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Northeast China (NEC) is a major crop base in East Asia, and summer drought is one of the climate extremes that significantly influences NEC agricultural production. Therefore, understanding the response of NEC summer drought to global warming is of significance. In this study, based on observation and large-ensemble simulations of the Community Earth System Model (CESM-LE), the variabilities in summer extreme consecutive dry days (CDDs) over NEC are investigated in the present and future climate. In the observation, the NEC summer extreme CDDs showed an increasing trend during the past half century and experienced a significant interdecadal change around the middle 1990s, which is mainly due to the change in the anticyclone over Lake Baikal-Northeast Asia. The anticyclone-related anomalous downward motion and moisture divergence provided favorable conditions for increased summer CDDs over NEC. The CESM-LE multimember ensemble (MME) simulation could reproduce the change in NEC summer extreme CDDs and its related atmospheric circulations, indicating that the observed change in NEC summer extreme CDDs could be largely contributed by anthropogenic forcing. In the future warmer climate, the NEC summer extreme CDDs are projected to show interdecadal variability, which increase by approximately 6.7% in the early 21st century (2020–2030), then decrease by approximately 0.3% in the middle to late 21st century (2040–2080), and further increase by approximately 2.1% in the late 21st century (2085–2100). In addition, the projected changes in the anticyclone over Lake Baikal-Northeast Asia show a similar feature to that of the NEC summer extreme CDDs, which might further provide some confidence in the projection of the NEC summer extreme CDDs due to the physical connection between CDDs and anticyclone in the future.
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1 INTRODUCTION
Northeast China (NEC) is a major crop production base in China. Summer is the critical period of crop growth over NEC, and drought during this period significantly affects the agricultural production and ecosystem over this region, resulting in large economic losses. For instance, the Liaoning and Jilin Provinces of NEC suffered from severe summer drought in 2014, resulting in direct economic losses of over 13.5 billion RMB (Duan et al., 2014). In the summer of 2018, a severe drought occurred in Liaoning Province, with drought days exceeding 60 days in the western part of the province, resulting in more than 5000 square kilometers of farmland suffering from drought (Zhang Y. et al., 2018; http://news.cctv.com/2018/08/03/ARTIOnrBafkI0Lz3gTxqfkxV180803.shtml). Therefore, it is important to understand the summer drought variability over NEC in both present and future climate.
Previous studies on NEC summer drought have mainly focused on seasonal-mean precipitation variability and revealed several influencing factors, including the East Asian summer monsoon (Sun et al., 2007; Han et al., 2014; Zhang, 2015), spring Arctic sea ice concentration (Wu et al., 2009b; Li et al., 2018; Chen et al., 2022b), Eurasian snow cover (Wu et al., 2009a; Han et al., 2014; Zhang et al., 2016), El Niño-Southern Oscillation (ENSO; Han et al., 2017; Wang and Li, 2020; Liu et al., 2021), North Atlantic Oscillation (Sun and Wang, 2012; Du et al., 2020), soil moisture over the area south of Lake Baikal (Zeng et al., 2019).
The precipitation amount can be used to monitor and assess dry conditions on the monthly or seasonal timescale to some extent, but cannot adequately reflect the drought features on the daily timescale. As a common drought index, consecutive dry days (CDDs) can directly reflect the accumulated days of persistent precipitation deficit, a basic feature of drought, and has been widely used by researchers to investigate drought variabilities (e.g., Nastos and Zerefos, 2009; Nakaegawa et al., 2014; Kong et al., 2015; Ye and Fetzer, 2019; Zeng and Sun, 2021, 2022; Teshome et al., 2022). It is also one of 27 extreme climate indices recommended by the Expert Team on Climate Change Detection and Indices (ETCCDI; Alexander et al., 2006; Zhang et al., 2011). In terms of the summer CDDs over NEC, the spatial and temporal characteristics of maximum CDDs are the focus (e.g., Wang et al., 2011; Liang et al., 2016; Wang et al., 2017; Zhang et al., 2019). In climatology, the duration of maximum CDDs over NEC increased from the eastern to the western part and showed an increasing trend at almost all stations from 1961 to 2013 (Li et al., 2015; Liang et al., 2016). In addition to the summer maximum CDDs over NEC, the prolonged CDDs over NEC in wet season (May–September) exhibited an increasing trend from the 1960s to the 2010s, which is related to the change of a ridge over Northeast Asia (Lei and Duan, 2011; Kong et al., 2015). Zhang et al. (2019) showed that the occurrence of summer prolonged CDDs over northern China has exhibited a decadal increase since the 1990s, which is further associated with the anticyclone anomaly over Northeast Asia induced by Eurasian teleconnection pattern and Silk Road pattern.
Due to the importance of CDDs for agriculture and ecosystems, CDD variabilities over China in a warming climate have received attention (e.g., Zhou et al., 2014; Xu et al., 2018; Zhang and Zhou, 2019; Veiga and Yuan, 2021; Zhu et al., 2021; Xu et al., 2022). It has been reported that the maximum CDDs shows an overall decreasing trend over China in the 21st century, and the magnitude of the decrease varies during different periods in the future (Xu et al., 2015; Qin and Xie, 2016; Ai et al., 2022). For example, the annual maximum CDDs over China are projected to decrease under all representative concentration pathways (RCPs) by 2–3 days in the early 21st century, 3–4 days in the middle 21st century, and 4–6 days in the late 21st century (Xu et al., 2015). The spring maximum CDDs over China are projected to decrease by 1.5% in the early 21st century, 5.0% in the middle 21st century, and 3.5% in the late 21st century under the shared socioeconomic pathways (SSPs) low-forcing scenario (Ai et al., 2022). The aforementioned studies mainly focused on the projections of CDDs on the countrywide scale, and few studies have investigated the future changes in summer extreme CDDs over NEC and related atmospheric circulations. Since the projections of CDDs show large uncertainty in China (Li et al., 2016a; Chen et al., 2022a; Xu et al., 2022), the assessment of underlying physical processes associated with the changes in CDDs can further constrain CDDs projections and make the projections more reliable.
Therefore, this study aimed to investigate the characteristics of summer extreme CDDs over NEC in a warming climate using observation and Community Earth System Model Large Ensemble (CESM-LE, Kay et al., 2015) simulations. Furthermore, the physical processes responsible for the change in NEC summer extreme CDDs are explored to further refine confidence in the extreme CDDs projection. In the presence of internal climate variability, it is insufficient to use single realizations of climate models for comparison with observation and future prediction (Kay et al., 2015). The CESM-LE multimember ensemble (MME) simulations, which efficiently reduce the uncertainties from internal variability and represent the externally forced response, make the projection more reliable (e.g., Nath et al., 2018; Wang et al., 2019; Cao and Yin, 2020).
The paper is structured as follows. Section 2 introduces the observation and simulation data, and used methods in this study. Section 3 investigates the variability in NEC summer extreme CDDs and its related atmospheric circulations in observation. In Section 4, the performance of CESM-LE in capturing the observed change in NEC summer extreme CDDs and its related atmospheric circulations is first evaluated, and then future changes in NEC summer extreme CDDs are further projected based on CESM-LE simulations. Section 5 gives the discussion and conclusion.
2 DATA AND METHODS
The daily precipitation dataset at 699 stations in China is provided by the National Meteorological Information Center of China Meteorological Administration (http://data.cma.cn), which covers the 1960 to 2019. This dataset has been strictly quality controlled before release. The stations with missing values for more than 10% of any year or 1% of the whole period are excluded, and the remaining missing records are filled by their climatological value, which is consistent with previous studies (e.g., Sun and Ao, 2013; Hong et al., 2020; Zeng and Sun, 2021). Accordingly, a total of 96 stations over NEC (38°−54°N, 115°−135°E) are selected. The monthly atmospheric circulation dataset is derived from the Japanese 55-year Reanalysis Project (JRA-55), which has a horizontal resolution of 1.25°×1.25° and 37 vertical pressure levels and covers the period from 1958 to the present (Kobayashi et al., 2015). The atmospheric reanalysis data from European Center for Medium-Range Weather Forecasts Reanalysis 5 (ERA5; Hersbach et al., 2020) are also used. The two reanalysis datasets achieve consistent results, and only results of JRA-55 are shown. The variables analyzed in this study include the geopotential height, horizontal winds, vertical velocity, and specific humidity.
According to the definition of ETCCDI, a day with precipitation less than 1 mm is considered a dry day in both the observation and CESM-LE simulations. The duration of CDDs is defined as the number of consecutive dry days. Similar to previous studies (Kong et al., 2015; Zeng and Sun, 2022), the threshold of extreme CDD at a station is determined as the 90th percentile of the CDD duration in the summers during 1960–2019. Extreme CDDs are defined as CDDs with durations greater than the threshold.
The CESM-LE simulations are used in this study to evaluate and project the variabilities in summer extreme CDDs over NEC and its related atmospheric circulations. The CESM-LE simulations are performed using the fully coupled CESM version 1, which has a horizontal resolution of 0.9°×1.25° and 30 hybrid sigma pressure levels and covers the period of 1920–2100 (historical simulation for 1920–2005 and RCP 8.5 simulation for 2006–2100). The CESM-LE includes 35 ensemble members, and each member is subjected to identical external forcing but starts from slightly different atmospheric initial conditions; therefore, the ensemble spread is attributed to the internal climate variability. Such a design of the CESM-LE experiment enables the assessment of climate change in the presence of internal variability (Kay et al., 2015) and is widely used to investigate the influence of internally generated climate variability and externally forced responses in the climate change (e.g., Li J. et al., 2016; Merrifield et al., 2017; Bellomo et al., 2018; Nath et al., 2018; Zheng et al., 2018).
Summer refers June to August in this study. The statistical significance was estimated by the Student’s t-test. The moving t-test is applied to analyze the interdecadal change in the extreme CDDs and atmospheric circulations. The effective degree of freedom (Nd) is calculated using the following formula (Bretherton et al., 1999): 
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where N is the original sample size of the time series, [image: image] and [image: image] represent the lag one autocorrelation coefficients of the two time series, respectively.
3 CHANGE IN SUMMER EXTREME CDDS OVER NEC AND RELATED ATMOSPHERIC CIRCULATIONS IN OBSERVATION
Figure 1 displays the spatial distribution of the threshold of summer extreme CDDs and climatology of accumulated days of extreme CDDs (CDDA) over NEC during 1960−2019. Both the threshold and accumulated days generally increase from the eastern part to the western part of NEC. The low values are located in the southeastern part of Jilin Province, with a threshold below 7 days and accumulated days below 20 days. The high values are located in southwestern NEC, including southern Liaoning Province and parts of Inner Mongolia, with a threshold above 10 days and accumulated days above 26 days. Such a CDDA distribution is closely related to the climatology of summer precipitation over NEC. Large (small) precipitation amount and frequency are located over eastern (western) NEC (figure not shown), which is related to the impacts of the East Asian summer monsoon and Changbai Mountain topography (Sun et al., 2007; Zhang et al., 2010; Shen et al., 2011; He et al., 2020). The normalized time series of CDDA over NEC (CDDA index) shows an increasing trend during the past half century (Figure 2A). In addition, the CDDA index exhibits a significant interdecadal change around the middle 1990s, according to the 11-year and 13-year moving t-test. (Figure 2B). The consistent result obtained by moving t-test with two different window lengths indicates a robust interdecadal change of CDDA index around the middle 1990s. The regression of extreme CDDs against the CDDA index shows a spatial consistency, with a significant increase over most areas of NEC (Figure 2C). This result implies that droughts have significantly increased over NEC during the last two decades. In addition, it should also be noted that the linear trend of summer precipitation over NEC is negligible during 1960−2019 (Supplementary Figure S1), which suggests that the variability of summer extreme CDDs of NEC is different from that of summer precipitation; therefore, the existing understanding of summer precipitation does not explain well the variability of summer extreme CDDs of NEC.
[image: Figure 1]FIGURE 1 | (A) The spatial distribution of the threshold (unit: day) of the summer extreme CDDs over NEC during 1960−2019. (B) The climatology of accumulated days of the summer extreme CDDs (CDDA; unit: day) over NEC during 1960−2019.
[image: Figure 2]FIGURE 2 | (A) The normalized time series of the CDDA index (bar) and the corresponding 11-year running mean (line) during 1960−2019. (B) The moving t-test of the CDDA index during 1960−2019, with window lengths of 11-year (red line) and 13-year (blue line). The green (black) horizontal dashed lines indicate the 90% (95%) confidence level. (C) Regression of summer CDDA anomalies (unit: day) against the normalized CDDA index during 1960−2019. The solid dots indicate that the anomalies are significant at the 95% confidence level.
Furthermore, the physical processes responsible for the interdecadal change in the CDDA over NEC are investigated from the perspective of the climate. Figure 3 shows the regressions of the summer atmospheric circulation anomalies against the normalized CDDA index during 1960−2019. At 850 hPa, there is a significant anomalous anticyclone located in Lake Baikal-Northeast Asia, with anomalous westerlies (easterlies) along its north (south) flank (Figures 3A, B). Such an anomalous anticyclone could also be seen at mid- and high-levels, indicating a quasi-barotropic structure (Supplementary Figure S2). Corresponding to the anomalous anticyclone, significant downward motion and moisture divergence are observed over most areas of NEC (Figures 3C, D). Such atmospheric circulation anomalies provide favorable background conditions for CDDs over NEC. The above regressions are also carried out using the detrended data, and similar results are obtained (Supplementary Figure S3). The above analysis indicates that the anticyclone over Lake Baikal-Northeast Asia could be a key circulation system responsible for the change in summer extreme CDDs over NEC.
[image: Figure 3]FIGURE 3 | Regressions of summer anomalous (A) 850 hPa geopotential height (shading; unit: gpm) and horizontal wind (vector; unit: m s−1), (B) 850 hPa zonal wind (unit: m s−1), (C) 500 hPa vertical velocity (unit: 10–3 Pa s−1), and (D) moisture divergence vertically integrated from the surface to 850 hPa (unit: 10–5 kg m−2 s−1) against the normalized CDDA index during 1960−2019. Stippled regions and vectors indicate that the anomalies are significant at the 95% confidence level. The red boxes in (B) indicate the regions used to define the zonal wind index (ZWI).
Furthermore, the difference in 850 hPa zonal winds between 58°−65°N, 95°−140°E and 35°−42°N, 95°−140°E (boxes in Figure 3B) is defined as a zonal wind index (ZWI), which is used to represent the anticyclone variability. The correlation coefficient between the CDDA index and ZWI is 0.55 during 1960−2019, which is significant at the 99% confidence level. The normalized time series of ZWI also exhibits an increasing trend and a significant interdecadal change around the middle 1990s, based on the 11-year and 13-year moving t-test (Figure 4). This index analysis further indicates the close relationship between summer extreme CDDs over NEC and the anticyclone over Lake Baikal-Northeast Asia.
[image: Figure 4]FIGURE 4 | (A) The normalized time series of the ZWI (bar) and the corresponding 11-year running mean (line) during 1960−2019. (B) The moving t-test of the ZWI during 1960−2019, with window lengths of 11-year (red line) and 13-year (blue line). The green (black) horizontal dashed lines indicate the 90% (95%) confidence level.
4 CHANGE IN SUMMER EXTREME CDDS OVER NEC AND RELATED ATMOSPHERIC CIRCULATIONS IN CESM−LE IN THE PRESENT AND FUTURE CLIMATE
First, changes in summer extreme CDDs over NEC and the related atmospheric circulations are evaluated in CESM-LE simulations in the historical period of 1960–2019. When calculating the CDDA index in the CESM-LE simulations, the grids outside of Northeast China were excluded. The CESM-LE MME generally underestimates the threshold of summer extreme CDDs and climatology of CDDA, and the spatial distributions of the two are relatively uniform over the Northeast China (Supplementary Figure S4). The NEC area-averaged threshold of summer extreme CDDs is approximately 5 days, and the area-averaged climatology of CDDA is approximately 15 days in CESM-LE MME. As shown in Figure 5A, the CESM-LE MME captures the increasing trend and interdecadal change in the CDDA index in observation. The interdecadal change is somewhat earlier than the observation, with an abrupt shift from negative-phase to positive-phase approximately 1990, which is significant based on the moving t-test. The correlation coefficient between the CDDA index in observation and CESM-LE MME is 0.29 during 1960–2019, which is significant at the 95% confidence level. After removing the variability in the interannual time scale using the 11-year running mean, the correlation coefficient between the CDDA index in observation and CESM-LE MME increases to 0.80. This result suggests the capability of CESM-LE to reproduce the changes in CDDA in the observation, particularly the long-term changes.
[image: Figure 5]FIGURE 5 | The bars indicate normalized time series of (A) CDDA index in the CESM-LE MME and (B) ZWI-LE during 1960–2019. The lines indicate 11-year running mean for the corresponding time series.
Regressions of atmospheric circulation anomalies against the normalized CDDA index are performed using CESM-LE MME during 1960–2019 (Figure 6). An anomalous anticyclone could also be seen over Lake Baikal-Northeast Asia, accompanied by strengthened (weakened) westerlies along its northern (southern) edge (Figure 6A,B). It is also noticed that the simulated anticyclone is somewhat shifted eastward compared with observation, which is consistent with the eastward shift of the center location of CDDA anomalies over NEC in simulation (figure not shown). Nevertheless, in the simulation, corresponding to the anticyclone, there are also descending motion and moisture divergence over NEC, which favor the occurrence of CDDs over the region (Figure 6C,D). Similar results can also be obtained based on the detrended data (Supplementary Figure S5).
[image: Figure 6]FIGURE 6 | Regressions of summer anomalous (A) 850 hPa geopotential height (shading; unit: m) and horizontal wind (vector; unit: m s−1), (B) 850 hPa zonal wind (unit: m s−1), (C) 500 hPa vertical velocity (unit: 10–3 Pa s−1), and (D) moisture divergence vertically integrated from the surface to 850 hPa (unit: 10–5 kg m−2 s−1), against the normalized CDDA index in the CESM-LE MME during 1960−2019. Stippled regions and vectors indicate that the anomalies are significant at the 95% confidence level. The red boxes in (B) indicate the regions used to define the ZWI-LE.
Similar to the observation, a zonal wind index in CESM-LE (ZWI-LE) is defined as the difference in 850 hPa zonal wind between 48°−58°N, 115°−140°E and 30°−38°N, 108°−140°E (boxes in Figure 6B). The ZWI-LE is also calculated by slightly modified the regions and the result is not sensitive to the selection of the ZWI-LE region. The correlation coefficient between the CDDA index in CESM-LE MME and ZWI-LE is 0.44 during 1960–2019, which is significant at the 99% confidence level. The normalized ZWI-LE displays an increasing trend and a significant interdecadal change approximately 1990, consistent with that of the CDDA index in CESM-LE (Figure 5B). This result indicates that the anticyclone over Lake Baikal-Northeast Asia is also a key system responsible for the changes in NEC summer extreme CDDs in CESM-LE simulations, consistent with the results from observation. The above analysis implies that the changes in NEC summer extreme CDDs and its relationship with atmospheric circulations can be reproduced by the CESM-LE MME simulation, to a large extent. Therefore, it is reasonable to project the changes in NEC summer extreme CDDs in the future based on the CESM-LE simulations.
Figure 7A shows the changes in the CDDA index during 1960–2100 relative to the present climate (1960–2019, consist with the period of observation). The CDDA index shows obvious interdecadal variability during 1960–2100, with three significant interdecadal changes (Figure 7B). In the historical period, a significant interdecadal increase occurs approximately 1990, as mentioned above. The projected CDDA index increases in the early 21st century, then fluctuates around the zero line, and further increases in the late 21st century. There are two significant interdecadal changes around the early 2030s and middle 2080s. The CDDA is projected to increase by approximately 6.7% in the early 21st century (2020–2030). During the middle to late 21st century (2040–2080), CDDA remains at a similar level to the present climate, with a relatively small decrease of approximately 0.3%. In the late 21st century (2085–2100), CDDA is projected to increase by approximately 2.1%. This result indicates that the CDDA over NEC is projected to show interdecadal changes in the 21st century.
[image: Figure 7]FIGURE 7 | The blue lines indicate the (A) CDDA index in the CESM-LE MME and (C) ZWI-LE during 1960–2100 relative to the present climate (1960–2019). The shadings in (A,C) indicate the ensemble spread ranging from the 25th to 75th quantiles. The black lines indicate the 11-year running mean of the corresponding time series. The moving t-test of the (B) CDDA index in the CESM-LE MME and (D) ZWI-LE during 1960−2100, with window lengths of 11-year (red line) and 13-year (blue line). The black horizontal dashed lines indicate the 95% confidence level. The shadings in (B,D) indicate the period of significant interdecadal change.
The relationship between CDDA and atmospheric circulations is further examined during 2071–2100 in the CESM-LE MME. As shown in Figure 8, the anomalous anticyclone over Lake Baikal-Northeast Asia is also a key system, that is, related to the change in the CDDA of NEC by inducing downward motion and moisture divergence over NEC. This result means that the relationship between the CDDA and anticyclone over Lake Baikal-Northeast Asia is stable during the historical period and late 21st century in the CESM-LE simulations. Therefore, the change in the anomalous anticyclone over Lake Baikal-Northeast Asia is further examined during 1960–2100 to constrain the projection of the CDDA (Figure 7C). The ZWI-LE shows a similar feature to that of the CDDA index in the present and future warmer climates, at approximately 1990, the early 2030s and the middle 2080s (Figure 7D). This result might further provide some confidence in the CDDA projection by assessing the underlying physical processes.
[image: Figure 8]FIGURE 8 | Regressions of summer anomalous (A) 850 hPa geopotential height (shading; unit: m) and horizontal wind (vector; unit: m s–1), (B) 850 hPa zonal wind (unit: m s–1), (C) 500 hPa vertical velocity (unit: 10–3 Pa s–1), and (D) moisture divergence vertically integrated from the surface to 850 hPa (unit: 10–5 kg m–2 s–1), against the normalized CDDA index in the CESM-LE MME during 2071–2100. Stippled regions and vectors indicate that the anomalies are significant at the 95% confidence level.
5 DISCUSSION AND CONCLUSION
5.1 Discussion
In this study, the possible mechanisms responsible for the CDDA variability over NEC are investigated from the perspective of climate. On the seasonal timescale, the anticyclone-related moisture divergence and downward motion are unfavorable for precipitation, which provide favorable background conditions for the occurrence of CDDs. However, there are differences in the variability and influencing factors of precipitation amount and extreme CDDs. The correlation coefficient between NEC summer precipitation index and CDDA index is −0.69 during 1960−2019, explaining less than half of the total variance. In addition, although both the decreased summer precipitation and CDDA over NEC are related to an anomalous anticyclone over Lake Baikal-Northeast Asia, there are still differences in the intensity and significant scale of the anticyclone associated with the two indices of the NEC summer precipitation and CDDA (figure not shown). In addition, the CDDA is an extreme climate index, which is generally related to the frequency of precipitation; while the precipitation amount is related to both of frequency and intensity of precipitation. The differences in the influencing factors of extreme CDDs and precipitation amount might be related to the frequency and intensity of anticyclone-induced moisture and dynamic conditions, which cannot be well analyzed on the seasonal timescale. Therefore, to more deeply understand the different physical processes responsible for the NEC summer precipitation and extreme CDDs, analysis from the synoptic timescale is needed in the future.
Under a warming scenario, in which greenhouse gas concentrations continue to increase, extreme events of temperature and precipitation show an increasing trend over many regions of the world (e.g., Chen, 2013; Rajczak et al., 2013; Li et al., 2016b; Pohl et al., 2017; Xu et al., 2017; Qin et al., 2021). Previous studies have shown that the annual and seasonal average CDDs over China show a decreasing trend in the 21st century (e.g., Zhou et al., 2014; Xu et al., 2015; Wu et al., 2020; Ai et al., 2022; Xu et al., 2022). However, the results of this study indicate that the summer extreme CDDs over NEC does not show a linear trend in the future warmer climate but is projected to show interdecadal variability in the 21st century. This means that global warming could also enhance the interdecadal change in regional climate extremes, and thus the regional diversity of extreme events should be noted in the changing climate.
The MME simulation represents externally forced responses (e.g., Bellomo et al., 2018; Nath et al., 2018; Zheng et al., 2018; Wang et al., 2019; Cao and Yin, 2020). The similarity between observations and CESM-LE MME simulations in this study indicates that the change in summer extreme CDDs over NEC could be largely contributed by anthropogenic climate change. Additionally, the internal decadal variability could also influence the atmospheric anomalies over Lake Baikal-Northeast Asia (e.g., Zhu et al., 2016; Zhang Z. et al., 2018). The positive phase of AMO and negative phase of PDO can induce anticyclonic anomalies over Lake Baikal-Northeast Asia through exciting the Silk Road pattern over Eurasia and Pacific-East Asian teleconnection (Hong et al., 2017; Hong et al., 2020; Zhang et al., 2020; Yang et al., 2021). The Indian Ocean SST warming can also excite anomalous high pressure over Lake Baikal-Northeast Asia through inducing Pacific–Japan pattern (Chen et al., 2019, 2021). Therefore, to what extent the NEC summer extreme CDDs are influenced by external forcing needs to be detected and attributed in future studies. Additionally, previous studies revealed that the anthropogenic forcing has impact on the decadal variability in the climate system, such as the AMO (Booth et al., 2012; Qin et al., 2022), the PDO (Dong and Zhou, 2014), and Indian Ocean SST (Dong and McPhaden, 2017; Hua et al., 2022). These studies indicate that the anthropogenic forcing might lead to the decadal change in anticyclonic anomalies over Lake Baikal-Northeast Asia and NEC summer extreme CDDs, through affecting decadal variability in the aforementioned SST patterns. The detailed mechanism for the influence of the anthropogenic forcing on NEC summer extreme CDDs should be systematically studied in the future.
Internal climate variability has influences on the climate change projections, being an important source of uncertainty especially at regional and decadal scales (Hawkins and Sutton, 2009; Deser et al., 2014, 2020). The initial-condition large ensemble is therefore designed to quantify the forced response and internal variability in climate system, and the large ensemble mean makes the projection more reliable by efficiently reducing the uncertainties from internal variability (Kay et al., 2015; Nath et al., 2018; Wang et al., 2019; Deser et al., 2020). Currently, the CESM-LE has been widely used for climate change projections (e.g., Zhao et al., 2019; Cao and Yin, 2020; Nath and Luo, 2021). Our analysis show that the CESM-LE simulations can generally reproduce the observed variability in summer extreme CDDs over NEC and its-related atmospheric circulations during the historical period. The reasonable simulation of the present climate provides us with confidence that the CESM-LE MME could make a more reliable projection for the future change in NEC summer extreme CDDs. However, there is still a limitation of using only CESM-LE for projection, and further study needs to be performed using more model simulations in the future.
5.2 Conclusion
This study investigated the characteristics of summer extreme CDDs over NEC in the changing climate based on observation and CESM-LE simulations. The physical processes responsible for the change in extreme CDDs are further investigated. The changes in atmospheric circulations related to extreme CDDs are further assessed to constrain the projection of extreme CDDs.
In observation, the CDDA over NEC displays an increasing trend during 1960–2019, with a significant interdecadal change around the middle 1990s. The change in CDDA is closely related to an anomalous anticyclone over Lake Baikal-Northeast Asia, which induces downward motion and divergence of water vapor over NEC, providing favorable background conditions for the occurrence of CDDs over the region. Further analysis indicates that the anticyclone over Lake Baikal-Northeast Asia also experienced an interdecadal enhancement around the middle 1990s. The CESM-LE simulations perform well in reproducing the observed change in the CDDA of NEC and its relationship with large-scale atmospheric circulations.
Under the future warmer climate, the CDDA of NEC is projected to show interdecadal variability in the 21st century, with two significant changes around the early 2030s and middle 2080s. The CDDA is projected to increase by approximately 6.7% in the early 21st century (2020–2030). In the middle to late 21st century (2040–2080), the CDDA maintains a similar value to the present climate, with a slight decrease of approximately 0.3%. In the late 21st century (2085–2100), the CDDA is projected to increase by approximately 2.1%. Further analysis indicates that the relationship between the CDDA over NEC and atmospheric circulations could be stable in the present and 21st century in CESM-LE simulations. The projected anomalous anticyclone over Lake Baikal-Northeast Asia shows a similar feature to the CDDA over NEC, which might provide some confidence in the projection of summer extreme CDDs over NEC.
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