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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 (Kaab, 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

Lin 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. Ké&ab 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 = \/Otrend + trendland + Cbias (1)

where 0y,.cnq 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~

3 in ice

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.

ICESat footprint distribution

8000

70

7000

6000

o
o
=3
=3

4000

Elevation (m)

3000

2000

1000

: = 350 T T T T
—  sub-region A b | c
a — sub-region B L \
60t] — sub-region C
—  sub-region D 3001
— sub-region E
50 sub-region F
—  sub-region G 2501 -
. — sub-region A
— sub-region H X
@ — mean % — sub-region B
o 40 $ 200f| — sub-region C \
o 2 —— sub-region D
z z — sub-region E
[ - N
S 30 ® 150l sub-region F /
» 3 — sub-region G
sub-region A 0 2 b-region H \
— sub-region B sub-region \
. — mean
sub-reg!on C 20 100}
sub-region D
— sub-region E s ¢
sub-region F \
104 S E .
— sub-region G //- 50 —
sub-region H = 8 /
= mean = \
30 -20 -10 0 10 20 30 % -30 -20 -10 0 10 20 o5 =T =5 0 5 10
Difference (%) Difference (%) Difference (%)

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).



Supplementary Material 5

w

- - standard deviation of A H trends (sub-region A)
— curve fit (sub-region A)
- - standard deviation of A H trends (sub-region B)
— curve fit (sub-region B)
- - standard deviation of A H trends (sub-region C)
— curve fit (sub-region C)
- - standard deviation of A H trends (sub-region D)
—— curve fit (sub-region D)
- - standard deviation of A H trends (sub-region E)
— curve fit (sub-region E)
standard deviation of A H trends (sub-region F)
curve fit (sub-region F)
- - standard deviation of A H trends (sub-region G)
— curve fit (sub-region G)
- - standard deviation of A H trends (sub-region H)
—— curve fit (sub-region H)

N w S

std. dev. of AH trends after 200 iterations (m/a)
-

20 30 40 50 60 70 80 90 100
Percentage of randomly included ICESat footprints (%)

o
o

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.
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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.
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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
4150 m was applied to the data.
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ICESat autumn measurements
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Supplementary Figure S 6. Same plot as Figure S 1 except that only autumn
acquisitions are employed.
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Supplementary Figure S 7. Same plot as Figure S 2 except that only autumn
acquisitions are employed. A stable value is reached after including ~90% of ICESat
measurements.
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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~1) AH trend (ma~!) AH trend(ma~') AH trend (ma~T) Mass balance  Total glacier
region accumulation area __ablation area on-glacier area off-glacier area (m w.e. a”"!)  area (km?)
A - +0.254+0.30 +0.2540.30% -0.01+0.14 +0.21£0.26% 6,483
B +0.65+0.33 +0.08+0.27 +0.584+0.26 -0.01+0.02 -+0.494+0.28 464
C -0.59+£0.36 -1.4140.52 -0.57+£0.31 -0.09+0.11 -0.48+0.31 1,491
D +1.12+0.46 -0.794+0.39 -0.794+0.31 +0.01+£0.03 -0.67+0.35 1,859
E -0.31+0.37 - -0.31£0.37° -0.124+0.03 -0.26+0.33° 1,056
F -0.45+0.33 -1.02+0.43 -0.61+0.30 +0.05£0.02 -0.52+0.31 2,371
G -0.48+0.34 -1.884+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 +0.12+0.10 -0.59+0.33 12,017

“data only available in ablation area.
bdata only available in accumulation area.
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