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Abstract: Satellite geodesy is capable for observing glacier height changes and most recent studies focus on the decadal scale
due to limitations of data acquisition and precision. Glaciers at Mt. (Qomolangma), locating at the Central Himalaya, have been
studies from the 1970s to 2015. Here we obtained TerraSAR-X/TanDEM-X images observed in two epochs, a group around
2013 and another in 2017. Together with SRTM observed in 2000, we derived glacier geodetic glacier mass balance between
2000 and ~2013 and ~2013 and 2017. We proposed two InSAR procedures for deriving the second period, which yield with basi-
cally identical results of geodetic glacier mass balance. DEMs differencing between DEMs derived by TerraSAR-X/TanDEM-X
show better precision than between TerraSAR-X/TanDEM-X formed DEM and SRTM, and are capable of providing geodetic
glacier mass balance at sub-decadal scale. Glaciers at the Mt. Everest and its surroundings present obvious speeding up in mass
lost rates before and after ~2013 for both the Chinese and the Nepalese sides. The previous obtained spatial heterogeneous pat-
tern for glacier downwasting between 2000 and ~2013 generally kept the same after ~2013. Glaciers with lacustrine terminus
present most rapid lost rates.
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1 INTRODUCKTION

Mt. Everest (Qomolangma), locates at Central Himalaya, is the
highest peak in the world. Glaciers in Himalaya and its surround-
ings experienced accelerating mass loss in last few decades (Maur-
er, et al., 2019). Given their fame, these glaciers gather great inter-
ests of researches. As one of the hot-spotted study regions, Mt.
Everest and its surroundings have geodetic glacier mass balance re-
cords spanning from the 1970s to recent years, which generally in-
dicates more negative rates trend despite their different observation
sensors or platforms including stereo photogrammetry, SAR inter-
ferometry, and laser altimetry (Bolch, et al., 2011; Ké&ib, et al.,
2015; Ye, et al., 2015; King, et al., 2017; Li, et al., 2018). Supra-gla-
cial lake expansion also indicates a similar glacier mass lost acceler-
ating trend (Ye, et al., 2009). For the period after 2000, most of
these researches regarded it as one stage or study period. ICESat de-
rived glacier mass balance between 2003 - 2009 was -0.37 = 0.10 m
w. e. (water equivalent)/a, TerraSAR-X/TanDEM-X (TSX/TDX) -
SRTM derived result was -0.38 = 0.04 m w.e./a for 2000 - ~2012,
and WorldView - SRTM derived result was -0.52 + 0.22 m w.e./a.
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Consider this period is longer than one decade, it is necessary to
study the changes or fluctuation within this period. The previous
study also indicated a heterogeneity map of glacier mass balance
which possibly induced by debris-covering rate, terminating types,
temperature rising rates, and glacier flow rates (Li, et al., 2018).
Most of the current geodetic glacier mass balance studies fo-
cused at decadal scale and even longer study period over the High-
mountains Asia (HMA). Since the precision of deriving geodetic
glacier mass balance depends on the accuracy of forming a Digital
Elevation Model (DEMs), a pair of relatively rough DEMs that ob-
served with one-decade temporal baseline or longer could be capa-
ble to derive glacier height changes at acceptable precision because
of averaging reduces the annual error. If aiming at deriving glacier
mass balance for sub-decadal scale and/or annual scale, the preci-
sion of DEMs is highly demanded. The absolute vertical accuracy
of SRTM is +16m (90% confidence interval), and accuracy of Tan-
DEM-X DEM (DEM formed by TSX/TDX interferometry) is 2m
(Farr, et al., 2007; Krieger, et al., 2013). Consider that the differ-
encing operation between SRTM and TanDEM-X DEM usually
gives vertical RMSE at better than 5m, the datum error could be
the major error in the total error of these DEMs (Li and Lin 2017;
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Li, et al., 2018). Consider another research by comparing SRTM
and SPOT images formed DEM usually gives vertical RMSE
worse than 8m at similar study sites (Gardelle, et al., 2013), the
precision of TanDEM DEM should be better than the SPOT DEM.
Given its high precision, in this study we seek to explore the capa-
bility of deriving sub-decadal glacier mass balance by using multi
acquisitions of bistatic TSX/TDX observed at different points of
time. One study applied two epochs of TSX/TDX observation and
derived geodetic glacier mass balance at Puruogangri Ice Field in
northern Tibetan Plateau (Liu, et al., 2016). Their standard devia-
tion of DEM difference map at the off-glacier area was 2.28 m by
comparing two TanDEM-X DEMs observed in 2012 and 2016.
Consider that the topography at the Mt. Everest is much steeper at
the Puruogangri, deriving sub-decadal geodetic glacier mass bal-
ance for the Mt. Everest should be a challenge.

2 STUDY SITE

Mt. Everest, the highest summit of the world, locates in the
Central Himalaya along the border between China and Nepal at
the maximum height of 8844.43m (Ye, et al., 2015). The main
ridge is the national border adjacent to the Mt. Everest (Fig 1).
The study area of this research basically overlaps Li, et al.' research
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3 DATA

RGI v5.0 (RGI Consortium, 2015) outline is regarded as glacier
boundary in this study except for several lacustrine-terminated gla-
ciers that retreated significantly after 2000. RGI v5.0 outlines for
most glaciers in this area are identified according to the Landsat
image observed on 2000-10-30, which we also applied for clean-
ice and debris-covered ice boundary identification. To correct the
boundary of rapid retreated lacustrine-terminated glaciers, we ob-
tained several Landsat images (2000-10-30, 2004-12-04, 2007-
01-27, 2010-04-09, 2013-12-29, 2015-07-12 and 2017-12-08) for
manually modifying outlines and positions basing on false-color
images (SWIR: R, NIR: G, Red: B). We applied the RGI v5.0 out-
lines modified by the Landsat observations in 2007-01-27 and
2015-07-12 as average glacier outlines to calculate the glacier
mass balance for the period before and after ~2013.

C-band SRTM DEM, observed in February of 2000, with a 1
arc-second (30 m) resolution was chosen as the reference DEM for
the geocoding step in forming TanDEM-X DEM. As the void area
was not fully filled for the 1 arc-second SRTM dataset, we em-
ployed void-filled in 3 arc-second (90 m) resolution C-band SRTM
to fill the void for convenience in the InNSAR processing. The void
information of non-void filled SRTM dataset was employed for
post-processing after InNSAR procedure to mask out area was not re-
al SRTM observation in 1 arc-second SRTM DEM. We compared
C-band SRTM and X-band TanDEM-X DEM for deriving geodetic
glacier mass balance between 2000 and ~2013. We followed Li, et
al's (2018) research to evaluate and remove the possible penetra-

tion depths differences between C- and X-band by presuming that
penetration depth differences between the X-band SRTM and Tan-
DEM-X DEM can be waived (Rignot, et al., 2011). The penetra-
tion depth differences between two epochs of TanDEM-X DEM
was waived as well despite a possible penetration depth of 4 m at
the dry snow zone (Dehecq, et al., 2016). All acquisitions and
SRTM used in this study were observed in the winter season to
avoid possible seasonal fluctuation of glacier mass balance and/or
penetration depth difference induced by snow covering changing.

TSX/TDX datasets in this research were observed in the bistat-
ic model, which means one satellite (master satellite) transmits the
pulses and two satellites receive the pulses almost simultaneously.
TSX/TDX images were provided by the German Aerospace Center
(DLR) in the Co-registered Single Look Slant Range Complex
(CoSSC) format. The resolution of TSX/TDX images is around 2.5 m
in both azimuth (along the flight direction) and ground range
(across the flight direction). The TSX/TDX images used for this
study were obtained in two different epochs one in 2011/2012, and
other in 2016/2017. Since not much accumulation nor melting are
supposed to occur in winter season, and SRTM performed in Feb-
ruary, most TSX/TDX images selected in this study were observed
in winter. We treated acquisition at the end of one year equally to
the acquisition at the beginning of next year. For instance, the ac-
quisitions on 2016-12-11 was regarded as the observation for win-
ter of 2017. The detail information for the TSX/TDX images is list-
ed below in Table 1 and Fig. 1 presents the coverage of the TSX/
TDX in the study area.

Table 1 The specification of the TSX/TDX acquisitions

Effective perpendicular Height of Average incidence
Date Relative orbit Orbital Pass Master satellite
baseline/m ambiguity/m angle
2011-11-04 128 Ascending 113.8 -49.9 36 TSX
2012-01-31 128 Ascending 83.2 -62.9 34 TSX
2012-10-04 29 Descending 88.1 71.5 39 TSX
2012-10-10 128 Ascending 195.5 -28.0 35 TSX
2016-12-11 37 Ascending 117.7 70.9 48 TDX
2017-01-08 128 Ascending 117.1 44.6 34 TDX
2017-01-19 128 Ascending 117.3 48.4 36 TDX
4 METHODS Therefore, the evaluation of the topographic phase of SRTM could

4.1 Bistatic D-InSAR

We followed a D-InSAR data processing to derive glacier
height changes for the period of 2000 - ~2013 following Li, et al.'s
(2018) research. The advantage of applying D-InSAR method oth-
er than directly performing DEMs differencing is that unwrapping
is more stable since removing topographic phased reduced the
phase gradient (Neckel, et al., 2013; Li & Lin, 2017). After remov-
ing the flat earth and topographic phase evaluated by TSX/TDX or-
bital information and SRTM, the rest is the topographic residual
phase, which mainly induced by glacier height changes. After
phase unwrapping, the topographic residual phase can be trans-
ferred to height changes for the next geocoding step. We presumed
that no height changes occurred at the off-glacier area in the whole
TSX/TDX coverage. Since notable glacier height changes might
have occurred during our study period, the look-up table between
the SAR and the geographic coordinates might not be accurate.

not be accurate as well. We performed the D-InSAR processing it-
eratively to generate TSX/TDX, each iteration generates a new
TanDEM-X DEM (reference DEM plus topographic residual),
which was applied as the reference DEM for next iteration. We
stopped in the third iteration when usually the topographic residual
phase was almost zero. In the third iteration, we added the evaluat-
ed topographic residual to the reference DEM to generated the fi-
nal TanDEM-X DEM for the specific TSX/TDX acquisition. We re-
moved area with strong geometry distortion. Then all the TanDEM-
X DEM formed with single TSX/TDX acquisitions of ~2013 were
mosaicked for next processing. All TSX/TDX were treated equally
weighted in the overlapping area. The mosaicked TanDEM-X
DEM minus the SRTM gives the height changes between 2000
and ~2013.

We proposed two processing procedures to derive glacier
height changes for the period of ~2013 to 2016/2017. The first pro-
cedure is similar to Liu, et al's (2016) research for the Puruogangri
Ice Field. We generated the mosaicked TanDEM-X DEM of 2016/
2017 following the same procedure of processing of TSX/TDX ac-
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quisitions of ~2013. Since both TanDEM-X DEM of ~2013 and
2016/2017 had been aligned to the same datum and projection of
SRTM (WGS 84 and Longitude/Latitude in this study), differenc-
ing operation gives the height changes between ~2013 and 2016/
2017. The second procedure was to regard the TanDEM-X DEM of
~2013 as the reference DEM and perform D-InSAR processing to
the three TSX/TDX acquisitions of 2016/2017. Despite the short
temporal interval of four to five years, which implies smaller
height changes than one-decade time, an iterative D-InSAR was
still applied as there were observable topographic residual phase in
the second iteration. After the third iteration, the final TanDEM-X
DEM of 2016/2017 was mosaicked with the three single frames.
Glacier height changes between ~2013 and 2016/2017 was generat-
ed by make differencing of the TanDEM-X DEM of the two ep-
ochs.

4.2 Evaluating penetration differences

The possible penetration differences between C- and X-band
were evaluated by comparing C- and X-band SRTM given they
were the only available dataset which observed simultaneously for
such purpose. Consider that X-band SRTM operates in strip map
mode and failed to cover most parts of our study area, we adopted
an adjacent region for such evaluation following Li, et al. (2018).
Penetration depth differences and or penetration depth at debris-
covered parts of the glaciers were presumed as zero. Clean ice
boundary was identified according to Landsat images observed on
2000-10-30 and RGI v5.0. After radiometric and atmospheric cor-
rection, pixels with NDSI great than 0.4 and within the RGI v5.0
were identified as clean-ice. Height system are different for C- and
X-band SRTM distribution, the former is orthometric height and
the latter is ellipsoidal height. We presumed in this small area the
geoid height was a ramp and the height different should be zero at
off-glacier area. Since the orbital error of X-band SRTM was not
perfectly corrected, we divided this area into two patches accord-
ing to the orbital tracks for evaluating the systematic difference be-
tween C- and X-band SRTM (Marschalk, et al., 2004; Li, et al.,
2018).

4.3 Miscellaneous

TSX/TDX acquisitions applied in this study observed in late au-
tumn and in winter, and SRTM was operated in February. Consider
most precipitation in the mid-Himalaya occurred in summer and
the cold weather in winter, both activities of glacier mass accumu-
lation and melting should be weak in winter, we presumed that no
seasonal effects in this study. After removing the evaluated penetra-
tion depth differences, glacier height changes of the first period for
each pixel were obtained. Basing on the temporal interval for each
pixel, total glacier height changes were transferred to annual gla-
cier height changes. Although the bistatic InNSAR advantages in ob-
serving the accumulation zone, there were void areas due to geom-
etry distortion, geometry decorrelation, and/or other reasons. We
binned the glacier height changes in every 50m elevation and to fill
the void area with the average value in each bin. By presuming that
the glacier density of 850 = 60kg/m’, the annual glacier height
changes were transferred to geodetic glacier mass balance (Huss,
etal., 2013).

The accuracy estimation for period of 2000 to ~2013 followed
Li, et al's (2018) instruction. For the evaluating glacier mass bal-
ance between ~2013 and 2016/2017 derived with both procedures,
the error consisted of systematic error and random parts. The for-
mer part was composed by datum error and seasonal error, while
the latter was contributed by error of the formed DEMs. The datum
error was calculated with Eq. 1:

Err

datum

bi2017 - bi2013(Off ) ( 1)

where 7,517 - ooi3(05) Was the standard deviation of height differ-

ences in the off-glacier region. [N, was the effective
A S bi2017 = bi2013(0fF )

measurement number which determined by the area of the off-gla-
cier area and autocorrelation distance. Using variogram analysis,
the autocorrelation distance was determined as 500 m for DEM dif-
ference map between SRTM and TanDEM-X DEM, and 200 m for
the DEM difference map between TanDEM-X DEMs. Although
we presumed that no seasonal effects for both glacier mass balance
evaluation and penetration depth differences, 0.15m/month was
still introduced for comparing DEM observed in difference months
(Gardelle, et al., 2013). The random part was evaluated by equa-

tion 2:
T, )
—_ bi2017 - bi2013(On)
EIT o = /N 2)
EH]HZUW = bi2013(On)

where 0,5 _ bi2013(0n) WS standard deviation of the height differ-
ences in the glacierized area. Since it cannot presume glacierized
area was stable and not in-situ observation was available, we evalu-
ated 0017 - jiaor3(on) ACCOTAING 10 0517 _0013(0rr) DY Presuming the
accuracy of DEM is correlated with slope rate. Standard deviation
was calculated in seven bins in the off-glacier region including,
0-5, 5-10, 10-20, 20-30, 30-40, and >50°. Then we calculated pro-
portion of glacierized area as weight calculate o7 001300 -

5 RESULTS AND DISCUSSION

For results of the period between 2000 and ~2013 can refer to
Li, et al.'s (2018) research with detail information. The observed
geodetic glacier mass balance was -0.38 £ 0.04 m w.e. a”', which
was similar to the world average level (Gardner, et al., 2013). Ever-
est and its surroundings presented a spatial heterogeneous glacier
height change pattern which possibly reflects debris-covering
rates, terminating type, temperature rising rates, and glacier flow
rates. Between 5000m and 6600m for the northern slope, and be-
tween 5000m and 6200m for the southern slope, the glacier height
changes were almost linearly correlated with the elevations.

For the period between ~2013 and 2016/2017, the two data
processing procedures yield with similar results in terms of aver-
age geodetic glacier mass balance and glacier height changing
map. The average geodetic glacier mass balance was -0.512 +
0.051 mw.e.a”, and -0.467 = 0.048 m w.e. a”' for the first and second
procedures, respectively. Their discrepancy of value could be mainly
due to orbital error correction and determination of the datum.

The standard deviation at off-glacier region is a key value for
error propagation of accuracy estimation, which determines the da-
tum error in both systematic part and random part. The standard de-
viations were 2.612 m and 2.168 m for the off-glacier region of the
height change maps that derived from the first and second proce-
dures, respectively. The standard deviation was similar to study of
two TanDEM-X DEM differencing at the Puruogangri (Liu, et al.,
2016), and much better than the SRTM and TanDEM-X differenc-
ing at the Everest (Li, et al., 2018). The first height change map
was calculated from two DEMs differencing processing, while the
second was the result of one D-InSAR processing, which means
the first procedure performed adaptive power spectrum filtering in-
dependently for two D-InSAR processing and the second proce-
dure performed the filtering operation only once. This could be the
possible explanation for a greater standard deviation for the first
procedure. In the rest parts of the paper, we adopt the results yield
from the glacier height changing map derived from the second pro-
cedure.
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Almost all sub-regions presented higher glacier mass lost rates
during ~2013 and 2016/2017 than the first decade of 21% century
(Li, et al., 2018). In table 2, we compared our derived geodetic gla-
cier mass balance for two period before and after ~2013 for the en-
tire study area and each sub-region.

Table 2 A comparison of the derived geodetic glacier

mass balance (m w.e. a™') before and after ~2013

Region or sub—region 2000 to ~2013 ~2013 to 2016/2017

Total region -0.38 £ 0.04 -0.467 + 0.048
Chinese Side (Northern slope) -0.35 + 0.04 -0.401 = 0.050
Nepalese Side (Southern slope)  —0.41 + 0.05 -0.587 +£0.058
Southeast -0.28 + 0.05 -0.503 + 0.054
Kangxiong -0.13 £ 0.04 -0.417 = 0.053
Northeast -0.22 +0.04 -0.468 + 0.053
Rongbuk Catchment -0.51 +0.05 -0.588 + 0.059
Northwest -0.19 + 0.04 -0.121 +£ 0.042
West -0.51 +0.05 -0.510 + 0.047
Ngozumpa -0.43 +0.05 -0.482 + 0.054
Bolch’s ROI -0.48 + 0.05 -0.758 + 0.070

Northwest seemed to be the only sub-region presented with less
glacier lost rate among the Mt. Everest and its surroundings. The
Nepalese side experienced a larger acceleration of glacier mass
loss rate than the Chinese side, which seemed to be a continuous
trend since the last few decades of the 20" century (Li, et al.,
2018). Kangxiong and Northeast sub-region presented less glacier
mass loss rates than the regional average before ~2013, however af-
ter ~2013 their glacier mass loss rates were almost as equal as of
the regional average. Rongbuk catchment and Bolch's ROI are two
regions that have long period of historic geodetic glacier mass bal-
ance records, which presented with a steady trend of speeding up
for the glacier mass lost despite slight discrepancy among different
studies (Bolch, et al., 2011; Ye, et al., 2015; Li, et al., 2018). Com-
pare to previous studies, our derived result found that the accelera-
tion of glacier mass loss rate still kept after ~2013 and was more
severe in the southern slope than in the northern despite much high-
er debris cover percentage (47.2% versus 12.1%) for Bolch's ROI.

The glacier height change map for ~2013 to 2016/2017 (Fig. 2)
was almost identical as for the period of 2000 to ~2013 (Li, et al.,
2018). The most significant glacier height changes during both pe-
riods occurred at the Gyabrag glacier (Unnamed 20 in Fig. 1,
GLIMS ID GO086590E28121N). Three independent studies yield
similar glacier height changing map using SRTM as reference
DEM (Gardelle, et al., 2013; King, et al., 2017; Li, et al., 2018).
Given that almost no other available recent glacier height changing
information was available for this site, it was reasonable to suspect
the absurd large glacier height changes was due to the error of the
common reference DEM (SRTM for this case). The two epochs of
TSX/TDX derived glacier height change maps also found the most
obvious changes occurred at the Gyabrag glacier almost confirmed
us this phenomenon, which requires further investigation for its
trigger factors.

We analyzed glacier height changes in every 50 m elevation bin
for each sub-region (Fig. 3). Given the difference of glacier eleva-

tion distributions and their ELAs between the northern and south-
ern side, glacier height changes histogram was not show for total
region. Before ~2013 at the Chinese side, the glacier height chang-
ing rates were almost linear to elevation from 5200 m to 6600 m
before ~2013, while after ~2013 more glacier height downwasting
occurred below 6000 m. For the Nepalese side, more downwasting
occurred from ~5000 m to 6400 m where distribute almost all
clean ice glaciers. To align off-glacier area in the vertical direction
when comparing two DEMs for deriving glacier height changes is
the key step. The integral bias might have occurred when off-gla-
cier regions were not perfectly aligned. In this study, according to
the height changing rate in each 50 m elevation bin, the accelera-
tion of melting occurred at lower area and implied that great nega-
tive lost rates should not be due to wrongly alignment of the off-
glacier area in the vertical direction.

The quick expansion of proglacial lake was a sign of the quick
glacier mass losing. Unnamed 02, Yanong North, Yanong, Kada,
and Imja glacier were identified as lacustrine-terminating glaciers
in this area. Since the quick expansion of the Rongbuk lake, we
take the Rongbuk glaciers into analysis as well. Their glacier
mass balance for these glaciers during 2000 and ~2013 was -0.51 +
0.05 m w.e. a’', comparing to the local average of 0.38 m w.e. a’
(Li, et al., 2018). For after ~2013, the geodetic glacier mass bal-
ance was -0.659 + 0.053 m w.e. a” which was still greater than the
regional average. In fig. 4 we present the glacier terminus retreat-
ment for these five lacustrine-terminating glaciers.

Despite there is almost no in-situ observations in terms of gla-
cier height changes or mass balance in either Chinese or Nepalese
side given its hash environment and remote, glacier mass lost rate
acceleration was reported along the Himalayan by comparing three
DEM observed in different time including KH-9 Hexagon film
(1975), SRTM (2000) and ASTER (2016), which also report the
discrepancy of glacier mass lost rates among clean-ice glaciers, de-
bris-covered glaciers, and lacustrine-terminating glaciers (Maurer,
et al., 2019). By using TSX/TDX imagery observed from 2011—
2016 and similar data processing method to this study, accelerated
glacier mass loss over the Puruogangri ice field in the inner Tibet-
an Plateau (Liu, et al., 2019). Surface runoff observation could be
an alternative method for validating the acceleration of glacier
mass lost as gauge station observation in the Rongbuk basin found
that glacier melting dominated the annual runoff (Ye, et al., 2015).

6 CONCLUSION

In this study, we explored the capability of deriving sub-
decadal geodetic glacier mass balance by bistatic SAR Interferome-
try. Two data processing procedures were promoted and tested for
such purpose, one was to form two independent DEMs by perform-
ing topography differencing. The other was to form one DEMs and
regarding as reference topography to performing a D-InSAR proce-
dure. The second processing strategy presents a higher precision.
The error in estimating 4—5 years geodetic glacier mass balance
by using two epochs of TerraSAR-X/TanDEM-X acquisitions was
similar to one-decade geodetic glacier mass balance by using
SRTM and TerraSAR-X/TanDEM-X. Glaciers at the Mt. Everest
experienced speeding up of glacier mass loss after ~2013. The ac-
celeration at the southern slope was greater than at the northern
slope. The spatial heterogenous glacier downwasting pattern for af-
ter ~2013 was similar to before ~2013. Lacustrine-terminating gla-
ciers experienced more rapid loss rates than regional average in as-
sociate with notable terminus retreat.
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Fig.2  Annual glacier height change maps and sub—region glacier mass balance (in numbers) at the Everest and its surrounding for ~
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