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This study reveals the impacts of cumulus parameterization schemes (CPSs) on the simulation of interannual and interdecadal variations of Meiyu in the middle and lower reaches of the Yangtze River valley (Yangtze Meiyu) by using a regional climate model. A multiple 55-year (1955-2009) simulation of Yangtze Meiyu is conducted using RegCM4.6 with different CPSs, including the Emanuel scheme, Kuo scheme, and Grell scheme. It is found that all the CPSs have good performances in simulating the interannual variation of Yangtze Meiyu rainfall amounts. However, a large bias is found in the simulated interdecadal variation of Yangtze Meiyu rainfall amount by the three CPSs. Because the Emanuel CPS has good performance in the simulation of both interannual and interdecadal variations of Yangtze Meiyu, its overall performance in the simulation of the total amount of Yangtze Meiyu is the best among the three CPSs. The second best CPS is the Grell scheme, and the worst is the Kuo scheme. The model convergence in simulating the distribution of Yangtze Meiyu shows an obvious characteristic of interdecadal variation. During the years with strong summer monsoon and northward rain belt, the simulated distributions of Yangtze Meiyu by the three CPSs are quite different, and the model convergence is weak. On the contrary, during the years with weak summer monsoon and southward rain belt, the simulated distributions of Yangtze Meiyu by the three CPSs are similar to each other, and the model convergence is strong. As a result, when the well-known interdecadal change happens in the late 1970s, the monsoon changes from strong to weak, whereas the model convergence changes from weak to strong.
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INTRODUCTION
The Meiyu front is an important component of the East Asian summer monsoon system. Climatologically, as the summer monsoon advances northward in mid-June, the Western Pacific Subtropical High (WPSH) jumps northward to around 25°N, and the Meiyu front to the north of the WPSH remains quasi-stationary in the middle and lower reaches of the Yangtze River. The dry and cold air from the north converges with the warm and moist monsoon southwesterly flow, resulting in large-scale Meiyu (or plum rain) in the middle and lower reaches of the Yangtze River (hereafter Yangtze Meiyu), which usually lasts until early to mid-July (Tao and Chen, 1987; Ding, 1992; Ding, 1994). Due to the large-scale, heavy precipitation concentrated in the Meiyu season, rainstorms and floods frequently occur in the middle and lower reaches of the Yangtze River. Several most famous floods that occurred in 1991, 1998, 1999, and 2016 are just examples of such weather disasters in this region, which can cause huge economic and casualty losses. For this reason, Meiyu is always a research hotspot in East Asian countries such as China, Japan, and South Korea.
Yangtze Meiyu demonstrates significant interannual and interdecadal variations (Tanaka, 1997). Some studies have revealed that the interannual variation of Yangtze Meiyu is mainly characterized by a biennial oscillation (TBO), and this TBO characteristic is more obvious in the middle and lower reaches of the Yangtze River than in other regions of China (Miao and Lau, 1990; Tian and Yasunari, 1992; Chang et al., 2000; Huang et al., 2006). The interdecadal variation of Yangtze Meiyu mainly occurred in the late 1970s, when the East Asian monsoon experienced an interdecadal change from strong to weak (Wang et al., 2001; Ding et al., 2008; Huang et al., 2004; Zeng et al., 2007). As a result, Yangtze Meiyu shifted from the dry phase to rainy phase in the late 1970s (Chen et al., 1998; Nitta and Hu, 1996; Qian and Qin, 2008; Ding et al., 2008).
Whether the climate model can realistically reproduce characteristics of interannual and interdecadal variations of the East Asian monsoon is of great significance for future climate prediction, climate model improvement, and climate change assessment. Many studies have evaluated the capability of global climate models (GCMs) for simulating interannual and interdecadal changes of the East Asian monsoon (Zhou et al., 2009; Sperber et al., 2013; Jiang and Tian, 2013; Gao, et al., 2015). It is found that some GCMs can reproduce the main characteristics of interannual and interdecadal variations of the Asian summer monsoon, whereas some other GCMs perform poorly in the simulation of changes in the East Asian summer monsoon and precipitation due to the coarse resolution used in most of the GCMs and inaccurate description of some physical processes (Yu et al., 2000; Wang et al., 2004; Zhou et al., 2008). To save computing resources, nested regional climate modeling (RCM, or dynamic downscaling) can be used for long-term climate simulation and prediction from decades to hundreds of years. Although the low-resolution GCM information will be passed into the RCM through lateral boundary forcing, climate in the interior of the RCM domain will differ from the GCM to some extent due to the impacts of the internal physical-dynamical processes of the RCM itself and high-resolution terrain and land use type in the RCM (Giorgi and Mearns, 1999; Gao et al., 2008; Leung et al., 2004). The nested RCMs are intended to produce realistic sub-GCM grid-scale details (Dickinson et al., 1989; Dickinson et al., 1993; Giorgi, 1990). Thus, great attention has been attached to the issue of whether the RCMs can realistically reflect characteristic interannual and interdecadal climate variations.
Biases of the simulated summer precipitation in the RCMs are mainly related to the cumulus parameterization schemes (CPSs). This is because cumulus convections are very strong in the Meiyu frontal system, and convective precipitation accounts for a large proportion of total precipitation (Zhang, 1994; Ding and Chan, 2005). Convective activities play a dominant role in monsoon circulation and precipitation (Rajendran et al., 2002). In addition, cumulus clouds formed under large-scale forcing can affect atmospheric circulations through their feedback on sensible and latent heat and momentum transport. They play a key role in determining the vertical structures of atmospheric temperature and humidity fields (Arakawa, 1975). For this reason, large-scale circulation biases simulated by the RCM are also related to cumulus convection parameterization schemes (Donner et al., 1982; Zhang and Mcfarlane, 1995; Giorgi and Shields, 1999).
The simulation of summer precipitation and circulation in East Asia is very sensitive to the choice of CPS in the RCM. Because the triggering mechanisms, moist convective processes, and the feedback processes to the large-scale environmental field in different CPSs differ from each other, the precipitation and circulation simulated by different CPSs are also significantly different (Lee et al., 2005; Hu et al., 2016; Liang et al., 2007; Song et al., 2011). The performance of a CPS depends on the case, region, season, and coupling with other physical processes. It is thus hard to determine which CPS is absolutely optimal (Lee et al., 2005), and CPS is one of the major causes of errors and uncertainties in East Asian summer rainfall simulations (Fu et al., 1998).
Previous studies have focused more on the impacts of CPSs on the simulation of seasonal precipitation in East Asia, but few studies provide detailed analysis about the impacts of CPSs on the simulated interannual and interdecadal variations of Yangtze Meiyu. Therefore, the performances of different CPSs in simulating the interannual and interdecadal variations of Yangtze Meiyu are evaluated, and the model bias and model convergence of the simulation by different CPSs are also investigated in this study. These results will be helpful for the prediction of future change of Yangtze Meiyu and the understanding of the results from a regional climate model. The rest of the article is organized as follows: Section 2 describes the datasets and methods and Analysis of Results analyzes the sensitivities of the simulated amount and distribution of Yangtze Meiyu to CPSs. The concluding remarks and discussions are provided in Summary and Discussions.
DATASETS AND METHODS
Methods
Regional climate model 4.6 (RegCM4.6), which is developed by the International Centre for Theoretical Physics (ICTP) in Italy, is used in this study. It is the latest version of the regional climate model and upgraded from its last version (RegCM3). It has more advanced physical schemes and computing solutions than RegCM3. Compared to the previous versions, RegCM4.6 has an improved performance in several respects (Giorgi et al., 2012). Details about this model can be found in the RegCM Reference Manual (Nellie et al., 2014).
Due to the large interannual variability of Yangtze Meiyu, the duration of the rainy season and the time of entering and exiting the rainy season are different from year to year. Climatologically, the Yangtze Meiyu season begins in mid-June and ends in mid-July every year. For the sake of convenience, we define each year from June 15 to July 15 as the Yangtze Meiyu season. RegCM4.6 is used to simulate climate in the Yangtze Meiyu season for a total of 65 years from 1951 to 2015. All experiments are initialized at 6:00 UTC 5 June and end at 00 UTC 16 July each year. The first 10 days are taken as a spin-up time, and results for the period 15 June to 15 July are analyzed. The grid interval is 30 km, and the model domain is centered at （116°E, 30°N). There are 72 and 56 grid numbers in the east–west and north–south directions, respectively. The area （112°E∼122°E, 28°N∼33°N) is taken as the middle and lower reaches of the Yangtze River. The model domain and the area of the middle and lower reaches of the Yangtze River are displayed in Figure 1. There are 23 levels in the vertical direction, and the model top is 50 hPa. Time step is set to 90s. Initial and boundary conditions are extracted from the NCEP/NCAR reanalysis product, and an exponential relaxation procedure is applied to provide the model with time-dependent lateral boundary conditions updated every 6 hours. A lateral buffer zone with a width of 12 grid points is implemented. Three CPSs, that is, the Grell scheme including the FC assumption (Grell, 1993), the Emanuel scheme Emanuel, 1991; Emanuel and Zivkovic-Rothman, 1999, and the Kuo scheme (Anthes, 1977), are used for 55-year Meiyu climate simulations. The land surface scheme is BATS1e. Sea surface temperature (SST) data used in the model are extracted from the Hadley Centre global SST dataset in 1°×1° grids.
[image: Figure 1]FIGURE 1 | Model domain, topography (shaded, unit: m), and the area of the middle and lower reaches of the Yangtze River.
The harmonic analysis method proposed by Eliasen (1958) is implemented to filter the interannual and interdecadal variation components of the Yangtze Meiyu time series for the period 1951–2015. Fourier transform is applied to the time series of simulated and observed precipitation, and oscillations with periods greater than 8 years are classified as oscillations on the interdecadal scale, while those oscillations with periods of 13 months ≤ T <8 years are classified as oscillations on the interannual scale. To avoid the errors at the two ends of data after the filtering, only the original, interannual, and interdecadal data for 55 years from 1955 to 2009 are analyzed. The simulated results during the periods 1951-1954 and 2010-2015 are not analyzed in this study.
Datasets
The observed monthly precipitation at 752 stations in China and NCEP reanalysis data are interpolated to the model grids to verify the performance of the model. The precipitation dataset is released by the national meteorological information center, which can be downloaded freely from the Internet site at http://www.nmic.cn/. The NCEP reanalysis data can be downloaded freely from the Internet website at https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html. The HadiSST data provided by the UK Hadley Centre is used to build the bottom conditions for RegCM4.6, which can be downloaded freely from the Internet website at http://www.metoffice.gov.uk/hadobs/hadisst/data/download.html.
ANALYSIS OF RESULTS
Simulated Interannual and Interdecadal Variations of Yangtze Meiyu
The area-averaged rainfall amount in the middle and lower reaches of the Yangtze River is defined as the Yangtze Meiyu rainfall amount. The variations in Yangtze Meiyu rainfall amount from simulations with the three CPSs and from observations are displayed in Figure 2A, which demonstrates obvious interannual variation. All the three CPSs can basically reproduce the variation of the Yangtze Meiyu rainfall amount. Certain degrees of uncertainty can be found in the simulated Yangtze Meiyu rainfall by the three CPSs; that is, for some years, the Grell scheme simulations are the closest to observations, and for some other years, the Emanuel scheme or the Kuo scheme performs better. In order to quantitatively evaluate the performance of different CPSs, the correlation coefficients of observations with simulations by different CPSs are calculated. Results are listed in Table 1. The highest correlation coefficient (0.77) is found between observations and simulations by the Emanuel scheme, followed by that between observations and the Grell scheme simulations (0.74). The Kuo scheme performs worst with the correlation coefficient of 0.73. The above results indicate that the Emanuel scheme has the best performance in simulating the variation of Yangtze Meiyu rainfall amount.
[image: Figure 2]FIGURE 2 | (A) Observated (black solid line) and simulated Yangtze Meiyu rated by the Emanuel (red long-dashed line), the Grell (green short-dashed line), and the Kuo (blue dotted line) (unit: mm/d) schemes; (B) normalized anomalies; and (C) biases of simulations (unit: mm day). Annual precipitation is the area mean value of precipitation in the middle and lower reaches of the Yangtze River.
TABLE 1 | Correlation coefficients between observated and simulated Yangtze Meiyu by various CPSs and the 55-year mean biases of the simulation (unit: mm/day).
[image: Table 1]Figure 2C displays the biases of Yangtze Meiyu simulated by the three CPSs. Various CPSs have their specific systematic biases that are different from each other. Positive biases are found in Yangtze Meiyu rainfall amount simulations by Emanuel and Grell schemes in most years, while negative biases prevail in the simulations using the Kuo scheme. Fifty-five–year mean biases in the simulations with the three CPSs (Table 1) indicate that the bias for the Emanuel scheme is 0.74mm/d, which is much smaller than that for the other two CPSs. This result again indicates that the Emanuel scheme preforms better in Yangtze Meiyu rainfall amount simulation than the other two CPSs.
Since all the three CPSs show systematic errors in the simulation of Yangtze Meiyu, observed and simulated normalized anomalies of Yangtze Meiyu simulated are calculated (Figure 2B). The normalized anomalies can represent precipitation anomalies after eliminating the systematic errors of precipitation simulated by RegCM4. As shown in Figure 2B, the three cCPSs can well simulate the variations in Yangtze Meiyu rainfall amount in the middle and lower reaches of the Yangtze River.
Next, the impacts of the CPSs on simulating the interannual variation of Yangtze Meiyu are analyzed. Figure 3A displays the interannual variations of the observed and simulated Yangtze Meiyu rainfall amount. As shown in Figure 3A, the interannual variations of the Yangtze Meiyu rainfall amount simulated by the three CPSs are very consistent with the observations, and the correlation coefficients between the observations and simulations by the three CPSs are high and very close to each other (Table 2), indicating that all the three CPSs have a strong and similar capacity in simulating the interannual variation of Yangtze Meiyu rainfall amount. Note that the correlation coefficients between the interannual components of observations and simulations are higher than those between the simulations of original Yangtze Meiyu itself and observations, suggesting that the relatively poor performance in the simulation of the other time-scale variation of Yangtze Meiyu rainfall drags down the overall performance in the simulation of the variation of the original amount of Yangtze Meiyu rainfall. It is demonstrated by the larger biases of the interdecadal variation simulated by the three CPSs than by those of interannual variations. It can be found from Figure 3B that all the three CPSs perform poorly in the simulating the phase of interdecadal variations of Yangtze Meiyu rainfall amount before 1972. They also cannot reproduce the magnitude of the interdecadal variation of Yangtze Meiyu after 2000. Correlation coefficients between observed and simulated interdecadal variations of Yangtze Meiyu rainfall amount obtained by all the three CPSs are smaller than those between observed and simulated precipitation, suggesting that RegCM4’s capability for the simulation of the interdecadal variation of Yangtze Meiyu rainfall amount is lower than its capability for the simulation of the interannual variation of Yangtze Meiyu rainfall amount. This degradation of capability in simulating the interdecadal variation of Meiyu by a RCM is due to the weak signal of interdecadal variation in the large-scale forcing (Hu et al., 2016). Hu et al. (2016) also found that the signal of interannual variation is the strongest in large-scale forcing. Therefore, no matter what CPS is implemented, RCM can well catch the interannual signal and realistically simulate the interannual variation of Yangtze Meiyu rainfall amount. However, the signals of interdecadal change are always weak in large-scale forcing, which makes it hard for RCMs to catch such signals. As a result, the RCM simulation of the interdecadal variation of Yangtze Meiyu is not as good as its simulation of interannual variation.
[image: Figure 3]FIGURE 3 | (A) Interannual and (B) interdecadal variations of Yangtze Meiyu from observations (black solid line) and simulations by the Emanuel scheme (red long-dashed line), the Grell scheme (green short-dashed line), and the Kuo scheme (blue dotted line) (unit: mm/day).
TABLE 2 | Correlation coefficients of interannual and interdecadal changes of simulated Yangtze Meiyu with observations.
[image: Table 2]TABLE 3 | Spacial correlation coefficients between simulations and observations of Yangtze Meiyu averaged over the 55-year period (a) and its interannual (b) and interdecadal (c) variations.
[image: Table 3]In addition, comparison of interdecadal variations of Yangtze Meiyu simulated by various CPSs shows that the correlation coefficient between observations and simulations by the Emanuel CPS is the highest (0.71), followed by the Grell CPS (0.61), and the worst is the Kuo CPS (0.50). The above results indicate that the capability of the Emanuel CPS is much better than that of the other two CPSs for the simulation of interdecadal variations of Yangtze Meiyu. Because the Emanuel CPS performs better in the simulation of both interannual and interdecadal variations of Yangtze Meiyu, its overall performance in the simulation of the total amount of Yangtze Meiyu is also the best among the three CPSs. Although the Kuo scheme can simulate the interannual variation of Yangtze Meiyu well, its overall performance in simulating the variation of Yangtze Meiyu rainfall amount is dragged down by its poor performance in simulating the interdecadal variation of Yangtze Meiyu rainfall amount. This further illustrates that various CPSs in the RCM have quite different responses to interdecadal variation signals in the large-scale forcing, although their responses to signals of interannual variation are similar.
In addition to the analysis of the Yangtze Meiyu changes simulated by the three CPSs, the simulated atmospheric circulation is also analyzed. It is well known that precipitation can persist over the middle and lower reaches of the Yangtze River in the Meiyu season only when the appropriate large-scale circulation remains stable. Generally, three external conditions are required for maintaining the Yangtze Meiyu: a stable WPSH with its ridge line located near 28°N, a stable blocking high in the north, and continuous water vapor transport to the middle and lower reaches of the Yangtze River (Wang, 1992; Ding et al., 2010; Chen and Zhai, 2016). Figure 4 shows the average precipitation distribution in the Meiyu season over the middle and lower reaches of the Yangtze River during the 55-year period of 1955–2009 from observations and simulations as well as the 500-hPa large-scale circulation patterns. It can be found from the observation (Figure 4A) that the main rain belt during the Meiyu season is located in the middle and lower reaches of the Yangtze River, and the WPSH is south of the Meiyu rain belt. Comparing the simulation with the observation, it is found that the three CPSs can realistically simulate the large-scale circulation at 500 hPa, such as the location and intensity of the WPSH, and the simulated 500-hPa circulation patterns by the three CPSs are very similar. In addition to the 500-hPa circulation, the simulated circulation at 850 hPa by the three CPSs are basically the same too. The consistency of the simulated atmospheric circulation by different CPSs is due to the constraint of the lateral boundary condition. Note that the model domain in our study is small and the large-scale lateral boundary condition forcing is strong and has great impacts on the simulated atmospheric circulation in the internal model domain. Therefore, the simulated atmospheric circulation at the lower and middle levels is mainly determined by the strong forcing of lateral boundary conditions, instead of the internal physical process scheme (such as the CPS).
[image: Figure 4]FIGURE 4 | Yangtze Meiyu distribution (shaded) and 500-hPa geopotential height (contours, unit: gpm) averaged over the 55-year period from 1955 to 2009 for observations and simulations by the Emanuel, Grell, and Kuo schemes.
However, obvious differences can be found in precipitation distribution simulated by the three CPSs. The Grell and Emanuel schemes significantly overestimate precipitation, while the Kuo scheme underestimates precipitation. Besides, in addition to the large precipitation area in the middle and lower reaches of the Yangtze River, the Emanuel and Kuo schemes also produce a fictitious rain band to the north of the middle and lower reaches of the Yangtze River. The differences in the simulated distribution of Yangtze Meiyu indicate that in addition to large-scale circulation, the physical parameterization scheme used in the model also has great impacts on the precipitation simulation, especially in summer, when the large-scale forcing is weaker than that in the winter and local convection becomes more important for precipitation (Giorgi et al., 1999). Therefore, under the same large-scale atmospheric circulation, sdifferent CPSs yield different Yangtze Meiyu distributions.
Model Convergence
In addition to the total Yangtze Meiyu amount, the performances of three CPSs in simulating the distribution of Yangtze Meiyu are also evaluated. The spatial correlation coefficients between the simulations and observations of annual Yangtze Meiyu and its interannual and interdecadal variation components over the middle and lower reaches of the Yangtze River are calculated (Figure 4). It can be found from Figure 5 that the three CPSs have a certain degree of uncertainty in the simulation of the distribution of Yangtze Meiyu in different years. Overall, the Grell scheme can best simulate the distribution of Yangtze Meiyu in most years, and the performance of the Kuo scheme is the worst, which can also be supplemented by the correlation coefficients between the simulation and observation (Table 3). In addition, Figure 5 also indicates that the Yangtze Meiyu distributions simulated by the three CPSs are quite different in some years, suggesting a poor convergence of the model. However, the differences are small in the other years, indicating a tendency toward better convergence. To further investigate this variation of the model convergence, a convergence index (CI) is designed to describe the model convergence in simulating the spatial distribution of Yangtze Meiyu by the three CPSs, which can be written as
[image: image]
where [image: image] is the spatial correlation coefficients between the simulation of one CPS and observations of annual Yangtze Meiyu and [image: image] is the averaged spatial correlation coefficients of the three CPSs. The smaller the index, the stronger the convergence. Figure 6 is the evolution of the convergence index of the simulated spatial distribution of Yangtze Meiyu by the three CPSs. It can be found from Figure 6 that the model convergence has obvious characteristics of interdecadal variation. Before the late 1970s, it is large. After the late 1970s, it changes to small. The time when this interdecadal change occurs is very close to the occurrence of the well-known interdecadal change of the Asian summer monsoon in the late 1970s. The Asian summer monsoon changes from strong to weak at that time, resulting in the increase in Yangtze Meiyu rainfall and decrease in the rainfall over North China (Li and Zeng, 2002, 2003, 2005; Huang et al., 2004; Ding et al., 2008).
[image: Figure 5]FIGURE 5 | Evolution of the spatial correlation coefficients between simulations and observations of annual Yangtze Meiyu rainfall (A) and its interannual (B) and interdecadal (C) variations.
[image: Figure 6]FIGURE 6 | Evolution of the convergence index of the simulated spatial distribution of Yangtze Meiyu by the three cumulus parameterization schemes. The smaller the index, the stronger the convergence.
Why the model convergence changes in the late 1970s? To find the reason, the circulation patterns in some typical years with large and small differences in Yangtze Meiyu between observations and simulations are analyzed, respectively. Several representative years are selected to demonstrate their specific characteristics. The years 1964 (Figure 7) and 1974 (Figure 8) are two typical years with large differences between observations and simulations, whereas 1992 (Figure 9) and 1993 (Figure 10) are selected as two typical years with little difference in the distribution of Yangtze Meiyu. As shown in Figures 7 and 8, the intensity of WPSH is weak and located further northeast than its normal position, and the East Asian summer monsoon is strong. Although the circulation patterns in the 2 years simulated by the three CPSs are similar, large differences are found in the simulated precipitation distribution. This further demonstrated that the circulation simulated by RCM is not the only factor that determines the distribution of precipitation. A good simulation of the circulation does not necessarily guarantee a good simulation of precipitation distribution (Zhong et al., 2010a; Zhong et al., 2010b). Among the three CPSs used in the present study, the position of the rain belt simulated by the Grell scheme is the closest to the observation, although it overestimates the intensity. However, the Kuo scheme and the Emanuel scheme cannot reproduce the location of the main rain belt in the middle and lower reaches of the Yangtze River, and their simulated rain belt shifts northward to North China. The simulated rainfall by the Kuo scheme is significantly underestimated. The Emanuel scheme overestimates the rainfall in the north of the Yangtze River.
[image: Figure 7]FIGURE 7 | Spatial distributions of precipitation (unit: mm/day) and 500-hPa geopotential height (unit: gpm) during the Meiyu season of 1964 from observations and simulations by the Emanuel, Grell, and Kuo schemes.
[image: Figure 8]FIGURE 8 | Spatial distributions of precipitation (unit: mm/day) and 500- hPa geopotential height (unit: gpm) during the Meiyu season of 1974 from observations and simulations by the Emanuel, Grell, and Kuo schemes.
[image: Figure 9]FIGURE 9 | Spatial distributions of precipitation (unit: mm/d) and 500-hPa geopotential height (unit: gpm) during the Meiyu season of 1992 from observations and simulations by the Emanuel, Grell, and Kuo schemes.
[image: Figure 10]FIGURE 10 | Spatial distributions of precipitation (unit: mm/d) and 500-hPa geopotential height (unit: gpm) during the Meiyu season of 1993 from observations and simulations by the Emanuel, Grell, and Kuo schemes.
Let us take a look at the circulation characteristics in the years with small differences in Yangtze Meiyu between observations and simulations. The years 1992 (Figure 9) and 1993 (Figure 10) are selected as two typical years with little difference in the distribution of Yangtze Meiyu. Observations shown in Figures 9 and 10 indicate that the WPSH is located further southwest than its normal position, and the East Asian summer monsoon is weaker than normal, and the rain belt shifted southward in these two years. All the three CPSs can realistically simulate the precipitation distributions and circulation patterns in these two years. The Kuo scheme still severely underestimates the precipitation intensity, but the simulated rain belt no longer shifts northward.
Through the above analysis, it can be found that the model convergence of Yangtze Meiyu distribution simulated by different CPSs is closely related to the intensity of the East Asain summer monsoon (EASM), the pattern of the monsoon circulation system, and the location of the rain belt each year. To demonstrate this relationship between the model convergence and the intensity of EASM, the East Asian summer monsoon index (EASMI) proposed by Li and Zeng (2002), which is a good proxy of the intensity of the monsoon, is used to compare with the convergence index. Both of them are filtered into interdecadal components (Figure 11). It can be found from Figure 11 that the interdecadal variation of the convergence index is basically consistent with the interdecadal variation of EASMI. The correlation coefficient between them is 0.54, which can pass the significance test and further demonstrate the close relationship between the model convergence and EASM intensity.
[image: Figure 11]FIGURE 11 | Evolution of interdecadal components of the convergence index (black line with hollow circles) and monsoon index (green line with solid circles).
It is well known that the distribution of the summer rain belt is closely related to the strength of the EASM: when the EASM is strong and the WPSH is located further northeast, the monsoon southwesterlies can reach North China without being blocked by the WPSH. As a result, more precipitation occurs in North China and less precipitation occurs in the middle and lower reaches of the Yangtze River, and the monsoon rain belt shifts northward than its normal position. On the contrary, when the EASM weakens and the WPSH shifts to the southwest, the monsoon southwesterlies are blocked by the WPSH and can only reach the Yangtze–Huai River basin, where they converge with the cold air and form precipitation. In this situation, more precipitation occurs in the Yangtze–Huai River basin and less precipitation occurs in North China. The rain band shifts to the south of its normal position (Zhu et al., 2008). It can be found from Figure 6 that large differences in the distribution of Yangtze Meiyu between simulations and observations are mostly concentrated in the years when the monsoon is strong and the WPSH is located further northeast. In these years, the strong monsoon transports huge amounts of water vapor to the north of the Yangtze River, and the Emanuel and Kuo schemes tend to convert more water vapor into precipitation and produce excessive precipitation there. Then, the simulated rain band by the Emanuel and Kuo schemes shifts to the north of its normal position. In the years when the monsoon is weak and the WPSH is located more southwest, the water vapor transport to the north of the Yangtze River decreases in these years due to the weak monsoon, which makes the Emanuel and Kuo schemes unable to produce precipitation in the north of the Yangtze River. Precipitation is concentrated in the middle and lower reaches of the Yangtze River. The northward deviation of the rain band simulated by the Emanuel and Kuo schemes decreases.
SUMMARY AND DISCUSSIONS
In this study, the impacts of CPSs on the simulation of interannual and interdecadal variations of Yangtze Meiyu and the model convergence are investigated by using RegCM4. A multiple 55-year (1955-2009) simulation of Yangtze Meiyu is conducted with different CPSs, including the Emanuel scheme, Kuo scheme, and Grell scheme.
It is found that all the CPSs have good performances and strong convergence in simulating the interannual variation of Yangtze Meiyu rainfall amount. However, large bias and weak model convergence are found in the simulated interdecadal variation of Yangtze Meiyu rainfall amount by the three CPSs. Because the Emanuel CPS has good performance in the simulation of both interannual and interdecadal variations of Yangtze Meiyu, its overall performance in the simulation of the total amount of Yangtze Meiyu is also the best among the three CPSs. The second best CPS is the Grell CPS. and the worst is the Kuo CPS.
Atmospheric circulations can be realistically reproduced by all the three CPSs and are basically the same due to the strong constraint of the lateral boundary condition. The simulated circulation patterns are mainly determined by the strong forcing of lateral boundary conditions, instead of the internal physical process scheme (such as the CPS). However, due to the different triggering mechanisms and moist convective process of different CPSs, the simulated Yangtze Meiyu by different CPSs differs from each other. For example, the convective activity in the Kuo scheme is initiated when the moisture convergence in a column exceeds a given threshold and the vertical sounding is convectively unstable. The Grell scheme parameterization considers clouds as two steady-state circulations: an updraft and a downdraft. Its convection is activated when a lifted parcel attains moist convection. The Emanuel scheme assumes that the mixing in clouds is highly episodic and inhomogeneous and considers convective fluxes based on an idealized model of sub–cloud-scale updrafts and downdrafts. Its convection is triggered when the level of neutral buoyancy is greater than the cloud base level. Therefore, CPS has great impacts on precipitation simulation, especially in summer, when the large-scale forcing is weaker than that in the winter and local convection becomes more important for precipitation.
The model convergence in simulating the distribution of Yangtze Meiyu shows an obvious characteristic of interdecadal variation. During the years with strong summer monsoon and northward rain belt, the model convergence is weak by using different CPSs. On the contrary, during the years with strong and southward rain belt, the model convergence is strong. As a result, with the well-known interdecadal change happening in the late 1970s, the monsoon changes from strong to weak, whereas the model convergence changes from weak to strong.
It is noteworthy that the model convergence of different CPSs will change with the interdecadal variation of monsoon climate background. Weak model convergence will reduce the credibility of the ensemble prediction results in future climate change prediction. Therefore, it is very important to predict the future summer monsoon climate accurately and evaluate the model convergence of RCM cautiously. Then, we can determine the reliability of the ensemble prediction results.
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