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Abstract

:

Lakes on the Tibetan Plateau (TP) have changed dramatically as a result of climate change during recent decades. Studying the changes in long-term lake water storage (LWS) is of great importance for regional water security and ecosystems. Nam Co Lake is the second largest lake in the central TP. To investigate the long-term changes in LWS, a distributed cryosphere-hydrology model (WEB-DHM) driven by multi-source data was evaluated and then applied to simulate hydrological processes across the whole Nam Co Lake basin from 1980 to 2016. Firstly, a comparison of runoff (lake inflow), land surface temperature, and snow depth between the model simulations and observations or remote sensing products showed that WEB-DHM could accurately simulate hydrological processes in the basin. Meanwhile, the simulated daily LWS was in good agreement with satellite-derived data during 2000–2016. Secondly, long-term simulations showed that LWS increased by 9.26 km3 during 1980–2016, reaching a maximum in 2010 that was 10.25 km3 greater than that in 1980. During this period, LWS firstly decreased (1980–1987), then increased (1988–2008), and decreased again (2009–2016). Thirdly, the contributions of precipitation runoff, melt-water runoff, lake surface precipitation, and lake evaporation to Nam Co LWS were 71%, 33%, 24%, and -28%, respectively. Snow and glacier melting have significantly intensified during recent decades (2.96 m3 s−1/decade on average), contributing a mean proportion of 22% of lake inflows. These findings are consistent with the significant increasing trends of annual precipitation and temperature in the lake basin (25 mm/decade and 0.4 K/decade, respectively). We conclude that long-term variations in Nam Co LWS during 1980–2016 were largely controlled by precipitation; however, the contribution of precipitation runoff to total lake inflow has decreased while the contribution from warming-induced snow and glacier melting has significantly increased.






Keywords:


cryosphere-hydrology model; lake basin; lake water storage; snow and glacier melt; Tibetan Plateau












1. Introduction


The Tibetan Plateau (TP) is known as the “water tower of Asia” [1,2], and holds the world’s highest density, highest number, and largest area of lakes; these account for about 50% of the total area of lakes in China [3,4]. In the past few decades, climate change (characterized by increasing temperatures) has changed the precipitation pattern and evapotranspiration characteristics of the TP, with significant impacts on the water storage of inland lakes [5]. In particular, increasing temperature has accelerated the retreat of glaciers and the degradation of permafrost; consequently, these have become important water sources for many expanding lakes [6]. Many studies have found that most lakes in the TP showed a significant upward tendency in water level [7,8,9,10]. Therefore, accurate estimates of water storage in these lakes are not only important for gaining a better understanding of the response of lakes to climate change, but are also crucial for hydrological and ecological simulations of the TP.



Nam Co is the second largest lake in the central TP [11], and its changes and controlling factors have been widely studied. However, due to the severe environment of the TP, process-based observations are difficult to collect, and in-situ data are sparse. In recent decades, many studies of lakes across the TP have been based on the remote sensing images [12]. Wu et al. [13] studied the response of lake-glacier variations in Nam Co from 1970 to 2000 using an aero-photo topographic map and TM/ETM satellite images and found that Lake expansion is mainly induced by the increase of the glacier melting water, increase of precipitation, and obvious decrease of potential evapotranspiration. Kropáček et al. [14] derived the lake level trend of Nam Co as a climate change indicator for the TP using multi-source remote sensing data. Liu et al. [15] studied the long-term change of Nam Co and its hydrological response using satellite data and in-situ observations of the Lhasa River. Lei et al. [16] studied the water balance of the TP and found that increasing precipitation and runoff, and decreasing evaporation, were the major factors causing lake growth on the TP. Zhang et al. [17] studied the long-term lake water storage (LWS) changes of Nam Co using multiple remote sensing datasets, and revealed that the increased precipitation and runoff, particularly the contribution from glacier melt, has led to the expansion of Nam Co. Zhu et al. [18] quantified the water balance of Nam Co from 1971 to 2004 using remote sensing imagines, GIS, and statistical analysis; they found that the increasing LWS was mainly due to increasing glacier melt. Ma et al. [19] suggested that changing precipitation is the primary factor causing lake expansion. Zhou et al. [20] found an imbalance between rates of inflow and outflow, based on observed lake levels and discharge; the imbalance was associated with groundwater flow. Du et al. [21] found that increasing temperature was an important factor causing a decrease in groundwater volume in Nam Co basin. These studies were based on remote sensing data, water balance analysis, or other empirical methods.



More recently, many researchers have applied hydrological models to study changes in Nam Co. Wu H et al. [22] studied the water level of Nam Co and regional glacier mass balance with ICESat data and the EGM2008 model from 2003 to 2009. They suggested that glacier melt contributed 20.75% to the rising water level, assuming that the glacier runoff coefficient is 0.6. The J2000 model coupled with a degree-day model was employed by Gao et al. [23] to simulate the water balance of Nam Co. Krasuse et al. [24] simulated Nam Co hydrological processes with ECHAM5 data and also suggested that glacier melt water has an important impact on the rising lake level. Adnan et al. [25] used the SWAT model coupled with a degree-day model to quantify the water budget of Nam Co during 2007–2013, finding mean annual relative contributions of precipitation and glacier melt to the lake of 57% and 43%, respectively. Other studies have focused on glaciers in the Nam Co catchment, suggesting that glacier melt is the major component of runoff from the basin [26,27,28]. Although many studies have modelled Nam Co basin, most of the corresponding study periods were limited by the available forcing data or discharge data, and cryospheric processes in most of these models were empirical. The controlling factors of lake change are still under discussion. Few long-term studies were conducted in Nam Co. Wu Y et al. [29] simulated the long-term (1980–2010) water level change using a monthly water balance model based on the Budyko hypothesis, and analyzed the contribution of different factors to the net level change. They suggested that Nam Co would continue to rise but at a slower rate. Li et al. [30] detected changes of Nam Co with multiple satellite datasets and simulated lake watershed hydrological processes with a monthly lake-watershed model coupled to a degree-day model. They concluded that precipitation was the dominant controlling factor for the rising lake level and Nam Co still got a slight expansion trend from 2009 to 2015 with a rate of 0.06 m/yr. However, Song et al. [31] found that Nam Co has a slightly decreasing trend during 2009–2013.



The major objective of this study is to examine LWS changes of Nam Co during 1980–2016 on a daily scale, by applying a process-based cryosphere-hydrology model. A longer study period and finer temporal resolution could improve our understanding of the long-term changes in LWS and its driving forces. The water and energy budget-based distributed hydrological model (WEB-DHM) [32,33,34,35,36,37] was adopted to simulate the lake inflows of Nam Co. This model comprehensively simulates hydrosphere–biosphere–atmosphere interactions. The simulation results were verified by the measured runoff, MODIS land surface temperature (LST) products, and Special Sensor Microwave/Image (SSM/I) derived snow depth. The Penman formula and a simplified sublimation estimation method were used to calculate lake surface evaporation. By combining these results with the simulated runoff, lake surface precipitation, and estimated lake surface evaporation, the LWS changes of Nam Co during 1980–2016 were calculated. These were verified by satellite-derived LWS changes. Uncertainties in the simulation results were also discussed, and finally the water balance components of Nam Co and their contributions to the long-term LWS were quantified.




2. Datasets and Study Area


2.1. Study Area


Nam Co is the second largest inland lake in the central TP, with a catchment area of 10,610 km2 [11] (Figure 1). Nam Co basin (89°13′~91°29′ E, 29°51′~31°13′ N) is located in the north-west of the Nyainqentanglha Mountains. Surface elevations range from 4720 to 6740 m, with an average of 5500 m [38]. Nam Co basin is a semi-arid region, with a climate that is mainly affected by the westerlies and Indian monsoon. The mean annual precipitation of ≈414 mm mainly falls in the monsoon period (from June to September), and the mean annual temperature is about 0 °C [18]. There are many glaciers in the basin covered a total area of about 157 km2 in 2015 [30], and the glacier area in this region is decreasing [39]. Glacier melt water is of great importance to the water balance and hydrological process of Nam Co and the surrounding basin [26,27,29]. Glacier melt contributes to the runoff increasing but the melt will decrease as the glacier area reduced [40,41]. The Nam Co Monitoring and Research Station for Multisphere Interactions (30°46′ N, 90°59′ E) was established by the Institute of Tibetan Plateau Research, Chinese Academy of Sciences (ITP-CAS) in 2005. Before that, no in-situ observations were available in this basin. Many rivers flow into Nam Co; six of these were simulated in this study (Figure 1).




2.2. Datasets


Multi-source datasets were used in this study including spatial data, remote sensing data, meteorological forcing data, and in-situ observations.



2.2.1. Spatial Data


The spatial data used in the study include a digital elevation model (DEM), and data on land use, soil type, soil organic carbon content (SOC), and glacier extent.



The DEM was obtained from the Shuttle Radar Topographic Mission (SRTM) (NASA and NIMA), with a spatial resolution of 90 m. To increase the efficiency and accuracy of calculations, the data were resampled to 1 km resolution in our model. Land use data were obtained from the USGS global land cover based on the land surface model (SiB2) classification with a spatial resolution of 1 km. Of the four types of land use in Nam Co basin, agriculture or C3 grassland accounted for 63% of the total area. Soil type was retrieved from the United Nations Food and Agriculture Organization global dataset with a spatial resolution of 5 km, and was resampled to 1 km to fit the model resolution. There are five soil types in the basin, with the I-X-2C type lithosols accounting for 55.5% of the total area. SOC data were obtained from the ISRIC world soil information database with a resolution of 1 km, and comprised soil organic matter data in seven layers (0, 5, 15, 30, 60, 100, and 200 cm). Glacier cover was generated from the 1 km grid WESTDC Land Cover Products 2.0 [42].




2.2.2. Remote Sensing Data


Remote sensing data used in this study included dynamic vegetation parameters, LST, snow depth, and LWS.



Leaf area index (LAI) and fraction of photosynthetically active radiation (FPAR) absorbed by the green vegetation canopy were the dynamic vegetation parameters used in WEB-DHM; these were obtained from the Global Land Surface Satellite (GLASS) datasets [43] with a resolution of 0.05 degrees and 8 days. The Moderate Resolution Imaging Spectroradiometer (MODIS)/Terra products MOD11A1 V6 [44] with a resolution of 1 km and 1 day were used to obtain the LST data, which were then used to calculate dates when the lake surface was frozen and to evaluate the performance of the model’s basin-scale energy budget. Snow depth was derived from a passive-microwave daily snow depth product in China with a spatial resolution of 25 km [45]. Snow depth data derived from the Special Sensor Microwave Imager (SSM/I) from 1987 to 2008 were used to evaluate the model performance and water budget at the basin scale. LWS was obtained from a dataset compiled from Landsat, Envisat, ICESat, CryoSat, and Jason satellite data by Li et al. [46]; this contains water storage changes of 53 lakes from 2000 to 2018, but for consistency, only those data derived from Landsat were used here.




2.2.3. Meteorological Forcing Data


The China Meteorological Forcing Data (CMFD) [47,48] were selected as the meteorological forcing data for model inputs; these include air temperature, wind speed, specific humidity, air pressure, downward shortwave and longwave radiation, and precipitation, with a resolution of 0.1 degrees and 3 h. The meteorological forcing data were interpolated to the 1 km model grids using the Inverse Distance Weighting method. The Global Land Data Assimilation System (GLDAS) [49], Tropical Rainfall Measuring Mission (TRMM) [50], and The Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2) [51] precipitation products were also used in this study to evaluate the precipitation.




2.2.4. In-Situ Observations


Meteorological data (2005–2015) [52] from the Nam Co Monitoring and Research Station for Multisphere Interactions and daily discharge data (2008–2010) from Niyaqu station were used in this study. The meteorological data include air temperature, air pressure, precipitation, wind speed, relative humidity, and total radiation. The data cover the period 1 October 2005 to 31 December 2015, but data from 1 July 2009 to 31 December 2009 were missing in all variables, and in the other time periods, data for some variables were missing on some dates. The discharge data from Niyaqu station recorded the daily discharge in the warm season (usually from early-May to early-October) from 2008 to 2010.






3. Method


3.1. WEB-DHM Model


The WEB-DHM [32,33,34,35,36,37] model is a multi-sphere distributed hydrological model developed by coupling the Geomorphology-Based Hydrological Model (GBHM) [53,54] with the Simple Biosphere Model 2 (SiB2) [55,56], allowing detailed simulation of hydrosphere–biosphere–atmosphere interactions. In recent years, with the development of the model and its application in cold regions, the model has also been coupled with a three-layer snow module, frozen soil module, simplified glacier module, and others, and is still under development. The ultimate goal is to realize the comprehensive simulation of interactions among the cryosphere, hydrosphere, biosphere, and atmosphere on the TP [57]. WEB-DHM considers the balance of water and energy, and includes much more detailed descriptions of physical processes than some of the conceptual and empirical models. The model also allows multi-variable outputs, allowing separate analysis of individual variables and improved insights into the associated underlying physical mechanisms of hydrological processes.



In this study, the data and model were resampled and run at 1 km resolution, and the model was run with hourly time steps.




3.2. Lake Surface Evaporation


3.2.1. Evaporation Calculation


In the unfrozen period, the lake surface evaporation was calculated according to the Penman equation [58] with CMFD data. The equation is:


   E w   =   Δ  Δ  + γ       R n   λ   +   γ  Δ  + γ       E a   



(1)




where    E w    is the daily lake surface evaporation (mm day−1);  Δ  is the slope of the saturated vapor pressure (kPa °C−1);  γ  is the psychrometric constant (kPa °C−1); λ is the latent heat of vaporization (2.45 MJ Kg−1); and    R n    is the daily net radiation balance of the lake surface (MJ m−2 day−1).    R n    is calculated as


   R n   =   (   1 − α   )     R s     − R    nl    



(2)




where the  α  is the albedo of the surface (typically 0.08 for an open water surface);    R s    is the incoming solar radiation (MJ m−2 day−1); and    R  nl     is the net longwave radiation (MJ m−2 day−1).



   E a    (mm day−1) is the contribution of eddy diffusion to evaporation, and is calculated as follows:


   E a   = f   ( u )     (   e s     − e   a   )   



(3)




where   f  ( u )    is a function of wind speed  u  (ms−1), with the general form   f  ( u )   = a + bu   ; and    e s     − e   a    is the vapor pressure deficit (kPa). Further details of the calculations are provided in [58,59,60].



In the frozen period, water is lost from the lake surface by sublimation. Due to the lack of measurements, a simplified equation was selected to calculate sublimation [61]. This equation was the same as Equation (3), where    E a    represents sublimation.




3.2.2. Frozen Period Estimation


Many lake water surface temperatures on the TP obtained from MODIS LST products show strong negative correlation with the duration of lake ice cover [62], indicating that the MODIS LST products can be used to determine the lake ice cover duration. We selected a method used by Zhou et al. [61] at Selin Co to estimate the frozen period.



In the first half of a year, if the daytime LST was greater than 0 °C on one date, and if there were no LSTs less than 0 °C after that date, then that date was assumed to be the transition date. If the night-time LST was greater than 0 °C on one date, and if there were no LSTs less than 0 °C after that date, then that date was assumed as the start of completely ice-free conditions. In the second half of a year, if the daytime LST was less than 0 °C on one date, and if there were no LSTs less than 0 °C before that date, then that date was assumed to be the ice-cover start date.



During the period of lake ice cover (from the ice-cover start date to the date of completely ice-free conditions), the lake surface evaporation was calculated by combining the open water evaporation and the ice sublimation. From the ice-cover start date to the transition date, the fraction of sublimation gradually increased from 0% to 100%; while from the transition date to the ice-free date, the fraction decreased.



Since complete years of MODIS LST data were only available after 2001, the lake ice cover duration was determined by MODIS LST during 2001–2016, while the mean dates for the period 2001–2016 were used for 1980–2000. Based on these assumptions, the ice-cover duration of each year was calculated as shown in Table 1.



Table 1 shows that the completely ice-free dates obtained from MODIS LST are close to mid-May, while the transition dates are close to mid-March. Qu et al. [63] found that Nam Co was usually completely frozen at the end of January, and completely ice free in mid-May, during 2006–2011. Gou et al. [64] studied the freeze-up and break-up dates of lake ice in the middle of Nam Co using multiple MODIS data products from 2000–2014, and found that the average dates of ice freeze-up start and break-up end were 20 January and 27 April, respectively. The ice-free dates in this study are similar to those of Qu et al. [63] and Gou et al. [64], indicating that the dates in Table 1 can describe the lake ice cover duration of Nam Co reasonably accurately.





3.3. Evaluation Criteria


Several statistical criteria, including the Nash–Sutcliffe efficiency (NSE), BIAS, RBE, RMSE, and R2, were used to evaluate the performance of forcing data, the model outputs and LWS of Nam Co. These criteria are defined as follows:


   NSE = 1 −    ∑    i = 1   n     (   X  si      − X    oi    )   2  /   ∑    i = 1   n     (   X  oi   −    X  oi    ¯   )   2   



(4)






   RMSE =      ∑    i = 1   n       ( X    si      − X    oi   )  2  / n    



(5)






   BIAS =    ∑    i = 1   n     ( X    si      − X    oi   ) / n  



(6)






   R 2  = [    ∑    i = 1   n  (   X  si   −   X ¯  s   ) (   X  oi   −   X ¯  o   )  ] / [     ∑    i = 1   n    (   X  si   −   X ¯  s   )  2       ∑    i = 1   n    (   X  si   −   X ¯  o   )  2   ]  



(7)









4. Results


4.1. Precipitation Correction


The precipitation data has an important influence on the simulated runoff. Comparing the precipitation products of CMFD, MERRA2, GLDAS, and TRMM with the observed precipitation data at the point scale from October 2005 to December 2015, the correlation coefficients R2 were 0.662, 0.656, 0.610, and 0.622, respectively, and the relative deviations were 8.19%, 2.19%, 7.21%, and 35.80%, respectively, as shown in Figure 2. Therefore, precipitation data from CMFD and MERRA2 yielded better statistical indicators than those of the other datasets. Taking into account the resolution of both sources (0.1° × 0.1° for CMFD and 0.5 °× 0.625 ° for MERRA2), CMFD data were used for the following precipitation correction.



Differences were noted between the monthly distributions of observations and precipitation products. According to the observed data, precipitation from May to October accounted for 93% of the total precipitation, so a linear correction was applied to the precipitation from May to October as follows:




	
CMFD_corr_May = 0.73 * CMFD_May



	
CMFD_corr_Jun = 0.54 * CMFD_Jun



	
CMFD_corr_Jul = 0.65 * CMFD_Jul



	
CMFD_corr_Aug = 1.15 * CMFD_Aug



	
CMFD_corr_Sep = 1.35 * CMFD_Sep



	
CMFD_corr_Oct = 2.46 * CMFD_Oct








After correction, the R2 and relative deviations were 0.795 and 0.95%, respectively (Figure 3). CMFD precipitation was corrected according to the mean monthly precipitation at the Nam Co Monitoring and Research Station for Multisphere Interactions from 2005 to 2015; therefore, there may be lower accuracy in the precipitation data for specific years during that period. Prior to 2005, the correction may increase uncertainty of the precipitation data due to the lack of observations.




4.2. Evaluation of WEB-DHM


4.2.1. Evaluation with Discharge


After the precipitation correction, WEB-DHM was driven using the corrected CMFD data. The observed discharge of Niyaqu River was used to calibrate the hydraulic parameters in the model (saturated hydraulic conductivity of the soil surface, soil anisotropy coefficient, etc.). Then, the calibrated model was used to simulate the lake inflow of Nam Co from 1980 to 2016.



Figure 4 shows the simulated and observed runoff of Niyaqu River from 2008 to 2010, and the corresponding precipitation, indicating that the model could accurately reproduce the discharge: NSE, BIAS, and R2 were 0.597, −3.17%, and 3.22 m3/s, respectively.



The model slightly underestimated the discharge in Niyaqu station, especially during April to June. This may be due to uncertainty in the SOC data, which could influence modeled frozen soil processes in cold the season and subsequent runoff in early summer. Moreover, vertical heterogeneity in the soil could cause an underestimation of soil water content, which would also lead to an underestimation of the base flow [65].




4.2.2. Basin-Scale Evaluation with MODIS LST


We evaluated the model with MOSDIS LST at the basin scale from 2001 to 2016. The simulated LST and MODIS LST were compared both in daytime (10:30, local time) and night-time (22:30, local time), using both the basin average value and spatial pattern. A strict comparison approach was applied in this study: if a MODIS LST grid point was missing, the corresponding simulated LST for that grid point was removed from the calculation. Figure 5 compares the basin-averages and Figure 6 compares the spatial patterns. This comparison yielded respective daytime R2, BIAS, and RMSE values of 0.714, −1.39K, and 5.44K, and respective night-time values of 0.923, 3.26K, and 3.99K. Therefore, the average simulated daytime LST was closer to the MODIS LST than the average night-time simulated LST. R2 was smaller in the daytime but the RMSE was larger, indicating that the uncertainty in simulated daytime LST was larger than that at night-time. At night, solar radiation can be ignored, and the LST is mainly affected by the downward long wave radiation; consequently, both MODIS LST and simulated LST were close to the observed air temperature [61]. During the daytime, LST is controlled by solar radiation absorbed by the surface canopy and the ground, and these factors lead to greater uncertainty in the simulated daytime LST [65].



Figure 6 shows that the spatial pattern of simulated LST was very close to that of the MODIS LST. In the glacier-covered southeast region of the basin, the simulated LST was much lower than the MODIS LST, indicating that the simulation of ice and snow surface temperature still needs to be improved in the model. In other regions, the simulated LST was overestimated in the daytime in spring and summer, underestimated in winter, and overestimated in all four seasons at night-time. In general, WEB-DHM was able to accurately simulate the spatial pattern of LST.




4.2.3. Basin-Scale Evaluation with Snow Depth


We next compared the simulated snow depth with the SSM/I-derived snow depth from January 1988 to December 2007 as shown in Figure 7. The multi-year average simulated snow depth was 1.78 cm, which was greater than the corresponding 1.61 cm average SSM/I snow depth. In the time series, the simulated snow depth roughly reflected the interannual changes in the basin. No observed data were available for the evaluation or correction of precipitation data before 2005, which may lead to differences between the simulated snow depth and observations. In addition, the spatial resolution of the SSM/I snow depth was 25 km, which presents difficulties in reflecting the spatial heterogeneity of the snow distribution; this is particularly the case when the basin area is small, and the number of effective grid points in the basin is also small, thus contributing to the difference between simulation results and SSM/I snow depth.





4.3. Variations of Major Water Balance Components


The change in LWS is calculated as:


     Δ S = R    in      + P    lake      − E    lake    



(8)




where    Δ S    represents the change in LWS;    R  in     is the total lake inflow;    P  lake     is precipitation over the lake surface and    E  lake     is evaporation from the lake surface. The total area of the six simulated sub-basins accounts for 80.68% of the total basin area, so the total lake inflow is calculated as:


   R  in    =    ∑    i = 1   6   Q i  /  80.68 %   



(9)




where    Q i    is the simulated runoff in each sub-basin, and    R  in     is the total lake inflow.



Figure 8 shows variations in the annual precipitation and evaporation across both the lake and land surfaces, along with total runoff and LWS, from 1980 to 2016. Figure 8a shows that the annual    P  land     (421 ± 76 mm) in the basin significantly increased (p < 0.05), with a growth rate of 2.5 mm/year, while the annual    P  lake     (415 ± 68 mm) decreased non-significantly by 0.684 mm/year. Figure 8b shows that annual    E  lake     (1149 ± 71 mm) in the basin was significantly greater than    E  land     (255 ± 21 mm);    E  lake     increased non-significantly by 2.0 mm/year, and    E  land     significantly increased by 1.2 mm/year. The    R  in     (1.71 ± 0.54 km3) and    Δ S    (0.25 ± 0.66 km3) increased at rates of 0.0087 and 0.0018 km3/year, respectively, but neither was statistically significant.




4.4. Long-Term Changes of Nam Co Lake Water Storage


Using Equation (8), we calculated the daily LWS of Nam Co from 1980 to 2016. We evaluated the calculated LWS for 2000–2016 by comparison with LWS data derived by Li et al. [46], in which changes are quoted relative to the LWS on 16 October 2000; this level was also used as a baseline for the simulated LWS in this study. Figure 9 shows that R2, BIAS, and RMSE were 0.878, −0.087 km3, and 0.459 km3, respectively, suggesting that the simulated results are in good agreement with the previous datasets, and that the simulated LWS was reliable.



Figure 10 shows the simulated long-term daily LWS from 1980 to 2016, in which the relative LWS was defined as zero on 1 January 1980. The results show that, from 1980 to 2016, the LWS of Nam Co increased by 9.26 km3 and reached a maximum of 10.25 km3 in 2010; these changes are very close to those found by Wu et al. [29], in which the water storage of Nam Co increased by 10.33 km3 from 1980 to 2010. In more detail: from 1980 to 2016, the LWS of Nam Co decreased at first (1980–1987: −0.21 km3/year), then increased (1988–2008: +0.57 km3/year) and has recently dropped again (2009–2016: −0.079 km3/year). Song et al. [31] detected that Nam Co has a rapid water-level rise during 2003–2008 and then a slightly decreasing trend during 2009–2013, which was in good agreement with the results of this study.



Attribution analysis was conducted in the three periods to study the contribution of precipitation runoff, melt water runoff, lake surface precipitation, and lake evaporation to the change of LWS. Table 2 shows the analysis results. Results shows that the precipitation runoff contributes most to LWS changes in all three periods among the four components, indicating that the water storage change in Nam Co was controlled by changes in precipitation.





5. Discussion


5.1. Uncertainty of Lake Surface Evaporation


Due to the lack of evaporation field observations, the Penman formula and CMFD were used to calculate the evaporation. Table 3 shows the results of some previous studies which calculated evaporation of Nam Co.



In this study, the lake surface evaporation (1149 ± 71 mm) in the basin showed an insignificant increasing trend of 1.985 mm/year, which is higher than the simulation results of Li et al. [30], Lazhu et al. [66], and Ma et al. [38]; lower than the results calculated by Zhu et al. [18] using the Penman formula; and very close to the results of Zhang et al. [17]. In this study, the average annual lake surface evaporation from May to January was 1028 ± 60 mm, which is close to the results of Wang et al. [67]; the evaporation from May to October was 883 ± 49 mm, which is higher than the results of Zhou et al. [20].



These differences may arise from uncertainties in the input forcing data, and (perhaps most importantly) from errors in the interpolation method associated with the resolution of the dataset. In addition, uncertainty in the estimated lake ice cover could influence the estimated lake evaporation in the unfrozen period. In this study, evaporation in the frozen period was estimated by combining open water evaporation and sublimation. Qu et al. [63] found that a small lake near Nam Co underwent both freeze-thaw and refreeze in 2008, which may have resulted in the estimated evaporation for the frozen period being greater than the actual evaporation. In addition, the heat storage changes can be a significant component of the energy balance in lakes, and it is important to account for heat storage changes for reasonable estimation of lake evaporation [68], but it was neglected because due to lack of water temperature data. In the future, additional lake ice and meteorological observations, as well as an improved method, are needed to achieve a more accurate estimate of lake evaporation.




5.2. Uncertainty of Total Lake Inflows


Wu et al. [29] calculated an average annual runoff into the lake of 1.36 km3/year from 1980 to 2010, by applying a monthly water balance model based on the Budyko hypothesis. This is consistent with the average runoff into the lake from 1961 to 2015 obtained by Li et al. [30]. In this study, the average annual runoff into the lake from 1980 to 2016 was 1.71 km3/year, which is quite different. We note that Wu et al. [29] used the observed lake water level and simulated water level for verification, while in this study, we used the observed runoff directly for verification, which allowed a more reliable comparison. In addition, Table 2 shows that the evaporation rates simulated by Wu et al. and Li et al. are smaller than the evaporation estimated in this study, so the lake inflow was also smaller given a steady water storage. Zhu et al. [18] estimated the surface runoff of Nam Co from 1971 to 1991 as 1.064 km3/year, and from 1992 to 2004 as 1.122 km3/year. Besides surface runoff and lake surface precipitation, Zhu et al. [18] reported groundwater inputs and other sources of water input of 0.845 and 0.846 km3/year respectively. The differences in results between this study and that of Zhu et al. [18] may be attributed to the different calculation methods. Zhu et al. [18] used an empirical method based on runoff depth; meanwhile, in this study, we used a calibrated hydrological model for the simulation.



Uncertainties in the runoff simulation may be associated with the following factors. First, the precipitation forcing data were corrected by meteorological data observed in 2005–2015. For earlier historical periods, uncertainty in the forcing data will introduce uncertainty in the runoff simulation. Secondly, the glaciers on Tibetan Plateau play an important role in the catchment hydrology of this region [69]. In the current WEB-DHM version, glaciers are treated as thick snow (greater than 100 m) to simulate glacial melting; here, the energy balance is considered but the spatial distributions of some physical attributes such as ice thickness are not considered, which will lead to uncertainties in the glacier melt simulation that propagate through to the basin runoff simulation. In addition, aspect distribution is of great importance for modelling the hydrological response in glacier catchment [70]. In the future, WEB-DHM needs to be coupled with a more detailed physical glacier model. Finally, the total lake inflow was calculated by Equation (9). According to the simulation results, the annual average runoff depths from each sub-basin were 168, 193, 191, 176, 204, 188, and 306 mm, respectively, indicating that although the runoff depths in most areas of the basin were similar, some spatial differences are present. The calculation of total lake inflow with Equation (9) will also introduce uncertainty into the total lake inflow.




5.3. The Contributions of Precipitation, Snow and Glacier Melt to the Discharge


Previous studies have suggested that ice and snow melt water has had an important impact on the expansion of Nam Co. Zhu et al. [18] reported that the increasing LWS in Nam Co Lake was mainly caused by the increase of melt water input from the retreating of glaciers. Wu et al. [29] found that the contribution of glacial melt water to the rising lake level was 20.75%, equivalent to +5.93 m of lake level rise. The contributions of runoff, glacial melt, lake surface precipitation, leakage, and lake evaporation were 104.7%, 56.6%, 41.7%, −22.2%, and −80.9%, respectively.



With the help of the WEB-DHM model, we separated the glacier and snow melt water components in the total lake inflow. The total melt water was also calculated according to Equation (9), that is to say, the proportions of the melt water components in the total lake inflow were the same as those in the total runoff from the six sub-basins. Figure 11 shows the simulated annual total lake inflow, melt water runoff, average precipitation, and average temperature in the basin in three periods that LWS changes. Table 4 shows the changing rates in different periods. Results indicate that the total lake inflow, snow and glacier melt, precipitation, and air temperature has increased during 1980–2009, but insignificantly decreased in 2009–2016 except air temperature, indicating that the peak of melt might have occurred.



Figure 12 shows the annual fraction of snow and glacier melt in lake inflow. Results shows that the annual mean contribution of melt water runoff to the total lake inflow was 22% and the contribution has a significant increasing trend (0.5%/year) overall. It should be noticed that the contribution shows an insignificant decreasing trend after 2009. These results show that the runoff generated by the precipitation plays a major role in the lake inflow, and while the contribution of precipitation runoff to the total lake inflow has decreased, the contribution of ice and snow melt to the lake inflow has increased.




5.4. Impact of Climate Change


Long-term changes in Nam Co LWS have been significantly affected by climate change in the basin. During 1980–2016, the annual average precipitation and annual average temperature in the basin (Figure 11) showed significant increasing trends, at rates of 25 mm/decade and 0.4 K/decade, respectively. As the temperature increased, Figure 8b shows that the lake evaporation and land evaporation in the basin also increased. There is a significant positive correlation between lake evaporation and annual average temperature of the basin (R2 = 0.57), indicating that the increasing temperature could cause more water loss from the lake.



Precipitation falls directly on the lake surface, but also affects LWS via surface runoff. Li et al. [30] reported that the lake surface precipitation and total runoff accounted for 34% and 66% of the water supply of Nam Co, respectively. In the present study, the annual average runoff, precipitation, and evaporation of Nam Co during the study period were 1.71, 0.83, and 2.29 km3/year, respectively. The precipitation runoff, ice and snow melt, and lake precipitation accounted for 53%, 15%, and 33% of the total supply of the lake, respectively. The contribution of lake precipitation to the total water input was very close to that calculated by Li et al. [30]. There was a strong positive correlation between the annual average precipitation and the annual total runoff or annual water reserves (R2 values of 0.842 and 0.806, respectively), and the precipitation runoff accounted for 53% of the total water input. We analyzed the relationship between the change of Δs and other variables changes as shown in Figure 13. The change of total lake inflow has strongest correlation with the change of Δs (with r = 0.912). Runoff generated by the precipitation plays a major role in the lake inflow (fraction of ice and snow melt is 22%), and precipitation runoff shows a stronger correlation than ice and snow melt, the change of precipitation also shows a strong correlation with the change of Δs. These results indicate that the LWS change of Nam Co was largely controlled by precipitation change.



Attribution analysis revealed that from 1980 to 2016, the contributions of precipitation runoff, melt water runoff, lake surface precipitation, and lake evaporation to the changes in Nam Co LWS were 71%, 33%, 24%, and −28%, respectively. Wu et al. [22] suggested that the contribution of glacier melt to the rising water level was 20.75%, which is smaller than the contribution calculated in this study. Therefore, precipitation is the main contributor of water to Nam Co, and changes in lake water inputs are primarily controlled by changes in precipitation.





6. Conclusions


In this study we simulated the long-term (1980–2016) changes in Nam Co LWS using WEB-DHM, a process-based cryosphere-hydrology model. WEB-DHM was calibrated and validated by the observed discharge, MODIS LST and snow depth, demonstrating its good performance in reproducing the land surface water and energy cycles in the lake basin. Lake evaporation was calculated by the Penman formula and estimated sublimation, and by considering the unfrozen and frozen periods of the lake surface. The simulated daily LWS was in good agreement with the datasets derived from remote sensing images. This method for simulated the daily LWS change could be extrapolated to other lake basins in the world as long as discharge data and reliable meteorological forcing data were available.



The lake surface evaporation (1149 ± 71 mm) showed an insignificant increasing trend of 1.99 mm/year. The LWS of Nam Co increased by 9.26 km3 from 1980 to 2016, with the maximum LWS recorded in 2010 (an increase of 10.25 km3 relative to the LWS in 1980). The annual average contribution of melt water runoff to the total lake input was 22%, and showed a significant increasing trend (0.5%/year). The melt and its contribution to the total lake inflow both show an insignificant decline after 2009 indicating that the peak of melt might have occurred. These results reveal that the runoff generated by precipitation was the primary contributor to total runoff into the lake; however, this contribution has decreased, while the contribution from ice and snow melt has increased. Precipitation runoff, ice and snow melt, and lake precipitation accounted for 53%, 15%, and 33% of the total water supply to the lake, respectively. The contributions of precipitation runoff, melt water runoff, lake surface precipitation, and lake evaporation to the changes in Nam Co LWS were 71%, 33%, 24%, and −28%, respectively. Therefore, precipitation is still the dominant source of water for Nam Co Lake. It can be concluded that the long-term LWS variations of Nam Co during 1980–2016 were largely controlled by changes in precipitation, accompanied by warming-induced intensified melting of snow and glaciers.
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Figure 1. Topographic map of Nam Co Basin showing the river networks, meteorological station, discharge gauge, glacier distribution, and simulated lake inflow points. 
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Figure 2. Comparison of monthly (a) China Meteorological Forcing Data (CMFD), (b) Tropical Rainfall Measuring Mission (TRMM), (c) Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA2), and (d) Global Land Data Assimilation System (GLDAS) precipitation products with the observed precipitation at the Nam Co Monitoring and Research Station for Multisphere Interactions from 2005 to 2015. The black dotted line (“y = x, 1:1”) and the red dotted line (linear fitting) are given for reference. 
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Figure 3. Comparisons of the original and corrected CMFD precipitation data with the observed precipitation at the Nam Co Monitoring and Research Station for Multisphere Interactions. Time-series (a), scatterplots of the observations and original CMFD data (b) and scatterplots of the observations and the corrected CMFD data (c) were given respectively. 
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Figure 4. Daily observed and simulated discharge at Niyaqu Station from 2008 to 2010, and daily precipitation in the same period. 
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Figure 5. Comparison of 8-daily basin-averaged LSTs of Nam Co between model simulations and MODIS time-series in (a) daytime and (c) nighttime; scatterplots in (b) daytime and (d) nighttime during 2001–2016 
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Figure 6. Comparison of the simulated and MODIS-derived spatial patterns of seasonal mean daytime (a) and night-time (b) land surface temperatures during 2001–2016. Spring (MAM), summer (JJA) autumn (SON)and winter (DJF) were listed from left to right. 
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Figure 7. Comparison of monthly simulated snow depth and Special Sensor Microwave/Image (SMM/I)-derived snow depth in (a) time-series and (b) scatterplots. 
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Figure 8. Variations in (a) annual precipitation, (b) evapotranspiration, (c) total runoff, and (d) lake water storage during 1980–2016. 
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Figure 9. Comparison of the daily simulated lake water storage (LWS) and the LWS derived from existing datasets, from 2000 to 2016 in (a) time-series and (b) scatterplots. 
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Figure 10. The simulated daily LWS of Nam Co Lake from 1980 to 2016. The red dotted line (linear fitting) and green dotted lines (period dividing) are given for reference. 
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Figure 11. Variations of annual lake inflow, melt, precipitation, and air temperature from 1980 to 2016. 
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Figure 12. Variations of annual fraction of snow and glacier melt in total lake inflow from 1980 to 2016. The black dotted line (linear fitting in the whole period), red lines (linear fitting for each period) and the green dotted line (period dividing) are given for reference. 
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Figure 13. Comparison between monthly change of Δs and (a) total lake inflow, (b) lake surface precipitation, (c) lake surface evaporation, (d) basin average precipitation, (e) snow and glacier melt, (f) precipitation runoff from 1980 to 2016. 
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Table 1. Duration and transition date of Nam Co Lake ice cover from 1980 to 2016 based on MODIS land surface temperature (LST) products.
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	Year
	Duration *
	Transition Date
	Year
	Duration *
	Transition Date





	1980–2000
	11 Nov.–18 May (185 days)
	13 Mar.
	2009
	5 Nov.–5 May (181 days)
	12 Mar.



	2001
	11 Nov.–6 May (176 days)
	8 Mar.
	2010
	11 Nov.–21 May (191 days)
	10 Mar.



	2002
	6 Nov.–28 May (203 days)
	9 Mar.
	2011
	17 Nov.–10 May (174 days)
	12 Mar.



	2003
	9 Nov.–23 May (195 days)
	1 Mar.
	2012
	16 Nov.–25 May (191 days)
	22 Mar.



	2004
	13 Nov.–19 May (188 days)
	26 Mar.
	2013
	14 Nov.–19 May (186 days)
	28 Feb.



	2005
	6.Nov.–26 May (201 days)
	19 Mar.
	2014
	6 Nov.–23 May (198 days)
	20 Apr.



	2006
	8 Nov.–21 May (194 days)
	24 Feb.
	2015
	19 Nov.–17 May (179 days)
	28 Mar.



	2007
	17 Nov.–17 May (181 days)
	21 Mar.
	2016
	4 Nov.–12 May (190 days)
	25 Mar.



	2008
	12 Nov.–10 May (180 days)
	5 Mar.
	2016–2017
	16 Nov.–18 May (183 days)
	—







* The first date listed in each duration was in November of the previous year.
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Table 2. Attribution analysis results in three periods.
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	Period
	Precipitation Runoff
	Melt
	Lake Surface Precipitation
	Lake Surface Evaporation





	1980–1987
	76%
	20%
	29%
	−25%



	1988–2008
	70%
	31%
	25%
	−26%



	2009–2016
	84%
	33%
	31%
	−49%
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Table 3. Some surface evaporation estimates for Nam Co.
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	Value (mm)
	Period
	Methods
	Source





	1149 ± 71
	1980–2016
	Penman formula
	This study



	981 ± 18
	Unfrozen period of 2016
	EC methods
	Wang et al., 2019 [67]



	693
	1961–2015
	FR estimation
	Li et al., 2017 [30]



	832 ± 69
	1980–2014
	Flake model
	Lazhu et al., 2016 [66]



	635
	1979–2012
	CRLE
	Ma et al., 2016 [38]



	About 650
	1980–2010
	MWB model
	Wu et al., 2014 [29]



	About 600
	May to Oct. of 2007–2011
	Observations
	Zhou et al., 2013 [20]



	1184
	1976–2009
	Penman formula
	Zhang et al., 2011 [17]



	1430
	1971–2004
	Penman formula
	Zhu et al., 2010 [18]
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Table 4. Changing rates of runoff, melt, precipitation, and air temperature in different periods.
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	Period
	Runoff
	Melt
	Precipitation
	Air Temperature





	1980–1988
	2.69 m3 s−1/10a
	11.16 m3 s−1/10a
	20.85 mm/10a
	1.46 K/10a *



	1988–2009
	4.29 m3 s−1/10a *
	5.34 m3 s−1/10a
	39.87 mm/10a
	0.38 K/10a *



	2009–2016
	−5.89 m3 s−1/10a
	−4.63 m3 s−1/10a
	−44.95 mm/10a
	1.35 K/10a







* for significant trend (p < 0.05).
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