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Abstract

Due to their remoteness, altitude and harsh climatic conditions, little is known about the
glaciological parameters of ice caps on the Tibetan Plateau (TP). This study presents
an interferometrical approach aiming at surface elevation changes of Purogangri ice
cap, located on the central TP. Purogangri ice cap covers an area of 397 £ 9.7 km? and
is the largest ice cap on the TP. Its behavior is determined by dry and cold continen-
tal climate suggesting a polar-type glacier regime. We employed data from the actual
TerraSAR-X mission and its add-on for Digital Elevation Measurements (TanDEM-X)
and compare it with elevation data from the Shuttle Radar Topography Mission (SRTM).
These datasets are ideal for this approach as both datasets feature the same wave-
length of 3.1 cm and are available at a fine grid spacing. Similar snow conditions can be
assumed since the data were acquired in early February 2000 and late January 2012.
The trend in glacier extend was extracted using a time series of Landsat data. Our
results show a balanced mass budget for the studied time period which is in agree-
ment with previous studies. Additionally, we detected an exceptional fast advance of
one glacier tongue in the eastern part of the ice cap between 1999 and 2011.

1 Introduction

The TP, also known as the third pole, stores the world’s largest amount of perennial
surface ice outside the Arctic and Antarctic. Information whether this ice is losing or
gaining mass is a valuable indicator to understand the climate variability on the TP (Yao
et al., 2012). This is of high importance as direct measurements of climatic parameters
are sparse, especially in the central part of the TP (Thompson et al., 2006). In this
study we take a closer look at the recent mass balance of Purogangri ice cap, Tibet’s
largest ice field (Shi et al., 2009). Purogangri ice cap is located at 33°05'N, 89°10' E
in the continental westerly-dominated north-central part of the TP (Thompson et al.,
2006). Due to its remoteness and high altitude of 5800 m a.s.l on average, field work at
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Purogangri ice cap would involve high costs, large logistical efforts and great physical
strain. Therefore, remote sensing is a promising alternative to conduct mass balance
measurements of this ice cap.

In this study we estimate the mass balance by geodetic means. In general, the
geodetic mass balance is calculated by subtracting datasets of glacier surface ele-
vation acquired at different times (e.g. Rignot et al., 2003; Kaab, 2008; Haug et al.,
2009; Bolch et al., 2011). For Purogangri ice cap two such datasets are available.
The ice cap was almost completely mapped by X-band SAR interferometry (INSAR) in
February 2000 during the Shuttle Radar Topography Mission (SRTM). Almost exactly
12 years later, on 26 January 2012 the ice cap was mapped by single-pass X-band In-
SAR from TerraSAR-X and its add-on for Digital Elevation Measurements (TanDEM-X)
(Krieger et al., 2007). Utilizing these datasets we followed two different approaches to
estimate the geodetic mass balance of Purogangri ice cap between 2000 and 2012.
At first we employed differential synthetic aperture radar interferometry (DINSAR). In
this approach differencing starts from the interferometric phase rather than from ab-
solute surface elevations. In order to validate the DINSAR derived estimate, elevation
changes were also derived from absolute surface elevations employing common DEM
differencing.

2 Data
2.1 Shuttle Radar Topography Mission

The Shuttle Radar Topography Mission (SRTM) was conducted from 11 to 22 February
2000 in order to derive a near-global DEM (Rabus et al., 2003; Farr et al., 2007). For this
purpose data from C- and X-band SAR were acquired. In this study we use the X-band
DEM, which was processed at the German Aerospace Center (DLR). The X-band sys-
tem operated at a wavelength of 3.1 cm with a swath width of ~45km on the ground
(Rabus et al., 2003). The latter leads to larger data gaps in the DEM. Fortunately,
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Purogangri ice cap is almost completely covered by the dataset (Fig. 1). The SRTM-X
DEM is freely available to the public and can be downloaded via DLR’s Earth Observa-
tion on the WEB (EOWEB) portal. The original DEM is sampled to a 25m x 25m grid
and is referenced to the WGS84 ellipsoid. We found a standard deviation of 2.27m
compared to data acquired by the Geoscience Laser Altimeter System (GLAS) carried
on-board the Ice Cloud and Elevation Satellite (ICESat) in off-glacier terrain (see Fig. 1
for ICESat footprint locations). These values are in agreement with a standard devia-
tion of 2.67 m estimated by Hoffmann and Walter (2006) who compared the DEM with
Global Positioning System (GPS) measurements in Germany.

2.2 TerraSAR-X and its add-on for Digital Elevation Measurements (TanDEM-X)

TerraSAR-X was launched in June 2007 followed by its twin satellite TanDEM-X in
June 2010. The two satellites are flying in a unique helical formation acting as a single-
pass INSAR system with a flexible baseline configuration (Krieger et al., 2007). The
main goal of the TanDEM-X mission is the generation of a global consistent DEM with
a 12m x 12m grid posting and a vertical accuracy of <2m (Moreira et al., 2004).

In this study we employed experimental Coregistered Single look Slant range Com-
plex (CoSSC) products acquired in bistatic INSAR stripmap mode on 26 January 2012.
The perpendicular baseline of the used data pair is estimated with 155 m. For the de-
rived DEM we found a standard deviation of 1.0 m compared to ICESat measurements,
which is well within the mission requirements. Next to the tandem acquisition we em-
ployed two TerraSAR-X images acquired on 2 and 13 August 2011 (Table 1).

2.3 Landsat

In order to compare the interferometrical derived results with changes in glacier ex-
tend we utilized six Landsat Enhanced Thematic Mapper Plus (ETM+) and two Land-
sat Thematic Mapper (TM) scenes (Table 1). We employed the orthorectified level T1
product provided by the United States Geological Survey (USGS). No horizontal shift
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amongst the Landsat imagery with respect to the SRTM-X DEM was observed. In order
to reduce data gaps induced by scanline errors in the 2012 ETM+ data we combined
two ETM+ scenes acquired in September 2012 (e.g. Chen et al., 2011). To enhance
the spatial resolution of the Landsat ETM+ scenes to 15m, pan-sharpening employing
principal component analysis was performed.

3 Methods
3.1 Delineation of ice

In order to measure any glaciological parameter the delineation of the ice body is an
essential step. We conducted an unsupervised 2-class classification of the 2000 and
2012 pan-sharpened Landsat ETM+ images to classify the ice body for the years 2000
and 2012 respectively. Choosing only 2 classes resulted in a general determination of
on-glacier and off-glacier areas. Due to snow covered mountain ridges and remains
of snow avalanches, the derived glacier masks were adjusted manually according to
the Global Land Ice Measurements from Space (GLIMS) standards (Rau et al., 2005).
In consequence of occasional cloud cover in the ETM+ data of 2012 we employed
an additional coherence image of a 11 day repeat-pass of TerraSAR-X acquired on 2
and 13 August 2011 (Table 1). Due to the short wavelength of TerraSAR-X (3.1 cm)
and the changing surface characteristics of the ice cap (e.g. precipitation, wind drift,
melting, freezing) a low coherence was calculated for ice covered areas. Ice divides
were estimated on the basis of watersheds extracted from the SRTM-X DEM utilizing
the r.watershed tool implemented in the GRASS GIS software (GRASS Development
Team, 2012). For an error estimate of the resulting glacier masks parts of the ice cap
were independently digitized from the TerraSAR-X coherence image and compared to
the 2012 glacier extend.
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3.2 Glacier elevation changes

The interferometric phase of a single-pass interferogram may be described by

AQD/'/ = Aporpit + A(ptopo + APy + ADea (1)

where Ag;; is the difference of phases ¢; and ¢; simultaneously acquired by two
SAR antennas. As the baseline of a single-pass system is usually small (e.g. 59.9m
for SRTM-X) and the data is acquired simultaneously same atmospheric conditions
can be assumed for both antennas, which sets the atmospheric contribution Ag ., in
Eqg. (1) to zero. The same applies for Ag.,;, Which describes the phase difference
due to different scattering on the ground (Rabus et al., 2003). This only leaves A@y it
which is the phase difference induced by the different acquisition geometry of the SAR
sensors, and Ag,q,,, Which describes the phase difference induced by topography1. In
this study we applied a differential approach (DInSAR), which means the subtraction of
two interferograms acquired at two different times (e.g. Kwok and Fahnestock, 1996).
In our case this is described by

AQ L = ADranpem — APsrm (2)

where Ag+..pewm IS the interferometric phase of the TerraSAR-X/TanDEM-X (TSX/TDX)
acquisition and Aggrry is the interferometric phase of the SRTM-X acquisition. As the
raw interferometric data of the SRTM is not available, A¢ggrry Was simulated from
DEM data using the satellite geometry and baseline model of the TSX/TDX pass from
26 January 2012. Since the same satellite geometry and baseline model was used for
both interferograms, Ay is solely based on changes in A, between data acquisi-
tions. To calculate absolute height values from the difference interferogram 20 Ground
Control Points (GCP’s) were selected manually in off-glacier regions. The differential

'For further reading on InSAR the reader is referred to Massonnet and Feigl (1998) and
Rosen et al. (2000).
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phase was set to zero at these points as no changes are assumed in this regions
between data acquisitions.

To archive accurate results precise offset registration and fitting between both
datasets is mandatory. Therefore, we calculated a DEM from the TSX/TDX interfer-
ogram and sampled it to a 25m x 25m grid, i.e. the same grid posting as the SRTM-X
DEM. In the interferometric processing of the TSX/TDX DEM we observed an artifi-
cial linear phase ramp presumably related to an inaccurate flat earth estimate. The
linear phase ramp could be removed by an additional baseline refinement based on
off-glacier phase values from the differential interferogram. For the calculation of ab-
solute heights GCP’s were obtained from the respective pixel locations in the SRTM-X
DEM. In order to calculate horizontal offsets between both datasets two SAR images
were simulated from the DEM’s using the orbital parameters of the TSX/TDX pass
(e.g. Kropacek et al., 2012). Offsets were calculated using cross correlation optimiza-
tion of the simulated SAR images employing the offset pwrm module implemented in
the GAMMA SAR and interferometric processing software (e.g. Werner et al., 2000).
These offsets were used to refine the horizontal data registration via a refined geocod-
ing lookup table.

In order to validate the DINSAR derived elevation changes we also constructed a dif-
ference map from absolute surface elevations by differencing of the spatially adjusted
DEM’s.

For the estimation of the random contribution to the overall error we used the stan-
dard error S, in off-glacier regions between both interferometric datasets which is de-
fined by

s, =2 3)

vn
where o is the standard deviation of non-glacier elevation differences and n is the num-
ber of non-glacier grid cells (either for the DINSAR derived estimate or for the absolute
estimate). Utilizing all non-glacier grid cells on a 25m x 25m gird would lead to an
underestimation of S, due to spatial autocorrelation. By analysing semivariograms we
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detected a decorrelation distance of ~ 100 m. As a consequence we reduced the grid
spacing of non-glacier grid cells to 200 m x 200 m.
According to the law of error propagation the error in elevation change is estimated

by

e =\/(S.)2 + ()2 (4)

where the mean x of non-glacier elevation differences contributes as the systematic
part of the overall error.

In order to convert elevation changes to mass balances knowledge of the materials
density is required. Here we create two scenarios. Following Sorge’s law (Bader, 1954)
we assume an unchanged density profile and used an ice density of 900 kg m~3 (e.g.
Paterson, 1994; Berthier et al., 2007, 2010; Bolch et al., 2011) for the entire glacier
area considering that only ice is losing or gaining mass. In the second scenario we
separated the ice cap into an accumulation and an ablation area at the zero contour
line of on-glacier elevation changes (black dot in Fig. 3, upper plot). Here we assume
area weighted densities of 600 kg m~2 in the accumulation area and of 900 kg m~2 in
the ablation area (Berthier et al., 2007; Kaab et al., 2012; Neckel et al., 2013).

4 Results

Similar to Lei et al. (2012) who estimated surface elevation changes of Purogangri ice
cap between 1974 and 2000 we found predominant surface lowering in glacier tongue
regions and glacier thickening in the interior of the ice cap (Fig. 2). This is also evident
from Fig. 3 (upper plot) where negative elevation changes are correlated to altitudes
lower 5750 m a.s.l. and positive elevation changes are found at higher altitudes. The
lower part of Fig. 3 suggests no elevation-dependent bias in off-glacier regions making
an artificial elevation dependency for on-glacier elevation changes unlikely.

Altogether our results suggest a balanced mass budget for the last 12 years for the
observed part of the ice cap. Following Sorge’s law we calculated a mean mass budget
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of +0.01 £0.36 mw.e. from the DInSAR approach and of +0.3 £ 0.05 mw.e. from the
DEM differencing. For the second density scenario we calculated a mean mass bud-
get of —0.65 £ 0.3mw.e. from the DINSAR approach and of —-0.44 £ 0.04 mw.e. from
the DEM differencing for the observed time period. Also the changes in glacier area
suggest a balanced glacier regime between 2000 and 2012. For October 2000 we esti-
mated a glacier area of 398 £ 9.7 km? while for September 2012 we calculated a glacier
area of 397 +9.7 km?, which indicates no significant changes. These findings are in
agreement with Yao et al. (2012) and Neckel et al. (2013) who estimated balanced
mass changes in the north-western part of the TP for a similar time period on contrary
to the remaining parts of the TP. Also Lei et al. (2012) found that Purogangri ice cap
retreats at a much slower rate than other glaciers on the TP.

Prominent positive elevation changes were found for one glacier tongue in the east-
ern part of the ice cap (Fig. 4). Between August 1999 and September 2011 the glacier
terminus advanced by 515 m at an average rate of 43 m per year.

5 Discussion

Several studies exist which estimate the mass balance of glaciers and ice caps from re-
motely sensed datasets in different parts of the world by DEM differencing (e.g. Rignot
et al., 2003; Kaab, 2008; Haug et al., 2009; Bolch et al., 2011). In this study elevation
changes were calculated in two different ways. The first approach makes use of the
interferometric phase of a differential interferogram, while the second approach starts
from absolute surface elevation values. As no filter was applied in the latter the re-
sult shows more data noise than the DINSAR derived map of elevation changes which
uses adaptive filtering (Goldstein and Werner, 1998) on the differential interferogram
prior to phase unwrapping. This is evident from the histograms shown in Fig. 2 and
from the off-glacier 1-o values of 4.7 m for the DINSAR approach and of 7.3 m for the
DEM differencing used in Eqg. (3). Another advantage of the the DINSAR approach
is the removal of residual phase ramps related to the orbit geometry by subtracting
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the simulated interferogram. However in this study the overall error is smaller for the
DEM differencing because of a smaller systematic error component. Altogether both
approaches show a quite similar pattern.

In both difference maps shown in Fig. 2 we found prominent linear features running
from south-west to north-east. Similar pattern were found by Nuth and Kaab (2011)
and Iwasaki (2011) in the cross-track direction when differencing two spatially adjusted
Advance Spaceborne Emission and Reflection radiometer (ASTER) DEMs which they
attributed to satellite attitude jitter. Figure 5 shows a profile taken along the black line
shown in Fig. 2b. The profile follows approximately the along-tack direction of the SRTM
acquisition suggesting attitude jitter of the space shuttle. Mostly these jitter-like patterns
range between —5m and +5m (Fig. 5) which is within the range of on-glacier elevation
changes making them only visible in off-glacier regions.

Penetration effects of SAR signals in snow and ice are widely discussed in the lit-
erature (e.g. Rignot et al., 2001; Gardelle et al., 2012a). The uncertainty induced by
these effects are difficult to quantify when comparing INSAR derived DEM’s with other
datasets (e.g. Sauber et al., 2005; Berthier et al., 2006; Nuth and Kaab, 2011). The
great advantage in this study is that the used datasets were acquired at the same
wavelength at nearly the same time of the year leading to unbiased results.

Our results suggest a balanced glacier regime for Purogangri ice cap between 2000
and 2012 which is in agreement with Neckel et al. (2013) who found a slightly pos-
itive trend in mass balance for Zangser Kangri ice cap between 2003—2009 located
~ 300 km to the north-west. However this behavior is contrary to the remaining parts of
the TP where glacier mass balances are negative (Yao et al., 2012; Neckel et al., 2013).
The balanced mass budget of Purogangri ice cap may be related to the same mech-
anisms as the frequently mentioned Karakoram Anomaly (e.g. Hewitt, 2005; Gardelle
et al., 2012b). A possible explanation could be a compensation of the temperature
driven melt-off due to an increase of precipitation in high altitudes. This is in agree-
ment with Li et al. (2011) who showed a significant increase in annual temperature and
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precipitation between 1961-2008 from meteorological station measurements on the
TP.

We found negative elevation changes in glacier tongue regions except for one glacier
in the eastern part of the ice cap. This glacier shows thickening at the terminus while
negative values are found further up the glacier (Fig. 4). These areas could be con-
strued as reservoir and receiving areas of a surging glacier (Paterson, 1994), however
the relatively slow velocity and long time period of constant glacier advance speaks
against a hypothesized surging event.

6 Conclusions

In this study we estimated the recent mass budget for large parts of Purogangri ice
cap by geodetic means. We employed SRTM elevation data from February 2000 and
compared it with TSX/TDX data acquired in January 2012. Very similar results were
achieved by a DINSAR based approach and DEM differencing, however the DINSAR
approach showed lesser data noise. We estimated positive elevation changes in the
accumulation area of the ice cap while negative elevation changes were found in glacier
tongue regions, except for one advancing glacier in the eastern part of the ice cap. The
overall mass budget between 2000 and 2012 is close to zero, which is in agreement
with previous studies. Our findings show that the observed part of Purogangri ice cap
did not retreat in the last 12 years, which is contrary to other Tibetan glaciers.
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eral Ministry of Education and Research (BMBF) Programme “Central Asia — Monsoon Dy-
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Table 1. Overview of satellite data and date of data acquisition. Perpendicular baseline, B, and
satellite orbit are given for SAR acquisitions (footprints are shown in Fig. 1). For Landsat data

path and row number is given next to the spatial resolution. O
- § N. Neckel et al.

SAR sensor date B, (m) orbit 2
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Fig. 1. Landsat ETM+ image acquired on 7 October 2000 of Purogangri ice cap 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.
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Fig. 2. Elevation changes of Purogangri ice cap between February 2000 and January 2012. (a)
shows the difference map derived by DInSAR while (b) shows the difference map derived from
absolute heights. Histograms show the on-glacier elevation differences.
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Fig. 3. Elevation changes of Purogangri ice cap as a function of TSX/TDX surface elevation Full Screen / Esc

(upper plot). Black dot shows the equilibrium line altitude (ELA) at ~ 5750 m a.s.l. No significant
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Fig. 4. Positive surface elevation changes in glacier tongue region. DInSAR derived surface
elevation changes are color-coded. In the background is the TSX/TDX DEM. Glacier snout

Year
1999
— 2005
2007
— 2010
2011
-19H | +8-0 m
0 1 Km
L1 1

positions are based on Landsat imagery. Location is shown in Fig. 2a.
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Fig. 5. Elevation changes along-track the SRTM-X flight path estimated with both methods
(profile line is shown in Fig. 2b). Linear cross-track features may be related to attitude jitter of
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