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For the optimal performance of climate simulation, it is critical to localize physical parameterization schemes of climate models, especially in regions with unique geographic characteristics. To study the performance of different physical parameterization schemes for climate simulation in the upper reaches of the Yangtze River Basin (UYRB), we conducted short-term simulations with a resolution of 50 km from 1990 to 1993 using RegCM4 driven by ERA-Interim. Simulations with 72 different scheme combinations were conducted and analyzed to identify the optimal cumulus convection schemes (CSs) and the land surface process schemes in the RegCM4 model. Using the multi-standard scoring method, we evaluated the model performance of precipitation and temperature over the UYRB with different physical parameterization schemes. The results show that precipitation is more sensitive to the CSs than the LSPs. Among the selected CSs, the Kain-Fritsch scheme can better reproduce precipitation characteristics of the UYRB, with a wet bias of only 0.2 mm/day for the multi-year average precipitation. Compared to the community land model (CLM 3.5 and CLM4.5), the Biosphere-Atmosphere Transfer Scheme (BATS) performs better in reproducing temperature characteristics of the UYRB, with an average cold bias of only 0.2°C for all BATS schemes. The soil moisture, evapotranspiration and precipitation are lower and sensible heat flux is higher in CLM simulations, which can account for CLMs simulating warmer temperatures than BATS. The results provide a baseline for the localization of the RegCM4’s parameterization schemes in the UYRB and other regions of China.
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INTRODUCTION
During the last decades, regional climate models (RCMs) have been increasingly used to produce climate information at scales finer than those of global climate models (GCMs) over regions around the world (Giorgi and Gutowski, 2015). The advantages and disadvantages of RCMs have been discussed in many papers (Centella-Artola et al., 2015; Giorgi and Gutowski, 2015; Martínez-Castro et al., 2018). The performance of regional climate models (RCMs) varies with the study region and season, making it difficult to find a physical parameterization scheme that is universally applicable. Furthermore, because the parameterization of regional climate models is often developed for specific climate conditions and resolutions, identical schemes perform very differently in different simulation regions (Giorgi and Marinucci, 1996). Therefore, it is critical to identify the appropriate parameterization schemes for a given study area to optimize model performance. In East Asia (Singh et al., 2006; Kang and Hong, 2008; Bao, 2013; Huang et al., 2013; Kang et al., 2014), Southeast Asia (Juneng et al., 2016; Ngo-Duc et al., 2017), South Africa (Kalognomou et al., 2013; Llopart et al., 2017), and South America (Reboita et al., 2014), numerous sensitivity tests have been conducted on physical parameters to identify the optimal schemes, and some research has improved the simulation performance of the RegCM by introducing or modifying the parameters of the current physical parameterization schemes (Chow et al., 2006; Gianotti and Eltahir, 2014; Zou et al., 2014).
Many studies have shown that the cumulus convection parameterization scheme has a great impact than other schemes on the simulation performance of the RegCM (Liu and Ding, 2001; Dash et al., 2006; Cao et al., 2007; Zou and Zhou, 2011). Different cumulus convection parameterization schemes have varying effects on the performance of the Chinese monsoon area (Jinsong et al., 2002; Liu et al., 2005; Li and Wang, 2008). Gao et al. (2016) and Gao et al. (2017) compared the simulation performance of several cumulus convection schemes (CSs) in major river basins in China and found that the Emanuel scheme performs better. Although the cumulus convection scheme significantly impacts precipitation, the effect of LSPs on precipitation is also important. In East Asia, Kang et al. (2014) and Li et al. (2016) compared simulations with BATS (Dickinson et al., 1993) and CLM3 (Oleson et al., 2004; Steiner et al., 2009) using the Emanuel convection scheme in RegCM and discovered that BATS’ simulations tend to produce more summer precipitation than those of CLM.
Of the RCMs that are applied to East Asia (e.g., RIMES (Fu and Yuan, 2001), IPRCRegCM (Wang et al., 2003), PRECIS (Xu et al., 2006), MM5 (Qian and Leung, 2007), and WRF (Yu et al., 2015)), the RegCM system is among the most commonly used. There have been many case studies in China on the RegCM physical parameterization scheme. However, previous studies typically focused on East Asia or China as a whole and paid less attention to sub-regions. The upper reaches of the Yangtze River Basin (UYRB) have strong spatiotemporal heterogeneity in temperature and precipitation in the transition zone between the subtropical and temperate zones. Under the influence of the East Asian and South Asian monsoon systems, extreme weather and climate events frequently occur in the basin. Due to the influences of two monsoon systems at various time scales and the region’s highly heterogeneous topographical and geographical features, climate simulation in UYRB is still a considerable challenge, especially for precipitation. Previous studies have not yet clarified the most suitable physical parameterization scheme for the UYRB. Therefore, if climate simulation is to improve in the region, it is critical to evaluate the simulation performance of various RegCM physical parameterization schemes.
The main purpose of the study is to evaluate the simulation performance of precipitation and temperature over the UYRB using the selected CSs and land surface process schemes (LSPs) and to analyze the causes of the differences in performance of the various schemes. Sections 3, Sections 4 present comprehensive evaluation results and discussion of precipitation and temperature for all schemes. The results provide a scientific basis for selecting physical parameterization schemes for regional climate simulation using RegCM4 in the UYRB.
EXPERIMENTS AND METHODOLOGY
Model description
RegCM4 is an RCM developed by the Abdus Salam International Center for Theoretical Physics (Giorgi and Anyah, 2012; Giorgi et al., 2012) and has been widely used in multi-decadal climate change simulations in East Asia (Gao et al., 2008; Zhang et al., 2015; Gao and Giorgi, 2017). RegCM4 provides five CSs and three LSPs for users to choose and can run different CSs over land and ocean, referred to as “mixed convection.” More detailed information about the RegCM4 can be found in Giorgi et al. (2012).
Experimental design and data
The parameterization set of RegCM4 includes planetary boundary layer scheme, sea surface flux scheme, cumulus scheme, radiation scheme, and land surface scheme. The study used the planetary boundary layer scheme and sea surface flux scheme developed by Holtslag et al. (1990) and Zeng et al. (1998), respectively. The computational domain of RegCM4 is shown in Figure 1. ERA-Interim reanalysis data provided the experiments’ initial and lateral boundary conditions (Uppala et al., 2008). The meteorological observation data used for evaluation in the UYRB were extracted based on CN05 with a resolution of 0.5° developed by Wu and Gao (2013). The inverse distance weighted method was used to interpolate CN05 data into the computational grid center of the RegCM4 model. Details of the model parameter configuration are presented in Table 1.
[image: Figure 1]FIGURE 1 | Computation domain and topography (unit: m) of RegCM4.
TABLE 1 | RegCM4 model configuration used in this study.
[image: Table 1]In this study, RegCM4 with 72 sets of physical parameterization schemes was used to simulate the coordinated regional climate downscaling experiment East Asia phase II domain, and only the UYRB was selected for analysis. As shown in Table 2, among the 72 sets of physical parameterization schemes, the LSP schemes used by Nos. 1–24, Nos. 25–48, and Nos. 49–72 were BATS, CLM3.5, and CLM4.5, respectively. Further details of both BATS and CLM schemes are presented in Llopart, Steiner and Dickinson (Dickinson et al., 1993; Steiner et al., 2005; Steiner et al., 2009; Llopart et al., 2017). The mixed CSs were used overland (LCS) and ocean (OCS), and the convection scheme was selected from Kuo, Grell, Emanuel, Tiedtke, and Kain-Fritsch (Anthes, 1977; Emanuel, 1991; Grell, 1993; Kain, 2004).
TABLE 2 | Physical parameterization schemes used in the study.
[image: Table 2]Methods
This study uses a multi-standard scoring method to evaluate the performances of different physical parameterization schemes in RegCM4. The criteria include mean annual precipitation (or temperature), standard deviation, annual climate cycle, normalized root mean square error (NRMSE), spatial distribution, empirical orthogonal function (EOF), and probability density function (PDF). Table 3 shows the criteria used in the evaluation and the corresponding weights. The rank score (RS) from 0 to 9, which is used to assess each assessment criterion, is written as follows:
[image: image]
where xi is the relative error (RE) or other relevant statistics between the observation and the ith RegCM result. When xi represents RE, the larger the xi, the higher the RS of the ith RegCM result in the assessment criterion. The performance score of each sensitivity test is obtained by the weighted summation of RS for all assessment criteria. RE is used to evaluate the annual mean and standard deviation of the climate variables simulated by RegCM4. NRMSE (Hanna and Heinold, 1985) is used to evaluate RegCM4’s ability to simulate climate variables.
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Where XGi and XOi are the values of the simulated and observed climate variables in RegCM4, respectively, during the simulation period i, n is the length of the RegCM4 simulation period, and [image: image] is the average value of the observed data during the observation period.
TABLE 3 | Statistics of climate variables and their weights.
[image: Table 3]The annual cycle and spatial distribution of climate variables simulated by RegCM4 are evaluated using correlation coefficients. Since the empirical orthogonal function (EOF) can qualitatively and quantitatively analyze the relevant characteristics of the spatial field of climate variables (Mu et al., 2004), we used this method to compare the temporal and spatial changes in the climate variables simulated by RegCM4 and in observation on a monthly scale (Harvey and Wigley, 2003). The majority of the variance in EOF can be represented by the first two eigen vectors, so this study only analyses these first two.
Two indicators, the BS and the significance score (Sscore), are used to evaluate the probability density distribution of climate variables on a monthly scale for the RegCM4 simulation results. The BS is the mean square error of the probability prediction (Brier, 1950; Fraedrich and Leslie, 1987), and Sscore is the smallest cumulative probability of the observed and simulated distribution in each equal sequence of values.
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In the formula, Pmi and Poi are the probabilities that the climate variables simulated and observed by RegCM4 appear in the ith data segment, respectively, and n is the sequence length divided equally according to the original sequence values of the climate variables. The smaller the BS or the larger the Sscore, the better the simulation ability of the RegCM for the probability density distribution in the region.
RESULTS
Comprehensive evaluation of the physical parameterization scheme
Figure 2 and Table 4 show the evaluation results of the simulated temperature and precipitation from 72 sets of parameterization schemes in the UYRB. As shown in Figure 2, the BATS group (Nos.1–24) has the best performance for temperature, followed by the CLM3.5 group (Nos.25–48), while the CLM4.5 group (Nos.49–72) has the worst performance for temperature. For precipitation, the BATS group performs the worst, followed by the CLM3.5 and CLM4.5 groups. In general, temperature is more sensitive to the change of the LSPs, while precipitation is more sensitive to the CSs.
[image: Figure 2]FIGURE 2 | Histogram and box plot of the precipitation and temperature ranking score for the 72 sets of physical parameterization schemes. (A) Blue histogram represents precipitation scores, and red histogram represents temperature scores; (B) Blue, red and purple boxes represent BATS, CLM3.5 and CLM4.5 scenarios, respectively.
TABLE 4 | Evaluation results for air temperature in China and the UYRB in nine groups.
[image: Table 4]According to the RS score, the Kain-Fritsch groups perform best among the 72 schemes. All tests using Kain-Fritsch scheme (e.g., Nos.20–24, Nos.44–48 and Nos.68–72) have better total RS value for precipitation and temperature than other schemes (Table 2; Figure 2A). Therefore, the following nine schemes (three groups) are selected to further analyze the performance differences between different CSs and LSPs in the YRB (Table 4): 1) the LCS and OCS are Emanuel (Nos.12, 36, and 60); 2) The Kain-Fritsch is used for LCS, and Tiedtke-Kain is used for OCS (Nos.19, 43, and 67); 3) Both LCS and OCS are Kain-Fritsch (Nos.24, 48, and 72). For each group of three simulations according to CSs, the LSPs for the first, second, and third members are BATS, CLM3.5, and CLM4.5, respectively.
Performance evaluation for climatological of precipitation and temperature
Figures 3A–C shows the Taylor diagrams of the simulated annual, summer, and winter precipitation in the UYRB. As shown in Figure 4 and Supplementary Figure S1, the selected nine schemes can capture the spatial pattern of precipitation in the UYRB, and the simulation performance in winter is better than that in summer, but there are large wet biases as a whole. The spatial correlation coefficient between the observed and simulated summer precipitation over the UYRB by the Emanuel, Kain-Fritsch, and Tiedtke-Kain schemes is about 0.2, but it can reach more than 0.6 in winter. As for the precipitation pattern, the precipitation simulated by the selected nine schemes shows a wet bias in the southwestern mountainous area of the Sichuan Basin, while the precipitation is low in the eastern part of the Sichuan Basin (Figure 4). In addition, when the spatial patterns of precipitation in summer and winter are compared, the wet biases of precipitation in winter are smaller than in summer. The precipitation patterns simulated by different CSs (e.g., Emanuel, Kain-Fritsch, and Tiedtke-Kain) in BATS, CLM3.5, and CLM4.5 experiments are significantly different. The Emanuel, Kain-Fritsch, and Tiedtke-Kain schemes overestimate the annual precipitation by 2.7 mm/day, 1.6 mm/day, and 0.2 mm/day, respectively. The wet biases of precipitation simulated by Emanuel are significantly higher than those of other CSs related to Emanuel’s parameterization setting (Fraedrich and Leslie, 1987; Im et al., 2008). Moreover, except in the east of the Sichuan Basin, the precipitation in the UYRB simulated by the selected scheme generally has a large wet bias, which is related to the incomplete characterization of mesoscale weather activities by the RegCM4. The precipitation biases between the simulations and observations may be due to the imperfection of the convective parameterization scheme (Wang and Seaman, 1997) and the resolution of the downscaling experiment (Shi et al., 2018), resulting in strong wet biases. The same phenomenon has also been found in other regions (Oh and Suh, 2018). In addition, previous studies have shown that the precipitation simulation by RegCM exhibits a significant systematic bias (Oh and Suh, 2018), especially in mountainous areas (Gao et al., 2017; Huang et al., 2020).
[image: Figure 3]FIGURE 3 | Taylor diagrams of annual, summer and winter precipitation in the UYRB. (Values at the bottom are statistics that exceed the threshold of Taylor diagrams.)
[image: Figure 4]FIGURE 4 | Spatial distribution of observed and simulated multi-year average summer total precipitation (unit: mm) for the current climate (1991–1993) over the UYRB. [(A) CN05, (B) simulation of the combination scheme of Emanuel and BATS, (C) simulation of the combination scheme of Tiedtke-Kain and BATS, (D) simulation of the combination scheme of Kain-Fritsch and BATS, (E–G) same as (B–D) but for CLM3.5, and (H–J) same as (B–D) but for CLM4.5].
As shown in Figures 5 and Supplementary Figure S2, the spatial pattern of multi-year average summer and winter temperature simulated by the selected schemes is very close to the observation, and the temperature gradient from northwest to southeast in the UYRB can be well captured. The spatial correlation coefficients of both simulated summer and winter temperatures are above 0.95, but there is a small bias (Figure 6). As for the spatial pattern of temperature, there is no apparent difference between the Emanuel, Kain-Fritsch, and Tiedtke-Kain schemes. In summer, there is a large warm bias in the Sichuan Basin, while in winter, there is a large cold bias in the northwest Qinghai-Tibet Plateau. In general, the annual mean biases of temperature simulated by the Emanuel, Tiedtke-Kain, and Kain-Fritsch schemes (average of the three LSPs) are 1.01°C, 1.16°C, and 2.07°C, respectively.
[image: Figure 5]FIGURE 5 | Spatial distribution of observed and simulated multi-year summer average temperature (unit: °C) for the current climate (1991–1993) over the UYRB. [(A) CN05, (B) simulation of the combination scheme of Emanuel and BATS, (C) simulation of the combination scheme of Tiedtke-Kain and BATS, (D) simulation of the combination scheme of Kain-Fritsch and BATS, (E–G) same as (B–D) but for CLM3.5, and (H–J) same as (B–D) but for CLM4.5].
[image: Figure 6]FIGURE 6 | Taylor diagrams of annual, summer, and winter air temperatures in the UYRB.
Performance evaluation for annual cycle and probability density
As shown in Figures 7A–C, compared with the Tiedtke-Kain and Kain-Fritsch schemes, the Emanuel scheme has a larger overestimation of annual precipitation, especially in summer. In the Kain-Fritsch scheme, the annual precipitation cycle obtained using three different LSPs (BATS, CLM3.5, and CLM4.5) is consistent with the observation. For air temperature, the Emanuel, Tiedtke-Kain, and Kain-Fritsch schemes can simulate the annual cycle well (Figure 7D-F). Overall, the Emanuel scheme simulation results for the annual air temperature cycle are slightly better than those of Tiedtke-Kain and Kain-Fritsch.
[image: Figure 7]FIGURE 7 | Observed and simulated annual cycles of precipitation (mm/day) and temperature (°C) for the UYRB. [(A) precipitation simulated by Emanuel, (B) precipitation simulated by Tiedtke-Kain, (C) precipitation simulated by Kain-Fritsch, and (D–F) same as (A–C) but for temperature].
In general, in the precipitation simulation of the UYRB, the parameterization combination of CLMs and Kain-Fritsch in RegCM4 performs better than other scheme combinations. As shown in Figures 8A–C, different intensities of precipitation simulated by Emanual and Tiedtke-Kain are generally higher than those observed. Among the selected CSs, the Kain-Fritsch scheme simulates precipitation intensity more closely to the observation. However, different LSPs may lead to slight differences between simulated and observed precipitation intensities. For example, precipitation intensities simulated by BATS (blue line) are higher than the observation, while those simulated by CLM3.5 (black line) and CLM4.5 (red line) are lower.
[image: Figure 8]FIGURE 8 | The Q-Q plot of precipitation (A–C) and temperature (D–F) in the UYRB between the simulation and observation. [(A) precipitation simulated by Emanuel, (B) precipitation simulated by Tiedtke-Kain, (C) precipitation simulated by Kain-Fritsch, and (D–F) same as (A–C) but for the temperature].
For air temperature, the air temperature Q-Q plots obtained by Emanual, Tiedtke-Kain, and Kain-Fritsch schemes show little difference, and the probability density distributions of air temperature simulated by the three groups of CSs are close to the observed distribution (Figure 8D-F). Among the three LSPs, the quantile distribution simulated by BATS is closer to the observed values, followed by CLM4.5.
DISCUSSION
From the above analysis, the different CSs and LSPs have different simulation performances on precipitation and temperature, and the scheme with a better simulation effect on temperature may have a worse simulation effect on precipitation, and vice versa. Therefore, in practical applications, appropriate schemes need to be selected according to the research objectives. In this study, the Kain-Fritsch scheme, combined with three LSPs, is selected to further analyze the impact of different LSPs on the simulation performance of temperature and precipitation. The statistical differences of climatic factors in different months between CLMs (CLM3.5 and CLM4.5) and BATS are presented in Table 5. As seen in the table, the total precipitation and evaporation simulated by CLMs is less than that of BATS, and the surface soil moisture (SM) simulated by CLMs is significantly drier than that of BATS. The difference between CLMs and BATS in domain-averaged precipitation and evaporation over the UYRB is −0.8–0.9 mm/day and −0.9–1.0 mm/day, respectively. For soil moisture, CLM3.5 is 30% drier than BATS and reaches 13.5% in CLM4.5, consistent with previous studies (Diro et al., 2012). Compared with CLM, BATS can produce higher soil moisture, resulting in higher latent heat and moist static energy (Im et al., 2014), which in turn enhances convective activity and results in larger convective precipitation (Alfieri et al., 2006; Myoung and Nielsen-Gammon, 2010; Hauck et al., 2011). The annual average sensible heat flux of CLM3.5 and CLM4.5 is 10.6W/m2 and 5.3W/m2 higher than that of BATS respectively, indicating that soil moisture influences the surface energy budget by regulating the relative distribution of latent and sensible heat fluxes. In addition, there is a strong connection between the convective precipitation scheme and large-scale precipitation scheme in RegCM4, and the bias of convective precipitation also affects large-scale precipitation (Gianotti et al., 2011).
TABLE 5 | Differences in hydrometeorological elements in the UYRB between the CLMs (CLM3.5 and CLM4.5) and BATS schemes.
[image: Table 5]The warm-dry difference between the BATS scheme and CLMs (CLM3.5 and CLM4.5) further affects the water vapor transport and atmospheric circulation in the region, impacting the simulated precipitation. As shown in Figure 9 and Supplementary Figure S3, the temperature difference between the CLMs scheme and the BATS scheme gradually decreases with the increase of altitude, as the land surface schemes mainly affect surface fluxes. For example, the winter temperatures at 850 hPa in the eastern part of the study area simulated by the CLMs scheme are more than 5°C higher than those of BATS. With altitudes up to 500 hPa, the warm bias in the CLMs is reduced to -1-1°C.
[image: Figure 9]FIGURE 9 | Difference in the wind field (m/s), temperature (°C), and specific humidity (g/kg) between CLM3.5 and BATS (defined as CLM3.5-BATS). [(A) difference in summer winds at 850 hPa, (D) difference in summer winds at 500 hPa, (G) difference in winter winds at 850 hPa, (J) difference in winter winds at 850 hPa; (B,E,H,K) same as (A,D,G,J) but for temperature; and (C,F,I,L) same as (A,D,G,J) but for specific humidity].
Similarly, the wind field between CLMs and BATs also shows great differences. As shown in Figure 9 and Supplementary Figure S3, the summer wind field simulated by CLMs is weaker than that of BATS. The wind field difference at 850 hPa in the UYRB is mainly an easterly wind, which may hinder the transport of low-level water vapor from the Bay of Bengal to the basin. In winter, the wind field difference between CLMs and BATS is larger than that in summer, and the differential wind field at 850 hPa is southerly, indicating that the intensity of dry cold air from the north simulated using CLMs is weakened. In addition, the summer specific humidity in the UYRB simulated by CLMs is generally smaller than that of BATS, especially at 850 hPa. The dry bias makes CLMs simulate less summer precipitable water than BATS, which tends to reduce the production of summer precipitation. Therefore, the differences in the atmospheric circulation field and water vapor flux jointly affect the precipitation in the UYRB simulated by CLMs and BATS.
CONCLUSION
In this study, the ERA-Interim reanalysis data were used as the initial and lateral boundary conditions for the RegCM4 to conduct 4-year simulations of 72 parameterization schemes. Additionally, the multi-standard scoring method was used to evaluate the performance of the selected schemes for the UYRB. Finally, the influence of different CSs and LSPs on the precipitation and temperature simulation performance over the UYRB was analyzed. The main findings are as follows:
The RegCM4 simulated temperature performed better than the simulated precipitation. RegCM4 captured the main spatial distribution characteristics of temperature and precipitation, annual cycle processes, and probability density. In simulating temperature, RegCM4 was particularly successful at capturing the main spatial pattern of observation and showed a high performance. The simulated total precipitation overestimated the observations in the study area and deviated from the observed spatial distribution in summer.
Precipitation was highly sensitive to the cumulus convective parameterization scheme. The commonly used Emanuel scheme overestimated the annual average precipitation by approximately 2.7 mm/day. Among the tested CSs, the Kain-Fritsch scheme had the best comprehensive simulation performance for precipitation in the UYRB, only overestimating the simulated annual average precipitation by 0.2 mm/day. Among the LSPs examined, the BATS group (Nos. 1–24) had the best comprehensive simulation performance for temperature in the UYRB, with an average cold bias of only 0.2°C, while the CLMs group (Nos. 25–72) had a warm bias of approximately 2.5°C.
Under the best performing CS Kain-Fritsch, the soil moisture in the UYRB simulated by CLMs was 13.5%–30% drier than that of BATS. Compared with BATS, the warmer temperature and weaker evapotranspiration in CLMs resulted in weaker horizontal and vertical water vapor transport capacity in the UYRB and less atmospheric precipitable water, leading to less precipitation in simulations using CLMs. In addition, the drier atmosphere simulated by CLMs increased the net radiation flux to the surface and changed the surface energy budget, resulting in a difference in air temperature between CLMs and BATS.
It is important to note that all the selected schemes possess common deficiencies in their precipitation simulations for the UYRB, characterized by a wet bias in mountainous areas. Substantial effort is needed in the future, including more extensive analysis of simulations, implementation, and testing of new physical processes in models, and more numerical experiments, to better understand and further improve the RegCM.
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