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Abstract

:

The Heihe River Basin (HRB), located on the northeastern edge of the Tibetan Plateau, is the second-largest inland river basin in China, with an area of 140,000 km2. The HRB is a coupling area of the westerlies, the Qinghai–Tibet Plateau monsoon and the Southeast monsoon circulation system, and is a relatively independent land-surface water-circulating system. The refined characteristics of moisture recycling over the HRB was described by using the Weather Research and Forecasting (WRF) model for a long-term simulation, and the “finer box model” for calculating the net water-vapor flux. The following conclusions were drawn from the results of this study: (1) The water vapor of the HRB was dominantly transported by the wind from the west and from the north, and the west one was much larger than the north one. The net vapor transported by the west wind was positive, and by the north wind was negative. (2) The precipitation over the HRB was triggered mainly by the vapor from the west, which arose from the lower vertical layer to higher one during transporting from west to east. The vapor from the north sank from a higher layer to a lower one, and crossed the south edge of the HRB. (3) The moisture-recycling ratio of evapotranspiration to precipitation over the HRB was much higher than the other regions, which may be due to the strong land–atmosphere interaction in the arid inland river basin.
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1. Introduction


Moisture recycling is the contribution of regional moisture to precipitation in a region [1,2,3,4]. It has the ability to inhibit extreme precipitation-induced hydrological events [5,6], and reflects the memory of soil moisture and the continuous abnormality of dry and wet conditions [7]. A comprehensive understanding of the regional moisture-recycling process not only is the key to understanding the regional water cycle and surface land–atmosphere interaction [8,9], but also plays the main role in improving future climate-change projections.



Generally, the rate of moisture recycling depends heavily on the spatial scale of the study area and its regional atmospheric circulation. The smaller the spatial scale is, the lower the moisture-recycling rate [1]. The moisture-recycling rate is nearly 1 at the global scale, approximately 40% at the continent scale, and generally less than 20% at a scale of 1000 km2 [10,11,12]. However, the contribution of regional evaporation to precipitation is high [13], and far greater than 20% in the inland river basin, which is at the regional scale of 106 km2, due to the strong land–atmosphere interaction. Zhao et al. [14] reported that the contributions of recycled moisture to precipitation in the upper, middle, and lower reaches of the Heihe River Basin (HRB) are approximately 52.4%, 56.5%, and 21.4%, respectively, and that recycled moisture (especially transpiration) plays an important role in regional precipitation redistribution. The inland river basin is located in the hinterland of the continent and far away from the ocean. No sufficient source of water vapor exists, and the runoff generated by rainfall or alpine snow melting in the inland mountainous area cannot flow into the sea, and finally is infiltrated in the local basin. The inland river basin is an ideal hydrometeorological research region that exchanges water and energy with the external world within a clear boundary [15].



However, compared to the relatively simple process of marine inner water cycling, the moisture recycling of the inland river basin is much more complicated because of the spatial heterogeneity and diversity of its complex underlying surface. Generally, the inland river basin originates from a mountainous area and extends to a desert [16]. In the high mountainous upper reaches of the inland river basin, diverse underlying surfaces of glaciers, snow, frozen soil, and alpine forest meadow can be found, and a mountainous “water tower” can be observed overhead, a result of water vapor being intercepted from the outside. In the middle reaches, the Gobi Desert, an oasis, a unique artificial water channel, and farmland can be seen on the surface, with runoff flowing through formed by precipitation from upstream. In the downstream of the inland river basin, the river is injected into the terminal lake or is infiltrated in the desert. These complex underlying surfaces make it difficult to describe the process of precipitation and evapotranspiration in the inland river basin; therefore, the moisture recycling of the basin is much more complex.



Meanwhile, with global climate change, the uncertainty of moisture recycling in the inland river basin has increased. The fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC) noted the lack of doubt regarding the warming of the climate system. Since 1850, the global average temperature increases by 0.85 degrees from 1880 to 2012 [17]. According to the National Oceanic and Atmospheric Administration, the increase in temperatures over the first 15-year period of the 21st century were almost equal to the increases that occurred over the entire last half of the 20th century [18]. The increase in temperature means that increasingly more precipitation reaching the ground will evaporate into the atmosphere. Due to the insufficient precipitation and the fragile ecological environment, the arid inland river basin is vulnerable to global climate change; therefore, moisture recycling and changes mechanism in the arid inland river basin must be carried out to against the background of climate change and to propose regional vulnerability response methods.



Long-term, high-resolution, atmospheric numerical simulation helps to precisely refine the characterization of the moisture-recycling process in the inland river basin. Long-term data help to reduce the bias and to reveal the trend of moisture recycling. Higher resolution improves not only the land-surface representation, but also the ability of regional climate models to simulate important small-scale precipitation processes [19], such as convective phenomena that are generally considered to be sufficiently resolved at a less than approximately 5 km spatial resolution [20].



Generally, the box model is widely used to calculate the regional water and energy mass balance as the mass difference between the input and the output in a certain region at a specific time [21,22,23,24]. However, most researchers take the entire research region as a box, which obliterates the jagged complex edge of the natural topography.



In this paper, moisture recycling over the inland Heihe River Basin is calculated based on the Weather Research and Forecasting (WRF) model at a 5 km spatial resolution and an hourly temporal resolution from 2000 to 2015 using the finer box model. This study aims to describe the specific characteristics of water-vapor transport over the inland river basin and calculate the contribution of local evapotranspiration to precipitation over the HRB with a relatively independent land-surface water-circulation system. The WRF model is proved to be credible over the inland river basin [25,26]. The HRB, located on the northeastern edge of the Tibetan Plateau, is the second-largest inland river basin in China, with an area of 140,000 km2, and is an area coupling the Tibetan Plateau, Mongolia Plateau, and Loess Plateau. This region is mainly dominated by westerly winds, though polar north winds also function as a relatively independent land water-circulating system; hence, it as an ideal research region for examining the atmosphere, hydrology, ecology, and multispheres.



The next section introduces the research region, WRF model configuration, moisture-recycling method, and finer box model. The results are shown in Section 3 and discussed in Section 4, and conclusions are drawn in Section 5.




2. Research Region, WRF Model Configuration, and Methods


2.1. Research Region


The HRB is regarded as an ideal test bed and field laboratory for land-surface or hydrological experiments [27,28], located at the junction of the Qinghai Tibet Plateau, Loess Plateau, and Mongolia Plateau (Figure 1). The HRB originates from glacial meltwater and precipitation in the Qilian Mountains and flows through the provinces of Qinghai, Gansu, and Inner Mongolia. It can be divided into three parts: the upper reaches, with elevations ranging from 2000–5500 m and precipitation ranging from 250~500 mm; the middle reaches, being defined as the reach between Yingluo Gorge and Zhengyi Gorge, with elevations ranging from 1000–2000 m and precipitation ranging from 100~250 mm; and the lower reaches, with elevations of less than 1000 m and precipitation of less than 100 mm. The basin climate is mainly controlled by the westerlies throughout the year [29,30]. From the upper reaches to the lower reaches, glacier, permafrost, oasis, bare, and Gobi Desert areas are distributed. The diverse landscape makes the HRB an ideal watershed for scientific research. Comprehensive experiments, including the Heihe Basin Field Experiment [31], Watershed Allied Telemetry Experimental Research [32], and Heihe Watershed Allied Telemetry Experimental Research [28], have been conducted in the HRB.



As shown in Figure 1, the water-vapor transport in the HRB can be controlled by westerly wind, polar north wind, the Tibetan Plateau monsoon and the Southeast monsoon. However, water-vapor transport by the Tibetan Plateau and Southeast monsoons is obstructed by the Qilian Mountains because of their high elevation, so part of it is converted into precipitation in the region south of the HRB, and another part turns eastward [33,34,35]. Therefore, the water-vapor transport by the Tibetan Plateau and Southeast monsoons is negligible in the HRB.




2.2. WRF Model Configuration


The Advanced Research WRF [36] version 3.5 modeling system was used in this study. The model includes Arakawa C-grid staggering for a horizontal grid, a fully compressible system of equations, terrain-following hydrostatic pressure with vertical grid stretching, and a third-order Runge–Kutta scheme for time-split integration. The WRF physical configuration (Table 1) used in this study consisted of the WRF single-moment 5-class scheme [37] as the microphysics option, the Kain–Fritsch scheme [38] as the cumulus convection parameterization option, the Yonsei University scheme [39] as the planetary boundary layer (PBL) option, a 5-layer thermal diffusion scheme as the land-surface model option, and the Dudhia scheme [40] and the rapid radiative transfer model scheme [41] as the shortwave and longwave radiation options, respectively.



This study used two-way nested computational domains with 60 × 60 × 40 and 130 × 130 × 40 grid points and horizontal resolutions of 25 km and 5 km, respectively. Two-way nesting was used to perform the model simulations (Figure 1) in a scheme in which domains at different grid resolutions were run simultaneously and communicated with each other. The coarser domain was forced with the reanalysis data sets of the Final Analysis (FNL) from the National Center for Environmental Prediction (NCEP), and provided initial and boundary conditions for the finer nested domain, which feeds its calculations back to the coarser domain.




2.3. Moisture Recycling Estimation Method


As described in Global Energy and Water Cycle Experiment (GEWEX) [42], the following components of the water cycle exist for a river basin: (1) net inflow of water vapor through the lateral atmospheric boundaries of the basin; (2) net transfer of water from the atmosphere to the surface by excess precipitation over evapotranspiration; and (3) river discharge from the basin to the ocean. Because the HRB is an inland river basin, the water cycle includes only (1) and (2). The water-balance equations for the atmosphere and land are shown as below:


  d    q a  +  q l    / d t =  C q  −  N l  −  N q   



(1)
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   N q  =   β  q a   
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  γ =   P −  C q  −  N q   P   



(6)




where    q a    and    q l    are the total atmospheric and land water masses per unit horizontal area;    C q    is the net inflow of atmospheric water to the basin;    N l    is the net land runoff, which is the outflow from the area of interest;    N q    is the net change in condensed water in the air;  P  and  E  are the precipitation and evapotranspiration fluxes at the ground level, respectively; q is the specific humidity; p is the pressure; and    p s    is the pressure at the top of the atmosphere. Because the inland river basin is a relatively independent water-circulating system, here,    N l    is equal to 0. Generally,    N q    is assumed to be negligible; however, warmer temperatures increase the rate of evaporation of water into the atmosphere, in effect increasing the atmosphere’s capacity to hold water. With global warming, the water-holding capability improves, which means that the atmospheric water storage increases, and its change    N q    cannot be ignored.    W ⇀  =   u , v , w     is the wind component at x, y, z directions;  g  is the gravitational constant;  β  is the rate of annual change in the total atmospheric water mass; and  γ  is the regional moisture-recycling ratio.




2.4. Finer Box Model for Calculating the Net Water Vapor Flux


Generally, the water vapor flux is calculated by considering the entire research region as a box; this is known as the box model. This method is quite rough, obliterating the boundary complexity of the research region and making the high-resolution atmospheric simulation data essentially useless. Therefore, in this research, the water vapor of every grid along the boundary was calculated, referred to as the “finer box model”, which was designed to improve the accuracy of the net inflow of water vapor through the boundary of the research region based on the high-resolution atmospheric simulation data. These grids are indicated by the red crosses in Figure 1b.



The water vapor flux for each grid is calculated according to Equation (7):


   q    i , j     =  1 g    ∫  0   p s        W →     p , i , j      q    p , i , j     ·   n →     i , j       d p  



(7)




where  i  and  j  are the location identification of the boundary grid in the whole research domain,     n →     i , j       is the unit normal vector at the boundary,  p  is pressure, and   W ⇀   is the wind component at x, y, z directions.



The regional net water-vapor flux (  ∆ q  ) is calculated by Equation (8):


  ∆ q =   ∑       0 ≤   i   ≤   M       0 ≤   j   ≤   N        q    i , j      



(8)




where  M  and  N  are the sizes of the used grids in the adopted unit of space.





3. Results


3.1. Atmospheric Water Storage


As mentioned in Section 2, with global warming, the water-holding capability improves, and the atmospheric water-storage change    N q    cannot be ignored. The annual mean atmospheric water mass (Figure 2) was calculated based on the mixing ratios of the water vapor, cloud water, rain water, ice water, and snow water. According to the annual mean atmospheric water mass from 2000 to 2015, though there were minor variations from year to year, the pattern is shown well in the mean that the maximum and minimum of the atmospheric water mass were located in the southeastern and northeastern regions, respectively.



Figure 3 shows that a strong relationship exists between atmospheric water storage, temperature, and precipitation over the HRB. From 2000 to 2015, the change trends of water vapor and temperature were positive and almost synchronous, the change trend of precipitation was also positive, but not so obvious. The reason may be that the higher temperature increased the capacity to contain atmospheric water mass, which is necessary for the occurrence of precipitation [43]. The water vapor atmosphere increased by approximately 0.13 kg/m2 per year, an important indicator of the net change in condensed water in the air (   N q  )  .




3.2. Net Water-Vapor Transport in the X and Y Directions


As analyzed from the NCEP/NCAR reanalysis data set by Wang et al. [33] and Lu et al. [35], the water vapor in the HRB comes mainly from the westerly wind transport via the Black Sea and the Caspian Sea in summer, which is a net income for the water-vapor balance and different from most parts of northwest China; a small part of water vapor in the HRB comes from the polar north wind transport via Mongolia in winter. Meanwhile, according to the net water-vapor transport along the meridional and zonal determined by WRF simulation in this study, it was found that the dominant winds over the HRB were the west wind and the north wind.



The layer-by-layer cumulative analysis shows that the 9th vertical layer (600 ± 100 hPa) is the tuning layer, the altitude of which can be found in Figure 4. Along the meridional, under the tuning layer, the accumulated water vapor from the west crossing the western boundary as input was much bigger than that crossing the eastern boundary as output; above the tuning layer, the accumulated water vapor from the west crossing the western boundary as input was less than that crossing the boundary as output. However, along the zonal, under the tuning layer, the accumulated water vapor from the north crossing the northern boundary as input was much less than that crossing the southern boundary as output; above the tuning layer, the accumulated water vapor from the north crossing the northern boundary as input was larger than that crossing the southern boundary as output.



As shown in Figure 4 and Table 2, the annual cumulative input volumes of water-vapor transport in the upper layers (from the 10th layer to the top) and the lower layers (from the surface to the 9th layer) when crossing the west boundary were 6.2 × 1013 kg/year and 6.5 × 1013 kg/year, respectively, while the output transport rates when crossing the east boundary were 7.1 × 1013 kg/year and 4.6 × 1013 kg/year, respectively.



The annual cumulative input volumes of water-vapor transport in the upper layers and lower layers while crossing the north boundary were 1.7 × 1013 kg/year and 1.3 × 1013 kg/year, respectively, and the output ones while crossing the south boundary were 1.1 × 1013 kg/year and 2.4 × 1013 kg/year, respectively.




3.3. Precipitation, Evapotranspiration, and Runoff


Figure 5 shows the mean annual spatial distribution of the precipitation, evapotranspiration, runoff, and ratios of evapotranspiration and runoff to precipitation. Much of the precipitation was consumed in evapotranspiration, while some participated in runoff. The figure also indicates that the evapotranspiration was larger than the precipitation in the downstream of the HRB. Parts of the ratios of the evapotranspiration to precipitation in the downstream exceeded 2.0, especially in Juyan Lake, although the runoff over this area was larger than that in other areas of the downstream HRB. The large difference between evapotranspiration and precipitation over this region caused the lake to remain dry for more than 200 days per year. The ratio of runoff to precipitation was much lower than that of evapotranspiration to precipitation.




3.4. Moisture Recycling


Based on the WRF simulation and finer box model, the average annual net water vapor was 0.5 × 1013 kg, the annual water vapor storage change was approximately 0.13 kg/m2, the average annual precipitation of the HRB was 103.4 mm, and the area of the HRB was approximately 100,000 km2. According to Equation (6), i.e.,   γ =   P −  C q  −  N q   P   , the moisture-recycling rate of the HRB was approximately 0.52.





4. Discussion


4.1. Water-Vapor Transport in the HRB


Based on different methods and data, scientists have consistently concluded that the water-vapor transmission in the HRB is dominated by both westerly transport from the west to the east and the polar (Siberia) cold-air mass from the north to the south, with the intensity of the westerly wind in summer being greater than that of the northerly wind in winter, and that the water-vapor input mainly occurs in the period from June to September [14,34,35,44,45].



However, different opinions exist on the following issues: (1) whether the net water-vapor transport over the entire HRB is positive or negative; (2) which direction of water-vapor transport is positive, westerly or northerly; and (3) the actual volume of water-vapor transport over the HRB.



Lu et al. [36] not only showed that the net water-vapor transport over the entire HRB was negative (approximately −48.8 km3), but also indicated that the water vapor transported by the westerlies over the entire HRB was negative in summer, and that transported by northerlies was positive in winter. Wang et al. [44], Jiang et al. [34], and Xu [45], however, reached a completely opposite conclusion, i.e., the net water-vapor transport was positive, while the net water-vapor transport by the westerlies was positive, and that by the northerlies was negative.



The total input volume of water-vapor transport by the westerlies was larger than that output, which means that the net water-vapor transport by the westerlies was positive. In addition, the net water-vapor transport of the lower layers by the westerlies was positive, and that of the upper layers by the westerlies was negative, which may be due to the water transported by the westerlies being forced to uplift by the gradually strengthening monsoon from south, which is conducive to the formation of precipitation in east, and part of uplifting water vapor is exported from the east boundary in the upper layers, as explained in Xu et al. [46]. However, the phenomenon for the polar north wind was the opposite. The total input volume of water-vapor transport by polar north wind was less than that output, which means that the net water-vapor transport by the polar north wind was negative. Meanwhile, the net water-vapor transport of the lower layers by the polar north wind was negative, and that of the upper layers by the polar north wind was positive, which means that the water transported by the polar north wind underwent a divergence process, which is not conductive to the formation of precipitation, and made the HRB winters drier. The water vapor transported across the southern HRB boundary reaches the Qilian Mountains and then falls as snow, which makes the Qilian Mountains abundant in precipitation [47].



Compared to the question of which water-vapor-transport process is positive, disputes on the volume of water vapor transported over the HRB are much greater. In comparison to this study, Wang et al. [44], Jiang et al. [34], and Xu [45] obtained the same results: the net water-vapor transport over the entire HRB was positive, that by westerlies was positive, and that by polar north winds was negative. However, the total volumes of the net transport, that by westerlies and that by polar north winds in these studies were different from those of our study and were different from each other. The volumes of net water-vapor transport were 17.6 billion m3, 28.8 billion m3, 22.573 billion m3, and 4.0 billion m3 in Wang et al. [44], Jiang et al. [34], Xu [45] and this study, respectively. The net input water vapor was 667.8 billion m3, 248.4 billion m3, and 157.0 billion m3 in Wang et al. [44], Jiang et al. [34], and this study, respectively. The net output water vapor was 650.2 billion m3, 219.6 billion m3, and 153.0 billion m3 in Wang et al. [44], Jiang et al. [34], and this study, respectively. The possible reason for the discrepancies is that the other studies used the box model to calculate the water-vapor transport, which tends to obliterate the jagged complex edge of the natural topography.




4.2. Accuracy of the Moisture Recycling Estimation


In this study, moisture recycling was defined as the contribution of local moisture to precipitation. The accuracy of moisture recycling estimation depends on the following estimation: (1) the accuracy of the water-vapor-transport calculation, (2) the accuracy of the precipitation simulation in the WRF model, and (3) the accuracy of the net change in condensed water in the air. Here, the high resolution of the WRF model in this study was crucial to the moisture-recycling estimation. In addition, compared to the traditional coarse box model, a finer box model was adopted to calculate the net water-vapor flux in detail.



The WRF model is strongly sensitive to the model resolution and underlying surface terrain features in the HRB [48,49]. High spatial resolution not only yields more precise amounts and more reasonable patterns of precipitation (including snow) in complex mountainous regions, but also contributes to more apparent wind-speed patterns [50,51]. Wind speed plays an important role in calculating the water-vapor transport. Additionally, the net change in condensed water in the air (   N q   ), which was zero in most studies but plays an increasingly important role in the air water cycle, was considered in this study using long-term atmospheric water storage based on a high-resolution simulation in the WRF model.



Currently, the flux volume of water-vapor transport varies from one researcher to another. This study, based on long-term high-resolution simulations in regional climate models and finer box models, was helpful in resolving this issue, and obtained an accurate moisture-recycling rate over the HRB.




4.3. Higher Moisture Recycling over the Inland River Basin


There was a higher moisture recycling and a much stronger land–atmosphere interaction over the inland river basin than the other regions with same spatial scale, which may be due to the inland river basin being located far from the sea. Wu et al. [52] indicated that the Tarim River Basin, the biggest inland river basin in China, had a high local moisture recycling because it is located far away from ocean and next to the Tibetan Plateau, which is similar to the HRB. Keys et al. [53] indicated that the land surface plays a dominant role in mediating variability in moisture-recycling processes in the inland river basins. Keys et al. [54] and Li et al. [55] indicated that the intermountain basin near the Qilian Mountains, as a relatively closed terrain of the region, is beneficial to local moisture recycling.



Meanwhile, the water from the cryosphere belt, which is generally considered as a belt in addition to the vegetation belt, oases belt, and desert belt over the inland river basin, accounts for a large portion of moisture recycling [55,56]. The cryosphere belt saves water for cold seasons and releases in the flood season when the temperature is highest and the evapotranspiration is most strong in a year, which makes the moisture-recycling ratio of the inland river basin higher than that of the other regions at the same spatial scale.




4.4. Tuning Layer and Other Issues


The tuning layer, i.e., the 9th layer in our research, was approximately 600 ± 100 hPa over the entire HRB. Most atmospheric convergent and divergent activities occur at or near this layer [57]. In this study, the annual cumulative net volume of water-vapor transport in the upper layers (from the 10th layer to the top) was negative, and was positive in the lower layers (from the surface to the 9th layer) while water vapor crossed from west to east. The annual cumulative net volume of water-vapor transport was positive in the upper layers and was negative in the lower layers while water vapor crossed from the north to south. The net volume of vapor transport in the upper layers being positive means that the water-vapor convergence uplifted, and was likely to form precipitation during transport; however, the net volume of vapor transport in the lower layers being positive means that the water-vapor divergence sunk, and was not conductive to forming precipitation.





5. Conclusions


The Heihe River Basin (HRB) is a coupling area of the westerlies and the polar north wind circulation system, with a relatively independent land water-circulating system. The aim of this study was to describe the refined characteristics of the water-vapor transport over the inland river basin, and calculate the contribution of local evapotranspiration to precipitation over the HRB. Based on the long-term WRF simulation and finer box model, the net water-vapor flux as calculated grid by grid, the quantitative change trend of the atmospheric water storage, and the refined characteristics of moisture cycling over the inland Heihe River, the following conclusions were drawn:




	(1)

	
The water vapor of the HRB was dominantly transported by the wind from west and from the north, and the west wind was much larger than the north wind. The net vapor transported by the west wind was positive, and by north wind was negative;




	(2)

	
The precipitation over the HRB was triggered mainly by the vapor from the west, which arose from the lower vertical layer to the higher one during transport from west to east. The vapor from the north sank from a higher layer to a lower one, and crossed the south edge of the HRB;




	(3)

	
The moisture-recycling ratio of evapotranspiration to precipitation over the HRB was much higher than in the other regions, which may be due to the strong land–atmosphere interaction in the arid inland river basin.









Although the climatological pattern of water-vapor transport was the main issue in this study, an issue arose regarding how to calculate the water-vapor budget delicately for the HRB, so it was insufficient that the diurnal/seasonal/yearly variability of water-vapor transport was not analyzed in detail as well; this will be our next step in the future. Furthermore, an extended study of the physical processes based on the combination of models and observations also will be undertaken in the future.
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Figure 1. The study region: (a) the location of the HRB; (b) the research domain. 
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Figure 2. The mean atmospheric water storage over the HRB from 2000 to 2015 (kg/m2). 
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Figure 3. The change trend of the atmospheric water storage, temperature, and precipitation from 2000 to 2015. The trendline in dark blue is for water vapor, the trendline in dark red is for temperature, and the trendline in purple is for precipitation. 
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Figure 4. The net water vapor transport in the X and Y directions (kg/year). The blue arrow represents the water vapor transported by west wind, and the pink arrow represents the water vapor transported by north wind. 
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Figure 5. The spatial distribution of the precipitation, evapotranspiration, runoff, and their ratios. 
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Table 1. Physical configuration of the WRF model used in this experiment.






Table 1. Physical configuration of the WRF model used in this experiment.





	Physics Processes
	Domain 1

(25 km)
	Domain 2

(5 km)





	Horizontal
	60 × 60
	130 × 130



	Time step
	150 s
	30 s



	Microphysics
	single-moment 5-class scheme
	single-moment 5-class scheme



	Cumulus
	Kain–Fritsch scheme
	Kain–Fritsch scheme



	PBL
	YSU scheme
	YSU scheme



	Shortwave radiation
	Dudhia scheme
	Dudhia scheme



	Longwave radiation
	Rapid radiative transfer model
	Rapid radiative transfer model



	Surface–land
	5-layer thermal diffusion
	5-layer thermal diffusion



	Initial and boundary
	NCEP/FNL analysis
	Domain 1
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Table 2. The input and output of water vapor by the west wind and north wind over the HRB.
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Wind

	
Layer

	
Input (kg/year)

	
Output (kg/year)

	
Net (kg/year)






	
West wind

	
Surface—9th layer

	
6.5 × 1013

	
4.6 × 1013

	
1.9 × 1013




	
10th layer—Top

	
6.2 × 1013

	
7.1 × 1013

	
−0.9 × 1013




	
North wind

	
Surface—9th layer

	
1.3 × 1013

	
2.4 × 1013

	
−1.1 × 1013




	
10th layer—Top

	
1.7 × 1013

	
1.1 × 1013

	
0.6 × 1013
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