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Abstract

Surge-type glaciers oscillate between short period of fast flow and long period of
slow flow, called active phase and quiescent phase, respectively. In active phase,
large ice masses transport from upper glacier to down-glacier that cause advance in
it terminus position and thinning and thickening occurs on lower and upper glacier.
Glacier surging happen without external factor like climate changes and this unusual
surge behavior obscure climate signal on glaciers. The response to climate changes
generally assume that reduction in glacier area and ice thickness result from surface
mass balance in steady-state. Surge-type glaciers are not suitable as index of climate
changes and their distribution have great impotence. Surge-type glaciers distribute
around world and only about 1% of glaciers are consider as surge-type but some
surge-type glaciers still are missed and adds small numbers to the surge inventory
yearly basis. Furthermore, exact surge mechanisms are still elusive and temporal
velocity over surging phase are valuable to clarify dynamics of glacier surging.

In this thesis, I study dynamics of mountain glaciers in West Kunlun Shan, lo-
cated in northwestern Tibetan plateau using satellite remote sensing techniques. The

thesis includes the following two topics:

1l
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(1) Surge-type glaciers in West Kunlun Shan

Surge-type glaciers in WKS had been missed due to remote location and logisti-
cal problems and cause large uncertainty to estimate climate changes through reduc-
tion in glacier area and ice thickness. I first identified surge-type glaciers in WKS
based on temporal velocity maps derived from satellite SAR datasets from 1992,
changes in glacier terminus position from Landsat optical imageries from 1972, and
visible surface features indicative of surging signal. Results revealed distribution of
surge-type glacier and general characteristics of surge-type glacier in WKS. Of thirty
one major glaciers, 11 glacier were confirmed as surge-type glaciers and 6 glaciers
were suspected. Flow speed gradually increased up to ~200-1000 m/year in decade-
long active phase and decelerated ~0-30m/year in quiescent phase. Since no glacier
repeated glacier surging during observation period, surge cycle estimated at least 42
years. These decades-long duration in active and in quiescent phase, which was sim-

ilar to the Svalbard-type surges.

(2) Glacier surge dynamics at the West Kunlun Shan

Triggering mechanisms of glacier surge are still elusive. From cumulative stud-
ies, two possible mechanism are proposed to explain different velocity development
in active phase.

One is the hydrological regulation mechanism based on the observations of glacier
surging at the Variegated Glacier, Alaska. The glacier flow abruptly switches be-

tween quiescent velocity and surging velocity, initiating in winter and terminating in



summer. The duration of surging is typically 1-3 years and quiescent phase is in the
order of decades. It seems that the development of surging is coincided with changes
in hydraulic systems.

On the other hand, the thermal regulated mechanism is proposed based on the ob-
servations of surge-type glaciers at Svalbard. Glaciers at Svalbard are poly-thermal
glaciers, overlying sedimentary beds. The peak flow speed is generally slower com-
pared to the Alaskan surges. The Svalbard-type surges generally have years-long
surging phase and long quiescent phase which continues decades to over a century.
The development of surging gradually initiates and terminates in any season. It pre-
sumes that pressure melting produced amounts of meltwater at the bottom, leading
to the initiation of glacier surging.

Three glacier had been surging since early 2000s in WKS. Here I focused on
two surging glaciers in WKS and their flow dynamics using different satellite SAR
datasets from 2003 to 2014, up to 46 days and 11 days temporal resolution with
ALOS/PALSAR imageries from 2007 to 2011 and TerraSAR-X imageries from 2012,
respectively. Results reveals that surging flow accelerated and decelerated over seven
years accompanied with seasonal fluctuation. The surging flow speeded up during
fall to winter and slowed down in summer. The amplitude of peak velocity reached
up to 180-200% in 2013. This indicated that surface meltwater could be delivered
into the bottom during surging, influencing the basal slip though the englacial water

storages and discharge processing.
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Chapter 1

Introduction

1.1 Surge-type glaciers

Surge-type glaciers oscillate between short period of fast flow and long period of
slow flow, called active phase and quiescent phase, respectively. In active phase,
large ice masses transport from upper glacier to down-glacier that cause advance in
it terminus position and thinning and thickening occurs on lower and upper glacier.
Glacier surging happen without external factor like climate changes and this unusual
surge behavior obscure climate signal on glaciers that assume reduction in glacier
area and ice thickness result from surface mass balance in steady-state, hence surge-

type glaciers are not suitable as index of climate changes and their distribution have
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great impotence. Surge-type glaciers distribute around world and only about 1% of
glaciers are consider as surge-type [Jiskoot et al., 2000] but some surge-type glaciers
still are missed. The number of surge-type glaciers in actually increasing year by

year [Rankl et al., 2014].

1.2 High Mountain Asia and West Kunlun Shan

High Mountain Asia (HMA), including Himalaya, Hindu Kush, Karakoram, Pamir,
Tien Shan, and West Kunlun Shan, is the largest glaciated areas outside the two ice
sheets, and a mass loss of about 30 Gt/yr was estimated for the period between 2003
and 2009 [Gardner et al., 2013]. The meltwater from the glaciers at HMA are also
important resources in the nearby billions of people. However, because of the sparse
spatial and temporal coverage of satellite remote sensing data and the paucity of
ground-based glaciological observations due to the remoteness and logistic problems,
the details of the glacier changes at HMA over the past decades still contain large
uncertainties [Bolch et al., 2012, Gardner et al., 2013].

Surge-type glaciers are clustered in some regions around HMA, including Pamir
[Dolgoushin and Osipova, 1975], Tien Shan [Liu et al., 1998; Glairin, 2010; Xie and
Liu, 2010], south east and northern Tibetan Plateau [Zhang, 1992, Guo et al., 2013],
Karakoram [Hewitt, 2007, Quincey et al., 2011] and West Kunlun Shan [Yasuda and
Furuya, 2013]. Comprehensive glacier inventory of surge-type, however, is devel-

oped only on Karakoram [Rankl et al., 2014] and in the other subregions it is very
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likely that surge-type glaciers are unidentified.

Surge-type glaciers in WKS had been overlooked due to remote location and
logistical problems and cause large uncertainties to evaluate the effect of climate
changes on the reductions in glacier areas and ice thickness. We first identified four
surging glaciers in WKS based on temporal velocity maps derived from satellite SAR
datasets [Yasuda and Furuya, 2013]. Distribution and characteristics of surge-type

glaciers, however, were remain uncertain.

1.3 Outline of this study

I work on glacier flow dynamics in West Kunlun Shan (WKS), located in north-
western Tibetan plateau, China, using satellite remote sensing techniques. The main
objectives of this study are: 1) to reveal distribution and general characteristics of the
surge-type glaciers in the WKS; to clarify glacier surge dynamics in the WKS. Each
of the studies is described in detail in Chapter 3 and Chapter 4, respectively. The
contents of this thesis are summarized as follows;

Chapter 2: gives a brief overview of Satellite based Synthetic Aperture Radar
and ice flow dynamics.

Chapter 3: In this chapter, I will describe in detail the methodology and datasets
to identify surge-type glaciers based on remote sensing techniques, and distribution
and general characteristics of surge-type glaciers in WKS. I will contribute on es-

timation of the effect of climate changes on the reductions of glacier area and ice
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thickness.

Chapter 4: I will describe glacier surge dynamics at the WKS and possible
mechanisms based on the spatial-temporal velocity changes over a decade-long surg-
ing flow. I analysed ALOS/PALSAR and TerraSAR-X imageries whose temporal
resolution are 46 days and 11 days, respectively. No previous studies have examined
the velocity evolution of surging glaciers with such a high temporal resolution.

Chapter 5: I will conclude this study.



Chapter 2

SAR and glacier flow map

2.1 Synthetic Aperture Radar and ice flow dynamics

SAR (Synthetic Aperture Radar), one of the remote sensing techniques usually on-
board a satellite platform, is a side-looking active radar system, which enables us to
detect Earth surface properties regardless of weather condition and day/night time.
One notable feature in SAR system is the spatial resolution, which depends on only
the antenna size and the bandwidth of a transmitted pulse. For a real aperture radar
system, spatial resolutions in the radar line-of-sight (range) direction AR and the plat-

form (azimuth) direction AA depend on pulse width and beam width expressed as
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CTy
AR = —,
2
AR,
AA = , (2.1)
Dy

where c is the speed of light, 7 is the pulse width, A is the wavelength, R. is the
slant range between the antenna and the target and D, is the antenna size along the
azimuth direction. For SAR, high spatial resolution in range AR and azimuth AA is
archived by pulse compression and creating a large antenna synthetically along the

platform path, theoretically expressed as

C
AR = —
2By’
D
AA = 7A (2.2)

where By is the bandwidth and D, is the antenna. In the case of ALOS/PALSAR
(D4 = 8.90m, B = 28 MHz in the fine beam single polarimetry mode), range X
azimuth resolution ideally reaches up to 5.4 X 4.5 m. Unlike other geodetic methods
such as GNSS, SAR system cannot observe continuously over time. That is tem-
poral resolution depends on the revisit time of the platform, and also SAR cannot
observe deeply incised area where transmitted pulse is overlapped or shadowed due
to geometric effects resulting from the side-looking radar system.

SAR-based techniques for measuring glacier flow dynamics have developed rapidly
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since 1993 [Joughin et al., 2010]. Goldstein et al. [1993] first applied SAR interfer-
ometry (InSAR) to observe the Antarctic ice stream and soon after many researchers
used InSAR method to detect ice sheet motion in Greenland [Joughin et al., 1995,
Rignot et al., 1995, Joughin et al., 1996, Rignot, 1997]. Offset tracking methods are
less accurate and lower in terms of the spatial resolution than InSAR method, but
enable us to detect large displacements along both slant-range and azimuth direction
can be detected from single SAR image pair, as long as phase coherence or surface
features are preserved. Gray et al. [1998] first applied speckle (coherent) tracking to
estimate the glacier motion in Antarctica and later Strozzi et al. [2002] introduced
intensity tracking to detect rapid ice flow caused by glacier surging at Monacobreen
in Svalbard. To obtain full three-dimensional flow components using SAR-based
method, independent three line-of-sight observations in the same period are neces-
sary. However, this situation is rarely archived for satellite SAR. Instead, researchers
used a parallel flow assumption in which the direction of glacier flow is provided
from the surface slope [Rignot et al., 1996, Joughin et al., 1996, Rott et al., 1998,
Mohr et al., 1998, Joughin et al., 1998] or a flow line parallel to the glacier margins

[Mattar et al., 1998, Sund et al., 2014].



Chapter 3

Surge-type glaciers in West Kunlun Shan

3.1 Introduction

Due to the global warming trend over the last and present centuries, meltwater from
snow cover and glaciers outside the Antarctic and Greenland ice sheets is estimated
to significantly contribute to the global sea level rise despite their smaller size of the
areas [Meier et al., 2007, Gardner et al., 2013]. High Mountain Asia (HMA), includ-
ing Himalaya, Hindu Kush, Karakoram, Pamir, Tien Shan, and West Kunlun Shan,
is the largest glaciated areas outside the two ice sheets, and a mass loss of about 30
Gt/yr was estimated for the period between 2003 and 2009 [Gardner et al., 2013].
The meltwater from the glaciers at HMA are also important resources in the nearby
billions of people. However, because of the sparse spatial and temporal coverage of
satellite remote sensing data and the paucity of ground-based glaciological observa-

8
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tions due to the remoteness and logistic problems, the details of the glacier changes
at HMA over the past decades still contain large uncertainties [Bolch et al., 2012,
Gardner et al., 2013].

The West Kunlun Shan (WKS) area is one of the highest elevation regions on the
Earth (Fig. 3.1), and due to the remoteness and harsh environment, there have been
few ground-based glaciological studies [Zhang and Jiao, 1987, Zhang et al., 1989,
Thompson et al., 1995]. As such, satellite remote sensing image analyses have been
used to evaluate the temporal changes in the WKS area. Based on Landsat imageries
from 1970 to 2001, Shangguan et al. [2007] reported a slight retreat with large uncer-
tainties (0.4%) of the total area. Whereas the glaciers at HMA are overall presumably
losing mass, the WKS glaciers are estimated to have gained mass with equivalent el-
evation changes of 0.17+0.15 m/yr from 2003 to 2009 [Gardner et al., 2013], based
on the differences between ICESat/GLAS laser altimetry data and the digital eleva-
tion maps from Shuttle Radar Topography Mission; similar mass gain trend is also
reported at the Karakoram region [Gardner et al., 2013]. Glacier dynamics at the
WKS are even more uncertain. However, based on radar image analyses, Yasuda and
Furuya [2013] examined the spatial-temporal changes in the surface velocities of 36
glaciers in the WKS, and first identified four glaciers as surge-type at WKS.

Surge-type glaciers exhibit cyclic behavior between an active phase and a quies-
cent phase with a recurrent interval of decades to centuries [Meier and Post, 1969,
Raymond, 1987, Harrison and Post, 2003]. In a shorter (<~5 years) active phase, the

glacier flow velocity increases by several times or orders-of-magnitude compared
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to the quiescent phase. Because the significant volume of the entire ice masses are
transported to down glacier, glacier surge leads to dramatic changes in their surface
height and terminus positions, forming newer crevasses and tear-shaped moraine. In
a longer (a decade- to century-long) quiescent phase, surge-type glaciers flow slowly
or become stagnant. Imbalance flow causes the retreating and thinning in the lower
part, and ice mass is accumulated for the next surge.

To identify surge-type glaciers is important to adequately interpret the glacier
mass balances at any glaciated regions [Yde and Paasche, 2010]. Glacier mass bal-
ances are usually estimated on the assumption of non-surge type glaciers whose dy-
namics are only affected by long-term climate changes. For instance, a significant
increase of ablation at non-surge type glaciers will lead the recession of frontal posi-
tions. At surge-type glacier, however, the retreat of frontal position is simply a snap-
shot of the normal surge cycle. Nonetheless, in contrast to other glaciated regions
in the world, the distribution of surge-type glaciers at WKS was unknown. More-
over, although an increasing number of surging episodes in the Karakoram has been
suggested [Quincey et al., 2011, Copland et al., 2011], the effect of global warm-
ing on the dynamics of surge-type glaciers remains uncertain and deserves further

investigations.
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3.2 Study area

West Kunlun Shan (WKS), located in the northwestern Tibetan plateau (Fig. 3.1), is
the one of the highest region where most of the peaks are 6500 m a.s.1. and the highest
is Luishi Shan at 7167 m. There are 278 glaciers almost debris free (<3%) with
total area 2711.57 km? along the main ridge [Shangguan et al., 2007, Scherler et al.,
2011] which divides the mountain into south and north; on the southern slope where
elevation gradually reduces toward the typical shape of a plateau surface and no
glaciers develop below 5200m [Zhang and Jiao, 1987]; on the northern slope where
relatively long-steep glaciers flow into deep incised valley, and some glaciers develop
below 5000m [Zhang et al., 1989]. Of the numerous mountain glaciers in the High
Mountain Asia (HMA), WKS belongs to the extreme continental setting, because it
is one of the driest and coldest region around Tibetan plateau; the annual average
precipitation and temperature estimated near the equilibrium line altitude (5930m)
is 300 mm and -13.9 deg. C, respectively [Zhang et al., 1989]. Accumulation and
ablation mainly occur during May-August [Zhang et al., 1989], influenced partly by
East Asian Monsoon after the westerly jet shift to the north in April. Also moisture

recycling in Tibetan plateau could play a negligible role [Maussion et al., 2014].
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3.3 How to identify surge-type glaciers?

Criteria to distinguish surge-type glaciers from normal (non-surge-type) glaciers by
remote sensing are mainly the visible surface features including a surge advance,
elongated moraine loops, a surge front propagation marked surge bulge and a com-
pletely crevassed glacier [Jiskoot, 2011]. Ice mass flow of surge-type glaciers differs
from the balance velocity of normal glaciers. The flow speed in the quiescent phase
is stagnant or much lower than the balance flow but is 10-1000 times faster in active
phase. This quiescent (surging) velocity is a strong evidence to identify surge-type
glaciers, when temporal velocity maps are available. In this section, I will describe
the processing method to detect surface velocity and changes in terminus position us-
ing satellite SAR from 1992 and Landsat imageries from 1972, and how to identify

surge-type with the available surge evidences.

3.3.1 SAR archived data and temporal velocity map

SAR data processing

I used satellite SAR datasets during 1992, 1996 and 2003-2014 acquired with five
different sensors whose basic parameters are summarized in table 3.1. Processed
SAR image pairs which are not necessarily operated the study area with the nom-
inal repetition interval are listed in table 3.2. Using the software package, Gamma

[Wegmiiller and Werner, 1997], the image pairs were first co-registrated based on
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each orbit data and SRTM4 DEM (Shuttle Radar Topography Mission digital eleva-
tion model; http://srtm.csi.cgiar.org) [Jarvis et al., 2008] to reduce the stereoscopic
effect. [ used the intensity tracking algorithm, which was the only method that can de-
tect fast-flowing glacier velocity between long time separation [Strozzi et al., 2002].
This algorithm was based on maximizing the cross-correlation of the pixel window
moving on the slave image. Local image offsets with signal-to-noise ration (SNR)
were output as range offset and azimuth offset that were displacements along radar
line of sight and platform direction. The parameters for the offset tracking were
set as Table 3.1. Range and azimuth steps were chosen so that the pixel size could
match ~50mx50m in accordance with the spatial resolutions of each satellite. Win-
dow size basically set as 5 times of the steps, except for TSX data which were set
as 256x256 pixels to catch fast movement of surging glacier. The offsets and SNR
were geocoded onto UTM coordinate with ~50mx50m ground resolution and were

normalized to meter per year.

Making a glacier mask

I created a glacier mask based on a semi-automatic algorithm with a Landsat satellite
imagery [Hendriks and Helsinki, 2007] to separate between glacier area and non-
glacier area. I used a cloud free imagery acquired with LSAT8/OLI in Sept. 2014
to calculate the Normalized Difference Water Index (NDWI) and the Normalized
Difference Snow Index (NDSI). To delineate the water area and the snow area, the

NDWI and NDSI threshold value as 0.09 and 0.50, respectively. A morphological
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opening with 4-connected neighborhood applied to generated mask to sieve small
area fewer than 110 pixels. Finally, I manually adjusted the mask to fit glacierized
area including changes in front position of surge-type glacier and a glacier snout

covered with glacier debris.

Filtering anomalous offsets

Suspicious offsets were semi-automatically removed based on a magnitude of range
and azimuth offsets, SNR value, and the glacier area mask. Threshold values for
each filtering were manually determined and a size of filter window was set as 3x3
pixels. First of all, the velocities above 1500m/yr were rejected as error offsets. This
value was considered from maximum surging speed in WKS. Flow speed in the ac-
cumulation area was generally slow, and I rejected offsets over 50 m/yr located above
6200m. The SNR was often used to indicate the reliable offsets. The offsets were
rejected with SNR lower than 2, or if SNR was lower than 5 and the velocities ex-
ceeded 100m/yr. Rock area and glacier area were separated using the mask. For
normal flow, the offsets were rejected if the velocities exceeded 140m/yr. Thresh-
old value for surging ranged from 100m/year to 1500m/year that was depended on
progress of surge phase. Small area, that have fewer than 50 pixels with 4-connected
neighborhood, were removed with the morphological opening. Finally, median filter

was performed to reject discontinuous offsets.
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Surface velocity maps based on a parallel flow assumption

There are several approaches to convert the offsets to surface velocity according to
available look directions of SAR images. We can detect full 3D flow components
converting the offsets observed from the ascending and descending orbit in almost
same period without any assumptions [Nagler et al., 2012, Neelmeijer et al., 2014].
This situation is rarely archived for many satellite SAR. When only one path data
available, surface velocity is estimated based on a parallel flow assumption.

I converted offsets to surface velocity based on a parallel flow by Joughin et al.
[1998] that assumed the glacier flows on the local slope of the glacier surface. The
local slope was estimated from the fore-mentioned SRTM-4 data. This assumption,
however, does not valid for accumulation (ablation) area where the parallel flow is
not valid due to emergence (submergence) flow [Mattar et al., 1998]. Also it lead to
over/under-estimations of glacier flows in unsteady state. Critical error results from
differences between slope direction and flow direction. Median filter and Gaussian
filter applied to components of slope vector to smooth the local slope. 1 assumed
that changes in surface elevation in the active phase were smaller than horizontal
displacement and effect on the surging flow speed was less, especially during short

time separation with TerraSAR-X data.
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Flow profiles along glacier centerline

Setting a centerline with tick interval of 100m at each valley glacier from the head
toward the down-glacier, I estimated the surface velocity profiles by averaging the
data over a 200x200m? area and regarded the standard deviations as the estimated
errors. When the number of data samples was less than half of the total pixel numbers

at each averaging area, I considered them as missing data.
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Table 3.2: Detailes of the processed SAR image pairs

satellite/sonsor ~ path mode AorD master slave Bperp (m)* span (day)
ERS/SAR 248 image D  Nov-10-1992  Dec-15-1992 -1414 35
ERS/SAR 248 tandem D Apr-11-1996  Apr-12-1996 -102.4 1
ERS/SAR 248 tandem D  May-16-1996 May-17-1996 -1144 1
ERS/SAR 477 tandem D Apr-27-1996  Apr-28-1996 -101.9 1
ENVISAT/ASAR 248 image D  Nov-07-2003 Dec-12-2003 283.7 35
ENVISAT/ASAR 248 image D Sep-17-2004  Oct-22-2004 39.3 35
ENVISAT/ASAR 248 image D Mar-11-2005  Apr-15-2005 -62.4 35
ENVISAT/ASAR 248 image D Jan-20-2006  Mar-31-2006 18.0 70
ENVISAT/ASAR 248 image D Mar-16-2007  Apr-20-2007 -386.2 35
ALOS/PALSAR 515 FBS-FBS A Sep-10-2007  Dec-11-2007 589.0 92
ALOS/PALSAR 515 FBS-FBS A Dec-11-2007  Jan-26-2008 406.3 46
ALOS/PALSAR 515 FBS-FBD A Jan-26-2008  Apr-27-2008 1175.9 92
ALOS/PALSAR 515 FBD-FBD A Apr-27-2008  Jun-12-2008 -6981.4 46
ALOS/PALSAR 515 FBD-FBD A Jun-12-2008  Jul-28-2008 3641.1 46
ALOS/PALSAR 515 FBD-FBS A Jul-28-2008  Dec-13-2008 -1178.6 138
ALOS/PALSAR 515 FBS-FBS A Dec-13-2008  Jan-28-2009 291.9 46
ALOS/PALSAR 515 FBS-FBD A Jan-28-2009  Jun-15-2009 675.4 138
ALOS/PALSAR 515 FBD-FBS A Jun-15-2009  Dec-16-2009 916.5 184
ALOS/PALSAR 515 FBS-FBS A Dec-16-2009  Jan-31-2010 608.8 46
ALOS/PALSAR 515 FBS-FBS A Jan-31-2010  Feb-03-2011 1795.9 368
ALOS/PALSAR 516 FBS-FBD A Feb-09-2007  Aug-12-2007 738.0 184
ALOS/PALSAR 516 FBD-FBD A Aug-12-2007  Sep-27-2007 172.7 46
ALOS/PALSAR 516 FBD-FBS A Sep-27-2007  Dec-28-2007 350.6 92
ALOS/PALSAR 516 FBS-FBD A Dec-28-2007 May-14-2008 1458.4 138
ALOS/PALSAR 516 FBD-FBD A May-14-2008  Jun-29-2008 -2819.6 46
ALOS/PALSAR 516 FBD-FBD A Jun-29-2008  Sep-29-2008 -1759.3 92
ALOS/PALSAR 516 FBD-FBS A Sep-29-2008  Nov-14-2008 473.5 46
ALOS/PALSAR 516 FBS-FBS A Nov-14-2008 Dec-30-2008 -41.5 46
ALOS/PALSAR 516 FBS-FBS A Dec-30-2008  Feb-14-2009 740.5 46
ALOS/PALSAR 516 FBS-FBS A Feb-14-2009  Aug-17-2009 386.1 184
ALOS/PALSAR 516 FBS-FBD A Aug-17-2009  Oct-02-2009 5473 46
ALOS/PALSAR 516 FBD-FBS A Oct-02-2009  Jan-02-2010 529.0 92
ALOS/PALSAR 516 FBS-FBS A Jan-02-2010  Feb-20-2011 2494.0 414
TSX/SAR 113 StripMap 007R A May-08-2012  Jun-10-2012 -366.3 33
TSX/SAR 113 StripMap 007R A Jun-10-2012  Jun-21-2012 3327 11
TSX/SAR 113 StripMap 007R A Jun-21-2012  Nov-11-2012 59 143
TSX/SAR 113 StripMap 007R A Nov-11-2012  Apr-14-2013 -122.6 154
TSX/SAR 113 StripMap 007R A Apr-14-2013  May-06-2013 -3717.6 22
TSX/SAR 113 StripMap 007R A May-06-2013  Oct-07-2013 -48.6 154
TSX/SAR 113 StripMap 007R A Oct-07-2013  Oct-18-2013 248.5 11
TSX/SAR 113 StripMap 007R A Oct-18-2013  Oct-29-2013 -157.6 11
TSX/SAR 113 StripMap 007R A Oct-29-2013  Nov-09-2013 114.9 11
TSX/SAR 113 StripMap 007R A May-04-2014 May-15-2014 301.0 11
TSX/SAR 113 StripMap 007R A May-15-2014 May-26-2014 -68.7 11
TSX/SAR 113 StripMap 007R A May-26-2014  Jun-06-2014 110.7 11
TSX/SAR 113 StripMap 007R A Jun-06-2014  Jun-17-2014 139.5 11
TSX/SAR 166 StripMap 006R D  Nov-26-2012  Apr-07-2013 -189.4 132
TSX/SAR 166 StripMap 007R D  Nov-15-2012 Mar-27-2013 115.7 132
TSX/SAR 166  StripMap 00SR D Oct-24-2012  Dec-18-2012 -80.0 55
TSX/SAR 166  StripMap 009R D Oct-13-2012  Dec-07-2012 123.6 55
TSX/SAR 166  StripMap 009R D Dec-07-2012  Apr-18-2013 38.0 132
TSX/SAR 166  StripMap 009R D Apr-18-2013  Sep-30-2013 -366.7 165
TSX/SAR 166  StripMap 009R D Sep-30-2013  Oct-22-2013 259.7 22
TSX/SAR 166  StripMap 009R D Oct-22-2013  May-08-2014 78.9 198
TSX/SAR 166 StripMap 009R D  May-08-2014 May-30-2014 140.0 22
TSX/SAR 166 StripMap 009R D  May-30-2014 Jun-10-2014 -184.2 11
TSX/SAR 166  StripMap 009R D Jun-10-2014  Sep-28-2014 -45.7 110
TSX/SAR 166  StripMap 009R D Sep-28-2014  Oct-09-2014 7.3 11
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3.3.2 Glacier terminus position and visible surge features

Landsat imageries

Landsat (LSAT) satellites are one of the longest earth observation missions operated
by NASA since 1972. The multispectral scanner (MSS) onboard LSAT 1, 2 and 3
operated from 1972 to 1983 had four spectral bands ranging from visible green to the
near-infrared (NIR) wavelengths with the ground resolution of ~80 m. The imageries
with the thematic mapper (TM) onboard LSAT 4 and 5 are available from 1982 to
2013, in which the sensor comprises six bands ranging from visible blue to IR with an
improved spatial resolution of 30 m and one thermal band with the resolution of 120
m. LSAT 7 carried the enhanced thematic mapper plus (ETM+) which consists of
the six bands similar to TM sensor, one thermal band with the improved resolution
of 60m and additional panchromatic band with the resolution of 15 m. Imageries
with LSAT 7 are available from 1999. However, the failure of the scan line corrector
caused the data gap on imageries from May 2003. LSAT 8 launched on February
2013 carrying the operational land imager and thermal infrared sensor (OLI/TIRS)
composed of 11 spectral bands including additional two bands and the refined 9

bands with spatial resolution from 15 m of panchromatic to 100 m of TIRS band.

A box measurement method

To detect changes in glacier terminus position, I used a box measurement method

[Moon and Joughin, 2008], following the processing method by McNabb and Hock
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[2014] who manually digitalized terminus outlines using false color images com-
posed of different bands through LSAT 1 to 7. In addition, I used SAR intensity
imageries and LSAT8 OLI/TIRS imageries. The combination of color images for
each sensor is shown in Table 3.3. I manually delineated a centerline and terminus
outlines for the 31 glaciers and 2 separated branches in WKS with QGIS software

(http://www.qgis.org) (Fig. 3.3).

Visible surge features

True color imageries were used to detect visible surge features including elongated or
looped moraines by the past surge activity, propagation of surge front marked by the
bulge and the completely crevassed surface [Jiskoot, 2011]. Composition of bands
for each sensor was listed in table 3.3. Note that imageries from MSS sensor were

composed with a false color because the sensor did not cover blue in spectrum.
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Table 3.3: Landsat sensor spec table

Sensor MSS TM and ETM+ OLI/TIRS
platform LSAT1-3 LSAT4-5, and LSAT7 LSATS
band designations (um)

band1 - blue (0.45-0.52) CA (0.43-0.45)
band?2 - green (0.52-0.60) blue (0.45-0.51)
band3 - red (0.63-0.69) green (0.53-0.59)
band4 green (0.5-0.6) NIR (0.77-0.90) red (0.64-0.67)
band5 red (0.6-0.7) SWIR (1.55-1.75) NIR (085.-0.88)
band6 NIR (0.7-0.8) TIRS (10.40-12.50) SWIR (1.57-1.65)
band7 NIR (0.8-1.1) SWIR(2.09-2.35) SWIR (2.11-2.29)
band8 - Pan (0.52-0.90) ® Pan (.50-.68)
band9 - - Cirrus (1.36 -1.38)
band10 - - TIRS (10.60-11.19)
bandl1 - - TIRS (11.5-12.51)
spatial nominal 60 m ¢ nominal 30m nominal 30m
resolution TIRS : 120m/60m ? TIRS : 100m

Pan: 15m Pan: 15m

composed bands (Red, Green, Blue)

true color - (b3, b2, bl) (b4, b3, b2)
false color (b6, b5, b4) (b5, b4, b3) (b7, b5, bl)

a: MSS pixel size is resampled from original 79 x 57 meters

b: ETM-+only.

NIR : Near Infrared, SWRI : short-wave Infrared, TIRS : thermal Infrared, CA : coastal aerosol, Pan : panchromatic
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Figure 3.2: Moraine structure indicative of past surging in WKS. Yake glacier at Dec
1972 (al) and at Sep 2013. Gongxing glacier at Nov 1976 (b1) and at Sep 2013 (b2).
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method



Chapter 3 : Surge-type glaciers in West Kunlun Shan 27

WestK unlun

Northing on UT

W w
o O
w W
Ol

452 454 456

Easting on UTM (44S, km)
N2
£ 3038
o3
3 30375
s
5
2 3937
(@]
2
£ 39365
o)
< 3036

457 458 459 460 461
Easting on UTM (44S, km)

Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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Figure 3.3: (continued) Setting of terminus polygons in a box measurement method
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3.3.3 The criteria to identify surge-type glaciers

The criteria to identify surge-type glaciers in the WKS are not straightforward, be-
cause the fore-mentioned satellite remote sensing imageries are not homogeneous in
terms of both the measurement datasets and their spatial-temporal resolutions. Fur-
thermore almost debris-free glaciers in WKS do not clearly preserve the indicative of
past surging. Surging glaciers in WKS can be easily identified from surging velocity,
surge front propagation and rapid advance in their terminus position with heavily sur-
face crevassing [ Yasuda and Furuya, 2013]. On the other hand, surge-type glaciers in
quiescent phase are necessary to inspect carefully, because some surge features also
appear on normal glacier, for example crevassed surface, retreating and stagnant flow,
also appear on normal glaciers. Also, it is difficult to distinguish surge-type from
normal glacier if there was no distinctive feature like looped moraine. Therefore, I
classified glaciers into three categories: surge-type glacier, uncertain and non-surge
glacier. Note that the second one could be classified into the surge-type by further

investigations.
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3.4 Results and discussions

I investigated 31 glaciers in West Kunlun Shan from 1972 to 2014 and identified 11
surge-type glaciers. The 5 surge-type glaciers experienced an active phase in which
flow speed exceeded ~200m/year with advancing in its terminus position and heavily
crevassing during SAR observation period since 1992. The 4 glaciers showed surge
features and advanced between 1972-1992. The 2 glaciers did not show surging
behavior during our observation period but had looped moraine and the other surge
features. I describe in detail below how I considered each glacier as surge type, and
the results are summarized in Table 3.5. I was not able to distinguish between surge-
type and non-surge-type for the 6 glaciers whose terminus position changed rapidly.
The others 14 glaciers showed no surge features and their terminus position were

almost static.
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3.4.1 Velocity development in active phase

Initiation of surging at Chongce glacier

Chongce glacier surged during 1989 - 1998, and surface features and velocity maps
suggested that glacier surge initiated from up-glacier to its terminus. Ice mass in
reservoir area gradually moved to down-glacier from 1989 to 1991, pushing old
crevasses in receiving area. Its terminus advance started between 1992 and 1996.
Figure 3.4 and figure 3.5 shows velocity changes which reached up to 200 m/yr over
mid-glacier by 1992 and increased up to 800 m/yr over mid-down glacier by 1996,
and these facts suggested that flow speed also developed from upper stream. By 1998

the surface heavily crevassed and there was no surging behavior.
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Full surging stage at West Kunlun, N2 and N7 glacier

The initiation of surging at the N2 glacier was uncertain. LSAT images showed that
crevasse-free ice in receiving area gradually began to move to down-glacier between
1990 and 1998, reached near the terminus by 2006 and the terminus advanced from
Dec 2007 (Fig. 3.9a). Figure 3.6a indicates that the flow speed gradually increased
from 100 m/year by 2007 (the blue line in fig 3.6a) to ~250m/year by Feb 2009 (the
cyan line in fig 3.6a), and decelerated with advancing from 150m/year by 2013 to
100m/year by 2014 (the yellow and red lines in fig 3.6a).

West Kunlun glacier has three branches whose front positions gradually retreated
from 1972, and the eastern branch separated from the others by 2006. The initiation
of surging at the West Kunlun Glacier was also uncertain. Expansion of clean-ice
area was indicative of first surging signal, which occurred on the eastern branch
around 1998 and reached near terminus by 2006, pushing old crevasses on the down-
glacier and developing new crevasses along the glacier boundary. The snout swelled
gradually and advanced from 2010 (Fig. 3.9a). Figure 3.6b indicates that flow speed
gradually accelerated from ~70/year by 2007 (the blue line) to ~150-200m/year by
Oct. 2009 - Jun. 2010 (the yellow and orange lines) and decelerated from 300 m/year
by 2012 to 250 m/year by Sept 2014 (the red line).

Duration of advancing at N7 glacier was the longest among five surging glaciers.
Its snout had been advancing with crevassing toward northeastern direction since

1998, and its direction changed toward north from 2003 along a valley wall. Figure
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3.6¢c shows that flow flow speed gradually increased toward the snout but did not

change during 2007 - 2010.
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Termination of surging at Zhongfeng glacier

I detected velocity changes shifted from active phase to quiescent phase and the most
rapid advancing in its terminus position at Zhongfeng glacier. The western branch
surged around 2000s accompanied with propagation of surge front as extending in
crevasse-free area. Its snout abruptly advanced from July 2003 to Nov 2003 and
then gradually by Mar 2005 with heavily crevassing. Figure 3.7 shows that surging
velocity gradually changed to quiescent velocity during 2004-2007. The flow speed
gradually decelerated from 800-1000m/year by 2004 to 40-60m/year by 2007 when

glacier flow changed into stagnant flow (Fig. 3.8).
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3.4.2 Changes in glacier terminus position

Changes in glacier terminus position of each category are shown in Figure 3.9.
Surge-type glaciers reveal retreat and advance associated with the surge-cycle (Fig.
3.9a). Any surge-type glaciers did not repeat the active phase 1972-2014, which
means that surge cycle in WKS was at least 42 years. Nine of the surge-type glaciers
advanced but its timing and advancing rate was different each glacier, especially on
northern slope or southern slope. For instance, the West Kunlun glacier on the north-
ern slope has three branches of which front position gradually retreated from 1972.
The western branches separated from the eastern one and retreated ~2.5 km by 2013.
The eastern branch advanced ~1.0 km at a rate of ~130-460 m/yr from 2009 to 2013.
The N7 glacier most gradually advanced 2.0 km from 2000 to 2014 at a rate ~120
m/yr. Zhongfeng glacier on the southern slope most rapidly advanced at a rate ~6.3
km/year during July - Nov. 2003, and gradually ~510 m/yr during Nov. 2003 and
Mar 2005. When advancing stopped, the total advance reached 2.5 km.

Glacier terminus position at uncertain glaciers ranged -2 km to 0.5 km (Fig. 3.9b).
Duota glacier slightly advanced by 1992 and retreated by 2013, probably due to the
interaction to proglacial lake. NS5 glacier retreated 0.5 km by 1992 then slightly
advanced. Duofeng glacier and N4 glacier were merged in 1970 and their snout
rapidly shrunk. Duofeng glacier had been retreating up to 2 km by 2014, while
terminus retreat at N4 terminated by 2005.

Normal glaciers were almost static compared with the other categories and changes
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in their terminus position ranged between +100m, except for S4 whose snout gradu-

ally advanced 300m by 2000 (Fig. 3.9¢c).
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3.4.3 Distribution and characteristics of surge-type glaciers

Distribution of categorized glaciers is shown in Figure 3.4.3. Surge-type glaciers sit-
uated on northern and southern slope and relatively large glaciers were categorized.
Indistinguishable glaciers located on northern slope, except for Duota glacier. Nor-
mal glaciers were relatively small in glacier size and mainly located on the southern
slope.

Variations in glacier terminus position were larger on the northern slope than
on the southern slope. Since WKS is located on the periphery of Tibetan plateau,
mountain shapes are different from each other. On the southern slope whose elevation
gradually reduces toward the typical shape of a plateau surface. Piedmont glaciers
are dominated and no glaciers develop below 5200 m [Zhang and Jiao, 1987]. On the
northern slope where relatively long-steep glaciers flow into the deep incised valley,
some glaciers develop below 5000m [Zhang et al., 1989]. Advanced snout on the
northern slope depleted rapidly due to the increase in ablation and glaciers might be
retreated near dynamic balance line. When ice masses refilled for next surge, so surge
advance seemingly became gradual. Meanwhile depletion on the southern slope must
be small, retreating was gradual compared with the northern one and remnant ice
might exist until next surge. Once glacier surge initiated, a surge front gradually
propagated down-glacier pushing remnant ice body, and when it reached the terminus
the snout spread rapidly onto the flat plate surface without friction from valley wall.

Recalling that surge cycle was at least longer than 42 years and 5 uncertain glaciers
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situated on the northern slope, their rapid retreat in the terminus position probably
resulted from the past surge advancing [Yde and Knudsen, 2007], but further studies
were necessary.

Glacier surge initiated from mid-glacier to down-glacier accompanied with in-
crease in glacier flow but a surge bulge did not appear except for Bulakebashi glacier.
When activation of surging reached the terminus, the snout advanced. Surging ter-
minated gradually over several years, concomitant with shifting from surging ve-
locity to quiescent velocity which decreased to 0-20 m/yr. Years-long decelera-
tion/acceleration phase and decades-long quiescent are similar to those in the surge-
type glaciers in Svalbard [Fowler et al., 2001, Murray et al., 2003]. However, the
finer temporal flow profiles at two surging glaciers indicated that surging glaciers in
WKS could be regulated by hydrologically. I will describe the detail results the next

session.
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3.5 Conclusion

I first identified surge-type glaciers in WKS based on several glaciological criteria
(Fig. 3.4.3, Table 3.5) [Copland et al., 2003, Grant et al., 2009], using satellite SAR
datasets from 1992 and Landsat optical imageries from 1972. Results revealed the
distribution and general characteristics of the surge-type glacier in WKS. Of the thirty
one major glaciers, 11 glacier were confirmed as surge-type glaciers, 6 glaciers were
still suspected as surge-type glaciers and the others were identified as normal type.
For surge-type glaciers, flow speed gradually increased up to ~200-1000 m/year in
the decade-long active phase and decelerated to ~0-30m/year in the quiescent phase.
Since no glacier repeated glacier surging during the analysed period, the surge cycle
could be estimated longer than 42 years. These decades-long duration in active and
in quiescent phase resembled to the Svalbard-type surges. Variation in the terminus
position were different between deeply incised valley shape on the norther slope and
flat plate shape on the southern slope. probably due to advance in the glacier snout

by past surging caused large depletion on descended ice.
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Glacier Surge Dynamics at the West Kunlun Shan

4.1 Introduction

The rapid flow of surge-type glaciers can be caused by the basal slip including till
deformation. The primary factor of the surging is high basal water pressure. When
the water pressure exceed a critical value, the basal slip can be destabilize by ice-
bed separation and/or weakening of the underlying till. According to the velocity
development of surging glacier and the melt water supply, following two possible
mechanisms have been proposed.

One is the hydrological regulation mechanism based on the observations of glacier
surging at the Variegated Glacier, Alaska [Kamb et al., 1985, Eisen et al., 2005]. The
Variegated Glaicer is a temperate land-based soft-bedded glacier. The glacier flow
at the Variegated Glacier abruptly switches between quiescent velocity and surging

62
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velocity, initiating in winter and terminating in summer. The duration of surging
is typically 1-3 years and quiescent phase is in the order of decades. It seems that
the development of surging is coincided with changes in hydraulic systems. Large
amounts of meltwater from the surface in summer can be stored englacially, which
can gradually move to the glacier sole in winter [Lingle and Fatland, 2003]. Also af-
ter melting season, a linked-cavity system can be dominated [Kamb, 1987], in which
the drainage is inefficient and the water pressure can be elevated. The elevated water
pressure enhanced the basal slip in the winter and could initiate the glacier surg-
ing. The surging can be terminated, when an efficient subglacial drainage system
was reestablished in summer [Kamb, 1987], decreasing the basal water pressure and
strengthening the till layer [Eisen et al., 2005].

On the other hand, the thermal regulated mechanism is proposed based on the
observations of surge-type glaciers at Svalbard [Fowler et al., 2001, Murray et al.,
2003]. Glaciers at Svalbard are poly-thermal glaciers, overlying sedimentary beds
[Murray et al., 2000, Woodward et al., 2003]. Surge-type glaciers at Svalbard gener-
ally have years-long surging phase and long quiescent phase which continues decades
to over a century. The development of surging gradually initiates and terminates in
any season. The peak flow speed of Svalbard surges is generally slower compared
to Alaskan surges. Under the sub-polar environment, it seems unlikely to generate
amounts of meltwater to trigger the surging. For Svalbard-type surges, it presumes
that pressure melting produced amounts of meltwater at the bottom, leading to the

initiation of glacier surging. During the glacier surging, friction heat produced fur-
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ther meltwater into the bottom of glacier, enhancing the basal slip. The surging flow
transports large-ice masses into the down-glacier. The glacier surging terminates
when amounts of meltwater could not generate through redistribution of ice.

West Kunlun Shan (WKS) is the one of the driest and the coldest environment
around High Mountain Asia. Although an ice cap in WKS is frozen to the bed
[Thompson et al., 1995], Aniya [2008] reports that glaciers in WKS are polyther-
mal glaciers. The glacier surface is almost-debris free [Scherler et al., 2011], while
the thick basal till often emerges in the downglacier [?] and the end moraine exists
[Zheng, 1987, ?]. As mentioned section 3, surge-type glaciers cluster in West Kunlun
Shan (WKS). Three glaciers had been surging since early 2000s and the development
of glacier flow resembled the Svalbard-type surges. However, the temporal changes
of flow speed at two surging glaciers, West Kunlun glacier and the N2 glacier (Fig.

4.1), indicated that hydrological mechanism regulated the surging flow at WKS.
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Figure 4.1: Location of the two surging glaciers in the West Kunlun Shan. Thick
white lines indicate the flow lines. Background image is Landsat 8 acquired on Sept
27, 2013. The glacier boundry with red lines are based on Randolph Glacier Inven-
tory, version 3.2.
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4.2 Seasonal fluctuation in surging flow

Temporal velocity maps derived from ALOS/PALSAR data during 2007 - 2011 and
TerraSAR-X data during 2012 - 2014 are shown in figure 4.2. The flow lines set
from the glacier terminus (Fig. 4.1). Figure 4.3 and 4.4 show the profile of temporal
velocity along the flow line of the N2 and the West Kunlun glacier, respectively.
Because of the limited temporal coverages and the failure of processing data, it is
uncertain when the glacier flow accelerated at both glaciers. Although the flow speed
gradually decelerated by 2014, both glaciers were still surging, indicating that the
duration of the active phase is longer than 7 years.

At the N2 glacier in Figure 4.3, the flow speed gradually accelerated from ~100
m/yr by 2007 to ~250 m/yr by Feb 2009. The terminus had been advancing since Feb
2009. The flow speed gradually decelerated from 2013. In the deceleration phase, the
flow velocities modulated seasonally. The velocities slowed down in April to June
and speeded up in Oct-Jan. The peak velocities in fall-winter reached to 220 m/yr in
2012 and 180 m/yr in 2013. The amplitude of seasonal velocity in 2013 reached up
to 170% (Fig. 4.5).

At the West Kunlun Glacier in Figure 4.4, the flow speed fluctuated seasonally
through in the acceleration phase and the deceleration phase. The winter velocities
reached up-to 130 m/yr in 2007, 200 m/yr in 2008, 220 m/yr in 2009, 500 m/yr in
2012 and 440 m/yr in 2013. The summer velocities were slower than the winter one,

and reached up-to 80-100 m/yr in 2008, 130 m/yr in 2009, 330 m/yr in 2012, 240
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m/yr in 2013 and 250 m/yr in 2014. The amplitude of seasonal velocity reached up
to nearly 200% (Fig. 4.5).

The thermal regulation mechanism is based on surging episode at the Monaco-
breen, Svalbard during 1990s [Murray et al., 2003]. The velocity developments were
derived from ERS 1/2 tandem and ice-phase InSAR mission with the 1 day and 3
days recurrent period, which were mainly during winter periods. Sund et al. [2014]
observed higher velocities of surging in summer than in winter at the Nathorstbreen
glacier system, Svalbard, during 2010-2012. They suggested that large amounts of
meltwater from the surface and the bottom were able to trap into englacial water stor-
ages during the active phase, which influenced the basal motion under polythermal
glaciers.

Surface velocity observations at other glaciers in WKS indicate a variety of sea-
sonal changes [Yasuda and Furuya, 2013]. The glaciers in WKS are a summer
accumulation-type and accumulation and ablation mainly occur during a summer pe-
riod (May-Aug) [Zhang and Jiao, 1987]. The well-known summer speed-up and win-
ter slow-down appeared at Duofeng Glacier, the largest valley glacier on the norther
slope in WKS. It is unlikely that surface meltwater production is spatially heteroge-
neous over the studied WKS area. Therefore, the meltwater storage and discharge
processes will be different at each glacier.

The speculated surging processes are as follows. During the active phase, it could
expect that an increase of the cavity size on the leeward side of the bumpy bed, gen-

erating more and more interconnected cavities [Iken and Truffer, 1997]. Surface
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meltwater were delivered into the bed through the side valley and/or the crevasse
opening. The summer meltwater cannot drain efficiently and a portion of the melt-
water will remain until late fall to winter. During the absence of surface meltwater
input, creep closure will reduce the total volume of isolated cavities, enchanting the
water pressure and overlying ice speed. The flow speed slowed down when isolated
cavities connected to the main drainage, reducing the water pressure. As long as
there are enough ice mass in the reservoir are, glacier surging could continue and the
seasonal cycle may repeat.

It remains uncertain how surface meltwater influenced on the initiation and the
termination of polythermal glacier surges. Also the pressure melting and frictional
heating processes can generate the water at the ice bottom, which may assist to ini-
tiate and evolve the surging. The two surging were still on going and further studies

were necessary to solve the whole processing of glacier surging in WKS.
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Figure 4.2: Temporal velocity maps at West Kunlun glacier and N2 glacier from
2007 to 2014.
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4.3 Conclusion

I focused on two surging glaciers in WKS and their flow dynamics using different
satellite SAR datasets from 2003 to 2014, up to 46 days and 11 days temporal resolu-
tion with ALOS/PALSAR imageries from 2007 to 2011 and TerraSAR-X imageries
from 2012, respectively. Results reveals that surging flow accelerated and decelerated
over seven years accompanied with seasonal fluctuation. The surging flow speeded
up during fall to winter and slowed down in summer. The amplitude of peak velocity
reached up to 180-200% in 2013. This indicated that surface meltwater could be de-
livered into the bottom of polythermal glaciers during surging, influencing the basal

slip though the englacial water storages and discharge processing.
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Figure 4.5: Ratio of increase in surface velocity during Oct. 10-18, 2013 against Apr.
- May, 2013.
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Conclusion

Unnoticed surge-type glaciers in West Kunlun Shan, located in northwestern
Tibetan plateau, were caused uncertainty in assessment of climate change through re-
duction in glacier area and its thickness. Using satellite remote sensing from 1972 to
2014, I first clarified distribution and general characteristics of surge-type glacier this
region. Furthermore, temporal velocity maps were revealed surging flow seasonally
fluctuated result from influx of meltwater from the surface that were not considered
for Svalbard mechanism where ice thickness and thermal regime are responsible for

surge progress. The major results I conducted are summarized as follow:

Chapter 3: “ Surge-type glaciers in West Kunlun Shan "

(1) Surge-type glaciers were identified based on surface velocity maps, changes in

75
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terminus position and visible surface features, using four different SAR datasets

and Landsat optical imageries.

(2) Of thirty one major glacier in WKS, 11 glaciers were confirmed as surge-type
and 5 were suspected. Year-long surging flow gradually accelerated up to ~200-
1000m/year and decelerated ~0-30m/year, following quiescent phase continued

at least 42 years.

(3) Reduction in glacier area on the northern slope were probably result from in-

crease in ablation due to past surging.

Chapter 4: " Glacier surge dynamics at the West Kunlun Shan ”

(1) Two surging glacier were detected with ALOS/PALSAR (46-day repeat) and
TerraSAR-X (11-day repeat) imageries and its flow speed increased up to 180-

200% in October against Apr-May, 2013.

(2) Years-long acceleration and deceleration in WKS were resembled to the Svalbard-
type surges. The seasonal fluctuation, however, indicated that surging glaciers in
WKS were also regulated by the hydrological processing, in which meltwater

input from the surface preceded summer could play an important role.
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