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Abstract: Alpine lakes on the Tibetan Plateau have significantly changed under a changing climate
over past decades. However, the changing patterns of the inflow sources of the lakes, i.e., rainfall and
the melt water of snow and glaciers, and their response to climate change remain uncertain because
obtaining accurate precipitation and melt water discharge is difficult due to the complex topography,
spatial variability, and scarce stations of the alpine area. A distributed hydrological model, J2000, was
employed in this study to simulate runoff component variations of the Yamzho Yumco Lake glaciated
basin during 1974-2019. Except for observed daily runoff from two tributaries, a High Asia Refined
(HAR) high-resolution reanalysis of precipitation data was combined with field precipitation gradient
observation and snow cover area validation, all performed simultaneously to reduce the uncertainty
of inflow components in the model. Results showed that the average runoff into the lake during
1974-2019 was 5.5 + 1.4 x 108 m3/10a, whereas rainfall runoff, glacier melt runoff, snowmelt runoff,
and baseflow contributed to 54.6%, 10.8%, 1.8%, and 32.7% of total runoff in mean, respectively.
Seasonal runoff in spring, summer, autumn, and winter accounted for 6.7%, 60.6%, 23.9% and 8.8%
of annual total runoff, respectively. In glacial areas, the reduction in total runoff after removing the
precipitation trend was 1.4 times than that of temperature, and in non-glacial areas, the reduction in
total runoff after removing the precipitation trend was 1.6 times than the increase in total runoff after
removing the temperature trend. The proportion of rainfall runoff increased at a rate of 1.0%/10a,
whereas the proportion of melt runoff decreased at a rate of 0.07%/10a during the study period.

Keywords: glaciated basin; runoff components; hydrological model; Yamzho Yumco Lake; Tibetan
Plateau

1. Introduction

Climate change has contributed to changes in the hydrological cycle in recent decades [1].
The glacial areas are sensitive to temperature, and the role of glacier melt to river runoff
means that the hydrologies of these areas are sensitive to climate change [2]. The Tibetan
Plateau (TP) holds many lakes and glaciers, due to which it acts as a storehouse for fresh
water. These fresh water sources support one-sixth of the global population [2]. Climate
warming has had a significant impact on TP by driving environmental change and water
balance change, such as by reducing glaciers and snow cover.

Multiple processes contribute to the hydrological process on the TP, including rain-
fall, glacier melt, and snowmelt [3,4]. Monthly distributions and inter-annual varia-
tions of runoff components, i.e., snowmelt and glacier melt, can affect total runoff and
its distribution, which in turn can affect regional water resources and socioeconomic
development [5-7]. The glacier melt runoff contribution to total runoff on the TP will
increase due to a warming climate [8]. Lutz et al. [9] predicted increasing runoff from the
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Indus River basin until 2050 due to increased glacier meltwater. A study of Central Asia
by Kong et al. [10] identified increasing trends in river runoff recharge due to glacier melt
runoff in recent years, with a positive relationship between the proportion of glacier melt
runoff contribution to river recharge and the increase in total runoff. The dynamics of
snow cover area (SCA) can affect the recharge mechanisms of major rivers in Asia sig-
nificantly [11]. Climate warming has reduced the SCA; thus, it resulted in an earlier
snowmelt runoff, an increased snowmelt period, and increased snowmelt runoff in winter
and spring [12,13].

The TP is also known as a water tower, which means that water from runoff and lake in
this region has large impacts on downstream water availability. Among the high-elevation
plains on Earth, it has the highest average altitude and the largest area lakes, accounting
for more than half of all lakes in China [14-16]. Because many lakes on the Tibetan Plateau
are surrounded by glaciers, recharge to these lakes is mainly through rainfall, glacier melt,
and snowmelt [17]. Because the alpine glaciers and inland lakes are sensitive to climate
data such as temperature and precipitation, they could be used as indicators to reveal
climate change processes [18]. Air temperature has significantly increased in recent years,
which has driven the accelerated melting of glaciers throughout the plateau. This has
in turn resulted in the expansion of alpine lakes supplied mainly by melt runoff [19,20].
Qiao et al. [21] found that the main driver that affected the alpine lakes’ variability in the
northwestern TP was glacier melt. In addition, many case studies have found that lake
expansion was mainly affected by glacier melt runoff, such as in the Nam Co [22-24] and
Selin Co [25-27]. Therefore, it is necessary to explore the response of alpine regions to
surface runoff under climate change.

The Yamzho Yumco Lake falls in the Indian monsoon region in the southern TP [28].
The northern part of the lake basin is adjacent to the Yarlung Tsangpo River, separated only
by 8-10 km at the closest point. There have been various studies on climate change’s impact
on the Yamzho Yumco Lake basin. Remote-sensing data of lake water levels obtained in re-
cent years have shown that the Yamzho Yumco Lake was experiencing declining lake levels,
whereas the other lakes” water levels on the TP were mostly increasing. Monitoring data for
the lake confirmed declining lake levels during recent decades [29]. However, the correla-
tion between lake water level and climate factors was the main study direction of previous
studies [30]; another focus was using remote sensing imagines, satellite altimetry, and statis-
tical analysis to identify the factors regulating changes to the Yamzho Yumco Lake [31-34].
The Yamzho Yumco Lake basin’s complex terrain has limited available observations of
runoff into the lake. Due to the complex terrain and limited observation data, previous
studies used different methods to obtain inflow runoff into the lake, e.g., the stable iso-
tope combined with water balance method [35], runoff coefficients [31], the water balance
equation (runoff equals to precipitation minus evaporation) [36], and calculations of the
difference between measurements of runoff (rainfall, snowmelt and glacier melt runoff) and
simulated runoff (rainfall and snowmelt runoff) using the VIC model with a 0.25° resolu-
tion [37]. There has been increased attention towards the Yamzho Yumco Lake over the last
few decades due to concern over its declining water levels. Among the driving data of the
hydrological model, the precipitation data have the greatest impact and uncertainty. The
spatial variability of precipitation increases with the increase of topographic effect [38,39];
some studies have shown that there were significant differences in precipitation even in a
very small spatial range [40,41]. Many studies have compared the applicability of different
precipitation products and found that the reanalysis precipitation data could provide a
reference for large-scale precipitation research, but it would have rough resolution [42,43].
In the Tibetan Plateau, the downscaling of reanalysis data from High Asia Refined with
higher resolution was applied to hydrometeorological research [44-46].

In this study, High Asia Refined (HAR) data combined with long-term field rain-
fall observations, which can provide an effective solution to the scarcity of precipitation
data in the region, were employed to identify precipitation gradients of the study basin.
The J2000 distributed hydrological model was used to simulate long-term runoff from the
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glacial and non-glacial areas of the Yamzho Yumco Lake basin. The novelty was to imple-
ment High Asia Refined (HAR) high-resolution reanalysis of precipitation data combined
with field precipitation gradient observations as input, snow cover area validation, and
calibration and validation of daily runoff observed from two tributaries to reduce the un-
certainty of the model simulation. The specific objectives were to: (1) improve precipitation
input in alpine lake basins based on reanalysis data; (2) reveal interannual and intra-annual
changing patterns of surface runoff and its components into the Yamzho Yumco Lake;
(3) identify responses of surface runoff into the lake to climate change. The present study
can act as a reference for studying lake variations in alpine regions with limited observation
data and provide a scientific basis for management policy under rapid climate change.

2. Materials and Methods
2.1. Study Area

The Yamzho Yumco Lake is the largest inland endorheic lake in the northern
Himalayan Mountains, and it is located in Nagarze County. The broad definition of the lake
basin includes the main lake and several surrounding lakes. Specifically, the Yamzho Yumco
Lake has hydraulic connections with several surrounding lakes, including the Kongmu Co
and Chen Co lakes, whereas it has no hydraulic connections with the neighboring Puma
Yumco and Bajiu Co lakes [47]. Therefore, the present study considered the Yamzho Yumco
Lake basin to include the basins of the Yamzho Yumco, Kongmu Co, and Chen Co lakes.

The Yamzho Yumco Lake basin extends between 90°08'-91°45’ E and 28°27'-29°12' N
and has an elevation of 4305-7195 m (Figure 1). The dominant land cover types in the
basin include grassland, lake area, bare land, and glaciers, with areas of lakes and glacier of
676.6 km? and 57.6 km?, respectively. As shown in Figure 2 and Table 1, although there
has been an increasing trend in average annual precipitation of 17.4 mm/10a, the seasonal
distribution of precipitation is uneven, with most (88.4%) occurring from June to September.
The average temperature is 3.2 °C and the average temperature from November to March is
below 0 °C, whereas that from April to October is above 0 °C. There has been an increasing
trend in annual average air temperature of 0.34 °C/10a, with temperature showing obvious
seasonal changes.
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Figure 1. The Yamzho Yumco Lake Basin.
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Figure 2. Interannual and seasonal variations of precipitation and temperature at the Nagarze station
from 1974 to 2019.

Table 1. Statistics of meteorological data from 1974 to 2019 at the Nagarze weather station.

Annual Temperature (°C) Annual Precipitation (mm)

Minimum 2.0 159.1
Maximum 4.5 556.5
Average 32 376.3
Standard deviation 0.6 81.7

From east to west, sources of river runoff into the Yamzho Yumco, Kongmu Co, and
Chen Co lakes include the non-glacial Gamalin, Kadongjia, Quqging, and Xiangda river
catchments, and the glacial Puzong, Karuxong, and Yajian river catchments. Process con-
tributing to runoff into the lakes include rainfall, snowmelt, and glacier melt. Quantitative
estimations of surface runoff remain limited for the Yamzho Yumco Lake basin because
of its high altitude and harsh weather conditions. Because long-term but discontinuous
streamflow observations exist only for the Karuxung and Kadongjia rivers, during the
model calibration and validation period, the two river catchments were selected to repre-
sent glacial and non-glacial regions, respectively, after which the model was extended to
represent the entire basin.

2.2. Meteorological and Hydrologic Dataset

Meteorological data (1974-2019) were collected from the Nagarze meteorological
station in the lake basin from the China Meteorological Science Data Service. The precipi-
tation measurement could have systematic bias resulting from evaporation, wetting, and
wind-induced losses, which could be corrected [48,49]. Daily discharge data within the
Yamzho Yumco Lake basin was available from 1985 to 1994, 2006 to 2014 for the Karux-
ung river glacier catchment, and from 1983 to 1994 for the Kadongjia river non-glacial
catchment. Although some rivers had runoff observations, the observation time was short
and discontinuous; thus, a hydrological model could be used to simulate runoff to obtain
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long-term continuous runoff into the lake. During application to a study area, hydrological
models were typically calibrated and validated against observed data to assess the accuracy
of the model [50,51].

The available observations of precipitation at several gauging stations within the
basin were not continuous, and most stations were not at a sufficiently high elevation to
be representative of the study catchment. The present study identified the precipitation
gradient in the study basin by installing five rain gauges in different locations with different
altitudes of the basin from the August to September in 2013 and 2019.

Precipitation data input into a hydrological model have an important outcome on
simulated runoff. However, only the Nagarze meteorological station provided long-term
observations of precipitation that extended across the entire study period (Table 2). The
present study obtained long-term precipitation data representative of the entire study
area by combining precipitation data from Nagarze station, with the average precipitation
gradient obtained from the HAR grid and eight surrounding grids.

Table 2. Description of the precipitation observation sites.

Item Lat (°N) Lon (°E) Elevation (m) Observation Period
Nagarze 28.967 90.4 4432 1974-2019
Dui 28.582 90.532 5109 1975-1978, 1984-2000, 20052012
Baidi 29.124 90.439 4467 1975-1994, 2001-2012
Wengguo 28.905 90.357 4577 1983-1995, 2005-2012
Rongduo 28.791 90.728 4566 1983-1995
Tiela 28.841 90.774 4458 1985-1990
Quguozhong 28.843 90.093 4426 1976-1978, 1985-1995
Dongla 29.011 90.869 4495 1983-1995
28.877 90.229 5179
28.876 90.227 5142
Rain gauge 28.879 90.228 5071 August-September in 2013
28.88 90.224 5060
28.895 90.225 4832
29.128 90.445 4509
Rain gauge ig;?g 38;;1? ggég August-September in 2019
28.578 90.534 5104

2.3. Spatial and Remote Sensing Data

The spatial data included DEM data and data for land use, soil types, glacier ex-
tent, snow cover, and precipitation gradient. The DEM data were collected from the
SRTM Digital Elevation Model with 90 m resolution (http://srtm.csi.cgiar.org/, accessed
on 12 October 2022); land use data were obtained from GlobCover (http://due.esrin.esa.
int/, accessed on 12 October 2022) [52] with 300 m resolution; glacier data were ob-
tained from RGI data (http://glims.org/, accessed on 12 October 2022); soil type data
were derived from the Harmonized World Soil Database (HWSD) (https:/ /iiasa.ac.at/,
accessed on 12 October 2022) [53]. Long-term timeseries data of SCA on the Tibetan Plateau
(2003-2014) with 500 m resolutions were used for model parameter calibration. These
data were derived by combining the Moderate Resolution Imaging Spectroradiometer
(MODIS) v5 and Internet Map Server (IMS) datasets (https:/ /data.tpdc.ac.cn/, accessed
on 12 October 2022). The interpolation de-clouding algorithm was used to obtain a cloud-
free product for the daily snow area [54]. The precipitation gradient was calculated
based on the reanalyzed HAR v2 data (https://www.klima.tu-berlin.de/, accessed on
12 October 2022) [43] as it has been proved to more accurately reflect the altitude gradient
of precipitation compared with other products and could provide more effective forcing
data for hydrological models on the Tibetan Plateau [39,55,56]. In order to maximize hy-
drological model efficiency and accuracy, the data were resampled to a 300 m resolution to
represent a higher precipitation spatial resolution in the study area.
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2.4. J2000 Modeling

The J2000 hydrological model was applied to simulate inflow runoff and its different
components based on limited observation data. This model was from Jena Adaptable
Modelling System (JAMS) [57,58]. It was a process-based model, receiving spatial distri-
bution attributes (including soil type, land use, et al.) from the HRU parameter file [59].
It consisted snow and glacier melt modules and has been successfully applied to several
glacial basins including the Mapam Yumco, Paiku Co, Nam Co, and Tangra Yumco lake
basins on the Tibetan Plateau [22], the Koshi River basin [60], and the Tamor basin [61]. In
the structure of the J2000 hydrological model in Figure 3, snowmelt was affected by the
temperature; the accumulated snow started to melt only when the temperature was above
the threshold of the snow-melting temperature [62]. This model implemented a degree-day
factor approach for glacier melt adapted from Hock [38] due to the limitation of plateau
observation data. Components of simulated runoff were divided according to the model
structure and the hydrological process generalization scheme [60]. Simulated runoff into
the lake was divided into rainfall runoff, snowmelt runoff, glacier melt runoff, and baseflow
considering the structural characteristics of the J2000 model and the approaches taken in
previous studies using the Spatial Processes in Hydrology (SHPY) [10,63], SWAT model [64],
and VIC model [37]. The present study considered baseflow to represent runoff produced
by infiltration of rainfall and snowmelt into the deep groundwater layer. Therefore, the
division of rainfall, snowmelt, and glacier components of runoff may not be completely
consistent with those defined in other studies.

Driving data: P, T, W, RH, SH
— ET 4£ Additional drivers: Radiation ...

) — Snow
Glacier
*:
Soil water
Infiltration -$» DPS 3
—

Upper zone
Lower zone

Figure 3. Structure of J2000 hydrological model (P: precipitation; T: temperature; W: wind speed;
RH: relative humidity; SH: sunshine hour; LPS: large pore storage; MPS: middle pore storage; DPS:
depression storage; RO: runoff) [62].
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2.5. Evaluation Criteria

In order to validate model performance and forcing data, several goodness-of-fit
statistical indexes, i.e., RMSE, NSE, R, and MARE were used [65]:

1
RMSE = \/Tl Zi:1<si - Oi)z (1)
NSE=1— M ()
ie1(Si —S)
e B (5-5)(0:=0))" o
", (Si—5)*(0;-0)’
1w |Si—0;
MARE = 3 7, o | 4)

where S; is the simulated value, O; is the observed value, S and O are the average value
and observed value, respectively, and # is the number of observations.

This study obtained observations of daily runoff for 1983-1994 for the Kadongjia river
catchment hydrological station. These runoff data in combination with the MODIS snow
area data for 2003-2014 were used to calibrate and validate the hydrological model param-
eters in non-glaciated areas. The calibration and validation periods for runoff simulation
were 1983-1990 and 1991-1994, respectively. The MODIS snow area data for 2003—2014 were
used to validate the simulated snow area. Daily runoff data for 1985-1994 and 2006-2014
were obtained from the hydrological station of the Karuxung river catchment. The parame-
ters of glacial area were obtained using the same method as for the non-glacial area. The
calibration and validation periods for runoff simulation were 1985-1994 and 20062014,
respectively. The parameters used with the model in the Karuxung and Kadongjia river
catchments are shown in Table 3.

Table 3. Parameters used to simulate runoff in Karuxung and Kadongjia river catchments,
Tibetan Plateau.
Values Values
Parameters Description (Units) (Karuxung (Kadongjia Reasonable Range
River) River)
BaseTemp Snowmelt threshold temperature (°C) 0 0 —5-5
t_factr Melt factor by sensible heat (mm/K) 1 3 0-5
r_factor Melt factor by liquid precipitation (-) 0.1 3 0-5
g_factor Melt factor by soil heat flow (mm) 0.1 3 0-5
meltFactorlce Melt factor for ice melt (mm/K) 2 2 0-5
tbase Threshold temperature for melt (°C) -1 -1 —5-5
soilLinRed Reduction coeffic.ienF for actual 0.95 345 0-10
evapotranspiration (-)
soilMaxInfSummer Maximum infiltration in summer (mm) 80 80 0-200
soilMaxInfWinter Maximum infiltration in winter (mm) 90 90 0-200
soilLatVertLPS Calil?ration coefficient for t}.1e distribution 12 12 0-10
of interflow and percolation water (-)
so0ilConcRD1 Recession coefficient for overland flow (-) 6 6 0-10
soilConcRD2 Recession coefficient for interflow (-) 45 4.5 0-10
gwRGI1RG2dist RG1-RG2 distribution coefficient (-) 2 2 0-5
flowRouteTA Run time of the outflow route (-) 20 20 0-100

2.6. Method

The detrending method can remove trends within timeseries data (such as temperature
and precipitation) while retaining variation. This method can be used to analyze the impact
of climatic factors on the total runoff and its component changes. The current study applied
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the Mann-Kendall (MK) test, which can be used to test the significance of the long-term
change trend of the data series [65]. The linear trend analysis was used to fit the data by
time series.

Precipitation gradients were calculated using the method as follows [48]:

P, =P+ (El; — El) x PG 5)

where P; is the corrected precipitation of the ith grid (mm), P is the precipitation of the Na-
garze station (mm), E/; is the grid elevation (m), E! is elevation of the Nagarze station (m),
and PG is the calculated absolute precipitation gradient (mm/m).

Some studies have also used relative precipitation gradients [66]:

RPG = PG/P x 100% (6)
where RPG is the relative precipitation gradient (%).

3. Results
3.1. Precipitation Correction

The spatial pattern of HAR precipitation data was assessed by comparing with rainfall
observations from stations in the basin at different spatial scales. The blue color indicates
higher precipitation, and the green color indicates lower precipitation; the HAR precipita-
tion decreased from the surrounding mountain area to the central lake area (Figure 4). It
exhibited higher precipitation data in the south, which is associated with higher elevation,
and lower precipitation data in the west, which is associated with lower elevation. As
shown in Figure 5, the seasonal distribution of the HAR data were consistent with that of
observations from the Nagarze meteorological station. The HAR precipitation data showed
high seasonality, with 86.1% of annual precipitation occurring from June to September,
which was consistent with the rainfall observations from the Nagarze meteorological station
(86.0%) between 2004 and 2018.

N
. A
5]
2 8
S
3
%
o

precipitation/mm
|
7z 1024 233
> high low
0
(o]
90°0' E 90°30' E 91°0' E 91°30' E

Figure 4. Spatial distribution of High Asia Refined (HAR) data in the Yamzho Yumco Lake basin,
Tibetan Plateau.

However, long-term average annual HAR precipitation exceeded observed precipi-
tation, indicating that although the HAR data overestimated annual precipitation in the
study basin, it generally accurately represented the precipitation’s spatial distribution. The
accuracy of HAR precipitation’s spatial distribution was evaluated based on the precipita-
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tion elevation gradient by comparing field observations in 2013 and 2019 in the north, west,
and south of the basin with HAR data (Table 4).

250 40
mHAR m Observation
200 F
2 30 +
g
=150
2 <20 |
S
2100 F
2
A 10 F
50 F
0---_ILI 0---II I

1 2

3

4 5 6 7 8 9 10 11 12 1 23 45 6 78 91011 12

Figure 5. Comparison of annual average precipitation and seasonal distribution characteristics
between HAR data and Nagarze weather station.

Table 4. Comparison of observed precipitation gradient and HAR precipitation gradient.

Observed Precipitation Gradient HAR Precipitation Gradient

Location in the Basin Time (103 mm/m) (10~3 mm/m)
North August 2019 14.3 8.1
September 2019 9.7 6.1
South August 2019 —11.0 —6.0
September 2019 -3.0 —2.0
West August 2013 5.6 6.7
September 2019 0.8 2.0

Because HAR data was not available in 2019, the monthly mean values of the 2004-2018
rain gauge grid points and the monthly mean values of the Nagarze station grid points were
used to obtain the gradient of the multi-year monthly mean HAR precipitation gradient.
As shown in Table 3, the gradients of observed and HAR precipitation were comparable.
Therefore, the present study used precipitation data calculated by combining data from the
Nagarze meteorological station with the HAR precipitation gradient in each grid as input
data for runoff simulation. Thereafter, a precipitation dataset from 1974 to 2019 with 10 km
spatial resolution was obtained, as shown in Figure 6, and the accuracy of the calculated
precipitation data was evaluated by comparing its long-term average annual precipitation
with that collected from several stations in the basin. The results showed that the calculated
precipitation obtained by the precipitation gradient was closer to the observed rainfall
in comparison to the original HAR precipitation, with a lower RMSE (56.0 mm/year vs.
147.7 mm/year). There was minimal difference between precipitation calculated using
the absolute precipitation gradient and relative precipitation, although the precipitation
calculated using the former was closer to observed rainfall. Therefore, the present study
calculated precipitation using the absolute precipitation gradient.

3.2. Simulation of the Snow Cover Area

Simulation results of the SCA were compared with MODIS snow products to validate
the model parameters’ accuracies in both the glacial and non-glacial regions. Because cloud
cover can affect the accuracy of the original MODIS snow data, a long-term timeseries of
snow cover area was used for the TP for 2003 to 2014, as shown in Figure 7. The results



Water 2023, 15, 490

SCA percentage (%)

SCA percentage (%)

100

80

60

40

20

100

80

60

40

20

showed good model performance within the simulation of snow cover, with R? values of
0.80 and 0.74 during 2003-2014 for the glacial and non-glacial regions, respectively. The
simulated snow cover area showed a similar seasonal pattern to that of the observations,
i.e., high values occurred in winter and spring, when temperatures were low, and low
values occurred in summer, when temperatures were high. The R? values of SCA be-
tween simulation results and observations were 0.45 and 0.56 in glacial and non-glacial

regions, respectively.
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Figure 6. Comparison of the calculated precipitation, observed precipitation, and High Asia Refined

(HAR) precipitation in the Yamzho Yumco Lake basin, Tibetan Plateau.
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Figure 7. Monthly SCA simulation compared with MODIS data during 2003-2014.
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3.3. Runoff Simulation

Sunshine duration, relative humidity, wind speed, and the maximum, minimum, and
mean temperatures observed at the Nagarze meteorological station were selected as forcing
data for the J2000 model’s runoff simulation. The hydraulic parameters were calibrated
using the observed discharge data at the Karuxung and Kadongjia river catchments to
represent the parameters in glacial and non-glacial regions. As shown in Figure 8, the
simulated runoff was compared to observations at the Karuxung and Kadongjia river

catchments at different periods.

40 — T T
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Figure 8. Daily observed and simulated discharges in the glacial region and non-glacial region.

The model obtained acceptable runoff simulations for the Karuxung river catchment,
with NSE, R?, MARE and RMSE values of 0.74, 0.76, 0.37, and 1.77 m®/s for the calibra-
tion period, respectively, and 0.62, 0.69, 0.39, and 2.84 m?3/s for the validation period,
respectively. As shown in Figure 9, snowmelt runoff contributed 3.8%, 3.1%, and 3.4%,
glacier melt runoff contributed 58.0%, 60.8%, and 59.2%, rainfall runoff contributed 32.6%,
29.5%, and 31.5%, and baseflow contributed 5.6%, 6.7%, and 5.9% of the total runoff during
calibration, validation, and the entire study period, respectively. Moreover, the model also
achieved acceptable performance of runoff simulation for the Kadongjia river catchment,
with NSE, R?, MARE, and RMSE values of 0.65, 0.78, 0.55, and 3.37 m®/s during the cali-
bration period and 0.73, 0.74, 0.51 and 3.63 m®/s during the calibration period, respectively.
As shown in Figure 9, snowmelt runoff contributed 1.5%, 0.5%, and 1.2%, rainfall runoff
contributed 59.8%, 61.9%, and 60.5%, and baseflow contributed 38.7%, 37.6%, and 38.3%
of the total runoff during the calibration period, validation period, and the entire study
period, respectively.
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Figure 9. Different components of runoff and their contributions.

3.4. Long-Term and Seasonal Changes to Lake Inflow

Simulated results of long-term runoff for both the glacial and non-glacial regions dur-
ing 1974 to 2019 are as shown in Figure 10. The results showed that the total runoff in the
Karuxung river catchment increased significantly (p < 0.05) at the rate of 9.2 mm/10a. There
was a fluctuating but insignificant decreasing trend in snowmelt runoff —0.1 mm/10a
(p>0.05). There were insignificant increases in both glacier melt and rainfall runoff
(p > 0.05) at the rate of 4.5 mm/10a and 4.4 mm/10a, respectively. There were insignificant
increases in both total runoff and rainfall runoff in the Kadongjia river catchment (p > 0.05)
with growth rates of 5.7 mm/10a and 4.1 mm/10a, respectively. There was a downward
fluctuating but insignificant trend in snowmelt runoff of —0.2 mm/10a (p > 0.05).

The monsoon (May to September) was the main factor driving seasonal changes in
runoff in both the Karuxung and Kadongjia river catchments. Summer rainfall runoff
and glacier melt both showed high contributions to annual total runoff in the Karuxung
river catchment due to the high precipitation and temperature of this basin, whereas
snowmelt runoff showed two peaks corresponding with spring and autumn, which was
consistent with the seasonal changes in SCA. Summer and autumn rainfall runoff showed
high contributions to annual runoff in the Kadongjia river catchment due to this period
corresponding with higher rainfall.

Figure 11 shows the results of the long-term modeling of runoff for the entire lake
basin. The average runoff into the lake was 5.5 + 1.4 x 10® m?®/10a from 1974 to 2019,
with rainfall runoff, snowmelt runoff, glacier melt runoff, and baseflow contributed
3.0 x 108 m3/10a (54.6%), 0.1 x 108 m3/10a (1.8%), 0.6 x 10® m3/10a (10.9%), and
1.8 x 108 m3/10a (32.7%) of the total runoff, respectively. Seasonal changes in glacier melt
were mainly driven by air temperature, with the peak occurring in summer. Snowmelt
runoff mainly occurred in spring and autumn. Runoff in spring, summer, autumn, and
winter contributed to 8.6%, 57.4%, 24.9%, and 9.1% of annual total runoff, respectively,
because the rainfall was affected by the monsoon.
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Figure 11. Annual and intra-annual variations of runoff and its components of Yamzho Yumco

lake basin.

Among these components, the contribution of snowmelt runoff, glacier melt runoff,
and baseflow to total runoff decreased, whereas the rainfall runoff contribution increased
at a rate of 1.0%/10a from 1974 to 2019. Although the melt runoff increased, the proportion
of melt runoff decreased at the rate of 0.07%/10a, indicating the change in rainfall runoff
was the main factor in the variation of total runoff.

The contributions of glacial and non-glacial regions to total runoff in the study period
were 31.4% and 68.6%, respectively, whereas these two areas accounted for 19.2% and 80.8%
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of the total area, respectively. This result indicates that there were increased inflows from
glacier melt and snowmelt into the lake in glacial regions, thereby confirming that climate
change affects different regions differently.

4. Discussion
4.1. Uncertainties in Runoff Simulation

Precipitation could affect lake change via surface runoff. This study used the com-
bination of meteorological station observation data and HAR distribution data to obtain
more accurate precipitation data for the study basin in terms of both quantity and spatial
distribution. The main difficulty of precipitation distribution in Tibetan Plateau lied in
the large spatial-temporal difference of precipitation and the scarcity of observation sites.
On one hand, the spatial variability of precipitation increased with the increase of the
topographic effect [67,68]. On the other hand, the study area had only one long-term
meteorological observation station and was located next to the lake at a lower altitude,
whereas hillside and peak stations were scarce. Therefore, due to the spatial variability of
precipitation, it was possible that when it was raining in certain places in the basin, the
observation station did not observe it, which would cause errors. The low values of the
metrics are probably due to the large spatial variability of precipitation in the study basin;
thus, we corrected precipitation by using the combination of HAR and field observation
precipitation data for the study basin. The NSE values of the daily runoff simulation in
glacial and non-glacial river catchment were 0.74 and 0.65 during the calibration period,
respectively. Although the index of NSE meets the requirement of more than 0.5 [69],
both the glacial and non-glacial river catchments have some distance with the weather
station; thus, there was some uncertainty about precipitation, which would affect the daily
runoff simulation.

There was a peak in SCA in November corresponding with the drop in temperature
and increase in snowfall. There was an increase in SCA corresponding with the later
decrease in precipitation events and increase in snow sublimation. The increased precip-
itation and lower temperature in early spring resulted in another SCA peak. With the
continuing rise in temperature, snow continued to melt, reaching a minimum coverage in
summer. The changing patterns observed in the present study showed good consistency
with those observed in previous results [70]. Accurate SCA data is an essential precondition
for improved simulation of runoff. The lowest temperature recorded in summer reached
4.8 °C, which should correspond with a low SCA. Therefore, the presence of low SCA
values during summer in the MODIS snow products may be due to cloud interference [71].
Aside from snow melt, runoff from glacier melt was identified as an additional source of
runoff inflow in the Yamzho Yumco Lake. Therefore, there was a need to calculate glacier
melt runoff contribution. The calculation of total runoff into the lake in the glacial region
was dependent on the degree-of-day factor, with the difference in the values of this factor
for bare ice and moraine-covered glaciers ignored. The present study did not consider
spatial and temporal variations in daily ice and snow factors at different elevations, thereby
introducing uncertainty into the simulations of the glacier melt path.

4.2. Comparison with Other Alpine Lake Studies

Corrected precipitation data was employed as the forcing data to drive the J2000 model
for runoff simulation in our study. Results showed that snowmelt runoff of the Kadongjia
river catchment for the non-glaciated area of the Yamzho Yumco Lake basin accounted for
about 1.2% of the total streamflow. This was consistent with Sun et al. [47], who found
that snowmelt runoff accounted for about 4.0% of the annual runoff in the Kadongjia river
catchment during 1974 to 2010 by using the SWAT model. Moreover, rainfall runoff, glacier
melt runoff, and snowmelt runoff accounted for 31.5%, 59.2%, and 3.4%, respectively,
of the total stream-flow in the Karuxung river catchment for the glaciated area of the
Yamzho Yumco Lake basin. These results were comparable with Zhang et al. [18], who
reported that rainfall runoff, glacier melt runoff, and snowmelt runoff accounted for 34.1%,
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61.9%, and 4.0%, respectively, of the total streamflow for the Karuxung river catchment
based on observed precipitation data from the Nagarze meteorological station and SRM
(Snowmelt Runoff) model. Compared with the corrected precipitation, simulations of
rainfall runoff, glacier melt runoff, snowmelt runoff, and baseflow driven by the original
observation data accounted for 23.6%, 67.4%, 3.8% and 5.2%, respectively, of the total
streamflow for the Karuxung river catchment, indicating that inaccurate precipitation data
might induce lower rainfall runoff and higher glacier melt and snowmelt runoff to maintain
water balance in the model [72]. Therefore, the combination of HAR and filed observation
could reduce the uncertainty of model-induced precipitation inputs.

The changes in alpine lakes were mainly affected by variations of precipitation, evap-
oration, and runoff within the lake basins. Therefore, lakes showed different changing
trends in different regions over the Plateau as induced by various principal impact fac-
tors under different climate backgrounds, i.e., most lakes in the central and northern TP
expanded rapidly, whereas some lakes in the south shrunk since the 1990s [73]. For the
impact factors, Nam Co and Selin Co were often studied as examples of expanding lakes
through various hydrological models such as WEB-DHM, VIC, J2000, etc. All results
showed that the increases in rainfall runoff and glacier melt runoff were the main factors
for the expansion of the two lakes [22,23,26]. For the shrinking lakes, e.g., Paiku Co in the
southern TP, excessive evaporation was considered the primary influencing factor for the
shrinkage, but the increase in runoff into the lake reduced the lake’schange [22]. For the
fastest declining lake on the Tibetan Plateau, Li et al. [31] found that the main reason for
the change in Yamzho Yumco Lake was the combination of a decrease in precipitation and
an increase in temperature, which led to more water consumption through evaporation
than recharge by glacier melt runoff under a warming climate from 2004 to 2014 by using
the runoff coefficient method. Based on the simulation results of the J2000 model, we found
the decrease in rainfall runoff could also lead to the decrease in total runoff to the lake in
addition to the influences of changing glacier melt runoff and evaporation.

Beyond the TP, water levels of alpine lakes in the Brazilian Plateau, South African
Plateau and Central Siberian Plateaus have reported rising trends mainly driven by in-
creasing precipitation and surface runoff [74]. Two adjacent lakes in central Asia showed
changes as well. Lake Karakul showed rising water levels mainly due to increased glacier
melt runoff, whereas the other lake, Lake Chatyrkul, showed a decline caused by increased
evaporation under the same warming background [75]. Except for the natural factors,
human activity is usually another important impact factor that can influence the changes of
alpine lakes. For example, human activity contributed to more than half of the total decline
in lake levels for Lake Victoria in the East African Plateau during 2004-2005 [76], and it
was also the primary influencing factor for the rapid shrinkage of the Aral Sea in Central
Asia [77]. Previous studies have pointed out that the Yamzho Yumco Lake’s water level
had continued to rise from 1974 to 2005 due to increases in precipitation and surface runoff,
then declined from 2005 to 2016 due to the newly constructed hydropower station, and
then returned to rising again after the hydropower station shut down after 2017 [36,37,78].

4.3. Impact of Climate Change on Runoff

The Tibetan Plateau underwent significant warming over recent decades, with warming
magnitude gradually increasing from south to north [79,80]. Similarly, the precipitation
variation of the Tibetan Plateau also showed significant spatial differences, i.e., precipitation
decreased in the south but increased in the east and northwest [81,82]. However, this present
study found that both temperature and precipitation were increased in Yamzho Yumco Lake,
which is located in the southern Tibetan Plateau, a finding confirmed by previous local scale
studies [83,84]. This differently changing pattern might be caused by the influence of the
complex topography. A detrended analysis method was applied to identify temperature
and precipitation impacts on runoff and its components without considering the impacts of
their long-term trends.
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Figure 12 shows the timeseries of temperature and precipitation, which illustrated in-
terannual changes in the glacial and non-glacial regions, i.e., the Karuxung river catchment
and the Kadongjia river catchment. The total runoff, snowmelt, glacier melt, and rainfall
runoff in the Karuxung river catchment decreased by 8.6%, 3.4%, 12.1%, and 3.2%, respec-
tively, after removing the effect of the trend in precipitation. Under stable precipitation, the
increase in temperature resulted in an increase of meltwater, which offset the increase in
evaporation. Therefore, after removing the long-term trend in temperature, total runoff
and glacier melt runoff decreased by 6.0% and 14.5%, respectively, whereas snowmelt
runoff and rainfall runoff increased by 4.7% and 7.9%. A comparison of simulated runoff
with or without the consideration of precipitation and temperature trends showed that
precipitation had a greater impact on runoff than temperature, indicating that runoff was
more sensitive to precipitation in glacial regions.
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Figure 12. The response of total runoff and its component to climate variables for glacial and

non-glacial regions.

Total runoff, snowmelt, and rainfall runoff in the Kadongjia river catchment decreased
by 16.9%, 24.8%, and 25.1%, respectively, after removing the long-term trend in precipita-
tion, whereas they increased by 10.4%, 31.2%, and 11.3%, respectively, when removing the
long-term trend in temperature. The relative change in snowmelt with increasing tempera-
tures exceeds that of other runoff forms because of the smaller snowmelt runoff. Lower
temperatures can result in increased snow, which increases snowmelt runoff. Due to the
decrease in temperature, the evaporation effect was weakened, which led to the increase of
rainfall runoff. The increase in total runoff could be attributed to increases in precipitation
and temperature, with runoff more sensitive to precipitation in non-glacial regions.

In the glacial and non-glacial regions, the effect of precipitation on runoff behaves
consistently: under the same temperature conditions, although the magnitude of change
was different, increasing precipitation increased runoff, and decreasing precipitation de-
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creased runoff. However, there were differences between the temperature response of the
runoff in the glacial and non-glacial regions. Under the same precipitation conditions in
the glacial regions, higher temperatures increased melt runoff and total runoff; this was
also supported by studies in some glacier-dominated watersheds [85].

In the non-glacial regions, higher temperatures increased evaporation and decreased
total runoff, and this had a negative effect on the runoff; this was also supported by studies
in some watersheds with low percentages of glaciers [86,87]. Although the differences
between glacial and non-glacial runoff responses to climate change exist, surface runoff
into the lake was more sensitive to precipitation than to temperature in both glacial and
non-glacial regions.

5. Conclusions

The major findings include: (1) the precipitation obtained by the observation station
combined with reanalysis data could effectively reflect the spatial distribution of precipita-
tion in alpine lake basins and reduce the error of reanalysis data of 61.2%; (2) the average
annual runoff into the Yamzho Yumco Lake from 1974 to 2019 was 5.5 + 1.4 x 108 m3/10a,
with rainfall runoff, snowmelt, glacier melt, and baseflow contributing 54.6%, 1.8%, 10.9%,
and 32.7% to the annual total runoff, respectively; (3) runoff in summer, autumn, winter,
and spring accounted for 60.6%, 23.9%, 8.8%, and 6.7% of the annual runoff, respectively;
(4) surface runoff into the lake was more sensitive to precipitation than temperature in both
glacial and non-glacial regions. In glacial areas, the reduction in total runoff after removing
the precipitation trend was 1.4 times than that of temperature, and in non-glacial areas,
the reduction in total runoff after removing the precipitation trend was 1.6 times than the
increase in total runoff after removing the temperature trend.

Under the background of climate change, the rainfall runoff proportion to total runoff
increased at a rate of 1.0%/10a, whereas the melt runoff proportion decreased at a rate of
0.07%/10a, indicating the change in rainfall runoff was the main factor of the variation of
total runoff. As the basin becomes warmer and wetter, the lake level could be restored in the
future, excluding anthropogenic interference, under the current climate changing pattern.

Usually, accurate precipitation is difficult to obtain in remote alpine basins such as the
Tibetan Plateau. This study may provide a reference to hydrological study in these data-
scarce remote areas with an improved, more accurate precipitation dataset obtained through
combining a high-resolution reanalysis product and a short-term field observation. In this
research, on-site observations of precipitation and runoff greatly assisted in increasing the
accuracy of simulations of runoff and its components to further improve the understanding
of hydrological processes in data-scarce areas. More accurate precipitation and different
runoff components have been obtained in the Yamzho Yumco Lake basin; this will help
us further quantitatively reveal the changing mechanisms of an alpine lake which has
been the fastest-declining lake on the southern Tibetan Plateau and to know the key factor
that affected the lake’s water volume through the water balance method over the past
four decades. This future research will also provide a policy basis for local water resource
management, ecological sustainability, and quantitative analysis.
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