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ABSTRACT
In this study, we established a hydrologic modeling framework over the Nam Co Lake basin by linking a
glacier-melt scheme with a physically based, distributed land surface hydrologic model, and a heat-balance
model was used for water surface evaporation. Hydrologic processes including evapotranspiration from land
regions, runoff from both glacierized and nonglacierized areas, and lake surface evaporation were continuously modeled for 1979–2013, and then lake level changes were reconstructed. Rainfall runoff, snowmelt
runoff, and glacier runoff contributed 59%, 28%, and 13% of total runoff, respectively. For the high-altitude
region, runoff was mostly generated from glaciers. The lake had a positive water budget in most of the years
with an average lake level depth of 128.8 mm, resulting in a total rise of approximately 4.5 m. Precipitation and
precipitation-induced runoff were the main water supplies and played a dominant role in lake growth.
Although the glacier runoff only contributed 13% of the total runoff, it played an important role in controlling
the water level. The rising temperature led to increasing evaporation in two ways: one was providing an
energy source for evaporation, and the second was extending the ice-free period. This mitigated the recent
expansion of the lake, but on the other hand, it led to increasing glacier runoff into the lake. Hence, the rising
temperature had two diametrically opposed effects on lake water balance.

1. Introduction
The Tibetan Plateau (TP) is called ‘‘the Third Pole’’
(Qiu 2008) and ‘‘the Asian water tower’’ (Immerzeel
et al. 2010). The large number and widely distributed
area of lakes is one of the TP’s prominent features (Ma
et al. 2011), and there are more than 1200 lakes with
areas over 1 km2, with a total area of approximately
47 000 km2 (Zhang et al. 2014a). Since the 1970s, most of
lakes have been expanding (Lei et al. 2013, 2014), except
for lakes located in the southern plateau (Ye et al. 2008;
Zhang et al. 2014b).
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Nam Co is a large endorheic lake in the central plateau. Since the 1970s, the lake area has expanded by
approximately 80 km2, the lake level has risen by 4.7 m,
and the lake water storage has increased by 9.3 Gt (Lei
et al. 2013). The lake responds sensitively to climate
change and influences significantly on climate change
(Dai et al. 2018). There are debates on the primary
factors causing the dramatic changes in Nam Co Lake in
recent decades. Liu et al. (2010) suggested that the Nam
Co Lake expansion was related to permafrost degradation and climate change. Zhu et al. (2010) concluded
that precipitation was the major water resource of Nam
Co Lake, while glaciers played an important role in the
lake enlargement. Study for the Nam Co Lake basin and
five other lake basins in the central TP for the period of
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1976–2010 suggested that the main causes of the lake
expansions were decreased lake evaporation, increased
precipitation, and runoff (Lei et al. 2013).
In the Nam Co Lake basin, there are no sufficient
observations for hydrologic processes, and hydrologic
simulations are required to estimate the water balance.
Gao et al. (2012) investigated the application of J2000
hydrologic model in the Qugaqie (a typical glacierized
catchment in the Nam Co basin). Their extended work
investigated glacier mass balance, runoff, and water
balance by integrating snow and glacier models into the
Jena Adaptable Modelling System (JAMS)/J2K hydrologic model during 2006–08 (Gao et al. 2015). In the
Qugaqie basin, the glacier meltwater contributed 41%–
58% to the total basin runoff, while in the Zhadang
subbasin it contributed 66%–78% (Gao et al. 2012,
2015). In the Qugaqie basin, Li et al. (2014) investigated
glacier mass balance and runoff with the GSSHA model
and a glacier-melt model during 2006–11. The glacial
runoff contributed 15% of the total runoff, while in the
upstream portion with large percentage of glacierized area,
the contribution increased to 46%. Zhang et al. (2016)
showed that glacier runoff contributed 64% of the total
basin discharge in the Zhadang subbasin during 2012–14
by coupling a glacier-melt model with the Distributed
Hydrology Soil Vegetation Model (DHSVM). Modeling
work from Krause et al. (2010) in the entire Nam Co basin
replaced the lake level changes for 2006–08 and showed
that glacier runoff seems to be the most important component for explaining the increasing amount of lake water
over the past 50 years. A 10-yr-long (2001–10) modeling
study in four lakes (including Nam Co Lake) in the
southern-central TP indicated that the glacier-melt contribution to the total basin runoff volume played a less
important role than precipitation-induced runoff in nonglacierized land areas (Biskop et al. 2016). In Nam Co
Lake, long-term (1980–2010) changes in the water budget
and lake level were simulated using a dynamic water balance model by Wu et al. (2014), and glacier melt, rainfall–
runoff, precipitation and evaporation on the lake, and lake
percolation contributed to 56.6%, 104.7%, 41.7%, 280.9%,
and 222.2%, respectively.
Climate changes greatly affect the hydrologic cycle
over the TP, and lakes are sensitive indicators of climate change in this region (Shi 1990; Lu et al. 2005). A
long-term comprehensive and systematic hydrologic
study for a lake basin is still lacking. The modeling
studies mentioned above in the Nam Co Lake basin
either focused on small typical glacierized basins (e.g.,
the Qugaqie basin and Zhadang subbasin) or used
conceptual models to investigate hydrologic processes
on the scale of the entire lake basin. Physically based, distributed hydrologic models allow for better understanding
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of the hydrologic processes in the watershed, for example,
spatial variations of runoff and evapotranspiration over
vast land regions. In this study, we established a hydrologic modeling framework over the Nam Co Lake basin
by linking a glacier-melt scheme with a physically based,
distributed land surface hydrologic model, and a heatbalance model was used for water surface evaporation.
Runoff from both the glacierized and nonglacierized
areas, evapotranspiration from the land areas, and evaporation on the lake surface were continuously modeled
during 1979–2013, and then the lake level changes were
reconstructed. This work aims to comprehensively investigate the hydrologic processes and water balance terms in
Nam Co Lake, and better understand the hydrologic response of closed lakes to climate changes in the TP.

2. Study region
Nam Co is located on the north foot of the Nyainq^
entanglha
Mountains, central TP, with a basin elevation between
4723 and 6744 m (Fig. 1). The lake had an area of
2021 km2 in 2010 (Lei et al. 2013) and is currently the
second largest inland lake after Siling Co Lake in Tibet.
The drainage area is approximately 10 610 km2, and the
replenishment coefficient is 5.53 (Wang et al. 2009). In
this basin, the land cover is composed of open shrubland
and grassland according to the Global Land Cover
Classification Database (Hansen et al. 2000). The soils
are clay and sandy (silty) soil below 20 cm, and meadow
soils up to a depth of 20 cm (Tian et al. 2009). The Indian
monsoon affects the Nam Co Lake basin from June to
September, and most of the annual precipitation falls
during this period. In contrast, the westerly controls the
basin during the dry season and lasts from November
to May (You et al. 2007; Chen et al. 2009). There are
68 subbasins (area over 5 km2) with runoff inflows into
the lake (Fig. 1). All land areas were divided into three
subregions (regions I, II, and III) for hydrologic model
calibration (Fig. 1). The three subregions have different
climatology and topography. The region I has lower elevation and higher temperature; region II consists of a
number of small catchments and glacier cover in the
mountain area; region III is located in the northeast and
has the highest precipitation. Each region has a stream
gauge station in the boundary.

3. Data and methodology
a. Data
We obtained the Shuttle Radar Topography Mission
(SRTM) data with a spatial resolution of 90 m (Jarvis
et al. 2008). The SRTM data were used to create digital
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FIG. 1. Location and topography of the Nam Co Lake basin and the distribution of hydrometeorological stations.

river networks and delineate basin boundaries by using
the Hydrology Tools in ArcGIS. Then, the 90-m grid cell
was upscaled to 1 km for the setup and running of the
hydrologic model.
Monthly streamflow data for the Angqu, Qugaqie,
and Niyaqu Rivers for 2006–08 were provided by the
Third Pole Environment Database. Landsat MSS
images were used to extract the glacier distribution.
The total glacier areas in 1976, 1988, and 2000 were
200.7, 195.4, and 182.6 km2 , respectively (Table 1).
The three extracted glacier distributions were used
as inputs of a glacier-melt scheme for glacier streamflow simulations for three periods: 1979–88, 1989–2000,
and 2001–13, respectively. The lake surface evaporation data for 2012–13 were from Lu et al. (2017) and
were obtained by using an eddy covariance (EC) instrument. The EC instrument was installed at the
eastern part of the lake (Fig. 1).
The ITPCAS forcing dataset (Yang and He 2018;
He et al. 2020), developed by the Institute of Tibetan

Plateau Research, Chinese Academy of Sciences, is
available from 1979 to 2015 with a spatiotemporal
resolution of 0.18 and 3 h. The ITPCAS dataset includes precipitation, temperature, wind speed, air
pressure, downward longwave/shortwave radiation,
and specific humidity. Chen et al. (2011) found that the
ITPCAS data are more accurate than the Global Land
Data Assimilation System (GLDAS) forcing data when
used to drive the revised Noah model. By comparison
with observations from the Global Energy and Water
Cycle Experiment Asian Monsoon Experiment–Tibet
Plateau Experiment (GAME-Tibet) and the Coordinated
Enhanced Observing Period Asian–Australian Monsoon
Project Experiments–Tibet (CAMP-Tibet) at point scales,
the ITPCAS estimates has superiority than other precipitation datasets in the TP (He 2010). The dataset has been
successfully used in the Siling Co Lake basin nearby (Tong
et al. 2016). In this study, the ITPCAS dataset for 1979–
2013 were used in the Nam Co Lake basin. To maintain
consistency with our hydrologic model setup over the

TABLE 1. Glacier area in the Nam Co Lake basin from Landsat for different periods.
Year

Landsat image

Glacier area (km2)

1976

LM02_L1TP_148039_19761217_01_T2
LM02_L1TP_149039_19761218_01_T2
LT05_L1TP_138039_19880601_01_T1
LT05_L1TP_139039_19880608_01_T1
LE07_L1TP_138039_20001117_01_T1
LE07_L1TP_139039_20001108_01_T1

200.7

1988
2000

195.4
182.6
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FIG. 2. Spatial distribution of the (a) mean annual precipitation (mm) and (b) temperature (8C) over the Nam Co
Lake basin during 1979–2013.

Nam Co Lake basin, the ITPCAS data were regridded to
1-km grids using the nearest neighbor approach.
Figure 2 shows the spatial distribution of the average
annual (1979–2013) precipitation and temperature from
the ITPCAS data over the Nam Co Lake basin. The annual precipitation exhibited a northwest to southeast gradient, ranging from 350 mm in the northwest to over
550 mm in the southeast (Fig. 2a). The spatial pattern of
temperature was consistent with that of the topography,
with the lowest temperature (approximately 278C) from
the mountain areas with the highest elevation and the
highest temperature (approximately 18C) from the center
with the lowest elevation (Fig. 2b).

b. Methodology
1) HYDROLOGIC MODEL AND PARAMETERS
The Variable Infiltration Capacity (VIC) model (Liang
et al. 1994, 1996) was used to simulate runoff and
evapotranspiration over the Nam Co Lake basin in this
study. It is a physically based, distributed hydrologic
model, and simulates the physical exchange of energy and
water among atmosphere, vegetation and soil over a grid
mesh and solves both water balances and surface energy
flux. The VIC model has capacity to simulate hydrology
in cold region due to a two-layer energy balance snow
model (Storck and Lettenmaier 1999; Cherkauer and
Lettenmaier 1999) and a frozen soil/permafrost algorithm
(Cherkauer and Lettenmaier 1999, 2003). Here, a modeling framework was setup at a resolution of 1 km 3 1 km
over the entire Nam Co Lake basin. The Harmonized
World Soil Database (FAO/IIASA/ISRIC/ISSCAS/JRC
2012) is constructed by FAO and IIASA and contains
over 16 000 different soil mapping units. Here, we
chose this dataset to extract the soil information. The
Global Land Cover product was constructed by the

University of Maryland (Hansen et al. 2000) using data
for 1992–93 from the Advanced Very High Resolution
Radiometer (AVHRR), which contains water and 13
land cover classifications. In this study, we used the
product with 1-km spatial resolution for vegetation
types in the VIC model. And the leaf area index (LAI)
derived from the global LAI database of Myneni et al.
(1997) was also employed for the hydrologic model. In
this study, a spinup has been done when running the
VIC model.
A simple degree-day glacier-melt algorithm (Hock 1999,
2003) was used to simulate runoff from glacierized areas in
this study. The degree-day model and the VIC model were
linked to simulate the hydrologic processes for both the
glacierized and nonglacierized areas in the basin. In a grid
cell, the total runoff from both the glacierized areas and
nonglacierized areas can be calculated as:
Ri 5 f 3 Mi 1 (1 2 f ) 3 Rvic ,

(1)

where f is the glacier area fraction in grid i; Mi and Rvic
are the meltwater from the glacierized areas and the
runoff from the nonglacierized area. A routing scheme
(Lohmann et al. 1996, 1998) was used to route the total
runoff Ri in each cell to basin outlets through a channel
network.
In the modeling work, model parameters need to be
determined: 1) degree-day factors for both ice (DDFice)
and snow (DDFsnow) and 2) parameters in the VIC model.
A degree-day factor value (DDFsnow of 5.3 mm 8C21 day21
and DDFice of 9.2 mm 8C21 day21, Table 2) based on Wu
et al. (2010) in the Zhadang Glacier (Fig. 1) were used
for the entire basin. For the VIC model, the parameters
most often calibrated include the infiltration parameter
(binfilt), the depth of the first and second soil layers
(d1, d2), and the base flow parameters (Ws, Ds, Dsmax).
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TABLE 2. Degree-day factors used in the degree-day model and parameters used in the VIC model for the Nam Co Lake basin.
DDFice (mm 8C21 day21)
DDFsnow (mm 8C21 day21)

Degree-day model
9.2
5.3
VIC model

Parameter

Physical meaning

Region I

Region II

Region III

binfilt
Ds

Variable infiltration curve parameter
Fraction of Dsmax where nonlinear
base flow begins
Fraction of maximum soil moisture where
nonlinear base flow occurs
Maximum velocity of base flow
Thickness of the first soil moisture
layer (m)
Thickness of the second soil moisture
layer (m)

0.01
0.05

0.01
0.02

0.01
0.1

Dsmax
Ws
d1
d2

The monthly streamflow data at the outlets of the
Angqu, Qugaqie and Niyaqu (Fig. 1) for 2006–08 were
collected for the VIC model calibration (not shown).
Table 2 shows the final model parameters over the
Nam Co Lake basin. A long-term runoff inflow to
Nam Co Lake was simulated with the calibrated
model for the period of 1979–2013. In the future, more
observed streamflow data could be collected, which
would help to improve the representation of the
model parameters.

2) LAKE SURFACE EVAPORATION MODEL
As Nam Co is a closed lake with no outflow, lake
surface evaporation is the only way that water may
leave. In this study, we adapted a one-layer water model
based on heat balance equations (Kondo and Kuwagata
1992; Xu et al. 2009) to estimate the evaporation.
The heat balance equation is written as
R

Y

2 G0 5 «sTw4

1 H 1 lE,

10

10

0.9
0.1

0.9
0.1

0.9
0.1

2.5

2.5

2.0

speed, relative humidity, and air pressure for 1979–2013
were used for the lake evaporation calculations. We also
collected meteorological data for 2006–08 from the
Nam Co station (Fig. 1), which is located near the lake.
The data from the Dangxiong station were adjusted
based on the meteorological data from the Nam Co
station. The temporal variations patterns of the two
datasets presented great similarity with high correlation coefficients (0.972, 0.585, 0.838, and 0.962 for air
temperature, wind speed, relative humidity, and air
pressure, respectively), and several linear correction
functions were used to correct the data of the Dangxiong
station and as follows:
air temperature: Tcor 5 TDangxiong 2 3:51,
wind speed: WScor 5 WSDangxiong 3 1:62,
relative humidity: RHcor 5 RHDangxiong 3 1:12,

(2)

where RY is the input radiation flux, G0 is the heat flux of
conduction to the water, and Tw is the calculated water (or
ice) temperature, E is the evaporation of the lake surface, lE
and H are the latent and sensible heat fluxes, respectively.
As located in a high altitude (.4700 m) with a cold
climate condition, Nam Co freezes during the cold season. Ke et al. (2013) analyzed ice phenology of Nam Co
Lake based on remote sensing data, and we adopted the
results of frozen period (Fig. 13a). During the frozen
lake period, we used a simple method (Kojima 1979) for
estimating the sublimation.
The Dangxiong station is the nearest national meteorological station for Nam Co Lake (approximately
30-km distance, Fig. 1), and the meteorological data
including daily air temperature, sunshine duration, wind

10

(3)
(4)
and
(5)

air pressure: APcor 5 APDangxiong 3 0:95,

(6)

where Tcor, WScor, RHcor, and APcor are corrected air
temperature, wind speed, relative humidity, and air
pressure, respectively. And the sunshine duration data
were adopted from the Dangxiong station without adjustment due to almost the same latitudes.
The daily observed lake surface evaporation data
(Fig. 1) for August–November 2012 and June–November
2013 adopted from Lu et al. (2017) were used for model
calibration. Compared to the observed evaporation, the
simulation got a moderate performance at daily time
scales with an overall relative bias (Rbias) of 21%, a Nash–
Sutcliffe efficiency coefficient (NSE) of 0.201, a correlation coefficient (r) of 0.641, and a root-mean-square
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FIG. 3. Evapotranspiration over the Nam Co Lake basin during 1979–2013: (a) spatial distribution of the mean annual evapotranspiration (mm yr21), (b) seasonal cycle of basin-averaged
evapotranspiration, and (c) annual time series of basin-averaged evapotranspiration.

error (RMSE) of 0.923. The evaporation on the lake
surface was continuously modeled during 1979–2013 by
the one-layer water model.

3) LAKE WATER BALANCE COMPUTATION
In a closed lake, the water balance can be mathematically expressed as
DV 5 Plake 2 Elake 1 Rland ,

(7)

where DV is the change in the lake storage; Plake and
Elake are precipitation and evaporation; and Rland is
runoff inflows to the lake. Conversion of lake volumes
to lake level changes is based on the equation
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
DV 5 3 (S1 1 S2 1 S1 3 S2 ) 3 h ,
3

(8)

where S1 and S2 are lake areas at two stages, respectively;
and h is the lake level change. The lake area data were

adopted from Lei et al. (2013), and a linear interpolation
was used to get continues annual lake area time series.
Then the interpolated annual lake area data were used in
Eq. (8) to convert lake volumes to lake level changes.

4. Results
a. Spatial pattern of evapotranspiration and runoff
In this section, we analyzed the spatial pattern of
evapotranspiration and runoff in the Nam Co Lake basin. Figure 3 shows the evapotranspiration over the land
regions of the basin from the calibrated VIC model
during 1979–2013. The mean annual evapotranspiration
ranged from 75 to 425 mm, with the lowest appearing in
the southeastern high mountain regions and the largest
appearing in the center (Fig. 3a), generally consistent
with the spatial distribution of temperature within the
basin (Fig. 2b). The seasonal cycle and annual time
series of the basin-averaged evapotranspiration were
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basin was the main runoff-producing area, where annual
runoff ranged from 300 to 600 mm, while annual runoff
was less than 50 mm in the northwestern basin. The
highest runoff in the southeastern high mountain region
was due to plentiful precipitation (Fig. 2a) and less
evapotranspiration (Fig. 3a). Moreover, glaciers in the
mountains generated meltwater in the warm season
(Fig. 7). The land regions of the basin had a mean annual
runoff of 107.6 mm during 1979–2013.

b. Snow cover extent

FIG. 4. Spatial distribution of the mean annual runoff (mm yr21)
over the Nam Co Lake basin during 1979–2013.

also included in the figure (Figs. 3b,c). Approximately
80% of the mean annual evapotranspiration occurred
in summer months, with the peak occurring in July.
Less than 10% of the annual total evapotranspiration
occurred in the winter. The annual basin-averaged
evapotranspiration showed a dynamic increasing trend
consistent with rapid warming (Fig. 3c). The land regions of the basin had a mean annual evapotranspiration
of 313.5 mm during 1979–2013.
Figure 4 shows the simulated runoff over the land
regions of the Nam Co Lake basin during 1979–2013.
The mean annual runoff exhibited substantial spatial
heterogeneity. The mountain region in the southeastern

Besides glacier distribution, TP is covered by amounts
of snow. TP snow cover has impact on East Asian atmospheric circulation at medium-range time scales (Li
et al. 2018). In the TP, snowmelt runoff plays an important role in the total runoff (Zhang et al. 2013). The
simulated snow cover extent in the Nam Co basin was
compared with estimates from the Moderate-Resolution
Imaging Spectroradiometer (MODIS) data. The MOD10C2
data with a resolution of 0.058 and 8 days for 2001–13
from the National Snow and Ice Data Center of the
NASA were employed. Figure 5 (left panel) shows the
spatial fields of the monthly mean Snow Cover Fraction
(SCF, %) from MODIS during 2001–13. High SCF
concentrated on the southeastern high mountain areas.
In contrast, the center of the basin with the lowest elevation had relatively less snow cover. The simulated
SCF (Fig. 5, right panel) showed consistent spatial variations with the MODIS data; however, there were some
obvious differences between the model simulated and

FIG. 5. Monthly mean snow cover fraction (SCF; %) from (left) MODIS and (right) the VIC model during 2001–13.
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FIG. 6. (a) Monthly mean and (b) annual time series snow cover
fraction (SCF; %) from MODIS and the VIC model during
2001–13.

the remote sensing estimate during the warm season in
the high mountain areas. There was almost no snow
cover in the model simulated during the warm season
(Fig. 5, left, and Fig. 6a). However, MODIS showed
some snow cover in the high mountain areas; this might
be due to the mismeasurement of ice cover in the high
mountain areas by MODIS. Contrast to warm season,
the modeled SCF was much larger than MODIS SCF in
winter season (November to February). For the annual
time series of the SCF (Fig. 6b), the model simulations
and MODIS showed consistent variations before 2005,
then differed after that. The VIC model setup in this
study had a spatial resolution of 1 km and was run at a
3-h time step, while MODIS had a coarser resolution
of 0.058 and 8 days, which might also bring bias.

c. Runoff components
Figure 7 shows the seasonal distribution of each runoff
component and total runoff from simulation during
1979–2013. Due to the monsoon water vapor transport,
approximately 83% of the mean annual precipitation
fell in summer, while less than 5% occurred in winter.
The rainfall runoff and snowmelt runoff contributed
59% and 28% of the total runoff (9.42 3 108 m3 yr21),
respectively. The glacier runoff mostly occurred in
summer, with the peak occurring in July. The glacier
runoff only contributed 13% of the total runoff (Fig. 7).
Figure 8 shows the percentage of three runoff components and the total runoff at altitude bands. For the
four bands (,5000, 5000–5500, 5500–6000, .6000 m),
the total runoff values were 62.0, 113.5, 351.8 and
364.1 mm, respectively. In the region with altitudes less

VOLUME 21

FIG. 7. Simulated seasonal distribution of total runoff, rainfall
runoff, snowmelt runoff, and glacier runoff inflow to Nam Co Lake
during 1979–2013. The seasonal cycles of basin-averaged (land
area) precipitation and temperature are also included.

than 5000 m covering 44.7% of the basin area, rainfall
runoff and snowmelt runoff contributed 68.3% and
31.7%, respectively, to the total runoff. The 5000–5500-m
band had the largest area percent (47.1%) among the
four bands. In this band, rainfall and snowmelt runoff
accounted for 64.2% and 34.4%, respectively, while
glacier runoff only accounted for 1.4%. The 5500–6000-m
band accounted for only 7.9% of the total basin area,
and glacier runoff (43.7%) was greater than both
rainfall runoff (42.3%) and snowmelt runoff (14.0%).
For the region with altitudes . 6000 m, 81.5% of the
total runoff was from glaciers, and snowmelt and
rainfall runoff together accounting for only 18.5%. The
results suggested that rainfall runoff was the main
water source in the basin, while for the high-altitude
region (5500–6000, .6000 m), runoff was mostly generated from glaciers.
Figure 9 shows annual time series of runoff during
1979–2013. The annual total runoff had an increasing
trend during 1979–2004, while the trend reversed
after 2005, accompanied by the variation pattern of
basin-average (land area) precipitation. The mean
annual total runoff was 9.42 3 10 8 m 3 during 1979–
2013. The variation pattern of the rainfall runoff was
fairly similar to that of the total runoff, with a mean
annual of 5.65 3 10 8 m 3. According to the degree-day
glacier-melt algorithm, once the degree-day factors
(DDFs) are fixed, the variation of glacier runoff is
highly associated with that of temperatures in the
melt season. The amount of glacier runoff inflow
(1.22 3 10 8 m 3 yr 21 ) was much less than the rainfall
runoff inflows, and it exhibited an increasing trend of
5.08 3 10 6 m3 yr 21 (P , 0.01) throughout the study
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FIG. 8. Percentage of three runoff components (rainfall, glacier,
and snowmelt runoff) at four elevation bands with altitudes ,5000,
5000–5500, 5500–6000, and .6000 m.

period, along with the rising temperatures. In contrast
to glacier runoff, snowmelt runoff showed a decreasing
trend of 23.06 3 106 m3 yr21 (P , 0.05).

d. Lake water balance and level reconstruction
Figure 10 shows the annual time series of the lake
water balance during 1979–2013, including evaporation
and precipitation on the lake surface, total runoff inflow,
and net budgets. The annual precipitation had a mean
value of 410.5 mm with no significant increasing trend
during 1979–2013. The total runoff [transformed to
depth according to Eq. (8)] had an increasing trend
during 1979–2004, while it showed a decreasing trend
after 2004. The calculated mean annual evaporation was
758.3 mm for the entire study period of 1979–2013. The
lake had a positive water budget in most of the years
(Fig. 10). The overall pattern of the water budgets was
similar to that of runoff inflow, and the good correspondence suggested that runoff inflow played an important role in lake growth.
After accumulating the net water budget year by year,
the variation in the lake levels can be obtained during
1979–2013, as shown in Fig. 11. We used two lake level
change data: data from Lei et al. (2013) covered the
whole study period, and data from the Hydroweb (http://
hydroweb.theia-land.fr/hydroweb/) provided much higher
density data with a shorter period of 1995–2013. The
calculated changes in the lake level generally followed
those of the observations. In the simulation, the lake
level rose by 4.5 m during 1979–2013, which was comparable to the result (4.7 m for 1970–2010) of Lei et al.
(2013). There existed slight difference between the
simulation and the Hydroweb observations. According
to our calculation, the lake level rose by 2.75 m, while
3.96 m (from 4721.62 to 4724.58 m) by satellite-based
observation (Fig. 11). The lake level did not show a
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linear increasing trend for the entire period of 1979–2013
and even slightly declined after 2004 (Fig. 11). The decrease in lake expansion after 2004 is mainly due to
runoff decrease, which is mainly a result of precipitation
decrease. The consistency between the simulated and
observed lake level changes can be an implication of a
well-constrained model performance.
A hypothetical ice-free scenario in the lake basin was
evaluated. The hypothetical ice-free scenario means the
glacier area fraction f is 0, and Eq. (1) will change to be
Ri 5 Rvic. In this case, the total runoff inflow to the lake
[Rland in Eq. (7)] is entirely from the VIC model consisting of rainfall and snowmelt runoff. In Fig. 11, the
simulated lake level change without glacier runoff (red
line with hollow circle) was obtained by accumulating
the yearly net water budget with Eq. (7). Before 2005,
the lake level dramatically rose by 3.5 m. While after
that, the simulated lake level would not rise but showed
an obvious descend trend. To investigate impact of
glacier runoff to lake level change, we convert glacier
runoff inflow to lake level changes based on Eq. (8). The
annual lake level changes induced by glacier runoff inflow range from 14 to 163 mm, and the accumulated lake
level changes could reach to 2155 mm in 2013 relative to
the 1979. Although the glacier runoff only contributed
13% of the total runoff, it played an important role in
controlling the water level.

5. Discussion
There are approximately 46 300 glaciers in the TP
and surrounding regions, with a total area of approximately 59 400 km2 and volume of approximately
5600 km3 (Shi 2005). Under climatic warming, most of
these glaciers are shrinking, with obvious implications for rivers and lakes (Shi 2001; Yao et al. 2004,
2007, 2010). Studies on some typical glacier-fed lakes
inferred that the lake expansions were caused by an
increase in the glacial meltwater induced by rising
temperatures (Lei et al. 2012; Meng et al. 2012; Liao
et al. 2013).
Studies have indicated that glaciers in the Nyainq^
entanglha
Range shrank in past decades under climatic warming
(Kang et al. 2007; Bolch et al. 2010; Yao et al. 2012).
Nam Co is a glacier-fed lake located in the north foot of
the Nyainq^
entanglha Range, and its water storage has
increased since the 1970s (Lei et al. 2013). There are
debates on the primary factors causing the dramatic
changes in Nam Co Lake in recent decades (Zhu et al.
2010; Lei et al. 2013). Song et al. (2015) noted that
whether glacier melt is the main factor for dramatic
lake changes depends on the ratio of the meltwater to
the total water supply. In this study, we simulated
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FIG. 9. Annual time series of simulated total runoff, rainfall runoff, snowmelt runoff, and
glacier runoff inflows to Nam Co Lake during 1979–2013. The annual time series of basinaveraged (land area) precipitation are also included.

runoff from glacierized areas in the catchment. The
glacier runoff showed a significant increasing trend
under climatic warming, but the amount was small and
contributed only 13% of the total runoff inflows to
Nam Co Lake during 1979–2013 (Figs. 7 and 9).
According to a recent study by Gao et al. (2015),
glacial-melt runoff contributed almost half of the total
runoff in the Qugaqie basin in 2006–08, which is a
typical glacierized subbasin in the Nam Co watershed
with 8.4% glacierized coverage. Compared to the
Qugaqie basin, the entire Nam Co Lake basin has less
glacierized coverage (less than 2%). Therefore, the
contribution of glacier runoff in the entire Nam Co
Lake basin was much smaller than that in the Qugaqie
basin. Study conducted by Biskop et al. (2016) in the
entire Nam Co basin showed that the contribution of
glacier runoff to total basin runoff volume was 19%
during 2001–10, which was larger than our results of
13% for the period of 1979–2013. For a comparison,
we calculated the glacier runoff contribution for 2001–10

and got a value of 18.4%, which was close to 19% in
Biskop et al. (2016), suggesting that the contribution of
glacier runoff to total basin flows is increasing with the
warmer climate in the 2000s.
In this study, we simulated each water component of
the lake and reconstructed the lake level changes from
1979 to 2013. The annual time series of the simulated
glacier runoff inflows showed a substantial increasing
trend (5.08 3 106 m3 yr21) with rising temperatures
(Fig. 9). According to our modeling, the lake level
rose by 4.5 m, although it did not show a linear increasing trend for the entire period of 1979–2013; it
even slightly declined after 2005 (Fig. 11). The lake
level change was not consistent with the temporal
variation of the glacier runoff inflows. Song et al.
(2015) compared the time series of Nam Co Lake
water level variations during the premonsoon to autumn with the mass balance of Zhadang Glacier during 2003–11 and found that the two showed inverse
relationships. Glacier water might not be the driving
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FIG. 10. Time series of each water balance component for Nam Co Lake during 1979–2013.
Total runoff inflow has been transformed to depth (mm) on the lake surface.

force of the dramatic changes in Nam Co Lake in recent decades.
According to modeling, from 1979 to 2013, the mean
annual total runoff, precipitation and evaporation
were 476.6, 410.5, and 758.3 mm, respectively. The
lake had a positive net water budget in most of the
years, with an average lake level depth of 128.8 mm
during 1979–2013, resulting in a total rise of approximately 4.5 m. Precipitation-induced runoff (rainfall
runoff and snowmelt runoff) contributed 87% of the
total runoff; therefore, precipitation and precipitationinduced runoff were the main water supplies for Nam Co
lake and played a dominant role in the lake growth.
Figure 12 shows the time series of lake evaporation
on Nam Co from different studies and models. Wu et al.
(2014) used the Penman–Monteith model to calculated
lake evaporation, which has been adjusted according to
pan observation. Ma et al. (2016) employed the CRLE
model, and the simulated evaporation values overall
compare well with those of Wu et al. (2014) (Fig. 11).
The two means were 632.3 and 655.5 mm for 1980–
2010, respectively. By using the Flake model, Lazhu
et al. (2016) got a mean annual evaporation of 832 6
69 mm for 1980–2014, and this value was much larger
than that of Wu et al. (2014) and Ma et al. (2016). In this
study, a one-layer water model was applied, and the
calculated mean annual evaporation was 758.3 mm for
1979–2013, which was slight less than the result from

Lazhu et al. (2016) for 1980–2014. The temporal variability of evaporation from this study showed similar
pattern with Lazhu et al. (2016), displaying an overall
increasing trend.
As located in a high altitude (.4700 m) with a cold
climate condition, Nam Co freezes during the cold season, and evaporation takes place in the form of sublimation. According to Ke et al. (2013), frozen period
was sustained shortening for recent decades due to
climate warming (Fig. 13a). On the contrary, ice-free
period was extending, and it would help to evaporation.
Along with rising temperature, the annual evaporation
showed an increasing trend of 2.6 mm yr21 while the
frozen duration showed a decreasing trend of 20.6 days yr21
(Fig. 13a). The correlation coefficients between each
other were 20.608, 0.701, and 20.528, respectively
(Figs. 13b,c,d). The rising temperature led to increasing
evaporation in two ways, one was providing an energy
source for evaporation, and the second was extending
the ice-free period. The increasing evaporation has a
negative effect on the lake water storage. And this had
mitigated the recent expansion of the lake. On the other
hand, the rising temperature led to increasing glacier
runoff into the lake. Hence, the rising temperature had
two diametrically opposed effects of lake water balance.
Some factors may lead to uncertainties in lake water
balance studies in the TP, such as the forcing data and
the model, as well as other processes. As at high
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FIG. 11. Observed and simulated water level changes for Nam Co Lake during 1979–2013.

altitudes, the TP is covered by amounts of snow especially in the cold season (Li et al. 2020). By comparing
with in situ observations, Pu et al. (2007) evaluated the
accuracy of MODIS snow data over the TP and suggested that the overall accuracy was about 90% during
2000–06. In this study, the simulated SCF by the VIC
model showed some differences with the MODIS data.
The performance of the VIC model is mainly dependent
on meteorological input data. The uncertainties are
unavoidable due to limited gauge observations involved
in the ITPCAS forcing data in this region and may also
from its downscaling processes. According to Zhang
et al. (2013), snowmelt runoff contributed 20%–31% of
total runoff among the source regions of six rivers in the
TP. In this study, the simulated snowmelt runoff contributed 28% of the total runoff and is close to the result
from Zhang et al. (2013). For the model calibration,
3 years (2006–08) of streamflow data and 2 years

(2012–13) of evaporation data were used, and this may
also result in uncertainties. Under a warming climate, TP
is experiencing permafrost degradation (Cheng and
Wu 2007; Cheng and Jin 2013; Wu et al. 2012), and
groundwater recharge and discharge rates are expected to increase, especially during winter (Peterson
et al. 2002; Yang et al. 2002). Tong et al. (2016) analyzed winter flows (base flows) in the Siling Co Lake
basin nearby during 1979–2013 by modeling. The increasing trends of the winter flows may be related to
the melting of frozen soils in the basin, while the impacts of permafrost degradation may be minor.

6. Conclusions
In this study, a comprehensive hydrologic investigation was conducted in the Nam Co Lake basin during
1979–2013. Evapotranspiration from the land areas,

FIG. 12. Time series of lake evaporation on Nam Co from different studies.
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FIG. 13. Time series of lake surface evaporation, air temperature, and frozen duration, and scatterplots
between them.

runoff from both glacierized and nonglacierized areas,
and evaporation on the lake surface were continuously
modeled during 1979–2013, and lake level changes were
reconstructed. The main results are summarized as
follows:
1) The mountain region in the southeastern basin was
the main runoff-producing area. The land regions of
the basin had a mean annual runoff of 107.6 mm
during 1979–2013. Rainfall runoff, snowmelt runoff,
and glacier runoff contributed 59%, 28%, and 13%
to the total runoff, respectively. For the high-altitude
region (5500–6000, .6000 m), runoff was mostly
generated from glaciers.
2) The lake had a positive net water budget in most of
the years with an average lake level depth of
128.8 mm, resulting in a total rise of approximately
4.5 m. Precipitation and precipitation-induced runoff
were the main water supplies of the lake and played a
dominant role in lake growth. The decrease in lake
expansion after 2004 is mainly due to runoff decrease. Although glacier runoff only contributed

13% of the total runoff, it played an important role in
controlling the water level.
3) The rising temperature led to increasing evaporation
in two ways: providing an energy source for evaporation and extending the ice-free period. This mitigated the recent expansion of the lake. On the other
hand, the rising temperature led to increasing glacier
runoff into the lake. Hence, the rising temperature
had two diametrically opposed effects on lake water
balance.
Lake water balances are sensitive indicators of climate change in the TP. There are no sufficient in situ
hydroclimate observations due to harsh natural conditions, which are the major challenges for water
balance studies in this region. Remote sensing products have exhibited a great potential for providing
high-resolution hydrological and geographical information in remote regions. In the future, more in situ
and satellite observations are needed to decrease
model uncertainties on investigating the hydrologic
processes. Furthermore, lakes in other regions of the
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plateau with different change patterns should be
investigated.
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