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Abstract    Actual evapotranspiration (ETa) over the Tibetan Plateau (TP) is an important component of the water cycle, and
greatly influences the water budgets of the TP lake basins. Quantitative estimation of ETa within lake basins is fundamental to
physically understanding ETa changes, and thus will improve the understanding of the hydrological processes and energy balance
throughout the lake basins. In this study, the spatiotemporal dynamic changes of ETa within the Lake Selin Co (the TP’s largest
lake) and its surrounding small lakes and land area during 2003–2012 are examined at the basin scale. This was carried out using
the well-established Water and Energy Budget-based Distributed Hydrological Model (WEB-DHM) for the land area, the Penman
method for the water area when unfrozen, and a simple sublimation estimation approach for the water area when frozen. The
relationships between ETa changes and controlling factors are also discussed. Results indicate that the simulated land ETa from
the WEB-DHM reasonably agrees with the estimated ETa values from the nonlinear complementary relationship model using
appropriately calibrated parameter values at a point scale. Land ETa displayed a non-significant increase of 7.03 mm year−1, and
largely depends on precipitation. For the water area, the combined effects of reduced wind speed and net radiationoffset the effect
of rising temperature and vapor pressure deficit, and contributed to a non-significant decrease in evaporation of 4.17 mm year−1.
Sensitivity analysis shows that vapor pressure deficit and wind speed are the most sensitive variables to the changes of evaporation
from the water area.
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1.         Introduction
Actual evapotranspiration (ETa) is a crucial component of the
water cycle, controlling the exchange of energy and mass be-
tween the atmosphere and the soil, water and vegetation of
terrestrial ecosystems (Chen et al., 2006; Wang et al., 2012).
As the only term that appears in both a land-surface energy
balance equation and awater balance equation (Xu and Singh,
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2005), ETa is important for determining long-term water bud-
gets, and plays a key role in the energy budget of the terres-
trial-atmospheric system (Wang et al., 2012). Variations in
ETa not only affect precipitation and the available water re-
sources, but also influence the fundamental processes of ter-
restrial ecosystems, such as runoff and soil moisture move-
ment (Thomas, 2008). Accurate knowledge of ETa is essen-
tial for understanding the interplay between land surfaces and
the atmosphere.
The Tibetan Plateau (TP), the world’s highest plateau,
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is subject to strong interactions between the hydrosphere,
cryosphere, atmosphere and biosphere (Yang et al., 2014).
A significant warming trend in the TP during recent decades
(Kang et al., 2010) lead to higher evaporation rates, which
have changed the local atmospheric and hydrological cycles
(Yang et al., 2011, 2014), and significantly influenced ter-
restrial water resources such as lakes and rivers, not only in
the TP region, but also in the adjacent and remote regions
(Song et al., 2014a; Yang et al., 2014). As an important flux
term that links the terrestrial water and ambient atmosphere,
an in-depth understanding of the spatiotemporal variations
of ETa for the TP is of great significance for regional studies
related to hydrology, environment, and water resources
planning.
The TP is rich in lakes that play an important role in main-

taining the water balance of several large Asian river basins,
such as the Yangtze, Yellow, and Mekong river basins, and
are an important indicator of regional climate change (Song
et al., 2014b; Wu et al., 2014). Many lakes in the central TP
lie in basins with little or no outflow, experiencing changes
in the water balance as a result of input (e.g. precipitation)
and output (mainly ETa). The water balance of these inland
lakes involves complex climatic and hydrological processes
within lake basins, and thus provides valuable insights into
long-term hydrologic variability and climate change (Shana-
han et al., 2007; Huang et al., 2011; Lei et al., 2014). As
the major water loss in the water balance, variations of ETa
in a lake basin (including both lake evaporation (Ew) and land
evapotranspiration (EL)) not only influence the characteristics
of lake itself, such as water level, area, and water storage (Lei
et al., 2013; Li et al., 2013; Song et al., 2014b), but also im-
pact the energy budget and hydrological cycle of the whole
lake basin (Lenters et al., 2005; Yang et al., 2011). Reliable
estimates of ETa within the lake basins are needed, not only
for ETa (Ma et al., 2015a), but also for many other factors
in the TP (Xu et al., 2009), such as water balance compu-
tation (Zhou et al., 2013), river flow prediction (Zhang L L
et al., 2013), lake chemistry investigations (Wang J B et al.,
2009), and ecosystem modeling (Wang et al., 2011). In the
data-rich lake basins around the world, such as Great Lakes
Basin (Bryan et al., 2015), Devils Lake Basin (Steele et al.,
2015), and Poyang Lake Basin (Ye et al., 2014), the spatial
and temporal changes of evapotranspiration have been ex-
plored, with the aid of FLUXNET sites combined with re-
analysis products, land surface energy balance algorithm, and
dense meteorological stations, respectively. However, be-
cause of the harsh physical conditions (remoteness, high alti-
tude) and lack of in situ observations, the spatiotemporal vari-
ations of ETa are still largely unknown and poorly understood
for the TP lake basins. Recently, the variations of ETa in the
TP lake basins, such as the Nam Co Lake Basin, have been
studied, based on in situ measurements (Zhou et al., 2013),
Penman method (Wu et al., 2014) and the complementary re-

lationship lake evaporation (CRLE) model (Ma et al., 2016).
But the obtained ETa results were only for the lake body, not
from the perspective of the basin scale.
Lake Selin Co is the largest inland lake in the TP with an

altitude of more than 4500 m. Changes in the water balance
of this lake have been concerned by previous studies (Bian
et al., 2010; Zhang et al., 2011; Meng et al., 2012; Lei et
al., 2013; Song et al., 2014a), in which ETa was mainly es-
timated from meteorological station observations at a point
scale. However, these studies focused on a lumped lake body,
rather than the lake basin that considers both the lake body
and the surrounding small lakes and land area that may ex-
change water with the lake, thus ignoring the nature of these
dynamic processes. Specifically, the meteorological stations
are sparsely distributed in this lake basin (only one station
within the basin map, see Figure 1), which is insufficient to
accurately capture the ETa changes for both land and water
areas. Furthermore, the relationships between EL and Ew and
their controlling factors at the basin scale are still not well
understood, and need further research. In our previous study
(Zhou et al., 2015), we mainly focused on exploring the con-
trolling factors on the water storage changes of Lake Selin
Co during 2003–2012 using a new-generation hydrological
model (Wang et al., 2009a) and found that the increase of pre-
cipitation-induced lake inflows other than mountain glacier
and snow melts dominated the expansion of Lake Selin Co in
the past decade. Based on the above study, we also found that
EL and EW experienced very different changes (increase for
EL, while decrease for EW) during 2003–2012. To better un-
derstand how ETa (EL and Ew) changes have taken place over
the Lake Selin Co and its surrounding small lakes and land
area, and further investigate the reasons for the contrast ETa
variations over water and land area within the same lake basin
became the major objective of the current study. By coupling
a biophysical land surface scheme, the used new-generation
hydrological model can physically describe ETa (Wang et al.,
2009b), and thus have offered an opportunity for obtaining
spatiotemporal ETa data within this lake basin.
The objective of this study is to physically estimate the spa-

tiotemporal ETa changes within the Lake Selin Co and sur-
rounding small lakes and land area at the basin scale dur-
ing 2003–2012. The previously calibrated and validated wa-
ter and energy budget-based distributed hydrological model
(WEB-DHM) (Zhou et al., 2015) was used to estimate the
spatiotemporal changes ofEL. The Penmanmethod and a sim-
ple sublimation estimation method were used to estimate Ew
in the unfrozen and frozen periods, respectively. The rest of
the paper is organized as follows. Sections 2 and 3 present the
study area, data sets, and methods. Section 4 gives the results
of ETa (mainly for EL) validation, and shows the influence of
meteorological variables variability on the spatial and tempo-
ral changes of EL and Ew. The discussion is in section 5. In
section 6, the major results of this study are summarized and

2 Zhou J, et al.   Sci China Earth Sci   



Figure 1            Location of the Lake Selin Co and surrounding small lakes and the hydrometeorological stations within the lake basin (the rectangle around the
meteorological stations means that the stations are outside the basin map).

conclusions are drawn.

2.         Study area and data sets

2.1         Study area

Selin Co is a typical TP endorheic lake. There are many
small lakes (water area in the Figure 1) surrounding the Selin
Co, with a basin area of roughly 59383 km2, located between
30°03′ to 33°40′N, and 87°39′ to 92°26′E (Figure 1). Contin-
ued enlargement of the Selin Co lake area has been detected
in recent decades. The lake area was 2186.25±162.85 km2

during 2003–2012 (Zhang G Q et al., 2013). Seasonal varia-
tions in the water area are clearly visible, and there is a frozen
period in winter and early spring every year. The characteris-
tics of climate in this lake basin is dry and cold, with a mean
annual temperature of 0.7°C, a wind speed of 3.9 m s−1, and
a relative humidity of 42% (Zhang et al., 2011). The annual
mean precipitation is about 315 mm, and mainly occurs from
May to September. Four major rivers flow into Lake Selin
Co, and the largest tributary is the Zajia Zangbo River, which
located in the upper area of gauge A (Meng et al., 2012). Four
meteorological stations are located adjacent to the lake basin,
and only one station (Shenzha) is located within the basin
(Figure 1). The paucity of meteorological stations affected
the meteorological and hydrological analyses, and additional
data sets can potentially be used, such as the China Meteoro-
logical Forcing Dataset (CMFD).

2.2         Data Sets

The data used in this study mainly include remote sensing
data and meteorological data (including station observations
and forcing data). Detailed information about the different
data sources is given in the Table 1 of Zhou et al. (2015).

2.2.1   Remote sensing data
Remote sensing data mainly consisted of the leaf area index
(LAI) and the fraction of photosynthetically active radiation
(FPAR), and the annual lake boundary. LAI/FPAR data were
extracted from the Moderate Resolution Imaging Spectro-
radiometer (MODIS) 8-day composite product MOD15A2
(Myneni et al., 1997) (http://reverb.echo.nasa.gov/reverb/)
with a resolution of 1 km from 2003 to 2013, and are used as
the inputs to the WEB-DHM to analyze the dynamic changes
of vegetation. These data were resampled to a 2.5 km spatial
resolution in our model calculations. The annual boundaries
of Lake Selin Co and surrounding small lakes from 2003
to 2012 are obtained from Zhang G Q et al. (2013), who
delineated the lake extent based on the Landsat Thematic
Mapper (TM) and Enhanced Thematic Mapper (ETM+) data
and visual interpretation. These data are mainly used to
estimate lake evaporation from water area for each year.

2.2.2   Meteorological data
Meteorological observation data, including daily average
air temperature, precipitation, relative humidity, air pres-
sure, wind speed, and sunshine duration during 2003–
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2013 for the four meteorological stations were obtained
from the China Meteorological Administration (CMA)
(http://cdc.cma.gov.cn/home.do). These data were mainly
used to correct the forcing data and to estimate ETa at the
Shenzha station.
The Global Land Data Assimilation System (GLDAS)/N-

oah LSM Level 4 product (GLDAS_Noah025SUBP_3H) (
http://disc.sci.gsfc.nasa.gov/hydrology/data-holdings) (Rod-
ell et al., 2004) with a fine resolution of 3 h, 0.25°×0.25°
was selected in this study for land simulations. The data,
including near-surface air temperature, precipitation, down-
ward shortwave and longwave radiation, specific humidity,
wind speed, and surface pressure during 2003–2013 from
GLDAS_Noah025SUBP_3H were used to drive the WEB-
DHM model.
Since GLDAS had no available data for the water area, the

data from the CMFD (Yang et al., 2010, http://westdc.west-
gis.ac.cn/data/7a35329c-c53f-4267-aa07-e0037d913a21)
during 2003–2012 were used to estimate the evaporation
from the water area. The used meteorological variables
from the CMFD (3 h, 0.1°×0.1°) are the same as that from
GLDAS. All GLDAS and CMFD variables were resampled
to 2.5 km model grids. Detailed descriptions of the GLDAS
products and the CMFD data can be found in Rodell et al.
(2004) and Yang et al. (2010), respectively.
TheGLDAS/CMFDdata were first evaluated and corrected

based on the four CMA station observations. The monthly
mean pixel values of GLDAS/CMFD data for the four sta-
tions were compared with the monthly averaged CMA val-
ues. Several linear correction functions, the linear regression
equations derived from the corresponding scatterplots, were
used as correction functions. The GLDAS/CMFD data were
previously corrected according to Zhou et al. (2015) and then
used in the subsequent analyses.

3.         Methods

3.1         Estimation of EL

3.1.1   Estimation for the CMA station
Ma et al. (2015a) recently demonstrated that it is possible
to quantify the long-term ETa variations by using appropriate
estimation methods for data at the CMA stations in the TP
where direct ETa measurements are sparse. Based on com-
parisons of four ETa estimation models (the Nonlinear Com-
plementary Relationship (Nonlinear-CR) model, the Com-
plementary Relationship Areal Evapotranspiration (CRAE)
model, the Katerji-Perrier model, and the Todorovic model),
they concluded that the Nonlinear-CR model is reasonable
in the absence of measured ETa data for local calibration of
the parameter values in the model. The Shenzha station has
no available ETa measurements. It is the sole CMA station

within the basin and has similar climatic and land cover con-
ditions to the Shanghu alpine steppe (SAS) area where possi-
ble regional parameter values for the estimation model have
been found in Ma et al. (2015b). Therefore, we selected
the Nonlinear-CR model to estimate ETa at the Shenzha sta-
tion following the steps described in Ma et al. (2015a), and
used the results to evaluate the simulated EL results (from
WEB-DHM) at the specific grid. A detailed description of
the Nonlinear-CR model has been given in Ma et al. (2015a);
therefore, only a brief introduction is given here:
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whereETw is the wet environment evapotranspiration rate that
produced by a uniform wet surface of regional extent; ETp is
the potential evapotranspiration rate; η is a coefficient that de-
scribes the proportion of the sensible heat that increases ETp;
Δ is the slope of the saturated vapor pressure curve at a given
air temperature (kPa °C−1); γ is the psychrometric constant
(kPa °C−1); Rn is the net radiation (W m−2); G is the soil heat
flux into the ground surface (Wm−2); λ is the latent heat of va-
porization (J kg−1); D is the vapor pressure deficit (KPa); f(U)
is the wind function and can be calculated from the equation
(4); ρ is the air density at constant pressure (kg m−3); Cp is
the specific heat of air (J kg−1 k−1); ra is the aerodynamic re-
sistance (s m−1); and α is the dimensionless Priestley-Taylor
coefficient. A default value of α is 1.26, but Ma et al. (2015b)
recently found that the value of 1.13 is appropriate for local
conditions.
Three statistical criteria: root mean square error (RMSE),

bias error (BIAS), and Pearson correlation coefficient
(CORR), were used to evaluate the simulated EL from
WEB-DHM against the Nonlinear-CR-based ETa values.
They are defined as:
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where N is the number of observations; Ew,t is the Nonlin-
ear-CR-based ETa values at time t; and Es,t is the simulated
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ETa values at time t. Es t, and Ew t, are the mean values of the
corresponding data.

3.1.2   Estimation for the lake basin
The WEB-DHM (Wang et al., 2009a, 2009b) is a distributed
biosphere hydrological model and is used to estimate the spa-
tiotemporal changes ofEL from 2003 to 2012. Thismodel was
developed by fully coupling a geomorphology-based hydro-
logical model (GBHM; Yang et al., 2002, 2015; Gao et al.,
2016) with a biophysical land surface scheme (SiB2; Sellers
et al., 1996a, 1996b). The WEB-DHM calculates ETa based
on both energy and water balances for each model grid by si-
multaneously simulating heat, moisture, and CO2 fluxes in the
soil-vegetation-atmosphere transfer (SVAT) processes (Wang
et al., 2009b). It therefore has a more solid physical founda-
tion than other traditional hydrological models. A detailed
description of the WEB-DHM has been given in Wang et al.
(2009a) and the ETa calculation methods from WEB-DHM
can be seen in Zhou et al. (2015).
A total of 9502 grids were generated for the lake basin

during the model setup. The WEB-DHM was driven by the
corrected GLDAS data and was run with a fine spatiotem-
poral resolution (2.5 km, hourly time steps). The same spa-
tiotemporal resolution was used in the Ew calculation. Be-
fore the WEB-DHM was used to estimate the spatiotemporal
changes of EL, it was first calibrated and validated with avail-
able discharge data at the ground-based discharge gauges (A
and B, see Figure 1) and daily MODIS land surface temper-
ature (LST) over the land area during 2003–2013 (Zhou et
al., 2015). A WEB-DHMmodel was well-established for the
lake basin (Zhou et al., 2015) and was used in the current
study.

3.2         Estimation of Ew

3.2.1   Estimation in the unfrozen period
Ewwas calculated according to the Penman method (Penman,
1948) using the corrected CMFD data in the unfrozen period
and as follows:

E
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where Ew is the daily open water evaporation (mm day−1); Rn
is the daily net radiation at the water surface (MJ m−2 day−1);
λ is the latent heat of vaporization (MJ kg−1); andG is the heat
flux to water body (MJ m−2 day−1). Ea (mm day−1) represents
the evaporative component due to turbulent transport of wa-
ter vapor by eddy diffusion processes (Penman, 1948; Jensen,
2010). Detailed equations for calculating G, Ea, Rn are avail-
able in Zhou et al. (2015), while equations for estimating Δ,
γ, λ can be found in (Allen et al., 1998; Jensen, 2010; McMa-
hon et al., 2013).

3.2.2   Estimation in the frozen period
Ew occurs as sublimation during the frozen period. A sim-
ple method was selected for estimating sublimation, which is
mainly determined by atmospheric saturation deficit andwind
speed (Kojima, 1979). The method is as follows:

E f u e e( )( ),s a= (9)

whereE′ is the sublimation (mmday−1); f(u) is a wind function
of the form f(u)=a+bu, in which u is the wind speed observed
at 2 m above the water surface, and f(u) is estimated by the
equation 0.26(1+0.54u) (Penman, 1948; Jensen, 2010); and
es−ea is the vapor pressure deficit (VPD) (KPa).

3.2.3   Determination of the duration of lake ice cover and
transition dates

The transition dates refer to when the lake changes from being
completely covered with ice to being ice-free. Based on the
variations of MOD11A1 (MODIS Terra LST product) data
(Figure 2), the duration of lake ice cover and transition dates
of Lake Selin Co during 2003–2012 have been determined
in Zhou et al. (2015) and are used to estimate Ew during the
frozen period. The duration of lake ice cover wasmainly from
mid-December to early May, while the transition dates were
mainly in late February (see the Table 2 in Zhou et al., 2015).

3.3         General framework

This study mainly includes the following steps: (1) the well-
established WEB-DHM was used to simulate EL over the
whole lake basin, and the Nonlinear-CR-based ETa values at
the Shenzha station were used to evaluate the simulated ELon
a monthly basis from 2003 to 2012 at point scale; (2) the pre-
viously corrected CMFD data were used to calculate Ew based
on two ETa algorithms for the water area in the unfrozen and
frozen periods; and (3) the spatiotemporal variations of EL
and Ew from 2003 to 2012 were shown and the influence of
meteorological variables variability on the ETa changes were
discussed.
Figure 3 shows the methodological framework of this

study.

4.         Results and analysis

4.1         ETa Evaluation at the CMA station

The simulated EL from the WEB-DHM for the specific grid
over the Shenzha station were extracted for comparison with
the Nonlinear-CR-basedETa values at point scale for monthly
intervals during 2003–2012 (Figure 4a). The pixel values of
the simulated EL for the Shenzha station showed a reason-
able agreement with Nonlinear-CR-based ETa values, with
CORR, BIAS, and RMSE values of 0.87, 2.41 mm month−1,
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Figure 2            Variations of daily MODIS LST in the water area in both the daytime and nighttime from 2003 to 2012.

and 11.75 mm month−1, respectively (Figure 4b). The simu-
lated EL values were mainly higher than the Nonlinear-CR-
based ETa values during the study period, thus showing a
positive bias. This may be attributed to a mismatch between
the mean values of the grid (2.5 km) and the point scale site.
Moreover, the difference in precipitation values for the grid
(from GLDAS) and the site (from observations) is another
possible reason for the differences in EL values: The mean
annual precipitation during 2003–2012 for the grid is 396.2
mm, and 379.7 mm for Shenzha station.
In addition, the estimated Ew results were compared with

available short-term in situ eddy covariance (EC) measure-
ments from 10 October to 10 November 2012 (monitoring
point in Figure 1), and the basin-averaged ETa estimations
were further examined at the basin scale by comparing them
with the basin-wide water balance method and three global
ETaproducts, generally showed good agreement (Zhou et al.,
2015).
The variations of monthly mean EL and Ew can be seen in

Figure 5.

4.2         Annual and seasonal variations of ETa and meteoro-
logical variables

Annual variations of simulated EL and Ew, as well as the in-
terannual variability of the meteorological variables in both
the land and water areas from 2003 to 2012, are shown in
Figure 6 (“W rate” are the changing rate in water area from
2003 to 2012, while “L rate” are the changing rate in land
area). The meteorological variables are principally precipita-
tion (Prec), air temperature (Temp), net radiation (Rn), wind

speed (Wind), air pressure (pres), relative humidity (RH), and
VPD. The relevant information about the seasonal variations
of simulated EL and Ew, as well as the seasonal meteorological
variable changes during 2003–2012, are given in Table 1.
Figure 6 shows that mean annual Ew (1074.02 mm) is much

higher than mean annual EL (378.8 mm). The highest (1192.9
mm) and lowest (969.7 mm) values of annual Ew appeared in
2007 and 2012, respectively. Figure 6 also shows that annual
Ew experienced a decrease of 4.17 mm year−1, while annual EL
displayed an increase of 7.03 mm year−1 during 2003–2012.
In both cases p>0.1 and is not significant. From Figure 6, it
also can be seen that annual precipitation and temperature dis-
played a non-significant increase (p>0.1) in both the land and
water areas during the study period. Wind and RH showed a
noticeable decrease (p<0.05) in both the land and water areas.
Pres showed a significant increase in the water area (p<0.05)
with a clear and abrupt change point appearing in 2007, while
it showed a non-significant decrease in the land area (p>0.1).
Rn displayed a non-significant decrease (p>0.1), while VPD
showed a noticeable increase (p<0.05) in both the land and
water areas.
From Table 1, it can be seen that Ew displayed a non-signif-

icant increasing rate in summer, while it showed a decreas-
ing rate in other seasons, especially in spring (p<0.1). EL
showed a non-significant increase in all seasons except for
winter. Seasonal mean values of Ew are 218.54 mm in spring,
450.74 mm in summer, 304.24 mm in autumn, and 100.50
mm in winter, while forEL the corresponding values are 57.84
mm, 208.44 mm, 84.55 mm, and 27.95 mm. Prec and Temp
showed an increase in both the land and water areas in all sea-
sons.  Rn displayed  a  non-significant  increase  in  summer,
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Figure 3            The flowchart of this study.

while it showed a non-significant decrease in other seasons in
both the land and water. Wind and RH showed a noticeable
decrease (p<0.1) in all seasons in both the land and water
areas. Pres showed an increase in the water area, while it
displayed a decrease in the land area for all the seasons. VPD
showed a significant increase in most seasons in both the land
and water areas.

4.3         ETa changes and controlling factors

To analyze the contributions of meteorological variables to
the Ew and EL changes, a correlation analysis between the me-
teorological variables from both the land and water areas with
Ew and EL was performed. The results are shown in Table 2.
The trends in all the variables were first removed to obtain
stationary time series.
Table 2 indicates that significant correlations exist only for

annual Prec with a correlation coefficient of 0.88 (p<0.05) in

the land area. However, Ew is affected by integrated climatic
factors including Temp, Rn, Wind, and VPD because signifi-
cant annual-scale correlations exist for these variables. At the
seasonal scale, Temp and Rn had a strong effect on Ew in all
seasons, except winter. VPD exhibited strong relationships
with Ew for all the seasons, whileWind had significant effects
on Ew in all seasons except summer. Prec and RH also had
a strong effect on Ew in spring and summer (p<0.1), respec-
tively, but correlations were not obvious in other seasons. EL
dependedmainly onPrec in most seasons, only except winter,
with strong correlation at the 95% significance level. Rn had
a strong effect on EL in summer and autumn, while Temp had
a strong effect on EL only in autumn. In general, EL showed
a strong correlation with Prec (Figure 7).
The above information reveals that Prec is the only dom-

inant factor for EL, while Temp, Rn, Wind, and VPD are the
most crucial factors for Ew. At the annual scale, ETa is wa-
ter-limited in the land area and energy-limited (Temp and Rn)
in the water area. This is consistent with the major finding of
Yang et al. (2011) who simulated ETa at all CMA stations in
the TP with the aid of a land surface model. In general, a rise
in Temp and VPD may cause Ew to increase, but a decline in
Wind and Rn may offset these effects and contribute to a de-
crease in Ew at a rate of 4.17 mm year−1 (Figure 6).

4.4         Spatial dynamic changes of ETa over the basin

Spatial distributions of annual Ew and EL from 2003 to
2012 (Figure 7a) were obtained at 2.5 km spatial resolution
throughout the basin. The spatial distribution of seasonal
mean ETa can also be seen in Figure 7b. In Figure 7a, it can
be seen that Ew is clearly higher than EL. Ew in 2007 was
larger than that in other years, while EL in 2011 is higher than
that in other years. Figure 7b shows that Ew and EL in summer
are both higher than in other seasons and are lowest in winter.
The spatial distribution of the standard deviation of ETa can
be seen in Figure 7c. There was a larger deviation between
Ew and its mean values compared with that in the land area.
The average standard deviation of Ew was 53.3 mm while
this value was 27.2 mm for EL.

Figure 4            Time series of monthly Nonlinear-CR-based ETa values and the simulated EL for land area from WEB-DHM at the Shenzha station from 2003 to
2012 (a); (b) the corresponding scatterplot.
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Figure 5            Variations of monthly mean ETa (Ew and EL) from 2003 to 2012.

Figure 8 shows the spatial distributions of correlation coef-
ficients between ETa and climatic variables. The correlation
coefficients between Prec and EL were clearly larger than for
the other climatic variables. Compared with other variables,
Wind, VPD, Rn, and Temp have a stronger effect on Ew.

5.         Discussion

5.1         Climatic controls on ETa changes

ETa is strongly influenced bymany factors, and different com-

binations of climatic variables control ETa rates in different
areas (Li et al., 2015). Previous studies have indicated that
one or more meteorological variables changing systemati-
cally over space and time will lead to the differences in the
spatial distribution of potential evapotranspiration (ETp; Chen
et al., 2006). In general, ETa is close to ETp under wet en-
vironmental conditions (Zhang et al., 2007). Therefore, the
estimated Ew in this lake basin can be considered similar to
ETp for the unfrozen period and is sensitive to variability in
meteorological parameters (Yang and Yang, 2012). Previous
studies have shown thatWind is an important indicator of the
evaporative environment in the TP regions with high altitude
(Chen et al., 2006) and is also one of the major factors con-
trolling ETp changes in the TP (Zhang et al., 2007; Zhang
et al., 2009). However, Wind has been found to be signifi-
cantly decreasing during the recent decades. The significant
decrease (p<0.05) ofWind in both the land and water areas of
this lake basin is consistent with previous research (Chen et
al., 2006; Xu et al., 2006; Wang et al., 2012; Yang and Yang,
2012), that revealed thatWind has decreased in many regions,
including the TP. The causes for this decline are not well un-
derstood compared with Temp and Prec changes. Jiang et al.
(2010) reported that the main reasons for the decreasing trend
ofWind over China were changes in the atmospheric circula-
tion caused  by  global warming.  The decreasing  trends  of

Figure 6            Annual variations of the simulated ETa as well as the relevant meteorological variables from the water area and land area during 2003–2012.
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Table 1        Seasonal variations of the simulated ETa (EW and EL) and meteorological variables from 2003 to 2012 in the water area and land areaa)

ETa Prec Temp Rn Wind Pres RH VPD

218.54 50.63 273.35 1398.17 4.20 59.81 44.15 0.35Water mean
(changing rate) (−3.45*) (2.45) (0.04) (−1.60) (−0.28**) (0.13*) (−1.54**) (0.01)

57.84 47.15 272.53 1111.37 3.43 56.49 45.75 0.32
Spring

Land mean
(changing rate) (1.03) (2.45*) (0.04) (−1.36) (−0.08*) (−0.01) (−2.79**) (0.02*)

Water mean 450.74 219.90 283.04 1787.60 3.06 60.04 66.55 0.41

(changing rate) (0.72) (7.89) (0.11) (0.71) (−0.18**) (0.14*) (−1.87**) (0.03**)

Land mean 208.44 288.85 280.81 1511.17 2.63 56.84 73.64 0.29
Summer

(changing rate) (5.45) (6.10) (0.13) (0.5) (−0.05*) (−0.01) (−2.96**) (0.03**)

Water mean 304.24 52.86 274.40 1218.13 3.13 60.04 53.16 0.31

(changing rate) (−1.04) (1.21) (0.07) (−1.44) (−0.19**) (0.14*) (−2.16**) (0.02**)

Land mean 84.55 77.72 272.16 995.39 2.73 56.79 59.98 0.23
Autumn

(changing rate) (1.81) (2.56) (0.08) (−1.70) (−0.11*) (−0.02) (−3.05**) (0.03**)

Water mean 100.50 9.93 264.99 935.12 4.76 59.49 41.63 0.20

(changing rate) (−0.40) (0.30) (0.01) (−2.18) (−0.22**) (0.09) (−1.83**) (0.01*)

Land mean 27.95 0.4 264.63 754.92 3.80 56.14 41.41 0.20
Winter

(changing rate) (−1.26) (0.01) (0.02) (−2.77) (−0.11*) (−0.01) (−2.95**) (0.01*)

a) The units of each variable are: ‘Prec’ (mm), ‘Temp’ (K), ‘Rn’ (MJ m−2 y−1), ‘Wind’ (m s−1), ‘Pres’ (KPa), ‘RH’ (%), and VPD (KPa) (the same below). “Water mean” and “Land
mean” are the seasonal mean values for each variable in the water area and land area during 2003–2012, respectively. “changing rate” is the changing value per year for each variable
from 2003–2012. *Statistical significance at the 0.1 level. **Statistical significance at the 0.05 level.

upper-air zonal wind and the decline of the pressure gradient
were also factors in the Wind decline in the TP (Zhang et
al., 2009). Furthermore, McVicar et al. (2010) found that
recent Wind decreases could partially offset any increase in
ETp, especially in the high elevation regions. Although many
reasons for the decline of Wind have been proposed, it has
been difficult to reach a consensus because different regions
have different climatic conditions. The decline of Wind in
this lake basin may be owing to its high elevation of more
than 4500 m and the effects of the Asian monsoon.
A decrease in Rn has been proven to be another cause for

the decreasing trend of ETp in the TP regions (Zhang et al.,
2007; Zhang et al., 2009). In this lake basin, Rn had a strong
positive correlation with Ew (Table 2), and also showed a de-
crease in both the land and water areas at the annual scale and
for most seasons (Figure 6 and Table 1). The above results are
consistent with previous research from Zhang et al. (2007),
Zhang et al. (2009), and Liu et al. (2011), who also indicated
the decreasing trend of Rn in the TP during recent decades.
Zhang et al. (2007) showed that increasing long-wave radia-
tion would decrease Rn in the TP. The increase in atmospheric
water vapor pressure and Prec was also mainly related to the
decrease of Rn in the TP (Zhang et al., 2009). Wang et al.
(2012) showed that aerosols from pollutants may play a key
role in the decrease of solar irradiance in southwest China.
Yang et al. (2014) recently reported that atmospheric radia-
tive cooling over the TPwasmainly caused by outgoing long-
wave emission from the planetary warming system, in addi-
tion to the aerosol changes and cloud cover.

Temp and VPD also influences ETp in the TP region (Liu
et al., 2011). Changes in water temperature can alter stream
metabolism and rates of nutrient cycling, which will in
turn lead to variations in dissolved oxygen concentrations
(Caissie, 2006). This would alter hydrodynamic processes
and further influence the energy balance and Ew. The increase
of VPD may have a significant impact on the transport of
water vapor and latent heat, and thus lead to an increase in
Ew. The sharp reduction of RH in this lake basin is consistent
with the finding in You et al. (2015), who revealed that the
mean annual surface RH in the TP has decreased by −0.23%
decade during 1961–2013. They suggested that the main
explanation is a limited moisture supply (from Arabian Sea
and the Bay of Bengal) in the atmosphere. Previous studies
have demonstrated that Wind decreases and solar dimming
weakened Ew in the TP (Zhang et al., 2007; Zhang et al.,
2009; Yang et al., 2014), which was also found in this study.
The combined effect of the reduced Wind and Rn offsets the
effect of rising Temp and VPD and is mainly responsible for
the annual Ew decrease. To better understand the fundamental
mechanisms behind Ew changes in the Lake Selin Co and
surrounding small lakes, we would need to collect more
observed data sets from EC instruments.
It is easy to understand why Prec is the only dominant fac-

tor for EL. Runoff can be neglected in this closed lake basin
based on the basin-wide water balance method (Zhou et al.,
2015), and the variations of ETa are mainly associated with
Prec and water storage changes (ΔS). However, ΔS is usually
assumed to be negligible over a long-term period (annual or
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Table 2        Correlation coefficients between ETa (EW and EL) and meteorological variables in the water area and land area during 2003–2012a)

Prec Temp Rn Wind Pres RH VPD

EW −0.11 0.74* 0.66* 0.62* −0.39 −0.38 0.67*
Annual

EL 0.88** 0.39 −0.21 −0.45 −0.42 −0.29 0.21

EW 0.55* 0.94** 0.83** 0.71* −0.20 0.47 0.58*
Spring

EL 0.89** 0.34 −0.48 −0.43 0.45 0.70* 0.46

EW 0.13 0.79** 0.62* 0.50 0.07 −0.73* 0.77**
Summer

EL 0.78** 0.49 0.71* −0.45 0.44 −0.23 0.12

EW 0.39 0.94** 0.88** 0.64* 0.03 0.30 0.76**
Autumn

EL 0.92** 0.69* 0.65* −0.23 −0.26 0.45 0.14

EW −0.27 0.41 0.42 0.65* −0.30 −0.42 0.73*
Winter

EL 0.24 −0.35 0.11 0.15 −0.19 0.37 −0.38

a) *Statistical significance at the 0.1 level; **statistical significance at the 0.05 level.

Figure 7            Spatial dynamic changes of ETa throughout the whole basin dur-
ing the study period: (a) the distributions of annual ETa (mm) from 2003 to
2012; (b) seasonal mean ETa (mm) of 10 years; (c) spatial distribution of the
standard deviation of ETa (mm).

longer time scale) and its variations are normally weaker than
the changes of Prec. Therefore, Prec has a strong positive
correlation with land ETa. The large area of land, covering
more than 90% of the basin, causes EL to be largely dependent
on Prec. Table 2 also shows the significant correlations be-
tween EL and Prec in most seasons. Temp and EL both showed
a non-significant increase during 2003–2012 (Figure 6), and a
rise of Tempmay lead to an increase in EL, only except in win-
ter. Yang et al. (2011) reported that Temp showed a signifi-
cant increase at all CMA stations in the TP during 1984–2006.
The non-significant changes of Temp found in this lake basin
may be owing to the relatively short time period (10 years)
used in this study.

5.2         Uncertainty about ETa estimations

The WEB-DHM was driven by the corrected GLDAS forc-
ing data and was used to simulate EL over the whole basin.
As mentioned above, Prec is the only dominant factor for EL,
the model input data—especially Prec—may therefore influ-
ence the EL simulation results. The annual average values of
precipitation at three of the CMA stations, and excluding the
Dangxiong station because of its relatively large distance, is
414.1 mm from 2003 to 2012, while the averaged pixel val-
ues of Prec from GLDAS over the three stations location was
423.7 mm. This slight difference may be the result of the dif-
ferent resolutions between the station points and the GLDAS
grid. Moreover, the interpolation error from GLDAS and
CMFD may be a potential factor influencing the estimated
results of EL and Ew and the accuracy of other meteorological
variables. This requires more in-depth analysis in future stud-
ies. Despite the above shortcoming, the GLDAS and CMFD
forcing data, after corrections, should yield relatively reliable
ETa estimations.
In addition, Ew estimations in the frozen period also have

some uncertainties because the determination method relies
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Figure 8            Spatial distributions of correlation coefficients between ETa and climatic variables throughout the whole basin during 2003–2012.

Figure 9            The sensitivity of ETa (Ew and EL) changes to the major meteorological variables.

on assumptions as discussed in detail in Zhou et al. (2015).

5.3         Sensitivity of the ETa to meteorological variables

To better understand the relative importance of meteorolog-
ical variables to the variation of ETa, a sensitivity analysis
of EL and Ew to the meteorological variables was performed
by plotting the relative change in meteorological variables
against the resultant relative change ofEL andEw on amonthly
basis (Figure 9). All the data were first normalized and a
detailed description of this method can be seen in Xu et al.
(2006).
Figure 9a indicates that Prec is the most sensitive variable

in the land area, which is consistent with the above results,
followed by Temp. Figure 9b shows that VPD is the most
sensitive variable in the water area, followed by Wind, Rn,
and Temp. Compared with the above four variables, Prec
is the least sensitive variable in the water area. VPD and
Wind with significant changing rates during the study period
(Figure 6 and Table 1) are the two most sensitive variables
(Figure 9b) for the variations of Ew. The combined effect
of the reduced Wind and Rn may be larger than the effect of
rising Temp and VPD, and thus contribute to a non-significant
decrease in annual Ew. VPD is the most sensitive variable
in the lake basin, which may be a result of the sublimation

estimation used for Ew during the frozen period: Equation 9
shows that Ew has a strong positive correlation with VPD.

6.         Conclusions
In this study we chose a typical TP lake, the Selin Co, and its
surrounding small lakes and land area as a whole lake basin,
to explore the spatiotemporal ETa changes over the lake basin
by using the WEB-DHM together with two ETa algorithms
for water areas.
The simulated land ETa values from the WEB-DHM

showed a reasonable agreement with Nonlinear-CR-based
ETa values at the Shenzha station on a monthly basis
from 2003 to 2012 according to statistical analyses where
CORR=0.87, BIAS=2.41 mm month−1, and RMSE=11.75
mm month−1. The estimated Ew results and the basin-aver-
aged ETa estimations also showed good agreement.
Mean annual Ew (1074.02 mm) experienced a non-signifi-

cant decrease of 4.17 mm year−1 and even more obviously in
spring and autumn. Mean annual EL (378.8 mm) displayed a
non-significant increase of 7.03 mm year−1 and only showed a
non-significant decrease in winter. Precipitation was the sin-
gle, dominant factor affectingEL, whileEwwas affected by in-
tegrated climatic factors. The combined effect of the reduced
wind speed and Rn offset the effect of rising temperature and
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VPD and contributed to a non-significant decrease in annual
Ew. VPD and wind speed with significant changing rates dur-
ing the study period are the two most sensitive variables for
the variations of Ew.
This study provided a quantitative method to physically

estimate the spatiotemporal ETa changes within the TP lake
basin, with the aim of a more accurate estimation of the ETa
changes for both land and water areas. ETa within the TP
lake basins is subject not only to the dynamics of the South-
ern Asian monsoon but also to the interplay of multi-spheres:
the biosphere, atmosphere, hydrosphere, and cryosphere. It is
suggested that ETa estimation using finer spatiotemporal res-
olutions and the numerical simulations adopted in this study
would benefit future long-term ETa reconstructions within the
lake basins in the TP. This will ultimately contribute to an im-
proved understanding of the hydrological processes and en-
ergy balance over the TP lake basins.
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