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Glacier retreat as a result of climate change due to warming
and increased precipitation in the Tarim River Basin,

Northwest China
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ABSTRACT. The Tarim River basin, a river system formed by the convergence of nine
tributaries, is the most heavily glacierized watershed in arid northwest China. In the basin
there are 11,665 glaciers with a total area of 19,878 km? and a volume of 2,313 km’. Glaciers
in the basin play a significant role in the water resource system. It is estimated that glaciers
provide about 133X 10°m® of meltwater annually, contributing 39% of the total river runoff.
With the influence of global warming, northwest China has experienced a generally warmer
and dryer climate since the mid-19th century. However, a so-called “warm and wet transition”
has occurred since the late 1980s, shown by an increase both in precipitation and stream
discharge in the Xinjiang Autonomous Region and neighboring regions. This paper describes
how glaciers in the Tarim River basin have responded to such warming and increased
precipitation, and what impact such glacier changes exert. We analyzed the variations of more
than 3000 glaciers since the 1960s using topographical maps, high resolution satellite images
and aerial photos of the river basin. Our results indicate that glaciers in the basin were mostly
in retreat in the past 40 years, and ice wastage has significantly influenced the water resources
in the Tarim River basin. An estimation by a degree-day meltwater model shows the positive
anomaly in stream runoff of the Tailan River can be partly attributed to the increase in glacier
runoff (it amounted to one third of the stream discharge), and a rough estimation using
observed average ablation on the termini of 15 glaciers in China verifies that the mass loss

calculated by a glacier area-volume relation is reasonable.



1. STUDY AREA

The Tarim basin, with a total area about 1.02X 10°%km?, in the southern part of
the Xinjiang Autonomous Region, is the longest inland river basin in China. It is
composed of the Tarim River and nine tributary water systems, including the Akesu,
Kaxgar, Yarkant, Hotan, Kaidu-Kongqi, Dina, Ogan, Keriya and Qarqan rivers (Mao,
2001). The Tarim River has a total length of 2350km, measured from the source of the
Yarkant River that originates on the north slope of Karakorum Mountains. Its main
stream extends 1321km flowing around the western and northwestern edge of the
Taklamagan Desert (Fig.1). It lies in a continental warm temperate and arid zone.
There is no runoff generated within the main stream area, because of the high
evaporation (1125 to 1600mm/year) and the extremely low precipitation (between
17.4 and 42.8mm per year) (Mao, 2001). The surface runoff is mostly generated from
highly glacierized areas and grassland/forest regions in the encompassing high
mountain slopes of the Tian Shan, eastern Pamirs, Karakorum and Kunlun mountains.
Yang’s (1991) estimation shows that glacial runoff in the basin amounted to
133.4x10°m’, 38.5% of the total discharge at the outlets of the Tarim River.

Figure 1

Presently, only three tributaries, the Akesu, Hotanr and Kaidu-Konqi Rrivers,
provide water to the main stream due to intensive development and utilization of
water resources in the other tributaries of the Tarim River basin that flowed into the
main stream in the early 20th century. With the continuous increase in water
consumption from the main stream, the adjoining lakes and 320km of the lower reach
of the river has not received any water input since the 1970s, and Taitema Lake, a lake
near the end of the river, disappeared in 1974. Consequently, desertification,
ecological degradation and associated conditions became more and more serious in
the lower reaches of the river (Tan and others, 2004).

According to the China Glacier Inventory (CGI), there are 11,665 glaciers within
the Tarim River basin. These glaciers have a total area and volume of 19,877.7km’
and 2,313.3km’, respectively, and account for 25.2%, 33.5% and 41.3% of the total
number, area and volume of all glaciers in China (Shi and others, 2005). Glaciers are
primarily distributed in 6six major catchments, namely the Keriya, Hotan, Kaxgar,
Yarkant, Akesu and Ogan, where they comprise 97% of the total glacial area of the
Tarim River basin. Of all these major catchments, the Hotan and Yarkant rivers
account for 54% of the total glacial area in the whole basin. Accordingly, these highly
glacierized catchments provide most of the glacial runoff to the Tarim River system.

2. THE RECENT CHANGE OF CLIMATE TOWARD WARMING AND

INCREASED PRECIPITATION

Shi and others (2003) have suggested that the apparent transition from warm and
dry to warm and humid conditions that has occurred during the last two decades is a
strong indicator of climate change. Observations indicate that air temperature has



been increasing at a rate of 0.2°C/decade in the past 50 years in western China,
especially during the 1980s-1990s. The 1990s may not only be the warmest period in
the past century but the past 1000 years. The average air temperatures of 128 stations
during the period 1987 to 2000 have risen by 0.7 °C as compared with the average
temperature from 1961 to 1986 (Wang and Dong, 2002).

Figure 2

At the same time as air temperature began to increase, the trend in precipitation
switched from a decrease to an increase. The average yearly precipitation from 1986
to 2000 in western China increased by 23% compared with that from 1956 to 1986.
Precipitation during the period 1987 to 2000 increased by 11% in northern Xinjiang
and 32% in southern Xinjiang relative to that from 1960 and 1986 within the Tarim
basin (Hu Ruji, 2002; Han Ping, 2003). It demonstrated that the precipitation increase
mainly occurred during the winter, spring and summer seasons during the 1990s and
decadal means increased by 45%, 33% and 28%, respectively, compared with the
average in the whole observational period (Song and Zhang, 2003). However,
precipitation in autumn decreased by 3%. Observations also showed that precipitation
in the mountainous region of Tianshan increased, by 24% in winter and 16% in
summer. Because there are no meteorological stations in the glacierized area, it can
only be deduced that glaciers received more snowfall in the winter and spring seasons
prior to the late 1980s. Among 26 large rivers in Xinjiang, 18 that originate in the
mountainous regions of Altai Shan, Tian Shan, eastern Pamirs and Karakorum have
experienced runoff increases of between 5-40% over the period 1987 to 2000
compared to 1956 to 1986. This increase is very evident in rivers from the south slope
of southwestern Tian Shan (Zhang and others, 2003) as shown by the representative
Tailan River (Fig.2).

In addition to the influence of increasing precipitation, significant runoff
increases within most rivers could be the result of an increase in glacial runoff due to
enhanced warming, leading to glacier melting. Such an increase in the runoff is
directly related to the proportion of glacial runoff supply in a watershed (Yang, 1991).
But we have no knowledge about glacier changes and their influence on river runoff
in most parts of the northwest China because glaciers with long term monitoring are
scarce, and observations of glacier changes at a regional scale are very poor.
Therefore, we selected the Tarim River basin as an experimental basin to study glacier
changes during the last 50 years through the use of remote sensing and Geographical
Information System (GIS) techniques, in order to understand how glaciers respond to
the recent warming and increased precipitation. After analyzing data of glacier
variations based on short-term field observations and long-term hydro-meteorological
data in the study region, we will further discuss the possible impact of glacier
variation on water resources in the basin.

3. GLACIER CHANGES IN THE TARIM RIVER BASIN

3.1 Data and methods



In our study, we used topographical maps (1: 100,000) based on aerial
photographs acquired during the 1960s and 1970s and Landsat TM and ETM" images
obtained from 1999 to 2001 — although this study is limited by the lack of Landsat
TM and ETM " images in the southeast area of the basin (Fig. 3). The method of image
processing and glacier boundary extraction are the same as used by many different
authors in China (e.g. Liu and others, 2002, 2003, 2004; Lu and others, 2002;
Shangguan and others, 2004a & b). All satellite images have been geometrically
corrected to topographical maps, and projected into the Krosovsky spheroid and
Albers equal area conical projection (Fig.3). Then all the corrected images were
orthorectified to a digital elevation model (DEM) with 90m resolution in order to
clear up the influence of the shadow effect of high mountainous ridges. In general,
errors of geometrical correction are about 1 pixel, for instance, and the error is about
31.5m for the Landsat TM image determined by randomly selected independent
points other than ground control points used for the geometrical correction. Glacier
boundaries on the corrected images were identified through visual interpretation. The
boundary of the termini of debris-covered glaciers was recognized usually based on
the geomorphological pattern in the image draped over a DEM. Commercial GIS
software was applied to such identification and vectorization of glacier boundaries.
Glacier boundaries during the 1950s to 1970s were vectorized from topographical
maps modified with a careful reference to the information from the CGI. The attribute
data consisting of more than 27 elements for a glacier vectorized from such maps
were obtained from the glacier inventory, with relevant corrections for area, length
and so on based on this vectorization. Glacier changes during the time span were then
obtained by applying the overlay function of GIS software. The error for extracting
glacier changes in this way is commonly about 90m, considering errors in image
correction and visual interpretation which vary from 1 to 2 pixels. Using this
procedure, we got data for more than 3,000 glaciers, excluding those glaciers with
length changes less than 90m.

Figure 3

3.2 Glacier change in the past 40 years

As mentioned above, we acquired data of glacier changes of 3,081 glaciers with
a total area of around 1%10*%km?®, accounting for 50.3% of the total glacial area and
26.4% of total number of glaciers in the Tarim River basin (Table 1). Considering the
total area of glaciers, our sample reflects the general status of glacier variations in the
basin.

Our results (Table 1) demonstrate that over recent years, although some glaciers
were advancing, most glaciers in the basin were retreating (73.9%). When the amount
of glacier advance was compared to the amount of glacier retreat, the net difference
was a decrease of 4.6% in the total area over the period 1960s to 1970s. This means
glacier retreat is the dominant phenomenon, and it can be attributed to the influence of
recent climate warming. As for glacier changes in each tributary, glacier retreat was
significant in the Kaidu River flowing from the south slope of the middle section of



Tian Shan and the Gez River originating in the eastern Pamirs. Glaciers in these two
basins have lost 11.6% and 10% of their total glacier areas, respectively. Glacier
changes were less distinct in the Akesu River in the southwestern Tian Shan and the
Hotan River on the north slope of western Kunlun Mountains, where the reduction in
area was 1.4% and 3.3%, respectively. Here 32.9% of measured glaciers in the two
rivers were advancing. These differences are also reflected by the percentage area of
retreating and advancing glaciers versus the total measured glacier area in each river
tributary. The area of retreating glaciers in the Akesu River is only 7.9% of the total
measured glacier area in the river basin, but that in the Yarkant River is as high as
81.2% of the whole glacier area in the basin. Generally speaking, the area of retreating
glaciers of every tributary is over 50% of the total area of studied glaciers except that
of the Akesu River. The results show that the shrinkage of small glaciers is dominant
in the Akesu River basin, while almost all glaciers in the Yarkant and other Rivers
were retreating.

Table 1

4. INFLUENCE OF GLACIER CHANGE ON WATER RESOURCES

Glacier changes significantly affect variations of water resources, including
variations of net ice volume and of glacial runoff amounts due to changes of surface
area for runoff generation because of terminus shrinkage. In the following sections,
we will present a brief discussion about each aspect.

The volume of ice of a glacier is estimated based on a modified equation
suggested by Liu and others (2003). The equation is V = 0.04*S'>, where V is the ice
volume (km’) and S is the area (km®) of a glacier. This empirical equation was derived
from ice penetrating radar thickness measurements of six valley glaciers, five cirque
glaciers, one hanging glacier, one ice cap and three cirque-hanging glaciers (an area
ranging from 0.46 to 165 km®) in the Tianshan Mountains and seven glaciers (an area
from 0.1 to 7 km?) in the Qilian Mountains, as well as some measurements in the
Qinghai-Xizang (Tibet) Plateau. On the basis of the area of shrinkage of the glaciers
in the basin (Table 1), the estimated total ice volume of the monitored 3,081 glaciers
generally decreased by 35.5km’, or 319.3 X 10°m’ water equivalent (assuming an ice
density of 900kg/m”). The ice loss is 1.2 times the total discharge from outlets of the
Kaidu, Ogan, Akesu, Kaxgar, Yarkant and Hotan rivers (Zhou, 1999). The annual
mean decrease was 8.9x10°m’ from 1963 to 1999, corresponding to the average
annual discharge observed at the Keleke hydrological station on the upper Gez River
in the eastern Pamirs.

Table 2

Good statistical relationships can be found within the dataset of 3,081 glaciers
regarding the change in glacier area and the decline in glacier volumes between the
early 1960s and 1999/2001. To reflect the relationships in enough detail, we divided
the sample glaciers into three size groups, i.e. <1km’, 1-5km® and =5km?’ (Table 2).
With these groups, we can estimate changes of those non-monitored glaciers in the



Tarim River basin during the same period. The estimated total reduction both in area
and volume of glaciers in the whole basin from the early 1960s to 1999/2001 is
1307.2km” and 87.1km’, respectively, equivalent to 6.6% and 3.8% of the early 1960s
area and volume. The ice loss corresponds to an average thinning by 3.8m of all
glaciers in the basin. The ice volume decrease approximates 783.5X 10°m’ water
equivalent, which is twice the average annual discharge of the main river tributaries of
the Tarim River basin (Xia, 1998). On average, glaciers in the Tarim basin provided
an extra 21.8X 10°m’ of meltwater annually, about 5.7% of average annual discharge
of the Tarim River.

The Tailan River lies on the south slope of the southwestern Tian Shan and is a
tributary of the Akesu River. Close to the outlet of the river is the Tailan hydrological
station (1550m a.s.l., 41°33'N 80°30'E, see Fig.1) that monitors a drainage area of
1324km®. Within the catchment, the glacierized area is 432.9km’, and the glacier
meltwater provides a large proportion (about 60%) of the total runoff of the river. In
situ glaciological and hydrological observations at the terminus of Qiong Tailan
glacier, a 108 km® glacier at the head of the Tailan River, were conducted during 1977
and 1978 (Kang and others, 1985). According to data from a hydrological station
located 1 km below the glacier terminus (here referred to as the Tailan glacier station,
2981m a.s.]) and ablation measurements at different elevations on the glacier,
calculations reveal that the runoff modulus of the glacier during the period May to
September is 0.1m*/(s’km?) above the Tailan glacier station, and 0.061 m*/(s-km?)
above the Tailan hydrological station. The estimation shows that glacier meltwater
supplies 74% of river runoff above the Tailan glacier station and 57.7% of river runoff
above the Tailan hydrological station.

Figure 4

To discuss the impact of glacier change on river runoff or water resource
variations in the Tailan River, we applied a degree-day ablation model to estimate
glacial runoff in the river. Firstly, we extracted the altitudinal area of each 100m
elevation band from a DEM of 90m resolution and produced the area hypsometry of
all the glaciers in the Tailan River basin (Fig.4a). Then we calculated the degree-day
factors derived from stake measurements at different elevations (34 stakes were
placed at elevations between 3150 m and 4400 m) along the Qiong Tailan glacier and
meteorological data at the Tailan glacier station (2981 m) during 1977 and 1978.
Combining air temperature data of the Tailan hydrological station (1550 m) and the
Aksu weather station from 1957 to 1998 and short term temperature data (to
determine the lapse rate during the summer season) in the glacier area, we can
calculate glacial runoff during the time span from 1957 to 1998 by assuming the
degree-day factors apply to corresponding elevations of other glaciers without
measurements, assuming that they don’t change with time. Results indicate that the
yearly variation of glacial runoff at the outlet of the Tailan River coincides well with
that of the river runoff (Fig.4b). Both glacial and river runoffs experienced the same
trend ranging from dimished runoff in the early 1950s to increased runoff in the early
1980s, showing a synchronous response to the recent climate change. As indicated by



the decadal mean runoff depth, the outlet runoff was more plentiful during the periods
1957 to 1960 and 1991 to 1998, whereas glacial runoff had positive anomalies during
1981 and 1998. Starting from 1981, the decadal anomalies of glacial runoff were
14.9mm and 22.6mm higher than the average glacial runoff, accounting for 4.5% and
6.6%, respectively, of the average from 1957 to 1998. The mean runoff depth in the
1990s, a high-flow decade, is 68 mm (12%) higher than average runoff during the
observational period, and the increased glacial runoff is a third of the total quantity of
increased river runoff in the 1990s. Although the 1980s was a low-flow decade,
glacial runoff showed an increase. This changing pattern indicates to a certain extent
that the influence of glacier retreat on streamflow has become stronger than ever
before.

Figure 5

We may delineate the influence of glacier retreat on glacial runoff for a river
basin as large as the Tarim River basin and validate, in another way, whether glaciers
in the basin have lost the sum of ice masses that we derived from the remote sensing
method. In theory, glacial runoff variation is definitely closely related to intensified
glacial ablation resulting from climatic warming. For a retreating glacier responding
to climate warming, we can presume that glacier area decreases at a rate of the annual
average of the total area reduction during the period considered. But for all glaciers in
the Tarim Basin, we established a hypothetic glacier with an area elevation
distribution calculated from the total area of glaciers in the basin and empirical
equations suggested by Kuzminchenok (1993). Glacier shrinkage occurred on the
lower part of the hypothetic glacier and the annual area decrease of the hypothetic
glacier was equal to the averaged area reduction of all glaciers in the basin. Glacial
runoff in each year on the retreating terminus of this hypothetical glacier can be
calculated if we know the ablation intensity on its terminus. Publications document
that there are more than 15 glaciers in western China currently being investigated, or
monitored in different time periods in the past. Of all the investigated glaciers,
ablation has been measured on the terminus area of 15 glaciers during field
reconnaissance since the 1950s. The terminus elevations of these glaciers range from
2640 to 5450 m a.s.] and the annual ablation intensities on these glacier termini vary
from 1.3 to 6.9 m w.e. with an average ablation depth of 3.5 m w.e./year (Kayastha
and others, 2003; Liu and others, 1996; Li and others, 1996; Su and others, 1998;
Zhang and Bai, 1980; Zhang and Zhou, 1991; Yao and Ageta, 1993; Liu and others,
1992; Mountaineering and Expedition Term of Chinese Academy of Science, 1985;
Lanzhou Institute of Glaciology and Geocryology, 1981-2002). Supposing the average
annual ablation on the termini of these glaciers can represent the terminus ablation of
glaciers in the Tarim River basin, the total meltwater generated is estimated to be 1.27
X 10°m’ w.e. in the above mentioned sub-area of glaciers where the annual ice loss
was 36.1km”. In the Tarim River basin, the cumulative glacial runoff calculated by
this method amounted to 893.4X 10°m’® from the entire glacier melt from 1963 to
2001 (Fig.5). This amount of glacial meltwater will never be generated again after
2001 due to the complete disappearance of the ice masses. This sum of glacial runoff



is almost the same as the total annual runoff of all rivers in Xinjiang territory. Such a
loss of glacial runoff is of vital significance to water resources in the Tarim River
basin where the water supply is extremely limited, directly impinging upon human
activities and environmental preservation efforts. The calculated loss of total glacial
runoff is 110X 10°m’ (or 14%) higher than the estimated volume decrease by the
glaciological method used in ice volume estimation. The difference between the two
totals possibly results from the degree to which the ablation intensity was not reflected
in the calculated loss of total glacial runoff since this is lower than the actual area of
the glacier termini being lost in the basin. However, the similarity of the two
estimations indicates that the volume-area relation is reliable enough to estimate the
ice volume decrease of glaciers under retreat in the basin during the past several
decades. In fact, this implies that the assigned ablation intensity is very close to the
real average on glacier termini of the entire basin.

5. CONCLUSIONS

The analyses presented in this paper allow us to draw three conclusions. First,
most of the glaciers in the Tarim River basin have been retreating in the last few
decades with a smaller portion advancing. Glacier changes exhibit obvious regional
differences within this large river basin because of the differences of glacier properties
(dynamic response), local climatic settings and the amplitude of climate changes
during recent decades. Glaciers in the east Pamirs and the south slope of the central
Chinese Tian Shan have experienced intensive wastage during the period of study.
Glacier retreat in the basin can be attributed to climatic warming in the past decades.
Although, increased precipitation has occurred since the late 1980s, it has not brought
about a reversal of glacier retreat. In other words, most glaciers are still retreating
even though the climate has become wetter in the last two decades.

Secondly, the glaciers in the Tarim River basin have lost a total area of
1,307.2km” from 1963 to 1999/2001, corresponding to a loss of ice mass of 87.1km’,
equivalent to about 6.6% and 3.8% of the area and volume of the early 1960s. The
total decrease of glacier ice is equivalent to 783.5X 10°m’ water equivalent and an
annual decrease of 21.8 X 10°m”.

Finally, a calculation using a degree-day model has been made for glacial runoff
in the small glacierized Tailan River basin. This estimation has captured the changing
runoff pattern influenced by climate change, especially the recent increase in glacial
runoff due to the rise in air temperature after the late 1980s. This means that an
increase in glacial runoff can be predicted to continue is the current warming trend
persists. An experiment demonstrated that the estimated wastage of ice masses in the
whole Tarim River basin is a reliable one. For a large highly glacierized basin, glacial
runoff change due to glacier retreat is of great significance to water resource
variations, but we need to make more efforts to understand how individual glaciers in
different river basin respond to climate change and how glacier changes influence
variations of glacial runoff and water resources.
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Table 1 Glacier changes in the main tributaries of the Tarim River basin in the past 40
years; note that we only include glaciers with absolute length changes larger than 90
m. All glaciers in the table were either retreated or advanced

River = Period Number CGIarea Area Change Number of Reference
basin of (km?) change(km?®) proportion  advancing
Glaciers (%) glaciers
Akesu 1963-1999 247 1760.7 -58.6 -3.3 126 this study
Kaidu 1963-2000 462 333.1 -38.5 -11.6 98 this study
Gez 1960-1999 753 1889.7 -188.1 -10.0 198 this study
Keriya 1970-1999 297 687.2 -22.8 -3.3 94 this study
Hotan Shangguan and others,
1968-1999 757 2620.6 -37.1 -1.4 204
2004a
Yarkant Shangguan and others,
1968-1999 565 2707.3 -111.1 -4.1 85
2004b
Sum 3081 9998.5 -456.2 -4.6 805

Table 2 Statistical relationships between glacier areas and volumes in the early 1960s
and 1999/2001 in the Tarim River basin. Sty and Vry are glacier area and volume in
1999/2001; Smap and Vuap are glacier area and volume in early 1960s; the units are
km? for area and km® for volume.

Sample Statistical relationship of area vs. area

Size group R? and p
number and volume vs. volume
Stm= 0.8782xSyap—0.0092 0.70, p<0.0001
S<ikm> 1843 ™ MAP P
Vim= 0.848xVyap—0.0001 0.66, p<0.0001
Stm= 0.929xSyap—0.0838 0.76, p<0.0001
1<S<5km> 930 ™ MAP P
Viv= 0.905xVyap—0.0037 0.79, p<0.0001
=5k Stm= 0.998xSyap—0.3423 0.99, p<0.0001

VTM = 0-996XVMAP —0.0408

0.99, p<0.0001
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Fig.1 Sketch map showing the river system and glacier distribution in the Tarim basin
(5Y** represents codes of watersheds used in the China Glacier Inventory (the sketch
is used courtesy of Prof. Mi Desheng who produced the map))

Fig.2 Temporal variation of annual discharge at the outlet of the Tailan River on the
south slope of the southwestern Tian Shan

Fig.3 Comparison of glacier distribution in the periods 1960s-1970s (the blue polygon)
and 1999 to 2001 (Landsat TM/ETM" composite image with band 4 (red), 3 (green)
and 2 (blue)) in the Tarim River basin.

Fig.4 The hypsometry of glacier area in the Tailan River deduced from a 90m
resolution DEM (a) and the decadal anomaly of glacial runoff based on the calculation
of a degree-day ablation model compared with the runoff anomaly at the Tailan
hydrological station (b)

Fig.5 Diagram showing the contribution of glacier shrinkage to glacial runoff in the
whole Tarim River basin (annual runoff: the runoff generated by a sub-area of glacier
terminus that disappeared in the year; and cumulative runoff: the cumulative value of
the above-mentioned annual runoff)
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ABSTRACT. Glaciers in China are primarily located in the Qinghai-Xizang (Tibet) Plateau
and surrounding high mountains. The China Glacier Inventory (CGI) indicates that there are
over 46,200 glaciers in western China. Meteorological records indicate that air temperature in
western China has risen by 0.2°C per decade, and 1998 was the warmest year since 1951;
precipitation in the region has increased by 5% to 10% per decade from 1953 to 1997. Using
remote sensing and GIS methods, we have monitored the changes in >5,000 glaciers over the
past 50 years. We concluded that >80% of glaciers in western China are retreating and have
lost 4.5% of their combined areal coverage although some of the glaciers have advanced. In
addition, glacier changes over the past few decades reveal some regional differences. For
example, glaciers in the central and northwestern parts of the Qinghai-Xizang (Tibet) Plateau
were relatively stable, while glaciers in the mountains surrounding the plateau experienced
extensive wastage. Mass-balance variations for some glaciers in western China reveal

accelerated ice shrinkage in the last two decades.

1. GLACIERS IN CHINA

Western China is characterized by numerous mountainous ranges and high, broad
plateaus; 14 mountain ranges parallel one after the other from north to south,
including the Altay, Tian Shan, Pamirs, Karakorum, Kunlun, and the Himalaya, with
the later four ranges surrounding the Qinghai-Xizang (Tibet) Plateau. These four
mountain ranges and plateau are the highest ones in the world; for example, the
average elevation of the Qinghai-Xizang (Tibet) Plateau is as high as 4,500m above
sea level. The cold environment resulting from these high elevations provides
excellent conditions for alpine glaciers to develop. It is estimated the total glacierized
area in China and other Central Asia mountains is 114,800km” (Dyurgerov, 2002). In

" Correspondence and requests for materials should be addressed to Liu Shiyin (liusy@lzb.ac.cn).



the mountain ranges of Central Asia, 46,377 glaciers are situated within China; they
have a total area of 59,425km” (fig. 1) (Shi and others, 2005), according to China
Glacier Inventory (CGI), based on aerial photographs taken from the late 1950s to the
early 1980s and large scale topographic maps.

Figure 1

Our analysis based on the observed physical properties, like the ice temperature,
surface velocity, general climatic characteristics over glaciers in various areas in
western China, indicates that glaciers in western China can be categorized into three
types: extremely continental, sub-continental, and monsoonal maritime glaciers (Shi
and Liu, 2000); each are characterized by different physical properties such as ice
temperature, precipitation, and air temperature over the glacierized regions.
Continental glaciers are mainly located in the middle and western Kunlun Shan,
Qiangtang Plateau, east Pamirs, west Tanggula Mountains and west Qilian Shan.
Sub-continental glaciers are distributed over Tian Shan, the northern slopes of the
middle and western part of the Himalaya and the north slope of the Karakorum
Mountains. Of all glaciers in western China, small glaciers with area <1.0 km”have
the highest percentage of 77%, although their total area is only 20% of the total of
Chinese glaciers. Large glaciers (>10 km” in area) are relatively scarce, but their area
accounts for 37.6% of the total; among these large glaciers, 33 glaciers are >100
km? in area, but they occupy 10.4% and 26.3% of the total area and total ice volume,
respectively of glaciers in China (Shi and others, 2005).

Glaciers are an economically important freshwater resource in China and other
parts of Central Asia (Yang and Zeng, 2001), because many large river systems in the
region have their sources in glacierized regions, for example, Huanghe, Changjiang,
Yarlung Zangbo (Bramaputra), Tarim, Mekong, Nujiang (Salween), and the Ganges,
all of which are the key freshwater sources for millions of people in the region.
Therefore, changes in glaciers are likely to have a significant impact on human
activities and preservation of the environment, especially, in those river systems
which depend on significant meltwater from glaciers to provide an adequate supply of
water. Until recently, there has been not a general agreement about glacier changes in
the region; in particular, the impact on water resources caused by recent glacier retreat
taking place under present-day warming. In this paper, however, we will present an
integrated assessment about glacier changes in China during the past several decades.

2. CLIMATE CHANGE DURING LAST DECADES

Global climate change was well described in IPCC 2001 (Folland and others,
2001). The IPCC report showed that global climate warming since the end of the 19th
century has increased the Earth’s temperature by 0.6+0.2°C, and the warming is more
pronounced on land-surface areas at mid- and high latitudes in the Northern
Hemisphere. Such rapid warming was largely attributed to the enhanced



anthropogenic emission due to fossil energy consumption. It was shown that the
increase in air temperature during the 20th century is likely to have been the largest of
any century during the past 1000 years. In addition, the 1990s are likely to have been
the warmest decade of the millennium (Folland and others, 2001). An intensification
of the global hydrological cycle was also observed; measurements of land-surface
precipitation showed an increase of 0.5 to 1%/decade throughout the mid- and high
latitudes of the Northern Hemisphere. Over much of the sub-tropical land areas,
rainfall has decreased during the 20th century (by 0.3%/decade) (Folland and others,
2001).

The general warming during the last century in western China is also the case,
but with some peculiarities. An analysis of climate in the region determined that the
increase in air temperature during last 120 years is about 1.2°C, twice as much as the
global warming rate, and the most evident warming occurred during the recent two
decades (Wang and Dong, 2002). However, a cooling trend was recorded during the
1980s and 1990s in the north-central Qinghai-Xizang (Tibet) Plateau as shown from
an analysis of 8'%0 in an ice core from the Malan Ice Cap (Wang and others, 2003)
and from variations in the altitude of the 0°C isotherm in the atmosphere based on
radiosonde measurements (Zhang and others, 2005). Similarly, most of western China
also saw an increase in precipitation during the past 50 years; for example,
precipitation increased by 18% during the last half of last century in the northwest
provinces (Xinjiang, west Gansu, and north Qinghai provinces) of China (Wang and
others, 2004), However, seasonal snow cover observed at meteorological stations
tended to increase on the Plateau, but no obvious trend was observed in Xinjiang
since 1950s (Qin and others, in press).

3. ABRIEF REVIEW OF MEASUREMENTS OF GLACIER CHANGES

Several glaciers have been monitored during several decades in China. They are
Glacier No.1 at the source region of the Urumqi River in Tian Shan, Qiyi Glacier in
the middle part of Qilian Shan, Hailuogou Glacier on the east slope of Gongga Shan,
Xiaodongkemadi Glacier in Tanggula mountains, and Meikuang Glacier in the eastern
Kunlun mountains. Besides, changes of several tens to several hundreds of glaciers
have been measured during different time spans in the last century. In the following,
we give a brief introduction about these results.

Glacier No.1: The glacier has two branches; it is located at the source of the
Urumgqi River on the north slope of Tian Shan. It is a cirque-valley glacier; it had a
length of 2.20 km and an area of 1.73 km? in 2000 (Jiao and others, 2004). The glacier
has been monitored since 1959; it was determined that this glacier has had a
continuous retreat of its terminus and was completely separated into two glaciers in
1993. The glacier has shrunken by 0.22 km” from 1962 to 2001, and the terminus of
the lowest part of the east branch retreated 171 m by 2000 (fig. 2). The retreat of the
glacier is closely related to a general mass loss of 10,597 mm from 1959 to 2002.
Mass wastage has been accelerating; there has been a total mass loss of 4,437 mm



since 1995/1996.

Figure 2

Figure 3

Qiyi Glacier: The Qiyi Glacier is a cirque-valley glacier with area of 2.98 km®
and a length of 3.8 km. The mass-balance series was reconstructed based on
observations during two periods: 1974-1977 and 1983-1988 and the meteorological
data at a station about 50 km north of the glacier. Statistical equations have been
established to relate mass balance components (equilibrium line altitude, ablation and
accumulation rates, as so on) to meteorological parameters at this station. The
estimated mass balance of the glacier was positive between 1956 and 1988, with a
cumulative sum of 1,637 mm (fig.3a) (Liu and others, 1992). In general, the
mass-exchange level on the glacier was low. However, there exists a transition during
the year 1976 from positive to negative anomalies in mass balance and location of the
equilibrium line altitude. Furthermore, the decreasing trend in mass balance turned to
be more obvious after 1976 than before. Photogrammetry in 1956 and in-situ
observations during 1975 and 1997 indicate that the terminus of this glacier was
retreating at a rate of 2 m a” during 1956 and 1975, and at a rate of ] m a™' from 1975
to 1997 (Liu and others, 2000). The most recent observation shows that glacier
terminus retreat was up to 2m again in 2001/02.

Hailuogou Glacier: The Hailuogou Glacier, on the eastern slope of Gangga
Shan, slocated at the eastern margin of the Qinghai-Xizang (Tibet) Plateau, is a large
valley glacier with a length of 13 km and area of 25.7 km®. The mass balance was
reconstructed based on the mass-balance measurements during 1990 and 1997 and
hydrological observations 1 km down to the glacier terminus and meteorological data
of a station about 60 km to the glacier (Xie and others, 1998). Mass balance of the
glacier demonstrates that this glacier has been in a mass-loss state, with periodic
fluctuations, since 1960 (fig.3b), further confirmed by the observed 545 m retreat of
the terminus since 1966 (Xie and others, 1998; Su and others, 1999). Although the
terminus of the glacier has been in general retreat, it was relatively stable from 1970
to the late 1980s, in retreat at a rate of 17 m a” during 1990 and 1995 and in an
accelerated retreat of 18.3 ma™ in 1996-1998.

Meikuang Glacier and Xiaodongkemadi Glacier: Observations on
Xiaodongkemadi Glacier and Meikuang Glacier, which were started in 1989, showed
a change to an accelerated mass loss after 1993 and 1994. The cumulative mass
balance of the two glaciers amounted to -2,200mm and -1,600mm, respectively, after
1993/1994 (Pu and others, 1998). As a response to the negative mass balance, the two
glaciers began to retreat in 1994, for example, Xiaodongkemadi Glacier has retreated
by 13m during the period 1994 to 2001 (Pu and others, 2004).

Different researchers have compiled statistics about the percentage of glaciers
that are retreating or advancing in China during different periods of time; statistical
data was based on various measurements of glacier changes with topographic maps or,
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occasionally, in-situ observations (Zhang and Wang, 1995; Su and others, 1998; Li
and others, 1986). Their analyses show that 55.4% of the glaciers were in retreat from
the 1950s to the 1970s with 48% retreating glaciers and 30% stable glaciers during the
1960s and 1970s. Two-thirds of 178 glaciers sampled were in a state of retreat during
1973 and 1981.

4. REGIONAL PATTERN OF GLACIER CHANGES

With the improvement of satellite remote sensing, remotely-sensed digital
images have been widely used to extract information about changes of glaciers in
China (Liu and others, 2002, 2003, 2004, 2005; Lu and others, 2002; Shangguan and
others, 2004a, b; Jin and others, 2004). Table 1 shows regions where glacier changes
during the last 50 years were documented with remote-sensing techniques and
geographic-information system methodologies. Remote-sensing imagery is
geometrically corrected on the basis of rectification to topographic maps. To remove
the influence of shadowed areas on images and to reduce interpretation errors, we
applied an orthogonal correction to imagery by referencing to a digital elevation
model (DEM) with 90-m cell resolution (level 1, the cell resolution used for
1:250,000 scale DEM’s of topography), so that the positional error is reduced to about
1 pixel. Errors of visual identification of glacier margins on images are estimated at
1-2 pixels. Therefore, data showing changes in lengths of glaciers are reliable only
when they exceed 90 m. With this technique, we have analyzed changes of >5,000
glaciers with length changes >90m (complemented, in part, by results from other
researchers) during the past several decades in different areas of western China. We
have made a comparison of glacier area identified by the visual interpretation with
that made by the computer-based classification for assessing the accuracy of the
digitized glaciers. In general, the visual interpretation has a larger error for glaciers
less than 0.02km?, with errors between 8%-12%; while for large glaciers the errors are
reduced to 1% (Shuanguan and others, 2006). In the following, we present a brief
discussion about glacier changes in different regions of western China.

Qilian Shan: A comparison of glacier termini from Landsat Thematic Mapper
(TM) images acquired in 2000 and 2001 and aerial photographs taken in 1956, 1966,
and 1972 indicated that the monitored 33 glaciers monitored on the northeastern slope
of the eastern end of the mountains were all in a state of recession, with a mean length
reduction of 11.5 m a™. Six glaciers completely disappeared during 1972 and 2001. In
the western section of the mountains, 95% of the monitored glaciers retreated at a
mean rate of 4.9 m a” in length, but we determined that 10 glaciers were advancing
during 1956 and 2000-01. Our analysis indicated that about 170 glaciers monitored in
the northwestern slope of the western section lost 4.8% of their total area during
1956-1990, with a much more intensive area reduction (23%) for small glaciers
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(<1km?) (Liu and others, 2003).

Tian Shan: There are >9,000 glaciers, with a total area of 9,225 km?, in the
Chinese Tian Shan. Repeat aerial photogrammetric mapping from two acquisitions of
aerial photographs have been carried out for measurement of glacier variations in the
Urumgqi River basin (1962 and 1992) and source tributaries of Yili River basin (1962
and 1989) on the north slope of the Tian Shan. All of the 251 glaciers studied were
retreating during the periods indicated above, but the total reduction in area was
different in both basins. Glaciers in the Urumqi River basin lost 13.8% of their area;
there was only a 3.1% reduction for glaciers in the Yili River basin. However, the
estimated change in ice volume indicates that the average thickness of glaciers after
thinning is very similar, 5.8 m for the Urumgqi River basin and 6.1 m for the Yili River
basin (Liu and others, 2002). As for glacier changes on the south slope of the Chinese
Tian Shan, our analysis based on a comparison with aerial photographs taken in the
early 1960s with Landsat TM images in 1999 and 2000 shows that 69.4% of the
monitored glaciers were in a state of recession and that 30.4% have been advancing
during the past 40 years. Subtracting the increase in area from the advance of some
monitored glaciers with a total glacier area of 2,093.8 km” in the early 1960s, glaciers
in the southern Tian Shan still lost 4.6% of their area.

Eastern Pamirs: The earliest glaciological investigations by Chinese scientists
began in 1956, when a joint team of mountaineering specialists and glaciologists
established benchmarks at the termini of 16 glaciers in the region. The glaciers were
revisited sequentially in 1960, in late 1970s and in 1987; their observations of glaciers
proved that glacier retreat was a common characteristic, except for one glacier which
began to advance after the late 1970s (Su and others, 1998). Analysis of Advance
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and Landsat TM
images acquired in 2001 show that glaciers in the region were losing their ice mass,
although about 26% glaciers were in advance when compared with aerial photographs
taken in 1965 (additional aerial photographs of some glaciers were taken in 1975).

The Karakorum: The north slope of the Karakorum is one of the most highly
glacierized areas in China and is where the second highest mountain peak in the world
is located. Early research from in situ observations in 1937, topographic maps in 1968,
and a Landsat Multispectral Scanner (MSS) image in 1973 shows K2 (Qoger) Glacier
retreated by 1.7 km between 1937 and 1968; however, the retreat slowed between
1968 and 1973. Similar changes occurred in two nearby glaciers, but two advancing
glaciers in the region were found during the same period (Zhang, 1980). A careful
analysis based on maps and Landsat Enhanced Thermal Mapper (ETM") imagery
indicates that glacier changes in this region are quite complicated; some of the large
glaciers were in a steady state (equilibrium) or have advanced or even surged during
recent decades (Table 2) (Shangguan and others, 2004a).

Qinghai-Xizang (Tibet) Plateau: The broad area and regional high elevation of
the Qinghai-Xizang (Tibet) Plateau provide optimum conditions for the development
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of glaciers under present-day climatic conditions. Glaciers on the plateau account for
84% and 81.6%, respectively, of the total area and volume of glaciers (including those
in Karakorum and Qilian Shan) in China. Due to the complex meteorological factors
of the Westerlies and South Asian monsoons, glaciers on the plateau belong to
monsoonal-maritime - (temperate, southeast part and Hengduan Mountains),
sub-continental - (Himalaya, central northeast part), and extremely continental -
(central and northwest part) type glaciers. Changes in glaciers on the Qinghai-Xizang
(Tibet) Plateau manifest different responses from the influence of diverse patterns of
climate in the large region. Glaciers in the Kunlun Mountains, a mountain range along
the northern margin of the Plateau, which extends from west to east, generally
retreated during the past four decades, but the reduction in glacier area is larger (17%)
from that in 1966 (Liu and others, 2002) at the eastern end and smaller (0.3%) from
that in 1970 (Shangguan and others, 2004b) to the western end of the mountains, with
intermediate changes in the central section of the mountains (Liu and others, 2004). In
the central part of the plateau, glaciers were in relative equilibrium, but with a trend
toward a general retreat state during the past three decades; for example, a decrease of
1.7% in glacier area in the basin that serves as the source of the Yangtze River (Lu
and others, 2002). However, glaciers on the north slope of the Himalaya have
experienced extensive wastage as indicated by Jin and others (2004); many small
glaciers might have actually disappeared during the last 20 years.

5. DISCUSSION AND CONCLUDING REMARKS

By integrating the results of glacier changes in western China during the past 50
years (Table 3), we conclude that 82.2% of all the monitored glaciers were in state of
retreat, while the remaining glaciers were advancing. This does not mean that
advancing glaciers necessarily advanced over the entire observational period. Many
may now be in retreat following some earlier expansion in the past two decades as
regional climate warming has been much more evident since the 1980s than in earlier
decades. Even compensating for the increase in area of some glaciers, the glaciers that
have been monitored still show a total area loss of 4.5% from the late 1950s to late
1970s. As reflected by mass-balance variations on Glacier No.l and other
representative glaciers, mass wastage has tended to accelerate since the late 1970s or
early 1980s, and especially during 1990s. We conclude that widespread and intensive
mass loss of glaciers can be forecast under continuing global warming.

As noted from Table 3, the period of observation of glacier changes differs for
the regions considered here. This is due to differences in the acquisition times of the
aerial photographs and satellite images. To examine the regional characteristics of
glacier changes, we calculated annual percentages of glacier area changes (henceforth
APAC) in every river basin or mountain region as shown in Figure 4. Of the 15
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glacierized basins or mountains regions monitored, the APAC shows large regional
differences that can be classified into three groups: Class A [APAC < 0.1%/yr (regions
3,5,6,8, 14)]; Class B [0.1% < APAC <0.2% (regions 2, 4, 10)] and Class C [APAC
> 0.2% (regions 1, 7, 9, 12, 15)]. These regional differences in glacier area reduction
may arise from some combination of the differences in (1) monitoring period, (2)
regional climate changes and (3) individual glacier responses to those changes.

Figure 4

To examine this further, we use recent climate change on the Qinghai-Xizang
(Tibet) Plateau (henceforth TP) to explore regional differences in the high elevation
regions in western China. A comprehensive analysis of climate change over the TP
from 1967 and 1997 was conducted by Zhao and others (2004). They divided the TP
into four sub-regions and used a dataset consisting of records from 50 meteorological
stations across the TP (Table 4). Over this three decade period a warming trend was
found in all four regions, although the nature of the warming trend differed regionally.
Air temperatures increased more during the cold season (October — March) than the
warm season (April — September), particularly on the northern part of the TP where
the cold season mean increased ~1°C over the three decades. In contrast, the increase
was ~0.4-0.5°C in the central and southeastern parts of the TP. Over the same time
period, warm season temperatures increased ~0.35-0.65C in the central and
southeastern parts of the TP. Over the same period annual precipitation totals
decreased in the northeast while they increased in the northwest, central and southeast.
The largest increase in annual precipitation was ~13 mm, representing 35% of the
31-year mean (1967-1997), was in the northwestern part of the TP, mainly on the
north slope of the western Kunlun Mountains. In the southeastern region of the TP,
the average annual precipitation increase was ~30 mm, 5.3% of the 31-year mean
(1967-1997). In the interior (central region) the average annual increase was ~20 mm
or 4.1% of the 31-year mean while in the northeast the annual mean precipitation
decreased ~4 mm, 2% of the 31-year mean. Based on ice core & '®O records and
radiosonde observations Shi and others (2006) suggest that the northern part of the TP
may have experienced a cooling trend in the last few decades (1961-2002). The
results presented by Zhao and others (2004) suggest that the greatest warming over
the TP was not in the central region.

As the central and northwestern parts of the Plateau contain predominately polar
type glaciers, it is possible that their slower dynamic response might explain why they
have exhibited small changes during the last 40 years. Glacier changes in the
southeast part of the TP may have resulted from the smaller warming trend and
increased precipitation, coupled with the fact that temperate glaciers that dominate the
region are more dynamically sensitive. Many of the glaciers in this region have
advanced, indicating an overall positive mass balance. Data from two meteorological
stations in the area, Gangri Gabu range, record a 20% increase in annual precipitation
(1961-2002), that likely contributed to a positive mass balance for many of the
glaciers over the last two decades. Glaciers in the northeastern TP fall into the
sub-continental or the sub-polar type glacier categories. During the last four decades
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(prior to 2000), pronounced warming and reduction of precipitation, especially since
the late 1980s, likely resulted in a dramatic mass loss for glaciers as evidenced in the
Anyémaqgén Mountains where the largest annual mean area reduction in the
percentage of glaciers was observed (Table 4).

In summary, over the last five decades the overall trend for glaciers in western
China has been one of retreat; however, regional differences exist. These we attribute
to different dynamical responses of the glaciers as a function of their different sizes
and physical properties along with regional differences in climate changes. We
conclude that strong warming and reduced precipitation are likely key drivers for the
extensive reduction in ice cover in the eastern and southern parts of the TP. In contrast,
recent cooling in the northwestern and central part of the Plateau may partially
explain the relatively stable condition of those glaciers. The modest warming trend
and increase in precipitation in the southeastern part of the Plateau could account for
the modest changes in glaciers there. Although precipitation has increased in
northwest China (Tianshan, Qilian Shan, eastern Pamirs, and so on), the strong
warming may be the principal factor driving glacier retreat although large glaciers
with heavy debris cover in their ablation areas may also contribute to the variations of
ice extent in the region.

Glacier recession is a key factor in the variability of water resources in the arid
river systems of the northwest China. The recent increase in discharge by these rivers
may be partially related to the increase in glacial runoff caused by loss of ice during
glacier retreat. Although the glaciers that we (and others) have monitored account for
only 10% of the number and 24% of the total area of glaciers in China, our results
may be extrapolated to infer glacier changes in various mountain regions of China.
However, a more comprehensive glacier monitoring effort is needed as there are
regions where glacier changes have yet to be assessed. In addition, to determine ice
volume changes and validate these results requires higher resolution images with
stereoscopic capability, such as the ASTER instrument, synthetic aperture radar
(SAR)/interferometric SAR (InSAR), and laser altimetry techniques. Furthermore,
field investigations must be intensified and modeling techniques applied to several
typical glacierized watersheds to better understand glacial-runoff processes.
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Table 1

Data types used for analyzing glacier changes during past decades in

selected mountain regions in China (CBERS: China-Brazil Earth Resource Satellite;
Landsat TM: Landsat Thematic Mapper; Landsat ETM": Landsat Enhanced Thematic

Mapper;

Landsat MSS: Landsat Multispectral Scanner;

Spaceborne Thermal Emission and Reflection Radiomete; K:1,000)

ASTER: Advanced

Mountain Range

Data types and the dates of first time of data

Data types and the dates of the

acquisition second time of data acquisition
Qilian Shan 1:50K/100K topographic maps, [1956, 1966,1972 [Landsat TM 2000, 2001
laerial photographs
Tian Shan 1:100K topographic maps, 1962, 1964 |Aerial photographs (1992, 1989
aerial photographs ILandsat TM 1999, 2000
Kunlun Shan 1:100K topographic maps, 1970, 1966 ILandsat MSS 1976, 1989
aerial photographs ILandsat TM / ETM+ [2000
Karakorum 1:50K/100K topographic maps, {1937, 1968 ILandsat MSS 1973
aerial photographs Landsat ETM" 2000
East Pamirs 1:100K topographic maps, 1962-65, 1975, |Landsat TM 2001
aerial photographs 1985 IASTER 2001
Inner Qinghai-Xizang 1:100K topographic maps, 1974 Landsat TM 2001
(Tibet) Plateau aerial photographs
Southeast 1:100K topographic maps, 1980 CBERS, Landsat TM 2001
Qinghai-Xizang (Tibet) [aerial photographs
Plateau
North slope of Mount 1:50K/100K topographic maps, {1970 IASTER, CBERS 2001, 2002
Qomolongma aerial photographs




Table 2 Changes of some large glaciers during the last 30 years on the north slope of
the Karakorum (Shangguan and others, 2004a)

Topographic map Landsat ETM" (2000)
Glacier code as | year | length(km) [ Terminus Length Terminus
used in CGI elevation change elevation
(m) (+21.3m) (m)
5Y654D0042 1976 294 4100 -478 4130
5Y654D0048 1976 6.1 4780 2050 4280
5Y654 D0053 | 1968 42 4000 Stable, debris covered
5Y654 D0077 | 1968 53 5030 910 4920
5Y654 D0078 | 1968 2.8 5080 140 5040
5Y654 D0096 | 1968 17.7 4120 -2662 4460
5Y654 D0097 | 1968 10.7 4620 1998 4580
5Y654C0081 1976 10 5280 stable
5Y654 C0092 | 1976 14.5 5014 stable
5Y654C0116 1976 20.8 4760 stable
5Y654 CO128 | 1976 28 4520 stable
5Y654 C0145 1976 27.8 4412 stable
5Y654 C0163 1976 26 4250 stable
5Y653K0072 1976 20.7 5220 stable
5Y653Q0185 1976 4.4 5040 -278 5120




Table 3 Changes in glaciers in representative regions in western China during the past
few decades monitored by remote-sensing method

Glacier area at

Number Changes in | Changes in | Number of
Mountain Time span for the first
of glacier area | glacier area | advancing [References
regions lobservations measurements
glaciers (+km?) (%) glaciers
(km?®)
West Qilian
1956-1990 170 162.843.3 -7.8+0.2 -4.8 0 ILiu and others, 2002
Mountains
1962/63/64-1989/ This study and Liu
Tian Shan 960 2382.6+119.1 | -111.3+0.6 -4.7 224
1999/2000 IChaohai and others, 2002
This study, Liu and
others, 2002, 2004, 2005;
Qinghai-Xizang{1966,1968/69/70/80- ILu and others, 2002; Jin
2572 7282+218.5 -236+7.1 =32 387
(Tibet) Plateau {1999/2000/2001 land others, 2004;
Shangguan and others,
2004a, b
East Pamirs 1960, 1975-1999 753 1889.7494.5 | -188.1£9.4 -10.0 198 This study
Shangguan and others,
Karakorum 1968-1999 565 2707.3+£243. 7| -111.1£10 -4.1 85
2004a
Total 5020 1442441679 | -654.3+27.2 -4.5 894
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Table 4 Climate change during 1967 and 1998 over the Qinghai-Xizang (Tibet)
Plateau (Zhao and others, 2004)

Sub-region of the |October - March|April — September Annual air Annual
Qinghai-Xizang mean air mean  air temperature(‘C) | precipitation (mm)
(Tibet) Plateau  |temperature (‘C)| temperature (C)
Northwest 1.0 0.0 0.6 13.2
Northeast 1.1 0.6 0.9 39
Southeast 0.4 0.4 0.4 291
Inland 0.5 0.5 0.5 19.8
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Figure captions
Figure 1. Geographical setting and glacier distribution in western China (grateful

acknowledgement to Prof. Mi Desheng for producing this map)

Figure 2. Repeated photogrammetric mapping of Glacier No.1 at the source of the
Urumgqi River, Tianshan, at different times during the past 40 years (upper panel)

(Wang and others, in press) (broken line with number indicating the terminus position

in the numbered year and solid line with number is the altitude isoline), and
mass-balance processes (lower panel) (adapted from Li and others, 2003)

Figure 3. Reconstructed annual specific mass balance for Qiyi Glacier (a) and
Hailuogou Glacier (b).

Figure 4. Annual percentages of glacier area changes in each river basin or mountain

ranges (Upper panel); the lower panel shows the monitored regions (1: Gaiz River; 2:

Yerkant River; 3: Hetian River; 4: Keriya River; 5: Xinqingfeng (XQF) Ice Cap; 6:
Geladandong Mountain; 7: Pengqu River; 8: Gangri Gabu range; 9: A’'nyémaqén
mountains; 10: Western Qilian Shan; 11: Aksu River; 12: Kaidu River; 13: Kashi
River; 14: Sikeshu River; 15: the Urumqi River).
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ABSTRACT. Glaciers in the Muztag Ata and Konggur mountains of the East Pamir Plateau in

northwestern China have been monitored by applying aerial photo stereomodels (1962/1966) and
Landsat TM (1990) and ETM "™ (1999) images, all of which have been compared in order to detect
areal and frontal changes through the past four decades. The mean frontal retreat of glaciers in the
Muztag Ata and Konggur mountains increased from 6.0m yr' between 1962/1966 and 1990 to
11.2m yr’' between 1990 and 1999, with an overall glacier length reduction of 9.9% for the whole
study period. The glacier area has decreased by 7.9%, which is mainly triggered by changes
observed in the most recent period (1990-1999), when the annual rate almost tripled to 1.01km®
yr'. This reveals that the most drastic changes, particularly the reduction of glacier area, have
occurred in the last decade in this region. Based on meteorological data from Taxkogan station
since 1957, we conclude that climate change, particularly the rise in summer temperature after

1994, is the main forcing factor in glacier shrinkage.
INTRODUCTION

Changes in mountain glaciers are one of the natural indicators of climate change (Oerlemans,
1994). With global warming, the glaciers in middle and low latitudes have retreated continually
and the mass balance of the glaciers has been continuously negative since the 1990s (E.G. Yao and
others, 2004). Several investigators have pointed out that glacier shrinkage can contribute
substantially to rising sea-level, e.g. Zuo and others (1997) and Van De Wal and others (2001).
Glaciers have an important role in climate change, sea level rise and flood hazards. This is why
investigation of glacier mass balance and glacier area fluctuations is an important component of

the Global Climate Observing System (GCOS) (Haeberli and others, 2000). The Global Land Ice



Measurements from Space (GLIMS) project was carried out to monitor land glacier changes using
Landsat Enhanced Thematic Mapper Plus (ETM")/Thematic Mapper (TM), ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radiometer) and other remote sensing images
(Kieffer and others, 2000; Paul and others, 2002b; Kaib and others, 2002).

The Chinese Glacier Inventory (CGI), finished in 2002 (Mi and others, 2002), was one of the
significant steps in providing integrated knowledge about glaciers in China and forms the key data
base for further studies on regional glacier fluctuations, their responses to climate change, as well
as their influence on water resource variations. A pronounced atmospheric warming of 0.7°C
occurred over western China during the past 50 years (Li Dongliang and others, 2003), with a
likely climate shift from warm-dry to warm-wet conditions in northwestern China (Shi and others,
2002). Glacier retreat prevailed in recent decades throughout China, as shown by field
observations and satellite remote sensing monitoring (Zhen Li and others, 1998; Ren and others,
1998; Li and others, 2003; Liu and others, 2003; Yang and others, 2003; He and others, 2003; Jin
and others, 2004). However, there are still several regional gaps where glacier behavior is
presently unknown. Because we are interested in characterizing response of glaciers to climate
change in different regions with various climatic settings, it is necessary to extend our monitoring
of glaciers to a region like the Muztag Ata and Konggur mountains in the eastern Pamirs. Another
reason for our interest is that water resources are a key factor for society and economic
development in this drought-prone inland region. Glacier runoff here plays an important role as a
source of water for one of the key tributaries of the Tarim River, the Kaxgar River, which supports
daily life, agriculture, livestock and industry in the city of Kaxgar. The glacier changes in the
Tarim basin are estimated over the past several decades (Fig. 1) by comparing the
photogrammetrically-derived (CGI) with Landsat TM/ETM" satellite images acquired on more
recent dates. The results of this study are important and useful for investigations of hydrological
change and for regional water resource management.

STUDY AREA

The Muztag Ata and Konggur mountains are located on the eastern Pamir Plateau (38°-39°N,
74°40°-75°40° E). They range in elevation from a minimum of about 3,000 m a.s.1. to a maximum
of 7,546m a.s.l. and 7,719m a.s.l. at the two summits, respectively. Several valley glaciers descend

from the ice caps with snow line elevations of 5,200-5,700m a.s.l. and terminus positions between



3,900 and 4,900 m a.s.l. for most of them, according to the CGI (Yang and others, 1989; Liu and
others, 2001). Glaciers in the study region feed three rivers; the Taxkogan River, a tributary of the
Yarkant River, and two tributaries of the Kaxgar River, the Kusan River and Gezhe River (Fig. 1).

These glaciers belong to an extremely continental type, with one of the coldest environments
in low and mid-latitude regions (Zhang, 1980; Su and others, 1989; Wu and others, 2003; Li and
others, 2004) and one of the driest glacierised areas in China. The data at Taxkogan
meteorological station (37°46'N, 75°14'E, 3090.9m) show that annual precipitation remains below
70mm and mean summer temperature (June to August) is as high as 15.1°C. It is estimated that
monthly mean air temperatures can be higher than 0°C over glacier terminus areas during the
warm season (May to September), so intensive ablation may occur in June-August.

According to the CGI, there are more than 302 glaciers in the Muztag Ata and Konggur
mountains, covering a total area of 1067.24km” (Liu and others, 2001; Yang and others, 1989).
The majority are small glaciers as shown in Figure 2 (53.5% of less that 1 km®), but because there
are some larger glaciers, the mean glacier area is 2.82km®.

METHODS AND DATA SOURCES

The data sources used in this study are listed in Table 1. Glacier outlines from the CGI
were interpreted and measured by stereo-photogrammetry from aerial photographs at a scale of
1:46,000/50,000 taken during 1962/1966. They were transferred to 1:100,000 topographic maps
in the Universal Transverse Mercator (UTM) coordinate system referenced to the World Geodetic
System of 1984 (WGS84). Finally, the glacier outlines were digitized as GIS (geographic
information system)-based vector files (total 302 glaciers) for further processing. The 1981 DEM
was produced by digitizing the 40 m-interval contours and spot heights from the same topographic
maps, using ARCVIEW software. Two Landsat TM images and two Landsat ETM" images with
almost no cloud and snow cover were chosen and used. Composite images from bands 5, 4 and 3
(30m resolution) were produced first and merged with the band 8 (15m resolution) Landsat ETM"
image. These images were orthorectified with the Orthobase Generic Pushbroom package using
the 1:100,000 topographic maps and the 1981 DEM. Twenty independent verification points
(Dwyer, 1995; Zhen Li and others, 1998) were selected from each image in order to check the
accuracy of co-registration. The result showed that the residual root-mean-square error (RMSE) of

all images was less than 44.9m (Table 1).



Different methods have been suggested for image classification to extract glacier borders (Paul,
2000; Zhang and others, 2001; Paul and others, 2002b), with image ratio and supervised
classification the most commonly used. Compared with other methods the ratio of TM3/TMS5
(Rott, 1994) with a threshold larger than 2.1 gives the best result in this work because of the
influence of slope shadows. Due to the limitations of the method employed (Paul and others,
2002a), misidentification is frequent, for instance, on seasonal snow patches adjacent to glaciers or
on debris-covered surfaces which are difficult to distinguish from bedrock owing to their similar
spectral properties. In these cases, visual interpretation was applied combined with multispectral
satellite images and the 1981 DEM (Paul and others, 2004a). Glacier extents in 1990 and 1999
were obtained by these methods. The error in area for most glaciers was generally less than 1% for
both Landsat ETM " and TM. Unfortunately, 27 glaciers of less than 0.2km? derived from Landsat
TM in 1990, had to be excluded because of the limitation of the spatial resolution of Landsat TM
and the geometric correction error of 6-9% of glacier area (Paul and others, 2002a). In addition,
two glaciers covered by cloud and three glaciers covered by debris (the total area was 229.03km?)
were also excluded since it was difficult to decide where the glacier boundary was. Thus, the first
results of glacier changes derived from the 1962/1966 CGI and observed from 1990 and 1999
satellite images were computed for a sample of about 297 glaciers of the Muztag Ata and Konggur
mountains.

Results
Glacier area changes

Glacier area has decreased significantly between 1962/1966 and 1999 in the Muztag Ata and
Konggur Mountains (Table 2), with a total area loss of 66.02km”, which is equivalent to 7.9% of
the original area in the early sixties. Area reduction of glaciers of 1-5km” contributes 44.6% of the
total area loss. As a whole, the mean size of glaciers in the Muztag Ata and Konggur mountains
decreased from 2.82km” to 2.63 km” between 1962/1966 and 1999. Area reduction was 1.01km’
yr'1 between 1962 and 1990; however, this had increased almost four times in the most recent
period of 1990 to 1999 (4.26 km® yr™"). This clearly shows the acceleration of glacier retreat in the
region in the most recent decade.

Larger glaciers have lost more total area than small glaciers (Fig. 3a). As for the relative

changes of glaciers of different sizes, percentages of area reduction of small glaciers are usually



higher than those of large glaciers (Fig. 3b). This means that small glaciers are more sensitive to
climate change than large glaciers. The few exceptions to this area loss result are some glaciers
within some of the size classes that showed an area increase throughout the period (Fig. 3b),
whereas three glaciers which WGMS (WORLD GLACIER MONITORING SERVICE) ID is
CN5Y663B17, CN5Y662D25 and CN5Y662F1 disappeared. This may be one of the reasons that
for glaciers less than 0.2km’® and between 5 and 10km’ in size the change is relatively small
because of the offset effect of advancing glaciers.

The comparison of glacier changes with other regions in China was given in Table 3. Glacier
changes in the Muztag Ata and Konggur mountains appear larger than in other extreme
continental-type regions (Liu and others, 2004; Yang and others, 2003) and parts of sub-
continental-type regions in China. However, they are smaller than those of maritime-type and
other parts of sub-continental-type glaciers (Yang and others, 2003; Li and others, 2003; He and
other, 2003). These result suggested that glaciers in the Muztag Ata and Konggur mountains are
disintegrating rapidly since the 1962s.

Glacier frontal changes

In general, an average 9.9% glacier front retreat was detected during the period from
1962/1966 to 1999. Figures 4 (a) and (b), respectively, show the absolute and relative length
changes of individual glaciers against their lengths in the early 1960s. Comparisons of glacier
terminus positions in the last few decades indicate that 167 glaciers were retreating, about 40 were
advancing and that changes of about 90 glaciers cannot be determined. Similar to the change in
glacier area, glaciers experienced a slow retreat in length at a mean rate of 6.0m yr'' between 1962
and 1990 and a rate of 11.2 m yr’' in the 1990s. Thus, in the 1990s the glaciers have been getting
shorter at a much more rapid rate, 1.9 times as high as in the approximately 30 years before 1990.

As most values are above the diagonal line, relative change in area is larger than the
corresponding change in length for most of the glaciers during the time span under consideration
(Fig. 5). It is also deserved to note that the change of glaciers’ area is not always synchronous to
the change of glaciers’ length. Some retreating glaciers expanded in area due to the increase of
accumulation area but decreased at the terminus, and vice versa for advancing glaciers. This
implies that change can occur on any part of a glacier. The ratio of mean retreat rate of glacier

fronts during the 1990-1999 periods to that during 1962-1990 (1.9) is less than the ratio (4.0) for



glacier area. However, length changes (9.9%) are greater than area changes (7.9%) if all the
sampled glaciers are considered.
TEMPERATURE, PRECIPITATION AND GLACIER CHANGES

There are only a few meteorological stations, with relatively short-term instrumental records,
in western China, especially in the mountain regions. The Taxkogan meteorological station is the
only meteorological station on the Pamir Plateau in China located above 3,000m a.s.l. (Fig. 1).
The station was set up in 1957 and has operated to the present. The summer temperature and
annual precipitation at the Taxkogan station from 1957 to 2000 are shown in Figure 6. The
summer temperature rose by 0.7°C between 1957 and 2000 and the winter temperature, not shown,
did not rise appreciably. In this time span, three cold periods occurred: 1961-1968, 1973-1977 and
1985-1993. Annual precipitation has increased slightly in the last four decades, which represents
favorable climatic conditions for glaciers. Therefore, we believe that glacier retreat during the past
40 years can be attributed mainly to air temperature rise in the Muztag Ata and Konggur
mountains. We also expect that a sharp retreat of glaciers in the region may happen in the future
due to the warming in the most recent decade. However, some glacier advances might be a
response to the three periods of cooling and the increase of annual precipitation, along with the
glacial dynamics responses of individual glaciers.

The study of Pu and others (2003) verifies that surface ablation on an occasionally observed
glacier was intensified due to atmospheric warming from the 1960s/1980s to 2001 in the Mt.
Muztag Ata region. Hydrological analysis gives the result that glaciers in the Kangxiwa River
valley headwaters of the Kaxgar River, have been losing mass at a rate of 123.5mm a” (Shen and
others, 1997).

CONCLUSION

The present study supports the findings (e.g. Khromova and others, 2003; Paul and others,
2004b) that cold, high-mountain glaciers have been disintegrating rapidly since the 1970s. Our
measurements show that glacier areas and frontal positions have decreased by 7.9% and 9.9%,
respectively, between 1962 and 1999 in the Muztag Ata and Konggur mountains. Furthermore, a
drastic acceleration of retreat since the 1990s is also found. The mean frontal retreat of glaciers
increased from 6.0m yr' in the 1962/1966-1990 period to 11.2m yr' in 1990-1999 and the area

shrinkage of glaciers in 1990-1999 increased about three times, to 1.01km” yr'', from the annual



rate in 1962/1966-1990. These accelerations are consistent with climate warming during recent
decades.

Changes in glacier frontal positions and glacier area are easily observed phenomena to study
the impact of climate change (Oerlemans, 1994) and its influence on water resources in arid
regions (Yao and other, 2004). Glacier frontal changes are strongly enhanced but indirect, filtered
and delayed signals of climate change (Oerlemans, 2001). They can be used to show that the few
direct studies of mass balance variability are representative (Hoelzle and others, 2003) and to
reconstruct historical climate variability (Oerlemans, 1994). The instrumental record at the
Taxkogan meteorological station, which is more than 50 km away from the glacierized region, is
not adequate to analyze climate changes in the Muztag Ata and Konggur mountains in detail.
Nevertheless, glacier retreat is happening and the retreat has accelerated in the 1990s.
Furthermore, glacier ice mass loss after 1980s has also led to increase magnitude and frequency of
flash flood in Gezhe River because ablation of glacier surface accelerated as a consequence of
atmospheric warming (Li Yan and others, 2003). Recently initiated mass balance measurements
and ice core records from the Muztag Ata and Konggur mountains will help to better detect the
climate-glacier-meltwater interaction.

Although glacier retreat in recent decades such as observed in the Muztag Aga and Kongur
mountains is a response to climate fluctuations, there are also other factors affecting the changes
in the glaciers, viz. glacier terrain, kinematics, dimensions, the sensitivity of different types of
glaciers to climate change, and so on. Owing to the dynamic response, glacier fluctuations usually
lag climate change by 5-20 years for medium-size glaciers (Ding, 1995; Liu and others, 1999).
This characteristic means that some glaciers advance under conditions of regional atmospheric
warming. As for the glacier dimensions, the narrow lowest parts and wide higher, ablation, area
on most glaciers also influence the ratio of glacier area and glacier length variations.
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Table captions:

Table 1: Data sources used in this study

Image Path/Row Resolution Date Quality RMSE (m) Source
(m) or Scale
Landsat 5 TM 149/33 30 7/6/1990 Cloud ( 2% ) 39.2
and very little NASA
SNOW (National Aeronautics
Landsat 5 TM 149/34 30 7/6/1990 Cloud (2%) 449 and Space
and very little Administration)
SNOW
Landsat 7 ETM" 149/33 15 9/25/1999 Cloud free 315
Landsat 7 ETM" 149/34 15 9/25/1999 Cloud (6%) 345
Topographic map 1:100,000 1981 - Chinese military
geodetic service
CGl 1:100,000 1962—1966 - Aerial photographs
DEM 1:100,000 1981 - Topographic maps

Table 2: Summary of glacier area data in the Muztag Ata and Konggur mountains according to

area class
Area 5 Number Mean Size [km?] Total Area[km’] Area Change [km® yr']
class[km’]
1962/1966 1990 1999 1962/1966 1990 1999 62-90 90-99
<0.2 27 0.13 - 0.11 3.41 3.41 29 — -0.06
0.21-0.5 64/62 0.37 0.34 0.29 23.56 21.87 18.05 -0.06 -0.42
0.51-1.0 68/67 0.73 0.68 0.63 49.46 46.15 42.15 -0.12 -0.44
1.01-5.0 99 2.30 2.14 2.00 227.27 212.08 197.82 -0.54 -1.58
5.01-10.0 20 6.48 6.35 6.24 129.54 127.01 124.7 -0.09 -0.33
10.01-20.0 14 12.80 12.53 12.10 179.23 175.42 169.43 -0.14 -0.67
>20.01 5 45.15 44.78 43.45 225.74 223.94 217.24 -0.06 -0.74
all classes 297/294 2.82 2.73 2.63 838.21 809.88 772.19 -1.01 -4.26
Table 3: The comparison of glacier changes in China
Region Name Glacier Type Time Span Glacier Area change Data source
Count Jkm? %
Yulong Glacier No.1 Moraine-type 192002 1 -40 He et al., 2003
A’nyémagén Sub-continental 1966-2000 58 -21.7 -17.0 Yang Jianping et al., 2003
Urumgqi River glacier No.1 Sub-continental 1959-2000 1 0.22 -11.1 Li Zhonggin et al.,2004
Pengqu basin Sub-continental 1970-2000/2001 99 -2.67 -9.0 Jin Rui et al., 2004
Nyaingen Tanglha MTS. Sub-continental 1970-2000 870 -52.2 -5.7 This study
Karakorum Sub-continental 1969-1999 565 -111.1 -4.1 This study
East Pamirs Extreme-continental 1962/1966-1999 297 -66.02 -7.9 This study
Geladandong Extreme-continental 1969-2000 753 -14.91 -1.7 Yang Jianping et al., 2003
Xinggingfeng glacier Extreme-continental 1973-2000 88 -6.79 -1.6 Liu Shiyin et al., 2004




Figure captions:

Fig. 1. Location map of the study region in the Muztag Ata and Konggur mountains. Glacier

masks (black) were derived from the digitized CGI of 1962/1966.
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Fig. 2. Frequency of glacier area and number according to different area classes. The numerous

glaciers in the 1-5km” range cover about 21.3% of the total glacierized area in the Muztag Ata and

Konggur mountains.
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Fig. 3. Net (a) and relative (b) glacier area changes between 1962 and 1999. The changes are
averaged for the area classes shown in Figure 2 (bold line). The smaller the glaciers, the higher

their average percentage area loss. Two exceptions to the area loss are found in glaciers less than

0.2 km® and in the 5-10 km® range.
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ABSTRACT. A so-called “warm and wet transition” of climate in the arid portion

of northwestern China has occurred since the late 1980s. A result of this climatic
transition is an increase in runoff in Xinjiang and neighboring regions. In a warming
and wetting change-of-climate scenario, we attempt to evaluate the impact of glacier
meltwater and precipitation on increasing the outlet discharge (runoff) from Kegqicar
Baqi Glacier, southwestern Tianshan of China. In our research we have applied a
degree-day model which is one of the most widely used methods of ice- and
snow-melt computations for a multitude of purposes such as hydrological modelling,
ice-dynamic modelling, and climate sensitivity studies. It is concluded that under the
warming and wetting scenario, the primary supply for the runoff in this catchment is
glacier meltwater with precipitation being the dominant secondary source; 84 percent
and 8 percent of total runoff, respectively.

INTRODUCTION

There is a strong signal of climatic transition from warm and dry conditions to warm
and humid conditions in northwestern China since the late 1980s (Shi and others,
2003). The average air temperature and average annual precipitation of western China
from 1987 to 2000 have increased by 0.7 °C and 23 percent, respectively, compared to
the average values from 1961 to 1986 (Wang and Dong, 2002; Song and Zhang, 2003).
In a warming and wetting change-of-climate scenario in western China, there is a
widespread increase in glacial meltwater which results in an increase in runoff in
Xinjiang and neighboring regions (Hu and others, 2002; Han and others, 2003).
Among 26 large rivers in Xinjiang, 18 rivers that originate in the Altai Mountains,
Tianshan Mountains, Karakorum Mountains, and eastern Pamir Mountains have
experienced increased runoff between 5 percent and 40 percent in the period from
1987 to 2000 compared to the period from 1956 to 1986. This increase is especially
evident for the rivers from the south slope of the southwestern Tianshan Mountains of
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western China (Zhang and others, 2003).

However, due to the lack of observation data in the mountainous regions of
western China, there is little research focused on the impact of increased glacier
meltwater and precipitation on runoff. Hence, this paper attempts to simulate the
meltwater of Keqicar Baqi Glacier in the southwestern Tianshan for the melt season
of 2003 by applying a degree-day model, and analyzes the influence of glacier
meltwater and precipitation on runoff. The results reported here are part of a study to
document the response of glacial discharge and precipitation to changes in regional
climate in the mountainous regions of northwestern China. The overall objective of
this study is to provide a method for analyzing the potential changes in basin runoff
due to changes in glacier meltwater and precipitation in mountainous regions.

STUDY AREA

Keqicar Baqi Glacier is a typical Turkistan glacier of the Akesu River Basin in
southwestern Tianshan, China, with a total surface area of 83.56 km® (41°48.77'N,
80°10.20'E) (Fig.1). It is a large glacier formed by the convergence of several glacier
tributaries and ranges from 3020 to 6342 m a.s.l. in elevation (Lanzhou Institute of
Glaciology and Geocryology, 1987). One of the characteristics of the glacier is a
debris layer covering most of the ablation area (Fig.1). The thickness of the debris
layer ranges from 5 to 250 cm. In some places large rocks are piled up to several
meters.

From a hydrological perspective, Keqicar Baqi Glacier exerts a considerable
influence on water resources of the Ateoyinak River which flows into the Akesu River.
Additionally, this glacier temporarily stores water as snow and ice over many
timescales, especially at the source of the Ateoyinak River. It is evident from fig.2 that
the discharge of the Akesu River has increased significantly. This appears to support
the warming and wetting change-of-climate scenario. As compared with the period
from 1957 to 1986, the annual discharge of the Akesu River during the 1987-2000
period increased by about 15 percent (Zhang and others, 2003).

DATA COLLECTION

From June to September 2003 a field programme was conducted on Keqicar Baqi
Glacier, including ablation, meteorological and discharge measurements (Zhang and
others, 2004). Meteorological data was obtained from two automatic weather stations
(AWS) (A and B, Fig. 1) which were located on the glacier. The instrumentation at
these stations collected data on air temperature, precipitation and wind speed. In this
paper, the air temperature and precipitation are of the greatest interest.

Discharge was continuously observed approximately 300 m below the glacier
terminus (Fig. 1) along the principal stream at 15 minute intervals, using mechanical
stage recorders, pressure-type hydrological flow meters, and a hydrometric propeller.
Ablation stakes distributed evenly on the glacier were used to monitor glacier melt
throughout the melt season of 2003. The stakes were measured from July to
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September at intervals of 20-25 days. Measured changes in the surface height were
converted to water-equivalent melt ablation by using densities of 600 kg m™ for snow
and 900 kg m” for ice.

METHODS

Glacier meltwater

The amount of glacier meltwater was computed using a degree-day model. This
model is dependent on a reported relationship between snow or ice melt and air
temperature expressed in the form of a “positive temperature” (Braithwaite, 1995; Liu
and others, 1998; Hock, 2003). Despite its simplicity, the degree-day model has
proven to be a powerful tool for melt modelling, often outperforming energy balance
models on a catchment scale, especially in remote high-mountain regions (US Army
Corps of Engineers, 1971; WMO, 1986). The degree-day modelling approach was
first used for an Alpine glacier by Finsterwalder and Schunk (1887) and since then it
has been used all over the world for the estimation of snow or ice melt (Clyde, 1931;
Collins, 1934; U.S. Army Corps of Engineers, 1956; Hoinkes and Steinacker, 1975;
Braithwaite, 1995; Liu and others, 1998; Hock, 1999; Zhang and others, 2005).

For determining runoff contributions, the daily depth of meltwater, m for
elevation band, h attime, t are obtained by using the following equations for snow
and ice taken from Zhang (2005).

For snow,
DDF__ T (h,t)S(h,t - T(ht)>0
msnow(h’t): o ( ) ( ) ( )> (1)
0 . T(ht)<0
For ice,
DDET, (h,t)S.(h,t)+ DDFT, (h,t)S; (h,t : T(ht)>0
m..(hit) = 1 (h,1)S (1) i T (DS (1) (h,t) @)
0 : T(hit)<0

where DDF is the degree-day factor; T and S are daily mean air temperature

and surface area of different elevation bands, respectively; the subscripts ¢ and f

are debris-covered ice surface and debris-free ice surface, respectively.

The degree-day factor is different for debris-free ice, debris-covered ice and snow
which is assumed constant in space and time in corresponding elevation band. These
factors were taken from Zhang and others (2005). The air temperature recorded at
station A (Fig.1) was used as input. Air temperature of different elevation bands was
extrapolated by using a vertical lapse rate (VLR) of 0.006 °C m™ as derived from the
average temperature data from stations A and B. In addition, we extracted the area of
each 100-m elevation band from a 90-m resolution Digital Elevation Model (DEM)
using GIS technology and obtained the debris-covered, debris-free and snow-covered
surface area on the glacier.
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Precipitation

On Keqicar Baqi Glacier, the precipitation at the glacier terminus was 196.2 mm
from July to September 2003. The maximum precipitation for a day was 29.3 mm,
and often precipitation was< 0.1 mm in a day during our observations (Zhang and
others, 2004).

For our computations, a linear increase in precipitation of 8.8 percent every 100
m was assumed for Keqicar Baqi Glacier (Zhang and others, 2004). Additionally, 26.0
percent was added to measured precipitation to account for the gauge undercatch error
(Yang and others, 1989). A threshold temperature of 1.5 °C was used to discriminate
liquid from solid precipitation (Ye and others, 1996).

Model testing
Melt simulations were evaluated using the following equations.

"M —M
g ZiM. M,

nM,,

Y _\/Z:=1(M5_Mm)2
2 = \/ﬁMm

The criteria Y, and Y, are relative error and relative standard deviation,

3)

(4)

respectively (Hock, 1999), based on the differences between simulated melt, M,

and measured melt, M, at each ablation stake on the glacier. The subscripts m and

S denote measured and simulated, respectively. The superscript bar indicates the
mean and N is the number of ablation stakes.

RESULTS

Simulated and observed meltwater equivalents at the ablation stakes are compared in
Fig.3. The simulations represent the spatial means of 100 m altitudinal bands, whereas
the stake measurements refer to an individual point inside each of these areas.
Considering the simplicity of the melt model, there is a fair agreement between
measured and simulated meltwater equivalents, although some points are not directly
on the 1:1 line (Fig.3).

Table 1 lists the results of model evaluations using Equations (3) and (4). The
results demonstrate that simulations of meltwater agree well with measured meltwater
in the melt season of 2003 (Fig.3 (a)), although the degree-day factors obtained from
the July data tend to underestimate the larger meltwater amounts on August and
September (Fig.3 (c¢) and (d)). This error may be attributed to the different weather
characteristics of different months. Zhang and others (2004) suggest that July 2003
was predominantly rainy with overcast conditions, whereas dry and sunny weather
predominated in August and September 2003. The degree-day factor will vary
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according to the relative contributions of the energy-balance components (Ambach,
1988), and their relative importance varies with weather conditions. Therefore, our
results should be interpreted with caution.

Based on the estimates of meltwater and precipitation, a calculation reveals that
glacier meltwater and precipitation are approximately 84 percent and 8 percent,
respectively, of the source of the total discharge in the Ateoyinak River source region.
Variation of air temperature, precipitation and the components of discharge in the
Ateoyinak River source region is shown in Fig.4. These results suggest that the main
source of discharge of the Ateoyinak River is glacier meltwater, and that precipitation
is a secondary source under a warmer and wetter climate scenario.

CONCLUSIONS

Our results suggest that with an increase in air temperature and precipitation in
northwestern China, glacier meltwater becomes the predominant source for runoff to
rivers in this area. We analyzed the impact of precipitation and glacier meltwater on
the discharge (runoff) in the source region of the Ateoyinak River, southwestern
Tianshan, using a degree-day model. This type of model is widely used when there is
a lack of data for the alternative energy-balance approach. Results show that
modelling glacier meltwater of Keqicar Baqi Glacier at the source of the Ateoyinak
River during July—September 2003, based on the degree-day model, yielded a fair
agreement between simulated and measured meltwater. Based on the calculated
meltwater and precipitation, it was concluded that glacier meltwater and precipitation
were approximately 84 percent and 8 percent, respectively, of the total discharge in
the source region of the Ateoyinak River.

ACKNOWLEDGEMENTS

Thanks to DeWayne Cecil, Ellen Mosley-Thompson and Henry Brecher, for their
helpful comments and suggestions that greatly improved this paper. This work was
supported by the Chinese National Fundamental Research Program (Grant
No0.90202013 and 40371026), the Knowledge Innovation Project of the Chinese
Academy of Sciences (Grant No. KZCX3-SW-345 and KZCX3-SW-339) and the
Cold Arid Regions Environmental and Engineering Research Institute, Chinese
Academy of Sciences (Grant No. 2004102).

REFERENCES

Ambach, W. 1988. Heat balance characteristics and ice ablation, western
EGIG-profile, Greenland. In Thomsen, T., H. Sogaard and R.J. Braithwaite, ed.
Applied Hydrology in the Development of Northern Basins, Copenhagen,
Danish Society for Arctic Technology, 59-70.

Braithwaite, R.J. 1995. Positive degree-day factor for ablation on the Greenland ice
sheet studied by energy-balance modeling. J. Glaciol., 41(137), 153-160.



Final accepted paper 43A041 for Annals of Glaciology—Lanzhou 2005

Clyde, GD. 1931. Snow-melting characteristics. Utah Agricultural Experiment
Station Bull., 231, 1-23.

Collins, E.H. 1934. Relationship of degree-day above freezing to runoff. Trans. Am.
Geophys. Union, Reports and Papers, Hydrol., 624-629.

Finsterwalder, S. and H. Schunk. 1887. Der Suldenferner. Zeitschrift des Deutschen
und Oesterreichischen Alpenvereins 18, 72—89.

Han Ping, Xue Yan and Su Hongchao. 2003. Precipitation signal of the climatic shift
in Xinjiang Region. J. Glaciol. Geocryol., 25(2), 172-175. [In Chinese with
English abstract.]

Hock, R. 1999. A distributed temperature-index ice and snowmelt model including
potential direct solar radiation. J. Glaciol., 45(149), 101-111.

Hock, R. 2003. Temperature index melt modelling in mountain areas. J. Hydrol., 282,
104-115.

Hoinkes, H.C. and H. Steinacker. 1975. Hydrometeorological implications of the mass
balance of Hintereisferner, 1952-53 to 1968-69, Proceedings of the snow and ice
symposium, Moscow 1971, IAHS Publ. no. 104, 144-149.

Hu Ruji, Jiang Fengqing and Wang Yajun. 2002. A study on signals and effects of
climatic pattern change from warm-dry to warm—wet in xinjiang. Arid Land
Geography, 25(3), 194-200. [In Chinese with English abstract.]

Lanzhou Institute of Glaciology and Geocryology, Chinese Academy of Sciences. ed.
1987. Glacier Inventory of China (III). Beijing, Science Press, 15-69. [In
Chinese.]

Liu Shiying, Ding Yongjian, Wang Ninglian and Xie Zichu. 1998. Mass Balance
Sensitivity to Climate Change of the Glacier No.l at the Urumqi River Head,
Tianshan Mts.. J. Glaciol. Geocryol., 20(1), 9-13. [In Chinese with English
abstract. ]

Shi Yafeng, Shen Yongping, Li Dongliang, Zhang Guowei, Ding Yongjian, Kang Ersi
and Hu Ruji. 2003. Discussion on the present climate change from warm-dry to
warm-wet in northwest China. Quaternary Sciences, 23(2), 152-164. [In
Chinese with English abstract.]

Song Lianchun and Zhang Cunjie. 2003. Changing features of precipitation over
northwest China during the 20" century. J. Glaciol. Geocryol., 25(2), 143—148.
[In Chinese with English abstract.]

U.S. Army Corps of Engineers. 1956. Summary report of the snow investigations,
snow hydrology. US Army Engineer Division (North Pacific, 210Custom House,
Portland, Oregon), 437pp.

US Army Corps of Engineers. 1971. Runoff evaluation and streamflow simulation by
computer. Part-II, US Army Corps of Engineers, North Pacific Division, Portland,
Oregon, USA.

Wang Shaowu and Dong Guangrong. 2002. Environmental characteristic of west
China and its evolution. In Qin Dahe, ed. Evaluation of environmental evolution
of west China (volume 1), Beijing, Science Press, 49-61. [In Chinese.]

WMO. 1986. Intercomparison of models for snowmelt runoff. Operational Hydrology
Report 23(WMO No.646).



Final accepted paper 43A041 for Annals of Glaciology—Lanzhou 2005

Yang Daqing, Shi Yafeng, Kang Ersi and Zhang Yinsheng. 1989. Research on analysis
ans correction of systematic errors in precipitation measurement in Urumqi River
Basin, Tianshan. Proc. Int. Workshop on Precipitation Measurement, St. Moritz,
Switzerland, WMO/IAHS/ETH, 173-179.

Ye Baisheng, Chen Kegong and Shi Yafeng. 1996. Ablation function of the Glacier in
the Source of the Urumuqi River. J. Glaciol. Geocryol., 18(2), 139-146. [In
Chinese with English abstract.]

Zhang Guowei, Wu Sufen and Wang Zhijie. 2003. The signal of climatic shift in
northwest China deduced from River runoff change in Xinjiang region. J.
Glaciol. Geocryol., 25(2),176-180. [In Chinese with English abstract.]

Zhang Yong, Liu Shiyin, Han Haidong, Wang Jian, Xie Changwei and Shangguan
Donghui. 2004. Characteristics of Climate on Keqicar Baqi Glacier on the South
Slopes of the Tianshan Mountains during Ablation Period. J. Glaciol. Geocryol.,
26(5), 545-550. [In Chinese with English abstract.]

Zhang Yong, Liu Shiyin, Shangguan Donghui, Han Haidong, Xie Changwei and
Wang Jian. 2005. Study of the positive degree-day factors on the Koxkar Baqi
Glacier on the south slope of Tianshan Mountain. J. Glaciol. Geocryol., 27(3),
337-343. [In Chinese with English abstract.]

Zhang Yong. 2005. Degree-day model and its application to the simulation of glacier
ablation and runoff on Glacier Keqicar Baqi, southwest Tianshan. (Master Thesis.

Graduate of Cold Arid Regions Environmental and Engineering Research
Institute, CAS). [In Chinese with English abstract.]



Final accepted paper 43A041 for Annals of Glaciology—Lanzhou 2005

TABLE CAPTIONS

Table 1 Results of the meltwater simulations of Keqicar Baqi Glacier for 2003 using a

degree-day model. Y, and Y, are relative error and relative standard deviation,
respectively, and are defined in equations (3) and (4). M, is average simulated

meltwater equivalent (m).

FIGURE CAPTIONS

Figure 1 Location of Keqicar Baqi Glacier. The automatic weather stations (AWS)

are located at A and B.

Figure 2 Temporal variation of annual discharge of Akesu River on the south slope of
the southwestern Tianshan Mountains.

Figure 3 Measured vs simulated meltwater at the ablation stakes on Keqicar Bagqi
Glacier, July-September 2003.

Figure 4 Variation of air temperature (T, ° C), precipitation (P, mm) and the component

of runoff (Runoff depth, mm) in the source region of the Ateoyinak River.
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Table 1 Results of the meltwater simulations of Keqicar Baqi Glacier for 2003 using a

degree-day model. Y, and Y, are relative error and relative standard deviation,
respectively, and are defined in equations (3) and (4). M, and M, are average

simulated and average observed meltwater equivalent (m).

Y Y> Mg, M o
July 0.01 0.02 0.73 0.73
August 0.11 0.15 0.81 0.80
September 0.12 0.19 0.78 0.72
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ABSTRACT. The degree-day factor is an important parameter for the degree-day

model, which is a widely used method for ice and snow melt computation. Spatial
variations of the degree-day factor largely impact the accuracy of modelling snow or
ice melt. This study analyzes the spatial variability of degree-day factors obtained
from observed glaciers in different regions of western China. Results clearly show
that the degree-day factor for a single glacier is subject to significant small-scale
variations, and the factor for maritime glaciers is higher than that for sub-continental
and extremely continental glaciers. In western China the factors increase gradually
from the northwest to the southeast. In general, the regional patterns of degree-day
factors are detectable on the glaciers due to the unique climatic environment and heat
budget of the Tibetan Plateau and surrounding regions. Low degree-day factors can be
expected for cold-dry areas, whereas, high degree-day factors can be expected for
warm-wet areas in western China. Depending on spatial variation of the
characteristics of degree-day factors and the meteorological data, we can provide
gridded degree-day models for non-monitored glaciers to reconstruct gridded
historical glacier mass balance series in western China.

INTRODUCTION

The meltwater derived from snow and ice plays a crucial role in the annual
streamflow of arid regions in western China (Yao and others, 2004), significantly
affecting catchment hydrology by temporarily storing and releasing water on various
time scales (Jansson and others, 2003). Although the melt process depends on
different processes of the heat budget, modelling snow and ice melt using the energy
balance model is relatively complex and much climatic data are needed as input.
Hence, certain simplifying assumptions are widely used in practical computations of
snow and ice melt. The degree-day model is generally considered to be one of the
simplest but sufficiently accurate schemes to estimate snow and ice melt. Despite its
simplicity, the degree-day model has proven to be a powerful tool for melt modelling,
often on a catchment scale outperforming the energy balance model, especially in the
remote high-mountain regions (US Army Corps of Engineers, 1971; Anderson, 1973;
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WMO, 1986; Hock, 2003, 2005).

The degree-day model depends on a relationship between ablation and air
temperature that is usually expressed in the form of positive temperature. The factor
of proportionality is called the degree-day factor, involving a simplification of
complex processes that are more properly described by the energy balance of the
glacier surface and the overlaying atmospheric boundary layer. This means that the
factor itself depends on the energy balance (Krenke and Khodakov, 1966; Ambach,
1988; Braithwaite, 1995). Therefore, there is a variation in degree-day factors
resulting from the energy partitioning that varies with different climate, seasons and
surfaces. Some studies suggest that spatial and temporal variations of degree-day
factors largely affect the accuracy of modelling snow or ice melt (Quick and Pipes,
1977; Braun and others, 1993; Rigaudiére and others, 1995; Schreider and others,
1997; Arendt and Sharp, 1999; Hock, 2003).

In western China, however, there is little research focusing on the variability of
degree-day factors, especially in high-mountain regions. Therefore, this study
provides a synthesis of the variation in degree-day factors essential for accurately
estimating snow or ice melt processes, especially in the non-monitored mountain
regions in western China.

DATA AND METHOD

Data collection

The 15 glaciers used in our study are located in western China (Fig.1) and were
investigated or monitored during different periods in the past (Zhang and Bai, 1980;
Mountaineering and Expedition Team of Chinese Academy of Sciences, 1985; Zhang
and Zhou, 1991; Liu and others, 1992; Yao and Ageta, 1993; Li and Su, 1996; Su and
others, 1998; Lanzhou Institute of Glaciology and Geocryology, Chinese Academy of
Sciences, 1986-1993). The terminus elevations of these glaciers range from 2,640 to
5,450 ma.s.l.

In this study, the ablation data were measured using ablation stakes. Most of the
ablation records span > 1 month (Table 1) and fortunately, on most of glaciers, the
meteorological data were recorded over the entire period. The longest combined
ablation-climate dataset exists on Urumgi No.1 Glacier (8 years, 1986-1993).

However, on four glaciers including Meikuang Glacier, Halong Glacier,
Qirbulake Glacier and Yangbulake Glacier, there are no meteorological data. Hence,
daily temperature on these glaciers was extrapolated from the closest national
meteorological station using the vertical lapse rate (VLR). The distance between the
glacier and national meteorological station varied considerably and ranged from
several kilometers to a few hundred kilometers. The vertical lapse rate (VLR) of the
different latitude and altitude zones over the Tibetan Plateau and surrounding regions
can be taken from Li and others (2003) and ranges from -0.0054 to -0.006 °C m™. The
equilibrium line altitude (ELA) for each of the 15 glaciers was taken from the China
Glacier Inventory (CGI) and ranges from 4,000 to 7,000 m a.s.l. (Shi, 2005).



Final paper 43A047 for Annals of Glaciology—Lanzhou 2005

Method

The degree-day factor is an important parameter for the degree-day model, which is
based on a linear correlation between snow or ice melt and the sum of daily mean
temperatures above the melting point during a period. Commonly, the degree-day
factor is computed either from direct measurements, using ablation stakes (e.g. Liu
and others, 1996; Braithwaite and others, 1998) or snow lysimeter outflow (e.g.
Kustas and Rango, 1994), or from melt obtained by energy balance computations (e.g.
Braithwaite, 1995; Arendt and Sharp, 1999; Zhang, 2005).

In our study, degree-day factors are computed from direct measurements using
ablation stakes distributed on different monitored glaciers. In general, the degree-day
factor is given by

DDF = M/PDD (1)

where DDF is the degree-day factor, different for snow and ice; M is the depth of
meltwater in an N-day period; PDD is the sum of daily mean air temperatures above
the melting point in the same N-day period. Commonly, PDD is given by
(Braithwaite and Olesen, 1993)

PDD=>H, T, (2)

t=1

whereT, is the daily mean air temperature on day t, and H, is a logical variable,
which can be defined such that H, =1.0 for T, >0C and H,=0.0 for T, <0C.

Strictly speaking, it might be better to define T, as a function of a daily degree-day

total, because daily mean temperatures can sometime be negative while temperatures
are actually above freezing for part of the day. However, the familiar daily mean air
temperature is used here for convenience in using conventional climatological data.
Based on the monitoring data of the 15 glaciers in different periods (Zhang and
Bai, 1980; Mountaineering and Expedition Team of Chinese Academy of Sciences,
1985; Zhang and Zhou, 1991, Liu and others, 1992; Yao and Ageta, 1993; Li and Su,
1996; Su and others, 1998; Lanzhou Institute of Glaciology and Geocryology, Chinese
Academy of Sciences, 1986-1993), the degree-day factors for ice and snow in western
China can be obtained by equations (1) and (2) (Table 1). The results reveal a large
variability from site to site. The values of the factors are derived from different
integration periods ranging from a few days (e.g. Dagongba Glacier) to several years
(e.g. Urumgi No.1 Glacier) which limit their direct comparison. In addition, the
computed processes of degree-day factors involve two main sources of error:
(1) Possible errors in measuring snow or ice melt using ablation stakes distributed on
different monitored glaciers; and
(2) Uncertainty in the vertical lapse rate (VLR) used to extrapolate air temperature
from the nearest national meteorological station to the four glaciers where no
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meteorological data exist.

RESULTS

Degree-day factors

Table 1 shows that there is a large variation in degree-day factors, which can be
attributed to the difference in relative importance of individual energy components
providing energy for melt. It is generally accepted that degree-day factors for snow
are considerably lower than those for ice, due to the higher albedo of snow compared
to ice. In western China, the mean value of degree-day factors for ice on the
monitored glaciers is 7.1 mmd™°C ™, whereas for snow it is 4.1 mmd™°C ™. So the
degree-day factor for snow reaches about 58% of that for ice in western China, while
the corresponding percentage is about 40% and 70% on two Greenland glaciers and
four Scandinavian glaciers (Hock, 2003).

Since the energy balance of the glacier surface varies considerably in space and
time, the degree-day factor can be expected to vary seasonally and spatially. Some
studies suggest that seasonal variations in degree-day factors for ice tend to be less
pronounced because of low seasonal variations in surface albedo (Braithwaite and
Olesen, 1993). In western China monthly variations of degree-day factors on Kegicar
Baqgi Glacier of southwestern Tianshan, given by Table 2, clearly show that monthly
variations of the factor are less distinct. Similarly, seasonal variations during two
summers are less pronounced over the ice on Qiongtailan Glacier, which only varies
from -8% to 12% (Table 3). This finding is in agreement with that of Braithwaite and
Olesen (1993), who detected no evidence of distinct seasonal variation in degree-day
factors in their analysis of six years of summer data over ice on Qamanarssip sermia
in Greenland. Over snow, the seasonal variation in surface albedo is more pronounced
due to metamorphic evolution, and hence degree-day factors also tend to be more
pronounced (Kuusisto, 1980). In this study, however, we cannot discuss the variation
in degree-day factors for snow due to lack of the long term monitoring data for snow
in western China.

Spatial variation of degree-day factors

With different elevations, solar radiation and surfaces (albedo), degree-day factors
will vary considerably in space. In addition, the degree-day factor is considerably
affected by the topographic effects, such as slope, aspect and shape in mountain
regions. Since temporal variations of degree-day factors on the observed glaciers of
western China tend to be less pronounced, the spatial variation of the factors is
discussed below.

For a single glacier, spatial variation is reflected by the relationship between the
degree-day factor and the distance between the observed site of the factor and the
ELA (Fig.2 and Fig.3). Figure 2 clearly shows that the degree-day factors for ice
increase with decreasing distance to the ELA. It is concluded that on these monitored
glaciers (Fig.2), the larger degree-day factors converge at a range of 500 m which is
the distance below the ELA. It is evident from Figure 2 that the degree-day factor at
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higher altitude is larger than at lower altitude on these monitored glaciers where the
ELA is very high, all above 4,000 m. This characteristic can be attributed primarily to
ablation due to absorbed global radiation near the ELA where the positive degree-day
(PDD) is low due to low air temperature (Kayastha and others, 2003). This means that
glacier melt near the ELA (with small PDD) is mainly attributed to the absorbed
global radiation, which results in a larger degree-day factor at higher altitudes than at
lower altitudes, called “the low temperature effect” (Braithwaite, 1995). Nevertheless,
an opposite trend of the degree-day factor is given by Fig.3, which clearly indicates
that the degree-day factors for ice decrease with distance to the ELA on the glaciers in
the central Tibetan Plateau and the Himalayas. On these glaciers, evaporation from ice,
especially sublimation, plays a major role in the heat budget. Due to high energy
consumption involved, evaporation from ice reduces considerably the energy
available for melt, and thus reduces degree-day factors. In brief, the degree-day
factors for a single glacier are subject to significant small-scale variations.

In western China the glaciers can be split into three types: extremely continental
glaciers, sub-continental glaciers and maritime glaciers (Shi and Liu, 1999). For
different glacier types, maritime glaciers are likely to have higher degree-day factors
than sub-continental and extremely continental glaciers. The average values of
degree-day factors for maritime glaciers, sub-continental and extremely continental
glaciers are 10.9, 7.2 and 4.3 mm d™* °C*, respectively. This finding is not in
agreement with Hock (2003), who suggested that glaciers in maritime environments
are likely to have lower degree-day factors than those in more continental climate
regions due to relatively large turbulent fluxes, including condensation. Although the
turbulent fluxes on maritime glaciers in western China account for more than 50% in
the heat budget of the melt season (Xie, 1994), degree-day factors of maritime
glaciers are higher than those of sub-continental and extremely continental glaciers.
Besides the influence of different regional climate conditions, the fact that the
ablation area of maritime glacier in western China is generally covered with a thin
debris layer that accelerates glacier melt (dstrem, 1959; Rana and others, 1997;
Zhang and others, 2005), should be emphasized among the most important reasons
for this phenomenon. This debris layer has a strong influence on the surface energy
balance and melting of the underlying ice, and the thermal conductivity and albedo
are the main physical characteristics of a debris layer that control heat conduction to
the ice-debris interface.

For the total glacier system of western China regional patterns of degree-day
factors are clearly detectable (Fig.4). Figure 4 is a map of isolines for the degree-day
factors for ice, which clearly shows that the factors increase gradually from the
northwest to the southeast in western China. According to the values of degree-day
factors, we can split the observed glaciers in western China into three categories: a
high-value region (> 9.0 mm d™*°C™), a mid-value region (6.0-9.0 mm d™*°C ™) and
a low-value region (< 6.0 mm d™*°C ™) (Fig.4). It is evident that the high-value
region (= 9.0 mm d™*°C™?) is located in the southeast of western China; whereas, the
low-value region (< 6.0 mm d™*°C™?) lies in the northwest of western China. This
distinct spatial variation of degree-day factors can mainly be attributed to the unique
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climatic environment and heat budget of the Tibetan Plateau and the surrounding
regions.

Like the variation of degree-day factors, from the northwest to the southeast in
western China, the climatic environment varies gradually from cold-dry to warm-wet;
meanwhile, the type of heat budget varies from evaporation type to
condensation-evaporation type (Shi, 2000). This shows that the regional climate
conditions largely impact the spatial variation of degree-day factors in western China.
Generally speaking, low degree-day factors can be expected for cold-dry areas where
available ablation energy may be mainly consumed by evaporation, especially
sublimation; whereas, high degree-day factors can be expected for warm-wet areas
where the available ablation energy is mainly consumed by melting.

CONCLUSIONS

This study analyzes the spatial variation features of degree-day factors obtained from
the investigated or monitored glaciers of western China over different periods. The
mean value of degree-day factors for ice and snow is 7.1 mm d* °C* and 4.1 mm
d*°C ™, respectively. Although temporal variations of degree-day factors are less
pronounced, their spatial variations are significant. On a single glacier, degree-day
factors are subject to significant small-scale variation. Considering different types of
glaciers, maritime glaciers are likely to have higher degree-day factors than
sub-continental and extremely continental glaciers. For the total glacier system, the
regional patterns are detectable and significantly linked to the unique climatic
environment and heat budget of the Tibetan Plateau and surrounding regions. In
western China the high-value DDF region (> 9.0 mm d™ °C™?) is located in the
southeast; whereas, the low-value DDF region (< 6.0 mm d™* °C ™) lies in the
northwest; that is, the degree-day factors increase gradually from the northwest to
the southeast in western China. Generally speaking, low degree-day factors can be
expected for cold-dry areas where sublimation plays a major role in the available
ablation energy; whereas high degree-day factors can be expected for warm-wet
areas.

This paper describes the characteristics of the spatial variation of degree-day
factors for degree-day models, used to estimate glacier melt on observed glaciers in
western China. According to the China Glacier Inventory (CGl), there are 46,342
glaciers with a total area and volume of 59,415 km? and 5,601 km?®, respectively in
western China. Due to the lack of money and time to monitor every glacier only 15
glaciers have been investigated or monitored during different periods in the past. The
monitoring data of the 15 investigated or monitored glaciers are of vital importance
for studying the change of non-monitored glaciers in China. Hence, based on the
spatial variations of degree-day factors and the meteorological data of different
observed glaciers in different periods, we can provide gridded degree-day models of
the non-monitored glaciers for reconstructing gridded historical mass balance series
in the different regions, which can then be used to predict the influence of glacier
change on the water resources in western China.
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TABLE CAPTIONS

Table 1 Degree-day factors (DDF ) on different monitored glaciers in western China.

Table 2 Monthly variation of the degree-day factors on Kegicar Baqi Glacier (2003).

Table 3 Seasonal variation of the degree-day factors on Qiongtailan Glacier during
1977-1978.

FIGURE CAPTIONS

Figure 1 Map of the study area, with locations of the 15 monitored glaciers in western
China. The 15 monitored glaciers include 1. Urumgi No.1 Glacier; 2. Qiongtailan
Glacier; 3. Kegicar Baqi Glacier; 4. Qirbulake Glacier; 5. Yangbulake Glacier; 6.
Teram Kangri Glacier; 7. Meikuang Glacier; 8. Qiyi Glacier; 9. Halong Glacier; 10.
Xiaodongkemadi Glacier; 11. Kangwure Glacier; 12. Hailuogou Glacier; 13.
Dagongba Glacier; 14. Xiaogongba Glacier; 15. Baishuihe No.1 Glacier.

Figure 2 Increasing variations of the degree-day factors with decreasing distance to
the ELA in western China.

Figure 3 Decreasing variations of degree-day factors with decreasing distance to the
ELA in western China.

Figure 4 Map of DDF isolines for ice in western China.
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Tablel Degree-day factors (DDF ) on different monitored glaciers in western China. Units are mm d*°C™.

Mountain system Glacier DDFice DDanow Altitude (mas.l.) Period Reference
Tianshan Mountains Urumgi No.1 Glacier 8.5 3831—3945 1986—1993 Liu and others,1996
7.3 3754—3898 1986—1988 Liu and others,1996
31 4048 1986—1993 Liu and others,1996
Kegicar Bagi Glacier 45 3347 28 Jun—12 Sep 2003 Zhang and others, 2005
7.0 4216 11 Jul—13 Sep 2003 Zhang and others, 2005
Qiongtailan Glacier 45 3675 17 Jun—31 Jul 1978 this study
7.3 4100 25 Jun—14 Aug 1978 this study
8.6 4200 21 Jun—31 Jul 1978 this study
3.4 4400 21 Jun—11 Aug 1978 this study
Hengduan Mountains Hailuogou Glacier 5.0 3301 24 Aug 1982—Aug 1983 this study
Baishuihe No.1 Glacier 13.3 4600 23 Jun—30 Aug 1982 this study
59 4800 26 Jun—11 Jul 1982 this study
Dagongba Glacier 13.2 4540 20 Sep 1982—22 Sep 1983 this study
Xiaogongba Glacier 12.0 4550 15 Jul 1982—15 Jul 1983 this study

-11 -
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Mountain system Glacier DDFice DDanow Altitude (m as.l.) Period Reference
Karakorum Mountains  Batura Glacier 3.4 2780 Jun—Aug 1975 this study
Teram Kangri Glacier 5.9 4630 25 Jun—7 Sep 1987 this study
6.4 4650 24 Jun—T7 Sep 1987 this study
Qirbulake Glacier 2.6 4750 6 Jun—30 Jul 1960 this study
Yangbulake Glacier 43 4800 1 Jul—5 Jul 1987 this study
Kunlun Mountains Meikuang Glacier 3.0 4840 7 May—7 Sep 1989 this study
Halong Glacier 4.7 4616 15 Jun—28 Jun 1981 this study
3.6 4300 14 Jun—27 Jun 1981 this study
Tangula Mountains Xiaodongkemadi Glacier 13.8 5425—5475 Jul—Aug 1993 Kayastha and others, 2003
Qilian Mountains Qiyi Glacier 7.2 4305—4619 Jul—Aug 2002 Kayastha and others,2003
Himalayas Kangwure Glacier 9.0 5700—6000 20 Jul—25 Aug 1993 this study

-12 -
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Table 2 Monthly variation of degree-day factors on Kegicar Bagi Glacier

(2003).
Altitude of site DDF,, (mmd*°C™
(mas.l) ul. Aug. Sep.
3620 - 6.1 6.0
3742 5.1 5.3 4.9
3870 4.6 6.4 5.9
4113 8.7 8.9 8.6

Table 3 Seasonal variation of degree-day factors on Qiongtailan Glacier

during 1977-1978.

Altitude of site DDF,, (mmd'°C™) Variation range
(mas..) 1977 1978 %)
3675 4.9 4.5 -8
4100 6.5 7.3 12
Average 5.7 5.9 4

-13-
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Figure 1 Map of the study area, with locations of the 15 monitored glaciers in western
China. The 15 monitored glaciers include 1. Urumgi No.1 Glacier; 2. Qiongtailan
Glacier; 3. Kegicar Bagi Glacier; 4. Qirbulake Glacier; 5. Yangbulake Glacier; 6.
Teram Kangri Glacier; 7. Meikuang Glacier; 8. Qiyi Glacier; 9. Halong Glacier; 10.
Xiaodongkemadi Glacier; 11. Kangwure Glacier; 12. Hailuogou Glacier; 13.
Dagongba Glacier; 14. Xiaogongba Glacier; 15. Baishuihe No.1 Glacier.
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the ELA in western China.
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ABSTRACT

A study is presented of geographical distribution, spatial and temporal
variabilities of the western China snow cover in the past 47 years between 1951
and 1997. The data used consist of SMMR six-day snow depth charts, NOAA
weekly snow extent charts, daily snow depth and number of snow cover days from
106 selected meteorological stations across the western China. Empirical
Orthogonal Function was performed on SMMR dataset to better understand the
spatial pattern and variability of the Qinghai-Xizang (Tibet) snow cover. A multiple
linear regression analysis was conducted to show association of interannual
variations between snow cover and snow season temperature as well as
precipitation. Further, autoregressive-moving average model was fitted to the snow
and climate time series to testing for their long-term trends. Results show that the
western China did not experience continuant decrease in snow cover during the
great warming period of 1980’s and 1990’s. It is of interest to note that no
correlation was identified between temperature and precipitation in snow cover
season. However year-to-year fluctuation of snow cover responds to both of
snowfall and snow season temperature. About one-half to two-third of the total
variance in snow cover are explained by the linear variations of snowfall and snow
season temperature. The long-term variability of western China snow cover is
characterized by a large interannual variation superimposed on a small increase
trend. The positive trend of the western China snow cover is consistent with
snowfall increasing, but in contradiction to regional warming. In addition, many
constraints of the Qinghai-Xizang (Tibet) snow cover force us to challenge
Blanford’s hypothesis.



1. Introduction

Snow cover is a vital water resource in the western China. Major largest rivers of China,
such as Yangtze River, Yellow River, etc. have their headwaters there. The agriculture and
animal husbandry rely heavily on snowmelt water to be sustained. The crop failure and
harvest have traditionally been tied strictly to the winter snow storage. Spring drought caused
by snow scarcity represents potentially the most serious impact to agriculture and ecosystem.
Sometimes it even results in flow break off of the Yellow river. On the other hand, heavy
snowstorms often bring disaster to animal husbandry in Qinghai-Xizang (Tibet) Plateau,
Xinjiang and Inner Mongolia. In the context of global warming changes in snow cover take
on great significance and have clear economic impacts in western China.

The majority of climatic community convinced of pronounced reduction in seasonal
snow cover in response to CO,-induced global warming (IPCC, 1996a; Robinson et al., 1990;
Groisman et al., 1994; Brown et al., 1996; Aizen et al 1997). However there are important
regional exceptions (Moore et al, 2002; Ye et al 1998; Davis et al, 1998; Thompson et al, 1999;
Vaughan et al, 1999; Ohmura et al, 1996; Li, 1995). Many studies have shown that higher
snowfall is a characteristic of warming climate in cold regions (IPCC, 1996b; Karl et al, 1993;
Leathers et al, 1993). Up-to-now global snow cover monitoring has not found any convincing
evidence of the trend in snow cover variations on global scale. How snow cover will react to
global warming is presently a controversial issue.

The South and the East Asia experience the monsoon climate that undergoes
high-amplitude variability (Webster et al, 1998). The effect of the Qinghai-Xizang (Tibet)
snow cover on the Asian monsoon is one of intriguing issue for climatologists (Blanford,
1884; Walker, 1910). Despite diagnostic and modeling investigations ascribed the importance
to the Qinghai-Xizang (Tibet) snow cover (Hahn and Shukla, 1976; Barnett et al, 1988; 1989;
Yasunari et al, 1991; Vernekar, et al, 1995), the efforts to support Blanfords hypothesis have
left nothing but variant conclusions and sharp contrasts (Zwiers, 1993) for lack of ground
truth of snow cover distribution and variability over the Qinghai-Xizang (Tibet) plateau. So
far, the open questions about whether an apparent or a weak correlation (Li, 1994), a negative
correlation or a positive correlation (Bamzai and Shukla, 1999) is in existence between the
Qinghai-Xizang (Tibet) snow cover and the Indian monsoon rainfall, and whether albedo
effect or hydrological effect of the Qinghai-Xizang (Tibet) snow cover is the key mechanism
in affecting on Asian monsoon development, still elude us. Detailed and accurate information
of Qinghai-Xizang (Tibet) snow cover is still essential to test Blanford’s hypothesis.

The study area extends over the latitude-longitude domain from 70°to 105° east and from
27° to 50° north. Western China is physiographically divided into two regions: the
Qinghai-Xizang (Tibet) plateau and northwestern China. The former, with an average
elevation exceeding 4500m a.s.l, and area of more than two million square kilometer was
acclaimed as the roof of the world. The Himalaya, the world highest mountain provides a
natural screen in southern frontier of the plateau. The latter is an arid region of China and
roughly encompasses by high mountains and large basins, such as Altai, Tianshan, Pamirs,
Karakorum, Kunlun mountains and Tarim, Junggar Basins.



2. Datasets

2.1. SMMR six day snow depth data and their adjustment over western China

Assessment of spatial distribution and seasonal progress in snow mass requires reliable
snow depth data with high-spatial resolution and covering a sufficient length of time. The
microwave snow estimates have been recognized as an efficient means of large-scale mapping
snow depth and snow water equivalent (SWE) with a high spatial density (Konig et al, 2001).
The intensity of microwave radiation thermally emitted by snow cover is measured and
expressed as brightness temperature. The scanning multi-channel microwave radiometer
(SMMR), on board the Nimbus-7, is a five-frequency dual-polarized microwave radiometer.
The frequency 37 GHz with a spatial resolution of 25km was the used sensor for snow cover
observation. The brightness temperature was spatially averaged for each
0.5°%0.5°latitude-longitude grid cell and retrieved to snow depth by snow parameter retrieval
algorithm developed by Chang et al (1987). The world SMMR snow depth charts were
compiled for six-day period from 1978 to 1987 on a continuous basis and in a consistent
manner. However employing a single global algorithm to extract snow depth from SMMR
output significantly overestimates snow cover area in the Qinghai-Xizang (Tibet) plateau
(Robinson, et al, 1984) for snow cover is predominantly shallow, patchy, and frequently of
short duration. To calibrate SMMR estimates Chang et al (1992) thoroughly compared
SMMR data with DMSP OLS short wave images and daily snow depths reported by 175
weather stations over western China. Then western China specific retrieval algorithms were
developed under the support of GIS to account for the effect of the atmospheric conditions
and snow cover extent adjustment for shallow and patchy snow area. The algorithms were
expressed as:

for plateau SD=2.0(T;,, —T5,,, )—8.0 (1)
for high mountains  SD =2.0(T},, —T3,, )—6.0 (2)
for rolling hills and basins ~ SD =1.59(T}s,, — T3, )—3.0 3)

Where SD is the snow depth in cm; 7'g and 737 are the horizontally polarized brightness
temperature (K) for the SMMR 18GHz and 37GHz radiometers respectively.

In this study, NASA six-day SMMR snow depth data during the period between 1978 and
1987 have been adjusted by using the western china algorithms.

2.2. NOAA weekly snow extent charts

Weekly snow extent charts produced by NOAA from visible-band satellite imagery are
the supplementary source of information for the Qinghai-Xizang (Tibet) plateau snow cover
investigation. The charting improved considerably in 1972 with deployment of the AVHRR
sensor and was digitized on an 89x89 cell northern hemisphere grid with spatial resolution
ranging from 16000km” to 42000km”. Presently NOAA weekly snow charts constitute the
longest satellite-derived snow cover dataset available on a continuous basis and produced
operationally. However they are limited by coarse resolution for regional scale study and by



cloudiness which frequently obscures portions of the plateau. Since the Tibetan plateau has
been one of the most difficult areas for snow cover monitoring, an efficient method to monitor
the plateau snow cover is to utilize comparatively various satellite derived snow datasets and
station snow cover data. To minimize discrepancies between datasets, NOAA weekly snow
extent charts covering period from 1972 to 1989 were used to generate the plateau snow area
time series for comparison with SMMR as well as station created snow time series.

2.3.In situ snow cover

To assess snow mass variability, particularly in light of long-term variation and trend the
satellite data are still far from sufficient length. Ground station data could provide for longer
time series generation. The meteorological network of western China consists of more then
200 synoptic stations. They report snow depth daily and number of snow cover days monthly.
Snow density is measured at primary stations only per five days when snow depth>5cm. The
data span the period from 1951 to present. Considerable quality problems are inadequate
spatial coverage and varying length. The former case does not refer to irregularity of station
spatial distribution, but to high mountainous areas where snow cover is heavy and is affected
by large interannual variability, and station is geographically sparse or virtually absent. For
instance, over the Qinghai-Xizang (Tibet) Plateau the limited stations tend to be in inhabited
river valley over the eastern plateau. Besides, it was only after 1956 that the Qinghai-Xizang
(Tibet) network became the very least dense to ensure any adequate spatial coverage except
for western Tibet (Figure 1). To minimize the defects of station data a subset of the network
was created in northwestern China and the Qinghai-Xizang (Tibet) plateau respectively. The
former consists of 46 stations. Of which 38 stations were selected in such a way that only one
station was chosen from each grid cell of 2°x2° latitude-longitude. An additional 8 high
elevation (2000m~4000m a s 1) stations were added to account for orographic effects on
snow cover distribution and to improve data coverage in high mountains. The station selection
criteria included availability of a longest time series, few missing records, and without site
relocation. The station records were used without further adjustments, and no attempt was
made to fill a few missing data (Balling Jr. and Idso, 2002). After the strict quality control the
station point records were integrated over the snow cover year (from September to next
August) and space to derive regional time series. With regard to large scale area averages,
biases and errors associated with specific point data were further minimized to such an extent
that a homogeneous and meaningful signal can be extracted. Over the Qinghai-Xizang (Tibet)
plateau, station network consisted of 60 primary stations. Of which 35 stations are located in
Qinghai province and only 25 stations in Xizang (Tibet) Autonomous Region.

Figure 1

2.4. Climate data

Monthly temperature and precipitation from 1957 to 1992 for 60 stations over the
Qinghai-Xizang plateau, and from 1951 to 1997 for 46 stations in northwestern China
obtained from the Central Meteorological Bureau of China.

3. Methodology

The principal objective of this paper was to investigate spatial distribution and temporal



variability of snow cover over western China, and particularly over the Qinghai-Xizang (Tibet)
plateau. The Chief approaches used are briefly given below:

3.1.EOF analysis

Empirical Orthogonal Function (EOF) analysis is used for compressing an initial huge
quantity of information and extracting the main dominant spatial-temporal modes that capture
the maximum proportion of initial variance (Richman, 1986). The decomposition in EOFg
follows:

F(x,t)=) a,f(x)g(t) (4)

Where f; and g; are two sets of orthogonal functions in space and time; obtained by
diagonalizing the covariance matrix. The corresponding eigevalues represent the portion of
the variance. In this study we did not usw rotation in EOF analysis. The EOFs are based on
unnormalized SMMR snow depth data that are not converted to anomalies. It was performed
on 10-year SMMR six-day snow depth field during the winter snow maxima (January and
February) over the Qinghai-Xizang plateau. Compressing the original 90x875 matrix into
90x9 matrix, the first two take into account 60.4 percent of the total variance. The spatial
distribution of loadings corresponding to the EOFg represents the spatial pattern of snow
depth distribution and variability.

3.2. Multiple linear regression

The linear regression used in this study is an ordinary regression approach. Since we are
interested in diagnosing snow cover sensitivity to winter temperature and snowfall, a
two-variable regression shortly described as the following:

S—8, = G_S(FSP _VS;rPT J(P_BJ)+(5_S(FST _rsirpr J(T_To) (5)
Gp 1=7p; Cr 1=7p;

Where S, P, T denote snow cover, snowfall and temperature respectively. Other notations,
such as means (So, Po, 1), standard deviations (o, o), o7), and regression coefficients (rsp, rsr,
rpr) are easy to understand. Their determinations can be found in any standard statistics book.
For each regression coefficients a standard F-test was performed with degrees of freedom that
two less than the number of years were used (Pollard, 1981).

3.3. Trend test

At the core of trend testing is to distinguish whether an observed trend in time series is a
random trend or a deterministic trend. In this study, a statistical model consisting of a possible
trend plus correlated noise is fitted to the snow and climate time series.

y,=a+bt+E, (6)

where y, represents snow and climate parameters in year #; E; is the deviation from a
straight line, and is assumed to be a stationary zero mean process.

When E; is serially correlated, in order to detect a deterministic trend for time series due
to random trend presence an autoregressive-moving average (ARMA) model is appropriate
for adopting (Woodward and Gray, 1993). The statistical significance of the trends is



evaluated by using the Students t-test with following significance parameter:

27102
t=r[(n=2)/1-r")]"? (7)
Where 7 is the total number of years, and r is correlation coefficient.

4. Spatial pattern of snow depth over western China

Figure 2 shows spatial pattern of average snow depth (cm) during the winter snow
maxima (January and February) between 1978 and 1987 estimated by SMMR covering 2500
cells of 0.5°%0.5° latitude-longitude grid over western China. It is characterized by uneven
geographical distribution. Altitudinal variation is surprisingly pronounced. Snow depths vary
spatially between large mountains and basins in northwestern China. The highest snow depth
is seen in Altay mountain, the second highest occurs in Tianshan, Pamirs, Karakorum and
Kunlun mountains. Besides, an appreciable snow cover is also noted in the Elgis valley and
the Ili valley. In contrast, snow cover is rare in the Tarim basin, Lop Nur and Badain Jaran
desert. In Junggar basin snow is predominantly thin, and frequently of short duration. Aside
from the great distance to moisture sources, the blocking mountains keep the basins very dry
in SNOw cover.

Figure 2

Snow cover is far from a pervasive feature over the Qinghai-Xizang (Tibet) plateau. It
was about 59% snow covered in winter. Only in the peripheries, including Himalayas, Pamirs,
Nyaingentanglha and estern Tanggula mountains there is heavy snow cover present. In the
vast interior, such as Qaidam basin, Yarlung Zangbo valley, snow cover is rare, and in the
North of Qinghai-Xizang (Tibet) plateau snow cover is thin and short duration.

In order to better understand and interpret the structures of the SMMR data, Figure 3
shows the first EOF; pattern of 10-year SMMR six-day snow depth data during the winter
snow maxima from 1978 to 1987. It contains 44.7% of the total variance and has uniform
negative loadings over the Tibetan plateau, which are beyond the domain of China territory,
The two largest loadings occurred along the east periphery and the west periphery of the
plateau that represents the two heavy snow cover areas. An apparent similarity between
Figures 3 and 4, indicates the first EOF; represents an average of the original 10-year SMMR
snow depth during the winter snow maxima. It is convinced that over the Tibetan plateau only
in the peripheries, particularly in the east and the west peripheries, was any heavy snow cover
noted. Unfortunately, many diagnostic and modeling investigations ascribed the importance to
the Qinghai-Xizang (Tibet) snow cover acting as a huge elevated cool source on atmosphere
but paid no attention to this key feature of snow cover distribution.

Figure 3 Figure 4

5. Annual cycle of snow cover

The regularity of annual cycle of snow cover seems to be ideal for agricultural practices.
Large changes in timing, for instance, late or early spring snow cover dissipation and ill-timed
snow peak would have the potential for significant societal consequences.

The normal annual cycle of snow water equivalent in northwestern China derived from
the SMMR six-day snow depth averages during the 10-year observation and pentad snow
density area-averages based on 36 primary weather stations in northwestern China (Figure 5a)



demonstrated that snow begins accumulating in the mid November. Increases to a late
February or early March peak, follows by a rapid decline until early April. The late peak and
short ablation duration are beneficial to humans for overcoming spring droughts. In some
winter the peak was delayed by about one mouth, and sometimes appeared earlier by half a
month. The broad peak lasted for 72 days, while the sharp peak for only 30 days. The peak
amounts of snow storage (snow water equivalent) between the heavy snow winter and the
light snow winter have difference of 70x10°m’.

Figure 5

Over the Qinghai-Xizang (Tibet) plateau snow season normally begins in the mid
September (Figure 5b). Snow cover growth is rapid in first half of winter with the maximum
occurring in January. This is followed by a slow decline until June. The long snow season,
early snow peak, rapid snow growth and slow snow decay are evident. Of all snow seasons,
winter (Dec. Jan. Feb) has the greatest snow storage. The winter, spring (Mar., April, May.)
and autumn (Sep., Oct., Nov.) are represented by 45.2%, 28.0% ad 21.2% of the annual snow
storage respectively. The largest variability of peak snow amount is the most striking feature
with great difference as many as 300x10°m’ between the heavy snow winter and the light
snow winter.

The highly variable nature of annual cycles is principally responsible for the anomalies in
spring runoff as well as seasonality of river flow in western China.

6. Interannual variability of snow cover

6.1.Station-derived snow cover time series verification

Over the northwestern China snow cover time series were created from 46 best stations
over the past 47 year from 1951 to 1997. First, daily snow depth and monthly number of snow
cover days summed over the snow cover season (September-August) respectively at single
station. Then northwestern China snow cover time series were generated by averaging annual
snow cover data of 46 stations. To verify station-derived snow cover time series we compared
time series of annual number of snow cover days developed from the 46-selected station
network with annual cumulative six-day snow storage estimated by SMMR in northwestern
China during overlap period between 1978 and 1987 (Figure 6).

Figure 6

It is of interest to note that any year-to-year fluctuations experienced by the snow cover duration time
series derived from station data showed up in the SMMR snow storage time series as well. A strong
correlation (r=0.59) exists between the two. The same also holds true for station generated two time series
of annual number of snow cover days and annual cumulative daily snow depth with correlation coefficient
being 0.72. It argues that long-term snow cover time series constructed from station data have ability to
represent the ground truth of interannual variation of snow cover in northwestern China. Over the
Qinghai-Xizang (Tibet) plateau three snow cover time series were generated from area-averaged annual
cumulative daily snow depths based on 60 primary stations, the SMMR six-day snow depth charts and
NOAA weekly snow cover area charts respectively (Figure 7). It can be seen that Tibetan station data do
not have the ability to perfectly represent the ground truth of snow cover. Despite there are major
similarities between the station and satellite derived time series, for instance heavy snow cover in 1977/78
and 1988/1989. light snow cover in 1984/85, etc., some discrepancies could be found. 1985/1986 was an



apparent example. While both SMMR and NOAA recorded a very heavy snow winter, the stations failed to
report it.

Figure 7
6.2. Characteristics of spatial and temporal variations of snow cover

From the ten year SMMR 6-day snow depth data, we computed the anomaly, which is the
difference in snow depth during the snow pick period between the maximum (1985/1986) and
the minimum (1984/1985) snow cover years for every grid cells.

The spatial pattern of SMMR snow depth ranges showed that large interannual variability
of snow depth is the most striking feature over the Qinghai-Xizang (Tibet) plateau. The
maximum and minimum of area-average snow depths were 21.3cm (1985/1986) and 10.4 cm
(1984/1985) respectively during the period of SMMR operation. In fact, only eastern part of
the Qinghai-Xizang (Tibet) Plateau is affected by the most substantial year-to-year fluctuation
in snow depth (Figure 8). It is here that turns to be one of the largest variation areas of China
snow cover as well as Eurasian snow cover (Vernekar, et al, 1995). Most of the anomaly is
about 30cm in snow depth and larger than 50cm is in a relatively small region over eastern
Tibet plateau. In Figure 9 we display the second EOF; of 10-year SMMR six-day snow depth
data during the winter snow maxima (January and February), which accounts for 15.7% of
total variance with a broad maximum negative loadings extend over the eastern Tibet and a
weaker positive loadings are located over the western Tibet. The striking analogue between
the Figure 8 and the Figure 9 suggests that the second EOFs of SMMR snow data represents
east-west difference of snow variability over the Tibetan plateau (Moron, 1997). From Figure
8 and Figure 9 it is well established that the plateau snow cover fluctuation almost always
exhibited in such a regional pattern. Snow depth fluctuation in eastern part of the
Qinghai-Xizang (Tibet) Plateau not only dominates interannual variability of snow cover over
entire Qinghai-Xizang (Tibet) plateau, but also is out of phase with that in western Tibet.
Contrast with the Qinghai-Xizang (Tibet) plateau, snowy areas affected by substantial
year-to-year variation in snow depth are scattered in six large mountain systems, Ili basin,
Elgis basin and Junggar basin over northwestern China. Variability of snow depth is not as
large as in the Qinghai-Xizang (Tibet) Plateau. It would be remiss not to mention another
notable feature that snow depths display the largest variability in the coldest months (Table 1)
and they could dominate annual variation over the Qinghai-Xizang (Tibet) plateau.

Figure 8
Figure 9
Tablel

Figure 10 depicted time series of annual and spring ablation season (March and April)
numbers of snow cover days and annual cumulative daily snow cover depth over northwestern
China from 1951 through 1997. As will be readily seen from visual inspection, it demonstrated
that long-term variability of snow cover is characterized by normal oscillation. Snow cover
fluctuated around the mean. Heavy and light snow winters occurred alternatively. Neither
abrupt changes nor continuation of snow minima from the late 1980’s and early disappearance
of spring snow cover were found. Only from the end of 1980’s a longer-lived decrease in snow
cover was evidenced but not so great as the three previous snow deficits. In the 1960’s and
early 1970’s snow cover was the lowest in second half of the 20" century.



Figure 10

Over the Qinghai-Xizang plateau long-term variability of snow cover is characterized by
the largest interannual variability superimposing on a continuous increase trend. Furthermore,
the annual amplitude of snow cover variability has increased significantly since 1980°s (Figure
11). Both extremely heavy snow cover year and light snow cover year occurred more
frequently. The anomalies did not appear to be outside the range of natural variability.

Figure 11

7. Response of snow cover to climate change
7.1. Association between interannual variabilities of snow cover, temperature and precipitation

in Snow cover season

Snowfall and low temperature are full conditions to meet formation of snow cover. To find
a clue to the response of snow cover to climate change, it is necessary to understand linkage of
variations between snow cover, snow season temperature and snowfall.

In China, the meteorological observation practices have not used independent method for
snowfall measurement. We have to use snow season precipitation data. It should not have a
qualitative effect on the conclusions since the snow season temperature is well below the
freezing over the western China (see Figure 12). Monthly average temperature and monthly
total precipitation were used from 46 selected stations and from 60 primary stations to develop
area-averaged time series of snow season temperature and precipitation over northwestern
China and over the Qinghai-Xizang (Tibet) plateau respectively. What Figure 12 interested us
is that in northwestern China the snow season temperature fluctuated in a fairly similar manner
as the global temperature (Jones et al, 1999) over the past half century. The warming trend is
most apparent. The snow season temperature rose by 1.7°C over the past 47 years being one of
the strongest warming regions all over the world. However temperature increase has not been
monotonic. Most of the warming occurred after 1976. It increased by 4.1°C during the five
winters between 1976 and 1981. 1990’s exhibited the warmest decade during the past 47 years.
The warmest winters were 1996/1997, 1994/1995, 1988/1989 and 1980/1981. The first three
occurred on a global basic, and the last one occurred in the Arctic (Przybylak, 2000). Moreover,
the variation is characterized by an alternating occurrence of warm period and cold period. The
same is true for snow season precipitation. Here we lay special emphasis on that the
precipitation variability exhibits little relationship to the temperature (r=+0.008) in snow
season from 1951 to 1997. It is evident that cause and effect relation between them is not in
existence. Both of them are controlled by different atmospheric circulations. A major control
on interdecadal variation in winter temperature over northwestern China is the North Atlantic
Oscillation (NAO) (Clark, et al, 1999, Kushnir, 1999). From 1960’s until the early 1970’s when
the NAO index exhibited a downward trend to the minimum the wintertime temperature was
lower than normal and cold winters lasted for the longest period over the northwestern China.
The sharp warming has occurred with unprecedented strongly positive NAO index values since
the end of 1970°s (Hurell, 1995). In contract, the NAQO’s impact on the winter precipitation is
limited for the precipitation primarily determined by availability of moisture bringing by the
southwest flows.

10



Figure 12

To diagnose the climate influences on western China snow cover, we conducted a multiple
linear regression analysis. The area-averaged time series of annual snow duration and annual
cumulative daily snow depth were related to area-averaged snow season precipitation and
temperature time series. The resulting regression equations are given by

Sn=0.4975 Ps—4.5142 T, + 35.2 (8) (1951-1997)
Sq4=20.8551 P, —150.2840 75— 738.8 9) (1956-1997)
Sqa=1.9950 Ps—14.2090 7, — 121.1 (10) (1957-1992)

where S, and S, are the annual number of snow cover days (day) and annual cumulative
daily snow depth (cm) respectively; P, represents the total precipitation (mm) in snow cover
season. Ty denotes the surface air temperature ('C) during snow cover season. The first two
equations are for northwestern China, and the third one is for the Qinghai-Xizang (Tibet)
plateau. The multiple regression coefficients are 0.70, 0.81 and 0.67 respectively and
significant at the 95% confidence level (Table 2). The results highlight the important influences
of both temperature and precipitation on snow cover. The year-to-year fluctuation of snow
cover is fundamentally tied to the snowfall and snow season temperature variabilities while
positive snowfall and negative temperature relationships were found. About one-half to
two-third of the total variation in the snow cover could be explained by the linear relationship
of corresponding precipitation and temperature variabilities.

Table2

Figure 13 shows comparison of calculated time series of annual number of snow cover
days from snow season temperature and precipitation by using the multiple linear regression
equation (8) with the measured result. The similarity between the two is striking except for the
difference in trends. While observed time series exhibit a positive trend, the calculated one
turned out to be a negative trend. The clear message of this discrepancy is that while much of
the year-to-year fluctuation can be explained as snow cover response to precipitation and
temperature variations in snow season, the long-term trend of snow cover is by no means
predictable by the regression equation (8). It is obvious that important limitation may affect the
validity of the equation (8). Three possible explanations are presented: standard raingauge
currently being used worldwide at meteorological networks undercatch snowfall due to
wind-induced turbulence. For instance, number of snow cover days, snow season temperature
and precipitation rose by 9 day, 1.7°C and 5.3mm respectively in northwestern China over the
past 47 years. However the equation (8) predicts that the precipitation should rise by 12.3mm.
In other words, the observed precipitation is much smaller than that it should be. Another
reason is that all regression models, except those with r=1, underestimate the variance in the
observed values. In the case of a time series with monotonic trend, this feature can cause the
model to underestimate the magnitude of the trend. In addition, snow cover variability exhibits
a very small trend which embedded in a large year-to-year fluctuation that makes long-term
trend more difficult to detect. Confirmation of the inability of the statistical models to
accurately represent true trend is vital for projecting future behavior of snow cover. This
comparison addresses the question of where we now stand with respect to prediction of snow
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cover based on snowfall data. At present, it is not possible to make a confident statement about
reliable trend of snow cover by using the regression equation because actual relationship
between snow cover and temperature as well as precipitation in snow season could not be
obtained. One of the main reasons is large bias in snowfall measurements (Goodison, et al.,
1992)

Figure 13

7.2. Testing for trends in the time series of snow cover, temperature and precipitation in snow

season

Searching for long-term trend in snow cover variation forced by climate change may
provide a starting point for understanding future behavior of snow cover. Results of trend
estimates for standardized time series of snow cover, snow season temperature and
precipitation are listed in Table 3. They reveal a general and uniform positive trend of snow
cover over the western China. Increase in snow cover is a systematic development as
evidenced by the presence of deterministic trends. Both snow depth and snow cover duration
exhibited a gradual increase. Although increasing rates are small, they are statistically different
from zero. The increase in snow cover is more evident over the Qinghai-Xizang (Tibet) plateau.
The annual cumulative daily snow depth increased by 2.3 percent per year during the period
between 1957 and 1998. The long-term trends of western China snow cover are in good
agreement with the snowfall trend but in contradiction to regional warming. It is an unexpected
result that apparent unprecedented warming of the 1990’s and 1980’s was accompanied by an
increase in snow cover over the western China. A persistent and misleading question is that the
global warming would decrease the snow cover since snow cover has a strong negative
relationship to temperature. Our study suggests that the global warming may have various
impacts on snow cover depending on different correlations between local winter temperature
and snowfall. In a warming world, negative correlation corresponds to snow cover decrease.
Positive correlation corresponds to snow cover increase, Zero correlation means snow cover is
more vulnerable to changes in snowfall. Snow cover trend is dependent on snowfall trend
rather than on temperature trend, if winter temperature is well below freezing. In other words,
even if global warming there is no reason for snow cover to be decreased when snowfall is
increasing and temperature is still to remain well below freezing in the region.

Table 3

8. Summary and concluding remarks

Western China snow cover has been a long-standing gap in our knowledge despite many
diagnostics and modeling studies ascribed the importance to it. Accurate monitoring of the
snow cover still remained a tough question since the Qinghai-Xizang (Tibet) plateau is marked
by the highest terrain and complex mountain ranges.

In this paper geographical distribution, spatial and temporal variability of western China
snow cover has been investigated for the past 47 years between 1951 and 1997. The data used
consists of 10-year SMMR six-day snow depth charts which revised by the regional retrieval
algorithms, NOAA weekly snow extent charts, daily snow depth and number of snow cover
days recorded at 106 selected meteorological stations. Empirical Orthogonal Function was
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performed on SMMR dataset. A multiple linear regression was conducted between snow cover,
snow season temperature, and snow season precipitation. An autoregressive-moving average
model was fitted to the snow and climate time series to testing for trends. The major findings
are summarized below:

Snow cover distribution is far from a pervasive feature over the Qinghai-Xizang (Tibet)
plateau. Only in the peripheral mountains is any appreciable snow cover noted. In the vast
interior snow cover is rare or very thin, patchy, and short of duration. The blocking mountains
keep the interior of the Qinghai-Xizang (Tibet) plateau very dry in snowfall. Annual cycle of
Qinghai-Xizang (Tibet) snow cover is characterized by early peak occurring in January, very
slow snow decay, and long snow dissipation progress from February to June. More than half of
snow mass was lost by sublimation in winter. Although the Qinghai-Xizang (Tibet) plateau is
one of the largest year-to-year variation areas of Eurasian snow cover, only eastern Plateau, one
quarter part of the plateau in area, is affected by substantial interannual variability in snow
depth and it is out of phase with western Plateau. Above-mentioned characteristics constrain
the Qinghai-Xizang (Tibet) snow cover to be a key variable influencing the Asian monsoon,
and challenge Blanford’s hypothesis that a simple inverse relationship between Tibetan snow
cover and Indian monsoon rainfall could provide a plausible explanation for the monsoon
variations.

Western China did not experience continuant decrease in annual snow storage and early
disappearance of spring snow cover, even if during the great warming periods of 1980’s and
1990’s. Over northwestern China long-term variability of snow cover is marked by a stochastic
oscillation superimposed on a small increasing trend over the past 47 years. No any abrupt
change in snow cover was found. Over the Qinghai-Xizang (Tibet) plateau, large interannual
variability of snow depth is the most striking feature, and annual amplitude has increased
significantly since 1980’s. Increase in snow depth is more evident over the Qinghai-Xizang
(Tibet) plateau than in northwestern China. The annual cumulative daily snow depth increased
by 2.3 percent per year over the Qinghai-Xizang (Tibet) plateau during the period between
1957 and 1998. The increasing trend of western china snow cover is in good agreement with
the snowfall positive trend but in contradiction to the regional warming.

The study highlights the importance of both low temperature and snowfall influence on
snow cover. The year-to-year fluctuation of western China snow cover is fundamentally tied to
the precipitation (snowfall) and temperature in snow season. About one-half to two-third of the
interannual variation in snow cover could be explained by the linear relationship of the
precipitation and temperature variabilities. In contrast, the long-term trend of snow cover is by
no means predictable by the multiple linear regression equation between snow cover,
temperature and precipitation. The main reason is large biases in snowfall measurement.
Further, the authors argued that the precipitation variability exhibits little relationship to the
temperature (r=+0.008) in snow season over northwestern China. This is evident that cause and
effect relation between the two is not in existence. The results address the question of where
we now stand with respect to prediction of future behavior of snow cover based on snowfall
data.
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Figure 1. Distribution of stations used for creating long-term time series of snow cover,
temperature and precipitation in snow season over the western China
Red-Tibetan Plateau; Green-northwest China

Figure 2. Spatial pattern of average snow depth (cm) in winter snow peaks during the
period between 1978 and 1987 estimated by SMMR over western China.

Figure 3. The first EOFs of 10-year SMMR six-day snow depth data during the winter
snow maxima between 1978 and 1987 over the Qinghai-Xizang (Tibet) plateau.

Figure 4. Spatial pattern of average snow depth (cm) during the winter snow maxima
between 1978 and 1987 estimated by SMMR over the Qinghai-Xizang (Tibet) plateau.

Figure 5. Annual cycles of snow storage (SWE) over northwestern China (a) and
Qinghai-Xizang plateau (b) based on the SMMR derived 6-day snow depth charts during the
period between 1978 and 1987.

@-—normal snow year; ®—heavy snow year; ©—Tlight snow year;
Figure 6. Comparison of the SMMR estimated snow cover time series (@) and station derived

snow cover time series (®) during the overlapped period from 1978 to 1987 in northwestern

China

Figure 7. Comparison of three time series created from SMMR six-day snow depth charts,
NOAA weekly snow area charts and annual cumulative daily snow depth data at 60 weather
stations respectively over the Qinghai-Xizang (Tibet) plateau

(a)—SMMR; (b)—NOAA; (c)—station;

Figure 8. Distribution of snow depth ranges (cm) during the winter snow peaks between the
maximum (1985/86) and the minimum (1984/85) snow cover years estimated by SMMR from
1978 to 1987 over the Qinghai-Xizang (Tibet) plateau

(contour interval is 10cm)

Figure 9. The second EOFs of 10-year SMMR six-day snow depth data during the winter snow
peaks from 1978 to 1987 over the Qinghai-Xizang (Tibet) Plateau

Figurel0. Variability of snow cover over the northwestern China, 1951—1997

@—annual number of snow cover days; ®-—annual cumulative daily snow depth;

©—spring ablation season (March and April) number of snow cover days;

Figure 11. Variation of annual cumulative daily snow depth over the Qinghai-Xizang (Tibet)

17



plateau, 1957—1998.
Figure 12. Variabilities of temperature and precipitation in snow seasons over northwestern
China,1951—1997

T—temperature; P—precipitation;

Figure 13. Comparison between calculated annual number of snow cover days by using the
multiple regression equation and observed result over the northwestern China
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Table 1 Interannual variability of area-average monthly cumulative daily snow depth based on 60

primary stations from 1957 through 1992 over the Qinghai-Xizang (Tibet) plateau

Mouth S (0] N D J F M A M J Round year
c” 0.41 0.58 0.81 0.82 0.96 0.74 0.69 0.42 0.32 0.38 0.47
* Cv is the coefficient of variation and is defined as CV = % ; where o-standard deviation; Y-average

Table 2 Linear correlation coefficients between snow cover, winter temperature, and winter precipitation in

northwestern China from 1951 to 1997. Significance at 0.05 level are underlined

Winter Winter Both temperature ) )
Time series length
temperature precipitation and precipitation
Annual number of snow cover
-0.55 +0.42 0.70 1951—1997
days
Annual cumulative daily snow
-0.51 +0.62 0.81 1951—1997
depth
Winter temperature +0.008 1951—1997
Winter precipitation +0.008 1951—1997
Table 3 Trend estimates of snow cover, snow season temperature and precipitation
based on ARMA over the western China.
** and * indicate trends that are statistically significant at the 0.01 level and 0.05 level respectively
Regions Time series Trend estimates Autocorrelation Time lengths
Annual number of snow cover days +0.0221" 0.2821 1951~1997
Ablation season number of snow cover X
+0.0153 0.1972 1951~1997
Northwestern days
China Annual cumulative daily snow depth +0.0018 0.0200 1956~1997
Snow season temperature +0.0318" 0.4182 1951~1997
Snow season precipitation +0.0147" 0.1919 1951~1997
Qinghai-Xizang Annual cumulative daily snow depth +0.0380™ 0.4991 1957~1998
Plateau Snow season temperature +0.0270™ 1957~1992
Snow season precipitation +0.0240° 1957~1992
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Abstract

Electron spin resonance (ESR) dating of the Shangwangfeng, the Xiawangfeng, and the Gaowangfeng tills in the headwaters of
the Urumgqi River was carried out using Ge centers in quartz grains. The Shangwangfeng till is dated at 35+ 3.5ka BP. Three dates
from the lower portion of the Xiawangfeng till are 171.14+17, 176+ 18, and 184.7 + 18 ka BP, respectively, and the age of the
Gaowangfeng till is 459.7 +46 ka BP. Considering the available ages (i.e. '*C, TL and ESR) and the principles of geomorphology
and stratigraphy, the Shangwangfeng till is determined to be deposited in marine isotopic stage 2—-3 (MIS2-3). The upper part of the
Xiawangfeng till was formed in MIS4 and the lower part was deposited in MIS6. The Gaowangfang till is the oldest at the head of
the Urumgqi River, corresponding to MIS12. The age of the Gaowangfang till also demonstrates that the Tianshan Mountains lay at
a suitable altitude for a glacial climate at that time, when the glaciers on this segment of the mountain began to develop.

© 2005 Published by Elsevier Ltd.

1. Introduction

In recent decades, methods utilizing radiation-defects
in quartz (i.e. electron spin resonance (ESR), thermo-
luminescence (TL), and optically stimulated luminescence
(OSL) dating techniques) have developed rapidly and are
well suited to determine the ages of terrestrial sediments.
ESR has advantages compared to the others: a wider
dating scope (from several thousand to several million
years); ubiquitous datable materials (fossils, oceanic and
terrestrial deposits, meteorites, etc); small samples re-
quired (less than 1 g quartz for some special samples) and
simple preparation. It is also a nondestructive method,
and the samples may be reused for other purposes. An
ESR age can be derived from the following formula:

t
D = / D(t) dt,
0

*Corresponding author.
E-mail address: zhaojd760603@ 163.com (J. Zhao).

1040-6182/$ - see front matter © 2005 Published by Elsevier Ltd.
doi:10.1016/j.quaint.2005.05.013

where TD is the total dose the sample has accumulated
over time and D is the annual dose rate that is generated
by the radioactive elements (U, Th, and K,O) in the
sample (internal dose rate) and its surroundings
(external dose rate) as well as cosmic rays. TD is
determined by the additive artificial dose method, and
the annual dose is derived from the concentration of the
radioactive elements (U, Th, and K,O) in the sample
and its surroundings.

ESR dating has been applied in geology (Hennig and
Griin, 1983; Griin, 1989; Ikeya, 1993; Rick, 1997).
Dating of unconsolidated sediment by ESR was
proposed by Yokoyama et al. (1985). Tanaka et al.
(1986) chose Ge centers to date sun-bleached sediment
and obtained reasonable geological results. Griin (1991)
proposed that Ge centers should be used in future ESR
dating studies. Schwarcz (1994) suggested that glacial till
was suitable for future ESR studies. Many scholars
(Kuang et al., 1997; Shi et al., 2000; Wu et al., 2001; Yi
et al., 2001; Zhou et al., 2002b) have applied the ESR
technique to investigate glacial tills, and obtained
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period, which caused glacial advance (Shi and Yao,
2002). The investigations carried out on the south slope
of Himalayas indicated that the extent of glaciation
during MIS3 is greater than the general Last Glacial
Maximum (LGM) (Owen et al., 2002a, b; Zech et al.,
2003; Kamp Jr. et al., 2004). Two other ESR ages of the
Shangwangfeng till determined by Yi et al. (2001)
showed that the upper till’s age is 37.4ka BP, which is
coincident with our result, and the underlying one is
27.6ka BP. Thus, our measured age of the Shangwang-
feng till should be believable. It is reasonable to infer
that the Shangwangfeng tills were deposited in MIS2-3
based on the above ages. The great debate about the
Xiawangfeng till has not been fully solved. Wang (1981)
inferred it was formed in MIS6, but Li (1995) thought it
was deposited in a later period of the Last Glaciation. Yi
et al. (2001) concluded that it was deposited in MIS4 on
the basis of ESR ages (50-70 ka BP). We found that the
Xiawangfeng group could be divided into an upper and
lower portion. The lower portion was poorly preserved,
most of it was destroyed, and only a section around the
station of the Wangfeng road maintenance squad was
well preserved. Three samples were collected from this
section and the dating results were consistent. Two
circumstantial pieces of evidence confirm the believ-
ability of the ages: Zhou et al. (2002a) determined the
ESR age of the second outwash terrace around Erying in
the Houxia wide valley is 125.6+13 ka BP and the TL
age of the bottom of the loess which covers the outwash
terrace is 90.0+7.5kaBP. The ESR age of the third
outwash terrace which developed at the exit of the
Urumgqi River Valley is 114.4+ 11 ka BP. These outwash
terraces and their ages show the presence of MIS6
glaciation. Thus, the upper Xiawangfeng till should have
been deposited in the early period of Last Glaciation,
corresponding to MIS4, and the lower portion around
the station of the Wangfeng road maintenance squad
was formed in MIS6.

The Gaowangfeng till was distributed in the upper U-
shaped valley, about 150200 m above the lower valley
and 200-300m above the river. The position of the till
means an older age of its formation. The other available
ESR age is 477.1 ka BP dated by Yi Chaolu (Zhou et al.,
2001). These two results are consistent, indicating that
the Gaowangfeng till was formed in MIS12.
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ABSTRACT: Flow records of melt-water runoff provide information about the movement of water
through the ice and about glacial ablation. This study indicates that the lag time required for a
maximum correlation between daily discharge and air temperature, and the sensitivity of melt
water response to air temperature, changes during the ablation period for different proportions of
the base-flow. To examine how glaciers respond to climatic changes and the hydrological
characteristics of the large glaciers in Mt.Tuomuer area, observations have been undertaken in this
region since June 2003. By means of correlation and cross-spectral analysis, the relationship
between air temperature and melt-water runoff in different months of the ablation period
(May-Sept) on Kegikaer Glacier in 2004 has been evaluated. Data have been selected from the 1st
to the 30th for every month, and the calculated hourly discharges of the melt-water runoff for each
day were utilized. From these data we conclude that for Kegikaer Glacier the melt-water runoff
has a greater sensitivity to air temperature in May, July and August compared to June and
September; however, the lag time is shorter in June, July and August than it is in May and
September.

Keywords: Melt-water runoff; Air temperature; Cross-spectral analysis; Keqgikaer Glacier
INTRODUCTION

Flow records of melt-water runoff provide some information about the movement of water
through the ice and about glacial ablation. In summer, the discharge has a notable diurnal
variation superimposed on a base flow whose volume changes more slowly. In addition, the peak
discharge comes a few hours after the peak in glacial ablation. As summer advances, however, the
daily rise and fall in discharge becomes more rapid and the lag time decreases. Total daily

discharge usually reaches its maximum in late July or early August. When summer snowfall



In May and September, the bare ablation area is small; the water provided by the snow-cover
area is large, which needs more time to drain from the glacier. However, in July and August, the
proportion of the melt water provided by the snow-cover area is small and the lag time is short in
these months. June is a special month that calls for further discusion. Melt-water runoff is small
and air-temperature is low in June, however, the ice melt water in the ablation area has produced
most water, because snowmelt water of the ablation area has drained away in May. The
proportion of the rapid flow is small, so the melt-water runoff has small sensitivity to the
fluctuation of air temperature. The melt water provided by the snow-cover area is small, so the
lag time is short in this month.

In this paper, cross-spectral analysis has been used to analyse the fluctuation of the glacial
melt-water runoff and its response to the air temperature, and the method is successfully applied
to evaluate the sensitivity of the discharge to air temperature and calculated the lag time in
different months. Compared with a physical-math model, the theory is simple and the conception
is clear and the parameters are few. From Keqikaer Glacier, we arrived at the conclusion that the
melt-water runoff has greater sensitivity to air temperature in May, July and August than that in

June and September. The lag time is shorter in June, July and August than in May and September.
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Mass balance and recession of Glacier No.1 at the Headwaters of the Urumqi River,
Tianshan Mountains, China over the last 45 years
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ABSTRACT. Observations from 1959-2003 of Glacier No. 1 at the headwaters of the Urumgqi
River in the Tianshan Mountains show remarkable changes. The cumulative mass balance
of the glacier is -10,032 mm, equivalent to 11.1 m of glacier ice, or 20% of the glacier volume,
showing particular sensitivity to temperature change. The speed of glacier flow has gradually
declined, especially from the 1980s from when it is even more evident. The flow speed of the
east and west branches of the glacier have decreased from 1980 to 2003 by about 21% and
43%, respectively. The glacier has continuously retreated from 1962 to 2003. Its length has
decreased by about 180m (7.5%) and its area reduced by 0.23 km® (11.8%) . Analyses show
that summer precipitation is negatively correlated with mass balance and positively associated
with runoff. These relationships are reasonable, as higher precipitation leads to higher runoff
and lower glacier melt. On the other hand, summer temperature is negatively correlated with
mass balance and positively associated with runoff, as higher temperatures lead to higher
glacier melt and thus higher runoff - summer temperatures controlling mass balance variation.
It is important to note that over the past 45 years the negative mass balance, caused by higher
ablation than accumulation, is associated with precipitation increase and temperature warming

over the study area.

INTRODUCTION

Annual or periodic changes in temperature and precipitation in glacial regions can be
detected from mass balance and snow line measurements. If there is a change in the trend of
regional climate then evidence from glaciers may directly reflect adaptations to such climate

changes. Previous research has shown that not only is such a small glacier sensitive to



mass balance and positively associated with runoff, as higher temperatures lead to higher
glacier melt and thus higher runoff. The summer temperature controls glacier mass balance
variation. It is important to note that, over the past 45 years, the negative mass balance,
caused by higher ablation than accumulation, is associated with both a precipitation increase

and temperature warming over the study area.
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Recent progress of glaciological studies
in China

LIU Shiyin'?, WANG Ninglian'?, DUAN Keqin'?, XIAQ Cunde",

DING Yongjian', HAN Haidong'

(1. Key Laboratory of Ice Core and Cold Regions Environment, Cold and Arid Regions
Environmental and Engineering Research Institute, CAS, Lanzhou 730000, China;

2. Institute for Tibetan Plateau Research, CAS, Beijing 100029, China;

3. Chinese Academy of Meteorological Sciences, Beijing 100081, China)

Abstract: Glacier inventory compilation during the past 20 years and modifications of that for the
Eastern Pamir and Banggong Lake indicate that there are 46,342 modern glaciers with a total area and
volume of 59415 km® and 5601 km’ respectively in China. These glaciers can be classified into
maritime and continental (including sub-continental and extremely continental) types. Researches show
that glaciers in China have been retreating since the Little Ice Age and the mass wastage was
accelerated during the past 30 to 40 years. Being an important part of glaciological studies in China,
ice core climatic and environmental studies on Tibetan Plateau and in the Antarctica have provided
abundant, high resolution information about past climatic and environmental evolution over the Tibetan
Plateau and Antarctica. Except for different parameters recorded in ice cores relating to climate and
environment changes on Tibetan Plateau, records from ice cores extracted from different glaciers show
that the discrepancies in climatic and environmental changes on the north and south parts of the
plateau may be the consequence of different influencing effects from terrestrial and solar sources.
Glaciological and meteorological phenomena imply that Lambert Glacier valley is an important
boundary of climate in the east Antarctica, which is thought to be connected with cyclonic activities
and Circum-polar Waves over the Antarctica.

Key words: glacier; Tibetan Plateau; ice core; Antarctica; China

1 Introduction

In the early 1960s, glaciers in western China were classified into maritime- and
continental-types by different glacial environment and physical characteristics (Shi and Xie,
1964). With extensive glaciological investigations in the western regions (Lanzhou Institute of
Glaciology and Geocryology of CAS, 1988), Lai and Huang (1990) suggested a new
classification of temperate, subpolar and quasipolar glaciers, corresponding to the maritime-,
subcontinental- and extremely continental-type glaciers (Shi and Liu, 2000). The maritime-type
glaciers, accounting for 22% of the total area of the Chinese modern glaciers, are primarily
distributed in' the southeast of Tibet, west of Sichuan and northwest of Yunnan, where the
glaciers are influenced by Asian monsoons and have abundant precipitations. For this kind of
glacier, annual precipitation over the ELA (Equilibrium Line Altitude) can reach 1000-3000 mm,
and summer megn temperatures vary between 1°C and 5°C while ice temperature fluctuate
between -1°C and 0°C. The subcontinental glaciers are located in the Mts. of Altay, Tianshan,
Qilian, eastern Kunlun, eastern Tanggula, western Nyaingentanglha, Gangdise, northern slope of
the middle and western Himalaya and northern slope of the Karakorum Mountains, with an area
of 46% of the total. Annual precipitations over ELAs of these glaciers vary between 500 mm and
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B B BdoRUEENEFRRERKIBMNSBREASEREMKIINBEALBSE 0, 5
RT AN LBEEANEEY AR ERAR KRR MAR. SR EREZKNEESSEY
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W, ZRBoHHRR KN 711 %, @R
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X, MRASEREHERTATKNERARRNE
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AT BAVK) B, AR B vk
XFEKBEERIGM, 754 ERHERG 500 ~
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Table |  Precipitations at different altitude on K,
Glacier of the Karakorum, 1986(mm)

h/m 9AIBH9IAIMHIA2ZHIA2ZIE 4t

4 150 0.1 0.0 0.0 0.1
4 600 8.5 0.9 2.0 6.8
5150 24.3 4.3 6.8 21.5
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YAk &



%550 % 5 6 M B B ¥ Vol.59, No.6
2004 ¥E 11 A ACTA GEOGRAPHICA SINICA Nov., 2004

ERBEMIAREX 32 F£3Rk N T E RN
LHAR, WS TAE, TRE, % B

(PEHBFRER RRFR S THRMEH, =N 730000)

WE:. REMTHEL. HEE. BREKKEST T EASAEE KK NEL, SREHA,
1970~2001 4ER K KNE L BEK)I KR LS Z K, Bh T 855K R A8
K #90K) | R D TR . 1970~1980 EARNBEE P KRBY, KHER, HRY 50
T 1.4 km®. 0.4781 kn?®, 295 1970 SEFFREK AN & R 0.12%. 0.19%: 7T 1989~2001 F K
MEB. SR B 1970 R T 0.5%. 0.4%, RFAILT REK)IEHRELEERPHE
. S HTAY %R 1970~1989 LEXK )1 K BT Kk 5 i% H (X B9 0K )1 2 20 42 60 G244 R & 5L IF
. MAEMINE 10~20 FEREWNE X, 1989~2001 SEIKJIE4E, FEZBERE AN
Wi, 6 OMEKAKEARINERGER.

X8R ERBFEEK; K, BB GIS

1 5l

“ch AT AT EE BB T MR AR X—H¥iN D25 R EET EERNM. &
AREBAXRTHBOYERT, EIRERKBEFEAKNERRYMKTRMD, EERH
&% RATECI, HikbHERPEAHIX (UK 5 ARFE VI, WAL “BEAE"
BIZK ARTE J2R g B, i B o B RS IR s S S, IRk )12
frEna, JtHBRARREK) MR KRk BRRIKNEFRANEERARZ—, RAE
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S TR IR A RERE K. BREDRMED, YKk FME R R E A RX R
FEALRIE. R IRE R0 AR 4 BT W B R AT UM B R oK MR AK Ah e R AL
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U3 E S0 95 70
nt & ] 55 46

1.3 KkE{iE
MBI RKFREN 45.92X 108 m*, HPH

HHEE 137 3788
RER bR 70 1340

CEEET BERA953—), B, WALRKA, WELRIF, 1983 FH FHERYE, REENEKIUKFEHE. Email, wei jin. bing@163. com



E2w% HoeH
20044124

Y Sl

JOURNAL OF GLACIOLOGY AND GEOCRYOLOGY

# *

Vol.26 Neo. 6
Dec. 2004

XE4S: 1000-0240(2004)06-0761-06

R AL R A 2R g b 3 B K R AR A 5T

WART, TKE, WHE

HED

ChERSR EREXFRSTRERA, R M 730000)

B E: HFERURERUELES TGRS EARFHRERE LN FRARGESLKI)
VI 40 a PEACSER BRIV AT, BESTR R4S /R L s d638 AR R I f) B o B (0 MK AR AIE. 5 R R
B WX FEARZERT PR, B Ky 2R A8 MER, £ENREEKOMMEHHEE; L6y
FREBANEFELBERTILK: & EERAKEERTE. KT, BHEKERIXTILE,
& BERPB AR, FIFREKEREDEE NS B AF RIS LR 7 B SHERT K S 8,
HEE3 ARNRKRELOBHFFEE: SRAFMEREHR LU 4~5 AN6~8 AARKEHR

EMREXEN.
KA Rib; madei: Bk BF HxX
FEYHS: P426.61%4 SCRRARIRED: A

1 3lF

EHHER, 2RSIFERELER+5HE.
SARZERE, KB EE TR MR, BB T 23KE
KBEABOROBHEY, BANTEEREX; A
Bt B BRI MAKIRE. HCH) B BRIk
RO FIRK BB R, X2 R TR
&b b B G P - R X T S 0 2B T KK BB B
W, THE 1987 FLUE, EABRIEEH
BT, TR AKERERMIG RS, BKE
FERMUREZRERKA LWKEKEKFEER
K& AXHHFER LR R L% AL
K AR AT, EEMFRBK/R LT
BWREKECH R LB KERFA, SRS
SIRMEAR . FHAL IR B i 72 o B K R B 3%
R, RILFREKAER LTS RE) 3 ) K e B B e R4S AE

2 BHE

TR LR /R L B AL I3 5 i & VAT 5 8
ARFFFAE K L BT RS IR R S 3h (K X

Wk B HE: 2004-06-11; 1T BH: 2004-09-06

w) RIBEKSER B R, ERBRMEXRITEHE,
ARRLUBEICHKEKIBEREMRET(E)RN
¥R, GETPRAFETHREA, FiTEKEALER
FIRE. FriEBELAFIM 1950 FE/E 2000 ERAR
—B. BREWE: BLE(1958—2000 %E). #HK
#(1958—2001 ££). FOFF(1960—1995 4 ) FlFE /R
B(1959—2000 & ); bk & ¥y FEHEHF (1959—
2001 ¥E), 3 & KF (1951—2000 ). B F
(1953—1996 ££) . £ FK#HI( 1959—2000 ) K 1L
L& ARFIFIRE NTEHR R (1958—2002 ). BT
HEVEREFBiT20a UL, HBEEABT
e, HEBHAmTURREKRFIMELE
#.

3 AR & & S PR K4S AL

3.1 BKEREZRLES

B 1 SRER, RIS & UK EE R
AR BMBEINES, B 20 H4 80 FERFEHILL
X, ERKFEMAREFHE. HP, BRH.
SEAF. KEA. B 5 KA EKHE N

X&TH: PENRERERAES THEMANIEEI BB AAELITE(CACX2004116) : BHF S RE RS IR H (40371026);
EfsREER RRX T E S TR ARG TS H(CACX210091); EHRHRFSE S HAITH(90202013) %8B
fEERN: BRTU964—), B, HREWLA, SIFRRA, 1987 FE FAMKEMBEER, AAPEHEREX BXAES TEAAR
}]"ﬁ%}iv FENHER AKX SHEHRR. F-mail: tdhan@ ns. 1zb. ac. cn



Hok HESH
2004414

v/

JOURNAL OF GLACIOLOGY AND GEOCRYOLOGY

% *

Vol.26 No.5
Oct. 200 4

X E4HE:1000-0240(2004)05-0551-06

KINRESE

HMTTERR

—LAE BOR R MK &R k)1 S 41

T R, BEEL MK

a', BRW', B &

(L MERHE R BRSMS AR E0, Hi WA 412000; 2. WA AY BESHENEE5E, M KY  41008D

A E: KEREEENSS(MEESHREEENKXERKNER L. 5 PESK)IIE
AR GK)NRED FFIER B |, F R THRE K RER &, KIEREHEE, REHBANREBES
HEEH#AKX. SEEEANERARXML, ERAEHEFRRSHD, SRTHFERRREMNER,
FAZENRELERNBEABEEO0 1~0.3 2. ARRLMELHRRRIEBR, HitEARTEHN

SGRELIENENERBEEMH 0. 045,
X @R KIELE: BESEW; KitEAR
HE T ¥E: P343. 6 X EKIRINAG . A

KNEREERER 2T (RELSH BAEEN
UK 2 ROK ST, a0 vk A R i R 43 e L i
Rt W) EREAKNERE T ESFEETEK
JV B R B A AR vk N 4 e BE Y T AR
HTREREKR, THEEM, REBEEROK)IHE
REFTHEIGETT. vk )1 7 B 45 H B A AR B — R
BRI ERE . A SURE B BT

1 Bt

FORRE R A WIS’ A8
BT AR N KBS AR T2, b — 4
SREHLE T2 2% RE LR B 2075 B0 B i R AR/ g 4
Fi o TATUA KX A BEALE B 2B R IR 254
Ziid:o0 .

ERES LB ERINERR MEKRNE
G, FEEHERSBEAG(EFERSB IR
AO—5E, WA e B X vk 1) o LA o B LA B B
B EKNIKEE, TESETFESBREENR
WE TR OFFEH, bR RE SE L
PRE R LR RS RN &), WX HumE Fr
A—rNERRBARRM Y, REIL%, UEARFE
Wk RFAREXRTFETHIM, X&T 275 51

Y EHY: 2004-02-19; 1T B M : 2004-06-17

Fd R 456 18 RS BR b BRsE B vk R G vk
Hik o, WA

i=1

K EREMKNRERK)RIESHKEEE
s CHERBMNREABNKNHRE—FEEF;
n A¥FE R TFH .

—BmiE, NTREREEHKNNREEHERS
BA&M—E), HABMANKIIKRESH, AE
FEEARER AT A, A K E 588 AL M R
B, A RSB BEWE T T3, A BB AT BH 3 T R
@M% ENTRNIREREETS, TieH—# =it
B8 R 5Tk, LRI, TET K
Bl F b, AR — R R 7 3 ok 1 &R G b ok )il
S SRR TS, BOGRB/DKER, BT L
WA R KNRET S, K857 B4k bR
BRI A AR A IE 5 53 A RERE IE A 41

2 BELSWEGITHRE

KINEHERE(H KN EEEES R
KRENFHE SPEXRE(ELA) — 8, BE

E4TH: EBRBARMZEE R HE (40371027)y MHYE B RBEE LI (041J30046) ; ER B RF 4 H S B AT H (90202013) BBy
EE®M: ERRA973—), B, BBEMA, 2003 FEMBEMRREETLE0, REIBZNBEFEBLSARKEF AR,

E-mail; Xinwang_hn@163. com



HW20%E3IW
2005 3 B

Hh R B oF i R
ADVANCES IN EARTH SCIENCE

Vol. 20 No. 3
Mar. ,2005

XEHE:1001-8166(2005)03-0298-06

RINESEARFFAIE 1 SIK) Y -PERFIE

BT KRR, TKE, BT

(PEMZREXBXAES TRAAN, HR  ZM

730000)

B B TRUSEBRFHEE1SKIE 1980 ELRKNREHNASYRTEE, 2T TAR
FEFWYRFPHRILKNBAIFE, FREH,1 SKNEFEZ 1959 EFHHMET 9 599 mm;
1997—2002 A TR W LORELE KR AV AT/ B, T YR FEERH—739.6 mm /a, YK
FHESE RKEAXRMTETR.l SRNYRTFHEEERRTESFHRBNEK, —ZAF
BEFRMRXRMRREEN—0.72) , I G HEKBXRAITEE, 20 4 80 ELKLURK,1 F
VKB 45 3 B B B 8 K, L LA 2000—2002 FEHE, KB EENELAFHECREREL T
#16.92m/a.6.95 m/a M 6.25 m/a); RXWK)IMBHEEREEREAT 4200 m R EHFHKAEG
EHYRFEEARFRHARRARGEXRAER N 0.65, RHET 1 BXK)IN#HBHzI A EZEH T KN

RRE Y T8 KA,
x B

P E S ES.P343. 6 X#RPRIRIE A

0 3 F

VKNP R K AR R A B K& 1
AWER BEKNEBSBREUHNBRBBHERZ
—  HHEZRRIEBK)IAEMNZRELOY R
Eal, RUSHBARFMEE 1 SK)IRERK 1 5K,
TR TFHRERLPER, RE/R T %A 476 m)db
WGEARFRE, BXKMEEX K —LBEKN (2
RA2X),RPEM—KHBM(E 1959 FES)
YIRPERKI, 19938 1 Bk KR . A2 Xxed
AR 2 ANISLEIEKNID,

B3t 20 42 80 A A - BAR o B i £ #h
KHAMSBEERRAES, Mz 1 SK)NS5EEH
KNEEEEMNHXBER S BREAMRBRATMH
HEHE Y, AXAEELTHTHRFERNEF
BREKEBEFABRREN 1 SKNIYRFHKT, i

YR B ¥ :2004-04-22; 85 [8] B # . 2004-09-15.

W, SE8ARFME; 1 SK); WRFE,; SE; K

BRI SR 1R BHE A
1 % K

AL T 15K 1980 4 LA KL B R @
BAY P, ST HBARE, S TFYURTFER
NEHR—EHLEEFMEBUNIRS, AFAE
HBEURMEDEZS,  BELANEAREX EZ
WK, N 2001 S8R, MER . FEZK)IRE, N
UKEFFEH B T LA R 13~15 NI, 0K )1 Bt
KEMAHEHFEFAR IMAUF  REXBEHUTE
FIMP % RIKBG, WAFERERH 29 #R/km? ),
ERBETHE 1 SK)IYRFENRERN, 8 1988 4
FRRESHWHE T R 2 XK R AT 5,
HMNLBZYRVEHIBRETTHEIN., 2B
FEEASBARFMEXNTGHRWS (EIK 3 539
m) TR E,

*BEMA:BRARMEESERMEEEATRBKNEL BH R AT FEELO BRI (RS ,90202013) ;AXRARHEES
T E P b S B ol X 5 4 B 7K — UK B R K 4% L S R 0 % R IR AR AL B R R AL B 9T (4 B, 40371026) ;R B AL E B iR G
FIREEAAME“TREUTR THIMR KNG TR TR (RS, KZCX3-SW-345), AR A RH £ X &T

e dlA g@

WS RAFEE 1 BXKNNSELTRF MR 51 SK)NNKE B S5HF I (R S,40371028) % 5.
(1964-) , B . HR R WA BHAR. TEASEX AKX ESHFHMFI. E-mail. tdhan@lzb. ac. cn



K

N

JOURNAL OF GLACIOLOGY AND GEOCRYOLOGY

% T

Vol.27 No.1
Feb. 200 5

XE%HE :1000-0240(2005)01-0088-07

Far g IR UK )1 B ERBX

HER,

TK#,

)h‘-%\/

AR D)

15 2 G AT
T

(PEMER EXAXFRE TRHAN. HR =M 730000)

# O AARBRTHRE, AGSERANERAHERBY T M ARTHSHOMEEME, M
RUMMTERKEFEREFERPEOARTHSRETEE SN, SREY, pEHRAE
MEARBXOEEAR, RENAREBEUSRNBAABAN AR EKKORE, FLEs A
TREMEAESR. SHME EROKEARREAHL, 7508 53R B 4 8N b S S,
FIES ) LA AR M. ATFEXHTT, BARHR, RREANGRE RO 4 5% 39.1%.
39.9%M21%, RABABERSARARMELAILBME LBTRRE, ZREANNNKEES,
ERRMABINT, PHAG 7. 8K MAET LR TR T 5086/ [0 R RS S,

KREIE . R ABRTVE, BAREER
FEGES: P343. 6 XERFRIRAG ., A

7 R LA s 2 0 T K B 0 0K 1 ) B S A —
RNBMEERERORTE S, %) 2 H 0K
Y —FERAD TR R R, 0T A B4R
Bl B—HEETEERER, WH T FHKE
I, AR AEDR WK MR,
VKU T 25 0 546 LR UK 8T R % AR BE i
REU~9, RN, YK 3% A T2 0L R 2B
ERSANERBVERAFEEENBNS, &
A WG 3 R AL A R B T B & 25 0K I S RRIX L 2
ERERETPHSEORRRY, BHFHELEE
BIHE, SRTFEHBRAN 73%, RN BATHR,
d5 23%; IR, 768 B0 32 H I3 o UKk 2 1 90 Al EE 2
B A1%, HEEM NI, B R E R OK
2. TEBRBEITDUE b SR AT VK I | wE O B L L BB 4T
KN | LR B AR Khumbu %K1 % #3847 8
KNRBRR AR FEOTR BB T RN S
B, HIR A2 —HRNE T KD R
FENRIC, SHANNGR, AKX RREE
MEN(2~20 cm). HREW, YURBEFLTE
—Is R ERER (2~ 3 cm) WK B B 2 R R
ANDO=1) B e 8 X R R K 0 B

O H 89 2004-08-27; 1T H#: 2004-11-26

FENARBRX=ERRKNER, XFEREIR
AEERBBRENKNGRE = EL W,
AXEBEFMRARRFHIEE, A4S HR0E
BREHERBUNABVYHSHMMAREHER, MEX
WA R A RIK) B R X R 5N R P
WS HRITHEAE T, U RFEFRREHX M
BT KK HCOR B ATIRA R T 1.

1 BRET®

DX 458 5 300 00 488 452

BRI (B DALT 5 BR S B ULt
AR TR E, BB 41°48' N, 80°10' E, &
WREERUKN. sk LR A#EHR6 342 m HIR &9
/R, TREIR3 060 m, FHEHHIKR K4 300 m;
KB K 26.0 km, EH £ 83.56 km?, KA B A
2 15.79 km®; WK)I| X E LK 30. 6 km?, H
FTREMEXERA S HEBE S EHRN 63. 7%, #
MEBEHKAE, HEEHNEEREBEBAR.
WX B AR E RN, W YK R A
K. KRNRAFLYEEAN 1.5 m, RELT

2 m,

1.1

ESTE: BEXRARMELELG A (40371026); EXRERBEESE AT E (90202013) % B

wam%% :

7). B, KEEGRA. 1998 FHW FEMAFMFER. RAPEHSEER R FEE TENAFTER L4,
BRAXSKBHEHAN. E-mail, hhd@ns. Izb. ac. cn



27 3 Vol.27 No.3
2005 6 JOURNAL OF GLACIOLOGY AND GEOCRYOLOGY Jun. 2005

1000-0240 2005 03-0329-08

730000

Spot1 0.8 m Spot2 1.5m Spot3 2.1m

Spot1 26.87 W- m™> Spot2 9.81
W- m™ Spot3 6.92W. m~’.

P343.6 A
1
. Pstream 4
20 60
b2 30 mm
>-8 Kraus °
Nakawo et al. ° "
3
30 cm
60%
2004-10-15 2004-12-06
40371026 90202013
1977— 1998

. E-mail hhd@ ns. Izb. ac. cn



K

N

JOURNAL OF GLACIOLOGY AND GEOCRYOILOGY

-

Vol. 27 WNo. 1

Takh 2 nnc

X E % :1000-0240(2005)01-0055-09

20 tH2047] AR 58 & IR 7R 7 46
b H MEAR LK )1 2R 4k

X RHR2,
£ &Y,

LELE,
WET!

TKE!,
TR#&,

’

WK,
Z A

® B,

(LPRMFR KX PXF RS TR HR 2M 730000, 2. PEREE FRAEFRF . LR 100085)

W OE. RAMEE. MEREAN, PEREEEMN Landsat TM 7B, N ERFTELAHER E
A X 20 t 240 AR BUK N ZEAEAT TR, 2007 T iR 0K Il %¢ 20 42 /5 39 4 3 745 08 6 W 5.
HRRW. 20 HOVME 1980 &, WARMKNBAL TRERS . HEK)NEHRED T 13. 8%, #
BEADT 9.8%, MBEBOBMYTF 249.2X10° m* K4 F, VK45 S B X 1| 4 9 00 18 ¥ 4 F
WHET—FLEA. 1980 FLUK, ARTBERALABRNMEAMM, EEAEELERT. KIAGKS
HHRRENBERE, BF — R HRAKN G TR Z B, T 685 7 F S8 0k 15 1828 4 1%

A0 B 1) 3K

R, FMEERICE, K)IEWL, AHHZW

FESHEE: P343.6 X#RFFIRE: A

1 &

R Warrick(1996) BIBF T, i3 1 At
EREBFAENEATA8E5)em, REHELE L
AORRAERARTSER, BHE—HEOWAAY
BAMEKAORESIX Y RECERIENEWE
. Zuoetal "I HAFH 1865—1990 G BRIK /I
$?@ﬁ@ﬂﬂ%ﬂ@§ﬁ%?@%ﬁ¥ﬁiﬂ7
5.7 cn(H A WK )M AKEHBRT 2.7 cm);
Van et al. " F|FH ECHAM4 T106 % I % 3k S %
ERI KK 70 a WK )AL #8 F W - F 5w o BF
RARA, KN#— S ERFHSHEEELHA 57
mm, XPRPEBX KK FTRRK, SEFEL
FHEB 31% , W b B e 7 0 A0 ok 4L 35 # K
UK)Il. Dyurgerov et al. ® 1 Meier et al. ™ Xt 4 B
Y 5 45 0 B R B 0 43 47 4 R B AIE SE Uk )1 X T
EAFBERTR, W 1945/1946 F 1998 4F [6] M

ol

ot B 2004-08-21; 3T B 2004-10-25

SWUK IV ¥ 50 665 48 7% HE Ly oK )10/ SR8 oK B
HDEBOOkm' s a MUY TRMAEBEESELAR
B 15%~20% (BT #RE 2 (0.25+0.11) m » a™'),
Frp R X, Bl iz i 2 X 4 0K 11 35 4k ) 57 R
RERMN.

I A B BF 45 SR A X UK | AR 4k X g S T 5% 84
EEUBETH - PHXFE. Arendt eral. BF A
LR E MR i3 1950 ERPHE 1990 ER P H
WP R TN 67 KUK HBIRRS, X
LK B EEEEE 0.52 m-a!, HILER
G B B AN BB s DX B 0K 1, T e X S AR UK
HRMDG2L15)km® (K4 E), HLYFHPEE
B LEAWO 14120.04)m « a='. XTHD 28 £ F
2000—2001 F 4T E & ) & & I UK )1 B B 0 i
BEOEME 1.8 m.a™!, SEBIMTRAMBK,
WS TEFEEYEAO 2720.100m -2, £
B BA] 2 57 pm 1 X 1990 £E4R o J5 HA 0K 11 3B 48 m B -

BLGH: PEMNEROIAGF LEEEH MM E (KZCX3-SW-339); EX ARMEEL2ME QN H B AIHH (40121101); FEF LR
ARG THEE XY H (KZCX1-10-06) ; %4 15 4 B 0k )| BF 9075 H 09 % By
EER: XBR963—). B, WEHEA. FIRA. 1996 F75 P EA B2 MK B EFFILH 518 + 2 6y BREENRKNE KR

}Jwﬁ 2BRFAHHA. E-mail: liusy@ans. Izb. ac. cn



B2 BSH
20054104

K il

JOURNAL OF GLACIOLOGY AND GEOCRYOLOGY

% *

Vol. 27 No.5
Oct. 2005

M EHS:1000-0240(2005)05-0641-04

EREC LTS EERETT KK

TEAE, MEE,
i B A

Tx#E,

# MY, x B,

THE, KAF,
#e

(PERFRE RXRXHFES TR, HR 2M 7300005 2. PEME5 FEEEHFITH, L3 100086)

i E: REYK)IME . Landsat MSS/TM/ETM' BB MMX W FH L £ B HE, AAH GIS#TTAR
SRR HEGRE, MEAHTAREHKIEE. EAEN THHECILLE YT KN
5Y654D48, 5Y654D97 WA R BT BRIk NIEShRB. R KRB 5Y654D48 3K )| F1 5Y654D97 ¥k 1| 4%
BI7E 1990—2000 4£ 5 1977—1990 4E M E S EBEX 272 m+a™', 213. 1 m+ a™', KEENEEHHE
K7~20 1%, BERNIK)IRESHHEME. 2 47A K, 5Y654D48 YK JII 7€ 1990—2000 4E, 5Y654D97 £

1977—1990 4 8] 8 43 B & 4= 3 oK )1 Bk 5h.
KgiR: BKahk)Il; TEEHE W ; Landsat; GLIMS
FESHEE: P343.6 T REARIREG: A

1 3|7

BRI BIBKEEILRRES 2~3 a B L
A IE R VKRB 10 £5% LA b B9 B3 AT 3 i — Rh 4%
UK, TIXFRTET LS RRENGR. K
KNEHFFEZKNEHRYEHXHEEMYE
$, 1 40 T 4247 0 69 BB 2% % %K )il (Black Rapids
Glacier) ., #£KJI] (Variegated Glacier)' 2, weuil B
£ 7 B B B 307 30 58 o A Mk FL T S A A 4 7 e
# 11 KBRSk,

FEEATR KB LK), ELBRKIIFE
REBEEMMNS. BhTRKI—BRETE
SR X, B T B 3 vk 11 B0 s 0 9 o R, 7E o
% P S TP R 2 R 4 sl T e 3 o R )
FUKN RS KN, HETEC R 4E BB,
IWHESHRLL 5K451F12, /R Sl m i 1 2K
MNE 2 SRR KN, HE X RS
K, MBEILMREEDH L, BHECHILE
KON RE R BRBh K I, (EEREA AL W, BFEE
R BHEC LM, RS, REA AR
AL LYK ), 1985—1987 4F o B B 2 B 22 M vk Ji]

KM ER: 2005-04-02; #3IT BRI : 2005-06-20

UR 1 BF 9T B BT K AT R X R SE L
T FRXE K AR K 5Y654D42, &
HEEYK)I| 5Y654D53 ) £ K, BHABXRR
BERBh ok I,

H#T, GLIMS(Global Land Ice Measurements
from Space Project, 43R i s vk W #3210 3 1 pis
BB (RS) 55 B R4 (GIS) F B3R Wil vk )|
BUAURKNRE. EELEES N ABBEES
Ceb B oK1 B SRSk W il B Ll R AL 3k se 8 35
IR 23 KB (14 KWK F1 9 KAF 1
km B %K )ID 347 W, 3 & B 5Y654D48,
5y654D97 F 1976—2000 £ 43 $i BT ¥ T 2 050 m,
1998 m, Hit THBMRH, REFHFTH. &
BRI LR TAEMERY |, S5 T 1937 £ FNY,
BT Landsat #9 4 AR BTN, B RS F ol
B Witk 5w #E M 8 5Y654D48, 5y654D97 B &
K A7 B R,

2 HER

BF 5T 5T &AL F w5 0l B £ 1l b 38 752 8 3 3 O 5%
(35°58.50' N , 76°18.00'E; 36°11.21'N . 76°

EEWHE: IEKARBEESTE (90202013, 40371026) 5 i HH 252 M4 % T B H B (KZCX3-SW-339-03) % B
EEEN: EELXBAIT5—), B, WHEKIA, 2001 EELMALREFELERBHLT20, AYPEHLEEREX AR TR
MRFEERLE, TENEETBRNVFSEN S EXAXHHE. E-mail: dhguan@lzb. ac. cn



27 3 Vol.27 No.3
2005 6 JOURNAL OF GLACIOLOGY AND GEOCRYOLOGY Jun. 2005
1000-0240 2005 03-0344-08
1 12 1 1 1
1 1 1 3 1
1. 730000 2.
100085 3. 730000
- 2001  ASTER
ASTER DEM
1962/1966—2001 67. 89 km’
6.2+1.0 %. ASTER GIS
- GLIMS ASTER
P343.6 A
1
do e USGS U. S. Geological Survey
NASA GLIMS

Global Land Ice Measurements from Space project

. 2002 15 ASTER Advanced
1950—1980 : Space-borne Thermal Emission and Reflection Radiom-
10 a eter Landsat
TM/ETM *
SPOT
16
20 70 2000 SGI2000 Swiss Glac-
20 ier Inventory 2000 " KGIS King George Is-
land *
10 _ AS-
TER
2004-11-16 2004-12-02
90202013 40371026

KZCX3-SW-339-03
1975— 2001
. E-mail dhguan@ Izb. ac. cn



morHl Wem K

200548

N

JOURNAL OF GLACIOLOGY AND GEOCRYOLOGY

# x

Vol. 27 No. 2
Apr. 2005

X ERE : 1000-0240(2005)02-0269-07

FOAR IR U e 78 A2 U A2 AL TSR IR 3R 0 A

iﬁi%:ﬂy Tikﬁy

Xk

WK,

HER, T B

(PEMERE BERBRFES TEWFRA. R 2ZM  730000)

B OB, LIKERKAE N EMFEARRE R IR, 8 L AR R K 618 K 3 X 1 A 18 RRAR
BIER. EHREMMRY. ARAKTHAKIGAENRAANEITERZBEARRFNEE, B
EXNRHABEUNPHEZFRTRANZRENES, NRREZNANBLERGER, ZRENS
RAREAMENZUTEEAWNFEM Y. BKERRAMEULOXREEHET, SRKHEW

P R0 A e 1

XK. RMRE; BEhEL, LHDH, EAKERE

PR GHK T P339 XERFRIRIG: A

5

1980 AP HLIK, REFELBRHRAT S
RERTRREHEENES, ERERNE LA RE
i b, BMAKFIKERMAKRFEEM, KXE5EFHHE
RETEBEFHRZRN, BRILFEAREFHBX L
SREEREEAMEZ —, FESIREERT AR
BAFER, FEARRIER R LAOK T Rk 4085 O E B
RERER 1980 FRFHUREM+IBE. £
AKERMAKHM G N ENFEAREE R, BEN
LT R T KT R, 0T 0K S Rl KX AT A A A
SR, MARNEANEEMAT RN IEKINEK
g ieE S, Bk, @8R b RE K B K R
BRMMMAE SR OER, REREELSEENR
KB AL H % 3 R K wa R R R T, 2 E 18R
ABRMRE. & CE LW A F IS
B, MIEARREHERREZAMNRRERH
17T 5t

2 HREKXFFLERFRTE

& 2 AR E RIEFRENES
FEA R i 7 1l X R R ALy ) B e K 9 0K 1 4E A AR

o

2.1

WoEs H #A: 2004-08-02; 417 H . 2004-11-20

O, BELRFH=RHL 63.4X10°m*, H P 56%
Jo vk REKTY, 2 R I T 9B BT T O M X AR A e X
HEMKER, BREZEEARZHIMEBERERTEE
FTRAE KR, RIETFEAIRIE KX K8 KA
WA AL RKFA, B EREA, &2, P4§R
R RE, ERRNRAE, EBNRAMNRETE
ARGHEBELE O FRHEN T FRKICERF
B R B 58 SRR, BT W L T AR VR R PR A AR R
Ao, EREERFEHHE KR HEEZERR
MABEA, FAREARRSENE 1L
ME1ATLEY, REFRARIEKNX K
WK RBAKABLLEN>50%, BFHIEET 80% L
b R FUIR 46 VT o 5 A B i ). O 48R P9 UK ) B 2 P R
K, WERHEHEX, MEMAREEHRAEX,
RRBHZEGHR. HTFEEHNKTREAIS, £
RAKRRELFRAENSNVEPIHENZERAE
e, RRBXERPEREXFES~9 AR,
FERFEERT<0. 207, i 40 a K, X2
. ABAEABUEFTREFORSHEE D, #
BEEFMARAY, RULLWKEBHAHAEMNA RS
#, FHRBELANI0aAAET 0.6 C, B, K,
X=Z2RHPEHAREE, HPE, £HEF

BT BXARKFELTE (40371026); EFBRH ¥ EH S E KT H (90202013) % 8
fEERN: MWEDAI—). B, HREBA. 1996 ERUTFEMKEBRAR. BAPENSREX BRFES TEMRAEEHLE,
FEANFRRERAKXEKBEFEHR. E-mail: xieccw@lzb, ac. cn

T 755



27 3 Vol.27 No.3
2005 6 JOURNAL OF GLACIOLOGY AND GEOCRYOLOGY Jun. 2005

1000-0240 2005 03-0337-07

1. 730000
2. 100085

2003

. 2.0
~9.7mm: C~' 47! 5.7mm- C~' 47!

pP343.6 A

1
. Johannesson et al. °
3
34
1~5 1
1
. Braithwaite et al.
5
" Singh et al. "
Dokriani
o8 Kayastha et al. "
13 6~13
Shin et al. *
Finsterwalder ~ Schunk 1887
Braithwaite
et al. °7* . 50 a
2004-10-05 2004-12-25
90202013 40371026
KZCX3-SW-339-03
1979— 2002

. E-mail zhangy@ lzb. ac. c¢n



22 3 Vol.22 No.3
2005 9 ARID ZONE RESEARCH Sep. 2005

1001 - 4675 2005 03 - 0336 — 05

40 a

730000
20 a
40 a
20 90 -4.85 10.58%
P461 A
65.3%
40 a
1
40% 1.24 x 10® m® 15% 4
5
1 2
1.33 x 10° km?
1
3 40 a
2.20 x 10°
100 a 0.3~0.4 C
40 a 0.2~0.3°C°
22 1951 - 1990 0.3°C’
14 20 a 10 40 a
13
1977 - 1978 5~9
6 8~10
~8 50% 5~9
70 %
3
- 12.6 m
* 2004 - 08 - 25 2004 - 10 - 14
40371026 90202013

1979 - .E - mail wjshuigong@ 163 . com



Hog% WAy F 3 d3ig Vol.28 No.4
2005 4 8 A ARID LAND GEOGRAPHY Aug. 2005

SREEMEFAERKFIRKRE SN Z FiEh)
T &, TARE x4

(REMEREX ERFHE TRBIGH, HRt 2M 730000

W ' MASCS MWARTEMNEARE, £ % R0EmEGEEE— SRR, TR TR AE 42 My B
L XPERKXMAMAK B A LRk B S EH TR, DEN R R SRR AR S M U R H %
TEEENBRRER. FUFIG TE B2 0 75 72 3 357 SR FEACR W X 7464 490 70 B35 B2 K X [ H#& 2T Rt
¥, 43iEid Nash and Sutcliffe BiFRRK, TR H R B B R IF a4 R, CR=97.68%. FHIF|H
RERNRETVENEIER SCS BRI ERE NSRRI KRS NS BRR AT UL,

X B 1 BAME RETH SCSREFE KM

PESHS: P333.1 XHkFRIRES: A XEHRES: 1000-6060 (2005) 04-0460-05

EEXFNREAXBRRFR, FEEREE
KEREFE" "8+ 5EP FHmas—
Mk, &t MEREFSE ARIRE, RRE T
R M AT TRHI R, thiE T2 RAE.
SCS R REX T EN RN E . Bl TR
BIEERE, FFRANRERRME TSR, B
B30 KK B e U 2 R R T Rl K R T R
G, ANREREEREM TRAEEESY 1
REMTFERREMETRKE, 5E EPEE
AMERIERFIK, PR T3R8 —i %+ 534
TREAEDE . BRERK SCS #T -5
IE, BUENRRMKAREIKBAMATER FREE
TR TR S

MR FE

1.1 SCS EifRARHELRRE
Mockus(1972)iE S i ek B L. %
KERFHRZRRBSRIBREKNER LR, &2
ﬁT%E%E%%W%%:%KE%%%A%?W)
5 RME(Q)Z & T4 K X %37 MR T A8 K
ATRABREEAENEE S) 5B AT R EER
BAERREQnZ I, SCS BRMEAARETXAME
SERER LRI, SERMARTRET, RE+H
MATARIH TS KB ER2R TN, B
RHREAT, FiFSHBL, STIMME N ER R
B X0, REEEBRORRE, TS
TR AR K B 5 B X B AR, At R
RMITEHATIBIE, BT BE0EIE N A e K AR

RSB 2004-11-18; X HNE: 2005-06-22

TRUKATIKIREIMAN SCS BB H 72,

1.2 SCS @AM _

7 SCS B G FRF /KBS T ERBTTAMG.,
EREEMMX, BB LRERNN, S0
BRRAMIEERRE MBS, HREBHIEG.
E*ﬁ%%ﬂ%%ﬁﬁﬁ%%ﬁsma&tnﬁﬁﬁ
MBEAMRK BBATEF M E, LU scs 72
nrHE.

121 HEKBIAHE ZEHEEN ARE
FRKEHEUBRERR N E, HXEBFN. ks
WHASUKEAMAR, BRHTES KBS NG
EARERUKIMEFIFESEMANSTHES . B

R=anow+P’

AF: Quow W AREHRMALE (mm-d'm?),
PR HEME (mmed'sm?)
HTREEBIMATRTHREING, i
RERMAKRRANISE N T ERER KM GRS
MARBHERS. NEFIMRBUGRE TSRS HR
XE, BERREKEE, BEREE —MEEY
HIL. RERREBEER 9~11 B/SFME LT K
Hadh, Wl —RAE 17~20h B, BEBIE, %
HARBHAEL TR, HENE (K1),
RERMKLENITE, F—HETFETHERE
RUKE, WWRER, EEERSNRE, RSHr
A, PEEWT NSRRI
Ko XGELRE QR TE T ERERKRRE
(mmd"m?), ExEFHHRETT L, 2%

BEWMA: RRARMEESWE (40371026) %h, HX BARF¥ELSERATE (90202013) 8y
ﬁ%ﬁﬁ:zﬁ,(wmq.%,ﬂ%%ﬁA,m%¢@ﬂ#ﬁ%zﬁzﬁﬁﬁlﬁm%mﬁﬁﬁtm,$¥M$§$Em15mﬁ%m%.

Email: wjshuigong@163.com



FaEtR
2005 5+ 6 A

EMXFFR(HRAF )

Journal of Lanzhou University (Natural Sciences)

Vol. 41 Supp
June 2005

X E &5 0455-2059(2005)-0001-06

P K ULy R S B O E JR U X B 2k Ak g A 2 4

ok TAE, ROF, HEE, REA
(PEP#BE BB RIS TRHFSH, HRt 2M 730000)

W E: 2003%E7~9H Eﬁfﬂlﬁi&ﬂﬁﬁiﬁmﬂlE%ﬁﬂ(#m?ziﬂﬂﬁﬁi% FRERKGKBER
B, pHIEF S B3 5k (BB A RIFH EA XL XX, 75t pHIE. MR ERCa> S 5 0B T2
6] 3 B2 i A 4 49 1, BHEREBRAREES BEE1R. TINK& R Kk BICa 3 £, e
BB F LSO M B B oK. ERBTRETLEHRIFOMELE, R L BE T G T 38 K.

XRRIR: BRI LRI 505, PHE; BF

hE S %8: P333.6

HRR WA R 30 X B K fh 22 Do £
TEEE X W R T IA 22 0K I, X8 Hm /R vk
JARAE % B 32 15 T A #4457, 2E20034F o A B 9
5 BT X i SR BF 9% B 4 40 T R BE R R oK1 2 A
T BRI, 3PV AR VK119 R IR 5 3 g R
JT OKEHIA . KB A RSB, 344
B . G580 ATE NG R WO PO B & 22 vk 1] B A
) — Lo TAEM 20, BB IR AR K11 87K 4 S R 3
VI 8 5 BT RS,

1 BIREBMARHSGRES L=

1.1 HMIRE#ER
ﬂx@mmum%ﬁfma*m&mmmm
5 8 I S 9 0 X R 7 B BT I ARG R vk )]
P B BR B H W R e, %5 R6342 m, TRKE
5K 35 ¥ 1R G BE 293 020 m, 2K J1] 46 8 IF 2 353 000 m;
%K1 8 K25.1 km, T BH82.8 k2, KEME LA
£92.0 km, K FE X 7 5 2% 5 g0, LI " IR ¥k
TV R 7K A2 R T 6 B4 494 o 9T L. BT 48 B Ak 48
ﬁﬁﬂaﬂm@ﬂ:%zgwlmm&mmz, &K
#9402 B, oy J 15 0 T 00 1 L SR B 0 .
ARG R AR EE 8K 5 KT AL
UK B BB S WA A1, RABIELGTERES
MEE, BERWERA BN, K5y A4
HT0%ZE A, ¥ EREK B 4 530%; FEK B B IR
BB 0 358 e a 3% HE A6 A /R i 3 (X s a3
UK I X £ e 7K B BF 4730 tum /100 ml], B R vk
NEEKULKNYFRERRR SR, REK FE
W H88: 2004-10-20.

MR A

i, 4 V1958 7K 48 H 7 341000 mmbd F. Z X
oY 4t 453 1) B e, PHEBRRKINIREZEAEE
UK BEESRANE. ‘

1.2 REKHERESLE

20034F7TATH E9A10H, 76 B H W /R %K il
%200 mat BT S R K, GIE KRN R &
8H9H . 18H F9A 12, 13H MK )i 3k 84 B ¥ 384 200
m I B BSR4, BRA100 mft FFECRE. BY
%m&%mmmiﬁﬁﬁiﬁﬁmmmmmxmﬁk
w%ﬁﬁwﬁﬁﬂﬁ—ﬁiﬁw}llﬁmwémﬂ
HIRM, F8HIH M9H 12, IBHEKNIWARER
RE LA KH P RE T AR, BREKRINERE
15 e 1 300 0 B 9 4R 0 B A iR ().

KERREE, BGEHAEE FRESETH
TKAE IR o A ] £ 3, M EIEBCF K # %, 4T
& 18 PR 77, H d 32 [ o B B 58 BL BT okt 5 3R 18 o
BE, #AMTOMREERSRY, SET AR
Ré 105 HEATOHE A8 S 300 52, 4> 91 FIMAT 252/
LR SRR Y, BT RO # 4, Dinex-1007
FaEN, 8% RMpHI # 1T TKH, Nat, Ca?t,
Mg?*, NO*~, SOZ-, mi 5 R AIpHE S H &4 #7
BSE. PR T B0 2 R — R T0.1%, BIE F1&
TF0.3%, 6 80/ # B {2 25 % F0.5%.

2 #&RX544%
2.1 pHESHS¥R

BHICRE JR UK R 4 267K 4 B9pHIE 25 3 18
%, BAFT7.46~8.072 ], ¥¥47.67, B FREH

ELWME: H¥H RPEL S (40371026)EFE B PP RS B K (90202013) P BT H.

EERT: ER(1979), B, 9P



F 41 K+ H
2005 4 6 A

ZHXFFR(ERMFR)

Journal of Lanzhou University (Natural Sciences)

"~ Vol. 41 Supp
June 2005

X E # B 0455-2059(2005)-0813-05

#TRSHIMCORRR A6 vk )1 2 1H iz 3 2 B

HEBF, ek, TRE
(PEMER EXREXAHSTRIFKHR, H# 2M 730000)

B E: USR], FFHASTERE 8, 4 BIIMCORRAX #4318 vk )| £ 015 sh S B, B R % W, &
5 7K J112000-10-14~2001-04-24.8 (2 B 914.5 m, 1435 50 5% B 36 m/a, 3 B ERETE b, KERHH
BHEE/NTREZHERE, FAAHKIIFREG KR KBYFEET SN REERS RS &
BT b o S KT RO, 3X 519604 W0 I A9 45 A L. U6 B A S0 R AIMCORRAK 4+ 8 vk )1 % T

0932 3h 3 BE R AT 47 89,

X§#iA: ASTERER; ¥k )32 5h; IMCORREAE; 445 vk )|

th B 53 25 P343.6

WD T Z KRR, o BR B Rk
MESEH, KINRBAREIBIESIYSE
HEW, MANEHENRABREIRRES
BEEENER. Eit, k)BT R
HEBEREARN, BT R EAFKRE, W 5.
KINBR BB B KRS K ERER. %K) 8B
SIHES [ B4 : BH K 1B S HAFF 655
B (4t BR Yk JI| 3 55 30), X4 F vk )il R 53 3h 598
f&i, — MR FAGPSHI B0, X MBI AR, |
REEVEK, HAESE BB, o FHREE %I,
BT o B E B R R ke 44 3%
FEBER/D, AU H, BEEARMBD,
ERZEZINEQESRBRH, I: HPRE,
RNt 2 A mEEFEL. SBURRRAR K
% B 1. '

GPSHIB Y7 BN RS2, YiE AR
2okEE, BRKEN, RLE R AHREE
TNk K. EE e, ZEEE AN
¥, TE N AS%4EHIMCORRE~2, CIASS: 13,
EXRREFEWERNK)IHTR, BAERSA.
A 30K Al BB Bk, 225076 # FAASTERE K %
B bz FAIMCORRAK 4 3k i B KR B LA vk )i &
i S B, KRR A

1 EHFEKNEA
Y75 oK 1| 2 Bk 18 B I e (LA T 780 FR B i) it X

WA H #3: 2005-04-20.

TRERINE: A

BB UK, 6 F FR £86°20' ~87°15' B 4k £527°40
~28°20'2 [8], X H T EReEdbi, R BRE, &
FHAHWEROWLZ KNI, £22.2 km, 1.4 km,
B B 3%86.89km?, K H K ¥ K Bl.4km, %K
JU 3K 35 ¥8 3R5 154 m, TR %4 ¥ 3R7260m, 4E A IF
#2106 m, 3K F10%, FLAEEIKS 800 mAER.
FEX K E-4°~9°C, FE KB 4600 mm, FE
EPEEF KHEEHERN, BERBEEX, FHX
gﬁ[l‘t].

1 Bk s g
Fig. 1 The position of Rongpu glacier

2 ASTER H1&

ASTERE & # #1 ;8 3F 38 T ETerra - # #
Bsf e RBZ— ERB/TITRXSELD

E2WME: AR ARPERLS(40371026)IEK B AP RS R H(90202013) 3 BY.

E& BN WRFI(1983-), &, B+HHFITLE.



61 % 55 1 1] s | SO Vol.61, No.1
2006 45 1 H ACTA GEOGRAPHICA SINICA Jan., 2006

rh [E F Bk )1 B B F R = B 3L 4FAE
% M TR

(L. v RL 27 B 98 IR X IR 5 TR WFSE BT vKVR B S R BE B BTS2 50 =2, 22 M1 730000,
2. PEFRREBE R R PRSI, s 100029)

WE: KN SRS AT I, B H RN Rz, SRR TS S R,
JUHCR IE U 2 B IR M OC RN B H A TR I S, ST S IR B
AR DR T El i PGS T AR A AR AR T A [ A5 TR A DL ok 7 9 il R PR BE A R, AR ST
USRNSSR ARy O REa NN B intl e 2o | DRI = s o T 1% S - = WS R R R [
AR, AR RWT iy T R TR R HG S B b DR A A R A AR, PR UK B H R
T HA B R KOERAE, R — I B BT s AR BN T ORI R BR R |
58 R i 2 R WY R R R N AR b, R RS ORI A B RO BRSOk T k)1 B H
[R5 oy PG AL 1) AR T i 4 O,k T A KT Y A BRI O R — B, IR T Y
AN, R TR B A R AT H R TR,

KW I R, EHKET PR

1 55

H ] P e Ll Iz A A R IR, Rl K AR I T 5 N BT O R ) SR IR
KB HAE N TR S 1) RO b 104 728 £ X 2 i DXCTm] 1 428 00 140 R ) Al 0 R RN 4 T
F A ik o i 30 309 52 BB TR UK N 2 B 4t SR R R T8 oK1 g B9 R R AT A UK N Rk e T i
AEVE BT R WY PO Rl K R 25 7 b PG AR A DI A A U TP BT o L a3 . R
25.4% . VUi 8.6% . T 3.8% . H 3.6%M, i AKER vk )1 @tk 76 b B i T R X
IKBEIEIE 15 A8 A B AR LRI A 2 e B R B DRt KO R K B A DU DT 5
H [ PG A 1 5 XK 5% AR A 1) TS R Sy 2 B

HHET, 7EIFE KN moK B AR Z T BT kN il S AR 2 M ¢ R B H A
RUZ SN N &R Iz B ke ) B HORBEAY B SR ARG A (AR R SO EE ] LA
25 AL T RE 1 A AL B ) ORI TR H AL EHW T RHNEESE, H
JE UK T e =A% 3 5 A — & ek B AR, ot B EE R AR B AR T
VKON 2 T B BE B SR B0 Finsterwalder and Schunk (1887)U1 1 ¥R 78 Bl R B 34 11y vk 1]
AT ESIAT CBEHRNT S, MR, XSSz M TR K %
Bzt B RGBSR 1L A b DX K )1 AR TS AR AL A BE 5 6 12 14200

fF 5% 2R W12 29380 %k R Z2 Bk AR AR AL SR U, 41 HBV-model®” | SRM-model®
UBC-model®  SHE-model®  HYMET-model®" | 1% S 7Y it A JUURS & 7 — 5 72 1 b B ok
TRE H AR vk N 5 AR S T Fl e R AR AL, AR, B DR A A ] I ) A A AR X AR
RUREALL K )1 55 BT 0 koo A2 ORGSO R ), DRI, 7R FH S H OB AL R K 1] 5 R

WHs HEA: 2005-10-30; 21T HEA: 2005-11-20
BEEWMB: M5 ARFEIESEAIH (90202013); [F5 (ARSI H (40371026); o FRL e AR 657 T2 E K
i H (KZCX3-SW-345; KZCX3-SW-339) [Foundation: National Natural Science Foundation of China, No.
90202013; No.40371026; Knowledge Innovation Project of CAS, No.KZCX3-SW-345; No.KZCX3-SW-339]
EZEE N 5KHA (1979-), 55, WL, FENFK)IARMA K BEUEITIE. E-mail: zhangy@lzb.ac.cn
89-98 0t



l\)ﬂ
O(\D

8% H1
0 642

" b, S
A

JOURNAL OF GLACIOLOGY AND GEOCRYOLOGY

L

Vol. 28 No. 1
Feb. 2 00 6

3 42 :1000-0240(2006)01-0101-07

ERREAEKINEREMAE PRI HZHE

x F

X R

(L EREE RXEXFRS TRUIAAKGESHAERGESLRE, At =M 730000,
2. P EBFBE B REEBTR AT, LR 100085)

#w O FASMEETHKIISHEHBASE, AREASRANERBZAMNKEXRELH.
EHAEBE T Z N A TR, FURES L MR ZKE . FREEREMEKEHM. 5Kk)IYRFER
XSEERER L KNS RBURKEBAKZREUEOARS. EARBRERNKEREH
MR FEX - HALBORAER, BERSREL, B¥TURBREUTHEREFERBNE LS
R EARBEUARARZL, MTE—-SHRBHEEE.

X\ kKN ERNE; HMh; EFR; FHKRE
HESHEE: P343.6 WRkERIAEG: A

1 37

KNESHERTRXERMRKAER, AR
KB a2F K RBENER, BRESSIHHEL
E8) . AHRARI N, KR R A ERE L
W H BB VK T K #M G S ERHK B EA
A SEHIE R E vk e B R A TR K
I % B BOREEAT B 7K )1 R K X 0 RN 45 4 BRI
FRHID, oK1 K A48 8 P R AR X AR P
i o5 il 43 B K. HTEE 25.4% . T 8.6%. BiE
3.8%. HM 3.6%. FEFEH, kI 5HERKIE
TREKERERSZAPHERAMBARE+IE
FH. B, I SREHEMBTC R ERI¥
EHEREMHRARBZ -1,

10 a3k, WIS REHRMARHTEAET
REEVFHNENARTRE-HE I RETHRIT
FHEEAETERER . BAKISHREHMY
BERRTHEDOERUIRI, BX THREFH
BERYL, BB RNERSHE S, tELR
BHNRHR, ZMMERRE, MAZH—-EHR
fl, RHERTHEERLE. Bit, BTH—-X
BRETRE B EBEK)NSRERKPEABANT

W B 2005-11-05; HiTHRR: 2006-01-13

. FARBRETKEHMEKEBZRHNEEX
REV M, X—MW 4R Finsterwalder er al, M 7E
REFHLKNEBURARPBERSIATH, BE. I~
ZMAFACRK. =, F/RBEHNL., FREHSE
b X B VK 9 RE B AT Pl

TFEBEREGE, HARET: DRBERE
HMEANTIEREEE, X TFHEUNEER, K
BEBEANBEGHERN; DKBRZ EGEHAXNEAN
A5 DEBTEMEMEE. BTFULERA, KB
BRICT ZMAF KNP BV oK) xS U
TEMARE . K E Bk 42 400 K oK )1 3l ) A B 46 i B
FRUerH XM BRANEEARKI SRS
HRNYESRE, HLIRREMU TR - HRE
MMEER™. Rm, ZEBOERANREZL:
D BABRRAERKNERNESREBRAIHEEDN
B R, (B 0N B B & B 18] 23 Bk o8 A 4R 085 T 38
FEfR; 2) ZHWIE R KN SRERERENE W, &
RUNS UK T 32 TV RlCR L B9 25 (8] AR A R 0 0 0 4
R HE, FAEAEAEH-FPHRHERE. &
MEEENAEHEBAERAIMK)SREHRS
BN B, R E TR KI5 R E I R B R R it
— € B HIL k.

XeTHH: EXRERMFELSE KB ITMHE (90202013); ERARBFREETH (40371026); PEHASREX BXFHES TEHR
B vk N2 08 £ 2 A4 HE 3% 3 &7 B (J0130084) ; o A48 1R 815 T8 F AWM B (KZCX3-SW-345; KZCX3-SW-339) ¥t Bf

EEEN: KBAITI—), B, IWRBMA, 2002 N TREMBE R, AAPERYEEXBEXRES TEARXFERELHTL,
FEMNF KNS KFRBPIF. E-mail:zhangy@lzb. ac. cn



|

£ & BRRA s
MER: HAF FHR KEM
L TkE RRE BEM

MBIl L
i




P E L SR B BE F 5 BE R A B o) ST 45

EIFHSEI LU T I B BS54

s
A
i

L 1 R

*@&%%%@%éﬁw&ﬁ%ﬁ%ﬁﬁﬁ(UM%MU

WA P ER IR S A AR
Adhkwﬁ%%%
Eiﬁ%ﬁﬂma

%E*ﬁ%ﬁ%Mﬁ&\ﬁ%&ﬁ*ﬁﬁﬁwﬁ%wq%
(90202013)



BRE -

ﬁﬁi:?4ijﬁ$t

ﬁﬁﬁiﬁﬁ%iMﬂﬁme%%M@ﬂ 
&@m&ﬁﬁmwn¢@r% |

- meem_ T i rﬁm

AR HR R TR
RSB, ML T SRR B R
ﬁaﬁ{i’%&ﬁ%ﬁ 2005$<)€l 5'%é3tﬂ¥i$ﬁ'£% zoosﬁ'ﬁ

S o R B R R A %Iﬁiﬂf??!ﬁﬁ & i

:%u&%au'n o BB LB

EMERELH_ALWIINR

. I “
e o - =
= LI *
: ] —h— -



ARE : - BY%

UDC TR

mﬁﬁ%ﬁﬂﬁEﬁﬁﬁﬂmi ﬁﬁw

'i;§ U
J5 B 4T T BROLR XM B R
o [ 2 B SR 15 T RS
AT T RS A
WA Ei%f] '2’005 F4H vf»};ﬂ‘cﬂif# H¥_ 200545
RORRG MK R S TR

%Lfﬁ?ﬁﬁ sl S S S T pi e LT

EMERR2ER




	附件-全文论文.pdf
	43A038_text final.pdf
	43A069_Text_final-for PDF.pdf
	paper & accepting letter.pdf
	accepting letter.pdf
	Snow Cover Distribution_JCLI-641_for NSFC.pdf


	1--Zhao Jingdong 1.pdf
	1--Zhao Jingdong 6.pdf
	2--Recent progress of glaciological studies in China.pdf
	3--乌鲁木齐河源空冰斗径流增大的原因分析 1.pdf
	4--天山南坡台兰河流域冰川物质平衡变化 1.pdf
	5--西北地区空中水汽时空分布及变化趋势分析 1.pdf
	6--新疆近50a来的气温和蒸发变化 1.pdf
	7--西北气候环境转型信号在新疆河川径流 1.pdf
	8--新疆河流洪水与洪灾的变化趋势 1.pdf
	9--渭干河流域 2002 7 特大洪水分析 1.pdf
	10--西北地区近年来内陆湖泊变化反映的气候问题 1.pdf
	11--20世纪下半叶开都河与博斯腾湖的水文特征 1.pdf
	12--近40 a来新疆河流洪水变化 1.pdf
	13--塔里木河流域近40 a来气候、水文变化及其影响 1.pdf
	14--塔里木河中游滞洪区的形成及其对生态环境的影响.pdf
	15--冰川学开拓与气候环境变化研究的回顾 1.pdf
	16--基于RS与GIS的冰川变化研究——青藏高原北侧新青峰与马兰冰帽变化的再评估 1.pdf
	17--近期气温变暖叶尔羌河冰湖溃决洪水增加 1.pdf
	18--中国喀喇昆仑山、慕士塔格公格尔山典型冰川变化监测结果 1.pdf
	19--天山南坡科其卡尔巴契冰川消融期气候特征分析.pdf
	20--高山冰川区大降水带的成因探讨.pdf
	21玉龙喀什河源区32年来冰川变化遥感监测.pdf
	22--托木尔峰南坡冰川水文特征及其对径流的影响分析.pdf
	23--新疆阿克苏地区耕地变化分析及驱动因子研究.pdf
	24--2002年塔里木河流域四条源流区间耗水分析.pdf
	25--近百年来青藏高原冰川的进退变化.pdf
	26--2002年塔里木河流域 四源一干 地表径流情势.pdf
	27--0℃层高度与夏季阿克苏河洪水的关系.pdf
	28--新疆喀什噶尔河流域水资源质量保护及对策.pdf
	29--天山天格尔山南北坡降水特征研究.pdf
	30--冰川系统高度结构计算研究.pdf
	31--天山乌鲁木齐河源1号冰川物质平衡特征.pdf
	32--科奇喀尔冰川夏季表碛区热量平衡参数的估算分析.pdf
	33--表碛下冰面消融的模拟与估算 1.pdf
	34--20世纪初以来青藏高原东南部岗日嘎布山的冰川变化.pdf
	35--喀喇昆仑山克勒青河谷近年来发现有跃动冰川.pdf
	36--利用ASTER影像对慕士塔格公格尔山冰川解译与目录编制 1.pdf
	37--托木尔峰南麓径流变化的气候因素分析.pdf
	38--天山南坡科其卡尔巴契冰川度日因子变化特征研究 1.pdf
	39--新疆阿克苏地区近40 a气候、水文变化特征分析 1.pdf
	40---高寒草地春季积雪融水.pdf
	41--西天山南坡客气卡尔冰川.pdf
	42---许军丽.pdf
	43--中国西部冰川度日因子的空间变化特征 1.pdf
	44---度日模型.pdf
	45--中国西北气候由暖干向暖湿转型问题评估 1.pdf
	45--中国西北气候由暖干向暖湿转型问题评估 2.pdf
	46－－张勇硕士论文 1.pdf
	47－－王建硕士论文 1.pdf



