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A B S T R A C T

Most lakes on the inner Tibetan Plateau (TP) have undergone significant expansion during recent decades. This is
particularly true for the largest lake in Tibet, Siling Co Lake, which has expanded approximately 45% in area
since the 1970s. However, the reason for such a substantial lake expansion remains unclear. As a closed lake,
evaporation is the only output component as there is no outlet runoff. Therefore, precisely quantifying lake
evaporation is crucial to elucidate the mechanism of lake expansion on the TP. In this study, long-term eva-
poration over Lake Siling Co was simulated using a single-layer Lake Evaporation model and the simulated result
was verified by observation from an eddy covariance system in the lake. The results show that the single-layer
Lake Evaporation model is capable of accurately simulating lake evaporation on a daily scale. The multiyear
(1961–2015) mean annual evaporation over Siling Co Lake was 1066.9 mm and ranged from 826.8mm to
1349.2 mm. The temporal variations in lake evaporation can be divided into three periods as follows: a sig-
nificant increasing trend (12.3 mm yr−1, P < .01) during the period 1961–1984, a significant decreasing trend
(−10.2 mm yr−1, P < .01) during the period 1985–2006, and a slightly increasing trend (4.3mm yr−1) during
the period 2007–2015. The main factors that controlled the changes in evaporation were wind speed for the
period 1961–2006. According to previous reports, Siling Co Lake significantly expanded from 1972 to 2010. We
found that the lake evaporation presented a significant decreasing trend (−4.7mm yr−1, P < .01) during this
period, accelerating the rapid expansion of Siling Co Lake to some extent.

1. Introduction

The Tibetan Plateau (TP) has the greatest number (1055) and area
(41,831 km2) of lakes in China (Ma et al., 2011). These lakes form the
headwaters of many large river basins in Asia and present themselves as
important indicators of water resource availability during ongoing cli-
mate change (Liu et al., 2018; Zhang et al., 2013b). Remote-sensing-
based investigations have suggested that most lakes in the inner TP
have undergone a significant expansion in area and a rapid rise in water
level since the 1970s (Lei et al., 2014; Meng et al., 2011; Song et al.,
2014; Wan et al., 2014; Wang et al., 2013; Zhang et al., 2017; Zhang
et al., 2011). This is particularly true for the largest lake in Tibet, Siling
Co Lake (88°33–89°21′ E, 31°34–31°57′ N) (Fig. 1), which has expanded
from 1617 km2 during the mid-1970s to 2341 km2 during the 2010s
(Meng et al., 2011; Zhang et al., 2011). To illustrate the potential
reasons for such rapid lake expansions, an accurate estimation of the

lake water balance components including precipitation, runoff, and
evaporation is certainly needed (Lenters et al., 2005). Because of the
significant increase in air temperature during the past few decades
(Yang et al., 2014), most glaciers on the inner TP have significantly
retreated since the 1970s (Bolch et al., 2010; Yao et al., 2012; Zhang
et al., 2008; Zhou et al., 2009). Zhu et al. (2010), Meng et al. (2011),
and Lei et al. (2012) indicated that the subsequent increase in glacial
melt-water is the dominant factor in the expansions of Nam Co, Siling
Co, and Linggo Co lakes on the inner TP. Notably, however, pre-
cipitation rates have also increased to some extent during the same
period (Yang et al., 2014; Liu et al., 2015). Using analyses of the spatial
pattern of the changes in lake area and precipitation, Song et al. (2014)
and Lei et al. (2014) argued that precipitation variations play a domi-
nant role in the lake-area changes on the TP. Obviously, the mechanism
of lake expansion is difficult to quantify with inadequate hydro-me-
teorological observations because of the extremely harsh environment
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of the TP. As Siling Co Lake is an endorheic lake, evaporation from the
lake surface is the only output component because there is no outlet
runoff. Therefore, a precise estimation of the evaporation from Siling
Co Lake is crucial to elucidate the mechanism of lake expansion.

Undoubtedly, in-situ observations are the best approach to quantify
lake evaporation. For instance, direct measurements of lake evapora-
tion using the eddy covariance (EC) technique, which is typically con-
sidered to be the most reliable and accurate method, have been widely
used throughout the world for a number of lakes and reservoirs (Allen
and Tasumi, 2005; Blanken et al., 2000; Bouin et al., 2012; Liu et al.,
2009; McGloin et al., 2014a; Metzger et al., 2018; Nordbo et al., 2011;
Sene et al., 1991; Spank and Bernhofer, 2008; Tanny et al., 2008; Wang
et al., 2014). However, the EC method is not suitable for long-term
observation because of high instrument costs and the associated ex-
pensive technical expertise requirement (McJannet et al., 2013). This is
particularly limiting for the EC method on the TP because of the logistic
difficulty caused by the remoteness of the area and the harsh en-
vironment. Therefore, direct EC measurements of evaporation have
been conducted on the TP usually for a limited time period (e.g. only a
few months) and only for several lakes including Erhai Lake (Liu et al.,
2014), Ngoring Lake (Li et al., 2015), the small lake adjacent to Nam Co
Lake (Wang et al., 2015), Siling Co Lake (Guo et al., 2016), and Qinghai
Lake (Li et al., 2016). Despite the limited time period, the EC method
still provides the most reliable in-situ measured results for lake eva-
poration to validate various lake evaporation models.

Among various indirect models, the energy balance combination
models (e.g. the Penman, Priestley-Taylor, and de Bruin-Keijman
models) have been widely used and reported good performance for lake
evaporation estimates compared to measurements using the Bowen-
ratio energy-budget (BREB) and the EC methods (Elsawwaf et al., 2010;
Rosenberry et al., 2007; Wang et al., 2014; Winter et al., 1995).
However, in these types of models, the heat storage change is a crucial

factor for accurate estimation of evaporation from lakes, which is rarely
available because of the lack of measurements approximating vertical
water temperature profiles (Blanken et al., 2000; Finch and Calver,
2008; Stannard and Rosenberry, 1991). Therefore, the heat storage
term has usually been ignored in previous estimation of lake evapora-
tion on the TP using the Penman or Penman-Monteith methods (Li
et al., 2001; Wu et al., 2014), causing substantial uncertainties in these
modelled results. The complementary relationship lake evaporation
(CRLE) model, which does not need locally calibrated coefficients nor
wind speed data as inputs, has been used to estimate evaporation from
Nam Co Lake (Ma et al., 2016). However, the modelled result using the
CRLE model shows an obvious difference from the simulated evapora-
tion from the same lake using the Flake model (Lazhu et al., 2016),
although the forcing data are the same. This suggests that the differ-
ences in model type introduce uncertainties in evaporation estimation.
The single-layer Lake Evaporation model, which is based on the surface
heat and water balances (Kondo and Xu, 1997), has been employed to
simulate evaporation from Yamdrok Yumco Lake during the period
1961–2005 and the simulated result agrees well with the observed
value from a 20m2 evaporative pond (Xu et al., 2009; Yu et al., 2011).
In addition, the primary advantage of the single-layer model is that it
explicitly considers the heat storage in the water by using the output
water temperature (Xu et al., 2009). Therefore, simulating long-term
evaporation from lakes on the TP using the single-layer model may be
preferable.

The TP has undergone an overall surface air warming and moist-
ening, solar dimming, and wind decreasing during the last few decades
(Yang et al., 2014). Under these conditions, pan evaporation (Yang
et al., 2014) and reference evapotranspiration (Gao et al., 2015; Ma
et al., 2015) over the TP have significantly decreased during the past
few decades. However, variations in evaporation from lakes on the TP
appear complicated. Li et al. (2001) found that the evaporation from

Fig. 1. (a) Map of the Siling Co Lake basin and location of the Xainza meteorological station (88°38 E, 30°57 N; 4672m) in the basin; (b) location of the eddy
covariance tower; (c) an image of the eddy covariance tower.
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Zigetang Co Lake showed an increasing trend during the period
1958–1998. However, evaporation from Yamdrok Yumco Lake showed
a decreasing trend during the period 1961–2005 (Xu et al., 2009; Yu
et al., 2011). In addition, the change trend of evaporation from Nam Co
Lake is opposite when using the CRLE model and Flake model, which
has resulted in the contribution of lake evaporation to the expansion of
Nam Co Lake controversial (Ma et al., 2016; Lazhu et al., 2016).
Therefore, the objective of the present paper is to investigate the long-
term evaporation trend of Siling Lake and its impact on recent rapid
lake expansion. A single-layer Lake Evaporation model was employed
to calculate the annual lake evaporation and the results were verified by
the direct measurement of lake evaporation using the EC method. The
objectives of this study are to (1) quantify how the evaporation of Siling
Co Lake varied during the period 1961–2015, (2) determine the main
factors that contributed to the changes in lake evaporation, and (3)
investigate the impact of lake evaporation change on the recent rapid
expansion of Siling Co Lake.

2. Study area and methods

2.1. Study region

Siling Co Lake atop the inner Tibetan Plateau is the largest lake in
Tibet. The lake area has expanded from 1617 km2 during the mid-1970s
to 2341 km2 during the 2010s (Zhang et al., 2011). The elevation of
Siling Co Lake is approximately 4543m above sea level (a.s.l) and its
maximum depth is approximately 50m (Lei et al., 2013; Guo et al.,
2016). Because of the harsh environment, there is only one China
Meteorological Administration (CMA) station, Xainza station, (88°38′ E,
30°57′ N, 4672m a.s.l, Fig. 1a), situated in the Siling Co basin. The
multiyear (1961–2015) mean annual temperature, precipitation, wind
speed, relative humidity, and D20 pan evaporation at Xainza Station is
0.2 °C, 383mm, 3.8 m s−1, 42%, and 2072mm, respectively. In-
vestigations based on remote-sensing and field observations have
showed that Siling Co Lake is ice-covered from the end of December
until mid-April of the following year (Guo et al., 2016; Zhang et al.,
2014a).

2.2. Eddy covariance observation

An eddy covariance system was installed on an island in the western
part of Siling Co Lake (88°37, 31°48, Fig. 1b, c). The EC system con-
sisting of a three-dimensional sonic anemometer (CSAT3, Campbell
Scientific Inc., USA) and an open-path carbon dioxide/water vapor
infrared gas analyser (Li 7500, Li-Cor Inc., USA) was mounted on the
tower at a height of approximately 3.2m above the water surface.
Additionally, a four-component net radiometer was installed on the
tower approximately 1.5m above the water surface. The water tem-
perature was also measured using temperature sensors (109, Campbell
Scientific Inc., USA) near the tower at depths of 0.25m, 0.45m, and
0.85m, respectively. Details of the instrumentation are described in
Guo et al. (2016). The lake surface temperature (Ts) was obtained by
using the water temperature at a depth of 0.45m, which is reasonable
because the water is well mixed by a high-speed wind (Nordbo et al.,
2011; Zhang and Liu, 2013). Footprint analysis has also proved
that> 90% of the turbulent fluxes originate from the lake surface (Guo
et al., 2016). Flux data influenced by wind blowing from the land and
rainfall events were eliminated. This resulted in 18.9% and 23.7% gaps
for sensible heat flux (H) data and latent heat flux (λE) data, respec-
tively. The gaps of 30-min mean λE and H were filled using the bulk
transfer relation (e.g. McGloin et al., 2014b; Wang et al., 2014). The
daily water surface temperature and daily latent heat flux were used to
validate the simulated results from the model.

2.3. Model description

The heat budget equation for the lake is as follows (Xu et al., 2009):

= + +R H λE Gn (1)

where Rn is the net radiation (Wm−2), H is the sensible heat flux
(Wm−2), λE is the latent heat flux (Wm−2), and G is the storage heat in
the lake water body (Wm−2). The heat fluxes associated with the in-
flow and outflow of water masses in this study were neglected. The net
radiation Rn is expressed as follows:

= − ↓ − − ↓R α K ε σT L(1 ) ( )n s
4 (2)

where α is the lake surface albedo, K↓ is the downward shortwave ra-
diation to the lake surface (Wm−2), ε is the lake surface emissivity
(ε=0.98), σ is the Stefan-Boltzmann constant
(5.670×10−8Wm−2 K−4), Ts is the lake surface temperature (K), and
L↓ is the downward atmospheric long-wave radiation (Wm−2). Both K↓
and L↓ are calculated using the sunshine duration N using the method of
Kondo and Xu (1997).

The heat storage (G), which is the heat flux conducted to the water
surface layer, is expressed as follows:

=
∂

∂
G c ρ Z T

tw w
s

(3)

in which cw is the specific heat of water (J kg−1 K−1), ρw is the water
density, Z is the average depth of the lake (m), and ∂Ts/∂t is the change
rate of the water temperature with time. The sensible heat flux (H) and
latent heat flux (λE) over the lake are parameterised as aerodynamic
bulk formulae as follows:

= −H cρC U T T( )H s a (4)

= −λE ρC U q qλ ( )E s a (5)

where c is the specific of air (J kg−1 K−1); ρ is the air density (kg m−3);
Ta is the air temperature (K); λ is the latent heat of vaporisation; U is the
wind speed (m s−1); CH and CE are the bulk coefficients for heat and
water vapor at the lake surface, respectively; qs is the water surface
saturated specific humidity at water surface temperature Ts, and qa is
the specific humidity of the air. The calculation for specific humidity is
as follows:

=
−

q e
P e

0.622
0.3783a (6)

=
−

q e
P e

0.622
0.3783s

s

s (7)

= × > °+e Ts6.11 10 ( 0 C)s
Ts

Ts
7.5

237.3 (8)

= × < °+e Ts6.11 10 ( 0 C)s
Ts

Ts
9.5

253.3 (9)

where e is the vapor pressure of air (h Pa), es is the saturated vapor
pressure of the lake surface (h Pa), and P is the air pressure (h Pa). Eq.
(9) implies that lake evaporation taking the form of sublimation during
the ice-cover period is considered in this model.

The model inputs are air temperature (Ta), wind speed (U), air
specific humidity (qa), and sunshine duration (N). The surface tem-
perature and heat budget components are outputted when the heat
balance equation is satisfied. Otherwise, the lake surface temperature is
adjusted until the heat balance equation is satisfied. The outputs are net
radiation (Rn), sensible heat flux (H), latent heat flux (λE), lake heat
storage (G), and lake surface temperature (Ts). All of the inputs and
outputs are on a daily scale.

The input lake surface albedo (α) and lake depth (Z) are 0.08 and
17m according to in-situ observation from the four-component radio-
meter and lake bathymetric survey, respectively. The daily input data
used in this model are from the Xainza Meteorological Station during
the period 1961–2015. There is no doubt that errors will be introduced
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if land-based forcing data are used to calculate lake evaporation.
Therefore, it is necessary to correct the forcing data from the Xainza
Meteorological Station according to the observations on the lake sur-
face. Guo et al. (2016) have compared meteorological data between the
Xainza Station and the surface of Siling Co Lake. The linear regression
equations between them can be used as correction functions as follows
(Guo et al., 2016):

= ∗T T1.1a a(input) (Xainza) (10)

= ∗U U0.9(input) (Xainza) (11)

↓ = ↓∗K K1.04(input) (Xainza) (12)

= ∗q q1.2a a(input) (Xainza) (13)

2.4. Evaluation criteria

To test the performance of the model, statistical criteria including
the R2, Nash-Sutcliffe coefficient (NSE), root-mean-square deviation
(RMSD), and mean bias error (MBE) were calculated as follows:

=
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where n denotes the number of data and Xi,Xi
′, X , and ′X are the ob-

served values, modelled values, mean of the observed values, and mean
of the modelled values, respectively.

3. Results

3.1. Model validation

The observed surface temperature data during the period
May–November 2013 and 2014 were used to validate the simulated
lake surface temperature. As shown in Fig. 2a and b, the simulated daily
lake surface temperature agrees well with the observed, both displaying
a similar seasonal variation. The R2, NSE, RMSD, and MBE between the
daily simulations and observations for the surface water temperature
are 0.97, 0.94, 1.05, and 0.60 °C, respectively (Table 1). In terms of the
lake evaporation, the observed lake evaporation using the EC method
during the period May–September 2014 and November 2014–March
2015 were used to validate the simulated lake evaporation. As shown in
Fig. 2c and d, the simulated daily lake evaporation also agrees well with
the observed daily lake evaporation. The R2, NSE, RMSD, and MBE
between the daily simulations and observations for lake evaporation are
0.47, 0.40, 1.08mm, and 0.22mm, respectively (Table 1). Notably, the
simulated daily lake evaporation during the ice-cover period (Januar-
y–March) also agrees well with the observed daily lake evaporation
(Fig. 2c). When the validation was performed for 7 days and 15 days, it
was found that the simulated lake evaporation considerably improves
with an NSE of 0.68 and 0.73, respectively (Table 1). This is because the
possible simulated biases are compensated for at a longer time scale. In
general, our validations suggest that the single-layer Lake Evaporation
model is capable of accurately simulating lake evaporation at a daily
scale.

3.2. Model sensitivity analysis

To test the sensitivity of the Single-layer Lake Evaporation model to
the input variables including air temperature (Ta), wind speed (U), air
specific humidity (qa) and downward shortwave radiation (K↓), each
variable was systematically perturbed by 10% and− 10%, respectively,
while maintaining the other variables during the model runs. As shown
in Table 2, the model is most sensitive to K↓, i.e. the annual lake eva-
poration increases approximately 11.0% with a 10% increase in K↓.
This was followed by qa and U with a 10% increase (decrease) with a
resulting 3.4% decrease (increase) and 3.2% increase (decrease) in
annual lake evaporation, respectively. The model does not seem very
sensitive to air temperature because a 10% increase in Ta only caused a
1.4% change in annual lake evaporation.

3.3. Seasonal variation of the lake surface heat budget

After the model validation, the daily heat budget over Siling Co
Lake during the period 1961–2015 was simulated. Fig. 3 shows the
seasonal variation of the heat budget over Siling Co Lake obtained from
monthly averages during the period 1961–2015. Rn exhibits a char-
acteristic seasonal variation with a maximum value (216.5Wm−2)
during early summer (May) and a minimum value (44.5Wm−2) during
winter (December). The seasonal variation of G is similar to Rn, with
maximum and minimum values of 135.7Wm−2 during May
and− 104.2Wm−2 during November, respectively. From February to
August, G is positive which shows that the lake is absorbing heat. In
contrast, from September to January, G is negative which shows that
the lake is releasing heat. However, λE and H show different seasonal
patterns to those of Rn and G. λE and H reach a peak during October and
November with maximum values of 121.7Wm−2 and 54.4Wm−2,
respectively. Notably, the maximum phase of λE delayed the maximum
phase of Rn by nearly 4–5months. This phenomenon was mainly caused
by the heat storage changes in the lake. This may be true particularly in
a deep lake which can absorb and store solar radiation during spring
and summer, and then release the heat to support the large heat con-
sumed by evaporation during autumn. Similar delay phenomena have
also been reported in many deep lakes throughout the world (Momii
and Ito, 2008; Schertzer et al., 2003; Tasumi, 2005). For example,
Qinghai Lake (maximum depth of 26m) on the northeast edge of the TP
shows a 2–3-month delay between λE and Rn (Li et al., 2016), while
Lake Superior (maximum depth of 406m) in North America and Nam
Co Lake (maximum depth 95m) on the TP usually show a 5-month
delay between λE and Rn (Blanken et al., 2011; Haginoya et al., 2009).

3.4. Long-term changes in evaporation over Siling Co Lake

Taking the period 1961–2015 as a whole, the changes in evapora-
tion over Siling Co Lake are not significant with a slightly increasing
trend of 0.5 mmyr−1 (Fig. 4). However, the inter-annual variation in
lake evaporation can be divided into three periods as follows:
1961–1984, 1985–2006, and 2007–2015. For the period from 1961 to
1984, the lake evaporation shows a significant increasing trend with an
increase rate of 12.3mm yr−1 (P < .01). For the period 1985–2006,
however, the lake evaporation shows a significant decreasing trend
with a rate of −10.2mm yr−1 (P < .01). For the period 2007–2015,
the trend in lake evaporation is also not significant with a slightly in-
creasing trend of 4.3mm yr−1. The average annual evaporation for the
period from 1961 to 2015 was 1066.9 mm and varied within a range
from 826.8 mm during 1963 to 1349.2 mm during 1984.

3.5. Attribution of lake evaporation changes

To determine the factors that contributed to the changes in lake
evaporation, the forcing variables, including air temperature (Ta), wind
speed (U), air specific humidity (qa) and downward shortwave radiation
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(K↓) were analysed. Meanwhile, the stepwise multiple regression
method was also used to determine the contribution of each in-
dependent variable (Hu et al., 2016). As shown in Fig. 5 and Table 3,
the analysis was also divided into three periods as previously men-
tioned. For the period 1961–1984, two variables, U and K↓, sig-
nificantly increased at a rate of 0.083m s−1 yr −1(P < .01) and
0.673Wm−1 yr −1 (P < .01), respectively. The variable Ta showed no
significant trends with a slightly increasing rate of 0.024 °C yr −1.

However, the variable qa showed significant decreasing trends, at a rate
of −0.015 g kg−1 yr −1(P < .05). The standardised multiple regres-
sion coefficients were 0.511, −0.247, 0.277, and 0.147 for U, qa, Ta,
and K↓, respectively, which indicates that the increase in U was the
main factor causing the significant increase in lake evaporation during
the period 1961–1984. Meanwhile, the decrease in qa also accelerated
the evaporation from the lake. For the period 1985–2006, the variables
Ta and qa, showed significant increasing trends at a rate of 0.033 °C yr
−1(P < .05) and 0.055 g kg−1 yr −1(P < .01), respectively. The vari-
able K↓ showed no significant trends with a slightly decreasing rate of
−0.148Wm−1 yr−1 during this period. However, U showed significant
decreasing trends at a rate of −0.055m s−1 yr−1 (P < .01), leading to
a decrease in lake evaporation during the period. The standardised
multiple regression coefficients were 0.562, −0.535, 0.372, and 0.277

Fig. 2. Comparison of lake surface temperature and evaporation between simulation and observation over Siling Co Lake.

Table 1
Model bias errors in lake surface temperature (Ts) and lake evaporation (E) at
different time scales.

R2 NSE RMSD MBE

Ts Daily 0.97 0.94 1.05 0.62
7 days 0.97 0.94 0.90 0.59
15 days 0.98 0.94 0.87 0.63

E Daily 0.47 0.40 1.08 0.22
7 days 0.64 0.68 0.67 0.21
15 days 0.70 0.73 0.57 0.19

Table 2
Relative change in the mean annual evaporation over Siling Co Lake resulting
from±10% changes in the input variable while maintaining other input va-
lues.

Input variables −10% change of input (%) +10% change of input (%)

K↓ −10.7 11.0
qa 3.4 −3.4
U −3.2 3.2
Ta −1.5 1.4

Fig. 3. Seasonal variation of monthly surface heat flux over Siling Co Lake
averaged from 1961 to 2015.
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for U, qa, Ta, and K↓, respectively, also suggesting a decrease in U was
the main factor causing the significant decrease in lake evaporation
during the period 1985–2006. In addition, the increase in qa also re-
strained the evaporation from the lake. For the period 2007–2015, q,
Ta, and K↓ all showed very slight decreasing trends. However, only the
trends of q passed the 95% confidence level, at a rate of
−0.063 g kg−1 yr−1. In contrast, the variable U showed a slightly in-
creasing rate of −0.148Wm−1 yr−1 during this period. The standar-
dised multiple regression coefficient for qa is −0.674, indicating that
the decrease in qa is the main factor causing the slight increase in lake

evaporation during this period.

4. Discussion

4.1. Comparison of evaporation from other lakes on the TP

Table 4 shows a comparison of evaporation from Siling Co Lake to
that of seven other lakes on the TP. It can be seen that the annual
evaporation value over Siling Co Lake shows an obvious difference to
that of the other seven lakes. The annual evaporation value over Siling
Co Lake is larger than five lakes (Qinghai Lake, Zigetang Co Lake, Nam
Co Lake, Ngoring Lake, and the small lake adjacent to Nam Co) but
smaller than that of Yamdrok Yumco Lake and Erhai Lake. To in-
vestigate the possible reasons for these differences, relations between
mean annual evaporation from the lakes on the TP and the latitude and
altitude of the lakes were investigated. As shown in Fig. 6a, annual
evaporation from these lakes obviously decreases with increasing lati-
tude because of the annual solar radiation decrease with increasing
latitude. In addition, annual evaporation from the TP also obviously
decreases with increasing altitude (Fig. 6b). However, it was found that
the decreasing rate for Qinghai Lake, Ngoring Lake, and Erhai Lake is
smaller than that of the other five lakes. This might be caused by the
different climate background. It should be noted that Qinghai Lake and
Ngoring Lake are on the northeastern edge of the TP and Erhai Lake is
on the southeastern edge of the TP, while the other five lakes are on the
inner TP.

Annual evaporation from Siling Co Lake is most similar to that of
Zigetang Co Lake (Li et al., 2001). Annual evaporation from Siling Co
Lake is slightly higher than that of Zigetang Co Lake because of the
lower latitude and altitude. Although the latitude of Nam Co Lake is
lower than Siling Co Lake, annual evaporation from Siling Co Lake is
greater than that of Nam Co Lake derived from the CRLE model (Ma
et al., 2016), Flake model (La et al., 2016) and Single-layer model
(Haginoya et al., 2009). The possible reason is that the altitude of Siling
Co Lake is lower than that of Nam Co Lake. In addition, the greater
depth of Nam Co Lake might be another possible reason for the annual
evaporation differences between Siling Co Lake and Nam Co Lake.
Wang et al. (2017) has suggested that evaporation from the small lake
adjacent to Nam Co is greater than that of Nam Co Lake because of the
larger water vapor pressure gradient caused by higher lake surface
temperatures in the small shallow lake than in the large deep lake.

In terms of a temporal change comparison for evaporation, as shown
in Fig. 7, the variation in evaporation from Siling Co Lake is different
from that of the other three lakes. For Yamdrok Yumco Lake, the annual
evaporation modelled using the Single-layer model shows an obvious
decreasing trend during the period 1961–2005 caused by the increase
in air humidity, decrease in sunshine duration, and decrease in wind
speed (Yu et al., 2011). However, the annual evaporation from Siling Co
Lake shows an increasing trend from 1961 to 1984 and a decreasing
trend from 1985 to 2005. For Zigetang Co Lake, the annual evaporation
calculated using the Penman method shows a similar increasing trend
to that of Siling Co Lake during the period 1960–1975 (Li et al., 2001).
However, the annual evaporation from Zigetang Co Lake shows a de-
creasing trend from 1976 to 1983 and an increasing trend from 1984 to
1998, which is opposite to the variation in Siling Co Lake. For Nam Co
Lake, annual evaporation simulated using the Flake model (Lazhu et al.,
2016) shows an increasing trend from 1980 to 2014 caused by the in-
crease in energy-related climate changes (air temperature and down-
ward short- and long-wave radiation). However, annual evaporation
simulated using the CRLE model (Ma et al., 2016) shows a slight de-
creasing trend from 1979 to 2012. Although annual evaporation from
Siling Co Lake also shows a decreasing trend, the decreasing amplitude
is larger than that of Nam Co Lake compared to the simulated result
from the CRLE model. In addition, it was found that annual evaporation
from both Nam Co Lake and Siling Co Lake shows a slightly increasing
trend since 2005 no matter which model was used (Fig. 7). Overall, the

Fig. 4. Long-term changes in evaporation over Siling Co Lake from 1961 to
2015.

Fig. 5. Inter-annual variation in lake evaporation and meteorological variables
over Siling Co Lake: (a) lake evaporation E, (b) air temperature Ta, (c) wind
speed U, (d) specific humidity in the atmosphere qa, and (e) downward short-
wave radiation K↓.
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Table 3
Stepwise multiple regression analysis of the modelled lake evaporation with air temperature (Ta), wind speed (U), specific humidity (qa) and downward shortwave
radiation (K↓).

Period E
(mm yr−1)

Ta
(oC yr−1)

U
(m s−1 yr−1)

qa
(g kg−1 yr−1)

K↓
(Wm−1 yr−1)

1961–1984 Trend 12.3
(P < .01)

0.024
(*)

0.083
(P < .01)

−0.015
(P < .05)

0.673
(P < .01)

Standardised coefficients – 0.277 0.511 −0.247 0.147
1985–2006 Trend −10.2

(P < .01)
0.033
(P < .05)

−0.055
(P < .01)

0.055
(P < .01)

−0.148
(*)

Standardised coefficients – 0.372 0.562 −0.535 0.277
2007–2015 Trend 4.3

(*)
−0.055
(*)

0.049
(*)

−0.063
(P < .05)

−1.28
(*)

Standardised coefficients – 0 0 −0.674 0

All the regression coefficients are dimensionless. * represents a trend not passing the 95% confidence level.

Table 4
Overview of evaporation from different lakes on the TP.

Lake name Location Altitude (m) Area (km2) Max depth
(m)

Method Data period Annual evaporation
(mm)

Reference

Siling Co Lake 31°34′–31°57′ N,
88°33′–89°21′ E

4543.0 2341.0 50.0 Single-layer
model

1961–2015 1066.9 This study

Zigetang Co Lake 32°00′– 32°09′ N,
90°44′– 90°57′ E

4560.0 187.0 38.9 Penman
method

1958–1998 925.1 (Li et al., 2001)

Nam Co Lake 30°30′–30°55′ N,
90°16′–91°03′ E

4730.0 2021.3 95.0 Single-layer
model

2005–2009 658.0 (Haginoya et al.,
2009)

CRLE model 1979–2012
(May–Nov)

635.0
(May–Nov)

(Ma et al., 2016)

Flake model 1980–2014 832.0 (Lazhu et al., 2016)
Small lake adjacent to

Nam Co
30°46′ N,
90°58′ E

4715.0 1.0 14.0 EC method 2012–2013
(10 Apr to 10 Nov)

812.0
(10 Apr to 10 Nov)

(Wang et al., 2017)

Yamdrok Yumco Lake 28°16′–29°11′ N,
90°21′–91°05′ E

4441.5 638.0 59.0 Single-layer
model

1961–2005 1252.5 (Yu et al., 2011)

Ngoring Lake 34°46′–35°05′ N,
99°32′–97°54′ E

4274.0 610.0 32.0 EC method 2011–2012
(Jun–Nov)

436.0
(Jun–Nov)

(Li et al., 2015)

Qinghai Lake 36°32′–37°15′ N,
99°36′–100°47′ E

3194.0 4432.3 26.0 EC method May 2013–May
2015

828.1 (Li et al., 2016)

Erhai Lake 25°26′– 25°58′ N,
100°05′- 100°18′ E

1978.0 256.5 20.7 EC method 2012 1165.0 (Liu et al., 2014)

Fig. 6. Relations between mean annual evaporation from lakes on the TP and their (a) latitude and (b) altitude. The red colour represents the evaporation during the
ice-free period. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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differences in the temporal variation in evaporation from lakes on the
TP may be caused by differences in the local climatic variability of each
lake or in the simulation methods.

4.2. Impact of evaporation change on recent lake expansion

The majority of lakes on the inner TP have undergone significant
expansion since 1970s based on satellite monitoring (Lei et al., 2013;
Song et al., 2014; Zhang et al., 2013a). As shown in Fig. 8a, the area of
Siling Co Lake, as expected, also increased approximately 700 km2 from
the 1970s to 2010 (Bian et al., 2010; Lei et al., 2013; Lin et al., 2012;
Meng et al., 2011; Wan et al., 2010; Zhang et al., 2013a, 2013b; Zhang

et al., 2014b; Zhang et al., 2011). Lei et al. (2013) reconstructed the
relative water level variation of Siling Co Lake from 1972 to 2010
(Fig. 8b). Similar to changes in the lake area as shown in Fig. 6a, ac-
companying the expansion of the lake area, the water level also rapidly
increased with a cumulative increase of 12.0 m during this period.
Previous studies have suggested that the increase in precipitation and
glacier melt water is the main reason for the expansion of Nam Co Lake
(Wu et al., 2014; Zhu et al., 2010). However, the contribution of lake
evaporation to the expansion of Nam Co Lake remains controversial. Ma
et al. (2016) simulated the evaporation over Nam Co Lake using the
CRLE model and concluded that the decrease in lake evaporation
during the period 1998–2008 accelerated the expansion of the lake. In
contrast, Lazhu et al. (2016) also modelled the evaporation over Nam
Co Lake using the Flake model and indicated that the increase in lake
evaporation during the period 1998–2010 suppressed expansion of
lake. For Siling Co Lake, Zhou et al. (2015) explored the water storage
changes in Siling Co Lake during the period 2003–2012 using a Water
and Energy Budget-based Distributed Hydrological Model (WEB-DHM),
and suggested that lake inflows and precipitation over the water area
account for> 70% of the water storage changes. Based on the Variable
Infiltration Capacity (VIC) land surface hydrologic model with the de-
gree-day glacier-melt model, Tong et al. (2016) quantified the con-
tribution of glaciers to the expansion of Siling Co Lake and concluded
that glacier melt water accounted for< 10% of the expansion. To in-
vestigate the impact of lake evaporative changes on the expansion of
Siling Co Lake, the trends in lake evaporation over Siling Co Lake
during the period 1972–2010 are shown in Fig. 9. It was found that lake
evaporation shows a significantly decreasing trend at a rate of
−4.7mm yr−1(P < .01) during this period. Siling Co Lake is a closed
lake with no outlet. As the only outlet of the lake, a decrease in eva-
poration means more water remains in the lake based on the water
balance of a closed lake. Therefore, the decrease in lake evaporation
accelerated rapid expansion of Siling Co Lake from 1972 to 2010.

5. Conclusion

In this study, evaporation over Siling Co Lake was simulated using a
Single-layer Lake Evaporation model. The results show that the mod-
elled lake evaporation agrees well with the EC observations, indicating
that the Single-layer Lake Evaporation model is capable of simulating
lake evaporation well at a daily scale. The multiyear (1961–2015) mean
annual evaporation was 1066.9 mm and varied from 826.8 mm to
1349.2 mm. The temporal variations in lake evaporation can be divided
into three periods: a significant increasing trend (12.3mm yr−1,
P < .01) during the period 1961–1984, a significant decreasing trend
(−10.2mm yr−1, P < .01) during the period 1985–2006, and a
slightly increasing trend (4.3 mm yr−1) during the period 2007–2015.
The main factors that controlled the changes in evaporation were wind
speed for the period 1961–2006. According to previous reports, Siling

Fig. 7. Comparison of long-term change in evaporation from lakes on the TP.

Fig. 8. Change in lake area (a) and relative lake level (b) over Siling Co Lake
from 1970 to 2010. The relative lake level data are from Lei et al. (2013). Fig. 9. Change in lake evaporation over Siling Co Lake from 1972 to 2010.
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Co Lake significantly expanded from the 1970s to the 2010s and we
found that the lake evaporation showed a significant decreasing trend
(−4.7mm yr−1, P < .01) during this period, accelerating the rapid
expansion of Siling Co Lake to some extent.
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