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Based on the field observation and WRF-CLM model, the effects of Gyaring and Ngoring lakes on the short-term climate over the Yellow River source area during May to September have been studied through two experiments with and without the lakes. A backward water vapor transfer model was also employed to investigate the contribution of water vapor evapotranspiration from the Gyaring and Ngoring lakes and various surface types to the local precipitation. The results show that without the Gyaring and Ngoring lakes, the sensible heat is increased by 120%, whereas the latent heat is decreased by 58.5%, and the height of atmospheric boundary layer increases from 500 to 1,500–2,000 m during daytime over the lake area. The sum of sensible and latent heat fluxes in the lake area simulated by the experiment with and without the lakes is 185.8 and 130.3 W m−2, respectively. The precipitation amount over the lake area is significantly increased without considering the lake effect, generally by more than 20–40 mm. About 63.8% of the total precipitation in Gyaring and Ngoring lakes is contributed by the external water vapor sources. The evapotranspiration from the grassland is the secondary water vapor source for the precipitation in the Yellow River source area, and 25.2% of the total precipitation is contributed by this source. Around 4.2% of the total precipitation in the lake area is contributed by the evaporation from the Gyaring and Ngoring lakes.
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INTRODUCTION
The meteorological research on the Tibetan Plateau began as a result of studies on the dynamic effects of the large-scale topography of this region, initially studying how the large-scale topography of the Tibetan Plateau dynamically deflects the atmospheric air flows and causes them to rise to discovering its significant thermal effects (Manabe and Broccoli, 1990; Yanai et al., 1992; Kutzbach et al., 1993; Zhou et al., 2014). Against the background of research on the dynamic and thermal effects of the large-scale topography, medium- and small-scale circulations, energy, and water cycles over the complex surfaces of the Tibetan Plateau, the characteristics of circulations and the atmospheric boundary layer (ABL) associated with the complex topography are becoming important directions for future research. The basin of Gyaring and Ngoring lakes is a representative area with complex topography. As a component of the terrestrial hydrosphere, lakes are involved in local water and energy cycles, and large lakes can often intensify the intense local weather events (Rouse et al., 2008; Dutra et al., 2010). The important role of lakes in local weather and climate systems is attributed to their distinct hydrothermal properties from those of the surrounding land surfaces, i.e., relatively low albedo, high specific heat capacity, and small surface roughness. These differences directly result in the marked differences of surface thermal conditions and the regional water/energy cycles between lake–atmosphere and land–atmosphere interfaces, which would subsequently alter the temperature and moisture structure of the ABL (Schwartz and Karl, 1990), formation of convection and cumulus clouds (Miles and Verlinde, 2005), mesoscale circulations (Segal and Arritt, 1992), and thus the distribution of precipitation (Laird et al., 2009). Therefore, it is of great importance to broaden our knowledge about the lake–atmosphere interactions and their roles in the weather and climate at local to regional scales.
The Tibetan Plateau harbors more than 1,000 lakes with an area exceeding 1 km2, and the total lake area exceeds 50,000 km2, accounting for more than 50% of the total lake area in China (Ma et al., 2011). Despite the harsh climatic environment on the Tibetan Plateau, many efforts have been devoted to investigate the land–atmosphere and lake–atmosphere interactions by either limited field observations or regional lake–air coupled models. Based on the valuable 1-year in-situ weather records, You et al. (2007) showed the low-level atmospheric circulations over Lake Nam Co featured by notable land–lake breezes in summer. Based on the turbulent observations, Li et al. (2012) demonstrated that there exist remarkable differences in turbulent fluxes between the lake–air and land–air interfaces around Nam Co Basin, leading to the spatial heterogeneity in surface fluxes and atmospheric boundary stability. Lu et al. (2007) have carried out a set of numerical simulations with and without Qinghai Lake and pointed out that Qinghai Lake serves as a cold dry “island” and results in the notable outflow of low-level air over the lake to the surrounding area in daytime during summer, whereas at nighttime, Qinghai Lake is a warm wet “island,” and land winds blow from the northeast to the lake area. Based on the simulation of the Fifth-generation Penn State/NCAR Mesoscale model (MM5), Lu et al. (2008) revealed the cold lake effect of Lake Nam Co during summer that delays the timing of turbulent mixing and convective activities in the ABL. Li et al. (2009) used the Weather Research and Forecasting (WRF) model to simulate the snow distribution over the Nam Co Basin and showed that the lake surface water temperature plays an important role in the formation of precipitation over the downwind regions of Lake Nam Co.
Gyaring and Ngoring are the two largest lakes in the Yellow River source region. Recently, Gyaring and Ngoring lakes receive more attention in exploring their impacts on regional energy/water cycles and the impacts on the regional weather and climate. Nowadays, the continuous observations for the surface energy budgets, i.e., radiation and turbulent flux, and the local weather conditions over Ngoring Lake have been well established (Li et al., 2015). The data provide essential references to calibrate the momentum/heat/moisture roughness length, surface water/ice albedo, and drag coefficients for high-altitude lakes and are indeed valuable for improving our understanding of the lake–atmosphere interactions over the Tibetan Plateau (Wen et al., 2015, 2016; Li et al., 2018). Li et al. (2016) adopted 2-year ice-free eddy covariance measurements over Ngoring Lake to investigate the surface roughness lengths and the associated influences on the turbulent heat fluxes, and their results demonstrated that Ngoring Lake is characterized by a persistent unstable atmospheric layer due to the lake–air temperature contrast. In addition, as extreme weather events occur frequently in the Tibetan Plateau, these high-altitude lakes feature intensive lake–air interactions and exert more significant feedback on the local meteorological elements. For example, based on multi-source field, reanalysis, and remote-sensed data, Li et al. (2018) pointed out that a cold, dry air incursion tends to decrease the over-lake potential temperature gradient and facilitate buoyancy flux, which further leads to an active convective boundary layer with the sharp increase in its thickness and heating of convection therein. However, most of previous numerical simulation studies on Gyaring and Ngoring lakes focused on the analysis of individual cases, only examined a relatively short period through numerical simulation, and did not thoroughly investigate the short-term climatic effect of the lakes. The contribution of water vapor evaporation from land surfaces, particularly lakes, to water vapor in the atmosphere over the Tibetan Plateau is not negligible. In addition, few studies have sufficiently investigated the contribution of water vapor evaporation from Gyaring and Ngoring lakes and water recycling in the surrounding soil and vegetated surfaces to precipitation in the lake area.
In this study, we employed the WRF model to perform numerical simulations to address the short-term climatic effect of Gyaring and Ngoring lakes on the surrounding area and a backward water vapor transfer model to investigate the contribution of water vapor evapotranspiration from various surface types to precipitation.
STUDY AREA AND METHODOLOGY
Study Area
Ngoring Lake (surface area of 610 km2) and Gyaring Lake (surface area of 526 km2) are located in the source region of the Yellow River (Li et al., 2017). The average altitude of the lake surfaces is 4,274 m above sea level (as shown in Figure 1). Ngoring Lake and Gyaring Lake are large freshwater lakes in the Tibetan Plateau. Around the lakes, the vegetation type is alpine meadow with a height of 5–10 cm. The vegetation coverage ranges from 0.55 to 0.75 (Li and Li, 2015), and the leaf area index is approximately 1.2–1.4 m2 m−2 in summer (Li et al., 2021). The albedo of the lakes and alpine meadow averaged over 12:00–14:00 local solar time (LST) in summer is 0.04 and 0.2, respectively. The grassland eddy flux tower site (97°33′16″E, 34°54′51″N), standing on a flat underlying surface, is located 1.5 km west to Ngoring Lake.
[image: Figure 1]FIGURE 1 | Terrain height of Gyaring and Ngoring lakes and the location of field observation site.
WRF Model and Numerical Experiment Design
Numerical models play an important role in weather simulation and forecasting (Wang and Yu, 2013; Wu et al., 2014; Zhou et al., 2014). The WRF model was used to simulate the meteorological conditions from 00:00 LST on May 4, 2013 to 24:00 LST on September 30, 2013 in the basin of Gyaring and Ngoring lakes. Table 1 summarizes the experimental parameters of the WRF model. A double one-way grid nesting technique was used. The results were output every hour for both the first and second domains of the WRF model. The model contained 30 layers of atmosphere in the vertical direction. The pressure at the top layer of atmosphere was set to 50 hPa. In addition to a control experiment, a sensitive experiment on the same area with the Gyaring and Ngoring lakes replaced by grassland surface was conducted to analyze the effects of the lakes on the air temperature, local wind field, near-surface energy budget, and precipitation in the lake area.
TABLE 1 | Model configurations for the two nested domain and parameterization schemes used in the WRF model.
[image: Table 1]Backward Water Vapor Tracing Method
In this study, we used a backward water vapor tracing method based on the Lagrangian trajectory method (Brubaker et al., 2001; Dirmeyer and Brubaker, 2007; Harding and Snyder, 2012). The hourly output data from the WRF model were analyzed. The specific analysis method is described as follows: first, the period from May 4, 2013 to September 30, 2013 was divided into 30 5-day window intervals. For each window, 1,000 air parcels were randomly released at the grid point where precipitation occurred (total precipitation for each of the 5 days) to comprehensively consider the uncertainties of backward tracing at various longitudes, latitudes, and heights. The probabilities of the spatial heights of the released 1,000 air parcels were determined for a specified longitude and latitude within this grid point by the vertical specific humidity profile (e.g., if 70% of the humidity is at the bottom layer of the model, then there is a 70% probability that an air parcel is released to the bottom layer), ensuring relatively more air parcels in high humidity layers. Then, for each released air parcel, its horizontal and vertical positions at 1 h before the current moment were calculated. The horizontal position was determined by the wind vector at the position of the air parcel at the current moment. The vertical position was determined by the previous moment when the potential temperature in the layer was the same as that at the initial position where the air parcel was released, i.e., each air parcel moved vertically along the constant potential temperature line. The contribution of evapotranspiration from each position where an air parcel passed to the corresponding grid point was calculated. The percentage of contribution was calculated by dividing the evapotranspiration at a position where an air parcel passed by the total precipitation in the vertical layer where the position was located. Each time there was a contribution from a position passed by an air parcel to the total precipitation at the current grid point in the current window, this contribution was deducted from the total precipitation. When the sum of local contributions equals the total precipitation at the current grid point in the current window, backward tracing is completed, and all the local sources for precipitation are considered to have been traced. Water vapor tracing was terminated when an air parcel reached the boundary of the modeled area or the tracing duration exceeded 7 days. Finally, the precipitation contributed by the evapotranspiration from each surface type was calculated, and this precipitation was referred to as surface-induced precipitation.
RESULTS AND DISCUSSION
Validation of the Control Experiment Result
This section focuses mainly on the short-term climatic characteristics of the study area. Thus, the average simulated and observed values obtained at the grass site were compared. As shown in Figure 2, the model well captured the overall characteristics of the diurnal cycles of sensible and latent heat fluxes and 2 m air temperature with the R2 ranging from 0.89 to 0.99. However, the model overestimated the daytime sensible heat flux by 40 W m−2. In addition, the 2 m air temperatures between 00:00 LST and 09:00 LST during the simulation period were underestimated by the model.
[image: Figure 2]FIGURE 2 | Comparison of the June 2013 averaged diurnal cycle between the WRF simulation and the site observation. The shaded areas are the standard error during the month.
The WRF model did not well capture the diurnal cycles of wind speed and precipitation and overestimated the wind speed and precipitation (Table 2) during June, July, and August with a mean overestimation of 0.58 m s−1 and 0.05 mm h−1, and such overestimation mainly occurred in nighttime (Figure 2). The observed wind direction showed clear lake–land breeze wind shift, while the WRF simulated wind shift was not as strong as the observation.
TABLE 2 | Bias, root mean square error, and R2 between the WRF simulation and the site observation in June, July, and August 2013. The latent and sensible heat flux observations in July and August are missing, only June values are shown.
[image: Table 2]Short-Term Local Climate Result Analysis
There is a substantial change of the latent heat flux in the original lake area after removal of the lakes (Figure 3A). The results from the experiment with the lakes show the latent heat peaks in September (196.0 W m−2). After removal of the lakes, the latent heat in September decreases to 41.0 W m−2, which is the lowest among all months; in addition, the latent heat decreases substantially in other months. The average latent heat of the lakes between May and September simulated by the experiment with the lakes is 155.7 W m−2. Without the lakes, the average latent heat decreases by 58.5% in 64.7 W m−2. From a perspective of the entire study area, there is no substantial difference in the simulated latent heat between the experiments with and without the lakes due to the limited lake area compared to the entire study region. However, the latent heat in the entire study area simulated by the experiment with the lakes is 65.1 W m−2, slightly higher than 61.2 W m−2 in the experiment without the lakes.
[image: Figure 3]FIGURE 3 | The comparison of monthly mean latent heat flux (A) and sensible heat flux (B) simulated by the experiments with and without lakes. The histogram shows the average sensible heat/latent heat flux in the lake area, and the solid line shows the average sensible heat and latent heat changes over the entire study area.
There is a change in the sensible heat flux over the lake area after removal of the lakes (Figure 3B). The results from the experiment with the lakes show that the sensible heat is the lowest (15.4 W m−2) in June among all months. After removal of the lakes, the sensible heat in June increases to 76.7 W m−2. In addition, the sensible heat increases substantially in other months. The average sensible heat in the lake area between May and September simulated by the experiment with the lakes is 30.1 W m−2. Without the lakes, the average sensible heat over the lake area between May and September increases by 118% in 65.7 W m−2. From a perspective of the entire study area, there is no substantial difference in the sensible heat simulated by the experiments with and without the lakes due to the limited lake area compared to the entire study region. However, the sensible heat in the entire study area simulated by the experiment with the lakes is 67.5 W m−2, slightly lower than that simulated by the experiment without the lakes (68.9 W m−2).
Overall, the lakes tend to decrease the sensible heat flux and increase the latent flux in the lake area. During the simulation period (May to September 2013), the average sum of the sensible and latent heat fluxes in the lake area simulated by the experiment with (without) the lake is 185.8 (130.4) W m−2, indicating that the presence of lakes leads to a considerable increase in the total amounts of heat and water vapor exchange at the land–air interface. From a perspective of the entire study area, the sum of the sensible and latent heat fluxes simulated by the experiments with (without) the lakes is 132.6 (130.1) W m−2, suggesting that there is also a slight decrease in the sum of the sensible and latent heat fluxes after removal of the lakes due to their limited area.
The height of the ABL over the area of Gyaring and Ngoring lakes and the surrounding land surfaces simulated in the control experiment is ∼500 and above 1,500 m, respectively (Figure 4A). The height of the ABL over the lakes increases to 2,000 m in the no lake experiment (Figure 4B). The presence of the lakes effectively reduces the height of the ABL over the lake area during daytime.
[image: Figure 4]FIGURE 4 | The average height of atmospheric boundary layer produced by the experiments with (control) and without lakes (no lake) at 14:00 LST during May to September 2013.
Figure 5 shows the distribution of the average wind field at 14:00 LST. Local dispersion wind field can be noted over Gyaring and Ngoring lakes; it flows from the center of the lakes to the surrounding land. The dispersion wind field is absent in the no lake experiment, implying that Gyaring and Ngoring lakes can affect the wind field characteristics near the surface.
[image: Figure 5]FIGURE 5 | The surface wind field (unit: m s−1) simulated by the control experiment with lakes and the no lake experiment at 14:00 LST averaged during May to September 2013.
The precipitation over Gyaring and Ngoring lakes simulated by the control experiment is high in the south and low in the north (Figure 5). Compared to the control experiment, the precipitation over the central lake area simulated by the no lake experiment is increased by more than 20 mm over some locations (Figure 6). The increase reaches up to more than 25% of the precipitation in this area for the same period.
[image: Figure 6]FIGURE 6 | The cumulative precipitation simulated by the control experiment with lakes (left), and the difference in the simulated cumulative precipitation between the no lake experiment and control experiment (right) during May to September 2013.
Figure 7 shows prevailing westerly winds at 550 hPa over the Gyaring and Ngoring lakes with the air temperature decreasing from south to north. Compared to the control experiment, the no lake experiment produced slightly increased air temperature in most parts of the study area with a maximum increase of ∼0.15°C located in the south of Gyaring and Ngoring lakes.
[image: Figure 7]FIGURE 7 | The average surface air temperature (unit: °C) and wind field (unit: m s−1) produced by the control experiment with lakes and the differences between no lake experiment and the control experiment during May to September 2013.
Contribution of the Water Vapor Evapotranspiration to the Local Precipitation
Figure 8 shows the distribution of surface types included in the WRF model in the second nested domain of the study area. Grasslands account for the highest proportion (76.3%) of all surface types, followed by shrublands (11.8%). Mixed shrubland/grassland composite zones and water bodies account for 7.9% and 3.5% of all surface types, respectively.
[image: Figure 8]FIGURE 8 | Percentage of each surface type to the total surface over the Yellow River source area in the second nested model domain.
The external water vapor sources (those outside the second nested domain) account for 63.8% of the water vapor sources of precipitation in the entire study area and are the primary water vapor sources for precipitation (Figure 9). The evapotranspiration from the grassland surfaces is the secondary water vapor source for precipitation, which accounts for 25.2% of the total water vapor sources. In addition, only 4.2% of precipitation in the Gyaring and Ngoring lakes is contributed by the evaporation from the lakes.
[image: Figure 9]FIGURE 9 | Percentage contribution of external water vapor sources and evapotranspiration from different underlying surfaces to precipitation in the Yellow River source area during May to September 2013.
Precipitation in the entire study area is mainly affected by the evapotranspiration from grassland surfaces (except for the external water vapor sources), which contributes to the precipitation in almost all parts of the second nested domain area (Figure 10), while the evaporation from the lakes is the primary water vapor source for the precipitation over the lakes. Precipitation induced by evaporation from the lakes also mainly occurs within a limited area that comprises the lakes and their surrounding area. Evapotranspiration from the shrubland surfaces, grassland/shrubland composite surfaces, sparsely vegetated surfaces, and tundra surfaces contributes relatively insignificantly to precipitation.
[image: Figure 10]FIGURE 10 | Contribution of the evapotranspiration from different underlying surfaces in the Yellow River source area to the precipitation during May to September 2013 (unit: mm).
CONCLUSION
In this study, two numerical experiments (a control experiment with Gyaring and Ngoring lakes and a sensitive experiment without the lakes) were performed using a coupled WRF-community land model to simulate the sensible and latent heat fluxes, local precipitation, and the height of the ABL over the study area in a period of 5 months (May to September). The effects of Gyaring and Ngoring lakes on the short-term climate in the lake area were investigated. In addition, a backward water vapor transfer model was employed to quantitatively analyze the contribution of evapotranspiration from various surface types to precipitation in the Gyaring and Ngoring lake areas. The main conclusions derived from this study are:
(1) After replacement of the lakes with grasslands, the sensible heat increases by 118%, and the latent heat decreases by 58.5% for the experimental period (May to September 2013). After removal of the lakes, the sensible heat in the original lake area increases, whereas the latent heat decreases. The sum of the sensible and latent heat fluxes in the lake area simulated by the experiment with (without) the lakes is 185.8 (130.4) W m−2. This indicates that there is a considerable decrease in the total amounts of heat and water vapor exchange at the land–air interface due to the absence of the lakes. From a perspective of the entire study area, the sum of the sensible and latent heat fluxes simulated by the experiment with (without) the lakes is 132.6 (130.1) W m−2, suggesting that there is also a slight decrease in the sum of the sensible and latent heat fluxes due to the absence of the lakes.
(2) Precipitation in the Gyaring and Ngoring lakes simulated by the experiment with the lakes is high in the south and low in the north. After removal of the lakes, the total precipitation in the original central lake area during May to September increases significantly, generally by more than 20 mm with more than 80 mm increase in some locations. The increase in temperature and the emergence of a divergent wind field at 550 hPa due to the absence of lakes are both factors conducive to the increase in precipitation.
(3) The control experiment results show that the height of the ABL over Gyaring and Ngoring lakes and the surrounding area is ∼500 and above 1,500 m, respectively. Without the lakes, the height of the ABL simulation over the original lake area increases to above 1,500–2,000 m. The presence of Gyaring and Ngoring lakes tends to reduce the height of the ABL over the lakes during daytime.
(4) Of the total precipitation in Gyaring and Ngoring lakes, 63.8% is contributed by the external water vapor sources. Evapotranspiration from grassland surfaces is the secondary water vapor source for precipitation in the study area, and 25.2% of the total precipitation is contributed by this source. Of the total precipitation in the lake area, 4.2% is contributed by the evaporation from the Gyaring and Ngoring lakes.
While deriving these conclusions, we also notice that further work is required to make improvements (e.g., coupling the WRF model with surface parameters retrieved from satellite remote sensing data) because there is a noticeable discrepancy between the surface data in the WRF model and the actual data. In addition, the results of contribution of evapotranspiration from various surface types in the basin of Gyaring and Ngoring lakes require further validation.
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