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ABSTRACT: We review recent climate changes over the Tibetan Plateau (TP) and associated responses of cryospheric,
biospheric, and hydrological variables. We focused on surface air temperature, precipitation, seasonal snow cover, mountain
glaciers, permafrost, freshwater ice cover, lakes, streamflow, and biological system changes. TP is getting warmer and wetter,
and air temperature has increased significantly, particularly since the 1980s. Most significant warming trends have occurred in
the northern TP. Slight increases in precipitation have occurred over the entire TP with clear spatial variability. Intensification
of surface air temperature is associated with variation in precipitation and decreases in snow cover depth, spatial extent, and
persistence. Rising surface temperatures have caused recession of glaciers, permafrost thawing, and thickening of the active
layers over the permafrost. Changing temperatures, precipitation, and other climate system components have also affected
the TP biological system. In addition, elevation-dependent changes in air temperature, wind speed, and summer precipitation
have occurred in the TP and its surroundings in the past three decades. Before projecting multifaceted interactions and process
responses to future climate change, further quantitative analysis and understanding of the change mechanisms is required.
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1. Introduction

Tibetan Plateau (TP) is the source of all the major Asian
rivers and serves as the main source of water for nearly
1.4 billion people. TP has an average elevation exceed-
ing 4000 m and an area approximately 2.5× 106 km2. TP
is covered by snow, glaciers, permafrost, and seasonally
frozen ground. It exerts a profound climatic influence on
adjacent and distant world regions due to the environmen-
tal and climatic influences of the Indian monsoon, East
Asian monsoon, and westerlies on the TP (Immerzeel and
Bierkens, 2010b; Duan et al., 2012; Yang et al., 2014).
In contrast to the Arctic and Antarctic, TP experiences
strong interactions among the atmosphere, cryosphere,
hydrosphere, and biosphere. As a result, hydrologic and
cryosphere changes on the TP caused by climate change
directly affect the lives of billions of people.
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Climate over the TP is categorized by low air
temperatures, high daily temperature differences, low
annual temperature difference, and strong solar radiation.
A warming rate of 0.46 ∘C decade−1 was observed during
1984–2009. This is greater than the rate in Northern
Hemisphere (0.38 ∘C decade−1) and almost 1.5 times the
rate of global warming (0.32 ∘C decade−1) (Zhang et al.,
2013a). Recent studies (Liu et al., 2009b; Qin et al.,
2006; Pepin, 2015; Guo et al., 2016a, 2016b; Li et al.,
2017) have reported that the changing trends in air
temperature, wind speed, and summer precipitation are
elevation-dependent in the TP and its surroundings.
Because of its high sensitivity to climate change, TP
changes are considered as an indicator of global warming
effects (Yao et al., 2012b). Substantial glacial recession,
snow melt, and permafrost degradation have occurred on
the TP due to temperature increases which have led to
modifications in the hydrological cycle and changes in
water resources throughout the region (Jiao et al., 2015).

The period of frozen soil has decreased approximately
15 day decade−1 as a result of permafrost degradation
from 1988 to 2007 (Liu et al., 2012). Long-term obser-
vations and reanalysis data have been used to evaluate
spatio-temporal variations in temperature, precipitation,
evapotranspiration (ET), and stream flow and to study TP
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Figure 1. Responses of hydrosphere, cryosphere, and biosphere to changing climatic system on the TP. SOS means the start of vegetation growing
season and EOS represents end of vegetation growing season.

energy and water cycles. Recent studies have focused on
different climate variables (Yang et al., 2014; Gao et al.,
2015). To develop a regional strategy for climate change
and water resource management over TP, it is vital to
study hydrological, cryospheric, and biological responses
(Chen et al., 2015). Many other reviews have discussed cli-
mate change and its impacts on various components of the
TP climate system. Kang et al. (2010) reviewed the cli-
mate elements that were indicators for cryospheric changes
on the TP. Cuo et al. (2014) reviewed the characteristics
of surface hydrology and changes in streamflow hydrol-
ogy over the TP. Yang et al. (2014) studied the impacts
of climate change on the TP energy and water cycles.
Shen et al. (2015b) studied the link between plant phe-
nology and climate change and quantified the influence
of phenological changes on TP ecosystems. Kuang and
Jiao (2016) reviewed long-term trends in climate variables
during last half century responsible for climate changes
on the TP.

In contrast to previous reviews, we provide a comprehen-
sive overview of climate change on TP and its associated
hydrological, cryospheric, and biological changes in a
systematic and integrated manner. This study evaluates
current information and focuses on overall climate change
characteristics and responses of the hydrosphere, bio-
sphere, and cryosphere. Most intensive multi-spherical
interactions take place on TP, impacting the life of
about 20% of the world population. Figure 1 shows how
changes in different climatic variables affect biosphere,
hydrosphere, and cryosphere and how multi-spheric
interactions take place.

2. Changes in the climatic indicators over the TP

2.1. Air temperature

Yearly mean temperature across TP is<0 ∘C and decreases
from east to west (−10 ∘C in the western TP) (Sun et al.,
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Figure 2. Trends in annual mean air temperature (1970–2012, ∘C decade−1) (a), precipitation (1970–2012, mm decade−1) (b), wind speed
(1970–2012, m s−1 decade−1) (c), solar radiation (1984–2006, W m−1 decade−1) (modified from Yang et al., 2011) (d), and relative humidity

(1970–2012, % decade−1) (e) over the TP.

2015). Surface air temperature from 1970 to 2012 has
shown rapid warming (Figure 2(a)). After 1997, the warm-
ing trend accelerated (0.25 ∘C decade−1) compared with
an increase during 1980–1997 (0.21 ∘C decade−1) (Duan
and Xiao, 2015). The warming trend of the minimum tem-
perature (0.41 ∘C decade−1) is around twice the rate of
the maximum temperature (0.18 ∘C decade−1) (You et al.,
2016).

Most studies demonstrate that TP air temperature was
high in the beginning of 1960s, from mid-1960s to the
1980s it decreased, and from the late 1980s onwards there
is sustained increase in air temperature. Model projections
have suggested more pronounced increases in minimum
temperature than maximum temperatures, and greater win-
ter warming than summer (Liu et al., 2009b). Surface
water vapour was identified as one of the main contributors
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to winter warming on the TP (Rangwala et al., 2009).
These will not only accelerate the melting of glaciers that
affect the water supply to rivers but downstream precipi-
tation might also be altered (Wang et al., 2008). Neverthe-
less, the driving mechanisms for future temperature rise
have not been revealed completely.

2.2. Precipitation

Similar to air temperature, precipitation is a vital climatic
factor in the TP that impacts the cryospheric, biospheric,
and hydrological regimes. For instance, the intensity,
amount, duration, and phase of precipitation, along-
side other characteristics such as its spatial, temporal,
and elevational distribution and seasonality, control the
development and formation of seasonal snowpack, glacier
accretion, watershed storage conditions, soil moisture, and
eventually runoff, as hydrological response. This is partic-
ularly important for the vulnerable region in the TP under
the background of climate warming, which illustrates
strong connections between the cryosphere, hydrosphere,
and biosphere (Wu et al., 2015; Dong et al., 2016). TP cli-
mate is categorized by wet and humid summers with cool
and dry winters. Gradual decrease in summer precipitation
from southeast to northwest is approximately 700–50 mm.
Since the 1960s, the TP has experienced a slight increase
in precipitation (Xie et al., 2010; Yang et al., 2011; Gao
et al., 2014). This phenomenon is not as pronounced
as temperature (Xie et al., 2010). Variation in annual
mean precipitation from 1970 to 2012 has been shown in
Figure 2(b). The majority of the stations in semi-arid and
humid-zones of central TP shows increasing precipitation
trends, while at the periphery, decreasing trends have been
observed. Summer precipitation increased with elevation
(1000–4500 m) over TP from 1970 to 2014 at a rate of
0.83% decade−1 km−1 (Li et al., 2017). The moisture
transports from the west by westerlies and from the south-
west by the Indian summer monsoon likely contributed the
most to the precipitation over the TP (Zhang et al., 2017a).
However, complex topography and remoteness of most
parts of the TP make it difficult to acquire ground-based
meteorological observations.

The increase in atmospheric moisture over TP may be
affected by a variety of mechanisms. Xu et al. (2008)
proposed that water vapour transport increased over TP
due to escalated monsoonal circulation and TP warming.
Zhang et al. (2013a) suggested that melting of glaciers and
permafrost due to a warming climate and slight growth
in vapour transport from low altitude and Arabian Sea
increased the moisture budget over the TP. Other possible
mechanisms could involve the polewards shift of the west-
erly jet and an increase in summer monsoon circulations
(Gao et al., 2014).

2.3. Wind speed

Wind speed, as a function of horizontal pressure or temper-
ature gradients, has direct or indirect effects on climatic
variations (e.g. sensible heat flux and evaporation) (Guo
et al., 2016b). Wind speed has direct or indirect effects

on climatic variations, e.g. density of sensible heat flux.
Large-scale spatio-temporal variations in global temper-
ature trends, especially the Elevation Dependent Warm-
ing (EDW), could be responsible for near-surface wind
speed changes (Klink, 1999). The weakening of wind
speed is a common phenomenon in China, particularly
over TP (Lin et al., 2013) (Figure 2(c)). The annual mean
wind speed increases from southeast to northwest. During
1980–2005, differences in annual mean wind speeds were
greater in the southeastern TP (1.5 m s−1) than northwest-
ern TP (3.5 m s−1) and the annual entire TP mean value of
2.3 m s−1 was observed (You et al., 2014). Generally, wind
speed has decreased on the TP since the 1960s (Kuang
and Jiao, 2016) or 1970s (Yang et al., 2011) (Figure 2(c)).
Guo et al. (2016b) proposed that the rate of wind speed
reduction intensified with elevation with higher-elevation
environments having greater changes in wind speed than
lower-elevation areas. They suggested that EDW and
increased surface roughness may have contributed to the
elevation-dependent wind speed reduction in the TP.

2.4. Solar radiation

Worldwide declining trends in solar radiation have
occurred at many locations since the 1960s, while per-
vasive decrease has been seen since the 1990s (Wild
et al., 2005). Over the TP, brightening was not observed
(Figure 2(d)). The daily mean sunshine duration ranged
from 6.8 to 7.4 h over TP (Liang et al., 2013). Since
the 1960s, a general decrease in sunshine duration was
observed over TP (Yang et al., 2014). From 1961 to 2005
decrease in seasonal mean sunshine durations of −5.7,
−7.4, −3.4, and −3.1 h decade−1 was observed during
spring, summer, autumn, and winter, respectively, with
a maximum decrease in spring and summer (You et al.,
2010a, 2010b, 2010c). Since the 1980s, a significant trend
of decreasing seasonal sunshine duration has been seen in
summer and spring (Kuang and Jiao, 2016).

Changes in solar radiation on the TP have been influ-
enced by anthropogenic aerosol emissions. Increased
aerosol emissions have resulted in decreased solar radi-
ation (You et al., 2010a, 2010b, 2010c; Kuang and Jiao,
2016). During the past few decades, the summer monsoon
has moved brown clouds from their origin (particularly
the southern part of TP) to TP which may have also caused
reduction in the amount of solar radiation (Ramanathan
et al., 2007; Zhang et al., 2009). You et al., 2010a, 2010b,
2010c found that solar radiation variation is associated
with fluctuations of cloud cover over the TP. Yang et al.
(2012) proposed that increased amounts of water vapour
due to rapid warming and heavy cloud cover are key
factors responsible for solar reduction on the TP. Further
studies on the effects of decreased solar radiation on the
TP are needed.

2.5. Relative humidity

During 1961–2013, mean annual relative humidity has
decreased on TP at a rate of −0.23% decade−1 (Yin et al.,
2013). However, variability in annual relative humidity
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has been observed from the 1960s to 1990s, which has
relatively decreased from the 1990s to the present (Kuang
and Jiao, 2016).

From the 1960s to the early 21th century the north-
ern TP showed an increasing trend in relative humidity
(Zhang, 2007; Yin et al., 2010). Linear trends of rela-
tive humidity during 1970–2012 showed large spatial
heterogeneity (Figure 2(e)). Spatial distributional trends
in relative humidity are complex, and both decreasing
trends and increasing trends have occurred throughout the
eastern and central part of TP (Kuang and Jiao, 2016).
Over the entire region from 1961 to 2013, the seasonal
mean relative humidity showed a decreasing trend (apart
from winter). The trends were −0.11, −0.60, −0.39, and
0.04% decade−1 in spring, summer, autumn, and winter,
respectively (Kuang and Jiao, 2016).

2.6. Causes of climate warming on the TP

The climate warming on the TP may be a result of the
interaction of many different factors.

1. The recent climate warming on TP is primarily caused
by the increased in anthropogenic greenhouse gas
emissions (Guo and Wang, 2011; Duan et al., 2012)
due to change in local radiative forcing (Duan et al.,
2006). Big altitudinal difference and unique topogra-
phy make the impacts of Green House Gases (GHGs)
emissions on TP climate more devastating than any
other region (Duan et al., 2006, 2012).

2. Snow/ice-albedo and the cloud-radiation feedback are
the main contributing factors to climate warming on TP
(Rangwala et al., 2010; Duan and Xiao, 2015), where
the warming rate in high mountains can be more than
in lower-elevation regions. Decreased snow cover due
to increased absorbed solar radiation could be part the
reasons for the substantial warming over TP.

3. Increased ozone concentration could be the possible
reasons for decrease in total cloud cover over TP;
however, it has been difficult to identify the mechanism
(Zhang, 2007). On the other hand, the low-level cloud
volumes display antagonistic trend, which decreases
during daytime but increases at night (Duan and Wu,
2006). Increased night-time cloud cover could be one
of the reasons for increased nocturnal warming in the
TP.

4. Atmospheric aerosols can affect the atmospheric cir-
culation over TP. Aerosols could increase lower atmo-
spheric solar heating by nearly 50% (Ramanathan
et al., 2007; Kang et al., 2010). Aerosols may be trans-
ported to the TP by atmospheric circulation (You et al.,
2010c) but it is uncertain how these influence the cli-
mate warming in the TP. Atmospheric aerosols could
modify the regional climate, cryosphere, and hydrol-
ogy by increased climate warming (Liu et al., 2017).
Aerosol particles impact the radiative forcing directly
through absorption and reflection of solar and infrared
radiation in the atmosphere. Aerosols appear to be
more easily transported to the TP across the northern
edge rather than the southern edge (Xu et al., 2015).

5. Land use change may also account for climate warm-
ing over the TP. Most pronounced land use changes that
not only impact the local climate but also have impor-
tant hydrological implications on TP include grassland
and permafrost degradation, deforestation, urbaniza-
tion, and desertification (Cui and Graf, 2009). Anthro-
pogenic land use change makes the climate warming
on TP spatially intricate.

The mechanisms of climate warming on the TP are
complex, so at present it is difficult to fully understand.
Beside these, surface water vapour and changes in atmo-
spheric circulation and atmospheric aerosol concentration
are also considered as important factors that contributed to
enhanced climate warming on the TP.

3. Responses of cryosphere to climate change over
the TP

3.1. Snow cover

For Asian rivers originating at high altitudes, runoff from
snow melt accounts for a greater fraction of the total runoff
compared to glacier runoff in Yangtze, Yellow, Mekong,
Brahmaputra, and Salween (Zhang et al., 2013b). Precise
mapping of the snow cover area is vital for agricultural
production and mitigation of snow caused disasters such
as floods (Liang et al., 2008). Seasonal snow cover is a
key environmental component on the TP and Himalayas
regions. Because of cold climatic conditions and high ele-
vation, precipitation usually occurs in solid form. In addi-
tion, as a result of low thermal conductivity and high
albedo, the snow provides the water and energy inter-
face between the land surface and atmosphere (Shrestha
et al., 2012). Snow cover in the southern TP and western
edges is most persistent due to Indian monsoon spills onto
the plateau (Pu et al., 2007). The monsoonal precipitation
(particularly inland) is predicted by spring snow cover on
the TP (Immerzeel and Bierkens, 2010a). In contrast to
extra tropical areas, snow cover thickness has increased in
the TP from 1957 to 1992 (Kang et al., 2010), which coin-
cides with the recent increase in Antarctic and Greenland
snow accumulation (Li, 1996).

With greater seasonal variation in spatial extent, snow
cover over TP is a distinctive feature, which is a vital
source of freshwater for western China and other
Himalayan regions. General circulation and monsoon
systems over eastern and southern Asia during spring and
summer have a strong link with winter snow cover over
the TP (Dickson, 1984; Yang, 1996). In regional climate
studies, response of snow cover variability in TP to global
warming has created an alarming situation (Qin et al.,
2006). Most persistent snow cover is situated in western
and southeastern edges of TP and it persistency increases
with increase in terrain elevation (Pu et al., 2007).

An investigation carried out on snow cover dynam-
ics of four typical lake basins in TP by using MODIS
snow cover products (moderate-resolution imaging
spectrometer) showed no evident trend of snow cover
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Figure 3. Time series of snow cover variations on the entire TP observed from MOD10A2, IMS, and TAI between 2004 and 2013 (modified from
Yu et al., 2016).

change during 2001–2010 (Zhang et al., 2012). Because
of biennial variations of the Indian monsoon, in western
part of Nam Co Basin (central TP) monsoon and autumn
snow cover indicated altering patterns. While snow-free
areas and areas with permanent snow cover, snow cover
trend was relatively stable (Kropacek et al., 2010). From
1975 to 2000, increased snow depth over the TP was con-
current with a strong Indian–Burma trough, subtropical
westerly jet intensification, and increased ascending air
mass over the plateau during most of the year (Zhang
et al., 2004; Kang et al., 2010). This phenomenon could
influence the Asian summer monsoon due to strong snow
and monsoon interactions (Ding et al., 2014). As for other
climatic factors, it is difficult to understand the duration
of snowfall and seasonal snow cover changes on the TP
due to limited availability of data on surface snow cover
and depth (Li et al., 2008). Yu et al. (2016) compared a
time series of snow cover variations crosswise in the TP
using MOD10A2, the Interactive Multi-sensor Snow and
Ice Mapping System (IMS), and Terra–Aqua–IMS (TAI)
between 2001 and 2013. Some MOD10A2 snow cover
values (Figure 3) are >40%, while the daily TAI revealed
more fine-grained snow cover variations, predominantly
higher peaks of snow cover >50%.

3.2. Permafrost

Permafrost covers about 75% of the TP (Cheng and Jin,
2013). Permafrost is a chief component of the cryosphere
and susceptible to climate change on different spatial and
temporal scales (Cheng and Wu, 2007). In cold regions,
thawing depth of frozen soil influences the runoff gener-
ation on hillslopes which substantially differs in temper-
ate regions (Zhang et al., 2013c). During the 1970–1990s,
an increase in surface temperature over TP from 0.2 to
0.5 ∘C has caused permafrost reduction and permafrost
loss is expected to continue in the future (Zhao et al., 2004;

Lemke et al., 2007). Figure 4 shows the spatial distribution
of trends in seasonally frozen ground during 1981–2010
for maximum freezing depths, freeze starting and end-
ing dates, and the freeze duration at a depth of 1 m (Guo
and Wang, 2013). Decreasing trends in maximum freezing
depth have been observed in TP except for some southern
regions. Similarly, freeze start, freeze end, and freeze dura-
tion have experienced delaying, advancing, and shortening
trends except for some southern parts.

From the 1970s to 1990s, a preliminary assessment
was made about of 100 000 km2 areal reduction of per-
mafrost in TP (Li et al., 2008). Since the 1970s, per-
mafrost areal extent has decreased about 36% along the
Qinghai–Tibetan highway (from Amdo to Liangdaohe)
(Lemke et al., 2007). Based on long-term measurements of
temperature, the permafrost altitudinal limit has increased
25 m in the northern TP during past 30 years, and increased
50–80 m in southern TP over the past 20 years (Cheng and
Wu, 2007). Taliks (i.e. patches of unfrozen ground in an
area of permafrost) areal extent stretched approximately
1.2 km alongside the highway. Areal extent of permafrost
could shrink more rapidly over the next 50–100 years as
predicted by a permafrost numerical model (Nan et al.,
2005).

Since the early 1980s, active layer thickness in TP
(alongside the Qinghai–Tibetan highway) has increased
about 1.0 m from its mean value (Zhao et al., 2004), which
is similar in magnitude (0.15–0.50 m) to other places
over TP between 1996 and 2001 (Cheng and Wu, 2007).
Model results indicate that the active layer thickness in
TP has increased about 0.3 m in the north and 0.9 m
in locally selected parts during 1980–2001 (Oelke and
Zhang, 2007). From 1967 to 1997 thickness of seasonally
frozen ground has been reduced by 0.05–0.22 m, and as
a result of the earlier onset of spring thaw, duration of
seasonally frozen ground has decreased by more than
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Figure 4. Trends in the simulated active layer thickness (m decade−1) (a), date of freeze start at 1 m depth (day decade−1) (b), date of freeze end
at 1 m depth (day decade−1) (c), and freeze duration at 1 m depth (day decade−1) (d) for permafrost from 1981 to 2010 (modified from Guo and

Wang, 2013).

20 days in the TP (Zhao et al., 2004). Along with a climate
change indicator, ground freeze–thaw cycles increased the
heat-exchange intensity between the ground surface and
the atmosphere, which expectedly increased the monsoon
on TP (Chang et al., 2007). Thawing can also result in ear-
lier release of trapped carbon dioxide into the atmosphere
(Zhang, 2007). Studies on thawing of seasonally frozen
ground should be a priority in order to understand possible
climatic feedbacks.

3.3. Glaciers

Recent changes in regional climatic conditions have had
a negative impact on mass balance due to acceleration
of glacier retreat (Kang et al., 2007). By losing 4.5%
of combined areal coverage, about 80% of glaciers have
receded in western China (Ding et al., 2006). This phe-
nomenon is very evident in the Himalayas (Jin et al., 2005;
Bolch et al., 2012; Immerzeel et al., 2012, 2014), Qilian
Mountains (Liu et al., 2000; Liu et al., 2002), and Tian-
shan Mountains (Liu et al., 2006), with a shrinkage rate
of between 5 and 10% during last 30 years. In contrast,
glaciers in the interior TP are moderately stable (Liu et al.,
2000; Liu and Chen, 2000). Nevertheless, accelerated rate
of glacier shrinkage has been reported in recent years (Shi,
2001; Li et al., 2008). To present a comprehensive and
systematic assessment of glacier status in and around TP,
the whole region was divided into seven subregions shown
clockwise as I–VII (Figure 5). The Himalaya shows max-
imum glacial reduction in both length and glacial areal
extent (Figures 5(a) and (b)). Like glacial length and areal
changes, the most negative mass balances also occur along
the Himalayas ranging from −1100 to −760 mm year−1

with an average of −930 mm year−1 (Figure 5(c)) (Yao
et al., 2012a).

Since 1990, most TP glaciers have been rapidly shrink-
ing due to global warming (Yao et al., 2013). Satellite
imagery and satellite altimetry have shown great varia-
tions in glacial mass and extent over the TP (Guo et al.,
2016a). From 2003 to 2009, the rate of glacial shrinkage
over the Himalayas was measured at 10–30 mm year−1

(Gardner et al., 2013), while the volume loss rate of 22
and 45 mm year−1 during 1999–2008 was recorded by a
digital elevation model in eastern and western Himalayas,
respectively (Gardner et al., 2013). In Khumbu Himal,
a 5% decrease in ice coverage was observed during
1962–2005, and a highest volume loss during 1992–2005
(Bolch et al., 2008). In comparison to the mass loss
over Himalayas, according to GRACE mission observa-
tion during 2003–2010, water mass over TP increased by
7 Gt year−1 as a result increase in water level of many lakes
in the central TP (Jacob et al., 2012; Song et al., 2013;
Zhang et al., 2013a).

Precipitation change is a key factor contributing to the
changes of glacial mass balance and this phenomenon
is predominantly important in TP and surroundings. The
greatest glacial shrinkage in the Himalayas corresponds
to the declining precipitation rate accompanied by the
weakening Indian monsoon (Molg et al., 2012, 2014;
Yao et al., 2012a; Maussion et al., 2014). Glacial retreat
has resulted in hydrological changes, including greater
river discharges, elevated lake levels, recurrent glacial
lake upsurges, flooding, and increased debris flows from
glacial, and water resources. These changes have been
the focus of many studies (Lemke et al., 2007; Yao et al.,
2007; Li et al., 2008; Zhang et al., 2013a; Cuo et al., 2014;
Yang et al., 2014; Jiao et al., 2015). In the 1990s, an
increased river runoff (>5.5%) from TP caused by glacier
retreat was observed, which is even greater in northwest-
ern China (Yao et al., 2007). Remote sensing data for many
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Figure 5. Spatial and temporal patterns of glacier status in the TP and surroundings for glacier retreat in 82 glaciers (a), area reduction in 7090
glaciers (b), and mass balance in 15 glaciers (c) (modified from Yao et al., 2012a, 2012b).

lakes were used to quantify the contribution of glacier melt
to rising lake level (Yao et al., 2007). Zhang et al. (2017c)
investigated that glacier mass loss contributes 13% and
ground ice melt due to permafrost degradation contributed
12% in annual changes in lake area, level, and volume
during 1970s–2015 in TP. Nevertheless, glacial volume
changes and the synchronized environmental implications
of glacial recession need additional study.

Despite the data limitations noted, observations have
shown clear and systematic patterns of change in climatic
regime and cryospheric response over TP. The various
lines of evidence are consistent and mutually supportive.
Warming has been pervasive, especially during winter and
spring and at higher latitudes, while changes in precipita-
tion have been more varied, both regionally and seasonally.
Slight increase in precipitation has been observed, espe-
cially in the southeastern and southwestern parts of the
region, and a decline in the fraction of precipitation falling
as snow is very likely associated with rising winter/spring
temperatures.

Cryosphere is sensitive to increasing temperature, partic-
ularly when precipitation occurs at temperatures near 0 ∘C.
These changes are key drivers for extensive reductions
in snow depth, duration, snow cover extent, and fresh-
water ice cover, predominantly in spring. This has led
to an earlier occurrence of the spring freshet across the

region. Warmer air temperatures are associated with ris-
ing permafrost temperatures, thawing and degradation of
permafrost, and increasing glacier melt. Recent declines
in winter and annual glacier mass balance at eastern and
northeastern TP have been attributed to reduced snow
accumulation (Deng et al., 2017), but they may also be due
to a shift in precipitation phase from snow to rain in some
parts. Anomalously warm conditions led to reduced snow
packs and early disappearance of snow cover, also leading
to end of summer snow lines retreating off the tops of most
glaciers and net negative glacier mass balance.

4. Responses of the biosphere to climate changes
over the TP

Vegetation phenology is sensitive to climate changes.
Changes in temperature and precipitation and other cli-
mate variables could alter the length of growing season.
In cold regions, the start of the growth season (SOS)
requires adequate temperatures (period preceding SOS that
initiates vegetative growth) as a threshold to end ecodor-
mancy (suspension of growth caused by factors outside
the meristem but within the plant) during the spring season
(Chuine et al., 2003). Warming on TP resulted in a marked
advance of SOS during 1982–1999 (Yu et al., 2010; Piao
et al., 2011). Because of decreasing photoperiod (daylight)

© 2018 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. 38 (Suppl.1): e1–e17 (2018)
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Figure 6. SOS (a) and EOS (b) in steppe and meadow vegetation of the TP in 1982–2006 (modified from Yu et al., 2010) and spatial distribution
of temporal trends (day decade−1) of satellite-derived SOS over 1982–2011 (c) (modified from Shen et al., 2015b). SOS is the start of vegetation
growing season, and EOS is the end of vegetation growing season. VIP is variable importance plots and MC is model coefficients. [Correction added

on 23 January 2018, after first online publication: This figure has been replaced and its caption has been updated in this current version.]

in the fall, endodormancy (non-growing season) follows
ecodormancy and it breaks during dormant period typi-
cally at temperature lower than 0 ∘C during the dormant
season (Chuine et al., 2003). Hence, insufficient chilling
due to climate warming in late autumn and winter could
potentially result in delaying the start of the SOS (Shen
et al., 2015a). Delay of SOS in herbaceous plants due
to climate warming in autumn and winter has not yet
been observed because this temperature is adequate to
meet chilling requirements (Shen et al., 2014; Chen et al.,
2015). Thus, climate warming delayed the end of vegeta-
tion growing season (EOS) on TP due to partial positive
inter-annual correlation between growing season temper-
ature and EOS for the alpine steppe and meadow (Liu

et al., 2016). Figure 6 demonstrates the spatial distribution
of satellite derived SOS temporal trends over TP during
1982–2011 (Shen et al., 2015b) and response of the SOS
(a–d) and EOS (e–h) in steppe and meadow vegetation to
monthly temperature on TP during 1982–2006 (Yu et al.,
2010).

An increase in spring temperatures was observed in TP
from 2000 to 2010, and significant decrease in SOS was
seen in the western part of the plateau (Shen et al., 2015b).
Evidence of advancement in SOS due to pre-season precip-
itation has been found over the TP, and this phenomenon
was more evident in arid parts of the region (Shen et al.,
2015a). During 1982–1999 extensive advancement in
SOS was caused by the increase in pre-season precipitation
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and temperature, while a weakly delayed SOS in north-
western parts of TP might have been due to reduced pre-
cipitation (Shen et al., 2015b). The EOS was also delayed
on the TP by increases in precipitation during the grow-
ing season (Liu et al., 2016). In situ observations revealed
some positive effects of increasing temperature and precip-
itation on leaf phenology (Chen et al., 2015). The results
suggested that projected increase in temperature and pre-
cipitation on the TP would expand the growing season
by advancing SOS and postponing EOS (Su et al., 2013).
There are several factors that could affect TP phenology.
These are listed below:

1. Greater increase of warming at night on TP than during
the day and the associated smaller diurnal temperature
range (Piao et al., 2015).

2. Intensity and timing of precipitation, freezing and
thawing of soil, evaporation, and snowmelt, degra-
dation of permafrost, increasing evaporation and soil
water loss due to climate warming, and extended active
layer may have reduced water availability to plants on
TP due to the diverse soil properties (Hu et al., 2009;
Yang et al., 2009; Zhao et al., 2010; Peng et al., 2013).

3. Interactions among different climatic factors also
affect the phenology of herbaceous plants (Zhao et al.,
2010).

4. Photoperiod impacts on phenology over TP have not
been adequately assessed (Vitasse and Basler, 2013;
Laube et al., 2014).

5. No obvious connection has been found between winter
warming and spring phenology on TP (Shen et al.,
2015b).

6. Species composition can be altered either by climatic
warming or by anthropogenic activities like overgraz-
ing which ultimately affect the vegetation phenology
(Harris, 2010; Niu et al., 2010).

In mutualistic relationships, phenological changes also
affect the tropic levels in contagious ecosystems with
trophic mismatches in consumer resource dynamics and
pollinator host mismatches (Kerby and Post, 2013). TP is
a habitat of numerous Tibetan animal species (e.g. Grus-
nigricollis, Ursusarctospruinosus, and Pantholopshodg-
sonii), some of which are endangered, so preservation
of TP vegetation needs particular attention (Shen et al.,
2015b) These changes could ultimately lead to changes
in the entire climatic system (Richardson et al., 2013).
Both SOS and EOS timing substantially influence the
annual carbon budget in the Northern Hemisphere which
ultimately causes fluctuations in atmospheric CO2 concen-
tration (Keenan et al., 2014). Some studies suggest that net
carbon uptake will be increasing in spring due to warm-
ing driven advancement in leaf unfolding, whereas car-
bon uptake will either increase or decrease due to delayed
leaf fall in autumn (Piao et al., 2008; Keenan et al., 2014).
However, more studies are needed to understand the phe-
nomenon of phenological changes on TP and how they
affect regional carbon balance and energy cycles (Shen
et al., 2015b). Land surface biophysical parameters (sensi-
ble heat flux, albedo and trans-boundary layer turbulence)

are directly modified by phenological changes which lead
to changes in energy and water budgets and thus transform
the local climate system (Jeong et al., 2009a, 2009b).

Rapid climate change in the past half century has signif-
icantly modified vegetation phenology over TP. Lengthen-
ing of growing season is mainly caused by the advance in
SOS, and delayed EOS. Plant phenology responds stronger
to changes in precipitation patterns also; winter precip-
itation in the form of rainfall rather than snow requires
less heat energy to melt and to warm soil and thus may
advance the SOS. Changes in clouds cover and light inten-
sity and other climatic factors also affect SOS and EOS.
Some species may green up earlier, and others may senesce
later, resulting in stretched growing season at both ends
(early SOS and delayed EOS). Along with changes in cli-
mate variables, changes in permafrost can also have sub-
stantial effects on plateau vegetation phenology and it can
also be used as an indirect indicator to monitor the change
in permafrost. Further investigations are needed to under-
stand biodiversity change in the alpine region under cli-
mate change scenario.

5. Responses of hydrosphere to climate change over
TP

5.1. Evapotranspiration

Regional ET change patterns can also vary. Northwestern
desert basin has lower ET compared to the southeastern
forest cover basin (Kang et al., 2010). Annual mean ET
values are 359.7 and 306.6 mm in the upper Yellow and
upper Yangtze River basins, respectively (Xue et al.,
2013). Linear trends of seasonal mean ET for the upper
Yellow River basin, upper Yangtze River basin, Qiangtang
Plateau, and Qaidam Basin during 1983–2006 are shown
in Figure 7. ET for the four large basins showed increasing
trends for all four seasons during past three decades con-
sistent with regional warming (Li et al., 2014). Overall,
the inter-annual ET decreased from 2000 to 2010 over
42% of the region, mainly in the northwest of the TP. The
dominant climatic factor that controls the long-standing
variations of ET in the northwest TP was relative humidity.
However, temperature drove ET under moist conditions
(Song et al., 2017).

5.2. Water storage changes

Because of its high elevation and glaciers (approximately
1.0× 105 km2, Yao et al., 2012a), snow (approximately
41.9× 109 m3 year−1 water equivalent, Li et al., 2008),
and permafrost (approximately 1.5× 106 km2, Guo and
Wang, 2013), TP is very important in global climatic and
geodynamical studies (Guo et al., 2016a). In the TP and
the Himalayas, direct quantification of mass changes of
glaciers, surface water, and groundwater is challenging
due to data limitations (Bolch et al., 2011; Kaab et al.,
2012). Studies conducted over the TP, Himalayas, and
neighbouring areas indicate that water mass changes in
the whole region are spatially heterogeneous (Guo et al.,
2016a). Water mass in the entire region, particularly in
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Figure 7. Linear trends of seasonal mean ET (mm decade−1) for the upper Yellow River basin, upper Yangtze River basin, Qiangtang Plateau, and
Qaidam Basin under the period of 1983–2006 (modified from Li et al., 2014). The discharge gauges for the upper Yellow and Yangtze Rivers

(Tangnaihai and Zhimenda) are given as solid points.

Figure 8. Spatial distribution of changing rates of total water storage (mm month−1) in the TP from 2003 to 2012 (modified from Jiao et al., 2015).

central and northern parts of the TP, increased between
2003 and 2012, while decreasing in the northern parts
of India and Himalayas (Rodell et al., 2009; Guo et al.,
2016a). Regularization solution Groupe de Recherches
en GeodesieSpatiale (GRGS) investigated the mass
changes rate (>10 mm year−1) in the central TP and
Qaidam Basin (Guo et al., 2016a). Adjacent to the south-
ern boundary of TP, obvious decrease in total water
storage was observed during 2002–2012 (Figure 8).
Melting of glacial ice and snow caused the decrease in
total water storage along the Yarlung Tsangpo River
(Jiao et al., 2015).

Massive tectonic uplifting in the region could recom-
pense the mass loss over the TP and ultimately it makes
no substantial contribution to GRACE results (Jacob et al.,
2012). Satellite altimetry revealed gradual expansion of
water levels of many lakes located in the central parts
of the TP (Zhang et al., 2011a; Song et al., 2013). Satel-
lite imagery also discovered many new glacial lakes in
the plateau and the number of the new lakes tends to be
increasing (Wang et al., 2013). It has provided a posi-
tive indication about water mass storage in the form of
lakes and increasing soil moisture in the TP (Zhang et al.,
2013a).

However, where did the lake water or the soil mois-
ture originate? In previous sections, we noted that the
entire plateau has experienced climatic warming since the
1980s which has altered the entire TP climatic system.
Increases in surface air temperature, decreased solar radia-
tion and humidity, increases in precipitation and melting of
glaciers, and decreases in snow cover have all contributed
to increased water mass over the TP.

5.3. Lakes

Anthropogenic activities have had minimal impacts on
the alpine hydrological environment, so these regions
are reasonable indicators of climate change. Understand-
ing the response of alpine lakes to changing climate is
crucial for accurate modelling of the hydrological and
ecological process, and realistic prediction of seasonal
and inter-annual water storage changes (Deniz and Yildiz,
2007; Medina et al., 2008). The TP boasts the greatest
concentration of high-altitude inland lakes in the world.
With a total area of 41 800 km2, it has been estimated that
more than 1000 lakes distributed on TP are larger than
1 km2 (Ma et al., 2010; Witt et al., 2016). Glacier melt
has greatly supported the development of many inland TP
lakes because these are fed by glaciers located in their
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catchments (Yao et al., 2007; Zhu et al., 2010; Günther
et al., 2016). Conversely, many other climatic factors such
as increased precipitation and decreased evaporation from
lake surfaces may have contributed significantly to the
expansion of lakes which are not fed by glaciers in their
catchment (Liu et al., 2009a).

Rapidly rising temperature is the main driving force
behind accelerated glacial retraction and thawing of
permafrost which has been the chief source for inland
lake expansion on the TP (Yao et al., 2007; Zhu et al.,
2010). Since 1969, optical satellite imagery obtained
from Landsat and other satellites has been used to study
surface extent changes for a small number of lakes (Wang
et al., 2007). However, most studies have focused on
quantitative detection and analysis of variation in either
lake surface area or water level changes which do not
provide sufficient information about response of lake
water balance to changing climate (Wang et al., 2007;
Liu et al., 2009a). Furthermore, due to inaccessibility
and remoteness of the areas, the few observation stations
are located on Lake Qinghai (Li et al., 2005), Namco
Lake (Zhang et al., 2011a), Yamdrok Lake (Li and Wang,

2009), and Zabuye Salt Lake (Qi and Zheng, 2006) which
can provide direct hydrological observations such as water
level change data. The recent study on TP lakes exhibits
an increasing trend of lake expansion from south to north
and from west to east (Figure 9) (Lei et al., 2014).

Complex climatic and hydrological environments for
specific lakes exhibited variation in the different lake
basins (Song et al., 2013). For instance, Lake Qinghai
located in northeastern TP, primarily supplemented by
precipitation runoff, was shrinking until the 2000s despite
of slight increase in precipitation; increase in evaporation
rate in the basin was three times higher than precipitation
(Zhang et al., 2011b). Thus, increase in water storage can-
not be simply explained by a large negative budget caused
by ‘precipitation–evaporation’ in Lake Qinghai (Song
et al., 2013). Snow cover and glaciers melt have become
chief sources of water for some of the lakes (Zhang et al.,
2011b). Similarly, levels of many lakes located in the
upper Yellow River basin have shown greater variability
in response to instabilities in climate features and water
releases into the Yellow River (Song et al., 2013).

Figure 9. Changes in lake area on the interior of TP during the period of 1976–2010 (Lei et al., 2014).
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Likewise, in the early 1970s and mid-1980s climate
warming in the TP triggered glacier retraction, which
resulted in increased water storage in these lakes (Bolch
et al., 2010), but water replenishment forces including
rigorous evaporation and infrequent precipitation caused
many lakes to shrink or even disappear (Song et al., 2013).
Distinct change in lake level during 1997/1998 is thought
to be driven by large-scale atmospheric circulation changes
in response to climate warming in the region (Zhang et al.,
2017b).

In addition to use of satellite images, numerical sim-
ulations from a basin-wide hydrological modelling can
be effective to quantitatively investigate lake expan-
sion/shrinkage over the TP in detail. This is especially true
if in situ observations can be used to calibrate and vali-
date the hydrological model. Through the process-based
modelling strategy for a specific lake basin (including
both water area and its surrounding land area), we are
able to determine the key factors that contribute to the
historical lake expansion/shrinkage (e.g. Jin et al., 2015).
Furthermore, this methodology is promising for prediction
of lake changes, with help of the projections of future
climatic variables (e.g. precipitation, air temperature, and
wind speed).

5.4. Streamflow

Climatic variables such as temperature and precipitation
regulate streamflow over the TP. During summer, precipi-
tation is a dominant factor contributing to streamflow over
the eastern and southeastern TP due to the strong influence
of the South Asian monsoons (Yao et al., 2013). How-
ever, spatial pattern understanding is required to quantify
the long-term streamflow changes for all the basins on
the TP. Streamflow peaks with increases in temperature
and precipitation over TP (Yao et al., 2012b). Meltwater
is the key contributor to streamflow in the western part
and melt increases with increased temperatures (Cuo et al.,
2014). In the westerly dominated central part of the TP,
both meltwater and groundwater are significant contribu-
tors to streamflow during summer. The entire TP displays
non-homogeneous spatial and temporal streamflow pat-
terns (Cuo et al., 2014). Variation in components and con-
tributors occurs even for the same river system and stream-
flow changes from sub-basin to basin and from headwa-
ters to downstream areas (Figure 10). Other factors include
prevalent climatic system, environmental and watershed
setting, and anthropogenic activities.

Temperature also strongly influences streamflow, and
increased temperature positively affects the streamflow if
the basin is extensively covered with glaciers. Streamflow
response to temperature changes also depends on the forms
and spatial distributions of precipitation. In the western
TP that is controlled by westerly influences, annual pre-
cipitation increases in the range of 20–700 mm from the
lowlands to the mountains (Mao et al., 2006; Gao et al.,
2010). In some areas, low precipitation generates insuffi-
cient streamflow, while in mountainous regions precipita-
tion primarily occurs as snow and ice and contributes to
streamflow as meltwater.

Figure 10. Trends of streamflow in the major river basins on the TP
(modified from Cuo et al., 2014).

Similar to precipitation and temperature, another impor-
tant factor that significantly affects the streamflow is actual
ET. Studies about actual ET on TP are predominantly
based on water balance and potential ET adjusted by
available moisture content (Zhang, 2007; Cuo et al.,
2013b). Long-term observational actual ET on TP are not
available but limited data suggest a general increase in
actual ET along with spatial variation which would result
in less availability of water for streamflow (Yang et al.,
2007; Zhang, 2007; Kang et al., 2010). Larger effects
of actual ET on streamflow occur during May–October
compared to other months and it is the second most
important factor that causes seasonal and annual variation
in streamflow besides precipitation (Cuo et al., 2013a).

Large-scale atmospheric systems such as the
mid-latitude westerlies, East Asia and Indian mon-
soons, North Atlantic Oscillation, Arctic Oscillation, El
Niño-Southern Oscillation (ENSO), and local circulations
all play roles in affecting the weather and climate of TP
(Yao et al., 2012b; Cuo et al., 2013b; Gao et al., 2014;
Lu et al., 2015). Relating climate system indices and
streamflow could possibly reveal the influences of the
climate systems on streamflow. This would be helpful
for understanding the spatial and temporal changes of
streamflow over the TP.

Streamflow is affected by all cryospheric components
(Kang et al., 2010). On TP, relationship between sea-
sonal distribution of streamflow and frozen soil is posi-
tive (Niu et al., 2011). The degree-day modelling approach
has been used to study the contribution of glaciers to sea-
sonal streamflow in various TP basins (Su et al., 2016),
but the results of these studies evaluating the quantitative
contribution of glaciers are inconsistent (Liu et al., 2009a;
Immerzeel et al., 2010; Zhang et al., 2013a). Numerous
climate factors affect the future water availability in Asian
river basins (Immerzeel and Bierkens, 2012; Lutz et al.,
2014). In general, glacier contributions are important
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primarily for headwaters or basins with large glacier cov-
erage. The relative importance of snow to stream flow in
this region is also controversial. Climate warming affected
arid regions more severely than humid part of TP. For
the assessment of climate change in the Third Pole and
surrounding regions, it is particularly important to quan-
tify the response of hydrosphere as water balance largely
depends on climate regimes.

6. Conclusions

The TP has experienced rapid warming and increased pre-
cipitation over the last three decades, while solar radia-
tion and wind speed have generally declined. In particu-
lar, dry areas have had stronger climate fluctuations than
wet regions. The observations described here provided
extensive and long-term data for examining climate system
change and variability on the TP.

Increase in temperature drives changes in the cryosphere,
biosphere, and hydrological cycles of the TP, resulting
in seasonal streamflow variation. These changes will lead
to changes in biodiversity and water shortages in regions
with inadequate water storage capability. Spatial distribu-
tion of precipitation trends in the TP is more heteroge-
neous than temperature and there is significant inter-annual
variability. Since the last decade of the 1900s, the rate
of glacier retreat has accelerated, so more consideration
should be given to subsequent hydrological processes,
including greater discharges which can result in glacial
lake outburst floods, rising lake levels, increased debris
flows, and impacts on water resources in the TP.

Pervasive warming during winter and spring and both
temporal and spatial variability in precipitation patterns
have been observed over the TP. Decreased winter pre-
cipitation and the proportion of precipitation falling as
snow may be associated with rising temperatures dur-
ing winter and spring. These changes have resulted in an
extensive reduction in snow cover, snow depth, and dura-
tion. Warmer air is the driving force behind rising per-
mafrost temperatures which leads to permafrost thawing
and increased glacier melting. Greatest reduction in glacial
length and area and the most negative mass balance on
the TP have been attributed to reduced snow accumula-
tion (Yao et al., 2012a). Because of the few meteorological
stations in the western TP, limited solid precipitation data
are available for this region. The responses of permafrost
thawing and the reduction of seasonally frozen ground in
response to changing climate on TP and its hydrologi-
cal response across watersheds and gradients in different
physiographic and thermal environments need to be stud-
ied. The influence of declining snowfall and duration on all
facets of the hydrological cycle and streamflow will also be
useful study topics.

Plant phenology has a broad influence on the structure
and function of ecosystems but no model has been applied
to study phenological responses on the TP. Because of
our limited understanding of biosphere responses to cli-
mate change, additional modelling should be carried out
to address phenological dynamics and responses to a

changing climate such as future water availability. Ongo-
ing research should continue evaluating the interactions
between climate, hydrology, ecology, cryosphere, and
other components of TP environments.

Acknowledgements

This work was funded by the “Strategic Priority
Research Program” of the Chinese Academy of Sciences
(XDA19070301) and the National Natural Science Foun-
dation of China (Grant 91747201, 41571033). It was also
supported by the International Partnership Program of the
Chinese Academy of Sciences (131C11KYSB20160061)
and the Top-Notch Young Talents Program of China (Dr.
Lei Wang). The authors appreciate Dr. Xiaotao Zhang for
providing figure 8.

References

Bolch T, Buchroithner M, Pieczonka T, Kunert A. 2008. Planimetric and
volumetric glacier changes in the Khumbu Himal, Nepal, since 1962
using Corona, Landsat TM and ASTER data. J. Glaciol. 54: 592–600.

Bolch T, Yao T, Kang S, Buchroithner MF, Scherer D, Maussion F,
Schneider C. 2010. A glacier inventory for the western Nyainqen-
tanglha Range and the Nam Co Basin, Tibet, and glacier changes
1976–2009. Cryosphere 4: 419–433.

Bolch T, Pieczonka T, Benn D. 2011. Multi-decadal mass loss of glaciers
in the Everest area (Nepal Himalaya) derived from stereo imagery.
Cryosphere 5: 349–358.

Bolch T, Kulkarni A, Kaab A, Huggel C, Paul F, Cogley JG, Bajracharya
S. 2012. The state and fate of Himalayan glaciers. Science 336:
310–314.

Chang G, Li L, Zhu X, Wang Z, Xiao J, Li F. 2007. Changes and
influencing factors of surface water resources in the source region of
the Yellow River. Acta Geogr. Sin. 62(3): 311–320.

Chen X, An S, Inouye DW, Schwartz MD. 2015. Temperature and
snowfall trigger alpine vegetation green up on the world’s roof. Global
Changes Biol. 21: 3635–3646.

Cheng G, Jin H. 2013. Permafrost and groundwater on the
Qinghai–Tibet Plateau and in northeast China. Hydrgeol. J. 21:
5–23.

Cheng G, Wu T. 2007. Responses of permafrost to climate change and
their environmental significance, Qinghai–Tibet Plateau. J. Geophys.
Res. Earth 112: F02S03.

Chuine I, Kramer K, Hänninen H. 2003. Plant development models.
In Phenology: An Integrative Environmental Science. Springer: Dor-
drecht, 217–235. https://doi.org/10.1007/978-94-007-0632-3_14.

Cui X, Graf HF. 2009. Recent land cover changes on the Tibetan Plateau:
a review. Clim. Change 94: 47–61.

Cuo L, Zhang Y, Gao Y, Hao Z, Cairang L. 2013a. The impacts of
climate change and land cover/use transition on the hydrology in the
upper Yellow River basin, China. J. Hydrol. 502: 37–52.

Cuo L, Zhang Y, Wang Q, Zhang L, Zhou B, Hao Z, Su F. 2013b. Climate
change on the northern Tibetan Plateau during 1957–2009: spatial
patterns and possible mechanisms. J. Climatol. 26: 85–109.

Cuo L, Zhang Y, Zhu F, Liang L. 2014. Characteristics and changes of
streamflow on the Tibetan Plateau: a review. J. Hydrol. Reg. Stud. 2:
49–68.

Deng H, Pepin NC, Chen Y. 2017. Changes of snowfall under warming
in the Tibetan Plateau. J. Geophys. Res. Atmos. 122: 7323–7341.
https://doi.org/10.1002/2017JD026524.

Deniz O, Yildiz M. 2007. The ecological consequences of level changes
in Lake Van. Water Resour. 34: 707–711.

Dickson PR. 1984. Eurasian snow cover versus Indian monsoon rain-
fall – an extension of the Hahn-Shukla results. J. Appl. Meteorol. 23:
171–173.

Ding Y, Liu S, Li J, Shangguan D. 2006. The retreat of glaciers in
response to recent climate warming in western China. Ann. Glaciol.
43: 97–105.

Ding Y, Liu Y, Liang S, Ma X, Zhang Y, Si D, Zhang J. 2014.
Interdecadal variability of the East Asian winter monsoon and its
possible links to global climate change. J. Meteorol. Res. 28: 693–713.

© 2018 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. 38 (Suppl.1): e1–e17 (2018)
on behalf of the Royal Meteorological Society.

https://doi.org/10.1007/978-94-007-0632-3_14
https://doi.org/10.1002/2017JD026524


REVIEW ON CLIMATE CHANGE AND ITS EFFECTS ON SPHERES ON TIBETAN PLATEAU e15

Dong W, Lin Y, Wright JS, Ming Y, Xie Y, Wang B, Tian L. 2016.
Summer rainfall over the southwestern Tibetan Plateau controlled by
deep convection over the Indian subcontinent. Nat. Commun. 7: 10925.

Duan A, Wu G. 2006. Change of cloud amount and the climate warming
on the Tibetan Plateau. Geophys. Res. Lett. 33: L22704.

Duan A, Wu G, Zhang Q, Liu Y. 2006. New proofs of the recent
climate warming over the Tibetan Plateau as a result of the increasing
greenhouse gases emissions. China Sci. Bull. 51: 1396–1400.

Duan A, Wu G, Liu Y, Ma Y, Zhao P. 2012. Weather and climate effects
of the Tibetan Plateau. Adv. Atmos. Sci. 29: 978–992.

Duan A, Xiao Z. 2015. Does the climate warming haitus exist over
the Tibetan Plateau? Sci. Rep. 5: 13711. https://doi.org/10.1038/
srep13711.

Gao X, Ye B, Zhang S, Qiao C, Zhang X. 2010. Glacier runoff variation
and its influence on river runoff during 1961–2006 in the Tarim River
basin, China. Sci. China Earth Sci. 53: 880–891.

Gao Y, Cuo L, Zhang Y. 2014. Changes in moisture flux over the Tibetan
Plateau during 1979–2011 and possible mechanisms. J. Climatol. 27:
1876–1893.

Gao Y, Li X, Leung LR, Chen D, Xu J. 2015. Aridity changes in the
Tibetan Plateau in a warming climate. Environ. Res. Lett. 10: 034013.

Gardner AS, Moholdt G, Cogley JG, Wouters B, Arendt AA, Wahr J,
Ligtenberg SR. 2013. A reconciled estimate of glacier contributions
to sea level rise: 2003 to 2009. Science 340: 852–857.

Günther F, Thiele A, Biskop S, Mäusbacher R, Haberzettl T, Yao T,
Gleixner G. 2016. Late quaternary hydrological changes at Tangra
Yumco, Tibetan Plateau: a compound-specific isotope-based quantifi-
cation of lake level changes. J. Paleolimnol. 55: 369–382.

Guo D, Wang H. 2011. The significant climate warming in the north-
ern Tibetan Plateau and its possible causes. Int. J. Climatol. 32:
1775–1781.

Guo D, Wang H. 2013. Simulation of permafrost and seasonally frozen
ground conditions on the Tibetan Plateau, 1981–2010. J. Geophys.
Res. Atmos. 118: 5216–5230.

Guo J, Mu D, Liu X, Yan H, Sun Z, Guo B. 2016a. Water storage changes
over the Tibetan Plateau revealed by GRACE mission. Acta Geophys.
64: 463–476.

Guo X, Wang L, Tian L, Li X. 2016b. Elevation of dependent reductions
in wind speed over and around the Tibetan Plateau. Int. J. Climatol.
37: 1117–1126. https://doi.org/10.1002/joc.4727.

Harris RB. 2010. Rangeland degradation on the Qinghai–Tibetan
Plateau: a review of the evidence of its magnitude and causes. J. Arid
Environ. 74: 1–12.

Hu H, Wang G, Liu G, Li T, Ren D, Wang Y, Wang J. 2009. Influ-
ences of alpine ecosystem degradation on soil temperature in the
freezing-thawing process on Qinghai–Tibet Plateau. Environ. Geol.
57: 1391–1397.

Immerzeel W, Bierkens M. 2010a. Seasonal prediction of monsoon
rainfall in three Asian river basins: the importance of snow cover on
the Tibetan Plateau. Int. J. Climatol. 30: 1835–1842.

Immerzeel WW, Bierkens MF. 2010b. Asian water towers: more on
monsoons response. Science 330: 585–585.

Immerzeel W, Bierkens M. 2012. Asia’s water balance. Nat. Geosci. 5:
841–842.

Immerzeel WW, Van Beek LP, Bierkens MF. 2010. Climate change will
affect the Asian water towers. Science 328: 1382–1385.

Immerzeel W, Pellicciotti F, Bierkens M. 2012. Rising river flows
throughout the 21st century in two Himalayan glacierised watersheds.
Nat. Geosci. 6: 742–745.

Immerzeel W, Kraaijenbrink P, Shea J, Shrestha A, Pellicciotti F,
Bierkens M, De Jong S. 2014. High-resolution monitoring of
Himalayan glacier dynamics using unmanned aerial vehicles. Remote
Sens. Environ. 150: 93–103.

Jacob T, Wahr J, Pfeffer WT, Swenson S. 2012. Recent contributions of
glaciers and ice caps to sea level rise. Nature 482: 514–518.

Jeong SJ, Ho CH, Jeong JH. 2009a. Increase in vegetation greenness and
decrease in springtime warming over East Asia. Geophys. Res. Lett.
36: L02710.

Jeong SJ, Ho CH, Kim KY, Jeong JH. 2009b. Reduction of spring warm-
ing over East Asia associated with vegetation feedback. Geophys. Res.
Lett. 36: L18705.

Jiao JJ, Zhang X, Liu Y, Kuang X. 2015. Increased water storage in the
Qaidam Basin, the North Tibet Plateau from GRACE gravity data.
Plos One 10: e0141442.

Jin R, Li X, Che T, Wu L, Mool P. 2005. Glacier area changes in the
Pumqu River basin, Tibetan Plateau, between the 1970s and 2001. J.
Glaciol. 51: 607–610.

Jin Z, An Z, Yu J, Li F, Zhang F. 2015. Lake Qinghai sediment
geochemistry linked to hydroclimate variability since the last glacial.
Quat. Sci. Rev. 122: 63–73.

Kaab A, Berthier E, Nuth C, Gardelle J, Arnaud Y. 2012. Contrast-
ing patterns of early twenty-first-century glacier mass change in the
Himalayas. Nature 488: 495–498.

Kang S, Qin D, Ren J, Zhang Y, Kaspari S, Mayewski PA, Hou S. 2007.
Annual accumulation in the Mt. Nyainqentanglha ice core, southern
Tibetan Plateau, China: relationships to atmospheric circulation over
Asia. Arct. Antarct. Alp. Res. 39: 663–670.

Kang S, Xu Y, You Q, Flügel W-A, Pepin N, Yao T. 2010. Review of
climate and cryospheric change in the Tibetan Plateau. Environ. Res.
Lett. 5: 015101.

Keenan TF, Gray J, Friedl MA, Toomey M, Bohrer G, Hollinger
DY, Yang B. 2014. Net carbon uptake has increased through
warming-induced changes in temperate forest phenology. Nat. Clim.
Change 4: 598–604.

Kerby JT, Post E. 2013. Advancing plant phenology and reduced herbi-
vore production in a terrestrial system associated with sea ice decline.
Nat. Commun. 4: 2514.

Klink K. 1999. Trends in mean monthly maximum and minimum surface
wind speeds in the coterminous United States, 1961 to 1990. Clim.
Res. 13: 193–205.

Kropacek J, Feng C, Alle M, Kang S, Hochschild V. 2010. Temporal
and spatial aspects of snow distribution in the Nam Co Basin on the
Tibetan Plateau from MODIS data. Remote Sens. 2: 2700–2712.

Kuang X, Jiao JJ. 2016. Review on climate change on the Tibetan Plateau
during the last half century. J. Geophys. Res. Atmos. 121: 3979–4007.

Laube J, Sparks TH, Estrella N, Höfler J, Ankerst DP, Menzel A.
2014. Chilling outweighs photoperiod in preventing precocious spring
development. Global Change Biol. 20: 170–182.

Lei Y, Yang K, Wang B, Sheng Y, Bird BW, Zhang G, Tian L. 2014.
Response of inland lake dynamics over the Tibetan Plateau to climate
change. Clim. Change 125: 281–290.

Lemke P, Ren J, Alley RB, Allison I, Carrasco J, Flato G, Zhang T. 2007.
In Observations: Changes in Snow, Ice and Frozen Ground, Climate
Change: The Physical Science Basis. Contribution of Working Group
I to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change, Solomon S, Qin D, Manning M, Chen Z, Marquis M,
Averyt KB, Tignor M, Miller HL (eds). Cambridge University Press:
Cambridge, UK, 337–383.

Li P. 1996. Response of Tibetan snow cover to global warming. Acta
Geophys. Sin. 51: 260–265.

Li L, Wang W. 2009. The response of lake change to climate fluctuation
in north Qinghai–Tibet Plateau in last 30 years. J. Geogr. Sci. 19:
131–142.

Li L, Zhu X, Wang Z, Wang Q. 2005. Influential factor of water level
variation of Qinghai Lake in recent 42 years and trend prediction. J.
Desert Res. 25: 690–696.

Li X, Cheng G, Jin H, Kang E, Che T, Jin R, Shen Y. 2008. Cryospheric
change in China. Global Planet. Change 62: 210–218.

Li X, Wang L, Chen D, Yang K, Wang A. 2014. Seasonal evapotranspira-
tion changes (1983–2006) of four large basins on the Tibetan Plateau.
J. Geophys. Res. Atmos. 119: 13079–13095.

Li X, Wang L, Guo X, Chen D. 2017. Does summer precipitation trend
over and around the Tibetan Plateau depend on elevation? Int. J.
Climatol. 37: 1278–1284. https://doi.org/10.1002/joc.4978.

Liang TG, Huang XD, Wu CX, Liu XY, Li WL, Guo ZG, Ren JZ. 2008.
An application of MODIS data to snow cover monitoring in a pastoral
area: a case study in northern Xinjiang, China. Remote Sens. Environ.
112: 1514–1526.

Liang L, Li L, Liu C, Cuo L. 2013. Climate change in the Tibetan
Plateau three rivers source region: 1960–2009. Int. J. Climatol. 33:
2900–2916.

Lin C, Yang K, Qin J, Fu R. 2013. Observed coherent trends of surface
and upper-air wind speed over China since 1960. J. Climatol. 26:
2891–2903.

Liu X, Chen B. 2000. Climatic warming in the Tibetan Plateau during
recent decades. Int. J. Climatol. 20: 1729–1742.

Liu C, Shi Y, Wang Z, Xie Z. 2000. Glacier resources and their distribu-
tive characteristics in China: a review on Chinese glacier inventory. J.
Glaciol. Geocryol. 22: 106–112.

Liu S, Shen Y, Sun W, Li G. 2002. Glacier variation since the maximum
of the Little Ice Age in the western Qilian Mountains, northwest China.
J. Glaciol. Geocryol. 24: 227–233.

Liu SY, Ding YJ, Zhang Y, Shangguan DH, Li J, Han HD, Xie CW.
2006. Impact of the glacial change on water resources in the Tarim
River basin. Acta Oceanol. Sin. 61: 482–490.

© 2018 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. 38 (Suppl.1): e1–e17 (2018)
on behalf of the Royal Meteorological Society.

https://doi.org/10.1038/srep13711
https://doi.org/10.1038/srep13711
https://doi.org/10.1002/joc.4727
https://doi.org/10.1002/joc.4978


e16 S. BIBI et al.

Liu J, Wang S, Yu S, Yang D, Zhang L. 2009a. Climate warming and
growth of high-elevation inland lakes on the Tibetan Plateau. Global
Planet. Change. 67: 209–217.

Liu X, Cheng Z, Yan L, Yin Z. 2009b. Elevation dependency of recent
and future minimum surface air temperature trends in the Tibetan
Plateau and its surroundings. Global Planet. Change. 68(3): 164–174.

Liu Y, Wu G, Hong J, Dong B, Duan A, Bao Q, Zhou L. 2012. Revisiting
Asian monsoon formation and change associated with Tibetan Plateau
forcing: II. Change. Climatol. Dyn. 39: 1183–1195.

Liu Q, Fu YH, Zeng Z, Huang M, Li X, Piao S. 2016. Temperature,
precipitation, and insolation effects on autumn vegetation phenology
in temperate China. Global Change Biol. 22: 644–655.

Liu B, Cong Z, Wang Y, Xin J, Wan X, Pan Y, Liu Z, Wang Y, Zhang
G, Wang Z, Wang Y, Kang S. 2017. Background aerosol over the
Himalayas and Tibetan Plateau: observed characteristics of aerosol
mass loading. Atmos. Chem. Phys. 17: 449–463.

Lu N, Trenberth KE, Qin J, Yang K, Yao L. 2015. Detecting long-term
trends in precipitable water over the Tibetan Plateau by synthesis of
station and MODIS observations. J. Climatol. 28: 1707–1722.

Lutz A, Immerzeel W, Shrestha A, Bierkens M. 2014. Consistent
increase in High Asia’s runoff due to increasing glacier melt and pre-
cipitation. Nat. Clim. Change 4: 587–592.

Ma R, Duan H, Hu C, Feng X, Li A, Ju W, Yang G. 2010. A half-century
of changes in China’s lakes: global warming or human influence?
Geophys. Res. Lett. 37: L24106.

Mao W, Sun B, Wang T, Luo G, Zhang C, Huo L. 2006. Change trends
of temperature, precipitation and runoff volume in the Kaxgar River
basin since recent 50 years. Arid Zone Res. 23: 531–538.

Maussion F, Scherer D, Mölg T, Collier E, Curio J, Finkelnburg R.
2014. Precipitation seasonality and variability over the Tibetan
Plateau as resolved by the High Asia reanalysis. J. Clim. 27:
1910–1927.

Medina CE, Gomez-Enri J, Alonso JJ, Villares P. 2008. Water level
fluctuations derived from ENVISAT radar altimeter (RA-2) and in-situ
measurements in a subtropical waterbody: Lake Izabal (Guatemala).
Remote Sens. Environ. 112: 3604–3617.

Molg T, Maussion F, Yang W, Scherer D. 2012. The footprint of Asian
monsoon dynamics in the mass and energy balance of a Tibetan
glacier. Cryosphere 6: 1445–1461.

Molg T, Maussion F, Scherer D. 2014. Mid-latitude westerlies as a driver
of glacier variability in monsoonal High Asia. Nat. Clim. Change 4:
68–73.

Nan Z, Li S, Cheng G. 2005. Prediction of permafrost distribution on the
Qinghai–Tibet Plateau in the next 50 and 100 years. Sci. China Ser. D
Earth Sci. 48: 797–804.

Niu K, Zhang S, Zhao B, Du G. 2010. Linking grazing response of
species abundance to functional traits in the Tibetan alpine meadow.
Plant Soil 330: 215–223.

Niu L, Ye B, Li J, Sheng Y. 2011. Effect of permafrost degradation
on hydrological processes in typical basins with various permafrost
coverage in western China. Sci. China Earth Sci. 54: 615–624.

Oelke C, Zhang T. 2007. Modeling the active-layer depth over the
Tibetan Plateau. Arct. Antarct. Alp. Res. 39: 714–722.

Peng S, Piao S, Ciais P, Myneni RB, Chen A, Chevallier F, Vicca S. 2013.
Asymmetric effects of daytime and night-time warming on Northern
Hemisphere vegetation. Nature 501: 88–92.

Pepin NC. 2015. Elevation-dependent warming in mountain regions of
the world. Nat. Clim. Change 5: 424–430.

Piao S, Ciais P, Friedlingstein P, Peylin P, Reichstein M, Luyssaert S,
Grelle A. 2008. Net carbon dioxide losses of northern ecosystems in
response to autumn warming. Nature 451: 49–52.

Piao S, Cui M, Chen A, Wang X, Ciais P, Liu J, Tang Y. 2011. Alti-
tude and temperature dependence of change in the spring vegetation
green-up date from 1982 to 2006 in the Qinghai–Xizang Plateau.
Agric. For. Meteorol. 151: 1599–1608.

Piao S, Tan J, Chen A, Fu YH, Ciais P, Liu Q, Li Y. 2015. Leaf onset
in the Northern Hemisphere triggered by daytime temperature. Nat.
Commun. 6: 6911.

Pu Z, Xu L, Salomonson VV. 2007. MODIS/Terra observed seasonal
variations of snow cover over the Tibetan Plateau. Geophys. Res. Lett.
34: L06706.

Qi W, Zheng M. 2006. Initial research on water level fluctuation disci-
pline of Zabuye Salt Lake in Tibet. Geogr. Sci. 26: 693–701.

Qin D, Liu S, Li P. 2006. Snow cover distribution, variability and
response to climate change in western China. J. Clim. 19: 1820–1833.

Ramanathan V, Ramana MV, Roberts G, Kim D, Corrigan C, Chung C,
Winker D. 2007. Warming trends in Asia amplified by brown cloud
solar absorption. Nature 448: 575–578.

Rangwala I, Miller JR, Xu M. 2009. Warming in the Tibetan Plateau:
possible influences of the changes in surface water vapor. Geophys.
Res. Lett. 36: L06703.

Rangwala I, Miller JR, Russell GL, Xu M. 2010. Using a global climate
model to evaluate the influences of water vapor, snow cover and
atmospheric aerosol on warming in the Tibetan Plateau during the
twenty-first century. Clim. Dyn. 34: 859–872.

Richardson AD, Keenan TF, Migliavacca M, Ryu Y, Sonnentag O,
Toomey M. 2013. Climate change, phenology, and phenological con-
trol of vegetation feedbacks to the climate system. Agric. For. Meteo-
rol. 169: 156–173.

Rodell M, Velicogna I, Famiglietti JS. 2009. Satellite-based estimates of
groundwater depletion in India. Nature 460: 999–1002.

Shen M, Zhang G, Cong N, Wang S, Kong W, Piao S. 2014. Increasing
altitudinal gradient of spring vegetation phenology during the last
decade on the Qinghai–Tibetan Plateau. Agric. For. Meteorol. 189:
71–80.

Shen M, Piao S, Cong N, Zhang G, Jassens IA. 2015a. Precipitation
impacts on vegetation spring phenology on the Tibetan Plateau. Global
Change Biol. 21: 3647–3656.

Shen M, Piao S, Dorji T, Liu Q, Cong N, Chen X, Zhang G. 2015b.
Plant phenological responses to climate change on the Tibetan Plateau:
research status and challenges. Natl. Sci. Rev. 2: 454–467.

Shi Y. 2001. Estimation of the water resources affected by climatic
warming and glacier shrinkage before 2050 in west China. J. Glaciol.
Geocryol. 23: 333–341.

Shrestha M, Wang L, Koike T, Xue Y, Hirabayashi Y. 2012. Modeling
the spatial distribution of snow cover in the Dudhkoshi region of the
Nepal Himalayas. J. Hydrometeorol. 13: 204–222.

Song C, Huang B, Ke L. 2013. Modeling and analysis of lake water
storage changes on the Tibetan Plateau using multi-mission satellite
data. Remote Sens. Environ. 135: 25–35.

Song L, Zhuang Q, Yin Y, Zhu X, Wu S. 2017. Spatio-temporal dynamics
of evapotranspiration on the Tibetan Plateau from 2000 to 2010.
Environ. Res. Lett. 12: 014011.

Su F, Duan X, Chen D, Hao Z, Cuo L. 2013. Evaluation of the global
climate models in the CMIP5 over the Tibetan Plateau. J. Climatol.
26: 3187–3208.

Su F, Zhang L, Ou T, Chen D, Yao T, Tong K, Qi Y. 2016. Hydrological
response to future climate changes for the major upstream river basins
in the Tibetan Plateau. Global Planet. Change 136: 82–95.

Sun Q, Miao C, Duan Q. 2015. Projected changes in temperature and
precipitation in ten river basins over China in 21st century. Int. J.
Climatol. 35: 1125–1141.

Vitasse Y, Basler D. 2013. What role for photoperiod in the bud burst
phenology of European beech. Eur. J. For. Res. 132: 1–8.

Wang L, Lu A, Yao T, Wang N. 2007. The study of typical glaciers and
lakes fluctuations using remote sensing in Qinghai–Tibetan Plateau.
In IEEE International Geoscience and Remote Sensing Symposium,
23–28 July 2007, Barcelona, Spain, 4526–4529.

Wang B, Bao Q, Hoskins B, Wu G, Liu Y. 2008. Tibetan Plateau
warming and precipitation changes in East Asia. Geophys. Res. Lett.
35: L14702.

Wang X, Siegert F, Zhou A-G, Franke J. 2013. Glacier and glacial lake
changes and their relationship in the context of climate change, central
Tibetan Plateau 1972–2010. Global Planet. Change 111: 246–257.

Wild M, Gilgen H, Roesch A, Ohmura A, Long CN, Dutton EG,
Tsvetkov A. 2005. From dimming to brightening: decadal changes in
solar radiation at Earth’s surface. Science 308: 847–850.

Witt R, Günther F, Lauterbach S, Kasper T, Mäusbacher R, Yao T,
Gleixner G. 2016. Biogeochemical evidence for freshwater periods
during the last glacial maximum recorded in lake sediments from Nam
Co, south-central Tibetan Plateau. J. Paleolimnol. 55: 67–82.

Wu G, Duan A, Liu Y, Mao J, Ren R, Bao Q, Hu W. 2015. Tibetan
Plateau climate dynamics: recent research progress and outlook. Natl.
Sci. Rev. 2: 100–116.

Xie H, Ye J, Liu X, Chongyi E. 2010. Warming and drying trends on the
Tibetan Plateau (1971–2005). Theor. Appl. Climatol. 101: 241–253.

Xu X, Lu C, Shi X, Gao S. 2008. World water tower: an atmospheric
perspective. Geophys. Res. Lett. 35: L20815.

Xu C, Ma YM, You C, Zhu ZK. 2015. The regional distribution char-
acteristics of aerosol optical depth over the Tibetan Plateau. Atmos.
Chem. Phys. 15: 12065–12078.

Xue B, Wang L, Li X, Yang K, Chen D, Sun L. 2013. Evaluation
of evapotranspiration estimates for two river basins on the Tibetan
Plateau by a water balance method. J. Hydrol. 492: 290–297.

Yang S. 1996. ENSO–snow–monsoon associations and
seasonal–interannual predictions. Int. J. Climatol. 16: 2038–2051.

© 2018 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. 38 (Suppl.1): e1–e17 (2018)
on behalf of the Royal Meteorological Society.



REVIEW ON CLIMATE CHANGE AND ITS EFFECTS ON SPHERES ON TIBETAN PLATEAU e17

Yang J, Ding Y, Chen R. 2007. Climatic causes of ecological and
environmental variations in the source regions of the Yangtze and
Yellow Rivers of China. Environ. Geol. 53: 113–121.

Yang K, Chen Y, Qin J. 2009. Some practical notes on the land sur-
face modeling in the Tibetan Plateau. Hydrol. Earth Syst. Sci. 13:
687–701.

Yang K, Ye B, Zhou D, Wu B, Foken T, Qin J, Zhou Z. 2011. Response
of hydrological cycle to recent climate changes in the Tibetan Plateau.
Clim. Change 109: 517–534.

Yang K, Ding B, Qin J, Tang W, Lu N, Lin C. 2012. Can aerosol loading
explain the solar dimming over the Tibetan Plateau? Geophys. Res.
Lett. 39: L20710.

Yang K, Wu H, Qin J, Lin C, Tang W, Chen Y. 2014. Recent climate
changes over the Tibetan Plateau and their impacts on energy and
water cycle: a review. Global Planet. Change 112: 79–91.

Yao T, Pu J, Lu A, Wang Y, Yu W. 2007. Recent glacial retreat and its
impact on hydrological processes on the Tibetan Plateau, China, and
surrounding regions. Arct. Antarct. Alp. Res. 39: 642–650.

Yao T, Thompson L, Yang W, Yu W, Gao Y, Guo X, Pu J. 2012a. Dif-
ferent glacier status with atmospheric circulations in Tibetan Plateau
and surroundings. Nat. Clim. Change 2: 663–667.

Yao T, Thompson LG, Mosbrugger V, Zhang F, Ma Y, Luo T,
Joswiak ME. 2012b. Third pole environment (TPE). Environ. Dev. 3:
52–64.

Yao T, Qin D, Shen Y, Zhao L, Wang N, Lu A. 2013. Cryospheric
changes and their impacts on regional water cycle and ecological
conditions in the Qinghai–Tibetan Plateau. Chin. J. Nat. Med. 35:
179–186.

Yin Y, Wu S, Chen G, Dai E. 2010. Attribution analyses of potential
evapotranspiration changes in China since the 1960s. Theor. Appl.
Climatol. 101: 19–28.

Yin Y, Wu S, Zhao D, Zheng D, Pan T. 2013. Modeled effects of climate
change on actual evapotranspiration in different eco-geographical
regions in the Tibetan Plateau. J. Geogr. Sci. 23: 195–207.

You Q, Kang S, Flügel W-A, Sanchez-Lorenzo A, Yan Y, Huang J,
Martin-Vide J. 2010a. From brightening to dimming in sunshine
duration over the eastern and central Tibetan Plateau (1961–2005).
Theor. Appl. Climatol. 101: 445–457.

You Q, Kang S, Pepin N, Flügel W-A, Sanchez-Lorenzo A, Yan Y,
Zhang Y. 2010b. Climate warming and associated changes in atmo-
spheric circulation in the eastern and central Tibetan Plateau from a
homogenized dataset. Global Planet. Change 72: 11–24.

You Q, Kang S, Flügel WA, Sanchez-Lorenzo A, Yan Y, Huang J,
Martin-Vide J. 2010c. Frombrightening to dimming in sunshine dura-
tion over the eastern and central Tibetan Plateau (1961–2005). Theor.
Appl. Climatol. 101: 445–457.

You Q, Fraedrich K, Min J, Kang S, Zhu X, Pepin N, Zhang L. 2014.
Observed surface wind speed in the Tibetan Plateau since 1980 and its
physical causes. Int. J. Climatol. 34: 1873–1882.

You Q, Min J, Jiao Y, Sillanpää M, Kang S. 2016. Observed trend of
diurnal temperature range in the Tibetan Plateau in recent decades.
Int. J. Climatol. 36: 2633–2643.

Yu H, Luedeling E, Xu J. 2010. Winter and spring warming result in
delayed spring phenology on the Tibetan Plateau. Proc. Natl. Acad.
Sci. U.S.A. 107: 22151–22156.

Yu J, Zhang G, Yao T, Xie H, Zhang H, Ke C, Yao R. 2016. Developing
daily cloud-free snow composite products from MODIS Terra–aqua
and IMS for the Tibetan Plateau. IEEE Trans. Geosci. Remote Sens.
54: 2171–2180.

Zhang T. 2007. Perspectives on environmental study of response to
climatic and land cover/land use change over the Qinghai–Tibetan
Plateau: an introduction. Arct. Antarct. Alp. Res. 39: 631–634.

Zhang Y, Li T, Wang B. 2004. Decadal change of the spring snow depth
over the Tibetan Plateau: the associated circulation and influence on
the East Asian summer monsoon. J. Climatol. 17: 2780–2793.

Zhang X, Ren Y, Yin ZY, Lin Z, Zheng D. 2009. Spatial and tem-
poral variation patterns of reference evapotranspiration across the
Qinghai–Tibetan Plateau during 1971–2004. J. Geophys. Res. Atmos.
114: D15105.

Zhang B, Wu Y, Zhu L, Wang J, Li J, Chen D. 2011a. Estimation and
trend detection of water storage at Nam Co Lake, central Tibetan
Plateau. J. Hydrol. 405: 161–170.

Zhang G, Xie H, Duan S, Tian M, Yi D. 2011b. Water level variation of
Lake Qinghai from satellite and in situ measurements under climate
change. J. Appl. Remote Sens. 5(1): 053532.

Zhang G, Xie H, Yao T, Liang T, Kang T. 2012. Snow cover dynamics
of four lake basins over Tibetan Plateau using time series MODIS data
(2001–2010). Water Resour. Res. 48: W10529.

Zhang D, Huang J, Guan X, Chen B, Zhang L. 2013a. Long-term trends
of perceptible water and precipitation over the Tibetan Plateau derived
from satellite and surface measurements. J. Quant. Spectrosc. Radiat.
Transfer 122: 64–71.

Zhang L, Su F, Yang D, Hao Z, Tong K. 2013b. Discharge regime and
simulation for the upstream of major rivers over Tibetan Plateau. J.
Geophys. Res. Atmos. 118: 8500–8518.

Zhang Y, Cheng G, Li X, Han X, Wang L, Li H, Flerchinger GN. 2013c.
Coupling of a simultaneous heat and water model with a distributed
hydrological model and evaluation of the combined model in a cold
region watershed. Hydrol. Processes 27: 3762–3776.

Zhang C, Tang Q, Chen D. 2017a. Recent changes in the moisture source
of precipitation over the Tibetan Plateau. J. Clim. 30: 1807–1819.
https://doi.org/10.1175/JCLI-D-15-0842.1.

Zhang G, Yao T, Bolch T, Xie H, Chen D, O’Reilly CM, Yi S, Shum
CK, He Y, Lei W, Shang K. 2017b. Climate change drives extensive
lake area changes on Asia’s high plateaus. Geophys. Res. Lett. 44:
252–260. https://doi.org/10.1002/2016GL072033.

Zhang G, Yao T, Shum CK, Yi S, Yang K, Xie H, Feng W, Bolch T,
Wang L, Behrangi A, Zhang H, Wang W, Xiang Y, Yu J. 2017c.
Lake volume and groundwater storage variations in Tibetan Plateau’s
endorheic basin. Geophys. Res. Lett. 44: 5550–5560.

Zhao L, Ping C, Yang D, Cheng G, Ding Y, Liu S. 2004. Changes of
climate and seasonally frozen ground over the past 30 years in
Qinghai–Xizang (Tibetan) Plateau, China. Global Planet. Change 43:
19–31.

Zhao L, Wu Q, Marchenko S, Sharkhuu N. 2010. Thermal state of
permafrost and active layer in central Asia during the international
polar year. Permafrost Periglacial Processes 21: 198–207.

Zhu L, Xie M, Wu Y. 2010. Quantitative analysis of lake area variations
and the influence factors from 1971 to 2004 in the Nam Co basin of
the Tibetan Plateau. Chin. Sci. Bull. 55: 1294–1303.

© 2018 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. 38 (Suppl.1): e1–e17 (2018)
on behalf of the Royal Meteorological Society.

https://doi.org/10.1175/JCLI-D-15-0842.1
https://doi.org/10.1002/2016GL072033

