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Using the definition of vulnerability provided by the Intergovernmental Panel on Climate Change, this paper assesses the vulnera-
bility of areas affected by Chinese cryospheric changes from 2001 to 2020 and from 2001 to 2050 in A1 and Blscenarios. Seven
indices are used in the vulnerability assessment: glacial area fraction, interannual variability of permafrost depth, interannual var-
iability of surface snow area fraction, interannual variability of surface runoff, interannual variability of surface temperature, in-
terannual variability of vegetation growth, and interannual variability of the human development index. Assessment results show
that the overall vulnerability of the studied areas in China increases from east to west. The areas in the middle and eastern parts of
China are less vulnerable compared with western parts and parts of the Tibetan Plateau. The highest vulnerability values are found
from 1981 to 2000, and the least ones are found from 2001 to 2050. The vulnerable areas increase from the period of 1981 to 2000
to the period of 2001 to 2050, and the less vulnerable areas decrease. The highly vulnerable areas increase from the period of 1981
to 2000 to the period of 2001 to 2020 and then decrease from the period of 2001 to 2020 to the period of 2001 to 2050. This de-
crease in vulnerability is attributed to the decrease in exposure and sensitivity to Chinese cryospheric changes along with a con-

comitant increase in adaptation.
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Cryosphere is an essential component of the earth’s climate
system, significantly affects natural and human systems. As
research in global change progresses, cryospheric change
has become not only a dynamic element of climate system
research but also a main concern in global change and sus-
tainable development [1-8]. Chinese cryospheric distribu-
tion is the most extensive in medium and low latitude areas.
Cryospheric changes bring about not only drought and flood
on the Yangzi River Valley [9], depleted water resources in
west arid areas [10], and variation of vegetation on the Ti-
betan Plateau [11-13] at the regional level but also sea level
rises globally [14]. Because of global warming, 82% of
glaciers in China have shrunk or disappeared, and their areas
have decreased from 18% to 2% [15-17]. The Tibetan Plat-
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eau’s permafrost has noticeably been degraded. The de-
crease in seasonal frozen depth is most significant in the
middle and northeastern regions of the Tibetan Plateau,
thinning from 8% to 10% [18]. The snow cover in Tibet
shows an increasing trend, with the annual snow depth in-
creasing by 2.3% from 1957 to 1998. The glacial area on
the Tarim Valley will shrink about 2% to 4% in the next 50
years [19]. The permafrost area of the Tibetan Plateau will
also decrease from 8.8% to 13.5% [20], and the active layer
thickness of 0.5 m to 1.5 m will increase to 1.5 m to 2.0 m
[21]. The snow cover in Tibet [22] and the snow depth in
Xinjiang [23] will likewise decrease. Chinese cryospheric
changes in the future will significantly affect not only the
safety of the ecosystem and the environment but also the
sustainability of water resources in west China.
Vulnerability is the degree to which a system is suscepti-
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ble to and unable to cope with the adverse effects of climate
change, including climate variability and extremes. Vulner-
ability, which is a function of the character, magnitude, and
rate of climate change, refers to the variation to which a
system is exposed, its sensitivity, and its adaptive capacity
[24]. Vulnerability assessment aims to predict and assess a
system’s response to outer exposure, its capacity to recover,
and the resistance needed to maintain the stability of the
system. Appropriate intervention policies are also explored
to avoid the further degradation of the system and to de-
crease its vulnerability. The vulnerability of cryospheric
changes refers to the degree of effects brought on natural
and human systems as a result of changes in glacier, per-
mafrost, and snow, including the oasis system in arid re-
gions and ecosystems and human society in cold regions.
The vulnerability assessment of cryospheric changes in-
volves an evaluation of the vulnerability of natural and hu-
man systems caused by present and future cryospheric
changes. To date, the vulnerability assessment of cry-
ospheric changes is a relatively new research field. There-
fore, its indices and approaches have yet to be improved
[25-27]. Using the definition of vulnerability provided by
the Intergovernmental Panel on Climate Change (IPCC),
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this paper conducts a quantitative vulnerability assessment
of Chinese cryospheric changes for the next 50 years. The
effects of these changes on natural and human systems are
also analyzed, which will be useful in strategic policy mak-
ing for environmental protection and adaptation to climate
change.

1 Research area, methods and data
1.1 Research area

The area affected by Chinese cryospheric changes (un-
published work) is distributed over 1173 counties in 21
provinces of Northwestern China, Northern China, North-
eastern China, Eastern China, and the middle and western
parts of Southwestern China. The entire area spans 7.494
million km? (see colored areas in Figures 1 and 2).

1.2 Method and index

(1) Research method. Based on the definition provided by
the IPCC, Formula (1) for vulnerability assessment is estab-
lished. F is the vulnerability, i is the ordinal number of the
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Figure 1 Vulnerability distribution of Chinese cryospheric changes in the 2000s and 2020s. Xinjiang: Xinjiang Uygur Autonomous Region; Tibet: Tibet

Autonomous Region (the same below).



4786 Chin Sci Bull

HeY, et al.

50°
(N)

45°

Vulnerability index 4
B <022 of |

20° 0.22-0.36 —
036056 d”“wmx.%,ﬂ'/ 5T
0.56-0.77 B i

157 mm >0.77 CA
90° 100° 110° 120° (E)

December (2012) Vol.57 No.36

50°
(N)
45°

25° .
Vulnerability index

.| w022 ]

2 0.22-036 =7
0.36-0.56

. 0.56-0.77 L

15°| mm>077
90° 100° 110° 120° (E)

Figure 2 Vulnerability distribution of Chinese cryospheric changes in the 2050s.

index, [ is the number of exposure index, m is the number of
sensitivity index, n is the number of adaptation index, W,;is
the weight of the ith exposure index, Wj; is the weight of the
ith sensitivity index, Wy is the weight of the ith adaptation
index, E; is the ith exposure index, S; is the ith sensitivity
index, and A; is the ith adaptation index.
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(2) Research time. With the future development goals
of China considered, two stages are chosen as the research
period: the 2020s (from 2001 to 2020) and the 2050s (from
2001 to 2050). The vulnerability assessment of Chinese
cryospheric changes is performed in Al and B1 scenarios in
accordance with IPCC guidelines. The results of the vul-
nerability assessment in the 2000s (from 1981 to 2000) are
also compared with those of the aforementioned two stages.

(3) Selection of indices. Seven indices of exposure,
sensitivity, and adaptation are selected for the vulnerability
assessment (Table 1). The three indices of exposure are the
glacial area fraction, interannual variability of permafrost
depth, and interannual variability of surface snow area frac-
tion. The two indices of sensitivity are the interannual vari-
ability of surface runoff and the interannual variability of
surface temperature. The two indices of adaptation are the

Table 1 Index characteristics of Chinese cryospheric changes

interannual variability of vegetation growth and interannual
variability of the human development index (HDI) [28]. The
calculation unit in this study is county affected by Chinese
cryospheric changes.

(4) Weight of indices. The analytic hierarchy process is
used in this study to determine the weight of indices [29].
The development of an evaluation matrix helps identify the
weight and relative importance of every index. The score of
every index is obtained by well-known scientists in the field
of cryospheric research. The assessment matrix is con-
structed through setting the degree of influence of all indi-
ces on the basis of a criterion layer in comparison with the
superior criterion layer. Eigenvectors are calculated to de-
termine the final weight vectors of the assessment matrix,
that is, the weight of indices in the criterion layer. The ratio
of random consistency (CR) is also calculated to identify
the consistency of the results of the analytic hierarchy pro-
cess. If CR<0.10, the consistency of the results is acceptable,
and the distribution of weighting vectors is logical. All as-
sessment matrices in this study pass the consistency test,
and the CR<0.10, which means the consistency of the re-
sults is acceptable. Finally, the comprehensive weights of
the indices are ranked and calculated, and the final weights
of seven vulnerability assessment indices are obtained (Ta-
ble 2). These seven indices are normalized to restrict the
range from O to 1.

Goal layer Criterion layer

First layer of index

Second layer of index

Glacial area fraction

Exposure Exposure of Chinese cryospheric channges Interannual variability of permafrost depth
Vulnerability assessment Interannual variability of surface snow area fraction
of Chinese cryospheric o

fyosp L L . . Interannual variability of surface runoff
changes Sensitivity Sensitivity of Chinese cryospheric channges N
Interannual variability of surface temperature
. . . . Interannual variability of vegetation growth
Adaptation Adaptation of Chinese cryospheric channges

Interannual variability of the HDI
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(5) Climate data. The Community Climate System
Model (CCSM3.0) is a coupled climate model with compo-
nents that represent the atmosphere, ocean, sea ice, and land
surface. These components are connected by a flux coupler,
which was developed by the National Center for Atmos-
pheric Research [30]. Assessment of the simulation capacity
over East Asia of the model, which was included in the
IPCC AR4, shows that CCSM3.0 is on the medium level
[31]. The simulation results of CCSM3.0 showed a rela-
tively high resolution, so monthly surface air temperature,
monthly ground temperature, monthly total precipitation,
monthly surface runoff, monthly cloud area fraction, and
monthly snow cover fraction are used in this research to
calculate the indices.

(6) Calculation of indices. Data from the first glacier
inventory are used to calculate the glacial area fraction of
every county in the studied area. The shrinkage percentage
of temperate glacier, sub-continental glacier, and extreme-
continental glacial in the 2020s and 2050s are calculated
from the research of Shi and Liu [32]. With these data, the
glacial area fraction in the 2020s and 2050s is calculated.
Revised Kudryavtsev’s permafrost model [33] is used to
simulate permafrost depth in the Al and B1 scenarios from
2001 to 2050 with monthly surface air temperature and
monthly total precipitation from CCSM3.0. With these data,
the interannual variability of permafrost depth in the 2020s
and 2050s is then calculated. Interannual variability of sur-
face snow area fraction of every county in the studied area
in the 2020s and 2050s is calculated with the use of monthly
surface snow area fraction data from CCSM3.0 in the Al
and B1 scenarios. Interannual variability of surface runoff
of every county in the 2020s and 2050s is calculated with
the use of surface runoff data from CCSM3.0 in the Al and
B1 scenarios from 2001 to 2050. Interannual variability of
surface temperature is calculated with the use of monthly
surface temperature data from CCSM3.0 in the Al and Bl
scenarios of every county in the studied areas in the 2020s
and 2050s. LAI of Chinese terrestrial vegetation from 2001
to 2050 in the Al and B1 scenarios simulated by BIOME4
[34] with the use of monthly total precipitation and monthly
cloud area fraction from CCSM3.0, is used to calculate the
interannual variability of vegetation growth of every county
in the studied area in the 2020s and 2050s. Because of the

Table 2 Weight of the indices of Chinese cryospheric changes
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lack of data on HDI, the calculation unit of this index is the
province, and the value of every county in one province is
the same. The HDI in 2020 is 0.84, which was calculated
from the goals on income, health [35] and education (Na-
tional medium and long term program outline of education
reform and development (2010-2020)) in China in 2020
with the definition of HDI. Therefore, the HDI in the stud-
ied counties is also assumed to be 0.84. The interannual
variability of HDI in the 2020s is calculated with the use of
provincial HDI data in 1999 [36] and HDI data in 2020. The
HDI of developed countries in 2000 ranged from 0.90 to
0.94 [37]. The median value of 0.92 is selected as the HDI
in the 2050s in the Al and B1 scenarios. The interannual
variability of HDI in the 2050s is calculated from the HDI
of 1999 and the 2050s.

The variations in glacial area fraction, interannual varia-
bility of permafrost depth, and interannual variability of
surface snow area fraction are found to be negative in the
Al and B1 scenarios in the 2020s and 2050s. This result
indicates the decreasing trend in glacial area, surface snow
area, and permafrost depth, except for the interannual varia-
bility of the surface snow area fraction in the 2020s in the
Al scenario. The interannual variability of surface runoff
and surface temperature is found to be positive, reflecting
an increasing trend in surface runoff and surface tempera-
ture in the future, except for the interannual variability of
surface runoff in the 2020s in the B1 scenario. The interan-
nual variation of vegetation growth in the Al and B1 sce-
narios is respectively found to be positive and negative,
indicating a good and an adverse trend in vegetation growth,
respectively. The interannual variability of the HDI in the
two scenarios is positive, reflecting a strong adaptation ca-
pacity in the future (Table 3).

2 Discussion

The vulnerability of Chinese cryospheric changes in the
2020s and 2050s was calculated in this study. Cluster anal-
ysis identified four thresholds of 0.22, 0.36, 0.56, and 0.77
among the vulnerability values in the 2000s, 2020s, and
2050s. Five clusters are formed from the four thresholds,
including the slight-vulnerable area (lower than 0.22), light-

Exposure 0.33 Sensitivity 0.33 Adaptation 0.33 Result
Glacial area fraction 0.1667 0.05556
Interannual variability of permafrost depth 0.3333 0.11109
Interannual variability of surface snow area fraction 0.5 0.16665
Interannual variability of surface runoff 0.75 0.24998
Interannual variability of surface temperature 0.25 0.08333
Interannual variability of vegetation growth 0.3333 0.11109
Interannual variability of the HDI 0.6667 0.22221
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Table 3 Characteristics of the vulnerability assessment index of Chinese cryospheric changes

. Interannual Interannual Interannual Interannual Interannual
Glacial area - . L - R . Interannual
. . . variability of the variability of variability variability variability of R
Scenario Time fraction change . variability
(321 (%) permafrost depth  surface snow area  of surface runoff of surface vegetation of the HDI
‘ (m/a) fraction (%) (kg/m2 a) temperature (°C/a) growth
Al 2020s -6to—-14 —-0.00326 0.07584 0.001448 0.028160 0.57250 0.006757
2050s -6to—-14 —-0.00815 —-0.04268 0.0001446 0.015990 0.04749 0.004480
B1 2020s —13to —-43 —-0.00877 —0.05865 —0.0004050 0.019360 —-0.00294 0.006757
2050s —13t0—43 —-0.00810 —0.01646 0.0000099 0.006595 —0.05830 0.004480

vulnerable area (from 0.22 to 0.36), medium-vulnerable
area (from 0.36 to 0.56), strong-vulnerable area (from 0.56
to 0.77), and very-strong-vulnerable area (0.77 and above).
The characteristics of the vulnerability of Chinese cry-
ospheric changes in different periods and scenarios are dis-
cussed as follows.

2.1 Vulnerability analysis of Chinese cryospheric
changes in the 2020s

In the Al scenario, the values of vulnerability range from
0.0852 to 0.4762, with an average of 0.1832. The vulnera-
bility values in Northeastern China, Northern China,
Northwestern China, south of Sichuan Province, Yunnan
Province, and Guizhou Province are below 0.22, which can
be categorized under the slight-vulnerable area. The vul-
nerability values in Qinghai Province, southeast of Gansu
Province, and north of Sichuan Province range from 0.22 to
0.36, which can be categorized under the light-vulnerable
area. The vulnerability values in Tibet usually exceed 0.36.
Those in the central regions of Tibet range from 0.36 to
0.56, which can be categorized under the medium-vulnera-
ble area, and those in the south regions of Tibet range from
0.56 to 0.77, which can be categorized under the strong-
vulnerable area. In the west and northwest regions of Tibet,
the vulnerability values exceed 0.77, which can be catego-
rized under the very-strong-vulnerable area. In the B1 sce-
nario, the values of vulnerability range from 0.0815 to
0.6128, with an average of 0.1834, which is similar to that
of the Al scenario. The distribution of vulnerability in the
B1 scenario is similar to that in the Al scenario, increasing
from east to west in China. In Tibet, the strong-vulnerable
and very-strong-vulnerable areas in the B1 scenario are
larger compared with those in the Al scenario. The strong-
vulnerable area is distributed in the central and eastern parts
of Tibet, whereas the very-strong-vulnerable area is distrib-
uted in the central and northwestern parts of Tibet (Figure 1).
A comparison of the vulnerable areas between the 2000s
and 2020s shows that the slight-vulnerable areas of the two
scenarios in the 2020s are 5.3987x10° km® and 5.4183x10°
km?, respectively, which are larger than the 1.8407x10° km?
vulnerable areas in the 2000s. The light-vulnerable and me-
dium-vulnerable areas of the two scenarios are 1.2051x10°
km” and 0.9875x10° km®, and 0.4588x10° km” and 0.1512

x10° km?, respectively, which are less than the vulnerable
areas in the 2000s. The strong-vulnerable and very-strong-
vulnerable areas of the two scenarios are 0.2829x10° km?
and 0.5285x10° km’, and 0.1486x10° km” and 0.4085x10°
km?, respectively, which are larger than the vulnerable areas
in 2000s. In the two scenarios in the 2020s, the slight-
vulnerable, strong-vulnerable, and very-strong-vulnerable
areas are larger than those in the 2000s, whereas the light-
vulnerable, medium-vulnerable areas are less than those in
the 2000s.

2.2 Vulnerability analysis of Chinese cryospheric
changes in the 2050s

In the Al scenario, the values of vulnerability range from
0.0346 to 0.3290, with an average of 0.1048. In the B1 sce-
nario, the values of vulnerability range from 0.03246 to
0.4138, with an average of 0.0917. Similar to those in the
2020s, the distributions of vulnerability in the 2050s show
an increasing trend from east to west in China. The values
in a large part of the studied areas, excluding Tibet, are less
than 0.22, which can be categorized under the slight-vul-
nerable area. In the Al scenario, the very-strong-vulnerable
area disappears, and the strong-vulnerable area is distributed
in the northwest of Tibet. In the B1 scenario, the strong-
vulnerable area is distributed in the middle and western
parts of Tibet, whereas the very-strong-vulnerable area is
distributed in the northwest part of Tibet (Figure 2).

The slight-vulnerable areas are 6.4214 and 6.4007x10°
km? in the Al and Bl scenarios, respectively, which are
higher than those in the 2020s (Table 4). The light-vulnerable
areas are 0.4826 and 0.3575x10° km? for the two scenarios,
respectively, which are less than those in the 2020s. The
strong-vulnerable and very-strong-vulnerable areas are
0.1182 and 0.116x10° km’, and 0 and 0.116 x10° km® for
the two scenarios, respectively, which are less than those in
the 2020s. The less vulnerable area increases, and the highly
vulnerable area decreases compared with those in the 2020s,
which indicates the different characteristics of the two pe-
riods.

The comparison of vulnerability among the three periods
indicates that the highest vulnerability is in the 2000s with
an average value of 0.2644. Medium vulnerability is in the
2020s with average values of 0.1832 and 0.1834 in the Al
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Table 4 Different vulnerable areas of Chinese cryospheric changes in different scenarios (Unit: 10000 km?)

Threshold
Scenario  Time  Slight-vulnerable area Light-vulnerable area ~Medium-vulnerable area  Strong-vulnerable area Very-strong-vulnerable area

<0.22 0.22-0.36 0.36-0.56 0.56-0.77 >0.77

2000s 184.07 452.14 87.07 23.17 2.94

Al 2020s 539.87 120.51 45.88 28.29 14.86
2050s 642.14 48.26 47.19 11.82 0.00

2020s 541.83 98.75 15.12 52.85 40.85

Bl 2050s 640.07 35.75 43.74 11.60 18.23

and B1 scenarios, respectively. The lowest vulnerability is
in the 2050s with average values of 0.1048 and 0.0917 in
the Al and B1 scenarios, respectively. The slight-vulnerable
area increases, and the light-vulnerable area decreases from
the 2000s to 2050s; the medium-vulnerable area increases
from the 2000s to 2020s and then decreases from the 2020s
to 2050s; and the strong-vulnerable and very-strong-
vulnerable areas increase from the 2000s to 2020s and then
decrease from the 2020s to 2050s (Table 4). These varia-
tions in the vulnerable areas of the three periods reflect the
complexity brought about by Chinese cryspheric changes.

2.3 Analysis of the causes of vulnerability variations

Exposure, sensitivity, and adaptation are examined to ana-
lyze the causes of vulnerability variations in Chinese cry-
ospheric changes in different periods and scenarios. The
results (Table 5) show that under the A1 and B1 scenarios,
the values of exposure and sensitivity in the 2020s and
2050s are lower than those in the 2000s, but the value of
adaptation is higher than that in the 2000s. The calculation
results with the use of Formula (1) indicate that low expo-
sure and sensitivity and high adaptation result in low vul-
nerability. Therefore, the value of vulnerability in the 2000s
is 0.2644, which is higher than the value of 0.1832 in the
2020s and 0.1048 in the 2050s in the Al scenario. The
0.2644 value of vulnerability in the 2000s is also higher
than the value of 0.1834 in the 2020s and 0.0917 in the
2050s in the B1 scenario. This finding indicates that the
vulnerability of Chinese cryospheric changes in the past 20
years is higher than those in the 2020s and 2050s.

The analysis of exposure, sensitivity, and adaptation in
the future shows that the value of exposure in the 2020s is
higher than that in the 2050s, the value of sensitivity in the

2020s is lower than that in the 2050s, and the value of ad-
aptation in the 2020s is lower than that in the 2050s. In the
Al scenario, the use of Formula 1 indicates that the value of
vulnerability is 0.1832 in the 2020s, which is higher than
the value of 0.1048 in the 2050s. In the B1 scenario, the
values of exposure and sensitivity in the 2020s are higher
than those in the 2050s, and the value of adaptation is lower
than that in the 2050s. Therefore, the value of vulnerability
in the 2020s is 0.1834, which is higher than the value of
0.0917 in the 2050s. The vulnerability analysis in the dif-
ferent periods and scenarios shows that with a decrease in
the exposure and sensitivity and an increase in adaptation
from the 2000s to 2050s, the vulnerability decreases slowly.

3  Summary

Using the definition of vulnerability provided by the IPCC,
this paper conducted a quantitative vulnerability assessment
of areas affected by Chinese cryospheric changes. The re-
sults show that the values of vulnerability from the 2000s to
2050s decrease slowly in the studied area, which can be
attributed to the decrease in exposure and sensitivity to the
Chinese cryospheric changes along with a concomitant in-
crease in adaptation. However, the different types of physi-
cal science and social science data used in this research
could have affected the results and increased the uncertainty
involved. Future studies should utilize high-quality data
from high-resolution models and ensemble models [38—40]
to enhance the accuracy of vulnerability assessment. This
preliminary work on the vulnerability assessment of cry-
ospheric changes can give technological and methodolog-
ical insights into this topic to guide future research. More
important, the findings can serve as useful references to

Table 5 Vulnerability assessment of Chinese cryospheric changes in different periods

——_ Exposure Sensitivity Adaptation Vulnerability

Al B1 Al B1 Al B1 Al B1
2020s 0.4640 0.4715 0.5247 0.5016 0.1663 0.1663 0.1832 0.1834
2050s 0.2517 0.2492 0.5897 0.4476 0.1736 0.1736 0.1048 0.0917
2000s 0.4767 0.6952 0.1499 0.2644
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formulate appropriate regional social and economic policies
for environmental protection and adaptation to climate
change.

This work was supported by the National Basic Research Program of Chi-
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