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Based on the 20 years of ensemble hindcast data, we evaluated the performance of the new version climate prediction system developed by the China Meteorological Administration (CMA CPSv3) on the Asian summer monsoon (ASM) seasonal prediction in this study. Many major features of the ASM are well predicted by CPSv3, including the intensity and location of the heavy precipitation centers, large-scale monsoon circulations, monsoon onset, and the interannual variation of dynamical monsoon indices. The model captures realistically interannual variability of the summer western North Pacific subtropical high (WNPSH) and is highly skillful for the WNPSH index. Compared with its predecessor, the prediction skill of summer precipitation over Asia in CPSv3 is obviously improved, especially over eastern China. The improvement mainly benefits from skillful predictions of the tropical Pacific Ocean and tropical Indian Ocean sea surface temperatures and ocean–atmosphere coupling associated with them.
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INTRODUCTION
The Asian summer monsoon (ASM) rainfall anomalies affect agriculture, transportation, electricity, drinking water, and people’s lives and health of the Asian monsoon region where more than half of the global population lives. It also affects the global climate and weather and brings floods, droughts, and other climate extreme events to areas outside the monsoon region by teleconnections. Therefore, it is crucial to give an accurate prediction of the ASM.
The prediction of the monsoon has a long history (Blanford, 1884; Walker, 1923;Walker, 1924). Dynamical predictions of the ASM have shown significant advancements in recent decades. Charney and Shukla (1981) gave a scientific basis for the prediction of monsoon using an atmospheric general circulation model (AGCM) forced by prescribed lower boundary forcing. Bengtsson et al. (1993) proposed a two-tier approach in which sea surface temperature (SST) was first predicted by coupled models, and then, atmospheric anomalies were predicted by an AGCM forced by the predicted SST. However, the simulation of ASM in the Atmospheric Model Intercomparison Project (AMIP) indicated that the atmosphere-alone model exhibits noticeable deficiencies due to the lack of air–sea interaction, which is especially important for the ASM (Kang et al., 2002; Wang et al., 2004; Wang et al., 2005; Wu and Kirtman, 2005; Zhou et al., 2009). In recent years, coupled atmosphere–land–ocean models have been used in dynamical seasonal prediction and have shown overall better performance for the ASM prediction (Palmer, 2004; Saha et al., 2006; Kug et al., 2008; Kumar and Krishnamurti, 2012; Zhu and Shukla, 2013).
Although there have been encouraging advances in monsoon predictions using coupled climate system models, it is still highly limited by many factors such as model resolution, physics and dynamics, ensemble prediction methods, and initial conditions. Most climate models are unable to accurately reproduce the realistic climatology and spatio-temporal variation of monsoon (Wang et al., 2008; Lee et al., 2010; Rajeevan et al., 2012; Jiang et al., 2013; Liu et al., 2014; Krishnamurthy, 2018; Park et al., 2020). Therefore, the improvement of dynamical monsoon prediction still faces a series of scientific and technological difficulties.
In China, the need for accurate predictions of the Asian monsoon is even more urgent, owing to the location. Many Chinese meteorologists have devoted themselves to predicting the Asian monsoon (Yihui et al., 2004; Wang et al., 2015). The China Meteorological Administration (CMA) has developed three generations of coupled climate prediction systems (CPS) to provide the operational prediction of the Asian monsoon climate since 1996. The performances of the first generation of CPS for the ASM prediction can be found in Yihui et al. (2004) and Li et al. (2005). Liu et al. (2015) provided a thorough evaluation of the ASM prediction by the second version of the CPS (CPSv2), which became operational in June 2016. In March 2021, a new version of the CPS, CPS version 3 (CPSv3) was on pilot. Compared with CPSv2, CPSv3 updates lots of physical packages such as cloud–aerosol–radiation, land surface, ocean, and sea ice processes and develops a new atmosphere–ocean–land data assimilation system. However, many features of the prediction of ASM by CPSv3 remain undocumented. In this study, we attempted to provide a comprehensive assessment for the ability of CPSv3 to predict the ASM rainfall and circulation, including the climatology and interannual variability.
Model, Experiments, and Observational Data
CPSv3 is a fully coupled dynamical climate prediction system, which consists of the high-resolution version of the Beijing Climate Center (BCC) climate system model (BCC-CSM2-HR) (Wu et al., 2021). The atmospheric component is the BCC atmospheric general model with a T266 horizontal resolution and 56 hybrid sigma/pressure levels in the vertical and the top level at 0.1 hPa. The land component is version 2.0 of the BCC atmosphere and vegetation interaction model (AVIM2). The ocean and sea ice components are version 5 of the Geophysical Fluid Dynamics Laboratory Modular Ocean Model and the Sea Ice Simulator, respectively.
To verify the system and calibrate the forecast, CPSv3 runs a set of retrospective seasonal forecasts for past dates that can be compared to the historical record. These sets of re-forecasts start on the first of every month for years 2000–2019, have 21 ensemble members, and integrate for 6 months. In CPSv3 hindcasts, the atmosphere is initialized by ERA-Interim analysis (Dee et al., 2011) from the European Centre for Medium-Range Weather Forecasts (ECMWF). CPSv3 ocean, sea–ice, and land initial conditions (ICs) for re-forecasts are provided by the BCC new coupled data assimilation (CDA) system (Liu et al., 2021). Ensemble member 0 is initialized from unperturbed ICs, and other members are perturbed. Perturbations are applied to represent uncertainty from ICs and unresolved sub-grid-scale processes which have to be parameterized in the atmospheric model using lagged average forecasting (LAF) and stochastically perturbed parameterization tendency (SPPT) schemes. The results from CPSv3 in this study are ensemble means of 21 members, and the climatology is the time average of 2000–2019.
The observations used for the verification are monthly winds and geopotential heights from the ECMWF ERA5 reanalysis (Hersbach, et al., 2020), the precipitation from the Global Precipitation Climatology Project monthly analysis (Adler et al., 2018), and the SST from the National Oceanic and Atmospheric Administration (NOAA) OISST v2 analysis (Reynolds et al., 2002).
RESULTS
Since the rainy season starts from April in China, the summer seasonal prediction starting in March is particularly important. In this section, we will present the climatological features and interannual variations of the ASM, the prediction skill of several dynamic monsoon indexes, rainfall, and the SST index based on the 3-month lead prediction by CPSv3.
Climatology
Summer rainfall is the most abundant in the year in the Asian monsoon region. Figure 1 shows the June–August (JJA) climatology of precipitation and winds at 850 hPa in hindcasts and observation, along with their differences. In observation, there are several rainfall centers over western India (WI), the northern Bay of Bengal (BOB), the Indo-China Peninsula, and the west of the Philippines (WP). There is also heavy rainfall over the tropical eastern Indian Ocean (TEIO) and the tropical western North Pacific (TWNP) Ocean. The subtropical rainband such as Mei-Yu over eastern China, the Baiu over Japan, and the Changma over Korea can be seen as well (Figure 1A). The CPSv2 hindcasts capture the general features and locations of precipitation centers observed in the Asian monsoon region (Figure 1B). However, the magnitude of precipitation centers over WI, BOB, WP, and TWNP is relatively overestimated, and precipitation over TEIO, eastern China, Japan, and Korea is underestimated (Figure 1C). Figure 1D shows that CPSv3 well captures the major features of observed rainfall, such as locations and magnitude of heavy rainfall centers. A merit of CPSv3 appears in predicting the Mei-Yu rainband over eastern China and the rainfall over the TEIO (Figure 1E). In general, many models often fail to produce the subtropical rainband over East Asia (Jiang et al., 2013; Fang et al., 2017). Although CPSv3 overestimates rainfall over the eastern Arabian Sea, the southern slope of Tibet Plateau and Burma underestimates rainfall over northern India, northwestern BOB, and South China Sea (SCS), and it captures the phenomenon of rainfall reasonably better than CPSv2.
[image: Figure 1]FIGURE 1 | Climatology of JJA rainfall (mm day−1, shading) and 850 hPa winds (m s−1, vectors) from (A) observation, (B) CPSv2, and (C) CPSv3 hindcasts. Also, climatological biases of (D) CPSv2 and (E) CPSv3 hindcasts.
In summer, southwesterly wind flows from the Arabian Sea to the western North Pacific prevail in the lower-tropospheric level over the ASM region. The cross-equatorial flow over the western Indian Ocean (IO) and the Maritime Continent, the monsoon troughs over the BOB and the Philippines, and the anticyclonic circulation over the western North Pacific (Figure 1A) are also the main characteristics of the ASM in the lower troposphere. Both CPSv2 and CPSv3 capture general features of the ASM circulation at the lower-tropospheric level (Figures 1B,D). However, CPSv2 predicts a weaker-than-observed anticyclonic circulation over the western North Pacific, which is better predicted in CPSv3 (Figures 1C,E). This brings more realistic Mei-Yu rainband over eastern China.
An important characteristic of the ASM in the upper-troposphere is easterly flows on the south side of the South Asian high (SAH) (Figure 2A). Compared to observation, CPSv2 hindcasts underestimate the intensity of the SAH, along with weaker-than-observed 200 hPa easterlies over tropical Asia (Figures 2B,C). CPSv3 shows an obvious improvement in predicting monsoon flows and intensity of the SAH (Figures 2D,E) in spite of an overestimation.
[image: Figure 2]FIGURE 2 | Climatology of the JJA geopotential height (gpm, shading) and winds (m s−1, vectors) at 200 hPa from (A) observation, (B) CPSv2, and (C) CPSv3 hindcasts. Also, climatological biases of (D) CPSv2 and (E) CPSv3 hindcasts.
Seasonal Evolution of the Monsoon Rainfall
The Asian monsoon has a notable annual cycle (Wu and Zhang, 1998; Wu and Zhang, 1999). In order to analyze the seasonal evolution of monsoons, we plot the time–latitude cross-sections of rainfall along three sections: 70°–90°E on behalf of the Indian monsoon, 90°–110°E for the BOB monsoon, and 110°–130°E for the East Asian monsoon. Figure 3A shows that the onset of the Indian summer monsoon is characterized by heavy rainfall shifts gradually from the equator in spring to northern India in summer. The monsoon fully breaks in India in June, then advances northward gradually, and reaches northern India in July–August with a maximum of 20°–25°N. CPSv2 successfully captures the Indian summer monsoon onset but overestimates the summer rainfall over India (Figure 3B). In comparison, the annual cycle of the Indian summer monsoon precipitation from the CPSv3 is realistic (Figure 3C), and the pattern correlation coefficient (PCC) of the climatological evolution of the precipitation between CPSv2 and the observations is 0.84, which is higher than 0.71 of the CPSv2.
[image: Figure 3]FIGURE 3 | Time–latitude sections of climatological precipitation (mm day−1) along (A–C) 70°–90°E, (D–F) 90°–110°E, and (G–I) 110°–130°E from GPCP (the top row), the CPSv2 (the middle row), and the CPSv3 (the bottom row) data (digits in the upper right corner of Figures represent the pattern correlation coefficients between the predicted precipitation and observation).
Over the BOB region (Figure 3D), the summer monsoon onset is characterized by an abrupt northward jump of the heavy rainfall centers from the tropical IO to the north of 10°N in May, which is caused by the inversion of the meridional thermal contrast between land and sea. Both CPSv2 and CPSv3 predict the abrupt onset very well including the timing and the magnitude of rainfall, and PCCs of the climatological evolution of precipitation between the predictions and observations are 0.89 (CPSv2) and 0.94 (CPSv3) (Figures 3E,F).
Over 110°–130°E (Figure 3G), the structure of monsoon precipitation is more complicated than that in other Asian monsoon regions. The heavy rainfall center also indicates an abrupt northward jump from the equator to around 15°N in May, which corresponds to the summer monsoon onset in SCS (Lau and Yang, 1997; Qian and Yang, 2000). After the monsoon onset, the heavy rainfall goes northward steadily and stays near 30°N around June, corresponding to the Mei-Yu period in the middle and lower reaches of the Yangtze River. In mid-July, the maximum precipitation center jumps further northward to 40°N, corresponding to the beginning of the rainy season in North China. There is a premonsoon rainfall over South China in April, mainly caused by frontal systems (Wan and Wu, 2007). CPSv2 fails to capture the abrupt jump of the monsoon onset and underestimates the rainfall over East Asia (Figure 3H). Although the annual cycle of monsoon precipitation along this longitude band is complicated, CPSv3 reasonably predicts the major features, with the maximum precipitation in the north of 25°N being slightly underestimated and the PCC of the climatological evolution of precipitation reaching 0.94 (Figure 3I).
Compared with CPSv2, CPSv3 reasonably captures the onset and seasonal evolution of Indian, BOB, and East Asian monsoons, as well as the premonsoon rainfall and the northern extent of the East Asian monsoon. A revised deep convection scheme employed in CPSv3 contributes most to the improvement. Since northward propagation of MJO over the equatorial eastern Indian Ocean is skillfully depicted when the deep convection scheme is revised in CPSv3 (Wu et al., 2021). However, CPSv3 overestimates the rainfall over the southwest foot of the Tibetan Plateau.
Summer Monsoon Index
We further checked the interannual variability of several popularly used dynamic monsoon indices, including the Webster–Yang monsoon index (WY, Webster and Yang, 1992), the Indian monsoon index (IM, Parthasarathy et al., 1992), the Southeast Asian monsoon index (SEA, Wang and Fan, 1999), and the East Asian monsoon index (EA, Zhang et al., 2003). The WY index is defined as the vertical shear of zonal winds between 850 and 200 hPa levels averaged over (0°–20°N and 40°–110°E), and the IM index is defined as the horizontal shear of 850 hPa zonal winds between the southern region (5°–15°N and 40°–80°E) and the northern region (20°–30°N and 70°–90°E). The SEA and EA are defined as the horizontal shear of zonal winds at 850 hPa between (5°–15°N and 90°–130°E) and (22.5°–32.5°N and 110°–140°E) and between (10°–20°N and 100°–150°E) and (25°–35°N and 100°–150°E), respectively. Figures 4A,C show that CPSv2 and CPSv3 both predict the interannual variation of WY and SEA very well. The temporal correlation coefficients (TCCs) for the WY index reach 0.66 and 0.70, exceeding the 0.01 significance level of the t-test. TCC for the SEA index is 0.52, exceeding the 0.05 significance level of the t-test. Moreover, the two models also predict the weakening trend of the WY since 2000. The interannual variability of the EA index is also skillfully predicted in CPSv3 (R = 0.44, exceeding the 0.05 significance level) (Figure 4D), caused mainly by the improvement of anticyclonic circulation over the western North Pacific. It further indicates that CPSv3 predicts the East Asian summer monsoon flows better than CPSv2. CPSv3 does not perform well in capturing the variability of IM, with a moderate TCC value (R = 0.37) (Figure 4B). When observation is the NCEP–DOE reanalysis 2 (R2) data (Kanamitsu et al., 2002), the TCC of IM is 0.48 in CPSv3 (Figure 4F), which is skillful and exceeds the 0.05 significance level. This indicates that the correlation calculation between the predicted monsoon indexes and the observations depends on the observational data and has certain uncertainties. The results of other monsoon indices (Figures 4E–H) are in good agreement with those obtained from ERA5 data.
[image: Figure 4]FIGURE 4 | Time evolution of dynamical ASM indices: (A,E) WY, (B,F) IM, (C,G) SEA, and (D,H) EA monsoon indices. Left panels: observation is ERA5 data; right panels: observation is NCEP2 data. (The decimals shown in brackets are the temporal correlation coefficients between observation and predictions).
Western North Pacific Subtropical High
The western North Pacific subtropical high (WNPSH) is an essential driver of Asian summer climate. Summer rainfall over much of East Asia is strongly influenced by the WNPSH (Wang and Wu, 1997; Wu et al., 2002). Figures 5A–C compare the interannual variability of JJA 500 hPa geopotential height (GPH500) from the ERA5 reanalysis with hindcasts. The variability is larger in CPSv3 than that in CPSv2 and closer to that found in the observational reanalysis. We calculated the area mean value of JJA GPH500 over the region of maximum variability (120°–140°E and 10°–30°N; Sui et al., 2007; Wu and Zhou, 2008) and used its anomaly from the climatological mean as an index for studying the interannual variability of the WNPSH (Figure 5D). The correlation score for this index in CPSv3 is 0.74, which is highly significant. Moreover, CPSv3 predicts the strengthening tendency of the WNPSH since 2000.
[image: Figure 5]FIGURE 5 | Standard deviations of interannual variability of the JJA 500 hPa geopotential height (gpm) from (A) observation, (B) CPSv2 and (C) CPSv3 hindcasts, and (D) interannual variations of the WNPSH index (gpm).
Skill of Precipitation and Sea Surface Temperature
Due to the great impact of droughts and floods on agriculture, it is necessary to obtain predictions and early warnings of summer precipitation anomalies a season in advance. Many meteorological scientists strive to provide predictions, but its accuracy has been one of the challenges of monsoon science.
Figure 6 gives the temporal anomaly correlation (TCC) between the observation and predicted summer precipitation by CPSv2 and CPSv3 3 months in advance. CPSv2 has a significant skill for the summer precipitation only in North China, central India, the western Arabian Sea, and the Maritime continent (Figure 6A). CPSv3 has a higher skill for the summer precipitation in eastern China, northern Indo-China Peninsula, southern and central India, the eastern Arabian Sea, the tropical eastern IO, and parts of the western North Pacific (Figure 6B). Compared with CPSv2, CPSv3 has notable improvements in the prediction skill of the summer precipitation in parts of East Asia (Figure 6C), especially in eastern China. Because of the complexity of the geography of East Asia, it is difficult to predict the summer precipitation over East Asia using the global climate model (Singh, et al., 2015; Wang et al., 2015). Figure 7 presents PCCs of the summer precipitation anomalies between predictions and observation over eastern China (105°–122°E and 20°–45°N) from 2001 to 2019. The skill of CPSv3 is obviously higher than that of CPSv2 in most years (13/20).
[image: Figure 6]FIGURE 6 | Temporal correlation coefficients (TCC) of JJA rainfall between predictions and observations for (A) CPSv2, (B) CPSv3, and (C) difference between (A) and (B). (locations with correlation values at the 5% significance level are highlighted by dots)
[image: Figure 7]FIGURE 7 | Pattern correlation coefficients (PCC) of the JJA rainfall anomaly between predictions and observations over eastern China (105°–122°E and 20°–45°N).
The basic premise of seasonal prediction is the existence of the slowly varying boundary conditions (Charney and Shukla, 1981); thus, it is very crucial to examine the model’s ability to predict the variability of SST. The TCC of the SST between observation and predictions (Figure 8) indicates that both CPSv3 and CPSv2 have high skills for the tropical SST in most of the central and eastern Pacific Ocean and the central and western Atlantic Ocean (Figures 8A,B). In the tropical Indian Ocean, some improvement in JJA SST skill is found, especially in the tropical eastern Indian Ocean (Figure 8C).
[image: Figure 8]FIGURE 8 | TCC of JJA SST between predictions and observations. (A) CPSv2, (B) CPSv3, (C) difference between (A) and (B) (locations with correlation values at the 5% significance level are highlighted by dots).
ENSO, Indian Ocean Dipole, and Their Connections With Monsoon
In this study, we also examined the prediction skill of the Nino3.4 index and Indian Ocean dipole (IOD) index, two commonly used SST indices. The Nino3.4 index is defined as the SST averaged over 5°S–5°N and 170°–120°W, and the IOD index is defined as the difference of SST between 10°S–10°N and 50°–70°E and 10°S–0° and 90°–110°E (Saji et al., 1999). Figures 9A,B show the TCC and root mean square error (RMSE) of the Nino3.4 index. The skill is improved in CPSv3 in summer, with an improved anomaly correlation, although the skills of CPSv3 are slightly lower than those of CPSv2 in the first 3 months. Figure 9C shows the skill of IOD in CPSv2 is significant only in the first month and then is almost zero. The TCC values in CPSv3 are significant in the six forecast months except for May, which are also much higher than those of CPSv2. RMSEs of IOD in CPSv3 are also smaller than those of the CPSv2 at all six forecast months (Figure 9D). Combined with Figure 8, it shows that the CPSv3 has a noticeable improvement in the prediction skill for the Indian Ocean SST. There are two reasons for this improvement, that is, the BCC new CDA has a good assimilation in the Indian Ocean to provide a more reasonable ocean initial condition, and the MOM5 has a better ability to simulate SST in the Indian Ocean.
[image: Figure 9]FIGURE 9 | TCC and RMSE of Nino3.4 and IOD indices. (A,B) Nino3.4 index and (C,D) IOD index
As an important source of seasonal predictability, tropical SST gives substantial contributions to the interannual variability of monsoon. Thus, it is important to examine to what extent the variations of rainfall and air circulation patterns of the ASM related to tropic SST can be skillfully predicted using the model. Figure 10 shows correlations between the Nino3.4 SST and IOD indices and precipitation and regressions of low-level atmospheric circulation with the Nino3.4 SST and IOD indices. The correlations between the Nino3.4 index and rainfall and air circulation are significant over the Maritime continent and the equatorial Pacific in observations (Figure 10A). When the Nino3.4 SST is warmer than normal (e.g., El Nino events), the westerly anomaly is triggered over the tropical central and western Pacific, which weakens the Walker circulation there. Simultaneously, cyclonic circulation anomaly appears over the subtropical northwestern Pacific Ocean, the westerly anomaly appears over India, the Indo-China Peninsula, and South Asia, and the northerly anomaly prevails over southern East Asia. Thus, changes in the lower-level circulation have resulted in more rainfall in the tropical central and eastern Pacific, subtropical eastern Pacific, equatorial western Indian Ocean, northern BOB, and southern China and drought or less precipitation in the Maritime continent, the eastern Indian Ocean, India, the Indo-China Peninsula, and most areas of northern China in summer. CPSv2 captures low-level flow anomalies over South Asia and Southeast Asia but fails to capture precipitation anomalies over these regions and Indian Ocean response to the Nino3.4 region SST anomaly (Figure 10B). CPSv3 basically captures the relationships in observation, with obviously overestimated magnitudes, especially over the subtropical Pacific of the northern and southern hemispheres, implying that a stronger-than-observed feedback of the subtropical circulation to the tropical SST is predicted (Figure 10C).
[image: Figure 10]FIGURE 10 | Correlation coefficients (shading) between the SST index and rainfall and regression of 850 hPa winds (m s−1, vectors) against the SST index. (A–C) Nino3.4 index and (D–F) IOD index (the shading level above 0.44 represents the statistical significance of correlation above the 5% significance level).
Due to the small magnitude of the SST anomalies in the Indian Ocean, the strong responses of circulation and precipitation to the SST anomalies are limited to the Indian Ocean and the nearby Asian–African continent (Figure 10D) CPSv2 predicts good responses of the Asian monsoon circulation and precipitation to the tropical Indian Ocean SS anomalies (Figure 10E). CPSv3 also predicts the local response of circulation and precipitation over the tropical Indian Ocean but has an exaggerated atmospheric circulation action over the tropical and subtropical Pacific Ocean (Figure 10F). CPSv3 not only predicts the response of the Asian monsoon circulation to the SST anomalies in the tropical Pacific and the tropical Indian Ocean but also has a higher prediction skill for the SST anomalies in the two regions. Maybe, this is one of reasons that CPSv3 has an improvement in the East Asian summer precipitation prediction. There are complex physics involved in the summer precipitation variations over the East Asia, and IOD is just one of the factors.
SUMMARY AND DISCUSSION
In this work, we evaluated the performance of CPSv3 in terms of its seasonal forecasting of the ASM. The differences in skills between CPSv3 and CPSv2 are compared to understand the improvement of the ASM prediction.
CPSv3 can well predict many major features of the ASM, including the intensity and locations of the heavy rainfall centers, lower- and higher-level monsoon flows, anticyclonic circulation over the western North Pacific, and monsoon onset. Large-scale South Asian summer monsoon and the Southeast Asian summer monsoon are more realistically predicted than the Indian summer monsoon. The interannual variation of the WNPSH, which greatly impacts the East Asian summer precipitation, is predicted skillfully in CPSv3. The tropical Pacific Ocean SST and tropical Indian Ocean SST indices and their associated anomalies of rainfall and circulation can be predicted 3 months in advance.
Compared with CPSv2, the prediction skill of CPSv3 for the summer precipitation in Asia is significantly improved, especially for the precipitation in eastern China. The benefits may be from the CPSv3 performs well in predicting SST anomalies in the tropical Pacific and Indian Oceans and the relationships of the Asian monsoon circulation and precipitation to the SST anomalies in these regions. There are complex physics involved in the summer precipitation variations over the East Asia. There is a need for further study into this improvement.
The performance of the IOD index prediction in CPSv3 is obviously improved compared with CPSv2 due to the BCC new CDA having a good assimilation in the Indian Ocean to provide a more reasonable ocean initial condition, and the MOM5 has a better ability to simulate SST in the Indian Ocean.
In summary, the improvement of CPSv3’s prediction skills compared with CPSv2 primarily comes from four aspects: first, the revised deep convection scheme brings northward propagation of MJO to be well described, which intensifies East Asian subtropical summer monsoon rainfall; second, the ocean model is upgraded from MOM4 to MOM5, and the ability of MOM5 to depict the tropical ocean is improved; third, the BCC new CDA system provides CPSv3 a more matched and realistic initial condition; last, with the increase in horizontal and vertical resolution, the ability to simulate mesoscale and stratospheric weather processes, which are important in monsoon regions, is improved.
The prediction skill of the Nino3.4 SST index in CPSv3 is 0.94 in the first month, it is slightly lower than 0.98 of CPSv2. It is needed to conduct further analysis in terms of the ocean initial condition of CPSv3 obtained from the BCC new CDA system and the ability of the MOM5 on simulating the tropic Pacific SST. For seasonal prediction models, the ability to accurately predict tropical ocean anomalies is critical.
A basin-wide warming mode of the Indian Ocean is an important source more extending the influence of ENSO on the summer Asian monsoon variations, and it actually tends to be better predicted than IOD (Zhu et al., 2015). The fact whether CPSv3 can skillfully predict it and the atmospheric response associated with it needs to be investigated.
Some major biases exist in CPSv3, such as the exaggerated strong links of the ASM to ENSO and IOD. In fact, the ASM is affected not only by the remote central and eastern Pacific Ocean SST but also by the Indian Ocean SST (Yoo et al., 2006). Thus, further studies focusing on how to produce a realistic relationship between the ASM and Indian Ocean and Pacific SSTs and their impacts on each other in CPSv3 are important for improving the seasonal prediction of ASM.
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