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Recent studies have shown that cryospheric melting is becoming the dominant factor responsible for sea level rise, and that the
melt-water from mountain glaciers and ice caps has comprised the majority of the cryospheric contribution since 2003. Analysis
of the estimations of cryospheric melt-water and precipitation in glacier regions indicated that the potential contribution of the
cryosphere in China is 0.14 to 0.16 mm a™', of which approximately 0.12 mm a™' is from glaciers. The contribution of glaciers in
the outflow river basins is about 0.07 mm a™', accounting for 6.4% of the total from global glaciers and ice caps.
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The cryosphere is one of most important factors influencing
sea level change. China is the country with a mostly devel-
oped cryospere in the mid-low latitudes, but no studies have
been conducted to evaluate the contribution of the cry-
osphere in China to sea level change. This is primarily be-
cause the cryosphere in China is a small part of the global
cryosphere, and the total volume of ice stored in the
cryosphere is not known well, especially the total mass bal-
ance of glaciers and permafrost melt-water has not been
determined.

Due to continuous climate warming, intensive shrinkage
of cryosphere has been causing increase in sea level rise. So
the estimation of cryospheric melt-water and its contribu-
tion to sea level change is receiving a great deal of attention.
Indeed, recent studies have shown that cryosphere melting
has exceeded the ocean thermal expansion and accounts for
the majority of the observed increase in sea level. Further-
more, melt-water from mountain glaciers and ice caps com-
prises the majority of the cryospheric contribution to sea
level rise [1-3]. In addition, several recent attempts have
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been made to estimate the total mass balance of glaciers and
permafrost melt-water in China. Here, the contribution of
cryospheric change in China to sea level rise is discussed
based on the results of these recent studies.

The main components of the cryosphere in China are gla-
ciers, permafrost and snow cover, and sea ice, while river
ice and lake ice are less common. Based on the glacier in-
ventories completed in the beginning of the 21st century [4],
there are 46377 glaciers with a total area of 59.425x10° km®
and a volume of about 5.600x10° km® in China. Because
this inventory was conducted over 23 years beginning in
1978 and is based on aerial photographs and maps made in
the period of the first aerial survey (1950s—1980s), the re-
sults do not reflect the present status. Accordingly, a new
inventory was started in 2007. The partial results of this
study show that the glacier area is 1.2% larger than previ-
ously estimated. According to this ratio, glaciers in China
have a total area of 60.138x10°km” and a total ice volume
of 5.667x10* km® assuming that the thickness of the ice is
the same as in the previous inventory. Taking the ice den-
sity as 917 kg m *, the water stored in the glaciers is about
5.2x10°km’.
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Approximately half of China, mainly in the north, is
covered with frozen ground seasonally. Permafrost is found
in the Tibetan Plateau, high mountains surrounding it and
the northeast portion of China. The total area of permafrost
is about 1489x10° km?, of which about 1299x10* km? is in
the Tibetan Plateau, 116x10° km? is in the northeast and
about 74x10° km? is in the Tianshan, Altay and other high
mountains [5]. The thickness of the permafrost has only
been measured at a few sites along the Qinghai-Tibetan
railway and highway; therefore, there are few estimates of
the total ice volume of the permafrost in China. The latest
estimate by Zhao et al. [6] for the Tibetan Plateau was
9.5%10° km®. The thickness of permafrost in the northeast
and other high mountains is generally lower than in the Ti-
betan Plateau. Moreover, the permafrost is discontinuous;
therefore, the average thickness is estimated to be slightly
less than a half of that of the Tibetan Plateau. However,
precipitation is higher in the northeast and high mountains,
which results in higher soil moisture. As a result, the pro-
portion of ice in the northeast should be higher than in the
Tibetan Plateau. If the proportion of ice within a unit area is
taken to be half of that in the Tibetan Plateau, the ice vol-
ume in the northeast and other high mountain permafrost is
about 0.65x10° km’. Consequently, the total ice volume in
the permafrost in China is about 10.15%10* km?, which is
equivalent to 9.3x10° km® of water. When compared with
the estimated ice volume for the Northern Hemispheric
permafrost of about 11x10°-37x10° km® [7], this figure
seems to be too large. Because there are no other estimates
of the amount of permafrost in the Northern Hemisphere
permafrost and the only old one may be much less.

Snow cover occurs widely in China. If taking the steady
snow cover longer than 60 days, there are three large re-
gions of steady snow cover in China, the Tibetan Plateau,
northern Xinjiang and Inner Mongolia-northeastern China.
Previous studies gave the total area of steady snow cover
regions of about 420%10° km? [8], but recent studies have
shown that it is about 3.4x10°km? [9]. Based on these val-
ues, the average cover depth is 0.041 m [8], the average
density is 160 kg m~ [10], and the annual mean water
equivalent of steady snow cover is about 22.3 km”.

Overall, the total water equivalent stored in glaciers,
permafrost and snow cover in China is 14.5223%10° km?, of
which glaciers account for about 35.8%, permafrost ac-
counts for about 64% and snow covers only about 0.2%.
The estimation error of the glacier water equivalent is rela-
tively low, although the ice thickness has only been meas-
ured for a few glaciers, and most values of glacier thickness
were determined from empirical formulas. Accordingly, the
uncertainty associated with the water equivalent estimations
of permafrost and snow cover is much larger than for gla-
ciers.

Numerical studies indicate that the cryosphere in China
has generally been decreasing over the past few decades,
and this trend seems to have been accelerating since the
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1990s [4,11-13]. Variations in glaciers over the past few
decades can be evaluated based on comparisons of recent
satellite imagines with aerial photographs taken in the 1960s
of more than 1700 glaciers and field investigations of doz-
ens of glaciers. The results of such comparisons show that
80% of glaciers in China are in retreat and that the investi-
gated glaciers, which have a total area of about 20x10° kmz,
have decreased by an average of 7% and by as much as 20%
for some glaciers, during the past four decades. There are
only a few estimates of the total runoff from glacial melt in
China. In early 1990, Yang [14] estimated the total annual
runoff from glaciers in China to be 56.4 km® based on ob-
servation data collected in several glacier basins and runoff
modulus. Later, Kang et al. [15] obtained a revised value of
60.5 km®. Xie et al. [16] estimated the total runoff to be 61.6
km?® by use of a glacial system model. These estimated val-
ues were likely lower because the glacier melting data used
in these studies were mainly obtained in the 1980s and
1990s and glacial melt has been much more intense since
the late 1990s. More recently, Gao et al. [17,18] developed a
basin scale Degree-Day model based on a glacier digital
elevation model and data from meteorological stations for
the time series recovery of glacier mass balance and melting
runoff in the Tarim and Yarkant basins. In addition, an at-
tempt to estimate the annual runoff of total glaciers in China
was made using this method [19]. The results indicate that
the annual average runoff was 62.3 km® during 1961-2006
and 79.4 km® during 20012006, of which 46.7 km’ is from
glaciers in the outflow river basins, occupying about 59% of
total glacial runoff. Since all of these values before 2000 are
greater than 60 km? consistently, it is reasonable to assume
that total runoff has increased to 800 km” at present because
glacier melting has been intensifying in response to climate
warming in recent years.

After identifying the total melt-water, it is necessary to
determine how much of the mass income is from precipita-
tion on glaciers because the accumulation has an effect on
sea level lowering. In other words, only the net mass bal-
ance, i.e. the difference between melting and precipitation,
is an eventual contributor of glaciers to sea level change.
Because direct observation of glacier mass balance is very
laborious it has only been conducted for about 12 glaciers;
therefore, it is impossible to extend these values to thou-
sands of glaciers. Nevertheless, the mass gain can be esti-
mated from the precipitation distribution. According to the
investigation data obtained in past decades, the annual pre-
cipitation is about 600 mm in the east Tianshan Mountains
and north slope of the Himalayas, 400-500 mm in the Qi-
lian and Tanggula Mountains, less than 300 mm in the West
Kunlun Mountains and north Tibetan Plateau, around 1000
mm in the Karakorum and Pamir, 700-1400 mm in the
Hengduan Mountains and more than 1000 mm in southeast
Tibet. From these a rough estimate for annual precipitation
is about 600 mm on average for all glaciers in China. Ac-
cordingly, we can obtain a roughly estimated value of total
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mass gain for all glaciers in China of about 36 km’. As a
result, the total net mass balance of glaciers in China is
about 44 km® if the average annual precipitation is sub-
tracted from the total melt-water. Conversely, the water
balance mode for a basin can also be used to assess the mass
balance of glaciers in the basin. For example, Gao [19] re-
cently attempted to estimate glacier mass balance in various
basins and obtained an average net mass loss per unit area
of 327 mm for all glaciers between 1991 and 2006 and lar-
ger than 600 mm between 2001 and 2006. If the net mass
loss since 2006 is assumed to be 700 mm or more, the total
net mass balance of glaciers in China is greater than 42 km®
a! since 2006, which is consistent with the results from the
precipitation based estimate.

It is extremely difficult to observe permafrost melt-water
directly; therefore, there are no estimates of permafrost
melt-water except for one based on observation of the pro-
portion of ice within a depth of 10 m at some sites along the
Qinghai-Tibet Highroad. Assuming a 0.2-0.4 m increment
of the active layer depth from early this century to 2050,
this estimate gives a value of 5-11 km’ for the annual per-
mafrost melt-water in the Tibetan Plateau [20]. Permafrost
shrinkage is occurring more rapidly in the Tianshan Moun-
tains and northeast China. For example, the permafrost
thickness decreased by 7.7 m from 1992 to 2008 in the
Urumgqi River basin, Tianshan [21], and the southern limit
of permafrost in northeast China has shifted northwards
40-120 km over the past 50 years [22]. Around the
Heihe-Beian Highroad in Xiao Hinggan Mountains, the
patchy permafrost area has decreased to 2% from 20% in
the 1970s [23,24]. Moreover, the temperature at 6 m in the
permafrost along the Qinghai-Tibet Highroad increased by
0.43°C from 1996-2006 [25], while the permafrost tem-
perature in the Urumgqi River basin increased by 1°C at 5 m
and 0.6°C at 10 m during the same period [26]. These find-
ings imply that the increase in permafrost temperature in the
Tianshan Mountains double that of the Tibetan Plateau. It is
lack of the temperature observation for permafrost in north-
east China, but the temperature change is expected to be-
come larger than that for the Tibetan Plateau at present
according to larger change in permafrost area in northeast
China. Assuming that the melt-water is double that of the
Tibetan Plateau per unit area, the annual melt-water in
northeast China and other areas such as the Tianshan
Mountains is about 1.3-2.8 km’. Consequently, the total
annual melt-water from permafrost in China is approxi-
mately 6-14 km®.

Of the main cryospheric components mentioned above,
glaciers have a relatively direct effect on changes in sea
level because melt-water from glaciers drains directly into
rivers. Taking the ocean area as 3.62x10® km® and the sea
water density as 1028 kg m> [27], the potential contribu-
tion of glaciers in China to sea lever rise is currently about
0.12 mm a ", It should be noted that all glaciers in China
are in the inland mountains and some of these drain melt
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water into inland rivers; therefore, melt water from these
glaciers does not flow into the ocean directly and only
has the potential contribution to sea level rise through the
water cycle. Accordingly, glaciers in outflow river basins
in China have a contribution of about 0.07 mm a”' to sea
level rise.

On a global scale, mountain glaciers and high latitude ice
caps have a great effect on sea level change. In the [IPCC
report [27], their contribution to sea level rise was about 0.5
mm a! from 1961-2003, and about 0.8 mm a' from
1993-2003. Recent results [1,2] show that this value has
increased to 1.1 mm a ', which is larger than other any con-
tributing factors and accounts for 44% of the observed sea
level rise since 2003 (Table 1). Glaciers in China occupy
about 12% of the area of the global glaciers and ice caps,
accounting 4%—11% of the total volume of the global gla-
ciers and ice caps (there is large uncertainty in the estimated
volume of global glaciers and ice caps), and their potential
contribution to sea level rise is currently about 6%—11% of
that of global glaciers and ice caps, accounting for about
2.8%—-4.8% of the observed sea level rise (Table 1).

Melt water from permafrost does not all form surface
runoff; therefore, it is insufficient to understand the water
cycle of permafrost. If it is assumed that permafrost melt-
water also contributes to increases in sea level, the maxi-
mum contribution of total annual melt-water from perma-
frost in China is 0.016-0.038 mm a '. Because this is only a
seasonal store of precipitation on the land, snow cover is
generally regarded unimportant to changes in sea level [27].

Overall, the maximum potential contribution of the
cryosphere in China to sea level rise is about 0.14—-0.16 mm
a' at present, if glacier melting in the inland river basins
and permafrost melt-water are considered.

The results of recent studies of sea level change and its
causes show that since 2003 a major portion of sea level rise
can be attributed to cryosphere melting, and that glaciers
and ice caps make the largest contribution of cryospheric
components, although the contribution from Greenland and
Antarctic ice sheets is increasing rapidly.

If permafrost melt-water and the glacier runoff in the
inland river basins are counted, the overall contribution of
the cryosphere in China to sea level rise is 0.14-0.16 mm
al, accounting for 5.6%—-6.4% of the observed sea level
rise, 12.7%—14.5% of the contribution from global glaciers
and ice caps and 6.8%-7.8% of that from the global
cryosphere. The glaciers in outflow river basins have a con-
tribution of 0.07 mm a~' to sea level rise, accounting for
6.4% of that from global glaciers and ice caps.

On a global scale, the ice volume of the cryosphere in
China is not large and therefore has a relatively minor im-
pact on changes in sea level. However, because of the in-
tensive shrinkage of the cryosphere, it is valuable to under-
stand the contribution of the cryosphere in China to sea level
rise. Here, we make a first attempt to provide a rough esti-
mate of this contribution. To enable a better understanding of
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Table 1 Potential contributions of the cryosphere in China and the world to sea level rise”

Cryosphere Ice volume Potential sea level Annual net loss Contribution to sea Percentage
components (103 km?) rise if melted (m) water eq. (km®) level rise (mm a™) (%)
Global
Glaciers & ice caps 50-130 0.15-0.37 410 1.1 44
Greenland & Antarctic ice sheets 27600 63.9 354 0.95 38
Permafrost (NH) 11-37 0.03-0.10 - - -
Snow cover (NH) 0.5-5 0.0113-0.0134 - - -
China
Glaciers 5.667 0.014 44 0.12 4.8
Permafrost 10.15 0.025 6-14 0.016-0.038 0.7-1.5
Snow cover 0.022 0.00006 - - -

a) The ice volume and potential sea level rise for global cryosphere from
water inversely calculated from these values.

this contribution, it is necessary to undertake a more sys-
tematic approach to the basin scale mass balance of glaciers
and permafrost melting process and to develop specific
models such as a basin scale mass balance model, dynamic
model of glaciers and water cycle model of various perma-
frost regions.

Although the cryospheric impact on changes in sea level
is attracting increasing attention, there is large uncertainty
in the estimation of cryospheric melting on the global scale,
as well as regionally. Moreover, observations and modeling
of changes in sea level need to be further developed. For
example, the 2007 IPCC Report [28] states that the sea level
rise is about 3.1 mm a ' and thermal expansion of sea water
is the primary contributor to this increase. However, the
forward looking results from then on [1,2] show that both
sea level rise and sea water thermal expansion is decreasing
to some extent and cryospheric melting has become the
primary contributor. In June 2010, the IPCC held a work-
shop on sea level rise and ice sheet instabilities in Malaysia
and more results of monitoring and modeling of sea level
rises and cryospheric melting were presented. Some results
suggest that the rate of sea level rise is higher than 3.1 mm
a' at present, while contributions from glaciers and ice sheets
are close to those shown in Table 1 [3]; however, these re-
sults were only distributed by IPCC in abstract volume and
the related papers have not been published to date.

This work was supported by the National Basic Research Program of
China (2007CB411501).
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