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Abstract

:

During the summer–autumn (July–October, Jul–Oct) period of 2022, the Yangtze River Basin (YRB) of China experienced an extreme meteorological drought, with Jul–Oct containing the lowest precipitation in the YRB since 1979. The possible causes of this drought were analyzed in the present study. Surprisingly, unlike many previous drought events, we found that this event was not characterized by a consistent atmospheric circulation anomaly regime throughout the entire drought period. Instead, two distinct circulation patterns were responsible for the precipitation deficit in two different stages, i.e., July–August (Jul–Aug) and September–October (Sep–Oct). In Jul–Aug, the YRB precipitation deficit primarily resulted from an intensified and northward-shifted East Asian subtropical jet, which allowed for an extremely northwestward shift of western Pacific subtropical highs, leading to an anomalous descending motion. Such circulation patterns in Jul–Aug originated from the dispersion of Rossby waves upstream from central Asia and Europe. Meanwhile, in Sep–Oct, the YRB drought was primarily attributed to a low-level cyclonic anomaly over the western North Pacific, which was closely associated with frequent tropical cyclones traveling across this region. Observational analysis and a model ensemble hindcast suggest that atmospheric internal variabilities dominated the drought process, while the SSTA, particularly the La Niña event, played a limited role. Therefore, this long-lasting extreme YRB meteorological drought was largely driven by the relay effects of different atmospheric internal variabilities in Jul–Aug and Sep–Oct, respectively, which shows limited model predictability and poses a great challenge for operational climate predictions.
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1. Introduction


The Yangtze River Basin (YRB) is located in the East Asian monsoon region. With urbanization and population growth, water resources have become a crucial factor in the sustainable development of the YRB [1]. Unfortunately, YRB precipitation (YRBP) exhibits strong variation at multiple timescales, leading to frequent drought and flood disasters in this region [2]. Thus, understanding the causes of YRB drought is important not only for the scientific community but also for operational climate centers.



Great effort has been devoted to discerning the possible causes of droughts in the YRB region. Studies have demonstrated that persistent external forces, for example, the sea surface temperature anomaly (SSTA) in the tropical oceans, convection anomalies over the Indo-Pacific warm pool, anomalous soil moisture, and snow cover over the Eurasian continent, as well as the Arctic sea ice anomaly, play important roles in YRB droughts through changing the atmospheric circulation patterns [3,4,5,6,7]. Atmospheric internal variabilities such as the East Asia–Pacific pattern, the Eurasian teleconnection pattern, and changes to the western Pacific subtropical high (WPSH) and the East Asian subtropical jet (EASJ) have been shown to contribute directly to precipitation anomalies in the YRB [8,9,10,11]. However, the mechanisms of YRB drought events usually involve interactions among multiple climate factors and thus exhibit a large degree of complexity [12].



In the summer of 2022, the YRB region suffered from an extraordinarily severe meteorological drought, concurrent with extreme heat waves. Many existing studies have focused on the possible causes underlying this drought. These studies attributed the extreme event to both external forces and internal variabilities, for example, the anthropogenic warming background [13], the La Niña event [14], thermal anomalies over the Tibetan Plateau [15], as well as circulation patterns across the Eurasian continent [16]. However, although the heat wave was alleviated, the meteorological drought in the YRB region did not show any signs of mitigation in the subsequent autumn, thus giving rise to a severe summer–autumn persistent drought event (Figure 1). The long-lasting drought caused the Yangtze River to exhibit an extremely low water level, which resulted in severe water scarcity and huge agricultural losses. However, up to now, insufficient attention has been paid to discovering how this extreme drought could have lasted from summer to autumn.



To discover the dynamical causes of historical persistent droughts, most studies emphasize the role of long-lasting atmospheric circulation anomaly patterns [17,18,19,20]. However, we noted that the regime of circulation had experienced a substantial shift during the drought process of 2022, hinting that this YRB drought may be attributed to different reasons at different stages, which may be a unique feature that deserves further investigation. Therefore, in this study, we attempt to investigate the possible causes of this long-lasting drought, as well as to discuss its potential predictability. Particularly, we mainly focus on the following two objectives: (a) What are the dominant climate factors driving this persistent drought at different stages? (b) What are the roles of atmospheric internal variabilities and external forces, particularly the triple-dip La Niña event? Section 2 provides a description of the datasets and methods used in this study. The precipitation deficit and the physical mechanisms are discussed in Section 3 and Section 4. Section 5 provides a summary and discussion.




2. Data and Methods


The monthly precipitation dataset from the Global Precipitation Climatology Project (GPCP) with a horizontal resolution of 2.5° × 2.5° was used in this study [21]. The Centennial in situ Observation-Based Estimates dataset of SST, which has a resolution of 1.0° × 1.0°, was also employed [22]. For the circulation variables, we used the National Centers for Environmental Prediction–Department of Energy (NCEP-DOE) atmospheric reanalysis dataset [23], with a horizontal resolution of 2.5° × 2.5°. Considering that the observations and reanalysis before the satellite era (around 1979) exhibit larger uncertainties, the analysis period of the present study ranges from 1979 to 2022. We employed tropical cyclone (TC) best-track data from the China Meteorological Administration [24], which has a horizontal resolution of 0.1° × 0.1°.



The present study used the real-time predictions from the NCEP Climate Forecast System Version 2 (NCEP CFSv2). The NCEP CFSv2 is a state-of-the-art fully coupled atmosphere–ocean–land model, incorporating detailed representations of the atmospheric, oceanic, sea ice, and land components. It employs a high horizontal resolution of T126 with 64 vertical hybrid sigma-pressure levels in the atmosphere. The advanced subgrid-scale physical parameterizations realistically simulate processes like radiation absorption and emission, cloud formation and dissipation (including stratus, stratocumulus and cumulus), turbulent mixing in the planetary boundary layer, as well as a complex formulation of precipitation processes. Ensemble means of real-time predictions initiated in May 2022 from the NCEP CFSv2 were examined in this work to investigate the predictability of this drought event. This system generated 124 ensemble members through perturbing the initial conditions using the final states from the preceding month (i.e., May), with 4 members produced per day, which contained 124 members. In this study, climate anomalies were defined as the deviations from the climatological mean of 1982–2010, consistent with the hindcast period of CFSv2.



The Niño 3.4 index was defined as the averaged SST anomaly over 170–120° W, 5° S–5° N. La Niña events were defined based on a threshold of −0.5 °C of the Niño 3.4 index for Jul–Oct. According to this definition, 13 La Niña years were identified, including 1985, 1989, 1995, 1998, 1999, 2000, 2007, 2010, 2011, 2016, 2020, 2021, and 2022. The Niño 3.4 index had been demonstrated to effectively identify El Niño and La Niña events [25]. Other indices, for example, the Oceanic Niño Index and the Multivariate El Niño Index, are also effective indicators of El Niño and La Niña, but we noted our results were not quite sensitive to the chosen index. To describe the propagation of Rossby wave energy in the upper troposphere, the phase-independent wave activity flux (WAF) was calculated [26]. The WAF is parallel to the group velocity of local Rossby waves; thus, it represents the propagation of the wave packet.




3. The Summer–Autumn Persistent Precipitation Deficit


Figure 1a–d show the bi-monthly precipitation anomalies in central-eastern China during 2022. In May–June (May–Jun, Figure 1a), precipitation was above (below) normal in southern (northern) part of the YRB region. But in July–August (Jul–Aug, Figure 1b) and September–October (Sep–Oct, Figure 1c), most of the YRB had experienced persistent precipitation deficits. The strongest precipitation deficit occurred over the southeastern part of the YRB, exceeding −3.5 mm/day in Jul–Aug and −2.5 mm/day in Sep–Oct. Figure 1e shows the July–October (Jul–Oct) precipitation anomaly; the precipitation deficit almost occupied the entire YRB region during this period. The precipitation rate over the domain of 25–32° N, 110–120° E in Jul–Oct was only about 1.9 mm/day, less than half the climatological value (about 4.2 mm/day). In this study, we defined a YRBP index (YRBPI) as precipitation anomalies averaged over the domain of 25–32° N, 110–120° E (the black rectangle in Figure 1). Figure 2a–c show the normalized YRBPI in Jul–Aug, Sep–Oct and Jul–Oct, respectively, they all reached the lowest value since 1979 in 2022. In November–December (Nov–Dec, Figure 1d), above-normal precipitation appeared over most of the YRB, hinting at the mitigation of the drought. We hereinafter focused on Jul–Oct to investigate this YRB drought event.




4. The Physical Causes of the Persistent Drought


4.1. Seasonal Change of Circulation Regime Associated with Drought


Although this drought persisted from summer to autumn, the associated atmospheric circulation patterns exhibited very distinct features in different seasons. Figure 3a shows Jul–Aug’s mean 500 hPa geopotential height (GPH) and 850 hPa wind. It was found under the influence of a summer monsoon; a branch of low-level southerly appeared over central-eastern China, transporting abundant moisture from tropical oceans and leading to enhanced 850 hPa moisture over most of central-eastern China (Figure 3c). But the YRB had still received very limited rainfall due to the control of WPSH at 500 hPa (Figure 3a). As indicated from Figure 3a, the WPSH in Jul–Aug 2022 was stronger and located far more westward than in the climatology, which resulted in an anomalous descending motion at 500 hPa (Figure 3c) and thus suppressed the YRBP. However, the circulation regime in autumn 2022 was very different. In Sep–Oct, although the 500 hPa WPSH was still stronger than normal, it had retreated southward to south China due to season evolution, leaving the YRB located to the northern edge of the WPSH (Figure 3b), which was supposed to enhance precipitation over the YRB. But there was still very limited rainfall because the low level of central-eastern China had shifted to a northerly regime that reduced local moisture and had caused a descending motion (Figure 3b,d). The remarkably different low-level circulation and moisture anomaly in Jul–Aug and Sep–Oct 2022 suggested that the drought may have had disparate attributions in different seasons, which should be discussed separately. Subsequently, we show our analysis of the physical mechanisms relating to the precipitation anomaly for Jul–Aug and Sep–Oct, respectively.




4.2. The Causes of Jul–Aug Drought


To better document the reason for the 2022 summer precipitation anomaly over the YRB, we compared the atmospheric circulation anomaly in 2022 with that associated with the typical dry YRBP anomalies. The regressed wind vector at 850 hPa and sea level pressure (SLP) against the negative YRBPI in Jul–Aug are depicted in Figure 4a. For the dry anomaly in the YRB, there were cyclonic anomalies over the subtropical western North Pacific (WNP) and northeastern Asia (NEA). These wind anomalies diverged over the YRB and were unfavorable for rainfall there. It is noted that the cyclonic anomalies over NEA were statistically significant, while the cyclonic anomalies over the WNP were only with marginal significance, suggesting the mid-latitude circulation anomalies may play more important role than tropical circulation anomalies in affecting Jul–Aug YRBP variability. The observed 850 hPa wind and SLP anomalies in Jul–Aug 2022 are shown in Figure 4b. The tropical circulation pattern at 850 hPa in Jul–Aug 2022 was quite distinct from the historical perspective. Instead of an anomalous cyclone, there existed a giant anomalous anticyclone over the WNP, enhancing southwesterly moisture transport to the YRB. Therefore, the observed low-level WNP circulation anomaly was unable to explain the extreme YRB drought in Jul–Aug 2022. Meanwhile, a large-scale low-pressure anomaly dominated the NEA region (Figure 4b), consistent with the historical perspective, which would suppress the cold northeasterly and frontogenesis over the YRB and thus contribute to the dry anomaly [8].



Further, we analyzed the impacts of upper tropospheric circulation anomalies on the YRBP. The regressed 250 hPa wind and GPH anomalies against the negative YRBPI are depicted in Figure 4c. For the dry Jul–Aug period, circulation over East Asia featured a meridional dipole pattern. An anticyclonic anomaly existed over central-eastern China, while cyclonic anomaly extended from Siberia to NEA. Between them, westerly wind increased significantly at 40–45° N over East Asia, corresponding to an intensified and northward shifted EASJ, in agreement with the findings of many previous studies [27,28]. To further characterize this EASJ anomaly, an EASJ index (EASJI) was defined as the normalized 250 hPa zonal wind anomalies averaged over 40–45° N,100–140° E. The correlation coefficient between the EASJI and the YRBPI during 1979–2022 reaches −0.56 (p < 0.01), demonstrating a close linkage between EASJ and YRBP. In Jul–Aug 2022, the 250 hPa circulation anomalies over East Asia resembled the regressed pattern (Figure 4d), and the EASJI reached 2.29, the highest since 1979 (Figure 4e). Thus, the strengthening and northward shift of EASJ was very crucial to the summer YRB drought of 2022, which allowed for an extremely northwestward shift of WPSH, leading to an anomalous descending motion (Figure 3a,e). Li et al. [8] pointed out the strengthening and meridional displacement of the EASJI is typically accompanied by a cyclonic anomaly over NEA in the lower troposphere, consistent with the pattern in Figure 4b.



Then, it comes naturally to ask, what are the physical mechanisms of drought for Jul–Aug? To see whether the SSTA played a role, Figure 5a shows regressed Jul–Aug SSTA onto the YBPI. Associated with the Jul–Aug rainfall deficit, the eastern Indian Ocean, south China Sea, and Philippe Sea showed significant cooling. As shown in Figure 4a, the Jul–Aug rainfall deficit in the YRB was accompanied by cyclonic anomalies over these oceans. Therefore, the observed SST cooling may reflect an atmospheric force on the ocean, rather than the opposite. In other ocean basins, very limited significant signals were detected. Notably, SSTA in Jul–Aug 2022 featured a La Niña-like pattern (Figure 5b). To investigate the potential effects of La Niña events, the composite anomalies of SLP and wind vector at 850 hPa for 12 historical La Niña events (excluding 2022) are displayed in Figure 6a. In Jul–Aug, the La Niña-associated central Pacific cooling would favor the WNP anticyclone anomaly via the Gill-type Rossby wave response. Consequently, the southwesterly to the northwestern flank of the anticyclone would lead to a slight wet anomaly in the YRB region (Figure 6a). Therefore, the observed remarkable WNP anticyclone anomaly in Jul–Aug 2022 was possibly due to the La Niña forcing, but it was unable to explain the observed negative YRBP anomaly. In addition, the La Niña-associated 250 hPa wind and GPH anomalies were distinct from those in Jul–Aug 2022 (Figure 4d and Figure 6b), suggesting the La Niña event was also less likely to impact the observed YRBP in 2022 through modulating the EASJ anomaly.



Our further analysis demonstrated the mid-to-high latitude circulation anomalies over EA were due to Rossby wave patterns across the Eurasian continent. Figure 7a,b separately show the 250–hPa GPH anomalies and the corresponding WAFs for July and August 2022. Upstream Rossby wave energy propagation towards East Asia was seen in both months, but with different paths. In July, the WAFs originated from the anticyclone over central Asia, propagated northeastward to Lake Baikal, and then turned southeastward to central-eastern China. Several recent studies had attributed this pattern in July 2022 to the Rossby wave response to extremely high precipitation anomalies over India and Pakistan, which exerted an upper tropospheric anticyclone anomaly over central Asia [16]. In August, WAFs originated from the anomalous anticyclone in Europe. The wave energy first propagated southeastward to central Asia; then, it turned eastward and produced a strong anticyclone anomaly extending from northern China to central-eastern China. Afterwards, the WAFs turned northeastwards and caused cyclonic anomaly over NEA. Therefore, although upstream wave paths were different during these two months, they collectively caused the meridional dipole GPH anomaly pattern over East Asia and thus resulted in the changes in EASJ.




4.3. The Causes of Sep–Oct Drought


In this section, we compared the atmospheric circulation anomaly in 2022 with that associated with the typical dry YRBP anomalies in Sep–Oct. The regressed wind vector at 850 hPa and SLP against the negative YRBPI in Sep–Oct is depicted in Figure 8a. Associated with the Sep–Oct drought, large-scale low pressure and cyclonic anomalies appeared over the WNP. Specifically, a significant northerly extended from southeastern China to the Philippine Islands, unfavorable for moisture transport from tropical oceans to the YRB, thus causing negative rainfall anomalies. The observed 850 hPa wind and SLP anomaly in Sep–Oct 2022 is shown in Figure 8b, which was reasonably similar to the regression pattern given in Figure 8a. A strong cyclonic anomaly occurred over the WNP region. To its western flank, an evident northerly anomaly over southeastern China weakened the moisture transport from the tropical oceans. To reveal the effects of the northerly to the western flank of the WNP cyclone, a WNP meridional wind index (WNPVI) was defined as normalized 850 hPa meridional anomalies averaged over 10–25° N, 110–130° E, as shown in Figure 8e. The correlation coefficient between YBPI and WNPVI reaches 0.54 (p < 0.01); the WNPVI in Sep–Oct 2022 was −1.78, the lowest since 1979, demonstrating the northerly to the western flank of WNP cyclone played an important role in the YRB drought of Sep–Oct 2022. This was also consistent with several previous findings emphasizing the role of a WNP cyclone in triggering the autumn drought in the YRB region [29]. However, the impact from upper tropospheric circulation anomaly was relatively rigorous. The regressed pattern suggested dry anomaly over the YRB is associated with a large cyclonic anomaly over central-eastern China (Figure 8c). But in the dry event of Sep–Oct 2022 (Figure 8d), the central-eastern China was dominated by an anticyclonic anomaly, distinct with its historical perspective. The above analysis suggests that, unlike the drought in Jul–Aug 2022, the precipitation deficit in Sep–Oct was mainly attributed to a low-level cyclonic anomaly over the WNP region. Then, it comes naturally to ask what caused the low-level cyclone anomaly over the WNP region. Does it relate to SSTA, particularly the La Niña event?



To see the effects of SSTA, we show regressed Sep–Oct SSTA onto the YBPI in Figure 9a. Associated with rainfall deficit in Sep–Oct, the central Pacific showed significant warming, which was nearly opposite to the SSTA pattern in Sep–Oct 2022 that featured a La Niña-like pattern (Figure 9b). From the historical perspective, La Niña SSTA during Sep–Oct would induce an anticyclone anomaly located in the WNP (Figure 10a), while the South China Sea was occupied by a cyclonic anomaly. Such a circulation pattern induced a southeasterly anomaly towards central-eastern China, which led to a weak positive YRBP anomaly (Figure 10a). These results are consistent with a finding of Hu et al. [30]. We noted that in Sep–Oct 2022, the WNP was occupied by a giant cyclonic anomaly (Figure 8b), with an anomalous northerly and precipitation deficit observed in the YRB. These anomalies in Sep–Oct 2022 were also quite different from those of historical La Niña events, suggesting the La Niña event was less likely to cause the WNP cyclone and the YRBP deficit in Sep–Oct 2022. So why did the La Niña autumn of 2022 exhibit a cyclone anomaly rather than an anticyclone anomaly over the WNP? Further analysis suggested synoptic disturbances may play a role, particularly tropical cyclone (TC) activities. In order to explore the role of the TCs in the seasonal behavior of the WNP circulation pattern, the 61 days in Sep–Oct 2022 were classified into two groups. One was the TC group that consists of 35 days with TC activity across the WNP region. Here, the days with TC recorded that enter 10–25° N and 120–150° E during Sep–Oct 2022 were defined as TC-group days. The other was the non-TC group that consists of the remaining 26 days. Figure 11 shows the 850 hPa wind and SLP anomalies in the TC and non-TC groups. The wind and pressure pattern during TC days (Figure 11a) resembled the observed (Figure 8b) Sep–Oct mean anomaly pattern, featuring a giant WNP cyclone anomaly. Interestingly, during non-TC days (Figure 11b), a positive SLP anomaly occupied the WNP, and a southeasterly anomaly dominated central-eastern China; thus, the circulation pattern over the WNP quite resembled its historical La Niña counterparts. This indicated that when the TC days’ contributions were removed, the La Niña force still dominated the circulation pattern over the WNP for Sep–Oct 2022. Therefore, in Sep–Oct 2022, the frequent TCs might have caused the development of the anomalous cyclone over the WNP, which obscured the response of the atmospheric teleconnection to the La Niña force.




4.4. Real-Time CFSv2 Predictions


The real-time CFSv2 predictions initiated in May 2022 were displayed to examine the model predictability of this drought event. The ensemble mean (containing 124 members) of precipitation forecast failed to capture the observed severe Jul–Oct precipitation deficit in the YRB, as slightly positive rainfall anomalies appeared over most of the YRB region (Figure 12a). But it successively captured the rainfall anomalies from the tropical Indian Ocean to the tropical western Pacific (Figure 12a,c). In addition, the predicted rainfall pattern bore high resemblance to the composite La Niña rainfall pattern in tropical oceans, suggesting the ensemble mean pattern may largely reflect the effects of La Niña forcing. However, the large discrepancy between observation and model ensemble indicated that this YRB summer–autumn persistent drought was more likely caused by the atmospheric internal variability, while the SST anomalies, particularly the La Niña event, seemed not to play a key role. Interestingly, we noted that among the 124 members of the real-time forecasts of CFSv2 under the same boundary (SST) forcing, several ensemble members (e.g., member #69, Figure 12b) can well predict the YRB rainfall pattern (Figure 12c), while most of them cannot. This further demonstrated the YRB persistent drought in 2022 largely resulted from internal atmospheric dynamical processes with low predictability.



The above analysis demonstrated that the atmospheric circulation anomaly patterns responsible for drought in Jul–Aug and Sep–Oct of 2022 were distinct. In Jul–Aug, the pattern features an intensified and northward-shifted EASJ in the upper troposphere. In Sep–Oct, the pattern featured a WNP cyclone anomaly in the lower troposphere. We found the Jul–Aug EASJI and the Sep–Oct WNPVI show insignificant correlation in 1979–2021, suggesting these two key circulation anomalies in the two seasons may be physically independent. In addition, observational and model hindcast suggests external forcings (e.g., SST, sea ice) played a limited role in this drought, indicating these two key circulation patterns leading to drought are primarily internally generated. Therefore, the persistence of this drought was probably caused by the relay effects of these two circulation patterns by chance.





5. Summary and Discussion


In summer–autumn of 2022, the YRB experienced an extreme meteorological drought, with YRBP in Jul–Oct 2022 the lowest since 1979, which coincided with a triple-dip La Niña event. In this study, we investigated the physical mechanisms of such a prolonged drought from the perspective of external forcing and internal variabilities. Our analysis demonstrated that circulation patterns responsible for drought in Jul–Aug and Sep–Oct 2022 show remarkable differences, indicating the drought may have disparate attributions in Jul–Aug and Sep–Oct, which should be discussed separately.



In Jul–Aug 2022, the tropical circulation anomaly featured a WNP anticyclone anomaly, which was unable to explain the YRBP deficit. Instead, extra-tropical circulation anomalies played an essential role. Specifically, mid-to-high latitude circulation anomalies over EA featured an intensified and northward-shifted EASJ, which allowed for the northwestward shift of WPSH and thus suppressed the YRBP. The SSTA, particularly the La Niña-like pattern, was able to explain the presence of the WNP anticyclone anomaly but unable to explain the observed YRB drought. Further analysis suggested the mid-to-high latitude circulation anomalies that caused the drought originated from different atmospheric teleconnections across the Eurasian continent, which implied the roles of atmospheric internal dynamics.



In Sep–Oct 2022, the YRB drought was primarily attributed to a low-level cyclonic anomaly over the WNP, while the impact from the upper-tropospheric circulation anomaly was relatively rigorous. The La Niña SST pattern was unable to explain the observed WNP cyclone anomaly, as a WNP anticyclone anomaly exists in Sep–Oct of the historical La Niña years. It was found that the frequent TCs traveling across the WNP region may have contributed to the development of an anomalous WNP cyclone, which obscured the response of the atmospheric teleconnection to La Niña forcing, i.e., the WNP anticyclone anomaly. Model ensemble hindcasts from CFSv2 suggest atmospheric internal variabilities dominated the drought process, while the SSTA played a limited role.



Therefore, this extreme YRB meteorological drought was largely driven by the relay effects of different atmospheric internal variabilities in Jul–Aug and Sep–Oct, respectively, which showed limited model predictability and posed a great challenge for operational climate predictions. The present study highlights that the random relay of different climate factors can act to extend drought duration, which provides a new vision for understanding the drought of 2022. However, several aspects of the physical mechanisms are still not clear. On the one hand, previous studies pointed out that a close teleconnection exists between the YRBP and the convection activity over the Indo-Pacific warm pool, i.e., a negative YRBP anomaly usually corresponds to decreased convection over the Maritime Continent and enhanced convection over the Philippines [31,32]. However, during the YRB drought of 2022, an opposite convection pattern, i.e., wet Maritime Continent and dry Philippines, was observed. It is still unclear why this extreme drought event was uncoupled with Indo-Pacific convection patterns, which requires further investigation in the future. On the other hand, the present study primarily focuses on the causes of a persistent precipitation deficit in the drought processes of 2022. It is also worth noting that in summer–autumn 2022, the precipitation deficit co-occurred with a positive temperature anomaly, which would strengthen the severity of drought through increasing evaporation [33]. This implies a crucial role of the long-term warming trend in modulating the strength of YRB drought [34,35,36]. In future studies, through using large ensemble model simulations with anthropogenic forcing, the question of whether the concurrently dry and hot events analogous to the event in 2022 are likely to increase under global warming will be investigated.
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Figure 1. (a–d) show the spatial distributions of bi-monthly anomalous precipitation (units: mm/day) in May–June (May–Jun), July–August (Jul–Aug), September–October (Sep–Oct), and November–December (Nov–Dec) of 2022, respectively. (e) shows July–October (Jul–Oct) mean precipitation anomaly (units: mm/day). 
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Figure 2. Time series of the normalized YRBPI (averaged over 110–120° E and 25–32° N, as shown in the black box in Figure 1) from 1979 to 2022 for Jul–Aug (a), Sep–Oct (b), and Jul–Oct (c). 
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Figure 3. (a,b) are the mean field of the 500 hPa geopotential and 850 hPa wind in Jul–Aug and Sep–Oct of 2022, respectively; green contour denotes climatology 5880 gpm isoline. (c,d) show the observed 850 hPa specific humidity (shading, g kg−1) and 500 hPa vertical velocity (contour, −0.01 Pa s−1) anomalies in Jul–Aug and Sep–Oct of 2022. 
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Figure 4. (a) Regression map of sea level pressure (SLP) anomalies (shading, unit: hPa) and 850 hPa wind anomalies (vector, unit: m/s; only vectors with a u or v component significant at the 95% confidence level were plotted) against the negative YRBPI in Jul–Aug for the period of 1979–2022. (b) Spatial distribution of the sea level pressure anomalies (shading, unit: hPa) and 850 hPa wind anomalies (vector, unit: m/s) in Jul–Aug 2022. (c) Regression map of the 250 hPa geopotential height anomalies (shading, unit: gpm) and 250 hPa wind anomalies (vector, unit: m/s, only vectors with a u or v component significant at the 95% confidence level were plotted) against the negative YRBPI in Jul–Aug for the period of 1979–2022. Dotted areas denote the 95% confidence level based on the two tailed Student’s t test. (d) Spatial distribution of the 250 hPa geopotential height anomalies (shading, unit: gpm) and 250 hPa wind anomalies (vector, unit: m/s) in Jul–Aug 2022. (e) Normalized time series of YRBPI and EASJI in Jul–Aug. 
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Figure 5. (a) Regression map of SST (unit: °C) against the negative YRBPI in Jul–Aug for the period of 1979–2022. Dotted areas denote the 95% confidence level based on the two-tailed Student’s t test. (b) Spatial distribution of detrended SST (unit: °C) anomalies in Jul–Aug 2022. 
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Figure 6. (a) shows the composite of the precipitation anomalies (shading, unit: mm/day) and 850 hPa wind anomalies (vector, unit: m/s, only vector with u or v component significant at the 95% confidence level was plotted) of 12 historical La Niña events in Jul–Aug. (b) shows the composite of the 250 hPa GPH anomalies (shading, unit: gpm) and 250 hPa wind anomalies (vector, unit: m/s, only vector with u or v component significant at the 95% confidence level was plotted) of 12 historical La Niña events in Jul–Aug. 






Figure 6. (a) shows the composite of the precipitation anomalies (shading, unit: mm/day) and 850 hPa wind anomalies (vector, unit: m/s, only vector with u or v component significant at the 95% confidence level was plotted) of 12 historical La Niña events in Jul–Aug. (b) shows the composite of the 250 hPa GPH anomalies (shading, unit: gpm) and 250 hPa wind anomalies (vector, unit: m/s, only vector with u or v component significant at the 95% confidence level was plotted) of 12 historical La Niña events in Jul–Aug.



[image: Atmosphere 14 01402 g006]







[image: Atmosphere 14 01402 g007] 





Figure 7. 250 hPa GPH anomalies and the associate WAF for (a) July and (b) August, respectively; green line denotes the 20 m/s contour of climatology Asian westerly jet. 
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Figure 8. (a) Regression map of SLP anomalies (shading, unit: hPa) and 850 hPa wind anomalies (vector, unit: m/s, only vector with u or v component significant at the 95% confidence level was plotted) against the negative YRBPI in Sep–Oct for the period of 1979–2022. (b) Spatial distribution of the sea level pressure anomalies (shading, unit: hPa) and 850 hPa wind anomalies (vector, unit: m/s) in Sep–Oct 2022. (c) Regression map of the 250 hPa geopotential height anomalies (shading, unit: gpm) and 250 hPa wind anomalies (vector, unit: m/s, only vector with u or v component significant at the 95% confidence level was plotted) against the negative YRBPI in Sep–Oct for the period of 1979–2022. Dotted areas denote the 95% confidence level based on the two tailed Student’s t test. (d) Spatial distribution of the 250 hPa GPH anomalies (shading, unit: gpm) and 250 hPa wind anomalies (vector, unit: m/s) in Jul–Aug 2022. (e) Normalized time series of YBPI and WNPNI in Sep–Oct. 
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Figure 9. (a) Regression map of SST (unit: °C) against the negative YRBPI in Sep–Oct for the period of 1979–2022. Dotted areas denote the 95% confidence level based on the two-tailed Student’s t test. (b) Spatial distribution of SST (unit: °C) anomalies in Sep–Oct 2022. 
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Figure 10. (a) shows the composite of the precipitation anomalies (shading, unit: mm/day) and 850 hPa wind anomalies (vector, unit: m/s, only vector with u or v component significant at the 95% confidence level was plotted) of 12 historical La Niña events in Sep–Oct. (b) shows the composite of the 250 hPa geopotential height anomalies (shading, unit: gpm) and 250 hPa wind anomalies (vector, unit: m/s, only vector with u or v component significant at the 95% confidence level was plotted) of 12 historical La Niña events in Sep–Oct. 
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Figure 11. The composite of the sea level pressure anomalies (shading, unit: hPa) and 850 hPa wind anomalies (vector, unit: m/s) of 35 (26) days with (without) TC activity across the WNP region in Sep–Oct 2022, as shown in (a) and (b), respectively. Here, the days with TC record that enter 10–25° N and 120–150° E during Sep–Oct 2022 are defined as TC group days. 
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Figure 12. (a) shows CFSv2 real-time forecasts of precipitation anomalies (mm) in Jul–Oct 2022 with initial conditions in June 2022; the forecasts are 124-member ensemble mean. (b) shows forecast of precipitation anomalies (mm) in Jul–Oct 2022 from ensemble member #69. (c) shows the observed precipitation anomalies (mm) in Jul–Oct 2022. 
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