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Strong Eastern-Pacific type El Niño (EP-El Niño) events have significant impacts on the decaying-summer precipitation over East Asia (EA). It has been demonstrated that frequency of strong EP-El Niños will increase and associated precipitation will become more severe and complex under future high emission scenarios. In this study, using simulations of CMIP5 and CMIP6, changes of the summer precipitation pattern related to strong EP-El Niño during its decay phase and the possible mechanism as responding to high emission scenarios are examined. Precipitation anomaly patterns over EA of strong EP events show a large inter-model spread in historical simulations between the CMIP models where CMIP6 is not superior to CMIP5. Under high emission scenarios, changes of summer precipitation anomalies related to strong EP events tend to increase over the southern EA and decrease around the northern EA from CMIP5, while there is an overall increase in the whole EA from CMIP6. The common change is featured by the increase of precipitation over southeastern China under high emission scenarios. This could be mainly attributed to the anticyclonic circulation from the South China Sea to the western North Pacific as a delayed response to more frequent strong EP-El Niños, which favors an increase in water vapor fluxes converging into the southeastern China.
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1 INTRODUCTION
As a major factor of global warming, the change of CO2 concentration has received a number of attentions nowadays. IPCC AR5 pointed out that global mean surface air temperature (SAT) as well as sea surface temperature (SST) has been rising since industrialization, and the projected temperature tends to rise under future scenarios with different amplitudes of increases. The high temperatures and heat waves would become more severe under higher emission scenarios but with regional differences. The warmer air contains more water vapor according to the Clausius-Clapeyron equation, which would affect the global water cycle through the variation of moisture and the change of water vapor transport induced by the circulation anomaly (Richard and Brian, 2008; O’Gorman et al., 2010; Balcerak and Ernie, 2013).
In general, higher CO2 concentration tends to produce more global precipitation and regional extreme events. Compared with the representative concentration pathway (RCP) 4.5 experiment, the extreme precipitation may increase from 7 to 11% in the RCP8.5 experiment but varies with different areas and the certain areas tend to suffer from more floods or droughts (Lau et al., 2013; Li et al., 2018). It can be also projected that the precipitation variability tends to be more evident over China (Hu et al., 2017). Based on a set of SSP5-85 experiments from CMIP6, more summer precipitation tends to appear over most parts of South Asia, especially the semiarid regions (Almazroui et al., 2020). The summer precipitation anomaly over East Asia (EA) is closely connected with the location and intensity variation of the western Pacific subtropical high (WPSH), which can be further connected with synergic effects between Indian and tropical Pacific Oceans (Qian and Guan, 2018). The Hadley circulation is simulated to slightly northward expansion in response to high emission scenarios (Vallis et al., 2015), which may influence the shift of WPSH, as well as the circulation and precipitation anomalies at mid-high latitudes.
El Niño-Southern Oscillation (ENSO), as the most prominent mode of interannual climate variability in tropics, plays an important role in a series of anomalous climate events. Besides the effect on climate anomalies, ENSO has been well proved to generate extreme precipitation events (Gershunov, 1998; Cai et al., 2015). Although El Niño usually reaches its peak during wintertime and decays afterwards, SST anomaly signal can impact the precipitation anomaly in the following summer. Based on gauged data in China, the precipitation anomaly can be observed to increase over the Yangtze-Huaihe River valley during strong El Niño events in the following summer (Jin et al., 1999; Zhang et al., 1999; Wang and Feng, 2011). For example, following the strong El Niño events, the Yangtze-Huaihe River valley suffered from the catastrophic floods in the summer of 1998 and 2016.
Nitta (1987) and Huang and Li (1988) put forward an important atmospheric teleconnection pattern named Pacific-Japan (PJ) pattern or the East Asia-Pacific (EAP) teleconnection pattern, the associated convections around the Philippines and Japan are important to the eastern Asian climate. It has been proved that the positive phase of the EAP pattern is beneficial for the increasing number of typhoons that come to the land (Huang and Wang, 2010). Prior studies indicated that during strong El Niño events, the anomalous Walker circulation intensifies combined with the anomalous divergence over Maritime Continent (MC), which leads to the enhanced anticyclonic anomaly driven by the Gill-type response and also influences on WPSH (Qian and Guan, 2017). Climate variabilities induced by the regular and supper El Niño events tend to be nonlinear, which makes research more challenging. In general, the mechanisms behind the precipitation anomaly connected with the strong Eastern-Pacific type (EP) events could be complex and contributed to by many factors.
Several possible mechanisms have been proposed about how the El Niño events influence the Western North Pacific Anti-cyclone (WNPAC) and precipitation anomalies over East Asia. The anomalous anticyclone over Western North Pacific (WNP) has been widely seen to act as the critical bridge between climate anomaly over mid-latitudes and the tropical SSTA. Generally, El Niño can modulate the WNPAC during its decaying phase by impacting both the WNP local air-sea interactions through the wind-evaporation-SST feedback (Wang et al., 2000) and the remote effect from ENSO-associated moist enthalpy advection and Rossby wave (Wu et al., 2017). Besides, the El Niño-induced Indian Ocean (IO) anomaly might persist into the following summer and contribute to the maintenance of WNPAC, namely, the so-called IO capacitor effect (Yang et al., 2007; Xie et al., 2009). Moreover, recent studies proposed that in strong El Niño events, an ENSO combination mode can be derived from the nonlinear interactions between ENSO and the tropical seasonal cycle (Stuecker et al., 2013), which has been argued to play a critical role in the genesis and maintenance of WNPAC (Stuecker et al., 2015), thus contributing to the pronounced summer rainfall events in the Yangtze River basin (Zhang et al., 2016).
The ENSO could induce the global extreme weather through the nonlinear interactions from various atmospheric teleconnections. It has been proved that the change of SSTA over tropical Pacific Oceans has influence on the intensity and frequency of ENSO events. In response to higher emission scenarios, the SST would increase but with regional differences (Vecchi and Soden, 2007; Liu et al., 2017), and the walker circulation could be weakened, corresponding to the increase of SSTA for tropical Pacific, especially over the tropical eastern Pacific (EP) (Liu et al., 2005; Vecchi et al., 2006; Xie et al., 2010). It has been observed that the El Niño with the maximum warming over the eastern-equatorial Pacific, called Eastern-Pacific type El Niño (EP-El Niño), tends to be stronger than the other types. Furthermore, the EP-El Niño events show the more significant impact on the precipitation anomaly over EA, for example, the catastrophic floods in 1998 and 2016, it is valuable and necessary to figure out how the EP-El Niño events change in the future emission scenarios, and investigate the associated precipitation anomaly as well as the possible mechanisms. Further studies demonstrated that the variability of SSTA connected with EP-ENSO would increase in response to the higher emission levels, which leads to the more frequent EP-El Niño events (Cai et al., 2015; Cai et al., 2018). The recent study shows that the high CO2 concentration level could generate the most prominent SST warming over the eastern tropical Pacific, and the associated summer extreme precipitation tends to increase over the south EA (Huang et al., 2021). According to the to the Clausius-Clapeyron relationship, saturation vapor pressure increases nearly exponentially with increasing temperature, therefore, the increased water vapor responding to the temperature variability is larger under a warmer climate, and thus the cataclysmic events connected with ENSO would occur more frequently with rising CO2 concentration (Hu et al., 2021). However, the interactions between the extreme events and ENSO remain as an open question due to the larger inter-model uncertainty as the model simulations show (Cai et al., 2015).
Since the precipitation anomaly over East Asia is contributed to by various of physical mechanisms, combined with the lack of research into physical processes, the model simulations for the precipitation over EA as well as the relevant circulation anomalies, especially during summertime, are still imperfect (He and Zhou, 2014). For the future scenarios, the uncertainties from the emission levels and climate models act as important resources of future simulation uncertainty (Sun and Ding, 2010). The lasted CMIP6 can produce the models with higher resolution and is designed with the improved dynamical processes, including the improved parameterizations for cloud microphysical processes and the better design of physical processes in the earth system such as biogeochemical cycles and ice sheets, furthermore, a set of new Shared Socioeconomic Pathways (SSPs) emission scenarios are applied in CMIP6 (Eyring et al., 2019). In this study, the model performance for the summer precipitation anomaly over EA during strong EP events from CMIP5 and CMIP6 are estimated, and based on the representative models, the changes of precipitation anomaly during strong EP events in response to different emission scenarios, as well as the possible mechanisms behind the changes of precipitation anomaly in response to high emission scenarios are investigated.
2 MODELS AND EXPERIMENTS
The models used in this study are from CMIP5 and CMIP6. For CMIP5, we applied the monthly outputs from 27 model simulations, and 20 models are used for CMIP6 (Table 1). For both of CMIP5 and CMIP6, the historical experiments are applied as a control run. Note that the experimental designs for the historical experiments are different for the two datasets, which may lead to the inconsistent results (Nie et al., 2019). For the future emission scenario, a set of Representative Concentration Pathway (RCP) experiments are applied in CMIP5, specifically, they are RCP2.6, RCP4.5, and RCP8.5 experiments, representing the low, moderate, and the extreme emission scenario, respectively. For CMIP6, a set of Shared Socioeconomic Path (SSP) experiments are used in this study. The SSPs describe the future socioeconomic development without the interventions of climate change or climate policies and is combined with the different radiative forcings which are similar to CMIP5 (O’Neill et al., 2016). The different emission experiments are SSP1-26, SSP2-45, and SSP5-85, respectively, representing the low, medium, and high level of CO2 concentrations. As the previous studies show, the model simulations are imperfect for the results of precipitation over EA, especially during summertime, CMIP6 generally produces the models with finer resolution and the better dynamical processes.
TABLE 1 | The models applied in this study.
[image: Table 1]3 METHODS
It has been observed that the strong EP-El Niño produce the anomalous precipitation around the Yangtze-Huaihe River Valley (YHRV) in the following summer, while it is usually hard to capture the features of precipitation anomalies over EA well in the models, especially in the following summer. To start with, the model simulations for precipitation anomaly during strong EP-El Niño events are estimated by comparing with the observational results, and the results for only the well-performed models are considered. The spatial correlation coefficient for domain (22–35°N, 112–122°E) and the root mean square error (RMSE) over the region (27–30°N, 112–118°E) between model simulations in the historical experiment and the observational results are calculated.
The Nino3 index can be used to effectively identify EP events, it is defined as the standardized regional averaged winter (DJF) SSTA over the Nino3 region: 90°W-150°W, 5°N-5°S. Since the background climate state would be significantly influenced by different emission scenarios, especially at high CO2 level, the Nino3 index for both CMIP5 and CMIP6 are quadratically de-trended to remove the impact from the distinct emission scenarios. The strong EP event is defined as the year the Nino3 index is greater than 1.5 standard deviation.
In reference to Huang et al. (2006), the East Asia-Pacific (EAP) teleconnection index is defined as:
[image: image]
Where U′ represents the standardized zonal wind anomaly at 850 hPa, and A is the regional average for domain (10–20°N, 150–130°W), B represents domain (27.5–35°N, 120–150°E), and C is for (45–52.5°N, 130–160°E).
The different terms in moisture budget can contribute to the distinction of precipitation anomalies. The moisture tendency equation can be written as:
[image: image]
Where q represents the specific humidity, V is the horizontal wind vector, p stands for the pressure, ω denotes the vertical pressure velocity, L and Q represent the latent heat of condensation and the atmospheric apparent moisture sink, respectively. The [image: image] represents specific humidity tendency, on the right side of the equation, [image: image] is the horizontal advection of specific humidity, and [image: image] represents the vertical transport of moisture. In response to high CO2 concentration during strong EP events, the water vapor transport could be influenced by the change of climate state, or the anomaly induced by ENSO events, therefore each term on the right side of the equation can be decomposed into the influences relevant to the climate change between historical and high emission scenarios and the anomaly during strong EP events. The horizontal and vertical terms in Eq. 1) can be decomposed as:
[image: image]
Specifically, for both of the horizontal and vertical moisture transports, the first terms ([image: image] and [image: image], where [image: image] represents the increment) represent the contributions from the change of circulation anomaly (u, v, and [image: image] wind) during strong EP events (()E) between RCP8.5 (()f) and historical experiments (()p) and the water vapor for historical state, the second terms ([image: image] and [image: image]) are for the combination of circulation anomaly during strong EP events in historical experiment and the moisture change responding to RCP8.5 experiment. The third terms ([image: image] and [image: image]) stand for the combination for the change of circulation anomaly during strong EP events and the water vapor change for climate state. The fourth terms ([image: image] and [image: image]) represent the combination of the effects from circulation in historical experiment and the change of moisture anomaly in RCP8.5 experiment during strong EP events. The fifth terms ([image: image] and [image: image]) are the combination of the circulation change for climate state and the moisture anomaly during strong EP events in the historical experiment. As for the last terms ([image: image] and [image: image]), they represent the circulation change for climate mean state in two experiments and the change of moisture anomaly during strong EP events under the high emission scenario.
4 THE PRECIPITATION ANOMALY DURING STRONG EP EVENTS
4.1 The Model Performance for the Precipitation Anomalies in CMIP5 and CMIP6
During the historical experiment, the features of precipitation anomalies are quite inconsistent with the observations as most of the model results depict (Figure 1). In reference to the model selection criteria, the models with the spatial correlation coefficient greater than 0.4 and RMSE less than 2.0 are chosen as the representative models for CMIP5. As for the CMIP6, the simulation results show the larger contrasting precipitation anomaly compared with observation (Figure 2), to guarantee the representation of the selected models, the criteria are adjusted slightly. The spatial correlation coefficient greater than 0.4 and RMSE less than 2.0 are chosen as the representative models for CMIP6. For both datasets, there are 5 models selected as the representative models as Table 2 shows.
[image: Figure 1]FIGURE 1 | The distributions of precipitation anomaly (mm/day) during strong EP events in the following summer over East Asia for the historical experiments in CMIP5 models, their MME and corresponding observation.
[image: Figure 2]FIGURE 2 | Same as Figure 1, but for the CMIP6 models.
TABLE 2 | The selected representative models.
[image: Table 2]It has been demonstrated that the CMIP6 models have the relatively higher capability in producing the climate variabilities over mid and high latitudes of Asia than CMIP5 models, while there seems to be no substantial improvement for summer precipitation anomaly during strong EP events over East Asia in CMIP6. Although the higher resolution and the improved physical process are designed in CMIP6, the slightly different external forcings could lead to the inconsistent results between CMIP5 and CMIP6. Specifically, the variation of the distribution for the greenhouse gas (GHG) concentration in CMIP6 is different from CMIP5 (Meinshausen et al., 2017), furthermore, the model simulations in CMIP6 exhibit the higher sensitivity to GHG compared with CMIP5. Although the higher climate sensitivity in CMIP6 could improve the capacity for the extreme events, it may also cause the large biases and the inter-model uncertainty as the precipitation anomalies during strong EP events show (Nie et al., 2019; Almazroui et al., 2020). Here we should also notice that the future emission scenarios are different for CMIP5 and CMIP6, for example, in CMIP6 the influence from SSPs should also be considered, which could contribute to the large uncertainty for CMIP6. As the model performance in CMIP5 is generally better than CMIP6 for the precipitation anomaly during strong EP events, we mainly focus on the results from CMIP5 in this study.
4.2 The Changes of Precipitation Anomaly in Response to Different Emission Scenarios
The change of precipitation anomaly can be examined by taking the difference between the precipitation anomaly for the future emission scenario and historical experiments. For the three CO2 levels, the changes of the precipitation anomaly exhibit the dipole pattern with negative values over the Northern East Asia (NEA) and positive values over the Southern East Asia (SEA) for CMIP5, while it is obvious that the changes for the three emission levels show quite contrasting results in CMIP6 (Figure 3).
[image: Figure 3]FIGURE 3 | The changes for the precipitation anomalies (mm/day) during strong EP events in the following summer for the different RCPs experiments in CMIP5 (A. RCP2.6, B. RCP4.5, C. RCP8.5) and SSPs experiments in CMIP6 (D. SSP1-26, E. SSP2-45, F. SSP5-85).
It has been proved that the frequency of strong EP events tends to grow under higher emission scenarios. Here we further investigate the changes of strong EP events as well as the precipitation anomalies in response to different emission scenarios. To estimate the changes of precipitation anomaly quantitatively, the regional mean values over NEA and SEA are calculated, and the features of frequency and intensity for the strong EP events are estimated. As Figure 4 shows, the frequency and intensity for the strong EP events increase with the higher emission scenarios, and both show the most significant increase responding to RCP8.5 experiment in CMIP5, while the feature of increase of strong EP events with higher emission can hardly be seen in CMIP6. Despite that the trend features are not significant over SEA for the two datasets, the precipitation anomaly increases most significantly in response to RCP8.5 experiment in CMIP5. For NEA, the large discrepancy exists between CMIP5 and CMIP6. In general, the precipitation anomalies decrease for the three CO2 emission levels in CMIP5, while the results for CMIP6 depict the positive values, and we can also notice that the precipitation anomaly decreases with the higher CO2 levels regardless the noticeable bias exists between the two datasets. Taking the model performance into account, we can infer that the change of precipitation anomaly tends to be more remarkable with rising emission concentrations.
[image: Figure 4]FIGURE 4 | The changes of the intensities (A,B) and frequencies (C,D) for strong EP events, and the precipitation anomalies over southern East Asia (22–26°N, 115–120°E) and northern East Asia (28–32°N, 112–120°E) (E,F) responding to the different emission scenarios in CMIP5 and CMIP6.
During strong EP events in response to the highest CO2 level, the multi-model ensemble mean from CMIP5 produces the significant anomalous precipitation over SEA and the anomalous decrease exits around NEA, and we can see that the rainfall belt shifts southward compared with the historical result (Figure 5). The CMIP6 shows the wide range of inter-model uncertainty, for multi-model ensemble mean, the precipitation anomaly increases over the south and east of EA, and the dipole pattern shown in CMIP5 is not significant (Figure 6).
[image: Figure 5]FIGURE 5 | The changes of the precipitation anomaly (mm/day) during strong EP events in the following summer between the RCP8.5 and historical experiments for CMIP5 (RCP8.5-historical, the yellow curve is constituted with the maximum precipitation anomaly during strong EP events in historical experiment).
[image: Figure 6]FIGURE 6 | The changes of the precipitation anomaly (mm/day) during strong EP events in the following summer between the SSP5-85 and historical experiments for CMIP6 (SSP5-85-historical, the yellow curve is constituted with the maximum precipitation anomaly during strong EP events in historical experiment).
5 THE POSSIBLE MECHANISMS BEHIND THE CHANGES OF PRECIPITATION ANOMALY IN RESPONSE TO HIGH EMISSION SCENARIO DURING STRONG EP EVENTS
5.1 The Changes of the Relevant Circulation Anomaly
The reasons leading to the precipitation anomaly over EA is complex, and the change of East Asia summer monsoon (EASM) is crucial and needs to be taken into concentration. Under high emission scenario, the change of 850 hPa wind anomaly exhibited a tripolar pattern over EA, with the cyclonic circulation anomaly over SEA and an anticyclonic change around Bohai Sea, and a cyclonic anomaly to the north in CMIP5 Figure 7A). We can see that the change pattern is similar to the circulation anomaly connected with East Asia-Pacific (EAP) teleconnection. According to Huang et al. (2006), the EAP index (EAPI) is calculated to further estimate the change of EAP. In CMIP5, the change of EAPI is 0.56; that is to say, the EAP shows the positive pattern in response to RCP8.5 experiment during strong EP events. It has been pointed out that the positive phase of EAP tends to enhance the convection over the south of EA and produce the increase of precipitation around the southern and northern East Asia while decreasing the precipitation in the middle region (Huang et al., 1988; Xiao et al., 2002), which is consistent with the change of precipitation anomaly responding to RCP8.5 experiment as the results show. As we can see that the change of precipitation anomalies is inconsistent between CMIP5 and CMIP6, the corresponding change of 850 hPa wind anomalies also shows the large discrepancy, where the cyclonic anomaly prevails over the East Asia land areas in CMIP6. In CMIP5, the change of 850 hPa moisture flux anomaly exhibits the negative value over SEA, and it decreases around the Yangtze-Huaihe River valley, which is beneficial to increased rainfall over SEA (Figure 8A). It can be inferred that the precipitation could increase over the SEA since both CMIP5 and CMIP6 produce the circulation anomalies which are beneficial to the increased precipitation anomaly over the SEA, while the relatively large inconsistence is depicted around the NEA.
[image: Figure 7]FIGURE 7 | The changes of the 850 hPa U, V wind anomaly (m/s) during strong EP events in the following summer for CMIP5 (A. RCP8.5-historical) and CMIP6 (B. SSP5-85-historical) MME results, with the red vectors exceeding the 95% confidence level. Letters “A” and “C” represent the changes of anticyclone anomaly and cyclone anomaly, respectively.
[image: Figure 8]FIGURE 8 | The changes of the 850 hPa moisture flux divergence anomaly (shadings, g/(m2 · s)) and moisture transport anomaly (vectors) during strong EP events in the following summer for CMIP5 (A. RCP8.5-historical) and CMIP6 (B. SSP5-85-historical) MME results.
The intensity and location of western Pacific subtropical highs (WPSH) are crucial for the location as well as the intensity of precipitation anomalies over EA in summer. Since the high emission scenario has a noticeable impact on the air temperature, as well as the geopotential height, here the change of 500 hPa stream function anomaly is investigated to figure out the change of WPSH. As Figure 9A shows, in CMIP5, the positive center of the stream function is located over the south of EA in historical experiment, which reflects the southward shift of WPSH as well as the rainfall center during strong EP events. In response to the RCP8.5 experiment, the positive center appears around The Philippines, it can be inferred that the southward shift of the precipitation anomaly is contributed to by the change of WPSH. While in CMIP6, the increasing CO2 seems to have no significant effect on the shift of the WPSH anomaly. Owning to the amount of heat transport, the change of SSTA is crucial for the change of convection and the connected circulations, especially over the tropical regions. The prevailing decrease of SSTA shows over the most parts of tropical Pacific Ocean as CMIP5 shows (Figure 9G), and may weaken the convection over the tropical regions, as well as the downdraft around the Philippines. Since the mechanisms associated with the change of WNPAC have been explained by various previous studies, the change of WNPAC as a result of both CMIP5 and CMIP6 can generate the change of precipitation anomaly over EA. It has been proved that the high emission scenario would lead to more frequent strong EP events; that is to say, the increased SSTA emerges over the eastern tropical Pacific in winter, while the SSTA decreases during the following summer. It has been confirmed that compared with the regular EP events, the SSTA in the equatorial central and eastern Pacific increases more significantly and lasts even longer during strong EP events (Lei and Xu. 2016), and the projected faster mean warming over the Maritime Continent (MC) than the central Pacific as well as the increased frequency of extreme El Niño events are conducive to the development of the extreme La Nina events (Cai et al., 2015). Although a large discrepancy is shown between CMIP5 and CMIP6, we can also see the decrease of SSTA in most parts of tropical Pacific Oceans as Figure 9 depicts. The outgoing long-wave radiation (OLR) anomaly at the top of the atmosphere can reflect the state of convection. In CMIP5, the change of OLR increases over most parts of the tropical Pacific Ocean, while it decreases around the Philippines. Furthermore, we can see that the vertical velocity at 500 hPa is enhanced enhances over SEA; that is to say, the convection enhances over the most parts of SEA, and is favorable for the positive precipitation anomaly around this area. In CMIP6, the change of convection is not remarkable leading to the inconsistence between the two datasets. As the difference of precipitation anomaly during strong EP events between CMIP6 and the observational result is large, we mainly focus on the results from CMIP5 in this study. It can be inferred that the decrease of SSTA over the tropical Pacific Ocean weakens the convection in the tropics, and on the other hand, the downdraft also weakens in the subtropical regions. To further estimate the change of vertical motion anomaly from the tropical to subtropical areas, the change of zonal mean vertical wind anomaly is investigated. Under high emission scenarios, the updraft wind over the tropical regions and the downdraft in the subtropics weaken as expected. Here the meridional mean of vertical wind over 10–20°N is also calculated, and the result shows the intensified updraft in the subtropical regions, which is probably caused by the weakened circulation anomaly in the tropical regions connected with the decrease of SSTA (Figure 10).
[image: Figure 9]FIGURE 9 | The changes of the 850 hPa stream function anomaly (kg/s), the 500 hPa vertical velocity anomaly (kg/s), the OLR anomaly (W/m2), and the SSTA (D, °C) during strong EP events in the following summer for CMIP5 (A, C, E, G. RCP8.5-historical) and CMIP6 (B, D, F, H. SSP5-85-historical) MME results.
[image: Figure 10]FIGURE 10 | The changes of the (A) zonal mean (120–180°E) and (B) meridional mean (10–20°N) vertical wind anomaly (m/s) during strong EP events in the following summer (vectors are for the changes of wind anomaly, and the shadings are for the anomalies in historical experiment).
5.2 The Changes of the Moisture Budget
In reference to the section of methods, the water vapor transports contributed to the formation of precipitation are analyzed. Figure 11 shows the vertically integrated moisture budget from 1000 to 500 hPa for each term in CMIP5. We can see that the first and fourth terms exhibit the relatively more remarkable contribution. The first term has the significant effect on the negative contribution for most parts of land regions, and the fourth term plays an important role in the positive contribution of precipitation. The regional mean values over SEA and NEA are calculated to estimate each term quantitatively (Figure 12). As the results show, the combination effect from the horizontal circulation in the historical experiment and the change of moisture anomaly between two experiments could lead to the increased precipitation over SEA, while the term combined with the change of horizontal circulation anomaly and the water vapor for historical state may contribute to the negative moisture transport for NEA. It can be inferred that in the following summer, the change of moisture anomaly or the thermal effect is more crucial for the formation of precipitation anomalies over SEA.
[image: Figure 11]FIGURE 11 | The MME changes of the moisture budget for different terms (A) [image: image], (B) [image: image], (C) [image: image], (D) [image: image], (E) [image: image], (F) [image: image], (G) [image: image], (H) [image: image], (I) [image: image], (J) [image: image], (K) [image: image], (L) [image: image].
[image: Figure 12]FIGURE 12 | The regional averaged moisture budget for each term (adv1-1, [image: image], adv1-2, [image: image], adv1-3, [image: image], adv2-1- [image: image], adv2-2, [image: image], adv2-3, [image: image], ver1-1, [image: image], ver1-2, [image: image], ver1-3, [image: image], ver2-1, [image: image], ver2-2, [image: image], ver3-2, [image: image]) over SEA (A) and NEA (B) in CMIP5 for the following summer.
6 SUMMARY AND DISCUSSIONS
The CO2 concentration is observed to rise since the industrialization began. The increase of CO2 concentration not only leads to global warming but possibly has an impact on climate variability. The precipitation anomaly over EA is proved to be influenced by various factors and is a challenging issue. EP events have a significant impact on the precipitation anomaly over EA, therefore it is necessary to investigate the precipitation anomaly associated with the EP events responding to the future emission scenarios. It has been observed that the frequency and intensity of strong EP events tend to increase under future high emission scenarios, and the associated precipitation anomaly would become more severe and complex in the following summer. Based on a set of RCPs and SSPs experiments from CMIP5 and CMIP6, the precipitation anomaly pattern related to strong EP events during its decay phase and the possible mechanism were explored, the results in this study can be concluded as follows:
The model simulations for the precipitation anomaly during strong EP events in the following summer show the relatively large inconsistencies between the observational result and historical experiment in CMIP5 and CMIP6. In general, the result for CMIP6 could be not as satisfying as CMIP5. Although the improvements of model resolution and dynamical process have been added to CMIP6, the higher climate sensitivity in CMIP6 could also cause the large biases and the inter-model uncertainty, especially over East Asia as the results show, where the precipitation anomaly is influenced by various factors. The models available for CMIP5 and CMIP6 are considered in this study. However, considering that the experimental designs are inconsistent for CMIP5 and CMIP6, in addition, the model capacities for both CMIP5 and CMIP6 were estimated, and the well-performed models are different in CMIP5 and CMIP6. The representative models should give the more precise results, therefore the selected models are different between two datasets, though the different models may lead to different results.
The frequency of strong EP events and the change of precipitation anomalies over SEA tend to increase with higher CO2 concentrations. In response to high emission scenarios, the precipitation anomaly associated with the strong EP events increases over SEA while it decreases around NEA in the following summer, and the anomalous precipitation moves southward compared with the historical experiment as shown in CMIP5. The results for CMIP6 show the large inter-model uncertainty but the positive precipitation anomaly can also be seen in SEA.
During strong EP events in the following summer, the 850 hPa wind shows the cyclonic anomaly over SEA, and the positive EAP pattern is also beneficial to the anomalous precipitation over SEA and the anomalous decrease in precipitation in NEA as the change of precipitation anomaly shows. The possible connections between El Niño and the anticyclone anomaly around The Philippines have been discussed from the previous studies, and the WNPAC is demonstrated to be crucial for the precipitation anomaly in East-Asian regions (Zhang et al., 1999; Wang et al., 2000; Xie et al., 2009). It is worth noting that for both CMIP5 and CMIP6, the SSTA depicts the remarkable negative value over most parts of tropical Pacific Ocean areas, which could be related to the weakened convection in the tropics and the downdraft around subtropical regions, leading to the southward shift to WPSH as well as the precipitation anomaly in the following summer as the results in CMIP5 and CMIP6 show. The change of moisture budget indicates the important contribution of the thermal effect on the increase of precipitation anomaly over SEA, and the change of circulation anomaly is unfavorable for the formation of precipitation in NEA.
It is obvious that the large uncertainty exists over the model simulations in CMIP6, for both the change of precipitation anomaly and the connected mechanisms, also, the model capacity for the precipitation anomaly during strong EP events seems to be no improvement for CMIP6. However, there is a possibility that the results may be produced more exactly with experimental design for CMIP6, since the CMIP6 take the different shared economic paths with distinct economic developments into account, which could produce the more comprehensive results, while the uncertainty of future emission and the multifactorial assessment could also drive the large inter-model spread as the results show. It can also be noticed that during strong EP events in the following summer the SSTA decreases over most parts of tropical Pacific Ocean, especially over the eastern equatorial Pacific. It is pointed out that the increased frequency of extreme El Niño events is in turn conducive to the occurrence of extreme La Nina events. This can be understood as the process of the shoaling tropical Pacific thermocline following the extreme El Niño, which increases the upper ocean vertical temperature gradient and produces the stronger discharged state, and is favorable for the increased frequency of extreme La Nina (Jin, 1997; Cai et al., 2015). However, owing to the complex physical mechanisms and the imperfect model simulations, the connected reasons still need further study.
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