, indicating that, although having significantly more summer precipitation, the area east of 105°E also has a higher risk of summer drought, summer drought disasters are prone to occur, it is an obvious area prone to drought disasters (Liao and Zhang, 2015; Wang and Sheng, 2015). Accordingly, the drought-prone zone of Northern China (NDPB) is the region in Northern China east of 105°E (Han et al., 2019) and is the focus of this research (Figure 2).
[image: Figure 1]FIGURE 1 | The standard deviation of summer precipitation in Northern China.
[image: Figure 2]FIGURE 2 | Distribution of meteorological stations in the NDPB.
2.2 Data
This article makes use of both meteorological observations and National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis. During 1961–2022, precipitation data for summer (June–August) came from 427 meteorological stations in Northern China, of which we chose 263 for the NDPB (Figure 2). We took the monthly average altitude, wind, sea-level pressure, surface pressure field, and specific humidity from the NCEP/NCAR reanalysis data, covering the years 1961–2022 with a resolution of 2.5° × 2.5°.
2.3 Methods
2.3.1 Circulation synergy index (Ics)
The westerly wind, northerly circulation, and the East Asian, South Asian, and plateau monsoons influence the NDPB’s summer climate because it is situated in the mid-latitudes of the northern hemisphere, and located in the northeast of the Qinghai Tibet Plateau. The text refers to the literature (Zhang et al., 2022) and the following circulation synergy index as Equation 1:
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where WI, EMI, SMI, PMI, and NI are the westerly, East Asian summer monsoon, South Asian summer monsoon, plateau summer monsoon, and northerly circulation indices, respectively, and a, b, c, d, and e are weight coefficients, they are the correlation coefficient between various circulation indices and precipitation indices. The westerly index as Equation 2 (Li et al., 2008), East Asian summer monsoon index as Equation 3 (Wang and Fan, 1999), South Asian summer monsoon index as Equation 4 (Wang et al., 2001), plateau summer monsoon index as Equation 5 (Tang et al., 1979), and northerly index as Equation 6 (Bai and Xu, 1988) are often used in studies on droughts in the northwest region (Zhang et al., 2022):
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where H (gpm) is the 500-hPa geopotential height field, λ is the number of longitudes taken along the latitude circle in the 70–110°E area, and [image: image] and [image: image] are the average zonal wind speed at 850 and 200 hPa, respectively, in ms−1.
2.3.2 Ensemble empirical mode decomposition (EEMD)
To simulate many observations, the EEMD approach averages the measurement of several decompositions and adds white noise of the correct magnitude to the original data. Then, after multiple calculations, the set is averaged, which is an improvement of the Empirical Mode Decomposition (EMD) method. The EMD is modified by averaging the ensemble following computation. More information on the EEMD approach can be found in Yang et al. (2023). This method has been applied extensively (Wu and Huang, 2009; Huang and Shen, 2014; Bi et al., 2018).
2.3.3 Other methods
Because of its ability to extract meteorological field dominating signals and represent the peculiarities of their geographical distribution, the empirical orthogonal function (EOF) is unique in this regard. For thorough instructions, see Wei (2007).
3 RESULTS AND ANALYSIS
3.1 Abnormal characteristics of summer drought in NDPB
We performed an EOF decomposition of the summer precipitation of 263 stations for 1961–2022 to elucidate the anomalous features of the summer drought in the NDPB. The first four modes contributed 16.72%, 9.14%, 7.85%, and 6.23% of the variation, respectively. The North technique was used to perform the significance test, and the results indicate that the signals of the first three modes are relatively significant. The spatiotemporal properties of the first three modes are primarily analyzed in the following.
The EOF1 mode has constant regional distribution features, except for a small area in the south of the NDPB, which suggests that the dominant mode in the NDPB is the persistent change of summer drought (Figure 3A). With a variance contribution of up to 77.5%, inter-annual changes dominate this mode when considering multi-timescale changes of the EOF1 time coefficient (PC1). In contrast, inter-decadal changes are relatively weak, contributing only 8.3% to variance, while multi-decadal changes exhibit slightly greater potency than inter-decadal changes. Moreover, summer droughts in NDPB have declined since 2000 due to the effect of multi- and inter-decadal scales (Figure 3B).
[image: Figure 3]FIGURE 3 | The modes of (A) EOF1, (C) EOF2, and (E) EOF3 and the corresponding time coefficients (B) PC1, (D) PC2, and (F) PC3 of summer precipitation in the NDPB.
The EOF2 mode displays a dipole distribution with reversal changes from southwest to northeast (Figure 3C). With a variance contribution as high as 86.49%, the time coefficient (PC2) shows that inter-annual variations are likewise the primary cause of this mode’s dominance. The multi- and inter-decadal changes are minimal in the interim. Furthermore, this mode has no discernible long-term changing trend when considering inter- and multi-decadal changes (Figure 3D). The EOF3 mode exhibits a “negative–positive–negative” tripolar distribution from southwest to northeast (Figure 3E). With a variance contribution as high as 90.1%, the time coefficient (PC3) shows that inter-annual variations are likewise the primary characteristic of this mode, which has no noticeable long-term change trend, and the inter- and multi-decadal changes are brittle (Figure 3F).
3.2 Main circulation characteristics of summer drought in the NDPB
The regional uniform mode is the most important when considering the anomalous mode of the summer drought in the NDPB. Thus, to comprehend the circulation features of the general summer drought in the NDPB, the background field of circulation corresponding to the regional uniform mode is adopted. First, we identify the abnormally dry years in the NDPB as 1972, 1999, 2015, 2000, and 1997 with PC1 standardized values less than −1.5. Next, we use a synthetic analysis to comprehend the circulation features of these years.
In summer drought years, the highest wind speed in the center of the high-altitude jet stream in the 200-hPa wind field is 28 m s−1 (Figure 4A), and the region in East Asia with wind speeds more than 24 m s−1 stretches eastward to 108°E. The jet center is situated in two latitudinal lengths north of the climatic state. The 200-hPa zonal wind anomaly in the 32–45°N latitudes of the Eurasian range is essentially consistent with negative values (Figure 4B), suggesting that one of the circulation features of the summer drought in the NDPB is the weak high-altitude jet stream and northerly.
[image: Figure 4]FIGURE 4 | Fields of (A), unit: m/s) 200 hPa wind, (C), unit: dagpm) 200 hPa height, (E), unit: dagpm) 500 hPa height field, and (G), unit: hPa) sea-level pressure anomaly, and corresponding anomaly fields (B, D, F, H). The red enclosed area is the research area, the red shaded area in Figure (A) represents the region with zonal winds more than 22 m/s.
The maximum of the South Asian high-pressure center is only 1,253 dagpm (Figure 4C), which is 2 dagpm less than the climatic condition due to the effect of the high-altitude jet stream anomaly. In contrast, the 1,252 dagpm line only goes as far east as 105°E, departing from the climatic condition by six degrees of longitudes. In the 200-hPa height anomaly field, the Eurasian range consistently exhibits negative values for latitudes 10–38°N (Figure 4D). As a result, in summer drought years in the NDPB, the intensity of the South Asian high is weak and to the west.
The strength of the western Pacific subtropical high in summer drought years in the NDPB is not significantly different from the climatic state in the 500-hPa height field (Figure 4E). Three latitudinal distances south and five longitude distances east of the relative climatic state(Figure omit) correspond to the northern limit and west boundary, respectively, of the 586 dagpm line, at 31°N and 120°E. Furthermore, the NDPB is governed by an anomalous northerly airflow, and the ridge around Lake Baikal is stronger. In the 500-hPa height anomaly area, there are positive anomalies from the south of Lake Baikal to northeastern North China and negative anomalies from the western Pacific to southern China (Figure 4F).
As a result, during the NDPB’s summer drought years, the subtropical high in the western Pacific on an eastward or southward position, the Lake Baikal ridge gets more robust, and unusually north winds blow from the south of Lake Baikal to northeastern North China.
During summer drought in the NDPB, the 1005-hPa low-pressure closed contour range in Mongolia and northeastern China is much narrower than in the climatic state in the sea-level pressure field (Figure 4G). In the sea-level pressure anomaly field, consistently positive anomalies extend from Mongolia to northeastern China (Figure 4H). Therefore, during summer drought years in the NDPB, there are also abnormally few cyclones in northeast China and Mongolia.
There are two anomalous cyclonic circulations in Heilongjiang and the region extending from southern China to the west coast of Japan in the 850-hPa anomaly wind field in the summer drought years in the NDPB (Figure 5A). The area of China east of 100°E is dominated by extreme northerly winds. The whole water vapor flux and its divergence field in summer drought years (Figure 5B) reveal that the NDPB is a divergence area of water vapor transport flux with no southwesterly water vapor from the ocean.
[image: Figure 5]FIGURE 5 | The 850-hPa anomaly wind field (A), unit: m/s), whole-layer water vapor flux and divergence (B), unit: kg/(ms), 200-hPa divergence field (C), unit: 10−1 s−1), and 700-hPa divergence field (D), unit: 10−1 s−1) in summer drought years in the NDPB. The black enclosed area is the research area.
Therefore, during summer drought years in the NDPB, there is no anomalous water vapor transport pathway from the ocean. Within the research region, the 200-hPa divergence field (Figure 5C) is negative, indicating convergence due to the effect of high-, medium-, and low-altitude circulation. There is divergence because the 700-hPa divergence field is positive (Figure 5D). In summer drought years in the NDPB, there is less precipitation due to atypical subsidence in the vertical field, as shown by the high- and low-level divergence.
3.3 Influence of multiple circulation factors on summer drought in the NDPB
The westerly wind, northerly circulation, and the East Asian, South Asian, and plateau monsoons influence the NDPB’s summer climate because it is situated in the mid-latitudes of the northern hemisphere, and numerous elements typically work in concert to impact circulation. We examine it using the previously developed Ics to comprehend the synergistic effect of multiple circulation parameters on summer drought in the NDPB. First, we compute the correlation coefficients between the westerly, East Asian, South Asian, plateau summer monsoon, and northerly indexes and the time coefficient (PC1) of the EOF1 mode of summer precipitation in the NDPB (Table 1).
TABLE 1 | The correlation coefficients between the time coefficient (PC1) of EOF1 mode and circulation index.
[image: Table 1]The summer monsoon in East Asia and PC1 have a poor relationship; however, there is a substantial link with the other four indices: PC1 has a negative correlation with the northerly circulation (p < 0.001) and the plateau summer monsoon (p < 0.01), and a positive correlation with the westerly wind (p < 0.001) and the South Asian summer monsoon (p < 0.05).
Then, using circulation parameters that are substantially linked with PC1, we construct the following synergy index based on the Ics described in this paper, where each circulation index’s weight coefficient corresponds to its corresponding correlation coefficient: [image: image]. The correlation coefficient between PC1 and the Ics is greater than that of the westerly wind, plateau summer monsoon, South Asian summer monsoon, and northerly circulation indexes (Table 1).
It is evident that the NDPB’s dryness results from the combined impacts of the westerly wind, plateau summer monsoon, South Asian summer monsoon, and northerly circulation. Furthermore, the stronger the north wind and plateau summer monsoon, the less rainfall there is throughout summer in the NDPB. Also, the weaker the westerly and South Asian summer monsoon, the dryer is the NDPB.
We examine the regression fields of Ics with 200-hPa zonal wind and height, 500-hPa height, sea-level pressure, and 850-hPa wind to understand better the synergistic impacts of several circulation parameters on summer drought in the NDPB (Figures 6A–E). The regression coefficient is determined by taking the synergy index’s inverse. The 200-hPa zonal wind field and height field, as well as the 500-hPa height field, sea-level pressure field, and 850-hPa wind field, are quite comparable by comparing the anomaly fields in Figures 4, 5. So there is a synergistic effect of the westerly wind, South Asian monsoon, plateau monsoon, and northerly circulation on the summer dryness in the NDPB.
[image: Figure 6]FIGURE 6 | Regression fields of multi-circulation synergy index and (A) 200-hPa zonal wind, (B) height, (C) 500-hPa height, (D) sea-level pressure, and (E) 850-hPa wind. The red enclosed area is the study area.
While inter-annual variations dominate the constant pattern of summer precipitation in the NDPB, changes at the inter- and multi-decadal scales are also significant (Figure 3B). Stated differently, inter-annual, inter-decadal, and multi-decadal multi-timescale fluctuations are present in the summer drought.
We have already shown that the westerly wind, South Asian summer monsoon, plateau summer monsoon, and northerly circulation are the primary causes of summer dryness in the NDPB before multi-timescale decomposition. Do contributing elements for circulation vary depending on the timescale? The correlation coefficients between PC1 and the various timescale components of each circulation index are displayed in Table 2. At various timescales, the circulation elements that substantially impact the summer drought in the NDPB are not precisely the same.
TABLE 2 | The correlation coefficients between the time coefficient (PC1) of the EOF1 mode and the different timescale components of the circulation index.
[image: Table 2]On the inter-annual scale, westerly winds, South Asian summer monsoon, and the northerly circulation are significant. On the inter-decadal scale, westerly winds, East Asian summer monsoon, South Asian summer monsoon, plateau summer monsoon, and the northerly circulation all have substantial impacts. Except for the South Asian summer monsoon, all four circulations have notable impacts on a multi-decadal period. Furthermore, throughout a range of periods, the NDPB’s summer drought is substantially impacted differently by the same circulation system. For instance, there is a large positive correlation between the summer monsoon in South Asia and PC1 on an inter-annual basis. On the inter-decadal scale, there is a strong negative association between the two; however, on the multi-decadal range, the correlation is not significant. In the inter- and multi-decadal timeframes, there is a noteworthy inverse relationship between the East Asian summer monsoon and PC1, but this relationship is not as strong in the inter-annual range.
We establish the inter-annual, inter-decadal, and multi-decadal Ics that affect summer drought in the NDPB: [image: image]; [image: image]; and [image: image].
At various timescales, the correlations between PC1 and Ics are stronger than those of any one circulation component (Table 2). There may be a synergistic effect between the many circulation elements acting at different timescales and drought in the NDPB.
We examine the inter-annual, inter-decadal, and multi-decadal Ics, as well as the 200-hPa zonal wind and height, 500-hPa height, and the regression fields of sea-level pressure and 850-hPa wind, to better understand the synergy of the influence of multiple circulation factors on summer drought in the NDPB at different timescales (Figure 7). The inverse of the synergy index is also used to calculate the regression coefficient here to facilitate the comparison between the regression field and the circulation background field in drought years.
[image: Figure 7]FIGURE 7 | Regression fields of multi-circulation synergy index at different timescales and 200-hPa zonal wind (A–C), 200-hPa height (D–F), 500-hPa height (G–I), sea-level pressure (J–L), and 850-hPa wind (M–O). The red enclosed area is the study area.
From the 200-hPa zonal wind regression field to see (Figures 7A–C), at inter-annual, inter-decadal, and multi-decadal scales, it is essentially consistent with negative values in the 32–45°N latitudes of the Eurasian range. From the 200-hPa height regression field to see (Figures 7D–F), at inter-annual and inter-decadal scales, it is essentially consistent with negative values in the 32–45°N latitudes of the Eurasian range. From the 500-hPa height regression field to see (Figures 7G–I), at inter-annual and inter-decadal scales, it is essentially consistent with negative values in the 32–45°N latitudes of the Eurasian range. From the sea-level pressure regression field to see (Figures 7J–L), at inter-annual and multi-decadal scales, it is consistently positive anomalies extend from Mongolia to northeastern China. From the 850-hPa wind regression field to see (Figures 7M–O), at inter-annual, inter-decadal, and multi-decadal scales, there are two anomalous cyclonic circulations in Heilongjiang and the region extending from southern China to the west coast of Japan.
In summary, the regression field and the circulation field in drought years are quite similar. Compared to inter-decadal and inter-decadal scale, they are more similar on an inter-annual scale. Therefore, the NDPB experiences summer drought due to the synergistic impacts of several circulation components operating on distinct periods, with the inter-annual scale contributing the most.
To further clarify the main circulation impact systems of the NDPB during drought years, Figure 8 provides schematic diagrams of the main impact systems at high, medium, ground, and surface levels, as well as their contributions at different time scales.
[image: Figure 8]FIGURE 8 | Schematic diagram of the main impact system in summer drought years of the NDPB.
4 DISCUSSION AND CONCLUSION
This research examines the spatiotemporal patterns and causes of summer dryness in the NDPB for 1961–2022 based on meteorological observations and NCAR/NCEP reanalysis data. The primary findings follow.
The most critical geographical mode of the summer drought in the NDPB is the spatially consistent mode. The dipole mode with reversal change from southwest to northeast and the “negative–positive–negative” tripole mode from southwest to the northeast are its two principal spatial modes. When considering modifications across several timescales, inter-annual variations often account for most summer droughts in the NDPB; nonetheless, changes in many timescales are noticeable. Over the past century, regional droughts have diminished due to changes at multi-decadal scales.
From circulation background field to see, in summer drought years in the NDPB, the high-level westerly jet is feeble, with a northward-oriented jet axis and a westward-oriented jet center, under its influence, the intensity of the South Asia high pressure is relatively weak and its location is biased towards the east. The mid-level Pacific subtropical high is oriented southward and eastward, while the weak South Asia high is positioned eastward under its influence. From Lake Baikal to Northern China, an anomalous anticyclonic circulation occurs. The anomalous northerly airflow governs the NDPB. The NDPB is a region of divergence of water vapor transport flux without anomalous water vapor transport from the ocean because of the abnormal northerly airflow at the lower levels and the apparent decrease in surface Mongolian and northeastern cyclone activity. The upper-level circulation in the NDPB and the low-level circulation diverge under the arrangement of high-, medium-, and low-level circulation, manifesting as anomaly subsidence in the vertical field and leading to less precipitation and more droughts.
The NDPB is situated in the mid-latitudes of the northern hemisphere, where many circulations simultaneously impact the summer droughts. Several circulation parameters related to inter-annual, inter-decadal, and multi-decadal summer droughts are also affected. However, the circulation elements that substantially impact the summer droughts on various timescales are not precisely the same. The coordinated impact of the westerly, South Asian summer monsoon, and northerly circulation primarily affects them inter-annually. They are mainly impacted by the westerly winds and East Asian, South Asian, and plateau summer monsoons on an inter-decadal scale. On a multi-decadal scale, the combined impact of the westerly winds, East Asian summer monsoon, plateau summer monsoon, and northerly circulation primarily influences the collaborative influence of the northerly circulation.
It is worth noting that the same circulation system has significant differences in its impact on summer drought in the NDPB at different time scales. For instance, the summer monsoon in South Asia has a negligible impact on the multi-decadal scale, a positive contribution on the inter-annual scale, and a negative impact on the inter-decadal scale. The inter- and multi-decadal scales benefit significantly from the summer monsoon in East Asia, with a negative although not large contribution on an inter-annual scale.
The examination of the spatiotemporal features of the summer drought in the NDPB in this study is only diagnostic, and the statistical discussion of the reasons for spatially uniform circulation leaves much to be understood in terms of numerical simulation. More information is also required to understand the potential formation processes of the tripolar and polar modes. Furthermore, trustworthy forecast data must also make clear how the NDPB’s summer drought will evolve in the future.
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