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Abstract

:

The western Tianshan Mountains region in China has a complex topography where basins, mountains and glaciers co-exist. It is of great significance to study the sensitivity of meteorological factors in this region to different parameterization schemes of climate models. In this paper, the regional climate model RegCM4.5 is used to simulate the meteorological factor (mean temperature, maximum temperature, minimum temperature, precipitation and wind speed) occurring in the western Tianshan Mountains region from 2012 to 2016, so as to investigate the effects of different cumulus convective schemes (Grell, Tiedtke and Emanuel), including land cumulus convective schemes (LCCs) and ocean convective schemes (OCCs) on annual and seasonal simulations of meteorological factor by using the schemes of RUN1 (Grell for LCC and Tiedtke for OCC), RUN2 (Tiedtke for LCC and Emanuel for OCC), RUN3 (Grell for LCC and Emanuel for OCC) and ENS (the ensemble of RUN1, RUN2 and RUN3). The results show that the simulations of annual and seasonal meteorological factors are not significantly sensitive to the combination of LCCs and OCCs. In the annual simulations, RUN2 scheme has the best simulation performance for the maximum, average and minimum temperatures. However, other schemes of precipitation simulation outperform RUN2 scheme, and there is no difference among the four schemes for wind speed simulation. In the seasonal simulations, RUN2 scheme still performs well in the simulation of the average, maximum and minimum temperatures for four seasons, except for the simulation of the average temperature in spring and summer. For the simulation of the maximum temperature in summer, RUN2 scheme performs the same as ENS. For the simulation of other seasons, different meteorological factors have different performances in four seasons. Overall, the results show that different combinations of cumulus convection schemes can improve the simulation performance of meteorological factors in the western Tianshan Mountains of Xinjiang.
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1. Introduction


Located in the hinterland of Eurasia, Xinjiang is the largest province with the longest border line and the largest number of neighbors in China, and it has become the most convenient access to Central Asia from the Chinese mainland. It is a very important region in Asia. Xinjiang has a temperate continental climate, characterized by large temperature differences and abundant sunshine, but little precipitation and a dry climate. The presence of Tianshan Mountains divides Xinjiang into two parts: the north and the south. The complex topography of western Tianshan Mountains in Xinjiang, where basins, hills and glaciers co-exist, has an important influence on the formation of climate in Xinjiang, China. Although Xinjiang is generally deep inland and far from the sea, and the climate types are all temperate continental, there are still significant differences in climate between the southern and northern Xinjiang. Accurate modeling and prediction of the climate in the region is important to address climate change [1,2].



At present, an important means of climate research is simulation by climate model, which mainly includes global climate models (GCMs) and regional climate models (RCMs). GCMs are not directly applicable to regional simulations due to the large differences in resolution between the grid spacing and the end-user’s needs. Therefore, RCMs are widely used for regional simulation due to their high resolution [3,4,5]. However, the proper selection of horizontal resolution, land surface models [6,7] and convective parameterization schemes (CPS) [8,9] remains problematic, and their selection mostly relies on empirical study. Many studies have shown different simulation results using different CPS [10,11] for the same region. The comparison of the simulated near-surface temperature with observational data over the European region indicates a cold bias with both Grell scheme configurations, but the bias can be reduced when the Emanuel convective scheme is applied, and the simulated precipitation is not systematically positive in the southern part of Eastern Europe [12]; Tchotchou and Kamga found that monsoonal precipitations are sensitive to the choice of cumulus parameterization and closure schemes in West Africa [13]; Raju’s research results reveal that the mixed convective scheme responds better to the simulation of precipitation and temperature over the Indian subcontinent, and the circulation features and the annual cycle of precipitation and temperature are also well simulated with the mixed convection scheme [14]. The authors of ref. [15] found that the Emanuel scheme shows an overall overestimation of precipitation in China, while the other three CPSs overestimate only in northern and northwestern China, and seasonally, the Tiedtke scheme simulates the best annual variability of precipitation in China compared with the others CPSs. In the RegCM4 version, the CPSs are described in more detail in two parts, and it is able to run different convection schemes over land and ocean. Studies have shown that different CPSs have different simulation performance over different regions, especially in land and sea areas. Bhatla’s research found that out of six CPSs, Tiedtke and Mix99 (Grell over land and Emanuel over ocean) correctly simulated the onset date, and they also found that the Mix99 CPSs performed well in simulating the synoptic features during the monsoon phases. Existing research shows that these physical processes cannot be accurately simulated over the entire Earth. Choosing an appropriate convective parameterization scheme (CPS) in RCMs is critical for region simulations [16,17,18], as it allows to simulate the region in a more refined way. At the same time, the annual and seasonal climate simulations are also very important for determining short-term adaptation measures [19,20].



In this paper, we apply the Regional Climate Model version 4.5 (RegCM4.5) to the western Tianshan Mountain area in China. The objective of this study is to evaluate the performance of three mixed CPSs and their ensemble averages, namely, Grell over land and Tiedtke over ocean (RUN1), Tiedtke over land and Emanuel over ocean (RUN2), and Grell over land and Emanuel over ocean (RUN3), with the ensemble being the average of RUN1, RUN2 and RUN3. The remainder of this paper is organized as follows. Section 2 provides a brief description of the model and three convection schemes. Section 3 presents the experimental design and Section 4 describes the results and discusses the sensitivity experiments with different convection schemes. Section 5 discusses the results and summarizes the conclusion.




2. The Convective Parameterization Schemes


2.1. Grell Scheme


Grell’s [21] convective scheme is based on the Fritsch-Chappell (FC) assumption [22]. The scheme applies a simple cloud model assuming that the large amount of flux in the upstream and downstream is constant with the height, and that the original level of upstream and sinking air flow are given by the maximum and minimum ambient humid static energy, respectively. The scheme is activated when the parcel finally reaches the wet convection from the original horizontal up-draft. A large amount of flux (   m 0   ) in the downdraft is proportional to the updraft (   m b   ), and it is calculated by the following relationship.


   m  0 =        β I   1     I 2     m b   



(1)




   I 1    is the condensed normalized updraft,    I 2    is the evaporative normalized downdraft,  β  is a small part of the re-evaporation of updraft condensate during the descent and depends on the change in the wind direction and varies mainly between 0.3 and 0.5. Hence, the equation is as follows:


   P  CU   =  I 1   m b   (  1 − β  )   



(2)




where  P  is precipitation. The meanings of other parameters are shown in Formula (1).




2.2. Tiedtke


Tiedtke is a mass flux and moisture convergence scheme originally designed for global climate models with special attention to the correct display of deep tropical convection. Tiedtke consists of three types of convection. Only one type of convection is allowed per step in each grid, and the collection of clouds appearing in each type of convection is assumed by the updraft and downdraft. The Tiedtke scheme considers only one ascent and descent of the overall airflow, which is equivalent to the ascent and descent of all cumulus monomer airflows in the grid. In the actual simulation, deep or shallow convection occurs when there is an unstable convection on the cloud base with a large-scale increase. Assuming that no deep or shallow convection can occur, then mid-stream convection is applied.




2.3. Emanuel


The Emanuel scheme assumes that interactions in the cloud are random and non-uniform, and increases convective fluxes based on an idealized condition of sub-cloud-scale downdrafts and updrafts, and the convection model is activated when the cloud base level is below the height of the neutral buoyancy layer. Assuming that clouds and the mixture of ambient air are mixed in a uniform spectrum, when the air rises between the cloud base and the zero-buoyancy layer, the condensed water vapor partly forms precipitation and the rest forms clouds. The Emanuel scheme incorporates the automatic conversion formula for clouds and water, and sets the water content of the initial cloud in the formula to a temperature-related function, in order to take into account the microphysical process of cloud ice, which is added to a single downdraft that is hydrostatic and unsaturated and carries water and heat when precipitation is generated.





3. Model and Experimental Design


3.1. Description of the RegCM Model


RegCM is regional climate model developed by Abdus Salam International Center for Theoretical Physics. The first version of RegCM was developed in the late 1980s [23,24], which has since then been upgrades to RegCM2 [25], RegCM3 [26] and RegCM4 [27]. The dynamical core of the RegCM model is similar to the hydrostatic version of the mesoscale model MM5 [28]. The PBL computations are parameterized by using the scheme of Holtslag et al. [29], the land surface model is the Biosphere-Atmosphere Transfer Scheme (BATS) and the Community Land Model (CLM) [30] schemes, and the radiation scheme is the modified NCAR Community Climate Model version 3 (CCM3) [31]. The model used here is RegCM4.5, which has many upgrades in the model physics. One of the main enhancements in this version of the model is the ability to run different convection schemes over land and ocean, also known as ‘mixed convection’. Many studies have shown that different schemes have different performance over different regions, especially over land versus ocean areas, and it currently includes three options for representing cumulus convection [32].



The scheme of Grell is the implementation of Giorgi [33]. The other two schemes are Tiedtke [34] and Emanuel scheme [35,36]. In this paper, we apply a combination of the three schemes to simulate the meteorological factors when other parameters are consistent, describe the following Table 1, where ENS is the average of the three schemes RUN1, RUN2 and RUN3, and icup_lnd and icup_ocn are the cumulus parameterization schemes that must be set before the model simulation.




3.2. Experimental Design and Data Check


The model domain covers the western Tianshan Mountain region in Xinjiang (36°–50° N, 70°–100° E), as shown in Figure 1. The grid center of the simulated area is located at 43.15° N, 82.88° E. A model grid with a horizontal resolution of 20 km is selected for the simulation experiments. The number of grid cells is 121 × 100 (East-West × North-South). The reanalysis data from the National Centers for Environmental Prediction and National Center for Atmospheric Research (NCEP&NCAR) are selected as the initial field and side boundary values of the model [37,38]. The dynamic module uses MM4 frame, with a step size of 6 h for the model output. The experiment was conducted for a period of four years from 1 January 2012 to 31 December 2016. The results of the model-driven data from January 2012 are used as model spin-up, and therefore are not analyzed. The observations used for comparison with the model were based on the daily terrestrial climate datasets from 66 sites in the western Tianshan Mountains of Xinjiang provided by the China Meteorological Data Network (http://data.cma.cn, accessed on 12 March 2017), which are continuous observation data, and the triangles in Figure 1 show the locations of the 66 observation sites.




3.3. Verification Method


3.3.1. Correlation Coefficient


According to the existing analysis methods [39,40], the results are analyzed by calculating the correlation coefficient and root mean square error between the model simulated value and the observed value. The correlation coefficient is defined as follows:


  CORREL =     ∑   i = 1  N   (   x i  −  x ¯   )   (   y i  −  y ¯   )        ∑   i = 1  N     (   x i  −  x ¯   )   2    ∑   i = 1  N     (   y i  −  y ¯   )   2       



(3)







In the above formula,    x i    and    y i    are the simulated values and observed values in the same position,   x ¯   and   y ¯   are their average values,  N  represents the number of grid points.




3.3.2. Root Mean Square Error


The root mean square error (RMSE) reflects the average deviation between the simulations and observations, which is a trade-off standard of the total error and is one of the ways to reflect the simulation performance. Typically, the greater the root mean square error is, the lower the accuracy, and in turn, the higher the simulation accuracy would be. The root mean square error formula is defined as follows:


  RMSE =       ∑   t = 1  N     (    Sim  t  −   Obs  t   )   2   N     



(4)







In the above formula,     Sim  t    stands for the simulation results of RegCM4.5,     Obs  t    is the actual observation value, and  N  represents the number of grid points.






4. Results and Discussion


4.1. Annual Simulation and Inspection


4.1.1. The Analysis of Annual Temperature


It can be seen from Figure 2 that the three parameterization schemes and sets of the model have a good simulation effect on the temperature distribution in the western Tianshan Mountains of Xinjiang, and there is no significant difference between the simulated and observed values using different schemes, indicating that the annual average temperature in the western Tianshan Mountains of Xinjiang is not sensitive to different parameterization schemes of the model. The temperature decreases from the center of the region to the border, which is consistent with the climate change in the basin. Meanwhile, a small part of the central and western regions has lower temperatures. Compared with the simulated elevation results in Figure 1, it can be seen that the higher altitude of this small part of the region leads to lower temperatures, and the simulation result is consistent with the actual situation. From the whole simulation area, the temperature in the north is lower than that in the south, which reflects the temperature difference between the north and the south. Comparing the northern and southern parts of the region, it can be seen that the difference between the simulated and observed values in the south is not obvious, and the simulation results are better, while the difference between the simulated values and the observed values in the north is more obvious, and the difference is greater the further north, which indicates that the model simulates the temperature better in the south of Tianshan Mountains in Xinjiang than in the north.



Table 2 shows the calculated correlation coefficients and RMSEs, in which the correlation coefficients are calculated by Formula 3, and RMSEs are calculated by Formula 4. Both the simulated value and the observed value are multi-year averages. Combined with Table 2, it can be found that the model can well simulate the annual average, maximum and minimum temperatures, and the simulation results of the four schemes for each temperature factor do not differ significantly. Moreover, the correlation coefficients between the simulated and observed annual average and minimum temperatures are the same in the four schemes. However, we find that the RUN2 scheme has the lowest RMSE in the annual average and minimum temperature simulations, which means that this scheme has the best performance in simulating temperature. For the simulation of the maximum temperature, the CORREL do not differ greatly. In this case, we still choose the scheme with the lowest RMSE as the optimal scheme.




4.1.2. The Analysis of Average Annual Precipitation


As can be seen from Figure 3, the three parameterization schemes and sets of the model can reflect the distribution of precipitation in the western Tianshan Mountains of Xinjiang, China. The precipitation at the edge of the region is higher than that in the middle of the region, and it is closely related to the terrain. Generally, it is consistent with the law that the precipitation is higher in the mountain area than in the basin, higher in the basin than in the center of the basin, and higher in the windward slope of the mountain area than the leeward slope. On the whole, the precipitation distribution simulated by the model is consistent with the impact of the actual terrain on the precipitation in the western Tianshan Mountains, where the precipitation is scarce and the climate is dry. Combined with Table 2, it is found that the CORREL and RMSE of RUN1, RUN3 and ENS schemes are the same, and all of them are better than the RUN2 schemes.




4.1.3. The Analysis of Average Annual Wind Speed


In Figure 4, we find that there is no difference between simulation and observation among the four schemes. Combined with Table 2, it is found that the CORREL and RMSE of wind speed simulations also have no difference among the four schemes. The main reason for this situation is that the wind speed is highly uncertain.




4.1.4. The Results of Annual Simulation


Through the analysis in Section 4.1.1, Section 4.1.2 and Section 4.1.3, we draw the conclusion in Table 3. In the simulation of western Tianshan Mountains in Xinjiang, China, the RUN2 scheme is selected for temperature, maximum temperature and minimum temperature, which can make the simulation results better and closer to the observed values. The RUN1, RUN3 and ENS scheme is selected for annual precipitation, and all schemes are the same for wind speed simulation





4.2. RegCM Seasonal Numerical Simulation and Inspection


Four schemes are used to simulate the meteorological factors in four seasons in the western Tianshan Mountains of Xinjiang, China. The simulated and observed CORREL and RMSE are obtained, as shown in Table 4 and Table 5, respectively.



The RegCM4.5 model was used to simulate seasonal meteorological factors in the western Tianshan Mountains from 2012 to 2016. From Table 4, we can see that the correlation coefficients of the four schemes for the simulation of the mean and maximum temperatures are higher in spring, summer and autumn, and the values are greater than 0.8. Here, we choose the scheme with lower RMSE as the optimal one. In the simulation of the minimum temperature in four seasons, the correlation coefficients are lower than those of the mean and maximum temperatures, and their RMSEs are also relatively low. In the simulation of annual precipitation and wind speed of four schemes, the correlation coefficients are lower than those of the temperature simulations. Combined with Table 4 and Table 5, the optimal schemes for the four-seasons simulations are shown in Table 6.





5. Conclusions


In this study, we used the regional climate model RegCM4.5 and selected different cumulus parameterization schemes to simulate annual and seasonal meteorological factors in the western Tianshan Mountains region of Xinjiang from 2012 to 2016, and investigate the applicability of different cumulus parameterization schemes to regional climate simulations. The evaluation of the experimental results shows that: (1) In the annual simulations, the RUN2 scheme performs best in simulating the average, maximum and minimum temperatures, indicating that the RUN2 scheme is more suitable for the simulation of temperature, while the other three schemes perform better in simulating precipitation. In the simulation of wind speed, there is no difference among the four schemes. (2) In the simulation of four seasons, the RUN2 scheme still performs better in the simulation of average, maximum and minimum temperatures in four seasons, except for the simulation of average temperature in spring and summer. In the simulation of the maximum temperature in summer, the RUN2 scheme is the same as that of ENS. In the simulation of precipitation, all other schemes perform better than the RUN2 scheme. In the simulation of wind speed, there is no difference among the four schemes in spring, summer, autumn and winter. In the simulation of winter, other schemes perform better than the RUN2 scheme.



This study provides additional information for the selection of available accurate cumulus parameterization simulation scheme for regional climate simulation in western Tianshan Mountains, Xinjiang, which effectively solves the problem of inaccurate simulation caused by random selection of cumulus parameter schemes. However, there are still some problems, for example, the current simulation time span is relatively short due to the limitation of the data collected from the observation sites, and we will collect more observation data later and lengthen the simulation period in the future.
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Figure 1. RegCM simulated surface model and the area. The black lines are the simulation area, the pentagram is the center point of the simulation and the triangles are the locations of the 66 observation sites. 
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Figure 2. Comparison between simulation and observation of annual average temperature using four cumulus parameterization schemes, where the circles are observed values, the rest are simulated values, and the black lines is the simulation area. The same applies to Figure 3 and Figure 4. 
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Figure 3. Comparison between simulation and observation of precipitation using four cumulus parameterization schemes. 






Figure 3. Comparison between simulation and observation of precipitation using four cumulus parameterization schemes.



[image: Atmosphere 12 01544 g003]







[image: Atmosphere 12 01544 g004 550] 





Figure 4. Comparison between simulated and observed wind speeds using four parameterization schemes. 
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Table 1. Parameterization scheme.
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	Schemes
	icup_lnd
	icup_ocn





	RUN1
	Grell
	Tiedtke



	RUN2
	Tiedtke
	Emanuel



	RUN3
	Grell
	Emanuel



	ENS
	Ensemble_mean
	Ensemble_mean
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Table 2. CORREL and RMSE of temperature, precipitation and wind speed simulated by different parameterization schemes; the units for the RMSE of temperature, precipitation and wind speed are °C, mm and m/s, respectively.
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Meteorological Factors

	
Parameterization Schemes

	
Correlation Coefficient

	
Root Mean Square Error






	
Average annual

temperature

	
RUN1_ann

	
0.8

	
4.8




	
RUN2_ann

	
0.8

	
4.5




	
RUN3_ann

	
0.8

	
4.8




	
ENS_ann

	
0.8

	
4.7




	
Maximum temperature

	
RUN1_maxTemp

	
0.9

	
5.2




	
RUN2_maxTemp

	
0.8

	
4.9




	
RUN3_maxTemp

	
0.9

	
5.2




	
ENS_maxTemp

	
0.8

	
5.1




	
Minimum temperature

	
RUN1_minTemp

	
0.7

	
4.4




	
RUN2_minTemp

	
0.7

	
4.1




	
RUN3_minTemp

	
0.7

	
4.4




	
ENS_minTemp

	
0.7

	
4.3




	
Precipitation

	
RUN1_ann

	
0.4

	
0.7




	
RUN2_ann

	
0.2

	
0.9




	
RUN3_ann

	
0.4

	
0.7




	
ENS_ann

	
0.4

	
0.7




	
Wind speed

	
RUN1_ann_wnd

	
0.4

	
1.2




	
RUN2_ann_wnd

	
0.4

	
1.2




	
RUN3_ann_wnd

	
0.4

	
1.2




	
ENS_ann_wnd

	
0.4

	
1.2
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Table 3. The optimal scheme of different meteorological factors in the simulation area.
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	Simulation Parameter
	Optimal Scheme





	Average temperature
	RUN2



	Maximum temperature
	RUN2



	Minimum temperature
	RUN2



	Annual precipitation
	RUN1/RUN3/ENS



	Wind speed
	RUN1/RUN2/RUN3/ENS
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Table 4. The CORREL of seasonal simulation and observation.
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Meteorological Factors

	
Parametrization Schemes

	
Spring

	
Summer

	
Autumn

	
Winter






	
Mean

Temperature

	
RUN1

	
0.8

	
0.8

	
0.8

	
0.7




	
RUN2

	
0.8

	
0.8

	
0.8

	
0.6




	
RUN3

	
0.8

	
0.8

	
0.8

	
0.7




	
ENS

	
0.8

	
0.8

	
0.8

	
0.7




	
Maximum

Temperature

	
RUN1

	
0.9

	
0.8

	
0.9

	
0.7




	
RUN2

	
0.8

	
0.8

	
0.9

	
0.6




	
RUN3

	
0.9

	
0.8

	
0.9

	
0.7




	
ENS

	
0.9

	
0.8

	
0.9

	
0.7




	
Minimum

Temperature

	
RUN1

	
0.8

	
0.7

	
0.7

	
0.6




	
RUN2

	
0.7

	
0.7

	
0.7

	
0.5




	
RUN3

	
0.8

	
0.7

	
0.7

	
0.6




	
ENS

	
0.8

	
0.7

	
0.7

	
0.6




	
Annual

Precipitation

	
RUN1

	
0.4

	
0.4

	
0.3

	
0.5




	
RUN2

	
0.2

	
0.3

	
0.1

	
0.2




	
RUN3

	
0.4

	
0.4

	
0.3

	
0.5




	
ENS

	
0.4

	
0.4

	
0.2

	
0.5




	
Wind Speed

	
RUN1

	
0.4

	
0.4

	
0.4

	
0.2




	
RUN2

	
0.4

	
0.4

	
0.4

	
0.2




	
RUN3

	
0.4

	
0.4

	
0.4

	
0.2




	
ENS

	
0.4

	
0.4

	
0.4

	
0.2
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Table 5. The RMSE of seasonal simulation and observation. the units for the RMSE of temperature, precipitation and wind speed are °C, mm and m/s, respectively.
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Meteorological Factors

	
Parametrization Schemes

	
Spring

	
Summer

	
Autumn

	
Winter






	
Mean

Temperature

	
RUN1

	
5.4

	
5.4

	
4.6

	
4.7




	
RUN2

	
5.1

	
5.3

	
4.4

	
4.1




	
RUN3

	
5.4

	
5.4

	
4.6

	
4.7




	
ENS

	
5.3

	
4.4

	
4.5

	
4.4




	
Maximum

Temperature

	
RUN1

	
5.9

	
5.5

	
5.1

	
5.6




	
RUN2

	
5.6

	
5.4

	
5.0

	
4.8




	
RUN3

	
5.9

	
5.5

	
5.1

	
5.6




	
ENS

	
5.8

	
5.4

	
5.1

	
5.2




	
Minimum

Temperature

	
RUN1

	
4.7

	
5.2

	
4.2

	
4.4




	
RUN2

	
4.5

	
5.0

	
4.0

	
3.9




	
RUN3

	
4.7

	
5.2

	
4.2

	
4.4




	
ENS

	
4.6

	
5.1

	
4.1

	
4.1




	
Annual

Precipitation

	
RUN1

	
0.7

	
1.3

	
0.6

	
0.3




	
RUN2

	
1.0

	
1.5

	
0.8

	
0.3




	
RUN3

	
0.7

	
1.3

	
0.6

	
0.3




	
ENS

	
0.7

	
1.2

	
0.6

	
0.3




	
Wind Speed

	
RUN1

	
1.4

	
1.4

	
1.3

	
1.5




	
RUN2

	
1.4

	
1.4

	
1.3

	
1.6




	
RUN3

	
1.4

	
1.4

	
1.3

	
1.5




	
ENS

	
1.4

	
1.4

	
1.3

	
1.5
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Table 6. The optimal solution for different meteorological factors in spring, summer, autumn and winter.
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	Parameterzation Schemes
	Spring
	Summer
	Autumn
	Winter





	Temperature
	RUN2
	ENS
	RUN2
	RUN2



	Maximum Temperature
	RUN2
	RUN2/ENS
	RUN2
	RUN2



	Minimum Temperature
	RUN2
	RUN2
	RUN2
	RUN2



	Precipitation
	RUN1/RUN3/ENS
	ENS
	RUN1/RUN3/ENS
	ALL



	Wind Speed
	ALL
	ALL
	ALL
	RUN1/RUN3/ENS
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