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Abstract: Lake Qinghai has shrunk and then expanded over the past few decades. Quantifying the 16 
contributions of climate change and human activities to lake evolution is important for water re- 17 
source management and adaptation to climate change. In this study, we calculated the water vol- 18 
ume change of Lake Qinghai, analyzed the climate and land use changes in Lake Qinghai basin, and 19 
distinguished the contributions of climate change and human activities to water volume change. 20 
The results showed that lake water volume decreased by 9.48 km3 from 1975 to 2004 and increased 21 
by 15.18 km3 from 2005 to 2020. The climate in Lake Qinghai basin is becoming warmer and more 22 
humid, and the changes in land use have been minimal. Based on the Soil and Water Assessment 23 
Tool (SWAT), land use change, climate change and their combined effect contributed to 7.46%, 24 
93.13% and -0.59%, respectively, of the variation in surface runoff into lake. From the perspective of 25 
the water balance, we calculated the proportion of each component flowing into and out of the lake 26 
and found that the contribution of climate change to lake water volume change was 97.55%, while 27 
the human activities contribution was only 2.45%. Thus, climate change had the dominant impact 28 
on water volume change in Lake Qinghai. 29 

Keywords: Lake area expansion; Land use; Climate change; Plateau lake; SWAT 30 
 31 

1. Introduction 32 
The Tibetan Plateau is the region with the most concentrated distribution of lakes in 33 

China, and there are more than 1200 lakes larger than 1 km2 on the plateau, accounting 34 
for 51.4% of the total lake area in China [1,2]. With global climate change, an increasing 35 
number of lakes have experienced significant changes in both area and volume [3-5]. Lake 36 
evolution reflects the impacts of human activity and climate change, such as rainfall, run- 37 
off, and water abstractions for agriculture and animal husbandry. Due to the increasing 38 
demand for water resources, water volume of most salt lakes around the world is shrink- 39 
ing rapidly, such as the Aral Sea [6], Great Salt Lake [7] and Urmia Lake [8]. The degra- 40 
dation of lakes has exacerbated desertification and salt dust storms and devastated the 41 
local ecological environment. In contrast, the total surface area of lakes on the northeast- 42 
ern Tibetan Plateau and adjacent areas increased by 18.03% during the approximate pe- 43 
riod of 2000 to 2010, primarily due to the increasing temperatures and precipitation [9,10]. 44 
Lake evolution reflects the impacts of climate change and human activities on the regional 45 
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environment, exploring the factors that influence lake evolution and quantitatively dis- 46 
tinguishing the effects of these factors are important and complex tasks [11,12]. 47 

Lake Qinghai is the largest closed-basin salty lake in China. Water level measure- 48 
ments indicated that lake level first decreased and then increased in the past few decades 49 
[13,14], and estimates of lake area obtained by remote sensing have also revealed changes 50 
in Lake Qinghai [15-17]. Some researchers have studied the relationships between water 51 
level change and key factors, such as precipitation, surface runoff, air temperature, and 52 
evaporation, by correlation analysis without quantifying the contributions of the influen- 53 
tial factors [18-20]. Other researchers have calculated the contributions of different factors 54 
to lake water volume change by employing statistical models [21-24]. However, these 55 
studies lacked analyses of the driving mechanisms of water level change and did not dis- 56 
tinguish the different impacts of human activities and climate change. In general, previous 57 
studies have largely been limited to qualitative research and lack quantitative analyses of 58 
the mechanisms of change in lake water volume. 59 

As an important supplement to the lake water volume, surface runoff has undergone 60 
significant change under the dual impacts of climate change and human activities, and 61 
quantitatively distinguishing the different contributions of these factors can provide in- 62 
sight into the mechanisms of lake change [25]. Methods used to distinguish the impacts of 63 
runoff change mainly include experimental approaches, hydrological modeling, concep- 64 
tual approaches and analytical approaches [26]. Hydrological models based on physical 65 
processes can be used to distinguish the individual and combined effects of land use 66 
change and climate change on runoff, and they have a wide range of applications [27,28]. 67 
In this study, the Soil and Water Assessment Tool (SWAT) model was used to quantify 68 
the contributions of land use and climate change to the surface runoff into Lake Qinghai. 69 

Consequently, in this study, based on the exploration of water volume variations in 70 
Lake Qinghai, we quantified the effects of climate and land use change on surface runoff 71 
into lake and distinguished the contributions of climate change and human activities to 72 
lake water volume change. The main objectives of this paper are to (1) construct a long 73 
time series of water volume change in Lake Qinghai; (2) analyze the climate and land use 74 
changes in Lake Qinghai basin; (3) perform hydrological simulations based on the SWAT 75 
model to quantify the impacts of land use and climate change on surface runoff into lake; 76 
and (4) distinguish each component of lake water input and loss, calculate the percentage 77 
contributions of climate change and human activities to lake water change, and analyze 78 
the corresponding mechanisms. 79 

2. Materials and Methods 80 
2.1. Study area 81 

The Lake Qinghai basin is located in the northeastern Tibetan Plateau region between 82 
36°17´-38°40´N and 97°52´-101°45´E, covering an area of 29,645 km2 (Figure 1). The terrain 83 
is high in the northwest and low in the southeast, and the average elevation of the basin 84 
is approximately 3715 meters (datum: WGS_1984). Lake Qinghai basin is located in a plat- 85 
eau continental climate zone, with an annual mean precipitation of 382 mm and an annual 86 
mean air temperature of -3.8 ℃. More than 50 rivers flow in the basin, including 16 main 87 
streams with subbasins larger than 300 km2. The Shaliu and Buha river catchments collec- 88 
tively cover an area of 16,590 km2, and they contribute to more than 64% of the total inflow 89 
to lake [29]. The main vegetation type in the basin is degraded alpine grassland, followed 90 
by coniferous forest, and the main soil composition is gelic leptosols, followed by mollic 91 
leptosols (Figure 2). Lake Qinghai basin is sparsely populated, and the intensity of human 92 
activities is low. 93 

Lake Qinghai is situated in southeastern part of the basin at an elevation of 3193.5 m. 94 
The lake area is 4294 km2, and water storage volume is 7.851010 m3. The average salinity 95 
of the lake is 15.5 g/L, maximum water depth is 26.6 m, and average water depth is 18.3 96 
m [30,31]. The east-west length of the lake is approximately 103 km, and the north-south 97 
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width is approximately 76 km. In 2004, lake area reached a minimum after experiencing a 98 
continuous decline and then began to gradually increase. 99 

 100 
Figure 1. Location of the Study area in (a) Lake Qinghai basin, (b) China and (c) Qinghai Province. The triangles in the 101 
lower-left show the location of meteorological stations and colors indicate elevation. 102 

2.2. Data collection and preprocessing 103 
2.2.1. Datasets of the lake area and lake level 104 

Remote sensing extraction of lake area data can overcome the limitation of shortage 105 
in observations, and it is useful to monitoring water resource change in high elevation 106 
regions. In this paper, datasets for the lake area containing satellite-derived measurements 107 
from 1995 to 2017 were downloaded from the website of International Data Center on 108 
Hydrology of Lakes and Reservoirs website (http://hydroweb.theia-land.fr/), which com- 109 
piles the observation results from many satellites and the average coefficient of determi- 110 
nation (R2) of the measured lake area is 0.95 for these data [32]. In addition, data related 111 
to the annual mean lake level measurements from 1975 to 2020 were obtained from the 112 
Xiashe Hydrological station. With the lake level elevation as the explanatory variable, the 113 
annual mean lake area (1995-2017) as the response variable, the relationship between them 114 
was determined by a linear regression model to calculate the lake area and lake volume 115 
change in a long time series (1975-2020). 116 
2.2.2. Meteorological data 117 

To study the climate change in Lake Qinghai basin and calculate the lake surface 118 
precipitation and evaporation, we downloaded meteorological reanalysis data from 1975 119 
to 2020 from TerraClimate dataset (https://climatedataguide.ucar.edu/). The TerraClimate 120 
dataset includes monthly global rasterized meteorological and water balance data from 121 
1958 to the present, with a spatial resolution of 1/24° (~4 km). The dataset uses climate- 122 
aided interpolation to combine the high-resolution climate data from the WorldClim da- 123 
taset with other coarse-resolution data, thus improving the accuracy of the data and de- 124 
creasing the overall average error [33]. We extracted annual mean precipitation and air 125 
temperature data for Lake Qinghai basin to assess the climate change in the basin, and 126 
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extracted annual precipitation and evaporation data for the lake region to calculate the 127 
lake surface precipitation and evaporation. 128 

The daily meteorological data from 9 stations in and around the basin from 1970 to 129 
2014 were downloaded from the China Meteorological Data Service Center 130 
(http://data.cma.cn/). The daily precipitation, air temperature, solar radiation, relative hu- 131 
midity, and wind speed data were used as inputs to the SWAT model. 132 
2.2.3 Other data 133 
1. Digital elevation model (DEM) data were downloaded from the Geospatial Data 134 

Cloud (http://www.gscloud.cn/), the spatial resolution of the data is 30 m. 135 
2. Land use data with a spatial resolution of 1 km from the 1980s, 1990s, 2000s, and 136 

2010s (Figure 2a) were downloaded from the Resource and Environment Science and 137 
Data Center (http://www.resdc.cn/). The original land use classification system was 138 
based on the Food and Agriculture Organization (FAO) classification system, which 139 
includes six first-level classifications, and they were converted into the correspond- 140 
ing land use types embedded in the SWAT. The final land use types were agricultural 141 
land (AGRL), forest (FRST), grassland (PAST), water body (WATR), urban land 142 
(URBN), and unutilized land (BARR).  143 

3. A soil dataset derived from HWSD1.1 (Figure 2b) with a spatial resolution of 1 km 144 
was acquired from the National Science & Technology Infrastructure website 145 
(https://data.tpdc.ac.cn/). The soil was reclassified into eight types, and relevant pa- 146 
rameters, such as the soil moisture density, soil effective water holding capacity and 147 
other soil parameters, were formatted according to the requirements of the SWAT 148 
model. 149 

4. Monthly average observed surface runoff data for the Gangcha and Buha stations 150 
from 1975 to 2014 were provided by the Data Center for Eco-Environment Protection 151 
in the Qinghai Lake basin. The data were used to analyze the surface runoff change 152 
on the lake water volume and for calibration and validation of the SWAT model. 153 

 154 
Figure 2. (a) Land use in the 2010s and (b) soil types in the study area. 155 

2.3. Methods 156 
2.3.1 Estimation of the water volume in Lake Qinghai 157 
1. Variations in lake water volume 158 

Based on the lake area and lake level data and considering the change in these varia- 159 
bles, the variations in lake water volume can be expressed as Eq. (1): 160 

߂ ௜ܹ =
(௜ାଵܪ)ܨ + (௜ܪ)ܨ

2
× ௜ାଵܪ) − ௜) (1)ܪ
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where ߂ ௜ܹ  is the annual change in lake water volume, in units of km3; ܨ(ܪ௜) is the calcu- 161 
lated lake area corresponding to the mean annual lake level ܪ௜ , in units of km2; and ܪ௜ାଵ − 162 
௜ܪ  is the annual change in lake level, in units of m. 163 
2. Lake water balance model 164 

The Water balance model can reveal the state of lake water budget. For an enclosed 165 
inland lake, the main factors affecting lake water volume include surface runoff into lake, 166 
precipitation, and evaporation at the lake surface, and net groundwater inflow into lake. 167 
Therefore, the lake water balance can be expressed by Eqs. (2-3): 168 

߂ ௜ܹ = ܴ௜ + ௜ܲ + ௜ܩ − ௜ܧ − ௜ܪ  (2)

௜ܩ = ௜௡ܩ  − ௢௨௧ (3)ܩ

where ܴ௜ is the surface runoff into lake, ௜ܲ  is the annual precipitation over the lake sur- 169 
face, ܩ௜ is the net groundwater inflow into lake, ܩ௜௡ is the groundwater inflow, ܩ௢௨௧ is 170 
the groundwater outflow, ܧ௜ is the annual evaporation from the lake, and ܪ௜  is the water 171 
consumption associated with the daily and production activities of humans. 172 
2.3.2. Diagnostic methods for climate trends 173 
1. Pettitt’s Test 174 

The Pettitt's Test is a non-parametric test and does not need any assumption on the 175 
distribution of data [34]. It is suitable for change point detection of meteorological and 176 
hydrological data series with non-normal distribution and provides a p-value to test its 177 
significance [35]. For the time series ܺ = ,ଵݔ} ,ଶݔ ⋯ ܺ ௡}, Pettitt’s Test regardsݔ  as two 178 
sample sequences {ݔଵ, ,ଶݔ ⋯ ,௧ାଵݔ} ௧} andݔ ,௧ାଶݔ ⋯  ௡}, and includes two statistical values 179ݔ
௜ݔ൫݊݃ݏ −  ௝൯ and ௧ܷ,௡, which are defined in the following equations: 180ݔ

௜ݔ൫݊݃ݏ − ௝൯ݔ = ቐ
1
0

−1
  

݂݅
݂݅
 ݂݅

 
௜ݔ > ௝ݔ
௜ݔ = ௝ݔ
௜ݔ  < ௝ݔ

ቑ (4)

௧ܷ,௡ = ∑ ∑ ௜ݔ൫݊݃ݏ − ௝൯௡ݔ
௝ୀ௧ାଵ

௧
௡ ݐ    = 2, ⋯,n (5)

The change points are most likely to occur when the volume ห ௧ܷ,௡ห is at its maximum, 181 

௧ܭ = ݔܽ݉
1 ≤ ݐ ≥ ݊ห ௧ܷ,௡ห (6)

The significance level associated with ܭ௧ is determined by Eq. (8): 182 

݌ = ݌ݔ2݁ ቆ
௧ܭ6−

ଶ

݊ଷ + ݊ଶቇ (7)

Given the specific significance level α, a ݌ value smaller than α indicates that the time 183 
series has a significant change point at the significance level α. In this study, the signifi- 184 
cance level α is 0.05, which represents a 95% confidence level. 185 
2. Sen’s slope analysis 186 

We used Sen’s slope analysis to estimate the difference in climate change trends be- 187 
fore and after the change point in the basin. Sen’s slope is a nonparametric median-based 188 
slope estimator, and it is suitable for trend analysis under nonnormal distribution condi- 189 
tions, which can reduce the influence of data error and outliers [36]. For the set of pairs 190 
( ௜ܺ , ௝ܺ), ௜ܺ is a time series, Sen’s slope is defined as Eq. (8): 191 

ߚ = ݊ܽ݅݀݁ܯ ൜ ௜ܺ − ௝ܺ

݅ − ݆
ൠ    ݅ < ݆ (8)

where β is the trend of climate elements. A positive value reflects an increasing trend in 192 
the statistical period, a negative value indicates a decreasing trend over the period, and 193 
the absolute value of the slope represents the amplitude of change. 194 
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2.3.3 Setup and scenario design of the SWAT model 195 
1. Model setup 196 

We used SWAT model to quantify the impacts of land use and climate change on 197 
surface runoff into lake. SWAT is a semi-distributed model with a large and growing 198 
number of applications in various studies ranging from the local to continental scales [37]. 199 
The impacts of land use and climate changes on surface runoff can be evaluated based on 200 
the change in soil, land use, climate and management practices over a set period [38] . In 201 
SWAT, DEM data are fundamental for extracting river networks and dividing subbasins 202 
within catchments. Land use, soil, and slope data are used to define the smallest hydro- 203 
logic response unit (HRU) for hydrological calculations. 204 
2. Scenario simulation 205 

We establish three scenarios: a real environment change scenario considering both 206 
land use change and climate change simultaneously, a scenario with only land use change, 207 
and a scenario with only climate change. Therefore, based on the four periods of land use 208 
data, we divided the real scenario simulations into P0 (1975–1984), P1 (1984–1994), P2 209 
(1995–2004), and P3 (2005–2014), and the climate and land use data changed every ten 210 
years. First, the values of meteorological factors (1975–1984) are held constant, and differ- 211 
ent land use data (1990s, 2000s and 2010s) are input into the model to explore the impacts 212 
of land use change on surface runoff (SL1-SL3); additionally, the land use data are held 213 
constant, and different meteorological data (1985–1994, 1994–2004 and 2005–2014) are 214 
used to explore the impact of climate change (SC1-SC3). The data used and research pur- 215 
poses in different scenarios are described in Table 1. The first period is set as the base 216 
period, and a two-year model warm-up period is set for each scenario to reduce the initial 217 
error of the simulation. 218 

Table 1. Real simulation scenarios of land use change and climate change. 219 

Scenario Land use/cover Climate Remark 

P0 1980 1975–1984 Base period 

P1 1990 1985–1994 Influence of land use and cli-
mate changes 

P2 2000 1994–2004 

P3 2010 2005–2014 

SL1 1990 1975–1984 Influence of land use change 

SL2 2000 1975–1984 

SL3 2010 1975–1984 

SC1 1980 1985–1994 Influence of climate change 

SC2 1980 1994–2004 

SC3 1980 2005–2014 

3. Model calibration and validation 220 
The SUFI-2 algorithm in SWAT-CUP software is used to analyze the sensitivity of the 221 

parameters and then calibrated and validated for simulation [39]. The calibration period 222 
is P0 (1975–1984), and the validation period is P1 (1985–1994). The monthly observed sur- 223 
face runoff at the Gangcha and Buha hydrological stations in each period was calibrated 224 
and validated. Sensitivity analysis before model calibration is helpful for selecting reason- 225 
able calibration parameters to reduce the uncertainty of the simulation results. In SWAT- 226 
CUP, global sensitivity analysis was determined the sensitive parameters through a mul- 227 
tiple regression system regresses the Latin hypercube generated parameters against the 228 
objective function [40]. The sensitivity analysis results are based on two indicators, t-stat 229 
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and p-value, where the t-stat indicates the degree of sensitivity and the p-value reflects the 230 
significance of sensitivity [41]. According to the parameter ranking results based on these 231 
two indicators, parameters with a p-value less than 0.5 and important parameters related 232 
to basic flow and groundwater are selected. Next, we perform 500-1000 iterative simula- 233 
tions with the parameters until the simulation results are satisfactory. Therefore, the pro- 234 
cesses of calibration and validation are divided into three steps: the first step is to deter- 235 
mine sensitive parameters through global sensitivity analysis; the second step is to iterate 236 
and adjust the parameters to reduce the error with respect to the actual observed surface 237 
runoff and obtain the optimal parameters; and the final step is to apply the optimal pa- 238 
rameters to the validation period and calculate the simulation accuracy for the validation 239 
period. 240 

We use the coefficient of determination (R2), the Nash-Sutcliffe coefficient of effi- 241 
ciency (NSE) and the percent bias (PBIAS) to evaluate the performance of the simulations 242 
of surface runoff, these metrics are calculated according to Eqs. (9–11) [42]: 243 

ܴଶ =
൤ ∑

௡

௜ୀଵ
൫ ௜ܻ

௢௕௦ − పܻ
௢௕௦തതതതതത൯ ቀ ௜ܻ

௦௜௠ − ௜ܻ
௦௜௠ቁ൨

∑
௡

௜ୀଵ
൫ ௜ܻ

௢௕௦ − పܻ
௢௕௦തതതതതത൯

ଶ
ቀ ௜ܻ

௦௜௠ − ௜ܻ
௦௜௠ቁ

ଶ (9)

ܧܵܰ = 1 − ൦
∑
௡

௜ୀଵ
൫ ௜ܻ

௢௕௦ − ௜ܻ
௦௜௠൯ଶ

∑
௡

௜ୀଵ
൫ ௜ܻ

௢௕௦ − పܻ
௢௕௦തതതതതത൯

ଶ
൪ (10)

PBIAS = 
∑
೙

೔సభ
ቀ௒೔

೚್ೞି௒೔
ೞ೔೘ቁ

∑
೙

೔సభ
௒೔

೚್ೞ
100 (11)

where ݊ is the number of observations, ௜ܻ
௢௕௦ is the observed value, ௜ܻ

௦௜௠ is the simulated 244 
value, and an overbar reflects the average of the variable. The performance standards for 245 
different results are shown in Table 2. 246 

Table 2. Simulation performance standards and corresponding statistics [43]. 247 

Simulation performance R2 NSE PBIAS (%) 

Very good 0.85<R2≤1.00 0.80<NSE≤1.00 PBIAS≤5 

Good 0.75<R2≤0.85 0.70<NSE≤0.80 5<PBIAS≤10 

Satisfactory 0.60<R2≤0.75 0.50<NSE≤0.70 10<PBIAS≤15 

Unsatisfactory R2≤0.60 NSE≤0.50 PBIAS>15 

Note: Values of PBIAS are absolute. 

4. Results 248 
4.1. The water volume change in Lake Qinghai 249 

To extend the research time series for the lake area, we use a unary linear regression 250 
model and a quadratic polynomial regression model to determine the relationship be- 251 
tween lake level and lake area. After a normality test of the data, we established and com- 252 
pared the regression model (Figure 3), the quadratic polynomial model performed best. 253 
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 254 
Figure 3. Relationship between the lake area and the measured lake level, (a) unary linear model and (b) quadratic poly- 255 
nomial model. The abscissa represents the elevation of the average lake level, the ordinate represents the average lake 256 
area, and the shaded area represents the 95% confidence intervals. 257 

Based on a quadratic polynomial fitting equation, the continuous lake area from 1975 258 
to 2020 was calculated, as shown in Figure 4a. The lake area and the lake level exhibit the 259 
same trends, and there is a significant turning point in 2004. From 1975 to 2004, the lake 260 
area decreased by approximately 117 km2, with a rate of change of 3.93 km2/a. From 2005 261 
to 2020, the lake area increased by 177 km2, at a rate of 11.09 km2/a. 262 

According to Eq. (1) and the annual continuous lake area and lake level, setting the 263 
water volume in 1975 as the initial value of 0, we calculated the annual change in lake 264 
water volume from 1975 to 2020 (Figure 4b). From 1975 to 2004, the lake water volume 265 
decreased by approximately 9.48 km3, with an average annual rate of 0.32 km3/a. From 266 
2005 to 2020, the lake water volume increased by approximately 15.18 km3, with an aver- 267 
age annual rate of increase of 0.95 km3/a.  268 

 269 
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Figure 4. Change in (a) lake area and (b) lake water volume. The blue inverted triangles represent the area change dur- 270 
ing the lake decrease period, the red positive triangles represent the increase period, and the shaded area represents the 271 
95% confidence interval. 272 

4.2. Climate change and land use change 273 
4.2.1. Climate change in Lake Qinghai basin 274 

The results of the Pettitt’s test indicated that the change point for annual precipitation 275 
was 2002 and the change point for air temperature was 1998 (Figure 5). The average an- 276 
nual precipitation values were 358.10 mm and 417.90 mm before and after 2002, respec- 277 
tively. As in Sen’s slope analysis, the precipitation exhibited a downward trend before the 278 
change point (1975-2001) with a rate of -0.298 mm/a, an upward trend with a rate of 1.067 279 
mm/a was observed after the change point (2002-2020). The precipitation change in the 280 
basin displays a trend of first declining and then increasing, and this trend was similar to 281 
that for the lake area. 282 

The results of the air temperature change analysis indicated that the average temper- 283 
ature in the basin were -4.08 °C and -3.67 °C before and after 1998, respectively. Temper- 284 
ature change always exhibit an increasing trend. The temperature growth rate before the 285 
change point (1975-1997) was 0.004 °C/a, and the growth rate after the change point (1998- 286 
2020) was 0.014 °C/a. The results of climate change analysis prove that the climate in Lake 287 
Qinghai basin is becoming warmer and more humid. 288 

 289 
Figure 5. Climate change in Lake Qinghai basin. (a) Annual precipitation change and (b) annual air temperature change. 290 

4.2.2. Land use change in Lake Qinghai basin 291 
Table 3 shows the areas and proportions of land use types during the four periods in 292 

Lake Qinghai basin. The dominant land use type in the basin is pasture, followed by bare 293 
land. The water body area in the basin accounts for approximately 16% of the total area 294 
and includes the Lake Qinghai area, the river network and the glaciers in the basin. Both 295 
agricultural land and urban land account for small proportions of the total area. From 296 
1980 to 2010, the area of agricultural land gradually increased (+78.07 km2, +0.26%), the 297 
areas of both forestland (-10.64 km2, -0.04%) and pastureland (-20.1 km2, -0.07%) decreased 298 
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slightly, and the urban area experienced a small increase (+2.37 km2, +0.01%). The main 299 
land use change in the basin were the decrease in the water body area (-357.24 km2, -1.21%) 300 
and the increase in bare land (+307.56 km2, +1.04%). The decrease in the water body area 301 
was mainly concentrated in the glacier area in the northwestern part of the basin, which 302 
was converted to bare land. The reduction in glacier water bodies mainly occurred in the 303 
first period (1980-1990), and it was small in the later three periods. The melting of glaciers 304 
resulted in a smaller increase in surface runoff. 305 

Table 3. Areas and percentage of land use types in the basin. 306 

Classes 
1980 1990 2000 2010 

Area 
(km2) 

Area 
(%) 

Area 
(km2) 

Area 
(%) 

Area 
(km2) 

Area 
(%) 

Area 
(km2) 

Area 
(%) 

AGRL 487  1.64% 486  1.64% 539  1.82% 565  1.91% 

FRST 1377  4.65% 1377  4.65% 1373  4.63% 1366  4.61% 

PAST 14526  49.01% 14562  49.13% 14523  49.00% 14506  48.94% 

WATR 5121  17.28% 4782  16.14% 4765  16.08% 4764  16.07% 

URBN 17  0.06% 18  0.06% 19  0.06% 19  0.06% 

BARR 8110  27.36% 8413  28.39% 8419  28.41% 8418  28.40% 

Note: AGRL, agricultural land; FRST, forest; PAST, grassland; WATR, water body; URBN, urban land; 
BARR, unutilized land. 

4.3. Simulation of surface runoff based on the SWAT model 307 
4.3.1. Calibration and validation of simulations 308 

According to the SWAT model, we divided the catchments of the Shaliu and Buha 309 
rivers into 30 subbasins and 44761 HRUs. We simulated the monthly surface runoff at 310 
Gangcha and Buha stations in P0 period, and we used SWAT-CUP software to calibrate 311 
the simulation results and obtain simulated values similar to the observed surface runoff. 312 
Before calibrating the simulation, we select the parameters related to surface runoff, 313 
baseflow and snow for calibration [44]. The calibration results and the sensitivity priority 314 
results are shown in Table 4. As the results show, due to the difference in the underlying 315 
surface conditions of two catchments, the final sensitivity parameters and calibration re- 316 
sults are different, although the most sensitive parameter is CN2 in both catchments. The 317 
unique parameters of the Gangcha catchment include GW_DELAY, GW_REVAP and 318 
SOL_AWC, which are related to groundwater and soil water. The unique parameters of 319 
the Buha catchment include ALPHA_BF, CH_K2, EPCO and SFTMP, which are related to 320 
base flow, vegetation, and snowfall. 321 

Table 4. Calibration results and sensitivity priority of the parameters. 322 

Parameter Definition 
Initial 
range 

Calibration result Sensitivity priority  
 

Gangcha Buha Gangcha Buha 
r__CN2 Initial SCS runoff curve number 

for moisture condition II -0.2–0.2 0.05 0.16 1 1 

v__ALPHA_BF Baseflow alpha factor 0–1  0.58   3 
v__GW_DELAY Groundwater delay time 0–500 162.79   7  
v__GW_REVAP Groundwater "revap" coefficient 0.02–0.2 0.07   10  
v__RCHRG_DP Deep aquifer percolation fraction 0–1 0.25  0.05  8 4 
v__CH_N2 Manning's "n" value for the main 

channel 
0–0.3 0.25  0.24  9 6 
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v__CH_K2 Effective hydraulic conductivity 
in main channel alluvium 0–150  122.21  8 

v__SURLAG Surface runoff lag time 1–24 20.31 2.18 6 2 
v__SLSUBBSN Average slope length 10–150 23.12 96.07 3 10 
v__ESCO Soil evaporation compensation 

factor 0.01–1 0.51 0.06 2 5 

v__EPCO Plant uptake compensation factor 0.01–1  0.65  9 
v__SMFMX Maximum melt rate for snow dur-

ing year 0–10 7.44 0.03 4 7 

v__SFTMP Snowfall temperature 
-5–5  0.63  11 

r__SOL_AWC Available water capacity of the 
soil layer -0.5–0.5 -0.5  5  

Note: r indicates multiplied by given value, and v indicates replacement of the initial parameter with the given value. 
After adjusting the parameters to achieve satisfactory simulation results, the param- 323 

eters are input into the ArcSWAT database to simulate the surface runoff during the vali- 324 
dation period (P0). The calibration and validation results for simulated surface runoff at 325 
a monthly scale are shown in Figure 6. Both R2 and NSE are greater than 0.75, and the 326 
absolute values of PBIAS are both less than 10, which indicates that the simulation satisfies 327 
the relevant performance requirements. 328 

 329 
Figure 6. Observed and simulated monthly surface runoff for the calibration and validation period at Gangcha and Buha 330 
hydrologic stations with the performance statistics of R2, NSE and PBIAS. 331 

4.3.2. Simulated surface runoff results for different scenarios 332 
The mean surface runoff and variation in different periods under the actual scenarios 333 

(P0~P3), land use change scenarios (SL1-SL3), and climate change scenarios (SC1-SC3) are 334 
shown in Figure 7. The total surface runoff at Gangcha and Buha stations fluctuates in the 335 
four periods of 1975~1984 (P0), 1985~1994 (P1), 1995~2004 (P2), and 2005~2014 (P3). The 336 
mean surface runoff in periods P0, P1, P2, and P3 is 32.156 m3/s, 41.331 m3/s, 34.005 m3/s, 337 
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and 42.722 m3/s, respectively (Figure 7a). The combination of land use and climate change 338 
promotes surface runoff in the first period (P1), reduces surface runoff during the second 339 
period (P2) and promotes surface runoff again during the third period (P3). The simulated 340 
mean surface runoff in SL1-SL3 is 32.467 m3/s, 32.462 m3/s, and 32.461 m3/s (Figure 7b), 341 
and the mean surface runoff for SC1-SC3 are 41.053 m3/s, 33.729 m3/s, and 44.389 m3/s 342 
(Figure 7c). According to the simulations for SL1-SL3, effects of land use change exhibit 343 
small differences among the three periods. In contrast, simulation results for SC1-SC3 are 344 
consistent with those for P1~P3, which indicates that climate change has a more significant 345 
impact than land use change on surface runoff into lake. 346 

  347 
Figure 7. Simulated surface runoff under three different scenarios, (a) Actual simulation, (b) land use change simulation 348 
and (c) climate change simulation. The green triangles represent the mean values, and the orange horizontal lines repre- 349 
sent the medians. 350 

4.3.3. Contributions of land use and climate change to surface runoff 351 
The comprehensive impacts of land use and climate changes on surface runoff into 352 

lake are shown in Table 5. With P0 as the base period, simulated surface runoff variations 353 
in P1, P2, and P3 are 9.175 m3/s, 1.849 m3/s, and 12.566 m3/s, in reference to the base period 354 
surface runoff, with variation proportions of 28.53%, 5.75%, and 39.08%. According to the 355 
average simulations in the three periods, the average value of surface runoff increased by 356 
24.45% compared with the P0 value. 357 

Table 5. Actual simulation surface runoff change in three periods. 358 

Period Land use Climate 
Simulation 

(m3/s) 
Variation 

(m3/s) 
Percentage 

(%) 
P0 1980 1975–1984 32.156 - - 
P1 1990 1985–1994 41.331 9.175 28.53 
P2 2000 1994–2004 34.005 1.849 5.75 
P3 2010 2005–1914 44.722 12.566 39.08 

Mean   40.019 7.864 24.45 
Note: Variation = Pi –P0, Percentage = 100(Pi –P0)/P0. 

To further distinguish the contributions from land use and climate changes, we cal- 359 
culated the contribution of land use change to surface runoff into lake (Table 6). Based on 360 
the simulation results for P0, land use change increased surface runoff by 3.39% in period 361 
P1, and the contribution percentages of land use change in P2 and P3 are 16.56% and 362 
2.43%, respectively. The average contribution of land use to surface runoff change across 363 
the three periods is 0.308 m3/s, and the average contribution percentage is 7.46%. These 364 
results indicate that land use change slightly increased the overall surface runoff into lake. 365 
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Table 6. Contribution of land use change to surface runoff change. 366 

Period Land use Climate 
Simulation 

(m3/s) 
Variation 

(m3/s) 
Percentage 

(%) 
SL1 1990 1975–1984 32.467 0.311 3.39% 
SL2 2000 1975–1984 32.462 0.306 16.56% 
SL3 2010 1975–1984 32.461 0.305 2.43% 

Mean   32.463 0.308 7.46% 
Note: Variation = SLi – P0, Percentage = 100 (SLi –P0)/(Pi –P0). 

The contributions of climate change to surface runoff variation into lake in the three 367 
periods are 8.897 m3/s, 1.573 m3/s, and 12.233 m3/s, and the contribution percentages are 368 
96.96%, 85.07%, and 97.35%, respectively (Table 7). The average contribution of climate 369 
change to surface runoff into lake in the three periods is 7.568 m3/s, with an average con- 370 
tribution percentage of 93.13%. The contribution of climate change to surface runoff 371 
change is much larger than that of land use change. 372 

Table 7. Contribution of climate change to surface runoff change. 373 

Period Land use Climate 
Simulation 

(m3/s) 
Variation 

(m3/s) 
Percentage 

(%) 
SC1 1980 1985–1994 41.053 8.897 96.96% 
SC2 1980 1994–2004 33.729 1.573 85.07% 
SC3 1980 2005–1914 44.389 12.233 97.35% 

Mean   39.724 7.568 93.13% 
Note: Variation = SCi –P0, Percentage = 100 (SCi –P0)/(Pi –P0). 

4.3.4. Land use and climate change interactions 374 
Note that the combined effects of land use and climate changes are not equal to the 375 

effects in the actual scenarios, and this difference might result from interactions between 376 
two factors. In this study, we calculated that average contribution of land use change is 377 
7.46%, the contribution of climate change is 93.13%, and the total contribution exceeded 378 
100%. We associate the excess contribution with the interactions between land use and 379 
climate change, and this value is -0.59%. According to this result, we find that land use 380 
change and climate change promotes surface runoff, while the combined effect of their 381 
interactions inhibits surface runoff. Notably, climate change has promoted vegetation cov- 382 
erage to some extent, which has increased the water conservation capacity of the region 383 
and reduced surface runoff by a small amount. Therefore, we mainly attribute the inter- 384 
active effects to climate change. 385 
4.4. Other components that influence water volume change in lake 386 

According to the lake water volume change calculated according to Eq. (1) and the 387 
water balance model in Eq. (2), we calculated the water volume of each component. The 388 
total surface runoff into lake was calculated by dividing the sum of the measured surface 389 
runoff at two hydrological stations by the proportion of the inflow from two rivers to the 390 
total inflow into lake (64%). Additionally, the lake surface precipitation input and lake 391 
surface evaporation loss are calculated based on the reanalysis data. The annual water 392 
consumption for anthropogenic purposes is set to 0.73108 m3/a based on previous studies 393 
[45]. From these results, we obtain the contribution of net groundwater inflow into lake . 394 
The multi-year average of each component is shown in Table 8. Regarding the water input 395 
into lake, we find that surface runoff, lake surface precipitation and net groundwater in- 396 
flow into lake account for 42.52%, 38.96% and 18.52% of inputs. Regarding water loss from 397 
the lake, lake surface evaporation and human consumption account for 98.27% and 1.73% 398 
of total outflow, respectively. 399 
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Table 8. Water quantity change and the proportion of each component in Lake Qinghai.  400 

(Unit: 108 m3/a) 
Lake water volume 

change 
Supply Loss 

R P ࡴ ࡱ ࡳ 
-0.83 17.61 16.13 7.67 41.45 0.73 

R: surface runoff; P: lake surface precipitation; G: net groundwater inflow; E: lake sur-
face evaporation; H: human consumption. 

By collectively considering the effects of land use change and human consumption 401 
as the impacts of human activities and effects of other factors as the impact of climate 402 
change, we calculated the total contributions of climate change and human activities to 403 
the variations in lake water volume (Figure 8). According to the results, contribution of 404 
climate change is 97.55%, and the contribution of human activities is 2.45%. These results 405 
suggest that the water volume change in Lake Qinghai is primarily driven by climate 406 
change and impact of human activities is very small. 407 

 408 
Figure 8. Contributions of climate change and human activities to the water volume change in Lake Qinghai. Light blue 409 
represents the impact of climate change, and pink represents the impact of human activities. 410 

5. Discussion 411 
5.1 Uncertainty analysis of the SWAT Model 412 

The uncertainty of the SWAT model mainly comes from the input data, parameter 413 
calibration and validation, and model structure [46]. In this study, due to the lack of glac- 414 
ier type information in the SWAT land use database, the area of glaciers in study area was 415 
reclassified as water body areas. The Glacier-Enhanced SWAT Model [47] can describe the 416 
glacier-related change in surface runoff for detail, although the contribution of glacier 417 
change to Lake Qinghai is less than 1% [48]. 418 

The SUFI-2 algorithm in SWAT-CUP can be used to describe the uncertainty of model 419 
calibration and validation, with 95% prediction uncertainty (95PPU). Two indices (P-fac- 420 
tor and R-factor) were used to assess the measurement and simulation errors [49]. The P- 421 
factor represents the percentage of measured data in the 95PPU band and varies from 0  422 
1. The R-factor is the ratio of the average width of the 95PPU band to the standard devia- 423 
tion for the measured value, with a range of 0 to ∞. We evaluated the uncertainty of model 424 
calibration and validation with reference to the recommended value (P-factor >0.7, R- 425 
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factor <1.5) proposed by Abbaspour [50]. The calculation results in Table 9 show that the 426 
uncertainty of our study is acceptable. 427 

Table 9. Statistical index of model uncertainty analysis. 428 

Index 
Calibration Validation 

Gangcha Buha Gangcha Buha 

P-factor 0.83 0.71 0.89 0.69 
R-factor 0.94 0.68 0.95 0.76 

5.2 Water balance calculation 429 
 In this study, we calculated the proportions of different components of lake water 430 

through the water balance model and multi-source data. The possible errors of water bal- 431 
ance components are mainly related to estimates of lake surface evaporation, net ground- 432 
water inflow and water consumption for human activities. The lake surface evaporation 433 
data were extracted from the reanalysis data, and missing values were present from No- 434 
vember to January every year. We have referred to research on lake evaporation to sup- 435 
plement the missing values [51]. Additionally, we only calculated the change in lake sur- 436 
face evaporation and did not analyze the evaporation from vegetation, soil moisture and 437 
lakeside wetlands. These factors also affect the change in the lake water volume. 438 

Due to the lack of observed groundwater data, the net groundwater inflow in this 439 
study is calculated from other components in the water balance. Change in net ground- 440 
water are also affected by climate change and human activities. In our study, intensity of 441 
human activities in the study area was small, and the exploitation degree of groundwater 442 
was negligible [52]. Therefore, we ignored the impact of human activities on groundwater 443 
inflow change and only attributed groundwater variations to climate change. The Gravity 444 
Recovery and Climate Experiment (GRACE) satellite can monitor the groundwater 445 
change [53], and the MODFLOW model [54] can be used to simulate groundwater inflow 446 
change and distinguish impacts, these approaches will be considered in future research. 447 

Human water consumption was based on the mean value of results reported in the 448 
literature. Because of increases in urbanization and tourism, the population of Lake Qing- 449 
hai basin has increased in recent years, and the lack of accurate human water consumption 450 
data has increased the uncertainty of research findings. In this regard, we compared the 451 
differences between the calculated water balance terms and those in previous studies (Ta- 452 
ble 10), and the results indicate that our research findings are highly reliable. 453 

Table 10. Previous studies of water composition from Lake Qinghai. 454 

(Unit: 108 m3/a) 

Study period 
Water balance terms 

Source 
R P ࡴ ࡱ ࡳ 

1958-1986 16.0 18.09 4.56 42.44 0.88 Qing et al. [21] 
1959-2000 15.26 15.61 6.03 40.50  Yan et al. [22] 
1965-2002 14.57 16.62 7.64 40.93 0.73 Wang et al. [45] 
1956-2017 17.62 16.32 6.56 41.94  Du et al. [24] 
1975-2014 17.61 16.13 7.67 41.45 0.73 Our study 

R: surface runoff; P: lake surface precipitation; G: net groundwater inflow; E: lake surface evaporation; 
H: human consumption. 

5.3 Mechanism of lake evolution 455 
Climate change and human activities have affected the hydrological conditions in 456 

many countries and regions, exacerbating water resource risks and deteriorating water 457 
quality [55,56]. As a process sensitive to climate change, lake evolution in the Tibetan Plat- 458 
eau region is highly influenced by climate change. Notably, the rise in air temperature has 459 
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changed the regional water vapor cycle. On the one hand, the increase in air temperature 460 
has increased evaporation in the region, intensified the regional water cycle and led to 461 
increased precipitation [57]. On the other hand, the increase in air temperature has 462 
changed the distribution of air pressure on the plateau, enhanced monsoon movement 463 
and shifted monsoons northward, thus increasing precipitation in the northeastern part 464 
of the plateau [58]. Furthermore, climate change not only increases precipitation and sur- 465 
face runoff but also increases vegetation cover and the water conservation capacity to a 466 
certain extent. 467 

6. Conclusions 468 
We quantitatively calculated the water volume change in Lake Qinghai and associ- 469 

ated contributions to this change in the past few decades. The results showed that lake 470 
water volume decreased by 9.48 km3 from 1975 to 2004 and increased by 15.18 km3 from 471 
2005 to 2020. Climate change analysis shows that the region is becoming warmer and more 472 
humid, and the analysis of land use change is small. Hydrological simulation analysis 473 
based on the SWAT model shows that the contributions of land use change, climate 474 
change and their combined effect to surface runoff are 7.46%, 93.13% and -0.59%, respec- 475 
tively. The water balance results show that surface runoff, lake surface precipitation and 476 
net groundwater inflow account for 42.52%, 38.92% and 18.52%, respectively, of the water 477 
input into lake. Additionally, for the total lake output, lake surface evaporation and hu- 478 
man consumption account for 98.27% and 1.73%, respectively. We find that the contribu- 479 
tion of climate change to the water volume change is 97.55% and the corresponding con- 480 
tribution of human activities is 2.45%. These results indicate that the changes in Lake 481 
Qinghai are dominated by climate change and the impact of human activities is very 482 
small. 483 

This study is meaningful and accurately identifies the impacts of climate change and 484 
human activities on lake water resources. The research methods are applicable to the anal- 485 
ysis of lake and river changes in different regions of the world. Quantitative research pro- 486 
vides a basis for establishing reasonable water resource management and engineering 487 
measures that qualitative research cannot provide, thus resulting in comprehensive ben- 488 
efits for human development and water resource protection. 489 
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