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Abstract. The western Nyaingentanglha Range is located
in the south-eastern centre of the Tibetan Plateau. Its north-
western slopes drain into Lake Nam Co. The region is of spe-
cial interest for glacio-climatological research as it is influ-
enced by both the continental climate of Central Asia and the
Indian Monsoon system, and situated at the transition zone
between temperate and subcontinental glaciers. A glacier in-
ventory for the whole mountain range was generated for the
year around 2001 using automated remote sensing and GIS
techniques based on Landsat ETM+ and SRTM3 DEM data.
Glacier change analysis was based on data from Hexagon
KH-9 and Landsat MSS (both 1976), Metric Camera (1984),
and Landsat TM/ETM+ (1991, 2001, 2005, 2009). Man-
ual adjustment was especially necessary for delineating the
debris-covered glaciers and the glaciers on the panchromatic
Hexagon data. In the years around 2001 the whole moun-
tain range contained about 960 glaciers covering an area
of 795.6 +22.3km? while the ice in the drainage basin of
Nam Co covered 198.145.6km?. The median elevation
of the glaciers was about 5800 m with the majority termi-
nating around 5600m. Five glaciers with debris-covered
tongues terminated lower than 5200 m. The glacier area de-
creased by —6.1 3% between 1976 and 2001. This is less
than reported in previous studies based on the 1970s topo-
graphic maps and Landsat data from 2000. Glaciers con-
tinued to shrink during the period 2001-2009. No advanc-
ing glaciers were detected. Detailed length measurements
for five glaciers indicated a retreat of around 10 m per year
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(1976-2009). Ice cover is higher south-east of the moun-
tain ridge which reflects the windward direction to the mon-
soon. The temperature increase during the ablation period
was probably the main driver of glacier wastage, but the com-
plex glacier-climate interactions need further investigation.

1 Introduction

Often described as Asia’s “water tower”, the Tibetan Plateau
(TiP) is the source area of many major rivers (e.g. Brahmapu-
tra, Ganges, Huang He, Indus, Mekong, Yangtze). Glaciers
on the TiP are characteristic elements of its natural environ-
ment and are contributing to its water resources (Immerzeel
et al.,, 2010). TiP’s climate showed a significant tempera-
ture increase since the mid 1950s latest (Liu and Chen, 2000;
Frauenfeld et al., 2005; Kang et al., 2010), accompanied by
an increase of the average precipitation (Zhao et al., 2004;
Chen et al., 2009; Liu et al., 2009). The glaciers receded
almost throughout the entire Tibetan Plateau during recent
decades (Ding et al., 2006; Ye et al., 2006; Xiao et al., 2007;
Li et al., 2008). Glacier shrinkage is also reported for the
western Nyaingentanglha Range in particular (Kang et al.,
2007a; Yao et al., 2007; Wu and Zhu 2008; Frauenfelder
and Kéib, 2009). These studies are based on the compari-
son of satellite data with data from 1970s topographic maps.
Frauenfelder and Kiidb (2009) found uncertainties and lo-
cation errors with this older data which is also available in
the database of the GLIMS (Global Land Ice Measurements
from Space) initiative (Li, 2003). Recently started glacier
mass balance measurements on Zhadang Glacier show nega-
tive mass balance values of about —1000 mm w.e. per year
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Fig. 1. Overview of the study area including the location of the climate stations (see Fig. 2) and the five glaciers studied in detail.

since 2005 except for a slightly positive balance in 2008
(Kang et al., 2009). Glacier wastage has not only caused an
increase in river runoff from the plateau but also rising lake
levels which are flooding pastures (Yao et al., 2007). There
is a concern about an increasing threat from natural hazards
such as landslides and glacial lake outburst floods (Ma et al.,
2004), and decreasing water resources in the long run. These
issues pose a need for evaluating the existing studies, and
also for continuous glacier monitoring in this area.

Multi-temporal and multi-spectral satellite data are ideal
to study and monitor glacier changes simultaneously over
larger areas in remote mountainous terrain as they allow au-
tomated glacier mapping. A simple but robust method is the
application of ratio images using one visible or near infrared
and one short-wave infrared band (Bolch and Kamp, 2006;
Paul et al., 2002). The earliest imagery suitable for auto-
mated mapping is available since the launch of Landsat TM
in 1982. The availability of digital elevation models allows
to split contiguous ice masses into their drainage basins, and
to obtain characteristic topographic variables of the glaciers
(e.g., minimum, maximum, median elevation, slope, aspect)
automatically (Schiefer et al., 2008; Paul et al., 2009; Bolch
et al., 2010). Declassified imagery from the US American
intelligence satellite missions such as Corona KH-4, Corona
KH-4B and Hexagon KH-9, the first images of which are
available from the early 1960s, is ideal to extend the analysis
back in time (Bolch et al., 2008; Narama et al., 2010; Suraza-
kov and Aizen, 2010).
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To our knowledge there is no study published addressing
all glaciers and their changes in the western Nyaingentanglha
Range for more than two points in time. Therefore, the aims
of this study are:

1. to generate a recent glacier inventory for the whole
mountain range, and to provide information on the gen-

eral glacier characteristics,

to evaluate the data accuracy from the 1970s based on
the topographic maps using declassified imagery,

to analyse glacier changes from 1976 to 2009,

to analyse glacier variability in detail for a subset of
glaciers,

to discuss possible climatic drivers for glacier changes.

2 Study region, regional climate and glaciers

The western Nyaingentanglha Range, situated in the south-
eastern centre of the TiP (Fig. 1), represents a SW-NE strik-
ing high-mountain range of approx. 230km in length with
heights between some 5000 and 7162 m (Mount Nyaingen-
tanglha). The region is under the complex influence of both
the continental climate of Central Asia and the Indian Mon-
soon system with prevailing western winds in the dry sea-
son and winds from eastern direction during the wet sea-
son (Kang et al., 2009). The main mountain ridge is both
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Fig. 2. Climate diagrams of Shengzha (also: Xainza), Bange (also: Bamgoin), Damxiong (also: Damxung), and Lhasa. The values are
based on the period 1971-2000. Data source: National Climate Center of the Chinese Meteorological Administration; for the location of the

climate stations see Fig. 1.

a water and climate divide. The SE exposed area is sit-
uated windward to the summer Monsoon and drains into
the Yangbajain-Damxung Valley and subsequently into the
Tsangpo-Brahmaputra River (cf. Yao, 2008). The north-
western slope drains into Lake Nam (Nam Co, 4725m,
Fig. 1), Tibet’s largest salt water lake with noticeable vari-
ations in size since the Last Glacial Maximum (Schiitt et al.,
2008), and also since 1970. From 1970 until 2006 the lake
expanded its area by more than 50 km? (Liu et al., 2010).

Relatively little is known about the regional mountain cli-
mate above 5000 m because of its high elevation and the
lack of long-term observational data (Kang et al., 2010).
However, assumptions can be made by analysing data from
the nearest meteorological stations (e.g. Shengzha, Bange,
Danxiong, Lhasa — Fig. 2, and Amdo, for the location see
Fig. 1 and Miehe et al., 2001), and the recent installation
of observational instruments on Zhadang Glacier and the
nearby Nam Co station (You et al., 2007). Amdo, situ-
ated at 4820m, about 220km in the NE, is currently the
highest permanent climate station on the TiP (Liu et al.,
2009). The mean annual air temperature at this station is
—3.0°C. Mean annual precipitation at the meteorological
station Danxiong situated east of the Nyaingentanglha Range
is 460 mm, and thus higher than the measured precipitation
west of the mountain range (about 300 mm at the stations
Shengzha and Bange) (Fig. 2). The annual precipitation mea-
sured at the Nam Co station (4725 m) was 415 mm during the
past three years (Zhang et al., 2008). Caidong and Sorten-
berg (2010) estimate a vertical increase in precipitation of
5% per 100 m, and estimate annual precipitation values be-
tween 700 mm and more than 900 mm for Xibu Glacier situ-
ated close to Mt. Nyaingentanglha (see Fig. 1). A numerical
modelling study also reports a SE-NW decrease of annual
precipitation (Bohner, 2006), as the mountain range is a bar-
rier for the summer monsoon. However, the climate is char-
acterised by a strong seasonality in both temperature and pre-
cipitation. Only little precipitation is measured at the long-
term meteorological stations, the Nam Co station and also
estimated for Xibu Glacier (Caidong and Sortenberg, 2010)
during the months November until March, while about 90%
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of mean annual precipitation is measured in the warm season
from June to September (Fig. 2). Summer temperatures on
Zhadang Glacier, at an elevation of about 5600 m, observed
by Kang et al. (2009) are ranging between 0.35 and 1°C.
Following Sato (2001), summer mean temperatures are ex-
pected to be around 3 °C at the same elevation, illustrating
the cooling effect of glaciated areas. Winter temperatures
usually remain below —15 °C at this altitude.

Glaciers on the TiP are roughly classified into continen-
tal or subpolar and maritime or temperate glaciers (Huang,
1990). Continental type glaciers with little precipitation and
cold ice are widely distributed from the central to the arid
north-western plateau, while the maritime type with high
monsoon precipitation and a temperate ice body is limited
to the humid south-eastern region (Fujita et al., 1996; Fu-
jita and Ageta, 2000). The snow-line elevation increases
from about 4800 m in the humid south-eastern part to over
6200 m in the extremely continental north-eastern parts of
the TiP (Shi et al., 1980). Measurements at Zhadang Glacier
since 2005 indicate polythermal characteristics and an equi-
librium line altitude (ELA) situated at about 5800 m (unpub-
lished data). In the transitional zone between continental and
maritime glaciers, the location of the western Nyaingentan-
glha Range, polythermal glaciers with both cold and temper-
ate ice within the glacier body are common (Shi and Liu,
2000). These glaciers are located in a continental summer-
precipitation climate with the maximum of annual accumula-
tion and ablation occurring simultaneously in summer (Ageta
and Fujita, 1996; Kang et al., 2009). Superimposed ice and
internal accumulation play an important role in glacier mass
balance as it prevents mass loss during the ablation season
due to the retention of meltwater (Ageta and Fujita, 1996;
Fujita et al., 2007). Additionally, monsoonal summer snow-
fall leads to increasing surface albedo and largely restrains
ablation. These glaciers can therefore maintain their mass
even under arid conditions with strong solar radiation (Fujita
and Ageta, 2000; Kang et al., 2009).

The Cryosphere, 4, 419-433, 2010
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3 Data and methods
3.1 Data

The main source for the glacier inventory was Landsat
TM/ETM+ scenes from different years (Table 1). The scenes
were available from USGS (United States Geological Sur-
vey, http://glovis.usgs.gov/) and are orthorectified automat-
ically by USGS using the SRTM3 DEM (level 1T). These
scenes matched well our non-differential GPS-data (horizon-
tal shift <30m). No DGPS data were available for this
study. We selected a Landsat ETM+ scene from 2001 as
reference. For the ETM+ scenes almost no horizontal shift
was observed, whereas the TM scenes had small systematic
shifts of 15 to 20m. For the time ~1990, we found only
one scene from 1991 at GLCF (Global Landcover Facility,
www.landcover.org, correction level “geocover”’; Tucker et
al., 2004) with some seasonal snow cover.

Fortunately, the main area of interest around Mt. Nyain-
gentanglha and Zhadang Glacier is located in the centre of
the ETM+ scenes, almost not affected by scanline errors
present in ETM+ images since early summer 2003 (“SLC-
off” scenes which have data gaps). Nevertheless, we had
to use several SLC-off scenes for each year due to different
snow conditions, cloud cover and the data gaps. A typical
scene is shown in Fig. 3.

We utilized panchromatic Hexagon KH-9 data (resolu-
tion ~8 m, footprint ~120 by 240 km?) from 1976 to extend
the coverage back in time and to evaluate the existing data
from the Chinese Glacier Inventory (CGI; Li, 2003). Most
glaciers were identifiable on the Hexagon scene, except of
some smaller high-altitude glaciers, due to low contrast and
snow cover. Hence, we used Landsat MSS data from the
same year as a secondary source. Unfortunately, this scene
also showed partly higher seasonal snow cover. Additional
information was provided by Corona data from 1970 with a
resolution of 4 m, and by Space Shuttle Metric Camera (MC)
imagery (Konecny et al., 1984) from the year 1984 with a
resolution of ~20m. Table 1 provides an overview of the
utilized scenes.

We co-registered the scenes to the USGS scene from 2001,
if the shift exceeded 15 m. The Hexagon, Corona, and Met-
ric Camera data had to be orthorectified, since no terrain cor-
rection had been applied to these data yet. The ETM+ im-
ages were pan-sharpened for visual checking and improve-
ment. We orthorectified and co-registered the KH-9, MC and
KH-4B imagery in a two-step approach using ERDAS Imag-
ine software: The projective transformation was performed
based on ground control points (GCPs) and the SRTM3-
DEM, followed by a spline adjustment. In total, we used
95 GCPs for the KH-9, 25 GCPs for KH-4, and 39 for the
MC imagery.

Since no detailed DEM was available for the study area,
we needed a suitable DEM not only for the orthorectifica-
tion but also for the calculation of glacier parameters and the
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Kifometers

Fig. 3. Typical situation of a Landsat scene (ETM+ SLC-off from
18 January 2006): Part of the study area is suitable for glacier map-
ping, while seasonal snow hampers correct mapping in the NE re-
gion, and clouds covers the SW region. The region of highest inter-
est in the center is not affected by scanline errors of the SLC scene.

separation of the glaciers into their drainage basins. There-
fore, we downloaded and tested the void-filled SRTM3 data
(90 m resolution) from the Consortium for Spatial Informa-
tion — Consultative Group for International Agriculture Re-
search (CSI — CGIAR), version 4 (http://srtm.csi.cgiar.org/)
and the ASTER GDEM (30 m resolution). The registration
of the ASTER GDEM turned out to be suitable as it matched
the reference USGS Landsat scene with a deviation of less
than 30 m. The main disadvantage is that it contains artificial
sinks and peaks, and does not accurately represent rock walls
due to problems in image matching in steep or snow cov-
ered terrain (Kéib, 2001; Kamp et al., 2005; Toutin, 2008).
The SRTM DEM, acquired in February 2000 is known to be
of good height accuracy (Berry et al., 2007; Falorni et al.,
2005), and has also the advantage that it is more accurate in
areas of low optical contrast. The horizontal shift was less
than one pixel to the USGS Landsat reference scene.

3.2 Glacier identification

We applied a semi-automated approach using the TM3/TM5
band ratio to produce glacier outlines using Landsat
TM/ETM+ imagery. This method is most appropriate for
glacier mapping in larger study areas following the recom-
mendations for the compilation of glacier inventories (Paul et
al., 2009; Racoviteanu et al., 2009) and previous experience
(Bolch and Kamp, 2006; Bolch et al., 2010). In addition,
a 3 by 3 median filter was applied which only marginally
alters the glacier size but eliminates isolated pixels. These
are usually misclassified pixels due to debris or boulders on
the glacier (Paul et al., 2002). We visually checked glacier

www.the-cryosphere.net/4/419/2010/
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Table 1. Utilized space imagery.

423

Date Satellite Path/Row  Spatial Spectral Source  Suitability Utilisation
and Sensor Resolution  Bands of scene
21 Nov 1970  Corona ~4m, 1 PAN USGS! Additional
KH-4B stereo information for
glacier identification
7 Jan 1976 Hexagon ~8m, 1 PAN USGS!  Seasonal Glacier inventory
KH-9 stereo SNOw on ~1976 for whole
NE part study area
7 Dec 1976 Landsat 148/039  79m 3 VIS, 1 NIR GLCF?  Seasonal Glacier inventory
MSS 148/039 SNOw on ~1976 for whole
NE part study area
23 Nov 1984  Space ~16m, 1 VIS DLR3 Seasonal Additional
Shuttle stereo Snow on information for
Metric glaciers selected glaciers
Camera
14 Sep 1991  Landsat 138/039  30/120m 3 VIS, 1 NIR, GLCF?  Seasonal Additional
™ 2 SWIR, SNOwW on Information for
1 TIR glaciers selected glaciers.
17 Nov 2000  Landsat 138/039 15/30/60m 1 PAN, USGS!  Seasonal Glacier inventory
ETM+ 3 VIS, 1 NIR, SNOW on ~2001, additional
2 SWIR, 1 TIR NE part information
2 May 2001 Landsat 138/039 15/30/60m 1 PAN, USGS!  Seasonal Glacier inventory
ETM+ 3 VIS, 1 NIR, SNOwW on ~ 2001, additional
2 SWIR, 1 TIR NE part information
6 Dec 2001 Landsat 138/039 15/30/60m 1 PAN, USGS!  Seasonal Glacier inventory
ETM+ 3 VIS, 1 NIR, SNOwW on ~2001, whole
2 SWIR, 1 TIR NE part study area
20 Jan 2001 Terra 15/30m, 2 VIS, NIR, USGS! Glacier inventory
ASTER stereo TIR ~2001 additional
information
7 Oct 2005 Landsat 138/039  15/30/60m 1 PAN, USGS! Additional
ETM+, 3 VIS, 1 NIR, information for
SLCoff 2 SWIR, 1 TIR selected glaciers
18 Jan 2006  Landsat 138/039  15/30/60m 1 PAN, USGS! Additional
ETM+, 3 VIS, 1 NIR, information for
SLCoff 2 SWIR, 1 TIR selected glaciers
1 Aug 2007 Landsat 138/038  15/30/60m 1 PAN, USGS! Glacier inventory
ETM+, 3 VIS, 1 NIR, NE part
SLCoff 2 SWIR, 1 TIR
6 Jan 2008 Landsat 138/039 15/30/60m 1 PAN, USGS!  some Glacier inventory
ETM+, 3 VIS, 1 NIR, seasonal snow  ~ 2009 NE part and
SLCoff 2 SWIR, 1 TIR detailed study area
19 Jun 2009 Landsat 138/039 15/30/60m 1 PAN, USGS!  Some clouds Glacier inventory
ETM+, 3 VIS, 1 NIR, ~2009 NE part and
SLCoff 2 SWIR, 1 TIR detailed study area
21 Jul 2009 Landsat 138/039  15/30/60m 1 PAN, USGS!  Some clouds Glacier inventory
ETM+, 3 VIS, 1 NIR, ~2009 NE part and
SLCoff 2 SWIR, 1 TIR detailed study area
15 Sep 2009  Landsat 138/039  30/120m 3 VIS, USGS!  Some Glacier inventory
™ 1 NIR, 2 SWIR, clouds ~2009 NE part and
1 TIR detailed study area

! United States Geological Survey (www.glovis.usgs.gov), 2 Global Landcover Facility (www.landcover.org), 3 Deutsches Zentrum fiir Luft und Raumfahrt (www.dlr.de)

www.the-cryosphere.net/4/419/2010/

The Cryosphere, 4, 419-433, 2010


www.glovis.usgs.gov
www.landcover.org
www.dlr.de

424 T. Bolch et al.: A glacier inventory for the western Nyaingentanglha Range and the Nam Co Basin

Fig. 4. Terminus of debris-covered Xibu Glacier; Corona, year 1970 (A), Hexagon, 1976 (B), Landsat ETM+, 5-4-3-pan, 2009 (C).

polygons derived from the ratio method for gross errors, and
manually improved them where necessary. Debris-covered
ice, proglacial lakes, seasonal snow and, for the SLC-off
scenes, data gaps represented major sources of misclassi-
fied areas. The termini of some debris-covered glaciers
were hardly identifiable by Landsat imagery. Here, we used
the ETM+ pan-sharpened image to identify the most likely
margin. The higher resolution Hexagon and Corona im-
agery (Fig. 4) helped in this process. Signs of movements,
supraglacial ponds or creeks beginning at the end of the ter-
minus are typical indicators which helped to determine the
most likely position of the termini.

According to the recommendations to obtain a global
glacier coverage for the time around the year 2000 (Paul et
al., 2009), we generated an baseline inventory for the whole
southern mountain range based on the Landsat ETM+ scene
from the 6 December 2001 in the first step. In case of cast
shadow and higher seasonal snow cover we used the other
scenes from 2001 and 2000 as additional information. High
seasonal snow hampered the correct mapping of the glaciers
in the northern part. We had to use the three scenes from
2009 to map glaciers in this area due to clouds and the data
gaps from the scan line error. The northernmost glaciers had
to be mapped based on a 2007 scene from another row. Fi-
nally, full spatial coverage was obtained. We manually ad-
justed the 2001 outlines to the situation in 1976 based on the
Hexagon and MSS data. No multi-temporal inventory could
be generated for the north-eastern part of the mountain range
(see Fig. 1) due to snow cover on both the Hexagon and the
MSS data. The 2009 inventory for the detailed study area
was generated semi-automatically as described above. The
minimum size of mapped glaciers to be included in the inven-
tory was set to 0.01 km?. However, the comparison of glacier
areas was restricted to those larger 0.1 km? as seasonal snow
on at least one of the utilized scenes hampered the correct de-
lineation, thus high errors would have been introduced. We
could not find a single glacier that advanced between 1976
and 2001. Hence, we clipped all glaciers to the 1976 extend.
The use of this mask ensured that the upper glacier boundary
and the margins of the nunataks were kept constant, and no
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error was introduced due to varying seasonal snow cover or
different ice divides.

3.3 Glacier inventory and change analysis

The contiguous ice masses were divided into their drainage
basins in order to obtain a glacier inventory. We followed the
automated approach presented by Bolch et al. (2010), and de-
rived the basins based on hydrological analysis within a one-
kilometre-buffer around each glacier. The SRTM3 DEM was
suitable to detect flow divides also on ice fields. The main
drawback, however, was the location of some steep moun-
tain crests. They differed sometimes by approximately one
pixel (90m) from the location in the satellite imagery. An
additional error occurred when smaller glaciers, connected
in parts of the accumulation area, are close to larger ones so
that no basin was generated automatically. Hence, we manu-
ally improved the basins based on the satellite imagery. This
method was superior to the fully manual method as many ice
divides were calculated accurately by the automatic method.

An identification number was assigned to each glacier
based on the 1976 extends. We treated all ice masses as a
single glacier also in cases where glaciers separated from
each other in order to allow subsequent change analysis.
The following characteristic parameters were obtained for
each glacier and the years 1976 and 2001 based on the
SRTM3 DEM: hypsography, minimum, maximum and me-
dian elevation, mean slope, and aspect. The SRTM3 DEM
matches well with the 2001 outlines. No DEM represent-
ing the 1976 conditions were available. Hence, slight biases
especially with the hypsography of 1976 occur.

Five selected glaciers (Panu, Lalong, Xibu, Zhadang, and
Tangtse Glacier No. 2, Fig. 1) were studied in detail. The
selection is based on existing studies that could be used for
comparison (Kang et al., 2007a). The glaciers are exposed
to different aspects but are not representative for the entire
mountain range due to their relatively large size. We manu-
ally adjusted the outlines for the additional years 1991 and
2005, and for Xibu and Lalong Glacier for the additional
year 1984. High seasonal snow cover on the Metric Camera

www.the-cryosphere.net/4/419/2010/
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Fig. 5. Diagram showing the number and area covered for different size classes (A), aspect of the glaciers — (B): number, (C): area).

data hampered the correct delineation of the other glaciers
for 1984.

3.4 Error estimation

The potential error of the multi-temporal analysis mainly
arises from positional and mapping errors. Visual checks
of (almost) stable landforms like mountain peaks or lat-
eral moraines on the co-registered imagery resulted in a
mean horizontal shift of one pixel or less for the TM scenes
(<30m), and less than half a pixel for the ETM+ scenes
(<15m). Some ETM+ scenes from the USGS matched
perfectly. Co-registration error of the Hexagon image was
higher due to the more complex image geometry. The error
was about two pixels (< 20m) for the detailed study area,
and could be up to four (<40 m) at the outer part of the im-
agery where fewer tie points (TPs) were collected. Uncer-
tainty of glacier mapping depends on the resolution of the
utilised imagery and the conditions at the time of the acqui-
sition (especially seasonal snow). Under best conditions an
accuracy of less than half a pixel can be achieved. We es-
timated the uncertainty by the buffer method suggested by
Bolch et al. (2010) and Granshaw and Fountain (2006). We
have chosen a buffer size of 10 m for the Hexagon image,
and 7.5 m for the ETM+ images. This led into an uncertainty
of the mapped glacier area of 3.5% for the Hexagon imagery,
and 2.8% for the ETM+ images on average. These uncertain-
ties are within the range of previous accuracy estimates (Paul
et al., 2002; Bolch and Kamp, 2006).

4 Results
4.1 Glacier characteristics

The whole mountain range contains almost 1000 glaciers ac-
cording to our inventory. However, glacier counts are vague
and depend on the purpose; e.g. contiguous ice masses can be
counted as single entities, or can be subdivided into multiple
glaciers as we did where parts of the ice masses cross ridges.
Glaciers of the whole western Nyaingentanglha Range cover
an area of about 800 km?, while slightly more than 100 km?

www.the-cryosphere.net/4/419/2010/

Table 2. Number and ice covered area of the study regions based
on the glacier inventory. See Fig. 1 for the regions.

Region Number of  Area (kmz) Year of
glaciers utilized

images

Whole Mountain range 963 795.6+£22.3 2001 (SW),
2007/2009 (NE)

NE section 141 103.2+£2.9 2009

SW section 822 692.3+19.4 2001

Nam Co drainage basin 305 198.1£5.6 2001

Detailed study area 308 1945+£55 2001

are situated in the north-eastern section, which was not fur-
ther investigated. Ice coverage of the detailed study area and
of the Nam Co drainage basin is slightly less than 200 km?
each (Table 2). Glaciers draining into Nam Co are almost all
situated at the north-western slope of the south-western part
of the western Nyaingentanglha Range, except three small
ones with an area of about 0.3 km? which are situated in
the north-eastern section, and five glaciers (~1.3 kmz) be-
low mountain peaks not within the main range. The mean
glacier size in the Nam Co drainage basin (year 2001) is
about 0.64 km?, while the glaciers south east of the main
ridge are on average about 0.88 km? in size.

The highest number of glaciers can be found in the size
class 0.1-0.5km2, whereas glaciers between 0.5-1.0 km?
cover the largest area (Fig. 5a). Most glaciers are facing
north while the east sector has a similar ice covered area as
the northern sector (Fig. 5b and c). Hence, the east facing
glaciers are on average the largest. This is in line with the fact
that the ice cover east (windward to the summer monsoon)
of the main ridge of the Nyaingentanglha range is more than
twice as large as the western part (~494 km? to ~196 km?).

Median elevation of the glaciers, which is a suitable and
widely used estimation for the long-term ELA based on to-
pographic data (Braithwaite and Raper, 2010), is situated
at around 5820 m. The majority of the glaciers terminate
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Table 3. Characteristics of the glaciers investigated in detail based on the 2001 extents.

Glacier GLIMS ID/WGI Area Length Aspect H med! H min? Hmax?  Debris-
ID* (kmz) (km) (ma.s.l.) (mas.l) (mas.l) covered
tongue
Zhadang  G090633E30476N/ 2.48 2.7 NE 5710 5500 6095 No
57.225D0003
Tangse G090647E30462N/ 2.96 2.1 SW 5785 5600 6080 No
No. 2 50270C0086
Lalong G090540E30424N/  10.29 3.6 NwW 5890 5340 6650 Few
57.225D0022 medial
moraines
Xibu G090601E30395N/  23.35 9.3 5815 5160 7090 Yes
50270C0065
Panu G090521E30384N/  12.88 5.3 5850 5335 6365 Few
50270C0044 medial
moraines

* ID number of the GLIMS data base (Li 2003, www.glims.org) and the World Glacier Inventory (www.wgms.ch), I median elevation,

at around 5600m. Only five glaciers terminate lower
than 5200 m, with the lowest elevation at 5130 m. These
glaciers all have debris-covered tongues. We have identi-
fied 29 glaciers with significant debris cover. Overall area
covered by debris was about 20 km? (~3% of the whole ice
cover). Most of the debris-covered glaciers are situated in the
outer south western part and around Mt. Nyaingentanglha be-
low high and steep rock walls such as Xibu Glacier. These
glaciers are typically large valley glaciers (average size about
4.4km?). Characteristics of Xibu and the four other glaciers
investigated in detail are shown in Table 3.

4.2 Glacier shrinkage/recession

Ice cover in the south-western study area diminished by
about —42km? (~ —5.7%) in the period 1976-2001 (Ta-
ble 4). Percentage loss and rate for Nam Co drainage basin
and the detailed study area around Mt. Nyaingentanghla
were in a similar range but slightly higher for the first, and
lower for the latter. Shrinkage of the glaciers situated south-
east of the main ridge was about —29.5km? (~ —5.5%).
Glaciers with debris-covered tongues lost about —4.5 km?
(~ —3.4%). The shrinkage rate for the period 2001-2009
was higher than for 1976-2001 but not statistically signifi-
cant given the higher error term. However, visual checks and
detailed analysis confirmed ongoing glacier shrinkage and
retreat between 2001 and 2009 (Fig. 6 and Table 4). The
overall number of glaciers remained almost unchanged. Dis-
appearance of very few glaciers was compensated through
disintegration of others. Disappeared glaciers were small and
situated at relatively low altitudes.

Analysis of the relative area change against the ini-
tial glacier area indicated greater relative loss for smaller
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Fig. 6. Area changes of Zhadang Glacier (1976-2009).

glaciers. However, there was a large scatter, especially for
smaller ones, and in all size classes there are glaciers, which
did not shrink (Fig. 7a). Absolute area loss was higher
for larger glaciers (Fig. 7c). Glaciers in the size classes
<0.5km? and > 5.0km? lost both almost —7km? of ice,
which is ~ —11.4% of their initial glacier size for the first
size class but only ~ —3.3% for the latter. Glaciers with
lower median elevation tended to lose relatively more area
than higher elevation glaciers (Fig. 7b).

Analysis of the glacier hypsography showed that ice cov-
erage above 6000 m remains almost unchanged while the
highest absolute ice loss occured between 5500 and 5700 m
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(Fig. 8). Median elevation increased by 9 m while the aver-
age minimum elevation of the glaciers rose about 15 m from
5671 to 5686 m.

A detailed analysis of the five selected glaciers confirmed
the above mentioned tendencies. All glaciers decreased con-
tinuously, both in area and length throughout all investigated
periods (Table 5, Fig. 9). Minimum elevation increased on
average about 30 m between 1976 and 2001 with the high-
est value (75m) for Lalong Glacier. The tongue of this
glacier terminates in a comparatively steep valley.  The
rate of area loss was significantly higher for three glaciers
in the period 2001-2009 compared to 1976-2001, whereas
the rate was similar for Panu Glacier, and an opposite ten-
dency could be found for Lalong Glacier. Length changes
showed similar characteristics. Absolute area loss varied be-
tween —0.24 km? (Tangtse Glacier No. 2, one of the smallest
glaciers) and —0.44 km? (Xibu Glacier, the largest one) for
1976-2009, while percentage loss was highest for Zhadang
Glacier (—14.2%, the smallest glacier studied), and lowest

The Cryosphere, 4, 419-433, 2010



428

Table 4. Change in glacier area 1976-2001-2009.

T. Bolch et al.: A glacier inventory for the western Nyaingentanglha Range and the Nam Co Basin

Area [km?] 1976-2001 2001-2009 1976-2009
1976 2001 2009 Aa Aa Aalyr Aa Aa Aalyr Aa Aa Aalyr
km?]  [%] (%] km?]  [%]  [%] km?]  [%] (%]
South- 734.1 6924 n.a. —41.7 =57 -0.23 n.a. n.a. n.a. n.a n.a. n.a
Western + + + + +
Region 25.7 19.4 22.4 3.1 0.12
Nam Co 2125 198.1 n.a —144 —-68 —-0.27 n.a n.a n.a n.a n.a. n.a
Drainage + + + + +
Basin 7.4 5.5 6.5 3.1 0.12
Glaciers 504.8 4753 n.a —-29.5 =58 —-0.23 n.a n.a. n.a. n.a. n.a. n.a.
south-east + + + + +
of the main  17.7 13.3 13.3 2.6 0.12
ridge
Detailed 207.1 1945 186.6 —126 —-6.1 —0.24 -7.8 —-4.0 -0.50 -205 =99 -0.3
study area + + + + + + + + + + +
7.2 5.5 5.4 6.4 3.1 5.4 2.8 0.34 6.4 3.1 0.10

Fig. 10. Panu Glacier 1976 — merge of Landsat MSS and Hexagon (A) and 2001 — Landsat ETM+, 5-4-3-PAN (B). The arrow indicates the

separation of one tributary glacier between 1976 and 2001.

for Xibu Glacier (—1.9%). There was a slight tendency that
retreat rates 1976—1991 were higher than those from 1991 to
2001, but lower than those from 2001 to 2009. One glacier
contributing to the main Panu Glacier in 1976 separated from
it before 2001 (Fig. 10).

5 Discussion
5.1 Glacier changes
Spaceborne imagery enabled us setting up a glacier inven-

tory of the western Nyaingentanglha Range, and to trace
back changes in glacier extension over a period of more than
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40 years. This represents the longest time series over which a
change detection of the glacier coverage has been performed
for the study region until present. The study found glacier
shrinkage and retreat in the western Nyaingentanglha Range
between 1976 and 2009 of about —9.9 £ 3.1%. The slightly
higher glacier shrinkage in Nam Co drainage basin compared
to the whole study area and the glaciers east of the main ridge
are most likely due to smaller average glacier size in the Nam
Co basin. The relatively low shrinkage of the debris-covered
glaciers is an indication of the insulation effect of the debris
cover. However, their area loss was not significantly lower
than of the other glaciers of the study area of similar size.
Analysing the glacier hypsography indicated that a rise of
the ELA above 5850 m will cause increased area loss as the
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Table 5. Length and area changes for five selected glaciers. The uncertainty is estimated to be about 3%.

Zhadang Area (kmz) Aa abs. (kmz) Aarel. (kmz) Rate (%/yr) Retreat (m) Rate (m/yr)
Glac.

1976 2.75

1991 2.56 —0.19 —6.9% —0.46% 140 9.3
2001 248 —0.08 —-3.1% —0.31% 70 7.0
2005 241  —-0.07 —2.8% —0.71% 40 10.0
2009 236  —0.05 —2.1% —0.52% 45 11.3
1976-2001 —-0.27 —-9.8% —0.39% 210 8.4
2001-2009 —0.12 —4.8% —0.60% 85 10.6
1976-2009 —0.39 —14.2% —0.43% 295 8.9
Tangse No. 2 Area (kmz) Aa abs. (kmz) Aarel. (kmz) Rate (%/yr) Retreat (m) Rate (m/yr)
1976 3.13

1991 3.02 —-0.11 —-3.5% —0.23% 70 4.7
2001 296 —0.06 —2.0% —0.20% 65 6.5
2005 295 —0.01 —0.3% —0.08% 30 7.5
2009 2.89 —0.06 —2.0% —0.51% 35 8.8
1976-2001 —0.17 —5.4% —0.22% 135 54
2001-2009 —0.07 —2.4% —0.30% 65 8.1
1976-2009 —-0.24 —7.7% —0.23% 200 6.1
Lalong Glac.  Area (kmz) Aa abs. (kmz) Aarel. (kmz) Rate (%/yr) Retreat (m) Rate (m/yr)
1976 10.5

1984 1043 —-0.07 —0.7% —0.08% 170 21.3
2001 10.29 —-0.14 —1.3% —0.08% 190 11.9
2005 10.25 —0.04 —0.4% —0.10% 60 15.0
2009 10.21 —0.04 —0.4% —0.10% 30 7.5
1976-2001 —-0.21 —2.0% —0.08% 360 14.4
2001-2009 —0.05 —0.5% —0.06% 90 11.3
1976-2009 —0.26 —2.5% —0.08% 450 13.6
Xibu Glac. Area (kmz) Aa abs. (kmz) Aarel. (kmz) Rate (%/yr) Retreat (m) Rate (m/yr)
1976 23.55

1984 2343 —-0.12 —0.5% —0.06% 120 15.0
1991 2339 —-0.04 —0.2% —0.02% 50 7.1
2001 2335 —-0.04 —0.2% —0.02% 60 6.0
2005 23.04 -0.5 —2.1% —0.33% 50 12.5
2009 2290 -0.14 —0.6% —0.15% 50 12.5
1976-2001 —-0.2 —0.9% —0.03% 230 9.2
2001-2009 —0.36 —1.5% —0.24% 100 12.5
1976-2009 —0.44 —-1.9% —0.07% 330 10.0
Panu Glac. Area (kmz) Aa abs. (km2) Aarel. (km2) Rate (%/yr) Retreat (m) Rate (m/yr)
1976 13.18

1984 13.16 —0.02 —0.2% —0.02% 100 12.5
1991 13.01 —-0.15 —1.1% —0.16% 80 11.4
2001 12.88 —0.13 —1.0% —0.06% 190 19.0
2005 12.86 —0.02 —0.2% —0.04% 70 17.5
2009 12.78 —0.08 —0.6% —0.16% 30 7.5
1976-2001 -0.3 —2.3% —0.09% 370 14.8
2001-2009 —0.1 —0.8% —0.10% 100 12.5
1976-2009 —0.38 —2.9% —0.09% 470 14.2
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largest portion of glacier coverage is in the range of 5750-
5850 m.

Our results are in tendency in agreement with previous
studies. Field measurements and analysis of topographic
maps carried out for Gurenhekou Glacier, located in the
southern part of the range, showed an increased termini re-
treat rate after 1970 (Pu et al., 2006). Analysis of five glaciers
around Mt. Nyaingentanglha suggests that glacier termini
have been retreating around —10ma~! from 1970 to 2007,
with a significantly higher rate (~ —39 m/a) for the debris-
covered Xibu Glacier (Kang et al., 2007a). Our results for
length changes reveal similar values to the previous stud-
ies but significantly lower rates for Xibu Glacier. Kang et
al. (2007a) compared GPS data obtained in the field with the
position of the terminus as shown in the Chinese topographic
map (scale 1:100000). Hence, taking into account that usu-
ally the debris cover would reduce the retreat of the tongue,
it is likely that this comparably high value can be attributed
to wrong glacier delineation in the map.

Previous glacier change studies for the Nam Co basin
showed a glacier area decrease by —15.4% from 1970 to
2000 (Yao et al., 2007; Wu and Zhu, 2008), while Frauen-
felder and Kddb (2009) found an area decrease of ~ —20%
for the SE side of the Nyaingentanglha Range in a simi-
lar period. This study, however, results in lower values for
glacier area changes to previous studies for a similar time pe-
riod. One explanation for the differences could be that Yao et
al. (2007) and Wu and Zhu (2008) used mainly data from the
Chinese Glacier Inventory (CGI) (Li, 2003). This inventory
also used the Chinese topographic maps, which are based on
aerial images acquired in the early 1970s, and were published
in the 1970s and 1980s. Main reasons for the deviations to
our data are probably different interpretation of debris-cover
and seasonal snow on the utilized aerial images, which is
known to be one of the major problems of maps (Bham-
bri and Bolch, 2009), as well as glacier shrinkage since the
1970s. Frauenfelder and Kéib (2009) used Corona imagery
to validate the data from the CGI and found errors in geo-
referencing, which can be confirmed by this study. They
omitted glaciers with obvious errors from the CGI for their
change analysis but did not correct the remaining glaciers.
Hence, the reason of the difference to our data is likely due
to the inaccurate 1970s data. The quality of the CGI and Chi-
nese topographic maps can hardly be evaluated if the origi-
nal imagery is not available. Declassified imagery from the
1970s therefore provides a good opportunity for validation
and to further improve the data from the CGI. Hexagon KH-
9 data is superior to Corona due to less image distortion and
larger footprints. Slight differences of some automated de-
rived ice divides to the former Chinese Glacier Inventory
led to different length and absolute areas for some glaciers,
e.g. Zhadang Glacier (Chen et al., 2009). The terrain of the
ice divide is almost flat in these cases. Further investiga-
tions, e.g. based on higher resolution DEMs, are required to
identify the correct surface divide. However, the automated
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method is reproducible and this uncertainty does not affect
the results of our study as we kept the ice divides constant
for our analysis.

Our results indicate that glacier changes in the western
Nyaingentanglha Range are similar to the average changes
for whole China (—5.5% since the 1960s; Li et al., 2008).
The recent acceleration of the retreat can also be found in
most parts of the TiP (Kang et al., 2010). Values might be
slightly but not significantly lower in other areas of central
and western Tibet, e.g., the Geladanong Mountains about
500 km to the north of the study area (Ye et al., 2006; —4.8%
between 1969 and 2002). Glacier shrinkage in Tibet south of
the study area seems to be higher: Zhou et al., 2009 found a
~ —5% decrease between 1990 and 2005 in Nianchu River
basin. However, these data can only show tendencies as dif-
ferent time periods and size classes are compared.

5.2 Climatic considerations

The significantly larger ice cover east of the main ridge of
the Nyaingentanglha Range wind-ward to the summer mon-
soon is an indication that precipitation is higher in this region
than leeward of the main ridge. However, the values of the
glacier change rates are comparable, which indicates similar
dominant influence of long-term regional climate variability
in the study area. The reported temperature increase since the
1950s varies between 0.3 K per decade for the station Lhasa,
which was shown to be representative for a larger region (Liu
and Chen, 2000). A recent study using similar data also re-
vealed a general warming trend, especially in winter months
(You et al., 2010). The trend coefficient for the station Lhasa
was 0.44 K/10a (winter months, dry season) and 0.23 K/10a
(summer months, wet season) for 1955-2005 (Caidong and
Sortenberg, 2010). The stations adjacent to the Nyaingentan-
glha Range and Amdo station had similar tendencies (Chen
et al., 2009; Liu et al., 2009). Liu and Chen (2000) assumed
a higher temperature increase in higher elevations. In con-
trast, Qin et al. (2009) showed, by using remote sensing data,
that this altitudinal dependency may not be that pronounced,
and levels out at elevations higher than 5000 m. The changes
in air temperature were accompanied by an increase of pre-
cipitation due to variations in monsoonal activity. Liu et
al. (2009) analysed data of the station Amdo, and recorded
multi-year oscillations in precipitation from 1965 to the mid-
1990s, followed by a trend to increasing precipitation since
1995. The July precipitation even slightly decreased until
the mid 1990s (Thomas and Chen, 2002). Annual precip-
itation in the last decade was 50.6 mm (about 12%) above
the average annual mean during the period 1965-1994. The
same tendency was observed by Shi et al. (2006), Kang et
al. (2007b), and Chen et al. (2009) for the stations adjacent to
our study region. Pan evaporation showed stable or slightly
increasing values until the mid 1990s (Thomas and Chen,
2002) and a decrease thereafter (Liu et al., 2010).
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Linking the presented glacier area and length changes to
the above summarized climate variations is not straightfor-
ward, mainly because (a) the glacier changes are only indi-
rect signals and depend especially on glacier response times,
(b) the availability of the climate data in the study area and
especially at the altitude range of the glacier occurrence is
very scarce.

The present knowledge on the response of polythermal,
summer-accumulation type glaciers to climate changes at
different time scales is still limited. Glacier size, shape, mo-
tion, and the local topography also influence the glacier re-
sponse. On average, the response time can possibly be sev-
eral decades (Naito et al., 2001). The summer-accumulation-
type glaciers are more vulnerable to temperature increase
than winter accumulation type glaciers (Fujita and Ageta,
2000; Fujita, 2008). Hence, it can be assumed that the ob-
served warming in the wet season is the major driver for
glacier changes. This is also confirmed by a recent modelling
study on Xibu Glacier. The change in summer temperature
was found to be more important than precipitation changes
or the changes in winter (dry season) temperature even al-
though the increase of winter temperature was found to be
significantly higher than in summer (Caidong and Sorten-
berg, 2010). Changes in the summer temperature affect both
the glacier melt and the snow line altitude. The latter has an
important effect on the melt due to albedo changes.

Precipitation seasonality also plays an important role. For
example, the early onset of wet season may suppress glacier
melt during summer, and can lead into positive mass balance
values (Kang et al., 2009). The presented glacier shrink-
age may reflect the time prior to 1990 with slightly decreas-
ing summer precipitation, but slightly increasing evaporation
and temperature when considering the response time of the
glacier. The recent trend since the mid 1990s with a stronger
temperature increase but also slightly increasing precipita-
tion and evaporation may not yet be reflected in our data.
Taking the importance of the temperature variations for the
glacier mass balance into account, it is likely that glaciers
will continue to shrink even though some positive mass bal-
ance years occur in between. However, recent mass bal-
ance measurements on Zhadang Glacier are mostly negative
(Kang et al., 2009). So far, we are not able to quantify the
importance of the specific climate elements to the glacier
changes since availability of climate data in the study area
is insufficient. Especially the influence of solar radiation and
sublimation needs further investigation. Ongoing investiga-
tions (e.g. direct mass balance measurements, meteorolog-
ical energy balance measurements on Zhadang Glacier and
at Nam Co station, acquisition of gridded climate data, and
geodetic estimates of glacier mass changes by DEM differ-
encing) will continuously improve the data base in the near
future, and will help to adjust existing glacier models to the
specific situation in the study area. The availability of the
presented glacier outlines are of high importance for model
validation and hence also for the investigation of climate
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change. Lake level variations of Nam Co are another source
for model validation since glacier run-off is influenced by
glacier variability (Yao et al., 2007; Wu and Zhu, 2008; Liu
et al., 2010).

6 Conclusions

This study demonstrated the scientific value of detailed
multi-temporal remote sensing analyses of glacier changes
for regions that do not have sufficient observational data
records. Our approach and the availability of precise or-
thorectified Landsat scenes allow repeated monitoring in the
study area without costs for data every three to five years,
if retreat rates remain unchanged. Future efforts to continue
this time series will be minor as glacier drainage divides are
already generated. Next steps will involve automated map-
ping of the debris-covered parts of glaciers. The availabil-
ity of different optical satellite imagery from earlier years,
especially the low cost Hexagon KH-9 from the 1970s and
Landsat TM scenes from the 1980s and 1990s is of high
value for glacier investigations. This allows evaluating ex-
isting data or glacier outlines from older topographic maps
and deriving multi-temporal glacier inventories dating back
several decades. The main drawback for some regions might
be the unavailability of suitable scenes. However, in our
study area characterised by continental climate little snow
cover and clouds throughout the year facilitates the gener-
ation of multi-temporal glacier inventories. The Chinese
Glacier Inventory from the 1970 is a valuable source of in-
formation but the data contains inaccuracies and geolocation
errors. The use of different satellite data revealed a continu-
ous glacier shrinkage of about —9.9 &+ 3.1% from 1976 until
2009. These values are lower than previously published re-
sults, which can be mainly attributed to the uncertainties of
glacier delineations based on the Chinese topographic maps.
The five glaciers investigated in detail showed an average re-
treat of about —10m/a from 1976 until 2009. No glaciers
advanced in the investigated periods. The larger ice cover of
the south-eastern side of the Nyaingentanglha Range reflects
the location windward to the summer monsoon. Short-term
variations in the glacier mass balance were also driven by
monsoonal variations. The main cause of long-term glacier
wastage, however, was likely the increase in air temperature
during the wet season. However, the complex glacier-climate
interactions need to be further investigated.
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