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Abstract

The Tibetan Plateau (TP) with an average altitude of 4,500 meters above sea level is
characterized by many glaciers and ice caps. Glaciers are a natural indicator for cli-
mate variability in this high mountain environment where meteorological stations are
rare or non-existent. In addition, the melt water released from the Tibetan glaciers
is feeding the headwaters of the major Asian river systems and contributes to the
rising levels of endorheic lakes on the plateau. As many people directly rely on the
glacier melt water a continuous glacier monitoring program is necessary in this region.
In situ measurements of glaciers are important, but are spatial limited due to large
logistical efforts, physical constrains and high costs. Remote sensing techniques can
overcome this gap and are suitable to complement in situ measurements on a larger
scale. In the last decade several remote sensing studies dealt with areal changes of
glaciers on the TP. However, glacier area changes only provide a delayed signal to a
changing climate and the amount of melt water released from the glaciers cannot be
quantified. Therefore it is important to measure the glacier mass balance.

In order to estimate glacier mass balances and their spatial differences on the TP,
several remote sensing techniques and sensors were synthesized in this thesis. In a
first study data from the Ice Cloud and Elevation Satellite (ICESat) mission were
employed. ICESat was in orbit between 2003 and 2009 and carried a laser altimeter
which recorded highly accurate surface elevation measurements. As in mid-latitudes
these measurements are rather sparse glaciers on the TP were grouped into eight cli-
matological homogeneous sub-regions in order to perform a statistical sound analysis
of glacier elevation changes. To assess surface elevation changes of a single mountain
glacier from ICESat data, an adequate spatial sampling of ICESat measurements
need to be present. This is the case for the Grosser Aletschgletscher, located in the
Swiss Alps which served as a test site in this thesis.

In another study data from the current TanDEM-X satellite mission and from the

Shuttle Radar Topography Mission (SRTM) conducted in February 2000 were em-
ployed to calculate glacier elevation changes. In a co-authored study, these estimates
could be compared with glacier elevation changes obtained from the current French
Pléiades satellite mission. In order to calculate glacier mass balances, the derived
elevation changes were combined with assumptions about glacier area and ice density
in all studies.
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In this thesis contrasting patterns of glacier mass changes were found on the TP.
With an ICESat derived estimate of -15.6410.1 Gt a~! between 2003 and 2009 the
average glacier mass balance on the TP was clearly negative. However, some glaciers
in the central and north-western part of the TP showed a neutral mass balance
or a slightly positive anomaly which was also confirmed by data from the current
TanDEM-X satellite mission. A possible explanation of this anomaly in mass balance
could be a compensation of the temperature driven glacier melt due to an increase in
precipitation.
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Zusammenfassung

Mit einer mittleren H6he von 4.500 Metern iiber dem Meeresspiegel weist das tibet-
ische Hochland einen sehr hohen Vergletscherungsgrad auf. Da in den abgelegenen
Gebirgsregionen Tibets nur wenige meteorologische Messstationen vorhanden sind,
konnen Gletscher als natiirlicher Indikator fiir Klimadnderungen herangezogen wer-
den. Zudem tragt das Schmelzwasser der tibetischen Gletscher signifikant zu den
Quellschiittungen der grofen asiatischen Flusssysteme sowie zum Seespiegelanstieg
endorheischer Seen auf dem Plateau bei. Dies hat zur Folge, dass viele Menschen di-
rekt von der Gletscherschmelze auf dem Plateau betroffen sind. Eine kontinuierliche
Beobachtung der Gletscher ist deshalb von hochster Prioritdt. Bodenmessungen auf
den Gletschern sind zwar wichtig, aber durch die enorme Hohe und Abgeschiedenheit
ortlich begrenzt und verbunden mit hohen Kosten und grofem logistischen Aufwand.
Hier kommt der Fernerkundung eine tragende Rolle zu, da sie in der Lage ist, die
rdumliche Ausdehnung der Bodenmessungen erheblich zu erweitern. In den letzten
Jahren wurden mit Mitteln der Fernerkundung vor allem Flichenidnderungen von
Gletschern auf dem tibetischen Plateau untersucht. Diese beinhalten allerdings nur
ein verzogertes Signal gegeniiber Klimaschwankungen und kénnen nicht herangezogen
werden, um die Menge des freigewordenen Schmelzwassers zu quantifizieren. Daher
ist es wichtig, die Gletschermassenbilanzen zu untersuchen.

In dieser Doktorarbeit wurden unterschiedliche Fernerkundungsanséitze miteinander
verkniipft, um die Gletschermassenbilanzen auf dem tibetischen Plateau zu erfassen
und ihre rdumlichen Unterschiede zu quantifizieren. In einer ersten Studie wurden
Daten von der Ice Cloud and Elevation Satellite (ICESat) Mission ausgewertet. Der
mit einem hoch genauen Laseraltimeter ausgestatte Satellit war zwischen 2003 und
2009 im Einsatz. Da in den mittleren Breiten die Datendichte der ICESat Mission
begrenzt ist, wurden die Gletscher auf dem Plateau in acht klimatologisch einheitliche
und statistisch reprisentative Gruppen zusammengefasst. Um Hohendnderungen fiir
einzelne Gletscher aus ICESat Messungen abzuleiten, muss eine gewisse raumliche
Verteilung der Messungen auf dem Gletscher gewéhrleistet sein. Dies ist beim grofen
Aletschgletscher in den Schweizer Alpen der Fall, der in dieser Arbeit als ein Testge-
biet gewihlt wurde.

In einer weiteren Studie wurden Daten der Shuttle Radar Topography Mission (SRTM)
von 2000 mit Daten der aktuellen TanDEM-X Mission verglichen, um so die Gletscher-
dickendnderungen zwischen 2000 und 2012 zu quantifizieren. In einer Studie mit Co-



Autorenschaft konnten diese Ergebnisse noch um Daten der aktuellen franzoésischen
Pléiades Satellitenmission erweitert werden. Aus den berechneten Gletscherdicken-
anderungen der einzelnen Studien konnten unter Annahmen iiber Gletschergrenzen
und Eisdichte Gletschermassenbilanzen berechnet werden.

Die Haupterkenntnis dieser Doktorarbeit ist, dass sich die Gletschermassenbilanzen
auf dem tibetischen Plateau rdumlich deutlich unterscheiden. Zwar sind die mittleren
Abschmelzraten von -15.6+£10.1 Gt a~! abgeleitet von den Daten der ICESat Mission
zwischen 2003 und 2009 deutlich negativ, aber gerade im zentralen und nordwestlichen
Teil des Plateaus wurden ausgeglichene oder leicht positive Massenbilanzen berech-
net. Diese Anomalie, die auch durch die TanDEM-X Daten bestatigt wird, konnte
mit einer Kompensation der Temperatur getriebenen Gletscherschmelze durch héhere
Niederschlagsraten zusammenhéngen.
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1 Introduction

1.1 Motivation

Glaciers outside the polar regions are located in mountainous regions and have a large
influence on the physical and anthropogenic processes in these areas. Amongst oth-
ers, glaciers release melt water, are modeling mountain valleys, are affecting the local
climate and are adjusting their shape to the prevailing climatic conditions (Cuffey
and Paterson, 2010). Mountain glaciers are often located at the headwaters of major
river systems and are seasonally affecting their discharge regimes. At the rivers upper
reaches the glacier melt water contribution is large, particularly during warm and dry
seasons, but decreases further downstream where the river discharge relies more on
the amount and seasonality of precipitation. As many people are living along rivers
they depend to a varying extent on the water released from glaciers (Kaser et al.,
2010; Immerzeel et al., 2010). Furthermore, glaciers react very sensitive to changes
in air temperature and precipitation and their changes are considered to be a key
indicator for climate variability. Monitoring of glaciers is therefore very important in
mountainous regions where meteorological stations are rare or non-existent. While
changes in glacier length and area show only a delayed signal to climate variability,
the glacier mass balance shows the immediate reaction to climatic changes (e.g. Hae-
berli, 2011).

In order to asses the amount of melt water released from the glaciers, to estimate
their contribution to the global sea-level rise and to study the climate variability on
the TP it is important to adequately estimate the mass balance of Tibetan glaciers.
However, in situ measurements of glacier mass balances are sparse on the TP (Yao
et al., 2012) and glacier volume changes and their environmental impact need much
more investigation (KKang et al., 2010). The rapid development of remote sensing
sensors and associated techniques makes this possible. The great advantage of satel-
lite derived mass balance measurements over in situ mass balance measurements is
the ability to map glacier elevation changes of large areas in remote regions (Cuf-
fey and Paterson, 2010; Haeberli, 2011). Recent remote sensing studies show the
great potential of deriving mass balances of mountain glaciers from optical stereo
photogrammetry (e.g. Bolch et al., 2011; Gardelle et al., 2013; Pieczonka et al., 2013)
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or laser altimetry (Kddb et al., 2012; Bolch et al., 2013; Gardner et al., 2013) and
at the first time remote sensing estimates of glacier mass balances are included in
the Intergovernmental Panel on Climate Change (IPCC) Assessment Report (AR)
(Vaughan et al., 2013). In this context the Variability and Trends in Water Balance
Components of Benchmark Drainage Basins on the Tibetan Plateau (WET) project!
was initiated in 2011, combining numerical models and satellite observations in order
to investigate the coupling of climate and hydrological cycles on TP. This thesis
took place within the WET project and focuses on glacier mass balances on the TP
derived from multisensoral remote sensing data.

!more information about the WET project is available on the web via: www.klima.tu-

berlin.de/forschung/WET /home.php


http://www.klima.tu-berlin.de/forschung/WET/home.php
http://www.klima.tu-berlin.de/forschung/WET/home.php

1.1. MOTIVATION

1.1.1 Study area

With an average altitude of 4,500 m above sea level and an area of 2.5 million km?2,
the TP is the highest and largest plateau on earth (e.g. Méder, 1997; Ludwig, 2010).
The TP is located between 28-38°N and 80-102°E with a south-to-north extension
of 800 km and an east-to-west extension of 1,600 km. On the relatively flat plateau
relief gradients of more than 1,000 m are rare and are only found at some moun-
tain ranges such as the Tanggula Mountains, the Nyaingentanglha Range and the
Transhimalaya (Miehe, 2004). While parts of the central plateau are draining into
endorheic lakes, also the large Asian rivers Indus, Brahmaputra, Salween, Mekong,
Yangtse and Huang He are originating on the TP (Figure 1.1).

Paper A (Tibet)
Paper C (Purogangri)

]
*
Y& Paper D (Gurla Mandhata)
&
b

Glaciers Tarim Basi

Figure 1.1: Overview of the Tibetan Plateau (TP). Geographic locations of mass
balance estimates derived in the thesis papers?are shown next to the places
and landmarks mentioned in the text. Glacier outlines are based on the
Randolph Glacier Inventory (RGI) (Pfeffer et al., 2014).

With its great altitude the TP is a major topographic barrier and influences the at-
mospheric circulation at a large scale. It affects the position and magnitude of the

Zexcept for the methodical Paper B which is located in the Swiss Alps.
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westerly jet (e.g. Schiemann et al., 2009) and is important for the development of
the Asian summer monsoon (e.g. Yihui and Chan, 2005). During winter the climate
on the TP is mostly dry, with relatively slight orographic precipitation in some parts
of western Tibet (Figure 1.2a). During summer a heat low is characteristic for the
TP while the monsoonal depression develops over India. Summer precipitation is
concentrated on the eastern part of the plateau while the western TP remains mostly
dry (Figure 1.2b). Mean annual precipitation rates reach from less than 50 mm a™!
in the Tarim Basin to more than 6,000 mm a~' in the foothills of the south-eastern
Himalayas (e.g. Bohner, 2006; Maussion et al., 2014). A strong gradient is also found
for the mean annual temperatures which reach from 7.7°C in Lhasa at an altitude of
3,490 m to well below 0°C in the northern part of the plateau at an altitude higher
than 4,500 m (Miehe et al., 2001).

Figure 1.2: Mean December, January, February precipitation (a) and mean June,
July, August precipitation (b) between 2001 and 2012 as resolved by the
10 km High Asia Reanalysis (HAR) domain (Maussion et al., 2014).

The temporal pattern in precipitation is also found in the accumulation regime of
Tibetan glaciers. While glaciers in the central part of the plateau are accumulating
mass predominantly in summer, glaciers in western Tibet receive most snowfall in
winter (Maussion et al., 2014). Also different types of glaciers are developing under
the different climate regimes. Glaciers in the south-eastern part of the plateau are of
maritime type with a temperate thermal regime, while glaciers in the north-western
part are of continental type with a cold thermal regime (Shih et al., 1980; Huang,
1990).



1.1. MOTIVATION

1.1.2 Current state of research

First scientific observations of glaciers in High Asia probably date back to the Schlag-
intweit brothers who investigated glaciers in the Himalaya, Karakoram and Kunlun
Mountains during the years 1854 to 1857 (Kick, 1960). In the later 19th and early
20th century several cartographic expeditions were carried out on the TP, which also
give some descriptive information about glaciers on the plateau (e.g. Ryder, 1908;
Ward and Smith, 1934). In the 1960s Chinese glaciologists started observations on
several Tibetan glaciers and conducted some statistical and inventory work (Li and
Cheng, 1980). The first Chinese Glacier Inventory (CGI) was initiated in 1979 and
internationally published in 2008 (Shi et al., 2009). Today, the glacier area on the
TP is estimated between 40,000 km? and 50,000 km?2, depending on the used glacier
inventory and the definition of the Tibetan border (Shi et al., 2009; Zhang et al.,
2011; Kang et al., 2010; Pfeffer et al., 2014). Since the 1990s most of the Tibetan
glaciers retreated, although some glaciers have advanced (Kang et al., 2010). Sev-
eral studies revealed heterogeneous patterns of glacier area and length changes on
the plateau from satellite imagery, historical maps and aerial photographs dating
back to the 1950s (e.g. Ding et al., 2006; Wei et al., 2014). While glaciers on the
central and north-western TP were relatively stable or even advancing, glaciers in
the south-eastern part of the plateau showed a more rapid retreat. For the western
Nyaigentanglha Range Bolch et al. (2010b) found a decrease in glacier area of 6.1+3%
between 1976 and 2001 from satellite imagery. Significantly smaller rates of glacier
area changes were reported for the western Kunlun Mountains, located in the north-
western part of the plateau. For this region Shangguan et al. (2007) found a decrease
in glacier area of 0.4% between 1970 and 2000 by comparing glacier inventory data
with more recent Landsat imagery. These regional differences were also confirmed by
Yao et al. (2012) who measured glacier area changes of 82 glaciers between ~1970 and
~2000 and n situ mass balances of 15 glaciers between 2006 and 2010. In a recent
study, global glacier mass changes were estimated by combining in silu mass balance
measurements, data from the Gravity Recovery and Climate Experiment (GRACE)
and ICESat data (Gardner et al., 2013). On the TP Garduner et al. (2013) calculated
glacier mass balances from ICESat data acquired between 2003 and 2009. Their re-
sults show similar regional patterns as the results from Yao et al. (2012), with slightly
positive mass balances in the western Kunlun Mountains and the strongest mass loss
in the eastern Himalayas (Gardner et al., 2013).

The retreat of glaciers is also reflected in the hydrology of the TP. Several recent
studies employed satellite altimetry data to estimate lake-level changes on the TP
(Zhang et al., 2011; Kropacek et al., 2012; Phan et al., 2012; Zhang et al., 2013). In
total, an average lake-level rise between 0.20 and 0.25 m a~! was observed on the TP
between 2003 and 2009 (Zhang et al., 2011; Phan et al., 2012). Recent studies also re-
ported about increased river discharges (e.g. Yao et al., 2004; Immerzeel et al., 2009)
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and an enhancement of glacial debris flows and Glacial Lake Outburst Flood (GLOF)
events (Kang et al., 2010). However, the hydrology on the TP is also influenced by
changes in snow cover, precipitation and evapotranspiration which are difficult to
separate from the signal of glacier changes (e.g. Immerzeel et al., 2009; Zhang et al.,
2013). To adequately estimate the amount of melt water released from the Tibetan

glaciers, it is important to investigate the current changes in glacier volume in much
more detail (Ding et al., 2006; Kang et al., 2010).

1.2 Objectives

The main objective of this thesis is the quantification and interpretation of recent
glacier volume and mass changes on the TP and their spatial variability. These re-
sults will help to better understand the effects of a changing climate to the water
balance on the plateau. Furthermore, the contribution to the global sea-level rise
from a large portion of Tibetan glaciers is estimated. Additionally, it is investigated
to which amount the observed rise of the local lake levels is induced by glacier melt
water.

For this purpose different recent remote sensing datasets and techniques are employed
allowing to compare and to discuss the different approaches. First, the suitability of
ICESat laser altimetry to derive glacier elevation changes of mountain glaciers is
tested. The methodology is proofed at the Grosser Aletschgletscher, located in the
Swiss Alps and transfered to the TP in another study. Also the potential of the cur-
rent TanDEM-X satellite mission to derive geodetic glacier mass balances is proofed
for the first time in this thesis. TanDEM-X data are employed at the Purogangri
study site and are compared to Pléiades data in a co-authored study at the Gurla
Mandhata study site (Figure 1.1). These local results are compared with the Tibet
wide ICESat derived mass balance estimates. Furthermore, the remote sensing re-
sults are compared to the few existing in situ mass balance measurements on the TP
(Yao et al., 2012).

Changes in glacier mass balance are closely connected to climate variability. How-
ever, as long-term meteorological measurements are sparse on the plateau only some
general suggestions concerning the connection between glacier mass balances and cli-
matic forces are made in this thesis.



1.3. STRUCTURE OF THE THESIS

1.3 Structure of the thesis

This thesis is build on four peer-reviewed papers all addressing, to a varying extent,
the objectives described above. Figure 1.1 gives an overview of the study area, in-
cluding geographic regions for which mass balances could be derived in this thesis.

e Chapter 1, Introduction highlights the environmental importance of the
topic and gives a short overview of the study area, the current state of research,
the objectives and the structure of the thesis.

e Chapter 2, Background gives a short introduction on glaciers and mass
balance measurements, international glacier monitoring and the applied remote
sensing techniques.

e Chapter 3, Research Summary gives an overview of the main results of the
four papers included in this thesis.

e Chapter 4, Discussion discusses the remote sensing techniques applied in
this thesis and integrates the results into the wider context of the current envi-
ronmental research on the TP.

e Chapter 5, Conclusions and outlook concludes the thesis and gives an
outlook on future and ongoing research, concerning mass balance measurements
from remote sensing data with special focus on the TP.

This framework is followed by the four peer-reviewed papers, which are reproduced
as published in the respective journal®.

3except for Paper D which is still in review.



2 Background

2.1 Glaciers

Approximately 10% of the earth surface is covered by glacier ice which stores around
75% of the world’s freshwater resources (Jansson et al., 2003; Vaughan et al., 2013).
The majority of this enormous ice mass is located in the large ice sheets of Greenland
and Antarctica. Compared to the polar ice sheets mountain glaciers are compar-
atively small. However, as they are located in regions with human activity they
have, to a varying extent, a direct influence on the local population. The meltwater
released from glaciers is used for agricultural and industrial purposes and is an im-
portant source for hydropower. Glacial Lake Outburst Floods (GLOFs) and ice/snow
avalanches are serious hazards for mountain communities and changes in glacier vol-
ume can lead to water resource problems and local lake-level changes (e.g. Richardson
and Reynolds, 2000; Kropacek et al., 2012). On a global scale, glaciers are a major
contributor to the observed sea-level rise. Between 2003 and 2009 all glaciers globally
contributed with 0.71 [0.64 to 0.79] mm a~! to the global sea-level rise (Church et al.,
2013).

In general, a glacier is defined as a “/...] compact ice mass on land that forms through
the recrystallization of snow and moves forward under its own weight. Glaciers form
over many years of packed snow in areas where more snow accumulates than it melts.”
(Dobhal, 2011, p. 376). The morphology of a glacier is a function of climate and to-
pography and each glacier on earth is adapted to its very specific geographic location
(Benn and Evans, 2010). Besides the two large ice sheets covering Greenland and
Antarctica, glaciers can be distinguished into ice caps and mountain glaciers. Ice
caps are most common in regions with polar to sub-temperate climate conditions and
can cover a whole mountain system (Bhutiyani, 2011). The ice of ice caps moves
from the interior to the outer regions where faster moving outlet glaciers are com-
mon (Benn and Evans, 2010). Compared to ice caps mountain glaciers are relatively
small. A typical form of a mountain glacier is a valley glacier which forms when ice
is discharged into a mountain valley. A prominent example of a valley glacier is the
Grosser Aletschgletscher in the Swiss Alps, which was used as a test site in Paper B.
Whether a glacier is gaining or losing mass can be treated as a direct response of



2.1. GLACIERS

the glacier to climate conditions. The glacier mass balance is therefore considered
as a key indicator for climate change (e.g. Haeberli, 2011). Accumulation of mass
is mostly related to snowfall while ablation is mainly due to the melting of snow
and ice. However, processes such as avalanches, wind drift, deposition, refreezing of
meltwater and sublimation of snow and ice can also influence the mass balance of a
glacier (Cuffey and Paterson, 2010). Glacier mass balance is strongly correlated with
air temperature and therefore with altitude. While ablation is highest at the lowest
part of a glacier it turns to accumulation at higher elevations. The average altitude
where accumulation equals ablation over a one-year period is called the Equilibrium
Line Altitude (ELA) and separates the accumulation area from the ablation area.
The ELA can be treated as a local climate indicator as it reacts very sensitive to
changes in air temperature and precipitation. If the annual mass balance of a glacier
is positive the ELA moves to a lower altitude, while it rises if the annual mass balance
is negative. The ELA is in a steady-state when the annual glacier mass balance is
zero, meaning that the glacier mass and geometry are in balance with the prevailing
climate conditions (Bakke and Nesje, 2011).

95°5'E 95°10'E

30°20N

95°15E

Figure 2.1: TerraSAR-X derived surface velocities of Zepu Kangri glacier located in
south-eastern Tibet are shown next to the approximate accumulation
area, ablation area and Equilibrium Line Altitude (ELA). A standard
deviation of 2.5 m a~! is estimated for the off-glacier displacements which
can be used as an error estimate for the derived surface velocities.

Due to gravitational forces and stresses induced by their ice thickness, glaciers flow
downhill. This way, the glacier transports ice from the accumulation area to the ab-
lation area in order to maintain in a steady-state. Hereby the ice velocity increases



CHAPTER 2. BACKGROUND

upstream of the equilibrium line (Figure 2.1) having a downward component and de-
creases towards the glacier terminus having an upward component (Nye, 1957; Bridge
and Demicco, 2008). In general, two mechanisms of glacial flow can be distinguished.
(1) Viscous-plastic deformation of ice is characterized by laminar flow with a decreas-
ing vertical velocity profile. (2) Basal slip mechanisms occur at the margin between
the ice and the underlying bed. For this, a slip plane needs to be present, which can
be a thin layer of water or a deformable bed, on which the ice starts to slide (Cuffey
and Paterson, 2010). How these two main mechanisms of ice motion combine is highly
dependent on the thermal properties of the ice and the properties of the underlying
bed. Plastic deformation of ice produces relatively slow ice fluxes, whereas basal slip
mechanisms enable faster flow velocities. A special form of glacier movement which is
common for cold based glaciers is the Block-Schollen movement (Battle, 1951). Here
the glacier moves en bloc over its entire width disintegrating into a scattered mosaic.
Also a glacier surge is a special form of glacier motion, which describes a sudden
advance of a glacier at much higher velocities than the average. Impressive examples
of surge-type glaciers are found in the Karakoram (e.g. Hewitt, 2005; Rankl et al.,
2014), but are also common in other parts of High Asia.

2.1.1 Measurement of glacier mass balance

The mass balance of a glacier can be determined by several methods. In the following
the most important methods will be described briefly with the main focus on the
altimetric or geodetic approach which was employed in this thesis.

(1) The direct or glaciological method uses a network of in situ accumulation and
ablation measurements along the glacier surface (Cuffey and Paterson, 2010; Haeberli,
2011). In order to measure the amount of accumulation, the snow thickness and
density is measured in several snow pits in the accumulation area. Additionally, the
spatial distribution of accumulation is often mapped by snow probing (Fischer, 2011).
The amount of ablation is measured by reading stakes which are drilled into the ice
of the ablation area multiplied by the density of ice. The results of all measurements
are interpolated over the entire glacier area. To determine the annual mass balance,
measurements are mostly taken at the end of the ablation period (Fischer, 2011;
Haeberli, 2011).

(2) The hydrological method is based on the subtraction of runoff and evapotran-
spiration from the precipitation of a glacierized catchment area. The amount of
precipitation is estimated from meteorological station data or models while runoff
is taken from nearby gauging stations. In the hydrological method large errors can
arise due to the extrapolation of point measurements to the whole catchment area
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and large distances between the glacier and the next gauging station (Hagg et al.,
2004; Cuffey and Paterson, 2010).

(3) The gravitational method uses small changes in the gravity field of the earth to
estimate mass changes of glaciers. For this purpose, data from the GRACE satellite
mission is employed which was launched in 2002 (e.g. Jacob et al., 2012; Gardner
et al., 2013). However, the coarse spatial resolution and difficulties in separating the
glaciological from the hydrological signal and the glacial isostatic adjustment induces
high uncertainties on the TP (e.g. Jacob et al., 2012).

(4) The altimetric or geodetic method uses two topographic datasets acquired at
different times in order to calculate the temporal changes in glacier surface elevation.
As the elevation change at one point on the glacier surface is a combination of mass
balance and ice flow, geodetic mass balances are only valid when integrated over the
total glacier area. For the conversion from volume to mass changes an assumption
about the materials density which is gained or lost is required. This value is difficult
to determine as the density of the glacier surface varies in time and space and can
range between 100 kg m™> (damp new snow) and 917 kg m— (glacier ice) (Cuffey
and Paterson, 2010; Fischer, 2011). Following Sorge’s law (Bader, 1954) many studies
make use of a constant conversion factor of 900 kg™ (e.g. Rignot et al., 2003; Berthier
et al., 2010; Bolch et al., 2011; Pieczonka et al., 2013) assuming that only ice is lost
or gained. Other authors use different conversion factors for different zones of the
glacier (e.g. Berthier et al., 2007; Kdab et al., 2012) or are employing a firn compaction
model above the ELA (e.g. Serensen et al., 2011; Bolch et al., 2013). Based on a firn
compaction model adapted for mountain glaciers, Huss (2013) suggests a conversion
factor below the ice density. For glaciers under certain conditions, i.e. with a stable
mass balance gradient, the presence of a firn area and significant volume changes
in a time period of at least five years, Huss (2013) proposed a conversion factor of
850460 kg m~3. This best estimate was also used by Fischer (2011) who compared the
geodetic mass balance of six Austrian glaciers with in situ measured mass balances
concluding that a constant conversion factor might be the main uncertainty in the
geodetic approach.
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2.2 International glacier monitoring

Glaciers where early recognized as natural indicators for climate variability. There-
fore, a worldwide monitoring program about ongoing glacier changes was initiated in
1894 (Haeberli, 1998). Since then a comprehensive dataset on glacier variations is
developing. Standardized observations on changes in glacier mass, volume, area and
length are collected by the World Glacier Monitoring Service (WGMS) and are dis-
tributed on the web via http://www.wgms.ch. Furthermore, statistical information
on the spatial distribution of glaciers all over the world are collected by the WGMS
in close cooperation with the National Snow and Ice Data Center (NSIDC) and the
Global Land Ice Measurements from Space (GLIMS) initiative. So called glacier in-
ventories are important for various reasons. They form the basis for modeling the
future development of glaciers and are essential to calculate glacier mass changes and
volumes which are crucial to estimate the actual and potential glacial contribution to
the global sea-level rise. The recently published RGI is the first complete inventory
of all glaciers on earth except for the polar ice sheets including ~198,000 glaciers
with a total extent of 726,800+34,000 km? (Pfeffer et al., 2014). While the exper-
tise of the WGMS is traditionally on in situ measurements of glaciers, GLIMS and
NSIDC have their focus primarily on remote sensing of glaciers and the associated
data management (WGMS, 2014).
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2.3. REMOTE SENSING

2.3 Remote sensing

In general, remote sensing includes all techniques which are able to collect information
from an object without being in direct contact with the object under investigation
(e.g. Lillesand et al., 2007; Rees and Pellikka, 2010). For this, remote sensing relies
on electromagnetic energy transmitted and /or acquired at a specific wavelength (Fig-
ure 2.2). Remote sensing, as used in this thesis, can further be restricted to sensors
mounted on airborne and space-borne platforms. First aerial photographs date back
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Figure 2.2: Electromagnetic spectrum as covered by common remote sensing systems.
Modified after Albertz (2009).

to 1858 and were taken from a hot-air balloon over Paris (Albertz, 2009). Passive
remote sensing, which uses only the natural radiation, advanced from aerial photog-
raphy in order to obtain more information from other parts of the electromagnetic
spectrum. Sensors were soon mounted on airplanes and active remote sensing sen-
sors, which are actively transmitting an electromagnetic signal, developed after the
invention of the radar during World War II (Rees and Pellikka, 2010). First remote
sensing experiments from space-borne platforms date back to the American Apollo
program in the 1960s (Albertz, 2009). The probably most significant development for
geoscience was the launch of the first Landsat satellite in 1972. Landsat, alias Earth
Resources Technology Satellite (ERTS), was the first satellite in orbit which system-
atically acquired repetitive, medium resolution multispectral data (Lillesand et al.,
2007). Since then the Landsat family provides continuous multispectral satellite data
in its currently eighth generation. For glaciology, the Landsat archive is one of the
most important primary data sources (Bindschadler et al., 2001). Amongst others,
Landsat data is routinely employed for glacier inventories (Bolch et al., 2010a,b; Frey
et al., 2012; Pfeffer et al., 2014), ELA monitoring (e.g. Bindschadler et al., 2001), mea-
surements of glacier area changes and length changes (e.g. Ding et al., 2006; Bolch
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et al., 2010b; Wei et al., 2014) as well as for estimating glacier surface velocities (Heid
and K&éb, 2012). For the semi-automatic classification of glaciers the start of the
Landsat Thematic Mapper Mission in 1982 is important to notice. With its seven
multispectral bands between 0.45 pm and 2.35 pm wavelength, band ratios are rou-
tinely applied to map clean ice and snow areas (e.g. Bolch et al., 2010a; Frey et al.,
2012).

Space-borne radar remote sensing started with the launch of Seasat in 1978. The
Seasat mission lasted only for 99 days due to a system failure, but showed the great
potential of space-borne SAR for various applications in geoscience (Lillesand et al.,
2007). A SAR system is an imaging radar system which stores the intensity and
phase information of the backscattered signal in a two-dimensional array. Only SAR
systems are used on space-borne platforms, as the along-track resolution of Real
Aperture Radar (RAR) systems is strongly dependent on the aperture angle, which
increases with the distance between the sensor and the ground. As the aperture angle
is a function of the wavelength and the antenna length, a very long antenna would be
needed to improve the angular resolution and hence the along-track resolution of a
space-borne RAR (e.g. Lillesand et al., 2007; Albertz, 2009). Therefore, a SAR syn-
thesizes a long radar antenna by constantly transmitting radar pulses while moving
over a target on the ground. During the SAR processing the overlapping footprints are
coherently stacked taking into account the Doppler history of the individual ground
targets.

The great advantage of a SAR is the ability to map in all weather conditions during
all daytimes. However, the side-looking geometry of a SAR can cause some problems
when working in mountainous terrain such as the TP. Due to the side-looking ge-
ometry, the radar backscatter from higher elevations (e.g. mountain tops) is received
earlier than from lower elevations. In the resulting SAR image slopes facing in the
direction of the SAR are appearing shortened (foreshortening) and higher elevations
can superimpose the surrounding part of the scene (layover) (e.g. Rott, 2009; Shugar
et al., 2010).

Similar as optical remote sensing data, SAR images are widely used in glaciology.
For example can SAR images be used to derive glacier outlines, to detect different
glacier facies and to derive glacier surface velocities by means of feature or speckle
tracking. The latter is shown in Figure 2.1, where surface velocities were derived from
two TerraSAR-X Stripmap scenes, acquired in 2008 and 2009 over the south-eastern
part of the TP. In this example, surface velocities could be derived by image cross-
correlation techniques employing the freely available IMCORR software (Scambos
et al., 1992). Another powerful SAR technique is Interferometric Synthetic Aperture
Radar (InSAR) which will be described in the next section.
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2.3.1 Interferometric Synthetic Aperture Radar

Today InSAR is routinely employed for a wide range of applications in geoscience. In
glaciology it is mainly used to derive surface velocities and topographical information
of glaciers, ice caps, ice sheets and ice shelves (e.g. Kwok and Fahnestock, 1996;
Joughin et al., 1998; Drews et al., 2009; Neckel et al., 2012). InSAR uses the difference
in phase information of two SAR acquisitions. The interferometric phase is a precise
measurement, of the difference in path length between both data takes, where the path
length is the distance between the SAR and the illuminated target. The geophysical
information of the interferometric phase is strongly related to the acquisition setup of
the SAR sensors. The interferometric phase of a single-pass system such as TerraSAR-
X and its add-on for Digital Elevation Measurements (TanDEM-X) is induced by
the different viewpoints of the satellites and hence by the surface topography. The
interferometric phase of a repeat-pass system includes additional information such
as the surface displacement between the dates of data acquisition. A prominent
example of a repeat-pass InSAR satellite mission is the European Remote Sensing
Satellite (ERS) tandem mission which was conducted between 1995 and 1996 with an
acquisition interval of one day (e.g. Kramer, 2002). For InSAR to work it is essential
that the phase of the target remains stable in both SAR acquisitions. This assumption
is normally met for single-pass systems with an adequate baseline configuration, but
temporal decorrelation of the phase is a critical issue for repeat-pass acquisitions.
Due to this fact, single-pass systems are preferable for topographic mapping (e.g.
Rott, 2009). In this thesis data from two single-pass InSAR missions were employed
to map the topography of Tibetan glaciers.

(1) The SRTM was conducted during 11 days in February 2000, resulting in two
almost global Digital Elevation Models (DEMs) (Rabus et al., 2003; Farr et al., 2007).
One DEM was acquired in C-band with a wavelength of 5.6 cm and a carrier frequency
of 5.3 GHz and is available at a grid posting of three arc seconds. The other DEM was
acquired in X-band with a wavelength of 3.1 cm and a carrier frequency of 9.3 GHz
and is available at a spatial resolution of one arc second (Hoffmann and Walter, 2006).
As the X-band SAR system was operated with a swath width of 45 km it shows large
data gaps when compared to the C-band DEM which was acquired with a swath
width of 225 km (Rabus et al., 2003; Farr et al., 2007).

(2) The TanDEM-X satellite mission is still in orbit but experimental Co-registered
Single look Slant range Complex (CoSSC) images were available to the author through
proposal XTI GLAC1054. TerraSAR-X was launched in June 2007 followed by its
twin satellite TanDEM-X in June 2010. Both satellites are equipped with a X-band
SAR system and are run by the German Aerospace Center (DLR). The data used in
this thesis were acquired in bistatic mode, i.e. with one transmitting antenna and two
antennas simultaneous receiving the backscattered signal (Figure 2.3a). Out of the
interferometric phase of these SAR images DEMs with a high spatial resolution could
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be derived and compared to the SRTM DEMs in order to map temporal variations
in glacier thickness.

2.3.2 Laser altimetry

Laser altimetry is an active remote sensing technique which measures the two-way
travel time of an emitted light pulse which is reflected at the surface. Similar to InSAR
it is routinely employed in geoscience to derive surface elevations. For this purpose
laser altimeters are operated from airborne and space-borne platforms. In this thesis
data from the Geoscience Laser Altimeter System (GLAS) mounted on-board the
ICESat were employed (Figure 2.3b). The ICESat mission was conducted between
2003 and 2009 by the National Aeronautics and Space Administration (NASA). Dur-
ing its 18 campaigns large amounts of elevation measurements were acquired by the
GLAS. The laser channel for surface altimetry operates at a wavelength of 1064 nm.
Laser footprints on the ground are spaced at about 172 m along track and have a
diameter of about 70 m (e.g. Zwally et al., 2002; Brenner et al., 2003; Schutz et al.,
2005). Surface elevations are obtained from the maximum peaks of Gaussian func-
tions fitted to the returned signals of the footprints. Several ICESat data products are
freely available via the NSIDC. Due to the rough surface of mountain glaciers only
the GLA 14 data product was employed in this thesis. In the GLA 14 product the
surface elevation is derived from an average of up to six GGaussian fits to account for
rougher land surfaces (e.g. Ké&éb, 2008). The ICESat mission was originally intended
to measure elevation changes of the Greenland and Antarctic ice sheets (Zwally et al.,
2002). Consequently, several methods were developed to derive time series of ICESat
elevation changes in the polar regions (e.g. Brenner et al., 2007; Slobbe et al., 2008;
Moholdt et al., 2010). When working with ICESat data on mid-latitude glaciers addi-
tional problems arise. (1) The data sampling is sparser than in the polar regions due
to orbital constrains. (2) Repeat-tracks can be seperated by several hundred meters
as ICESat’s precision pointing control was not used in mid-latitudes. (3) The spatial
distribution of glaciers is relatively small. (4) Slopes are generally larger than on the
polar ice sheets as mid-latitude glaciers are located in mountainous terrain. (5) Due
to crevasses the glacier surface can be relatively rough. However, two recent studies
showed that ICESat is also suitable to measure elevation changes of mountain glaciers
when combined with an adequate DEM and a complete glacier inventory (K&ib et al.,
2012; Gardner et al., 2013). The main idea is to group glaciers into sub-regions with
a statistical sound ICESat data sample. To account for the cross-track slope between
consecutive ICESat tracks a reference surface is employed. For this purpose global
DEMs, such as the ones acquired during the SRTM, are commonly used.
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2.3.3 Optical stereo photogrammetry

Optical stereo photogrammetry is the most traditional remote sensing technique for
mapping the topography of the earth. For this it relies on the principle of stereoscopic
parallax which is the apparent difference in the position of an object due to a change
in viewing position (e.g. Lillesand et al., 2007). Overlapping aerial or space-borne
images record parallax due to the motion of the platform. Surface heights can be
measured from successive images as the amount of parallax decreases with increasing
distance from the camera. To identify objects on the ground, image correlation
techniques are employed, which is a limiting factor of stereo photogrammetry in
featureless terrain. In Paper D stereoscopic images from the French Pléiades satellite
mission were employed. Since 17 December 2011, Pléiades 1A is in space followed
by Pléiades 1B on 2 December 2012. With both satellites in orbit, the French Space
Agency (CNES) ensures a daily revisiting interval with almost world wide coverage.
For DEM extraction, Pléiades provides along-track tristereo imagery (Figure 2.3c).
Tristereo images are preferable to classic stereo imagery in mountainous terrain, as
the quasi-nadir acquisition minimizes the risk of missing hidden items on the ground
(Astrium, 2012).

Figure 2.3: Satellite systems employed in this thesis, with (a) TerraSAR-X and
TanDEM-X in bistatic acquisition mode (modified after Krieger et al.,
2007), (b) ICESat/GLAS and (c) Pléiades in tristereo acquisition mode.
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3 Research Summary

3.1 An overview of the spatial distribution of
glacier mass balances on the Tibetan Plateau

Motivation: several recent studies report about rising lake-levels on the TP and
attribute a certain amount of the lake-level rise to melt water released from glaciers
(Zhang et al., 2011; Kropacek et al., 2012; Phan et al., 2012; Zhang et al., 2013).
However, this amount was never quantified as in situ mass balance measurements
are sparse on the TP and no measurements are available for the inner plateau (Yao
et al., 2012). Furthermore, glacier mass balances are considered to be a good natural
indicator for climate variability (e.g. Haeberli, 2011). Therefore, glacier mass balances
and their differences in spatial distribution are important sources of information about
climate variability. This is especially the case in remote regions such as the TP where
meteorological station measurements are rare (e.g. Miehe et al., 2001).

Method: following studies from Kéib et al. (2012), Bolch et al. (2013) and Gardner
et al. (2013) this is the fourth study which uses ICESat laser altimetry data to derive
area-wide mass balances of mountain glaciers. For this purpose the TP was divided
into eight climatological homogeneous sub-regions, including ~80% of the Tibetan
glacier area. In these sub-regions, consecutive ICESat tracks over glaciers where
compared relative to the SRTM C-band DEM resulting in a trend of surface elevation
changes between 2003 and 2009. Relying on data of the CGI (Shi et al., 2009)
and ice density assumptions these trends could be translated into area-wide mass
balance estimates for the eight sub-regions (Figure 3.1). Employing information about
watersheds on the TP, the amount of glacier melt water flowing into endorheic basins
and hence is contributing to the local-lake level rise could be estimated for the first
time.

Results & Conclusions: out of the total annual mass loss of -15.6+10.1 Gt a™!,
1.741.9 Gt a! drained into endorheic basins on the plateau while 13.94£8.9 Gt a™!
(or 0.04+0.02 mm a~! sea-level equivalent) contributed “directly” to the global sea-
level rise. When combined with an accurate DEM, an actual glacier inventory and
reasonable density assumptions, ICESat proofed to be a valid data source to provide
area-wide mass balances of mountain glaciers.
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3.2. MASS BALANCE ESTIMATION OF A SINGLE MOUNTAIN GLACIER
FROM ICESAT LASER ALTIMETRY DATA
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Figure 3.1: Spatial distribution of mass balance estimates in m w.eq. a~* derived from
ICESat measurements for the eight sub-regions in comparison to in situ
mass balance measurements of single glaciers (2006 — 2010, Yao et al.,
2012). Reproduced from Paper A.

3.2 Mass balance estimation of a single mountain
glacier from ICESat laser altimetry data

Motivation: in order to measure elevation changes of mountain glaciers on the TP
from ICESat laser altimetry data, the Grosser Aletschgletscher located in the Swiss
Alps was chosen as a test site. The ICESat data coverage is preferable on the glacier
as several ICESat measurements are available in the accumulation area and the ab-
lation area. Additionally, several DEMs are available including two precise airphoto
DEMs (Figure 3.2). Furthermore, the Grosser Aletschgletscher is located in driving
distance to the University of Tiibingen.

Method: three separate areas of the Grosser Aletschgletscher are covered by one
nominal ICESat track providing surface elevations for the period 2003 to 2009. To
obtain surface elevation changes between 2003 and 2009 ICESat measurements were
compared on the basis of a precise airphoto DEM and three different global DEMs. In
order to validate the results, [CESat laser altimetry measurements were re-measured
with a Differential Global Positioning System (DGPS) in 2012. Furthermore, the
influence of the spatial sampling of ICESat measurements was investigated by sub-
tracting two airphoto DEMs acquired in 1999 and 2009.
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Figure 3.2: Data coverage of the Grosser Aletschgletscher, Swiss Alps. In this study
surface elevation changes were derived by combining ICESat data (indi-
cated by small violet and white dots in on-glacier and off-glacier areas
respectively) with several DEMs available in this region (DEM outlines
with only partial coverage of the area are shown in yellow). Reproduced
from Paper B.

Results & Conclusions: depending on the DEM used as an elevation reference, an
annual mass balance between -0.9240.18 m w.eq. a~! and -1.04+0.19 m w.eq. a~! was
estimated for the period 2003 to 2009 from [CESat laser altimetry data. The best
estimate differs only for 9% when compared to the mass balance estimate derived
from two airphoto DEMs acquired in 1999 and 2009. Although the use of global
DEMs as an elevation reference leads to realistic estimates of surface lowering, the
use of higher quality DEMs is preferable in terms of accuracy.

3.3 Recent mass balance of the Purogangri Ice
Cap, Tibet’s largest ice cap

Motivation: little is known about glacier variations and climate variability in the
north-central part of the TP. Therefore, the Purogangri Ice Cap (PIC) was chosen
as one benchmark region of the WET project. Due to its extreme remoteness and
an average altitude of 5,800 m, field work at the PIC would involve large logistical
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3.3. RECENT MASS BALANCE OF THE PUROGANGRI ICE CAP, TIBET’S
LARGEST ICE CAP

efforts and great physical strain, making remote sensing a promising alternative. The
remote sensing data coverage of the PIC is preferable as 90% of the ice cap were
mapped by X-band InSAR during the SRTM. Furthermore, this is the first study
known to the author which uses data from the actual TanDEM-X mission to map
surface elevation changes of a glacier.

Method: due to the preferable data situation at the PIC, surface elevation changes
could be solely mapped by data from X-band InSAR. This simplifies assumptions
about SAR penetration depth, a common issue in studies which employed data from
the SRTM C-band DEM (e.g. Gardelle et al., 2012). Two different approaches were
tested in this study to derive surface elevation changes. The first approach relies
on Differential Interferometric Synthetic Aperture Radar (DInSAR) while the second
approach uses common DEM differencing. Compared to the classical DEM differenc-
ing, the DInSAR approach relies on the subtraction of the interferometric phases of
two InSAR acquisitions, rather than on the differencing of absolute surface heights.
Results & Conclusions: the mass balance of the PIC could be derived between 2000
and 2012. Only a slight mass loss of -44+15 mm w.eq. a~! and -38423 mm w.eq. a~!
was resolved by the DInSAR approach and from the DEM differencing respectively.
The results of both methods suggest that the strong ablation in the lower regions of
the ice cap is compensated by accumulation in the upper parts (Figure 3.3). The
new TanDEM-X data turns out to be a very promising data source for geodetic mass
balance measurements when compared to an older topographic dataset.
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Figure 3.3: Glacier hypsometry of the Purogangri Ice Cap (PIC) in 50 m elevation
bins (a). Surface elevation changes of the on-glacier area are shown as
a function of elevation, a third order polynomial fit is shown as black
solid line (b). Surface elevation changes in off-glacier regions are shown
as a function of elevation, a linear trend is shown as black solid line (c).
Reproduced from Paper C.
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3.4 Comparing glacier mass balances derived from
TanDEM-X and Pléiades data

Motivation: several new satellite missions provide large amounts of accurate ele-
vation data in remote regions. However, so far little is known about their ability of
mapping glacier elevation changes. In this study we took advantage of TanDEM-X
InSAR data and stereoscopic Pléiades data acquired in 2012 and 2013 respectively.
Several glaciers at the Gurla Mandhata massif were mapped by both data takes. The
Gurla Mandhata massif is located in the south-western part of the TP and was chosen
as another WET Benchmark region as its glaciers are believed to contribute to the
lake-level changes of the large Mapam Yumco and La’nga Co.

Method: out of CoSSC data from the TanDEM-X acquisition a DEM was derived
by interferometric means. Another DEM was calculated from tristereo Pléiades data
employing stereo photogrammetry. In order to calculate geodetic mass balances be-
tween 2000, 2012 and 2013 the SRTM C-band DEM was subtracted from both DEMs
after a proper horizontal and vertical alignment of the datasets. Also variations in
glacier extent were mapped out of a declassified KH-7 Gambit-1 spy photograph from
1964, Landsat 7 ETM+ imagery from 2000, SPOT-5 imagery from 2010, TerraSAR-X
data from 2011 and the 2013 Pléiades acquisition.
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Figure 3.4: Surface elevation changes at the Gurla Mandhata study site from
TanDEM-X (2012 acquisition) minus SRTM C-band (2000, left) and Pléi-
ades (2013 acquisition) minus SRTM C-band (2000, right). Modified after
Paper D.
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3.4. COMPARING GLACIER MASS BALANCES DERIVED FROM
TANDEM-X AND PLEIADES DATA

Results & Conclusions: for the Gurla Mandhata study site we calculated a mean
annual mass balance of -0.1140.20 m w.eq. a~! between 2000 and 2012 and of -
0.0740.31 m w.eq. a—* between 2000 and 2013. Our results agree within their error
ranges, with both difference maps showing very similar patterns of glacier elevation
changes (Figure 3.4). However, in situ measured mass balances from the north facing
Gurla glacier appear to be more negative than our estimate (Yao et al., 2012). This
difference is probably attributed to the penetration depth of the SRTM C-band DEM
and the different time period of observations (i.e. the in situ mass balances from Yao
et al. (2012) were measured between 2005 and 2009).
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4 Discussion

In this thesis geodetic mass balances could be estimated for ~80% of the Tibetan
glacier area. For this purpose different remote sensing techniques and datasets were
employed which are briefly described in Section 2.2. The first part of this chapter
discusses the pros and cons of each remote sensing method applied in this thesis,
while the second part of this chapter integrates the results into the wider context of
the current environmental research on the TP.

In order to derive geodetic mass balances at the Purogangri study site and at the
Gurla Mandhata study site (Figure 1.1) data from the current TanDEM-X mission
were utilized. The great advantage of InSAR missions such as the TanDEM-X mis-
sion is the ability to map at all weather conditions during all daytimes. Furthermore,
InSAR is able to map precise surface elevations in the accumulation area of glaciers
which is a limiting factor for optical sensors which rely on visible structures on the
glacier surface. However, penetration of the radar signal into snow and ice can have
a significant influence on the results. Furthermore, foreshortening and layover effects
are disadvantages when using this technique in mountainous terrain. This becomes
a critical issue when investigating glaciers in steep mountain valleys such as at the
Gurla Mandhata study site (Paper D). At the Purogangri study site this effect is only
minor as the ice cap is relatively flat (Paper C). To attribute for foreshortening and
layover effects, several data takes with different baselines, incident angles and acqui-
sitions from ascending and descending orbits will be used in the production of the
future global TanDEM-X DEM (Krieger et al., 2007). This procedure will enhance
the quality of the DEM, but will also induce a temporal inconsistency in the final
DEM.

So far, interferometric methods are widely employed to measure the topography and
ice motion of ice sheets which have, compared to mountain glaciers, a larger size,
narrower slopes and often lower accumulation and ablation rates (Joughin et al.,
2010). However, new satellites such as TerraSAR-X or Radarsat-2 with a spatial
resolution between one and three meters enhance the applicability of SAR data to
smaller glaciers (Short and Gray, 2004). Today, data from TerraSAR-X is routinely
employed for velocity measurements of glaciers by means of feature and speckle track-
ing (Floricioiu et al., 2008; Marsh et al., 2013; Rankl et al., 2014, Figure 2.1) and for
the first time experimental TanDEM-X interferometry was employed in this thesis to
estimate multi-annual elevation changes (Paper C, Paper D). The high temporal and
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spatial resolution of the TanDEM-X mission and the high accuracy and precision of
the data make it also a promising tool for measuring annual or even seasonal glacier
elevation changes (Leinss and Hajnesk, 2014).

ICESat laser altimetry has similar attributes as InSAR except that the laser beam
is not able to penetrate cloud cover. Also foreshortening and layover effects are not
an issue due to the nadir looking laser instrument. The sparse data sampling, es-
pecially in mid-latitudes, is the main limiting factor when utilizing ICESat data to
map surface elevations of glaciers. At the Grosser Aletschgletscher, the ICESat data
sampling is preferable and meaningful estimates of glacier elevation changes could be
derived for this single mountain glacier (Paper B). However, to asses glaciers with a
sparser data sampling it is recommended to group glaciers into certain sub-regions as
done for the entire TP in Paper A or in other recent studies (Kadb et al., 2012; Bolch
et al., 2013; Gardner et al., 2013). As the ICESat mission ended in 2009 no new data
is available and high expectations are on the ICESat-2 mission which is planned for
2015 (Abdalati et al., 2010). Also altimetry data from the actual CryoSat-2 mission
might become interesting to estimate elevation changes of mountain glaciers.

The high spatial and temporal resolution of optical sensors such as Pléiades are ad-
vantages when compared to InSAR and laser altimetry data. However, the need
of visible structures on the surface and the inability to penetrate cloud cover are
disadvantages of optical stereo photogrammetry when mapping the topography of
glaciers. However, compared to InSAR or laser altimetry, the principle of optical
stereo photogrammetry is relatively old wherefore it is a very valuable technique to
derive former glacier elevations. For this, several recent studies employed declassified
spy imagery dating back to the 1960s and 1970s (e.g. Bolch et al., 2011; Pieczonka
et al., 2013). Early airborne photogrammetric surveys even date back to the 1930s
providing precise topographic maps and hence past glacier elevations which also were
used to asses longer time series of mass balance estimates (e.g. Nuth et al., 2007).
The glacier elevation changes derived in this thesis are depending, to a varying ex-
tent, on SRTM DEM data. The most critical issue when using data from the SRTM
to derive glacier elevation changes is the penetration depth of the C-band (5.3 GHz)
into snow and ice (Rignot et al., 2001; Gardelle et al., 2012). This is especially an
issue in Paper D where we assume a C-band penetration depth of 1.4+1.0 m. A first
order estimate can be derived when comparing SRTM C-band with SRTM X-band
elevations in on- and off-glacier areas. Due to a lack of SRTM X-band data at the
Gurla Mandhata study site we employed a similar value as Gardelle et al. (2013) in
the Everest area (Paper D). The great advantage at the Purogangri study site is the
large-scale coverage of SRTM X-band data which can be directly compared to data
from the TanDEM-X mission as both datasets were acquired at X-band (Paper C).
In order to translate glacier elevation changes into glacier mass balances, assump-
tions about the glacier area and density are required. The new globally complete
RGI (Pfeffer et al., 2014) provides an adequate data source for compiling glacier
mass balances on a regional or even global scale (Gardner et al., 2013), to model the
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CHAPTER 4. DISCUSSION

global ice thickness and volume (Huss and Farinotti, 2012; Grinsted, 2013) and to
predict future glacier changes. However, on a local scale the glacier outlines should
be compared to recent satellite imagery as the quality of the RGI varies widely in
time and space. Therefore, new glacier outlines were derived for the Purogangri study
site and the Gurla Mandhata study site from optical satellite imagery and validated
by recent 11-day TerraSAR-X coherence images (i.e. Paper C and Paper D). For
the Grosser Aletschgletscher accurate glacier outlines were available via the GLIMS
dataset (Paper B).

Without field measurements density assumptions are difficult to determine. There-
fore several assumptions were made in this thesis relying on the relevant literature.
However, as stated earlier this is considered to be the largest source of uncertainty in
geodetic mass balance estimates (Fischer, 2011). This issue may be overcome in the
future by employing firn densification models adapted for mountain glaciers (Bolch
et al., 2013; Huss, 2013).

In this thesis contrasting patterns of glacier mass balances on the TP were found
from different remote sensing datasets. In general, the results presented in this thesis
agree with other studies which show similar regional patterns of glacier changes in
the Himalaya (Bolch et al., 2012; Kadb et al., 2012; Gardelle et al., 2013, Figure 4.1)
and on the TP (Yao et al., 2012; Gardner et al., 2013, Figure 4.1). Also the local
studies at the Purogangri study site (Paper C) and at the Gurla Mandhata study site
(Paper D) support the findings for the whole TP (Paper A). On average, glacier mass
balances on the TP are clearly negative, with the most negative mass balances in the
north-eastern and the south-eastern part of the plateau and in the central and eastern
Tibetan Himalaya (Paper A). For the latter similar values were found by Gardner
et al. (2013), but the results are clearly more negative than the results from K&ib
et al. (2012). These differences are difficult to explain as slightly different regions and
hence different glaciers were investigated. Also the ICESat derived mass balances
for the south-eastern part of the plateau are more negative than the results based
on DEM differencing between 1999 and 2010 (Gardelle et al., 2013). In their study
Gardelle et al. (2013) state that ICESat derived mass balances tend to be more nega-
tive than their results. This statement holds also true for the Gurla Mandhata study
site (Paper D) which revealed more positive mass balances from DEM differencing
than from ICESat measurements. This is probably attributed to the fact that differ-
ent glaciers where measured during slightly different time periods. Furthermore, the
penetration depth of the SRTM C-band might introduce a significant bias in the DEM
differencing. The latter might also be an issue when comparing the results from Bolch
et al. (2011) and Gardelle et al. (2013) in the Mt. Everest area. While Gardelle et al.
(2013) found an average mass balance of -0.414+0.21 m w.eq. a~* between 1999 and
2011, Bolch et al. (2011) estimated an average mass balance of -0.79+0.52 m w.eq. a™!
between 2002 and 2007. Despite the slightly different time period between both stud-
ies, Gardelle et al. (2013) also referred to the SRTM-C DEM while Bolch et al. (2011)
solely utilized DEMs derived from optical stereo photogrammetry.

26



C:S Glaciers
0@ Lakes

Mass balance in m w.eq./a

&
S
£

Pakistan

1.

SIEliapuina)

Figure 4.1: Overview of recent mass balance estimates in High Asia. Mass balance
estimates are based on Paper A, Paper C, Paper D, Bolch et al. (2011),
K&ab et al. (2012), Yao et al. (2012), Gardelle et al. (2013) and Gardner
et al. (2013). Glacier outlines are based on the Randolph Glacier Inventory
(RGI) (Pfeffer et al., 2014).

The overall negative glacier mass balances are most probably attributed to an increase
in air temperature on the TP as proposed in several studies (e.g. Liu and Chen, 2000;
Qin et al., 2009; Li et al., 2011; Yao et al., 2012). Also glacier terminus positions
are in general retreat in the Himalaya (Bolch et al., 2012) and in the eastern part
of the TP (Bolch et al., 2010b; Wei et al., 2014). However, glaciers in the central
and north-western part of the TP showed balanced or slightly positive mass changes
in the last decade (Paper A). This is in agreement with the findings from Yao et al.
(2012) who found positive glacier mass balances at the Mustagh Ata massif between
2006 and 2010 and with the findings from Gardner et al. (2013) who found positive
mass balances in the western Kunlun Mountains between 2003 and 2009 (Figure 4.1).
Also an increase in area was found for some glaciers in the western Kunlun Moun-
tains between 1970 and 2001 (Shangguan et al., 2007). The latter is also known for
the Karakoram were most glaciers showed a stable terminus position between 1976
and 2012 (Rankl et al., 2014). Also in the eastern Hindu Kush 24% of the investi-
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CHAPTER 4. DISCUSSION

gated glaciers showed a stable or advancing terminus position between 1976 and 2007
(Sarikaya et al., 2012). However, changes in glacier area cannot directly be compared
to changes in mass balance as they only reflect a delayed signal to changes in climate.
The positive elevation changes found for the large ice fields of Zangser Kangri and
Songzhi Peak, located in the north-central part of the TP (Paper A) are in agreement
with the almost neutral mass balance found for the Purogangri Ice Cap (Paper C).
For these neighboring ice caps positive elevation changes were found in the accumu-
lation area, while glacier thinning was observed in lower regions suggesting enhanced
snow and firn accumulation (Paper A, Paper C). These heterogeneous patterns of
mass balances may be related to similar mechanisms as causing the frequently men-
tioned Pamir-Karakoram anomaly (Hewitt, 2005; Gardelle et al., 2013). A possible
explanation of this positive anomaly could be a compensation of the temperature
driven glacier melt due to an increase in precipitation at higher altitudes. These
thoughts are in agreement with the findings of Li et al. (2011), who showed a signif-
icant increase in annual temperature and precipitation between 1961 and 2008 from
meteorological station measurements on the TP. However, meteorological stations
are rare or even non-existing on the TP introducing large uncertainties in the spatial
distribution of trends. Reanalysis data may help to fill this gap but are only available
at a relative coarse spatial resolution. A recent study from Maussion et al. (2014)
presents a new reanalysis dataset for High Asia (HAR) at 30 km and 10 km spatial
resolution. However, as this dataset only covers a 12-year time period between 2001
and 2012 no meaningful climatic trends can be derived, making a direct comparison
between glacier mass balances and atmospheric forces difficult.

The overall clearly negative mass balances found in this thesis are contrary to the
gravitational findings of Jacob et al. (2012) and Yi and Sun (2014). In their study
Jacob et al. (2012) showed an increase in mass of 747 Gt a~! on the TP from GRACE
measurements acquired between 2003 and 2010. A more recent study even found an
increase in mass of 30 Gt a=! on the TP from GRACE measurements, but found it
challenging to explain (Yi and Sun, 2014). A part of this mass gain can be attributed
to an increase in lake level /mass rather than to an increase in glacier mass (Zhang
et al., 2013). This is in agreement with this thesis papers as most of the studied
regions showed a negative mass balance for the studied time period. However, not
all of the estimated glacier mass loss could be detected by GRACE as many glaciers
on the TP are draining into endorheic lake basins. The melt water released into en-
dorheic basins stays on the plateau rather than “directly” contributing to the global
sea-level rise. In Paper A this amount is estimated at 1.7£1.9 Gt a~! which can likely
be linked to the observed rise of the local lake-levels on the TP (Zhang et al., 2011;
Kropacek et al., 2012; Phan et al., 2012).
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5 Conclusions and outlook

By quantifying glacier mass changes on the Tibetan Plateau (TP), the results of this
thesis contribute to a better understanding of the effects of a changing climate to
the water balance and ecosystems on the plateau. Furthermore, this work shows the
spatial differences in glacier mass balances on the TP and quantifies the contribution
of Tibetan glaciers to the global sea-level rise.

This work supports the current efforts to enhance in situ glacier mass balance mea-
surements with large scale geodetic approaches as suggested in the recently pub-
lished fifth Intergovernmental Panel on Climate Change (IPCC) Assessment Report
(AR). Furthermore, traditional Digital Elevation Model (DEM) differencing is com-
plemented by satellite altimetry measurements and at the first time new TanDEM-X
data were utilized for geodetic mass balance estimates. In a co-authored study, these
estimates could be complemented by recent Pléiades acquisitions. Both datasets show
a great potential for deriving glacier elevation changes when compared to data from
the global Shuttle Radar Topography Mission (SRTM) acquired in 2000. Additionally,
Ice Cloud and Elevation Satellite (ICESat) laser altimetry measurements were suc-
cessfully proofed to derive glacier elevation changes of the Grosser Aletschgletscher,
located in the Swiss Alps. Applying an adjusted method to glaciers on the TP, eleva-
tion changes of ~80% of the Tibetan glacier area were quantified. Also the amount
of glacier melt water draining into endorheic basins on the TP and hence does not
contribute “directly” to the global sea-level rise was estimated for the first time.
According to the consistent results from the different recent remote sensing datasets
glacier tend to gain mass in the north-western and central part of the plateau while
a strong mass loss was found in the southern and eastern part of the TP. Con-
sidering ~80% of the glacier area on the TP a clearly negative mass budget of -
15.6410.1 Gt a=! was found for the period 2003-2009 from ICESat laser altimetry
data. These patterns correspond well to other recent studies relying on remote sensing
data and ¢n situ mass balance measurements, but are seemingly contrary to gravita-
tional measurements from the Gravity Recovery and Climate Experiment (GRACE).
This discrepancy can partly be explained by the drainage of glacial melt water into
endorheic basins on the plateau which accounts for 1.741.9 Gt a~! of the ICESat
derived mass loss. This amount does not leave the TP as stream flow but rather
stays on the plateau and contributes to the recently observed lake-level rise.
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CHAPTER 5. CONCLUSIONS AND OUTLOOK

Remote sensing turns out to be a promising data source for glacier mass balances, but
much more research is needed to refine the results, both on a spatial and temporal
scale. In order to validate remote sensing estimates of glacier mass balances it is
also important to further enhance and pursue in situ mass balance measurements of
mountain glaciers in remote areas such as the TP. Furthermore, high expectations
are on new satellite altimetry missions such as the ICESat-2 and the CryoSat-2 mis-
sion. With the coming TanDEM-X WorldDEM?M! another global DEM will become
available. A combination of this dataset with the global SRTM DEM and the now
globally complete Randolph Glacier Inventory (RGI) will allow for a comprehensive
global mass balance estimate between 2000 and ~2012/2013. Such an estimate will
lead to a further enhancement of global mass balance measurements from remote
sensing data.

!more information about the WorldDEMTM is available on the web via: www.astrium-

geo.com/worlddem
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Abstract

Glacier mass changes are a valuable indicator of climate variability and monsoon oscillation
on the underexplored Tibetan Plateau. In this study data from the Ice Cloud and Elevation
Satellite (ICESat) is employed to estimate elevation and mass changes of glaciers on the
Tibetan Plateau between 2003 and 2009. In order to get a representative sample size of ICESat
measurements, glaciers on the Tibetan Plateau were grouped into eight climatically

homogeneous sub-regions. Most negative mass budgets of —0.77 = 0.35mw.e.a™

! were

found for the Qilian Mountains and eastern Kunlun Mountains while a mass gain of
+0.374+0.25mw.e.a~! was found in the westerly-dominated north-central part of the
Tibetan Plateau. A total annual mass budget of —15.6 4 10.1 Gta~! was estimated for the
eight sub-regions sufficiently covered by ICESat data which represents ~80% of the glacier
area on the Tibetan Plateau. 13.948.9Gta™! (or 0.04 £0.02mma~' sea-level equivalent) of
the total mass budget contributed “directly’ to the global sea-level rise while 1.7 +1.9 Gta™!

drained into endorheic basins on the plateau.

Keywords: glacier mass changes, ICESat, Tibetan Plateau, endorheic lakes

Online supplementary data available from stacks.iop.org/ERL/9/014009/mmedia

1. Introduction

The Tibetan Plateau (TP) with an average altitude of more
than 4000 m above sea-level is characterized by the presence
of many glaciers and ice caps. The climate of the TP is mainly
governed by the westerlies, as well as the south Asian and the
south-east Asian monsoons. Since the magnitude of these cli-
matic influences varies, different types of glaciers are present
from maritime or temperate-type glaciers in the south-east
to continental or polar-type glaciers in the north-west (Shih
et al 1980, Huang 1990). However, direct measurements of

Content from this work may be used under the terms of

BY the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.
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climatic parameters are sparse, especially in the western part
of the TP and the circulation pattern of the monsoon system
is still not fully understood. The variability of glaciers is a
valuable indicator for climate variability in remote regions
(e.g. Yao et al 2012). Furthermore a quantification of melt
water recharge of Tibetan glaciers would help to understand the
role of different climate components (temperature, precipita-
tion and evaporation) in the lake-level oscillation of numerous
lakes on the TP (Zhang et al 2011, Kropacek et al 2012, Phan
et al 2012, Zhang et al 2013). Lake-level changes are also of
direct impact to the local population as increasing levels are
flooding pastures (Yao et al 2007).

In the last decade several studies used remote sensing
techniques to account for areal changes of glaciers in this large
and remote region (e.g. Ding ef al 2006, Liu et al 2006, Ye et al

© 2014 IOP Publishing Ltd  Printed in the UK
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Figure 1. Overview of the study area including ICESat data coverage. Glacier outlines are based on the Chinese Glacier Inventory (CGI)
(Li 2003, Shi et al 2009). Sub-regions are marked as black boxes and are sorted by alphabetical order with A = western Kunlun Mountains,
B = Zangser Kangri and Songzhi Peak, C = Qilian Mountains and eastern Kunlun Mountains, D = Tanggula Mountains and Dongkemadi
Ice Cap, E = western Nyaingentanglha range, F = Gangdise Mountains, G = central and eastern Tibetan Himalaya, H = eastern

Nyaingentanglha range and Hengduan Mountains.

2006, Bolch er al 2010). However, glacier area changes provide
only an indirect signal while the glacier mass budget shows
the immediate reaction to climate variability (Oerlemans
2001). Laser altimetry data acquired by the Geoscience Laser
Altimeter System (GLAS) carried on-board the Ice Cloud and
Elevation Satellite (ICESat) were proven to be an accurate
data source for the regional estimation of glacier elevation
changes (Kaib et al 2012, Bolch et al 2013, Gardner et al
2013). Kiéb et al (2012) estimated trends in glacier elevation
changes for the Himalaya and Hindu Kush region leaving
the TP unobserved. A recent study estimated global glacier
mass changes using glaciological mass balance measurements,
data from the Gravity Recovery And Climate Experiment
(GRACE) and ICESat data, including High Mountain Asia
(Gardner et al 2013). In this study we focus in detail on trends
in glacier elevation and mass changes within eight sub-regions
on the TP (figure 1) for the last decade and discuss our results
in comparison to existing, but sparse, in sifu measurements and
recent remote sensing studies (e.g. Yao et al 2012, Gardner et
al 2013, Neckel et al 2013). The investigated region contains
a total ice cover of ~32 400 km? according to the first Chinese
Glacier Inventory (CGI) (Li 2003, Shi et al 2009) which
accounts for ~80% of the Tibetan ice cover.

2. Data and method

ICESat GLAS data and the digital elevation model (DEM)
acquired by the Shuttle Radar Topography Mission (SRTM)

in February 2000 (Rabus et al 2003, Farr ef al 2007) were
employed to calculate volume changes of Tibetan glaciers.
ICESat was launched in January 2003 hosting three laser
sensors within the GLAS. The laser channels for surface
altimetry operated at a wavelength of 1064 nm with footprints
spaced at about 172m along track and a diameter on the
surface of about 70 m (Zwally et al 2002, Brenner et al 2003).
The ICESat mission was conducted during 18 laser periods,
each lasting between 12 and 55 days. As ICESat’s precision
spacecraft pointing control was not used in mid-latitudes
between 59°S and 59°N individual repeated tracks do not
match exactly but can be separated across track by up to
3000m in our study area. Due to this fact and because of
the rugged topography of the TP, cross-over and along-track
processings of ICESat data (e.g. Brenner et al 2007, Slobbe et
al 2008, Moholdt et al 2010) cannot be applied here. However,
two recent studies proved the suitability of ICESat data in
deriving elevation changes of mountain glaciers (Kddb et al
2012, Gardner et al 2013). Similar to Rinne ez al (2011), Kididb
et al (2012) and Gardner et al (2013) we used an independent
DEM as a reference surface on which we compared ICESat
elevation measurements. In this study we used version 3 of the
SRTM C-band DEM (90 m grid spacing, hereinafter SRTM-C
DEM).

Glaciers on the TP are small compared to the large polar
ice sheets and ice caps and ICESat measurements over Tibetan
glaciers are sparse. However, a sufficient number of ICESat
measurements acquired in one track is needed in order to
perform a statistical sound analysis. Therefore glaciers were
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Table 1. Regional trends of glacier elevation changes are shown next to the area weighted mass balance, total glacier area in each sub-region
and the percentage of the glacier area in each sub-region draining into endorheic basins. Geographic location of sub-regions is shown in
figure 1 and trend lines are shown in figure 2. Statistical significant trends are illustrated as bold numbers.

Sub- AH trend AH trend AH trend AH trend Mass balance  Total glacier Drainage into

region accumulation area ablation area on-glacier area  off-glacier area (mw.e. afl) area (kmz) endorheic basins
(ma~") (ma~") (ma~") (ma~") (%)

A — +0.04 +£0.29 +0.044+:0.298  —0.114£0.08 +0.03 £0.25% 6483 43

B +0.50 +0.30 —0.05£0.26 +0.444+0.26 +0.02 +0.02 +0.37 +£0.25 464 100

C —0.45+0.31 —1.40+0.51 —0.90 £0.28 —0.09+0.05 —0.77 £0.35 1491 100

D +0.55+0.33 —0.68 £0.35 —0.68 £0.29 —0.04£0.02 —0.58 +0.31 1859 30

E —0.23+£0.33 — —0.234£0.33>  4+0.01+0.02 —0.204+0.29b 1056 38

F —0.31+0.28 —-1.30+047 —0.44+£0.26 +0.02 +0.02 —0.37+£0.25 2371 42

G —0.46£0.31 —1.15+0.44 —0.78£0.27 +0.03 +0.04 —0.66 £0.32 6632 2

H —0.71+£0.38 —0.85+0.41 —0.81+0.32 +0.15+0.07 —0.69 £0.36 12017 0

4 Data only available in ablation area.
b Data only available in accumulation area.

grouped into eight compact sub-regions where we assume
climatologically homogeneous conditions (figure 1). In order
to test if the selected sub-regions are sufficiently covered
by ICESat measurements we compared the area elevation
distribution of the ICESat measurements with the glacier
hypsometry in all sub-regions (figure S1(a), avaialable at
stacks.iop.org/ERL/9/014009/mmedia). For most sub-regions
the deviation is within +15% with the highest deviation of
+20% in sub-region F. Additionally, we conducted a boot-
strapping analysis in which we iteratively included a ran-
dom selection of ICESat footprints (figure S2, avaialable
at stacks.iop.org/ERL/9/014009/mmedia). Both analyses con-
firm that the eight sub-regions are covered relatively well by the
ICESat dataset. The eight sub-regions contain a total ice cover
of ~32 400 km? which accounts for ~ 80% of the glacier area
on the TP. As the CGI tends to be spatially inaccurate, ICESat
measurements on glaciers were manually selected based on
the most recent cloud free Landsat scenes (Thematic Mapper,
Level 1, acquisition between 2003 and 2011) obtained from
the web archive of the USGS.

We used bilinear interpolation to extract the SRTM-C
surface elevation, at the exact location of each ICESat
measurement. ICESat measurements were excluded from
the analysis if the difference between ICESat and SRTM-C
elevation exceeded 150 m, which is attributed to cloud cover
or atmospheric noise during the time of data acquisition. The
elevation difference AH between each ICESat footprint and
the SRTM-C DEM was calculated by

AH = HICESat _ HSRTM (1)

H ICESat H SRTM

where and are the elevation measurements
of both datasets. As on the TP most glaciers receive very
low precipitation rates predominantly occurring in the summer
(Ageta and Fujita 1996, Bohner 2006, Maussion et al 2013),
multi-seasonal linear trends were fitted through all A H values.
In order to make our results comparable to other studies we
calculated mass balance estimates in water equivalent (w.e.),
using the CGI for information on glacier area (Li 2003, Shi
et al 2009). For volume to mass conversion we used an
average ice density of 850 +60kgm™3 (Huss 2013). Mass
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balance estimates were calculated for all glaciers covered
by ICESat. An area weighted upscaling was performed for
each sub-region using the CGI for information on glacier
area. For the calculation of the percentage of glacier area
draining into endorheic basins we employed the HydroSHEDS
dataset (Lehner et al 2006). Following Kééb et al (2012) mass
balances were also calculated from A H trends, solely based
on autumn acquisitions (table S2 and figure S8 available at
stacks.iop.org/ERL/9/014009/mmedia).

Considering glacier flow, mass balance estimates were
calculated for AH trends integrated over the entire glacier
area. However, in order to look at differences in glacier
thinning with respect to altitude, to detect unusual behavior
such as glacier surging and to discuss the influence of surface
elevation gain due to possible snow accumulation we also
calculated AH trends separately for the accumulation and
ablation areas in each sub-region (figure 2). The equilibrium
line altitude (ELA) values used for the separation into accu-
mulation and ablation areas are shown in table S1 available at
stacks.iop.org/ERL/9/014009/mmedia.

3. Results

Our results reveal a heterogeneous wastage of glaciers and ice
caps across the TP (figure 2, table 1). It should be noted, that
AH trends were fitted through all AH values, however for a
better visual representation only the A H median of each laser
period is shown in figure 2. Due to this fact, small offsets may
occur between the AH medians and the trend lines (e.g. in
sub-region A). The separate calculation of AH trends in the
accumulation and ablation area revealed an offset of several
meters between both trends in each sub-region (figure 2) which
can be attributed to the different penetration of the SRTM
C-band into snow, firn and ice (Rignot et al 2001, Gardelle et
al 2012).

We determined on average a decrease of glacier surface
elevations between 2003 and 2009 but also found positive
trends for two sub-regions. The highest specific mass loss was
found for the Qilian Mountains and eastern Kunlun Mountains
(—0.77 £0.35mw.e.a~!) located in the north-eastern part of
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Figure 2. Estimated trends for selected geographic sub-regions as shown in figure 1. Trends were fitted through all AH values in on- and
off-glacier areas. For on-glacier areas trends are shown separately for the accumulation and ablation areas as well as for the whole glacier
area. For clarity reasons only the A H median of each laser period is shown. Year dates correspond to 1 January of each year.

the TP, the eastern Nyaingentanglha range and Hengduan
Mountains (—0.69 + 0.36 mw.e.a~') and the central and
eastern Tibetan Himalaya (—0.66 £ 0.32 mw.e.a~!), regions
which are predominantly monsoon-influenced. In contrast,
the continental westerly-influenced north-western (western
Kunlun Mountains) and north-central mountains (Zangser
Kangri and Songzhi Peak) showed evidence for balanced
mass budgets or a slight mass gain. For the latter peaks which
are covered by ice caps, we detected glacier thinning at lower
elevations while a simultaneous glacier thickening was ob-
served at higher elevations (figure 2, sub-region B). The same
altitude depended pattern is found for the Tanggula Mountains
and Dongkemadi Ice Cap (figure 2, sub-region D), except
that the overall mass balance is negative in this sub-region
(—0.58 £ 0.31 mw.e.a"!). The western Kunlun Mountains
(sub-region A) are characterized by a heterogeneous behavior
of glacier elevation changes. Here we found significant surface
lowering in the accumulation areas of some glaciers with
a simultaneous elevation increase at ICESat footprints in
ablation areas, indicating the occurrence of glacier surges
in this sub-region. The highest mass loss and contribution
to sea-level rise is comprised from the strongly glacerized
eastern Nyaingentanglha range and Hengduan Mountains
with —8.3 +4.3Gta~! (or 0.02 +0.0lmma~' sea-level
equivalent, sub-region H). In sum, we estimated a total annual
mass budget of —15.6 4 10.1 Gta~! for the eight sub-regions,
of which 1.7 4 1.9Gta~! were not leaving the TP as stream

flow but drained into endorheic lakes on the plateau. Glaciers
draining into the endorheic Tarim Basin in the north of the TP
showed on average balanced mass budgets.

4. Discussion

In this study two almost global datasets, the ICESat GLA 14
product and the SRTM-C DEM were used to conduct aregional
study of trends in glacier surface elevation changes. The main
problem when utilizing ICESat data to estimate elevation
changes of glaciers in mid-latitudes is the large distance
between ICESat tracks and the corresponding limited data
coverage of mountain glaciers. However, recent studies have
proven that ICESat is an accurate data source if the available
data sample is statistically suitable for a region, i.e. if the
investigated region and its ice covered area is large enough
(Kéidb et al 2012, Bolch et al 2013, Gardner et al 2013). In
our approach, we assume no prominent snow accumulation
period in high elevations on the TP and fitted trends through
multi-seasonal ICESat acquisitions. This way, the statistical
significance increased due to a higher number of measurements
in the data-sparse sub-regions. On the TP a multi-seasonal data
fit can be justified for several reasons. (1) The north-western
part of the plateau receives very low precipitation rates in win-
ter, although winter precipitation is predominant in this region
(Bohner 2006). (2) In the south-eastern part accumulation and
ablation at higher elevations is related to monsoon precipitation
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Figure 3. Mass balance estimates in mw.e.a~! derived from ICESat measurements in comparison to in sifu mass balance measurements of

single glaciers (20062010, Yao et al 2012).

in summer (Ageta and Fujita 1996, Kang et al 2009). (3)
A recent study of Maussion et al (2013) showed that the
majority of glaciers on the central TP are accumulating mass
in summer. (4) We also conducted our analysis solely based
on autumn acquisitions (figure S8 and table S2, available at
stacks.iop.org/ERL/9/014009/mmedia). The resulting trends
are similar as for the multi-seasonal data and agree within
their error bars. The mean and maximum difference between
the multi-seasonal AH trends and the autumn AH trends
were estimated at 0.06ma~! and 0.33ma~! respectively.
However, the sparser sampling distribution of the autumn laser
periods led to statistical insignificant AH trends in some of
the sub-regions.

Our study tends to agree with other studies which show
similar regional patterns of glacier changes in the Himalaya
(Bolch et al 2012, K&éb et al 2012, Gardelle et al 2013) and on
the TP (figure 3) (Yao et al 2012, Gardner et al 2013). However,
we show some more details on the spatial variability within
Tibet and consider also the drainage into endorheic basins
separately.

The bigger picture shows an overall negative trend in
glacier mass budgets with the highest specific mass loss in the
monsoon-influenced north-eastern and south-eastern margins
and balanced mass budgets in the more westerly-influenced
north-western regions. A direct comparison between the stud-
ies is difficult as the studied sub-regions are not identical and
the time span of observations is also partly different.

For the western Kunlun Mountains (sub-region A), we
estimated slightly positive trends in glacier elevation changes.
However, we found strong data noise of up to £=80m for
AH in the accumulation area so that no meaningful trend
could be derived here. Although our estimate of +0.04 £
0.29ma~! in the ablation area is not statistically significant
a balanced glacier regime can be assumed for the western

41

Kunlun Mountains which is in agreement with Gardner et
al (2013). It should be noted that large variations in glacier
area changes with several advancing glaciers are reported
in this region (Shangguan er al 2007, Scherler et al 2011,
Yao et al 2012). Also the results of Maussion et al (2013)
suggest different accumulation regimes for the north and south
facing slopes of the western Kunlun Mountains. Our study
seems to confirm that the western Kunlun Mountains show
a similar anomaly than the neighboring Pamir and also the
Karakoram Mountains (Gardelle et al 2013). However, this
possible western Kunlun anomaly needs further investigation
as our study revealed that the ICESat estimate stretches its
limits in sub-regions with heterogeneous behavior of glaciers.
It is therefore recommended to calculate A H trends separately
for the accumulation and ablation areas.

Possible positive mass budgets were also found for the
large ice fields of Zangser Kangri and Songzhi Peak (sub-
region B). Here we found a positive trend in the accumulation
area, while glacier thinning was observed in lower regions
suggesting strong firn and snow accumulation. We therefore
tested a lower density of 600 kg m~3 for the conversion from
volume to mass which revealed a smaller mass gain of 4-0.26 +
0.18mw.e.a~!. This value seems more appropriate than the
proposed estimate of +0.37 +0.25mw.e.a~! (table 1) but is
also covered by our error estimate.

For the Tanggula Mountains and Dongkemadi Ice Cap
(sub-region D) the overall trend follows the trend of the
ablation area due to sparse data sampling in the accumulation
area. However, strong mass loss in ablation regions led to an
overall significant negative mass budget for this sub-region.
Such a behavior is also common for ice caps in arctic regions
(Gardner et al 2011, Bolch et al 2013) while on the central
TP (e.g. in sub-region B) the mass loss in the ablation area is
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probably compensated by strong accumulation (Neckel et al
2013).

Our results for the central and eastern Tibetan Himalaya
are in agreement with Gardner et al (2013) (sub-region G, this
study: —0.78 £ 0.27ma~!, Gardner et al (2013): —0.89 +
0.18 ma~!) but are clearly more negative than the values from
Kidb et al (2012). The difference is difficult to investigate
as the sample regions do not match and therefore different
glaciers were sampled. Similar to the Himalayan region, the
ICESat derived mass budgets for the eastern Nyaingentanglha
range and the Hengduan Mountains (sub-region H) are more
negative than the results based on DEM differencing between
1999 and 2010 (Gardelle et al 2013). The authors of the
latter study state in their paper that mass losses measured
with ICESat tend to be slightly larger than their estimates.
In addition, different glaciers were measured over a slightly
different time span in both studies, making a direct comparison
difficult.

Our results seem to be in contradiction to the findings of
Jacob et al (2012) which showed an increase in mass from
GRACE measurements between 2003 and 2010 on the TP.
However, a recent study by Zhang et al (2013) attributed
this increase in mass predominately to an increase in lake
level/mass rather than to an increase in glacier mass. This
observation is in agreement with our study as most of the eight
sub-regions showed a negative mass balance for the studied
time period. However, the estimated negative mass budgets
could not be detected by GRACE as many glaciers on the
TP drain into endorheic lakes. This amount is estimated at
1.7+ 1.9Gta™! in this study. It should therefore be noted
that only 13.9+8.9Gta™! (or 0.04 £0.02mma~"! sea-level
equivalent) of our total annual mass budget estimate can
directly contribute to the global sea-level rise, while the
majority of the remaining mass loss can likely be linked to the
observed rise of the lake levels (Zhang et al 2011, Kropacek
et al 2012, Phan et al 2012). Similar to the fact that the rising
sea-level threatens coastal areas on the globe, the rising lake
levels pose problems to the local population as pastures are
often situated close to the lakes and will be flooded (e.g. Yao
et al 2007).

5. Conclusions

This study presents glacier surface elevation changes and mass
budget estimations for almost the entire TP for the period 2003
— 2009 including central TP where no previous mass balance
estimates exist. The fitting of multi-seasonal ICESat elevation
differences in combination with density assumptions enabled
us to derive meaningful estimates of glacier mass changes
for eight detailed sub-regions on the TP. A total annual mass
budget of —15.6+ 10.1Gta~! was estimated for the eight
sub-regions which includes ~80% of the glacier area on the
TP. Of the estimated total mass budget 13.9 +£8.9Gta~! (or
0.04 £0.02mma~" sea-level equivalent) contributed directly
to the global sea-level rise while 1.7 4 1.9 Gta~! drained into
endorheic basins, i.e. were not leaving the TP as stream flow.
Glaciers in the north-central part of the TP were probably
gaining mass while glaciers in the south-eastern part were

significantly loosing mass between 2003 and 2009. These
trends were found to be in agreement with the few existing
in situ mass balance measurements and several recent remote
sensing studies. Hence, this study confirms that ICESat data in
combination with a detailed DEM provides a valuable source
of information about elevation changes of mountain glaciers
on a regional scale.

Acknowledgments

This work was supported by the German Federal Ministry
of Education and Research (BMBF) Programme Central
Asia—Monsoon Dynamics and Geo-Ecosystems (CAME)
within the WET project (Variability and Trends in Water
Balance Components of Benchmark Drainage Basins on
the Tibetan Plateau) under the code 03G0804D and by the
German Research Foundation (DFG) Priority Programme
1372, Tibetan Plateau: Formation—Climate—Ecosystems
within the DynRG-TiP (Dynamic Response of Glaciers on
the Tibetan Plateau to Climate Change) project under the code
BU 949/20-3. T Bolch acknowledges the funding through DFG
(BO 3199/2-1) and the European Space Agency (ESA) project
Glaciers_cci (400010177810I1-AM). We are thankful for the
cooperation with the Institute for Tibetan Plateau Research
(ITP), Beijing. We acknowledge NSIDC for hosting the ICESat
data and the CGI dataset. SRTM-C data and Landsat imagery
were obtained from the USGS. The valuable comments of two
anonymous referees and of the scientific editor significantly
improved the letter.

References

Ageta Y and Fujita K 1996 Characteristics of mass balance of
summer-accumulation type glaciers in the Himalayas and the
Tibetan Plateau Z. Gletscherkunde G. 32 61-5

Bohner J 2006 General climatic controls and topoclimatic variations
in central and high Asia Boreas 35 279-95

Bolch T, Sgrensen L S, Simonsen S B, Molg N, Machguth H,
Rastner P and Paul F 2013 Mass loss of Greenland’s glaciers and
ice caps 2003-2008 revealed from ICESat laser altimetry data
Geophys. Res. Lett. 40 875-81

Bolch T, Yao T, Kang S, Buchroithner M F, Scherer D, Maussion F,
Huintjes E and Schneider C 2010 A glacier inventory for the
western Nyaingentanglha range and the Nam Co Basin, Tibet,
and glacier changes 1976-2009 Cryosphere 4 419-33

Bolch T et al 2012 The state and fate of Himalayan glaciers Science
336 3104

Brenner A C, DiMarzio J P and Zwally H J 2007 Precision and
accuracy of satellite radar and laser altimeter data over the
continental ice sheets IEEE Trans. Geosci. Remote Sens. 45
321-31

Brenner A C et al 2003 Derivation of range and range distributions
from laser pulse waveform analysis for surface elevations,
roughness, slope, and vegetation heights Technical Report NASA
Goddard Space Flight Center

Ding Y, Liu S, Li J and Shangguan D 2006 The retreat of glaciers in
response to recent climate warming in western China Ann.
Glaciol. 43 97-105

Farr T G et al 2007 The Shuttle Radar Topography Mission Rev.
Geophys. 45 RG2004

Gardelle J, Berthier E and Arnaud Y 2012 Impact of resolution and
radar penetration on glacier elevation changes computed from
DEM differencing J. Glaciol. 58 419-22

42



Environ. Res. Lett. 9 (2014) 014009

N Neckel et al

Gardelle J, Berthier E, Arnaud Y and Kiéb A 2013 Region-wide
glacier mass balances over the Pamir—Karakoram—Himalaya
during 1999-2011 Cryosphere 7 1263-86

Gardner A S, Moholdt G, Wouters B, Wolken G J, Burgess D O,
Sharp M J, Cogley J G, Braun C and Labine C 2011 Sharply
increased mass loss from glaciers and ice caps in the Canadian
Arctic archipelago Nature 473 357-60

Gardner A S et al 2013 A reconciled estimate of glacier
contributions to sea level rise: 2003 to 2009 Science 340 852-7

Huang M 1990 On the temperature distribution of glaciers in China
J. Glaciol. 36 210-6

Huss M 2013 Density assumptions for converting geodetic glacier
volume change to mass change Cryosphere 7 877-87

Jacob T, Wahr J, Pfeffer W T and Swenson S 2012 Recent
contributions of glaciers and ice caps to sea level rise Nature 482
514-8

Kiidb A, Berthier E, Nuth C, Gardelle J and Arnaud Y 2012
Contrasting patterns of early twenty-first-century glacier mass
change in the Himalayas Nature 488 495-8

Kang S, Chen F, Gao T, Zhang Y, Yang W, Yu W and Yao T 2009
Early onset of rainy season suppresses glacier melt: a case study
on Zhadang glacier, Tibetan Plateau J. Glaciol. 55

755-8

Kropacek J, Braun A, Kang S, Feng C, Ye Q and Hochschild V
2012 Analysis of lake level changes in Nam Co in central Tibet
utilizing synergistic satellite altimetry and optical imagery Int. J.
Appl. Earth Observ. Geoinform. 17 3—11

Lehner B, Verdin K and Jarvis A 2006 HydroSHEDS Technical
Documentation (Washington, DC: World Wildlife Fund US)
available at http://hydrosheds.cr.usgs.gov

Li X 2003 GLIMS Glacier Database (Boulder, CO: National Snow
and Ice Data Center/World Data Center for Glaciology) Digital
Media www.glims.org

Liu S, Shangguan D, Ding Y, Han H, Xie C, Zhang Y, Li J, Wang J
and Li G 2006 Glacier changes during the past century in the
Gangrigabu mountains, southeast Qinghai-Xizang (Tibetan)
Plateau, China Ann. Glaciol. 43 187-93

Maussion F, Scherer D, Molg T, Collier E, Curio J and Finkelnburg
R 2013 Precipitation seasonality and variability over the Tibetan
Plateau as resolved by the High Asia Reanalysis J. Clim. in press

Moholdt G, Hagen J O, Eiken T and Schuler T V 2010 Geometric
changes and mass balance of the Austfonna ice cap, Svalbard
Cryosphere 4 21-34

Neckel N, Braun A, Kropacek J and Hochschild V 2013 Recent
mass balance of the Purogangri Ice Cap, central Tibetan Plateau,
by means of differential X-band SAR interferometry Cryosphere
7 1623-33

Oerlemans J 2001 Glaciers and Climate Change (Rotterdam: A. A.
Balkema Publishers)

43

Phan V H, Lindenbergh R and Menenti M 2012 ICESat derived
elevation changes of Tibetan lakes between 2003 and 2009 Int. J.
Appl. Earth Observ. Geoinform. 17 12-22

Rabus B, Eineder M, Roth A and Bamler R 2003 The shuttle radar
topography mission—a new class of digital elevation models
acquired by spaceborne radar ISPRS J. Photogramm. Remote
Sens. 57 241-62

Rignot E, Echelmeyer K and Krabill W 2001 Penetration depth of
interferometric synthetic-aperture radar signals in snow and ice
Geophys. Res. Lett. 28 35014

Rinne E J, Shepherd A, Palmer S, van den Broeke M R, Muir A,
Ettema J and Wingham D 2011 On the recent elevation changes
at the Flade Isblink Ice Cap, northern Greenland J. Geophys. Res.
116 F03024

Scherler D, Bookhagen B and Strecker M R 2011 Spatially variable
response of Himalayan glaciers to climate change affected by
debris cover Nature Geosci. 4 156-9

Shangguan D, Liu S, Ding Y, LiJ, Zhang Y, Ding L, Wang X, Xie
C and Li G 2007 Glacier changes in the west Kunlun Shan from
1970 to 2001 derived from Landsat TM/ETM+ and Chinese
glacier inventory data Ann. Glaciol. 46 204-8

Shi Y, Liu C H and Kang E S 2009 The Glacier Inventory of China
Ann. Glaciol. 50 1-4

Shih Y, Hsieh T, Cheng P and Li C 1980 Distribution, features and
variations of glaciers in China Proc. Riederalp Workshop (Sep.
1978) 126 111-6

Slobbe D, Lindenbergh R and Ditmar P 2008 Estimation of volume
change rates of Greenland’s ice sheet from ICESat data using
overlapping footprints Remote Sens. Environ. 112 420413

Yao T, PuJ, Lu A, Wang Y and Yu W 2007 Recent glacial retreat
and its impact on hydrological processes on the Tibetan Plateau,
China, and surrounding regions Arctic, Antarctic, Alpine Res. 39
642-50

Yao T et al 2012 Different glacier status with atmospheric
circulations in Tibetan Plateau and surroundings Nature Clim.
Change 2 663-7

Ye Q, Kang S, Chen F and Wang J 2006 Monitoring glacier
variations on Geladandong mountain, central Tibetan Plateau,
from 1969 to 2002 using remote-sensing and GIS technologies J.
Glaciol. 179 537-45

Zhang G, Xie H, Kang S, Yi D and Ackley S F 2011 Monitoring
lake level changes on the Tibetan Plateau using ICESat altimetry
data (2003-2009) Remote Sens. Environ. 115 1733-42

Zhang G, Yao T, Xie H, Kang S and Lei Y 2013 Increased mass
over the Tibetan Plateau: from lakes or glaciers? Geophys. Res.
Lett. 40 2125-30

Zwally H et al 2002 ICESat’s laser measurements of polar ice,
atmosphere, ocean, and land J. Geodyn. 34 405-45



Glacier mass changes on the Tibetan Plateau 2003 —
2009 derived from ICESat laser altimetry
measurements (Supplementary Material)

N. Neckel', J. Kropaéek!?, T. Bolch??, and V. Hochschild!

nstitute of Geography, University of Tiibingen, Riimelinstr. 19-23, 72070 Tiibingen,
Germany

2Institute for Cartography, Dresden University of Technology, Helmholzstr. 10, 01062
Dresden, Germany

3Department of Geography, University of Zurich, Winterthurer Str. 190, 8057 Ziirich,
Switzerland

E-mail: Niklas.Neckel@uni-tuebingen.de

44



Supplementary Material 2

Additional information on data

In this study we chose the GLA 14 product over the GLA 06 product, which is frequently
used to derive ice sheet elevations, because of the mountainous topography and crevassed
glacier surfaces in our study area (Kééb, 2008). The main difference between the GLA 06
and GLA 14 data product is the higher number of Gaussian fits applied to the return
signal of the GLA 14 data. The GLAS elevation data, originally referenced to the
Topex/Poseidon ellipsoid, were adjusted to the WGS84 ellipsoid following Bhang et al.
(2007) and corrected for EGM96-geoid variations obtained from the GLA 14 dataset.
The recently announced range determination error of +6 cm in the ICESat data can be
neglected as the GLA 14 product seems to be not affected by this error (Zwally, 2013).
The approximate June laser periods (2C, 3C, 3F) were excluded from the analysis as
they only include the first three years of ICESat’s lifetime and could therefore bias the
results. Also laser period 2F was excluded from the analysis due to a failure of the laser
in this period.

In this study we use version 3 of the SRTM-C DEM (90 m grid spacing)
which is available to the public via the U.S. Geological Survey (USGS) at
dds.cr.usgs.gov/srtm/version2-1/SRTM3/. Compared to version 4 of the DEM no
timely inconsistent data patches and interpolation artifacts are present in version 3
and no horizontal misalignment between version 3 and the ICESat data is found which
is in agreement with K&ab et al. (2012, their supplementary information). However,
data gaps are present in version 3 of the DEM but are located in off-glacier areas in our
study region. The vertical reference of the SRTM-C DEM is the EGM96-geoid.

Additional information on methods

For the separation into accumulation and ablation areas in each sub-region, Equilibrium
Line Altitude (ELA) values were selected from the literature (Table S 1). The data
describing the ELA on the TP are sparse and heterogeneous both in terms of the
acquisition method and date taken. Some authors used field measurements (Ageta
et al., 1989; Pu et al., 2008; Fujita and Nuimura, 2011) while others reconstructed the
ELA using a model (Ageta and Kadota, 1992; Benn and Lehmkuhl, 2000; Caidong
and Sorteberg, 2010). Due to the sparse spatial data coverage of published ELA
values, additional information was derived from recent Landsat imagery acquired in
September/October 2010 (Thematic Mapper, Level 1, acquisition). The snowline was
manually selected for several glaciers with different angles of inclination and slope in the
relevant sub-regions. The mean of the snowline elevations was used as an approximate
ELA in the respective sub-regions. For comparison we calculated the median glacier
elevation in each sub-region which gives a rough approximation of the ELA if the glaciers
are in equilibrium (Raper and Braithwaite, 2009). In order to test the sensitivity to a
changing ELA we added +150 m to our ELA estimates, which revealed a mean difference
of £30% for the derived AH trends.
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Supplementary Table S 1. Equilibrium line altitude (ELA) values for the eight sub-
regions. Also shown glacier median elevation in each sub-region, year of ELA estimate
and data source.

sub-region median (m) ELA (m) year source

A 5,944 5,930 1987 Ageta et al. (1989)

B 5,867 5,835 2010 Landsat estimate

C 5,372 5,300 2010 Landsat estimate

D 5,635 5,740 2002 Pu et al. (2008)

E 5,756 5,770 2005 Caidong and Sorteberg (2010)
F 5,757 5,600 2005 Fujita and Nuimura (2011)
G 5,512 5,500 2010 Landsat estimate

H 4,871 4,860 1989 Ageta and Kadota (1992)

It is known that ICESat measurements tend to get inaccurate on slopes >10° (e.g.
Hilbert and Schmullius, 2012). We therefore tested the sensitivity of AH trends on
slopes <10°, which revealed a mean difference of -0.04 m a~! for the AH trends in

Uin sub-region G where 50%

all sub-regions with the highest deviation of -0.26 m a~
of on-glacier ICESat footprints were excluded. Due to the large number of discarded

ICESat measurements no slope threshold was applied for our final estimate.

Error computation

In order to test the representativeness of ICESat coverage we employed a bootstrapping
analysis (e.g. Kaab et al., 2012). Here we included random ICESat footprints in
10% intervals and calculated AH trends after each iteration. After 200 iterations we
calculated the standard deviation of trends which is shown in Figure S 2 (all acquisitions)
and Figure S 7 (autumn acquisitions) and fitted a polynomial to the data. As at some
point the standard deviation of trends reaches a stable value we included the polynomial
value where 100% of the ICESat footprints are included in the analysis as an error for the
uneven spatial data sampling in our error estimate. This value reaches from 0.09 m a=*
for sub-region B to 0.21 m a~! for sub-region E. We also detected a temporal trend in the
ICESat data which is shown in Figure S 4. However, as our bootstrapping analysis shows
a stable value at ~60% of included ICESat footprints we conclude that the temporal
trend of decreasing ICESat measurements (-5.9+3.8% a™!) and the differences of the
area-elevation distribution (£15%, Figure S 1a) are covered by our error estimate. The
overall error in surface elevation changes is given by

_ 2 2
Ctrend = \/gtrend + trendland + Chias (1>

where 04.eng is the error from the bootstrapping analysis and trend,,,q is the estimated
off-glacier AH trend in each sub-region. The off-glacier trend was calculated in the same
way as the on-glacier trend employing all off-glacier ICESat measurement in each sub-
region. Following Gardner et al. (2013) we also included a systematic inter campaign
bias of 0.06 m a™' (eyqs). For the error estimate of the separate AH trends (i.e. in
the accumulation area and the ablation area) we additionally included a +£30% ELA
uncertainty.
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For the error computation of mass balances we added an error of £60 kg m~
density (Huss, 2013) and of £20% in glacier area. For the latter we randomly selected
11 glaciers all of which are included in our analysis. The areas of these glaciers were
digitized manually, based on the mentioned Landsat imagery (Thematic Mapper, Level
1, acquisition between 2003 and 2011). From the differences between the digitized glacier

outlines and the CGI we estimated the error in glacier area.

In order to test the statistical significance (Z) of the derived AH trends we employed a
Mann-Kendall trend test. If |Z] > 1.96 the estimated trend is assumed to be statistical

significant at the 5% level.
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Supplementary Figure S 1. Difference between the area-elevation distribution and
the ICESat elevation distribution for all glaciers in the eight sub-regions (a, after
Bolch et al., 2013). In order to translate the ICESat footprint distribution to an area-
elevation estimate we employed the 90 m grid posting of the SRTM-C DEM and the
SRTM-C elevation at each ICESat footprint location. Difference between the glacier
slope distribution and the ICESat slope distribution (b) and difference between the
glacier aspect distribution and the ICESat aspect distribution (c).
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Supplementary Figure S 2. Standard deviation of AH trends from randomly
selected 10% intervals of ICESat measurements after 200 iterations. The curves reach
a stable value at ~60% of included ICESat footprints, showing the representativeness
of the ICESat data sample in each sub-region.
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Supplementary Figure S 3. Glacier slope distribution for the eight sub-regions.

48



Supplementary Material 6
1200 T
% 1100 * i
g IV\\
O 1000} -1\
a [ ;
® \
2
o
kol
o
k)
@
=4
(o]
G
S
=2
300" i i i i i w
2 1““6 ’L““b 1001 ® 2
Year
Supplementary Figure S 4. Temporal trend in the ICESat data sample. Blue

dots represent the number of on-glacier ICESat measurements from each laser period
(except for laser period 2C, 3C, 3F and 2F). The number of ICESat measurements is

decreasing by -5.943.8% a~! between 2003 and 2009.

160 ; T z T
: — sub-region A
TA0f — sub-region B |
— sub-region C
120k oo N — sub-region D|]
— : — sub-region E
iloo— ST | FOSR ST SO sub-region F ||
= : — sub-region G
iel : .
2 s8of OSSO SOUNS SOUUUURUUURUU USROS — sub-region H||
(%] . n n
[ : : :
— N . .
= : : :
+ i : B 1
T : : :
< : z z
0 i ; i i
=20 0 20 40 60 80 100

Difference (%)

Supplementary Figure S 5. Difference of AH trends for a varying AH threshold
in each sub-region. In order to select cloud-free ICESat footprints a AH threshold of
+150 m was applied to the data.

49



Supplementary Material 7

ICESat autumn measurements

0
- 350
8000 — sub-region A b / C
a —  sub-region B
6off — sub-region C
7000 sub-region D 300
— sub-region E
50 sub-region F
6000 — sub-region G =0 — sub-re ion-A )
~ sub-region H — sub-region B
@ — mean N )
— 3 a0 3 — sub-region C
E 5000 [ £ 200 .
< o o —— sub-region D
S z T — sub-region E
[ 2 ] sub-region F
3 &30 @ 150 gl N\
4000 - o8 — sub-region G (
w sub-region A v 2 b-reaion H \ /
— sub-region B —— sub-region
) — mean
3000 — sub-reg!on C 20| 100 A
—— sub-region D = \
— sub-region E —
-
sub-region F 10 )
2000 — sub-region G 0 i
—— sub-region H \
= mean | :
= \
1000352516 o 1020 30 240 <30 20 -16 0 10 20 o5 1o =5 0 B 10
Difference (%) Difference (%) Difference (%)

Supplementary Figure S 6. Same plot as Figure S 1 except that only autumn
acquisitions are employed.
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Supplementary Figure S 8. Estimated trends for selected geographic sub-regions
solely based on autumn acquisitions. Geographic sub-regions are shown in Figure 1 in
the manuscript. Trends were fitted through all AH values in on- and off-glacier areas.

For on-glacier areas trends are shown separately for the accumulation and ablation
areas as well as for the whole glacier area. For clarity reasons only the AH median of

each laser period is shown. Year dates correspond to 1 January of each year.

Supplementary Table S 2. Regional trends of glacier elevation changes solely based
on autumn acquisitions are shown next to the area weighted mass balance and total
glacier area in each sub-region. Geographic location of sub-regions is shown in Figure
1 in the manuscript and trend lines are shown in Figure S 8. Statistical significant
trends are illustrated as bold numbers.

Sub-  AH trend (ma~!) AH trend (ma—!) AH trend (ma~1)

region accumulation area  ablation area

on-glacier area

AH trend (ma~1)
off-glacier area

Mass balance
(m w.e. a"1)

Total glacier
area (km?)

A - +0.25+0.30 +0.2540.30¢ -0.01£0.14 +0.2140.26¢ 6,483
B +0.65+0.33 +0.08+0.27 +0.58+0.26 -0.01£0.02 +0.49+0.28 464

C -0.59£0.36 -1.41+0.52 -0.57£0.31 -0.09£0.11 -0.48+0.31 1,491
D +1.1240.46 -0.79+0.39 -0.79£0.31 +0.01£0.03 -0.67+0.35 1,859
E -0.31£0.37 - -0.3140.37° -0.12£0.03 -0.2640.33° 1,056
F -0.45+0.33 -1.02+0.43 -0.61+0.30 +0.0540.02 -0.524+0.31 2,371
G -0.48+0.34 -1.88+0.64 -1.01+0.31 -0.01£0.06 -0.86+0.39 6,632
H -0.71+0.37 -0.66+0.37 -0.69+0.31 +0.1240.10 -0.59+0.33 12,017

“®data only available in ablation area.
bdata only available in accumulation area.
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Abstract: Traditional glaciological mass balance measurements of mountain glaciers are a
demanding and cost intensive task. In this study, we combine data from the Ice Cloud and
Elevation Satellite (ICESat) acquired between 2003 and 2009 with air and space borne
Digital Elevation Models (DEMSs) in order to derive surface elevation changes of the
Grosser Aletschgletscher in the Swiss Alps. Three different areas of the glacier are covered
by one nominal ICESat track, allowing us to investigate the performance of the approach
under different conditions in terms of ICESat data coverage, and surface characteristics. In
order to test the sensitivity of the derived trend in surface lowering, several variables were
tested. Employing correction for perennial snow accumulation, footprint selection and
adequate reference DEM, we estimated a mean mass balance of —0.92 +0.18 m w.e. a *.
for the whole glacier in the studied time period. The resulting mass balance was validated
by a comparison with another geodetic approach based on the subtraction of two DEMs for
the years 1999 and 2009. It appears that the processing parameters need to be selected
depending on the amount of available ICESat measurements, quality of the elevation
reference and character of the glacier surface.

Keywords: Grosser Aletschgletscher; ICESat; mass balance; surface lowering; DEM
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1. Introduction

Worldwide rapid retreat of mountain glaciers has been reported by numerous authors for the past
few decades (e.g., [1,2]). Glacier fluctuations are regarded as a good indicator for climate variability.
This holds true especially for changes in ice volume rather than in glacier extent as glacier area
changes tend to show a delayed signal to a changing climate [3]. Precise estimates of glacier volume
changes are still challenging and, especially for inaccessible mountain glaciers, remote sensing is a
promising data source. In this study, we used data from the Ice Cloud and Elevation Satellite (ICESat)
to derive surface elevation changes and volume changes of the Grosser Aletschgletscher in the Swiss
Alps. This is the first time that ICESat data was used to estimate changes in geometry of a glacier in
the European Alps.

The ICESat mission, which was primarily dedicated for the observation of polar ice sheets, provides
precise elevation measurements along nadir tracks acquired between 2003 and 2009. The major
obstacle in deriving a time series of elevation changes between consecutive ICESat tracks is that the
individual repeated tracks do not match exactly but can be horizontally separated by several hundred
meters. This is especially the case in mid-latitudes between 59<5 and 59N for which ICESat’s
precision spacecraft pointing control was not used [4]. In order to circumvent this problem, several
methods have been developed lately, however they have mostly been of value for the large polar ice
sheets and ice caps [5-9]. Compared to mid-latitude mountain glaciers, polar ice sheets and ice caps
feature an enormous size, good data coverage in terms of satellite orbits, and relatively homogeneous
surface characteristics and slope. Due to these characteristics, several methods of analysis exist. One
method makes use of crossover points between ascending and descending satellite tracks (e.g., [10]).
This method yields accurate results at the cost of sample density. However, the number of crossovers
decreases as the distance to the equator decreases and no crossovers exist over the Grosser
Aletschgletscher. Another method compares overlapping repeat tracks by projecting a younger profile
onto an older one [6,7]. For this method, the tracks must be spatially close which is a limiting factor
for the amount of available data. A third method uses the average slope derived from neighboring
ICESat tracks in pre-defined boxes (e.g., [5,7]) to account for the cross-track slope. This method is
restricted to a relatively gentle and homogeneous surface structure and is therefore not suitable for the
mountainous topography in our study area. However, three recent studies proved the suitability of
ICESat data in also deriving elevation changes for mountain glaciers [11-13]. Similar to them, we used
a DEM as reference surface on which we compare the acquired ICESat data. In these studies [11-13],
ICESat measurements are integrated over a large number of glaciers of different orientation and
elevation in order to derive a statistically valid region wide mass balance estimate. Although slightly
different approaches were applied by these authors, the results in the overlapping areas are in good
agreement. In contrast to these studies, we aim at the derivation of detailed elevation changes for a
single mountain glacier. Therefore, in this study, several data processing approaches and various
reference DEMs were investigated in terms of their influence on the derived trend in elevation change
and on the resulting mass balance. A number of ICESat footprints were re-measured by DGPS and
serve as ground truth for the derived surface elevation changes.
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2. Study Area and Data
2.1. Study Area

The Grosser Aletschgletscher located in the Bernese Alps in the central part of Switzerland is the
longest (22.6 km) and largest (83.0 km?) glacier in the Swiss Alps (Figure 1) [14]. It features a rich
archive of glaciological records and climate data dating back to 1841 when the first ablation
measurements on this glacier were carried out [15]. The accumulation area, which is located on the
southern slopes of the main mountain range, is marked by the two prominent summits of Jungfrau and
Mdnch. The main tongue is formed by the confluence of three tributaries (Grosser Aletschfirn,
Jungfraufirn and Ewig Schneefeld) at the so-called Konkordiaplatz. The Grosser Aletschgletscher
reaches an ice thickness of 890 m in its central part [16]. The glacier has been losing volume since the
Little Ice Age [14] with a considerably increased speed since the late 1980s [14,17]. Its mean annual
mass balance in the period from 1880-1999 has been estimated as —0.42 mw.e. a * which corresponds
to more than 50 m mean thickness loss [14]. A mass balance monitoring program was set up in the
1960s in the framework of a hydropower project but the data was too sparse to obtain an area-averaged
mass balance [18]. Point based surface mass balance has been measured on one site in the
accumulation area at the Jungfernfirn since 1920 [18].

Figure 1. Ground tracks of ICESat cross the surface of Grosser Aletschgletscher in three
separate places: Ewig Schneefeld (Al), Konkordiaplatz (A2) and the lower part close to the
terminus (A3). ICESat measurements on the glacier are highlighted in violet. Outlines of
the DEMs with only partial coverage of the area are in yellow. The points used as ground
control for the airphoto DEMs are shown as black crosses. In the background is a Landsat
TM image from 28 August 2011.
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2.2. Data
2.2.1. ICESat/GLASS Data

NASA’s Ice Cloud and Elevation Satellite (ICESat) mission provides accurate along-track elevation
measurements derived from the two-way travel time of the emitted laser pulse. Measurements are
acquired in nadir every 172 m with a footprint diameter of 70 m [19]. The instrument was operational
in the period 2003-2009. The launch of ICESat-2 with an improved instrument is planned for early
2016 [20]. Data acquisitions were carried out every 3—6 months during 18 one-month campaigns. In
the ideal case of no cloud cover, each campaign typically resulted in one repeat-pass track for a
nominal track. In this study, we used the ICESat/GLAS product L2 Global Land Surface Altimetry
Data, release 33 [21] denoted as GLA14, provided by the National Snow & Ice Data Center (NSIDC).
It contains information on land surface elevation, geolocation, reflectance as well as geodetic
atmospheric and instrument corrections.

The Grosser Aletschgletscher is crossed by one nominal ICESat track which yields 14 ground
tracks out of which one track provides only sparse measurements. The ground tracks run parallel in a
stripe of 1.37 km width and cross the glacier in three separate areas (Figure 2). The first area with a
mean elevation of 3400 m as.l. called Ewig Schneefeld, denoted here as Al, belongs to the
accumulation area of the glacier. The second area (A2) which is located in the relative flat glacier
confluence called Konkordiaplatz belongs to the ablation area of the glacier. This area with a mean
elevation of 2800 m a.s.l. is crossed by a number of crevasses and by distinct medial moraines. The
third area (A3) is located close to the terminus at a mean elevation of 2100 m a.s.l., some 1600 meters
lower than the highest ICESat measurements of area Al. These three areas (Al, A2 and A3) which
represent different units in terms of slope, surface roughness and glacier dynamics were treated separately.

Figure 2. Terrain slope at ICESat points in the three areas Al (a), A2 (b) and A3 (c) on the
Grosser Aletschgletscher. Red crosses indicate canceled points with erroneous elevations
due to cloud cover. Glacier outlines are from the Global Land Ice Measurements from
Space (GLIMS) dataset. The red squares mark the points for which the waveforms are
shown in below.
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2.2.2. SRTM DEM

The Shuttle Radar Topography Mission (SRTM) conducted during 11 days in February 2000
provided data for two high resolution digital elevation models [22,23] acquired at C- and X-band. The
data was interferometrically processed by the National Aeronautics and Space Administration (NASA)
and the German Aerospace Center (DLR), respectively. The homogeneous freely available DEMs
cover the entire land mass of the Earth between latitudes 60N and 57S. However, the SRTM-X DEM
was acquired with a swath width of 45 km leading to larger data gaps [22]. Due to the gaps between
the acquisition stripes, the SRTM-X DEM is only available for area A3. In this study, we use the
SRTM-C DEM version 3 which is available via the U.S. Geological Survey (USGS) with a grid
posting of three arc seconds and the SRTM-X DEM which is available via the German Aerospace
Center (DLR) with a grid posting of one arc second. The vertical accuracy of the SRTM-C DEM as
specified in the mission requirements is & 16 m at 90% confidence [22]. It has been repeatedly
confirmed that these requirements were met [24-26]. A mean and standard deviation of 0.60 £3.46 m
between ICESat and SRTM C elevations were found by [27] in a low relief area with sparse tree cover
in the Western United States. However, Gorokhovich and Voustianiouk [26] showed that the error of
the SRTM values have a strong correlation with slope and aspect, particularly for slope values >10<

Figure 3. The area A2 (Konkordiaplatz) on different DEMs shown as shaded relief.
(a) The SRTM-C DEM features a smooth surface with little detail. Artifacts are clearly
visible on the glacier surface in the case of the ASTER GDEM (b) while the Airphoto
DEM (c) has a smooth surface with a distinct medial moraine.

2.2.3. ASTER GDEM

The Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation
Model (ASTER GDEM) covers the land mass of the World between 83N and 83<S with a resolution
of 30 m. It was produced by feature matching techniques using optical stereo-pairs acquired by
nadir- and backward-looking infrared cameras of the ASTER instrument onboard the Terra Satellite
between 2000 and 2010. Multiple stereo pairs were processed for each point. The vertical accuracy is a
function of the number of used stereo pairs and is specified as 17 m at the 95% confidence level [28].
For the Grosser Aletschgletscher, between four and 19 stereo-images were employed. A visual
comparison of a shaded relief calculated from GDEM version 2 with high resolution DEMs revealed

that the GDEM over Grosser Aletschgletscher contains a high level of noise (Figure 3) which
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corresponds to the findings of [29]. To account for the noise, we used a smoothed version obtained by
a5 x5 low pass filter besides the original dataset.

2.2.4. Airphoto DEM

Two DEMs were derived from aerial photographs from 2009 and 1999 [14] by means of digital
stereo-photogrammetry whereas the former was used further as an elevation reference for the ICESat
data processing. A two-phase procedure with automatic terrain extraction and manual post-processing
for blunder elimination was applied. As a ground control, 50 permanently marked geodetic points were
used (Figure 1). The resulting DEMSs cover the glacier and its immediate surroundings and have a
spatial resolution of 25 m. The expected accuracy is in the order of <0.3 m which was confirmed by a
cross validation using independent check points outside the glacier.

2.2.5. Glacier Outlines

Glacier outlines from 1998 are available via the Global Land Ice Measurements from Space
(GLIMS) database [30] and were used for the selection of ICESat footprints on the glacier. The glacier
outline was provided to GLIMS by F. Paul who used a band ratio of Landsat Thematic Mapper data for
the delineation of the ice body.

3. Methods

To ensure that the ICESat elevation measurements are comparable between the non-identical tracks
on the tilted and irregular shaped glacier surface, this method, similarly to [11-13], makes use of a
static elevation reference. Therefore, the surface elevation for each ICESat point was extracted from
existing DEM data using bilinear interpolation of the four closest cells in the DEM following [25]. The
elevation difference between both datasets (ICESat-DEM) is further denoted as AH.

First of all, the DEMs had to be checked for horizontal shifts with respect to the ICESat profiles.
Following [31], all values of AH in off-glacier regions were normalized by the local slope inclination
and were plotted against the terrain aspect. The horizontal shift was estimated by the amplitude of a
fitted sinusoid and then removed by an adjustment of the reference coordinates of the DEMs (Table 1).
The Airphoto DEM did not provide enough AH values for the fitting as it is limited mainly to the
glacier area. Its shift with respect to the ICESat measurements could be derived by calculating the
displacement between the Airphoto DEM and the adjusted SRTM-C DEM (Table 1).

Table 1. Horizontal shifts of the reference DEMs with respect to the ICESat measurements
which had to be removed before the extraction of AH values.

DEM Horizontal Shift (m) Azimuth of the Shift (deg.)
SRTM-C 70.8 124.2
SRTM-X 40.0 72.1
Airphoto DEM 55.1 -106.3
ASTER GDEM 17.1 200.6
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Figure 4. Waveforms of ICESat pulses recorded on 24 October 2003 over (a) flat glacier
surface in Al (slope = 1.79, (b) steeper glacier surface (slope = 14.99, (c) rough glacier
surface marked by a number of crevasses that form between Ewig Schneefeld and
Konkordiaplatz and (d) steep off-glacier slope south of Konkordiaplatz. The raw waveform is
in red and the fit is in blue. One hundred ns corresponds to 15.1 m of the elevation difference.
Positions of the points labeled as W1, W2, W3 and W4, respectively, are shown in Figure 2.
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Since the ICESat data is referenced to the TOPEX/Poseidon ellipsoid [19], the ICESat
measurements were converted to WGS-84 heights following [32,33]. In the next step, the ellipsoidal
elevations were recalculated to heights above the EGM2008 geoid using information on geoidal
heights contained in the GLA14 records. Then, the ICESat points were filtered based on the distance to
the reference DEM. The threshold of 100 m appears to effectively sort out all measurements affected
by clouds. In order to sort out short tracks with too high variation of AH which can provide no
meaningful elevation information, a threshold for the in-track standard deviation of AH was set to
20 m. Since the vertical error of ICESat elevations increases with the incidence angle between the laser
vector and the surface normal [27,34], an upper limit of terrain slope of 10°suggested by [34] was

applied to account for the effect of the inaCé;iJracy induced by the Gaussian fitting of the wide
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waveforms (see Figure 4b). Further, the effect of the slope threshold on the resultant trend was
investigated. The effect of terrain slope and surface roughness is illustrated by waveforms recorded
over different surfaces (Figure 4). Furthermore, the impact of smoothing of the AH values along the
track and the elimination of outliers on the derived surface lowering trend was explored. Outliers were
replaced by the average of two neighboring values, and for the smoothing, a running mean was
applied. To exclude the influence of a systematic bias in the ICESat data (differences between the
lasers used during different ICESat campaigns, instrument drift, etc.), off-glacier measurements from
the surrounding area were checked for a possible trend.

In order to estimate trends in surface elevation change, assuming a linear trend of surface lowering
of the glacier, a linear function was fitted through all AH values per ICESat track and area. This way,
the trend is independent of the absolute elevation of the reference. The statistical significance of the
estimated trends was checked with an f-test and the error of the regression was shown by its standard
deviation. Irregularities in glacier surface changes caused by variation in albedo, debris cover and glacier
flow together with processing artifacts of the DEM introduce a noise to the derived values of AH.
However, the variation of AH along the tracks can also indicate the quality of the reference data set. A low
variation indicates a good match between the ICESat profiles and their vertical projection on the DEM.
Various DEMs were used as a reference and were compared in terms of variation of AH for all three areas.

Seasonal snow cover introduces a variation into the time series of glacier elevations measured by
ICESat. For testing of the snow pack correction of ICESat elevations, we used snow depths for days of
ICESat flyovers measured at Eggishorn Station (2495 m a.s.l.) which is located 1.7 km to the SE from
the lower part of the glacier (Figure 1). The multi-seasonal ICESat measurements were corrected for snow
pack depth by subtraction of the snow depth measured at the station. The resulting trend was compared to
the trend derived from measurements acquired after the ablation period (i.e., autumn trends).

4. Results
4.1. Trends in the Surface Lowering

The surface lowering of the Grosser Aletschgletscher observed from ICESat elevations appears to
be nearly zero in the accumulation area (A1) (Figure 5). The lowering in the upper part of the ablation
area (A2) is 2.2 m/a and it increases towards the terminus (area A3) where it approximately doubles
(Table 2). This is a common pattern observed at alpine glaciers in the last decade [14,18]. The analysis
of AH for the surrounding area not covered by the glacier did not produce any statistically significant
trend (Figure 6), which is in an agreement with [11-13], and it confirms that the use of different lasers
for the ICESat campaigns or a possible instrument drift did not affect the trends extracted on the glacier.

In area Al, no elevation changes could be detected by ICESat because the derived low trends are
not statistically significant (Table 2). The in-track variation in AH over this area appears to be high.
The application of a slope threshold of 5<led to a strong reduction of measurements (Figure 5). The
best results in terms of AH variations are achieved when using the Airphoto DEM. When comparing the
two global DEMs, the SRTM DEM outperforms the ASTER GDEM which confirms the superiority of
the INSAR technique in snow covered areas due to a lack of features for stereo-processing.
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Table 2. Mean surface lowering for areas Al, A2 and A3 using different DEMs as
elevation reference. The snow pack correction and the threshold of the terrain slope were
applied. F-values in italics indicate a statistically non-significant trend.

Mean Surface Canceled Canceled
Elevation Reference Area Mean o of AH Lowering f-Value Points Tracks
AH(m)  (m)
(m/a) (%) (No)

SRTM-C Al 8.1 4.7 -0.2 £0.32 0.41 55.8 1
ASTER GDEM original Al -13.4 12.9 0.2 +1.05 0.02 76.1 2
ASTER GDEM smoothed Al -12.7 10.2 0.1 +£0.67 0.04 58.9 1
Airphoto DEM Al 55 3.9 —0.0 =0.30 0.02 54.3 1
SRTM-C A2 -6.1 2.8 -2.5%0.13 380.6 14.9 1
ASTER GDEM original A2 -3.8 4.2 -2.2 £0.20 125.9 33.2 1
ASTER GDEM smoothed A2 -3.3 35 -2.1+0.15 183.8 15.9 1
Airphoto DEM A2 10.7 1.9 -2.6 £0.10 759.8 16.8 1
DGPS A2 15.0 0.9 —2.6 £0.08 788.5 7.5 1
SRTM-C A3 —25.6 4.4 -5.1+0.35 209.06 28.2 2
ASTER GDEM original A3 -18.2 4.6 —4.3 £0.52 68.32 56.4 2
ASTER GDEM smoothed A3 -17.1 4 -5.1+0.34 217.44 30.8 2
Airphoto DEM A3 17 3.8 -3.3+0.36 84.77 39.7 2
SRTM-X A3 —22.6 4.4 —5.3+0.39 189.23 33.3 2

Figure 5. Linear trend of the surface lowering in area Al fitted through multi-seasonal
ICESat data. Snow corrections and a threshold for the local terrain slope of 10°(above) and
5°(below) were applied to reduce the high in-track variation of AH.
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The trend in surface lowering derived for A2 (Figure 6) based on the Airphoto DEM (2.6 £0.10 m/a)
is equal to the one based on the DGPS measurements (Table 2). Very similar results were also
achieved using the SRTM-C DEM. The trends derived using the ASTER GDEM slightly
underestimate the rates of the surface lowering. The smoothing reduces the variation of AH but does
not affect the trend significantly. The estimation of surface lowering in this area benefits from long
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intersections of ICESat tracks with the glacier surface (Figure 2). The smooth surface topography leads
generally to a relatively low variation of AH (Figure 6).

Figure 6. Linear trend of the surface lowering in area A2 fitted through multi-seasonal
ICESat data using the Airphoto DEM as elevation reference. A terrain slope threshold of
10=and snow pack corrections were applied. Values of mean AH for off-glacier area
(in grey) do not show a statistically significant trend.
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The use of the DEMs provided by space borne platforms led to similar results in case of A3. Both,
the trend and the variations in AH are almost identical when comparing the SRTM-X DEM with the
SRTM-C DEM. Nevertheless, they differ from the results which use the Airphoto DEM as elevation
reference (—3.3 £0.36) (Figure 7). This difference is probably due to changes of the surface geometry
between different acquisition dates taking into account the high dynamics of the retreating glacier
terminus. A number of ICESat measurements acquired in winter were sorted out due to erroneous
elevations caused by the presence of low clouds (Figure 2).

Figure 7. Linear trend of the surface lowering in area A3 fitted through multi-seasonal
ICESat data using the Airphoto DEM as elevation reference. A terrain slope threshold of
10<and snow pack corrections were applied.

RN N W
o U o
T TITTT]
|

-
o
TTTTTTT

elevation difference (m)
o

o
TT]TT

T
2005

|

2006
year

A [ A A
2007 2008

It appeared that different approaches in data processing of the ICESat data as listed in Table 3 have
only a limited effect on the resulting mass balance. The difference is in all cases within 6% (Table 3).
When looking at the differences in surface lowering (Table 3), it can be seen that the listed processing
approaches affects also the error ranges and the statistical significance. For instance, the application of
the slope threshold of 10<has little effect on the surface lowering but it leads to an increase of the
statistical significance of the trend and to a narrowing of the error range in A2. In this area, this
threshold leads to cancelation of the points over the highly dynamic inflow of Ewig Schneefeld, where
the surface velocity reaches 90 cm/day [35] which is likely the reason for this improvement. A weak

contrary effect can be observed for A3. In Al,ﬁtile f-value more than doubles but the trend
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remains non-significant. The correction for snow pack depth using the in-situ data results in an
increase in the statistical significance of the derived trend in surface lowering for A2. The effect is less
strong in A3. The trend in both A2 and A3 stays almost unaffected. Finally, the selection of autumn
measurements led to a change in trend of 18.9% in A3 resulting in a trend value of 2.6 m/a, which
diverges substantially from the value obtained by the DEM subtraction. This is connected to a high
increase in the error range and a substantial decrease in the statistical significance. Only small changes
were observed for area A2 in which the flat surface and abundance of measurements ensure a robust
result. The high variations in Al between the tested approaches are caused by the fluctuation of
the non-significant trend near zero. The results for A1 were shown for completeness. The smoothing of
the AH values along the tracks did not significantly affect the trend in both regions, A2 and A3.
However, its effect on the error ranges and the statistical significance is contradictory.

Table 3. The effect of various approaches in the processing of ICESat data on the trend in
AH, the error range, the statistical significance and the resulting mass balance are
expressed in percentages. The calculation is based on the Airphoto DEM for 2009.

Tested Change Area Surface Lowering Sigma f-Value Mass Balance
Al 50.0% 0.0% 120.5%
threshold for terrain slope 10 A2 3.2% -30.8% 119.7% 1.74%
A3 0.0% 9.1% -15.1%
Al -15.7% 2.6% —33.3%
snow pack correction A2 -1.9% 22.2% -33.7% 0.44%
A3 3.0% 5.6% —5.3%
. Al —70.6% 34.2% —95.2%
selection of autumn
A2 6.8% 7.7% 0.3% —5.8%
measurements
A3 —-18.9% 63.6% —75.4%
Al 58.8% —15.8% 237.3%
smoothing of AH profiles A2 —0.4% —23.1% 71.0% —4.8%
A3 0.9% 60.6% —59.1%

4.2. Estimation of Mass Balance

Since no surface lowering was detected for the accumulation area, the interpolation of the trend was
limited entirely to the ablation area using solely the surface lowering tends in the areas A2 and A3. The
trend was interpolated in elevation bands of 100 m by piecewise linear interpolation in an altitude
range from 1800 to 3000 m a.s.l., the upper one being an approximate position of the equilibrium line.
The volume change was then obtained by multiplication of these trends by the area delimited by the
elevation range of each band and summing up of the products. The volume to mass conversion was then
calculated assuming an ice density of 850 +60 kg-m > following [36]. The utilization of the Airphoto DEM
as elevation reference produced a total mass balance of —0.92 +0.18 m w.e. a ' using the snow corrected
multi-seasonal data and a slope threshold of 10< The use of the different DEMs resulted in a range of
mass balances from —0.90 +0.17 m to —1.04 +0.19 m w.e. a - (Table 4). The error of the mass balance
was quantified as a combination of the following contributions: error of derived trends, uncertainty of
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the glacier outlines and the error of the ice density. Following [11,12], the accuracy of the glacier area
delimited by the GLIMS outlines was estimated to be 10%.

Table 4. Mass balance of the Grosser Aletschgletscher estimated from ICESat
measurements for the period 2003-2009 using different DEMs as elevation reference and
from the subtraction of the DEMs for the years 1999 and 2009.

DEM Mass Balance (m w.e. a™%)
Airphoto DEM —0.92 +0.18
SRTM-C —-1.04 +0.19
GDEM ASTER original —-0.90 +0.17
GDEM ASTER smoothed -0.94 +0.18
subtraction of DEMs -1.02 £0.34

4.3. Validation

In order to get a high accuracy elevation reference for comparison with the DEMs, elevations of
ICESat footprints were measured in-situ by Differential Global Positioning System (DGPS) during a
four day field campaign in July 2012. Elevations of 57% of the footprint center points in area A2 were
obtained in static mode with a relative accuracy in the order of centimeters. To provide a comparison
with the DEMs, the DGPS measurements were used as elevation reference and values of AH were
calculated for each point. The resulting surface lowering (Table 2) is almost identical to the surface
lowering obtained when using the Airphoto DEM. The AH has considerably lower standard deviation
in comparison to the use of all the DEMs. This shows that an analysis of ICESat data of flat areas well
sampled by ICESat measurements leads to a highly accurate result when using a good quality DEM.

To validate the calculated mass balance, we applied another geodetic method based on the
subtraction of two DEMSs produced by aerial stereo-photogrammetry. For this purpose, the Airphoto
DEMs for the years 2009 and 1999 were co-registered, re-sampled to the same spatial resolution (25 m)
and subtracted from each other under the mask for the whole glacier area. The obtained volume was
converted to mass balance using again the assumption about the ice density of 850 + 60 kg:m 3. The
thickness change was then calculated in elevation bands of 100 m and plotted against elevation
(Figure 8). This plot shows a non-linearity between surface lowering and altitude around 2200 m a.s.l.
This non-linearity is not captured by the ICESat data due to the gaps in data coverage along the
elevation range. Another non-linearity occurs in the accumulation area which could be due to
difficulties of optical stereoscopy over snow covered areas. The error estimation of the DEM
subtraction employed the uncertainty of the elevation difference of the two DEMs, error of the ice
density and the uncertainty of the glacier outlines. The uncertainty of the elevation difference of the
two DEMs was calculated after [37] using statistics of an off-glacier area calculated from each 20th
pixel in the sample in order to account for the autocorrelation inherent to the stereoscopically derived
DEMSs. The resulting mass balance (—-1.02 +0.34 m w.e. a %) is in a good agreement with the values
calculated from the ICESat measurements using different DEMs (Table 4). The lowest and highest
difference is for the SRTM-C (2%) and GDEM ASTER without smoothing (12%), respectively. It
should be noted that the two above mentioned nonlinearities which divert from the lowering rates

derived from ICESat measurements compensate each other which contributes to this good agreement.
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It also has to be noted that different methods of mass balance estimation do not lead to identical results
and that great care has to be taken when comparing them [38].

Figure 8. Glacier hypsometry (upper panel) and surface lowering in elevation bands of 100 m
derived from the subtraction of two Airphoto DEMs (black line) and surface lowering from
ICESat measurements using the Airphoto DEM (red), SRTM-C DEM (green), the ASTER
GDEM original (blue) and the ASTER GDEM smoothed version (magenta) as elevation
reference and from SIMU-Laser (wellow) . The subtraction of the two DEMs and the
ICESat measurements cover slightly different periods: 1999-2009 and 2003-2009,
respectively. The elevation ranges covered with the ICESat data (Al, A2 and A3) are
marked by horizontal lines in the lower part of the image.
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Further, we checked the representativeness of the sparse ICESat sampling distribution using
simu-laser approach proposed by [39]. The simu-laser elevation changes were extracted at the
locations of the ICESat footprints in the areas A2 and A3 from the difference image calculated from
the two airphoto DEMs. These differences were averaged over the studied areas to obtain surface
lowering (Figure 8). These values were then converted to mass balance applying the same method as
for the ICESat measurements. The resulting mass balance 0.81 m w.e. a * is only 3% higher with
respect to the subtraction of the two DEMs if this subtraction is limited to the ablation area. The
resulting lower value of the mass balance is due to the above mentioned non-linearity around the
altitude 2200 m a.s.l. This good agreement shows that the ICESat sampling is representative and it
supports the validity of the approach.
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5. Discussion

The ICESat coverage of the Grosser Aletschgletscher allowed us to test the derivation of the trend
of surface lowering under different conditions. Ground DGPS measurements on Konkordiaplatz
provided an accurate elevation reference which validates the results achieved by various DEMs. Even
though there is a certain variation of AH present when using the DGPS data, it is lower than in the case
of the DEMs. This residual variation can be attributed to terrain undulations in the ICESat footprints
and probably also to the effects of the horizontal component of glacier movements. The trend for
Konkordiaplatz based on DGPS is equal to the one for the Airphoto DEM and very close to the one for
the SRTM-C DEM.

The available DEMs that were used for the analysis differ in terms of detail level, amount of noise
and spatial coverage. The use of the Airphoto DEM for the elevation reference provided results
comparable with the ground truth measurements. When comparing the global DEMs, the use of the
SRTM-C DEM as elevation reference provides a more robust estimate of AH for all three areas than
the ASTER GDEM which provides the worse results, especially in the snow-covered accumulation
area. The different penetration depth of the C-band signal into firn and ice discussed by several
authors [11,40,41] did not affect the results since the accumulation area was treated separately. The
penetration depth of C-band signal during the SRTM data acquisition can be estimated as a difference
between AH values for C- and X-band in the area A3 (Table 2). The resulting value of 3.0 m seems to
be a realistic estimate of the C-band signal penetration. The spatially limited SRTM-X DEM does not
seem to provide a better result than the SRTM-C DEM.

Although the snow cover depth of alpine glaciers, especially in the accumulation area, can be highly
variable [42], the use of in-situ snow depth measurements led to suppression of a seasonal signal in the
data. This allowed us to take multi-seasonal ICESat measurements which can be essential in areas with
only few ICESat tracks. Multi-seasonal data was similarly used by [12,13]. The representativeness of
snow depth measurement from a close meteorological station is biased by the spatial irregularity of
precipitation, the redistribution of snow cover by wind and a depth gradient with elevation. Regardless,
in our case, the application of the snow correction leads to a higher statistical significance of the
derived trends.

A recent study of [34] showed that ICESat measurements tend to be inaccurate for slope values
higher than 10< The comparison of waveforms over various glacier surfaces in terms of slope and
roughness in Figure 4 showed that higher slope and higher roughness results in a wider and more
complex waveform which can in turn lead to an error in elevation estimation. The application of a
threshold for terrain slope seems to be an effective approach in areas with complex topography as was
shown for area Al. It leads to a reduction of error ranges and to an increase of statistical significance
even over the relatively flat surface of Konkordiaplatz. However, this approach did not bring any
improvements in area A3. Moreover, a trade-off between this positive effect and the reduction of
number of measurements has to be considered.

Unfortunately, there are no glaciological mass balance measurements for the studied period that
could be used for a comparison. However, the mass balance derived from the combination of ICESat
data with the SRTM-C DEM matches well to the results of another geodetic method based on the
subtraction of two DEMs from the years 1999 and 2009 (Table 4) and to a detailed reconstruction of
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mass balance by [43]. Certain underestimation of trends derived from ICESat measurements for areas
A2 and A3 and a non-linearity of the surface lowering with altitude revealed by the DEM subtraction
lead to an underestimation of the mass balance due to the sparse ICESat sampling (Figure 8). This
suggests that proper attention has to be paid to the distribution of ICESat data over the elevation range
when considering this method for a single glacier. The differences of the trend in surface lowering in
area A3 (Table 2) are difficult to explain. As this area is close to the terminus, a high variability of the
surface shape can be assumed between the different DEMs acquired at different times. It is evident
from Figure 8 that the ICESat-derived trend in AH using the Airphoto DEM as an elevation reference
is the best match to the subtraction of DEMs. Nevertheless, the impact of these differences on the
resulting mass balance is rather small.

6. Conclusions

In this study, the mass balance of the Grosser Aletschgletscher in the Swiss Alps was estimated
from ICESat laser altimetry combined with a digital elevation model (DEM). This is the first time that
the mass balance of a single mountain glacier was estimated using ICESat measurements. The mass
balance differs only 9.8% when comparing with the result of another geodetic approach based on the
subtraction of two DEMs produced by aerial stereo-photogrammetry. Depending on the DEM used as an
elevation reference, an annual mass balance between —0.90 +0.17 mw.e. a * and —1.02 £0.34 mw.e.a '
was estimated for the period 2003-2009. Various processing approaches were tested including a
threshold for terrain slope, snowpack correction, selection of autumn measurements and along-track
smoothing of ICESat-DEM elevation differences. Comparison of the various approaches resulted in
differences in mass balance in the range from 0.4% to 5.8%, comparing to the other geodetic approach.
It was shown that even the use of global DEMs as elevation reference can lead to a good estimate of
surface lowering. The use of the SRTM-C and ASTER-GDEM results in differences of 3.8% and
15.3% from the surface lowering based on Differential Global Positioning System measurements as an
elevation reference. However, the use of a higher quality DEM provides better results in terms of
variation of ICESat-DEM elevation differences which in turn leads to a higher significance of the
estimated trends and to a more accurate mass balance. Global availability of a detailed high quality
DEM in the future will indeed improve the accuracy of the derived mass balance of mountain glaciers.
In this context, there are high expectations for the global DEM derived from data of the TanDEM-X
mission and for the ICESat-2 mission. The results of the Grosser Aletschgletscher indicate that, for a
single glacier, surface lowering can be realistically assessed by interpolation across the elevation
range, if the ICESat measurements are favorably distributed over the glacier surface. However, the
actual surface lowering may locally differ due to non-linearities caused by glacier geometry. This
approach indeed cannot compete with a glaciological approach in terms of accuracy; it appears
however that it can lead to a realistic estimate of mass balance of a single glacier. As there is only a
small fraction of mountain glaciers covered by mass balance measurements worldwide, ICESat data in
combination with a DEM can help to fill this gap.
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Abstract. Due to their remoteness, altitude and harsh cli- of the TP Thompson et aJ.2008. In this study, we take
matic conditions, little is known about the glaciological pa- a closer look at the recent mass balance of the Purogangri
rameters of ice caps on the Tibetan Plateau. This studyce Cap (PIC), Tibet's largest ice fiel®Bki et al, 2009.
presents a geodetic mass balance estimate of the Purogafihe PIC is located at 385 N, 89°10 E in the continen-

gri Ice Cap, Tibet's largest ice field between 2000 and 2012 tal westerly-dominated north-central part of the TR@mp-

We utilized data from the actual TerraSAR-X mission and son et al. 2006. Due to its remoteness and high altitude of
its add-on for digital elevation measurements and compare&800 m a.s.l, on average, field work at the PIC would involve

it with elevation data from the Shuttle Radar Topography high costs, large logistical efforts and great physical strain.
Mission. The employed data sets are ideal for this approactherefore, remote sensing is a promising alternative to con-
as both data sets were acquired at X-band at nearly theuct mass balance measurements of this ice cap.

same time of the year and are available at a fine grid spac- In this study, we estimate the mass balance by geodetic
ing. In order to derive surface elevation changes we em-imeans. In general, the geodetic mass balance is calculated by
ployed two different methods. The first method is based onsubtracting data sets of glacier surface elevation acquired at
differential synthetic radar interferometry while the second different times (e.g.Rignot et al, 2003 K&aah 2008 Haug
method uses common DEM differencing. Both approachest al, 2009 Bolch et al, 2011). For the PIC two such data
revealed a slightly negative mass budget-gf4+15 and  sets are available. The ice cap was almost completely mapped
—38+23mmw.eq.al (millimeter water equivalent) re- by X-band SAR Interferometry (INSAR) in February 2000
spectively. A slightly negative trend ef0.15+ 0.01 knf a1 during the Shuttle Radar Topography Mission (SRTM) re-
in glacier extent was found for the same time period employ-sulting in a Digital Elevation Model (DEM). Almost exactly

ing atime series of Landsat data. Overall, our results show ari2 years later, on January 26, 2012, the ice cap was mapped
almost balanced mass budget for the studied time period. Adby single-pass X-band INSAR from TerraSAR-X and its add-
ditionally, we detected one continuously advancing glacieron for digital elevation measurements (TanDEM-KJieger
tongue in the eastern part of the ice cap. etal, 2007).

Utilizing these interferometric data sets, we followed two
different approaches to estimate the geodetic mass balance of
the PIC between 2000 and 2012. First, we employed Differ-
1 Introduction ential Synthetic Aperture Radar Interferometry (DINSAR). In

this approach we subtracted a simulated SRTM-X interfero-
The Tibetan Plateau (TP), also known as the third pole, isyram from a single-pass TSX/TDX (TerraSAR-X/TanDEM-
characterized by many glaciers and ice caps. Information o¥) interferogram. In order to compare the DINSAR derived
whether thatice is losing or gaining mass is a valuable indicaestimate with a more common method, we constructed a
tor to understand the climate variability onthe TR etal,  pEM from the TSX/TDX acquisition and calculated the sur-

2019. This is of high importance as direct measurements offace elevation differences between the two InSAR derived
climatic parameters are sparse, especially in the central part

Published by Copernicus Publications on behalf of the European Geosciences Union.
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DEMs. Finally, the results of both approaches were convertedable 1.Overview of satellite data and date of data acquisition. Per-
to mass changes showing the enormous potential of the newendicular baseline, Band pass direction are given for SAR acqui-
TSX/TDX data for geodetic mass balance estimates in resitions (Fig.1). For Landsat data path and row number is given next

mote regions. to the spatial resolution.
SAR sensor date B(m) pass

2 Data SRTM-X 11-22 February 2000 155  ascend.

.. TSX 2/13 August 2011 403 descend.
2.1 Shuttle Radar Topography Mission TSX/TDX 26 January 2012 155  ascend.
The SRTM was conducted from 11 to 22 February 2000 in optical sensor date path /row _res. (m)
order to derive a near-global DENRAbus et a).2003 Farr Landsat ETM+ 25 August 1999 140/036 15
et al, 2007). For this purpose, data from C- and X-band SAR  Landsat ETM+ 7 October 2000 139/037 15
were acquired. In this study we used the X-band DEM, which t::gzg: gm: 1288232219;;02%%7 11440(;%3366 1155
was prqcessed at the German Aerospace Centgr (DLR). In Landsat TM 15 August 2010 140/036 30
comparison to the C-band ScanSAR system with a swath | 5pgsat T 19 September 2011 140/036 30
width of 225 km, the X-band SAR system was operated with | andsat ETM+ 13 September 2012 140/036 15
a swath width of only 45 km leaving large data gapsinthe re- Landsat ETM+ 29 September 2012 140/036 15

sulting X-band DEM Rabus et a].2003. Fortunately, 90_% * In this study the baseline was simulated from the TSX/TDX pass, the original
of the PIC is covered by the data set (Fij. The DEM is SRTM-X baseline is 59.9 mRabus et a).2003.
sampled to a grid posting of one arc second and is referenced
to the WGS84 ellipsoid.
2.3 Landsat
2.2 TerraSAR-X and its add-on for digital elevation
measurements (TanDEM-X) In order to compare the interferometrically derived results
with changes in glacier extent, we utilized six Landsat En-
TSX was launched in June 2007 followed by its twin satellite hanced Thematic Mapper Plus (ETM+) and two Landsat
TDX in June 2010. The two satellites are flying in a unique Thematic Mapper (TM) scenes (Talle We used all bands
helical formation acting as a single-pass INSAR system withof the orthorectified level T1 products provided by the United
a flexible baseline configuratiofijeger et al, 2007. The  states Geological Survey (USGS). No horizontal shift was
main g0a| Of the TanDEM-X miSSion iS the generation Of a Observed by Visua' Comparison amongst the Landsat im-
global consistent DEM with a 12m 12m grid posting and  agery, the co-registered TerraSAR-X coherence image and
a vertical accuracy of <2 niMoreira et al, 2004). the SRTM-X DEM. In order to reduce data gaps induced
In this study, we employed the experimental Co-registerecyy scanline errors in the 2012 ETM+ data, we combined
Single look Slant range Complex (CoSSC) product acquiretyo ETM+ scenes acquired in September 2012 (€ben
in bistatic INSAR stripmap mode on 26 January 2012 (Tablegt 31, 2011). To enhance the spatial resolution of the Landsat

1) The data were acquired onan a.scending satellite pass W|tETM+ scenes to 15 m, pan_sharpening emp'oying principal
an incident angle of £4and VvV polarization. The CoSSC Component ana'ysis was performed_

product has already been focused and co-registered at the

TanDEM-X Processing and Archiving Facility (PAF) via the

integrated TanDEM processddque 2012). For the inter- 3 Methods
ferometric processing of the CoSSC product we employed

the GAMMA SAR and interferometric processing software 3.1 Delineation of ice
(e.g.,Werner et al.2000.

Besides the tandem acquisition, we employed two TSXIn order to measure any glaciological parameter, the delin-
stripmap scenes acquired on 2 and 13 August 2011 (Table eation of the ice body is an essential step. Glacier outlines
The data were acquired on a descending satellite pass with aare available globally through the Randolph Glacier Inven-
incident angle of 31and HH polarization. From the phases tory (Arendt et al, 2012. However, for the PIC these glacier
of these scenes a coherence image was calculated, which wasitlines are spatially inaccurate when compared to the Land-
used to support and validate the Landsat derived glacier outsat scenes listed in Table
lines shown in Figl. Further details concerning the produc-  Due to the high spectral contrast between glacier area and
tion of the DEM and the generation of the glacier outlines arenon-glacier area in our study region, we conducted an un-
described in the Methods section. supervised 2-class classification to delineate the ice body

for the years 2000 and 2012. This classification was per-
formed on the pan-sharpened Landsat ETM+ scenes of 2000
and 2012, which incorporate the principal components of all

The Cryosphere, 7, 16231633 2013 www.the-cryosphere.net/7/1623/2013/
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Mongolia
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Fig. 1. Landsat ETM+ image, acquired on 7 October 2000, of the Purogangri Ice Cap (PIC) overlayed by SAR image footprints and glacier

outlines for the years 2000 (yellow) and 2012 (black). Bands 4, 3, and 2 are combined as red, green, and blue, respectively. ICESat footprints
are indicated as small red dots. Ice core drill sites of the Byrd Polar Research Center are shown as yellow triangles.

Landsat bands. We also tested a method based on band rmol implemented in th&RASS GlSoftware GRASS De-

tios and the use of a specific threshold as suggestd®abyy  velopment Tean2012).

et al.(2004 andBolch et al.(20108. For our study region, a An error estimation of the resulting glacier masks was per-

visual comparison showed a good match between both metiformed based on a modified approach fr@manshaw and

ods. Fountain(2006 andBolch et al.(20103 who compared their
Choosing only two classes revealed a general determinasemi-automatically generated results to independently dig-

tion of on-glacier and off-glacier areas. Due to a few snowitized glacier outlines from high resolution aerial imagery

covered mountain ridges and remains of snow avalanchest random locations. In this study, we used the additional

the derived glacier masks were adjusted manually accordTerraSAR-X coherence image as a reference base. Randomly

ing to the Global Land Ice Measurements from Space stanselected parts of the TerraSAR-X coherence image were dig-

dards Rau et al.2005. In consequence of occasional cloud itized manually and compared to the 2012 Landsat derived

cover in the Landsat ETM+ data of 2012, we employed glacier extent. On the basis of these differences we calculated

an additional coherence image of an 11 day repeat-pass & mean relative error of 2.3 % for the estimated glacier

TerraSAR-X acquired on 2 and 13 August 2011 (Table area. It should be noted that this error estimate is rather con-

Due to the short wavelength of TerraSAR-X (3.1 cm) and theservative as it also includes one year of glacier change. As

changing surface characteristics of the ice cap (e.g., precipthe 2000 glacier mask was derived with the same method we

itation, wind drift, melting, freezing), a low coherence was assume a similar error for the 2000 glacier extent.

calculated for ice covered areas whereas the coherence out-

side the glacier was distinguishably high (efgrey et al, 3.2 Glacier elevation changes

2012. Two small cloudy patches in the 2012 glacier mask

were fixed manually on the basis of the coherence imagey, this study, glacier elevation changes were calculated us-

Ice divides were estimated on the basis of watersheds ex,q g different methods. The first method is based on dif-

tracted from the SRTM-X DEM utilizing the watershed  torantia| SAR interferometry while the second method uses

www.the-cryosphere.net/7/1623/2013/ The Cryosphere, 7, 162%33 2013
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common DEM differencing. Both approaches are using th
TSX/TDX acquisition from January 2012 and the SRTM-X
DEM acquired in February 2000 (Tallg The main focus of
this section is on the DINSAR approach followed by a brief
description of the DEM differencing.

The interferometric phase of the single-pass TSX/TDX in-
terferogram may be described by &

A‘lSTSX/TDX = Adorbit + A(I5topo‘|‘ Apatm+ Adscas (1)

whereAgrsx,/Tox is the difference of phasggsx and¢rpx

simultaneously acquired by TSX and TDX in January 2012
(Fig. 2, upper left). As the baseline of this satellite pass is
relatively small (155m) and the data were acquired simul-
taneously, the same atmospheric conditions are assumed f Simuted Simuiated
both SAR antennas, which sets the atmospheric contributio DEM SRTM-X
Agamin Eq. () to zero. The same applies fdrpsca; which Matching

=

~ ] Fittering
| -

B
Flattening | ==

>

[int.] )

uonenwIs ¥vs

A
| Simulated

| Simulated

describes the phase difference due to different scattering o
the ground. This only leaves¢oit, Which is the phase dif-
ference induced by the different acquisition geometry of the

Refined geocoding
lookup table

SAR sensors, and¢iopo, Which describes the phase differ- ' | > "
ence induced by topography. : Simulation of ' ; %, .
The DINSAR approach applied in this study can be de- _ unflattencd int. phase il 41 &
. Simulated | Matched
scribed by int. SRTM-X
Adgir = APTSX/TDX — APSRTM-X (2 '
a
whereAg¢srTm—x is the interferometric phase of the Febru- . A Fiering & Phase
ary 2000 SRTM-X acquisition. However, as the raw inter- V'S unwrapping yr— e oiov
ferometric data of the SRTM-X acquisition is not available, Diff. phase difference difference

ApsrTm—x was simulated from SRTM-X DEM data using
the satellite geometry and baseline model of the TSX/TDXFig. 2. Scheme of the DINSAR approach and the DEM differencing
pass from January 2012 (Fig, lower part). Since the same applied in this study. The abbreviations used in this figure are as
satellite geometry and baseline model was used for both infollows: TSX, TerraSAR-X SSC; TDX, TanDEM-X SSC; SRTM-
terferograms, the differential phag@éiﬁ is solely based on X, SRTM-X DEM,; Int., interferogrami Flt. int., fle}tteneq interfero-
changes inA¢ropo between data acquisitions (Fig, bot- gram;_DEM_, TSX/TD_X DEM; SAR sim., SAR S|m_ulat|on_; Simu-
o). I arder (o sole the ambiguy of the diference 5% B, S Hlrenyen Dt piee e P
'”terfem‘?’ram'.a phase unwrapping step Was. performed usin y DINSAR (a), and z,ﬂbsolute surface elevation differences derived
GAMMA's minimum cost flow (MCF) algorithm Gostan- b . .
. . y DEM differencing(b).
tini, 1998. In the next step 20 ground control points (GCPs)
were selected randomly in off-glacier regions across the en-
tire scene. The relative differential phase was set to zero at
these points as no changes in topography were assumed phase ramp presumably related to an inaccurate flat-earth
these regions between 2000 and 2012. estimate. This linear phase ramp was minimized by an ad-
Before calculating the difference interferogram and prior ditional baseline refinement based on off-glacier phase val-
to the simulation oA ¢psrTM—X, precise horizontal offsetreg- ues from the differential interferogram. In order to calculate
istration and fitting between the TSX/TDX and the SRTM-X horizontal offsets between both data sets, two SAR images
data set is mandatory. Therefore, we calculated a DEM fromwere simulated from the DEMs using the orbital parameters
the TSX/TDX interferogram. For this we removed the or- of the TSX/TDX pass (e.gKropatek et al, 2012. Offsets
bital contribution from the interferogram\gorit) by sub-  were calculated using cross correlation optimization of the
tracting a simulated flat-earth phase trend (&Rgsen eta).  simulated SAR images employilAMMA’s offset_pwrm
2000. The resulting flattened interferogram was unwrappedmodule. These offsets were used to refine the horizontal data
using GAMMA's MCF algorithm and converted to a DEM registration via a refined geocoding lookup table, which was
(Fig. 2, upper part). For the calculation of absolute heights,used to translate the SRTM-X DEM from geographic coor-
GCPs were obtained from the respective off-glacier pixel lo-dinates into SAR coordinates (Fig. central part) and, con-
cations in the SRTM-X DEM. In the interferometric process- versely, the final difference map from SAR coordinates to
ing of the TSX/TDX DEM we observed an artificial linear geographic coordinates (Figa).

The Cryosphere, 7, 16231633 2013 www.the-cryosphere.net/7/1623/2013/
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Fig. 3. Elevation differences estimated from DEM differencing bef@gand after the co-registration via a refined geocoding lookup table
(b). Location of the data example is shown in F&g.

In order to compare the DINSAR derived elevation ter System (GLAS) carried on-board the Ice Cloud and El-
changes, we also constructed a difference map by commoavation Satellite (ICESat). We employed the GLA 14 data
DEM differencing (Fig.5b). Here we used the DEM that product from all ICESat campaigns provided by the Na-
was created to estimate the horizontal offsets between thdonal Snow and Ice Data Center (NSIDC). SRTM-X surface
TSX/TDX data set and the SRTM-X DEM (Fi@, upper  elevations were extracted by bilinear interpolation at each
part). This DEM was geocoded to geographic coordinatedCESat footprint location. ICESat measurements were ex-
with a grid posting of one arc second using the refinedcluded from the analysis if the difference between GLA 14
geocoding lookup table created above (FAgcentral part). and SRTM-X elevation exceeded 150 m, which can be at-
This way both DEMs feature the same grid posting and areributed to cloud cover during the time of data acquisi-
horizontally aligned. Figur8 shows a subset of the map de- tion. Compared to the ICESat data, we found a mean and
rived by common DEM differencing before (Figa) and af-  standard deviation of 3.982.07 m for the SRTM-X DEM
ter applying the refined geocoding lookup table to the data(SRTM-X DEM higher). We also compared the INSAR de-
(Fig. 3b). rived TSX/TDX DEM with the ICESat data sample avail-

In the next step, a constant vertical offset and a linear trendable in our study region. Applying the same procedure as
were removed from both difference maps. The latter was esfor the SRTM-X DEM, we found a mean and standard devi-
timated by a two dimensional first order polynomial fit in ation of 3.24+1.11 m against the spatially limited ICESat
off-glacier regions and is probably a residual not covered bysample (TSX/TDX DEM higher). As off-glacier SRTM-X
the baseline refinement mentioned above. The same linearalues were used to translate the unwrapped TSX/TDX in-
trend was also removed from the TSX/TDX DEM. Finally, terferogram into absolute heights, a similar vertical bias is
the data sets were translated to a metric cartographic coordfound for both DEMs. However, it should be noted that ICE-
nate system with a grid spacing of 25025 m employing  Sat measurements are only available in a relatively flat off-

bilinear interpolation. glacier region (Figl) making the ICESat sample distribution
not fully representative for our study region.
3.3 Estimation of mass changes and error computation For an error estimate of the derived surface elevation

changes we used the Normalized Median Absolute Devi-

In order to translate the derived surface elevation change&tion (NMAD) in off-glacier regions, which is considered
into volume changes, an estimate of the glacier area ido be less sensitive to outliers than the standard deviation

needed. To respect changes in glacier extent between thH&lohle and Hohle2009. As a certain degree of autocor-
dates of data acquisition, we employed the geometric uniorfélation can be assumed in DEMs, we analyzed semivar-
of the 2000 and 2012 glacier masKs €t al,, 2012. We  iograms and detected a decorrelation distance-400 m

then multiplied the mean surface elevation changes of thd®€-9-,Nuth and K&ab2011). To avoid the effect of autocor-
13 separated glaciers (Fi@) and of the entire ice cap by relation we reduced the grid spacing of non-glacier grid cells

the respective area estimate. Finally, we applied an averagl® 200 mx 200m. In order to calculate the NMAD for a rea-
ice density of 90@: 17 kgnT 23 to convert volume changes sonable number of grid cells close to the glacier, we only em-

to mass change§@ardner et a).2013. This was done sepa- ployed'grid cells located in a 1 km buffer around the ice cap.
rately for the DINSAR results and for the results of the DEM Ve estimated a NMAD of 2.38 m for the DINSAR approach

differencing. For a first accuracy assessment of the SRTM-x&nd of 3.70m for the DEM differencing.
DEM we utilized data from the Geoscience Laser Altime-
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In this study, the overall error of the derived surface eleva-change rate of-0.154+0.01knfa ! for the entire glacier

tion changes is given by area, suggesting a general but slow retreat of the ice cap in the
last decade. It is evident in Figéb and5 that rapid thinning
¢ =+v/NMAD2 + WRMSE2, (3)  occurred in the lower regions of the ice cap while simultane-

ously a modest thickening occurred in the upper parts where
where the NMAD is the random part of the error while the the major glacier area is located (Fi).
systematic part of the error is estimated by a weighted root The slightly negative mass budget of the PIC is in agree-
mean squared error (WRMSE) of the off-glacier trend resid-ment withYao et al.(2012, Gardner et al(2013 andNeckel
uals (Fig.4c). From the residuals that represent the centeret al. (2013, who estimated balanced mass changes in the
points of the histogram bins shown in Fg¢a we calculated northwestern part of the TP for a similar time period, con-
a RMSE which was weighted by the histogram frequency. Intrary to the remaining parts of the TP. Aldi et al.(2012
this way, we estimated a systematic error of 0.32 m for thefound that the PIC retreats at a much slower rate than other
DInSAR approach and of 0.27 m for the DEM differencing. glaciers on the TP.

For the overall error of mass changes we used the root of Prominent positive elevation changes were found for one
sum of squares of the estimated errors of glacier area andlacier tongue in the eastern part of the Ice Cap (&igvorld
surface elevation differences and an errot-dif7 kg n12 for Glacier Monitoring Service id: 5Z213E0012). Between Au-
the density assumption. gust 1999 and September 2011, the glacier terminus ad-

vanced by 515 m at an average rate of 43 m per year.

4 Results

5 Discussion
Similar to Lei et al. (2012, who estimated surface eleva-

tion changes of the PIC between 1974 and 2000, we foundn this study, elevation changes were calculated in two differ-
predominant surface lowering on outlet glaciers and glacierent ways. The first approach makes use of the interferometric
thickening in the interior of the ice cap (Fi§). However, on  phase of a differential interferogram, while the second ap-
average the mass budget of the ice cap was close to equilitproach starts from two co-registered DEMs. The results of
rium between 2000 and 2012. Tal#ldists the surface ele- both methods show a very similar pattern of surface eleva-
vation changes next to the area changes and the annual matssn changes with a slightly smaller error estimate for the
budget between 2000 and 2012 for the observed part of th®InSAR approach (Tablg). The different noise level of the
PIC. For the observed time period we estimated an annualesults is evident from the histograms shown in Fagand
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Fig. 5. Elevation changes of the PIC between February 2000 and January 2012. (@igsinews the difference map derived by DINSAR
while Fig. (b) shows the difference map derived from absolute heights. The glacier outline is based on the geometric union of the 2000 and
2012 Landsat derived glacier extent. Histograms show the on-glacier elevation differences.

Table 2. Mean surface elevation changes estimated by DINSAR and from DEM differencing are listed next to the area changes and the annual

mass budgets for the single glaciers shown in Figmd5a. The geometric union of the 2000 glacier ar@adpg and the 2012 glacier area
(A2012) is also shown. The error of the surface elevation changes is estimate®.48 m for the DINSAR approach and£s.71 m for the
DEM differencing, which also applies for the listed single glaciers.

) meanAH meanAH area change ApgpoU App12 budget DINSAR budget DEM diff.
id DINSAR (m) DEM diff. (m)  (km?) (km?) (mmw.eg.al)  (mmw.eq.al)

1 —0.42 —0.31 -1.84+0.04 48.00t1.10 —31+15 —23+23
2 +0.07 +0.35 -0.58:0.01 51.88:1.19 +5+ 15 +26+ 23
3 +0.35 +0.58 +0.0%0.01 30.78:0.71 +26+ 15 +43+ 23
4 +0.86 +0.83 +0.420.01 17.01-0.39 +65+ 15 +62+ 23
5 +0.13 —-0.16 —-0.14+0.01 4.51+0.10 +10+ 15 —12+23
6 +1.46 +1.17 —-0.32+0.01 12.66£0.29 +109+ 15 +88+ 23
7 +1.05 +0.22 +1.3:0.03 25.56+0.59 +79+ 15 +16+ 23
8 —2.35 —-2.21 -0.73+0.02 37.1£0.85 —176+ 16 —166+ 24
o* —-2.79 —2.70 —-0.01+0.01 16.740.39 —210+ 16 —203+24
10* - — +0.02+0.01 24.35-0.56 — -
11* —4.08 —4.05 -0.38+0.01 30.54+0.7 —306+ 17 —304+24
12 -1.20 —-1.05 -0.124+0.01 76.74:1.77 —90+ 15 —79+23
13 +0.74 +0.91 +0.430.01 32.08:0.74 +56+ 15 +68+ 23
total —0.594+2.40 —0.51+3.71 -1.81+0.04 407.94-9.38 —44+15 —38+23

* Glacier is not or only partially covered by the interferometric data set.
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individual glaciers show rather large variations for glaciers
2,5, 6 and 7 when comparing the two methods. We attribute
these variations to the random noise, as the estimated surface
elevation changes are rather low for these specific glaciers.

Penetration effects of SAR signals in snow and ice are
widely discussed in the literature (e.gRignot et al, 2001

-2om Gardelle et a.20123. The uncertainty induced by these ef-

I ‘ | fects are difficult to quantify when comparing INSAR derived
14 4315 +77 DEMs with other data sets (e.§auber et a] 2005 Berthier

0 1 Km et al, 2006 Nuth and Kaab2011). The great advantage of
this study is that the data sets used were acquired at the same
Fig. 6. Positive surface elevation changes in glacier tongue regionvavelength at nearly the same time of the year. However, a
of glacier 57213E0012 (World Glacier Monitoring Service id). DIn- certain bias introduced by the X-band penetration depth may
SAR derived surface elevation changes are color-coded. In the backiave affected our results as the snow pack properties in 2000
ground is the TSX/TDX DEM. Glacier terminus positions are basedand 2012 were probably not identical. Another bias can be
on Landsat imagery. Location is shown in Fig. expected from snow depth variations between 2000 and 2012

for which no measurements are available.

In 2000 two ice cores were drilled near the main ice divide
in Fig. 4, which shows a higher amount of noise for the re- of the PIC by the Byrd Polar Research Center in a joint US—
sult from the DEM differencing. This may be attributed to Chinese projectlhompson et al2006. The location of the
the fact that no filter was applied to the SRTM-X DEM in drill sites is shown in Figuré. Personal communication with
the case of the DEM differencing. As shown in the flowchart Davis (2013) andrhompson et al(200§ suggest that the
(Fig. 2), both approaches are using adaptive filtering prior toPIC has no obvious firn layer, therefore we applied an ice
phase unwrappingdoldstein and Werned998. However,  density of 900t 17 kg n12 for the conversion from volume
in the case of the DINSAR approach this filter is applied toto mass changes for the entire ice cap. In order to test the
both data sets, i.e., the filtering takes place after the differsensitivity to a change in ice density, we also applied an ice
encing (Fig.2, lower part), while for the DEM differencing  density of 800 kg m?, which resulted in a 10 % decrease of
the filtering is solely applied to the TSX/TDX interferogram the total mass balance estimates shown in Table
(Fig. 2, upper part). For this reason, more noise is present in Our results suggest an almost balanced glacier regime for
the result of the DEM differencing. The difference between the PIC between 2000 and 2012, which is in agreement with
both approaches (i.e., the difference between bagand b)  Neckel et al.(2013, who found a slightly positive trend in
shows a normal distribution with a mean and standard devimass balance between 2003 and 2009 for the Zangser Kan-
ation of 0.14+ 2.18 m, suggesting that the noise, which we gri ice cap, located-300 km to the northwest. However, this
attribute to the SRTM-X DEM, is random. behavior is contrary to the remaining parts of the TP where

The systematic error of the DINSAR approach, on the otherglacier mass balances are negativad et al, 2012 Gardner
hand, is estimated to be slightly higher than that of the DEMet al, 2013 Neckel et al.2013. The slightly negative mass
differencing. This is probably due to residual inaccuraciesbudget of the PIC may be related to the same mechanisms as
of the baseline refinement not covered by the additional firsthe frequently mentioned Pamir—Karakoram anomaly (e.g.,
order polynomial fit. Hewitt, 2005 Gardelle et al.2012h 2013. A possible mech-

A crucial point in both methods is an accurate horizontalanism could be a compensation of the temperature driven
co-registration between the input data sets. An accurate horimelt-off due to an increase of precipitation at high altitudes.
zontal co-registration was achieved with the help of a refinedThis is in agreement with.i et al. (2011, who showed a
geocoding lookup table (Fi@). As we used the same lookup significant increase in annual temperature and precipitation
table for both methods, we can assume that the differenceduring the period 1961-2008 from meteorological station
between the two methods are not affected by a different hormeasurements on the TP. AlByurgerov and Dwyef2000
izontal data registration, but rather by vertical differences. found an increase in vertical gradient due to an annual ab-

Even though we estimated a lower random error for thelation increase and a simultaneous increase in accumulation
DInSAR approach, we cannot conclude that the DINSAR ap-at higher altitudes on several glaciers in the Northern Hemi-
proach is more reliable. The DINSAR approach, however,sphere. According t&Raper and Braithwait€2009, such a
provides a more homogeneous result because the randobehavior is typical for glaciers in wet and warm climate con-
noise of both input data sets is minimized simultaneouslyditions rather than in a dry and cold continental climate.
during the adaptive phase filtering of the differential inter- Overall, we found negative elevation changes in glacier
ferogram. tongue regions except for one glacier in the eastern part of the

In general, both methods agree within their error bars (Tadce cap. This glacier shows thickening at the terminus while
ble 2). However, the mean elevation differences of the listednegative values are found further up the glacier (F&p.

Year

1999
— 2005
2007
2010
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These areas could be interpreted as reservoir and receivingeferences
areas of a surging glaciePéterson1994).

Arendt et al.: Randolph Glacier Inventory [v2.0]: A Dataset of
Global Glacier Outlines. Global Land Ice Measurements from
Space, Boulder Colorado, USA. Digital Media., 2012.

In this study, we estimated the recent mass budget for lar gerthier’ E., Amaud, Y., Vincent, C., and Remy, F.. Biases of
Y 9 9€ SRTM in high-mountain areas: Implications for the monitor-

parts of the PIC by geodetic means. We employed _SRTM' ing of glacier volume changes, Geophys. Res. Lett., 38itp;

X DEM data from February 2000 and compared it with /4y doi.org/10.1029/2006GL025862006.

TSX/TDX data acquired in January 2012 fOIIOWing two dif- Bolch, T., Menounos, B., and Wheate, R.: Landsat-
ferent approaches. Very similar results were achieved by a based inventory of glaciers in western Canada, 1985-
DInSAR based approach and DEM differencing. We esti- 2005, Remote Sensing of Environment, 114, 127-137,
mated modest positive elevation changes in the accumulation doi:10.1016/j.rse.2009.08.015 http://www.sciencedirect.
area of the ice cap while rapid negative elevation changes com/science/article/pii/S003442570900268010a.

were found in glacier tongue regions. This behavior mightBolch, T., Yao, T, Kang, S., Buchroithner, M. F., Scherer, D., Maus-

be connected to an increase in ablation due to warmer cli- tskinon’ F'*tH”ir"\?eS,' E. at‘”d ?;hgeider’ C.:dﬁhglaﬁier "(‘:VEfE‘;OfY fo_lr_.
mate conditions with a simultaneous increase in accumu- ¢ Western Nyaingentangina Range and the Nam Lo basin, 11-

lation due to higher precipitation rates. Overall, the mass bet, and glacier changes 1976-2009, The Cryosphere, 4, 419~

. e . ' 433, d0i10.5194/tc-4-419-201 brttp://www.the-cryosphere.net/
budget of the PIC is close to equilibrium with a mean an- 4/419/2010/2010b.
nual mass budget of44+15 and—38+23mmw.eq.a'  pojch, T, Pieczonka, T., and Benn, D. I.: Multi-decadal mass loss
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Abstract

Long-term glacier variations were determined at Gurla Mandhata (30.4° N, 81.2° E), situated in the Central Himalaya
at the headwaters of the rivers Indus, Sutlej, Ganges and Brahmaputra. Its glaciers drain either in the endorheic
Manasarovar Basin or via the exorheic Karnali Basin in the Indian Ocean. Glaciers are mapped from declassified KH-
7 Gambit-1 spy photography of 1964 as well as from Landsat 7 ETM+ (2000), SPOT-5 (2010) and Pléiades (2013)
imagery. Geodetic mass balance estimates are based on Digital Elevation Models (DEMs) relative to SRTM-3 (1999),
generated from both TanDEM-X SAR interferometry (2012) and optical tri-stereo Pléiades data (2013). A third DEM of
coarser quality from SPOT-5 HRG stereo imagery (2010) was used to validate the determined results. Glacier shrinkage
from 79.0 +1.6km? in 1964 to 74.34+0.2km? in 2013 corresponds to a loss of 6.0 =2.1 % during the study time period
(-0.12+0.04 % a~1). One advancing but thinning glacier tongue could be observed, while an average glacier retreat of
175.0 + 5.0 m was measured at the same time (-3.6 0.1 ma~!). Glacier mass balances of in mean -0.07 + 0.3l m w.e.a™ !
from Pléiades to -0.114+0.20mw.e.a~! from TanDEM-X show comparatively low but similar results by considering a
SRTM-3 C-band radar penetration depth of 1.4£1.0m in all clean-ice glaciers. Layover and shadowing effects in this
high mountain environment for TanDEM-X and low contrast in snow covered glacier areas for Pléiades and SPOT-5 are
the main issues for terrain extraction by these two different approaches. This is the first glaciological study that combines
KH-7 Gambit-1, TanDEM-X and Pléiades to provide data of glacier variations in a region, where such information is
scarce.

Keywords: TanDEM-X, Pléiades, SPOT-5, KH-7 Gambit-1, SRTM-3, Digital Elevation Model, glacier mass balance,
glacier area change, Gurla Mandhata, Naimona’nyi, climate change

1. Introduction

The glaciers of high mountain Asia are among the most
sensitive key indicators of terrestrial climate change and
regulate with its snow and ice reserves the upstream head-
waters of the major south-east Asian rivers (IPCC, 2013;
Pfeffer et al., 2014). Station records and most climate
models indicate a near-surface warming trend (e.g. 0.2° C
per decade by Ding et al. (2006)), with uncertain effects for
the downstream water supply due to glacier melting (Kang
et al., 2010; Immerzeel et al., 2013; IPCC, 2013). Strong
spatial glacier variations associated with topographic and
climatic effects were observed in the Himalayas while their

*Corresponding author at: Institut fiir Kartographie, Technische
Universitdt Dresden, Helmholtzstrafie 10, 01069 Dresden, Germany.
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averaged mass loss is similar to other glaciers elsewhere in
the world (Bolch et al., 2012; Yao et al., 2012a). The mean
mass balance for the Pamir-Karakoram—Himalaya was es-
timated at -0.14 £0.08 m w.e.a~! between 1999 and 2011
(Gardelle et al., 2013) and for the Hindu Kush-Karakoram-—
Himalaya region at -0.2140.05mw.e.a~! from 2003 and
2008 (Kiib et al., 2012). The highest retreat (-16.6ma~1)
and shrinkage (-0.42%a~!) as well as the most negative
mass balance (-0.91mw.e.a™!) was observed in the Hi-
malaya (Yao et al., 2012a), with measured mass balances
in West Nepal of -0.32+£0.13mw.e.a~! by Gardelle et al.
(2013) and of -0.34 + 0.05 m w.e. a~! by Kéib et al. (2012).
A recent study of Neckel et al. (2014) estimate a mass
loss of 0.374+0.25mw.e.a~! from ICESat laser altimetry
measurements between 2003 and 2009 for the Gangdise
Mountains including Gurla Mandhata.

Investigations of glacier area and length changes can
be efficiently employed in such remote areas by taking
advantage of satellite data. However, glacier shrinkage
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and retreat is only a delayed signal of climate variabil-
ity, while glacier mass changes are an immediate reaction
of glaciers to climate forcing. The geodetic glacier mass
balance approach relies on the assumption that a change
in glacier elevation can be translated to a change in ice
mass, based on the expectation that the ice density has
not changed and that there was no change in bedrock el-
evation (Bamber & Rivera, 2007). Several recent studies
extracted Digital Elevation Models (DEMs) from optical
stereo data such as from SPOT-5 (e.g. Gardelle et al., 2013;
Vincent et al., 2013) or from declassified Keyhole Corona
or Hexagon stereo imagery (e.g. Bolch et al., 2008; Holzer
et al., 2012; Pieczonka et al., 2013) and compared them
with elevation data from the Shuttle Radar Topography
Mission (SRTM) conducted in 2000 to obtain glacier mass
balance estimates in High Asia.

Pléiades and TanDEM-X are among the most mod-
ern high resolution optical and SAR satellites that are
currently existing for geodetic glacier mass balance stud-
ies based on their extracted DEMs. Neckel et al. (2013)
for TanDEM-X and Wagnon et al. (2013) for Pléiades are
one of the first that used DEMs on glaciated regions from
these new sensors. This is the first geodetic glacier mass
balance study known to the authors that combines both
tri-stereoscopic Pléiades and interferometric TanDEM-X
remote sensing data by also taking advantage of declassi-
fied KH-7 Gambit-1 spy photography to investigate glacier
area and length changes back to the year 1964. The aim of
this detailed study at Gurla Mandhata is on the one hand
to fill a knowledge gap since little is known about glacier
variations in this remote region, and on the other hand to
evaluate the potentials and limitations of these two very
new sensors.

2. Study area

Gurla Mandhata (or Naimona'nyi in Chinese) is an iso-
lated dome-shaped massif in the Central Himalaya (Nala-
kankar Himal) in Burang County, Ngari Prefecture, at
30.4°N, 81.2°E (Figure 1). It is the highest peak in the
Central Himalaya (7694 m a.s.].) and situated south of Mt.
Kailash at the transition zone of the Indian monsoon and
the Westerlies. Many of the cold glaciers originate from the
shallowly-sloping subcontinental ice field at 6050 m a.s.l
and do not extent below 5320m a.s.l (Owen et al., 2010;
ICIMOD, 2011). With other glaciers in this region they
form the headwaters of the rivers Indus, Sutlej, Ganges
and Brahmaputra. At Gurla Mandhata, they drain in two
different watersheds: the endorheic Manasarovar Basin
with its lakes Mapam Yumco (Manasarovar, 4586 m a.s.l.)
and La’nga Co (Rakshas Tal, 4572 m a.s.]) situated ~ 5 km
north of the mountain range, and the exorheic Karnali
Basin that drains as later affluent of the Ganges in the
Indian Ocean by directly contributing to global sea-level
rise.

The precipitation at Gurla Mandhata is significantly
higher to the south and east by reason of the Indian sum-

Figure 1: Overview of the Gurla Mandhata study site (red box) with
overview map and drainage basins (background image SPOT-5)

mer monsoon and to the west due to winter Westerlies,
however most of the glaciers (80% in the Kailash-Gurla
Region) are orientated northwards. The resulting two pre-
cipitation peaks of approximately equal magnitude reflect
a typical pattern in the transition zone controlled by both
climate systems (Owen et al., 2010; ICIMOD, 2011; Molg
et al., 2013). The semi-arid continental-type climate was
becoming drier and warmer in the past decades. From
1973 to 1984, the mean annual temperature in Burang
(30° 17N, 81°15’E, 3900 m a.s.l.) was measured at 3°C
and the total mean annual precipitation at 176 mm (Miehe
et al., 2001; Owen et al., 2010). In Burang, an increase of
air temperature at a rate of ~0.5° C per decade was ob-
served from 1973 to 2008, while mean annual precipitation
shows a decreasing trend from 177 mm (1973 to 1988) to
135 mm (1999 to 2008) (IGSNNR, 2010; Liao et al., 2011).
Yao et al. (2012a) states that a weakening Indian monsoon
and strengthening Westerlies might explain this precipita-
tion decrease in the Himalayas, with the highest temper-
ature rise that was observed at altitudes from 4800m to
6200m a.s.l.

Owen et al. (2010) could proof that the Gurla Mand-
hata massif was previously covered by an expanded ice cap
before deep valley glaciers were formed. Kehrwald et al.
(2008) suggest no net accumulation of ice mass since at
least 1950 due to the lack of distinctive marker horizons in
the Naimona’nyi ice core collected in 2006 near the summit
and concludes that the glaciers are thinning at all eleva-
tions. With an elevation of 6050 m a.s.l. at the ice field
summit, this is the highest documented occurrence of sur-
face mass loss (Kehrwald et al., 2008).
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3. Data

The study site at Gurla Mandhata covers an area of
~340km?. All remote sensing data as summarized in Ta-
ble 1 is referenced to WGS 84 (UTM zone 44 N) and the
EGM 96-geoid.

3.1. TerraSAR-X and its add-on for Digital Elevation Mea-
surements (TanDEM-X)

TerraSAR-X (TSX) and TanDEM-X (TDX) are two
almost identical radar satellites operated by the German
Aerospace Center (DLR). TerraSAR-X was launched in
June 2007 followed by TanDEM-X in June 2010. Both
satellites are equipped with a X-band Synthetic Aperture
Radar (SAR) system and flying in close formation to act
as a single-pass SAR interferometer. The main goal of the
TanDEM-X mission is the generation of a global consistent
Digital Elevation Model (DEM) fulfilling the high DTED-3
specifications (Krieger et al., 2007; Buckreuss et al., 2009).

In this study, we employed the experimental Co-reg-
istered Single look Slant range Complex (CoSSC) prod-
uct acquired in bistatic stripmap mode on 26 April 2012.
The data was provided by DLR and acquired on a de-
scending satellite pass with an incident angle of 36° and
VV polarization. The CoSSC product has already been
focused and co-registered via the integrated TanDEM pro-
cessor (Duque, 2012). Two TerraSAR-X stripmap scenes
recorded on 17 and 28 August 2011 were moreover used to
support and validate mapped glacier outlines from opti-
cal imagery. This data was also acquired on a descending
satellite pass and VV polarization, at an incident angle of
37°.

3.2. Pléiades

Pléiades (PLE) is an optical earth observation system
for both civilian and military purpose developed by the
French Space Agency CNES as part of the intergovernmen-
tal agreement ORFEO between France and Italy. With
Pléiades 1A launched on 17 December 2011 and Pléiades
1B on 2 December 2012, it consists of two similar but not
identical satellites that are flying at an altitude of 694 km.
The nadir resolution of the panchromatic band is 0.7m
and of the four multi-spectral bands (blue, green, red and
near-infrared) 2.8 m, resampled to 0.5 m and 2.0 m respec-
tively. Pléiades offers an image swath of 20 km at nadir,
and by adapting its viewing angle of up to 47° it can en-
large the width of the image to achieve a daily revisit in-
terval of almost world wide coverage with its two satellites.
Along-track tri-stereoscopic (triplet) mode implies the ac-
quisition of three images focusing on the same area at one
single pass under difference incidence angles, with one of
the images being quasi- nadir for increasing altimetric ac-
curacy at DEM extraction (Astrium, 2012; Gleyzes et al.,
2012; Durand et al., 2013).

Within the framework of the ORFEO RTU Pléiades
program of CNES we could take advantage of a tri-stereo-
scopic bundle mosaic recorded on 18 and 26 October 2013.
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The images provided in Dimap format and processed at
level 1A have for their stereoscopic pairs a base-to-height
(b/h) factor ranging from 0.20 to 0.48 which equals to
a difference of the along-track incidence angle of 5.75° —
13.57°. The image of 18 October covers most of the study
site while the most eastern part is covered by the image of
26 October.

3.3. SPOT-5

The SPOT-5 satellite flying at an altitude of 822km at
the equator was launched on 4 May 2002 and is equipped
with imaging instruments known as High Resolution Geo-
metric (HRG) and High Resolution Stereoscopic (HRS).
While the latter sensor offers in-track stereo capability
from the same orbit by a forward and backward look-
ing camera with viewing angles of + 20°, stereoscopy with
pushbroom HRG data at an imaging swath of 60 km can be
obtained from two different orbits by adjusting the view-
ing angle of up to £ 27° relative to the vertical with thus
a recommended resulting b/h-ratio in between 0.6 and 1.1
(b/h of HRS sensor: ~0.80). Contrary to in-track stereo
imagery, across-track approaches have the disadvantage of
radiometric image variations due to temporal changes in
between both image captures from different points in time
(Bouillon et al., 2003; Biiyiiksalih et al., 2005; Toutin,
2006).

In this study we obtained two SPOT-5 HRG level-1A
multispectral mode image pairs of 2 and 6 November 2010
in Dimap format by the program ISIS of CNES. Both im-
ages have a pixel resolution of 2.5m and to each other a
cross-track difference of the viewing angle of 40.53°, re-
sulting in a b/h-factor of 0.74. Unfortunately the second
stereo image pair recorded on 2 November 2010 has serious
quality problems in saturation that cannot be fixed, with
saturations of 22.5 % in band 1, 48.3 % in band 2 and 8.6 %
in band 3.

8.4. Gambit-1 KH-7

The Keyhole KH-7 surveillance system was a military
intelligence satellite program of the United States with co-
dename Gambit-1 and flown from July 1963 to June 1967
(Mission numbers 4001-4038). Gambit-1 was the first
high-resolution surveillance satellite flown at a relatively
low orbital altitude of 60—150 nautical miles (90 miles
nominal). It was equipped with a 77 inch focal length tele-
scopic strip camera with a clear aperture of 19.5 inches de-
veloped by Eastman Kodak, acquiring images on thin film
in continuous lengthwise sweeps of the terrain. Gambit-1
was able to carry a film of 3000 feet of length and 9.46
inches of width, taking photograph shots with film lengths
varying from 4 inches to 500 feet. Image retrieval was re-
alized through single film recovery capsules that returned
to earth after each mission. Considerable KH-7 and KH-9
imagery was declassified in 2002 in accordance with exec-
utive order 12951 (NRO, 2011b,a; CSNR, 2012).

The KH-7 film stripe of this study was recorded on
5 December 1964 during mission 4014 with a resolutions



Table 1: Overview of SAR and optical remote sensing data used in this study

SAR Sensor Date Baseline [m] Pass
SRTM-3 C-band v4.1 11-22 Feb. 2000 60 -
TSX 17 /28 Aug. 2011 155 descend.
TSX/TDX 26 Apr. 2012 225 descend.
Optical sensor (stereo) Date b/h-factor (viewing angle) Res. [m]
SPOT-5 HRG 02 /06 Nov. 2010 0.74 (40.53°) 2.5
Pléiades HR 1A/1B 18 /26 Oct. 2013 0.20-0.48 (5.75° —13.57°) 0.5 (pan)
Optical sensor (mono) Date Product Res. [m]
Gambit-1 KH-7 5 Dec. 1964 scanned film (3600 dpi) 0.6-1.2
Landsat 7 ETM+ 24 Sep. 2000 (and others) L1t 30.0 (pan: 15.0)
Orbview-3 Nov. 2004 — Dec. 2005 L1 Gst 1.0 (pan)

of up to 2.1 feet (~0.6m) (NRO, 2011b). Other sources
(NRO, 2011a) document that for imagery recorded un-
til 1966 a resolution of up to four feet (~1.2m) at nadir
could be obtained and that resolution improved to two feet
(~0.6 m) during later missions. The photograph film was
scanned at 7 microns (3600 dpi) in six overlapping subsets
of 9.5 inch (0.24m) of length for each section and provided
as digital product by the U.S. Geological Survey (USGS)
without any geo-reference or geo-correction.

3.5. Landsat 7 ETM+ and Orbview-3

A level T1 terrain corrected satellite image of the Land-
sat Enhanced Thematic Mapper 7 (ETM+) recorded on
24 September 2000 was used for glacier delineation of the
year 2000. Because of the higher image resolution of 1 m
in the panchromatic channel, multiple level 1 Gst orthorec-
tified Orbview-3 images recorded from November 2004 to
December 2005 were achieved for Ground Control Point
(GCP) measurements. Both Landsat 7 ETM+ and Orb-
view-3 images were provided by USGS and show no hori-
zontal offsets by visual comparison with other remote sens-
ing ortho-imagery of this study.

3.6. Shuttle Radar Topography Mission (SRTM)

The Shuttle Radar Topography Mission (SRTM) was
conducted from 11 to 22 February 2000 in order to derive
a near-global DEM between 60° N and 57° S. Data acqui-
sition was employed by C- and X-band SAR at 90 m and
30 m pixel resolution respectively, while the X-band DEM
shows large data gaps due to a smaller swath width of
the X-SAR interferometer (Falorni et al., 2005; Rodriguez
et al., 2006).

In this study, we use the hole-filled SRTM-3 C-band
DEM version 4.1 provided by the Consultative Group for
International Agricultural Research (CGIAR). The verti-
cal reference is in orthometric heights with respect to the

4. Data processing

Data processing for later geodetic mass balance esti-
mates includes the extraction of DEMs by use of Ground
Control Points (GCPs), cleanup of erroneous elevation val-
ues, DEM co-registration to the SRTM-3 height model,
and correction of elevation dependent biases. Glaciers
are named according to their ID in the GLIMS database
(GLIMS, 2005) (see Figure 2).

=" Gunla)

/

Figure 2: Generated TerraSAR-X coherence image of 17 /28 Aug.
2011 used for validation of glacier outlines, where dark areas show low
coherence compared to bright areas with high coherence. Glaciers of
mass balance estimate are named according to their ID in GLIMS
(GLIMS, 2005)

WGS 84 reference system and the EGM 96-geoid (Gorokhovich 4.1. Ground Control Points

& Voustianiouk, 2006; Reuter et al., 2007). The provided
data mask proofed that only few areas at steep slopes par-
ticularly at ridges were gap filled and that almost the entire
glacier area consists of original non-interpolated SRTM
data.

The x and y coordinates of the GCPs were measured on
stable terrain in the orthorectified Orbview-3 images, ide-
ally at anthropogenic objects such as bridges, cross roads
and house corners. Since elevation accuracy in SRTM de-
grades with steeper slope (Falorni et al., 2005), we tried
to measure GCPs in plain areas below a slope of 10°. If
moreover available, we measured GCPs close to available
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laser altimetry measurements from the Ice Cloud and El-
evation Satellite (ICESat) for obtaining accurate height
reference values combined with SRTM-3. All of our GCPs
were finally cross checked in ortho-imagery of Landsat 7
ETM+ as well as Google Earth' and showed no serious
deviance.

4.2. InSAR DEM extraction (TanDEM-X)

For the interferometric processing of the CoSSC prod-
uct we used the GAMMA SAR and interferometry pro-
cessing software. From the CoSSC data product provided
by DLR we calculated an interferogram by employing 5x5
multi-looking. A flat-earth trend was simulated from the
satellite orbits and removed from the interferogram. The
flattened interferogram was filtered and unwrapped using a
minimum cost flow algorithm (Costantini, 1998). In order
to minimize an artificial linear phase ramp evident in the
unwrapped interferogram we adjusted the spatial baseline
by measuring 50 GCPs which are evenly distributed over
the satellite scene. With the help of the refined baseline
file a DEM was created using GAMMA'’s hgt_map module.
The final DEM was gridded to 30 mx30 m and geocoded
via a refined geocoding look-up table (c.f. Neckel et al.,
2013). A subset of the hillshade from this DEM is shown
in Figure 3.

4.8. DEM extraction from optical stereo data (Pléiades
and SPOT-5)

Terrain extraction from optical stereo data was real-
ized with the software package Orthoengine of PCI Geo-
matica by using the Rational Functions model for Pléiades
and Toutin’s Model for SPOT-5 stereo images. Based on
ephemeris information, an image location accuracy with
usually a shift in absolute coordinates of 60 m for SPOT-5
HRG (Bouillon et al., 2003) and of 8.5m at CE90 (As-
trium, 2012) for Pléiades with delivered Rational Polyno-
mial Coefficients (RPCs) can be reached. For planimetric
adjustment, we measured seven evenly distributed GCPs
for the Pléiades mosaic and thirteen for the larger area of
the SPOT-5 image. Tie points generated automatically
by PCI with residuals higher as half of the image pixel
size resolution were eliminated. After bundle block ad-
justment (with first order RPC adjustment for Pléiades),
the residuals of the GCPs in the stereo model were 0.20 m
in x-direction and 0.23m in y-direction for Pléiades, and
2.0m and 1.93 m respectively for SPOT-5.

We calculated one epipolar image pair from both SPOT-
5 images and two epipolar pairs from the backward and
nadir as well as from the nadir and forward looking views
of the Pléiades tri-stereoscopic data. For terrain extraction
we applied Wallis filtering to locally enhance the contrast
and used for Pléiades the highest score of both generated
DEMs. With a resolution of 0.5 m for Pléiades and 2.5m
for SPOT-5 imagery, we derived a Pléiades-DEM at 1m
and a SPOT-5 DEM at 10m pixel resolution. Figure 3
shows a subset of the hillshade from the DEM of Pléiades.
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4.4. DEM enhancement and post-processing

Before post-processing, we resampled the acquired SRTM-

3 and all generated DEMs to a resolution of 30 m with a
common raster grid extent and at EGM 96 orthometric
heights by cubic convolution.

Clean-up of erroneous elevation values. PCI Orthoengine
generates an additional score channel image that repre-
sents the correlation result for each extracted elevation
value. The DEM of Pléiades shows good results even in
case of low correlation coefficients, thereof a threshold of
only 0.3 was used and elevation values below this value
were considered as inaccurate and set to nodata. A higher
threshold of 0.7 for SPOT-5 was set because of the much
worse DEM quality due to a saturation problem in the
second image pair. To identify erroneous height values in
the DEM of TanDEM-X we calculated a coherence image
from the CoSSC data product and set DEM elevations at a
coherence below 0.3 to nodata. Due to unwrapping errors
evident in the interferogram of the complex and moun-
tainous terrain, some areas with erroneous height values
of several meters still remained in the TanDEM-X DEM
after thresholding and were subsequently set to nodata.

DEM co-registration. Proper alignment of multitemporal
DEMs is a primary concern for the estimation of elevation
changes (Paul et al., 2013b). We used an analytical ap-
proach as published by Nuth & K&ab (2011) that optimizes
the co-registration based on the corresponding aspect and
slope of each pixel in the difference image of two eleva-
tion models. For each DEM we calculated their difference
image relative to SRTM-3 by excluding non-stable terrain
such as glaciers, rock glaciers, ice cored moraines and wa-
ter pixels. Only height differences (Ah) above a slope of
10 ° were considered by reason of the slope dependency of
the method. We set the bounds to the 5% and 95 % quan-
tiles to eliminate most extreme outliers, and subsequently
only examined values in between the two-tailed 1.5 times
interquartile range to evaluate the horizontal fitting of our
DEMs to SRTM-3 (c.f. Pieczonka et al., 2013). The deter-
mined x and y offsets were added to the image extent and
the shifted DEMs were afterwards resampled back to the
SRTM raster grid extent by cubic convolution.

Elevation-dependent bias correction. In all DEMs we de-
tected systematic linear elevation trend offsets in form of
a tilt relative to SRTM-3. For the DEMs extracted out
of optical data this is probably caused by the spatial dis-
tribution of GCPs, and for the SAR TanDEM-X DEM
due to a slightly inaccurate flat-earth estimate. After hor-
izontal bias correction we calculated for each DEM two
dimensional first order polynomial trend surfaces relative
to SRTM-3. These are based on off-glacier difference im-
ages of the co-registered DEMs to SRTM-3 by only con-
sidering Ah values below a slope of 10°. Ice volume loss
might be underestimated if SRTM is the older topogra-
phy in a geodetic mass balance approach (Berthier et al.,



(a) TanDEM-X DEM of 26 Apr. 2012 (30m res.)

(b) Pléiades DEM of 18 /26 Oct. 2013 (1 m res.)

Figure 3: Subset of hillshades from generated project DEMs

2006) which is attributed to diverse resolutions in DEM
differencing (Paul, 2008). To exclude resulting curvature
effects we thereof only examined Ah values within the two-
tailed 1.5 times interquartile range bounded by the 5%
and 95 % quantiles. This is similar as in case of horizon-
tal shift correction, while other studies considered e.g. the
terrain maximum curvature (c.f. Gardelle et al., 2012; Vin-
cent et al., 2013). This bias correction minimizes the mean
height offset to SRTM-3 to zero (see Table 2).

4.5. Orthorectification

Gambit-1 KH-7. Large ground coverage of KH-7 photo-
graphs was realized by a spaceborne panoramic camera
which resulted in complex image distortions that are also
an issue when working with data from earlier Keyhole mis-
sions such as Corona (e.g. Bolch et al., 2008; Pieczonka
et al., 2011). Our study area is situated within the space
of two scanned subsets near the center of the photograph
(i.e. the image principle point) where the effect of the
panoramic distortion is low compared to the margins of
the film stripe.

Since no optimized mathematical model for this im-
age geometry was available, we eliminated the complex
panoramic distortions empirically by means of GCPs. First
we generated a mosaic from both subsets by pixel based
radiometric matching. Geometric correction was then em-
ployed by projective transformation (RPC order of 2) to a
pixel resolution of 0.60 m, based on SRTM-3 and 26 evenly
distributed GCPs. Measurements of GCPs was challeng-
ing due to the smaller coverage of the KH-7 film stripe

and the longer period of time in between the acquisition
of the KH-7 and the reference Orbview-3 data. Since the
resulting RMSE of ~40m showed high inaccuracies, we
subsequently employed non-linear rubber sheeting based
on additionally 100 measured points that resulted in a fi-
nal RMSE well within the uncertainties of £ 5m.

Pléiades and SPOT-5. We orthorectified the Pléiades nadir
views of the image mosaic based on its DEM derived from
the same stereo imagery. Orthorectification of the SPOT-
5 image of 6 November (which is not afflicted to saturation
quality problems) was however based on SRTM-3 due to
the poor quality of its own extracted DEM.

5. Glacier mapping and assessing glacier mass bal-
ance

5.1. Glacier area and length changes

By taking advantage of Pléiades VHR ortho-imagery
and its extracted DEMs, glaciers were mapped manually
for the year 2013 and subsequently adjusted to the situ-
ations of the years 1964 and 2010 based on the orthorec-
tified KH-7 Gambit-1 and SPOT-5 satellite data. Glacier
delineation for the year 2000 was employed in an auto-
mated way by using Landsat 7 ETM+ ratio techniques
of band4 dived by band5 with a threshold of 2.0, fol-
lowed by 3x3 median filtering to eliminate isolated pixels
and by smoothing of the resulting glacier polygons (e.g.
Racoviteanu et al., 2009; Paul et al., 2013b). Such tech-
niques rely on high reflectivity of snow and ice in the VNIR
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Table 2: Vertical accuracy measures of DEMs at stable terrain in respect to SRTM-3

DEM Median [m] NMAD [m] 68.3% quantile [m] 95% quantile [m] Mean [m] RMSE [m] STD [m]
TDX -0.08 2.74 291 5.85 0.00 2.89 2.89
PLE -0.01 4.83 5.13 9.71 0.00 4.92 4.92
SPOT-5 -0.06 6.11 6.24 11.59 0.00 5.93 5.93

wavelengths compared to low reflectivity in the shortwave
infrared (SWIR) (Dozier, 1989). Ice divides were auto-
matically obtained from DEM watershed analysis. Glacier
length changes were measured along the central glacier
flow lines. We validated and corrected glacier outlines
particularly in debris-covered areas by use of a coherence
image derived from a 11-day TerraSAR-X repeat-pass ac-
quisition of August 2011. This coherence image was cal-
culated after proper co-registration of both SAR scenes,
where contrary to the single-pass acquisition high decor-
relation is evident for most of the glacierized areas (Fig-
ure 2). This can be attributed to a change of scattering on
the glacier surface due to e.g. motion, melting, snow ac-
cumulation and wind drift between data acquisitions (e.g.
Frey et al., 2012). Final cross-checks in Orbview-3 and
Google Earth' " confirmed accurate fits. Some few out-
lines of three glaciers in the most eastern part of the study
site were at some extent located outside of the KH-7 film
stripe and therefore mapped from a Landsat 2 MSS image
recorded on 6 December 1976.

5.2. Glacier mass balance

Twelve larger glaciers at all expositions were chosen for
geodetic glacier mass balance estimates by employing both
SAR and optical remote sensing approaches. Glacier vol-
ume changes for later ice mass conversion are derived from
difference images by subtracting the DEM of the older
date (SRTM-3) from both generated DEMs of Pléiades and
TanDEM-X which are of newer date. Gap-filled areas of
SRTM-3 were set to no-data and the largest glacier extent
(i.e. the geometric union) of the mapped glacier outlines
of 2000, 2010 and 2013 was used. Annual glacier mass bal-
ances with an assumed glacier ice density of 850 + 60 kg m™
(Huss, 2013) were finally calculated based on the gap-filled
and SRTM-3 C-band penetration depth corrected mean
elevation changes for each glacier from both Pléiades and
TanDEM-X difference images. Due to its poor quality, the
SPOT-5 DEM was only used to validate glacier thickness
changes from its difference image to SRTM-3.

3

Data gap handling. Small nodata gaps below 0.01 km? were
filled with a closing operator based on a mean filter for
all Ah areas. To exclude very few but extreme outliers
that still remained or appeared due to previous data post-
processing, we employed a uniform threshold value of + 35 m
in all difference images and set Ah values outside of this
range to nodata. This threshold was determined by evalu-
ating Ah quantiles from Pléiades, TanDEM-X and SPOT-
5 to SRTM-3 which for the offset had to reside beyond the
5% and 95 % quantiles in all difference images.
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Remaining nodata gaps were afterwards separately filled
for the glacier accumulation and ablation zones based on a
height estimate of the equilibrium line altitude (ELA). Yao
et al. (2012a) measured specific ELAs for Gurla Glacier
(GLIMS ID G081317E30454N) at 6300m for 2004/06,
6480 m for 2007/08, 6200m for 2008/09 and 6150 m for
2009/10. By considering this variation, we assumed an
ELA of 6200 m in our entire study area from 1999 to 2013.
For the glacier ablation zones we locally calculated for ev-
ery 25m height section a mean Ah value that was used
to fill nodata gaps within each section. Due to the rela-
tively high ELA, there were often not sufficient Ah pixel
values in the glacier accumulation zones to calculate con-
fident nodata replacement values, such as the mode value.
We thereof decided to use zero by also assuming very lit-
tle elevation changes in such areas over time (Schwitter &
Raymond, 1993). Gap-filling was cross-checked for every
glacier, and in rare cases particularly at accumulation ar-
eas a more suitable nodata replacement value based on sur-
rounding Ah pixel values from either Pléiades or TanDEM-
X difference images was chosen if the automatic method
did not produce confident results. Table 3 provides in-
formation about the extent and percentage of gap filled
glacier areas separated in ablation and accumulation zones
for Pléiades and TanDEM-X as well as for nodata glacier
areas in SPOT-5 for that no gap-filling was employed.

Seasonality and correction of the SRTM-3 C-band penetra-
tion. Geodetic glacier mass balances should be based on
data recorded at the same time of the year since seasonal-
ity can influence possible mass changes as well as the den-
sity by reason of varying layers of firn and snow (Gardelle
et al., 2013). Imagery of Pléiades was recorded in October
2013 and of SPOT-5 in November 2010, but TanDEM-X
SAR data was acquired in April 2012 and the SRTM mis-
sion was conducted in February 2000. We observed thin
snow coverage and mostly snow-free glacier tongues in an
acquired Landsat 7 ETM+ image of 18 April 2012. This is
comparable to the image content of Pléiades and SPOT-
5, and as a result no seasonal correction was employed to
the DEM of TanDEM-X. Similar snow cover conditions
are also apparent in Landsat 7 ETM+ imagery recorded
on 28 January and 29 February 2000, presuming that a
slight penetration of the SRTM-3 C-band signal should be
considered. Due to penetration of the C-band beam into
snow and firn refers the altitude of the SRTM-3 DEM to
the glacier surface at the end of the melt season in 1999
(c.f. Pieczonka et al., 2013; Vincent et al., 2013). By rea-
son of no SRTM-3 X-band coverage at our study site it was
not possible to quantify the local penetration depth of the



Table 3: Gap filled / nodata glacier areas of DEMs that are splitted in accumulation (Agcc) and ablation (Agp;) zones compared to total
glacier area AZ and valid stable terrain (Agigpie—terrain) for DEM accuracy measurements

Glacier (GLIMS ID) AZ [km?]

TDX [km?]

PLE [km?]

SPOT-5 [km?]

Agap—rfilled Asce  Aan Agap—rfilled Adce  Aan Anodata

G081237E30450N 1.99 0.36 (18.09 %) 0.28 0.08 0.09 (4.52 %) 0.08 0.01 1.55 (77.89 %)
G081255E30450N 2.92 0.32 (10.96%) 0.32 0.00 0.12 (411%) 0.12 0.0  2.30 (78.77%)
G081267E30456N
(NamuNaNi) 5.08 0.66 (12.99 %) 0.66 0.00 0.54 (10.63 %) 0.54 0.00 4.78 (94.09 %)
G081296E30455N 3.16 0.43 (13.61 %) 0.40 0.03 0.14 (4.43%) 0.14 0.00 2.34 (74.05%)
G081293E30477N 1.87 0.05 (2.67%) 0.2 0.03  0.00 (0.00%) 0.00 0.00 1.61 (86.10%)
G081317E30454N
(Gurla) 9.11 1.04 (11.42%) 0.60 044 052 (5.71%) 0.20  0.23  6.29 (69.05%)
GO081307E30424N
(NanNamuNaNi) 6.34 170 (26.81%) 0.01  1.69  0.47 (7.41%)  0.00  0.47  2.48 (39.12%)
G081351E30471N
(GuNala) 4.23 0.22 (520%) 021 0.01 0.01(0.23%) 0.0l 000  2.87 (67.85%)
G081365E30442N 7.47 0.18 (2.41 %) 0.03 0.15 0.06 (0.80 %) 0.01 0.05 5.59 (74.83 %)
G081349E30428N 1.69 0.05 (2.96 %) 0.00 0.05 0.00 (0.00 %) 0.00 0.00 1.19 (70.41 %)
GO081379E30472N 5.18 0.30 (5.79 %) 0.02 0.28 0.04 (0.77 %) 0.01 0.03 3.76 (72.59 %)
G081387E30495N 1.45 0.26 (17.93 %) 0.02 0.24 0.00 (0.00 %) 0.00 0.00 0.18 (12.41 %)
S~ glaciers 50.49 557 (11.03%)  2.57 3.00 199 (3.94%) 1.20 079  34.94 (69.20 %)

Astable—terrain Astable—terrain Astable—terrain
Z no glaciers 262.28 109.30 164.71 112.27

C-band signal by comparing C-band with X-band eleva-
tion values at off- and on-glacier areas (c.f. Gardelle et al.,
2013). Hence we assumed the same penetration depth as it
was published by Gardelle et al. (2013) for West Nepal as
determined from their nearest Everest study site, however
with an adapted error assumption: This is 1.4+ 1.0m for
all clean-ice glaciers, except for the almost entirely debris
covered NanNamuNaNi Glacier (G081307E30424N). We
also calculated glacier mass balances by assuming either no
penetration of the C-band beam and by assuming a pen-
etration depth of 2.8 +2.0 m which is the double as used
by Gardelle et al. (2013). No seasonality was corrected for
SRTM-3 since the C-band radar penetration depth clearly
dominates the uncertainty.

6. Uncertainty computation

6.1. Uncertainties of glacier area and length changes

The uncertainty for glacier mapping primarily depends
on the image resolution and — in case of multiple data — on
the registration technique (Hall et al., 2003; Bolch et al.,
2010b). Other error sources include the method of glacier
delineation, the glacier size, debris cover, the scene quality
in regard of clouds and shadow, and seasonal snow that can
tend to an overestimated result in glacier extent (Bolch
et al., 2010a). In the study of Paul et al. (2013a) it turned
out that automated mapping of clean ice glaciers is at least
as accurate as manual mapping. Accuracy estimates on
debris covered glaciers are more problematic since glacier
ice below surface debris is difficult to distinguish due to
a spectral reflectance similar to the surrounding moraine
(Hall et al., 2003). A rough estimate for the precision of
clean ice glacier mapping can be approximated by a one-
pixel variability of the imagery out of that the glaciers were
mapped from (Bolch et al., 2010b; Paul et al., 2013a).

We thereof buffered the glacier area by at least half of
the pixel size resolution of the correspondent ortho-images.
This is £0.5m for the Pléiades images as mapping ref-
erence (2013), £ 1.5m for SPOT-5 (2010) and + 15m for
automated mapping from Landsat 7 ETM+ (2000). By vi-
sual comparison, co-registration of our orthorectified data
shows accurate fits, except for the KH-7 ortho-photograph
that still indicates slight inaccuracies even after rubber-
sheeting. As a result, we used a much higher buffer size
of +5m for the mapping of 1964 which is about four to
eight times the initial image resolution. The inaccuracies
of glacier area changes are estimated as the root of sum of
squares of each mapping dependent error and are shown
in Table 4. The uncertainties of length changes are domi-
nated by the accuracy of the KH-7 ortho-image and were
thereof assumed to be in the range of +5m (Table 5).

6.2. Uncertainties of glacier mass balances

The accuracy of DEM differencing depends on the qual-
ity of the DEMSs, the processing chain for co-registration,
and the post-processing including the removal of altitudi-
nal or other biases. Major issue in regard of the subsequent
conversion to ice mass is a suitable ice density assumption
(Paul et al., 2013b). Other errors include the seasonality
and the error of the SRTM C-band penetration correction
(Gardelle et al., 2013).

After co-registration, our DEMs show sub-pixel hori-
zontal accuracy to SRTM-3 of + 1.89 m in x-direction and
+1.51m in y-direction for Pléiades and of £5.79m and
£ 4.86 m m for SPOT-5 respectively. The DEM of TanDEM-
X was already co-registered to SRTM-3 by a refined geocod-
ing look-up table and had lower offsets to correct, with re-
maining inaccuracies of + 2.81 m in x-direction and £ 2.60 m
in y-direction. To measure vertical DEM accuracy on
unglacierized terrain, we calculated the Normalized Me-
dian Absolute Deviation (NMAD), the 68.3 % quantile as
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well as the 95 % quantile for all difference images relative to
SRTM-3 (c.f. Hohle & Hohle, 2009), as shown in Table 2.
We hereby only considered elevation difference values at
stable terrain below a slope of 35 ° which is about the 95 %
slope quantile of all glaciers. Due to curvature effects, we
only considered Ah values within the two-tailed 1.5 times
interquartile range bounded by the 5% and 95 % quan-
tiles, based on the same approach as employed for DEM
co-registration.

Gardelle et al. (2013) mention for their determined
SRTM-3 C-band penetration correction ranging from 1.4 m
to 3.4m an uncertainty of +1.5m, but for the expected
penetration depth of 1.4m this seems overestimated, and
as a result we suppose an uncertainty of +£1.0m in this
study. The total error of glacier-mass balance uncertain-
ties is the root of sum of each squared error term, i.e. the
NMAD of each DEM, the uncertainty of the ice-density
assumption of £60kgm=2 (c.f. Huss, 2013), and in case
of clean-ice glaciers an uncertainty of the SRTM-3 C-band
penetration correction, converted to water equivalent. The
mean offset of the Pléiades DEM (18 /26 Oct. 2013) to
the DEM of TanDEM-X (26 Apr. 2012) proofed to be
0.22m on unglacierized terrain with a standard deviation
of 2.78 m (Figure 8).

7. Results

7.1. Glacier area and length changes

An area of 79.0 4+ 1.6 km? as defined by our study site
was covered by glacier ice in 1964. Glaciers shrank by
2.7+5.0km? to 76.34+4.7km? in 2000, subsequently by
1.7 4 4.8 km? to 74.6 £ 0.5 km? in 2010 and by 0.3 4= 0.5 km?
to 74.3 4+ 0.2 km? in 2013. The overall shrinkage during the
49 years of investigation was measured at 4.7 & 1.7 km?
which corresponds to a loss of 6.042.1% for the entire
glaciated area of 1964 and to an annual rate of -0.10 +0.03
kmZa=! (-0.124+0.04%a™!). All twelve glaciers which
were investigated for their mass balance shrank in total
from 51.8 0.8 km? in 1964 to 49.8 +0.08 km? in 2013 and
showed clear tendency of continued glacier shrinkage (Ta-
ble 4). Its recession rate of 3.7+1.5% (~1.9+0.8km?)
is much less as it was determined for the entire glacier-
ized area of the study site which can be explained by the
longer response time of large glaciers that were investi-
gated for their mass balance. Glacier outlines of the year
2000 show higher uncertainties by reason of the poorer
Landsat 7 ETM+ pixel size resolution but are in line with
the determined tendencies.

For one single glacier (G081379E30472N) we could ob-
serve a significant advance of its glacier tongue by +260.0
4 5.0 m, which was however coming along with an area loss
of 0.1240.07km? (2.3 £1.3%). The average retreat of the
glaciers investigated for mass balance is with 178.0 +5.0m
similar to other glaciers of the study area with 175.0 £ 5.0 m,
which corresponds to an annual retreat of 3.6 £0.1ma~*
(Table 5). Figure 4 shows the frontal area changes of three
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glaciers close to the peak of Mt. Gurla Mandhata, includ-
ing Gurla Glacier (G081317E30454N, most western) and
the advancing glacier G081379E30472N (most eastern).

7.2. Glacier mass balances

Table 6 presents results of mean glacier elevation and
volume changes as well as annual glacier mass balances
as calculated by TanDEM-X (2012) and Pléiades (2013)
and by assuming a SRTM-3 C-band penetration depth
of 1.4+£1.0m in all twelve glaciers. Glacier mass bal-
ances from TanDEM-X show a slight loss of in mean 0.12
+0.20mw.e.a~! and a volume loss of 0.10 4 0.15 km? from
1999 to 2012 which is comparable to a negative mass bal-
ance of 0.08 £0.31 mw.e.a~! and to the volume deficit of
0.08 £ 0.25km? as determined from Pléiades (1999-2013).
In case of no penetration, this would lead to a mass budget
which is close to zero, with in mean -0.02 +0.19 m w.e.a™"
for TanDEM-X (volume change of -0.03 £0.14km?) and
+0.01+0.30mw.e.a™! for Pléiades (volume change -0.01
+0.24km?) (Table 7). A deeper SRTM-3 C-band pene-
tration depth of 2.8 2.0 m results in more negative glacier
mass balances, with in mean -0.224+0.24mw.e.a”! and a
volume change of -0.174+0.17km? for TanDEM-X com-
pared to -0.164+0.33mw.e.a”! and -0.15+0.26km? for
Pléiades respectively (Table 8). NanNamuNaNi (G081307
E30424N) is the only glacier in the study area that is
largely covered by debris while the other investigated glac-
iers are virtually free of debris cover. For the final mass
balance we thereof assumed for all clean-ice glaciers ex-
cept of the debris-covered NanNamuNaNi glacier a C-band
radar penetration depth of 1.4+1.0m in ice and snow.
Based on this assumption we obtain for the observed glac-
iers of our Gurla Mandhata study site a mean mass balance
in the range of -0.07 & 0.31 m w.e.a~ ! with a volume change
of -0.07+£0.25km?> as determined from optical Pléiades
(1999-2013) to -0.11 4 0.20 m w.e.a~! and -0.09 £ 0.15 km?
as determined from SAR TanDEM-X (1999-2012) relative
to SRTM-3.

Figure 5 for TanDEM-X and Figure 6 for Pléiades show
their DEM difference image to SRTM-3 before and after
post-processing for glacier mass balance calculation and
error computation. Figure 10 represents the hypsometry
by Ah values from difference images of both TanDEM-
X and Pléiades DEMs to SRTM-3 for selected glaciers at
Gurla Mandhata.

8. Discussion

8.1. Glacier area and length changes

Analysis of glacier area changes were restricted by the
ground coverage of the KH-7 film stripe of 1964 that does
not cover some few glaciers south-east which were previ-
ously investigated with ASTER and Landsat imagery (Ye
et al., 2006, 2009). These studies however omitted the only
south exposed and at the same time debris covered Nan-
NamuNaNi Glacier (G081307E30424N), and as a result
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(a) KH-7 ortho image of 5 Dec. 1964 (b) Pléiades ortho image of 18 Oct. 2013

Figure 4: Glacier length changes from 1964 — 2013 for the glaciers G081817E30454N (Gurla Glacier), G081351E30471N (GuNala Glacier)
and the advancing glacier G081879E30472N (from west to east)

only the relative change can be compared due to varia- an area loss of 7.6 km? from 87.0km? in 1976 to 79.4 km? in
tions in total glacier area. The shrinkage of 8.8% equals to 2003 and is equivalent to an annual rate of -0.31% a~! (Ye

Table 4: Glacier area (A) and changes (A A) from 1964 — 2013 at Gurla Mandhata for selected glaciers of mass balance estimates and for all
glaciers of the entire study area

Glacier (GLIMS ID) A1964 [kmz] AQQOO [km‘] A2010 [kmz] A2013 [km‘] A A2013_1964 [kmz]
G081237E30450N 2.00+0.04 1.99£0.12 1.98 £0.01 1.98 £0.004 -0.02£0.04 (-1.00 £2.00 %)
G081255E30450N 2.95+0.05 2.924+0.16 2.90+0.01 2.90 £ 0.006 -0.05£0.05 (-1.69 £ 1.69 %)
GO081267E30456N

(NamuNaNi) 5.114+0.07 5.08 £0.22 5.08 +0.02 5.07 £0.007 -0.04 +0.07 (-0.78 £1.37 %)
GO081296E30455N 3.29 +£0.06 3.16 £0.15 3.14£0.02 3.14+0.005 -0.15£0.06 (-4.56 £1.82 %)
GO081293E30477N 1.91+£0.05 1.87£0.15 1.85+0.02 1.85£0.005 -0.06 £0.05 (-3.14 £2.62 %)
GO081317E30454N

(Gurla) 9.33+0.13 9.09 +£0.37 9.01+0.04 9.00£0.013 -0.33+£0.13 (-3.54 £ 1.39 %)
GO081307E30424N

(NanNamuNaNi) 6.36 £0.10 6.33+0.29 6.33 +£0.03 6.33+0.010 -0.03£0.10 (-0.47 £1.57 %)
GO081351E30471N

(GuNala) 4.26 £0.05 4.23+0.15 4.18+0.01 4.17+£0.005 -0.09£0.05 (-2.11 £1.17 %)
GO081365E30442N 7.95+0.08 7.46 £0.22 7.30£0.02 7.28 £0.007 -0.67 £0.08 (-8.43 £1.01 %)
GO081349E30428N 1.77£0.04 1.69+0.13 1.65+0.01 1.64 £0.004 -0.13£0.04 (-7.34 £2.26 %)
GO081379E30472N 5.26+0.07 5.18+0.23 5.144+0.03 5.14 +0.008 -0.12£0.07 (-2.28 £1.33 %)
G081387E30495N 1.59 £0.04 1.45+0.10 1.40£0.01 1.39 £ 0.004 -0.20 £+ 0.04 (-12.58 £ 2.52 %)
3~ selected glaciers 51.78£0.78  50.45+2.29  49.96+0.23  49.80+0.078 -1.89+0.78 (-3.65+ 1.51 %)

Z glaciers study area 78.99 £ 1.64 76.26 +4.74 74.56 £0.46 74.27+0.15 -4.72£1.65 (-5.98 £2.09 %)

Table 5: Glacier length changes (A L) from 1964 — 2013 at Gurla Mandhata for selected glaciers of mass balance estimates and for all glaciers
of the entire study area

Glacier (GLIMS ID) A L201371964 [m]
G081237E30450N -120.0£5.0
G081255E30450N -150.0£5.0
G081267E30456N (NamuNaNi) -160.0£5.0
GO081296E30455N -490.0+£5.0
G081293E30477N -220.0£5.0
G081317E30454N (Gurla) -450.0£5.0
G081307E30424N (NanNamuNaNi) +0.0
G081351E30471N (GuNala) -130.0£5.0
GO081365E30442N -330.0£5.0
G081349E30428N -210.0£5.0
GO081379E30472N +260.0£5.0
GO081387E30495N -140.0 £ 5.0
X selected glaciers -178.33+ 5.0
X glaciers study area -174.77+ 5.0
10
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(a) Before post-processing (b) After post-processing

Figure 5: Difference image of TanDEM-X DEM (26 Apr. 2012) minus SRTM-3 DEM (1122 Feb. 2000) before and after post-processing

for glacier mass balance calculation (glaciers) and error computation (stable terrain) by considering a SRTM-3 C-band penetration depth of
1.4m in all glaciers except of NanNamuNaNi Glacier (G081307E30424N)

} 3
e «;/.,alacier exteﬁt

[ J2013

(a) Before post-processing (b) After post-processing

Figure 6: Difference image of Pléiades DEM (18 /26 Oct. 2013) minus SRTM-3 DEM (11-22 Feb. 2000) before and after post-processing

for glacier mass balance calculation (glaciers) and error computation (stable terrain) by considering a SRTM-3 C-band penetration depth of
1.4m in all glaciers except of NanNamuNaNi Glacier (G081307E30424N)
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Table 7: Glacier mean Ah differences, glacier volume changes and annual glacier mass balances measured from TanDEM-X (2012) and Pléiades (2013) DEMs by comparison to SRTM-3
(1999) and by consideration of no SRTM-3 C-band penetration in ice and snow

Glacier (GLIMS ID) Mean Ah TDX Mean Ah PLE Volume change TDX  Volume change Annual Annual mass Annual mass

[m] [m] [km?® - 1077] [km?® - 1073] balance TDX [m balance PLE [m balance diff.
w.e.a”!] w.e.a”!] PLE to TDX
[m w.e.a™']

G081237E30450N +1.26 +2.74 +2.18 +4.83 +2.50 +5.44 +4.32+9.59 +0.09+0.19 +0.14+0.30 -0.05

GO081255E30450N +1.65+2.74 +3.56 +4.83 +4.83 +8.00 +10.41 +£14.11 +0.124+0.19 +0.224+0.30 -0.10

GO081267E30456N (Namu- +5.921+2.74 +8.26 +4.83 +30.08 £13.93 +41.99 £ 24.55 +0.414+0.19 +0.51+0.30 -0.10

NaNi)

GO081296E30455N -1.39+2.74 -1.4544.83 -4.39+8.65 -4.58 +15.25 -0.10£0.19 -0.09+0.30 -0.01

GO081293E30477N +0.65 +2.74 +1.12+4.83 +1.21+5.10 +2.08 £8.99 +0.05+0.19 +0.07+0.30 -0.02

GO081317E30454N (Gurla) -1.43+2.74 -1.594+4.83 -12.98 £24.95 -14.47 £43.99 -0.10+0.19 -0.10+£0.30 +0.00

GO081307E30424N  (NanNa-  -1.97+£2.74 -3.36 +4.83 -12.51£17.37 -21.28 £30.61 -0.144+0.19 -0.214+0.30 +0.07

muNaNi)

G081351E30471N (GuNala) -0.424+2.74 +0.66 +4.83 -1.79+11.58 +2.78 +£20.40 -0.03+0.19 +0.04 +0.30 +0.01

GO081365E30442N -3.86 £2.74 -3.28 £4.83 -28.79 £ 20.46 -24.49 £ 36.06 -0.27+0.19 -0.20+£0.30 -0.07

GO081349E30428N -2.67+2.74 -2.324+4.83 -4.514+4.63 -3.92+8.16 -0.194+0.19 -0.144+0.30 -0.05

GO81379E30472N -0.40+2.74 +0.27+4.83 -2.09 +14.19 +1.39+25.01 -0.03£0.19 +0.02+0.30 -0.05

G081387E30495N -1.01+2.74 -1.56 +4.83 -1.454+3.94 -2.244+6.95 -0.07+0.19 -0.10+0.30 +0.03

> glaciers 129.89 + 138.24 78.01 +243.67

X glaciers -0.31+2.74 +0.21 +4.83 -0.02+0.19 +0.01 +£0.30 -0.03

98

a
—
Table 6: Glacier mean Ah differences, glacier volume changes and annual mass balances measured from TanDEM-X (2012) and Pléiades (2013) DEMs by comparison to SRTM-3 (1999)
and by consideration of an assumed SRTM-3 C-band penetration depth of 1.4+ 1.0m in ice and snow
Glacier (GLIMS ID) Mean Ah TDX Mean Ah PLE Volume change TDX  Volume change Annual Annual mass Annual mass
[m] [m] [km? - 1073] [km? - 1073] balance TDX [m balance PLE [m balance diff.
w.e.a”!] w.e.a”!] PLE to TDX
[m w.e.a™!]
G081237E30450N -0.14 £2.92 +0.78 +£4.93 -0.27 £ 5.78 +1.544+9.78 -0.014+0.20 +0.05+0.31 -0.06
G081255E30450N +0.25 +2.92 +2.16 +4.93 +0.73 £ 8.52 +6.31+14.41 +0.02+0.20 +0.13+0.31 -0.11
G081267E30456N (Namu- +4.52+2.92 +6.86 +4.93 +22.96 £ 14.82 +34.87 £ 25.07 +0.31+0.20 +0.43+0.31 -0.12
NaNi)
GO081296E30455N -2.794+2.92 -2.854+4.93 -8.814+9.21 -9.01 £15.57 -0.19£0.20 -0.18 £0.31 -0.01
GO081293E30477N -0.754+£2.92 -0.28 +4.93 -1.404+5.43 -0.524+9.18 -0.054+0.20 -0.024+0.31 -0.03
G081317E30454N (Gurla) -2.834+2.92 -2.994+4.93 -25.73 £ 26.56 -27.22 £ 44.92 -0.204+0.20 -0.194+0.31 -0.01
GO081307E30424N  (NanNa- -3.374+2.92 -4.76 +4.93 -21.38 £18.49 -30.15 £ 31.26 -0.244+0.20 -0.30+£0.31 +0.06
muNaNi)
G081351E30471N (GuNala) -1.824+2.92 -0.744+4.93 -7.714+12.32 -3.13 +20.84 -0.13£0.20 -0.05+0.31 -0.08
G081365E30442N -5.26 £2.92 -4.68 +4.93 -39.24 £21.78 -34.95 £ 36.82 -0.374+0.20 -0.294+0.31 -0.08
G081349E30428N -4.07 +£2.92 -3.724+4.93 -6.88 +4.93 -6.29 +8.34 -0.28 £0.20 -0.234+0.31 -0.05
GO081379E30472N -1.804+2.92 -1.134+4.93 -9.34 £15.10 -5.85 +25.54 -0.13£0.20 -0.07+£0.31 -0.06
GO081387E30495N -2.4142.92 -2.96 +4.93 -3.474+4.19 -4.26 +7.09 -0.174+0.20 -0.18 £0.31 +0.01
> glaciers 100,54 + 147.13 78.66 + 248.82
X glaciers -1.714+2.92 -1.194+4.93 -0.124+0.20 -0.08 +0.31 -0.04




diff.
PLE to TDX

Annual mass
balance

[m w.e.a”!]
-0.07

-0.13

-0.12

-0.09

-0.08

-0.06

-0.06

+0.00

-0.06

mass

balance PLE [m
33
33
33
33
33

Annual

w.e.a 1]

-0.04 £0.33
+0.05+0.33
+0.34+0.33
-0.26 £0.33
-0.10£0.33
-0.27+£0.33
-0.38 £0.33
-0.16 £0.33

-0
-0
-0
-0
-0

mass

24
24
24
24
24

balance TDX [m

w.e.a 1]

-0.11+0.24
-0.08 £0.24
+0.22+0.24
-0.29+0.24
-0.15+0.24
-0.29+0.24
-0.33£0.24
-0.2240.24

Annual

-0
-0
-0
-0
-0

PLE

change

[km? - 1073]
~1.23£10.37
+2.224+15.28
+27.76 £ 26.57
-13.43 + 16.50
-3.13+£9.72
-39.97 4+ 47.61
-39.03 + 33.13
-9.04 4 22.08
-45.40 + 39.03
-8.66 & 8.84
-13.10 + 27.07
-6.28 4+ 7.52
-149.29 £ 263.72

TDX Volume

change

[km? - 1073]
-3.05£6.73
-3.36 £9.92
+15.85+ 17.24
-13.23410.71
-4.00 £ 6.31
-38.48 % 30.89
-30.26 + 21.50
-13.62+14.33
-49.70 4 25.33
-9.24+5.73
-16.59 + 17.56
-5.48 4 4.88
S171.16 £171.13

Ah PLE Volume

23
23
23
23
23

0.62+5.23
+0.76 +£5.23
+5.46 +5.23
-4.2545.23
-1.68+5.23
-4.394+5.23
-6.16 £5.23
-2.59 +5.23

[m]
-2
-6
-5
-2
-4

39
39
39
39
39

Mean Ah TDX Mean

[m]

154+3.39
-1.15+3.39
+3.124+3.39
-4.19+3.39
22,15+ 3.39
-4.23+3.39
477 +£3.39
-3.1143.39

-3
-6
-5
-3
-3

(Namu-
(NanNa-

G081351E30471N (GuNala)

G081365E30442N
GO081349E30428N
GO081379E30472N
G081387E30495N

E glaciers

Glacier (GLIMS ID)
C081317E30454N (Gurla)

G081237E30450N
G081255E30450N
G081267E30456N
NaNi)

G081296E30455N
GO081293E30477N
G081307E30424N

muNaNi)

Table 8: Glacier mean Ah differences, glacier volume changes and annual mass balances measured from TanDEM-X (2012) and Pléiades (2013) DEMs by comparison to SRTM-3 (1999)
X glaciers

and by consideration of an assumed SRTM-3 C-band penetration depth of 2.8 +2.0m in ice and snow

et al., 2009; Yao et al., 2012a). Our results as defined by
the study site indicate a glacier shrinkage of 4.7 4 1.7 km?
from 1964 to 2013. This is equivalent to -6.0 2.1 % or -
0.12+0.04 % a~! (see Table 4) and less as half as observed
by Ye et al. (2006, 2009). The previously observed higher
shrinkage is probably less influenced by diverging study
definitions, but by the way of mapping from different sen-
sors at a poorer resolutions which eventually might have
led to an overestimation in the results of Ye et al. (2006,
2009).

Several branches of Gurla Glacier (G081317E30454N)
separated from the main glacier body during the period
of 1976 to 2006 which was going along with a total re-
treat of 155m (~5ma~!) (Yao et al., 2012a). Our ortho
images indicate a retreat of 450m from 1964 to 2013 or
~9ma~! (Figure 4) along the central flow line of Gurla
Glacier (Table 5). Probably due to movement of debris
and lateral moraines is de-correlation however still appar-
ent at the recession area in the TerraSAR-X coherence
image of 2011 (Figure 2) which might have resulted in
ambiguous delineations at the tongue of Gurla Glacier
(GO81317E30454N).

8.2. Glacier mass balances

Mass balance measurements are sparse in this harsh
and remote environment. In this study they range in mean
from -0.07 + 0.31 m w.e.a~! (Pléiades) to-0.11 £0.20 m w.e.
a~! (TanDEM-X) and are lower as previously published
in less detailed studies covering the site (e.g. Kaib et al.,
2012; Gardelle et al., 2013; Neckel et al., 2014). A mass
deficit of in mean -0.56 m w.e. was observed for the period
of 2005/06 to 2009/10 by means of 16 measuring stakes
for Gurla Glacier (G081317E30454N) (Yao et al., 2012a),
a reference glacier of the Third Pole Environment (TPE)
program (Yao et al., 2012b). Our geodetic approach indi-
cates a lower loss for this glacier, with -0.20 = 0.20 m w.e.a™
as determined from TanDEM-X and -0.194+0.31 mw.e.a™!
from Pléiades (see Table 6). If no SRTM C-band penetra-
tion was considered, the mass balance would only lead to
-0.10£0.30mw.e.a~! (see Table 7) and at a penetration
depth of 2.8 + 2.0 m it would range from -0.27 + 0.33 m w.e.
a~! (Pléiades) to-0.29 £0.24 mw.e.a”! (TanDEM-X) (see
Table 8). The in-situ measurements of Yao et al. (2012a)
however show strong annual variations (from -0.28 m w.e in
2009/10 to -0.72m w.e in 2007/08), and we detected that
a C-band radar penetration depth of almost 7.0 m would
have to be considered in our data to obtain a mean mass
loss of ~0.56 m w.e. for Gurla Glacier (G081317E30454N).

Our results show in most cases strong mass losses at
the glacier tongues (Figure 5, 6, 10). Mass gain in the
upper glacier areas with positive glacier mass budgets are
particularly observed for some north-west exposed glaciers
such as NamuNaNi Glacier (G081267E30456N ), probably
by reason of their higher altitudes and the wind direc-
tion of the Westerlies. Evident is the high altitude of the
ELA as measured for Gurla Glacier (G081317E30454N)
by Yao et al. (2012a), which is however low compared to
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e.g. NamuNaNi Glacier (G081267E30456N ). NanNamu-
NaNi Glacier (G081307E30424N) is the only larger and
south-exposed glacier of the study site that at the same
time is almost entirely debris-covered and located at com-
paratively low altitudes. The relatively high surface low-
ering at the central part of its glacier tongue is also found
elsewhere on debris covered glaciers (c.f. Bolch et al., 2011;
Pieczonka et al., 2013). Strong mass loss for large areas of
the advancing glacier tongue came along with the shrink-
age of glacier G081379E30472N. Gap filled areas for that
constant replacement values were calculated can be iden-
tified as linear features in the hypsometry by Ah values
(Figure 10).

8.83. Issues of geodetic mass balances from SAR and optical
data

The advantage of SAR compared to optical data is the
ability to map at all weather conditions during all day-
times. As InSAR is independent of visible structures and
contrast of the glacier surface, it also performs well in ac-
cumulation areas of glaciers, such as the ice field of Nai-
mona’nyi. The single-pass configuration of TerraSAR-X
and TanDEM-X ensures a high coherence on glaciers which
is advantageous compared to repeat-pass InSAR. However,
due to the side-looking SAR antennae, foreshortening and
layover effects are common issues in mountainous terrain
(e.g. Rott, 2009; Shugar et al., 2010). These effects re-
sult in incoherent areas which can not be adequately un-
wrapped, as visible in Figure 3 at steep slopes close to the
peak of Mt. Gurla Mandhata. Several data takes with
different baselines, incident angles and acquisitions from
ascending and descending orbits will be used for such dif-
ficult terrain in the coming global DEM of TanDEM-X
(Krieger et al., 2007).

Geodetic mass balance measurements by means of op-
tical stereo data is promising on rough crevassed or debris-
covered glacier surfaces, but difficult in case of snow cover.
Infrequent variations of albedo might cause a lack of con-
trast which can result in extensive areas without elevation
estimates (Bamber & Rivera, 2007). Image matching algo-
rithms might also fail in case of clouds, shadow and fresh
snow coverage due to high saturation or low contrast al-
terations. The higher pixel depth of Pléiades with 12 bit
and thus 4096 available digital numbers (DNs) compared
to 8 bit of SPOT-5 (256 DNs) allows to quantify for finer
albedo variations during acquisition and lowers the risk
of saturation. Combined with the higher geometric reso-
lution in the panchromatic channel of 0.5 m for Pléiades
(2.5m for SPOT-5) can more large-scale variations on the
glacier surface be detected. This led to a high quality of
our extracted Pléiades DEM even in areas of poor contrast
such as the glacier accumulation zones ( see Figure 3). The
b/h-factor at mountainous areas should be rather mod-
erate to reduce the rate of hidden items and to achieve
good matching identification. Pléiades stereo images are
recorded virtually instantaneously under different along-
track incidence angles, and its tri-stereoscopic acquisition
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mode with an additional quasi vertical image can minimize
this factor and increase the altimetric accuracy. The b/h-
factor of our tri-stereoscopic Pléiades imagery ranges from
0.20 to 0.48 for each stereo pair (recommended ~0.25 by
Astrium (2012)). SPOT-5 HRG stereo images are acquired
from two different orbits with a parallax that is obtained
by a difference of the across track incidence angle. Tempo-
ral decorrelation can lead to problems in terrain extraction
due to varying image content since data is recorded at two
different points in time. SPOT-5 images of this study were
recorded with only four days of difference in acquisition (2
and 6 November 2010) and at a b/h-factor of 0.74, but the
saturation quality problem in the second image pair is the
major reason of its poor DEM.

8.4. Accuracy of glacier mass balances

The DEM of TanDEM-X appears with a NMAD of
2.74m more accurate as the DEM of Pléiades (NMAD
of 4.83m) or SPOT-5 (NMAD of 6.11m), as summarized
in Table 2. The histograms in Figure 9 however show
wider spread in the optical DEMs as compared to the
SAR-DEM which is reflected by the NMAD value. This
is presumably caused by the much higher initial resolu-
tion of the generated DEMs (up to 1 m for Pléiades) when
comparing elevation differences to the coarser resolution
of SRTM-3 (90m). Prior to post-processing, DEM dif-
ferencing to SRTM-3 indicates low Ah values at gentle
slopes but high offsets at mountain ridges (blue colors)
and highly negative offsets in deep valleys (red colors).
This is particularly the case for Pléiades (Figure 6), but
also for TanDEM-X (Figure 5) and SPOT-5 (Figure 7).
These offsets however are resolution implicated and only
occur at extreme topographies with high curvature (Paul,
2008). The absolute vertical accuracy of the SRTM-3 C-
band DEM is £16m (£ 6m relative) and the horizontal
accuracy is +20m (Rabus et al., 2003; Farr et al., 2007).
The vertical accuracy is strongly related to topographic
characteristics and is better in flat areas, but can exceed
the accuracy specifications in high-relief terrain (Falorni
et al., 2005; Rodriguez et al., 2006). By reason of the qual-
ity dependence of the SRTM-3 reference dataset we would
expect a lower uncertainty of our DEMs in flat terrain if a
more accurate reference such as from differential GPS or
LIDAR measurement was available. We set in this regard
constraints to the Ah values of stable terrain to achieve
accurate elevation bias correction as well as uncertainty
estimates by the NMAD.

The post-processed difference images of TanDEM-X
(Figure 5) and Pléiades (Figure 6) show similar glacier
trends and accurate fits to SRTM-3 on stable terrain. The
high relative accuracy of the optical Pléiades to the SAR
TanDEM-X DEM with a mean offset of 0.224+2.78 m on
unglacierized terrain is also proofed by their difference im-
age in Figure 8 which shows almost no change in elevation
on both glacier and stable areas. Table 6 indicates slight
mass balance variations with some positive and in most
cases negative budgets, but with generally similar trends.
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Glacier exteint

(a) Before post-processing (b) After post-processing

Figure 7: Difference image of SPOT-5 DEM (02 /06 Nov. 2010) minus SRTM-3 DEM (11-22 Feb. 2000) before and after post-processing
for visual glacier thickness change interpretation and error computation (stable terrain) by considering a SRTM-3 C-band penetration depth
of 1.4m in all glaciers except of NanNamuNaNi Glacier (G081307E30424N)

-

(a) Before post-processing (b) Stable terrain

Figure 8: Difference image of Pléiades DEM (18 /26 Oct. 2013) minus TanDEM-X DEM (26 Apr. 2012) before and after post-processing for
error computation (stable terrain)
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Figure 10: Hypsometry by Ah values from DEMs of TanDEM-X (blue dots / black lines) and Pléiades (red dots / green lines) relative to
SRTM-3 with linear and polynomial (third order) fits for selected glaciers at the Gurla Mandhata study site. The ELA was determined for
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This is also proofed in the hypsometry by Ah values for se-
lected glaciers when comparing linear and polynomial fits
for both TanDEM-X and Pléiades DEMs to SRTM-3 in
Figure 10, where higher spread at snow covered glacier ar-
eas of low image contrast in Pléiades is obvious. No glacier
mass balance was estimated out of the SPOT-5 DEM due
to its poor DEM quality with extensive data gaps, and
we subsequently only used its difference image to SRTM-3
(Figure 7) to validate glacier elevation changes which are
consistent to the trends as observed by Pléiades (Figure 6)
and TanDEM-X (Figure 5).

8.5. Remuaining uncertainties of glacier mass balances

Gap filling of missing Ah values is based on an as-
sumption of the ELA, but such estimates are scarce and
show high variations. Our ELA (6200 m) is based on multi-
annual in-situ measurements at Gurla Glacier by Yao et al.
(2012a) that fluctuate strongly, while Gardelle et al. (2013)
mentions an ELA of only 5590+ 138 m for West Nepal
based on snowline mapping from ~2000 Landsat data.

The penetration of the SAR C-band signal of SRTM-3
into snow and ice can lead to an underestimation of surface
elevations particularly in glacier accumulation zones and
subsequently to biased estimates in glacier mass balance.
As a result, specific penetration depths must be considered
for each region due to different weather and snow cover
conditions in February 2000 (Rignot et al., 2001; Gardelle
et al., 2012; K&db et al., 2012). Gardelle et al. (2013)
observed an increasing penetration gradient in High Asia
from east to west, caused by different westerly and mon-
soonal precipitation patterns in February 2000. Rignot
et al. (2001) measured C-band penetration depths of up to
10 m in dry cold firn and less than 2 m in exposed ice, con-
firmed by Langley et al. (2007) that distinguished layers
of superimposed ice in depths of up to 14m. Kaab et al.
(2012) document a mean penetration of 1.5+0.4m into
glacier ice and of 2.3 + 0.6 m into firn and snow within their
Himachal Pradesh, Uttarakhand and West Nepal study
site. We thereof also calculated mass balances by consid-
ering both no penetration of the SRTM-3 C-band beam
(see Table 7) and by considering a penetration depth of
2.84+2.0m (see Table 8) by reason of the maybe underes-
timated correction of 1.4+1.0m (see Table 6).

9. Conclusion

Declassified historical spy-photographs from the U.S.
Keyhole missions offer a vast archive of still largely un-
touched high resolution data. We took advantage of im-
agery from Gambit-1 KH-7 at less then 1m resolution
and observed at our study site that glaciers shrank from
79.0 £ 1.6 km? in 1964 to 74.3 £0.2km? in 2013. This cor-
responds to an area loss of 0.12+0.04 % per year and is
less as previously published by other studies. Most glaciers
retreated with in average 3.6+ 0.1 m per year, while one
advancing but thinning glacier tongue could be observed.
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Optical stereo DEM approaches depend on images which
are free of clouds and shadow and might fail on areas of
poor contrast such as the glacier accumulation zones. A
high resolution DEM could be generated from Pléiades tri-
stereoscopic imagery at 0.5 m resolution which even per-
forms well on snow and ice covered areas by reason of its
high radiometric quality (12-bit). A SPOT-5 DEM from
imagery at lower geometric ( 2.5m) and radiometric (8-
bit) resolution is of worse quality which in this case is
primarily caused by a saturation problem in one image
pair. SAR approaches are independent of weather condi-
tions and visible structures, but have limitations in high
mountain terrain. This is apparent as areas of nodata in
the DEM of TanDEM-X due to problems in phase unwrap-
ping as well as layover and shadowing. Both optical and
SAR approaches offer ideal means to combine the advan-
tages of both techniques and show similar results, which
is also confirmed by DEM differencing to SPOT-5.

By geodetic means from both optical and SAR ap-
proaches to SRTM-3, an overall volume loss (1999-2012/13)
of 0.07 £ 0.25 km? (Pléiades) to 0.09 +0.15 km? (TanDEM-
X) and a mean glacier mass balance of -0.07 £ 0.3l m w.e.a™
(Pléiades) to -0.11£0.20mw.e.a™! (TanDEM-X) was de-
termined for Gurla Mandhata. Uncertainty estimates of
2.74m for TanDEM-X and 4.83m for Pléiades based on
the NMAD relative to SRTM-3 are rather conservative and
proof the high accuracy. The radar penetration depth of
the SRTM-3 C-band signal was in this study assumed to
be 1.4+1.0m in all clean-ice glaciers and is probably the
dominating factor for uncertainty that might have led to
underestimated glacier mass balances. Further research
should be employed in this regard, and this is why mass
budgets at different C-band penetration depths were cal-
culated.
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