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Abstract: Rapid change of alpine lakes in the Tibetan Plateau (TP) is a clear manifestation of
regional-scale climate variability that can be investigated by quantifying the regional hydrological
cycle. The degree-day model (DDM) coupled with the Soil and Water Assessment Tool (SWAT) model
were used to quantify the water budget of the Nam Co Lake over the period of 2007 to 2013. Driven by
local observed meteorological data, the coupled model was successfully validated with the observed
lake levels (with R? = 0.65, NSE = 0.61, and PBIAS = —2.26). Analysis of the water balance revealed
that rapid enlargement of the Nam Co Lake was primarily associated with precipitation increase
while glacier melt played its role as the potential secondary driver in lake expansion. However,
temporal analysis of lake expansion displayed that supremacy of precipitation and glacier melt
interchanged between the years. It was found that average annual relative contributions of the
precipitation, including direct precipitation on the lake, and glacier melt to the lake were 57% (or
667 mm), and 43% (or 502 mm), respectively. Besides, it was observed that annual values of actual
evapotranspiration (ET) from the lake, glaciated, and non-glaciated subbasins were 615 mm, 280 mm,
and 234 mm respectively. The average annual glacier mass balance (GMB) of the Nam Co basin
was —150.9 millimeter water equivalent (mm w.e.). The relatively high amount of glacier melt was
a consequence of the substantial increase in annual temperature in the lake basin. This work is of
importance for understanding the rapid water cycle in the TP under global warming. Moreover,
this work will also be helpful in monitoring and sustaining the local ecosystem and infrastructure,
which is under risk due to rapid lake expansion as a result of climate change in the TP.

Keywords: SWAT model; degree-day model; water balance; glacier mass balance; Nam Co basin

1. Introduction

Mountains and highlands are ultra-sensitive to climate change and are regarded as the amplifiers
of regional and global climate change [1-3]. The Tibetan Plateau, the highest plateau on our planet with
an average elevation of over 4000 m, encompasses the largest number of lakes (among them 1055 lakes
have an area greater than 1 km?), accounting for 39% of lakes in China [4]. Lakes are vital resources of
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fresh water and are a sensitive indicator of local or regional climate change [5,6]. Climate change and
anthropogenic activities have profoundly affected the physical properties of Chinese Lakes over the
past few years [7]. Changes in the volumes of the lakes provide information about in situ variations in
the meteorological elements such as precipitation, temperature, humidity, and solar radiation, while
disturbance in the regional water resources provides an indication of climate change on a broader
scale [8-11]. Understanding how climate change influences the lakes in the Tibetan Plateau is vital for
sustainable management of regional water resources [12].

Several researchers have investigated the changes in the lakes situated in the TP, particularly Nam
Co Lake [12,13]. The previous investigation revealed that growth in the size of the Nam Co Lake is
associated with the increase in total precipitation, and runoff, particularly, contributing in the form of
glacier melt [12]. Furthermore, several investigations revealed that the expansion in the lake might
also be associated with the decrease in the evaporation along with precipitation increase in central
Tibet, in addition to the glacial meltwater contribution [14,15]. A study of the water balance in the TP
revealed that the increased precipitation and runoff, while decreasing evaporation, were the major
causes of the lake growth, including Nam Co Lake [16]. The main causes of expansion in the lake water
levels in the TP are not well understood yet, particularly the influences of uncertain regional behaviors
of precipitation, evaporation, and glacial melt contributions as a consequence of temperature rise in
lake expansions in the 2000s.

Previously, Zhu et al. [15] have quantified the long term water balance of the Nam Co Lake
using GIS technologies and statistical analysis in the absence of observed data; instead, they used
bathymetric data of the lake and 17 meteorological stations data in the proximity of the Nam Co Lake
Similarly, Liu et al. [17] investigated the long term growth of the Nam Co Lake using satellite imagery
and observed data of nearby station of the Nam Co basin. They used Lhasa River streamflows data,
which has no direct connection with the Nam Co Lake to study the hydrological response of the Nam Co
Lake. Zhou et al. [18] investigated the subsurface water seepage of the Nam Co Lake based on observed
lake levels and streamflow of three gauging stations of the Nam Co Lake. The lake water balance
analysis was performed for the year 2008 based on three streamflows gauging stations, and they did
not use the hydrological modeling or remote sensing techniques to study in depth lake water balance
analysis. Moreover, a degree-day model was coupled with the J2000 hydrological model to simulate the
water balance of the Nam Co Lake by Gao et al. [19]. The model was forced by the downscaled GCM
data without using observed data of stations located in the Nam Co basin. So the outcomes of their
study may be uncertain. Biskop et al. [20] studied the differences in water balance components of four
TP lakes, including Nam Co Lake by using modified J2000g model. The model was forced by High Asia
Refined analysis (HAR) data at 10 km resolution. They used satellite-derived lake-volume changes to
calibrate the model. They compared the observed lake levels with the simulated lake levels from 2006
to 2010 and found reasonable results. Several hydrological studies on the Nam Co basin were limited
to the subbasin scale—i.e., [19,21-25]—and they studied the hydrological characteristics and glacier
mass balance at a small scale (subbasin) with a short time period. Therefore, we conclude that most of
the past water balance studies on Nam Co Lake have deficiencies due to lack of long term observed
data and absence of hydrological modeling. Moreover, long term comprehensive investigations of the
Nam Co Lake water levels and water budget were also missing.

Our previous study, i.e., Adnan et al. [26], focused on the evaluation of the SWAT model coupled
with DDM [27,28] on gauged subbasins of the Nam Co basin. We successfully calibrated and validated
the coupled model on two gauged subbasins, i.e., Qugaqie (glaciated), and Niyaqu (non-glaciated)
located on the south and east side of the Nam Co Lake, respectively. The current study is the extension
of our past study [26]. The primary objective of our previous study was to get the calibrated parameters
for the two gauged subbasins of the Nam Co Lake which were chosen to represent the whole Nam Co
basin because the topographic and climatic features of these two subbasins are similar to whole Nam
Co basin. Calibrated parameters obtained from the gauged subbasins were upscaled to whole Nam
Co basin. Our previous study was a baseline and provided necessary inputs to conduct this study.
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The present work fulfilled the gaps of the previous studies and presented detailed water balance of the
Nam Co Lake by using a coupled hydrological model forced with long term observed data of the Nam
Co basin as compared to the previous studies. This study provides detailed long term spatiotemporal
changes in water budget, GMB, and relative input of streamflow to Nam Co Lake (using the coupled
model) at basin scale which was missing in the past studies. Furthermore, this study examined the
relatively long term variations in the hydrological regimes of the Nam Co Lake, which were missing in
the previous investigations. The DDM used is capable of distinguishing snow and ice on the surface
of the glacier, and it can also consider precipitation during the ablation period. The outcomes of this
study will be helpful to understand the main causes of lakes growth in the TP, and also to monitor its
future consequences in terms of lake outburst floods and deterioration of the local ecological system.

2. Materials and Methods

2.1. Study Area

Nam Co Lake, nested in the western part of the Nyaingentanglha Mountains, is the highest and
second largest lake in the TP.

The estimated surface and drainage areas of the lake are about 2000 km? and 11,000 km?,
respectively [29]. The western range of Nyaingentanglha lies in the center of the plateau and stretches
in the NE-SW direction (Figure 1). The average elevation of the western Nyaingentanglha range is
about 5500 m and maximum elevation in the range reaches about 7111 m [30]. The maximum depth of
the lake is about 100 m [31]. There are 224 glaciers in the Nam Co basin and the estimated area (in
this study) covered by these glaciers is about 137.2 km?. Due to the distinct physiographic conditions,
there is no influence of human activities on the Nam Co Lake and, therefore, changes in its water level
are a good indicator of regional climate change [12].
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Figure 1. Geographical map of the study area and automatic hydro-meteorological stations.
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The major tributaries contributing to the lake water are situated in the western and eastern
mountains while dominant glacier meltwater contribution is from the tributaries in the southern part
of the lake, i.e., from the Nyaingéntanglha Mountains. Geographically, Nam Co Lake is situated at the
interaction of two climatic systems, i.e., westerlies and Indian summer monsoon [32]. The average
annual precipitation over the Nam Co Lake basin is about 417 mm, and monsoon (June to September)
is the main rainy season. The amount of average annual precipitation (for the period of 2007 to 2013) at
the NAMOR (Nam Co Station for Multisphere Observation and Research), Zhadang, Baoji, and Deging
stations is 450 mm, 499 mm, 354 mm, and 365 mm, respectively. The estimated amounts of average
annual evaporations of the lake and the entire basin are about 790 mm 320 mm, respectively [33]. In the
Nam Co Basin, the average annual temperature (for the period of 2007 to 2013) is about -2 to 0 °C,
with a large diurnal and seasonal variability. The highest monthly temperature at the NAMOR station
is about 10 °C (in July) and the lowest around —12 °C (in January). Spatial variations of the annual
temperature and precipitation in the Nam Co basin are shown in Figure S1. Moreover, there are two
gauged subbasins located on south and east side of the Nam Co Lake basin (Figure 1). These two
subbasins have long term hydro-meteorological records and represent the topographic features of the
whole Nam Co basin as discussed in our previous study [26].

2.2. SWAT Model

The Soil and Water Assessment Tool (SWAT), a physically-based and semi-distributed hydrological
and water quality model, is capable of computing and routing runoff, sediments, and contaminants
from individual drainage units (sub-basins) in a river basin towards its outlet [34]. In Arc SWAT
model, a catchment is subdivided into different interconnected subbasins [35]. On the basis of soil
type, land use, and slope, each subbasin is further divided into different Hydrological Response Units
(HRUs). First, it computes the water level at the HRU scale which then integrates at the subbasin
scale [35]. Total water balance, computed by HRUs, is based on four water reservoirs: snow, soil,
deep aquifer, and shallow aquifer [36]. Hydrological processes simulated by the model include surface
flow, lateral flow, base flow, percolation, evapotranspiration, snowmelt, and so forth [37]. The outputs
of the SWAT model are assessable at HRUs and sub-catchments scales [38].

The SWAT uses the following equation to simulate the hydrological processes:

t
SWi = SWo + ) (Pi = Qs = En = Weeep = Q) M
i=1

where SW; (mm) denotes the final soil water content, SWy (mm) denotes the initial soil water content,
P; (mm) denotes the amount of precipitation, E;, (mm) denotes the amount of ET, Qs (mm) denotes the
amount of surface runoff, Wseep (mm) denotes the amount of water entering the vadose zone, Qg(mm)
denotes the amount of return flow, and ¢ (days) denotes the time duration

SWAT Snowmelt Algorithm

For its water budget, SWAT separates solid and liquid precipitation based on near-surface air
temperature. It compares the snowfall temperature parameter (SFTMP) with the mean daily air
temperature at the subbasin scale; if it is lower than SFTMP then the precipitation is considered as
snowfall. The considered snowfall is accumulated until snowmelt [36]. SWAT uses a temperature
index approach to estimate the snowmelt runoff generated by melting of snowpack [39,40]. The mass
balance equation for snowpack is

SNO;= SNO;—1 +Rduy = Esub = SNOpeit 2)

where SNO; is the water content of the snowpack on a given day i (mm H,O), SNO;_; is the water
content of the snowpack on a given day i (mm Hy0O), R4, is the amount of precipitation on a given day
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(added only if Type < Ts—r, where Ty, is the average daily temperature) (mm H,O), Eg, is the amount
of sublimation on a given day (mm HO), and SNO,,,.; is the amount of snowmelt on a given day (mm
H,0).

Snowmelt is mainly controlled by the air and snowpack temperature along with the daylight
hours. Water volume generated by snowmelt process over a sub-watershed also depends on the extent
of the snow cover. In SWAT, snowfall, snowpack, and snowmelt processes are always computed by the
model as soon as the temperature falls below the threshold of snowfall temperature [23].

2.3. Dataset

2.3.1. Hydro-Meteorological Data

In this study, the daily meteorological data of four automatic weather stations (AWSs) named Baoji,
Zhadang, NAMOR, and Deqing was used to run the SWAT model. Figure 1 showed the geographical
locations of considered AWSs. For the Nam Co Lake, the water level observations were not available for
the winter season. The available water level observations for the warm season (May to October) also
had some missing values. The daily observations of water levels of the Nam Co Lake for the warm
season with minimum missing values were available for the period of 2007 to 2013; therefore, the present
analysis was done for the same period. The daily streamflow observations of two hydrological stations
(Qugagie and Niyaqu, Figure 1) were used to calibrate the SWAT model. The datasets used in the present
study were acquired from the Third Pole Environment and the Institute of Tibetan Plateau, Chinese
Academy of Sciences (TPE, ITP CAS), Beijing (Table 1). Long term meteorological records at the NAMOR
were available since 2005. The driving data for the model include the daily maximum and minimum
temperature, solar radiation, relative humidity, wind speed, and precipitation.

Table 1. List of datasets used in this study.

Data Type Data Description Scale and Time Domain Data Source
ASTER-GDEM from
DEM Aster GDEM 90 X 90 m USGS website
DEM vertical standard ASTER-GDEM from
DEM deviation/Error 277.15m USGS website
Land use The China Archive 1 x 1 km (2005) IGSNRR’
http://www.igsnrr.ac.cn
Soil Harmonized World Soil 90 X 90 m http://webarchive.iiasa.ac.at

Database v 1.2

Meteorological Data

NAMOR, Zhadang,
Baoji, Deqing

Daily (2007-2015)

Third Pole Environment,
ITP, CAS

. Zhadang, Quqagqie, . Third Pole Environment,
Discharge Niyaqu Daily (2007-2014) ITP, CAS
. Third Pole Environment,
Lake Level Nam Co lake levels (m) Daily (2007-2013) ITP, CAS
. Nam Co basin China Second Glacier
Glacier glacier data 2014 Inventory (1.0)
Reanalysis Data Precipitation Daily (0.25°) TRMM_3B42RT
Temperature, relative
Reanalysis Data humidity, wind speed, Daily (0.125°) Era-Interim

solar radiation

The observed meteorological station’s data was available from 2007-2015 (e.g., NAMOR) (Table 1),
and other stations have missing records that were filled using linear regression analysis and reanalysis
data. Temperature data at the Zhadang station was estimated by using the observations at the NAMOR
AWS, linear regression was used for this purpose. The value of the coefficient of determination (R?)
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between NAMOR and reconstructed data at the Zhadang station was 0.96. Missing temperature data
at the other meteorological stations were filled by reanalysis data. The precipitation estimates from the
gauge adjusted Tropical Rainfall Measuring Mission (TRMM) satellite-based product (TRMM-3B42V?7)
were used to fill the missing values at the Zhadang, Baoji, and NAMOR stations. Before its application
in the SWAT model, the daily precipitation estimates from the TRMM-3B42V7 product were compared
with the gauge-based observations in the study domain. TRMM product showed acceptable results,
except for the Deqing. With reference to the gauge-based data, the bias (%) at the Baoji, Zhadang,
and NAMOR AWS were —3.77%, 5.47%, and 5.41%, respectively. The TRMM-based data showed
considerable overestimation (more than 10%) at the Deqing meteorological station, which was corrected
by a statistical relation presented by Sperna et al. [41] as given in Equation (3).

Pob
p corrected — p modpo Z (3)
Mo

where P, and P,,,; denote the mean observed and modeled precipitation, respectively, and P,y
represents daily modeled precipitation for the study period.

Missing data records of solar radiation, wind speed, and relative humidity were filled by using
Era-Interim reanalysis data. The reanalysis datasets with a resolution of 0.125° were acquired from
the website: (http://apps.ecmwf.int/datasets/data/interim-full-daily). Reanalysis data of temperature
was bias corrected before using for the present analysis. Bias correction was done by a statistical
relationship presented by Cheng and Steenberg [42] as given in Equation (4).

, ) GXTobs ,

Teorrected = (Tmod ~ LY nod oXT i + Tobs (4)
mo

where T yyrecteq denotes the corrected temperature, T,,s and T),,7 denotes observed and modeled daily
temperatures, respectively, T' , denotes the mean daily modeled temperature while T', -denotes the
mean daily observed temperature. The correlations between the observed (i.e., Nam Co) and reanalysis
data for the period of 2006 to 2015 were reasonable (i.e., NSE = 0.72 and 0.69; PBIAS = -9.7 and -13.1;
and R? = 0.81 and, 0.90 for the minimum and air maximum temperatures, respectively).

2.3.2. Land Use and Glacier Data

The land use data for 2005 with a spatial resolution of 1 X 1 km was downloaded from the
website, http://www.igsnrr.ac.cn. The major land-use classes identified for the Nam Co basin were
grassland (RNGE), pasture (PAST), southwestern range + bare rocks (SWRN), and inland water
(WATR). The areas of identified land-use classes were 41.95%, 31.31%, 6.05%, and 20.64%, respectively
(Figure 2a). While the area covered by the wetlands (WETL) was very small (only 0.03% of the total area
of the basin). In 2014, Cold and Arid Regions Science Data Centre released its second glacier inventory
data for China [43], which was used to identify the glaciers and their areas in the study domain.
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Figure 2. Maps of (a) land use, (b) soil type, and (c) slope of the Nam Co basin.
2.3.3. Soil Data

The soil data, with a spatial resolution of 90 m, was acquired from the website of Harmonized
World Soil Database V 1.2 (HWSD): http://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-
database. The soil map for the Nam Co basin was prepared from the downloaded HWSD-based maps.
The parameters obtained from the soil data that were directly used in the SWAT soil database include
bulk density, organic carbon, electrical conductivity, depth, and texture. Soil-plant-atmosphere-water
(SPAW) model was employed to estimate the remaining parameters, for instance, available water,
wilting point, saturated hydraulic conductivity, and field capacity on the basis of soil texture. The soil
data extracted for the Nam Co basin comprised of 10 soil types. The major classes of soil were Gelic
Leptosols, inland water and, Gelic Cambisols which account for 58.12%, 18.37%, and 11.94% of the
total area of the basin, respectively (Figure 2b). Due to the uneven topography, the study area was
classified into four SWAT slope classes i.e., 0-2%, >2-12%, >12-48%, and >48%. About 94.39% area of
the basin lies between slopes of 0-48%, while the only 5.61% area of Nam Co basin was greater than
the slope of 48% (Figure 2c).

2.4. Model Setup

The detailed description of SWAT model setup is provided in our previous study [26]. The input
data of the SWAT model, which include meteorological data, digital elevation model (DEM), land use,
and soil data, was prepared before model setup. In the Arc SWAT model, the Nam Co basin was
divided into 30 sub-catchments, based on the stream networks as shown in Figure S2. Figure S2 shows
the number assigned to each subbasin. The number of subbasins which contain glaciers is 12 while the
rest of 18 subbasins are non-glaciated. Furthermore, on the basis of topography, each sub-catchment
was divided into 10 elevation bands. Soil Conservation Service (SCS) curve number method [44]
was selected for computation of surface runoff volume in Arc SWAT, while evapotranspiration was
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computed by the Penman-Monteith technique [45,46]. The simulations of the SWAT model were done
both at daily and monthly time scales. Warm-up period for the model was selected from 2002 to 2006,
while the validation period for the model was 2007 to 2013 [26]. Due to data and model limitations,
SWAT model could not be directly calibrated and validated over the Nam Co basin. So, in the initial
phase, the SWAT model was calibrated on two gauged subbasins of the Nam Co Lake, i.e., Qugagqie
subbasin (glaciated) and Niyaqu subbasin (non-glaciated). Because these two subbasins are located
on the south and east sides of the Nam Co basin, respectively, and having nearly similar climatic
characteristics, so we supposed that the calibrated parameters of these subbasins were representative
of the whole Nam Co basin. Moreover, the topographic features-such as land use, soil, and slope—of
these two subbasins were similar to the Nam Co basin, which we studied in our previous work.
The purpose of calibration over two gauged subbasins was to achieve the calibrated parameters from
both the subbasins for future simulation of the coupled model over the whole Nam Co basin. Because
the Nam Co Lake basin has 12 glaciated, and 18 non-glaciated subbasins which were determined from
the analysis of glacier data obtained from China Second Glacier Inventory [43] in ARC SWAT model.
So the calibrated parameters obtained from the Niyaqu subbasin were assigned to the non-glaciated
subbasins, and the calibrated parameters obtained from the Qugaqie subbasin were assigned to the
glaciated subbasins of the Nam Co basin. After that, the coupled model was run over the whole
Nam Co basin and simulated outflows which were the sum of glaciated and non-glaciated subbasins
were validated with the observed lake levels from 2007-2013. Monthly observed lake levels used in
the analysis were obtained by adding up daily rise in lake levels separately for each month (from
May-October).

The sensitivity-uncertainty analysis was performed in our previous study [26]. About 22 sensitive
parameters were sorted out on the basis of sensitivity analysis and from the previous studies that were
conducted on the alpine catchments [47-50] to calibrate and validate the SWAT model on gauged
subbasins. Table 2 describes the sensitive parameters considered for the present analysis. The detailed
description of the calibrated parameters was explained in our previous study, i.e., [26].

Table 2. Parameters adjusted separately for glaciated and non-glaciated subbasins of the whole Nam

Co basin.
Parameter Descrintion Adjusted for Adjusted for
p Glaciated Subbasins Non-Glaciated Subbasins
v_CH_K2.rte Effective hydraulic conductivity 91.32 56.26
v ALPHA BNK.rte Baseflow alpha factor for 0.83 0.23
bank storage
r_SOL_BD.sol Moist bulk density (g/crn‘3) 0.08 0.13
r SOL_K.sol Saturated hydraulic conductivity 0.44 053
(mm/h)
r SOL_AWC.sol Soil available water capacity 011 019

(mm HpO/mm soil)

Minimum melt rate for snow
v_SMFMN.bsn during the year (occurs on winter 2.45 3.51
solstice) HyO/°C-day)

Maximum melt rate for snow
during the year (occurs on the

v_SMFMX.bsn . 7.41 8.23
summer solstice).
(mm H,O/°C-day)
v_TIMPbsn Snowpack temperature lag factor 0.299 0.52
v_TLPAS.sub Temperature lapse rate (°C/km) 5.7 -5.7
v_SMTMPbsn Snow melt base temperature (°C) -1.74 -1.46
v_SFTMPbsn Snowfall temperature (°C) -2.39 -3.1
v PLAPS.sub Precipitation lapse rate 105.4 105.4

(mm H,;O/km)
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Table 2. Cont.

Adjusted for Adjusted for

Parameter Description Glaciated Subbasins Non-Glaciated Subbasins

v_SNOCOVMX bsn Minimum snow watoer content that 302.81 348
corresponds to 100% snow cover

Snow water equivalent that

v_SNO50COV.bsn 5 0.59 0.8
corresponds to 50% snow cover.
v_ESCO.hru Soil evaporation 0.8 077
compensation factor

v_CH_N2.rte Manning’s roughness coefficient 0.14 0.035

v_GW_REVAPgw coefficient for grot'mdwater 017 0.14
re-evaporation

v_GW_DELAY.gw Groundwater delay (days) 108.36 151.76
v_ALPHA_BEgw Base flow alpha factor (days) 0.52 0.45

r CN2.mgt Initial SCS. runoff curve number 0.095 0.07
for moisture condition II

Threshold depth in shallow
aquifer for return flow (mm)

v_RCHRG_DP.gw Percolation from deep aquifer 0.28 0.15

v_GWQMN.gw 0.72 0.99

Note: where v denotes that the parameter value is replaced by a given value, while r denotes that the parameter
value is multiplied by (1 + a given value).

2.5. Degree-Day Model (DDM)

The SWAT model is incapable of dealing with glacier melt processes, but it uses a temperature
index approach to simulate snowmelt runoff [39]. To overcome this deficiency, a degree-day melt
model [27,28] was used in conjunction with the SWAT model for the estimation of glacier melt dynamics
and its proportional input in streamflow to the Nam Co Lake.

The degree-day model can differentiate between glacier surface snow and ice and separates
precipitation into rainfall, snowfall, and a mixture of snowfall and rainfall on the basis of threshold
values of mean air temperature. Snow and ice melt in the study area were computed separately using
different degree-day factors (DDF). DDF values used in the current study were taken from our previous
study [26]. Moreover, the model also deals with the snowfall during the ablation period and converts it
into snowmelt with snow DDF [26]. In DDM, each glacier was divided into maximum 10 elevation bands
with 100 meter band interval. Monthly (from January-December) temperature and precipitation lapse
rates (°C and mm/100 m, respectively) were calculated for DDM by using meteorological observations
at the NAMOR, Zhadang, and Baoji stations for the period of 20072015 (Table 3). DDM was used to
simulate snow and ice melt, and accumulation in each glacier band. Dual threshold method, presented
by Kang et al. [51], was used to distinguish solid and liquid precipitation in each glacier elevation band.
Equation (5) was used in the DDM for calculation of solid precipitation (mm/day)

p band Tband < Ty
_ Tpana—T,
p s,band — p band( T,[:;_TI;;X) T 2 Tbund 2 Tosmx (5)
0 Tband 2 Tmn

where Tp,,7 and Py,,y are the mean daily air temperature (°C) and precipitation (mm), respectively,
in the glacier elevation band. While T, (°C) is the minimum temperature at which rainfall can occur,
and Ty,y (°C) is the maximum temperature at which snowfall occurs in the glacier elevation band.
The liquid precipitation in the glacier band was calculated by the model using Equation (6), which is

Pl,bund = Pbund - Ps,band (6)
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The daily accumulated snow water equivalent Sy,,,; (1mm) on the glacier surface was calculated
by the model using Equation (7)

Sband(t) = Shand(t - At) + Ps,band (7)

where At is the time interval (At = 1 day). The temperature above which snow and ice start melting is
regarded as threshold temperature (T}), usually, it is selected as 0 °C [28].
The potential snowmelt in the glacier elevation band was calculated using Equation (8)

Mp,band(t) = Dsnow(Tband - Tt) + Ps,bzmd (8)

where Dg;o0 (mm °C™1 day‘l) denotes the degree-day factor for snow. In DDM, the variable Mp,b,md(t)
is compared with Sy;,4(t) which is the accumulated snow water equivalent. If Sy (t) > M, pana (t) then
only snow, that was accumulated in the specific time interval, will melt. If there is insufficient snow
then the remaining positive degree-days (PDDs) will be used for melting of ice in glacier elevation
band as shown in Equation (9).

Mp,band(t) b Sbund(t) = Mp,band(t) >0
Mband(t) = Sband(t) + [Mp,hand(t) - Sband(t)](DS;f;l]) 0< Sband(t)Mp,band(t)r )
Dice(Tband - Tt) Sband(t) =0

where Dj,, denotes degree-day factor for ice and My, (t) denotes the sum of snow and ice melt (mm)
in each glacier band.

The main degree-day equation used in the DDM for the calculation of total melt of snow/ice (mm)
for the glacier i is

ice

M. | DDFsuow X (1 Rexp X cosasp; band) X Thand  Tpang > 0.0 (10)
i,band 0 Tong < 0.0

where M, .4 is the total melt of snow/ice (mm) for glacier i in the band"" glacier band; DDF sow is
the degree-day factor for snow and ice (mm c! day_l), Rexp is the factor that measures the aspect
dependence of DDF snow o and cosasp; png is the main cosine of the surface aspect for glacier 7 in the glacier
band. The parameters used in DDM, which were selected from the past studies and observed data,
are given in Table 3.

Table 3. Parameters used in DDM for the Nam Co basin.

Model Parameters Description Unit Values Reference

DDFg00 Degree-day factor for snow mm °C~! day_1 5.06 [26]
DDF;, Degree-day factor for ice mm °C~! clay_l 10.30 [26]

Tmx Maximum temperature at which snow can fall °C 2.0 [26,28]

Tmn Minimum temperature at which rain can fall °C -2.0 [26,28]
F_ASP or Reyp Factor quantifying the aspect fraction 0.3 [28]
CWH Water holding capacity of snow fraction 0.1 [28]
CFRC Refreezing coefficient fraction 0.1 [28]
TT Threshold temperature °C 0.0 [28]

RATION_ICE DDF,../DDFgy00 fraction 2.04 Current study

RHO_ICE Ice density Kg/m3 920 [28]

RHOW Water density Kg/m?3 1000 [28]
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2.6. Equilibrium Line Altitude (ELA)

The ablation and accumulation zones of a glacier are separated by a line known as Equilibrium
Line Altitude (ELA). It is an average elevation where annual ablation and accumulation are equal
and mass balance is zero [52]. The ELA for Zhadang and all other glaciers in the Nam Co basin
was calculated using Area Elevation Band Ratio (AEBR) method. AEBR method, proposed by [53],
is widely applied for ELA calculation [54,55]. It takes into account both the glacier hypsometry [56] and
mass balance gradients [57] and this method is more robust compared to other methods. The ELA for
whole Nam Co basin and Zhadang glacier is shown in Figure S3a,b. The ELAs for the Zhadang glacier
and for all other glaciers in the Nam Co basin were 5721 m and 5855 m, respectively. The ablation
(accumulation) areas calculated for Zhadang and an average of all Nam Co basin glaciers were 1.12 km?
(0.92 km?) and 86.089 km? (60.38 km?), respectively.

2.7. Glacier Mass Balance (GMB)

Glacier mass balance (GMB) is the ratio of the difference between accumulation and ablation
and the total glacier area. The GMB is usually expressed in meter water equivalent (m w.e.). For the
calculation of GMB, the Zhadang glacier was divided into six elevation belts. Observed mean air
temperature and precipitation data were extrapolated in all elevation belts using temperature lapse
rate (TLAPS) and precipitation lapse rate (PLAPS).

The same procedure was adopted to calculate the GMB of Nam Co basin glaciers. For this purpose,
the glacier area was divided into 10 elevation belts (given in Table S1). GMB was calculated on annual
and elevation bases. The hydrological year for calculation of GMB starts from November and ends in
next October for each year. The GMB of Zhadang and Nam Co basin glaciers was calculated for the
period of 2007 to 2014.

2.8. Lake Water Balance

Lake water levels are dynamic and changes in water levels are controlled by the difference between
the input and output fluxes, which are mainly controlled by the local hydrological processes [58].
The lake water balance equation is given below

Qin - Qout = A% (11)

dt

where, Q;, is the sum of all input fluxes expressed in m3d~1 and Qyu is the sum of all output fluxes
expressed in m3d~!. A is the surface area (m?) of lake and % is the rate of change of lake water level
(h) which is expressed in (m d1). Lake surface area is dependent on lake levels, higher the lake
levels greater will be the surface area of the lake. As the Nam Co is a closed lake so its input fluxes
may include direct precipitation on the lake, groundwater inflow, snow drift, snowpack and glacier
melt, and perennial and intermittent streams. The output fluxes may include evaporation from the
lake, leakage from the bottom and the ground water outflow. Equation (11) was used to estimate the
temporal changes in the water balance during the summer season (May—October) from 2007-2013.

2.9. Evaluation of SWAT Model

The basin-wide performance of the SWAT model was assessed with reference to the observed Nam
Co Lake levels for the period of 2007 to 2013. Performance of the simulated streamflows was assessed
using Nash-Sutcliffe efficiency (NSE), Percent Bias (PBIAS) [59], and Coefficient of Determination
indices (R?). The equations of these metrics are

_ [Zi(Qohs,i - Qmean)(Qsim,i - Qmean)]z
Zi(Qobs,i - Qmezm)2 Zi(QSim,i - Qmean)z

R? (12)
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where Q denotes the discharge, R? denotes the coefficient of determination, and i stands for ith
simulated and measured data.

i)

NSE =1- 3
;‘1:1(Q?im _ Qmean)

(13)

(e - o)
Z?:l Q?bs
where Q?bs, Ql?im, and Q""" stand for observed flow, simulated flow, and mean daily flow, respectively,

while n represents the total number of the daily flow. NSE is a normalized statistic that defines the
relative magnitude of the residual variance compared to the measured data variance [60].

PBIAS = x 100 (14)

3. Results

3.1. Calibration and Validation of SWAT Model at the Gauged Subbasins

The SWAT model was successfully calibrated and validated on the Niyaqu and Qugagqie subbasins
at daily time scale (Figure S4). Statistical analysis showed that the SWAT model performed fairly
well at the Niyaqu stream gauging station with NSE 0.93 and 0.95 for calibration and validation
periods, respectively. The values of coefficient of determination (R?) for the calibration and validation
periods (0.81 and 0.82, respectively) advocated that the agreements between observed and simulated
streamflows for both periods were strong (Figure S4). The PBIAS values (i.e., 2.37% and —8.80% for
the calibration and validation periods, respectively) indicated that the model slightly overestimated
the flow during calibration and underestimated the flow during validation with reference to the
gauge-based observations.

Regardless of using snow related parameters as input during calibration and validation of SWAT
model on Qugagie subbasin, it still underestimated the simulated streamflows compared to the
observed streamflows in the Qugagqie subbasin due to the incapability of SWAT model to simulate
the glacier melt contribution (Figure S4). While the coupled model performed fairly well with NSE
0.82 for calibration and 0.83 for the validation period. The coefficient of determination (Rz) values i.e.,
0.87, and 0.84 for calibration and validation periods, respectively showed a strong correlation between
the observed and simulated outflow. Moreover, biases were largely reduced during calibration and
validation periods. The performance evaluation of the coupled model at gauged subbasins displayed
that the model can be further applied over the whole Nam Co Lake basin confidently by using the
calibrated parameters used at the subbasin scale.

3.2. Validation of the SWAT Model with Observed Lake Levels

The calibrated SWAT model at gauged subbasins was further applied over the whole Nam Co
Lake basin. The coupled model was successfully validated with the observed levels of the Nam Co
Lake from 2007 to 2013, as shown in Figure 3. Simulated lake levels were produced by coupling DDM
with the SWAT model, and the results showed that the model performed fairly well over Nam Co basin.
The R?, NSE, and correlation coefficient (CC) values were 0.65, 0.61, and 0.82, respectively. The PBIAS
value (2.26) advocated that the simulated lake levels were underestimated especially in 2008 at some
points compared to the observed lake levels, but overall performance was good. High precipitation and
low summer temperature, which may not be well captured by the DDM, were considered responsible
for underestimation of simulated lake levels in 2008 [61].
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Figure 3. Validation of SWAT model simulated lake levels with the observed levels of the Nam Co Lake.

Moreover, the high elevated glacier fed Lakes hydrology is very complex, and uncertainties could
produce in the outputs due to the processes of snow drifting by wind and orographic precipitation that
may further produce uncertainties in the model’s outputs.

3.3. Hydrology of the Nam Co Basin

The overall hydrology of the Nam Co basin can be visualized after simulation by running SWAT
Error Checker from 2007 to 2015, as shown in Figure S5. Figure S5 showed the basin-wide average
values of hydrology components of the Nam Co basin. It was found that the ratio of precipitation to
the total streamflow was 0.37, while baseflow to the total flow was 0.31. This showed that 69% runoff
flowing towards Nam Co Lake was surface runoff while 31% contribution was from baseflow. The ratio
of percolation to precipitation was 0.13 while deep recharge to precipitation was 0.02. However, the
ratio of ET to precipitation was 0.48, which showed that a significant amount of precipitation falling on
the Nam Co basin was lost in terms of ET.

3.4. Spatial Variations of Water Balance Components at the Subbasin Level

Figure 4 displays the variations in the annual water balance components. At the subbasin
scale, the annual precipitation (P) in the Nam Co basin varied from 392 to 701 mm. The amount of
precipitation falling on the lake area and glaciated subbasins was more than that on the non-glaciated
subbasins. The annual ET at subbasin scale varied from 110 to 615 mm, and likewise precipitation,
the value of ET was high on lake area as well as on the glaciated subbasins. The soil water (SW) varied
from 93 to 182 mm at subbasin scale with the lowest value in the west side of the Nam Co basin.
The reason behind the lowest SW in the west side of the basin was the low precipitation on that side
of the Nam Co basin, as shown in Figure 4. The subbasin scale annual surface runoff (Qs) varied
from 109 mm to 438 mm, and the highest amount of surface runoff was generated in the glaciated
subbasins located on the southern side of the Nam Co basin due to the combined contribution of
snow/ice melt and precipitation. The changes in the lake area also exhibited a high value of surface
runoff because almost all of the surface runoff flowed towards the Nam Co Lake. The annual values of
groundwater (Qgw) varied from 43 to 191 mm at subbasin scale in the Nam Co basin. The groundwater
values were high in the subbasins which were located in the southern and eastern sides of the lake,
while relatively lower values were found on the lake area and northern side of the Nam Co Lake basin.
The amount of water contributed to streamflow after losses from the tributary channels in the HRU is
called as water yield (WYLD). WYLD at the subbasin scale of the Nam Co basin varied from 191 to
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616 mm. Likewise precipitation, higher WYLD was found on the glaciated subbasins compared to the

non-glaciated subbasins.
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Figure 4. Spatial variations of the water balance components of the Nam Co basin at the subbasin scale.

3.5. Variations in the Water Balance of Nam Co Lake at a Temporal Scale

Figure 5a shows the summer (i.e., from May-October) water balance of the Nam Co Lake for the
period of 2007 to 2013. In May and October 2007, the water balance was negative, which indicated
water addition into the lake was lower than water loss from the lake. Conversely, water balance of
the Nam Co Lake was positive from June to September, which indicated water addition into the lake
was greater than that of water loss. The reason for the positive water balance from June to September
might be the increased precipitation and glacier melting and decreased evaporation. The negative
water balance might be associated with increased evaporation and decreased glacier melting and
precipitation. Overall, the highest positive water balance was observed in July 2011 due to high
monthly precipitation while the highest negative water balance was observed in October 2012 due to
low precipitation on the Nam Co Lake.
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Figure 5. (a) Monthly and (b) annual rate of change of the Nam Co Lake volume from 2007-2013.

The annual water balance of the Nam Co Lake from 2007 to 2013 is presented in Figure 5b. Overall,
the water balance of the Nam Co Lake was positive from 2007 to 2013, which indicated an increase in
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the Nam Co Lake levels and its area. The highest positive lake storage was observed in 2008, i.e., 1.55
km?3, while the lowest positive water storage was observed in 2009, i.e., 0.44 km3. The highest storage
in 2008 might be due to the high amount of precipitation that occurred during that period. The reason
for the lowest positive water balance in 2009 could be the low amount of precipitation, and high
value of summer temperature that was observed at the NAMOR station which in turn accelerated
evaporation from the Nam Co Lake.

3.6. Temporal Variations of Snow and Glacier Melt

The variations of snow and glacier melt (in mm) in the summer season, from 2007-2014, at different
elevations of the Nam Co basin glaciers are presented in Figure 6. High amount of snow melts at
the mid-elevation belt, i.e., F (elevation of 5884-5984 m), and the low amount of snow melts at high
elevation belt, i.e., ] (elevation of 6284-7019 m), in the Nam Co basin was found during the study
period, as presented in Figure 6a. The snowmelt gradually increased from the elevation belt A, and it
reached to its peak value at mid-elevation belt, i.e., F, and then gradually decreased and reached to its
lowest value at high elevation belt, i.e., ]. The temporal variations indicated that in May and October,
snowmelt was decreased from low to high elevation belts (i.e., A to ]J) while from June to September
snowmelt was increased in low to mid-elevation belts (i.e., from A to F), and then decreased from mid
to high elevation belts (i.e., from F to J). The high amount of glacier surface snow melts in July and
August at mid-elevation belts (i.e., F and ]J) as compared to remaining periods.
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Figure 6. Spatial and temporal variations in the (a) snowmelt and (b) glacier melt of the Nam Co basin
from 2007-2014.

Figure 6b displayed the temporal variations of glacier melt at different elevation belts of the
Nam Co basin. It was found that from May to October glacier melt decreased from low (elevation
of 5384-5484 m) to high (elevation of 6284-7019 m) elevation belts of the Nam Co basin due to high
temperature at low elevation. Overall, the highest amount of glacier melt was found in July and the
lowest was in May. The amount of ice melt at mid-altitude (i.e., 5884-5984 m) was less than that of
snowmelt, which was highest at mid-altitude. On the other hand, snow and ice melt was nearly zero
at the highest altitude zone, which is known as the accumulation zone.

3.7. Relative Contribution of Precipitation and Glacier Melt to Nam Co Lake

Figure 7 showed that the annual contributions of precipitation and glacier melt to the Nam Co
Lake fluctuated between 45 to 65% and 34 to 54%, respectively, for the period of 2007 to 2013. It was
observed that major contributor of streamflows to the Nam Co Lake was precipitation in 2008 to 2011
and 2013; while in 2007 and 2012 glacier melt contribution to the lake was found significant as compared
to precipitation. Overall, the average annual proportional contribution of precipitation and glacier melt
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to Nam Co Lake was 57% (or 667 mm), and 43% (or 502 mm), respectively. The results revealed that
precipitation was the main cause of the expansion of the Nam Co Lake, followed by glacier melt and
decreased lake evaporation. Further analysis unveiled that the mean total amount of water generated
during the summer season in the glaciated and non-glaciated subbasins flowing into the Nam Co
Lake was 74% and 26%, respectively. However, the number of glaciated and non-glaciated subbasins
in the Nam Co basin was 17 and 13, respectively. Therefore, due to the fact of a large number of
glaciated subbasins and combined input of glacier melt and precipitation from the glaciated subbasins,
the amount of water flowing into the Nam Co Lake was more than that of non-glaciated subbasins.

I Glacier melt
I Precipitation

100 —
%
80:
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60

Relative Contribution (%)

2007 2008 2009 2010 2011 2012 2013

Time

Figure 7. The relative contribution of precipitation and glacier melt to the Nam Co Lake.

3.8. Glacier Mass Balance (GMB)

3.8.1. Annual Glacier Mass Balance of the Zhadang Glacier

The comparison of the annual GMB of Zhadang glacier from 2007 to 2014, as presented in Table 4,
showed negative GMB of the basin with the lowest value in 2008 (i.e., —0.506 m w.e.) and highest
value in 2009 (i.e., —4.45 m w.e.). The high values of negative GMB in 2009 and 2012 were due to
high summer temperature which accelerated glacier melting during these years. The lowest values
of negative GMB in 2008 and 2011 were associated with the high summer precipitation and low air
temperature, which in turn decreased melting of Zhadang glacier.

Table 4. Simulated GMB of the Zhadang glacier and compared with others.

Year Zhadang Mass Balance (m w.e.) =~ Comparison with Other Studies
2007 -2.03 ~0.789 [61]

2008 -0.506 0.223 [61]

2009 —4.45

2010 —-2.826

2011 ~1.106 -0.98 [25]
2012 ~3.329 ~2.58 [25]
2013 —2.74 ~1.16 [25]
2014 -2.16 ~1.69 [25]
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3.8.2. Annual Glacier Mass Balance of the Nam Co Basin Glaciers

The annual GMB of the Nam Co basin glaciers for the period of 2007 to 2014 is presented in
Table 5. The negative values of annual GMB for the study period indicated that almost all of the
glaciers in the Nam Co basin were retreating and losing their mass due to an increase in annual
temperature. The lowest negative value (-0.072 m w.e.) of GMB was observed in 2008. The high
amount of precipitation before the melt season decreased the glacier melting process [61]. The negative
GMB in 2009 and 2014 were due to high summer temperature and low precipitation, which accelerated
the glacier melt in the Nam Co basin. Mean annual GMB from 2007 to 2014 of the Nam Co basin was
—-0.151 m wee..

Table 5. Mean annual GMB of the Nam Co basin.

Year Mean Annual GMB of the Nam Co basin (m w.e.)
2006/2007 —-0.069
2007/2008 —-0.032
2008/2009 —-0.104
2009/2010 —0.080
2010/2011 —0.050
2011/2012 —-0.102
2012/2013 -0.077
2013/2014 -0.159
Average -0.151

3.8.3. Elevation Wise Glacier Mass Balance of the Nam Co Basin Glaciers

The elevation wise GMB of the Nam Co basin glaciers for the period of 2007 to 2014 is displayed
in Table 6. The GMB values were negative in the elevation belts from A to G, with some positive values
in 2007, 2008, 2011, and 2013. For all time periods, the GMB was positive in elevation belt G to onward.
The positive value of GMB in elevation belt G showed that ELA was present at an elevation between
5984 to 6084 m. Temporal variations indicated lowest negative GMB (i.e., —2.55 m w.e.) in 2008 and the
highest (i.e., =5.90 m w.e.) in 2014 in elevation belt A, while the highest positive GMB was observed in
2007 (which was 0.65 m w.e.) in elevation belt J, as shown in Table 6.

Table 6. Elevation wise simulated GMB of the Nam Co basin.

EleY:aatri/o n A(5384 B(5484 C(5584 D(5684 E(5784 F(5884 G(5984 H(6084 1(6184  J(6284
Belts -5484) -5584) -5684) -5784) -5884) -5984) -—6084) -6184) —6284) -7019)
2006/2007 —4.04 -3.14 -2.29 -1.48 -0.77 -0.16 0.24 0.40 0.50 0.65

2007/2008 —2.55 -1.80 -1.14 —-0.58 -0.13 0.11 0.29 0.36 0.40 0.42
2008/2009 —4.40 -3.64 -291 -2.23 -1.56 -0.90 -0.40 0.00 0.31 0.54
2009/2010 -3.81 -3.04 -2.33 -1.74 -1.17 -0.63 -0.16 0.20 0.39 0.60
2010/2011 -3.43 —2.64 -1.89 -1.16 —-0.45 0.10 0.39 0.53 0.60 0.62
2011/2012 —4.54 -3.72 -2.94 -2.16 -1.43 -0.76 -0.20 0.15 0.31 0.39
2012/2013 -3.91 -3.19 —2.48 -1.77 -1.06 -0.44 0.09 0.36 0.50 0.58
2013/2014 -5.90 -4.99 —4.08 -3.20 -2.32 -1.49 —-0.85 -0.43 -0.17 0.27

4. Discussion

Our current study is the extension of our previous study, i.e., [26]. In our previous study, we did
the calibration, validation, and sensitivity-uncertainty analysis of the SWAT model at gauged subbasins
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named Niyaqu and Qugagqie subbasins. The SWAT model used in the current study was set up in our
previous study [26]. One of the purposes of the calibration of the SWAT model at gauged subbasins
was to obtain the calibrated parameters which represent glaciated and non-glaciated subbasins and
then to upscale it for the whole Nam Co basin. Because Nam Co basin hydrological regime does
not vary much spatially, so, we supposed that the two gauged subbasins located at the north and
south sides are representative of the whole Nam Co basin. Moreover, these two subbasins are not far
away from each other so it was observed a very slight difference in the range of calibrated parameters
between the two subbasins which further indicated that there is not so much diversity in the climatic
features of the Nam Co Lake basin. Due to limitations of the input hydrological data and SWAT-CUP
structure, calibrated parameters were obtained from the gauged subbasins and were directly used in
the coupled model for simulation of total streamflows flowing to Nam Co Lake and compared it with
the observed lake levels, so we called it a validation of the Nam Co Lake. Mainly, our current study
assessed the performance of the SWAT model in estimating the water balance of the Nam Co Lake.
The key objective of the current study was to assess the SWAT model performance over the whole
Nam Co Lake basin by validating it with the observed Nam Co Lake levels. A secondary objective was
to estimate and analyze the water balance of the Nam Co Lake. Moreover, the tertiary objective was to
estimate the GMB at small (single glacier), and large scale (whole Nam Co basin glaciers) of the Nam
Co basin. Most of the past studies carried out in the Nam Co basin to investigate the hydrological
characteristics and GMB analysis at subbasin scale, i.e., [19,22,23,25], while a few researchers examined
the hydrological characteristics at the basin scale [15,29]. However, their studies lead to uncertainties
because of using satellite and nearby meteorological stations data as forcing to estimate the water
balance of the Nam Co Lake.

To overcome the SWAT model incapability dealing with glaciers, DDM [27,28] was used in
conjunction with the SWAT model to simulate the total streamflows including snow/ice melt to Nam
Co Lake. The coupled model was applied over the whole Nam Co basin, and the resulted outflow was
validated with the observed levels of the Nam Co Lake. Coupled model performed better over the
whole Nam Co basin as compared to previous study Krause et al. [29] where the bias between the
observed and simulated lake levels was greater compared to our study. The annual spatial variations
of the water balance components at the subbasin scale of the Nam Co basin displayed that P, ET, Qs,
and WYLD values were high on lake area as well as in glaciated subbasins as compared to non-glaciated
subbasins. Besides, it was observed that most of the runoff generated from the south part of the
Nam Co basin which comprised of Nyaingéntanglha Mountains and our current study is associated
with the study of [32]. It was also explored that direct precipitation falling on the lake area was
high compared to land surface area and it had good relation with the study of [15], they also found
that amount of precipitation falling on the Nam Co lake was greater than that of land surface areas.
Besides, our current study had a good association with the study of [29] regarding spatial variations
of precipitation over the Nam Co basin. Moreover, it was observed that the value of annual lake
evaporation was 615 mm and it was nearly equal to the study of [29,62], they found it 635 mm and
520 mm, respectively. However, the annual values of ET in the glaciated and non-glaciated subbasins
were 280 mm and 234 mm respectively which has a good relationship with the study of [15], they
found that annual value of evaporation from the land surface of the Nam Co basin was 273 mm. In
comparison with other water balance components, SW and Qgw showed significant values in the east
and south side of the Nam Co basin and exhibited nearly the same variations pattern at subbasin scale.

Temporal water balance analysis unveiled that water balance of the Nam Co Lake was positive
from 2007 to 2013 which was an evidence of a continuous increase in lake levels, and its area
expansion [6,16,30,63]. It was observed that precipitation was responsible in large storage of the Nam
Co Lake in 2008, 2009, 2010, 2011, and 2013. However, it was perceived that Nam Co Lake storage was
less affected by the precipitation instead by the glacier melt as observed in 2007 and 2012. The present
study had good agreement with the study of [25]; they also demonstrated that in 2012 and 2014
streamflows were controlled by the glacier melt while in 2011 and 2013 by the precipitation in the
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Zhadang basin. Similarly, Biskop et al. [20] also observed that precipitation and associated runoff were
responsible for inter-annual lake levels variations. They also found that the water balance of the Nam
Co Lake remains positive under ice-free conditions. Moreover, we estimated that the average annual
relative contribution of precipitation and glacier melt to Nam Co Lake were 57% (or 667 mm) and
43% (or 502 mm), respectively. This outcome has a good relationship with the studies of [6,15,18,64]
they also found that precipitation contribution to Nam Co Lake was higher than that of glacier melt,
and both were responsible for the enlargement of the Nam Co Lake. Furthermore, the current study
has similar results with [20], they estimated that glacier melt contribution to the Nam Co Lake ranged
between 14 and 30% which is less than that of combined runoff of rainfall and snowmelt from the
glaciated part of the basin.

The further analysis exposed that the values of annual GMB of the Zhadang and the Nam Co basin
glaciers were negative from 2007 to 2014 which was an evidence of accelerated glacier melting in the
region and it is considered as a secondary driver of rapid lake area expansion. Zhadang GMB values
were compared with the study of Zhang et al. [25] from 2011 to 2014, and results were found quite
similar to their study. While the slight difference in GMB found might be due to using different analysis
techniques, e.g.,, DDM and energy balance model (EBM). The negative GMB values showed that the
entire glaciers in the Nam Co basin were retreating, and melting extensively. Moreover, it was observed
that between 1970 and 2007 the glacier area of the Nam Co basin decreased by 37.1 km?, and at the
same time area of Nam Co Lake increased by 72.6 km? [65]. Furthermore, elevation wise GMB of the
Nam Co basin was found negative from the elevation belt A(5384-5484 m) to G(5984-6084 m) after
that it was positive which in other term showed that ELA lies between 5984 to 6084 m of elevation.

5. Conclusions

It was very thought-provoking to estimate the long term water balance of the Nam Co Lake under
the context of climate change. Due to the lack of observed hydro-meteorological data and complex
terrain, it became more challenging for the hydrologist to estimate the water budget of the Nam Co
Lake accurately. There was previously very little research on the estimation of the water balance of the
Nam Co Lake using hydrological modeling due to limitations of observed data. The present study
used the subbasin based calibrated SWAT model forced by four observed meteorological stations data
to simulate the outflows of the Nam Co basin from 2007 to 2015. DDM was used in conjunction with
the SWAT model to estimate the glacier melt contribution to Nam Co Lake because of the inability of
the SWAT model dealing with glaciers dynamics. The present study more practically used the DDM
and divided the glacier into elevation belts based on temperature and precipitation lapse rates. Results
include the following;:

e  We conclude that upscaling of calibrated parameters from the subbasin scale to basin scale
produced reliable results and this technique could be used where there is a problem of input data
scarcity required to force the hydrological model. The limitation of this binary approach is that
the two basins or subbasins selected for upscaling should have similar topographic and climatic
features to achieve satisfactory results.

e  Water balance analysis unveiled that rapid and substantial growth of the Nam Co Lake was
associated with precipitation while glacier melt proved as a secondary driver for lake expansion.
However, the dominance of precipitation and glacier melt interchanged between the years.
Moreover, the average annual relative contributions of precipitation and glacier melt were 57% (or
667 mm), and 42% (or 502 mm), respectively.

e  Further analysis disclosed that the mean total summer amount of water generated in glaciated
and non-glaciated subbasins flowing into the Nam Co Lake was 74% and 26%, respectively.

e  Negative GMB of the Nam Co basin was found from 2007 to 2014 with an average annual value of
—-150.9 mm w.e. Negative GMB was evidence of accelerated glacier melting which had increased
substantially due to rise in average annual temperature of the Nam Co basin.
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e  All of the analyses showed that rapid lake growth, such as with Nam Co, is a proxy indicator of
climate change in the TP. The choice of DDM, along with the SWAT model in data scarce regions
could prove reasonable in terms of simulation, water balance, and GMB analyses.
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