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ABSTRACT

Contemporary changes in the Himalayan cryosphere are an important concern in the global climate change de-
bate. In this context, the glaciers of the Upper Indus Basin (UIB) deserve special attention because of their impor-
tance for freshwater supply in the mountain valleys and the adjoining lowlands. However, detailed long-term
glacier monitoring studies are rare due to the lack of historical data with adequate spatial and temporal resolu-
tion. In the case of Nanga Parbat, the ample availability of historical maps and terrestrial photographs together
with satellite imagery and digital elevation models make it possible to analyse and quantify glacier changes for
the period between 1856 and 2020. Using diverse multi-temporal datasets, this study reveals slight changes in
ice-covered area for 63 glaciers, which decreased by 7% between 1934 and 2019. A detailed analysis of five gla-
ciers in the Rupal Valley over the period 1856-2020 identifies diverse response patterns and highlights the im-
portance of ice and snow avalanches, surge-type instabilities and site-specific topographic particularities for
individual glacier changes. The results show high similarity with the stable glacier mass in the Karakoram. This
study demonstrates the advantages of combining multiple sources and types of data in order to achieve consil-

ience and offer robust insights.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The consequences of detected and expected changes in the South
Asian cryosphere have become a global concern in the aftermath of
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the IPCC glacier controversy 2007 (Bolch et al., 2012; Cogley, 2011;
Hock et al., 2019; Nie et al., 2021). Due to their hydrological importance,
the glaciers in the Upper Indus Basin (UIB) have aroused considerable
research interest and media coverage (Immerzeel et al., 2020; Niisser
and Baghel, 2014). Many studies are solely or predominantly based on
multi-temporal analyses of remote sensing data usually without ade-
quate ground truthing. However, long-term glacier studies in the
wider Himalayan region that extend the observation period to the
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time before ubiquitous availability of satellite data are limited to a few
exceptions (Chand et al., 2017; Rashid and Majeed, 2020; Shukla et al.,
2017). This can essentially be traced back to the scarcity of
ground-based measurements and related historical datasets with ade-
quate spatial and temporal resolution (Bhambri and Bolch, 2009).
Given the availability of suitable historical glacier images, the integra-
tion of terrestrial repeat photography can provide the necessary infor-
mation, as demonstrated in different mountain regions (Byers, 2007,
2000; Kamp et al., 2013; Niisser, 2001).

While a large number of studies in the UIB focus on changes in gla-
cier lengths, glacier-covered areas and ice volumes, the Nanga Parbat
massif has received little attention in remote sensing studies combined
with ground surveys over the last two decades (Muhammad et al.,
2019a). The ongoing discussion on the Karakoram anomaly (Farinotti
et al.,, 2020; Hewitt, 2005; Kdab et al., 2012; Muhammad et al., 2020),
which characterises the hydro-climatic peculiarities of the great divide
between the drainages of Central Asia and the UIB, has initiated a recent
increase in research on glacier surges (Bhambri et al., 2017; Copland
et al., 2011; Gardelle et al., 2012; Hewitt, 2007; Paul, 2019, 2015).
Being part of the north-western Himalaya, Nanga Parbat is located less
than 75 km to the south of the Karakoram range, from which it is sepa-
rated by the Indus river. Thus, certain climatic and glaciological similar-
ities between these two adjacent high mountain regions can be
assumed. Besides the specific location and transitional hydro-climatic
position of the Nanga Parbat massif, the local study of glacier changes
in this western part of the UIB is justified by the availability of rare
long-term glaciological data on this mountain starting with the observa-
tions by Adolph Schlagintweit in 1856 (Kick, 1967). The long monitor-
ing period is based on multi-source archival material, such as
historical sketch maps and topographical maps, and a comprehensive
collection of landscape photographs, taken by members of various his-
torical expeditions (Finsterwalder, 1938; Kick, 1994). This material of-
fers a rare long-term perspective not just for the analysis of glacier
changes, but also glacier and meltwater related livelihood strategies
and local development trajectories (Niisser, 2000; Niisser and
Schmidt, 2017). The present study aims to analyse and quantify glacier
changes on the Nanga Parbat between 1856 and 2020. It is based on the
hypothesis that the combination of multi-source archival material with
remote sensing imagery provides more detailed information on glacier
changes over a long monitoring period.

2. Study area

The massif of Nanga Parbat (8126 m a.s.l.; 35°14’N, 74°35'E) consti-
tutes the north-western anchor of the greater Himalayan range. Located
in Gilgit-Baltistan, Pakistan, the prominent mountain towers more than
7000 m above the gorge of the Indus river and more than 4500 m over
the Rupal Valley (Fig. 1). This distinct topographic prominence and iso-
lation together with the enormous relief energy affects hydro-climatic
conditions and glacier distribution. The transitional position of Nanga
Parbat between monsoonal influences in summer and winter precipita-
tion dominated by western disturbances is overlaid by steep altitudinal
temperature and precipitation gradients, which range from arid valley
floors to the higher ridges with regular snowfall throughout the year
(Dahri et al., 2016; Farhan et al., 2015; Winiger et al., 2005).

The debris-covered valley glaciers are largely sustained by ava-
lanches, which cause a significant re-distribution of ice and snow from
the accumulation to the ablation zones over long vertical distances
(Fig. S1). According to the typology discussed by von Wissmann
(1959) and Hewitt (2011), these glaciers either belong to the “Turke-
stan” or the “Mustagh” type, both characterised by the huge importance
of snow and ice avalanches. Whereas the “Turkestan” type ice streams
have no accumulation zones and are almost entirely avalanche-fed,
the “Mustagh” type ice streams start in the accumulation zone but are
also predominantly fed by avalanches. Within the large valley glaciers,
the Rupal Glacier is the only one which is mainly fed by snow fall and
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belongs to the “Alpine” type. Additionally, small clean ice glaciers lo-
cated in cirques and hanging glaciers in niches can be found.

The massif of Nanga Parbat is characterised by a long history of gla-
ciological research. The earliest studies were carried out around the end
of the Little Ice Age, when Adolph Schlagintweit visited the Rupal Valley
in 1856. Besides landscape paintings, sketch maps and descriptions, he
differentiated between debris-covered and clean ice glaciers. Other sci-
entific reports were given by colonial administrative officers and travel-
lers, who presented reports on glacier lake dynamics and surface
changes of glaciers in the Rupal Valley (Collie, 1897; Drew, 1875;
Neve, 1907). Extensive and systematic field surveys of the entire moun-
tain massif were initiated by the German Himalaya Expedition in 1934,
resulting in topographical maps of Nanga Parbat at scales of 1:50,000
and 1:100,000 using terrestrial photogrammetry (Finsterwalder,
1938). A special focus of this expedition was on glacier distribution, dy-
namics and velocities (Finsterwalder, 1937). Glaciological research ac-
tivities in the region continued in 1937 (Troll, 1938), 1958 (Kick,
1967; Loewe, 1961) and 1987 (Kick, 1994; Kuhle, 1996). More recent
studies from the massif mostly concentrate on individual glaciers or
tributary basins (Gardner, 1986; Muhammad and Tian, 2016;
Muhammad et al., 2019a; Schmidt and Niisser, 2009; Shroder et al.,
2000).

3. Data and methods

A multi-temporal and multi-source approach, based on remote sens-
ing data, repeat terrestrial photography and related historical informa-
tion was used to detect and analyse glacier changes on the Nanga
Parbat over the past 164 years (1856-2020). While Landsat data are
useful for the monitoring of glacier dynamics and variations since the
1970s, Corona and Hexagon images from the early US military recon-
naissance missions extended the time span for detecting changes back
to the 1960s. The toposheets and photographs from 1934 enabled a
quantification of glacier changes over the past 86 years and the sketch
map and paintings by Schlagintweit extended glacier length analysis
for the Rupal Valley to the mid of the 19th century. Relevant historical
material was collected from archives and collated for multi-temporal
analyses.

3.1. Historical data

The 1934 topographic map at a scale of 1:50,000 (Finsterwalder,
1938) is remarkable for its highly accurate contour lines (contour
interval: 50 m), river outlines and glacier margins. As the uppermost
part of the Rupal Valley and parts of the Diamir Valley are not
shown on this map, the additional 1:100,000 map (contour interval:
100 m) surveyed by the same expedition was used. However, the
Diamir Glacier and the other glaciers to the south of Rupal Valley were
excluded from change detection analyses as the mapping accuracy of
these areas is somewhat uncertain due to the lack of photogrammetric
surveys in 1934. The scanned and georeferenced 1934 toposheet
(projected on the Everest ellipsoid, Gauss-Kriiger system) was used to
investigate changes in glacier area and length. A scan of an unfolded
copy of this map (600 dpi) was co-registered to the Landsat image
from 2019 using 22 ground control points with a root mean square
(RMS) error of 11, using a pixel size of 2.5 m, thereby reaching subpixel
accuracy on Landsat imagery. Visual comparison of the co-registered
map and satellite images confirmed the requisite high spatial accuracy.

As the 1856 sketch map of the glaciers of the Rupal Valley produced
by Schlagintweit (Fig. S2) shows only the ice streams, rivers and main
relief structures without an exact scale (Kick, 1967; Niisser, 2015), co-
registration was not feasible. However, visual comparison of this sketch
map with a high spatial resolution QuickBird image enabled reconstruc-
tion of the former positions of some glaciers. Additional information
such as the extent of debris-cover and particular surface structures
like ogives on the Chungphare Glacier were derived from visual
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Fig. 1. The mountain massif of Nanga Parbat in the north-western Himalaya.

interpretation of the sketch map. Archival material from the
Schlagintweit collections was obtained from the Bavarian State Library
(Archive Schlagintweitiana) and the German Alpine Club.

3.2. Repeat photography

The study also combined historical glacier photographs taken during
various expeditions to Nanga Parbat with matched photographs. A
comprehensive collection of historical photographs and additional
visual material (see Table 1, Data in Brief) enabled multi-temporal
comparisons and monitoring. The metric photographs acquired during
surveys in 1934, 1958 and 1987, originally taken on glass plates
(13 cm x 18 cm) and stored at Technical University Munich, were
scanned at high resolution (600 dpi) as a baseline dataset. Several re-
photographic surveys carried out between 1992 and 2010 allowed for
comparisons and visual evidence of glacier changes. Particular emphasis
was laid on glacier fluctuations, changes in ice volume and in the ratio

between debris-covered and clean ice glacier parts. For this purpose, it
was possible to repeat a large number of historical photographs from
viewpoints identical to the earlier ones (Dickoré and Niisser, 2000;
Niisser, 2000; Schmidt and Niisser, 2009).

3.3. Satellite imagery and digital elevation models

Landsat images from the years 1990, 1997, 2010, 2013, 2019 and one
Sentinel-2 image from 2020 (Table S1) were used to delineate glacier
boundaries using a standardized semi-automatic approach based on
red/shortwave Infrared band ratio (Paul et al,, 2016). All Landsat images
are from the Collection 1 Tier 1, which show a low georegistration RMS
error of <12 m and are suitable for change detection analysis (Dwyer
et al., 2018). In order to reduce the impact of sensor degradation or
varying radiometric resolution, Landsat images were radiometrically
calibrated to top-of-atmosphere reflectance (Young et al.,, 2017). A
threshold of 2.4 was set for all ratio bands derived from Landsat images
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and a higher threshold of 3.2 was set for the ratio band derived from
Sentinel-2 image in order to delineate clean ice and perennial snow.

Although the band ratio method is robust and time-efficient in delin-
eating clean ice, additional manual correction of debris-covered glacier
boundaries was necessary (Racoviteanu et al., 2009). In order to reduce
the impact of seasonal snow, only satellite images from the end of the
ablation period were selected. Furthermore, snow covered pixels
which appeared as snow-free in 1997 were manually removed in the
images from 2013 and 2020. This correction was supported by visual
comparison with Planet data from 2020. The classified ice and snow
covered areas were separated into entities on the basis of watersheds
extracted from the Global Advanced Spaceborne Thermal Emission
and Reflection Radiometer Digital Elevation Model (GDEM) by using
the Hydrology Tool in ArcGIS 10.6, and then manually corrected. For fur-
ther analysis, the separated ice and snow covered areas were trans-
formed to vector data and all polygons smaller than 0.01 km? were
deleted (Paul et al., 2010; Schmidt and Niisser, 2012). Debris-covered
glacier tongues were digitized manually (Racoviteanu et al., 2009), as
DEMs were not available for all observation periods (Paul et al., 2004).
For the glacier inventory, topographic parameters (elevation, aspect,
slope) were derived by using the void-filled Shuttle Radar Topography
Mission (SRTM)-DEM with a spatial resolution of 30 m. Due to mon-
soonal influences, most summer images of the study area are cloud-
or snow-covered. Thus, the number of images suitable for the current
study was reduced considerably. As the Corona image from 1965 is
heavily snow-covered and the Hexagon image from 1980 is partly
cloud-covered, overexposure hampered the differentiation between
snow- and ice-covered and snow-free areas. Therefore, digitized glacier
tongues on the co-registered images were used solely for glacier length
analysis. For maximum glacier length, central flowlines were drawn
based on the SRTM-DEM and the terminus variations were measured
between the cut segments (Schmidt and Niisser, 2017).

Multi-temporal glacier analysis with various satellite datasets re-
veals uncertainties due to the pixel size and co-registration of satellite
data. The uncertainty was estimated with a buffer of half a pixel size
for each glacier, as recommended by Granshaw and Fountain (2006)
and applied in several studies (Bhambri et al.,, 2011; Bolch et al.,
2010). Thus, the uncertainty was 4-15 m for Landsat and 45 m for Sen-
tinel imagery, respectively. The error estimation was calculated by the
standard deviation of the sum of the error for each glacier (Gardent
etal, 2014).

Avalanche deposits on the Bizhin glacier were mapped to identify
their extent and frequency. For this purpose, satellite images with
high to very high spatial resolution are required in order to differentiate
between fresh snow and avalanche deposits with rough surface struc-
tures. Despite the development of several automatic classification ap-
proaches (Eckerstorfer et al., 2016; Lato et al.,, 2012), avalanche
deposits were mapped manually in summer images when most sea-
sonal snow cover has melted in the runout zones. Planet data were
used for the period 2017-2020. One KOMPSat-2 (Korea Multi-Purpose
Satellite) image from 2008 and one QuickBird image from 2003 were
added in order to increase the number of measurements.

In order to quantify elevation changes of glacier surfaces in the Rupal
Valley, the differences of three DEMs generated from the 1934
toposheet, the SRTM and the High Mountain Asia (HMA) 8-meter
DEM were calculated (Table 3). The SRTM-DEM v3 (February 11-22,
2000) with a spatial resolution of 30 m formed the basis for this mea-
surement. However, along the Himalayan arc, the DEM contains large
amounts of data voids which were filled with interpolated data thereby
reducing the accuracy of the SRTM heights (Mukul et al., 2017). In order
to exclude these interpolated parts from the analysis, the filled voids
were masked. The HMA 8-meter DEM is generated from very-high-res-
olution satellite imagery launched by Digital Globe in order to support
studies on glacier changes in the Tien Shan, Hindu Kush and Himalaya.
The data are distributed by the NASA National Snow and Ice data Center
(Shean, 2017). Overall, the data are characterised by a high quality;
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however, many data voids exist and the DEMs are often of a small cov-
erage. As no DEM covering the entire Nanga Parbat massif or the entire
Rupal Valley was available, three HMA-DEMs from 2013,2014 and 2016
were used to analyse surface changes since 2000. Due to the steepness
of the Nanga Parbat south face, most DEMs show data voids at higher al-
titudes. Some studies in the Himalaya and Karakoram faced the same
problems in DEM-based glacier volume change estimations (Gardelle
et al., 2013; Maurer et al., 2016). Following the approach by Maurer
et al. (2016), slopes steeper than 30° were not considered for surface
changes in the present study. Consequently, the elevation change
analysis was restricted to the ablation zone where most glaciers are
debris-covered, which in turn reduced the impact of the uncertain C-
band penetration in snow and ice, which varies between 2.4 m
(Gardelle et al., 2012) and 6 m (Kddb et al,, 2015).

Based on digitized contour lines with an equidistance of 50 m, to-
gether with altitudinal points, and streams shown in the 1934 topo-
graphical map (Spohner, 2004), a DEM was generated using the Topo
to Raster tool in ArcGIS 10.6. The DEM with a spatial resolution of
30 m was co-registered to the SRTM-DEM using an interest operator
in ENVI 5.6. Points with a high RMS error and points located on unstable
terrain on and around glaciers were deleted. The DEM 1934 was co-
registered with well-distributed 66 points and a RMS-error smaller
than 1.In order to reduce the planimetric and vertical shift (mean differ-
ence), all DEMs were adjusted to the SRTM. The vertical adjustment fac-
tors were calculated on ice-free and stable ground (slope angles less
than 30°) excluding the interpolated void-filled areas of the SRTM-
DEM and the standard error between the corrected altitudes are pre-
sented in Table S2.

For an overview, all data, methods and approaches used in this study
are summarized in a workflow (Fig. 2).

4. Results
4.1. Glacier inventory

A total of 92 glaciers and perennial snow fields larger than 0.01 km?
covered an area of about 299.6 4 24.1 km? in 2019. Kick (1994) only re-
ported 69 glaciers in the Nanga Parbat region based on the 1934
toposheet. This difference is caused by the inclusion of the entire Diamer
Valley, small glaciers and perennial ice fields in the inventory presented
here, which are not shown in the map from 1934. About one third of all
glaciers (31) and glacier covered area (130.4 4 10.6 km?) are located in
the Rupal Valley. 65 glaciers (71%) of the entire study area are smaller
than 1 km?, which cover a total area of about 14 km?, and seven glaciers
are larger than 10 km? with a total area of 207.2 + 13.0 km? (69%). The
three largest glaciers Rupal (46.1 & 2.1 km?, length: 16.6 km) in the
south, Diamir (42.7 + 3.1 km?, length: 14.3 km) in the west and Raikot
(42.3 + 1.7 km? length: 15.9 km) in the north of the massif cover 43% of
the glacier-covered area. Whereas clean ice glaciers and perennial snow
patches are dominant in the size class of less than 1 km?, almost all
larger glaciers are debris-covered (Fig. 3A). In total, around one third
of all glaciers (27 glaciers) are debris-covered (282.8 4+ 20.9 km?),
where the total debris-coverage of glaciers in the Nanga Parbat area
measures 67.9 km? which amounts to 22.6% of the total glacier-
covered area (Fig. 3C).

The majority of glaciers on Nanga Parbat are located on NW- to NE-
facing slopes. However, in the Rupal Valley, most glaciers are exposed to
directions ranging from S to NW (Fig. 3B) mainly because of the vertical
extent of the Rupal Wall (Fig. 2). Taking into account the entire massif,
most glaciers are situated at altitudes higher than 4000 m a.s.l. with
almost 50% of the ice-covered area in the elevation range between
4000 and 5500 m a.s.l. (Fig. 3D). Only 14 valley glaciers with
almost completely debris-covered tongues reach altitudes below
4000 m a.s.l., with Chungphare Glacier showing the lowest minimum
elevation at about 2910 m a.s.l. The median elevation of these 14
glaciers varies between approximately 4000 m a.s.l. (Sachen) and
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Fig. 2. Workflow showing the data and methodology conducted in order to investigate the distribution of glaciers and glacier area changes in the Nanga Parbat region and to analyse glacier

length and surface changes in the Rupal Valley.

6000 m a.s.l. (Shaigiri). One of them has an altitudinal range of just
1980 m (Harcho), whereas eight exceed 3000 m, with a maximum of
4760 m (Bizhin). The large altitudinal range of these glaciers underlines
the importance of snow and ice re-distribution through avalanches. The
mean slope angle of all glaciers is 28° and varies between 14° and 46°;
the mean slope angle of three glaciers larger than 10 km? even exceeds
30°. The debris-covered glacier tongues are located on slopes of less
than 10°; whereas the clean ice parts are usually characterised by
steeper slopes (Fig. 3E, F). The longitudinal profiles of all large valley
glaciers around the Nanga Parbat massif indicate the characteristic
features of “Mustagh” and “Turkestan” types with steep slopes, large
vertical extent and gently sloped glacier tongues; only the Rupal Glacier
belongs to the “Alpine” type (Fig. 3G).

4.2. Glacier changes

The area change detection of 63 glaciers mapped on the 1934-
toposheet and satellite imagery from 2019 indicates that the ice covered
area decreased from about 243 km? to 225.9 4+ 10.6 km? by 7%
(0.1% yr~ ') and three glaciers disappeared completely. Likewise, the
analysis of all glaciers larger than 0.01 km? in the entire study area indi-
cates only a small shrinkage of 4% (0.2% yr—!) from 313.0 4+ 24.3 km? in
1990 t0299.7 + 24.1 km? in 2019. The annual decreasing rate varies be-
tween 0.2% yr~! from 1990 to 1997 (309.3 & 24.3 km?), 0.1% yr—! from
1997 to 2013 (305.8 + 23.9 km?), and 0.3% yr—' (299.6 + 24.1 km?)
from 2013 to 2019. In total, the detected glacier changes are within
the range of uncertainty and only a slight decrease or stable conditions
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can be identified. Between 1934 and 2019 the relative debris-coverage
area increased from 15 to 21% in 1990 and to 23% in 2019.

Taking all individual ice-bodies into consideration, the average
change amounts to —23% (—0.8% yr ') over the observation period be-
tween 1990 and 2019. It varies from —0.2% yr~! between 1990 and
1997 to —0.1% yr~ ' between 1997 and 2013 and —0.3% yr~—! between
2013 and 2019 (Fig. 4). In the size classes smaller than 0.5 km? the av-
erage glacier change amounts to —33% (—1.2% yr— '), which is signifi-
cantly higher compared to glaciers larger than 1 km? with an average
change of about —5% (—0.2% yr~!). For only the debris-covered gla-
ciers, the average decrease is —3% (—0.1% yr™1).

4.3. Glaciers in the Rupal Valley

A series of largely avalanche-fed glaciers on the South Face of Nanga
Parbat can be found in the Rupal Valley. The largest are the glaciers
Chungphare, Bizhin, Tap, and Shaigiri. Only the Rupal Glacier originating
from the Toshain Peak (6270 m a.s.l.) and the Laila Peak (5971 m as.l.)
can be characterised as an “Alpine” type glacier. The 1856-sketch map
by Schlagintweit (Kick, 1967; Niisser, 2015) enables the extension of
the observation period of glacier changes to the last 164 years.

4.3.1. Chungphare Glacier

The Chungphare Glacier shows the characteristics of a “Mustagh”
type glacier and covered an area of about 23.3 & 2.0 km? in 2019. It
has changed from 23.4 km? in 1934 to 24.2 + 2.1 km? in 1990 and to
23.3 + 2.0 km? in 2019 (—3.6% between 1990 and 2019). This glacier
ranges in altitude from about 2910 m a.s.l. to 7030 m a.s.L. with a median
elevation of 4690 m a.s.l. and a mean slope angle of 28°. It consists of two
main ice-streams with a confluence at about 3300 m a.s.l. and some
small tributary glaciers along the west-facing slope. About 24% of the
glacier and its tributaries was debris-covered in 2019. The sketch map
and corresponding landscape paintings from 1856 indicate a higher gla-
cier surface with clean ice and only small debris-covered strips along
both sides. The interface between debris-covered and clean ice at
Chungphare Glacier increased to an altitude of 3580 m a.s.l. in 1934
and up to 3700 m a.s.l. in 2020. The characteristic glacier surface struc-
tures with ogives on the orographic right ice stream (Fig. 2 in Data in
Brief) can also be seen in the 1856 sketch map (Fig. S2a). At that time,
the Chungphare Glacier reached down to the curve of the Rupal River
at the confluence with a tributary stream and the tongue was bounded
by a rocky ridge and the lateral moraine, which dammed a meltwater
lake that caused several outburst floods (Drew, 1875; Neve, 1907,
Schlagintweit, 1872). Reports of historical fluctuations of Chungphare
Glacier include shrinking of the less-crevassed clean ice surface by
around 30 m after a lake outburst (Drew, 1875) and rapid glacier ad-
vance by about 90 m between 1887 and 1906 (Neve, 1907). Due to
the glacier blockage by the ridge, only a small part of the ice tongue
moved further downstream. Including this lobe, a total glacier retreat
of about 1000 m can be reconstructed between 1856 and 2020 (6.6 m
yr~1). The glacier tongue advanced and retreated several times with a
total retreat of about 780 m (9.8 m yr~—') between 1856 and 1934 and
about 220 + 41 m (2.6 + 0.5 m yr~') between 1934 and 2020. By
1987 the lobe had retreated back to the ridge (280 m) with a rate of
53myr~' (29 myr~!in 1934-1958 to 7.2 m yr ' in 1958-1987)
(Kick, 1994; Fig. 3 in Data in Brief). While the glacier tongue was still
in contact with the ridge in 1980, the runoff of Rupal River took place
via a subglacial tunnel and the glacier front retreated by 120 + 42 m
(12 & 4.2 m yr~ ') between 1980 and 1990. Collapse of the glacier
snout above the river occurred in 1985 (Kick, 1994), resulting in the
higher retreat for that decade. Since 1990 the glacier front is stable
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Fig. 4. Glacier area changes in relation to size over different observation periods.

and a slight advance of about 35 + 44 m (5 + 6.2 m yr~ ') can be de-
tected for the period between 2013 and 2020 (Fig. 5).

Observations by Schlagintweit suggest a position of the glacier sur-
face around 20 m below the moraine crest in 1856 with further
downwasting at a rate of about 0.31 m yr~' between 1856 and 1934
(Kick, 1994). Multitemporal repeat photography from a viewpoint on
the orographic right moraine proves continuous volume loss between
1934 and 1987 but a noticeable volume increase between 1987 and
2010 (Fig. 4 in Data in Brief). These findings are in line with measure-
ments at this profile based on remote sensing data and GPS data taken
during our own field survey in 2010. Additional ice velocity measure-
ments confirm a surging event of Chungphare Glacier in 2005 and
2006 (Mack, 2019). The surface difference amounts to 22 4+ 34 m be-
tween 1934 and 2000 while the lowering rate has only slightly in-
creased to 0.3 + 0.5 m yr~! between 2000 and 2016. During this
period the glacier surface was dissected, with no significant vertical
changes in the centre of the glacier and downwasting on both
sides. Moraine ridges and different sliding moraines can be detected
on both sides of Chungphare glacier (Fig. S3a, Fig. 6). For the entire
glacier tongue (slope angle <30°) the mean surface lowering
amounts to 17 + 34 m (0.3 + 0.5 m yr~ ') between 1934 and 2000
andto 2 + 7m (0.1 + 0.4 myr—') between 2000 and 2016; in both
observation periods, the highest downwasting rates can be observed
above the confluence of both glacier tongues (Fig. S3b).

4.3.2. Bizhin Glacier

The Bizhin Glacier can be characterised as a “Turkestan” type glacier
and covers an area of about 20.2 + 1.6 km? in 2019. Its ice-covered area
changed from 16.9 km? in 1934 t0 21.0 + 1.4 km? in 1990 and to 20.2 +
1.6 km? in 2019 (—3.7% between 1990 and 2019). It ranges in altitude
from 3340 m a.s.l. to the summit at 8126 m a.s.l. with a median elevation
of about 5110 m a.s.l. and a mean slope angle of 25°. The upper glacier
catchment is characterised by steep rock walls and connected to the
main tongue by three ice streams; which act as avalanche tracks. Ava-
lanche deposits detected for six separate years always cover areas of
more than 2 km? at an altitude of about 3900 m a.s.l. in the runout
zone, while their starting zone can be located up to 3000 m higher
(Fig. 7). The avalanche runout zone in the upper portion of the glacier
tongue (Firnkessel literal meaning firn caldron) is also shown as free of
debris-cover in the sketch map by Schlagintweit (Fig. S2b). The entire
Bizhin Glacier has a debris cover of just 26%. However, the tongue is
completely debris-covered (Fig. 5 in Data in Brief).

Fig. 3. Glacier inventory of the entire Nanga Parbat massif for the year 2019. Glacier size classes (A); aspect of glaciers and glacier-covered area (B); elevation range of glacierized area
differentiated between clean ice and debris-covered area (C); minimum and maximum elevation per glacier (D); slope of glacierized area differentiated between clean ice and debris-
covered area (E); mean slope angle per glacier (F); and longitudinal profiles of large valley glaciers (G).
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Fig. 5. Changes of glacier length in the Rupal Valley.

The total retreat of Bizhin Glacier amounts to about 1400 m (11.2 m
yr~!) over the whole observation period. A glacier advance between
1856 and 1895 can be assumed, since the snout position in the 1856~
sketch map does not fit with satellite data and field observations by
Collie (1897, 1902) suggest a glacial maximum in 1895 when he de-
scribes the glacier surface to be “flush with the top of the moraine”.
Therefore, it is not possible to quantify changes in the second half of
the 19th century. While a front retreat of about 740 m (19 m yr—!)
can be derived for the period between 1895 and 1934, a lower retreat
0f 663 & 41 m (7.7 & 0.5 m yr~ ') can be detected between 1934 and
2020. The glacier tongue remained stable during the period between
1934 and 1965 and decreased by about 474 + 42 m (19.0 £ 1.7 m
yr~ 1) until 1990. Our own field observations indicate that the right
part of the glacier tongue is tunnelled by the main Rupal River and par-
tial glacier collapse similar to the Chungphare Glacier might have
caused this higher retreat. The snout position shows only slight retreat
with 6.3 + 7.8 m yr~' (1990-1997) and 4.5 + 43 m yr!
(1997-2013), confirmed by repeat photography (Fig. 6 in Data in
Brief). A slightly higher decrease is detectable with about 10.3 +
0.4 m yr~! for the latest period (2013—2020). Thinning of Bizhin Gla-
cier amounts to 18 + 34 m (0.3 + 0.5 m yr~!) between 1934 and
2000, which is identical to the thinning rates calculated by Kick
(1994) for the period between 1934 and 1958 amounting to an average
of 5.5 m for the glacier tongue between 3400 and 4300 m a.s.l. Another 2
m =+ 6.9 m of glacier thinning between 2000 and 2013 (0.1 & 0.5 m
yr~ 1) is within the range of uncertainty (Fig. S3¢). A slight mass gain
in the lower part can be detected (Fig. 7 in Data in Brief). Contrary to
the assessment by Kick (1994) that there are no surge events on the gla-
ciers of Nanga Parbat, Mack (2019) detected active surging phases for
both Bizhin and Chungphare glaciers in 2005 and 2006. This finding is
confirmed by a recent study by Muhammad et al. (2019b) who identify
ice thickening in some sections of the Bizhin Glacier.

4.3.3. Tap Glacier

The Tap Glacier has an altitudinal range of 3610 to 8020 m a.s.l. with
a median elevation of 5840 m a.s.l. and a mean slope angle of 28°. It cov-
ered an area of 3.5 4 0.5 km? in 2019 and the debris-cover amounted to
17%. This glacier is located on a pedestal moraine with a proglacial lake
(size 0.08 km?), which is located about 50 m above the valley floor. The
1934 toposheet shows a glacier size of 2.9 km?, whereas it amounts to
3.8 & 0.4 km? in 1990 and decreased by about 8% to 3.5 4+ 0.5 km? in
2019, which is within the range of uncertainty. Regarding the glacier
length changes, a potential retreat rate between 1856 and 1934 cannot
be estimated, since it is not clear, if an initial moraine dammed lake al-
ready existed in 1856. The glacier tongue seems to be stable and shows
only a minor retreat of 103 4 41 m between 1934 and 2020 (1.2 +
0.5myr~ ). No changes of the surface are detectable in satellite imagery
between 2000 and 2013 and in repeat photography between 1993 and
2010 (Fig. 8 in Data in Brief). According to the cross-sections, only a
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small gap between the moraine and the ice surface exist, thus minor
thinning can be assumed although the estimated downwasting be-
tween 1934 and 2013 amounts to about 20 m (Fig. S3e).

4.3.4. Shaigiri Glacier

The Shaigiri Glacier is another pedestal glacier with a characteristic
curve towards the east, which is probably caused by a former larger
main Rupal Glacier from the Last Glacial Maximum. It is characterised
by a debris-covered tongue (22% of the total glacier) and an
avalanche-fed Firnkessel at about 5000 m a.s.l. (Fig. S1). In 1934 the gla-
cier was mapped with an area of 5.5 km?. The glacier size decreased
from 6.4 + 0.6 km? in 1990 to 6.0 + 0.6 km? in 2013 and increased to
6.2 + 0.6 km? in 2019. Considering glacier length changes, the total re-
treat of the Shaigiri Glacier is estimated to 93 m between 1856 and
2020. As on the sketch map by Schlagintweit, a small gap between the
glacier and the stream exists which is intersected by two small glacial
rivulets. After a long stable period, which lasted from 1856 to 1980,
the glacier retreated by about 80 m between 1980 and 1990. Since
then the glacier is stable. The photographs show the formation of a
small supraglacial lake between 1934 and 1987 and a second small
lake in close proximity between 1993 and 2010, both dammed by the
terminal moraine (Fig. 9 in Data in Brief). Own observations in the
1990s and in 2010 as well as the comparative analysis of DEMs
(Fig. 6d) show that the glacier surface matches with the lateral moraine.

4.3.5. Rupal Glacier

The “Alpine” type Rupal Glacier is located at the valley head and
forms the largest glacier in the entire Nanga Parbat region. As only the
eastern part of the glacier tongue is shown on the 1:50,000 toposheet
from 1934, comparative analyses have to be based on the map at the
scale of 1:100,000, which was produced by the same expedition. The
glacier area decreased from 51.9 km? in 1934 to 48.2 + 2.1 km? in
1990 and to 46.1 + 2.2 km? in 2019 (7% between 1934 and 1990 and
4% between 1990 and 2019). Unlike all other glaciers of the Rupal Val-
ley, this ice stream is not predominantly avalanche-fed. It ranges from
3730 m to 6300 m a.s.l. and its tongue is fed by two branches, which
merge at 4150 m a.s.l. Schlagintweit mapped this glacier with its charac-
teristic medial moraine and two strips of clean ice reaching about
2.8 km further below compared to 2020 (Fig. S2c). This massive retreat
becomes also visible by repeat photography between 1934 and 2010
(Figs. 10, 11 and 12 in Data in Brief) while the debris-covered portion
of the glacier increased from 15% to 23% between 1934 and 2019.

A total retreat of 1.1 km can be estimated over the entire observation
period between 1856 and 2020. Unlike the other ice bodies, the Rupal
Glacier shows increasing retreat rates since 1934. While the retreat
amounted to 228 m (2.9 m yr~!) for the period between 1856 and
1934, it increased to 885 4 41 m (10.3 & 0.5 m yr—!) for the interim
1934-2020. The highest retreat rate was detected for the period
2013-2020 with 211 + 44 m (30.2 + 62 myr 1)

The Rupal Glacier is also characterised by a massive loss in volume,
especially in its lower part (Fig. 6e). Corresponding to the drastic retreat,
the surface thinning amounts to 38 + 34 m (0.6 + 0.5 myr~!) between
1934 and 2000 for the glacier tongue below 4200 m a.s.l. shown on the
1934-toposheet. The almost completely debris-covered lower tongue
melted down by another 22 + 7 m (1.6 + 0.5 m yr~!) between 2000
and 2014 (Fig. 6d). This massive downwasting of about 40 m between
the glacier surface and the crest of the lateral moraines is confirmed
by our own GPS data from 2010 at an altitude of about 4000 m a.s.l.
However, the average surface lowering for the entire glacier (<30°)
amounts to 7 + 7 m (0.5 & 0.5 m yr~!), without taking into account
the higher penetration of radar data compared to optical data.

5. Discussion

This study shows the high potential and the limitations of multi-
temporal and multi-source approaches to investigate glacier changes
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Fig. 6. Differences of surface elevation between 1934 and 2000 (A), Bizhin and Tap Glacier between 2000 and 2013 (B), Chungphare Glacier between 2000 and 2016 (C), Shaigiri Glacier

between 2000 and 2013 (D), and Rupal Glacier between 2000 and 2014 (E).

over long observation periods. In addition to often observed planimetric
shifts (Bhambri and Bolch, 2009), some areas of the 1934 toposheet
from Nanga Parbat have to be excluded from analysis as the detected
differences between the map and satellite imagery are too large

(Spohner, 2004). While comparisons between the historical toposheet
and satellite images show a high congruence in the glacier tongues,
larger differences become evident between steep rock slopes and wall
glaciation at higher altitudes, resulting in difficulties in estimating
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Fig. 7. The avalanche runout zone of Bizhin Glacier shows the importance of re-distributed
snow for glacier nourishing. The map indicates several avalanche deposits in six years. In
the photograph from August 2006 the different ages of avalanche cones are visible.

changes in total glacier sizes. Multi-temporal mapping exercises need to
consider an overestimation of ice-free areas and corresponding under-
estimation of ice coverage on the 1934 toposheet compared to the sat-
ellite data. This might be caused by distinctive differences in viewing
angles between terrestrial photogrammetry from opposite slopes in
the case of the 1934 map and the near vertical perspective of satellite
sensors. Furthermore, snow accumulation along rock spurs and couloirs
regularly results in mixed pixels that may lead to an overestimation
of ice on steep walls. Despite the relatively high threshold of 2.4 (in
many studies a threshold of 2.0 is recommended, e.g. Racoviteanu
et al., 2009), these rock slopes are classified as ice. While the contour
lines show high accuracy in most parts of the 1934 toposheet, some
areas are characterised by large discrepancies, which are either caused
by the interpolation algorithm to generate the DEM from contour lines
(Spohner, 2004) or by mapping errors in the toposheet. As the elevation
differences show an irregular spatial pattern a systematic error can be
excluded for the case of Nanga Parbat.

Similar to other Himalayan regions, this glacier inventory shows that
the majority of glaciers are smaller than 1 km? but contribute only to
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about 10% of the total glacier-covered area. With a mean size of
3.1 km?, the glaciers of the Nanga Parbat massif are much larger than
those in the Shyok Valley (1.4 km?) in the eastern Karakoram
(Bhambri et al., 2013). The relative debris-coverage of glaciers in the
Nanga Parbat region amounts to 24%, which is higher than that for
other parts of the UIB (Khan et al., 2015). For the entire Himalayan
arc, estimates of debris-covered glacier area vary between 10% and
25% (Bolch et al., 2019).

Both the size and the debris-cover have a strong impact on glacier
changes (Cogley, 2016; Hewitt, 2014). The observed shrinkage rate of
the glacier-covered area on the Nanga Parbat (0.15% yr~! for the period
1990-2019) is considerably lower than the glacier decrease in the
Nanda Devi region, where 0.27% yr~! is reported for the period
1980-2017 (Kumar et al., 2021) or in the Khumbu Himalaya of Nepal,
where the same annual percentage was detected for the timespan
1962-2011 (Thakuri et al., 2014). In the Suru sub-basin of Zanskar in
the eastern proximity of the Nanga Parbat region, the glacier covered
area decreased with a rate of 0.13% yr~!' from 1971 to 2017 (Shukla
et al., 2020). In the same line Bhambri et al. (2013) identified insignifi-
cant glacier area changes in the Shyok Valley between 1973 and 2011.

As observed in different Himalayan regions small glaciers are
characterised by a higher average decrease than larger ones (Bhambri
etal, 2011; Bolch et al., 2019; Cogley, 2016). Taking into consideration
only debris-covered glaciers, the mean shrinkage rate is significantly
lower. Thus, low observed shrinkage rates in the Karakoram and in
the Nanga Parbat region are partly caused by the thick debris-cover
which protects the glacier tongues (Hewitt, 2011). However, the
debris-covered Zemu Glacier to the east of the Kangchenjunga massif
in the Eastern Himalaya has shrunk by about 0.25% yr ! since 1931
(Rashid and Majeed, 2020). The impacts of thin debris-cover (Hewitt,
2014; Muhammad et al., 2020) and ice cliffs (Brun et al., 2016) on melt-
ing rates are still under discussion.

Overall, the debris-covered large valley glaciers of the Nanga Parbat
region show only small surface lowering rates. Similar observations
have been published by Zhou et al. (2017), who found slightly negative
mass balances for the Karakoram glaciers between the 1970s and 2000
with a heterogenous pattern in space and time and by Soheb et al.
(2020), who studied the Stok Glacier in the Trans-Himalaya of Ladakh
between 1978 and 2019. In the study area of Rupal Valley, all large val-
ley glaciers originating from the Rupal Wall are predominantly fed by
avalanches over long distances are characterised by low retreating
rates. In contrast, the Rupal Glacier, which is not primarily avalanche-
fed shows higher retreat rates. Together with the steep altitudinal cli-
matic gradients (Winiger et al., 2005), this verticality effect (Hewitt,
2014, 2011) plays an important role on mass balances. Therefore, fur-
ther investigations on the role of avalanches are needed for an improved
understanding of glacier changes. Furthermore, different response pat-
terns of individual glaciers are partly caused by surge events, as de-
tected in the cases of Chungphare and Bizhin (Mack, 2019;
Muhammad et al., 2019b). In contrast to the fluctuations of Raikot
Glacier (Schmidt and Niisser, 2009), or surge events in the Karakoram
(Bhambri et al., 2017), no larger frontal movements of glaciers can be
detected in the Rupal Valley. In some cases site-specific factors such as
the position of ridges or subglacial tunnelling of main rivers need to
be considered to explain periods with higher glacier retreat rates.

6. Conclusion

The glaciers of Nanga Parbat show a slight but continuous decrease
and an increased debris-cover since 1856, when Adolph Schlagintweit
mapped them for the first time. The massif is characterised by its transi-
tional position between the Karakoram and the Himalaya and can
therefore be interpreted as the southernmost part of the ‘Karakoram
Anomaly’ (Hewitt, 2005). Nanga Parbat is well suited for the study of
Himalayan glacier changes because of the large multi-temporal data
base. This study demonstrates the potential of combining multiple
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sources and the relevance of field-based and historically contextualized
research at a local scale. However, it also shows the challenges in
transforming multiple forms of data such as maps, photographs and
remote sensing imagery into a standardized form for comparison.
Moreover, the integration of geophysical methods such as Ground
Penetrating Radar to estimate ice volumes and the use of proxies such
as dendrochronological and pedological data for detailed chronologies
of glacier retreat offers a fruitful direction for future studies.
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