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Abstract The high sensitivity of the Tibetan Plateau (TP) to
global warming is ascribed not only to its high altitude and
low temperature but also to the change in the components of
water cycling, such as glaciers’ retreat, permafrost degrada-
tion, and lakes’ shrinkage or expansion. Among the compo-
nents, change in lakes attracts more attention as lakes are
crucial for local water management and are easier to monitor.
But, how water cycling components respond to global change
remains unclear, although they are crucial in understanding
the regional environmental change. Lakes, glaciers, and per-
mafrost data derived from meteorological records and remote
sensing images were used to detect the change of the water
environment on the TP from 1971 to 2013. The climate on TP
changed toward a warm-humid condition in the last four de-
cades. Three-quarters of the lakes were significantly expanded
over the TP, and the summed area of all the lakes increased by
6061 km2 from 1975 to 2010. Panel regression showed that
annual average air temperature (T), annual precipitation (P),
and reference crop evapotranspiration (ETo) regulate the
change in lake surface area (LSA) on the entire TP. The
change in LSA is more related to the change in P than in the

other two factors, even in the catchment where lakes are
recharged by water from glacier melting and permafrost deg-
radation, especially in extremely arid and arid climate zones.
Elevation and size affected the sensitivity of lakes to climate
change with lakes in a high-elevation area more sensitive to T
and small lakes more sensitive to T, P, and ETo. Warming-
induced glacier’s retreat led to the significant lake expansion,
while permafrost degradation might be responsible for the
lake shrinkage in the seasonally frozen ground area due to
the related cryogenic waterproof layer downward. Our results
about the responses of lakes to climate change in different
catchments were in accordance with the findings of previous
studies about several typical lakes, which implied that overall
response of all the lakes to climate change could be obtained
by examining several typical lakes in the catchment level.
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change . Panel regressionmodel . Remote sensing . Tibetan
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Introduction

The water environment greatly impacts both human activities
and natural ecosystem functions and services (Ge 2005;
Immerzeel et al. 2010). Global warming and the associated
change in water cycling have aroused extensive public aware-
ness since the mid-twentieth century (IPCC 2014). Climate
change can affect the water environment; for instance, conti-
nental regions show a net increase in permanent water due to
reservoir filling and climate change (Pekel et al. 2016).
Meanwhile, the water environment can feedback to the global
change due to the energy balance through the transportation
and phase change of water. The Tibetan Plateau (TP), the
highest plateau worldwide with an average elevation
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exceeding 4000 m a.s.l., has an area about 2.57 × 106 km2

(Zhang et al. 2002). TP, called as the BAsian Water Tower,^ is
the origin of several major rivers in South and Southeast Asia,
which ensures the water security to more than one billion
people in China and other downstream countries (Immerzeel
et al. 2010). Lakes and glaciers are dominant components for
the TP water sources, and their status quo and future are
strongly impacted by climate change. Climate warming on
the TP is earlier and with a higher magnitude than other re-
gions in the same latitude (Duan et al. 2008). Moreover, rising
precipitation (You et al. 2012; Yue et al. 2013), decreasing
wind speed (Jiang et al. 2010; Yang et al. 2011), glaciers
retreat (Pu et al. 2008; Yang et al. 2008), permafrost degrada-
tion (Hinzman et al. 2005; Li et al. 2012), and snow cover
reduction have been widely observed, which might accelerate
the hydrological dynamic, thus change the local and continen-
tal water balance (Kang et al. 2010; Palazzi et al. 2013).

Lakes, one of the primary water sources on the TP, are
crucial for local water management and in the understanding
of the response of the natural ecosystem to climate change.
Due to the prominent role of lakes, changes in the lake area
and its relationship with climatic factors has attracted much
attention. The satellite data have been extensively used to
investigate the lake resource (Song et al. 2013; Zhang et al.
2013), to monitor the lake surface level (Kleinherenbrink et al.
2015; Phan et al. 2012), and to study the seasonal (Song et al.
2014a) and long-term (Lei et al. 2013; Song et al. 2014b)
patterns of lake dynamics to climate change (Liao et al.
2013; Liu et al. 2009). Responses of lakes to climate change
show temporal and spatial variation because of heterogeneous
climate backgrounds and morphologies across biomes (Song
et al. 2014a). Site-specific or catchment-level studies have
shown the quick lake expansion in the middle part of the TP
(Meng et al. 2012; Wang et al. 2013), a contrast to the sharp
lake decline in the southern TP (Nie et al. 2013). These con-
trary changes in individual lakes were attributed to climate
warming, glacier melting, precipitation, and evapotranspira-
tion change (Lei et al. 2013; Yang et al. 2014). Lake area
varies dramatically within a year, but it shows minor seasonal
variation from September to December (Li et al. 2011). The
feature of the seasonal dynamic (seasonal change less than
2%) during this period provides the potential use of lake area
to study the lake area change in the period.

The investigation of individual lakes provides us a view of
the lake area and its response to climate change. But most of
the studies about individual lakes and its relationship with
climate have been confined in several basins rather than in
the whole TP due to the disparate distributions of lakes and
the meteorological stations (e.g., Liu and Chen 2000; Song
et al. 2014b; Wan et al. 2014; Wang et al. 2014), as different
natural conditions have different water features and might
result in various responses of lakes to climate change.
Whether the conclusions of the response of individual lake

to climate change in previous studies are representative of all
lakes in the whole TP remain uncertain. Therefore, the objec-
tives of this study were to investigate the lake area change
over the whole TP, and to examine the response of all lakes
as a whole to climate change by taking full advantage of the
easily accessible and widely used data.

The meteorological data, Landsat images, topographic
maps, SRTM DEM data, division maps of catchments and
climate zones, as well as distribution maps of glaciers and
permafrost across the TP were used in this study. A Lake
Expansion Index was defined to indicate the LSA change.
The Anusplin Interpolation method was used to obtain the
spatial variations of climate variables throughout the entire
TP. Panel regression model was applied to investigate the
influences of climate change and related water environmental
factors change on TP lakes.

Materials and methods

Data collection

The monthly maximum, minimum, and mean air temperature
(Tmax, Tmin, Tmean), precipitation (P), mean relative humidity
(RH), sunshine hours (n), and wind speed at 10 m height (U10)
were collected from 241 standard meteorological stations in
the years 1971–2013. The meteorological stations include 79
on the TP (Fig. S1, Table S1) and 162 of them in the surround-
ing area of the TP. The records of all the meteorological sta-
tions have complete observation datasets. Climate values from
79 weather stations on the TP were used for climate change
analysis, and values from all 241 weather stations were used
for interpolation of climatic variables over the entire TP.

Small lakes are unstable because P variation can change
lake size in a very short time. The dramatic emergence and
disappearance of small lakes may result in an unbalanced
model and high estimation errors (Jeffrey 2009). Therefore,
lakes with an area smaller than 10 km2 were excluded in this
study.

Landsat MSS, TM/ETM images (103) from September to
December 1975, 1990, 2000, and 2010 were collected for
interpreting lake areas over the TP, according to the character-
istic of TP climate condition (Supplement 1). In addition, a
few topographic maps of 1:100,000 scales were usedwhenRS
images were absent in the 1970s. Albers Equal Area
Projection based on theWGS-84 Coordinate Systemwas used
for all of the images and maps above.

Elevation data of the TP come from Shuttle Radar
Topography Mission Digital Elevation Models (SRTM
DEMs). The distribution of identified lakes and 79 meteoro-
logical stations, as well as catchment regionalization (modi-
fied by National Administration of Surveying, Mapping and
Geoinformation), were displayed in Fig. S1. The distribution
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of climate patterns (modified by SinoMaps Press 1990), gla-
ciers (Wu and Li 2003), and frozen ground (Li and Cheng
1996) across the TP was shown in Fig. S2.

Lakes characteristics

Based on the environmental data above, lakes on the TP were
classified into different groups by the following attributes: (1)
regional catchment basins, (2) climate zone, (3) lake size, (4)
elevation, (5) distance to glaciers, and (6) frozen ground type.
More details about lake classification were shown in
Supplement 2 and Fig. S3.

Calculation

The estimation of evapotranspiration

The reference crop evapotranspiration (ETo) is quite an impor-
tant component of the hydrological cycle which represents the
evaporative power of the atmosphere. The estimation of ETo
follows the Penman-Monteith model, proposed by the Food
and Agriculture Organization of the United Nations (Allen
et al. 1998, Supplement 3).

Aridity index and lake expansion index

Aridity index is an indicator of climate aridity based on the
balance between precipitation and evapotranspiration: IA = P/
ETo (UNESCO 1979).

According to the results of Li et al. (2011), 2% of
the lake area change rate is considered to be the thresh-
old for the changing trend of lakes. Thus, lakes with
relative change larger than 2% were designated as ex-
panded lakes, and lakes with relative change smaller
than −2% were designated as shrank lakes. The lake
expansion index (IE = increased area/decreased area)
was used to indicate the overall change of lakes across
the TP. The IE was calculated for each specific catch-
ment, climate zone, lake size, elevation, frozen ground,
and close to or far from glaciers (Fig. S3) during each
period. The value of IE higher than 1 means a general
lake expansion tendency while IE smaller than 1 means
a general lake shrinkage tendency. A higher absolute
value of IE represents a more dramatic lake surface area
(LSA) change. Different from relative change rate,
which is used for representing the change of a specific
lake, IE is used for identifying the general change of a
group of lakes. According to classifications in Fig. S3,
IE of each kind of lakes in each period was calculated,
respectively.

Anusplin interpolation

Anusplin interpolation is a spatial interpolation tech-
nique for weather station data to determine climate var-
iables throughout the entire study region. Annual T, P,
and estimated ETo in 241 meteorological stations were
interpolated by the Anusplin software (version 4.3, The
Australian National University, Supplement 3) to obtain
these climatic factors in a spatial resolution of 1 km in
1975, 1990, 2000, and 2010.

Statistics

Trend test

The Mann-Kendall non-parametric trend test (M-K test)
is a rank-based method that has been identified as one
of the most robust techniques available to uncover and
estimate linear trends in environmental data (Mann
1945; Kendall 1975; Zhang et al. 2011). The test was
employed to investigate the changing trend of
meteorological-related variables. The changing trend
was significant at the 1%, 5%, and 10% level when
the absolute value of the statistic Z was greater than
2.575, 1.960, and 1.645.

Panel regression model

The panel regression model including both a cross-sectional
and a time series dimension dataset (Jeffrey 2009) was used to
investigate the effects of T, P, and ETo on lake change. The
LSA and climatic factors in each time point developed a cross-
sectional dimension, and the four-time points (1975, 1990,
2000 and 2010) developed a time series dimension. The
LSA and climate data in the four-time points then were ana-
lyzed simultaneously in the panel regression model
(Supplement 3).

Results

Climate changes on the Tibetan Plateau

Observed climate change on the Tibetan Plateau

The T and P both demonstrated an increasing trend in the last
43 years with the increasing rate of 0.35 °C and 7.41 mm per
decade, respectively (Fig. 1a–b).While ETo showed a decreas-
ing trend with a rate of 8.64 mm per decade (Fig. 1c). The IA
across the TP showed an increasing tendency (Fig. 1d),
representing a more humid climate across the TP.

The TP experienced a relatively cold climate during 1971–
1997 and then a relatively warm climate during 1997–2013
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(Fig. 1a). High variation in P induced frequent dry-wet cycles
(dry periods: 1971–1987, 1990–1997; wet periods: 1987–
1990, 1997–2013; Fig. 1b). ETo was higher in 1971–1988
and 2005–2013 than in 1988–2005 all over the TP (Fig. 1c).
The TP was relatively arid in 1971–1987 and then turned to a
relatively humid period (Fig. 1d).

Interpolated climate changes on the Tibetan Plateau

By using the Anusplin software, the interpolated T, P, ETo and
IA (IA = interpolated P/interpolated ETo) in 1975, 1990, 2000,
and 2010 were obtained. The mean Pearson correlations be-
tween interpolated and observed T, P, and ETo data from 79
weather stations is 0.917 (ranges from 0.814 to 0.996) with
p = 0.000, which means that the interpolated values are reli-
able in further analysis. Then, the annual change rate of each
climatic factor during each period (1975–1990, 1990–2000,
2000–2010, and 1975–2010) was displayed in Fig. 2. The T
over the whole TP increased dramatically, especially in the
last decade. The P over the whole TP showed an increasing
trend, but the P change varied spatially in different parts of the
TP, with a contrast tendency in the northern and southern TP.
P generally decreased on the northern TP while increased
notably on the southern TP during the period of 1975–1990.
By contrast, P increased clearly on the northern TP while
decreased significantly on the southern TP during the period
of 2000–2010. Although the ETo increased in the last decade,
the dramatic decrease in earlier years resulted in a decreasing
trend in the last four decades. The variation in change tenden-
cy of IAwas similar to P.

Lake surface area changes on the Tibetan Plateau

There are 314 lakes with a surface area above 10 km2 (Fig. S1)
on the TP. The total LSA expanded by 199.25 km2 from 1975
to 1990, 523.57 km2 from 1990 to 2000, and 5338.19 km2

from 2000 to 2010 (Fig. 3).
Both the number of expanding lakes and the expanding rate

kept increasing in the last four decades. The IE of all TP lakes
was 1.19 in 1975–1990, increased to 1.92 in 1990–2000, and
increased by about 20 times in 2000–2010 (Fig. 4).

The IE in the Chiangtang Plateau and River Source
Region increased in the last four decades, from 1.19 and
0.83 in the first period to 94.7 and 11.77 in the last
decade, respectively. IE in the northeastern basin decreased
from 1.3 to 0.10 (from 1975 - 1990 to 1990–2000) firstly
and then increased to 50.29 (2000–2010). Contrast change
was found in the southern TP, with an IE increased from
0.96 to 52.04 in the first two periods, and then decreased
to 0.01 in the last decade. Most of the IE values in each
climate zone were greater than 1, except those in the
extremely arid region during 1990–2000 (0.03) and in
the semi-humid region in the first two periods (0.49 and
0.87). IE was much greater in the extremely arid and arid
region (443.08) than in the semi-arid and semi-humid re-
gion (15.05 and 4.74). IE was higher than 1 in almost all-
sized lakes, especially in the last decade, except those in
small- and super-sized during 1975–1990 (0.64 and 0.49)
and large-sized during 1990–2000 (0.77). In almost all
elevation regions, IE was greater than 1 except those in
the low-elevation region during 1990–2000 (0.11) and in
the high-elevation region in the first period (0.48). The IE

Fig. 1 Observed T, P, ETo, and IA
changes on the Tibetan Plateau
during 1971–2013
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for each kind of glacier distance classification was much
greater than 1 in the last four decades. From G1 to G4, IE
reduced from 204.54 to 10.92. IE increased in permafrost
regions from 0.64 to 601.84, and decreased in seasonally
frozen ground from 7.71 to 0.90 in the last three periods
(Table 1).

The influence of different factors on lake surface area
change

Panel regression results of all 314 lakes model and 285 inland
lakes model showed significant correlations between climatic
variables and LSA (Table 2). Change in T (0.0676 and 0.0709
with p = 0.000) and P (0.0013 and 0.0014 with p = 0.000)
positively correlated with LSAwhile change in ETo negatively
(−0.0007 and −0.0008 with p = 0.000) correlated with it.

In all 23 models for each kind of lakes, P showed signifi-
cant impacts in all models, T showed significant impacts in 21
models, and ETo showed significant impacts in 15 models
(Table 3). From the extremely arid region to semi-humid re-
gion, the coefficients between P and LSA reduced from
0.0050** to 0.0002*. The coefficients (absolute value) of T,
P, and ETo reduced from the small lakes model to the large
lakes model (T reduced from 0.0939** to 0.0425*, P reduced
from 0.0014** to 0.0002*, ETo reduced from 0.0009* to
0.0003). From low-elevation to high-elevation regions, the T
coefficient increased from 0.0566* to 0.0786**, and the ETo
coefficient (absolute value) reduced from 0.0016* to 0.0007.
The coefficients between T and LSA reduced from 0.1178* in

Fig. 2 Annual change rate of interpolated T, P, ETo, and IA on the Tibetan Plateau during 1975–1990, 1990–2000, 2000–2010, and 1975–2010
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the G1 model to 0.0372** in the G4 model. From the perma-
frost region to the seasonally frozen ground region, the coef-
ficients of T and P reduced from 0.0795** and 0.0020** to
0.0251* and 0.0001*, respectively, and the absolute value of
the ETo coefficient increased from 0.0010 to 0.0005*.

Discussion

The panel regression model is an advanced method for regres-
sion analysis, and one of the advantages of the panel regres-
sion method is that it can be used to analyze multi-time spatial
data simultaneously, and obtain the results through a compre-
hensive analysis (Jeffrey 2009). Thus, we can analyze the
effects of change in T, P, and ETo on LSA change over the full
periods of time across the whole TP.

Climate and lake surface area change on the Tibetan
Plateau

Results about T, P, and ETo change in the current study
were in agreement with former studies (Liu et al. 2009;

Yue et al. 2013). The TP climate shifts from cold-arid to
warm-humid with a tipping point in 1998 in last four
decades (Fig. 1, accumulated anomaly series). Change in
interpolated P was contrasted in the northern and southern
TP. The increase in P in the northern TP and decrease in
the southern TP consolidated the observed wetting in the
northwestern area and drying in the eastern and southern
area (Gao et al. 2015). Weakened water vapor exchange
between the Asian monsoon region and the TP due to
wind stilling was considered to be responsible for the
reduced precipitation in the monsoon-impacted southern
and eastern TP (Yang et al. 2014). Interpolated climate
variables demonstrated the same trend as the observed
data. The displayed spatial variations derived from inter-
polated data were more clearly than observed values.
Similar to the results of several specific lakes (Liao
et al. 2013; Wang et al. 2013), lake area in the whole
TP expanded, especially in the last 10 years, which sug-
gested the expansion of lakes was widespread on the TP
region in the last few decades. Spatially, lakes in central
TP expanded significantly while those in southern and
eastern TP shrank notably (Fig. 4).

Fig. 4 Statistics of relative lake area change rate and IE during 1975–1990, 1990–2000, 2000–2010, and 1975–2010
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LSA change was generally consistent with climatic vari-
ables, especially with the change in P (Figs. 2 and 4). A sig-
nificant effect of P on LSA in all 23 models (Table 3) also
implied that P was a crucial driving force of LSA changes.
The influences of T, P, and ETo on LSAvaried among different
kinds of lakes. The distance to glaciers and frozen ground also
affected the LSA change, which suggested that LSAwas com-
prehensively affected by different factors.

The responses of different kinds of lakes to climate
warming on the Tibetan Plateau

The balance between water input from precipitation and out-
put from evapotranspiration affects the lake water storage. The
significant positive correlation between P and LSA (Tables 2
and 3) indicates the effect of P through direct water recharge
into the lake. The significant negative correlation between ETo
and LSA suggests (Tables 2 and 3) the impact of water output
from the lake basin on LSA. Thus, the increase in P accom-
panied by a decrease in ETo (Figs. 1 and 2) could lead to an
overall lake expansion across the TP in the last four decades
(Bracht-Flyr et al. 2013; Wang et al. 2013).

A warmer climate can reshape the water environment re-
markably (e.g., Hinzman et al. 2005; Pu et al. 2008). For
instance, warming-induced glacier retreat and permafrost deg-
radation are thought to be important water sources for lake
expansion (Zhang et al. 2011; Walvoord and Kurylyk 2016).
Groundwater storage has been found to increase in the last
decade on the TP (Xiang et al. 2016). The increase in ground-
water storage indicates a considerable amount of melting wa-
ter, and more infiltration into the underground, thus results in

Table 1 IE statistics of different kinds of lakes

Classification (lake count) 1975–1990 1990–2000 2000–2010 1975–2010

Catchment Chiangtang Plateau: Ca1 (237) 1.19 5.71 94.70 64.70

Northeastern basin: Ca2, 8 (33) 1.30 0.10 50.29 7.36

River source region: Ca3, 5, 6, 9 (25) 0.83 1.07 11.77 4.48

Southern TP: Ca4, 7 (18) 0.96 52.04 0.01 0.63

Indus river catchment: Ca10 (1) Stable Expanded Stable Expanded

Climate zone Extremely arid (17) 2.71 0.03 47.78 No shrank lake

Arid (37) 0.89 3.82 No shrank lake 443.08

Semi-arid (240) 1.06 5.71 19.25 15.05

Semi-humid (20) 0.49 0.87 24.18 4.74

Lake size (average area: x, km2) Small-sized: 10 ≤ x < 30 (106) 0.64 2.09 24.23 15.78

Medium-sized: 30 ≤ x < 100 (127) 1.06 4.30 16.05 38.18

Large-sized: 100 ≤ x < 500 (68) 1.87 0.77 90.86 59.12

Super-sized: x ≥ 500 (13) 0.49 No shrank lake 20.47 6.55

Elevation (y, m) Low: y < 4000 (23) 1.50 0.11 63.52 10.32

Mid-low: 4000 ≤ y < 4500 (53) 1.69 3.57 4.90 9.51

Mid-high: 4500 ≤ y < 5000 (205) 1.01 5.83 51.44 46.71

High: y ≥ 5000 (33) 0.48 10.16 21.41 9.54

Distance to glacier (z, km) G1: z < 30 (114) 3.23 6.35 89.47 204.54

G2: 30 ≤ z < 60 (105) 0.75 5.65 13.80 29.86

G3: 60 ≤ z < 100 (53) 0.78 3.25 18.91 11.22

G4: z ≥ 100 (42) 1.71 0.74 40.19 10.92

Frozen ground type Permafrosta (163) 0.64 4.26 601.84 154.32

Island permafrost (19) 1.94 1.18 12.98 11.80

Seasonally frozen ground (132) 7.71 3.85 0.90 3.68

a Hala Lake is the only one lake allocated in the discontinuous permafrost region. And because this lake is situated in a relatively continuous permafrost
region (the northeastern part of the TP), it was classified as a permafrost region lake

Table 2 Results of panel regression model estimations

314-lake model 285-lake model

Variables Coefficient p value Variables Coefficient p value

Constant 0.3045* 0.042 Constant 0.2012 0.211

T 0.0676** 0.000 T 0.0709** 0.000

P 0.0013** 0.000 P 0.0014** 0.000

ETo −0.0007** 0.000 ETo −0.0008** 0.000

R2 0.27 0.000 R2 0.29 0.000

Dependent variable: standardized LSA

*Significance level, 5%; **significance level, 1%
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lake expansion. The different responses of each kind of lakes
to climate change will be discussed according to the classifi-
cations listed in Table 1.

Catchment

According to the division basis (National Administration of
Surveying, Mapping, and Geoinformation 1982), lakes clas-
sified in the same catchment share almost the same natural
condition and drainage characteristics. A lake is an important
part of the TP water environment, and the area is much easier
to monitor than other water elements. Thus, the most mean-
ingful and effective way to understand regional water environ-
mental change is to analyze lake area change and its response
to climate change in the catchment scale.

A significant effect of T, P, and ETo on LSA in the
Chiangtang Plateau and northeastern basin (inland catch-
ments), and only significant effect of P in the river source
region and southern TP (inland and outflow catchments) sug-
gested that inland lakes were more sensitive to climate vari-
ables (Table 2). Many previous studies of specific lakes indi-
cated the same result. For instance, the shrinkage of Qinghai

Lake (in Northeastern Basin) during 1959–2000 (Li et al.
2007; Qin and Huang 1998) and the expansion of Nam Co
(in the Chiangtang Plateau) in the last four decades (Zhu et al.
2010) were attributed to changes in T, P, and ETo. The
shrinkage-expansion of Eling Lake (in the river source region)
in the last three decades (Li et al. 2010) and the expansion-
shrinkage of lakes in the Peiku-Yamdrok basin (in Southern
TP) in the past three decades were related to rainfall variation.
The similar trend of specific lakes and lakes all over the TP
and the similar driving forces implied that the overall response
of all lakes could be obtained by examining several typical
lakes in the catchment level.

Climate zone

The significant effect of T and P on LSA in all climate zones
but the effect of ETo on LSA only in the extremely arid and
semi-arid regions implied that the influences of T and P on
LSAwere greater than ETo. Moreover, the decreasing coeffi-
cients of LSAwithP from the semi-humid region to extremely
arid region suggested the greater impact of P on LSA with
increasing aridity, which indicated that P change was a

Table 3 Panel regression results of each kind of lakes

Classification (lake count) Constant T P ETo R2

Catchment Chiangtang Plateau: Ca1 (237) 0.2229 0.0725** 0.0015** −0.0008* 0.32

Northeastern basin: Ca2, 8 (33) −0.3442 0.1074* 0.0005** −0.0014** 0.19

River source region: Ca3, 5, 6, 9 (25) 0.8911* 0.0100 0.0004* −0.0001 0.07

Southern TP: Ca4, 7 (18) 1.5969** 0.0169 0.0013** −0.0008 0.12

Climate zone Extremely arid (17) −3.9200* 0.0032* 0.0050** −0.0039* 0.46

Arid (37) −0.3928* 0.0248* 0.0022** 0.0016 0.42

Semi-arid (240) 0.4283* 0.0686** 0.0012* −0.0005** 0.26

Semi-humid (20) 0.9328** 0.0149* 0.0002* 1.16e-06 0.13

Lake size (average area: x, km2) Small-sized: 10 ≤ x < 30 (106) 0.0777 0.0939** 0.0014** −0.0009* 0.30

Medium-sized: 30 ≤ x < 100 (127) 0.4327 0.0898** 0.0014** −0.0005* 0.31

Large-sized: 100 ≤ x < 500 (68) 0.4158 0.0687* 0.0009** −0.0006 0.18

Super-sized: x ≥ 500 (13) 1.2178** 0.0425* 0.0002* 0.0003 0.25

Elevation (y, m) Low: y < 4000 (23) −1.1105 0.0566* 0.0014** −0.0016** 0.27

Mid-low: 4000 ≤ y < 4500 (53) 1.1785** 0.0560** 0.0007* −0.0004* 0.18

Mid-high: 4500 ≤ y < 5000 (205) −0.0501 0.0693** 0.0016* −0.0010* 0.33

High: y ≥ 5000 (33) 0.2720 0.0786** 0.0010* 0.0007 0.28

Distance to glacier (z, km) G1: z < 30 (114) 0.1679 0.1178* 0.0012** −0.0008* 0.25

G2: 30 ≤ z < 60 (105) 0.3666 0.1173** 0.0016** −0.0005* 0.33

G3: 60 ≤ z < 100 (53) 0.6479 0.0582** 0.0007* −0.0004** 0.33

G4: z ≥ 100 (42) −0.1079 0.0372** 0.0016** −0.0010* 0.25

Frozen ground type Permafrost (163) 0.0197 0.0795** 0.0020** 0.0010 0.36

Island permafrost (19) 0.4144 0.0386** 0.0007** −0.0004* 0.16

Seasonally frozen ground (132) 1.3922** 0.0251* 0.0001* −0.0005* 0.18

Dependent variable: standardized LSA

*Significance level, 5%; **significance level, 1%
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primary factor of LSA change, especially in water-limited
environments.

Lake size

The significant effect of T and P on LSA in all sizes of lakes
but the effect of ETo on LSA only in small- and medium-sized
lakes also implied that the influences of T and P on LSAwere
greater than ETo. The higher absolute regression slopes of
LSA to T, P, and ETo in small lakes than in large lakes
(Table 3) supported the findings that small lakes were more
sensitive to climate change than large lakes (Song et al. 2013;
Zhang et al. 2014). Generally, large lakes have wider basins
with complicated environments and ecosystems, which en-
sured their strong capacities to keep stable and resistance to
climate change.

Elevation

The higher regression slopes of LSA to T but lower of LSA to
ETo (Table 3) with increasing elevation might imply the indi-
rect effect of glaciers on lakes, as most of the glaciers (> 80%)
across the TP are in a high-elevation region (≥ 5000 m). In the
higher elevation region, melting water from the glaciers is a
more important source of water recharge into lakes, which
supplies a more sensitive response of LSA to T change.

Coupled with our results of ETo change had a smaller in-
fluence on LSA in higher elevation regions (Table 3,
Elevation), ETo change also had a less influence on LSA in
permafrost regions than island permafrost and seasonally fro-
zen ground regions (Table 3, Frozen ground type). As there
was more frozen water stored in glaciers and permafrost re-
gions, we conjectured that less liquid water (free water) in the
lake environments might be a reason for the minor impact of
ETo on LSA. Nevertheless, more researches are required.

Glacier retreat

Lakes closer to glaciers have more dramatic LSA expansion
tendencies. Greater influence of T on LSA and more dramatic
LSA expansion in lakes closer to glaciers than those far from
glaciers suggested the indirect effect of glacier melting result-
ed from an increase in T on LSA change. The melting could
recharge into lakes, thus leads to lake expansion. Among cli-
matic factors, T was the key factor in the development and
retreat of glaciers (Su et al. 1999). Although glacier changes
were time-lagged to temperature changes, they had a well-
coupled correlation (Gao et al. 2000). A few studies have
demonstrated that the glaciers retreat across the TP in the last
few decades due to a warmer climate (Nie et al. 2010; Yao
et al. 2007). Quantitative studies in Nam Co also suggested
that increased glacier melt could be part of the most important
reasons for lake expansion (Zhu et al. 2010; Zhang et al.

2011). As P was another important reason for lakes’ change,
different change tendencies of LSA should be attributed to the
coupled influences of P and glacier melt changes.
Furthermore, as the distance between the lake and glacier
increases, glacier melt has less impact on LSAwhile P has a
greater influence on LSA. To those lakes far from glaciers,
LSA changes mainly depended on P changes.

Permafrost degradation

The influence of permafrost degradation on LSA is more com-
plex than glacier retreat. Subsurface water flow in permafrost
can occur above permafrost (seasonally and perhaps perenni-
ally depending on conditions), below permafrost, and within
taliks (Kane et al. 2013; Walvoord and Kurylyk 2016). LSA
became less sensitive to T and P, and more sensitive to ETo
from permafrost to island permafrost and seasonally frozen
ground. Permafrost degradation across the TP due to climate
warming led to the thaw of ice in the frozen soil (Hinzman
et al. 2005; Li et al. 2012) and enhanced groundwater dis-
charge through activated aquifers (Kurylyk et al. 2014;
Walvoord and Kurylyk 2016), and could partly explain the
expansion of lakes (Liao et al. 2013). However, further deg-
radation of permafrost would form new open taliks, thus fa-
cilitate groundwater movement to subpermafrost aquifers at
lower head, and thereby drain lakes (Peng et al. 2003; Cheng
and Wu 2007; Walvoord and Kurylyk 2016). Lakes would
expand firstly and then shrink along with the permafrost deg-
radation process. Coupled with the influence of notable de-
creased P (−2.76 mm/year) and increased thaw water during
1975–1990 in permafrost regions, lakes in these regions were
generally shrinking. And after that, lakes were expanding dra-
matically due to increased P (6.40 mm/year during 1990–
2010) as well as the increased permafrost melt. Moreover,
along with permafrost degradation, the water environment of
the lake basin became more complicated and less stable, more
factors such as underground water were also worked in the
lake recharge and discharge cycle, which probably weakened
the sensitivity of LSA to climatic factors in seasonally frozen
ground regions.

Conclusion

Awarm-humid climate trend of the TP was evident in the last
four decades and thereby led to a remarkable lake expansion.
Among the climatic variables, P change was the key factor of
LSA change, especially in water-limited environments.
Compared to larger lakes, smaller lakes were more sensitive
to climate change. Lakes in the higher elevation regions were
more sensitive to T due to the widespread glaciers. Warming-
induced glacier’s retreat led to a lake expansion. Even in lakes
with glacier melting as important water supply, LSA change

Lake dynamics and its relationship to climate change on the Tibetan Plateau over the last four decades 485



was still mainly induced byP change, and glacier melt was the
secondary affecting factor. Unlike the influence of glacier re-
treat, warming-induced permafrost degradation led to a lake
shrinkage. Compared to permafrost regions, T and P had less
impacts on LSA while the influence of ETo was increasing.
Our result also implied that overall response of all the lakes to
climate change could be obtained by examining several typi-
cal lakes in the catchment level.
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