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Abstract. Due to their remoteness, altitude and harsh cli- of the TP Thompson et a).2006. 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 Purogamhe PIC is located at 385 N, 8910 E in the continen-

gri lce 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 approacfherefore, 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&ah 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-ef4+ 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 6f0.15+ 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 a time 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-KJigéger
tongue in the eastern part of the ice cap. et al, 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¥) jnterferogram. 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 ¢ etal,  pgM from the TSX/TDX acquisition and calculated the sur-

2012. 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
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1624 N. Neckel et al.: Recent mass balance of the Purogangri Ice Cap

DEMs. Finally, the results of both approaches were convertedrable 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 _°Ptical sensor date path /row _res. (m)
order to derive a near-global DENR&bus 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 LandsatETM+ 28 October 2005 ~ 140/036 15
Landsat ETM+ 16 September 2007 140/036 15
was processed at the German Aerospace Center (DLR). In L
. ) andsat TM 15 August 2010 140/036 30
comparison to the C-band ScanSAR system with a swgth Landsat T™M 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% - . , —
of the PIC is covered by the data set (Fijj. The DEM is SQTE\:[SXSE,L;C;QHE ?féSfL?ﬁ%”;j@'Z}“ﬁfSJ;?m the TSX/TDX pass, the original
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 |aunChed in June 2007 fo”OWed by |tS thn Sate”ite hanced Thematic Mapper P|us (ETM+) and two Landsat
TDX in June 2010. The two satellites are flying in a unique Thematic Mapper (TM) scenes (Tatdlp We used all bands
helical formation acting as a single-pass INSAR system withgf the orthorectified level T1 products provided by the United
a flexible baseline configuratiofiieger et al, 2007. The  states Geological Survey (USGS). No horizontal shift was
main goal of the TanDEM-X mission is the generation of a observed by visual Comparison amongst the Landsat im-
global consistent DEM with a 12 12m grid posting and  agery, the co-registered TerraSAR-X coherence image and
a vertical accuracy of <2 mMoreira et al, 2004). the SRTM-X DEM. In order to reduce data gaps induced
In this study, we employed the experimental Co—registerecby scanline errors in the 2012 ETM+ data, we combined
Single look Slant range Complex (CoSSC) product acquiredyo ETM+ scenes acquired in September 2012 (€hen
in bistatic INSAR stripmap mode on 26 January 2012 (Tablegt a1, 2011). To enhance the spatial resolution of the Landsat

1). The data were acquired on an ascending satellite pass witB T+ scenes to 15 m, pan-sharpening employing principal
an incident angle of #4and VV polarization. The CoSSC component analysis was performed.

product has already been focused and co-registered at the

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

integrated TanDEM processdp(que 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
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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 reol implemented in th&&RASS GlSoftware GRASS De-

tios and the use of a specific threshold as suggestéthbyy  velopment Tean2012.

et al.(2009 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.(2010g 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_fi_xed manually_on the basis of th_e coherence imagey, g study, glacier elevation changes were calculated us-
Ice divides were estimated on the basis of watersheds exyq g different methods. The first method is based on dif-
tracted from the SRTM-X DEM utilizing the watershed  forential SAR interferometry while the second method uses

www.the-cryosphere.net/7/1623/2013/ The Cryosphere, 7, 162833 2013
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common DEM differencing. Both approaches are using th
TSXI/TDX acquisition from January 2012 and the SRTM-X
DEM acquired in February 2000 (Takl® 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-

.
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whereA¢rsx,/Tpx is the difference of phasegsx andgrpx
simultaneously acquired by TSX and TDX in January 2012
(Fig. 2, upper left). As the baseline of this satellite pass is
relatively small (155 m) and the data were acquired simul-
taneously, the same atmospheric conditions are assumed f _ ,
both SAR antennas, which sets the atmospheric contributio "en f | SRmx
Adammin Eqg. () to zero. The same applies fiipscay Which Matching
describes the phase difference due to different scattering o
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where A¢srrm-x is the interferometric phase of the Febru- .+ | _Fitering & Phase

ary 2000 SRTM-X acquisition. However, as the raw inter- ' unwrapping yrS—— yT——

ferometric data of the SRTM-X acquisition is not available, Diff. phase difference difference

A¢psrTm—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 phawéiﬁ is solely based on X, SRTM-X DEM; Int., interferogramg Flt. int., flgttene(_j interfero—
changes inA¢gropo between data acquisitions (Fig, bot- gram;_DEM_, TSX/TDX DEM; SAR sim., SAR S|m_ulat|on_; Simu-
o). I ardr 1o sove the bty of the ciflrence % B, e Blrengen D e Gl e Pl
'”terfe“’?ram’ .a phase unwrapping step Was. performed usin y DINSAR (a), and absolute 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 prhase 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 ¢srTM—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.gKrop&ek et al, 2019. Offsets
bital contribution from the interferogram\gorit) by sub-  were calculated using cross correlation optimization of the
tracting a simulated flat-earth phase trend (&2gsen eta).  simulated SAR images employilBAMMA’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@leand after the co-registration via a refined geocoding lookup table
(b). Location of the data example is shown in Fsb.

In order to compare the DInSAR derived elevation ter System (GLAS) carried on-board the Ice Cloud and EI-
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 th#onal 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 (Fdgcentral 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 change8tion (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 tH&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-4D0 m

then multiplied the mean surface elevation changes of thd€-8-,Nuth and K&aab2011). 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 averag® 200 mx 200m. In order to calculate the NMAD for a rea-
ice density of 90@ 17 kgnT2 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 éstimated a NMAD of 2.38 m for the DINSAR approach

differencing. For a first accuracy assessment of the SRTM-xand of 3.70m for the DEM differencing.
DEM we utilized data from the Geoscience Laser Altime-
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Fig. 4. Glacier hypsometry in 50 m elevation bifey. Surface elevation changes of the PIC are shown as a function of elevation, a third order
polynomial fit is shown as black solid lir®). Surface elevation changes in off-glacier regions are shown as a function of elevation, a linear
trend is shown as black solid lirfe).

In this study, the overall error of the derived surface eleva-change rate of-0.15+0.01kn?a~! 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 Figéh 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 (Fith).
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 F¢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 0.32m 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 (&iuvorld
surface elevation differences and an erros=df7 kg 12 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 FHgnd
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Fig. 5. Elevation changes of the PIC between February 2000 and January 2012. (@igsihews 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 aréagpg) 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£8.71 m for the
DEM differencing, which also applies for the listed single glaciers.

. meanAH meanAH area change ApgpoU A2p12 budget DINSAR budget DEM diff.
id DINSAR (m) DEMdiff. (m)  (km?) (km?) (mmw.eqg.al)  (mmw.eq.al)

1 —-0.42 —0.31 —1.84+0.04 48.001.10 —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 17.010.39 +65+ 15 +62+ 23
5 +0.13 —0.16 —0.14+0.01 4.510.10 +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  +1.30.03 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
9* —2.79 —2.70 —0.01+0.01 16.770.39 —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 —0.12+0.01 76.74:1.77 —90+15 —79+23
13 +0.74 +0.91 +0.410.01 32.08:0.74 +564+ 15 +68+ 23
total —0.59+2.40 —0.51+3.71 —1.81+0.04  407.9%9.38 —44+15 —38+23

* Glacier is not or only partially covered by the interferometric data set.

www.the-cryosphere.net/7/1623/2013/

The Cryosphere, 7, 162833 2013



1630 N. Neckel et al.: Recent mass balance of the Purogangri Ice Cap

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,

2011 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 al2005 Berthier
0 1Km et al, 2006 Nuth and K&aap2011). 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 5Z7213E0012 (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(2006§ 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 ni-2 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 m3, 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 betweenthe 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 otheiglacier 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 Dwye(2000
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 (Ta-ice 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 (FEp.

Year

1999
— 2005
2007
2010

m
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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 Ie3erthier, E., Amaud, V., 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 f0||0Wing 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- Sion: F.. Huinties, E., and Schneider, C.: A glacier inventory for
mate conditions with a simultaneous increase in accumu- the western Nya'nqemanglha Range and the Nam Co Basin, Ti-
lation due to higher precipitation rates. Overall, the mass bet, and glacier changes 1976-2009, The Cryosphere, 4, 419-
- e, ’ 433, doi10.5194/tc-4-419-201bittp://www.the-cryosphere.net/
budget of the PIC is close to equilibrium with a mearl an-  4/419/2010/2010b.
nual mass budget of44+15 and—38+23mmw.eq. a Bolch, T., Pieczonka, T., and Benn, D. |.: Multi-decadal mass loss
(millimeter water equivalent) estimated from the DINSAR  of glaciers in the Everest area (Nepal Himalaya) derived from
approach and from the DEM differencing respectively. In  stereo imagery, The Cryosphere, 5, 349-358,1@05194/tc-5-
the same time period, the ice cap retreated at a relatively 349-2011 http://www.the-cryosphere.net/5/349/2012011.
slow rate 0f—0.15+0.01 knf a1, Contrary to the remain- Chen, J., Zhu, X., Vogelmann, J. E., Gao, F., and Jin, S.: A sim-
ing glacier tongues, we detected one continuously advanc- Ple and effective method for filling gaps in Landsat ETM+
ing glacier tongue in the eastern part of the ice cap. This SLC-off images, Remote Sensing of Environment, 115, 1053~
study shows the enormous potential of the new TSX/TDX 1064, (?10I10.102!.6/j.I’SF.ZOlO.12.0l@lt’[p://WWW.SCIencedIrec'[.
data to derive glacier elevation changes when combined Wit|’b Comls.c.'enc‘_e/art'de/p"/ S003442571000342a11.
an older elevation data set. The data situation at the PIC is ostantini, M.: A novel phase unwrapping method based on net
: . . work programming, Geoscience and Remote Sensing, |IEEE
preferable as the SRTM-X DEM was acquired with the same 1, nsactions on, 36, 813-821, ddl:1109/36.673674.998.
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