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Abstract

The melting of glaciers and ice caps makes a significant contribution to present-
day sea level rise. Recently, multiple space-borne remote sensing techniques have been
successfully used to obtain geodetic observations, which were used to estimate the
contribution of global glacier melt to sea level rise. However, estimates from different
approaches yield large discrepancies in certain glacierized areas such as the Eastern
Nyaingen Tanglha. Moreover, other glacierized regions such as the Novaya Zemlya in the
Russian Arctic have been under-studied. Therefore, to characterize and quantify accurate
glacier mass balance estimates over Eastern Nyaingen Tanglha and Novaya Zemlya, an
iterative velocity-based method is proposed to estimate glacier thickness.

First, a new iterative method is presented, which estimates ice thickness using
surface velocity and surface topography. The temperature-related rate factor for temperate
glaciers is empirically obtained based on multiple in-situ measurements, while the rate
factor for non-temperate glaciers follows the assumption made by previous studies. A
validation was performed with 15 previous methods over 8 glaciers. Based on the
comparative results, the proposed method in glacierized areas where direct observations
are limited is promising.

Second, multiple traditional spaceborne techniques for observing surface mass
balance were tested in the Novaya Zemlya. The mass variation trend was obtained based
on observations from Gravity Recovery and Climate Experiment (GRACE) and radar
altimeter over 4 selected glaciers. The glacier outflow and influx were also determined
using surface velocity and snowfall observations. Additionally, the contributions of
outflow and influx to mass change for Novaya Zemlya were identified.
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Finally, the proposed thickness estimate method is applied to 4 largest glaciers in
Nyaingen Tanglha. Surface velocity estimates were calculated from Advanced Land
Observing Satellite (ALOS)/ALOS-2 Phased Array type L-band SAR (PALSAR) image
pairs via speckle matching. Surface slope distribution was calculated from the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Digital Elevation
Model (DEM) data. Consequently, the thickness distribution map from 2008 to 2016 was
obtained. Furthermore, the mass balance and thickness changes were determined. These
estimates have an agreement with previous ones from GRACE and ASTER DEM

differencing approaches.
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1 Introduction

Glacial ice, as the largest freshwater store, covers approximately 10 percent of the
land surface at present; this number was triple during the ice ages (Paterson, 2010). Based
on the location of the terminus, glaciers can be classified into land-terminating and marine-
terminating glaciers. Land-terminating glaciers are considered as key indicators of regional
climate change (Barry, 2006). In addition, land-terminating glaciers often play an
important role as supplying water to human inhabitants. In High Mountain Asia (HMA)
region, 45% of the total river flow in Indus, Ganges and Brahmaputra Rivers comes from
the spring glacier melt (Kehrwald et al., 2008). Recently, the contribution of glacier mass
loss due to global warming to sea level rise has been highlighted (Meier et al., 2007; Pfeffer
et al., 2008). Despite discrepancies among different estimates, the impact of glacier melt
on sea level rise has been clearly identified (Gardner et al., 2013; Jacob et al., 2012).

Typically, in-situ measurements for glacial study are limited or not publicly
available (Gao and Liu, 2001). Recently, space-borne remote sensing techniques, such as
satellite radar/laser altimetry, Gravity Recovery and Climate Experiment (GRACE),
Synthetic Aperture Radar (SAR)/optical sensing, have been successfully used to provide
contemporary observations of elevation changes, mass changes, and ice flow velocities
with better temporal and spatial coverages. This dissertation aims at quantifying and
characterizing glacier thickness changes and mass balance over two relatively under-
studied glacierized areas, Novaya Zemlya in Russian Arctic and Nyaingen Tanglha in

Himalaya using multiple space-borne geodetic techniques.



1.1 Backgrounds

1.1.1 Glacier Studies Using In-Situ Measurements

Measuring glaciers began in the 1830s in the Alps and aimed at determining glacier
surface velocity (Paterson, 2010). Agassiz (1840) collected these observations and claimed
that glacier’s speed was fastest in the central part and decreased rapidly towards the edges.
The surface velocity at the head and terminus were also discovered to be smaller than
elsewhere (Paterson, 2010). Finsterwalder (1897a) observed the seasonal change of
surface velocity in Me de Glace, France. This study was also a pioneer in developing the
photogrammetric method for mapping glaciers (Finsterwalder, 1897b). In the early 1900s,
the first attempt to measure ice velocity beneath the surface was made by Blumcke and
Hess (Hughes and Seligman, 1939). Eleven holes were drilled to bedrock of a glacier in
the Tyrol, Austria using a thermal drill. The basal velocity was discovered to be much
smaller than the surface velocity. Then, people started to explore other regions outside the
Alps. In 1930, Koch and Wegener first obtained ice temperature measurements in
Greenland at a depth of 24 m (Loewe, 1935). The ice thickness was also measured using a
seismic method. The relationship between climate change and glacier melt became an
emerging area of studies, and Ahlmann (1919, 1935, 1949) investigated glaciers in
Scandinavia, Spitsbergen, Iceland and Greenland to identify the reaction of glacier melting
to climate change. Nye (1952) first noted the relationship between ice thickness and basal
stress, and Glen (1959) prepared a model for it, known as the “Glen’s flow law” (Glen,
1959). This model is still regarded as one of the fundamental principles in glacial

mechanics (Hooke, 2005; Van der Veen, 2013). In the 1960s, the first computational model



for simulating glacial accumulation and ablation processes was developed (Anderson, 1972;
Crawford, 1973). This early attempt provided glacier melt water inputs for watershed
models (Anderson, 1973; Brun et al., 1989; Braun et al., 1994). Growing concern for global
warming have led to studies focusing on exploring the contribution of glacier melt to sea
level rise (Braithwaite and Olesen, 1990; Braithwaite and Zhang, 1999; Oerlemans and
Fortuin, 1992).

This brief historical review indicates that traditional glaciological research has
focused on specific glaciers where in-situ measurements are available. Based on these
observations, physical models have been calibrated and validated accordingly (Van der
Veen, 2013). However, the lack of in-situ data limits the comprehensive understanding of
glaciers (Hock, 2005). After the 1990s, space-borne remote sensing techniques provided
various glacial observations such as mass balance, volumes, boundaries, and temperatures
with higher spatial and temporal resolutions (Cogley, 2012, 2009; Gardelle et al., 2012;

Gardner et al., 2013; Jacob et al., 2012).

1.1.2 Remote Sensing of Glaciers

Remote sensing of glaciers began with the launch of the Earth Resource
Technology Satellite (renamed Landsat) in the 1970s (Gao and Liu, 2001). However, only
a few studies were carried out until the 1990s after several review papers had been
published between 1987 and 1990 (Knight, 1992). Most of the early remote sensing
techniques for glaciers were based on visible/near infrared (VNIR) sensors. For example,
aerial photographs taken from VNIR cameras were used for the delineation of glacier
tongues, glacial terminus and the snow lines (Dowdeswell, 1986; Espizua, 2010; Krimmel

and Meier, 1975). Landsat images with better spatial and temporal coverages were also
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been used to generate global glacial outlines (MacDonald, 1976; Williams et al., 1975).
Recently, a co-registration based approach known as “feature tracking” with Landsat or
other optical image pairs has been widely used to obtain surface velocity (Ahn and Howat,
2011; Erten et al., 2009; Joughin et al., 2004, 2010).

Other space-based remote sensing techniques have been also used to obtain
different surface measurements such as surface velocity, surface elevation, thickness, and
mass balance. Recently, interferometric Synthetic Aperture Radar (INSAR) technique have
been successfully used to estimate glacier velocities with m-level accuracy for annual
velocity, especially after the launch of ERS-1/2 tandem mission (Goldstein et al., 1993;
Joughin et al., 1996; Rignot, 1997; Mohr et al., 1998). However, it has poor performance
over fast-moving glaciers due to decorrelation (Strozzi et al., 2002). The so-called speckle
matching (or intensity offset-tracking) has been studied based on a similar co-registration
approach to the feature-tracking technique (Joughin, 2002; Strozzi et al., 2008). Since it
uses the intensity images, speckle matching can be applied to fast-moving glaciers with an
accuracy of approximately 10 — 20 m/year (Strozzi et al., 2002).

Altimetry has also been successfully used to measure glacier elevation changes.
Airborne laser altimeters (ALA) have provided reliable elevation measurements along the
aircraft flight track with about 20 cm accuracy (Krabill et al., 1995) over glaciers, for
example, in the Alps, Svalbard, Greenland and Antarctica (Baltsavias et al., 2001; Bamber
et al., 2005; Joughin et al., 2004). In 2003, spaceborne laser altimetry, called the Ice Cloud
and land Elevation Satellite (ICESat) was launched to provide elevation measurement of
glaciers around the globe with unprecedented accuracy (<5%) (Schutz et al., 2005). Other

than laser altimetry, Lee et al. (2013) first applied satellite radar altimetry to obtain



elevation changes in the Bering Glacier, Alaska from 1992 to 2010.

Direct mass balance estimates can be obtained from GRACE data, which have been
used to quantify the contribution of global glacier melt to sea-level rise (Gardner et al.,
2013). However, since GRACE measures changes in the total water column, other potential
sources such as groundwater storage changes may contaminate the estimates of ice mass
balance (Ramillien et al., 2008). Therefore, a significant discrepancy in regional mass
balance estimates exists, especially where groundwater plays an important role in mass
balance (Gardner et al., 2013; Jacob et al., 2012; Yi and Sun, 2014; Zhang et al., 2013).
Furthermore, GRACE’s large footprint size (~200,000 km?) makes it difficult to obtain

mass change estimates with a fine spatial scale.

1.2 Motivation and Objectives

1.2.1 Motivation

Based on a literature review, the mass balance of global glacierized regions in
different studies are in agreement except in HMA (Cogley, 2009; Gardner et al., 2013;
Jacob et al., 2012). Multiple techniques based on GRACE, ICESat and Digital Elevation
Model (DEM) datasets have been applied, but have led to different mass balance estimates
in HMA, with discrepancies as large as 20 Gt/year (Gardelle et al., 2013, 2012; Gardner
et al., 2013; Jacob et al., 2012; K&b et al., 2012; Matsuo and Heki, 2010; Yi and Sun,
2014; Zhao et al., 2016). Potential reasons for these differences include the influence of
groundwater storage changes and different hydrological models used in GRACE data
processing, and the fundamental differences between ICESat and GRACE observations

(Gardner et al., 2013; K&éb et al., 2012). Specifically, the difference in mass balance



estimates that are as large as 16 Gt/year between ICESat and GRACE data exists in the
Eastern Himalaya, especially in the Nyaingen Tanglha region (Jacob et al., 2012; K&b et
al., 2012). Moreover, recent estimates of thickness change based on DEM differencing also
show discrepancies with ICESat observations in 5 different regions of Himalaya (Brun et
al., 2017). Since few in-situ measurements are available in this region, it is difficult to
determine which estimate is correct. On the other hand, the amount of studies performed
over Eastern Himalaya is smaller compared to other regions in HMA (Bolch et al., 2012).
Accordingly, in this dissertation, an attempt was made to estimate glacier mass changes in
Nyaingen Tanglha, Eastern Himalaya based on a proposed new method, and a comparison
was made with previous estimates.

There still exists other under-studied regions such as the Russian Arctic, which is
the 6™ largest glacierized area on the globe (Radi¢ et al., 2014). Recent studies indicate
that the Russian Arctic has experienced ice mass loss of -6.6 Gt/year during 2012 — 2014
(Melkonian et al., 2016). In addition, the Russian Arctic is predicted to make the 3" largest
contribution among all glacierized regions to sea-level rise of 20.29 to 28.31 mm by 2100
(Melkonian et al., 2016; Radi¢ et al., 2014). Novaya Zemlya (NVZ), as the largest island
in Russia Arctic, experienced the greatest ice mass loss in this region of —5.8 Gt/year from
2004 to 2009 (Carr et al., 2014; Moholdt et al., 2012). However, only one meteorological
station on NVZ has recorded long-term temperature data which became even limited after
2000 (Zhao et al., 2014). Therefore, space-borne techniques are the only option for glacial
studies on NVZ. For marine-terminating glaciers along the coast of NVZ, one important
contributor to sea level rise is calving flux. Several recent studies estimated calving flux

using surface velocity obtained from optical or SAR image pairs and thickness from a DEM



at the glacier terminus (Carr et al., 2014; Melkonian et al., 2016). However, since the
velocity estimates typically have larger errors near the terminus due to the decorrelation,
this approach may lead to an erroneous estimates (Sun et al., 2017). Therefore, it becomes
necessary to have a complete distribution of glacier thickness towards more accurate
estimates of the calving flux distant from the terminus. In this dissertation, over NVZ,
multiple traditional spaceborne techniques for estimating surface mass balance were tested,
such as GRACE and radar altimety. The contribution of influx and outflow to mass changes

are also fully discussed.

1.2.2 Objectives and Contribution

The objective of this dissertation is to provide a comprehensive understanding of
two under-studied glacierized regions, Novaya Zemlya and Eastern Himalaya, representing
marine-terminating and land-terming glaciers, respectively. To achieve this goal, a new
velocity-based iterative method of estimating thickness is proposed. The influence of
temperature on thickness change is considered in this method. Based on our new thickness
estimation method and multiple space-borne geodetic techniques, the glacier velocity,
thickness, temporal thickness change, and mass balance are provided. The following
contributions are made in this dissertation.

1. A new iterative velocity-based ice thickness estimation method is developed for
temperate and non-temperate glaciers. The temperate-related Glen’s flow law
factor for this method is empirically determined based on in-situ measurements.
The proposed method is validated and compared for 6 temperate glaciers, 1 non-
temperate glacier, and 1 non-temperate ice cap.

2. Multiple traditional spaceborne techniques for observing surface mass balance

7



were applied to Novaya Zemlya. The mass loss for Novaya Zemlya in the period

from 2003 to 2015 was fully explored. The contribution of calving flux to mass loss

was also determined.

3. Thickness estimates of selected glaciers in Nyaingen Tanglha, Himalaya were

generated using the proposed method from 2008 to 2016. The estimated thickness

changes and mass changes were compared with previous estimates from Advanced

Spaceborne Thermal Emission and Reflection Radiometer (ASTER) DEM and

GRACE data, respectively.

1.3 Dissertation Structure

The dissertation is structured towards a complete dissertation. The current outline

is shown as follows:

Chapter 2 introduces five different spaceborne techniques used in this
dissertation.

Chapter 3 presents a new iterative velocity-based ice thickness estimate
method.

Chapter 4 describes the case study over Novaya Zemlya. Traditional
spaceborne techniques were tested to obtain surface mass balance.

Chapter 5 describes the case study over Nyaingen Tanglha. The proposed
method was applied to obtain thickness change and surface mass balance
estimates.

Chapter 6 draws the conclusion and suggests future work.



2 Theoretical Background

2.1 Speckle Matching & Feature Tracking

Speckle matching (or intensity offset-tracking) is a widely-used technique in
estimating glacier surface velocity. Based on cross-correlation, speckle matching is capable
of detecting large horizontal displacement between two SAR images, which is not available
via In-SAR. Another advantage is that speckle matching can obtain displacements in both
range and azimuth directions while INSAR provides only range motion.

The speckle matching procedure can be summarized as follows. First, co-
registration is performed to remove the initial offsets between the SAR image pairs using
the geometric information obtained from the SAR satellite orbital parameters. The
accuracy of this co-registration is at the pixel level. Then, cross-correlation is used to
estimate accurate offsets for each selected pixel. A least squares method is applied to
generate offsets polynomials which consequently improves the accuracy of offset
estimation to a sub-pixel level. Finally, the pixel offsets are transformed into displacements
along azimuth and range directions, and the velocity is estimated.

The cross-correlation method, as a traditional displacement estimation solution, has
been applied in glacier motion estimation via multiple algorithms, including feature offset-
tracking and speckle matching (Ahn and Howat, 2011; Berthier et al., 2004; Bindschadler
et al., 1996; Bindschadler and Scambos, 1991; Paul et al., 2015). In order to have a
complete understanding, an example of the cross-correlation process in the speckle
matching procedure is presented below. The process for feature-tracking follows a similar

procedure.



First, assume that a pair of SAR images of size M>N pixels is provided as master
and slave images. A patch window of size m>n pixels is first set for both master and slave
images, translating the image into (M/m) < (N/n) scale. It is essential to note that in
choosing a patch window size, there is a trade-off between resolution and processing time.
Next, the search area size is set based on an initial estimation of the glacier velocity,
because a large search area will not only take more processing time but also reduce cross-
correlation accuracy. After determining these two parameters, the matched patch windows
are selected for the search area. For example, a patch window (1, 1) (block A) is used in
the master image as our target. Next, a search area (Area B) is set around a patch window
(1, 1) (block B) in the slave image and moved over the patch window. Then, every cross-
correlation factor between block A and block B is calculated while moving block B in Area
B. After generating all available cross-correlation factors within Area B, these factors are
averaged, and the ratio of each cross-correlation factor to this mean value is used as the
correlation signal-to-noise ratio (SNR). To determine the match patch window pairs, an
SNR threshold needs to be set. Similar to the patch window size, there is also a trade-off
between accuracy and coverage for the cross-correlation SNR threshold. If a high threshold
is applied, it will lead to fewer matched patch window pairs. Hence, this will increase the
number of null pixels in the velocity map. However, if the threshold is low, the error due
to low correlation will be significant, especially near the frontal position with high stream
velocity. For each glacier, several different relative SNR are tested to ascertain the most
suitable value with a default value of 0.2, which corresponds to a standard SNR of 2.0.
Finally, if the highest SNR was larger than the chosen threshold, the corresponding offset

is used to calculate the displacement for the patch window (1, 1) in the master image. Then,
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Figure 2-1 Flow chart of speckle matching by cross-correlation.

the patch window is moved to the next position within the master image, and the procedure
available positions in the master image are calculated. The procedure
is summarized in Figure 2-1.

Unlike speckle matching, feature tracking uses pairs of optical images instead of
SAR images. The most widely used algorithm is the normalized cross-correlation of two
subsets which is similar to the speckle matching technique (Scambos et al., 1992). Like the
procedure in Figure 2-1, the normalized cross-correlation can be computed by moving

windows in the spatial domain. However, two-dimensional discrete Fourier transform in
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the frequency domain, which is theoretically equivalent spatial convolution with a moving
window, has been more widely used. Once the correlation map containing the correlation
coefficient is created, a correlation peak is identified, and then sub-pixel displacement is

computed using a 3>3 quadratic surface fitting (Ahn and Howat, 2011).

2.2 Principle of Radar Altimetry

Satellite radar altimetry is a remote sensing technique which has been extensively
used to estimate surface elevation change. A nadir-looking electromagnetic pulse is
transmitted from a satellite towards the surface at the speed of light. By measuring the two-
way travel time T, the distance R between the satellite and the surface can be computed by
Eq. (2-1) as

R==, (2-1)
where c is the speed of light. Since the coordinate of the satellite are known as a priori, the
surface elevation can be computed. Additionally, multiple corrections including
propagation correction, surface correction, instrument correction and geophysical
correction need to be considered to get the correct results (ESA, 2007).

In satellite altimetry, onboard reception and tracking are required to determine the
return time of the transmitted pulses. The antenna transmits a short pulse of microwave
radiation towards the surface. As shown in Figure 2-2 (Rosmorduc, 2016), the return pulse
consists of a leading edge and a trailing edge. When the leading edge of the pulse hits the
surface, the power of the return signal rises. The illuminated area of the pulse on the surface
expands and forms a disc footprint. When the trailing edge arrives at the surface, the

returned energy reaches a maximum value and starts to decay. The illuminated area then
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Figure 2-2 The returned waveform of radar altimeter on sea surface.

transforms into an annular shape. The change of the illuminated footprint and the return
power are both shown in Figure 2-3 (Rosmorduc, 2016). It is clear that the return waveform
has a steeper leading edge slope over a calm sea surface than a rough surface due to the
more regular surface footprint.

Although the satellite altimeter was initially developed to estimate the elevation
change of the sea surface, it has been successfully implemented over other non-ocean
surfaces, including wetlands, rivers, lakes, and ice sheets. Due to the different surface
characteristics, multiple retracking methods have been developed, including NASA pB-
retracker, surface/threshold retracker, ICE-1, ICE-2 and Sea Ice retracker (Bamber, 1994;
Davis, 1996; Laxon, 1994; Legré&y and Rény., 1997; Wingham et al., 1986). 18-Hz (~350
m along-track sampling) ICE-1 retracked measurements were used in this study according
to the surface features of glacier (Lee et al., 2013). The data are available in the Envisat

RA-2 Geophysical Data Record (GDR) from cycle 9 to 93 (April 2002 — September 2010)
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Figure 2-3 The interaction of the transmitted pulse and the illuminated area on the sea surface (a)
and a rough surface (b).

with a 35-day repeat period.

2.3 GRACE Data Processing

GRACE is a spaceborne technique which is widely used to estimate surface mass
balance by observing the time-variable gravity field. The geoid shape N, which is
commonly used to describe the Earth’s global gravity field, is expanded as a sum of
spherical harmonic coefficients:

N6, ) = aXiZo Lin=o Pim(cos 8) (Cpm cos(mep) + Sy sin(mep)) (2-2)
where a is the radius of Earth, 6 and ¢ are latitude and longitude, C;,,, and S;,,, are the
spherical harmonic coefficients, and Py, is the fully-associated Legendre

The time-variable change in the geoid, AN, therefore represents change in the mass
density distribution of the Earth. Hence the time-dependent spherical harmonic coefficients
ACy,, and AS;, could be expanded using the Earth density distribution function

Ap(y, 6, ) (Chao and Gross, 1987) as

Ap(T, 01 ¢) ﬁlm (COS 9)

{AClm} _ 3
ASim)  Amapg,e(21 + 1)
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X (£)l+2 {Z?;EZI))} sin 8d@d¢dr ,

(2-3)
where the average density of Earth, p,,. = 5517 kg/m3.

To apply the inversion solution of the surface density distribution, the Earth’s
surface is approximated as a spherical shell (Chao, 2005). The mass is concentrated in a
thin layer with a thickness of H. The surface density distribution Aa(8,¢) can be
expressed as the integral of Ap,

Ao (6,¢) = [Ap(r,6,¢)dr, (2-4)

For the GRACE mission, H is assumed to be thin enough that (r/a)!*? ~ 1. Thus

Eq (2-3) can be expressed as

AClm _ 3 5
{Aslm}surface  4mapape 2L+ 1) f Aa (8, $) Pim(cos 6)
X {Z?jgn”g)) Jsinododg. (25

Eq. (2-5) describes the contribution to the geoid of surface mass redistribution. In
addition, to relate AC,,, and AS,,,,, Ac(6, ¢) can be expanded as

Ac (8, ) = apy D20 Y=o Prm (cos 8)(ACy,, cos(me) + AS;, sin(me)), (2-6)
where p,, is the density of water which ensures that the AC;,,, andAS;,,, in the equation are
dimensionless. Similar to (ACy,,,, AS;n):

ACy,
AS;,,

1 2T T 5
} = fo dquO Ac (0, ¢) Py, (cos B)

 4map,,

y {cos(mq.’))

sin(m ¢)} sin 6d6 . (2-7)

Thus, a relationship between (AC,,,,, AS,,,,) and (AC,,, AS,,,,) is obtained as
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Aslm Pave 21+1 ASlm
where k; is the load deformation Love number of degree [, which represents the
contribution of the underlying solid Earth to the geoid during surface mass redistribution.

From Eq. (2-6) and Eq. (2-8), surface mass density is determined to change based
on changes (AC;,,, AS;,,) from GRACE monthly gravity field observations:

Aa (6, ) = TR o N0 Pin (05 0) (A cos(m¢p) + ASyy, sin(me)) (2-9)

Ideally, the global surface mass redistribution can be directly obtained using the
GRACE observations based on Eq. (2-9). However, strong spurious north-south stripes are
observed as in Figure 2-4 (a) (Duan, 2014) due to the large systematic errors in GRACE.
To eliminate these errors, post-processing including smoothing and filtering is required. A
decorrelation filter and a Gaussian filter with a radius of 300 km are applied in the GRACE
data utilized in this dissertation. Figure 2-4 (b) (Duan, 2014) shows the result of a global
monthly mass anomaly after applying filtering. It is evident that, although most of the
stripes on land in Figure 2-4 (a) (Duan, 2014) have been removed, a leak of mass loss has
been added to the coastal ocean from the land, especially in Greenland. A leakage recovery
method is applied to correct the regional mass changes as proposed by Guo et al. (2010).
Two assumptions are made for this algorithm: 1) by applying the appropriate smoothing/
decorrelation process, most of the strips and high-degree noise are removed. This means
that the remaining error is introduced by leakage; 2) the amount of reduced signal over the
ocean due to de-aliasing is negligible. Thus, only the contribution of the signal from land
to ocean is considered in the leakage recovery. Details of this leakage recovery method are

given in Guo et al. (2010). Figure 2-5 (Guo et al., 2010) represents the Global annual
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Figure 2-4 (a) Original monthly changes of surface mass anomaly in Equivalent Water Height
(EWH) for March, 2005; (b) Filtered monthly changes of surface mass anomaly in EWH for
March, 2005.

change of a surface mass anomaly in EWH after applying leakage correction in (b) and the
difference between the original result and corrected result in (c). It is clear that the removal

of the leakage error only affects the areas close to the coast.
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Figure 2-5 Global annual changes of surface mass anomaly in EWH (a) before applying leakage
correction; (b) after applying leakage correction; (c) the difference between (a) and (b).
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2.4 ERA-Interim Reanalysis Data Processing

ERA-Interim is an open-access database founded by the European Centre for
Medium-Range Weather Forecasts (ECMWEF). It provides global atmospheric analysis
results from 1979 with a 12-hour analysis window. The spatial resolution of ERA-Interim
is approximately 80 km in the horizontal direction with 60 different levels from the surface
to 0.1 hPa in a vertical direction. In each 12-hour cycle, all available observations are
combined with prior results from the forecast model to estimate global atmospheric
parameters. Then the estimates of the current cycle are added to the updated prior state
estimates which are used for the next cycle. Therefore, the atmospheric results we obtained
from ERA-Interim is constrained by all available observations from the period of reanalysis
due to data assimilation. The forecast model in ERA-Interim is adopted from the ECMWF
IFS model designed for the ERA-40 (Beljaars et al., 2006). A new release Cy31r2 is used
for ERA-Interim process, which includes three completed components for the atmosphere,
land surface, and ocean waves (Uppala et al., 2011).

The atmospheric model is based on the spectral representation of the basic dynamic
variables including cloud cover, solar radiation, precipitation, and moisture boundary. For
each variable, a relevant stepping scheme is provided. The land-surface model in ERA-
Interim is identical to that of ERA-40. A Tiled ECMWF Scheme for Surface Exchanges
over Land (TESSEL) scheme is used to obtain thermal and water storage in 4 land layers
at different depths that are provided in ERA-Interim. The ocean waves model reconstructs
and represents the impact of ocean waves on airflow when transferring energy across the
interface. It is based on both the transmitting atmospheric parameters that influence the

wave growth to wave model and the returning information of the impact on the interface.
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A Weighted Averaged Method (WAM) approach is applied to the ocean model in ERA-
Interim.

In this dissertation, three monthly-mean-of-daily-mean products were extracted,
namely, air temperature, sea surface temperature (SST) and snow depth. A series of
Gridded Binary (GRIB) data were processed by the portal to generate distributed

atmospheric estimates with a spatial resolution of 0.10.1<
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3 New Velocity-Based Glacier Thickness Estimation Method

3.1 Background

Ice thickness is a fundamental parameter for evaluating the status and predicting
the evolution of glaciers. It determines the total volume of water stored in glaciers. The
seasonal melt of glaciers can be an important source of freshwater by feeding rivers such
as in the Himalaya region where 45% of the total river flow is contributed by glacier melt
(Armstrong et al., 2018; Kehrwald et al., 2008; World Resources Institute, 2003; Wulf et
al., 2016). Thickness variation, and therefore, the glacier mass balance can be reflected as
a contributor to regional water resource change (K&b et al., 2012). To estimate ice
thickness, an empirical scaling approach, relating the glacier’s total volume to its area, has
been widely used (Bahr et al., 2015; Chen and Ohmura, 1990). However, via this simple
model, the thickness distribution of a glacier is not available. Unlike the length and width
of a glacier, which can be readily obtained from satellite imagery, glacier thickness is
difficult to obtain. Due to prohibitive cost and topographical constraints, in-situ
measurements of thickness are available only over selected regions (G&rtner-Roer et al.,
2014).

Based on physical principles and an assumption of constant basal shear stress (Nye,
1952, 1965), Haeberl and Hoelzle (1995) extended the study of Nye (1952) and
summarized the relationship between thickness, basal stress, and surface topography. This
approach has been employed in a series of recent studies (Frey et al., 2014; Linsbauer et
al., 2012, 2009; Paul and Linsbauer, 2012).

An approach developed by Farinotti et al. (2009) used surface mass balance (SMB)
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and surface topography to estimate the thickness. Based on the apparent mass balance, the
ice flux was calculated over ice flowlines of selected ice catchment. The ice thickness was
then computed using Glen’s flow law (Glen, 1959). Later, Huss and Farinotti (2012)
applied this method to generate the first global map of glacier thickness estimates. Clarke
et al. (2013) used a similar mass-balance based method without restricting the analysis to
flowlines. McNabb et al. (2012) combined surface velocity with the apparent mass balance
to calculate ice flux and derived an ice thickness distribution of Columbia Glacier in Alaska.
In addition to the surface velocity and SMB, rates of surface elevation change and the ice
thickness at the boundary are required to implement a McNabb’s method. Recently,
Rabatel et al. (2018) proposed a similar approach to estimating the thickness of Argentiére
Glacier using SMB and velocity without requiring a surface elevation change rate.

Nevertheless, mass-balance data are not easily obtained and could be inaccurate in
certain cases (Zemp et al., 2013). Gantayat et al. (2014) proposed an approach to estimate
glacier thickness only using surface velocity and surface topography in Himalaya regions
where mass-balance data is unavailable. To simplify the model, the basal velocity was
assumed to be proportional to the surface velocity.

Other than the approaches based on surface measurements, artificial neural
networks have been employed to estimate glacier thickness using a Digital Elevation
Model (DEM) and ice extents (Clarke et al., 2009). By assuming consistent landscape
features between the glacierized area and its neighboring region, prior topographic
variation of ice-free terrain is trained to estimate the bedrock of adjacent ice-covered
regions. Brinkerhoff et al. (2016) developed a Bayesian model with a priori hypothesis that

the along-flow ice thickness is represented as a Gaussian process with unknown mean and
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deterministic variance. This approach also requires observations of SMB, surface elevation
change, and surface velocity.

To assess the performance of existing glacier thickness estimation methods,
Farinotti et al. (2017) proposed the Ice Thickness Models Intercomparison eXperiment
(ITMIX). The experiment compared thickness estimates from 17 different methods
developed by 13 different research groups. The estimates from different approaches were
compared over 15 glaciers and 3 ice caps. It was shown that the average composite
estimates from all available methods are generally closer to the in-situ measurements than
any individual estimate. Most of the thickness estimation methods in Farinotti et al. (2017)
are based on SMB, surface velocity, or both. The SMB-based methods appear to provide
more accurate estimates than velocity-based approaches. However, over certain regions,
like Himalaya large glaciers, SMB-based methods are limited where the SMB estimates
are unavailable or inaccurate (Bolch et al., 2012; Gantayat et al., 2014).Therefore, it is
important to find a method which can be applied to any glacierized area while maintaining
the accuracy similar to that of current SMB-based methods.

It is notable that most of the previous methods employ constant values for the rate
factor in Glen’s flow law (see A in Eq. (3-1)), except for Huss and Farinotti (2012) and
Van Pelt et al. (2013) in which A is a variable. To determine the value of A, Hooke (1981)
proposed an empirical relation based on englacial temperature. Cuffey and Paterson (2010)
provided an in-depth summary of this rate factor based on field measurements and
laboratory tests. The value of 2.4x10"%* Pa3s™* for temperate glaciers (Cuffey and Paterson,
2010) has been widely used in various thickness studies (Clarke et al., 2013; Farinotti et

al., 2009).
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In this study, an attempt was made to estimate the thickness of both temperate and
non-temperate glaciers. By employing multiple spaceborne remote sensing datasets, an
improved velocity-based method is proposed to estimate the thickness of glaciers in
different geographic and climatic conditions. This method is based on the study of
Gantayat et al. (2014). However, an iterative process is proposed to discard the assumption
regarding basal and surface velocities used in Gantayat et al. (2014). The estimated
englacial temperature is also obtained for temperate glaciers and nontemperate glaciers to
determine the temperature-dependent Glen’s flow rate factor A. This chapter is organized
as follows. The study sites and data used are introduced in section 3.2. In section 3.3, the
methodology is presented followed by the results in section 3.4. Finally, conclusions are

provided in section 3.5.

3.2 Study Site & Data

Six temperate glaciers, one non-temperate glacier, and one ice cap are selected as
test cases to consider different geographic and climatic conditions. The geographical
distribution and glacial characteristics are presented in Figure 3-1 and Table 3-1. All data
with “* are referred to Farinotti et al. (2017) in Table 3-1. Most of the test glaciers are
valley glaciers where surface velocity measurements are available or can be obtained.
Crater glaciers and small ice caps are not included due to the lack of initial velocity inputs.
For each case, the essential inputs include surface velocity and surface elevation for the
proposed method. The surface velocities were either obtained from previous studies or

estimated by using an intensity correlation-based method on Advanced Land Observing
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Table 3-1 Overview of used data for each test case in this study. The following abbreviations are
used: simple basin (SB); compound basin (CB); Shuttle Radar Topography Mission (SRTM);

Randolph Glacier Inventory (RGI).

Glacier . . Surface
Name Type Thickness DEM Outline Velocity
Austfonna lce ca Dowdeswell el Moholdt and Moholdtand  Dowdeswell
P al. (1986)" K& (2012)" K&b (2012)°  etal. (2008)
Columbia CB vallev al McNabb et al. McNabbetal.  McNabbetal.  McNabb et
ygl (2012) (2012) (2012) al. (2012)
Corbassie  CB valley g. G"‘(gt(’)'lezt)a" SRTM DEM RGI 2.0 This study
Unpub. x Unpub. .
Freya SB valley gl. ZAMG Unpub. ZAMG ZAMG This study
. Wilson et al. Wilson et al. Wilson et al. .
North Glacier SB valley gl. (2013)" (2013)° (2013)° This study
. Wilson et al. Wilson et al. Wilson et al. .
South Glacier SB valley gl. (2013)" (2013)" (2013)" This study
Anderton Columbus et al. N .
Tasman CB valley gl. (1975)" (2011)° LINZ (2013) This study
Bauder et al. Unpub. VAW- Unpub. .
Unteraar CB valley gl. (2003)" ETHZ VAW-ETHZ* This study

Satellite (ALOS) Phased Array type L-band SAR (PALSAR) image pairs of Fine Beam
Single polarization (FBS) mode (Sun et al., 2017). The DEMs used are either from previous
studies or the Shuttle Radar Topography Mission (SRTM). All the gridded in-situ bedrock
elevations and glacier outlines are provided by Farinotti et al. (2017). An overview of the

datasets is given in Table 3-1.

3.3 Methodology

3.3.1 Equations for Thickness Estimates

The proposed method extends the study of Gantayat et al. (2014), by introducing
an iterative process to determine the ratio between basal and deformational velocities (¢
in Eq. 3-2), which was assumed as a constant in Gantayat et al. (2014). A modified flow
rate factor and revised slope estimation are also suggested in this study.

By applying the laminar flow equation, the relationship among velocity, basal stress
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Figure 3-1 Geographic locations of the 8 test sites included in this study (red stars). Unteraar is
shortened from Unteraargletscher for convenience. Black and blue color names represent
temperate and non-temperate glacier, respectively.

and thickness can be described as (Cuffey and Paterson, 2010)
_ 24 n -
Us=Up+-——T"H , (3-1)
where Ug and U, represent the surface and basal velocities, respectively; H is the ice
thickness; 7 is the driving stress, and n and A are the parameters from Glen’s flow law.
The second term on the right-hand side of Eq. (3-1) is called the deformational velocity

(Adhikari and Marshall, 2011). Eq. (3-1) can be rewritten using a shape ratio ¢ between

the basal sliding and deformational velocities such as

2A
Us = (1 + (p)anH . (3-2)
Once surface velocity Us is determined, H can be computed using the following

equation derived from Eq. (3-2)

Us
H = (1+¢):_;41-[n . (3'3)
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Figure 3-2 Schematic diagram of the basal stress for an ice element in a longitudinal glacier
profile.

Typically, the parameter n is taken as a constant with n=3 (Cuffey and Paterson, 2010).
Hence, there are three unknowns in Eg. (3-3), namely 7, ¢ and A. Notably, ¢ was
assumed to be a constant value of 0.333 in Gantayat et al. (2014). Here, 7 represents a
basal stress introduced by vertically accumulated ice and snow in the longitudinal direction
as shown in Figure 3-2. If the ice on the basal rock layer reaches stable status (either stays
static or moves uniformly), the driving force, 7 should be identical to the basal friction.
Therefore, T is assumed to vary identically to the basal friction which is related to the mass
of accumulated ice and snow (M;..) on the vertical direction. This variation can be divided
into two parts as shown in Figure 3-3. When M, exceeds the trigger value (M¢rigger), T
becomes a constant 7,,,,, equal to the sliding friction f,,,,,. Fowler (2011) confirmed that
Tmax TOr amoving glacier is nearly a constant. According to Haeberli and Hoelzle (1995),
this constant t,,,, can be calculated based on the range of vertical altitude of a glacier, AH
as

0.5 + 159.8AH — 43.5(AH)?, AH < 1.6 km

150,AH > 1.6 km ’ (3-4)

Tmax(unit: kPa) = {
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Figure 3-3 Schematic graph illustrating the variation of basal stress in terms of accumulated ice in
vertical direction.

where AH = Hy45 — Hppin - Hmax @nd H,,;, represent the maximum and minimum
altitude of the glacier, respectively.

When M, is between 0 and M,.;44.,, T becomes identical to the static friction f,,
but not exceeding T, In the Shallow Ice Approximation (SIA), the basal stress 7 can be
expressed as the vertical gravitational force, given as (Haeberli and Hoelzle, 1995)

T, = fpgH sina , (3-5)
where p, g, H, a represent ice density, gravity, ice thickness ,and bedrock slope,
respectively; and f is the Nye shape factor which represents the fraction of driving stress
that is supported by the basal drag (Van der Veen, 2013). Based on Eqg. (3-5), the variables
related to 7, are the bedrock slope «, ice thickness H and shape factor f. In addition, f can
be expressed as a product of two longitudinal stress factors L, and L, such as (Adhikari
and Marshall, 2011)

f=fnLa-Ls, (3-6)
where f,, is the uniform Nye shape factor which has been typically assumed to be 0.8

(Adhikari and Marshall, 2011; Haeberli and Hoelzle, 1995); L, is the deformational factor,
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Figure 3-4 Variation of L with respect to glacier length L and shape ratio ¢.

representing the ratio between the driving stress and the basal drag; and L is the sliding
factor, describing the slip condition. L; can be computed using Eq. (3-7) following
Adhikari and Marshall (2011)
Ly = 1.00 — 0.18a — 0.7a? . (3-7)
On the other hand, Lg can be expressed as a function of ¢ with a polynomial regression
model for different ranges of the glacier length L (Adhikari and Marshall, 2011). The
variations of L, based on different ¢ and L are illustrated in Figure 3-4. For each given ¢,
L, is determined accordingly. As expected, Ly = 1 when the basal movement status is
static (¢ = 0). With updated f from Eq. (3-6), Eq. (3-5) can be rewritten as
Tp = fulaLspgH sina . (3-8)
The thickness H, (from ;) for the static case and H,,;, (from t,,,,) for the uniformly

moving case can then be calculated based on Eq. (3-3), Eq. (3-4) and Eq. (3-8):

H, = n+1\/ (n+1)Us and (3_9)

24(1+¢)(fnLalspg sina)™

(n+1)Us (3_10)

M o A(1+) T gy |
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where n is Glen’s flow law exponent and chosen to be n=3 (Farinotti et al., 2009;
Gantayat et al., 2014; Huss and Farinotti, 2012; McNabb et al., 2012); p is the ice density
(900 kg/mq) (Gardelle et al., 2012; Gardner et al., 2013); and g is the gravitational
acceleration (9.8 m s).

Bedrock slope a, similar to the SIA approach, is assumed to be parallel to the
surface slope since the measurements of a are not available. Hence, the surface slope is
used as a proxy for a. In order to obtain a, the method described in Gantayat et al. (2014)
is followed. However, instead of 100 m contour lines, 20 m contour lines are used to
generate a map of slope distribution to preserve better spatial details. After obtaining the
contour lines from the DEM, central lines of each glacier branch are determined. For every
elevation band between two successive contours, the slope is calculated as 20 m/(length of
the part of the central line that falls in that band in m).

It should be noted that the distance between contour lines within one band is
different along the cross-sectional direction, especially at the junction between stream
branches. For this case, one contour band is manually divided into multiple ones. The
divisions are performed where the distance between contour lines changed dramatically.
Each separated band thus has a similar distance between the contour lines, and details of

slope variation at junctions can be preserved.

3.3.2 Iterative Process to Determine ¢

Based on Eq. (3-9) and Eq. (3-10), the three unknowns to calculate 7,, ¢ and A in
Eqg. (3-3) are converted to L, , ¢ and A. Since Lg is directly related to ¢, only two

unknowns, ¢ and A, are needed to calculate thickness. Since A is independent of ¢, it will
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| Increase ¢ by 0.01; Update L |

Figure 3-5 Flow chart of iterative thickness estimates.

be solved separately in the following section. A is assumed as a known constant A, in this
section for now. Here, an iterative process is performed to determine ¢ based on the status
of the basal motion of glaciers.

First, the basal motion status is assumed to be static. Under this assumption, ¢ is
equal to zero, and L, corresponds to 1 as can be seen from Figure 4. Then, Hy, and H,,;,
are calculated with the initial parametersof ¢ = 0,L; = 1, A = A, using Eq. (3-9) and Eq.
(3-10), respectively, since H, and H,,;, are derived from 7, and t,,,,. Under the
assumption of static basal motion, 7, should be smaller than ,,,,,, which means H,, should
be larger than H,,,;,,. If H, > H,,;5,, it indicates that our assumption of static basal motion
is correct, and H, is the estimated glacier thickness. Otherwise, it indicates that the

assumption is wrong, the basal layer is uniformly moving with ¢ # 0. In this case, 7,
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reaches the My, 4 in Figure 3 and is identical to 7,4, and indicates that H, = Hypp,.
To determine the corresponding ¢ and Ly when H,, = H,,;,, the shape ratio ¢ is increased
by 0.01 from 0. It is noted that this change in ¢ will also affect the sliding factor L as
described in section 3.2. With updated ¢ and L, in Eq. (3-9) and Eq. (3-10), H, and
H,,;.are recalculated and compared. This procedure is iterated until the difference between
H, and H,,;, becomes smaller than a pre-defined threshold of 0.1 m. Figure 3-5 illustrates

this iteration procedure.

3.3.3 Optimal Englacial Temperature

Once ¢ is determined, the only remaining unknown to calculate H is Glen’s flow
law rate factor, A. In previous studies, constant values ranging from 0.93%10* Pa®s? to
3.24x102* Pa3s! have been used (Brinkerhoff et al., 2016; Clarke et al., 2013; Farinotti
et al., 2017, 2009; Gantayat et al., 2014; Morlighem et al., 2011). However, since A

depends on temperature, the model proposed by Hooke (1981) was adopted as

- _e 3¢ -
A= Aoexp( —t (TT—T)") , (3-11)

where 4, = 9.302x10" kPa3yr!, Q = 78.8 ki mol™?, R =8.321 I mol*K?, € =0.16612 K,
T, =273.39°K, k = 1.17, and T is the englacial temperature. All of these parameters have
been determined based on in-situ data from temperate Alpine glaciers (Cuffey and Paterson,
2010). Figure 3-6 shows the simulated variation of A with respect to the englacial
temperatures from —40 <T to 0 <T based on Eq. (3-11). It is clear that A increases rapidly
with the increase of englacial temperature, especially when the temperature is close to 0<C.
Since we cannot directly obtain the englacial temperature for each glacier due to the lack

of such measurements, we intend to find the estimated englacial temperature (Tzz7) that is
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Figure 3-6 Logarithmic plot of Glen’s flow law component A due to englacial temperature. Red
line represents the value of A used in most previous studies.

applicable to any temperate glaciers where the englacial temperature should be close to
0<C (Gudmundsson, 1999; Huss and Farinotti, 2012). Accordingly, we attempt to
empirically obtain individual Tz based on six temperate glaciers, including Columbia,
Corbassiée, South Glacier, North Glacier, Tasman and Unteraargletscher (Unteraar). For
each glacier, the englacial temperatures were tested ranging from 273.3°K to 270.0°K
with a 0.1°K increment. With each assumed englacial temperature, the glacier thickness
was computed. Next, the bedrock elevations were computed from the thickness estimates
and the available DEMs. Then, the thickness errors were obtained by subtracting the
calculated bedrock elevations from the in-situ bedrock elevations. Two error measures,
relative mean error and relative mean absolute error (MAE), were computed for each
temperature interval, and the englacial temperature value leading to the least sum of
relative mean error and relative MAE is determined as Tggr. All of the test results can be

found in Table 3-2. We obtained Tz for each glacier as listed in Table 3-3.

33



Table 3-2 Tggr and Ty, for each temperate glacier in this study.

Profile Name Teer (K) In-situ Measurements Quantity Tper (K)
Corbassiere 273.0 285 273.0
Columbia 273.0 85 273.0
South Glacier 273.1 426 273.0
North Glacier 273.0 1010 273.0
Tasman 272.9 30 273.0
Unteraar 253.9 419 273.0

Interestingly, the calculated Trg in Unteraar is significantly below 0<C (253.9 K)
while the others are close to 0<C. It may be due to Unteraar’s significant debris cover which
buries the ice thicker than usual (Farinotti et al., 2017). The debris leads to a large
disagreement between the surface slope and the bedrock slope. Since surface slope is
estimated much steeper, but assumed to be equal to bedrock slope in section 3.3.2, this
slope difference results in an underestimated thickness. In order to balance this
underestimation, lower T for Unteraar has been obtained because a lower englacial
temperature leads to a larger thickness estimate.

The calculated Ty is based on in-situ measurements for each test case which
means there is a correlation between Tz and the in-situ measurements for each case. To
eliminate this influence, for each case, a decorrelated englacial temperature Tpgr iS
derived from Tygr. For one certain case, the weighted average of Tz of the other test
cases are calculated as the Tpgr. Since Tggr in each glacier is only related to the thickness
measurements of the same glacier, Tpgr in each test case is therefore independent from
measurements of the same case. Notably, the incorrect Ty in Unteraar is excluded in the
calculation of Ty in other cases. For example, the weighted average of Tgzr in Columbia,
South Glacier, North Glacier and Tasman are used as the Tpgr of Corbassiere. In this way,
the Tpgr of Corbassiee is independent from the in-situ measurements in Corbassiee If
we exclude Tggr for Unteraar, the mean Ty for each temperate glaciers is determined to

34



be 273.0°K, which corresponds to a rate flow factor A of 11.3810"* Pa®s™%. This agrees
with the conclusion that the englacial temperature in temperature glacier should be a
constant.

Unlike temperate glaciers, the englacial temperature in non-temperate glaciers is
related to the regional climate. Due to the lack of in-situ data in non-temperate glaciers, we
follow the assumption made by Huss and Farinotti (2012) using a constant temperature
offset T, sy of 7=C between the englacial temperature and the mean annual air temperaure
at equilibrium line altitude (ELA) in non-temperate glaciers (Huang, 1990). Following this
assumption, we examined the annual surface air temperature T,;, of Austfonna and Freya
using the ERA-Interim re-analysis database with a gridded resolution of 0.5< Around the
DEM aquistion dates (2002 — 2010), T,;, of Austfonna and Freya are 266.2 K and 261.1
K, respectively. Hence, after adding T, ¢ to Ty, the englacial temperature were calculated
to be 273.2 K and 268.1 K, respectively. Similar to the temperate glacier cases, Tygr Of
Austfonna and Freya were calculated based on in-situ bedrock elevations to be 273.1 K
and 269.0 K, respectively. The offset between T,z and T,;,- for Austfonna and Freya are

6.9 K and 7.9 K, which are close to Huss and Farinotti (2012)'s estimate of 7 <C.
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Table 3-3 Englacial temperature test for 6 temperate glaciers. Blue color represents Tpgr for each
case. Red color represents Ty for the individual case if it is not identical to Tp gy

Tasman
Total of
Englacial . . Relative Mean
Tem?)erature Mea(%lirror Rellzartr'(\)/f (I(\);I)()ean MAE (m) Relat'(\;/i)MAE Error and
(K) Relative MAE
(%)
273.3 292.53 83.92 292.53 83.92 167.83
273.2 185.22 45.63 186.55 49.25 94.87
273.1 122.97 23.41 138.14 40.02 63.43
272.9 64.65 2.45 117.35 40.32 42.76
272.8 49.91 -2.73 113.82 40.83 43.56
272.7 38.97 -6.57 111.21 41.21 47.78
272.6 30.46 -9.55 109.27 41.61 51.16
272.5 23.92 -11.89 108.15 42.08 53.97
272.4 18.40 -15.47 108.86 44.44 59.90
272.3 14.31 -16.88 109.88 45.01 61.89
272.2 10.79 -18.11 111.01 45,55 63.66
272.1 7.68 -19.19 112.00 46.03 65.21
272.0 4.90 -20.15 113.00 46.51 66.66
South Glacier
Total of
TeEr?]glear(:tilre Mea(r;n I§rror ReIIEartrlc\)/re(lc\;(l);zan MAE (m) Relatl(\;/i)MAE Re?rtrl(\)/real\r/llgan
(K) Relative MAE
(%)
273.3 50.66 76.13 50.66 76.13 58.76
273.2 19.92 19.31 22.82 29.64 31.04
273.1 2.09 -13.65 16.59 31.64 20.85
273.0 -8.47 -33.17 18.12 41.78 20.94
272.9 -15.34 -45.87 21.03 50.82 23.83
272.8 -20.16 -54.77 23.57 57.70 26.79
272.7 -23.73 -61.38 25.82 63.16 29.34
272.6 -26.51 -66.52 27.99 67.78 31.48
272.5 -28.75 -70.66 29.94 71.67 33.28
272.4 -30.61 -74.10 31.60 74.94 34.82
272.3 -32.19 -77.01 33.05 77.76 36.15
272.2 -33.56 -79.54 34.37 80.24 37.33
272.1 -34.76 -81.77 35.55 82.45 38.38
272.0 -35.85 -83.77 36.61 84.42 39.33
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North Glacier

Total of
Tsr;]]gle&;gtilre Mea(nm |§rror Rellzartrl(\)/f(lt\)g()ean MAE (m) Relat;\éz)m AE Rel?rtrlz)/:%al\élgan
(K) Relative MAE
(%)
273.3 83.23 80.99 83.23 80.99 166.46
273.2 37.91 35.73 37.97 35.79 75.88
273.1 11.53 9.39 25.42 24.56 36.95
272.9 -11.63 -13.84 22.54 22.88 34.17
272.8 -16.75 -19.04 24.41 25.01 41.15
272.7 -19.66 -22.02 25.85 26.67 45,51
272.6 -21.46 -23.83 26.80 27.79 48.27
272.5 -22.74 -25.12 27.61 28.73 50.35
272.4 -23.75 -26.12 28.27 29.49 52.02
272.3 -24.55 -26.93 28.85 30.14 53.40
272.2 -25.20 -27.60 29.33 30.68 54.53
272.1 -25.76 -28.17 29.77 31.16 55.53
272.0 -26.23 -28.65 30.15 31.58 56.38
Unteraargletscher
Total of
Tomperare  MEMEMOr  RelateMoan g Relive MAE g o
(K) Relative MAE
(%)
273.3 224.67 90.13 224.67 90.13 180.26
273.2 168.98 66.63 168.98 66.63 133.26
273.1 136.55 52.87 136.95 53.43 106.29
272.9 106.34 40.42 107.78 42.31 82.73
272.8 98.83 37.29 100.82 39.74 77.03
272.7 93.64 35.11 96.19 38.08 73.19
272.6 89.88 33.50 92.89 36.89 70.39
2725 86.91 32.25 90.24 35.91 68.16
272.4 84.62 31.27 88.22 35.16 66.43
272.3 82.78 30.45 86.60 34.54 64.98
272.2 81.18 29.74 85.25 34.05 63.79
272.1 79.84 29.15 84.11 33.62 62.77
272.0 78.64 28.62 83.05 33.21 61.83
253.9 15.34 0.07 37.18 18.68 18.75
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Corbassiére

Total of
Englacial . . Relative Mean
Tem?)erature Mea(%lirror Rellzartr'(\)/f (I;gt)ean MAE (m) Relat'(XZ)MAE Error and
(K) Relative MAE
(%)
273.3 124.28 82.97 142.71 82.26 165.23
273.2 62.93 42.42 84.83 45.07 87.49
273.1 27.34 18.89 63.50 34.07 52.96
272.9 -1.57 -4.20 56.41 32.71 36.91
272.8 -17.05 -10.51 57.86 34.33 44.84
272.7 -23.89 -15.01 59.39 35.82 50.83
272.6 -29.01 -18.36 60.93 37.16 55.51
272.5 -33.18 -21.08 62.39 38.34 59.41
272.4 -36.65 -23.37 63.76 39.42 62.79
272.3 -39.51 -25.24 65.09 40.40 65.64
272.2 -42.08 -26.93 66.37 41.32 68.25
272.1 -44.27 -28.46 67.50 42.22 70.67
272.0 -46.22 -29.77 68.66 43.07 72.84
Columbia
Total of
Englacial . . Relative Mean
Tem?)erature Mea(%lirror Rellzartrl(\)/;a (I(\);I)()ean MAE (m) Relat'(\;/i)MAE Error and
(K) Relative MAE
(%)
273.3 345.20 81.91 345.20 81.91 163.83
273.2 168.25 38.86 168.25 38.86 77.71
273.1 65.59 13.88 85.52 19.27 33.14
272.9 -34.73 -10.54 92.36 22.59 33.13
272.8 -62.24 -17.22 110.73 27.31 44.53
272.7 -82.40 -22.09 124.68 30.89 52.98
272.6 -98.05 -25.88 135.52 33.67 59.55
272.5 -110.65 -28.93 144.23 35.90 64.83
272.4 -120.40 -31.32 152.73 38.03 69.35
272.3 -127.07 -32.96 158.60 39.50 72.45
272.2 -132.55 -34.31 163.76 40.78 75.10
272.1 -137.00 -35.41 167.96 41.83 77.25
272.0 -140.41 -36.24 171.17 42.62 78.86
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Table 3-4 List of ALOS PALSAR images used to estimate surface velocity in this study.

Scene No. Glacier Region Acquisition Date
ALPSRP107920910 Corbassiere 02/02/2008
ALPSRP114630910 Corbassiere 03/19/2008
ALPSRP208191210 South Glacier 12/21/2009
ALPSRP214901210 South Glacier 02/05/2010
ALPSRP208191210 North Glacier 12/21/2009
ALPSRP214901210 North Glacier 02/05/2010
ALPSRP109026300 Tasman 02/10/2008
ALPSRP111506290 Tasman 03/27/2008
ALPSRP109670920 Unteraar 02/19/2010
ALPSRP116380920 Unteraar 04/06/2010

3.4 Result

3.4.1 Initial Inputs

To test the proposed method, 8 different glaciers and ice caps were selected as
shown in Figure 3-7. The black lines within the glacier outlines are 100 m contour lines
derived from DEMs. The red and blue lines in (a) and (e) represent profiles 1 and 2,
respectively. The red points with black circles represent starting points for each profile.
The cross-sectional profiles in (c) are sorted from North to South and numbered from (1)
to (10). A total of 88 solutions using 17 different methods were compared with our
estimates in this study. These solutions were obtained over 8 along-flow profiles and 12
cross-sectional profiles. As described in section 3.3.2, two inputs, surface velocity, and
bedrock slope, are needed to calculate the ice thickness from our proposed method. In this
study, all of the unpublished surface velocities U were estimated from ALOS PALSAR

pairs listed in Table 3-4 using the speckle matching technique described in section 3.3.1.
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Figure 3-7 Glacier outlines and selected profiles for (a) Austfonna, (b) Columbia, (c) Corbassiere,
(d) Freya, (e) NorthGlacier, (f) SouthGlacier, (g) Tasman, (h) Unteraar.
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3.4.2 Comparison with Existing Methods

(a). Temperate Glaciers

A total of 2,249 samples from in-situ data obtained from Farinotti et al. (2017)
were used for the comparison over 6 temperate glaciers in this study, with 5 along-flow
profiles and 12 cross-sectional profiles. Considering the fact that glacier thickness changes
over time, the bedrock topography, obtained by subtracting the thickness from the surface
elevation, was used for comparison assuming bedrock remains unchanged. Even though
the observation dates of the ALOS SAR images were chosen close to that of the DEM, a
temporal inconsistency between surface velocity and the DEM still exists as all of the
velocity estimates are obtained only during the winter-spring season. However, since only
the contour line from the DEM is used in the proposed method to obtain the surface slope,
the estimated thickness is not influenced by a temporal inconsistency. Still, this
inconsistency leads to an error when using the DEM to calculate bedrock elevation. An
error at the magnitude of 10 m is introduced due to the inconsistency considering the
temporal change of DEM for worldwide glaciers (Moholdt et al., 2010; Nuth and K&éb,
2011; Paul and Haeberli, 2008). The thickness estimates using the “Gantayat” method
were independently obtained using the same surface velocity and surface slope as the
proposed method in this study following Gantayat et al. (2014), and the estimates using
the “McNabb” method are obtained from McNabb et al. (2012). “Gantayat-v2” method are
obtained from Gantayat et al. (2017). All the other results were obtained from Farinotti et
al. (2017).

The bedrock elevations along 5 along-flow profiles and 2 of 12 cross-sectional

profiles over 5 different glaciers (Columbia, South Glacier, North Glacier, Unteraar,
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Tasman) were obtained and compared with the estimates using 14 existing methods as
shown in Figure 3-8. The thick blue and red lines represent the surface and in-situ bedrock
elevations, respectively. The other colorful lines represent the bedrock estimates from
previous methods which are obtained from ITMIX. We calculated the error by comparing
the estimated bedrock elevations from the thickness estimates and the in-situ bedrock
elevations. The mean error, mean MAE, relative mean error and relative MAE were
computed with their ranks as shown in Tables 3-5 to 3-8. Based on these statistics, our
method shows agreement with in-situ measurement as the previous SMB methods except
for Unteraar and Tasman glaciers. These two notable exceptions were also mentioned in
Farinotti et al. (2017) due to debris cover. As mentioned in section 3.4.2, significant debris
led to a large discrepancy between the surface slope and bedrock slope, that ultimately
resulted in a significant underestimation of thickness. Another notable finding at Unteraar
was that the previous velocity-based method (Gantayat et al., 2014) led to a smaller error
than our method. This is largely due to the balance between the overestimated thickness
from the rate factor bias and the underestimated thickness from the slope bias. As our model
excluded the rate factor bias, the solution, therefore, obtained a larger underestimated error
with only the contribution from slope bias. However, the ”Gantayat” method is influenced
by both the underestimated error from the slope bias and an overestimated error from the
rate factor bias. The combination of these two errors led to a better estimate using
the ”Gantayat” method. Additionally, we observed a poor performance for Tasman. Since
only 30 samples are available for the Tasman site, the relatively poor performance might

be related to the bias caused by an insufficient number of in-situ measurements.
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Figure 3-8 Comparison of bedrock elevations obtained from the glacier thickness estimates of this
study (thick green line) and other previous methods along 5 along-track profiles (from Columbia,
South Glacier, North Glacier, Unteraar) and 2 cross-sectional profiles (from Tasman).
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Table 3-5 Comparison of mean error of thickness estimates (unit: m). ‘-’ represents no value,
Italic results are from velocity-based methods. Numbers within the brackets represent the rank in
individual profiles. Red results have the top 3 performance.

NorthGlacier

NorthGlacier

Name Corbassiée Columbia SouthGlacier 1 5 Tasman Unteraar
This Study 4.94 (1) 14.82 (1) -3.05 (1) 8.5_3 ) -18;19 (5) 92.28 (6) 120.75 (10)
Gantayat -5.20 (2) -109.48 (5) -27.54 (3) -13.37 (4) -32.54 (7) -68.52 (5) 69.54 (5)
Farinotti - 202.6 (8) -60.51 (9) -64.63 (9) -8.00 (2) 24.84 (3) 57.73 (4)
Huss - 108.92 (4) -34.12 (6) -18.03 (5) -0.98 (1) 93.79 (7) 48.85 (2)
Morlighem - - -44.44 (8) - - 316.02 (12) -
Maussion - -183.98 (7) -23.16 (2) 7.27 (1) 27.40 (6) 24.68 (2) 49.12 (3)
Machguth - -86.23 (3) -27.87 (4) - - 121.41 (10) 122.27 (11)
Linsbauer - -136.22 (6) -33.66 (5) -63.76 (8) -52.18 (8) 108.19 (8) 105.92 (7)
Gantayat-v2 - - - - - 58.56 (4) 71.93 (6)
Brinkerhof-v2 - - -67.46 (10) - - - 37.51(1)
GChbedstress - - -42.9 (7) -35.81 (6) -11.23 (4) - 134.90 (12)
GCneuralnet - - -15.23 (2) 36.87 (7) 67.51 (9) 136.27 (11)  167.65 (13)
RAAJglabtop - - - - - 117.56 (9)_ 108.66 (8)
RAAJgantayat - - - -12.75 (3) 10.13 (3) 12.68 (1) 112.13 (9)
MvNabb - -17.46 (2) - - - - -

Table 3-6 Comparison of MAE of thickness estimates (unit: m). ‘-’ represents no value, Italic
results are from velocity-based methods. Numbers within the brackets represent the rank in
individual profiles. Red results have the top 3 performance.

NorthGlacier

NorthGlacier

Name Corbassiére Columbia SouthGlacier 1 5 Tasman Unteraar
This Study 46.49 (2) 75.24 (2) 27.18 (1) 9.76 (1) 2017 1) 124.37 (8) 121.60 (10)
Gantayat 40.41 (1) 143.33 (6) 28.85 (2) 14.59 (3) 37.48 (6) 110.91 (4) 89.18 (5)
Farinotti - 202.60 (8) 75.00 (11) 67.8 (9) 51.46 (7) 112.13 (5) 70.41 (4)
Huss - 108.92 (4) 39.91 (7) 19.29 (5) 21.62 (2) 169.21 (10) 58.53 (2)
Morlighem - - 54.82 (9) - - - -
Maussion - 198.38 (7) 29.93 (3) 12.14 (2) 28.65 (5) 63.43 (1) 58.79 (3)
Machguth - 89.19 (3) 36.00 (4) - - 122.91 (7) 125.09 (11)
Linsbauer - 140.50 (5) 36.33 (5) 63.76 (8) 52.27 (8) 117.72 (6) 108.57 (7)
Gantayat-v2 - - - - - 93.91 (3) 91.55 (6)
Brinkerhof-v2 - - 70.36 (10) - - - 57.03 (1)
GChbedstress - - 47.40 (8) 36.54 (6) 27.86 (4) - 134.90 (12)
GCneuralnet - - 36.80 (6) 36.87 (7) 67.51 (9) 138.37 (9) 168.13 (13)
RAAJglabtop - - - - - 643.91 (11) 110.56 (8)
RAAJgantayat - - - 15.81 (4) 24.93 (3) 69.46 (2) 118.17 (9)
McNabb - 57.69 (1) - - - - -
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Table 3-7 Comparison of relative mean error of thickness estimates (unit: m). ‘-’ represents no
value, Italic results are from velocity-based methods. Numbers within the brackets represent the
rank in individual profiles. Red results have the top 3 performance.

NorthGlacier

NorthGlacier

Name Corbassiée Columbia SouthGlacier 1 5 Tasman Unteraar
This Study 2.75% (1) 1.52% (1) -24.26% (1) 8.35_% 2) 17.7&% (5) 12.45% (4) 46.34% (11)
Gantayat -14.38% (2)  -28.73%(5)  -68.13% (4)  -14.20% (3)  -34.63%(7)  -53.64% (11)  23.02% (5)
Farinotti - 49.14% (8)  -157.14% (10)  -71.75% (9)  -11.14%(3) -0.73% (1) 17.93% (3)
Huss - 26.26% (4) -86.04% (6)  -18.46% (5)  -2.98% (1) 15.65% (5) 13.16% (2)
Morlighem - - -120.80% (9) - - - -
Maussion - -44.24% (7)  -56.35% (2) 8.16% (1) 25.18% (6) -1.95% (2) 18.06% (4)
Machguth - -22.45% (3) -78.17% (5) - - 33.87% (9) 46.30% (10)
Linsbauer - -32.78% (6)  -89.21% (7)  -66.65% (8)  -52.99% (8)  28.31% (7) 39.72% (7)
Gantayat-v2 - - - - - 18.96% (6) 23.74% (6)
Brinkerhof-v2 - - -178.54% (11) - - - 6.83% (1)
GChbedstress - - -111.12% (8) -38.83% (7)  -13.49% (4) - 51.07% (12)
GCneuralnet - - -57.11% (3) 36.73% (6)  64.61% (9)  37.33% (10)  72.00% (13)
RAAJglabtop - - - - - 32.39% (8) 41.36% (8)
RAAJgantayat - - - -14.20% (3) 8.00% (2) -11.54% (3)  45.31% (9)
McNabb - -4.08% (2) - - - - -

Table 3-8 Comparison of relative MAE of thickness estimates (unit: m). ‘-’ represents no value,
Italic results are from velocity-based methods. Numbers within the brackets represent the rank in
individual profiles. Red results have the top 3 performance.

NorthGlacier

NorthGlacier

Name Corbassiére Columbia SouthGlacier 1 5 Tasman Unteraar
This Study 32.70% (2) 17.65% (2) 63.63% (2) 9.58% (1) 19.49% (1) 39.11% (6) 47.50 (9)
Gantayat 31.57% (1) 35.72% (6) 69.25% (3) 15.12% (3) 37.48% (6)  62.19% (11) 42,68 (5)
Farinotti - 49.14% (8)  168.95% (10)  71.27% (9)  54.67%(8)  44.33% (8) 30.33 (4)
Huss - 26.26% (4) 90.70% (6) 19.29% (5) 21.15% (2) 53.44% (10) 23.89 (1)
Morlighem - - 129.26% (9) - - - -
Maussion - 47.90% (7) 61.78% (1) 12.52% (2) 26.53% (4)  26.53% (1) 28.08 (3)
Machguth - 23.05% (3) 84.84% (5) - - 35.64% (3) 50.70 (11)
Linsbauer - 33.99% (5) 91.28%(7) 66.65% (8) 53.03% (7) 37.17% (5) 43.76 (7)
Gantayat-v2 - - - - - 31.00% (2) 43.40 (6)
Brinkerhof-v2 - - 180.80% (12) - - - 26.98 (2)
GCbedstress - - 114.72% (8) 39.34% (7)  27.94% (5) - 51.07 (12)
GCneuralnet - - 75.74% (4) 36.73% (6) 64.61% (9) 39.94% (7) 72.40 (13)
RAAJglabtop - - - - - 36.26% (4) 44.34 (8)
RAAJgantayat - - - 16.68% (4) 23.51% (3) 45.93% (9) 48.03 (10)
McNabb - 14.36% (1) - - - - -
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Secondly, comparisons of the other 10 cross-sectional profiles were performed for
Corbassiée; it is clear that our model can restore most of the bedrock topography at
Corbassiee as shown in Figure 3-9. The statistical results are summarized in Tables 3-5 to
3-8. Although only Gantayat et al. (2014) and our method were implemented in this case.
Our method provides better estimates of ice thickness.

In summary, over all of the 6 temperate glaciers, our method yielded an average
error of 21.61 m (-0.57 m when excluding Unteraar). The average MAE was 46.61 m
(24.28 m when excluding Unteraar). Among all the methods, we achieved top ranks in
terms of both mean error and MAE for most of the tested glaciers. Additionally, we noticed
that most of the thickness estimates from the previous velocity based method (Gantayat et
al. (2014)) were overestimated which led to negative mean errors as can be seen from
Figure 3-8. This was due to the different rate factor used in Gantayat et al. (2014). Overall,
our proposed method provided more accurate ice thickness estimates in temperate glaciers
using the same inputs used for other velocity-based methods.

(b). Nontemperate Glacier and Ice Cap

The proposed method was also tested for one non-temperate ice cap, Austfonna and
one non-temperate glacier, Freya (see Figure 1 for their locations). Unlike temperate
glaciers, a constant temperature offset of 7=C between the englacial temperature and the
mean annual air temperature at equilibrium line altitude (ELA) was used to calculate the
rate factor, A in non-temperate glaciers as discussed in section 3.3. The method was
implemented over Austfonna and Freya as shown in Figure 3-10 and Table 3-9. The blue
and red thick lines represent the surface and in-situ bedrock elevations, respectively. The

other colorful lines represent the bedrock elevation estimates from other previous methods.
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Figure 3-9 Comparison of bedrock elevations obtained from the glacier thickness
estimates of this study (Zhiyue; green) and previous velocity-based method (Gantayat,
yellow) along 4 cross-sectional profiles at Corbassiére.
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Figure 3-10 Comparison of bedrock elevations obtained from the estimated glacier thicknesses
from this study (thick green line) and other previous methods (colorful lines) along 3 along-flow
profiles (Austfonna, Freya).

The thick colorful lines are obtained using other velocity-based methods which are
obtained from ITMIX (Farinotti et al., 2017).

For Austfonna and Freya, our method achieved a high rank (top 5) for all of the
statistics. Compared with the other three velocity-based approaches (Gantayat, Gantayat-
v2, RAAJGantayat), our method showed better agreement with in-situ measurements.
Thus, the proposed is promising for estimating thickness for non-temperate glaciers.
However, more case studies are needed to validate the temperature offset for calculating

Togr for non-temperate glaciers.
3.4.3 Selection of Contour Interval

As described in section 3.4.1, we calculated the surface slope similar to the method
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Table 3-9 Performance of thickness estimates from different method in Austfonna and Freya (unit: m).
Italic results are from velocity-based methods. Numbers within the brackets represent the rank in
individual profiles. Red results have the top 3 performance

Austfonna
Name Mean Error (unit: .m) R_elative Mean Error MAE (unit: m)_ _ Relative MAE _
Profile 1 Profile 2 Profile 1 Profile 2 Profile 1 Profile 2 Profile 1 Profile 2
ThisStudy  73.96 (2) -60.46 (2) 13.86% (2)  -21.95% (3) 9338 (2) 7436 (2)  21.92% (2) 25.86% (2)
Gantayat ~ -121.62 (4) -248.12(7) -28.80% (4)  -82.36% (7) 13254 (4)  248.12(7)  31.75% (4) 82.36% (7)
Farinotti 189.94 (5)  34.64 (1) 43.27% (5) 5.26% (1) 189.94 (5)  78.79(3)  43.27% (5) 26.15% (3)
Huss 94.93 (3) -11756 (5)  17.28% (3) -47.96% (6) 10193 (3) 11756 (5)  20.27% (3) 47.96% (6)
Linsbauer ~ -548.56 (8)  -590.04 (8)  -104.56% (8) -189.08% (8)  554.78 (8)  590.04 (8) 106.79% (8)  189.08% (8)
Maussion 21155 (7) 70.23 (3) 46.64% (6) 19.26% (2) 21155 (6)  74.34(1) 46.64% (6) 21.58% (1)
Ga”\fgyat' 36.81 (1) -12119(6)  1342%(1)  -4101%(5)  70.05(1)  12155(6) 19.54% (1)  41.19% (5)
Fuerst 209.86 (6)  86.81 (4) 47.91% (7)  22.42% (4)  209.86 (7)  98.47(4)  47.91%(7)  28.34% (4)
Freya
Name Mean Error (unit: m)  Relative Mean Error MAE (unit: m) Relative MAE
This Study -1.82 (1) -3.29% (2) 14.63 (4) 17.92% (5)
Gantayat 23.01 (8) 21.82% (8) 23.15 (7) 23.15% (7)
Farinotti -50.27 (9) -50.27% (9) 50.27 (9) 50.27% (9)
Huss -9.48 (4) -8.50% (4) 10.47 (3) 9.86% (3)
Linsbauer -14.54 (5) -14.64% (5) 14.77 (5) 14.83% (4)
Machguth 6.76 (3) 6.82% (3) 7.09 (1) 7.17% (2)
Maussion 20.13 (6) 21.24% (6) 20.13 (6) 21.24% (6)
VanPelt -21.90 (7) -21.74% (7) 25.23 (8) 24.78% (8)
GCbedstress -2.35(2) -2.46% (1) 7.24(2) 7.06% (1)
Brinkerhof -57.26 (10) -58.70% (10) 57.26 (10) 58.70% (10)

by Gantayat et al. (2014). However, instead of a 100 m contour interval, a combination of

20 m and 100 contour intervals was empirically chosen to calculate the slope. Different

contour intervals from 20 m to 100 m were tested for along-flow profiles over the South

Glacier and cross-sectional profiles of Corbassiee as shown in Figure 3-11. For cross-

sectional profiles, the 20 m contour lines led to more accurate thickness estimates with

better spatial detail. The mean error of two cross-sectional profiles using 20 m, 30 m, 50

m, and 100 m contour lines was 19.92 m, 30.07 m, 35.14 m, and 45.79 m, respectively.

Although differences over the along-flow profiles were not that significant, the error was

reduced from —8.47 m to —3.05 m. However, it could be challenging to use 20 m contour

intervals for debris-covered glaciers, such as Unteraar and Tasman. Due to the debris-

49



Cross-Section Plot 8 of Corbassiére Cross-Section Plot 9 of Corbassiére

3150 3350
—Bedrock
3100 \—f—%—suﬁace I 3300 \’_\/\/
Contour 20 m y

—~3050 = —Contour 30 m —~3250 - A~
£ \i\”“ —Contour 50 m E N
£ 3000 Y\ Contour 100 m £ 3200 ﬁ\ 7
= | = y
@ 2950 T 3150 ~—7—Bedrock
Q L] ~—Surface
W 2900 W 3100 Contour 20 m
Contour 30 m
2850 3050 Contour 50 m
Contour 100 m
2800 3000
5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Samples Samples
(a) (b)

2700
—Surface

- Bedrock
Contour 20 m

—Contour 30 m
Contour 50 m

—Contour 100 m

2600

¢

i
{
{
4,

Elevation (m)
N N N ]
[ X] w £ W
o (=] =] (=]
o (=] o (=]

7
/

2100

2000
0 500 1000 1500 2000 2500 3000 3500

Distance from Starting Point (m)

(©)
Figure 3-11 Comparison of bedrock elevations using different contour intervals along two cross-
sectional profiles of Corbassiée ((a) and (b)) and one along-flow profile in South Glacier (c).

covered features, it is difficult to directly use 20 m contour lines as the contour lines may
merge (Kamb and Echelmeyer, 1986). In this case, we manually divided the glacier
segments into different parts based on the shape of the contour lines and separately used

20 m and 100 m contour lines to calculate surface slopes.

3.4.4 Error Analysis

From all of the temperate and non-temperate glaciers, the overall mean error,
relative mean error, MAE and relative MAE were 20.32 m, 8.55 %, 52.23 m and 30.59 %,
respectively. As a comparison, the velocity-based method presented in Gantayat et al.
(2014) yielded —39.26 m, —26.84 %, 71.07 m and 41.47 %, respectively. Additionally, the
error distribution was summarized according to different velocities and slopes as shown in
Figure 3-12. As the surface velocity increased, the mean error did not have a significant
variation in the range of 0 m/year to 100 m/year. Since the number of estimates in fast-
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glaciers.

moving regions (velocity > 100 m/year) was insufficient, more case studies are required to
determine the relationship between surface velocity and with thickness estimation error.
On the other hand, the error decreased dramatically concerning the increasing surface slope,
especially when the slope > 5< To explain this finding, we examined the sensitivity of the
thickness estimates with respect to the slopes, and performed a simulation using Eg. (3-9).
The thickness variation versus the englacial temperature and f are displayed in Figure 3-
13. The parameters used in the simulation are as follows: surface velocity Ug; = 80 m/year;
Glen’s flow law rate factor A = 2.4 x 10724 Pa—3s™%; f = 0.8; and density p = 900 kg

m~3, and slopes range from 0=to 70< This indicates that for each component, the thickness

51



Sensitivity of Slppe and ¢

~I

—$=0.5
6 ¢=3 |
‘l"‘-‘. ¢=10
Es5 ~4=99
= | N
=4 ~ -
3 —
2
0 10 20 30 40 50 60 70
Slope(°)
(a)
8 Sensitivity of Slope and T
—T=-20°C
T=-10°C
T=-5°C
— —T=2°C
Es |
T
£
3
0 10 20 30 40 50 60 70
Slope(®)
(b)
; Sensitivity of Slope and f
—£=0.6
—=0.7
=0.8
—f=0.9

In(H)(m)

0O 10 20 30 40 50 60 70
Slope(°)

(©)

Figure 3-13 Logarithmic plot of simulated thickness estimate with respect to (a) surface slope and
shape ratio ¢, (b) surface slope and englacial temperature T, (c) surface slope and Nye shape

estimate become extremely sensitive as the slopes approach 0< For example, if the slope

is less than 5< the magnitude difference between a different set of parameters could reach

52



hundreds of meters while this difference becomes negligible in steep regions (> 459).
Therefore, the proposed method is expected to provide better estimates for glaciers with

larger surface slopes.

3.5 Conclusion

In this chapter, a new velocity-based iterative method was presented to estimate
glacier thickness using surface velocity, surface topography and a pre-determined Glen’s
flow law rate factor as inputs. The surface velocities used in this study were either obtained
via the speckle matching technique using ALOS PALSAR image pairs or provided by
previous studies. The surface slopes were calculated using 20 m contour intervals derived
from a DEM. The flow rate factor was found to be related to the englacial temperature. For
temperate glaciers, an empirical englacial temperature of 273.0 K was obtained based on
case studies over 6 different glaciers, corresponding to a rate factor of 11.38102* Pa3s™,
For non-temperate glaciers, a temperature offset of 7 <C between the englacial temperature
and the surface air temperature was used, following the assumption of Huss and Farinotti
(2012). The englacial temperature was therefore calculated using the annual surface air
temperature acquired from the ERA-Interim reanalysis dataset. Then, we performed a
comparison of estimated bedrock elevations obtained from our method and previous
methods over 8 along-flow and 12 cross-sectional profiles of 6 temperate glaciers, 1 non-
temperate glacier and 1 non-temperate ice cap. Besides the underestimated error from our
method over Unteraar due to its significant debris cover, the proposed method obtained
better estimates than most of the previous methods and significantly improved the mean

error and mean relative error from —39.26 m, —26.84 % to 20.32 m, 8.55 %, compared to
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the previous velocity-based method from Gantayat et al. (2014). However, as an empirical
parameter, the rate factors for both temperate and non-temperate glaciers are expected to
be improved once more in-situ data become available.

Additionally, the selection of the contour line interval for calculating surface slope
was discussed. The 20 m contour line used in this study is found to preserve more spatial
details of the ice thickness, especially in the cross-sectional direction. However, for certain
cases, such as debris-covered surfaces, a combination of 20 m and 100 contour lines was
suggested. Finally, an error analysis was performed on surface velocity and slope. The
influence of velocity was not clear and more tests are needed for fast-moving glaciers.

Surface slope turned out to have a significant influence on thickness estimates. The
error decreases dramatically as a function of increasing surface slope. Furthermore, a
sensitivity analysis on the slopes was performed, and similarly, the estimated thickness was
very sensitive to surface slope in relatively flat areas (slope < 5<. Therefore, our proposed
method is expected to have better performance in steep regions.

Compared with previous velocity-based methods, the proposed approach improved
the accuracy of ice thickness estimate without introducing additional inputs. As this method
is based on spaceborne remote sensing observations, it is promising that the proposed
method can provide a spatial distribution map of ice thickness estimates in multiple

glacierized areas where in-situ data are limited, such as over the Himalaya region.
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4 Traditional Technique of Estimating Ice Loss in Glaciers:

Case study in Novaya Zemlya.

4.1 Background & Data

The Russian Arctic contains the 6 largest glacierized area (51,784 km?) with more
than 1,000 glaciers (Radi¢ et al., 2014). Recent studies indicate that the Russian Arctic has
experienced an ice mass loss rate of 6.6 Gt year during 2012-2014 (Melkonian et al.,
2016). For a 60-year analysis from 19522012, the glaciers exhibited half the retreat speed
compared with the recent 3-year observation from 2012—2014 (Melkonian et al., 2016). In
this century, the contribution of the mountainous glaciers and ice caps to global ice mass
loss is expected to increase by 200-300 %. Ice melt in the Russian Arctic would be the 3"
largest contributor among all glacierized regions by 2100, which will perhaps increases the
sea level rise by 20.29 to 28.31 mm (Melkonian et al., 2016; Radi¢ et al., 2014). The
Russian Arctic consists of three major glacier regions, Franz Josef Land, Severnaya
Zemlya and Novaya Zemlya (NVZ). Of these three areas, NVZ contains the largest glacier
area (22,100 km?) and has been experiencing the greatest ice mass loss of —5.8 Gt year™
from 2004 to 2009 (Moholdt et al., 2012). Figure 4-1 presents the location and surface
features of NVZ with 22,100 km? glaciated area shown in white. The red and blue outlines
indicate basin areas of marine-terminating glaciers for our study and Melkonian et al. (2016)
respectively. Topography and bathymetry are both from the International Bathymetric

Chart of the Arctic Ocean (IBCAO, http://www.ngdc.noaa.gov/magg/ bathymetry /arctic/),

and glacier outlines are from National Snow and Ice Data Center (NSIDC) GLIMS glacier

database (http://glims.colorado.edu/glacierdata/). The star indicates the location of the
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Figure 4-1 Location and surface features of Novaya Zemlya (NVZ)
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Malye Karmakuly meteorological station. For NVZ, there is only one meteorological station
with long-term records at Malye Karmakuly (star in Figure 4-1) (Carr et al., 2014; Zhao
et al., 2014). Sparse temperature data are available for NVVZ after 2000 (Zhao et al., 2014).
Moreover, there is no long-term in situ snowfall or snow depth data available in NVZ. Only
a few glacier observation campaigns have provided observations on the retreat of the
frontal positions (Sharov, 2005). In essence, spaceborne geodetic and remote sensing data
become the only viable data source to investigate the dynamics of the ice mass changes in
NVZ. For example, Sharov (2005) investigated the velocity variation of the frontal position
of six glaciers in NVZ using Interferometric Synthetic Aperture Radar (INSAR) techniques
with ERS-1/2 tandem (1-day temporal baseline) pairs. This study also indicated a
substantial decrease in ice coastline length of —7.9 % from 1950 to 2000. On the other hand,
the offset-tracking method (Strozzi et al., 2002) has been more commonly used to estimate
glacier velocity due to decorrelations in interferograms, especially over fast-moving
glaciers. Over NVZ, Strozzi et al. (2008) used L-band JERS-1 SAR images to estimate the
glacier velocities along the northern coast. The estimated frontal position velocity reached
about 250 m year. Although the weather conditions (persistent cloud cover) of NVZ leads
to limited availability of satellite optical images, Melkonian et al. (2016) combined all
available optical image pairs between 2000 and 2014 from WorldView, Landsat and
ASTER, and estimated the stream velocities over 4 glaciers along NVZ’s northern Barents
Sea coast. The maximum frontal velocity reached 1 km year-1. However, the glacier
velocities in the period of 2007—2010 were not generated due to the lack of data. Glacier
elevation changes have also been obtained with Ice Cloud and land Elevation Satellite

(ICESat) data and were estimated to be —0.38 0.06 m year-1 from 2003 to 2009 over the
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entire island (Moholdt et al., 2012). Besides the ICESat data, Digital Elevation Models
(DEMs) generated from WorldView, and ASTER images have been co-registered to
ICESat dataset and produced additional elevation change rates (Melkonian et al., 2016).
Matsuo and Heki (2013) obtained an ice mass loss rate of —5.2 £3.9 Gt year-1 from 2004
to 2012 using GRACE data while Moholdt et al. (2012) obtained ice mass loss of —9.8 +
1.9 Gt year-1 and —7.1 £5.5 Gt year-1 for the period of 2004—2009 using ICESat and
GRACE data, respectively.

A recent study indicates that the marine-terminating glaciers experienced an
accelerated retreat in NVZ, especially the ones on the Barents Sea coast (Carr et al., 2014;
Carr et al., 2017). Melkonian et al. (2016) proposed that the calving flux made a major
contribution to the glacier retreat of Barents coast marine-terminating glaciers. However,
the influence of influx on mass change has not been discussed. Hence, in this study, the
contributions of influx and outflow to ice loss are fully investigated for marine-terminating
glaciers, and 4 marine-terminating glaciers were chosen on the Barents Sea coast as study
areas (red outlines in Figure 4-1). These 4 glaciers are located between the two marine-
terminating glaciers studied by Melkonian et al. (2016) (blue outlines in Figure 4-1). We
calculated glacier stream velocity to represent the outflow, and air temperature and sea
surface temperature (SST) were obtained to investigate their influences on velocity changes.
In addition, snow depth estimates were used to represent the mass influx for the study
glaciers, and changes in elevation and mass were obtained via radar altimeter and GRACE
data, respectively. Combining the mass influx and the net change with the outflow
represented by velocity variation, we were able to clarify the contribution of influx and

outflow to mass changes in a more comprehensive way. Overall, observations from
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Figure 4-2 Overall flow chart of this case study.

multiple spaceborne geodetic instruments including Envisat RA-2, ALOS PALSAR,
Landsat, and GRACE, and ERA-Interim model were processed from 2002 to 2014. Figure

4-2 summarize the overall analysis flow of this study.

4.2 Techniques & Data

4.2.1 Ice Mass Changes from GRACE

The GRACE Release 05 (RLO5) data provided by the Center for Space Research
(CSR) (ftp:/Ipodaac.jpl.nasa.gov/allData/grace/L2/CSR/RLO5/) was used to generate a
glacier mass change time series over the entire NVZ. The missing degree one coefficients
(geocentric offset) in the data have been added using values calculated based on ocean and

atmospheric models and GRACE coefficients for degrees 2 and higher (Swenson et al.,
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2008). The C20s (Earth’s oblateness) are replaced by estimates from satellite laser ranging
(Cheng et al., 2013). Although some improvements have been made to RLO5 data over
previous versions resulting in reduced north/south stripes and east/west banded errors in
the spatial domain (Yi and Sun, 2014), a filtering process is still needed to get clear signals.
Consequently, we applied a decorrelation filter (Duan et al., 2009), and a Gaussian
smoothing with a 300 km radius (Guo et al., 2010). Since the signals over land and ocean
are both averaged for the smoothing, there is signal leakage from land to ocean. To
eliminate this leakage error, a ocean signal is assumed to be significantly smaller than the
land signal, and the effect of stripes was eliminated during the smoothing procedure (Guo
et al., 2010). The leakage signal was recovered by rescaling the Gaussian-smoothed mass
change result (Guo et al., 2010). This was done in order to obtain a similar result similar
to applying Gaussian smoothing separately to land and ocean signals. The contribution of
Glacial Isostatic Adjustment (GIA) was also removed using the model provided by Geruo

et al. (2013).

4.2.2 Elevation Changes from Envisat RA-2 Radar Altimetry

Satellite radar altimetry has been extensively used to estimate ice-sheet elevation
changes through either crossover or collinear analysis (Davis, 2005; Lee et al., 2012;
Wingham et al., 1998). Although it is challenging to obtain reliable altimeter measurements
over mountain glaciers with rough terrain and steep slopes due to its large footprint size
(3-5 km in radius), Lee et al. (2013) have successfully applied a collinear method with
TOPEX/Poseidon and Envisat RA-2 radar altimetry data over the Bering Glacier in Alaska
and observed changes in its elevation trends during the period from 1992-2010. In this

study, due to the lack of crossover points, a collinear analysis was adopted with Envisat
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Figure 4-3 Envisat altimetry ground tracks (yellow lines) over the northern NVZ.
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RA-2 data and a time series of elevation changes over the glaciers in NVZ (Figure 4-3)
was generated. Blue circles indicate the locations where Envisat altimetry time series were
generated. Red outlines represent our study glacier basins. All of these 4 glaciers are
marine-terminating. A summary of the collinear method is provided here.

The 18-Hz (~350 m along-track sampling) ICE-1 retracked measurements from the
Envisat RA-2 Geophysical Data Record (GDR) were used to obtain elevation changes in
this case study. The observation period was from cycle 9 to 93 (April 2002—-September
2010) with a 35-day repeat period. Figure 4-3 shows the coverage of Envisat altimetry
tracks over NVZ with 4 locations where successful elevation change time series were

obtained. The collinear method simply stacks the altimetry data obtained from repeated
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Table 4-1 List of available ALOS PALSAR images over study area.

Scene No. Observation Date
ALPSRP100161530 2007/12/11
ALPSRP106871530 2008/01/26
ALPSRP153841530 2008/12/13
ALPSRP160551530 2009/01/28
ALPSRP214231530 2010/01/31
ALPSRP220941530 2010/03/18

cycles. Nonetheless, a surface gradient error is introduced due to the drift in satellite tracks
between cycles (Lee et al., 2008). Typically, this error can be eliminated by using a DEM
for the so-called surface gradient correction (Lee et al., 2012, 2008). However over
mountainous regions, as the altimeter presents the average elevation within one footprint,
the error caused by the spatial difference between DEM and altimeter footprint increases
due to surface roughness (Lee et al., 2013). Therefore, Lee et al. (2013) proposed a method
to use the average of all of the available altimeter elevations as the reference DEM to apply
the surface gradient correction which would eliminate the error due to the differences
between the DEM spatial resolution and altimetry footprint size. For more details, readers

are referred to Lee et al. (2013).

4.2.3 Glacier Velocity from PALSAR Speckle-matching

In the previous study done by Melkonian et al. (2016), the glacier velocities at NVZ
for the period from 2007-2010 were not generated using optical image pairs. To fill this
gap, we estimated the velocities by applying a speckle matching method to pairs of ALOS
PALSAR fine-beam mode images (Table 4-1). For each glacier, three pairs of PALSAR
images were available between 2007 and 2010. In this study, different patch window sizes
(20>60, 10>30, 5x15, 3>9) were examined, and a size of 515 pixels was found to be the

define suitable. Next, the search area size was set based on an initial estimation of the
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glacier velocity. For NVZ, the velocity can reach as fast as 400 m/year near the frontal
position (Strozzi et al., 2008). This maximum velocity corresponds to 100>300 pixels after
converting it into a pixel scale. In this study, the search area was slightly increased to
1205360 pixels to avoid any potential systematic error. To determine the relative SNR
threshold, the values from 0.05 to 1.0 were iteratively tested with 0.05 increment to
ascertain the most suitable value, and the correlation SNR threshold was set to 0.2, which

corresponds to a SNR of 2.0.

4.2.4 Glacier Velocity from Landsat Feature Offset-tracking

Feature tracking was applied to obtain surface velocity using Landsat 7 ETM+
images. The principles of feature tracking are given in section 2.1. The application of this
approach with Landsat 7 ETM+ images is complicated by the fact that the scan line
corrector (SLC) had failed on Landsat 7 as of May 31, 2003. The SLC failure, or SLC-off,
results in a blank strip pattern within Landsat scenes that is subject to approximately 20%
data loss. These stripes effects the computation of correlation because the blank is
considered as ‘zero’, producing a correlation peak that is much less distinct. ETM+ pairs
(Pairs 2 and 3 in Table 4-2) and FFT based cross-correlation for 2002 Landsat 7 and
Landsat 8 pairs (Pairs 1 and 4 in Table 4-2), were calculated. Image registration was applied
once the displacements were computed. This process removed the registration error
between pairs and is known to be 2 — 3 times larger than sole correlation error. This was
done by removing any motion in known stationary areas, and these x-y offsets were then

applied to the displacements.
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Table 4-2 List of Landsat pairs. Landsat 7 ETM+ for pair 1, 2 and 3 and Landsat 8 for pair 4.

Day
Pair Image 0 Image 1 Year separation
(days)
1 LE71770062002088EDC00 LE71760062002145SGS00 2002 58
2 LE71770062004190ASNO1 LE71780062004229ASN01 2004 40
3 LE71790052006113ASN0O0 LE71770062006179ASNOO 2006 67
4 LC81760062013083LGN02 LC81760062013119LGNO1 2013 37

4.2.5 Atmospheric and Oceanic Observations from ERA-Interim

According to a recent study, ice dynamics have been the major contribution to mass
loss and frontal retreat in the glaciers along NVZ’s Barents Sea coast, and these mass losses
and frontal position retreats were influenced by atmospheric and oceanic conditions (Carr
et al., 2014). Therefore, an attempt was made to discover the relationship between glacier

stream velocity and these contributing factors. In order to obtain the atmospheric and

oceanic parameters, ERA-Interim reanalysis data (http://apps.ecmwf.int/datasets/) was
used. Three monthly-mean-of-daily- mean products, namely, air temperature, SST and
snow depth were extracted from the period from January 1979 to June 2015. The air
temperature data represents the temperature at 700 hPa geopotential height instead of at 2
m height. This set of data presents a higher correlation with ground station data in the
Arctic (Carr et al., 2014; Moholdt et al., 2012). The spatial boundary was set to be from
63.9E t0 64.6E and 76N to 76.4 N with a 0.10.1°grid of the Gridded Binary (GRIB)
data processed by the portal. 40 grids were averaged to obtain mean air temperatures. For
SST estimation, a part of the Barents Sea (49.5E to 70.5E, 75N to 78 N) was selected,
and 145 grids were averaged to obtain mean SSTs with a resolution of 0.75<0.75< On the
other hand, the grid resolution for snow depth was set to be 1.5<<1.5<due to limitations of

data quality and accuracy. The spatial boundary was set to be from 54 € to 65 and 72N
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to 78N in order to obtain more grid samples. For all three climatic variables, the Grid
Analysis and Display System (GrADS) was utilized for analysis and post-processing (Doty

and Kinter 111, 1995).

4.3 Results and discussion

4.3.1 NVZ Mass Changes

To understand the contribution of outflow and influx to mass loss, it is necessary to
assess the mass changes over the study area. To obtain monthly mass balance estimates,
GRACE EWH anomalies were multiplied by the entire NVZ area (79,970 km?) and a time
series of mass changes was generated as in Fig. 4-4. A mass loss of —1.04 +0.25 Gt/year
was observed in 2003-2014. In order to analyze the details of mass changes, the entire
2003-2014 period was divided into three periods: two strong interannual negative mass
trends from 2003-2007 (-5.94 +£0.97 Gt/year) and 2010-2014 (—7.06 +=1.04 Gt/year), and
a relatively weak interannual positive mass trend in 20072010 (4.26 +0.96 Gt/year). The
mass loss in the period of 2003—2007 was also observed by Moholdt et al. (2010) with a
rate of —5.8 3.0 Gt/year from 20042009, while the mass loss in 2012—2014 was reported
by Melkonian et al. (2016) with a rate of —6.6 *1.4 Gt/year. Therefore, the mass change
estimates from GRACE in this study agree well with previous studies. However, the slight

mass gain from 2007-2010 has not been reported in previous studies.

4.3.2 NVZ Surface Elevation Changes

Besides the mass anomalies obtained from GRACE data, the trends in elevation

changes can also indicate the trends in mass change. The elevation change time series
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Figure 4-4 Time series of mass changes over the entire NVZ observed by GRACE in 2003-2014.
The uncertainty represent 1-c error from least squares.

obtained from Envisat radar altimeter over the 4 study glaciers are shown in Fig. 4-5. An
overall decrease in elevation was observed from 2003 to 2007, followed by an increase.
The decreasing trends range between —0.66 to —1.56 m/year, and the increasing trends
range between 0.74 to 0.96 m/year. Although the drop between 2003—-2007 has also been
observed in a previous study (Moholdt et al., 2010), the notable increase in 2007—2010 has
not been reported.

Similarly, Moholdt et al. (2012) estimated the average elevation change rate over
the entire NVZ’s glacierized area using ICESat data from October 2003 to October 2009
with a rate of —0.38 m/year. For the purpose of comparison, an elevation change rate of —
0.29 m/ was obtained during the same period using the average of all 4 Envisat time series.
Although the difference in the elevation change rates may be due to the different spatial
and temporal coverages of ICESat and Envisat time series, they agree reasonably well.

From Figure 4-4 and Figure 4-5, it is evident that similar trend variations from

2003-2010 are observed in both the altimeter elevation changes and GRACE mass changes.
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Figure 4-5 Time series of elevation changes over the 4 glaciers in northern NVZ using Envisat
RA-2 data.

In addition to the comparison with the previous studies, this qualitative consistency
between these two independent datasets suggests that both the Envisat and GRACE time

series estimated can be considered reliable.

4.3.3 NVZ Glacier velocity

Figure 4-6 and Figure 4-7 illustrate horizontal velocity vectors and velocity
variations extracted along the profile lines (light blue lines in Fig. 4-6) over each glacier.
The backgrounds in Figure 4-6 are PALSAR amplitude images. The red circles in each plot
in Figure 4-6 represents the locations where Envisat time series have been generated using
PALSAR speckle matching. In Figure 4-7, the velocities were sampled at an interval of
100 m (orange points in Figure 4-6) along the profile lines. The stream velocity was

observed to be about 150 m/year, while at the frontal position, the velocity may reach over
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Figure 4-6 2007 winter velocity vector plots of (a) Glacier Vel’keba, (b) Glacier Chaeva, (c)
Glacier Brounova, (d) Glacier Rykacheva generated from the speckle matching technique.
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Figure 4-7 Velocity profiles for 2007-2010 on 4 study glaciers, (a) Glacier Vel’keba, (b) Glacier
Chaeva, (c) Glacier Brounova and (d) Glacier Rykacheva from PALSAR speckle matching.

m/year.

By comparing velocity changes between December of 2007 and March of 2010,
over all 4 NVZ glaciers, the velocities between December and January of both 2007 and
2008 were discovered to be approximately identical, and January—March of 2010 had a
slight increase of about 50 m year. However, since the observation periods are different,

differences in temperature could play a significant role in these velocity variations (see

section 4.3.4).

The random error in the cross-correlation speckle matching was derived by Bamler

(2000) as

3 J1-y?
Oxy = /——Yosf3/2 ,
’ 2N Ty

where o, , represents the standard deviation of the range or azimuth offset estimate (unit:
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Figure 4-8 Estimated displacement error from speckle matching using three PALSAR 46-days
pairs (2007-2010) over a stationary region.

pixel), N is the number of pixels in the matching window (5x15=75), y is the coherence of
the corresponding interferometric window data pair, and osf is the oversampling factor.
Using Eqg. (4-1), mean uncertainty of about 0.15 pixels was obtained, which corresponds
to about 6 m year and the maximum random error reached 30 m year™. In addition to the
statistical error estimation, we also estimated the error using a stationary region of NVZ.
The large rocky region (14.54 km?) near Glacier Rykacheva was selected to plot the
displacements along the range and azimuth directions over 40,033 points (Figure 4-8). The
mean stationary error was 4, 26, and 4 m/year for 2007, 2008, and 2010, respectively. The
overall mean stationary error was estimated to be approximately 10 m/year.

To obtain more estimates of glacier velocities, Landsat images (available from

http://glovis.usgs.gov) were also processed using the feature tracking method. In total, 4

pairs (listed in Table 4-2) were used in this study. The size of the master subset was
101101 pixels, and the size of the slave subset was set according to temporal separation,

not exceeding 800 m/year. The reason for using a larger subset than the usual size of 31>31
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Figure 4-9 Landsat ETM+ SLC off pair 3.
to 51>51, was to ensure obtaining unique SLC-off image correlation (Figure 4-9).

Figure 4-10 shows a cross section of 4 velocity profiles from 2002 to 2013 obtained
by bilinear interpolation. It can be seen that the velocity profile around 6 km upstream
shows that the feature tracking failed mostly due to the featureless smooth glacier surface.
The profiles from 2002, 2004 and 2006 showed no change in speeds. On the other hand,
the speed increased by almost a factor of two in 2013 compared to the previous three
velocity profiles.

Errors in feature tracking can be divided into two parts — image registration error
and correlation error. Registration error comes mainly from the ortho-rectification process
and can be removed by analyzing motion of stationary features such as rocks. Dietrich et
al. (2007), Lee et al. (2004) and Skvarca et al. (2003) estimated the registration error to be
0.1, 0.3 and 1.5 pixels respectively. The correlation error comes from a quadratic surface
fitting of the correlation map around a peak and has been shown to be 0.1-0.3 pixels by
Dietrich et al. (2007), Heid and K&&b (2012), and Berthier et al. (2005).

A simple x —y offset registration technique was used due to difficulties in obtaining

a good distribution of control points, poor image quality and outliers in velocity extraction.
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Figure 4-10 Velocity profiles over Glacier Vel keba using feature offset-tracking from 2002—
2013.
However, an affine or polynomial transformation would more effectively remove

registration errors if multiple control points were used (Ahn and Howat, 2011). A common
area (green rectangle in Figure 4-11 that is near the area of interest was used, for all pairs
and computed their means (1.7, 0.79, 3.9 and 3.5 pixels) and standard deviations (0.08,
0.17, 0.08 and 0.06 pixels)), were computed for 2002, 2004, 2006 and 2013, respectively.
Control point registration error has been estimated to be 0.1 pixels. However, considering
the poor distribution of control points and the simple offset registration method, an
uncertainty of 0.5 pixels was adopted as for a conservative registration error. Since one
single correlation peak is searched using a 3>3 quadratic surface fitting, it is difficult to
quantify the correlation error. Consequently, 0.2 pixels was used for the correlation-
matching uncertainty as a conservative estimate following (Ahn and Howat, 2011).

The total uncertainty, which is the squared sum of these two uncertainties, is 0.54
pixels. For conversion of pixel displacements to metric units, we used the Landsat pixel

resolution (15 meters) and the time separation of each pair. Combining these two errors
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Figure 4-11 Registration example of 2013 pairs — before registration (left) and after registration
(right).

provided 1-c errors of 34, 50, 30, and 54 m/year for 2002, 2004, 2006 and 2013,

respectively.

4.3.4 Atmospheric and Oceanic Influence on Glacier Stream Velocity

The air temperatures from ERA-Interim were examined to investigate whether the
glacier velocity was influenced by seasonal air temperature variation. According to Glen’s
flow law, glacier velocity correlates with surface temperature. Also, since most of the
velocity estimates were obtained during the winter period for NVZ (October to March), the
winter season 700 hPa air temperature was chosen to compare with glacier velocities as
this product correlates better with Arctic ground station data elsewhere (Carr et al., 2014).
Winter temperature variation (Figure 4-12) was generated by averaging all pixels within
the spatial boundary. The red line represents monthly temperature variation and the blue
line represents annual winter temperature variation (November to March). As can be seen
from Figure 4-12, between 2001 and 2003, a slight decrease in winter temperature was

observed. This was followed by an increase in winter air temperature of approximately
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Figure 4-12 Time series of air temperature obtained from ERA-Interim data in 2000-2014 over the
NVZ northern glacier area (63.9264.6 €, 76 =76.4N).

5 <C between 2003 and 2007. After that, the winter air temperature was stable except for a
slight increase in 2012. Overall, the winter air temperature in the period of 2001-2014 has
not experienced a significant change.

In order to investigate correlation between air temperature and velocity, the
velocities were collected over the Glacier Vel’keba which were estimated from speckle
matching for 2007, 2008, and 2010 and feature tracking for 2002, 2004, 2006, and 2013
(Figure 4-13). The dash-dot lines represent the velocities generated using feature tracking,
and the solid lines represent velocities generated using speckle matching. The velocity in
2013 was significantly faster than other years. Green square indicates control point area.
Since the data observation dates for each velocity estimate are not identical, we need to
eliminate the effect of seasonal temperature variations on estimated velocity. According to
Glen’s flow law, the glacier flow velocity can be described as (Glen, 1959)

u=k-1", (4-2)
where u is the glacier shear strain (flow) rate, k is a temperature-dependent constant which
varies due to local conditions, T is the glacier stress, and n is a constant between 24
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Figure 4-13 Velocity variations for Glacier Vel’keba from 2002 to 2013.
(typically 3 for most glaciers). A previous study demonstrated that the minimum octahedral

shear strain rate shows a positive correlation with temperature (Budd and Jacka, 1989).
When the stress does not change, the velocity and the temperature should have a linear
relationship. Figure 4-14 shows all of the estimated velocities and monthly air temperatures.
The area from 2.5 km to 3.5 km from the frontal position was chosen as the reference area
to avoid the influence of calving flux on velocity variation, and the mean value was used
as the reference. It is evident that, besides the observation in 2013, the velocity and
temperature values have a linear relationship. This indicates that from 2002 to 2010, the
stress contribution to the velocity profile for Glacier Vel’keba was relatively constant, and
air temperature drove the velocity changes during this period.

However, air temperature change is not sufficient to explain the large increase
between 2010 and 2013 because we observed no dramatic change in the air temperature
(Figure 4-12). Since Glacier Vel’keba is a marine-terminating glacier, the nearby SST
could have an impact on velocity change, especially on the seasonal retreat of the frontal

position (Howat et al., 2010). Therefore, SST near the Barents Sea was examined from
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Figure 4-14 Correlation between velocity and air temperature at Glacier Vel’keba.

ERA-Interim reanalysis data (Figure 4-15). The result shows that SST in NVZ experienced
a rise from 2002—-2014 in general. The summer SST has an increase of about 3-5 <C while
the winter SST stays steady. This period can be divided into two phases due to the change
in summer SST variation. From 2002 to 2010, the summer SST has a slight increase of less
than 2 <C. After 2010, a significant increase of about 3 <C occurred. The velocity increase
from 2010 to 2013 is consistent with the increase of SST from 2010. Since oceanic
warming could also cause retreat via waterline melting and undercutting of the terminus,
the SST increase would accelerate fontal retreat. In addition, this may cause physical
changes along the glacier stream, which corresponds to a change of stress contribution in
Figure 4-14 (Benn et al., 2007; Carr et al., 2014; Vieli et al., 2002).

To explain the sudden increase in SST, the Arctic Oscillation (AQO) index in 2002—
2014 (Figure 4-16) was checked from the Climate Change Center (CPC) database
(http://lwww.cpc.ncep.noaa.gov/products/precip/CWIink/daily_ao_index/ao.shtml).  The

blue bars represent the AO index and the red line represents the winter AO variation trend.
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Figure 4-15 ERA-Interim monthly SST in 2002-2014.

A significant increase in SST was noticed in 2010, which is attributed to the AO negative
phase in 2010.This agrees with the conclusion that the negative AO would increase the
Atlantic waters penetration and bring warmer Atlantic water into the Barents Sea, which
would cause such an increase of SST (Ingvaldsen et al., 2004; Oziel and Sirven, 2011). In
summary, both SST and air temperature have influenced the velocity of the Glacier
Vel’keba. It is expected that SST and air temperature had a similar impact on the other
three adjacent marine-terminating glaciers which showed similar elevation trends from
2002-2010 (see Figure 4-5) and experienced similar velocity increases of 50 m year? in
2007-2010 (see Figure 4-7).

Given that we obtained a linear correlation between velocity and air temperature,
we could adjust the observation months of all pairs to be April to coincide with the 2013
PALSAR pair. Consequently, stream velocities were compared without the influence of
seasonal variation in temperatures. Figure 4-17 shows that the velocity profile in 2004 is
relatively slower than in 2002 and 2006. On the other hand, in 2008, the frontal velocity

exhibited an increase compared to 2006. Similar trends were then observed in 2008-2010.
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Figure 4-16 Time series of AO Index in 2002-2014.

In summary, two significant velocity increases were discovered in the period from 2002—
2013 in Figure 4-17. The first was in 20042008, while the second was 2010-2013. It is
also noticed that most of the acceleration occurred in the frontal position. Based on the
correlation between frontal acceleration and calving flux increase, the calving flux increase
in 2000—2010 proposed by Carr et al. (2014) and Melkonian et al. (2016) appear to be

confirmed
4.3.5 Contribution of Outflow on NVZ Marine-terminating Glacier Retreat

To assess the contribution of outflow for mass balance, the mass influx, i.e.,
snowrfall, is also required. Snow depth anomalies from ERA-Interim was used to represent
snowfall variations (Figure 4-18). The blue bars represent monthly snow depth anomalies
during the winter (November to March), and the red line represents mean snow depth
anomalies during the winter. The snow depth anomalies were obtained by subtracting the
average monthly value from each month. This average was calculated using the monthly

values for the period from 1979-2014. For example, to generate the monthly anomalies for
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Figure 4-17 Velocity profiles for the period of 2002—2013 over Glacier Vel’keba after unifying the
observation months to April.

2002 January, the average monthly value was calculated using the January values for 1979—
2014. Then, the difference between the averaged January value and 2002 January value
was calculated to be the anomaly. From Figure 4-18, it is evident that there is a period of
positive anomalies from 2003 to 2013. During these years, it is expected that a larger
amount of snowfall occurred.

From previous sections, multiple observations are available over the 4 glaciers in
northern NVZ using different geodetic techniques and the ERA-interim climate model
including the glacier velocity variations, elevation changes, mass changes and snowfall
anomalies. These changes from 2002 to 2014 could be classified into three categories of
influx, outflow, and net change as in Table 4-3. “+” indicates an increasing trend, “-”
indicates a decreasing trend, “0” indicates no significant change. “*” indicates not available
in selected period. The velocity variation represents the variation of glacier outflow. The
snowfall anomalies represent the anomalies for glacier influx. The elevation and mass

changes represent the net loss or gain of ice mass. Since the net loss or gain should be equal
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Figure 4-18 ERA-Interim monthly snow depth anomalies (mean removed) for 2002—-2014.
to the difference between influx and outflow, the relationship can be examined between
these three factors. The positive mass trend observed from GRACE and altimetry data for
the period from 2007-2010 can be explained by the increase in snowfall while the change
in outflow was negligible. However, for periods from 2004-2007 and 2010-2013, while
both the influx and outflow changes were positive, a negative net change was observed.
This indicates that during these two periods, outflow variation played a more significant
role in the net mass change than influx, which resulted in a mass loss. In addition,
accelerated flow velocity was observed mostly at the frontal position as can be seen from
Figure 4-17 especially in the period 20042007, which would be mostly due to a significant
calving flux increase (Howat et al., 2005; Melkonian et al., 2016). Therefore, considering
the influence of snowfall, the conclusion of previous studies by Carr et al. (2014) and
Melkonian et al. (2016) was confirmed that calving flux made a significant contribution to

glacier retreat for NVZ Barents Sea coast marine-terminating glaciers.
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Table 4-3 The glacier states relationship in NVZ from 2002 to 2014.
2002-2004 2004-2007 2007-2010 2010-2013 2013-2014

Influx - + + + —
Outflow 0 + 0 + *
Net change - - + - -

4.4 Conclusions

In this case study, the state change of marine-terminating glaciers over NVZ
Barents Sea coast was explored. The velocity variation, elevation, and mass change rates
from 2002 to 2014 were obtained using different spaceborne geodetic techniques. Over the
entire NVZ, the average mass change rate of —1.04 +0.25 Gt/year was obtained for 2003—
2014 from GRACE data. Interannual variations of mass change at —5.94 £0.97 Gt/year
and —7.06 £1.04 Gt/year were observed in the periods from 2003-2007 and 2010-2014,
respectively. In addition, interannual variations in the form of positive mass change of 4.26
+0.96 Gt/year was estimated for 2007-2010. The temporal variations in mass change
trends in 2003-2010 were confirmed with the altimetry-derived elevation change rates.
Two steam velocity increasing periods from 2004-2007 and 2010-2013 were also reported.
The slight increase of 50 m year™ in 20042007 was driven by air temperature increase,
and the relatively larger increase of 100 m year™ in 2010-2013 was likely caused by the
rise of SST in the Barents Sea. These velocity estimates indicate that both air temperature
and SST influence the glacier velocity of NVZ marine-terminating glaciers along the
Barents Sea coast. Since most of the velocity acceleration from 300 m yearto 800 m year-
! from 2002 to 2013 occurred in the frontal position, it was identified that the calving flux
has increased during the same period (Carr et al., 2014; Melkonian et al., 2016). The
variation in mass influx was investigated using snow depth anomalies obtained from ERA-

Interim. Two periods of negative anomalies were observed for 2002—2004 and 2013-2014.
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With these mass influx and outflow variations, and net mass changes over our study
area, we have a better understanding of the states of the marine-terminating glaciers. The
increase in 2007-2010 can be explained by the positive snowfall anomalies and negligible
outflow. However, in the periods from 2004-2007 and 2010-2013, both the mass influx
and outflow have an increasing trend and a negative net change. Therefore, it can be
concluded that the changes in the outflow contributed to the mass net change rather than
the changes in influx. Also, since most of the velocity acceleration occurred in the frontal
position, we suggest that calving flux had a significant impact on acceleration. Therefore,
most of the outflow influence on net change can be attributed to the calving flux.
Consequently, the conclusion is confirmed that calving flux for the NVZ Barents Sea coast
has made the major contribution to local ice loss is confirmed (Carr et al., 2014; Melkonian

etal., 2016).
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5 Mass Balance Estimates Using Thickness Change: Case

Study in Nyaingen Tanglha, Himalaya

5.1 Background & Data

The melting of glaciers and ice caps makes a significant contribution to present-
day sea level rise (Zemp et al., 2019; Cogley, 2009). As the largest glacierized region
outside of the Arctic and Antarctica, the glaciers in HMA are the 5™ largest contribution to
global glacier melting (Zemp et al., 2019; Gardner et al., 2013; Jacob et al., 2012). In spite
of spatially heterogeneous glacier changes, estimates of mass loss have relied on the
interpolation of sparse glaciological and local geodetic data at annual resolution
(Dyurgerov and Meier, 2005; Mark F. Meier et al., 2007; Ohmura, 2006). Only recently,
several studies have reported a negative mass budget during the last decade in HMA using
different spaceborne geodetic techniques. Matsuo et al. (2010) and Jacob et al. (2012) used
measurements from GRACE over the entire HMA region, and yet reported different mass
balance estimates of —47 12 Gt/year and —4 £20 Gt/year, respectively from 2003 to 2009.
Jacob et al. (2012) claimed that this significant difference was due to uncorrected
substantial groundwater estimation over the Indian plains in Matsuo et al. (2010)’s mass
change estimation. On the other hand, K&éb et al. (2012) used ICESat data to generate
elevation changes over the Hindu Kush-Karakoram-Himalaya (HKKH) region for the
period from 2003 — 2009 and obtained a mass balance of —12.8 3.5 Gt/year. Gardelle et
al. (2013) used both GRACE and ICESat data and obtained the mass balance over the entire

HMA for the period from 2003 — 2009. However, the GRACE results obtained by Gardelle
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Figure 5-1 Map of Nyaingen Tanglha region with Envisat ASAR (blue outlines) and ALOS
PALSAR (yellow outlines) image coverages. White regions represent glacier coverage. The
background is topography from SRTM DEM.

et al. (2013) (14 x17 Gt/year) differs from that of Jacob et al. (2012) (—4 £20 Gt/year)
despite using the same data and methods. Perhaps, the disparity in their results is due to the
different version of the Global Land Data Assimilation System (GLDAS) hydrologic
models they used. Gardelle et al. (2013) obtained ice thickness and volume changes over
multiple glaciers in HKKH from 1999 to 2011 based on Digital Elevation Model (DEM)
differencing. Their estimates over the Karakoram agreed with K&éb et al. (2012) within
the error bar. In K&éb et al. (2015), the study area was expanded to the Pamir and Hengduan
Shan and a larger negative mass budget of —24 £2 Gt/year was obtained. K&éb et al. (2015)
compared their result using ICESat data (—19 £3 Gt/year) with that of Jacob et al. (2012)
using GRACE data (—3 %12 Gt/year) and claimed the disagreement of 16 Gt/year over the

Nyaingen Tanglha region. Given the approaches are fundamentally different, K&éb et al.
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Figure 5-2 Location of 4 selected glaciers (red outlines) in the Nyaingen Tanglha region.

(2015) did not discuss the potential sources of this disagreement.

5.2 Study Area and Data

Nyaingen Tanglha is chosen as the study region considering the large discrepancy
of ice loss between GRACE and ICESat derived estimates (K&éb et al., 2015). Figure 5-1
presents the location of Nyaingen Tanglha. Four of the largest glaciers were selected in this
region as the test cases shown in Figure 5-2. White regions represent glacier coverage, the
background is topography from SRTM DEM, and black numbers over the selected glaciers
in Figure 5-2 are the inventory numbers in this study. To implement the method proposed
in section 3, surface velocity and surface slope are required to calculate the ice thickness.
The available SAR images pairs over the selected glaciers has the largest quantity for
Nyaingen Tanglha. With sufficient availability of ALOS/ALOS-2 PALSAR image pairs,

surface velocity was estimated by applying speckle matching in the period of 2008-2016.
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Table 5-1 List of available ALOS/ALOS-2 PALSAR images over study area.

Observation Approaches Scene No. Observation Date
ALOS ALPSRP076670600 2007/07/03
ALOS ALPSRP083380600 2007/08/18
ALOS ALPSRP090090600 2007/10/03
ALOS ALPSRP103510600 2008/01/03
ALOS ALPSRP110220600 2008/02/18
ALOS ALPSRP116930600 2008/04/04
ALOS ALPSRP123640600 2008/05/20
ALOS ALPSRP130350600 2008/07/05
ALOS ALPSRP137060600 2008/08/20
ALOS ALPSRP157190600 2009/01/05
ALOS ALPSRP163900600 2009/02/20
ALOS ALPSRP184030600 2009/07/08
ALOS ALPSRP197450600 2009/10/08
ALOS ALPSRP210870600 2010/01/08
ALOS ALPSRP217580600 2010/02/23
ALOS ALPSRP237710600 2010/07/11
ALOS ALPSRP244420600 2010/08/26
ALOS ALPSRP251130600 2010/10/11
ALOS ALPSRP264550600 2011/01/11

ALOS-2 ALO0S2017390600-140918 2014/09/18
ALOS-2 ALOS2027740600-141127 2014/11/27
ALOS-2 ALOS2060860600-150709 2015/07/09
ALOS-2 ALO0S2071210600-150917 2015/09/17
ALOS-2 ALOS2081560600-151126 2015/11/26
ALOS-2 ALO0S2114680600-160707 2016/07/07
ALOS-2 ALO0S2120890600-160818 2016/08/18

Table 5-1 gives the details for images used; a total of 26 images, which are converted into
17 pairs from 2007 summer to 2016 winter. The images pairs from ALOS in the summer
season were acquired in Fine Beam Double polarization (FBD) mode. Due to the low
resolution and poor quality of images in FBD mode, null pixels exist in the distribution
map of the surface velocity for several summer pairs as the upper reach region in Figure 5-
3 (a). Besides the null pixels, blunder pixels with extremely large surface velocity are also
observed adjacent to the null pixels. To improve the velocity result, a median filter was
applied with a window of 5*5 km. The original and filtered surface velocity estimates from

September 2017 are presented in Figure 5-3. It is clear that the velocity gap is reasonably
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Figure 5-3 (a) Original surface velocity distribution for Glacier No.1 from 2007/08/18 to
2007/10/03; (b)-(d) the corrected surface velocity after applying 1 to 3 median filtering process
for the same glacier during the same period.

filled and that the error pixels in the upper reach are filtered. However, the velocity results
in several image pairs remain unreasonable after applying the median filter (Figure 5-4).
To identify outliers in surface velocity estimates, a stationary method was applied to
calculate the velocity errors for each pair of SAR images. A nearby region of rock,
consisting of 63,772 pixels was selected as a stable area. Residual movement over the
stable areas are considered to be velocity errors. The mean error of the image o, was then
calculated by averaging the errors for all pixels in the stable area. g, of each velocity
estimate from 2007 summer to 2016 winter are calculated and summarized in Table 5-2.

The Interquartile Range (IQR) of g, was used to identify outliers as shown in Figure 5-4.
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Table 5-2 Mean velocity estimated errors. The red color represents periods identified as outliers.
Velocity Error Velocity Error

Observation Period Observation Period

(Unit:m/year) (Unit:m/year)
2007-07 1.35 2010-01 6.41
2007-09 3.04 2010-07 1.84
2008-01 5.07 2010-09 2.44
2008-03 2.46 2010-11 9.43
2008-04 2.79 2014-10 1.67
2008-06 13.57 2015-08 1.67
2008-07 14.21 2015-10 6.25
2009-01 2.35 2016-07 10.21
2009-09 4.96
14 - 1
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Figure 5-4 IQR plot of the surface velocity errors in the stable region for all 18 pairs of
ALOS/ALOS-2 SAR images from 2008 to 2016.

The two red points at the top represent two major outliers observed in June, 2008 and July
2008. Moreover, the observations from September, 2010 and July, 2016 were also
identified as outliers

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
GDEM v2 with 30-meter resolution was used to generate surface slope following the

contour method introduced in chapter 3. A Gaussian filter with a 3°X 3 window was applied

to smooth the slope distribution map (Figure 5-5). Since the 4 selected test glaciers are all
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Figure 5-5 Slope distribution map for the 4 test glaciers in Eastern Nyaingen Tanglha based on
ASTER GDEM V2 data.

temperate glaciers, the surface air temperature is not required in this study.
5.3 Results & Discussions

By using the methods introduced in chapter 3, 13 ice thickness observations were
obtained for the period from 2008 — 2016 over the 4 test glaciers. The thickness distribution
maps over Glacier No.1 are shown in Figure 5-6 as an example to illustrate the variation in
thickness. A series of similar distribution maps were generated covering all seasons. The
most rapidly-changing area is determined to be the thick region at the lower reach, where
the thickness distributions in summer and winter are different. The thickness distribution
map covering all 4 test cases during July 2017 is illustrated in Figure 5-7. The thickness
estimates are observed to be larger along the main trunks of glaciers in all test cases. The
thickness estimates for Glacier No.1 are observed to be much larger than the other 3

glaciers. The peak value for Glacier No.1 is close to 400 m, while it is 200 m in the others.
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Figure 5-6 Distribution maps of thickness in Glacier No.1 from 2008 to 2016.
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Figure 5-7 Thickness distribution map of the four selected glaciers during 2007/07

Additionally, the thickness estimates for all pixels were averaged in each test case
and generated the mean thickness variation trend of each glacier was generated in Figure
5-8. Decreasing trends were observed as —0.47 £0.61 m/year, —0.57 +0.46 m/year, —0.69
+0.32 m/year and —1.17 %0.64 m/year for the period from 2008-2016 for Glacier No.1 to
Glacier No.4, respectively. Due to the lack of observations, seasonal variations of thickness
are not fully discussed in this study. However, a large inter-annual difference was observed
in thickness estimates of up to 10 meters. This large inter-annual variability of the surface

elevation was also found in the previous study (Brun et al., 2017).
5.3.1 Comparison of Thickness Change Estimates with DEM Difference Approach

From previous studies, it is well established that Nyaingen Tanglha experienced
one of the largest ice losses. This ice loss corresponds to an elevation decrease rate of 1.34
+0.29 m/year for the period from 2003-2009, based on ICESat observations that show a
greater decrease than our estimates ranging from —0.47 m/year to —1.17 m/year for the
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Figure 5-8 Variation of mean thickness estimates for the 4 test glaciers from 2008 — 2016. The

blue error bars represent the estimates errors introduced by surface velocity errors. (a) to (d) are

Glacier No.1 to No.4, respectively.

period from 2008-2016. However, since the observation period of this study (2008-2016)
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does not overlap enough with the ICESat mission period (2003—2009), these two estimates
cannot be directly compared. Therefore, the estimates from the proposed method was
compared with a previous result from a DEM differencing approach. Brun et al. (2017)
applied a fully automated differencing method to L1A ASTER optical images and
calculated the thickness distribution map for all glaciers which are larger than 2 km? in
HMA from 2000 to 2016. A decreasing trend of mean ice thickness with a rate of —0.72 +
0.27 m/year was observed over Nyaingen Tanglha for the period from 2000 to 2016.
Similarly, Brun et al. (2017) validated the estimates and found disagreement with ICESat
estimates. This discrepancy was mostly explained by the high inter-annual variability of
surface elevation in Nyaingen Tanglha. This means that removing one-year of observations

from the trend fit can significantly change the result. Therefore, ICESat derived estimates
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Table 5-3 Variation of ice thickness using proposed method and the ASTER DEM differencing

approach
Data Source and Glacier No.1 Glacier No.2 Glacier No.3 Glacier No.4
Observation Period (Unit: m/year) (Unit: m/year) (Unit: m/year) (Unit: m/year)
ASTER DEM
Differencing -0.74 £0.23 -0.94 +0.23 -0.74 =0.23 -1.08 +0.23

(2000-2016)

(zToT)I; _S;‘(‘)dl%) -0.47 +0.61 -0.57 +0.46 -0.69 +0.32 -1.17 +0.64
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Figure 5-9 Comparison of thickness difference estimate between our estimates in the period from
2008 to 2016 (top) and the ASTER DEM difference estimates in the period from 2000 to 2016

(bot).
can be more biased since the repeat cycle is 91 days.

The distribution maps of thickness changes from the proposed method and the
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DEM differencing method are displayed in Figure 5-9. Although the observation periods
of these two approaches are not identical, similar distributions were observed. Additionally,
the mean thickness change rate for each test glacier using these two approaches were
calculated and compared in Table 5-3. Notably, only the total difference of thickness
estimates was provided by Brun et al. (2017) for the period from 2000 to 2016. Without
estimates during this period, it is impossible to calculate the standard error. Therefore, the
error of the entire Nyaingen Tanglha (0.23 m/year) provided in Brun et al. (2017) was used
as the error for each glacier. An agreement within the range of uncertainty was found for
all 4 test glaciers. This indicates that there is no significant change in the mass loss rate
between the periods from 2000-2006 and 2008-2016. Still, we found a few disagreement
pixels in the middle part of Glacier No.1. This may be due to the fact that the observation
periods for these two approaches are different. Another potential explanation is due to the
assumptions we made about the bedrock slope. The surface and bedrock slopes can be
different for steep regions, but were assumed identical in the method. This inconsistency
may lead to an overestimated error as we have in the Unteraar case estimates presented

chapter 3.

5.3.2 Comparison of Mass Balance Estimates with GRACE Data

A consistent mass loss rate was identified between 2000-2016 and 2008-20016
based on the comparison of thickness changes with the DEM approach in the previous
section. To validate this finding, we examined GRACE observations around our study
region (Fig 5-10). The selected glaciers are included in two GRACE pixels. The average

estimates for the two pixels are used to represent the mass balance around our study region.
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Figure 5-10 The variation of surface mass balance around 4 selected glaciers using GRACE from
2003 to 2016 (black line) and from 2008 to 2016 (red line) (top). The distribution map of surface
mass change around 4 selected glaciers (bot).

The ice loss trend in 2000-2016 and 2008-2016 are obtained as —13.36 +0.55 mm/year
and —13.25 £1.10 mm/year in EWH, respectively. The identical estimates from GRACE
confirm the conclusion that the mass loss rate for 2008-2016 is consisted with that for
2000-2016. Furthermore, we computed the surface mass loss over the 4 selected glaciers

as -0.19 +0.09 Gt/year based on estimated thickness and the glacier area from the Randolph
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Glacier Inventory (RGI) 6.0 database. If the rest of the glacierized areas (60%) within the
two surrounding GRACE pixels are assumed to have a similar mass balance as the average
of the selected glaciers, the total mass balance result for the glaciers within the two GRACE
pixels is —0.47 +0.21 Gt/year from 2008 to 2016, while this number in GRACE is —0.28 +
0.02 Gt/year. It is evident that even though the coarse mass loss estimate is only calculated
based on observation from 40% of the glacierized area, the mass balance based on thickness
estimates still agrees with GRACE-derived estimates within the range of uncertainty.
Based on the thickness change, it is clear that the estimates in this study agree better with
GRACE estimates rather than ICESat estimates. The agreement of mass balance and ice
thickness with previous techniques show that our method is promising to be implemented
in the Himalaya region to obtain accurate ice thickness distribution maps and mass balance

estimates.

5.4 Conclusion

In this section, the proposed thickness estimate method was successfully
implemented for 4 selected test glaciers in the Eastern Nyaingen Tanglha region from 2008
to 2016. Surface velocity was obtained using 17 pairs of ALOS/ALOS-2 PALSAR images
from 2007 summer to 2016 summer via speckle matching. 13 of 17 velocity observations
were finally used in this study while the other 4 estimates were filtered as outliers based on
IQR analysis of errors. A surface slope distribution map was generated by applying the
contour method, provided in chapter 3 to ASTER DEM data. The thickness distribution
map during the observation period was obtained with observed decreasing trends in

thickness of —0.47 £0.61 m/year, —0.57 +0.46 m/year, —0.69 +0.32 m/year and —-1.17
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0.64 m/year for Glaciers No.1 to No.4, respectively. A distribution map of thickness
changes was directly compared with the estimates from the ASTER DEM differencing
approaches. The similar distribution of thickness changes and the consistent mean
thickness change rates indicate that mass loss rate remains the same between 2008 — 2016
and 2000 — 2016. GRACE observations for these two periods confirm this conclusion. The
mass balance estimates over the 4 selected glaciers were calculated from 2008 to 2016 as
—0.19 £ 0.09 Gt/year. To validate our estimates with GRACE observations, an
extrapolation of the mass balance was applied to the entire glacierized area. The mass
balance was estimated as —0.47 +0.21 Gt/year by assuming the mass loss rate is identical
to that for the 4 selected glaciers. By contrast, the mass balance from GRACE is —0.28 +
0.02 Gt/year which agrees with our estimates within errors. Overall, our method is shown
to be a reliable approach to obtain the ice thickness distribution map. The accurate
thickness and mass balance estimates should be implemented in other undermined or

controversial glacierized region in the Himalayas.
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6. Conclusion & Future Work.

6.1 Contribution of Dissertation and Conclusion

Sea level rise due to glacier melt has been a critical global issue during the past two
decades. To identify this contribution, it is critical to have a comprehensive understanding
and accurate estimate of glacier ice thickness and mass balance. However, the lack of in-
situ data limits the study of glacier mass balance for a number of remote glaciers.
Spaceborne techniques such as GRACE and ICESat expand the observations over regions
where traditional in-situ measurements are not available. These new techniques are still
limited by estimation accuracy, spatial resolution, and temporal coverage. Moreover, the
observations from different sensors may have large discrepancies over a certain area, like
the Himalaya region. To clarify such discrepancies and obtain accurate mass balance
estimates, in this dissertation, a new iterative method to estimate ice thickness and calculate
the mass balance in glaciers was developed.

In chapter 3, a new iterative method of estimating ice thickness was presented using
surface velocity, surface topography, and a pre-defined englacial temperature. Local
surface velocity and surface topography measurements were provided from previous
studies. Additionally, extra surface velocity estimates were obtained using ALOS
PALSAR image pairs via a speckle-matching technique. For temperate glaciers, an
empirical englacial temperature was determined as 273.0 K, which corresponds to a rate
factor of 11.38x10%* Pa3s. For non-temperate glaciers, the assumption of the previous
study was followed. A temperature offset of 7 <C was applied between the englacial

temperature and the surface air temperature. The proposed method was validated over 8
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along-flow and 12 cross-sectional profiles of 6 temperate glaciers, 1 non-temperate glacier,
and 1 non-temperate ice cap. The proposed method provided thickness estimates with a
better agreement with in-situ measurement compared with most of the previous methods.
The mean error and mean relative error was improved from —39.26 m, —26.84 % to 20.32
m, 8.55 % compared with a previous velocity-based method. Based on sensitivity analysis,
the error decreases significantly with an increase of surface slope. Therefore, the proposed
method is expected to have a better performance in steep regions, such as the Himalayas.

In chapter 4, multiple geodetic observations from 4 selected glaciers were presented
for the Novaya Zemlya along the Barents Sea coast to determine the influence of glacier
outflow on net mass change by considering mass gain from snowfall. Traditional
techniques of observing surface mass balance such as GRACE and radar altimeter have
been used in Novaya Zemlya. An average ice loss rate of —1.04 #0.25 Gt/year was obtained
between 2003 and 2014 from GRACE data. An interannual increase of mass was also
observed at the rate of 4.30 £0.97 Gt/year for 2007-2010. Two other interannual variations
of negative mass changes were found from GRACE data during the periods from 2004—
2007 and 2010-2014. Speckle matching and feature tracking techniques were applied on
several pairs of SAR and Landsat images to obtain glacier velocities. With the velocity
representing the outflow and the snowfall from ERA-interim data representing the influx,
the mass increase from 2007—-2010 was due to the increase in influx while the change in
outflow was negligible. In addition, a similar analysis was applied to the periods from
2002—-2007 and 20102014, and the contribution of outflow and influx to the mass change
were identified for Novaya Zemlya.

In chapter 5, the proposed method in chapter 3 was applied to 4 selected glaciers in
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the Nyaingen Tanglha where a large discrepancy exists between the estimates of different
techniques. ALOS/ALOS-2 PALSAR FBS/FBD images were used to obtain surface
velocities from 2008 to 2016 via speckle matching and feature tracking techniques. An
ASTER DEM was used to derive the surface slopes. Trends of thickness decrease between
—0.47 m/year and —1.17 m/year were observed for the 4 selected glaciers from 2008 to 2016.
These estimates were compared with the ones using the ASTER DEM differencing
approach with an agreement within the uncertainty level. It indicates that the mass loss rate
during 2000 — 2016 and 2008 — 2016 are identical. This conclusion is confirmed by the
GRACE observations. Ultimately, the mass balance of the 4 glaciers for the period from

2008 to 2016 is in agreement with the GRACE estimates.

6.2 Future Work

In this dissertation, a new iterative method is proposed which uses surface velocity
and surface topography to estimate ice thickness and mass balance for glacierized area.
However, various areas are identified where further research is needed: (1) improve the
accuracy of the surface slope; (2) determine Glen’s flow law factor (A) for non-temperate

glaciers; (3) identify ice loss for the rest of the areas in Himalayas.

6.2.1 Improve the Contour Line Method for Calculating Surface Slope

In this dissertation, both 20 m and 100 m contour lines were applied to generate a
surface slope distribution map considering the characteristics of the glacier surface features.
For clean surfaces, 20 m contours can provide estimates with a better agreement with the
in-situ measurements. However, for debris-covered surfaces, 100 m contour lines are

recommended to use instead since the debris cover can lead to outliers in slope estimates
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when using 20 m contour lines. Therefore, for each glacier, the contour line type used to
generate slope was manually determined according to the surface features which is not
efficient and accurate. Recently, a new released dataset in RGI 6.0 provides the outlines of
the supraglacial debris cover (Scherler et al., 2018). For further study, the decision of

surface feature can be automatically made based on this debris cover outlines.

6.2.2 Determine Seasonal Influence on the Thickness Change in Nyaingen Tanglha

In chapter 5, the thickness distribution maps and the trend of thickness change were
obtained using the surface velocity estimates from ALOS/ALOS SAR images via speckle
matching, and the surface slope estimates from an ASTER DEM from 2008 — 2016.
However, due to the lack of surface velocity estimates, a gap of thickness estimates exists
from 2011 to 2014. To fill this gap, optical images from Landsat 7/8 will be used to
generate additional surface velocity estimates via feature tracking in the future study. The
seasonal influence on thickness change of glaciers in the Nyaingen Tanglha can be

determined thereafter.

6.2.3 Identify Ice loss in Other Glacierized Area of Himalaya.

The proposed method was successfully implemented for Nyaingen Tanglha. Both
the thickness change and mass loss were estimated in this region with better agreement
with the GRACE and DEM differencing results than the ICESat estimates. Based on the
previous studies, similar discrepancies between the estimates from ICESat, GRACE and
other approaches in multiple Himalaya regions, such as Eastern Himalaya and Pamir (Brun
etal., 2017; Gardelle et al., 2013; Jacob et al., 2012; K&éb et al., 2015; Neckel et al., 2014).
It is promising to apply this method to these other glacierized regions in the Himalayas
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where discrepancies of mass balance estimates exist. The agreement of mass balance
estimates using the proposed method with GRACE results needs further examinations in

other cases.
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