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Abstract:

The wide distribution of natural lakes over the Tibetan Plateau, the highest and largest plateau on Earth,
have received extensive attention due to global warming. In this Review, we examine alpine lake evolution,
spatial patterns and driving mechanisms. The changes in lake area, level and volume show a slight decrease
from 1976 to the mid-1990s, followed by a continuous rapid increase. The spatial patterns show an overall
lake growth in the north of the inner plateau against a reduction in the south, which are accompanied by
most of the lakes cooling in the north against warming in the south, and longer ice cover duration in the
north compared with the south. The changes in lake temperature are negatively correlated with water level
variations and lake ice duration. Enhanced precipitation is the dominant contributor to increased lake water
storage, followed by glacier mass loss and permafrost thawing. The decadal lake expansion since the mid-
1990s could have been driven by the positive phase of Atlantic Multidecadal Oscillation, and clear
inflection points of lake area/level identified in 1997/1998 and 2015/2016 are attributed to strong El Nifio
events. In the near-term, the lakes will continue to expand. Future interdisciplinary lake studies are urgently
required to improve understanding of climate-cryosphere-hydrosphere interactions and water resource

management.
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1. Introduction

Lakes are crucial water resources for aquatic and terrestrial ecosystems, agriculture and industrial
production, as well as providing recreation and regulating the climate. The contemporary technology to
detect and monitor surface and ground water from space has substantially increased the scope and findings
of scientific research on lakes (Huang et al., 2018; Pekel et al., 2016; Tapley et al., 2019). There are ~110
million lakes (>0.002 km?) globally, accounting for ~1.8% of the total land area, ~3.7% of the Earth’s non-
glaciated land area (Messager et al., 2016; Verpoorter et al., 2014), and ~0.8% of total global non-frozen
terrestrial water stocks (Messager et al., 2016). The patterns of change in water body areas vary extensively
with geographical location. For example, high-resolution global surface water mapping between 1984 and
2015 reveals that the Aral Sea (Kazakhstan, Uzbekistan) and the Middle East have large permanent surface
water loss due to unregulated withdrawal, dams and droughts (Micklin, 1988), but the Tibetan plateau (TP),
where there is little human intervention, has an overall water gain (Pekel et al., 2016). The contiguous
United States exhibits divergent trends among water bodies between 1984 and 2016, with decreasing trends
in the southwest and northwest water-poor regions, but increasing trends in the southeast and far-north
Great Plains water-rich regions (Zou et al., 2018). The expansion of lake area on the TP is in clear contrast
to the shrinking of lake area on the adjacent Mongolian Plateau during 1970s—2013 (Tao et al., 2015;
Zhang et al., 2017b). In China, the number and area of lakes in the TP and Xinjiang had an increasing trend
from the 1960s to 2015, while there were decreasing trends in the Inner-Mongolia Plateau and on the
Eastern Plain (Ma et al., 2010; Zhang et al., 2019d). In addition to lake area, water level and volume
variations can now be routinely monitored using data from satellite radar and laser altimetry missions
(Crétaux et al., 2011; 2016; Jiang et al., 2017b; Zhang et al., 2011c). Other satellite data are also now
widely used in surface water measurements, to the benefit of many emergent fields of study, including
water temperatures and ice phenology (Alsdorf et al., 2007; O'Reilly et al., 2015; Sharma et al., 2019).

The TP is one of the most sensitive areas to global climate change, and exhibits an early warning
signal of global warming (Kuang and Jiao, 2016; Liu and Chen, 2000; Liu et al., 2009). The lakes on the
TP are widely and densely distributed, with a total area of ~5x10* km?in 2018 (Zhang et al., 2019c). This is
~1.9% of global lake area (Messager et al., 2016) and 57.2% of China’s lake area (Ma et al., 2010; Zhang
et al., 2019d). These lakes on the TP are an effective indicator and sentinel of climate changes, because of
the absence of direct anthropogenic influence and their dominant distribution in endorheic basins (Figure
1). For example, lake areas and water storage decreased between the 1970s and 1990s, with decreasing
precipitation, while they increased after the 1990s with increasing precipitation and air temperature (Kuang
and Jiao, 2016; Yang et al., 2017b; Zhang et al., 2017b). The climate on the TP is dominated by westerlies
in winter and the Indian monsoon in summer (Maussion et al., 2014). In addition, the East Asian summer
monsoon plays a key role in climate change in the northeastern TP (An et al., 2012). These atmospheric
circulation systems affect precipitation patterns on the TP (Yao et al., 2012), driving long-term lake
evolution and seasonal cycles. Climate change impacts lakes, and in turn, lakes can modify some aspects of
regional climate change through land and atmospheric water and heat exchanges (Wu et al., 2019), and then

affect evaporation and precipitation, as seen in the Nam Co area (Dai et al., 2017; Wang et al., 2019).



OCoO~NOUITAWNE

,G%ciekr/Snow N
4

g 4\ qu
r( ‘“ :

Figure 1. Schematic diagram illustrating key components of lake water balance including precipitation,
evaporation, glacier/snow melt and permafrost degradation. Lake observations from satellite, aircraft, and

ground-based stations are also shown.

The TP is a vast territory with a sparse population and numerous lakes. Observations of lake changes
on the TP include in-situ measurements and widely available remote sensing monitoring. The in-situ
investigations and observations can provide detailed hydrological parameters, but are limited in spatial
coverage and temporal continuity. For example, lake bathymetry measurements (e.g. Wang et al., 2009;
Zhang et al., 2011a) and lake level observations (Lei et al., 2014; Zhang et al., 2011b) are only available for
a few large lakes and only for short periods. Although some lake studies have used these first-hand in-situ
measurements, they are usually combined with remote sensing data to fill the spatial gaps (Lei et al., 2014;
Qiao et al., 2019a; Zhang et al., 2011a). For extensive studies of this vast remote region with its harsh
environment, satellite remote sensing is the only practical method, although the data are also limited in
high-precision temporal and spatial resolutions, and by the weather and terrain.

A statistical analysis indicates that the number of published articles in international peer-reviewed

journals, including all three terms “lake”, “Tibetan Plateau”, and “remote sensing”, increased rapidly
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between 2000 and 2018, to a current level of ~50 papers per year (Figure 2). Some studies have reviewed
lake changes and climate elements over the TP to explain lake water balance. For example, Sun et al.
(2018) linked the lake and glacier area changes between 1990 and 2015, and interaction with climate
changes such as temperature, precipitation and evaporation. Li et al. (2019b) emphasized multiphase water
transformation by characterizing climates (temperature, precipitation), glacier area, depth of permafrost
active layers, snowfall/rainfall, and lake area/level changes. Song et al. (2014a) summarized individual lake
area changes, and lake level changes during 2003—2009. These studies have qualitatively correlated lake
and climate changes during recent decades, but have not explained lake water balance quantitatively.
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Figure 2. The number of articles published in 2000-2018 derived from the Web of Science for articles

including the topics: “lake”, “Tibetan Plateau”, and “remote sensing”.

The large body of literature now available from many lake studies on the TP warrants a
comprehensive review to synthesize the current published findings. We summarize the progress of lake
studies on the TP and gaps in the research as follows:

e Spatial-temporal monitoring of lake changes has focused on number, area, and volume since
the 1970s, driven by the availability of suitable satellite data. However, the differences in the
data sources used, and the study periods covered, result in a lack of a comprehensive and
systematic picture of lakes from the 1970s to the present, including inter-annual and seasonal

variations.
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o Lake responses to climate change are reflected not only in number, area and volume, but also
in lake surface water temperature and lake ice phenology. The latter have been rarely
addressed.

e Regarding the causes of lake changes such as climate (precipitation, evaporation) or
cryosphere (glacier, snow, permafrost), qualitative analyses have been the norm. Quantitative
examinations of these lakes, in response to local climate changes and/or cryosphere, and lake
water balance, are absent.

o Lake evolution and regime shifts may be related to large-scale atmospheric circulations.
Investigations of the driving mechanisms behind the lake changes are eagerly awaited.

o Lake changes since the beginning of the satellite era can be observed. Attention should be
devoted to the response of lakes to future climate changes.

Here, we present the state of the TP’s lakes in response to climate changes, aiming at helping to better
understand climate change and the water cycle on the highest and most extensive highland in the world.
The knowledge summarized in this review will be of benefit to various research communities such as
hydrology, limnology, glaciology, climate change, and remote sensing.

This review is organized as follows. The geographic characteristics of the TP are introduced in Section
2. The applied data and methods of lake mapping, basin-scale mass change and water balance, water
surface temperature, and lake ice phenology are described in Section 3. Section 4 presents the results of
lake changes in number, area, level and volume, associated with terrestrial water storage (TWS) changes.
The responses and feedback of lakes to local climate changes are discussed in Section 5. The response of
lakes to large-scale atmospheric circulation and driving mechanisms are presented in Section 6. Section 7
discusses future lake developments, while Section 8 provides a summary of the study, along with

recommendations for future studies.

2. Geographic region

The TP is one of the most elevated regions of the Earth, with a mean elevation of ~4000 m above sea
level (a.s.l.), and is consequently known as “the Roof of the World”. The TP and surroundings (hereafter
simply referred to as TP) cover a broad region. In this study we define the TP boundary as the 2,500 m
a.s.l. contour (Zhang et al., 2013b), which encloses an area of ~3x108 km? (Figure 3). The TP has a total
glacier area of ~8.3x10* km? (RGI v6.0) (RGI-Consortium, 2017) and glacier ice storage of ~7.0x10% km?
(Farinotti et al., 2019). This is the largest ice reservoir outside the polar regions, which is why the region is
also referred to as “the Third Pole of the Earth” (Qiu, 2008). The TP and its surrounding mountains are also
known as “the Water Tower of Asia” (Barnett et al., 2005; Immerzeel et al., 2010) as it is the source for
several major Asian rivers such as the Yellow River, the Yangtze, Indus, Ganges, Brahmaputra, Irrawaddy,
Salween and Mekong, and provides water to more than a billion people living downstream (Immerzeel et
al., 2020). In addition to the glacier coverage, the abundance of natural lakes on the TP (~1400 lakes
greater than 1 km?) (Zhang et al., 2019c) is another important asset, which may have great effects on

regional climate and water cycle.
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Figure 3. Distribution of lakes (blue), glaciers (light green), and major rivers (Yellow, Yangtze, Mekong,
Salween, Brahmaputra, Ganges, and Indus rivers) on the Tibetan Plateau (TP). The TP is divided into 12
large river basins. The large-scale atmospheric circulations such as westerly, India monsoon and East Asian

Monsoon are also shown.

The TP encompasses many high mountains, including Mount Everest (8848 m a.s.l.), the highest
mountain on Earth. The TP mountains can be classified into two groups: the generally east-west ranges (the
Himalaya, the Gangtise-Nyenchen Tanglha, Karakoram Range-Tanggula Mountains, and Kunlun
Mountains); and the north-south Hengduan Range. During the monsoon season, the valleys in the Himalaya
form the pathways for water vapor from the India Ocean to the TP (Lin et al., 2018). The TP exerts a strong
influence on the climate and environmental changes of the Eurasian continent, the formation of the Asian
monsoon system and the evolution of the Westerlies through its thermal and dynamical processes (Li,

1999; Liu et al., 2020; Son et al., 2019; Wu et al., 2007).

The annual mean, minimum and maximum air temperature between 1980 and 2018 obtained from the

95 China Meteorological Administration (CMA) (http://data.cma.cn/en) weather stations on the TP are 4.1,

2.8 and 5.1 °C, respectively. These weather stations show an overall warmer pattern in 1998—2018 relative
to 1980—-1997 (Figure 4). The average warming rates of these stations are 0.044 °C/yr during 1980-2018,
and 0.031 °C/yr during 1961—-2015, which is greater than the average temperature change in China (0.029
°Clyr), and two times higher than the rate of global warming (0.014 °C/yr) during 19612015 (Figure S1).
The warming of the TP is more significant in winter (Kuang and Jiao, 2016; Liu and Chen, 2000). The
increasing rate of the minimum air temperature is twice that of the maximum temperature (Kuang and Jiao,
2016). However, the CMA stations are mainly located in the eastern TP and at relatively low altitudes,

while the major lakes are to be found in the vast western TP which has few CMA stations. Some studies
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(Guo et al., 2019a; Mountain Research Initiative, 2015; Pepin et al., 2019; Qin et al., 2009) have used the
gridded Moderate Resolution Imaging Spectroradiometer (MODIS) land surface temperature (LST)
product to estimate elevation-dependent warming, which has the advantage of pixel-based estimation for
the whole plateau. The warming rate of satellite-based 2-m air temperature and land surface temperature
increases rapidly in areas below ~5000 m a.s.l., but decreases and tends to be stable in areas above 5000 m
a.s.l. (Figure S1) (Guo et al., 2019a; Qin et al., 2009). The accelerated warming in the TP has led to rapid
glacier retreat, snow melt and permafrost degradation (Bolch et al., 2019; Cheng and Wu, 2007; Guo et al.,
2015), affecting the future water resources of the Asian Water Tower (Immerzeel et al., 2020; Yang et al.,
2011).

The precipitation records from 95 CMA stations on the TP (Figure 4), with continuous observations
after 1980, show annual mean, minimum and maximum precipitation of 482, 418, and 553 mm in
19802018, respectively. However, the spatial heterogeneity of precipitation across the TP is apparent
(Wang et al., 2018b). For example, the annual summer precipitation decreases gradually from the southeast
(~700 mm) to the northeast (~50 mm) (Kang et al., 2010). In addition, the CMA weather station
observations show that the elevation dependence of summer precipitation displays an increasing trend
between 1970 and 2014 (Li et al., 2017b). Many precipitation products have been produced, evaluated, and
utilized, including the Global Precipitation Climatology Centre (GPCC), the Global Precipitation
Climatology Project (GPCP), TRMM, the Asian Precipitation-Highly Resolved Observational Data
Integration Toward Evaluation of Water Resources (APHRODITE) (Behrangi et al., 2017; Tong et al.,
2014; Yang et al., 2014; Yatagai et al., 2012). However, on the TP, these precipitation data sets, derived
from satellites and reanalysis, have large uncertainties (seasonal and annual biases) (Behrangi et al., 2017;
Tong et al., 2014) and many of them underestimate the precipitation at high elevations (e.g. Wortmann et
al., 2018). These uncertainties greatly limit their use in quantitative evaluations of lake water balance in the
region. The annual precipitation has a generally increasing trend between 1980 and 2018, especially after
1998 (Figure 4). Most of the stations (99%) reveal an increased precipitation in 1998—2018 relative to
1980—1997, as also seen in reanalysis data (Sun et al., 2020). Overall, the TP is getting warmer and wetter
(Kuang and Jiao, 2016), which correlates well with the observed enlargement of lakes (Zhang et al., 2019c)

and the greening of vegetation (Zhong et al., 2019).
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Figure 4. Temperature (T) and precipitation (P) changes. a) T difference between 1998—2018 and
19801997 from China Meteorological Administration (CMA) weather station data. b) Annual T
anomalies between 1980 and 2018 for the TP. c) Change in T derived from the CRU T data for 1970-2016.
d) P difference between 1998—2018 and 1980—1997 from CMA weather station data. €) Anomaly of annual
P averaged over all stations for 1980—2018. f) Change in P derived from GPCC data for 1970-2016. The

“+” indicates pixels with significant linear trends at a 95% confidence level.
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3. Data and methods
3.1 Landsat mission for lake mapping

The Landsat satellite missions, jointly managed by NASA and the U.S. Geological Survey, have been
widely used for water body mapping, owing to the long period of data availability (1972—present), coupled
with a relatively high spatial resolution, 79 m for MSS (Multispectral Scanner) and 30 m for TM (Thematic
Mapper), ETM+ (Enhanced Thematic Mapper Plus), and OLI (Operational Land Imager) (Pekel et al.,
2016; Roy et al., 2014; Wulder et al., 2019). Landsat satellite data released at Level-1TP have precision
geo-registration and orthorectification using digital topography. The huge Landsat data archive, and
especially its free and open data policy, has advanced our knowledge of Earth’s long-term surface water
variations. The Landsat missions have provided the most comprehensive lake area observations over the TP
(Mao et al., 2018; Song et al., 2013; Zhang et al., 2014b; 2019c) (Table S1). However, daily high
proportions of cloud-cover, typically covering ~45% of the TP (Yu et al., 2016), and obscuring the lake
surfaces, greatly decrease the number of suitable Landsat images for retrieving lake surface area. It is
sometimes difficult to find one image for each year in the optimal season (September—December) with
relatively stable lake area as well as a low proportion of cloud cover. The October images are prioritized
and searched first. If no suitable images are found, then the data for November, December, and September
are examined (Zhang et al., 2017a). An image with a cloud-free lake surface in the optimal season is
selected, even though it may have a high cloud-cover fraction for the image as a whole.

Lake delineation from Landsat images usually involves manual digitization (Wan et al., 2016; Zhang
et al., 2014b) and automated (or semi-automated) water classification (Bolch et al., 2008; Feyisa et al.,
2014; Huggel et al., 2002; Ji et al., 2009; Li and Sheng, 2012; Zhang et al., 2017d; 2019d). This visual
interpretation is time-consuming and labor intensive, especially for such a vast area as the TP. However,
the method, involving a human-computer interaction interpretation process and detailed examination of the
original Landsat images, ensures a high level of quality control for the lake boundaries. Automated water
classification with high efficiency is necessary for large-scale lake mapping. Many studies have reported
various methods of automatic water classification such as spectral water index, single-band thresholding,
thematic classification, and the linear unmixing model (Feyisa et al., 2014; Fisher et al., 2016; Huggel et
al., 2002; Ji et al., 2009; McFeeters, 1996; Watson et al., 2018; Xu, 2006; Zhang et al., 2017d). Normalized
difference water index (NDWI), the most popular method for separating water from non-water features

(McFeeters, 1996), is described by a band ratio as given by Eq. (1):
NDWI = (pgreen - pNIR ) / (pgreen + IONIR) (1)
where Py .., and oy correspond to band 2 and band 4 for TM and ETM+, or band 3 and band 5 for

Landsat 8 OLI. The top-of-atmosphere (TOA) reflectance product converted by radiometric calibration
from the digital number (DN) of the original Landsat image is used to calculate NDWI (Li et al., 2013b;
McFeeters, 2013). First, a TOA radiometric calibration is performed by using Eq. (2):

R, =G, -DN+0, )

10
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where R, is spectral radiance at the sensor’s aperture [W/(m?-sr-um)], and G, and O, are calibration

coefficients gained from Landsat L1T file metadata. TOA reflectance is then computed from Eq. (3)
(Chander et al., 2009; Roy et al., 2010; Yang et al., 2015):

z-R,-d?
=t 3)
fron E, -Cosb,
where
Pron» Planetary TOA reflectance [unitless]

d, Earth—Sun distance [astronomical units]

E,, Mean exo-atmospheric solar irradiance [W/(m?-pum)]

6, , Solar zenith angle [degree]

n, 3.1415926 [a mathematical constant].

Mountain shadows detected by slope threshold (Feng et al., 2016) as well as shaded relief (Li and
Sheng, 2012) are excluded from NDW!I images for further water delineation. The adjustment of the NDWI
threshold can improve water classification accuracy (Ji et al., 2009; Li and Sheng, 2012; Xu, 2006). Some
studies have proposed a two-step method (i.e. global-local segmentation) to determine the optimal
thresholds (Li and Sheng, 2012; Luo et al., 2009; Sheng et al., 2016). First, a relatively small threshold,
usually close to zero, based on previous experience of manual calculation or experiments in selected
regions, is used to roughly separate water and non-water features (Li and Sheng, 2012; Zhang et al.,
2017a). This initial threshold is not critical as an expanded buffer will be used. Each water body unit is
detected and labeled in this step. Second, an outside buffer zone is outlined for each identified water body.
An appropriate threshold is then selected for each water body by a nonparametric and unsupervised Otsu
method (Otsu, 1979; Zhang et al., 2017d). Water bodies are then successfully separated from other land-
cover components. Other water indices, such as the modified NDWI (i.e., MNDWI) (Xu, 2006) and the
Automated Water Extraction Index (AWEI) (Feyisa et al., 2014), have also been developed for automatic
water classification, but an evaluation of lake-area mapping methods shows that NDW!I has a relatively
better performance for large-scale water mapping on the TP (Zhang et al., 2017a).

Misclassification of water bodies often occurs, as water turbidity, salt pan, presence of mountain/cloud
shadows, and snow/ice can all complicate spectral reflectance (Sheng et al., 2016). In addition, other water
body types, such as rivers, reservoirs, and dams, need to be excluded by using available datasets (e.g. Grill
etal., 2019; Lehner et al., 2011; Yang and Lu, 2014) and visual examination. Therefore, visual inspection
and manual editing, combined with the original Landsat images, are essential for final lake mapping. The
Google Earth Engine (GEE), a cloud-based platform, is now a popular tool for water body mapping, as its
massive computational capacity can efficiently analyze all archived Landsat images (Gorelick et al., 2017;
Pekel et al., 2016). However, a visual examination of global-scale water body products for fine lake

classification is difficult, if not impossible. Therefore, a direct application of water bodies produced by the

11
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GEE could result in a large uncertainty in the estimation of lake area (Feng et al., 2019; Zhang et al.,
2020b).

Landsat data has irreplaceable advantages for long-term lake observation, but cloud contamination
limits its use for seasonal lake mapping. Lake levels from satellite radar altimetry data (Crétaux et al.,
2011) or in-situ measurements (Lei et al., 2014) can reveal seasonal characteristics. However, the number
of lakes with such available data is small: ~100 out of a total of ~1400 lakes (> 1 km?) (Zhang et al.,
2019c). Sentinel-1 SAR data can be used to detect seasonal cycles of lake area (Miles et al., 2017; Strozzi
et al., 2012; Wangchuk et al., 2019; Zhang et al., 2020c), but these data have only been available since
2014. The daily and 8-day MODIS data are also used for water classification maps (Ji et al., 2018;
Khandelwal et al., 2017; Pham-Duc et al., 2020), but although the poor spatial resolution (250 or 500 m) is
suitable for monitoring dramatic inundation changes such as reservoirs or dams (Gao et al., 2012;
Khandelwal et al., 2017), it is not suitable for lakes with small area variations, which is the case for most
lakes on the TP (Zhang et al., 2019c). However, the combination of multi-sensor remote sensing data can
improve the spatial-temporal resolution of lake observations (Li et al., 2013a; Yamazaki et al., 2015; Yao et
al., 2019).

3.2 Monitoring lake level and volume changes

Satellite altimetry missions such as ICESat/ICESat-2, TOPEX/ POSEIDON, Geosat Follow-on, ERS-
2, Jason-1/2/3, Envisat, SARAL/AIltika, and Cryosat-2 have retrieved lake surface elevation since 1992
(Crétaux et al., 2011; 2016; Jiang et al., 2017a; Markus et al., 2017; Phan et al., 2012; Schutz et al., 2005).
These radar and laser altimetry missions are able to monitor lake level elevation and lake level changes
with high precision (Bhang et al., 2007; Zhang et al., 2011c; 2019b). The low-resolution radar altimeter has
a pulse-limited footprint of a few km in diameter, while the SAR radar altimeter has a finer along-track
resolution of ~300 m (Jiang et al., 2017b). In comparison, laser altimetry, for example, ICESat has a
smaller footprint diameter of ~70 m. The performance (accuracy and precision) of laser altimetry missions
(< 10 cm bias) is better than radar altimetry (decimeter level) (Crétaux et al., 2009; 2011; Zhang et al.,
2011c; 2011b). Here, the water levels for 25 lakes with continuous observations derived from radar
altimetry between ~1992 and 2018 have been obtained from Hydroweb (http://hydroweb.theia-
land.fr/hydroweb) (Crétaux et al., 2011). ICESat/GLA14 laser altimetry data obtained from NASA’s
National Snow & Ice Data Center (https://nsidc.org/data/icesat) between 2003 and 2009, are also used to
monitor lake level changes (Phan et al., 2012; Song et al., 2013; Zhang et al., 2011c; 2013b). The ICESat

footprints over water surfaces are selected by using lake boundaries determined from Landsat images. The

mean elevation of footprints of a track passing over a lake after outliers have been removed is taken as the
lake surface elevation for the time (day). A total of 132 lakes have ICESat data available for a period of
longer than 4 years (Zhang et al., 2017c¢).

ICESat-2 altimetry data have been available since 2018 (https://nsidc.org/data/icesat-2) (Jasinski et al.,
2019). The ICESat-2 mission doubles the number of lakes on the TP with altimetry data (236) relative to
ICESat (132) (Zhang et al., 2019b). Moreover, ICESat-2 has a better performance, with a precision of ~2
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cm when compared with gauge measurements in 2018, and has great potential for monitoring lake level
changes.
Lake water volume (storage) gain or loss (AV ) can be estimated from Eq. (4) by combining lake area

and level changes (Taube, 2000):

AV=§(H2—H1)x(A+AZ+\/AxAZ> (4)

where H; and H; are lake levels in two consecutive stages, and A: and A, are the corresponding areas.

In this study, water storage changes between the 1970s and 2018 are estimated for lakes with
available altimetry data. Lake volume can be directly measured using the Multiple Altimeter Beam
Experiment Lidar (MABEL) data, a technology demonstrator for the ICESat-2 mission (Li et al.,
2019a; Ma et al., 2019b; McGill et al., 2013). However, this method is limited to lakes shallower than
~5m (Maet al., 2019b), and is not suitable for most lakes on the TP which are usually deeper than 20
m (Ma et al., 2014; Qiao et al., 2019a; Wang et al., 2009).

3.3 Estimate of water storage change from GRACE data

The twin co-orbiting NASA/DLR GRACE (Gravity Recovery And Climate Experiment) satellite
mission was launched on 17 March 2002. GRACE measures monthly spatiotemporal changes in Earth’s
gravity field, which can be caused by changes in mass transports of hydrology, ice reservoirs, sea level, and
geodynamics including earthquakes, at a spatial scale coarser than 333 km, which helps to improve our
understanding of the climate system (Tapley et al., 2019). GRACE ended its science mission in October
2017, and the NASA/GFZ GRACE Follow-On mission was launched on 22 May 2018. The total mass
change on the TP was investigated using data from the GRACE satellites (Tapley et al., 2004; Yi et al.,
2016). Here, the monthly averaged GRACE Gravity Field Products (GSM) (RL06), processed by the

University of Texas at Austin Center for Space Research (http://icgem.gfz-potsdam.de/home), are used.

The monthly GSM Degree-1 terms (representing geocenter movement) used the solution from Swenson et
al. (2008), and the C20 geopotential coefficients (representing the first term describing the Earth’s
oblateness) was replaced by solutions derived from the analysis of satellite laser ranging data (Cheng et al.,
2011). The effect of glacial isostatic adjustment (GIA) was corrected using a forward GIA model. To
minimize any correlated error or denoise, the GRACE estimated TWS change was smoothed by a 500 km
Gaussian filter (Wahr et al., 1998) and the signal strength was further recovered by a forward modelling
method (Yi et al., 2017). The mass balance in the Inner TP was estimated by a multi-basin inversion
approach (Yi et al., 2016; Zhang et al., 2017c).

The Inner TP is a large endorheic basin, and contains majority of the lakes on the TP (Figure 3). The
mass balance and lake water balance are evaluated for this basin as a whole (Zhang et al., 2017¢). As there
is only a limited distribution of weather stations (Figure 4), especially in the western TP, and a large
uncertainty in the precipitation products derived from reanalysis and remote sensing data (Tong et al.,
2014), it is difficult to make a direct estimate of lake water balance from the precipitation contribution. The

TWS change in the Inner TP consists of lake water (L), glacier (G), snow water equivalent (SWE), soil
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moisture (SM), permafrost degradation (PM), and groundwater storage (GWS), as given in Eq. (5) (Zhang
et al., 2017c). In particular, GRACE enables inferring of large-scale groundwater storage changes after
removing other hydrologic parameters using auxiliary data sets (Feng et al., 2018; Xiang et al., 2016).
Furthermore, lake water balance in the whole Inner TP includes glacier/snow melt and permafrost
degradation along with net precipitation (i.e. precipitation minus evaporation, AP). Therefore, the net
precipitation contribution can be indirectly estimated from the lake water balance by using Eq. (6).

AGWS = ATWS — (AL + AG + ASWE + ASM + APM) (5)

AP = AL — (AG + ASWE + APM ) (6)

3.4 Estimate of lake water surface temperature

The response of lakes on the TP to climate variations, is not only manifested as changes in surface
water area, level and volume, but also as changes in lake water surface temperature and lake ice phenology.
Rapid and highly variable warming of lake surface waters around the globe have been revealed using a
synthesis of in situ and satellite (AVHRR, ATSR) measurements (O'Reilly et al., 2015; Sharma et al., 2015;
Woolway and Merchant, 2017). MODIS LST has been shown to perform well in the derivation of land
surface temperature and for detecting the warming trend with respect to elevation on the TP (Guo et al.,
2019a; Pepin et al., 2019; Qin et al., 2009). MODIS LST products, such as the 8-day nighttime product
(MOD11A2), with a spatial resolution of 1 km, have also been used to estimate surface temperature
changes of lakes on the TP (Wan et al., 2018; Zhang et al., 2014a). This study displays the warming rates of
lake surface water, its elevation dependence, and differences with and without cooling from glacier

meltwater.

3.5 Estimate of lake ice phenology

Lake ice provides important ecosystem services such as being an indicator of regional climate change,
regulation of the hydrological cycle, recreation, and transportation (Brammer et al., 2014; Hori et al., 2018;
Kropacek et al., 2013; Wang et al., 2018a). The date of lake ice break-up has been used as a climatic index
(Ruosteenoja, 1986). Widespread loss of lake ice has occurred worldwide in the warming world (Hampton
et al., 2016; Sharma et al., 2019). Lake winter ice cover can determine summer water surface warming
trends (O'Reilly et al., 2015). Lake ice cover is mainly governed by air temperature, lake depth, elevation
and shoreline complexity (Sharma et al., 2019). Lake ice phenology, i.e. the timing of freeze-up, break-up
and the duration of lake ice cover, provides valuable information on climatic and local conditions (Sharma
et al., 2019). Lake ice phenology is usually described by four parameters: freeze-up start, freeze-up end,
break-up start, and break-up end dates. The variations of lake ice phenology on the TP have been monitored
by MODIS snow cover products (e.g. MOD10A1, MYD10A1) (Cai et al., 2019; Guo et al., 2018;
Kropadek et al., 2013; Qiu et al., 2019) and passive microwave remote sensing data (e.g. SMMR/SSMI)
(Cai etal., 2017; Che et al., 2009; Ke et al., 2013). In this study, we summarize the freeze-up start and
break-up end dates, lake ice cover duration, and their spatial variabilities from MODIS snow cover data
used for the whole TP.
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3.6 Gridded climatic data sets

To fill the gaps in the spatial coverage of weather station data (Figure 4), especially in the western TP,
monthly gridded temperature data from the Climate Research Unit (CRU) (v4.01, 0.5° resolution)
(http://www.cru.uea.ac.uk) between 1970 and 2016 were obtained (Harris et al., 2014). The Global
Precipitation Climatology Centre (GPCC) has a better performance in detecting the long-term trend of

precipitation change over the TP relative to either the Global Precipitation Climatology Project (GPCP) or
PERSIANN-CDR products (Yang et al., 2018). The monthly GPCC data (0.5° resolution)
(ftp://ftp.cdc.noaa.gov) (Schneider et al., 2014) between 1970 and 2016 was used. In addition, the
APHRODITE daily gridded precipitation data set (APHRO_MA V1101, V1101EX_R1, 0.25° resolution)
for the period 1970 to 2015 (http://www.chikyu.ac.jp/precip/english) (Yatagai et al., 2012), constructed

from the Asia dense network of rain gauges was used for comparison purposes. The APHRODITE product
has shown good performance in revealing the precipitation pattern over High Mountain Asia (HMA), and is
widely used (Andermann et al., 2011; Lutz et al., 2014). The Global Land Evaporation Amsterdam Model
(GLEAM) data (0.25° resolution, https://www.gleam.eu) (Martens et al., 2017) which has a good ability to
model land surface actual evapotranspiration (ETa) over the TP (Liu, 2018) was employed. Although the

best products have been selected, quantitative calculations of lake basin water gain or loss using these
precipitation and ETa products are difficult, if not impossible, due to large uncertainties over the TP (Li et
al., 2020a; Ma et al., 2019a; Tong et al., 2014). Annual temperature, precipitation, and ET changes on the
TP between 1970 and 2017 are examined, and used only to compare with the spatial pattern of lake surface
water changes.

The Atlantic Multidecadal Oscillation (AMO) index (https://www.esrl.noaa.gov/psd), and Nifio 3.4

index (https://climatedataguide.ucar.edu/climate-data) are also used to link the long-term trend and

inflection points of lake changes with the large-scale atmospheric circulation (Lei et al., 2014; 2019; Zhang
etal., 2017b).

4. Lake area, level and volume changes
4.1 Multi-phase lake number and area changes

Between the 1970s and 2018, lake number and area in the TP presented a robust increase but with a
variable trend (Zhang et al., 2014b; 2019c). In 1976, the number of lakes (larger than 1 km?) was 1081 with
a total area of 4.01x10* km2. By 1990, this value had decreased to 1070 (3.97x10* km?), and then increased
again to 1204 (4.13x10* km?) in 2000 (Figure 5). Between 1990 and 2010, the lake number increased
slightly to 1236 lakes in 2010, but the area underwent a rapid expansion with a value of 4.74x10* km? in
2010 (a 15% increase). Lake number shows a slight decrease from 2010 to 2015, but a rapid recovery in the
most recent three years (2016—2018). The lake number increased to 1424 with a total area of 5.03x10* km?
in 2018. Over the entire period, 1976-2018, the number of lakes (>1 km?) has increased by 344 (32%) and

the area by 1.02x10* km? (25.42%). The number increase in most cases is due to lake expansion from less
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than 1 km? to more than 1 km?2. Of course, some new lakes also appeared (Zhang et al., 2014b), but they

contribute a small fraction.

The TP has many large lakes. In 2018, there were 178 lakes larger than 50 km?2. The number of lakes

in each size category in 1976 and 2018 is shown in Figure 5. The number of lakes and their aggregated area

in each size category show an overall positive increase in 2018, relative to 1976, which contrasts clearly

with the overall shrinking of lakes on the adjacent Mongolian Plateau (Tao et al., 2015; Zhang et al.,

2017b). The lakes are predominantly located in the Inner TP and lake expansions during 1976—2018 also

mainly occurred in this endorheic basin (Figure S2).

A representative example of lake expansion is Selin Co. In 1976, it had an area of 1643.37 km?,
smaller than Nam Co (1949.03 km?), the largest lake in Tibet at that time. In 2001, the area of Selin Co
(2006.38 km?) exceeded Nam Co (1980.98 km?). In 2018, Selin Co had increased in area by 46.38%
relative to 1976, but Nam Co had only expanded in area by 3.25% during the same period.
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Figure 5. Temporal changes in lake number and area (for lakes > 1 km? in area). a) Lake number in 1976,
1990, 2000, 2010 and 2018. The error bar represents the uncertainty of total lake area. b) Total lake area in
1976, 1990, 2000, 2010 and 2018. c) Changes in total lake number and area in different size (km?)
categories in 2018 relative to 1976. d) Total lake area in different lake basins in 1976, 1990, 2000, 2010,
and 2018. (Figure 5 adapted from (Zhang et al., 2014b; 2019c¢))

Spatial differences in lake area changes are also apparent (Figure 6, S2). During the whole period

1976—-2018, most lakes expanded in area, especially in the central-north regions (> 32° N). There are a
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small number of lakes in the southern TP, mainly in the Brahmaputra River basin, such as Yamzho Yumco,
Puma Yumco, Paiku Co, Mapam Yumco, La’nga Co, which shrank in area during this period. This
suggests a slowing, even reverse pattern of lake expansion from north to south. The difference in the spatial
pattern in different periods is large. Based on a clear inflection point detected in 1997/1998 (Zhang et al.,
2017Db), the lake changes can be divided into two stages. In 1976—1997, almost all lakes, with the exception
of a few lakes in the central TP, exhibit area contraction. After 1998, this pattern is reversed, with most
lakes showing expansion, especially in the northern TP where the magnitude is generally larger. Many new
lakes also appeared after 1998, particularly in the Inner TP.

The regional differences and typical characteristics of lake changes on the TP have also been
examined (Lei et al., 2014; Tao et al., 2015; Wan et al., 2014; Yang et al., 2017a; Zhang et al., 2020a). A
comparison of lake area between 2005/2006 and 1960s—1980s in Qinghai Province and Tibet Autonomous
Region showed a decrease of 7.42% (Wan et al., 2014). The lakes on the endorheic Changtang Plateau
continued to expand at a rapid rate of 340.79 km?/yr during the period 20092014, with a 5.57% increase
in total area (Yang et al., 2017a). The TP’s saline lakes, of which there are 92 larger than 20 km? with high
salinity, had an area increase of 87.41% in 2010 relative to 1973—1977 (Yan and Zheng, 2015). There is a
clear contrast between the lake area increase in the TP, and the shrinkage in Inner Mongolia and the lower
reaches of the Yangtze River (Tao et al., 2015; Wang et al., 2017; Zhang et al., 2019d). At the global scale,
the expansion of the TP lakes is of a comparable scale to the enormous shrinkage observed in other
continents (Pekel et al., 2016).

4.2 Multi-period lake level changes

Lake level changes on the TP have been observed using ICESat laser altimetry data between
2003-2009 (Phan et al., 2012; Song et al., 2013; Zhang et al., 2011c) and radar altimetry missions between
1992 and 2018 (Crétaux et al., 2011; 2016; Jiang et al., 2017a). ICESat altimetry data allows a higher
precision in deriving lake water surface elevation than radar altimetry, and enables more lakes to be
monitored (Zhang et al., 2011b; 2019b), although it also has clear limitations, such as low temporal
resolution (only 2 or 3 collection periods with ~30 days per period, each year), short lifetime (7 years), and
the effect of cloud cover on the laser measurements. For 2003—2009, there are about 100 lakes which have
more than 4 years of ICESat elevation data (Phan et al., 2012; Song et al., 2013; Zhang et al., 2011c). Lake
level changes between 2003 and 2009 show a mean rising rate of ~0.21 m/yr (Zhang et al., 2011c). The
mean rate for lakes with increasing water level is 0.26 m/yr, compared to -0.06 m/yr for lakes with
decreasing levels. For endorheic lakes, the lake level changes have a mean increasing rate of 0.27 m/yr,
compared to 0.12 m/yr for exorheic lakes (Figure S3). In addition, glacier-fed lakes have a slightly higher
mean rate of 0.24 m/yr compared with 0.20 m/yr for non-glacier-fed lakes. This observation indirectly
implies that increased precipitation could play a dominant role in controlling lake level rising (Song et al.,
2014b). A recent study (Treichler et al., 2019; Yao et al., 2018), involving the examination of glacier
surface elevation and lake volume changes, also showed that an increase in precipitation has sustained lake

growth. The glacier-fed closed lakes show a mean rising rate of 0.26 m/yr, which is greater than the 0.17
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m/yr found for non-glacier-fed closed lakes. The differences in the lake level changes could be a result of
the unequal numbers of glacier-fed and non-glacier-fed lakes. The spatial pattern of lake level changes is
clear, with the majority of lakes with lake level increases situated in the central-northern TP, whilst most
lakes with decreasing levels are in the southern TP (Figure 6, S3). Selin Co, the largest lake in Tibet,
presents a large water level increase of 0.69 m/yr, but Yamzho Yumco shows a large decline in water level
of -0.40 m/yr.
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Figure 6. Lake area, level and volume changes for the entire TP (black lines) and Inner TP (red lines).
a) Time series of lake area changes (for lakes >10 km?) relative to 1976. b) Spatial pattern of lake area
changes between 1976 and 2018. ¢) Water level changes relative to 1976 for lakes with available
ICESat altimetry data. d) Spatial pattern of lake level change from ICESat/ICESat-2 between 2003 and
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2018. Lake levels outside the ICESat/ICESat-2 altimetry period are reconstructed based on the
correlation between lake level and area. The error bars indicate the standard error of relative lake
area/level change in each year for the lakes used. e) Estimated lake volume changes combining lake
area and level changes relative to 1976. f) Spatial pattern of lake volume change between 2003 and
2018. Data courtesy of (Zhang et al., 2017c; 2019c; 2019b).

The water level derived from radar altimetry data for the 25 largest lakes shows a generally increasing
trend (Figure S4). The lakes in the northwestern TP (sub-region 1) show a more robust increase. The
southwestern TP (sub-region 1), which includes La'nga Co and Mapam Yumco, is the only region showing
a general water level decline. The water level of La'nga Co is variable, but Mapam Yumco has a continuous
drop in level, which may be ascribed to water outflow from Mapam Yumco to the closed La'nga Co. The
lakes in the southcentral TP (sub-region I11) show an increasing but variable trend. Several lakes, such as
Dagze Co and Selin Co, have continuous and rapidly increasing levels. Some lakes, such as Nam Co and
Pung Co, maintain a relatively stable level after ~2006. Zhari Namco is generally relatively stable, but has
had a sharp increase of ~3 m in the most recent three years. The lakes in the northcentral TP (sub-region
1V), with the exception of Xuelian Lake, show a continuous and rapid increase in water level. Eling Lake in
the northeast (sub-region V) has a variable increasing trend. Qinghai Lake, the largest salt-lake in the TP,
has a continuous and rapid increase after 2004. The heterogeneous patterns of lake level changes may be
due to differences in lake basin precipitation, glacier meltwater supply, and topographic controls.

Lake outbursts can induce sudden falls in water level. For example, Zhuonai Lake in the Hoh Xil
region of the northeastern TP burst on September 15, 2011. This event resulted in a rapid drop in the water
level of Zhuonai Lake, but the lakes downstream such as Kusai Lake and Yanhu Lake show
correspondingly rapid increases in water level and area (Liu et al., 2016; 2019b). Yanhu Lake requires
special attention, because, with a lake level increase of ~10 m from this event, it is now itself vulnerable to
bursting (Liu et al., 2019b; Yao et al., 2016). The Qinghai-Tibet railway and highway are ~10 km from
Yanhu Lake, and are under threat from its continuous expansion. In addition, the survival of the Tibetan
antelope is at risk from the chain response of these lakes (Pei et al., 2019).

After the failure of the ICESat/GLAS altimetry mission, CryoSat-2 can be used to bridge lake level
observations. Of 70 large lakes examined using CryoSat-2 SARIn mode data, 48 lakes with increasing
levels were found to have a mean rate of 0.28 m/yr, while the other 22 lakes with decreasing levels had a
mean negative rate of -0.10 m/yr (Jiang et al., 2017a). The lakes in the northwestern (NW) region had high
rates in both the CryoSat-2 period (2010-2015) and the ICESat period (2003—2009) (Figure S5). The lakes
in the north-central region also show rapid increases in water level, but the magnitude is small relative to
those in the northwestern region. The lakes in the southwestern region show only small changes in level,
with half of the lakes having a falling water level. Most lakes in the central region present an increasing
lake level, but again the rates are small. Selin Co is an exception, with an increasing rate of 0.37 m/yr in
2010-2015. The southern lakes show a decreasing trend in 2003—2015. In the northeastern plateau, Hala
Lake shows a similar rate of 0.15 m/yr in both 2003—2009 and 20102015, and Gyaring Lake has a rising
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trend of 0.24 m/yr in 2003—2009, but a slight negative tendency of -0.02 m/yr in 2010—2015. ICESat-2
launched in September 2018, providing high precision data and has great potential for deriving lake level

changes (Zhang et al., 2019b). It will be an important tool when the data become routinely available.

4.3 Long-term continuous lake area/level, and lake water volume changes

Lake water volume changes are estimated by combining variations in both lake area and level
(Crétaux et al., 2016; Zhang et al., 2013a). The long time series of lake area changes indicates that both the
whole TP and the Inner TP have a slight lake area contraction in 1976—1995, followed by a continuous
increase in 1995—-2015, and then a rapid expansion between 2015 and 2018, excluding a slight shrinkage
which occurred in 2015 (Figure 6). Lake level changes are extended to the whole period 1976—2018 based
on the correlation between lake level and lake area obtained for 2003—2009. The time series of lake level
shows a decrease from 1976 to 1995. Between 1995 and 2018, the lake level displays a continuous
increase, excluding a slight decrease in 2015, which could be associated with the strong 2015/2016 EI Nifio
event (Lei et al., 2019). The pattern of the lake level time series is well correlated with the lake area change
time series. The slight differences may be because the number of lakes with lake area mapping available
from Landsat data is greater than the number of lakes with lake level obtained from ICESat altimetry data.
The uncertainties in the magnitude of lake area and lake level changes may be due to the number of lakes
with available data.

Changes in lake volume show a slight decrease between 1976 and 1995, followed by a continuous
increase until 2018 (Figure 6). There is a slight decrease of -2.78 Gt/yr in 1970s—1995, then a rapid
increase of 12.53 Gt/yr in 1996—2010, followed by a recent deceleration of 1.46 Gt/yr in 2011-2015
(Zhang et al., 2017c). In the most recent three years (2016—2018), lake volume change presents a recovery.
The magnitude of lake volume change is not always consistent with lake area change because of the
differences in lakeshore topography and lake size (Qiao et al., 2019b).

Spatial patterns of lake volume changes indicate that the majority of lakes in the northern TP (>32 °N)
have positive rates of water storage change (Figure 6, S6). The lakes in the southern TP (<32 °N), such as
those in the Brahmaputra River basin, have negative rates of water volume change, although the number of
lakes and the magnitude of the rates are small. The total lake water change, calculated using Landsat-based
lake area and ICESat-based lake level data, shows a mass loss in 1990 and 2000 relative to the 1970s.
However, in 2010, the whole TP and Inner TP have water mass gains of ~90 and ~70 Gt, respectively.
Between the 1970s and 2015, the mass increases of lake water were ~110 Gt in the TP and ~90 Gt in the
Inner TP (Zhang et al., 2017c). In addition, a rate of lake water storage gain of ~14 Gt/yr between 2003 and
2018 from ICESat and ICESat-2 is observed (Zhang et al., 2019b). ICESat water volume changes for more
lakes can be estimated from the SRTM DEM elevation intersection with the lake boundaries. Total lake
water volume increased by 2.77 Gt/yr in 1976—2013, with a higher rate of 7.67 Gt/yr in recent decades
(2000—2013) (Yang et al., 2017b). The Inner TP, the dominant region for water storage, shows a water
mass gain of ~7 Gt/yr in both 2000—2009 (Zhang et al., 2013b) and 2002—2015 (Yao et al., 2018). Lake

water load can result in subsidence around a lake. For example, INSAR measurements of Selin Co, the
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largest lake in Tibet, show that rapid area expansion and water level/volume increase, has induced
subsidence of ~5 mm/yr (Doin et al., 2015). Conversely, at Yamzho Yumco in the southern TP, there was a
~9 mm crustal rebound over the period 2003—2010 as lake level declined by ~3 m (Zhao et al., 2016).

4.4 TWS changes

The time series of TWS in the Inner TP derived from GRACE data, shows a robust increase before
2012, with a slight decline in 2013—2015, and a recovery of increase in 2016 (Figure S7). The average rate
of change of TWS between 2003 and 2016 is ~6.42 Gt/yr. During the period 2003—2009, the entire TP has
a total mass gain of ~16.43 Gt/yr, of which ~8.78 Gt/yr can be attributed to lake water storage increase
(Wang et al., 2016). For the inner TP, the corresponding rates are ~11.79 Gt/yr and 7.53 Gt/yr. A multi-
basin inversion using the GRACE data reveals a tremendous mass accumulation in the TP of ~12.1 Gt/yr
during 2003—2014 (Yi et al., 2016), but there are large spatial variations. While there is significant mass
gain in the Inner TP, there is a huge mass loss in the southern TP in areas such as the India River and
Brahmaputra River basins. The lakes are the primary receptacle of the TWS increase attributable to excess
precipitations during the recent decade over the TP. Most of the decline in groundwater storage in northern
India can be explained by the consumption of groundwater for irrigation (Asoka et al., 2017; Rodell et al.,
2009), while the decrease of TWS in the southeastern TP has been attributed to both decreased precipitation
(Yao et al., 2012) and groundwater pumping (Shamsudduha et al., 2012).

The seasonal variation of TWS change on the TP is remarkable and heterogeneous. In the interior
region between 2003 and 2015 in the dry season, September—March, TWS has a decreasing trend, but in
the wet season, April—August, it has an increasing trend, which is especially marked in June—August
(Figure S7). The southern region, for example the Brahmaputra River basin, is wetter in May—August, with
a drier pattern in October—December. The northwestern TP becomes wetter from November to March. The
seasonal changes of TWS are modulated by the atmospheric moisture budget and the large-scale
atmospheric circulation (Meng et al., 2020).

The basin-wide estimate of mass balance in the Inner TP, based on GRACE data, shows that
groundwater storage increased at a rate of 5.01+£1.59 Gt/yr, which is slightly less than the lake volume
increase of 7.72+0.63 Gt/yr in 2003—2009 (Zhang et al., 2017¢). The mass balance in the Inner TP indicates
that the lake storage (52%) and groundwater (34%) increases are the dominant components, while soil
moisture (1%), snow water equivalent (1%), permafrost (-6%) and glaciers (-7%) only make small
contributions (Figure 7). A two-dimensional groundwater-flow model reveals that the groundwater flow in

the TP is driven and sustained by the topographic gradient and recharge at high elevations (Ge et al., 2008).
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Figure 7. TWS change and lake water balance. a) Changes in TWS from GRACE data, lake water volume,
glacier ablation, snow water equivalent, soil moisture, ground ice stored in permafrost (PM), and
groundwater storage in the entire Inner-TP. b) Lake water balance estimated from changes in net
precipitation, glacier mass, snow water equivalent, and ice stored in permafrost in the entire Inner-TP. In
other single lake basins, net precipitation (P) and glacier wastage (G) contributions are provided separately.
The composites of lake water balance without further partition are not shown. Data in a—b) from (Zhang et

al., 2017c¢). Individual lake water balances from Table S2.

5. Responses and feedback of lakes to local climate change
5.1 Responses of lakes to climate change
5.1.1 Lake water balance

Evaluations of lake water balance on the TP include both qualitative and quantitative analyses. For the
qualitative studies, time series of lake area/level and precipitation are usually compared (Lei et al., 2013;
2014; Zhang et al., 2017b). The results from these studies show that the correlation between lake area, lake
level and precipitation (or accumulated precipitation) match well. In addition, comparison of the rates of
lake level changes between glacier-fed lakes and non-glacier-fed lakes have been made (Song et al., 2014b;
Zhang et al., 2017c). These studies indicate that non-glacier-fed lakes also show high rates of lake level
increase, although glacier-fed lakes do show slightly higher rates than non-glacier-fed lakes (Figure S3).

This observation could be due to additional water supply from increased glacier meltwater runoff. The
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gridded CRU temperature product shows that the whole TP became warmer during 1970-2016 (Figure 4).
Both gridded GPCC and APHRODITE precipitation products show that the Inner TP is getting wetter,
while the southern TP is getting dryer. This contrasting pattern of precipitation change is consistent with
lake area/level change. The ETa indicates an overall increase during 1980—2017 (Figure S8). The high-
resolution Weather Research and Forecasting (WRF) simulation shows that net precipitation changes over
the TP are dominated by precipitation variation (Gao et al., 2015). These studies suggest that precipitation
can plausibly explain the long-term trend of lake evolution and spatial patterns, but the contribution of
glaciers is not considered.

The basin-scale and individual lake water balances have been also quantitatively examined (Figure 7).
For example, lake water balance was evaluated for the entire Inner-TP, and the results showed that
increased precipitation contributed the dominant fraction of lake volume increase (~74%), followed by
glacier mass loss (~13%), permafrost degradation (~12%), and snow water equivalent (~1%) between 2003
and 2009 (Zhang et al., 2017c). For 2001-2011, the J2000g hydrological model calculated glacier
contributions to the lake volume increases of Tangra Yumco, Mapam Yumco, and Paiku Co of ~14%,
~15%, and ~30%, respectively, but higher contributions ( ~86%, ~85%, and ~70% ) from increased
precipitation (Biskop et al., 2016). For Nam Co, during 2001-2011, the glacier contribution calculated by
the J2000g hydrological model is ~19% (Biskop et al., 2016), while, for 1972—2015, the lumped lake-
watershed model gave a value of ~10% (Li et al., 2017a). In addition, the satellite geodetic method suggests
that glacier mass loss during 2003—2009 constituted ~10.5% of Nam Co’s volume increase (Li and Lin,
2017). For Selin Co, a Water and Energy Budget-based Distributed Hydrological Model indicates that the
glaciers contributed ~13% of the lake volume increase during 2003—2012 (Zhou et al., 2015), while, for
1979-2013, a combination of the Variable Infiltration Capacity (VIC) land surface hydrologic model and
the degree-day glacier-melt model, gave a value of ~9% (Tong et al., 2016). Glacier mass loss during
2000—2015, calculated by the geodetic method, accounts for ~9.9% and ~11.1% of lake water storage
increase for Lexiewudan Lake and Kekexili Lake, respectively (Zhou et al., 2019). The quantitative
evaluation of glacier and precipitation contributions, both for the whole Inner-TP and for 7 lake basins
separately, reveals that increased precipitation dominates lake water storage gain compared to contributions
from glacier mass loss (Figure 7). The contribution of evaporation to large river basins or lake water
balance in the TP has rarely been reported. The effect is small, relative to increased precipitation, whether it
suppresses or promotes lake level rise. A Flake-simulated annual evaporation of Nam Co since the late
1990s has indicated an increased trend due to energy-related climate changes (Lazhu et al., 2016).
However, a decreasing trend of lake surface evaporation has been also found (Guo et al., 2019b; Ma et al.,
2016). For example, decreased evaporation from Nam Co during 1979—2012 is only responsible for ~4% of
water level increase (Ma et al., 2016). For the largest lake in Tibet, Selin Co, a significant decreasing trend
of lake evaporation during 19722010 accelerated lake area expansion, but it contributed only ~14% of the
lake storage increase (Guo et al., 2019b). The uncertainties from these studies could be due to the models

selected and the physical parameters used.
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Permafrost degradation due to increasing active-layer thickness has occurred in the TP, but the
observations have mainly been made along the Qinghai-Tibet railroad (Luo et al., 2016; Wu et al., 2014;
Yang et al., 2010). Based on regional modeling of the active-layer depth over the TP, a rough estimate of
the amount of water released from permafrost degradation can be made (Erkan et al., 2011; Oelke and
Zhang, 2007; Xiang et al., 2016). In addition, the contribution of melting ground ice to the surface water
stream in the source area of the Yellow River, in the northeast TP, has been estimated at 13.2—16.7% by
hydrological separation from a stable isotopic method (Yang et al., 2019). Overall, the ground ice melt due
to permafrost degradation is still poorly known.

The different study periods, models selected, and input data all result in uncertainties in the various
guantitative estimates. In addition, lakes with model-based assessment represent only a small fraction of the
more than 100 lakes larger than 100 km? in the TP.

5.1.2 Lake water surface temperature changes

Lake water surface temperature is strongly related to regional air and land temperatures, and is a
useful indicator of climate change (Adrian et al., 2009). Lake surface waters around the globe reveal rapid
and highly variable warming (O'Reilly et al., 2015; Woolway and Merchant, 2017). The water surface
temperature of lakes in the TP obtained from a MODIS/Terra 8-day land surface temperature (highttime)
product (MOD11A2), over the period 2001-2012, showed an average warming rate of 0.012 + 0.033 °C/yr
(Zhang et al., 2014a). Of the 52 lakes examined, most (31 lakes, 60%) showed a mean warming rate of
0.055 £ 0.033°C/yr. The other 21 lakes (40%), mainly located at elevations higher than 4200 m a.l.s, had a
mean cooling rate of -0.053+ 0.038 °C/yr. The majority of lakes in the northern Inner-TP (>33 °N) have a
high cooling rate. However, the main lakes in the southern TP (<33 °N) are warming (Figure 8). The
altitudinal dependency of lakes with a warming rate shows an increase between 2200 and 4550 m a.s.l.,
followed by a decrease between 4550 and 4800 m a.s.l., with a relatively stable rate above 4800 m a.s.|
(Figure S9). Correspondingly, lakes with a cooling rate have a similar pattern of altitudinal dependency.
The patterns of altitudinal dependency of lake water surface temperature are consistent with rates of air
temperature and land surface temperature obtained from nearby weather stations (Zhang et al., 2014a).

The reasons behind lake water surface temperature differences and changes may be linked to lake
level and lake ice changes. Lake water temperature changes are negatively related to water level changes,
especially for freshwater lakes. The water inputs to lakes from precipitation and glacier/snow melt runoff
typically have a lower temperature than the lake water, which can modulate lake temperature. For instance,
non-glacier-fed lakes have a mean warming rate of 0.038 °C/yr, much higher than the 0.004 °C/yr for
glacier-fed lakes (Figure 8), which is the result of cold-water input from glacier melting. In addition, lake
water surface temperature changes are highly negatively correlated with lake ice duration (Kropacek et al.,
2013; Zhang et al., 2014a). This correlation suggests that a higher lake water temperature shortens lake ice
duration, modifying lake ecosystem structure and function. In turn, the decreased lake ice cover can lead to

lakes warming faster. The increased lake temperature could be the result of higher air and land surface
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temperatures warming the lakes by conduction. Higher air temperatures can heat the lake water surface, or
accelerate glacier melting in the lake basin, although the latter process has a cooling effect on lakes.

The estimation of lake water temperature can be extended to the early 1980s by using Advanced Very
High-Resolution Radiometer (AVHRR) data (Liu et al., 2019a). Examination of long-term trends of surface
water temperature, and data from more lakes are required to help understand lake changes in response to

the warming climate.
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Figure 8. Changes in lake water surface temperature and lake ice cover duration. a) Spatial pattern of lake
water temperature changes. Inset shows the mean rates for glacier-fed and non-glacier-fed lakes. b) Spatial

pattern of mean lake ice cover duration. Data courtesy of (Zhang et al., 2014a) and (Cai et al., 2019).

5.1.3 Lake ice phenology change
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The MODIS snow product provides ice phenology observations for more lakes on the TP than do in-
situ measurements (only Qinghai Lake has a long-term in-situ record) (Cai et al., 2019; Guo et al., 2018;
Kropadek et al., 2013). Lakes on the TP start to freeze-up in late October and break-up in late March, with
the beginning of the ice cover period in mid-January and the end in early July (Cai et al., 2019). For the
majority of lakes (69%, 40 out of the 58 lakes with available data), ice cover duration between 2000 and
2017 became shorter at a rate of 0.8 day/yr. For the remaining 18 lakes (31%), ice cover duration increased
at a rate of 1.11 day/yr (Cai et al., 2019). The lakes in the northern Inner-TP (>33 °N) have earlier freeze-up
dates and later break-up dates (i.e. a longer ice cover duration) than those in the southern TP (<33 °N)
(Figure 8, S10). This could be due to cooling in the north-central region in comparison to warming in the
south-central region in the winter and spring seasons (Guo et al., 2020). It is also consistent with surface
cooling of the north-central lakes against surface warming of the south-central lakes (Figure 8a). In
addition, the dilution caused by the fast expansion of the north-central lakes (Zhang et al., 2019c) can also
result in an earlier freeze-up start date.

Lake ice phenology on the TP is related to climatic conditions, geographical location, and physico-
chemical characteristics (Cai et al., 2019). A recent study shows that the lake ice characteristics over the
southern TP are the result of the positive NAO-induced atmospheric circulation anomalies (Liu et al.,
2019c). Lake ice phenology can also be observed using satellite microwave remote sensing data, such as
AMSR-E and AMSR-2 giving a higher temporal resolution but coarse spatial resolution. In the future, it
should be possible to extend lake ice phenology observation on the TP back to the early 1980s by using
AVHRR sensors (Latifovic and Pouliot, 2007; Weber et al., 2016).

5.2 Feedback of lakes to climate change

The key response of hydrological variables such as lake number, area, level and volume to the effects
of climate changes on the lakes have been identified. In this section, the feedbacks of the TP’s lakes to
climate change are illustrated. The TP’s lakes cool the local near-surface air temperature and enhance the
mesoscale (over lake surface and surrounding areas) precipitation in summer (Wu et al., 2019; Zhu et al.,
2018). These lakes also change regional-scale circulations by weakening the sensible heat flux and
strengthening the latent heat flux (Zhu et al., 2018). Such seasonal cooling/heating effects result in the
spatial differences of precipitation observed in the Nam Co basin (Dai et al., 2017). In addition, the
Weather Research and Forecasting (WRF) simulation shows that Nam Co generates a significant increase
(up to 70%) in downwind precipitation in some extreme events, such as the snowstorm on 24 October 2006
(Dai et al., 2018). The cooling effects of Nam Co delay the establishment time of the convective boundary
layer (Lv et al., 2008). The expansion of the TP’s lakes can affect evaporation by increasing surface water
extent. However, the coarse spatial resolution of global terrestrial ET products (1 km or coarser) and large
uncertainties in retrieving water surface evaporation (Friedrich et al., 2018; Wang et al., 2018a) are not
suitable for estimating evaporative flux change from the areal expansion or shrinkage of individual lakes on
the TP. Some studies have indicated that the littoral zones of lakes on the TP are important sources of

greenhouse gases (CO2, CH4, N2O) due to their high salinity and pH (e.g. Yan et al., 2018). Broader studies
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are needed to better understand the effects of lake expansion on altering the regional climate and

ecosystems.

6. Response of lake areas to large-scale atmospheric circulation and driving mechanism
6.1 Temporal variability

The TP has become warmer and wetter, especially since the 1990s, and this trend is consistent with the
observed trends of lake surface water changes. Variations in the water cycle on the TP may have been
driven by changes in the large-scale atmospheric circulation. An inflection point in the trend of lake area
changes has been identified in 1997/1998. There is continuous lake area expansion after this point (Zhang
et al., 2017b; 2019c). The change in the trend in 1997/1998 is driven by intensified local convection and
large scale atmospheric circulation anomalies in response to climate warming (Zhang et al., 2017D).
Warming and moistening since 1998 has created a more unstable atmosphere, triggering more deep
convection and hence more precipitation (Yang et al., 2012).

Overall, the enhanced hemispheric thermal contrast and Atlantic Multidecadal Oscillation (AMO)
have resulted in an intensified Northern Hemisphere summer monsoon (Figure 9) (Wang et al., 2013). A
half-century of atmospheric water vapor content, precipitation, and surface temperature data show that the
atmospheric moisture supply to the TP has an increasing trend under global warming (Xu et al., 2008), with
a clear positive shift of water vapor content occurring around 1997/1998 (Lu et al., 2015). A recent study
by Li et al. (2020b) shows that the significantly increased atmospheric transport of water from the Indian
Ocean, especially from the western and southern boundaries in summer, was the main cause of the

increased precipitation over the Inner TP during 1979-2015.
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Figure 9. Precipitation and large-scale atmospheric circulation indices on the TP. a) Cumulative
standardized precipitation (P) from CMA stations. b) Mean annual Atlantic Multidecadal Oscillation
(AMO) from March to May with a 9-yr running average. ¢) Nifio 3.4 index shows warm strong EI Nifio

(red) and strong La Nifia (blue).

The decadal wetting over the Inner TP is linked with both the AMO and global warming. The wetting
is associated with a change in the westerlies over the TP (Lin et al., 2013) and, on the inter-decadal scale, is
significantly correlated with the AMO (Sun and Yang, 2020). Since the mid-1990s, the AMO has been in
its positive phase, with a warm sea surface temperature anomaly in the North Atlantic, and this has led,
through modulating Silk Road Pattern waves, to the subtropical westerly jet stream at 200 hPa being
weakened and shifting northwards; as a result, an anomalous cyclone to the west of the TP and an
anomalous anti-cyclone to the northwest of the TP have emerged (Figure 10). The anomalous cyclone to
the west of the TP leads to more moisture transport from the Arabian Sea to the southwestern TP, and the

anomalous anti-cyclone to the northwest of the TP causes weaker westerly flow over the eastern TP,
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eventually resulting in enhanced moisture convergence and increased summer precipitation over the
western TP. Meanwhile, the near-surface moistening under global warming has created a more unstable
atmosphere, triggering more deep convection and hence more precipitation (Yang et al., 2012).

In addition, the inter-variability of the lake water balance over the TP is modulated by large-scale
circulation anomalies. An example is the shrinkage in 2015/2016 when several large lakes were observed to
have a slight decrease in water levels (Lei et al., 2019). The strong El Nifio event at this time caused

enhanced air subsidence and decreased precipitation over the TP (Figure 10).
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Figure 10. Possible mechanism behind the wetting process in the Inner TP. a) The subtropical westerly
jet stream at 200 hPa. b) An anomalous cyclone over the west to the plateau and an anomalous anti-

cyclone over the northwest to the plateau. Adapted from (Sun and Yang, 2020).

6.2 Spatial variability

There are clearly contrasting patterns of changes in lake area (level and volume): increasing in the
central-northern TP versus decreasing in the southern TP (Lei et al., 2014; Zhang et al., 2014b; 2019b;
2019c), a pattern which is consistent with the observed precipitation differences (Zhang et al., 2019a). The
increased precipitation over the northern TP is attributed to the increased moisture transport from the TP
and the southeastern regions (Zhang et al., 2019a). However, the decreased precipitation in the southern TP

is ascribed to a significant decreasing trend in moisture transport from the northwestern regions.
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Nevertheless, it is not clear what drives the decrease in the southern TP. An obvious correlation
between the precipitation variability and major atmospheric circulation indices has not been established.
Perhaps, both inter-annual and decadal variability have driven the variability of precipitation over the last

four decades.

7. Response of lakes to future climate change

Most of the lakes on the TP are situated in the Inner TP, and their response to future climate change
has been described by a lake mass balance model (Yang et al., 2018). Assuming the future climate to be
even warmer and wetter than its current state, the model predicts that the lake area in the Inner TP will
expand continuously from 2015 to 2035 (Figure 11), but at a lower rate than in the period 1995-2015. The
predicted future lake levels and volumes, which are validated by existing observations for 1995—-2015,
show similar patterns to the lake area changes (Zhang et al., 2017c). The projection was made by
quantifying future precipitation, but future uncertainties in lake evaporation and glacier mass balance are
rarely taken into account in such projections (Yang et al., 2018). Another projection shows that
precipitation on the TP will increase by 10.4—11% in 2015—2050 relative to the period 1961-1990 (Chen et
al., 2015). Glacier volume will decrease by 9—32% by 2030 under climate scenario RCP4.5, and by
8.7-26.1% under RCP8.5 (Bolch et al., 2019; Giesen and Oerlemans, 2013; Marzeion et al., 2012; Radi¢ et
al., 2014). By combining the major contributors to lake water balance from climate (precipitation) and the
cryosphere (glaciers), it seems that lake water storage over the TP will increase in the near term (~2035). In
addition, as the precipitation over the TP is modulated by AMO, future projections of lake area change may

need to consider the impact of both multi-decadal variability and global warming.
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Figure 11. Simulated future lake development and future in-situ lake measurements. a—c) Simulated lake

area, level, and water storage development averaged over the Inner TP, under both current climate and

reconstructed future climate, relative to 1995. Aobs (lake area), Lobs (lake level) and VVobs (lake volume)

are from satellite observations. A, L and V refer to lake area, level and volume respectively, while the

subscripts ave, min and max refer to average, minimum and maximum estimates respectively. d) Ongoing

and future in-situ lake measurements of bathymetry and water quality (temperature, conductivity, pH,

chlorophyll, blue-green algae). Finished (red, counted in early 2019) and ongoing (green) bathymetry and

water quality measurements for large lakes (>10 km?). Data in a—c) from Yang et al. (2018).

8. Conclusions and perspectives

In this review, we examine the detailed characteristics of lake evolution on the TP during the last half-

century, and reveal the causes of lake changes and mechanisms. The synthesized spatial patterns of lake

hydrological changes, lake water surface temperature change, and lake ice phenology are summarized

diagrammatically in Figure 12. The main points are as follows:

(1) The total number and area of lakes on the TP show a drastic but variable increase since the 1970s.

The number of lakes (>1 km?) went up by 32%, from 1,081 in 1976 to 1,424 in 2018.

Correspondingly, the total lake area increased by 25.42%, from 4.01x10* km? in 1976 to
5.03x10* km? in 2018. This doubled the lake area change (12.26%) of the entire China. Similar to

the expansion in area, the mean lake level also showed a rise. Again there were variations in
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different periods, for example, ~0.21 m/yr during 2003—-2009 and ~0.18 m/yr during 2010—2015.
As a result of these changes, the overall lake water storage for the entire TP increased by ~110 Gt
from the 1970s to 2015, with most of the gain, ~90 Gt (82%), coming from the Inner TP. The

lakes in the northern Inner-TP (>32 °N) present an increasing expansion, whereas the lakes in the

southern TP show continuous shrinkage.
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Figure 12. Schematic diagram illustrating spatial patterns of lake area/level/volume, lake water surface
temperature, and lake ice cover duration changes on the TP.

(2) The lakes are responding to climate change in many ways, including changes in surface water

temperatures and lake ice phenology. Most lakes in the northern Inner-TP (>33 °N) are cooling,
while those in the southern TP are warming. The large differences of lake surface water
temperature changes depend on whether the lakes are supplied by glacier meltwater. The changes
in lake water surface temperature are negatively correlated with water level variations and lake
ice duration. A shorter ice cover duration is observed for the majority of lakes, but this change is
heterogenous in space, i.e. there are longer ice cover durations in the northern Inner-TP (>33 °N)

compared with the southern TP.

(3) Enhanced precipitation has been the dominant contributor to increased lake water storage,

followed by glacier mass loss and permafrost thawing. The TP has been getting wetter, especially
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since the mid-1990s, a trend which is consistent with the interannual trend of lake area expansion.

This wetting may be driven by the positive phase (warm anomaly of North Atlantic sea surface)

of the AMO. The clear inflection points of lake area/level changes which occurred in 1997/1998

and 2015/2016 can be attributed to strong El Nifio events. The spatially contrasting patterns of

lake changes may be associated with increased moisture transport from the TP and the southeast

regions and decreasing moisture transport from the northwest regions, but this driving mechanism

is still under investigation.

(4) The future climate is predicted to be even warmer and wetter, and it is predicted that lake area,

level, and volume in the Inner TP will continue to increase in the near term.

In addition, we present some ongoing research programs on the TP and some recommended directions

for future research.

Absolute lake volume estimated by bathymetry measurements. Bathymetry measurements for
depths and water storage estimates have always been conducted for some large lakes (Figure
11). In the next five years, with the launch of the Second Tibetan Plateau Scientific
Expedition and Research (STEP) program, bathymetry measurements will be made for ~100
large lakes (>10 km?) (Figure 11). With these measurements, it should be possible to make a
comprehensive estimate of absolute lake water storage over the TP.

Quantitative evaluation of lake water balance. A rough estimate of lake water balance for the
Inner TP as a whole has been conducted, but individual lake water balance is only known for
a very limited number of lakes such as Nam Co and Selin Co. Especially, few lake
evaporation studies have been conducted. With more in-situ measurements made under the
STEP program and satellite data from the upcoming SWOT (Surface Water Ocean
Topography) mission, for example, it will become possible to estimate quantitatively the
drivers (precipitation, evaporation, glacier/snow melting, permafrost degradation) of water
storage changes for individual lakes.

Lake evolution: Past, present, and future. Lake level evolution from the Holocene to the
1970s can be determined by using sediment samples and modern measurement technology
such as optically stimulated luminescence (OSL), °Be, and 26Al exposure dating. Lake level
change between the 1970s and 2020 can be derived from lake boundaries obtained from
optical satellite images and the intersection of surface water elevation, from DEMSs such as
SRTM DEM or TanDEM, with the boundaries, enabling the future development (2020—2100)

of large lakes under different climate scenarios to be projected.
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