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Abstract Lake water storage change (DSw) is an important indicator of the hydrologic cycle and greatly
inﬂuences lake expansion/shrinkage over the Tibetan Plateau (TP). Accurate estimation of DSw will contribute to improved understanding of lake variations in the TP. Based on a water balance, this study explored
the variations of DSw for the Lake Selin Co (the largest closed lake on the TP) during 2003–2012 using the
Water and Energy Budget-based Distributed Hydrological Model (WEB-DHM) together with two different
evapotranspiration (ET) algorithms (the Penman-Monteith method and a simple sublimation estimation
approach for water area in unfrozen and frozen period). The contributions of basin discharge and climate
causes to the DSw are also quantitatively analyzed. The results showed that WEB-DHM could well reproduce
daily discharge, the spatial pattern, and basin-averaged values of MODIS land surface temperature (LST) during nighttime and daytime. Compared with the ET reference values estimated from the basin-wide water
balance, our ET estimates showed better performance than three global ET products in reproducing basinaveraged ET. The modeled ET at point scale matches well with short-term in situ daily measurements
(RMSE 5 0.82 mm/d). Lake inﬂows and precipitation over the water area had stronger relationships with
DSw in the warm season and monthly scale, whereas evaporation from the water area had remarkable
effects on DSw in the cold season. The total contribution of the three factors to DSw was about 90%, and
accounting for 49.5%, 22.1%, and 18.3%, respectively.

1. Introduction
The Tibetan Plateau (TP) is the highest plateau in the world and is also well known as the Asian Water Tower
[Immerzeel et al., 2010]. There are many lakes on the TP, with a total area of 45,000 km2, accounting for 50%
of the total lake area of China [Zhu et al., 2010]. Lakes over the TP play an important role in maintaining the
water balance of several large Asian river basins and are sensitive indicators of water dynamics associated
with climate variability [Zhang et al., 2013a; Song et al., 2014a]. In the past few decades, the TP experienced
evident climate changes [Yang et al., 2014], e.g., rising air temperature, changing precipitation
(including both direct precipitation and precipitation runoff from lake basins), and evapotranspiration (ET)
patterns, which caused lakes across the TP to show strong spatiotemporal heterogeneity [Song et al., 2013;
Lei et al., 2014]. Major lakes in the central TP (such as Nam Co and Selin Co) have expanded since the 1990s,
whereas many lakes along the marginal region of the southeast TP have shrunk [Song et al., 2013; Yang
et al., 2014].
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Since many Tibetan lakes are rarely inﬂuenced by human activities, lake variations are more closely associated with regional climate changes, including precipitation, lake evaporation (Ew), and land evapotranspiration (EL), as well as glacier melt [Lei et al., 2014; Song et al., 2014a]. In recent decades, the causes for lake
variations in the TP have been widely discussed. Some previous works have inferred that lake expansions
were mainly caused by glacier meltwater supply within the surrounding lake basins [Bian et al., 2010; Huang
et al., 2011; Zhu et al., 2010]. However, some recent studies have indicated that precipitation and ET are also
related to lake variations, in addition to glacier shrinkage [Song et al., 2014a; Yang et al., 2014]. For example,
Lei et al. [2013] found that the increased precipitation, runoff, and decreased Ew were the main causes for
the growth of six closed lakes on the central TP, accounting for 70% of the total lake increment.
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Although the main driving forces behind lake variations in the TP are still debated, the role of lake water
storage changes (DSw) is important. As an important component of the hydrologic cycle, variations of DSw
in the TP not only inﬂuences the water budgets of lake basins [Song et al., 2013] but also impacts the fundamental processes of terrestrial ecosystems (e.g., soil moisture). For a closed lake basin in the TP, the water
balance of a lake can be expressed as the following equation (lake water leakage is not considered here), in
which lake variations are indicated by the changes of DSw:
DSW 5RL 1PW 2EW ;

(1)

where R is lake inﬂows from land area and can be estimated from the calibrated land surface hydrological
model, P and E are precipitation and evaporation over the water area, respectively, while the subscripts of
‘‘L’’ and ‘‘W’’ represent the land and water areas in the lake basin, respectively. The unit for each variable is
‘‘m3,’’ and need to incorporate the changes of lake area (lake area varies every year).
From equation (1), DSW can be calculated from the estimated basin runoff and the observed precipitation
minus the modeled ET (Ew). Therefore, an accurate estimation of the main components in the water balance
equation (e.g., runoff, Ew) will contribute to an improved understanding of lake variations in the TP for lake
basins. Numerical modeling is helpful to estimate basin runoff and the spatial-temporal changes of ET
within lake basins and can clarify the contribution of ET (to lake variations) besides the runoff. However,
because of harsh meteorological conditions, the high elevation, and the remoteness and inaccessibility of
the lakes on the TP, there have been few model applications for the TP lake basins.
Lake Selin Co is an endorheic lake located in the central TP and has expanded more than 600 km2 in area
since 1976. Particularly after 1995, this lake signiﬁcantly expanded because of climate change (increasing
precipitation, decreasing water surface evaporation caused by weaker winds and less solar radiation, as well
as increasing glacier meltwater) and has become the largest endorheic lake in the TP since 2003, owing to
its higher growth rate than many other lakes [Zhang et al., 2011]. The causes for the growth of this lake
have been discussed by some previous studies. For instance, Bian et al. [2010] and Zhang et al. [2011] monitored the expansion of Lake Selin Co and its response to climate change with remote sensing images and
several meteorological stations surrounding the lake basin. Based on remote sensing together with bathymetric survey and water balance analysis, Lei et al. [2013] showed how climatic changes and glacier shrinkage inﬂuenced the variations of Lake Selin Co. Meng et al. [2012] analyzed the inﬂuence of water supply to
lake changes by using GPS, DEM, and remote sensing images. These studies indicated that ET and precipitation variations are also the main causes for the expansion of the Lake Selin Co besides the glacier meltwater,
especially in the recent 10 years. However, these results were mainly obtained from the perspective of a
lumped lake body with a focus on a qualitative detection, which is insufﬁcient to accurately estimate basin
runoff and the ET changes within this lake basin. In addition, the absence of quantitative modeling applications in the TP also raises the needs for further research, aiming to obtain more accurate basin runoff and
ET estimation in the lake basins, and eventually contribute to an improved understanding of lake variations
in the TP. Despite estimation, the basin runoff and ET changes of the Lake Selin Co Basin will encounter difﬁculties since there are almost no corresponding in situ observations before 2012, the new-generation hydrological models and meteorological forcing data with high spatial resolution [Rodell et al., 2004b; Yang et al.,
2010] can provide us with an effective tool to explore this issue. Such models can be calibrated or validated
by different in situ observations (e.g., energy ﬂuxes and/or soil moisture measured at a point scale) or satellite data (e.g., land surface temperature [LST]) at various scales, and not only rely on discharge measurements [Wang et al., 2009a; Xue et al., 2013]. The new-generation hydrological models are superior to the
traditional hydrological models which need long-term discharge data for their calibration and validation,
and are therefore more suitable for applying in the TP with poorly gauged conditions. Furthermore, the
newly built ﬂux tower and ground-based discharge observations (see below) within the basin also can provide validation data for us.
The main objective of this study is to explore the changes of DSw for a representative TP lake (Selin Co) during 2003–2012, aiming at an improved understanding of the lake expansion/shrinkage over the TP. The
water and energy budget-based distributed hydrological model (WEB-DHM) [Wang et al., 2009a] was used
to estimate EL and historical discharges after calibration and validation with ground-based discharge data
and the Moderate Resolution Imaging Spectroradiometer (MODIS) LST. The Penman-Monteith method and
a simple sublimation estimation method were used to estimate Ew in the unfrozen and frozen period,
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Figure 1. Location of the Lake Selin Co Basin and the hydrometeorological stations within the basin.

respectively. State-of-the-art global ET products, the basin-wide water balance method, and short-term in
situ observations were used to test ET estimation results. Based on water balance equation, the contributions of basin discharge and climate causes to DSw were analyzed and discussed. The rest of the paper is
organized as follows: sections 2 and 3 describe the study area, data sets, and methods. Section 4 gives the
results of model calibration and validation, ET validation at both the basin scale and point scale, and shows
the contributions of main causes to DSw of Lake Selin Co. Section 5 gives the discussions. In the last section,
the major results of this study are summarized and conclusions are drawn.

2. Study Area and Data Sets
2.1. Study Area
The Lake Selin Co Basin is located in the central TP (308030 N–338400 N, 878390 E–928260 E) with elevation ranging from 4511 to 6406 m asl (Figure 1). It is a characteristic endorheic lake basin with a total area of approximately 59,383 km2, which makes it the largest inland lake basin on the TP. The boundary of the Lake Selin
Co varies every year and the lake area is 2186.25 6 162.85 km2/yr during 2003–2012 [Zhang et al., 2013b,a].
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Table 1. Overview of the Data Sources Used in This Study
Data Types

Data Sets

Spatial data

DEM
Land cover
Soil types
LAI/FPAR
LST
Lake boundary
GRACE
GLDAS
CMFD
Station
In situ measurements
Discharge gauge
JRA_25
GLDAS_ET
Zhang_ET

Remote
sensing data

Meteorological data

Observed
Global ET products

Spatial Resolution
90 m–2.5 km
1–2.5 km
2.5 km
1–2.5 km
1–2.5 km
2.5 km
18 3 18
0.258 to 2.5 km
0.18 to 2.5 km
Point scale
Point scale
Point scale
T106 Gaussian
0.258 3 0.258
8 km

Periods

Data Processing Tool

Source of Data

8 day, 2003–2013
1 day, 2003–2013
Yearly, 2003–2012
Monthly, 2003–2012
3 h, 2003–2013
3 h, 2003–2012
Daily, 2003–2013
Daily, 10.10–11.10, 2012
Daily, 5.1–10.27, 2013
Monthly, 2003–2012
Monthly, 2003–2012
Monthly, 2003–2006

Arcgis
Arcgis
Arcgis
Cygwin
Cygwin
Arcgis
GrADS 1 Fortran
GrADS 1 Fortran
Fortran
Excel
Instrument software
Instrument software
GrADS 1 Fortran
GrADS 1 Fortran
GrADS 1 Fortran

NASA SRTM
USGS
FAO
MODIS
MODIS
Landsat
Satellite
Reanalysis
Reanalysis
CMA
Eddy Covariance instrument
HOBO water level logger
Reanalysis
Land surface model
Penman-Monteith method

Seasonal variations of water area are obvious and there is a frozen period in winter and early spring every
year. Glaciers cover approximately 593.09 km2 and account for 1% of the basin area. The climate of the
basin is dry and cold, with mean annual temperature of 0.78C, relative humidity of 42%, and wind speed of
3.9 m/s [Zhang et al., 2011]. The annual average precipitation is approximately 315 mm and mainly occurs
from May to September. Several major rivers ﬂow into the Lake Selin Co from different locations, including
the Zajia Zangbo river, Boqu Zangbo river, Zagen Zangbo river, and Ali Zangbo river, which located in the
upstream of discharge gauges A, B, C, and D, respectively (Figure 1). Four meteorological stations are
located surrounding the lake basin, and only Shenzha station located within the basin (Figure 1). The few
meteorological stations inﬂuence the hydrological and meteorological analyses and alternative data sets,
e.g., Global Land Data Assimilation System (GLDAS) can potentially be used.
2.2. Data Sets
The data used in this study mainly include spatial and remote sensing data, meteorological data (including
forcing data and station observations), three global ET products, Gravity Recovery and Climate Experiment
(GRACE) satellite data, and in situ observations. Detailed information about different data sources can be
seen in Table 1.
2.2.1. Spatial and Remote Sensing Data
Spatial data include the digital elevation model (DEM), land cover, and soil types (see Figures 2a–2c). DEM
was obtained from the NASA SRTM (Shuttle Radar Topographic Mission) with ground resolution of 90 m
(http://srtm.csi.cgiar.org/). We resampled the resolution to 2.5 km in our model calculation to reduce computation cost, and the subgrid topography (length and hillslope angle) was described by the 90 m DEM.
Grid slopes varied from 08 to 57.868 in this basin (Figure 2d). Land use data were obtained from the USGS
global land cover data (http://edc2.usgs.gov/glcc/glcc.php) speciﬁed for the land surface model (SiB2) classiﬁcation with a resolution of 1 km. We resampled land use data to 2.5 km spatial resolution in this study.
There are four land use types in this basin, with agriculture or C3 grassland being the main type (about
42.0%). Soil data were obtained from the Food and Agriculture Organization global data sets [Food and Agriculture Organization (FAO), 2003]. There are ﬁve soil types in this lake basin, of which lithosols (I-Y-2c) are
the dominant type.
Dynamic vegetation parameters, including leaf area index (LAI) and the fraction of photosynthetically active
radiation (FPAR) absorbed by the green vegetation canopy, are extracted from the MODIS 8 day composite
product MOD15A2 [Myneni et al., 1997] with a resolution of 1 km. LAI/FPAR are used as the inputs to the
WEB-DHM to consider the dynamic changes of vegetation. LST were obtained from the MODIS product
MOD11A1 V5 with 1 km and 1 day resolution [Wan, 2008], and were mainly used to evaluate model performance in representing basin-scale energy budget. MODIS sensors were launched onboard Terra and
Aqua satellites in December 1999 and May 2002, respectively. Some recent studies indicated that the
MODIS/Terra LST product has a better performance in regards to statistical criteria such as coefﬁcient of
determination (R2), bias error (BIAS), and root-mean-squared errors (RMSE) than the MODIS/Aqua LST data
in an arid area of northwest China and northern TP region [Zhu et al., 2013; Li et al., 2014; Zhang et al.,
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Figure 2. (a) DEM, (b) spatial distribution of land use types, (c) spatial distribution of soil types, and (d) grid slope.

2014b]. The MOD11A1 (Terra LST product) has shown good agreement with the ground-based LST
measurements on the western TP with mean difference of 0.27 K [Wang et al., 2007]. Therefore, we
selected the MODIS/Terra LST product to evaluate model performance in this study, due to its general good
performance in the TP region. LAI/FPAR and LST data during 2003–2013 were also resampled to 2.5 km spatial resolution. All MODIS data were taken from the NASA Reverb website (http://reverb.echo.nasa.gov/
reverb/).
Based on Landsat data, the annual boundaries of the Lake Selin Co from 2003 to 2012 have been extracted
by Zhang et al. [2013b, 2014a] and used in this study to consider the dynamic changes of the lake area.
2.2.2. Meteorological Data
Four meteorological station data (Figure 1) are obtained from China Meteorological Administration
(CMA) (http://cdc.cma.gov.cn/home.do) during 2003–2013. These data include daily precipitation, relative
humidity, wind speed, air pressure, daily average air temperature, and sunshine duration, which are used to
evaluate and correct the forcing data. The downward shortwave and longwave radiations at the four stations are calculated to evaluate the corresponding forcing data and as follows [Penman, 1948; Jensen et al.,
2005]:
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(2)
(3)

where Rlw;d and Rsw;d are the downward longwave and shortwave radiations, respectively; r is StephanBoltzman constant (5.67 3 1028 (W m22 K24); T is air temperature (8C); ea is the longwave emissivity; n=N is
the relative sunshine duration; Ra is the extraterrestrial radiation; and a and b are the regression values and
can be estimated from empirical methods.
GLDAS ingests ground-based and satellite-based observations for parameterizing, forcing, and constraining
a suite of advanced land surface models (LSMs), aiming to optimally estimate terrestrial water and energy
storages and ﬂuxes [Rodell et al., 2004b; Wang et al., 2011]. The detailed descriptions about GLDAS products
can be found in Rodell et al. [2004b] and Kato et al. [2007]. Among several products, the GLDAS/Noah LSM
Level 4 product (GLDAS_Noah025SUBP_3H) (downloaded from http://disc.sci.gsfc.nasa.gov/hydrology/dataholdings) has a resolution with 3 h 0.258 3 0.258, which makes it desirable for basin-scale applications. After
evaluation and correction according to the CMA observations, the data include precipitation (Rainf), nearsurface air temperature (Tair), downward shortwave (Rsw,d) and longwave (Rlw,d) radiations, speciﬁc humidity
(Qair), wind speed (wind), and surface pressure (Psurf) during 2003–2013 from GLDAS_Noah025SUBP_3H,
which were used to drive WEB-DHM model.
Although GLDAS can provide high-resolution outputs both temporally and spatially at global scale, it has
no available data for water area [Zmijewski and Becker, 2014]. In order to compensate for the deﬁciency of
GLDAS data, China Meteorological Forcing Dataset (CMFD) [Yang et al., 2010; Chen et al., 2011; http://
westdc.westgis.ac.cn/data/7a35329c-c53f-4267-aa07-e0037d913a21] during 2003–2012 was used for the
water area in this study. CMFD was produced by merging a variety of data sources (including CMA
station data, TRMM satellite precipitation data (3B42), and the GLDAS precipitation data) with resolution of
3 h 0.18 3 0.18. The data set have been applied in WEB-DHM to simulate water and energy cycles and
achieve good performance in reproducing LST, soil water content, and discharge in the Naqu River watershed adjacent to the Lake Selin Co Basin [Xue et al., 2013]. After evaluation and correction according to the
CMA observations, the data include Rainf, Tair, Rsw,d, Rlw,d, Qair, wind, and Psurf from CMFD were used to
estimate precipitation and evaporation from the water area (between 2003 and 2012). All GLDAS and CMFD
variables were resampled to 2.5 km model grids.
2.2.3. In Situ Measurements
The growth of the Lake Selin Co has led to monitor the lake ecosystem since late 2012. There are four discharge gauges (Figure 1) built by the Institute of Tibetan Plateau Research, Chinese Academy of Sciences to
observe the lake inﬂows from the land area. The ground-based daily discharge data are available at the four
gauges from 1 May to 27 October 2013 and were used to calibrate the WEB-DHM. River discharges from the
upstream of gauges A and B contribute about 68% of the total lake inﬂows during the observation period.
The EW monitoring point, which is used to observe water and energy ﬂuxes from the lake using an eddy
covariance (EC) instrument, is located in the western part of the lake (Figure 1). As a result of various reasons
including damage to the instrument, available data (latent and sensible heat ﬂux) are mainly from 10 October to 10 November 2012 (unfrozen period) and were used to test the EW estimation results (calculated by
CMFD data) in this study. The EC observations in 2013 cannot be used owing to the available CMFD data
only until 2012. Given the time period of EC measurements used for testing EW is short, basin-averaged ET
estimations were also examined to test the accuracy of ET estimations (see below).
The time-mismatch of CMFD (available data only until 2012) and land discharge (available only in 2013) also
makes that CMFD cannot be used to drive the WEB-DHM for land simulations. Therefore, GLDAS forcing
data were used for land area to drive the WEB-DHM so that the model could be calibrated with the available
discharge data.
2.2.4. Global ET Products
In recent years, several global or regional-scale ET products based on remote sensing algorithms or processbased models have been developed [Rodell et al., 2004b; Zhang et al., 2010] to improve the understanding
of global or regional water cycles. Three products at monthly scale were used to evaluate ET estimations in
this study: ET from the research group of Zhang et al. [2010], denoted as Zhang_ET (http://www.ntsg.umt.
edu/project/et), ET from the Japanese 25 year reanalysis product [Onogi et al., 2007], denoted as JRA_25
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(http://jra.kishou.go.jp), and ET from the GLDAS with NOAH LSM (GLDAS_NOAH025_M) [Rodell et al.,
2004b], denoted as GLDAS_ET. Detailed information about these ET products is shown in Table 1.
2.2.5. GRACE Data
The GRACE satellite was launched in March 2002 and provided the ﬁrst space-based estimate of terrestrial
water storage changes (DS) [Boronina and Ramillien, 2008; Rodell et al., 2004a]. The new Release-05 (RL05)
gridded data (http://www.csr.utexas.edu/grace/), which are processed at the Center for Space Research
(CSR), the Jet Propulsion Laboratory (JPL), and the GeoForschungsZentrum (GFZ), are extracted to obtain
the basin-averaged changes of DS for the Lake Selin Co Basin during January 2003 to December 2012. The
GRACE data have been used in some previous studies to monitor and analyze terrestrial water storage in
basin scale [e.g., Cheng et al., 2011; Boronina and Ramillien, 2008; Long et al., 2014].

3. Methods
3.1. The WEB-DHM Model
The distributed biosphere hydrological model (WEB-DHM) [Wang et al., 2009a, 2009b, 2009c] was selected
to estimate the changes of EL and historical discharge in this basin during the past decade (2003–2012) after
calibration and validation with available discharge and MODIS LST. This model was developed by fully coupling a biophysical land surface scheme (SiB2) [Sellers et al., 1996a,b] with a geomorphology-based hydrological model (GBHM) [Yang et al., 2002]. It can consistently describe water, energy, and CO2 ﬂuxes at a
basin scale [Wang et al., 2009a]. WEB-DHM physically describes ET using a hydrologically improved SiB2
[Sellers et al., 1996a; Wang et al., 2009c], which calculates ET based on both water and energy balances on
each model grid. The model has been evaluated, improved, and applied in a number of river basins [Wang
et al., 2009a, 2009b, 2010; Xue et al., 2013], generally showing good performance in simulating basin-scale
water and energy cycles. A detailed description of WEB-DHM has been given in Wang et al. [2009a]; therefore, only LST and ET calculation methods are given here.
LST was estimated according to Wang et al. [2009b], as follows:
h
i1=4 ;
Tsim 5 VTc4 1ð12V ÞTg4

(4)

V5ðNDVI2NDVImin Þ=ðNDVImax 2NDVImin Þ;

(5)

LAI5LAImax 3ðNDVI2NDVImin Þ=ðNDVImax 2NDVImin Þ;

V5LAI LAImax ;

(6)
(7)

where Tsim is simulated LST; V is green vegetation coverage assumed it varies temporally in the study; Tc is
temperature of the canopy; Tg is temperature of the soil surface; and LAImax is the maximum LAI value,
obtained from Sellers et al. [1996b].
In WEB-DHM, the ET comes from canopy and soil surface [Sellers et al., 1996a; Wang and Koike, 2009]. The ET
from the canopy comprises (i) Eci evaporation from the canopy interception (comprising Mcw for interception water store and Mcs for interception snow/ice store) and (ii) Ect transpiration of soil water extracted by
the root system and lost from the dry fraction of canopy. Similarly, the bare soil evaporation consists of (i)
Egi loss from soil surface interception (comprising Mgw for interception water store and Mgs for interception
snow/ice store) and (ii) Egs evaporation of soil moisture from within the surface soil layer. The formulations
of the ET components are summarized as follows [Sellers et al., 1996a]:


kEct 5½ðe ðTc Þ2ea Þ=ð1=gc 12rb Þ qcp =c ð12Wc Þ;
(8)


kEci 5½ðe ðTc Þ2ea Þ=rb  qcp =c Wc Ktc ;

(9)



kEgi 5½ðe ðTx Þ2ea Þ=rd  qcp =c Wg Ktg ;

(10)





 


kEgs 5 hsoil e Tg 2ea =ðrsoil 1rd Þ qcp =c 12Wg ;

(11)

where k is latent heat of vaporization; e ðT Þ is saturation vapor pressure at temperature T; ea is vapor pressure in canopy air space; Tc is canopy temperature; Tg is soil surface temperature; Tx 5Tsnow if Mgs > 0, Tx 5
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Tg if Mgw > 0; Tsnow is the temperature of snowpack and its underlying surface soil layer; q is air density; cp is
speciﬁc heat of air; c is psychrometric constant; Wc is canopy wetness-snow cover fraction; Wg is soil
wetness-snow cover fraction; KTc;g 51 when Mc;gw > 0, KTc;g 5k=ðk1ks Þ, when Mc;gs > 0; ks is heat of sublimation; gc is canopy conductance; hsoil is relative humidity of the soil pore space, hsoil 5ew1 g=RTg when
 
 
e Tg  ea , hsoil 51 when e Tg < ea , w1 soil moisture potential of the surface layer, g acceleration due to
gravity; R is gas constant; rb is bulk canopy boundary layer resistance; rd is aerodynamic resistance between
ground and canopy air space; rsoil is the soil resistance.
In the model setup, 9502 grids were generated for the whole basin at 2.5 3 2.5 km2 resolutions. The model
was running at a spatial resolution of 2.5 km and hourly time step. The same resolution and time step were
used in EW calculation.
3.2. Estimation of Evaporation From Water Surface
3.2.1. Estimation in Unfrozen Period
In the unfrozen period, EW was calculated according to the Penman-Monteith method based on the CMFD
data. The Penman equation [Penman, 1948] for estimating open water evaporation is deﬁned as
Ew 5

D ðRn 2GÞ
c
1
Ea ;
D1c k
D1c

(12)

where Ew is the daily open water evaporation (mm d21); Rn is the net daily radiation at the water surface
(MJ m22 d21); D is the slope of the saturated vapor pressure curve at a given air temperature (kPa 8C21); c is
the psychrometric constant (kPa 8C21); k is the latent heat of vaporization (MJ kg21); G is daily change in
heat storage of water body (MJ m22 d21) and is calculated as


G5qw cw hw Tw;i 2Tw;i21 ;

(13)

where qw is the density of water (kg m23); cw is the speciﬁc heat of water (MJ kg21 8C21); hw is the water
depth (m), the mean water depth of this lake is about 25 m [Chen et al., 2001]; and Tw;i 2Tw;i21 is the change
in surface water temperature (8C) from day i21 to day i and can be estimated from MODIS LST [Zhang et al.,
2014b]. The detailed information about qw , cw , and hw can be seen in Mcmahon et al. [2013].
Ea (mm d21) represents the evaporative component due to turbulent transport of water vapor by an eddy
diffusion process [Penman, 1948; Jensen et al., 2005] and as follows:
Ea 5f ðuÞðes 2ea Þ;

(14)

where f ðuÞ is a wind function typically of the form f ðuÞ5a1bu, in which u is the wind speed measured at
2 m above the water surface; and f ðuÞ is estimated by the equation 0.26(1 1 0.54 u) [Penman, 1948; Jensen,
2010]; es 2ea is the vapor pressure deﬁcit (VPD) (KPa).
Net radiation (Rn ) over the water area is estimated based on the procedure outlined in Allen et al. [1998]
and Mcmahon et al. [2013]:
Rn 5ð12aÞRs 1Rlw;d 2f rðTw 1273:15Þ4 ;
22

(15)
21

where Rs is the measured or estimated incoming solar radiation (MJ m d ); a is the albedo of the evaporating surface, a typical value for open water surfaces is 0.08 [Penman, 1948; Monteith, 1965]; Rlw;d is from
CMFD; f is adjustment for cloud cover; Tw is water surface temperature (8C). Detailed equations for calculating D, c, k, es, and ea can be found in other research [Rawls et al., 1996; Allen et al., 1998; Jensen et al., 2005;
Jensen, 2010; Mcmahon et al., 2013].
3.2.2. Estimation in Frozen Period
EW will take the form of sublimation from the water surface in the frozen period. We selected a simple method
for estimating sublimation due to lack of in situ measurements. Kojima [1979] demonstrated that snow sublimation is determined by wind speed and atmospheric saturation deﬁcit and a simple calculation equation is
the same as equation (14), in which Ea (mm d21) represents the sublimation. Zhang et al. [2003] also used this
method to validate the sublimation estimation of cryosphere sites which located on the eastern TP.
3.2.3. The Duration of Lake Ice Cover and Transition Dates Determination
Zhang et al. [2014b] recently used MODIS LST (MOD11A2) to estimate surface temperature changes of 52
lakes in the TP. They found that the duration of lake ice cover has strong negative correlation with MODIS-
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Table 2. The Duration of Lake Ice Cover and Transition Dates Determination for Each Year Based on Daily MODIS LST Over the Water
Areaa
Year

Duration

Transition Dates

Year

Duration

Transition Dates

2003
2004
2005
2006
2007

1 Jan to 3 May
4 Dec (2003) to 30 Apr
30 Nov (2004) to 9 May
11 Dec (2005) to 8 May
24 Nov (2006) to 9 May

22 Feb
21 Feb
26 Feb
5 Mar
27 Feb

2008
2009
2010
2011
2012

3 Dec (2007) to 15 May
25 Dec (2008) to 6 May
11 Dec (2009) to 4 May
14 Dec (2010) to 3 May
10 Dec (2011) to 7 May

27 Feb
2 Mar
20 Feb
26 Feb
27 Feb

a

Note: Transition dates means that water area start ice free after being completely ice cover.

derived water surface temperature of 36 lakes in the TP during 2001–2010. This showed that MODIS LST
variations over the lake surface can be a good indicator for the duration of lake ice cover. Therefore,
MOD11A1 was used in this study to determine the duration of lake ice cover and transition dates of the
water area due to lack of ﬁeld observations.
Transition date refers to the date when the lake ice starts ice-free after being completely ice cover. Since
water is usually frozen when the temperature is below 08C, the assuming determination method is as follows: in the ﬁrst half of 1 year, if the averaged daytime LST over the water area is greater than 08C on one
speciﬁc day and no values less than 08C after this day, then this day can be supposed to be the transition
date. If the averaged nighttime LST over the water area is greater than 08C on one speciﬁc day and no values greater than 08C before this day, then this day can be supposed to be the complete ice-free date. In the

Figure 3. Comparison of monthly averaged values at the four CMA stations among GLDAS, CMA observations, and CMFD from 2003 to 2013.
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second half of 1 year, if the averaged daytime LST over the water area is less than 08C on one speciﬁc day
and no values less than 08C before this day, this day can be supposed to be the start ice-cover date. The
duration of lake ice cover is from the start ice-cover date to the complete ice-free date.
EW was estimated by adding the Penman calculation and the sublimation estimations together after the
start ice-cover date since water freezing and melting are gradual process. From the start ice-cover date to
the transition date, the proportion of sublimation will gradually increase (assuming this proportion changes
according to a certain ratio, e.g., from 10%, 20%, . . . to 100%), while the proportion of Penman calculation
will decrease (e.g., from 90%, 80%, . . . to 0%). From the transition date to the complete ice-free date, the
proportion of sublimation will decrease while Penman calculation will increase. These are only temporary
considerations owing to lack of ﬁeld observations. Table 2 shows the dates determined for each year based
on the above assumptions.
From Table 2, transition dates were mainly in late February, while complete ice-free dates were mainly in early
May. Qu et al. [2012] showed that the complete ice-cover dates mainly occurred in February while the complete ice-free dates are mainly in mid-May for the Lake Nam Co during 2006–2011. Che et al. [2009] reported
that the start ice-cover dates for the Lake Qinghai were mainly in late December while the start ice-free dates
were mainly in March. The dates determined in this study (Table 2) are similar to these dates and can approximately reﬂect the duration of lake ice cover. Therefore, EW estimation is based on these dates for each year.

3.3. Basin-Averaged ET Evaluation
The basin-averaged ET is calculated based on the area-weighted average of EL and EW. These results were
evaluated with the basin-wide water balance method and three global ET products. In this closed lake basin,
runoff can be neglected in basin scale and the basin-wide water balance can be written as
ET5P2DS;

(16)

where P is basin-averaged precipitation (mm) and DS is basin-wide water storage change (mm).
In equation (16), P is calculated by area-weighted average of precipitation from the land area (GLDAS) and
water area (CMFD). The uncertainties of P values are tested by comparing with precipitation from four CMA
observations on monthly scale during 2003–2013 (Figures 3a, 4a, and 4b). It was found that the averaged
pixel values of precipitation from GLDAS (R2 of 0.9052, BIAS of 1.6 mm, and RMSE of 14.30 mm/month) and
CMFD (R2 of 0.9439, BIAS of 24.24 mm, and RMSE of 13.80 mm/month) over the four station locations are
very close to the averaged values of the four station observations, except that some peak values are underestimated in summer, especially for CMFD in the early years. Some studies have shown that precipitation
from GLDAS has low bias relative to a number of earlier precipitation data sets that were used during the
development of LSMs [Zaitchik et al., 2010; Wang et al., 2011]. CMFD has merged a variety of data sources
which also includes precipitation from GLDAS [Yang et al., 2010]. The results obtained in this basin showed
the relatively good accuracy of GLDAS and CMFD precipitation. Given precipitation is more random and
unpredictable than other meteorological variables, precipitation from GLDAS and CMFD is considered of
reasonable quality in the following analyses.

3.4. Evaluation Criteria
Statistical criteria including RMSE, BIAS, R2, and Nash-Sutcliffe efﬁciency (NSE) were used to evaluate the performances of the forcing data (GLDAS and CMFD), the WEB-DHM, and the basin-averaged ET estimations,
and are calculated as
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u N
u1 X
RMSE5t
ðEs;t 2Ew;t Þ2 ;
(17)
N t51
BIAS5
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Figure 4. Same as Figure 3, but in scatterplots.
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t51
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R2 5 sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N 
N 
X
2 X
2
Es;t 2Es;t
Ew;t 2Ew;t
t51

(19)

t51
N
X

NSE512 t51
N
X

ðEs;t 2Ew;t Þ2
;
ðEw;t 2Ew;t Þ

(20)

2

t51

where N is the number of observations; Ew;t is the ground-based values (meteorological stations or discharge) at t moment; and Es;t is the GLDAS/CMFD values or the simulated discharge values at t moment. Es;t
and Ew;t are the mean values of the corresponding data.
3.5. General Framework
This study mainly includes the following steps: (1) GLDAS/CMFD data are ﬁrst evaluated and corrected
based on four CMA stations observations; (2) the corrected GLDAS data are used to drive WEB-DHM and the
model is calibrated and validated with available discharge data and MODIS LST; (3) the calibrated WEB-
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Figure 5. The ﬂowchart of this study.

DHM is used to estimate the changes of EL and historical discharge in this lake basin during 2003–2012; (4)
the corrected CMFD data are used to calculate EW (between 2003 and 2012) based on two different ET algorithms for the water area in unfrozen or frozen periods, and the short-term in situ EC measurements were
used to test the EW calculation; (5) to test the accuracy of ET estimation, the basin-averaged ET are compared with three global ET products and the basin-wide water balance method; and (6) the contributions of
lake inﬂows and climate causes to DSw are explored and analyzed based on the water balance equation.
EW values are aggregated into daily scales for comparing with in situ EC measurements, while basinaveraged ET were aggregated into monthly scales for comparing with global ET products and the basinwide water balance. Figure 5 shows the methodological framework and ﬂowchart of this study.

4. Results and Analysis
4.1. Evaluation and Uncertainty Corrections of GLDAS/CMFD Data
The monthly mean pixel values of Rainf, Tair, Rsw,d, Rlw,d, Qair, wind, and Psurf obtained from GLDAS and
CMFD over the four stations location are compared with the monthly averaged values of the four CMA
observations in Figure 3 during 2003–2013. Figure 4 is the corresponding scatterplots. It can be seen that
GLDAS and CMFD substantially underestimates the surface air pressure (Figure 3d), while GLDAS obviously
overestimates wind (Figure 3c). The variations of Qair and Tair are well reproduced by both GLDAS and
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CMFD with R2 values larger than 0.9 (Figures 4c and 4d and 4m and 4n), but seasonal variations of Qair and
Tair are less accurate. For example, Qair are underestimated in warm season (May–October) while Tair are
underestimated in cold season (November to April of the next year) by both GLDAS and CMFD (Figures 3b
and 3g). Rsw,d are overestimated in warm season by both GLDAS and CMFD (Figure 3e), while Rlw,d are
slightly overestimated by GLDAS (Figure 3f). The differences may result from the corresponding algorithms
and forcing data used in GLDAS or CMFD. For example, Rsw,d and Rlw,d from GLDAS are derived from cloud
and snow products of the U.S. Air Force Weather Agency’s (AFWA) Agricultural Meteorological modeling
system (AGRMET) [Rodell et al., 2004b; Kato et al., 2007] by using AFWA-supplied algorithms of Shapiro and
Idso, respectively [Wang et al., 2011]. The Shapiro algorithm may overestimate radiation and cause the overestimation of Rsw,d (warm season) and Rlw,d from GLDAS in this lake basin. The underestimation of air pressure by both GLDAS and CMFD is mainly attributed to the elevation difference caused by the scale
mismatch between the site (CMA station) and data grid (GLDAS/CMFD). Furthermore, since the height for
CMA wind measurement is 2 m, which is the same as CMFD (2 m wind) but different from GLDAS (10 m
wind), the obvious overestimation of wind from GLDAS was found in Figure 3c.
It is necessary to correct the GLDAS/CMFD data owing to their differences with the ground-based observations. The linear regression equations derived from the scatterplots are used as correction functions. Several
different linear correction functions are used to correct the corresponding GLDAS data and as follows:
Wind : GLDAS Cor50:6538GLDAS;
Psurf : GLDAS Cor51:0287GLDAS;
Rlw;d : GLDAS Cor50:869GLDAS;
Rsw;d : GLDAS Cor50:895GLDAS ðwarm seasonÞ;
Tair : GLDAS Cor53:72ðKÞ1GLDAS

(21)

ðcold seasonÞ;
ðwarm seasonÞ

Qair : GLDAS Cor51:25GLDAS

where GLDAS Cor and GLDAS are the revised and original GLDAS values, respectively. The similar correction
functions are used for CMFD data and as follows:
Psurf : CMFD Cor51:032CMFD;
ðwarm seasonÞ;

Rsw;d : CMFD Cor50:8645CMFD

Rlw;d : CMFD Cor50:9684CMFD;
Tair : CMFD Cor53ðKÞ1CMFD;
Qair : CMFD Cor51:1CMFD

(22)

ðwarm seasonÞ;

Wind : CMFD Cor50:841CMFD ðlast 2 yearsÞ:

Figures 6 and 7 show the monthly mean corrected GLDAS/CMFD data compared with CMA observations
and the original GLDAS/CMFD values from 2003 to 2013. It can be seen that the GLDAS/CMFD data
improved signiﬁcantly after corrections and the peak data errors are diminished compared with observations. The corrected GLDAS/CMFD data are used in the following analyses.
4.2. Evaluation of the WEB-DHM
4.2.1. Evaluation With Ground-Based Discharge
WEB-DHM was driven by using the corrected GLDAS forcing data. The model was running several times
with forcing data of year 2013 to obtain the initial conditions until a hydrological equilibrium was reached.
Then, the output discharges at gauges A and B were examined by using the ground-based discharges from
1 May to 27 October 2013 through a trial and error method to optimize several parameters (Figure 8). The
parameters (mainly includes land surface parameters and soil hydraulic parameters) and their calibrated values used in this study were described in Table 3. Some parameters values were directly referred to Xue et al.
[2013] since the Naqu River watershed is adjacent to the Lake Selin Co Basin.
Figure 8 shows that the model reproduced discharge well at the two gauges during the observation period.
The NSE, BIAS, and RMSE values were 0.627, 26.636 m3 s21, and 40.737 m3 s21 for gauge A, while they
were 0.616, 0.175 m3 s21, and 0.592 m3 s21 for gauge B. The model slightly underestimated the relatively
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Figure 6. Comparison of monthly averaged values at the four CMA stations among the corrected GLDAS, CMA observations, and the original GLDAS from 2003 to 2013.

low ﬂows at the two gauges especially from May to June. This may be caused by the underestimated soil
water content owing to soil vertical heterogeneity [Xue et al., 2013]. Moreover, the glacier is currently considered as thick snow (100 m) in the model, which may not fully reﬂect the physical mechanism of glacier
melting. This may result in some uncertainties in glacial runoff simulation and further cause discharge
underestimation from May to June. Overall, NSE values indicated that WEB-DHM can well simulate the water
processes at the two gauges.
In the upper area of gauges C and D, river discharges would interact with some small lakes (e.g., the
exchanges of water and energy) located in the ﬂow routing before it ﬂow into the Lake Selin Co. Since the
WEB-DHM is currently not considering the river-lake interaction, the discharges at gauges C and D cannot
be accurately reproduced in the model (the simulated values are higher than the observed). Furthermore,
no available observed data of these lakes (such as inﬂow and outﬂow) also prevent us from accurately simulating the changes of river discharge at gauges C and D. Zajia Zangbo river (the upstream of gauge A) with
daily averaged discharge of 80.46 m3 s21 has been considered as the longest inland river in the TP [Bian
et al., 2010], accounting for 66.3% of the total lake inﬂows in the observation period. Discharge from the
Zajia Zangbo river could be well simulated in this study, indicating that most lake inﬂows could be well
reproduced by WEB-DHM. The parameter values used for the upstream of gauges C and D were replaced
by the calibrated parameter values from gauges A and B based on the similarity of soil types and land use
types.
4.2.2. Model Evaluation With MODIS LST
WEB-DHM was further validated using the nondischarge variable (LST) because there were no discharge data available before 2013. LST is a key parameter in land-atmosphere interactions because it
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Figure 7. Comparison of monthly averaged values at the four CMA stations among the corrected CMFD, CMA observations, and the original CMFD from 2003 to 2013.

is the main factor controlling the surface-atmosphere sensible and latent heat ﬂuxes [Wang et al.,
2009b]. Assessment of the LST can be used to evaluate model performance in representing basin-wide
energy processes.
During study period, daily MODIS LST data were compared with daytime and nighttime LST simulated by
WEB-DHM for both basin-averaged values and spatial patterns over the land area. In this study, a strict comparison was implemented between the modeled LST and MODIS LST. That is, if the MODIS data for a grid
are missing on one speciﬁc day, then the modeled data for this grid on the speciﬁc day are also removed
from the comparison. Furthermore, to reduce cloud contamination of MODIS LSTs on model evaluation,
only the days with less than 30% missing data will be selected for comparison. Figures 9a and 9b show a
comparison of basin-averaged LST between WEB-DHM simulation and MODIS at daytime and nighttime
during 2003–2013. The scatterplots are also given in Figures 9c and 9d.
The results showed that the R2, BIAS, and RMSE values were 0.911, 2.37 K, and 4.02 K during daytime,
while they were 0.924, 1.05 K, and 2.73 K during nighttime. Simulated LST was closer to MODIS LST at
nighttime compared with that at daytime. During nighttime, as the solar radiation can be neglected,
LST was mainly inﬂuenced by the downward longwave radiation. As a result, both the simulated and
MODIS LSTs were very close to air temperature at nighttime [see Wang et al., 2009b]. In contrast, the
daytime LST was largely controlled by the solar radiation absorbed by the land surface (canopy and
ground), which resulted in large uncertainties for modeling LST during daytime [Xue et al., 2013]. This
also caused that the BIAS between the simulated and MODIS LSTs during nighttime is smaller than
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Figure 8. Daily observed and simulated discharge (m3 s21) at (top) gauge A and (bottom) gauge B from 1 May to 27 October 2013. Daily
precipitation (mm d21) for the same period at the two gauges are also shown (right bar).

that during daytime. The results of Figure 9 indicated good model performance for reproducing basinaveraged LST except that simulated LST was slightly greater than MODIS LST, especially during
summer time. Figure 10 shows the seasonal spatial distribution of mean LST in daytime and nighttime
by WEB-DHM simulation compared with MODIS LST over the land area during 2003–2013.
Table 3. The Values of Parameters Used in This Study
Symbol

Parameters

Basin-Averaged Values of Land Surface Parameters
Height of canopy top
Z2 (m)
Height of canopy bottom
Z1 (m)
V
Canopy cover fraction
Ground roughness length
Zs (m)
Root depth
Dr (m)
Topsoil depth
Ds (m)
Basin-Averaged Values of Soil Hydraulic Parameters
hs
Saturated soil moisture content
hr
Residual soil moisture content
a
Van Genuchen’s parameter
n
Van Genuchen’s parameter
Soil Hydraulic Parameters for the Upstream of Gauge A
Saturated hydraulic conductivity for soil surface
Ks (mm h21)
Saturated hydraulic conductivity for unconﬁned aquifer
Kgs (mm h21)
anik
Hydraulic conductivity anisotropy ratio
Sstmax (mm)
Maximum surface water storage
Soil Hydraulic Parameters for the Upstream of Gauge B
Saturated hydraulic conductivity for soil surface
Ks (mm h21)
Saturated hydraulic conductivity for unconﬁned aquifer
Kgs (mm h21)
anik
Hydraulic conductivity anisotropy ratio
Sstmax (mm)
Maximum surface water storage
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Value

Source

0.05
0.005
0.3
0.001
0.25
1.4

Xue et al. [2013]
Xue et al. [2013]
Xue et al. [2013]
Xue et al. [2013]
Xue et al. [2013]
Xue et al. [2013]

0.47
0.07
0.027
1.47

FAO [2003]
FAO [2003]
Xue et al. [2013]
Optimization

67.5
12.0
75.0
5.0

Optimization
Optimization
Optimization
Optimization

86.75
4.0
97.0
8.0

Optimization
Optimization
Optimization
Optimization
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Figure 9. Comparison of mean LST over the land area between model simulations (simulated) and MODIS during daytime and nighttime from 2003 to 2013.

From Figure 10, it can be clearly seen that the spatial patterns of simulated LST appeared very similar
to the MODIS LST in most of the time. Ninety percent of the differences between the simulated and
MODIS LST are mainly within the range from 21.5 to 1.5 K during nighttime, while 85% of the differences within the range from 22.5 to 2.5 K during daytime. WEB-DHM slightly overestimated LST and
a positive difference between simulated and MODIS LST was observed especially near the water area.
Overestimation for the daytime was greater than the nighttime mainly due to the complex interactions
of the surface energy balance during daytime. Compared with other seasons, simulated LST in summer
was more overestimated both in nighttime and daytime. Due to the absence of description of soil
organic matter, the WEB-DHM tends to underestimate surface soil moisture and overestimate LST in
summer at the central TP [also see Xue et al., 2013], since there are high soil organic carbon contents
in the topsoil layer. Overall, the spatial patterns of LST were well simulated by the WEB-DHM, and the
differences between the simulated LST and MODIS LST were small in most of the time and for most
areas (colors are very similar in most areas).
4.3. ET Evaluation With In Situ Observations
EW was calculated by the corrected CMFD data during 2003–2012. The estimated results for the speciﬁc grid
over the monitoring location are extracted to compare with in situ EC observations. Figure 11 shows a daily
comparison between EW estimations and in situ EC observations at point scale from 10 October to 10
November 2012 (unfrozen period). It can be seen that EW estimations are very close to the values of in situ
observations with R2, BIAS, and RMSE values of 0.87, 20.54 mm/d, and 0.86 mm/d, respectively. EW was
slightly underestimated by Penman-based ET during this period, which may be attributed to a mismatch
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Figure 10. Comparison of the spatial distributions of seasonal (spring, summer, autumn, and winter from left to right) mean LST (K) over the land area (2003–2013) between model simulations and MODIS during nighttime and daytime.

between the mean values of the grid (2.5 km) with the site of in situ measurements which was located near
the lakeshore.
4.4. ET Evaluation With Basin-Wide Water Balance and Global ET Products
Basin-averaged ET from 2003 to 2012 is calculated by the area-weighted average of EW and EL (estimated
from the calibrated WEB-DHM). Using ET estimated from the basin-wide water balance as a reference,
basin-averaged ET from simulation results and three global ET products were evaluated. As the available
Zhang_ET data were only from 2003 to 2006, basin-averaged ET values were evaluated at two time periods,
i.e., 2003–2012 (without Zhang_ET) and 2003–2006 (including Zhang_ET). Tables 4 and 5 show the ET evaluation results by using the statistical criteria including R2, RMSE, and BIAS, which are presented in annual,
seasonal, and monthly scales at the two time periods, respectively. The values of DS in Tables 4 and 5 are
the means of the three processing centers (CSR, GFZ, and JPL). Figure 12 also shows the basin-averaged ET
from three global ET products, simulation results, and basin-wide water balance from 2003 to 2012 in
annual, seasonal, and monthly scales. The uncertainties of basin-wide water balance are also explored in
Figure 12 which shows the ranges of P–DS and its means during the study period.
Compared with global ET products, simulation results had the best performance in reproducing basinaveraged ET (smaller BIAS and RMSE values in most of the time scales) and can well represent the interannual variations of ET (R2 values are all greater than 0.5) (Tables 4 and 5). Global ET products showed large differences between each other. Although GLDAS_ET had better performance in some periods (such as BIAS in
winter during 2003–2012), it obviously underestimated basin-averaged ET compared to the basin-wide water
balance. The values of JRA_25 were the highest of all products and had large bias in most periods, whereas
Zhang_ET could not well represented the interannual variations of ET, as indicated by lower R2 on the annual
and seasonal scales (Table 5). It can be inferred that basin-averaged ET is necessarily underestimated by
GLDAS_ET owing to no data available for the water area. The overestimation of JRA_25 may be owing to its
higher precipitation in the wet season of southwestern China [Sohn et al., 2012], which caused ET overestimation of JRA_25 in this lake basin. Zhang_ET uses the Priestley-Taylor approach to calculate ET from a water
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Figure 11. Comparison of daily ET (mm d21) at point scale (in the water area) between the estimated results and in situ observations from
10 October to 10 November 2012.

body [Zhang et al., 2010] without considering the freezing and melting process, which may be one reason
that Zhang_ET had lower value of R2 (only 0.02) in winter. To match the time series of GRACE data and the
basin-wide water balance method, three global ET products were extracted from the beginning of 2003,
which resulted in the insufﬁcient time series of these products used in this study. This may be one factor that
inﬂuences the ET evaluation results. Furthermore, the uncertainty of GRACE data [Long et al., 2014] may also
be another reason that leads to the uncertainties of ET evaluation (see Figure 12).
From Figure 12, simulation results were closer to the range of P–DS compared with global ET products.
There are large uncertainties of P–DS in winter and spring (shade areas is more obvious than other seasons)
which may be owing to the fact that such periods is a frozen period for the water area. The sublimation estimation considered in this study made the simulated ET having much better performance than three global
ET products in representing the interannual variations of ET in winter (R2 are greater than 0.7 in the two
time periods).
4.5. The Variations of Major Components in the Water Balance
To investigate the changes of DSw, the variations of each component in equation (1) should be understood.
Since the river discharges from the upper area of gauges C and D cannot be accurately reproduced in the
model, the total lake inﬂows were calculated as
Discharge total5ðDischarge A1Discharge BÞ=68%;

(23)

where Discharge total are the total lake inﬂows. Discharges A and B are the simulated discharges from the
upstream of gauges A and B, respectively. Since the two gauges (A and B) contributed about 68% to the
total lake inﬂows during the observation period, this proportion was used to calculate the total lake inﬂows.
DSW was calculated by equation (1). Figure 13 displays the annual variations of precipitation and ET from
the water (land) area, total lake inﬂows, and DSW from 2003 to 2012, in which the error bars were used to
demonstrate the estimated uncertainties of the variables in equation (1) by the standard deviation for each
year.
Figure 13b displays that EW (1074.02 6 68.81 mm/yr) is much greater than EL (annual mean is 378.8 mm).
The annual EW experienced an insigniﬁcant decrease with the changing rate of 24.17 mm/yr (P > 0.1), while
annual EL displayed an insigniﬁcant increase with the changing rate of 7.03 mm/yr (P > 0.1) from 2003 to
2012. From Figure 13a, it also can be seen that annual precipitation displayed an insigniﬁcant increase with
positive changing rate values (P > 0.1) in both the water area (333.32 6 57.5 mm/yr) and land area (annual
mean is 414.12 mm). The total lake inﬂows (28.62 6 2.64 3 108 m3/yr) and DSw (12.51 6 2.72 3 108 m3/yr)
both showed an insigniﬁcant increase with the changing rate of 0.36 3 108 m3/yr (P > 0.1) and 0.42 3 108
m3/yr (P > 0.1) during 2003–2012, respectively. The related information can be seen in Table 6, which also
shows the seasonal changes of precipitation and ET in both land and water area, total lake inﬂows, and DSW .
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Table 4. Comparison of Basin-Averaged ET Estimations (mm) From Global ET Products (Without Zhang_ET), Simulation Results, and
Basin-Wide Water Balance During 2003–2012a
Mean Value
Annual

Spring

Summer

Autumn

Winter

Monthly

P–DS
GLDAS
JRA_25
Simulated_ET
P–DS
GLDAS
JRA_25
Simulated_ET
P–DS
GLDAS
JRA_25
Simulated_ET
P–DS
GLDAS
JRA_25
Simulated_ET
P–DS
GLDAS
JRA_25
Simulated_ET
P–DS
GLDAS
JRA_25
Simulated_ET

420.76
275.80
543.29
426.52
59.00
42.38
108.44
70.37
237.64
154.76
256.75
229.80
107.54
63.26
139.68
98.57
16.58
15.40
38.42
27.78
35.06
22.98
45.27
35.54

RMSE

Mean BIAS

R2

162.70
133.16
45.56

2144.96
122.53
5.76

0.57
0.01
0.64

24.12
55.90
22.06

216.62
49.44
11.37

0.17
0.01
0.57

89.83
36.75
26.09

282.88
19.00
27.84

0.61
0.17
0.67

46.46
36.01
17.36

244.28
32.14
28.97

0.07
0.03
0.56

13.17
25.42
12.42

21.18
21.84
11.20

0.08
0.10
0.72

22.02
34.21
18.89

212.08
10.21
0.48

0.79
0.73
0.89

a
Note: P 2 DS is considered as the reference value (P is calculated by area-weighted average of precipitation from the land area
(GLDAS) and water area (CMFD)) and statistical criteria are calculated in the corresponding time scales (the same below). The values of
DS are the means of the three centers (CSR, JPL, and GFZ) and is only negligible in annual scale (P 5 ET in annual scale). The bold numbers means this number is the best one compared to the reference values.

Table 5. Comparison of Basin-Averaged ET Estimations (mm) From Three Global ET Products, Simulation Results, and Basin-Wide Water
Balance During 2003–2006
Mean Value
Annual

Spring

Summer

Autumn

Winter

Monthly

ZHOU ET AL.

P–DS
GLDAS
JRA_25
Zhang_ET
Simulated_ET
P–DS
GLDAS
JRA_25
Zhang_ET
Simulated_ET
P–DS
GLDAS
JRA_25
Zhang_ET
Simulated_ET
P–DS
GLDAS
JRA_25
Zhang_ET
Simulated_ET
P–DS
GLDAS
JRA_25
Zhang_ET
Simulated_ET
P–DS
GLDAS
JRA_25
Zhang_ET
Simulated_ET

385.31
243.07
527.59
331.16
399.00
46.83
38.68
101.02
79.90
68.78
214.37
130.68
254.85
136.60
200.82
102.38
58.02
134.96
77.02
94.75
21.73
15.69
36.76
37.64
34.65
32.11
20.26
43.97
27.60
33.25
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RMSE

Mean BIAS

R2

186.83
152.04
69.60
36.22

2142.24
142.28
254.15
13.69

0.23
0.04
0.06
0.86

25.71
62.12
39.27
31.51

28.15
54.19
33.07
21.95

0.28
0.01
0.27
0.59

107.20
47.64
101.66
35.03

283.69
40.48
277.77
213.55

0.02
0.26
0.48
0.75

45.75
36.65
27.76
15.78

244.36
32.58
225.36
27.63

0.21
0.56
0.22
0.63

15.22
20.08
20.86
14.47

26.04
15.03
15.91
12.92

0.06
0.03
0.02
0.77

20.41
12.19
17.64
10.78

211.85
11.86
24.51
1.14

0.82
0.85
0.84
0.91
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Figure 12. Comparison of the basin-averaged ET from three global ET products, simulation results, and basin-wide water balance during 2003–2012 in annual, seasonal, and monthly
scales, respectively.

From Table 6, it can be seen that EW displayed a decrease with negative changing rate values in most seasons (P < 0.1 in spring) only except in summer, which showed an insigniﬁcant increase. EL showed an insigniﬁcant increase (P > 0.1) in all seasons only except in winter. Precipitation showed an increase both in the
water area and land area in all seasons. Total lake inﬂows and DSW displayed an increase (changing rate are
positive values) in all seasons and showed a noticeably increase in spring and summer (for DSW ). Compared
to other seasons, the smaller value (0.24 3 108 m3) of DSW in spring may be owing to the lower precipitation and discharge in such period.
4.6. The Relationship Between Lake Water Storage Changes and the Variability of Precipitation, Lake
Inflows, and ET
Lake inﬂows, precipitation over the water area, and EW are the important factors that control the water
budget of Lake Selin Co. We examined the contribution of these factors to the variations of DSw by analyzing the relationships between the change rate of DSw and the change rate of the three factors in monthly
scale during 2003–2012, as illustrated in Figures 14a–14c. It can be seen that lake inﬂows and precipitation
had stronger relationships with DSw (correlation coefﬁcients are greater than 0.6 in Figures 14a and 14b,
whereas there was no linear correlation between the change rate of EW and DSw in Figure 14c). The relationship of lake inﬂows (r 5 0.84, P < 0.01) is more relevant to the DSw than that of precipitation (r 5 0.64,
P < 0.1), suggesting that lake inﬂows had the most remarkable effects on the DSw of this lake, followed by
the inﬂuence of precipitation.
The above analysis was also implemented at warm season (Figures 14d–14f) and cold season (Figures 14g–
14i) to consider the seasonal variations of these factors. The results obtained in the warm season were the
same as that in the monthly scale, whereas EW (r 5 20.92, P < 0.01) had strongest relationship with DSw
(Figure 14i) in the cold season. It is easy to understand that lake inﬂows and precipitation have stronger
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Figure 13. Variations of annual precipitation, ET, total discharges, and lake water storage changes during 2003–2012.

effects on DSw in warm season owing to the fact that precipitation mainly occurs from May to September in
this basin. Lake inﬂows are mainly depended on precipitation within this basin (as will be discussed below),
in addition to glacier or snow meltwater. In the cold season, there is almost little or no precipitation in this
basin which may result in less lake inﬂows in such period. Moreover, rivers and lakes will also be frozen in
such period. Therefore, EW had remarkable effects on the DSw in the cold season.
Multiple regression (the used data also include EL, precipitation from the land area, and annual lake area; all
data were normalized before analysis) was used to quantitatively analyze the contributions of each factor to
the changes of DSw. The results showed that lake inﬂows, precipitation over the water area, and EW could
contribute about 49.5%, 22.1%, and 18.3% to the changes of DSw, respectively, which is signiﬁcant at the
99% level. The above three factors contribute about 90% of the total changes in DSw. The stronger relationships between rising rates of lake level and supply coefﬁcients were observed among the examined 105
closed lakes in the TP [Song et al., 2014a], suggesting that the precipitation runoff within basins had remarkable effects on the lake dynamics on the TP. Lei et al. [2013] indicated that runoff had the most contribution

Table 6. Annual and Seasonal Variations of Precipitation, ET, Total Lake Inﬂows, and Lake Water Storage Changes From 2003 to 2012a

Spring
Summer
Autumn
Winter
Annual

Mean value
Changing rate
Mean value
Changing rate
Mean value
Changing rate
Mean value
Changing rate
Mean value
Changing rate

Land_Prec

Water_Prec

Land_ET

Water_ET

Total Lake Inflows

DSW

47.15
2.45*
288.85
6.10
77.72
2.56
0.4
0.01
414.12
11.12

50.63
2.45
219.90
7.89
52.86
1.21
9.93
0.30
2333.32
11.85

57.84
1.03
208.44
5.45
84.55
1.81
27.95
21.26
378.78
7.03

218.54
23.45*
450.74
0.72
304.24
21.04
100.50
20.40
1074.02
24.17

3.95
0.14**
11.21
0.12
9.22
0.07
4.24
0.03
28.62
0.36

0.24
0.17*
6.18
0.18*
3.72
0.04
2.37
0.03
12.51
0.42

a
The unit for precipitation (Prec) and ET is mm, while it is 108 m3 for total lake inﬂows and lake water storage change. ‘‘Changing
rate’’ is the changing value per year for each variable from 2003 to 2012. *Statistical signiﬁcance at the 0.1 level. **Statistical signiﬁcance
at the 0.05 level.
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Figure 14. The relationships between the change rate of lake water storage changes and the change rate of lake inﬂows, precipitation over the water area (water_prec), and EW in (a–c)
monthly scale, (d–f) warm season, and (g–i) cold season during 2003–2012.

(62%) to the simulated lake volume increase of the six closed lake basin in the central TP. Likewise, precipitation runoff also had the most contribution to DSw in this study.

5. Discussion
5.1. Uncertainty About Total Lake Inflows Estimation
Song et al. [2014b] indicated that the total cumulative water storage changing amount reached 14.79 km3
(i.e., 13.45 3 108m3/yr) of the Lake Selin Co from 2001 to 2011 by integrating satellite altimetry and optical
imagery. The annual mean of DSw obtained in this study is 12.51 3 108 m3, which is slightly less than the
result in Song et al. [2014b]. It may be attributed to the percentage that used to calculate the total lake
inﬂows in equation (23). Since the river-lake interaction has not been currently reﬂected in the WEB-DHM,
the percentage of discharges at gauges A and B occupied in the total discharges (observed at the four
gauges) during the observation period was used to estimate the total lake inﬂows during 2003–2012. This
may result in uncertainties of the total lake inﬂows since the percentage varies every year under the interaction of precipitation, glaciers, snow, and frozen soil within the lake basin. The total lake inﬂows may overestimate or underestimate in a certain year.
Despite the above, discharges from the Zajia Zangbo river could be well simulated, indicating that most
lake inﬂows could be well reproduced by the WEB-DHM, since this river is the main source river with discharges directly ﬂowing into the Lake Selin Co. The accuracy of the percentage that used to calculate the
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Figure 15. Variations of the simulated discharge, ET from land area, snow and glacier melts as well as precipitation at the upper area of gauge A during 2003–2013.

total lake inﬂows needs more in situ observations to validate. Furthermore, the glacier is currently considered as thick snow (100 m) in the model to simulate the glacier melting, which may result in some uncertainties in glacial runoff simulation and further inﬂuences the discharge simulation. To improve this
problem, the present WEB-DHM can be coupled with a glacier module based on the energy balance in
future studies.
5.2. Uncertainty About ET Estimations
Since there are no enough in situ measurements (including ET in the land area and water area) to validate
ET estimations, the estimated EL and EW were validated by other variable (LST) and short-term in situ EC
measurements. To minimize the errors in ET estimations, GLDAS and CMFD data were ﬁrst corrected according to the CMA observations. The calibrated WEB-DHM can obtain relatively reliable EL estimations. EW at
point scale also matches well with short-term in situ EC measurements. Due to the different resolutions of
forcing data used in this study, the interpolation error may be a potential factor inﬂuencing the ET estimation results and needs for in-depth analysis in future studies.
The uncertainties about ET estimations in the frozen period are greater than that in the unfrozen period
owing to the uncertainties of the duration of lake ice cover, which largely inﬂuenced by climate factors. For
example, Qu et al. [2012] found that a freezing-thaw-refreezing process occurred for a small lake near the
Lake Nam Co owing to higher wind speed in 2008. Lake ice is likely to continue for a period of time after
being completely frozen, then start to melt [Che et al., 2009]. In this study, EW was estimated by adding the
Penman-based calculation and the sublimation estimation together during the duration of lake ice cover
instead of from the sublimation estimation alone, aiming to consider the freezing and melting process.
Therefore, EW estimation results may be higher than its real values in the frozen period. Zhang et al. [2003]
indicated that daily sublimation from the snow surface were in the range of 0.2–1.0 mm at the observation
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sites which located on the eastern TP. The mean EW during the frozen period in winter is 1.08 mm/d in this
study, which is slightly higher than the range in Zhang et al. [2003]. The overestimation of EW in the frozen
period may be caused by the uncertainties from the determination of lake ice cover or the estimation
method used in this study, but it has relatively little impact on annual EW. More observations are needed to
explore the real duration of lake ice cover.
5.3. The Contribution of Precipitation, Snow, and Glacier Melts to the Discharge in the Largest
Tributary (Zajia Zangbo River)
Previous studies [Zhang et al., 2011; Meng et al., 2012] indicated that glacier meltwater is the main cause for
the expansion of the Lake Selin Co, especially in recent decade. We take the Zajia Zangbo river as an example to investigate the contribution of snow and glacier melts to discharge. Figure 15 shows the variations of
the simulated discharge, EL, snow and glacier melts as well as precipitation at the upper area of gauge A
during 2003–2013. The relationships between discharge and precipitation as well as snow and glacier melts
are also shown in Figures 15c and 15d.
From Figure 15b, it can be seen that the change rate of precipitation minus the change rate of other variables nearly equal to 0 (20.27 in this study). Based on water balance equation, within the acceptable error
range, it can be considered that the water balance is reasonable at the upper area of gauge A during 2003–
2013. Moreover, it can be seen from Figures 15c and 15d that both precipitation and snow and glacier melts
had remarkable effects on discharge at gauge A, in which precipitation (r 5 0.62, P < 0.05) had stronger relationship than that of snow and glacier melts (r 5 0.25, P < 0.1). Given glaciers occupies about 150 km2
(0.8%) in the upper area of gauge A and the total glaciers area accounts for 1% of the whole lake basin, the
results from Figure 15 can be easily understood. The multiple regressions also showed that the cumulative
contribution of precipitation and snow and glacier melts to discharge at gauge A can reach about 97.3%, in
which 74.5% come from precipitation.

6. Conclusions
In this study, we take a typical TP lake (Selin Co) and its surrounding land area as a whole lake basin, to
explore the lake water storage changes by using the WEB-DHM together with two different ET algorithms
and water balance method.
WEB-DHM is successfully calibrated and validated by the available discharges data and MODIS LST. The
model could reproduce discharge well at two gauges and most lake inﬂows could be well reproduced by
WEB-DHM. LST simulated by WEB-DHM successfully reproduced the spatial pattern and basin-averaged values of MODIS LST both in nighttime and daytime. The differences between the simulated LST and MODIS
LST throughout the whole lake basin were small in most of the time and for most areas.
ET estimation results at point scale are very close to the short-term in situ EC observations
(RMSE 5 0.86 mm/d). Taking ET estimated from the basin-wide water balance as a reference, simulation
results had better performance in reproducing basin-averaged ET than three global ET products. The simulated basin-averaged ET had smaller BIAS and RMSE values than three global ET products in most of the
time scales and can well represent interannual variations of ET.
The total lake inﬂows (28.62 6 2.64 3 108 m3/yr) and lake water storage changes (12.51 6 2.72 3 108 m3/yr)
both showed an insigniﬁcant increase with the changing rate of 0.36 3 108 m3/yr (P > 0.1) and 0.42 3
108m3/yr (P > 0.1) during 2003–2012, respectively.
During study period, lake inﬂows and precipitation over the water area had stronger relationships with lake
water storage changes in warm season and monthly scale than EW, whereas EW had remarkable effects on
lake water storage changes in cold season. The above three factors contribute about 90% of the total
changes in lake water storage during 2003–2012, and accounting for 49.5%, 22.1%, and 18.3%, respectively.
This study provided a quantitative method to estimate the lake water storage changes within the largest
lake basin in the TP, targeting for quantitatively analyzing the contributions of main factors to lake water
storage changes. The numerical simulations adopted in this study are helpful to accurately estimate lake
water storage changes at ﬁne spatial and temporal resolution. This will eventually contribute to improved
understanding of lake variations over the TP.
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