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ABSTRACT. We use topographic maps, historical data, multispectral satellite data and real-time
kinematic GPS data to analyze glacier area, length and ice-elevation changes of two glaciers in the
central Qilian Shan, China, between 1956 and 2007. We find that the fronts of Yanglonghe glacier No. 1
(5Y432A1) and Yanglonghe glacier No. 5 (5Y432A5) have retreated by 266.5 +37.1m (5.2 +0.73m a™h
and 181.4+37.1m (3.6+0.73ma™") respectively, and that this retreat accelerated after 1999.
During the study period, the glacier areas decreased by ~4.1% and 15.9% respectively. In addition,
spatially non-uniform thinning, which averaged 20.2+11m (0.44+0.22ma™") and 16.9+11m
(0.33+0.22ma™") in the ablation areas of 5Y432A1 and 5Y432A5 respectively, is observed using
digital elevation models constructed using data from 1956, 1977 and 2007. The ice-volume depletion
from 5Y432A1 (2.91 x 10" m®) was 2.7 times greater than from the smaller 5Y432A5 (1.08 x 10" m>).
Based on records from nearby Tuole weather station, increasing annual temperatures are principally
responsible for the observed glacier thinning and retreat.

INTRODUCTION

Melting of ice in glaciers and polar ice caps is believed to
significantly raise sea levels (Kaser and others, 2006; Meier
and others, 2007). Understanding changes in glacier
length, areal extent and mass balance is thus important
for understanding past climates and evaluating the contri-
bution of glaciers to modern sea levels (Oerlemans, 2005;
Meier and others, 2007). Glacier meltwater also plays an
important role as a source of fresh water in some arid and
semi-arid areas, where it supports daily life and the
development of agriculture, livestock and industry (Yao
and others, 2004; Ding and others, 2006). To understand
the impacts of glacier changes, a small sample of measured
glaciers is adequate, and this sample can be used to
extrapolate from values for a particular glacier region to
more global estimates (Hoelzle and others, 2003; Arendt
and others, 2006; Haeberli and others, 2007). In recent
decades, studies of glaciers have improved due to novel,
rapid and relatively inexpensive techniques such as remote
sensing and aerial photography (Paul and others, 2004;
Kargel and others, 2005; Liu and others, 2006), Geographic
Information System (GIS) software and GPS technology
(Kaab and others, 2002; Paul and others, 2002; Kargel and
others, 2005). Several studies have measured changes in
glacier surface elevation using combinations of remote-
sensing and GPS technologies (Rivera and Casassa, 1999;
Rignot and others, 2003; Berthier and others, 2004; King,
2004; Rivera and others, 2005; Howat and others, 2007;
Berthier and Toutin, 2008).

It has been suggested that the mid-latitude Asian glaciers
have retreated continuously since the 1990s as a result of
global warming (Liu and others, 2003, 2006; Ding and
others, 2006; Shangguan and others, 2006; Ye and others,
2006). However, due to the remote location and wide
distribution of these glaciers, monitoring has been sparse in
northwest China, especially with respect to ice-thickness

https://doi.org/10.3189/002214310791968566 Published online by Cambridge University Press

and -volume changes, which have been poorly sampled in
the field. At present, only 5 of China’s 46377 glaciers have
had their mass balance directly (but discontinuously)
measured in the field since 1958, and only 246 glaciers
around the world have been closely monitored in this
manner (Braithwaite, 2002). Another problem is that the
time series for this monitoring have been short (no longer
than about 20 vyears), except for Uriimqi glacier No. 1,
which has been monitored for ~45 years (Ye and others,
2005). Thus, only a limited dataset is available from long-
term glacier observations.

Monitoring using remote-sensing images has indicated
that glaciers in the west Qilian Shan have tended to
retreat during the past 50 years, (Liu and others, 2003; Ding
and others, 2006). However, glacier changes in the central
and east Qilian Shan are presently unknown. To provide
data on glaciers in this region of China, we chose
Yanglonghe glacier No. 1 (World Glacier Monitoring
Service ID 5Y432A1) and Yanglonghe glacier No. 5
(5Y432A5) (39°13'N, 98°33"E), which originate on the
northern slope of Suzhulian peak in the central Qilian
Shan. These glaciers had total areas of 4.44 and 1.70km?
respectively in 1956, and total lengths of 5.80 and 2.50 km
(Fig. 1) (Wang and others, 1981). The Lanzhou Institute
of Glaciology and Cryopedology (the Cold and Arid
Regions Environmental and Engineering Research Institute)
worked on these two glaciers in 1977, and produced a
topographic map at a scale of 1:16000 (Xie and others,
1985). In the following 30 years, however, the two glaciers
were not monitored again until our survey from 13 to
15 August 2007.

Here we report the results of our study of changes in ice
elevation and glacier extent based on historical data from
1956 and 1977, and GPS real-time kinematic (GPS-RTK)
data obtained in August 2007, supplemented by remote-
sensing images from 1999 and 2007.
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Fig. 1. The location of the two Yanglonghe glaciers in the present study (5Y432A1 and 5Y432A5).

DATA AND METHODS
GPS data

We performed GPS-RTK surveys of 5Y432A1 and 5Y432A5
from 13 to 15 August 2007 (Table 1). The survey regions
covered glacial valleys with a total area of ~1.44 and
0.64 km?” respectively (Fig. 2d), amounting to 32.4% and
37.6% of the total areas of the glaciers in 1956.

Table 1. Data sources

The observation techniques consisted of RTK and static
positioning (Fig. 2). For the static positioning, six Unistrong
E650 dual-frequency receivers were used (Fig. 2a). Eight
points were occupied for GPS data generation with a 55
observation rate over at least 1hour, to obtain precise
position coordinates with cm-level accuracy using Uni-
strong LandTop 2.0.5.1 software. Among those points, there
were two known points which were included in the China

Data source Date Path-row Resolution / scale RMSES DEMT error Measurements

m m
Topographic map 1956 - 5m/1:50000% 1119/ Area, length and elevation
Photogrammetry map Sept. 1977 - 1m/1:16000% 5.2 <2.0 Area, length and elevation
Landsat ETM* 23 Sept. 1999 135-33 14.25m 12.8 - Area, length
CBERS-2" 17 Nov. 2007 19-56 19.7m 16.8 - Area, length
GPS measurements 13-15 Aug. 2007 - 0.3m <0.3 Area, length and elevation

*Enhanced Thematic Mapper.
fChina-Brazil Earth Resources Satellite-2.

*According to the criteria of the State Bureau of Surveying and Mapping of China, the ground resolution of maps at scales of 1:16000 and 1:50000 is

approximately 1 and 5 m, respectively.
SRoot-mean-square error.
Digital elevation model.

ISBSM (2007). The systematic errors of DEM1956 were <11 m over slopes of <15° and <19 m over slopes of >25°.
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Fig. 2. GPS-RTK survey in the study region. (a) The national control point was surveyed in static survey by GPS. (b) The reference station and
mobile station were surveyed in RTK model. (c) Surface points were collected by mobile station. (d) Map of the surface points.

Geodetic Coordinate System 2000 (CGCS2000). All points
were measured using two independent baselines to provide
enough redundancy to perform a least-squares adjustment.
Thus, 14 baselines were generated by the 8 points, each
(except for one) no longer than 20 km.

For the RTK survey, five Unistrong E650 dual-frequency
GPS receivers were used. The points shown in Figure 2d
were obtained in RTK mode, with four receivers carried by
four researchers, and the fifth receiver (used as the base
station for differential correction of post-processing) installed
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on a rocky outcrop. All GPS measurements were carried out
with distances between the kinematic and base measure-
ments no greater than 5km. The sampling was carried out
using stop-and-go survey techniques (Fig. 2¢c); areas near ice
cliffs were not surveyed because of dangerous walking
conditions. We collected a total of 837 topographic points
on 5Y432A1 and 615 on 5Y432A5. The data are presented in
CGCS2000 format.

The precision of our GPS measurements is affected by
measurement errors and by errors arising from the coordinate
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transformation. The standard error of the GPS devices is
0.01m =+ 1ppm (horizontal error) and 0.02m + 1ppm
(vertical error) under the survey and signal reception
conditions. However, surveys of surfaces in RTK differential
mode will typically lead to a horizontal and vertical survey
error of 0.10-0.30m for geodetic-quality GPS receivers
(Rivera and others, 2005), so we cite 0.30m as the
positioning error. In order to compare these data with
previous digital elevation models (DEMs), we interpolated
the GPS data to a 5 m contour interval using the cubic sample
function of the South CASS 7.0 software (China) to generate
DEM2007, with a pixel resolution of 30 m.

Topographic and photogrammetric maps from 1956
and 1977

We used a map derived from aerial photographs at a scale of
1:50000 acquired in 1956 by the Chinese military geodetic
service and a map at a scale of 1:16000 derived from
photogrammetric data in 1977.

These topographic maps were first scanned at 600 dpi.
The 20m and 5m contour intervals and identified spot
heights were then digitized to produce DEMs for 1956
(DEM1956) and 1977 (DEM1977) with a 30 m cell size. The
coordinates of both DEMs were expressed in the Beijing54
Krasovsky coordinate system (datum level is Yellow Sea
mean sea level at Qingdao Tidal Observatory in 1956) (B)54
GEOID). The center and flattening of BJ54 differ from those
in CGCS2000. To solve this problem, we used four national
trigonometric reference points with BJ54 and CGCS2000
from the State Bureau of Surveying and Mapping of China
(SBSM, 2007) to calculate coordinate conversion parameters
using a seven-parameter spatial transform model (Wang and
others, 2003). All data from the topographic maps were
reprojected and transformed into CGCS2000 from BJ54
format. This brought the error to <0.02 m for the coordinate
conversion using the seven-parameter spatial transform
model (Wang and others, 2003).

Remotely sensed images

We acquired cloud-free satellite images, as indicated in
Table 1. The Landsat Enhanced Thematic Mapper Plus
(ETM+) image (provided by the Global Land Cover Facility;
http://glcf.umiacs.umd.edu/index.shtml) represents values
that have been orthorectified to the Universal Transverse
Mercator (UTM) coordinate system and referenced to the
World Geodetic System 1984 (WGS84). The China—Brazil
Earth Resources Satellite-2 (CBERS-2) image was provided
by the China Center for Resources Satellite Data and
Applications (CRESDA; http://www.cresda.com). It is also
in UTM WGS84 with a 19.7 m resolution. To establish co-
registration of the remotely sensed images and topographic
maps, the remotely sensed images were co-registered and
orthorectified, using topographic maps from 1956 and the
DEM1956. Twenty-four ground-control points were taken
from the 1:50000 scale map. We then used the DEM1956
to orthorectify the two sets of remotely sensed images. Thus,
both remotely sensed images were reprojected into
CGCS2000. The registration error was estimated to be <1
pixel by overlaying remotely sensed images and topographic
maps (Table 1).

Area and length changes

The outlines of the two glaciers in 1956, 1977, 1999 and
2007 were derived from the two topographic maps, the
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Landsat image and a combination of the CBERS-2 image
with the field GPS data. We calculated the areas of the two
glaciers in these years. To determine the changes in glacier
length, AL, we measured the length along the flowline
between the old and new terminus locations three times,
and averaged the values of these measurements.

Thickness changes

A 1.44km? area of 5Y432A1 and a 0.64km? area of
5Y432A5 were selected to calculate thickness changes
between 1956 and 2007. These areas were located in the
ablation area of each glacier, between 4360 and 4920m
a.s.l. (Fig. 2d). Thickness or ice-volume changes were
derived from repeated comparisons of the DEMs for different
years. lce-volume changes were calculated by multiplying
the change in elevation, Ah, by the glacier’s surface area
(Arendt and others, 2006).

Due to the lack of field measurement in 2007 and lack of
precision of the DEM1956 measurements in the accumu-
lation area, our work does not cover much of the accumu-
lation area. Also, due to glacier retreat, only a limited part of
the ablation area of the glacier was analyzed for ice-
elevation change (Fig. 2d).

Analysis of horizontal errors

The horizontal error in glacier extent is controlled by the
image resolution (Williams and others, 1997) and the co-
registration error (Hall and others, 2003; Silverio and Jaquet,
2005; Ye and others, 2006). According to Ye and others’
(2006) derivation from position measurements of glacier
fronts using multitemporal images, the uncertainties in our
glacier tongue measurements were 10.3 m between 1956
and 1977, 28.1 m between 1977 and 1999, 45.4 m between
1999 and 2007, and 37.1 m between 1956 and 2007. These
values were calculated using

UN = 2":)\2+ Xn:s2,
V5 VS

where UN is the uncertainty error, X is the original pixel
resolution of each image, ¢ is the registration error of each
image to the topographic map and n=2.

We also calculated the uncertainty in our estimation
of glacier area using the methods of Hall and others
(2003) and Ye and others (2006). Because the uncertainty
(0.01km?) was smaller than the last significant value of
our area estimates, we have ignored this uncertainty in
our discussion.

Analysis of vertical errors

Table 1 presents independent errors of the DEM data
sources. The DEM1956 model, which is derived from the
1956 topographic map, is the largest source of systematic
error in our analysis, due to problems with its small
geometric resolution. In order to calculate the elevation
differences between the glacier surfaces in 1956, 1977 and
2007, we selected six random points in surrounding non-
glacierized areas at elevations below 4600 m, with a slope
of <15°, and compared the results among the DEMs. This
revealed a mean difference of 7.2m (with a standard
deviation of 5.4m). However, we did not calculate
systematic errors, as we lack sufficient information to
quantify their magnitude. Instead, we use the maximum
errors for each data source.
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Fig. 3. Delineation of the margins of 5Y432A1 and 5Y432A5 from 1956 to 2007, plotted for four years: (a) topographic map in 1956;
(b) topographic map derived from photogrammetry in 1977; (c) Landsat ETM+ for 1999; (d) CBERS-2 in 2007.

Table 2. Changes in glacier area and length for the two glaciers from 1956 to 2007

Name Glacier change 1956-77 1977-99 1999-2007 1956-2007
5Y432A1 Change in area (%) -0.2 -2.2 -1.6 -4.1
Change in area (%a™") -0.01 -0.10 -0.20 -0.08
Change in length (m) -41.5+10.3 -141.8£28.1 -84+45.4 -266.5+37.1
Change in length (ma™) -2.0+0.5 —6.4+1.3 -10.5+5.7 -5.2+0.73
5Y432A5 Change in area (%) -0.6 -13.6 2.1 -15.9
Change in area (%a™") -0.03 -0.62 -0.26 -0.31
Change in length (m) -77.2+£10.3 -60.3 £28.1 -49+45.4 -181.4£37.1
Change in length (ma™) -3.7+£0.5 -2.7+£1.3 -6.1£5.7 -3.6+£0.73

https://doi.org/10.3189/002214310791968566 Published online by Cambridge University Press


https://doi.org/10.3189/002214310791968566

314
20
0
&
=1
=
£ 20
=
2
w
-
o
o -40
o
=
-60 # —— 1977-1956
— 2007-1977
15Y432A1 terminus position in 2007 —a— 2007-1956
L z L i L L i —
10
T O———
=
20
E -0t
L=
5
s <20
-
2
o
o
2 30
0 —— 1977 - 1956
- o — —— 2007 - 1977
5
5Y432A5 tcrmmuis position in 2007 A— 2007 - 1956

-50 1 L 1 1 1
4300 4400 4500 4600 4700 4800 4900

Altitude (m)

Fig. 4. Ice-elevation changes as a function of altitude on
(@) 5Y432A1 and (b) 5Y432A5, from topographic maps (1956,
1977) and GPS-RTK (2007) DEMs.

RESULTS
Areal and frontal changes

Our analysis shows that both glaciers 5Y432A1 and
5Y432A5 decreased in area, by 4.1% and 15.9% respect-
ively, between 1956 and 2007 (Fig. 3; Table 2). The greatest
rate of area change occurred between 1977 and 1999,
during which time the glaciers shrank by about 2.2% and
13.6% respectively.

Comparison of the terminus positions (Table 2) shows that
5Y432A1 and 5Y432A5 retreated over the total study period
by 266.54+37.1m (5.2+0.73ma"') and 181.4+37.1m

Shangguan and others: Changes in two glaciers along the Yanglonghe river

(3.64+0.73ma"") respectively. This retreat accelerated after
1999. Table 2 also shows that the retreat rates of 5Y432A1
over the periods 1956-77, 1977-99 and 1999-2007 were
2.0, 6.4 and 10.5ma™" respectively, while the retreat rates
over the same periods for 5Y432A5 were 3.7, 2.7 and
6.1ma' respectively, i.e. between 1999 and 2007 the rate
of retreat of both glaciers accelerated markedly.

Ice-elevation changes since 1956

When DEM2007 and DEM1956 are compared, we observe
strong thinning in the lower sections (<4600ma.s.l.) of
both glaciers (Fig. 4). The ice elevation decreased by
~10-20 m between 4610 and 4710 ma.s.l. for 5Y432A1 and
between 4630 and 4670ma.s.l. for 5Y432A5, yet no
significant elevation changes are evident above 4870 m for
5Y432A1 or 4820 m for 5Y432A5. Figure 5 shows all the
measured ice-elevation changes from 1956 to 2007. The
largest amount of ice thinning is observed at a pit in
5Y432A1, where the maximum thinning rates were 1.8 ma™'
between 1956 and 2007 (Fig. 5). The largest amount of ice
thinning is observed at the frontal tongues of both glaciers,
where the maximum rates of thinning for 5Y432A1 and
5Y432A5 were 1.8 and 0.8 ma™" respectively, between 1956
and 2007.

When the two intermediate periods are considered
separately (by including DEM1977), the data show a
thinning at low elevations for both glaciers between 1977
and 2007. However, between 1956 and 1977, from 4585 to
4710ma.s.l. for 5Y432A1 and between 4550 and 4700 m
a.s.l. for 5Y432A5, the data suggest a 1-10m thickening.
There is little change above 4710m for 5Y432A1 and
4700m for 5Y432A5.

Table 3 shows the changes in mean ice elevation and
volume between the DEM1956, DEM1977 and DEM2007
models. The results of this analysis show that the ice
elevation in both glaciers has decreased more rapidly in
recent years. Between 1956 and 2007, the ablation regions
of 5Y432A1 and 5Y432A5 lost ice volumes of about
2.91x 10" and 1.08 x 10" m’ respectively, corresponding
to mean thickness decreases of 20.2 411 and 16.94+11m,
i.e. rates of 0.40+0.22 and 0.334+0.22ma""' respectively.
5Y432A1 therefore lost 2.7 times the ice volume lost by
5Y432A5. However, these ice volumes do not include those
parts of the glaciers lost due to terminus retreat. Further-
more, elevation changes were not determined for the
accumulation areas of the glaciers. The values shown in
Table 3 are thus smaller than the actual changes.

Table 3. Changes in ice elevation for the two glaciers from 1956 to 2007

Glacier Number of pixels in DEM Period Change in ice elevation Change in volume
m ma™' 10" m?
5Y432A1 4938
1598 1956-77 —-6.8+11 -0.32£0.52 -0.98+1.35
1598 1977-2007 -12.7+2 -0.42+0.06 -1.83+0.27
1598 1956-2007 -20.2+11 -0.40£0.22 -2.91+1.35
5Y432A5 1895
715 1956-77 -1.8+£11 -0.09£0.52 -0.124+0.55
715 1977-2007 -15.7+2 —0.52+£0.06 -1.00£0.12
715 1956-2007 -16.9+11 -0.33+0.22 -1.08+0.55
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Fig. 5. Changes in surface elevation of the ablation areas of 5Y432A1 and 5Y432A5 from 1956 to 2007. The largest decrease in ice elevation
(92.49 m) occurred at a pit in 5Y432A1. Paths a and b are the routes in Figure 4a and b respectively.

Co nsidering the two periods separately (by including
DEM1977), the ablation regions of 5Y432A1 and 5Y432A5
lost ice volumes of about (0.98+1.35)x10” and
(0.12 £ 0.55) x 10’ m> between 1956 and 1977, corres-
ponding to mean decreases in thickness of 6.8+11m
(0.324+0.52ma™") and 1.8+11m (0.09+0.52ma") re-
spectively. Between 1977 and 2007, 5Y432A1 and 5Y432A5
decreased in volume by totals of (1.83 £0.27) x 107 and
(1.0040.12) x 10" m?, corresponding to total decreases in
ice elevation of 12.7+2m (0.42+0.06ma™') and
15.742m (0.52+0.06 ma') respectively. Thus, the rates
of thinning of both 5Y432A1 and (especially) 5Y432A5 have
increased recently compared to the earlier period.

Reasons for glacier variation

Glaciers are one of the most distinctive natural indicators of
climate change (Hoelzle and others, 2003; Oerlemans,
2005). Glacier variations measured in this study appear to
be concurrent with changes of summer air temperature
during the past 47 years, according to meteorological
data from Tuole weather station (38°48'N, 98°25'E;
3367 ma.s.l.), which is located about 50km southwest
of 5Y432A1. Figure 6 shows a time series of annual
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precipitation, summer air temperature (May—September
when monthly mean temperature is above 0°C) and annual
temperature, along with linear fits and 3year moving
averages. Annual precipitation at Tuole shows a slight
increase from 1957 to 2004, which represents favorable
climatic conditions for glacier stability (Fig. 6a). However,
there has been an increase in summer temperatures through
the 1990s (Fig. 6b). This causes higher summer melt rates and
corresponding negative glacier mass balance, leading to a
decrease in glacier ice elevation, and glacier retreat. Thus,
we believe that glacier retreat and thinning during the past
51 years can be attributed primarily to air-temperature rise in
the central Qilian Shan.

CONCLUSIONS

Using topographic maps, remote-sensing images and GPS
data, we have monitored changes in glacier length, areal
extent and ice elevation during the period 1956-2007 in
the central Qilian Shan. Comparisons of DEMs for
Yanglonghe glacier No. 1 (5Y432A1) and Yanglonghe
glacier No. 5 (5Y432A5) reveal a pattern of retreat, with
mean values of 5.2 and 3.6ma™'. An accelerating trend in
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Fig. 6. Changes in (a) annual precipitation (mm), (b) annual
temperature (°C) and (c) average summer temperature (May—
September) (°C) at the Tuole meteorological station, located about
50 km from the study area.

the retreat is evident, though the retreat rate of 5Y432A5
was slower (2.7ma™") in 1977-99 than in the periods
before and after this time-span. The thinning rates of
5Y432A1 and 5Y432A5 were 0.40+0.22ma”' and
0.33+£0.22ma"" respectively, from 1956 to 2007, and
were greater in 1977-2007 than in 1956-77.

The results show that 5Y432A5 lost proportionately more
area (15.9% vs 4.1%) and proportionately more length (7.3%
vs 4.6%) than 5Y432A1. 5Y432A1 exhibited greater absolute
retreat (266.5 m vs 181.4 m) but less relative retreat (4.6% vs
7.3%) over the study period. Our data also show that the ice
volume lost by 5Y432A1 ((-2.91+1.35) x 10" m’ ice) was
2.7 times that lost by 5Y432A5 ((-1.08 +0.55) x 10" m? ice),
suggesting that the larger the glacier, the greater the influence
on regional meltwater resources. The past five decades have
seen major thinning of the ablation areas of both glaciers, but
it will not be possible to determine changes in the accumu-
lation areas until further data are collected.

Climatic records show no significant change in precipi-
tation during the study period, but a significant increase in
summer temperature, suggesting that climatic warming is
the primary factor responsible for the glacier shrinkage.
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