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ABSTRACT. Glaciers are an important element of the environment in the source
regions of the Yangtze and Yellow rivers on the Tibetan Plateau. Using Geographical In-
formation System techniques, we have studied changes in the location of glacier margins
in two areas: the Geladandong area in the headwaters of the Yangtze, and the Anyémaqén
Shan mountains in the headwaters of the Yellow River. Marginal positions during the
Little Ice Age (LIA) maximum, in 1969 in the Geladandong area, in 1966 in the Anyéma-
gén Shan, and in 2000 in both areas, were determined using aerial photographs, satellite
images, topographical maps and digital elevation models. Extrapolating the results to the
entire source regions of the Yangtze and Yellow rivers, we estimate that the total glacier-
ized area decreased about 1.7% between 1969 and 2000 in the Geladandong area and
about 17% between 1966 and 2000 in the Anyémaqén Shan. Glaciers were stable or ad-
vanced slightly between 1969 and 1995 in the Geladandong area, and between 1966 and
1981 in the Anyémaqén Shan, but have retreated since the mid-1990s in the former and
since the 1980s in the latter. Significant increases in summer air temperature and de-
creases in annual precipitation are the causes of the present retreat. As a consequence of
the retreat, water storage, as ice, in the Yangtze and Yellow river drainages is decreasing by

65-70 x 10°m®a .

1. INTRODUCTION

The past few decades have seen a temperature increase of
0.25°C per decade in parts of the Tibetan Plateau above
3500 ma.s.l. (Yao and others, 2000). Consequently, glaciers
there, in the headwaters of the Yangtze and Yellow rivers,
have retreated significantly (Wang, 1991; Ding and others,
1996; Ding and Bing, 1996). Because these glaciers are im-
portant to the eco-environment in these headwater drai-
nages, their health has attracted widespread attention from
both the scientific and the lay community, especially since
the initiation of the West Development Project, a project to
increase living standards in west China, and to decrease the
difference in level of development between east and west
China. Heretofore, however, there has been little detailed
information about glacier fluctuations on the Plateau and
their causes. In this paper we provide a comprehensive
analysis of glacier change based on remote sensing, and ex-
plore the causes of this change using meteorological data.

2. GLACIER DISTRIBUTION AND CHARACTERIS-
TICS IN THE STUDY AREA

The source region of the Yangtze river, an area of
122 x 10° km?, is situated in the hinterland of the Tibetan
Plateau. Based on data in the glacier inventory for the
Yangtze drainage basin, in the headwaters of this region
there are 753 glaciers with a total area of 1276 km?* and esti-
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mated total ice volume of 104 km”, accounting for 67% and
71% of the total area and volume of glaciers in the Yangtze
river water system, respectively (Pu, 1994). Most of these
glaciers are located on the northern slope of the Tanggula
mountains, on the southern slope of the Kunlun Shan
mountains, and on Sederi peak (Fig. 1). In the eastern part
of this region, most of the glaciers are small, scattered cliff
and cirque glaciers, while in the west they are larger valley
and plateau glaciers. The snowline altitude increases from
north to south and from east to west. The mean snowline
altitude is 5345 m on the southern slope of the Kunlun Shan,
and rises to 5533 m on the northern slope of the Tanggula
mountains. Precipitation is <300 mma ' in the west, but
>400mma ' in the east. Mean annual air temperatures
are —3.4 to —5.0°C in the west. These low temperatures par-
tially compensate for a lack of precipitation, so this combin-
ation of snow and temperature still favours the maintenance
of glaciers in the west.

The source region of the Yellow River is on the eastern
edge of the Tibetan Plateau, east of the Bayanaxar moun-
tains (Fig. 1). Glaciers in this area are concentrated on the
eastern slope of the Anyémaqén Shan. Here, there are 58
glaciers with a total area of about 125 km? accounting for
96% and 98% of the total arca and volume, respectively,
of glaciers in the headwaters of the Yellow River (LIGG,
1992). The snowline altitude range is 4990— 5190 m. Precipi-
tation in summer accounts for 56-62% of the annual pre-
cipitation and, in the Anyémaqén Shan, is affected by the
Asian monsoon. The mean annual temperature near the
snowline is estimated to be —9.4°C,, while the mean summer
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Fig. 1. Map showing distribution of glaciers in the source regions of the Yangtze and Yellow rivers and location of the Tuotuohe

meteorological station.

temperature is +2.2°C. The mean annual precipitation in
the Anyémaqén Shan is 700-900 mma ' (Liu and others,
2002). Table 1 shows the general formation of glaciers in the
source regions of the Yangtze and Yellow rivers.

In each of these drainages, a representative area was se-
lected for detailed study. These test areas are the Geladan-
dong area in the Yangtze drainage, and the Anyémaqén
Shan in the Yellow River drainage.

3. DESCRIPTION
SOURCES

OF TEST AREAS AND DATA

3.1. Geographical characteristics of the two test areas

The Geladandong area is located in the Tuotuohe river
catchment in the western part of the Yangtze drainage (Fig.
1). The area lies between 33° and 33°40’ N and 90°30’ and
91°31'E. The altitude ranges from 5200 to 6621 m. The Tuo-
tuohe river is a major tributary of the Yangtze. Many large
glaciers are found in this area (five are >30km” in area),
which is the principal glacierized area in the headwaters of
the Yangtze.

The Anyémaqén Shan are a northwest—southeast range
situated at the eastern end of the Kunlun Shan (Fig. 1). The
range lies between 34°20" and 35°N and 99°10" and 100°E.
At 6282 ma.s.l., Maginggangri is the highest peak in the
range. The Anyémaqén Shan are the most important gla-
cierized area in the source region of the Yellow River.

3.2. Glacier data and methodology

There are no field measurements on glaciers in the Gela-
dandong area or the Anyémaqén Shan. Our database con-
sisted of (1) 1:60000 aerial photographs from 1969 in the
Geladandong area and from 1966 in the Anyémaqén Shan,
(2) Thematic Mapper satellite images of the two areas from
2000, (3) 1:100 000 topographic maps and aerial photo-
graphs from 1976 in the Geladandong area and from 1971 in
the Anyémaqén Shan area, and (4) digital elevation models
(DEMs) of two areas derived from the latter maps. The 1969
and 1966 aerial photographs were scanned to generate
digital images. Coordinates were then obtained from the
maps for points visible on both the maps and the various
images, and these coordinates were used to orthorectify the
images. Between 15 and 20 ground-control points were se-
lected from topographic maps and identified on each image.
The root-mean-square error of an independent set of points
was selected and used to assess the accuracy of co-registra-
tion. The mean error bars from co-registration of all images
were 31-80 m in the z direction and 40—120 m in the y dir-
ection.

In mountainous terrain, as a result of the effect of topog-
raphy on mountain glaciers, changes in solar altitude angle
affect the accuracy of mapping of glacier boundaries. DEMs
in the Geladandong and Anyémaqén Shan areas are thus
used to develop further topographic corrections for the
digital images, in an iterative procedure, to improve the ac-
curacy of these images. The details of glacier change, such as
the velocities and boundaries at different times, were

Table 1. Basic information and volume change of glaciers in the source regions of the Yangtze and Yellow rivers

Region Numberof  Glacial % of water Ice % of water ~ Highest ~ Mean snow- Mean annual — Annual Change in
glaciers area  system’ total  volume  system’ total  elevation  line elevation  air temp.  precipitation glacier volume
glacial area ice volume
km? km® m m °C mm km? Y%
Source region of the 753 1276 67 104 71 6621 53355533  —1.7-56 200-450 —2.25 -2.2
Yangtze
Source region of the 58 125.5 96 10.8 98 6282 5115 —4.0-1.0 300-750 —2.66 —24.6

Yellow River
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Fig. 2. Overlay map showing glaciers in the Geladandong area at the LIA maximum and in 1969 and 2000. Boxed areas in (a)
show locations of glacier SK451F12 (b) and southern fianggudiru glacier (¢).

Table 2. Changes in glacier area during the LIA and in 1966—69 and 2000 in typical glacierized areas of the source regions of the

Yangtze and Yellow rivers

Area Type of glaciers Period Glacial area Change in area
km? km” %
LIA maximum 969.82
Geladandong area Polar-continental 1969 915.57 —54.25 56
2000 899.98 —15.59 -17
LIA maximum 147.8
Anyémaqén Shan Sub-continental 1966 125.5 —223 —-15.1
2000 103.8 —21.7 173
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obtained by using Geographical Information System tools,
based on the results of the serial images’ co-registration,
classification, vector analysis and calculation in these two
areas. Glacier changes in the entire headwater areas of the
Yangtze and Yellow rivers are inferred by extrapolation of
these data.

3.3 Meteorological data

The location of the Tuotuohe meteorological station is
shown in Figure 1. Tuotuohe is the only meteorological sta-
tion in the headwaters of the Yangtze. It has operated con-
tinuously from the same location, yielding high-quality
records, since it was set up in 1957. Owing to the lofty topog-
raphy and cold climate in the headwaters of the Yangtze,
seasonality is blurred. Air temperature drops below 0°C at
the end of September each year, and rises above 0°C at the
end of April or beginning of May the next year. Thus, pre-
cipitation falls as rain from May through September, ac-
counting for about 92% of annual precipitation, and as
snow from October to April. However, at the elevations of
the accumulation areas of the glaciers in the headwater of
the Tuotuohe river, we estimate that temperatures remain
below 0°C for 8-9 months and that, even during warm
periods, precipitation falls as snow because air temperature
drops dramatically when precipitation occurs. However,
snow falling on the ice surface in summer nearly always
melts almost immediately. Therefore, in the discussion that
follows we use data on changes in annual precipitation and
in summer air temperature from the station as measures of
changes at higher elevations affecting the glaciers.

4. GLACIER CHANGES IN THE LAST CENTURY
4.1. Change in glacierized area

Glaciers in the Geladandong area have retreated during the
last century. During the Little Ice Age (LIA) maximum, the
total glacierized area was about 970 km” By 1969, it had
shrunk by 56%, a mean rate of 0.02% a . Between 1969
and 2000 it decreased by an additional 1.7%, or 0.05% a .
Thus the mean annual shrinkage rate during the latter
period is 2.5 times that from the LIA to 1969 (Table 2).

The total glacierized area in the Anyémaqén Shan
reached 148 km? during the LIA maximum (Table 2). Since
then it, too, has shrunk at an increasing rate. The mean
shrinkage rate was 0.05% a ' from the LIA to 1966, and
about 10 times that, or 0.5% a ', between 1966 and 2000.
Glacier shrinkage in the Anyémaqgén Shan is much more se-
vere than in the Geladandong area.

4.2. Changes in glacier terminus positions

Figure 2a shows the area covered by glaciers in the Gela-
dandong area during the LIA, in 1969 and in 2000. Retreat-
ing glaciers far outnumber advancing ones. Of the
retreating glaciers, southern Jianggudiru glacier has lost
the most area (Fig. 2¢); it retreated 1288 m between 1969
and 2000, a mean rate of 41.5 ma " In contrast, glacier
5K451F12, located in the northern part of the Geladandong
area, advanced 680 m, a rate of 219 ma during this same
time period (Fig. 2b). The fact that the total glacierized area
decreased only 1.7% and that there are some advancing gla-
ciers suggests that glaciers in the Geladandong area are rel-
atively stable.
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Fig. 3. Changes in the termini of the Dongkemadi glaciers.

Clearly, mean fluctuations over periods of several
decades in the Geladandong area reveal only the general
trend of glacier change in the headwaters of the Yangtze.
Utilizing annual data on fluctuations of Dongkemadi gla-
cier near Tanggula Pass, we can investigate the time series
of changes in greater detail. The trunk Dongkemadi glacier
and a neighboring glacier that merges with and then sepa-
rates from Dongkemadi glacier advanced 9.4 and 2.1 m, re-
spectively, between 1969 and 1989 (Jiao and Yan, 1993).
Longniyamaigangnalou and Longxiazailongba glaciers to
the east and north of Dongkemadi glacier, respectively,
were stable during this time. Thus, over a period of 20 years
the termini of these four glaciers remained basically stable
or advanced slightly. Then from 1989 to 1994, Dongkemadi
glacier and its neighbor advanced ~15 and 5 m, respectively
(Fig. 3). Since 1994, both glaciers have been retreating stead-
ily, but the retreat of Dongkemadi glacier has been relatively
small. Thus, 1994-95 is a turning point: advancing glaciers
dominated before 1995 and most glaciers have retreated
since then.

Glaciers have a continuous recession trend since the
mid-19th century on a global scale. However, the trend was
interrupted by short intervals of stagnation or advance
(Dyurgerov and Meier, 2000; Meier and others, 2003). Gla-
ciers in most regions of the world advanced during the 1960s
and 1970s, and in some places during the 1980s. Mountain
glaciers in western Scandinavia advanced during the 1970s
and 1980s (Bogen and others, 1989), in the Alps between the
mid-1960s and the 1980s (Patzelt, 1985), in Alaska from the
1960s to the 1970s (Porter, 1986), in the Argentine Andes of
the Southern Hemisphere during the 1970s and 1980s
(Stingl and others, 1985; Leiva and others, 1986, 1989), and
in North America over the period of the later 1960s to 1970s
(Ding, 1995). Other mountain glaciers in western China also
advanced slightly during this period (Zhang, 1981; Su and
others, 1999). However, the period of continuous glacial
advance in the headwaters of the Yangtze is longer than in
other regions of the world. The observed longer period of
glacial advance was found in other regions of the Tibetan
Plateau, such as Bukatage peak located in the middle sec-
tion of the Kunlun Shan. Most glaciers in northern Buka-
tage Peak advanced in the period 1976-94. For example,
western Bukatage glacier advanced at a mean velocity of
58ma ' from 1976 to 1994. The retreat speed of Bukatage
glacier reduced largely in the same period (Li and others,
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Fig. 4. Map showing extent of glaciers in Anyémaqén Shan at
the LIA maximum and in 1966 and 2000.

1999). Thus, glacier change in the source region of the
Yangtze and in other regions of the Tibetan Plateau is not
only consistent with that worldwide, but also has character-
istics unique to the hinterland of the Tibetan Plateau.

In Figure 4 we show boundaries of glaciers in the Anyé-
maqeén Shan in the headwaters of the Yellow River during
the LIA maximum and in 1966 and 2000. Measurements of
length along the central flowlines of individual glaciers
show that 53 retreated, 2 were stable and only 3 advanced
between 1966 and 2000. Yehelong glacier retreated the fur-
thest: 1950 m in 34 years, reducing its length by 23%. The
absolute length of retreat of small glaciers is less than that
of larger ones, but the percentage retreat is normally quite
large. For example, the relatively small glacier 5] 352EI3 lost
77% of'its length between 1966 and 2000. Glacier retreat in
the Anyémaqén Shan has accelerated recently. The annual
retreat rate for last 34 years is over nine times the corres-
ponding rate from the LIA maximum (taken as AD 1681,
the mean between 1622 and 1740) to 1966. However, the
lengths of some glaciers did not change significantly
between the LIA maximum and 1966.

The phasing of glacier change in the Anyémaqén Shan is
similar to that of glaciers in the Geladandong area. Of 40
glaciers in the Anyémaqén Shan, 22 (55%) were stable and
15 (37.5%) advanced between 1966 and 1981 (Wang, 1987).
Halong glacier had the largest advance: 790 m in 15 years, a
mean rate of 527 ma . Though Yehelong and Weigeledang-
x1laong glaciers were in retreat during this time, their retreat
rates were relatively low: —10 and 147 ma ', respectively.
Then, in the 1980s, glaciers began to retreat universally. In
two decades, Halong and Yehelong glaciers retreated 406
and 1800 m, respectively, or at mean rates of 20.3 and
90ma . Thus, for the most part, accelerated retreat of gla-
ciers occurs after 1981 in the Anyémaqén Shan.

4.3. Changes in glacier volume

Expansion or shrinkage of glaciers results in changes in the
amount of water stored as ice. In the Geladandong area,
70% of the glaciers drain to the Yangtze. These glaciers ac-
count for about half of the total glacierized area in the
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Fig. 5. Relation between glacier area and volume in the source

regions of (a) the Yangtze and (b) the Yellow Ruver.

source region of the Yangtze. Thus, glacial variations in the
Geladandong area can be used to estimate the change in the
entire source area of the Yangtze. Taking the 1.7% shrinkage
in the last few decades in the Geladandong area as an esti-
mate of the mean rate in the drainage, we find that the total
area of glaciers in the drainage probably decreased
~21.7 km” between 1969 and 2000. Based on data in the gla-
cier inventory for the Yangtze drainage basin (Pu, 1994), the
relation between glacier area and volume is as shown in Fig-
ure 5a. We can obtain the present area of each glacier that is
shrinking by multiplying its area in 1969 by 0983
(=1.000 — 0.017). Then the present volume of each glacier
can be obtained from the equation in Figure 5a. Subtracting
the volume thus calculated from that in 1969 and summing
over all glaciers in the watershed yields an estimate of the
decrease in glacier volume between 1969 and 2000 in the
source region of the Yangtze. The total loss is 2.25km® of
ice, or 2.03 x10° m® of glacier water. The annual loss rate is
~65 x10°m®a . Similarly, if the 17.3% decrease in glacier
arca in the Anyémaqén Shan is taken as an estimate of the
mean decrease in the source region of the Yellow River since
1966, the total is ~22.74 km? corresponding to a mean
decrease in glacier volume of 266 km® (Fig. 5b), and a loss
0f2.39 x 10° m® of water, an annual rate of ~70 x 10°m®a .

In the course of estimating change in glacier volume in
the entire source area of the Yangtze, the estimate is smaller
than the actual value. The reason for the small estimated
value is as follows. The climate is cold and glaciers are larger
in the Geladandong area. Glacier change in this area is
smaller than in other areas of the drainage. So, as shrinkage
in the last few decades in the Geladandong area was taken as
an estimate of the mean rate in the drainage, the estimated
value is relatively small. For the source region of the Yellow
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River, the estimated value approaches the actual value. No
available data or optimum method can be used to determine
the specific estimated error up to now.

Our study of glacier fluctuations in the source regions of
the Yangtze and Yellow rivers leads us to conclude that the
amplitude of glacier change is far greater on the edges of
the Tibetan Plateau, represented by the Anyémaqgén Shan
area, than in the hinterland of the Plateau represented by
the Geladandong area. The mean shrinkage of the glacier
area in the last few decades has been 17% in the former area
and only 1.7% in the latter. Retreat rates of glacier termini
reach 574 ma ' on the edge of the Plateau but only 41.5m
a 'in the interior. In addition, the transition from advance
to retreat occurs about 10 years earlier on the edges of the
Plateau than in the hinterland. Indeed, the termini of some
glaciers near Tanggula Pass were still advancing during the
late 1980s and mid-1990s, whereas glaciers in the headwaters
of the Yellow River started to retreat in the 1980s. Finally,
the loss of glacial water reserves is far greater on the edges
of the Plateau than in the hinterland. Although the total gla-
cier area in the source region of the Yellow River is only
~10% of that in the source region of the Yangtze, the total
loss of glacial water reserves is 18% greater in the latter
area.

5. QUALITATIVE ANALYSIS OF THE CAUSES OF
GLACIER CHANGE

Using annual precipitation and summer temperature data
from the Tuotuohe meteorological station over the past few
decades, we next consider the causes of glacier change in the
Geladandong area.
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Tuotuohe meteorological station is situated somewhat
east of the Geladandong area (Iig. 1), at an altitude of
4533 m. The mean annual and mean summer air tempera-
tures are —4.2° and +6.5°C, respectively, and the annual
precipitation is ~270 mma . Precipitation is normally in
the form of rain between May and September, accounting
for ~92% of the annual precipitation. However, as noted
earlier, at the elevations of the glacier accumulation areas
we estimate that the period of <0°C temperatures is 8 or
9 months long. Therefore, we assume that changes in mean
summer temperature and in annual precipitation at the me-
teorological station are valid measures of the changes at
higher elevations that affect glacier mass balance. Changes
in mean summer air temperature and annual precipitation
over the past four decades are shown in Figure 6.

Considering mean summer air temperature first, we see
that temperatures lower than the long-term mean domin-
ated between 1957 and 1986. Only 41 % of these years’ tem-
peratures were above the mean, and, except for 1961, 1972
and 1981, temperatures that did exceed the mean were rela-
tively small. Summers were cool in the Geladandong area
during this period. In contrast, after 1986, 80% of tempera-
tures were above the mean. The mean summer temperature
for these 15 years was +6.9°C, or 0.5°C higher than during
the period 1957-86 and also 04°C higher than the long-
term mean. Summer temperatures increased especially
rapidly after the mid-1990s.

Globally, the 1950s to 1970s was the second of two cool
periods during the last century. While the global tempera-
ture decrease was —0.13°C, temperatures in China
decreased —0.63°C (Wang, 1990). Thus the temperature
change in the Geladandong area is consistent with that in
China as a whole and that in the world. The main difference
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is that the period of continuously low temperature was long-
er in the Geladandong area.

The trend in annual precipitation is in the opposite dir-
ection. Precipitation above the long-term mean occurred in
57% of the 30 years before 1986, during which time mean
annual precipitation was 285.6 mma ', or I.lmma ' higher
than the long-term average (274.5 mm) and 333 mma '
higher than in the 15 years after 1986 (Fig. 6b). Precipitation
below the mean has occurred in 10 of the last 15 years. Thus,
the period before 1986 was one of relatively high water input
in the Geladandong area, and precipitation decreased sig-
nificantly after 1986. Since 1998, however, precipitation has
been increasing again.

Thus, from the 1950s to the mid-1980s the climate in the
Geladandong area was both wetter and cooler in summer.
The combination of these two changes led to advances of
some glaciers between the 1960s and the mid-1990s. The ad-
vances lagged the climatic change by ~8 years (Gao and
others, 2000). After the mid-1980s, summer temperatures
rose rapidly to their highest values in the last 50 years, while
annual precipitation decreased significantly. The higher
summer temperatures resulted in intense ablation, while
the reduced precipitation produced less accumulation. Ac-
cordingly, glaciers retreated. The long-term trends are for
an increase in summer temperature and a decrease in
annual precipitation, suggesting that retreat may continue.

Although the long-term trend is for glacier retreat in the
Geladandong area in the last century, some glaciers are still
advancing. Whether increased precipitation at higher eleva-
tion, the distribution of the glaciated area with elevation,
internal dynamics or some other cause leads to these ad-
vances, and whether these advances will continue, and if so
for how long, cannot be determined with the data available.
But monitoring data showed glacier advance in northern
Bukagate peak resulted from increased precipitation in the
mountainous area (Li and others, 1999).

6. CONCLUSION AND DISCUSSION

Glaciers on the Tibetan Plateau are an important compon-
ent of mountain glaciers of the world, and changes in them
contribute to the diversity of glacial change globally. In the
last few hundred years, and especially the last 50 years, gla-
ciers have changed in quite different ways in different parts
of the Plateau. Glacier area decreased ~1.7% between 1969
and 2000 in the Geladandong area in the headwaters of the
Yangtze, and ~17% between 1966 and 2000 in the Anyéma-
gén Shan in the headwaters of the Yellow River. The fastest
rates of retreat were 4.5 ma'in the Geladandong area and
574ma ' in the Anyémaqén Shan. Compared with the
Anyémaqén Shan, the glaciers in the Geladandong area
seem almost stable. Glaciers were relatively stable or ad-
vanced slightly between 1969 and 1995 in the Geladandong
area and between 1966 and 1981 in the Anyémaqén Shan.
They began to retreat universally after the mid-1990s in the
Anyémaqén Shan and after the 1980s in the Geladandong
area. The transition from advance to retreat in the Geladan-
dong area occurred about 10 years later than in the Anyeé-
magqén Shan. After a period of relatively high precipitation
during the 1960s and 1970s, annual precipitation 1s decreas-
ing in the Geladandong area, while summer temperature is
increasing. This combination is the primary cause of glacial
retreat.
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Retreat of glaciers results in a decrease in glacier
volume. The resulting losses in glacier water reserves are
about 65 x10°m®a ' in the source region of the Yangtze
and about 70 x 10°m?®a ' in the source region of the Yellow
River over the last 30-35 years. Part of the decrease in gla-
cier volume is due to evaporation directly into the atmos-
phere, but most of the decrease contributes to an increase
in runoff of glacial meltwater. Based on changes in runoff
during the rainy season in the Tuotuohe basin, runoff has
probably increased slightly since the 1980s. Despite this in-
crease, the present runoff still does not reach the discharge
levels of the 1960s. Thus, glacier shrinkage is not having a
particularly significant effect on runoff in the source region
of the Yangtze.
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