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Abstract: Due to their special geographical locations and environments, plateau lakes play a key role
in maintaining regional water balance, but lake water storage changes are upsetting this balance.
Based on data from lakes on the Tibetan Plateau (TP), this study used the Spatial Processes in
Hydrology (SPHY) model to simulate the runoff process in the Siling Co basin from 2000 to 2016
and estimated the changes in water storage of Siling Co and the contribution of each component of
runoff into the lake. The results showed that the water storage capacity of Siling Co has increased by
1.2 billion m3/ yr, and the lake area continues to expand; declines in precipitation have significantly
reduced baseflow (BF), rainfall runoff (RR), and snow runoff (SR), while temperature increases have
raised glacier runoff (GR). The simulated average runoff showed that BE, GF, RR, and SR contribute
24%, 22%, 16%, and 38%, respectively, of the flow into Siling Co. Based on hypothetical climate change
scenarios and two Shared Socioeconomic Pathways (SSP1-2.6 and SSP3-7.0) from the MRI-ESM2-0
GCMs, this study estimated that a 10% increase in precipitation could lead to a 28% increase in total
runoff, while a 1 °C increase in temperature could lead to a 10% decrease in runoff. The average
runoff depth of the basin is expected to increase by 30-39 mm, since the temperature and precipitation
may increase significantly from 2020 to 2050. The intensification of glacial melting caused by the
increase in temperature continues, posing a greater challenge to many water resources management
problems caused by the expansion of lakes.
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1. Introduction

The Tibetan Plateau (TP) is known as the roof of the world, with a total area of ap-
proximately 2.5 million km? and an average elevation exceeding 4000 m, and is the most
expansive and highest plateau in the world. As an important water source in Asia [1,2],
there are many rivers and lakes on the TP. Rivers such as the Yangtze River, Yellow River,
and Indus River provide the basic water security for the billions of people in the sur-
rounding area [3]; plateau lakes including Siling Co and Lake Nam Co have ensured the
necessary ecological security for the regional wetland ecosystems [4,5]. Therefore, the
river-lake system of the TP plays a key role in maintaining the regional water balance [6].

Statistics show that the total lake area on the TP is 45,000 km?, accounting for approxi-
mately 50% of the total lake area in China [7]. At present, the accelerating global warming
trend has significantly affected the hydrological cycle of the plateau, and evolution of the
runoff pattern in the alpine region has become indisputable [8-10]. In particular, glaciers
and snow-covered areas are highly sensitive to climate change [11,12]. Changes of the
flow regime caused by glacial retreat and snowmelt will have a negative impact on the
river ecosystem [13], and rising water levels in some plateau lakes increase the risk of
outburst floods [14]. Due to the lack of human activities, changes in lake hydrological
factors (such as precipitation, evaporation, glacial melting, and permafrost degradation) in

Water 2022, 14, 3175. https:/ /doi.org/10.3390/w14193175

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w14193175
https://doi.org/10.3390/w14193175
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w14193175
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14193175?type=check_update&version=2

Water 2022, 14, 3175

2 of 21

alpine regions are closely related to climate change [15]. In particular, for the closed lake
basin, the precipitation in the surrounding high-altitude area and the melting of alpine
glaciers form an effective supply to the lake, and the continuous increase in water storage
results in continuous expansion of the lake area. Although there are some controversies in
the dynamic change and attribution of plateau lakes, many studies have shown that the ac-
celerated melting of glaciers and snow cover and increased regional precipitation caused by
climate warming are the main factors affecting the changes in lake area [16-18]. Therefore,
how to accurately assess the water storage capacity of lakes in alpine regions and explore
the mechanisms driving lake changes is one of the key issues in current water science.

Most scholars use aerial survey data combined with remote sensing and geographic
information system (GIS) analysis to establish the relationships between lake area, water
level, and water volume and determine the water storage capacity of lakes of different sizes,
and favorable results have been achieved [19-21]; Zhang et al. [22] pointed out that over
the past 50 years, the average water level of plateau lakes increased by approximately 4 m,
and the water storage capacity of lakes increased by nearly 170 billion tons. Zhao et al. [5]
found that the lake area on the TP increased at an annual rate of 0.83% between 1976 and
2009. As the largest lake on the TP, the area of Siling Co has expanded by 656.64 km?
from 1976 to 2009, and the lake area has showed a process of steady growth — accelerated
growth — steady growth [23]. However, due to natural factors, such as a volatile climate,
complex terrain, wide distribution of glaciers and frozen soil, and large differences in
precipitation and snow cover, the hydrological processes in alpine regions exhibit strong
spatial variability, causing many difficulties in the quantitative estimation of glacial melting
and rainfall runoff in lakes [24,25].

The water sources of a closed lake basin can be simplified as river runoff and lake
surface precipitation. The main methods for quantifying percentage contributions of each
runoff component include the isotope tracing method [26], numerical simulation [27], and
hydrological models [28,29]. However, the temporal changes in isotope abundance could
cause errors when distinguishing soil water and groundwater, and the numerical simu-
lation method focuses on the segmentation of baseflow. Due to its modular hydrological
process setup, the distributed hydrological model exhibits strong deterministic charac-
teristics and can be applied for reliable runoff estimation. The consideration of current
hydrological models for glacier cover mainly takes two forms: embedding glacier modules
into conventional hydrological models (e.g., improved SWAT model, VIC model [30,31],
etc.) or developing new glacier models (e.g.,, GERM model [32], SPHY model [33], etc.),
and some domestic and global scholars have implemented them to glacier simulation in
alpine regions. The Spatial Processes in Hydrology (SPHY) model integrates most of the
hydrological modules, is one of the few distributed hydrological models for cold regions
that includes simulation of glaciers and snow cover, and can quantitatively assess the
contribution of them [34,35].

Therefore, the objectives of this study are twofold: (1) applying the SPHY model
to investigate the temporal and spatial distribution and trends of precipitation, runoff,
and water storage in Siling Co from 2000 to 2016; clarified the contributions of glaciers,
snow cover, precipitation, and BF to the lake water volume; (2) using the results of the
hypothetical climate change scenarios and the Meteorological Research Institute Earth
System Model version 2.0 (MRI-ESM2-0) in Coupled Model Intercomparison Project phase
6 (CMIP6) to analyze characteristics of variation in flow into Siling Co under future climate
change scenarios and to predict the impacts of different scenarios on the water storage
capacity of the lake. We aim to understand the driving mechanisms of lake expansion in
the TP through this study.

2. Study Area and Data
2.1. Overview of the Study Area

Siling Co is located to the southeast of the endorheic basin on the northern TP
(31°34'-31°57" N, 88°33/-89°21" E, Figure 1), with an average elevation above 4600 m,
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a basin area of approximately 59,400 km?, and a lake area of 2013.5-2323.6 km? (from
2002 to 2009) [23], and is the largest closed inland lake on the TP.
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Figure 1. Overview of the Siling Co basin and the locations of meteorological stations.

Due to its special geographical location, the Siling Co area is characterized by alpine
and temperate continental climates, with a relative humidity of approximately 40% and an
annual average temperature of approximately 0.7 °C. The vegetation is relatively sparse
due to the cold climate. The annual average precipitation is approximately 320 mm, and
the precipitation is mainly concentrated from May to September with large seasonal varia-
tions [36]. The glacial resources in the Siling Co area are rich, and there are 6378 modern
glaciers in the endorheic basin of the TP where the study area is located, with an area of
glaciers of approximately 7273.3 km? and an ice reserve of approximately 660 km? [37,38].
Glacial melt, snowmelt, and precipitation mainly flow into the lake from various locations
by the four rivers of Zajia Zangbo, Boqu Zangbo, Ali Zangbo, and Zagen Zangbo. The
longest inland river in Tibet, Zajia Zangbo, has a total length of 409 km and originates
from the snow-capped mountains Tanggula and Gradendong, with a watershed area totals
roughly 16,600 km?; Zagen Zangbo has a length of 355 km and a basin area of 16,300 km?,
it originates in the Kegang Snow Mountain and flows into Siling Co by the west shore of
the lake. In addition, both Boqu Zangbo, which enters the lake from the east coast, and
Ali Zangbo, which enters the lake from the southwest shore after flowing through the Co
Ngoin lake, have smaller catchments (1100 km? and 6700 km?), and the basin are no glacial
mountains. Hence, the flow varies widely amongst rivers.

2.2. Data Sources

The main research data used to analyze the climate change and assess the water
storage components of Siling Co included meteorological data, digital elevation model
(DEM) data, simulated station data, soil data, land use data, and glacial data. Considering
the completeness and timeliness of records, the meteorological data were selected from
six national meteorological stations in the study area and its surrounding areas, with the
time period being 2000 to 2016, and included daily average temperature, daily maximum
temperature, daily minimum temperature, and daily precipitation. The DEM data were
derived from the Hydrological data and maps based on Shuttle Elevation Derivatives
at multiple Scales of the United States Geological Survey (USGS), which are based on
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the 90-m resolution Shuttle Radar Topography Mission (SRTM). The simulated station
data were determined based on the inlets of the four rivers that empty into Siling Co.
The soil data were derived from HiHydroSoil with a resolution of 800 m and include
soil physical parameters, such as saturated water content (WCSat), field water holding
capacity (pF2), wilting point (pF3), permanent wilting point (pF4.2) and saturated hydraulic
conductivity (Ksat) of different soil layers and different soil types. The land use data were
from the GlobCover 2009 data from the European Space Agency (ESA) with an accuracy of
300 m, including 23 different land use types, of which croplands, grasslands, woodlands,
bare areas, water bodies, and permanent glaciers were located in the study area. Glacier
outline data were derived from the Second Chinese Glacier Inventory. Details of each
meteorological station and soil data can be found in Table 1, and Figures 1 and 2.

Table 1. Information on meteorological stations in the Siling Co basin.

Station Name Lat/N Lon/E Elevation/m Data Type Period/Year
Shenzha 30.95 88.6333 4672 Prec/Tem 2000-2016
Bange 31.38333 90.01667 4700 Prec/Tem 2000-2016
Anduo 32.35 91.1 4800 Prec/Tem 2000-2016
Shigatse 29.25 88.88333 3836 Prec/Tem 2000-2016
Dumxung 30.48333 91.1 4200 Prec/Tem 2000-2016
Naqu 31.48333 92.06667 4507 Prec/Tem 2000-2016
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Figure 2. Spatial distribution of land use types and physical parameters in different soil layers.

3. Research Methods
3.1. Principles of the SPHY Model

The SPHY model is a spatially distributed leaky bucket type of model, applies the
PCRaster dynamic modeling framework, is written in the Python programming lan-
guage [33]. It is created based on a grid, and averages are stored in the grid cells. The model
includes six main modules, i.e., glacier, snow cover, groundwater, dynamic vegetation,
confluence path, and lake/reservoir path, and the modules can be run independently with
the exception of the glacier module. In terms of the horizontal regional structure, the model
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defines each grid cell as “no glacier”, “completely covered by glacier”, or “partially covered
by glacier”, with proportions ranging from 0 to 1. Cells without glaciers or partially covered
by glacier are defined as either snow-covered or non-snow-covered cells, and cells without
snow cover are defined as other types, such as vegetation, water, and exposed soil [39]. In
terms of the longitudinal soil structure, the model divides the soil column into the three
components of the root zone, sub-root zone, and groundwater layer. The soil water from
the previous layer enters the next layer through percolation, and water balance is satisfied
within each soil layer and in the combination of all three parts. Outflows from different soil
layers are defined as surface runoff, lateral flow, and baseflow, respectively.

After precipitation is intercepted by vegetation near the ground, part or all of it
evaporates, and the evaporation was calculated using the modified Hargreaves equation
based on temperature data. Precipitation after subtracting evaporation was divided into
different runoff processes according to the differences in areas receiving precipitation and
the temperature threshold. The hydrological cycle of the basin driven by precipitation and
temperature data finally estimates the four components of rainfall runoff, glacier runoff,
snow runoff, and baseflow. The total runoff was calculated as follows:

Q1r = GRro + Sro + Rro + Br 1)

where Qrr is the total runoff in a particular grid cell (mm), Gg, is the glacier runoff (mm),
SRo is the Snow runoff (mm), Ry, is the rainfall runoff (mm), and Bg is the baseflow (mm).

This study mainly explored the characteristics of glacier runoff in the Siling Co area
and the response to climate change; therefore, this paper focuses on the hydrology of ice
and snow. For other principles and processes, please refer to the description of SPHY
model [33].

3.1.1. Glacier Melt Runoff Process

In the SPHY model, grid cells partially or fully covered with glaciers are considered
to contain debris-covered glaciers or debris-free glaciers, and a Degree-day factor (DDF)
is used to describe the glacial melting rate. The melting of debris-free glaciers can be
expressed as follows:

_ Tavg,t'DDFCI'FCI/ Tavg,t >0
ACl,t - { 0, Tuvg,t < 0 (2)

where DDFcy is the DDF for debris-free glaciers (mm-°C~!.d 1), and Fcy is the fraction of
debris-free glaciers within the glacier cover of each cell.
The calculation of melting of debris-covered glaciers is similar to that for debris-free glaciers:

o Tzwg,t'DDFDC'FDCr Tuvg,t >0
ADC,t - { 0, ng;g,t S O (3)

where DDFpc is the DDF for debris-covered glaciers (mm-°C~1.d~1), and Fpc is the
fraction of debris-covered glaciers within the glacier cover of each cell.
The sum of the two equations gives the total amount of glacial melting:

Agract = (Acit + Apc,)-GlacF @)

where GlacF is the fraction of glacier cover in the grid cell.

Some of the glacier meltwater flows into the groundwater to form baseflow, while the
remainder of the melted glaciers flow out to form glacier runoff, and the ratio of the two is
determined by the glacier melt runoff factor (GlacROF). The quantities of glacier runoff
GRo (mm) and glacier percolation Gperc,t (mm) are defined as follows:

GRoy = AGLAC’t'GlaCROF (5)
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Gperc,t = AGLAC,t' (1 — GZHCROF) (6)

3.1.2. Snow Runoff Process

The SPHY model defines the solid form (snowfall) and liquid form (rainfall) of precip-
itation by setting a temperature threshold:

Pet,  Taogt < Teyit
P — S, cri 7
ot { 0, Tavg,t > Toyip ( )
Pe;, Tover > T, it
P — S, cri 8
Lt { 0, Tavg,t < Tcrit ( )

where P; ; is the amount of snowfall on day t (mm), P} ; is the rainfall on day t (mm), Tyt
is the critical temperature for distinguishing rain and snow (°C), and Tayg is the average
temperature on day t (°C).

The SPHY model uses the degree-day model for snowmelt to calculate the daily
potential snowmelt amount:

_ Tavg,t’DDFSr Tavg,t >0
Apot,t - { 0, Tuzzg,t <0 (9)

where Apott is the potential snowmelt amount on day t (mm), and DDFs is the DDF for
snow cover (mm-°C~1.d~1).
The actual snowmelt quantity is limited by the amount of snow cover at the end of the
previous day:
Agerp = min (Apot,t; Sstfl) (10)

where A, is the actual snowmelt amount on day t (mm), and SS.; is the snow storage
amount on day t~! (mm).

According to the actual snowmelt amount and snowfall amount, the snow cover on
day t — 1is updated to that for day t. When the temperature drops below the melting point
of snow, the refrozen snow meltwater on day t — 1 is added to the snowbank:

_ SSt,l + Ps,t + SSWtfl, Tuvg,t <0

SSt N { SSt—l + Ps,t - Aact,t/ Tavg,t Z 0 (11)

where SSW;_ is the amount of refrozen meltwater on day t — 1 (mm).

The maximum amount of refrozen meltwater SSWmax (mm) is limited by the thickness

of the snow cover. The total snow cover SST (mm) is composed of snow cover and
refrozen meltwater:

SST; = (SS¢ + SSWy)- (1 — GlacF) (12)

Therefore, the snow cover and snowmelt processes can only occur in the surface grid
cells, and the snow falling on the glacier is included in the glacier module. When the
temperature exceeds the melting point of the snow cover and there is no melt water frozen
in the snow cover, the snow runoff SRo (mm) can be calculated:

o Aact,t + Pl,t - ASSW, Tuvg,t >0
SRo; = { 0, Toogs < 0 (13)
ASSW = SSW; — SSW;_4 (14)

where ASSW (mm) is the change in the amount of meltwater in the snow cover.

3.2. Water Balance Process

It is generally suggested that the impact of water storage can be ignored when estimat-
ing the long-term water balance, and the difference between annual average precipitation
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and evapotranspiration is equivalent to the mean annual runoff [40]. However, the water
balance of lake area in closed basins should be expressed as follows:

AS = Qrot + Py — ETw (15)

where AS is the water storage capacity (m?), Qrot is the total inflow into the lake (m?), Pyy is the
precipitation on the lake surface (m?), and ETyy is the evaporation from the lake surface (m?).

In this study, the precipitation data from the six nearest stations in the Siling Co area,
i.e., Shenzha, Bange, Ando, Shigatse, Dumxung, and Naqu, were selected for correlation
analysis, and there were consistent precipitation changes. Therefore, the inverse distance
weighted (IDW) method was used to interpolate the precipitation on the lake surface. The
water source needed for evaporation from the lake surface is sufficient, and the actual
evaporation can reach the maximum potential evapotranspiration. Therefore, the daily
meteorological data (temperature, wind speed, relative humidity, and sunshine hours) from
the meteorological stations closest to the lake were used, and the lake evaporation was
calculated according to the Penman-Monteith equation recommended by the Food and
Agriculture Organization (FAO) of the United Nations (UN).

3.3. Model Calibration and Validation

There are many lakes on the TP, the terrain is complex, and field observations are
difficult. Most of the ground observations start late and are limited to the water level of the
lake, and long-term series of lake inflow measurements are lacking [41]. In recent years,
the development of remote sensing monitoring technology using radar satellites such as
GFO, ERS-2, ICESat, and CryoSat-2 has greatly improved lake observation methods and
observation accuracy [42,43]. In this study, the model was validated using a high-resolution
dataset of changes in water level of lakes on the TP [44]. This dataset used multiple altimetry
missions and Landsat satellite data to create a time series of lake water level changes with
high temporal resolution on a weekly-to-monthly time scale and provided high-precision
data for 52 large lakes on the TP (including Siling Co) from 2000 to 2017.

To test the results of simulation by the SPHY model, this study selected the three
evaluation indicators Nash-Sutcliffe efficiency (NSE), relative error (RE), and coefficient of
determination (R?):

Z{I(So,i - Ssim,i)2

NSE=1— (16)
n 1 ymn 2
L (Soi = LTS,
Z;l (Soi - Ssim i)
RE = 4 ' 17
Z{l So,i ( )
- —= 2
R2 _ ZT [(So,i - So,i) (Ssim,i - Ssim,i)} (18)

Z;l (So,i - go,z')2 Z;l (Ssim,i - gsim,i)z
where S, ; and S, ; are the cumulative water storage capacity from the dataset at time
step i (m?) and the simulated cumulative water storage capacity (m?), respectively; S, ; and
gsim,i are the means of the cumulative water storage capacity from the dataset (m?) and the
simulated cumulative water storage capacity (m?), respectively; and # is the number of
variables in the validation period.

In the calibration in this study, the start time for the change in water storage in Siling
Co in the dataset (May 2001) was used as the reference, the period from 2001 to 2008 was
used for calibration, and the period from 2009 to 2016 was used for validation. Firstly, the
main sensitive parameters and the best range of values were identified based on parameter
definitions and principles. Secondly, the adjustment direction was determined by the
parameter sensitivity differences, the model outputs were compared with the dataset, and
the parameter-by-parameter calibration was utilized to make the best simulation. Finally,
the runoff simulation for the validation period was performed using the manually adjusted
model parameters. The main sensitive parameter values in SPHY are shown in Table 2.
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Table 2. SPHY model parameters for calibration in Siling Co.

P ¢ Description Unit Parameter Fitted Value
arameters P n Ranges Zajia Zangbo  Boqu Zangbo  Ali Zangbo  Zagen Zangbo

dgw Groundwater recharge delay time d 1~4 1 1 1 1
xgw Baseflow recession coefficient // 0.01 0.01 0.01 0.01
GlacF Glacier fraction of grid cell // 0.85 0 0.5 0.85
DDFDG Degree-day factor for mm-°C~1.d! 2~8 45 45 45 3.5

debris-covered glaciers
DDFG Degree-day factor for mm-°C~1.d! 2~8 6 5 5 3.8
debris-free glaciers

DDFS Degree-day factor for snow mm-°C~1.d~1 2~8 4 4 4 4
Terit Temperature threshold °C —4~2 -3 -3 -3 -3
Kx Flow recession coefficient // 0.5~1 0.98 0.98 0.98 0.98

4. Results and Analysis
4.1. Model Efficiency Evaluation

In this study, 19 May 2001 was used as the initial date for model evaluation, and the
corresponding simulated lake inflow was output according to the date in the dataset. The
cumulative water storage capacity of the lake was estimated based on the water balance to
perform parameter validation and efficiency evaluation of the model.

As can be seen from Table 3, the NSE, RE, and R? for the calibration period were 0.59,
17.6%, and 0.92, respectively, and those for the validation period were 0.61, —2.0%, and 0.81,
respectively. The NSE and RE values for the validation period were better than those for the
calibration period, which may be because satellite technology advancement has improved
the accuracy of observations of lake water level and lake area during the validation period,
which in turn affects values for changes in lake water storage capacity. Figure 3 also shows
that the lake water storage capacity in the dataset exhibited irregular oscillatory variation
within the calibration period; the magnitude of variation was relatively high in the short
term (2002 and 2006) and displayed relatively regular fluctuation after 2009. The RE reached
17.6% during the calibration period, which indicated that the simulated lake inflow was
relatively low during the calibration period, and during the validation period, R? exceeded
0.8 and was relatively high. The comparison between the simulated and actual cumulative
water storage capacity in the lake during the entire time period in Figure 4 shows that the
lake inflow simulated by the model was relatively consistent with the actual values, and
the model’s efficiency is acceptable.

Table 3. Simulation efficiency and evaluation index in different period.

Evaluation Index Calibration Period Validation Period Simulation Period
(2001-2008) (2009-2016) (2001-2016)
NSE 0.59 0.61 0.90
RE 17.6% —2.0% 2.97%
R? 0.92 0.81 0.97

4.2. Characteristics of Regional Climate Change

Since the 21st century, the temperature in the Siling Co basin has undergone significant
changes in the context of global warming, which has affected regional precipitation to a
certain extent. The temperature changes at various meteorological stations were signifi-
cantly consistent (Figure 5). Overall, the multiyear average temperature in the basin was
approximately 1.60 °C, with the highest temperature at the Shigatse station, where an annual
average maximum temperature is 15.77 °C, and the lowest temperature occurred at the
Ando station (—7.66 °C). The M-K trend test showed that the basin average temperature
fluctuated but increased significantly by approximately 0.57 °C/decade during the study
period. However, as the temperature increased, precipitation slightly declined at a rate
of 5.0 mm/yr (Failed significance test at 95% confidence level). The precipitation at each
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station varied from 2000 to 2007. After 2008, the precipitation at each station consistently
decreased with a relatively large variation amplitude and a standard deviation of 83.97 mm.
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Figure 3. Changes of lake water storage in Siling Co (Based on May 2001).
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Precipitation (mm)

The monthly and seasonal variations in temperature and precipitation in the Siling Co
area were characteristic of a typical plateau climate and temperate continental climate. The
differences in temperature and precipitation were very obvious. The maximum monthly
average temperature in the basin was 17.13 °C in July, the minimum monthly average
temperature was —16.37 °C in January, and the temperature was below 0 °C for nearly 40%
of the year. In contrast, 94.6% of the precipitation was concentrated in the warm and wet
spring and summer, and the precipitation in July and August accounted for half of the
annual precipitation (Figure 6).
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Figure 6. Precipitation variation of meteorological stations in Siling Co. (a) Annual precipitation;
(b) Monthly precipitation.

4.3. Characteristics of Water Storage Changes in the Lake Area

To study the changes in the water storage capacity of the lake, the inlets of four rivers,
namely, Zajia Zangbo, Boqu Zangbo, Ali Zangbo, and Zagen Zangbo, were selected as the
outlets of the sub-basins to simulate the recharge of Siling Co by different rivers. Qo was
calculated as follows:

Qrot = QZ] + th +Qu + ng (19)

where Qzj, qu, Q.1, and Qg are the outflows of the four rivers in m3. The water storage
capacity of the lake was calculated using Equation (15).

Figure 7 shows the interannual variation in the land surface (water area) precipitation
(PL or Pw), land surface (water area) evaporation (ETy, or ETyw), total lake inflow (Qrot), and
lake water storage capacity (AS) from 2000 to 2016. The difference in annual precipitation
between the area of water and the land surface was small, both showed a non-significant
downward trend, with a decline rate of approximately 4 mm/yr. On the other hand, ETyw
(annual average 1031.5 mm) increased significantly at a rate of 9.26 mm/yr and was much
higher than ETy, (annual average was 349.7 mm, and the rate of change was —3 mm/yr),
which may have been related to the continuous increase in the temperature in the basin.
The water source for ETyy was sufficient, and the main controlling factor was temperature.
As the temperature rose, ETyy increased, but the water source for ET|, was limited, and
precipitation became the dominant factor. Both the annual lake inflow and the annual lake
water storage capacity first increased and then decreased between 2000 and 2016, and the
rates of change between 2000 and 2008 were 77 million m®/yr and 30 million m?/yr and
then declined to —107 million m3/yr and —108 million m3/yr, respectively. Although the
trend of AS and Qr,t was not statistically significant, the water storage capacity of Siling
Co increased at an average rate of 1.16 billion m3/yr, and AS increase rate of decrease
also caused the lake size from a rapid increase to a steady increase, which was similar to
findings from previous studies [17]. However, overall, AS (—88 million m3/ yr) exceeded
the change in Qryt (—41 million m3/ yr), which was mainly due to the decrease in lake
runoff caused by the decrease in precipitation in the basin, while the continuous increase in
Ew further reduced the lake water storage capacity.
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Figure 7. The interannual variation of the (a) total lake inflow (Qto), lake water storage capacity (AS)

and (b) precipitation (P, or Py), evaporation (ET, or ETy) during the simulated period.
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The water balance showed that lake surface precipitation/evaporation and lake inflow
were the main factors affecting changes in lake water storage capacity. The diagram
showing correlations of AS with Q, P, and ET was plotted based on the monthly data
(Figure 8). Lake inflow, P, and E; were most strongly correlated with AS (R? values were
0.80, 0.63, and 0.68, respectively), and there was no obvious correlation between E,, and
AS, which indicated that lake inflow exerted the most significant impact on AS, followed
by P, and the impact of Ey was not significant. Analysis showed that Eyy has a continuous
water supply, with small interannual fluctuations, and can be used as a stable indicator of
output of water resources from the basin.
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Figure 8. Correlation between lake storage and (a) total lake inflow, (b) water area precipitation,

(c) water area evaporation, (d) land surface precipitation, (e) land surface evaporation.
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4.4. Characteristics of Variation in the Runoff Components of Lake Inflow

Based on the SPHY model of the Siling Co basin, the runoff into the lake was divided
into the four components of GR, SR, RR, and BE. Figure 9 shows the interannual variation
in each runoff component of total inflow during the simulation period. Figure 10 represents
the seasonal distribution of each runoff component.
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Figure 9. Interannual variation of lake inflow and its runoff components during the simulated period.
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Figure 10. Monthly distribution of runoff components from the lake inflow.

In general, the total runoff in Siling Co declined significantly between 2000 and 2016
with rates of decrease of 41 million m3/ yr, and the variation trend of SR, RR, and BF
is consistent with the total runoff. However, GR increased significantly at a rate of 11
million m?/yr (Figure 9). 2008 is the abrupt point of precipitation change trend through
the analysis of regional precipitation characteristics. Compared with the total runoff
data from 2000 to 2008, the average runoff from 2009 to 2016 declined by 471 million m3.
The percentage contributions of BF and RR were significantly reduced, suggesting that
reduced precipitation has a significant impact on BF and RR. Snowfall dropped along with
precipitation, and the SR decreased by 187 million m3/yr before and after the precipitation
abrupt change. By contrast, the contribution of glacial runoff to total runoff increased
by 8.4%, which indicates that the recharge and regulation of runoff to the lake by glacial
melting was more significant in the later years of the study period when precipitation was
low. However, since the glacial resources are limited and can be greatly impacted by global
warming, this water source regulation effect could be weakened [45].

Figure 10 shows that SR at the monthly scale mainly occurred from April to September
and peaked in May or June, which is because snowmelt is affected by both temperature
changes and snow storage. In April, the average temperature in the basin was 1.44 °C,
and temperature gradually increased, so the snowmelt increased. The temperatures were
highest in summer and fall, but snow cover was only present in the high-altitude areas
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at the edge of the basin, and the lack of snow reserves led to a decline in the melting rate.
When the temperature dropped below 0 °C in winter, snowmelt mainly occurred near
rivers at relatively low elevations. Therefore, different degrees of SR occur throughout the
year. RR and precipitation were strongly correlated, but the overall lag was one month,
which indicates that the regulation and storage by rivers in the basin is significant. Glacial
runoff mainly occurred from June to October, and the changes were not large. The main
reason may be that the morphology of the permanent glaciers is relatively stable, and the
glacier-melting time is relatively long from the microscopic point of view. The BF is the
basic component that maintains the water in the basin, and its distribution was the most
stable during the year. However, due to the slow rate of groundwater movement, the BF
also showed a significant lagging phenomenon compared with precipitation.

To quantitatively assess the runoff into Siling Co and the changes of the lake, an in-
depth analysis of the four rivers was conducted. Runoff components and their contribution
values show high variability, among the sub-basins (Table 4). For instance, Boqu Zangbo
had the highest percentage of BF ingredients (39%), while GR was essentially limited to
Zajia Zangbo and Zagen Zangbo (22% and 34%, respectively). By contrast, RR dominated
Ali Zangbo's total runoff, and SR was generally maintained at more than 30% in all four
rivers. Previous studies have shown that the climate change response of hydrological
processes was highly basin-scale and seasonal-scale dependent [46], e.g., up to around
45% of the baseflow component in the Tianshan Mountains inland region of northwest
China [47]. Considering the impacts of soil aquifer thickness, soil freezing and thawing,
glacial enrichment, and vegetation cover on the delayed groundwater response, certain
regional characteristics of baseflow existed. In general, the contributions of BF, GR, RR, and
SR to the runoff into the Siling Co were 24%, 22%, 16%, and 38%, respectively; SR was the
component that contributed the most to runoff, and RR contributed the least.

Table 4. Runoff composition and contribution to total runoff in each sub-basin of Siling Co.

Sub-Basin Annual Runoff (108 m3) BF (%) GR (%) RR (%) SR (%)

Zajia Zangbo 15.24 29.45 21.67 12.55 36.33
Boqu Zangbo 0.83 38.55 0 31.85 29.60
Ali Zangbo 3.34 20.87 1.04 43.93 34.16
Zagen Zangbo 6.32 11.55 34.21 8.73 45.50
Total 25.74 24.23 21.37 16.31 38.08

Moreover, Zajia Zangbo is the largest supply river to Siling Co, accounting for ap-
proximately 59% of the annual runoff. The contribution of the BF and SR to the runoff
during the simulation period was relatively stable, with an average contribution of 65.8%
(Table 4). The contribution of RR declined, while GR increased significantly (Figure 11a).
The Boqu Zangbo basin has the smallest area and the lowest annual recharge. There are
no glaciers in the basin and precipitation is the only water recharge source; the differences
in BF, RR, and SR are small; and the BF is relatively stable. A small number of glaciers
are found in the Ali Zangbo basin, the main water recharge sources for this basin were SR
and RR, and their contribution to the total runoff ranged between 60% and 95%, with an
average of 80%. However, the contribution of SR and RR shows considerable fluctuation.
The analysis showed that the distinction between rainfall and snowfall in precipitation is
subject to changes in temperature, and the SR showed a strong consistency with changes
in temperature (Figure 5). For Zagen Zangbo, the dominant components of runoff were
GR and SR, with an average contribution of 80.7%, while RR contributed the least, since
the precipitation in this sub-basin falls to the ground mostly in the form of snow due to
locally low temperatures, which are mainly caused by the high terrain and abundant glacial
resources in the Zagen Zangbo basin. Figure 12a shows that the regulation and storage of
glacial runoff makes the flows of ZajiaZangbo and Zagen Zangbo stabler than those of Boqu
Zangbo and Ali Zangbo. The comparison shows that the pattern of runoff is similar among



Water 2022, 14, 3175 14 of 21

the four rivers; the peak occurred from May to September (Figure 12a) and accounted for
63.3% of the annual runoff into all four sub-basins.
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Figure 11. The contribution of BF, GR, RR and SR to total runoff in each sub-basin of Siling Co.
(a) Zajia Zangbo, (b) Boqu Zangbo, (c) Ali Zangbo, (d) Zagen Zangbo.
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Figure 12. Distribution of multiyear monthly average (a) discharge, (b) precipitation and (c) evapora-
tion in the sub-basins.

4.5. Hydrological Responses to Climate Change

This paper mainly analyzed the impact of climate change on runoff from the two
aspects of hypothetical climate change scenarios and future climate scenarios. Based on
data measured from 2000 to 2014, a hypothetical climate change scenario was constructed
by assuming that precipitation increases of 10% and temperature increases of 1 °C over
the study period. Subsequently, considering the different shared socioeconomic pathways,
2000-2014 was used as the baseline period, and the forecast period was set to 2020-2050.
Two models, SSP1-2.6 and SSP3-7.0 of MRI-ESM2-0 in CMIP6, were selected to construct
future climate change scenarios by downscaling and data bias correction. Then, based



Water 2022, 14, 3175

15 of 21

on the precipitation and temperature driven hydrological process models under different
climate scenarios, the runoff into Siling Co was simulated.

Figure 13 shows the seasonal variation in the inflows from the rivers in the lake
area after the increase in precipitation and temperature. There was a positive correlation
between precipitation and lake inflow, the impact of the warm and wet seasons on runoff
was smaller than that of the cold seasons, and the increases in the inflow from Zajia Zangbo
and Zagen Zangbo were smaller than those of the inflow from Boqu Zangbo and Ali
Zangbo, which indicates that Zajia Zangbo and Zagen Zangbo have greater ability to
regulate water sources and are more sensitive to temperature changes due to the presence
of glaciers (Figure 13b). Overall, under certain temperature conditions, a 10% increase in
precipitation was able to lead to a 28% increase in the total runoff into the basin, while a
1 °C increase in temperature could lead to a 10% decrease in runoff for a given precipitation.
The AS-Q correlation showed that a 10% increase in precipitation and a 1 °C increase in
temperature could lead to an increase of 329 million m3/yr and a decrease of 110 million
m?3/yr in the water storage capacity of Siling Co, respectively.
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Figure 13. Variation in runoff caused by increased precipitation and temperature. (a) Precipitation
increased by 10%; (b) temperature increased by 1 °C.

Based on the SSP1-2.6 and SSP3-7.0 scenarios of the MRI-ESM2-0 model, this study
predicts future increases in average annual temperature in the Siling Co basin of 0.68 °C and
0.78 °C and rates of increase of 0.28 °C/decade and 0.41 °C/decade, respectively, compared
with the baseline period; the predicted changes in average maximum temperature and
average minimum temperature are similar to those for average air temperature, with rates
of change ranging between 0.22 and 0.51 °C/decade (Table 5). At the watershed scale,
precipitation is predicted to increase under different scenarios, resulting in an increase of
30-39 mm in the average runoff depth of the basin compared to that in the baseline period.
This study also projects that the average evaporation in the basin will decline compared to
that in the baseline period, perhaps because evaporation is not only related to temperature
but also affected by precipitation. The MRI-ESM2-0 model predicts that precipitation will be
mainly concentrated in summer, while the precipitation in spring and autumn is projected
to be low, leading to insufficient evaporation in the basin. However, in general, evaporation
is predicted to increase under the conditions of future climate warming,.

Figure 14 shows the seasonal changes in RR, SR, GR, and BF in the basin from 2020 to
2050 relative to the baseline period. The annual average increase in BF and RR is projected to
exceed 20 mm, while the SR is predicted to decrease by approximately 8.15 mm. The main
reasons are that (1) runoff will generally increase due to increased rainfall, (2) snowfall will
gradually decline due to warming conditions, and more precipitation will occur in the form
of rainfall, resulting in a conversion of SR into BF and RR. In addition, it is expected that GR
could continue to increase in the future, which is consistent with findings of Lutz et al. [48].

This study found seasonal variation in each runoff component to be relatively con-
sistent under the SSP1-2.6 and SSP3-7.0 scenarios. RR usually shows a relatively large
increase from August to October, which is the same as the pattern for rainfall but has a
certain lag. The pattern for BF is similar to that for RR, i.e., it starts to increase gradually
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in August, reaches a peak in October, and then slowly declines until the following spring,
which indicates that the underground aquifer in the Siling Co basin is relatively shallow,
and the BF is greatly affected by precipitation. The effects of temperature increase on SR
and GR are opposite. Other than the increase in SR in April, the annual SR will decline
to varying degrees, with the largest decrease in June. In contrast, GR only shows a large
increase from July to November, which is mainly caused by the large temperature increase
in summer (Figure 14). In the long run, rising temperatures and melting of glaciers and
snow under the climate change will have a significant impact on water availability [49],
and the uneven seasonal distribution of precipitation could increase the risks of drought
and flood disasters in the Siling Co basin during the warm and wet seasons, respectively.

Table 5. Variation of temperature, precipitation, evaporation, glacier melt and runoff under different
climate scenarios.

. . Tmax Tmin Tmean P E GM Q
Climate Scenarios o
O (mm)
SSP1-2.6 Amplitude of variation 0.65 0.70 0.68 27.86 —7.48 5.36 39.13
“ rate of change (/10a) 0.22 0.38 0.28 23.40 14.96 1.45 9.96
SSP3-7.0 Amplitude of variation 0.72 0.84 0.78 12.07 —13.09 5.28 29.77
o rate of change (/10a) 0.34 0.51 0.41 36.98 18.11 0.82 21.26
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Figure 14. Monthly variations of RR, SR, GR and BF under the (a) SSP1-2.6, and (b) SSP3-7.0
climate scenarios.

5. Discussion
5.1. Uncertainty in the Simulation of Total Lake Inflow

Existing studies have demonstrated strong heterogeneity in the spatiotemporal varia-
tion in temperature and precipitation in alpine regions [50] and exploring high-precision
meteorological data is the key challenge to meet to reduce the uncertainty in model in-
put [51]. The main data used in the SPHY model-based Siling Co runoff simulation include
temperature and precipitation, but the observed data are relatively scarce in the study area.
Bilinear interpolation based on latitude, longitude and elevation information of meteoro-
logical stations can create some uncertainty in the runoff simulation by using averages
in the grid as the model input. However, the overall elevation range of the basin is only
4500-5500 m, most areas are flat, with the exception of the high mountainous undulations
at the boundary, and the local climate can be thought of as comparable; hence, the variation
of the bilinear spatial interpolation of precipitation and temperature may not deviate signif-
icantly. For regions with scant or no data, studies have introduced virtual weather stations
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for watershed generalization and defined lapse rates of temperature and precipitation to
obtain model inputs [47], or used gridded precipitation data products with downscaling
and bias correction by means of spline interpolation and the quantile mapping method to
extract model grids [29,46]. Apart from the consideration of meteorological data sources
from adjacent watersheds and similar climatic conditions, product fusion based on actual
measurement data has applicability in terms of model input. How to construct a multi-
source fusion homogenized representative dataset applicable to a specific region is the
focus of the next phase of research. In addition, model parameters constitute an important
cause of uncertainty in runoff simulation. Precipitation in the Siling Co area mainly occurs
in the form of rainfall and snowfall, so the critical temperature for distinguishing rainfall
and snowfall is an important sensitive parameter that affects runoff classification, but it
generally does not have a fixed value. The model often sets the critical temperature to
a single value, which increases the uncertainty of runoff classification. In future studies,
additional model tests should be conducted to explore the differences between rainfall and
snowfall in different basins and to introduce statistically significant data for validation so
that runoff classification is more realistic. In studies on GR, most scholars found that the
DDF of glaciers on the TP ranges between 3 and 6 mm-°C~!.d~!, which is also the reason
for the difference in the contribution of GR [29,35]. Therefore, for sensitive parameters,
such as the DDF and Kx in the model, hydrological processes in the same area should be
realistically analyzed in physical tests and the existing calibration method and sensitivity
analysis to reveal the structure and function of the model and to explore the intrinsic
relationships among the model parameters based on historical data and test results, which
will thus improve the accuracy of parameter calibration. In the case of no data or lack of
data for the alpine region, the characteristics of the underlying surface of the basin should
be studied in depth, the model parameter transfer scheme should be constructed according
to the similarity criterion, and the parameters should be calibrated in the experiments.

5.2. Uncertainty in Lake Water Storage Estimation

This study used the high-resolution water level change dataset for the TP as a valida-
tion indicator, which may have increased the uncertainty in lake water storage estimation.
For many years, the lack of water level and water volume observation data from plateau
lakes has posed certain difficulties for exploring the evolutionary patterns of plateau lakes
and accurately predicting lake runoff changes, while the inverse simulation based on satel-
lite data is being used as an effective approach for obtaining basic indicators for Siling
Co. Multiple altimetry missions and land satellite data-based high-resolution water level
change datasets for the TP were used to obtain the lake coastline positions and lake water
level values, and field trials were carried out in two typical lakes. The theoretical uncer-
tainty analysis was carried out based on high-resolution optical images, and the relative
error was considered acceptable, which increases the accuracy of the validation data. How-
ever, this study did not use altimetry data before 2002, which may be the reason for the low
value in the initial stage of the simulation (Figure 3). In general, the lake cumulative storage
estimates were closer to the dataset results. In addition, related scholars have also studied
Siling Co, such as Song et al. [52] who used satellite altimetry and optical image analysis
and found that the total amount of water storage in the lake increased by 14.79 km? in
2001-2011, while Liu et al. [53] integrated satellite images and glacial permafrost data, the
results showed that the lake level rose by an average of 8.14 m during 2000-2015, and the
water storage increased by 17.47 km?, both of which were slightly lower than the 15.4 km3
and 19.16 km® during the same period of this paper. This phenomenon may be caused by
the SPHY model’s reliance on precipitation and temperature as its primary driving factor,
while neglecting meteorological elements such as insolation, wind speed, and baromet-
ric pressure in the basin results in inaccurate simulations of land surface evaporation of
the basin, which raises the flow into the lake. On the other hand, lakes in the Siling Co
basin are widely distributed, and the evolution of rivers and lakes and the regulation and
storage of runoff by small lakes may become the factors affecting the changes in the water
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storage capacity of Siling Co. In this study, the four rivers were used as recharge sources
for lake storage, and the effects of river-lake interactions were ignored, which may lead
to estimation bias. Therefore, future studies should fully consider the uncertainty in the
rainfall runoff process, establish the mechanisms linking the lakes in the alpine region, and
explore the joint hydrological response of the lakes to climate change.

5.3. Uncertainty in Runoff Prediction

Driven by both precipitation and glacier melting, the hydrological response to future
climate change in alpine regions largely depends on precipitation and temperature, and
due to local climate and scenario assumption methods, some uncertainty could exist in
precipitation predictions in future climate models. The MRI-ESM2-0 model used in this
study has shown good adaptability in the TP region [54,55]. According to Zhu et al., MRI-
ESM2-0 is one of the five best models for simulating the temporal and spatial variation
in precipitation on the TP [56]. Cui et al. used CMIP6 multimodel data to simulate
and evaluate temperature and precipitation on the TP and found that the MRI-ESM2-0
model can better illustrate the trend of precipitation in summer and temperature change in
winter [57]. In general, precipitation and temperatures on the TP are consistently predicted
to increase in the future, and the impact of different climate model scenarios on the results
becomes increasingly significant with increases in emission intensity [58], which is similar
to the results of this study. In addition, hypothetical climate change scenarios were added to
predict runoff based on quantitative changes in temperature and precipitation. In addition
to the proportional changes in temperature and precipitation, the seasonal pattern of
climate signals and the frequency distribution of precipitation are also important reasons
for the uncertainty in runoff simulation. To perform refined prediction and assessment of
glacial melting, it is necessary to strengthen the monitoring of glaciers in alpine regions
and explore the transformation of GR and the mechanism of replenishment of glaciers
by precipitation. In addition, in the future, additional studies should be carried out on
different climate modes of the CMIP6 model, and different downscaling and celibatarian
methods should be used to search for meteorological data that match the temporal and
spatial distribution of the alpine region.

6. Conclusions

In this study, an SPHY-based runoff model for the Siling Co basin was constructed
using data for lakes on the TP. Comparison with the results of high-resolution water level
and water volume change dataset indicated that the SPHY model can effectively simulate
the runoff process in the study area. The main findings of this study are as follows.

(1) The multiyear average temperature in the Siling Co basin fluctuated but increased
overall at a rate of approximately 0.57 °C/decade, while annual precipitation signifi-
cantly declined at a rate of 5.0 mm/yr. The precipitation at various meteorological
stations varied significantly between 2000 and 2007 and consistently decreased after
2008, which became a direct driving factor affecting the lake inflow.

(2) The lake inflow and the annual water storage capacity showed a strong positive corre-
lation, and the average rates of change were 2.6 billion m3/yr and 1.2 billion m3/yr,
respectively. During the study period, the lake water storage capacity experienced
rapid to gentle increases.

(38) The average contribution of GR to the total runoff was 22% and showed a significant
increasing trend (11 million m®/yr). SR, RR, and BF are all projected to decline during the
simulation period, with average contribution rates of 38%, 16%, and 24%, respectively.

(4) A 10% increase in precipitation would lead to a 28% increase in the total runoff into
the basin, while a 1 °C increase in temperature would lead to a 10% decrease in
runoff. Under different future climate scenarios, the increases in temperature and
precipitation could increase the average runoff depth in the basin by 30-39 mm, and
the lake water storage capacity and area could further increase.
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Despite the limitations of some uncertainties, we can clearly recognize the substantial
role that glacial melting played in the growth of inland lakes on the TP and their sensitivity
to climate warming. Future studies should take into account a variety of climate models
and lake cluster linkage mechanisms, combine data from various remote sensing sources
to precisely predict the eco-hydrological response of lake expansion and its surrounding
environment, and offer solid justification for the scientific formulation of water resources
management policies in highland regions.
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