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Abstract

:

To improve the simulation performance of the RegCM4 model in climate simulations over the Yangtze River Basin (YRB), it is essential to determine the optimal cumulus convection and land surface process schemes from the numerous physical parameterization options within RegCM4. In this study, we selected five cumulus convection schemes (Kuo, Grell, Emanuel, Tiedtke, and Kain–Fritsch) and three land surface process schemes (BATS, CLM3.5, and CLM4.5) to configure 72 mixed schemes. Four years of short-term simulations (1990–1993) with a horizontal resolution of 50 km were conducted using ERA-Interim as the initial and boundary conditions for the 72 schemes. The climate simulation performance of all schemes in the YRB was comprehensively evaluated using a multi-criteria scoring approach. The results indicate that among the selected cumulus convection schemes, the Kain–Fritsch scheme, applied to both ocean and land, demonstrates optimal performance in simulating precipitation over the YRB, with spatial correlation coefficients between simulated and observed annual precipitation around 0.3. Compared to the Community Land Models (CLM3.5 and CLM4.5), BATS exhibits superior capabilities in reproducing the temperature features of the region, with spatial correlation coefficients between simulated and observed values typically exceeding 0.99 and standard deviations within 1.25 °C. Under the optimal KF scheme, the simulated soil moisture in the YRB using CLMs is notably drier, ranging from −7.79 to −8.39 kg/m2, compared to that achieved with BATS. The findings provide a localized reference for the parameterization schemes of RegCM4 in the YRB.
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1. Introduction


The efficacy of regional climate models (RCMs) exhibits significant variability across different study regions and seasons, posing a formidable challenge in the quest for a universally applicable physical parameterization scheme. Compounding this complexity, these parameterization schemes are often tailored to specific climate conditions and resolutions, resulting in divergent performances across simulation regions [1]. Recognizing this inherent variability, it becomes imperative to discern the most suitable parameterization schemes tailored to the unique characteristics of a given study area, thereby optimizing the overall model performance. In diverse geographical contexts such as East Asia [2], Southeast Asia [3,4], South Africa [5,6], and South America [7], a plethora of sensitivity tests have been undertaken on physical parameters to discern optimal schemes. Noteworthy research efforts in these regions have gone beyond mere identification. Enhancing the simulation performance of RCMs involves deliberately introducing or modifying parameters within the existing physical schemes [8,9].



Many research endeavors have underscored the influence of the cumulus convection parameterization scheme, surpassing the impact of alternative schemes, on the simulation performance of RegCM [10,11]. This body of evidence not only highlights the paramount importance of scrutinizing the cumulus convection parameterization scheme but also emphasizes its pivotal role in shaping the overall efficacy of RegCM’s simulation outcomes. Further exploration into the nuanced interactions and intricacies of the cumulus convection parameterization scheme is imperative to unravel the complexities of regional climate simulations. Within the Chinese monsoon area, different cumulus convection parameterization schemes exhibit diverse effects on model performance [12]. Notably, Gao et al. [13] conducted a comparative analysis of diverse cumulus convection schemes (CSs) within significant river basins in China, revealing the superior performance of the Emanuel scheme. While acknowledging the significant influence of cumulus convection schemes on precipitation, it is crucial to recognize the importance of land surface process schemes (LSPs) in shaping precipitation outcomes. In East Asia, studies by Kang et al. [14] and Li et al. [15] compared simulations utilizing the Emanuel convection scheme in RegCM with BATS [16] and CLM3 [17]. Their findings underscored that the BATS scheme exhibits a higher wet bias in summer precipitation than the CLM scheme.



Research in China has extensively examined the RegCM physical parameterization scheme, particularly in the context of case studies. However, prior investigations have predominantly centered around East Asia or the entirety of China, neglecting a more nuanced exploration of sub-regions. In particular, the Yangtze River Basin (YRB) stands out due to its pronounced variations in precipitation and temperature. These variations occur across different spatial and temporal scales and are situated within the transitional zone between subtropical and temperate climates. The region is significantly influenced by the East Asian and South Asian monsoon systems, resulting in frequent extreme weather and climate events [18,19]. The climatic challenges faced by the YRB are intricately influenced by the dynamic interplay of two monsoon systems operating across diverse time scales. This complexity is further compounded by the region’s highly varied geographical and topographical features. Accurately simulating climate phenomena in the YRB remains a formidable task, especially concerning precipitation. Despite the wealth of prior studies, a consensus on the most suitable physical parameterization scheme for the YRB has yet to be established. To attain satisfactory performance of the regional climate model RegCM4 in climate simulation studies over the YBR, selecting a set of physically parameterized schemes suitable for the local conditions is essential.



The primary purpose of this study is to identify the optimal physical combination schemes that can effectively simulate precipitation and temperature in the YRB through a comprehensive evaluation of numerous available CSs and LSPs. This study also aims to provide a preliminary analysis of the factors contributing to the performance differences among these schemes. Section 2 introduces the model and experimental design, while Section 3 and Section 4 present the comprehensive evaluation results and discussions. Section 5 concludes with important findings. The findings presented herein offer a robust foundation for selecting physical parameterization schemes when using RegCM4 to simulate regional climate in the YRB more accurately. This study also provides a scientific basis for climate change adaptation decisions in the YRB, which can better guide local water resource management, agricultural production, and other activities, promoting sustainable development.




2. Data and Methods


2.1. RegCM4 and Experimental Description


RegCM4 is a regional climate model crafted under the auspices of the Abdus Salam International Center for Theoretical Physics. Particularly prominent in its utilization, RegCM4 has been extensively applied in multi-decadal climate change simulations within the dynamic landscape of East Asia [20]. This modeling framework reflects a robust scientific foundation and underscores its versatility by providing five CSs and three LSPs for users to select. An intriguing facet of RegCM4 lies in its ability to execute different CSs across both land and ocean domains, a configuration colloquially known as ‘mixed convection.’ This feature enhances the model’s adaptability, catering to the diverse climatic conditions prevalent in various regions. For a more comprehensive understanding of the intricacies encapsulated within RegCM4, interested readers are directed to the comprehensive exposition by Giorgi et al. [21], which delves into the nuanced details of this influential modeling framework.



To explore the simulation performance of various combinations of physical parameterization schemes on the climate of the YRB, this study conducted simulations at a 50 km resolution. The experiments employed a horizontal grid spacing of 50 km (200 × 130), 18 vertical layers, and a 1 hPa layer at the top of the atmospheric column. The planetary boundary, sea surface flux, and radiation schemes adopted the Holtslag scheme [22], Zeng scheme [23], and NCAR CCM3, respectively, widely applied in regional simulations in China. The simulation domain covered the coordinated regional climate downscaling experiment East Asia phase II domain, including the YRB of interest in this study (Figure 1). The continuous simulation period spanned from October 1989 to December 1993, with a spin-up period preceding January 1990. Among the 72 sets of physical parameterization schemes configured in this study, Nos. 1–24, 25–48, and 49–72 employed the land surface process schemes BATS, CLM3.5, and CLM4.5, respectively. The land cumulus convection schemes (LCS) and ocean cumulus convection schemes (OCS) were selected from Kuo, Grell, Emanuel, Tiedtke, and Kain–Fritsch. Additional details on experimental schemes can be found in Table 1.




2.2. Data


ERA-Interim data were incorporated to establish initial and lateral boundary conditions for the RegCM4 simulations [24]. The ERA-Interim forcing data can be obtained from the International Center for Theoretical Physics at http://clima-dods.ictp.it/Data/RegCM_Data/ (accessed on 1 March 2023). In evaluating the simulation accuracy of precipitation within the model, this investigation employed the CN05 precipitation observation dataset, meticulously crafted by the China Meteorological Administration, for a rigorous validation process [25]. The CN05 data can be downloaded from the following link: https://ccrc.iap.ac.cn/resource/detail?id=228 (accessed on 1 March 2023). This comprehensive dataset amalgamates daily precipitation observations from a network of 2416 meteorological stations across China, employing an advanced interpolation method to produce a gridded dataset with a refined resolution of 0.5° × 0.5°. Distinguished for its reliability, the CN05 dataset has become a staple in scrutinizing the proficiency of regional climate models in capturing the intricacies of China’s climate dynamics [26]. To facilitate a meticulous comparative analysis, the output results generated by RegCM4 underwent interpolation to align with the grid centers, mirroring the resolution parameters of the CN05 dataset.




2.3. Methodology


In this investigation, a comprehensive multi-standard scoring methodology takes center stage to assess the efficacy of diverse physical parameterization schemes implemented within RegCM4. The evaluative criteria encompass a spectrum of metrics, including mean annual values, standard deviation, relative error (RE), normalized root mean square error (NRMSE), spatial distribution, empirical orthogonal function (EOF), annual climate cycles, and probability density function (PDF). The intricate details of these criteria and their corresponding weights are meticulously outlined in Table 2, providing a structured framework for a thorough evaluation. A rank score (RS) system, ranging from 0 to 9, is meticulously employed to appraise each assessment criterion. This approach ensures a comprehensive and detailed analysis, allowing for a more nuanced understanding of the performance nuances exhibited by various physical parameterization schemes within the RegCM4 framework.


  R   S   i   =     x   i   −   x   m i n       x   m a x   −   x   m i n     × 9  



(1)




where xi signifies the RE or other pertinent statistical measures between the observations and the outcomes derived from the ith RegCM simulation. In the context of RE, a higher xi value corresponds to an elevated RS in the assessment criterion for the ith RegCM outcome. The overall performance score for each sensitivity test materializes through a judiciously weighted summation of RS across all assessment criteria. Additionally, we employ the Normalized Root Mean Squared Error (NRMSE) as a metric to scrutinize RegCM4’s proficiency in reproducing climate variables.


  N R M S E =      1   n     ∑  i = 1   n          X   G i   −   X   o i       2           1   n − 1     ∑  i = 1   n          X   o i   −     X  ¯    o       2         



(2)




where XGi and XOi denote the values attributed to the simulated and observed climate variables within the model during the ith simulation period. The parameter n signifies the duration of the simulation period within RegCM4, while       X  ¯    o     signifies the average value of the observed data throughout the entire observation period.



The assessment of the annual cycle and spatial distribution of climate variables simulated by the model entails a meticulous examination utilizing correlation coefficients. In-depth qualitative and quantitative analyses of the spatial field characteristics of these variables are conducted through the application of the empirical orthogonal function (EOF) methodology, a well-established approach for such investigations [27]. This study employs EOF to scrutinize the temporal and spatial dynamics of climate variables simulated by RegCM4, comparing them with observational data on a monthly scale [28].



To gauge the reliability of the RegCM4 simulation results at a monthly scale, we leverage two key indicators: Brier score (BS) and Significance score (Sscore). The BS, representing the mean square error of the probability prediction, offers a quantitative measure of the simulation’s accuracy in predicting the probability density distribution of climate variables. In parallel, the Sscore indicates the smallest cumulative probability within each equal sequence of values in both observed and simulated distributions.


  B S =   1   n     ∑  i = 1   n          P   m i   −   P   o i       2      



(3)






    S   score   =   ∑  i = 1   n    M i n i m u m       P   m i   ,   P   o i      



(4)




where Pmi and Poi denote the probabilities associated with the presence of climate variables simulated by RegCM4 and observed counterparts within the ith data segment, respectively. The sequence length, n, is systematically divided by the original sequence values of the climate variables. The efficacy of RegCM4 in replicating the probability density distribution within the region can be gauged through the BS and Sscore. A lower BS or a higher Sscore signifies an enhanced simulation capability, suggesting a more accurate alignment with the probability density distribution of the observed climate variables in the specified region.





3. Results


3.1. Comprehensive Evaluation of the Physical Parameterization Scheme


Figure 2 delineates the evaluation outcomes of simulated temperature and precipitation across 72 distinct sets of parameterization schemes within the YRB. As illustrated in Figure 2a, precipitation shows higher sensitivity to changes in CSs, while being less responsive to variations in land surface process schemes. The box plots indicate that the CLM schemes exhibit a slightly superior overall simulation performance for precipitation compared to the BATS scheme. Regarding temperature, the BATS group, encompassing experiments 1 through 24 (Nos. 1–24), emerges as the top performer (Figure 2b). The closely trailing counterpart is the CLM3.5 group, comprising experiments numbered 25 through 48 (Nos. 25–48). Conversely, compared with the other two groups, the CLM4.5 group, consisting of experiments numbered 49 through 72 (Nos. 49–72), exhibits the least favorable performance regarding temperature. The temperature variable displays heightened sensitivity to variations in land surface process schemes, with the BATS group showcasing the most favorable outcomes. This analysis underlines the intricate interplay between parameterization schemes and their differential impacts on simulated temperature and precipitation patterns within the YRB.



Utilizing the minimum RS as the benchmark for temperature and precipitation evaluations, the cumulus convection scheme employing KF demonstrated optimal performance among the 72 distinct schemes (Figure 2). This superiority was particularly evident when the land and ocean cumulus schemes incorporated the KF scheme. Consequently, we delve deeper into the nuanced performance distinctions among nine selected schemes, organized into three groups, shedding light on the interplay between different CSs and LSPs within the YRB. The first group comprises simulations where the land and ocean cumulus schemes adopt the E scheme, identified as experiments numbered 12, 36, and 60. The second group comprises simulations in which the land and ocean cumulus schemes adopt the KF and T schemes, respectively, identified as experiments numbered 19, 43, and 67. The third group features simulations where the land and ocean cumulus schemes adopt the KF scheme, identified as experiments numbered 24, 48, and 72. Within each group of three simulations, the land surface process schemes applied to the members are BATS (Nos. 12, 19, and 24), CLM3.5 (Nos. 36, 43, and 48), and CLM4.5 (Nos. 60, 67, and 72).




3.2. Assessment of Climatological Performance


As shown in Figure 3, the selected schemes exhibit better simulation performance for winter precipitation compared to summer. The spatial correlation coefficients between observed and simulated values for annual and summer precipitation in the YRB are generally below 0.3, with standard deviations reaching 2–4. In contrast, the spatial correlations between observed and simulated winter precipitation for the nine selected schemes range from 0.5 to 0.6, with standard deviations within 1, indicating superior performance during the cold season. Regarding precipitation spatial patterns, the simulated summer precipitation shows a significant wet bias in the central part of the Yangtze River Basin, especially around the mountainous areas surrounding the Sichuan Basin (Figure 4). On the other hand, the simulated winter precipitation exhibits a considerable wet bias in the southern part of the middle reaches of the Yangtze River (Figure S1). Due to intrinsic parameterization settings, the E scheme simulates higher wet biases in both summer and winter precipitation in the Yangtze River region compared to other CSs [29]. Although the selected schemes overestimate precipitation in the upper reaches of the Yangtze River ovrall, they tend to underestimate precipitation in the middle and lower reaches, which is related to the RegCM model’s lack of accurate representation of mesoscale weather activities, such as the activity of summer tropical cyclones. In regions influenced by monsoons, precipitation has complex connections with mesoscale systems embedded with the Meiyu front. Incomplete cumulus parameterization may lead to dry biases in simulating monsoon region precipitation, especially when tropical cyclones or other mesoscale systems are influenced.



As depicted in Figure 5, RegCM4 exhibits a robust capability to simulate temperatures in the YRB, with slightly better performance in simulating summer temperatures than winter. The spatial correlation coefficients between observed and simulated values for annual and summer precipitation in the YRB typically exceed 0.99, with standard deviations within 1.25. In contrast, the spatial correlations between observed and simulated winter temperatures for the nine selected schemes are around 0.95, with standard deviations ranging from 1.25 to 1.5 (Figure 5). Furthermore, using the CLM4.5 scheme results in higher standard deviations for annual, summer, and winter temperatures than other land surface process schemes. RegCM4 aptly reproduces the well-defined temperature gradient, gradually warming from northwest to southeast, in the YRB during winter and summer. The temperature spatial patterns simulated by the nine selected combinations closely match the observed data (Figure 6 and Figure S2). However, RegCM4 tends to exhibit a warm bias in summer temperatures in the downstream region of the YRB, while a cold bias is observed in the high mountainous areas of the middle and upper reaches of the YRB during the same season.




3.3. Performance Evaluation for Annual Cycle and Probability Density


As depicted in Figure 7a, a comparative analysis reveals that the E scheme exhibits a more pronounced overestimation of annual precipitation, particularly during summer, when juxtaposed with the T-K and KF schemes. Intriguingly, the KF scheme demonstrates congruence with observational data across the annual precipitation cycle, irrespective of the land surface process schemes utilized (BATS, CLM3.5, and CLM4.5). Turning our focus to air temperature, Figure 7b portrays that the E, T-KF, and KF schemes effectively capture the annual temperature cycle. In an overarching assessment of the annual temperature cycle, the BATS scheme, integrating the three cumulus convection schemes, showcases marginally superior simulation results compared to the CLM3.5 and CLM4.5 schemes.



Comparatively, within the RegCM4 framework, the combination of the CLM land surface process scheme and the KF mixed convection parameterization scheme demonstrates superior simulation performance. As illustrated in Figure 8a–c, the precipitation intensity simulated by the E and T-KF schemes consistently exceeds observed values. The precipitation intensity simulated with the KF mixed convection scheme is closer to observed values among the selected cumulus convection schemes. The variations in the BATS, CLM3.5, and CLM4.5 land surface process schemes have minimal effects on precipitation simulated with the E (Figure 8a) and T (Figure 8b) mixed convection parameterization schemes, while they exhibit a more significant impact on simulated precipitation with the KF mixed convection scheme (Figure 8c). Concerning air temperature, changes in the E, T-KF, and KF mixed convection parameterization schemes show minimal impact on the Q–Q plots of simulated and observed values (Figure 8d–f). Among the three land surface schemes (BATS, CLM3.5, and CLM4.5), the Q–Q plot for BATS is closest to the observed data (blue line), with the distribution of various quantiles resembling the line y = x.





4. Discussion


The comprehensive analysis described above underscores the distinct simulation performances of various CSs and LSPs on precipitation and temperature. Remarkably, a scheme exhibiting superior temperature simulation may demonstrate less effective performance in precipitation simulation, and vice versa. This intricacy emphasizes the critical need for judicious scheme selection aligned with specific research objectives in practical applications. In this study, we specifically zero in on the KF scheme, paired with three land surface process schemes, to delve deeper into the nuanced impact of different land surface process schemes on the simulation outcomes for precipitation and temperature. The statistical disparities in climatic factors during different months between CLMs—encompassing CLM3.5 and CLM4.5—and BATS are systematically presented in Table 3. The tabulated results reveal notable distinctions in total precipitation, evaporation, and surface soil moisture (SM) between CLMs and BATS. Specifically, CLMs simulate lower total precipitation and evaporation, while the SM simulated by CLMs portrays significant dryness compared to BATS. The domain-averaged differences in precipitation and evaporation over the YRB between CLMs and BATS range from −0.37 to −0.44 mm/day and −1.01 to −1.06 mm/day, respectively. Furthermore, CLM3.5 exhibits a soil moisture deficit of 7.79 kg/m2, and CLM4.5 amplifies this to 8.39 kg/m2, aligning with previous research findings [30].



In contrast, the BATS scheme generates higher soil moisture, leading to elevated moist static energy [31]. This, in turn, promotes convective activity and may result in more intense convective precipitation events [32,33,34]. The substantial overestimation of soil moisture in the selected region by the BATS land surface process scheme is primarily attributed to the uncertainty in soil properties stipulated by the BATS scheme, such as soil color and texture. Compared to the BATS scheme, the multi-year average sensible heat flux (SH) simulated by the CLM3.5 and CLM4.5 schemes in the RegCM4 model is higher by 8.28 W/m2 and 4.37 W/m2, respectively. The disparities in land surface process flux simulation results due to different land surface process schemes indicate that soil moisture plays a crucial role in regulating surface energy balance by influencing the spatial and temporal distribution of latent and sensible heat fluxes.



The noticeable warm–dry contrast between the BATS scheme and Community Land Models significantly impacts the region’s water vapor transport and atmospheric circulation, subsequently influencing simulated precipitation patterns. This effect is depicted in Figure 9 and Figure S3, where the temperature difference between CLMs (CLM3.5 and CLM4.5) and the BATS scheme gradually decreases with increasing altitude, highlighting the predominant influence of land surface process schemes on surface fluxes. Specifically, as shown in Figure 9c, winter temperatures at 850 hPa in the lower and middle reaches of the YRB, simulated by CLM3.5, exhibit an excess of 3–5 °C compared to those simulated by BATS. However, with an ascent to altitudes up to 500 hPa, this warm bias displayed by CLMs converges to a more nuanced range of −1 to 1 °C.



Similarly, significant differences emerge in the wind patterns between CLMs and BATS. The simulated summer wind field by CLMs shows a notable attenuation compared to its BATS counterpart (Figure 9 and Figure S3). The prevailing wind difference at 850 hPa over the YRB predominantly manifests as easterly, potentially hindering low-level water vapor transport from the Bay of Bengal to the basin. The differences in the winter wind field between CLMs and BATS exceed those in the summer, with a southerly component observed at 850 hPa. This suggests a weakening of the dry cold air from the north simulated by CLMs. Additionally, CLMs simulate generally lower specific humidity in the YRB during summer, especially at 850 hPa. This inherent dry bias in CLMs results in reduced summer precipitable water compared to BATS, thereby influencing a dampened output of summer precipitation. Consequently, the interplay of distinctions in water vapor flux and atmospheric circulation collectively contributes to the nuanced precipitation patterns observed in the YRB simulations conducted by different land surface process schemes.




5. Conclusions


Utilizing ERA-Interim reanalysis data as the initial and lateral boundary conditions, this study conducted four-year simulations employing 72 parameterization schemes within the RegCM4 framework. The evaluation of scheme performance for the YRB utilized a multi-standard scoring method. The ensuing analysis delved into the impact of diverse CSs and LSPs on precipitation and temperature simulations over the YRB.



Among the tested CSs, the KF scheme within RegCM4 demonstrated the most robust and comprehensive simulation performance for precipitation in the YRB, with spatial correlation coefficients between simulated and observed annual precipitation around 0.3. Examination of land surface process schemes revealed that the BATS group exhibited superior comprehensive simulation performance for temperature in the YRB, with spatial correlation coefficients between simulated and observed values typically exceeding 0.99 and standard deviations within 1.25 °C. Under the optimal KF scheme, the simulated soil moisture in the YRB using CLMs was notably drier, ranging from −7.79 to −8.39 kg/m2, compared to that achieved with BATS. The study underscores the need for further research across multiple regional climate model systems to comprehensively unravel the intricate impact of physical parameterization schemes on climate simulations within the YRB.
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Figure 1. Domain of computation and topographic landscape (unit: meters) in the regcm4 model. 
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Figure 2. Distribution analysis of ranking scores for precipitation (a) and temperature (b) among 72 physical parameterization scheme configurations. 
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Figure 3. Comparative analysis of annual (a), summer (b), and winter (c) precipitation using Taylor diagrams in the YRB with different schemes. 
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Figure 4. Spatial patterns of multi-year average summer precipitation (Unit: mm) during the present climate period (1991–1993) across the YRB. [(a) Observed precipitation distribution based on the CN05 dataset, (b) simulated precipitation distribution utilizing the combined scheme of E and BATs, (c) simulated precipitation employing the combined scheme of T-KF and BATS, (d) simulation incorporating the combined scheme of KF and BATS, (e–g) analogous simulations as (b–d) but with CLM3.5, and (h–j) parallel simulations as (b–d) but with CLM4.5.]. 
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Figure 5. Comparative analysis of annual (a), summer (b), and winter (c) temperatures using Taylor diagrams in the YRB with different schemes. 
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Figure 6. Spatial patterns of multi-year summer average temperature (Unit: °C) during the present climate period (1991–1993) across the YRB. [(a) Observed temperature distribution based on the CN05 dataset, (b) simulated temperature distribution using the combined scheme of E and BATS, (c) simulated temperature distribution employing the combined scheme of T-KF and BATS, (d) simulated temperature distribution incorporating the combined scheme of KF and BATS, (e–g) analogous simulations as (b–d) but with CLM3.5, and (h–j) parallel simulations as (b–d) but with CLM4.5.]. 
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Figure 7. Comparative analysis of annual cycles: observed and simulated precipitation (mm/day) (a) and temperature (°C) (b) in the YRB. 






Figure 7. Comparative analysis of annual cycles: observed and simulated precipitation (mm/day) (a) and temperature (°C) (b) in the YRB.



[image: Atmosphere 15 00334 g007]







[image: Atmosphere 15 00334 g008] 





Figure 8. Quantile–Quantile analysis of precipitation (a–c) and temperature (d–f) in the YRB: Comparative assessment between simulation and observation. [(a) Precipitation simulated using the E scheme, (b) precipitation simulated using the T-KF scheme, (c) precipitation simulated using the KF scheme, and (d–f) analogous comparisons as (a–c) but for temperature]. 
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Figure 9. Disparities in wind (m/s), temperature ((a–d), °C), and specific humidity ((e–f), g/kg) between CLM3.5 and BATS (designated as CLM3.5-BATS). [(a) Variations in summertime temperature at 850 hPa, (b) contrasts in summertime temperature at 500 hPa, (c) discrepancies in wintertime temperature at 850 hPa, (d) disparities in wintertime temperature at 500 hPa; (e–h) mirroring (a–d) but for specific humidity.]. 
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Table 1. Physical parameterization schemes used in the study.
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	No.
	LCS
	OCS
	LSP
	No.
	LCS
	OCS
	LSP
	No.
	LCS
	OCS
	LSP





	1
	K
	K
	BATS
	25
	K
	K
	CLM3.5
	49
	K
	K
	CLM4.5



	2
	G-AS
	G-AS
	BATS
	26
	G-AS
	G-AS
	CLM3.5
	50
	G-AS
	G-AS
	CLM4.5



	3
	G-AS
	E
	BATS
	27
	G-AS
	E
	CLM3.5
	51
	G-AS
	E
	CLM4.5



	4
	G-AS
	T
	BATS
	28
	G-AS
	T
	CLM3.5
	52
	G-AS
	T
	CLM4.5



	5
	G-AS
	KF
	BATS
	29
	G-AS
	KF
	CLM3.5
	53
	G-AS
	KF
	CLM4.5



	6
	G-FC
	G-FC
	BATS
	30
	G-FC
	G-FC
	CLM3.5
	54
	G-FC
	G-FC
	CLM4.5



	7
	G-FC
	E
	BATS
	31
	G-FC
	E
	CLM3.5
	55
	G-FC
	E
	CLM4.5



	8
	G-FC
	T
	BATS
	32
	G-FC
	T
	CLM3.5
	56
	G-FC
	T
	CLM4.5



	9
	G-FC
	KF
	BATS
	33
	G-FC
	KF
	CLM3.5
	57
	G-FC
	KF
	CLM4.5



	10
	E
	G-AS
	BATS
	34
	E
	G-AS
	CLM3.5
	58
	E
	G-AS
	CLM4.5



	11
	E
	G-FC
	BATS
	35
	E
	G-FC
	CLM3.5
	59
	E
	G-FC
	CLM4.5



	12
	E
	E
	BATS
	36
	E
	E
	CLM3.5
	60
	E
	E
	CLM4.5



	13
	E
	T
	BATS
	37
	E
	T
	CLM3.5
	61
	E
	T
	CLM4.5



	14
	E
	KF
	BATS
	38
	E
	KF
	CLM3.5
	62
	E
	KF
	CLM4.5



	15
	T
	G-AS
	BATS
	39
	T
	G-AS
	CLM3.5
	63
	T
	G-AS
	CLM4.5



	16
	T
	G-FC
	BATS
	40
	T
	G-FC
	CLM3.5
	64
	T
	G-FC
	CLM4.5



	17
	T
	E
	BATS
	41
	T
	E
	CLM3.5
	65
	T
	E
	CLM4.5



	18
	T
	T
	BATS
	42
	T
	T
	CLM3.5
	66
	T
	T
	CLM4.5



	19
	T
	KF
	BATS
	43
	T
	KF
	CLM3.5
	67
	T
	KF
	CLM4.5



	20
	KF
	G-AS
	BATS
	44
	KF
	G-AS
	CLM3.5
	68
	KF
	G-AS
	CLM4.5



	21
	KF
	G-FC
	BATS
	45
	KF
	G-FC
	CLM3.5
	69
	KF
	G-FC
	CLM4.5



	22
	KF
	E
	BATS
	46
	KF
	E
	CLM3.5
	70
	KF
	E
	CLM4.5



	23
	KF
	T
	BATS
	47
	KF
	T
	CLM3.5
	71
	KF
	T
	CLM4.5



	24
	KF
	KF
	BATS
	48
	KF
	KF
	CLM3.5
	72
	KF
	KF
	CLM4.5







Notes: The abbreviations for convection schemes are as follows: Kuo (K), Grell (G), Emanuel (E), Tiedtke (T), and Kain–Fritsch (KF). The Grell scheme has two distinct cumulus closure schemes: the Arakawa–Schubert Cumulus Closure Scheme (AS) and the Fritsch–Chappell Cumulus Closure Scheme (FC).













 





Table 2. Statistical indices and corresponding weight allocations in the study.
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Characteristics of Climate Variables

	
Statistical Indices

	
Weights






	
Mean value

	
RE (%)

	
1.0




	
Standard deviation

	
RE (%)

	
1.0




	
Temporal change

	
NRMSE

	
1.0




	
Monthly distribution

	
Correlation coefficient (R2)

	
1.0




	
Spatial distribution

	
Correlation coefficient (R2)

	
1.0




	
Spatiotemporal variability

	
EOF1 (first vector)

	
0.5




	
EOF2 (second vector)

	
0.5




	
Probability density functions

	
BS

	
0.5




	
Sscore

	
0.5











 





Table 3. Disparities in hydrometeorological elements within the YRB among the CLMs (CLM3.5 and CLM4.5) and BATS schemes.
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Month

	
Precipitation (mm/Day)

	
Evaporation (mm/Day)

	
SM (kg/m2)

	
SH (W/m2)




	
CLM3.5

	
CLM4.5

	
CLM3.5

	
CLM4.5

	
CLM3.5

	
CLM4.5

	
CLM3.5

	
CLM4.5






	
1

	
−0.37

	
−0.44

	
−0.47

	
−0.43

	
−10.29

	
−8.77

	
2.35

	
−3.49




	
2

	
−0.65

	
−0.79

	
−0.62

	
−0.66

	
−10.24

	
−9.91

	
5.48

	
1.81




	
3

	
−0.96

	
−0.96

	
−0.92

	
−0.87

	
−8.48

	
−9.53

	
13.28

	
8.58




	
4

	
−1.06

	
−1.26

	
−1.18

	
−1.11

	
−8.72

	
−10.43

	
14.49

	
12.35




	
5

	
−1.25

	
−1.30

	
−1.27

	
−1.09

	
−8.46

	
−10.69

	
13.75

	
8.01




	
6

	
−1.25

	
−0.76

	
−1.42

	
−1.25

	
−5.81

	
−7.92

	
7.20

	
−0.57




	
7

	
−1.52

	
0.05

	
−1.45

	
−1.05

	
−5.92

	
−6.92

	
8.30

	
−0.68




	
8

	
−1.09

	
−1.21

	
−1.30

	
−1.16

	
−5.68

	
−7.49

	
6.28

	
4.12




	
9

	
−0.78

	
−1.07

	
−1.25

	
−1.35

	
−5.76

	
−7.26

	
8.30

	
11.45




	
10

	
−0.77

	
−0.67

	
−1.17

	
−1.27

	
−6.10

	
−6.88

	
9.91

	
11.55




	
11

	
−0.87

	
−0.91

	
−0.98

	
−1.07

	
−8.55

	
−7.58

	
7.41

	
5.82




	
12

	
−0.30

	
−0.45

	
−0.68

	
−0.76

	
−9.51

	
−7.29

	
2.58

	
−0.49




	
Mean

	
−0.37

	
−0.44

	
−1.06

	
−1.01

	
−7.79

	
−8.39

	
8.28

	
4.87
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