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Abstract: We use 124 scenes of TerraSAR–X data that were acquired in 2009 and 2010
to analyse the spatial and temporal variability in surface kinematics of the debris-covered
Inylchek Glacier, located in the Tien Shan mountain range in Central Asia. By applying
the feature tracking method to the intensity information of the radar data and combining the
results from the ascending and descending orbits, we derive the surface velocity field of the
glaciated area. Analysing the seasonal variations over the upper part of the Southern Inylchek
branch, we find a temperature-related increase in velocity from 25 cm/d up to 50 cm/d
between spring and summer, with the peak occurring in June. Another prominent velocity
peak is observable one month later in the lower part of the Southern Inylchek branch. This
area shows generally little motion, with values of approximately 5–10 cm/d over the year, but
yields surface kinematics of up to 25 cm/d during the peak period. Comparisons of the dates
of annual glacial lake outburst floods (GLOFs) of the proglacial Lake Merzbacher suggest
that this lower part is directly influenced by the drainage, leading to the observed mini-surge,
which has over twice the normal displacement rate. With regard to the GLOF and the related
response of Inylchek Glacier, we conclude that X–band radar systems such as TerraSAR–X
have a high potential for detecting and characterising small-scale glacial surface kinematic
variations and should be considered for future inter-annual glacial monitoring tasks.
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1. Introduction

The Tien Shan mountain range, located in Central Asia, contains a large number of high-mountain
glacial sites. The ice has a volume of around 1000 km3 and is distributed over an area of approximately
15,000 km2; the water reservoir stored in the ice plays a major role in the supply of freshwater to the
surrounding arid and semi-arid environment [1].

Many studies have been conducted to investigate the long-term changes of the Tien Shan glaciers with
remote sensing data from e.g., Shuttle Radar Topography Mission (SRTM) and Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) [2], Landsat [3], Advanced Land Observing
Satellite (ALOS) [4] or a combination of the former two datasets together with Corona in order to enable
multi-year time series analyses [5]. An extensive summary of recent investigations regarding the retreat
of Tien Shan glaciers is given by [6]. Those studies consistently show a current decrease of the glaciated
area, which has notably accelerated since 1970. Glaciers situated in the Northern Tien Shan range are
more affected than those of Central Tien Shan. The observed ablation phenomena are related to an
increase of the annual mean temperature, whereas a significant trend in precipitation changes has not yet
been detected [2,5].

In contrast to these well documented long-term trends, details about seasonal to inter-annual
variability of the glacier velocity or rapid responses to special events are comparatively seldom observed.
Most studies only provide information about the annual mean velocity of a glacier gained from a small
amount of images. Our study will investigate whether TerraSAR–X data, acquired typically on a regular
11 day basis, is sufficient to reveal details about a glacier’s seasonal surface motion variability. We chose
radar data for this investigation due to its high potential for regular monitoring of critical areas like high
mountains since it is not adversely affected by the solar illumination conditions or atmospheric effects
like cloud cover [7,8].

Our study area is the Inylchek glacier, located in the Central Tien Shan mountain range. We chose
this glacier as a test site for two reasons: first, it is the largest glacier in the Tien Shan mountain area,
wherefore it is an important freshwater source for people living further downstream [9], and changes in
the amount of melt water are likely to have an aftermath on the velocity of the glacier. Second, the glacier
site is impacted by an annual glacial lake outburst flood (GLOF), which also has consequences for the
glacier’s motion [10]. In this paper, we attempt to assess the seasonal glacier surface velocity variability.
Significant differences in the kinematics might give clues about the expectable amount of melt water [11]
or the onset of a GLOF [12], which could be used as constrains in dynamic glacier modelling.

Because the application of the Interferometric Synthetic Aperture Radar (InSAR) method is not
consistently possible during all seasons due to decorrelation caused by rapid movement of the glacier
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and surface melting particular during summer time, we apply the feature tracking method [13] to 116
image pairs, collected between April and October 2009 and between February and September 2010.

This paper is organised as follows: First, we provide a detailed description of the setting and
special conditions of the Inylchek Glacier. In the subsequent section, we outline the feature tracking
methodology used to derive surface motion information from the radar observations. Afterwards, we
present in detail the spatial and temporal variability of the surface velocity gained from the displacement
maps and finally, we discuss the seasonal kinematics from 2009 and 2010 with respect to the air
temperature and the yearly GLOF events.

2. Inylchek Glacier

The Inylchek Glacier is located in the central Tien Shan mountain range between 42◦4′N, 79◦39′E
and 42◦15′N, 80◦12′E. It consists of two heavily debris-covered glacial branches, called the Northern
and Southern Inylchek, which flow out of the Podeba–Khan Tengri mountain massif towards the west
(Figure 1). The entire system stretches over 60 km and covers an area of approximately 800 km2 [10],
at altitudes between 2900 m and 7400 m [14]. Our study focuses on the ablation region of Southern
Inylchek, which is rather flat with a mean slope of 2◦.

Figure 1. Northern and Southern Inylchek Glacier on a Landsat Thematic Mapper
(Landsat TM) image from 24 August 2007. The main flow direction of the southern branch
is marked by red arrows. The two lakes—Lake Merzbacher and the Upper Lake—are
contoured by a white line. The location of the TerraSAR–X data frames are highlighted in
green (ascending) and blue (descending) rectangles. The study area refers to the overlapping
region and is outlined by a red rectangle. The inset shows the location of the Inylchek glacier
within the country of Kyrgyzstan.
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Glacial lakes are located in the valley between the two branches. The larger of them, Lake
Merzbacher, covers an area of approximately 5.6 km2 and is prevented from flowing downwards into
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the Inylchek valley by the Southern Inylchek, which acts as a dam across the lake. The lake drains
annually with a glacial lake outburst flood (GLOF), thereby causing a sudden flooding of urban areas in
Tarim basin further downstream [15–17].

Previous remote sensing studies based on Environmental Satellite Advanced Synthetic Aperture
Radar (ENVISAT ASAR) data [18], ASTER imagery [10], and ASTER as well as Landsat TM
scenes [19] indicate surface flow velocities of the upper Southern Inylchek of about 100 m/yr westwards,
which corresponds to approximately 27 cm/d. At the confluence of the Northern and Southern Inylchek
valleys (Figure 2), a part of the Southern Inylchek branch turns northwards and calves a substantial
amount of ice into Lake Merzbacher. The remaining glacier mass continues to flow towards the west
and is termed as lower part of Southern Inylchek within this study. This lower area and—even more
pronounced—also Northern Inylcheck are rather stagnant and show only slow motions of several m/yr
to the west.

Figure 2. Bending area of Southern Inylchek showing the different parallel aligned debris
layers and two bare ice ramps. In the background, the drained area of Lake Merzbacher is
visible, which holds grounded icebergs. The picture was taken during a fieldwork session
carried out at the Global Change Observatory “Gottfried Merzbacher” on 28 July 2012.

In addition to the remote sensing observations, discrete points marked on the glacier surface have
been repeatedly surveyed with differential GPS—the Global Positioning Satellite System—during the
summer months [10], that generally confirm the annual mean flow characteristics obtained from the
satellite data. Moreover, one remotely operated multi-parameter station has been installed directly on the
glacier surface close to Lake Merzbacher’s ice dam in summer 2010. This station continuously provides
Global Navigation Satellite System (GNSS) data, showing for example a late autumn month surface
velocity of around 15 cm/d [20]. Further geodetic and hydrometeorological instruments are installed at
the Global Change Observatory “Gottfried Merzbacher” that is located at the confluence of the Northern
and Southern Inylchek valleys.
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3. Data and Methodology

3.1. TerraSAR–X Data Set

We process 116 image pairs from a total of 124 acquisitions gained in Stripmap mode and single
polarisation (HH) from the TerraSAR–X satellite. The data has been taken from both ascending and
descending orbits with incident angles of 22◦ and 35◦ and satellite heading angles of 350◦ and 188◦,
respectively, and covers the spring to autumn seasons of both 2009 and 2010 (Table 1). Pixel spacing is
approximately 0.9 m in range and 2.0 m in azimuth direction, except for the descending acquisitions in
2010, where pixel spacing in range direction is only 1.4 m. At each acquisition date, two adjacent scenes
have been taken that are mosaiced after performing the feature tracking procedure as outlined in the next
section. The temporal baseline between two acquisitions is typically 11 days, with occasionally longer
baselines of up to 33 days due to missing acquisitions. Displacements obtained from range and azimuth
observations for both orbits are subsequently combined to finally arrive at 3D velocity estimates of the
glacier surface (Figure 3).

Table 1. Overview of the acquisition dates for the available ascending and descending
images from 2009 and 2010. On each date, two adjacent acquisitions were taken, resulting
in 124 single scenes. TerraSAR–X acquires data with a repeat cycle of 11 days; data gaps
are marked with a dash.

Ascending 2009 Descending 2009 Ascending 2010 Descending 2010

- - - 12.02.2010
- - 20.02.2010 23.02.2010
- - 03.03.2010 06.03.2010
- - - 17.03.2010
- - 25.03.2010 28.03.2010
- - - -

18.04.2009 21.04.2009 - 19.04.2010
29.04.2009 02.05.2009 27.04.2010 30.04.2010
10.05.2009 13.05.2009 08.05.2010 11.05.2010
21.05.2009 24.05.2009 19.05.2010 22.05.2010
01.06.2009 04.06.2009 30.05.2010 02.06.2010

- - 10.06.2010 13.06.2010
23.06.2009 26.06.2009 21.06.2010 24.06.2010
04.07.2009 07.07.2009 - -
15.07.2009 18.07.2009 13.07.2010 16.07.2010
26.07.2009 29.07.2009 24.07.2010 27.07.2010
06.08.2009 09.08.2009 04.08.2010 -
17.08.2009 - - -
28.08.2009 31.08.2009 26.08.2010 29.08.2010
08.09.2009 11.09.2009 - 09.09.2010
19.09.2009 22.09.2009 - 20.09.2010
30.09.2009 03.10.2009 28.09.2010 -
11.10.2009 14.10.2009 - -
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Figure 3. Timewise arrangement of the 116 processed image pairs for ascending (green) and
descending (blue) orbits from 2009 and 2010. One bar represents one offset image derived
from mosaicing two adjacent feature tracking results. During the decomposition, mosaics
from both orbits are merged, resulting in a total of 26 displacement maps (red) available for
the kinematic analysis.
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3.2. Feature Tracking

The InSAR methodology has been commonly applied for investigating surface displacements from
satellite radar data [21,22]. Typical application examples besides glacier kinematics [23–25] are
earthquakes [26–28], landslides [29–31] or volcanic deformation [32–34]. However, InSAR works only
over regions that are not affected by decorrelation due to surface changes between two acquisitions.
Regarding our study area, we note that coherence between image pairs is rather poor for fast flowing
glaciers as Inylchek, in particular during summer months where also surface melting extensively alters
the phase component of the radar signal. We therefore apply the feature tracking method [13], which
does not rely on the phase, but only takes the backscattered intensity information of the radar image into
account. The method has already been previously applied to derive glacier surface motions [4,35,36].
To process the data, we used the algorithm implemented in the SARscape software package [37].

As a first step, coregistration is performed individually on each image pair, whereas the earlier
acquisition always acts as the master image. To gain sub-pixel accuracy, which is a requirement for
a precise image comparison [38], the registration is performed in a two-step procedure including coarse
and fine coregistration, by which we achieve a final accuracy of 1/10 of a pixel. In the next step,
horizontal shifts between intensity backscatters within the image pairs are computed based on identifying
the maximum in normalised cross-correlation functions of small image patches, that are additionally
oversampled by a factor of 16 for increased spatial resolution. The accuracy of the method is, however,
highly dependent on distinguishable features within the intensity data [13].

For our application, we select window shifts of 10 and 12 pixels in range and azimuth, respectively, for
all ascending and 2010 descending acquisitions. For descending acquisitions acquired in the year 2009,
we use a shift of 15 pixels in range direction, thereby achieving a ground resolution of approximately
25 m in all our results. The size of the small image patch that contributes to the average cross-correlation
function is chosen to be 32 pixels in both range and azimuth. To avoid noisy results in areas dominated
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by features rather indistinguishable in the intensity data, identified maxima with cross-correlations below
0.2 are discarded and set to no data in the offset images.

Offset values are subsequently converted into metric units by applying the associated pixel spacing
values, and images are geocoded with the aid of a SRTM digital elevation model (DEM) [39]. The
DEM’s original resolution of 90 m has been upsampled to an output resolution of 25 × 25 m which is
in line with the selected window shifts applied during the feature tracking. The average amount of the
SRTM geocoding error over Asia is specified as ±8.8 m [40] which is about one third of the output
resolution and hence does not affect our results. Displacement maps are mosaiced for the two adjacent
scenes acquired on the same date, whereas the overlapping region is re-calculated by averaging the
corresponding displacements from the upper and lower scene. Finally, averaged daily velocities are
calculated by dividing displacement rates by the length of the temporal baseline for each mosaic.

Failure of the cross-correlation leads to erroneous results that contain extreme values. To prevent
further processing with the corresponding pixels in the tracking results, those are set to missing values
according to a threshold which is calculated from the mean (µ) of all values and the standard deviation
(σ) for each individual mosaic. Every value that does not fall within the range µ ± 3σ is rejected. We
are aware that the tracking values are not entirely normally distributed due to a systematic difference
between stable bedrock and moving glacial areas. However, the 3σ criterion is large enough to preserve
all realistic displacements. Still, there remain regions that are affected by shadowing or layover in
either the ascending and descending acquisitions. Based on the value of the local incidence angle of
the radar beam, a mask has been created, whereas values with negative sign are assumed to be layover
areas and values greater than 90◦ represent shadow areas. Accordingly, regions with local incidence
angles that fall either in the layover or shadow range are rejected to prevent interpretation of erroneous
displacement estimates.

3.3. Decomposition to 3D Velocities

Since in principle four one-dimensional estimates of displacements are available from range and
azimuth images of ascending and descending acquisitions for a given time interval, it is straightforward
to combine them into a single estimate of 3D velocities. For a right-looking system like TerraSAR-X the
displacements in azimuth dazi are noted as:

de sinα + dn cosα = dazi (1)

and in line-of-sight dran as:

− du cos θ + de sin θ cosα− dn sin θ sinα = dran (2)

whereas θ is the incidence angle of the radar beam, α is the heading direction of the sensor
(positive clockwise from North) and [du, de, dn]

T are offsets in vertical, eastern and northern direction,
respectively. Equation (2) regards the sign convention for offset tracking, where displacement
towards the sensor yields negative values and displacement away from the sensor leads to positive
values [41,42]. By combining ascending (index a) and descending (index d) results, we gain the
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following over-determined system of equations, which is solved by applying a standard least-squares
estimation technique:

− cos θa sin θa cosαa − sin θa sinαa

− cos θd sin θd cosαd − sin θd sinαd

0 sinαa cosαa

0 sinαd cosαd


dude
dn

 =


dran_a

dran_d

dazi_a

dazi_d

 (3)

The decomposition formula is applied to the offset mosaics that had in advance been trimmed to the
same spatial extend. As a result, we gain the 3D information containing vertical and horizontal motion
components of the surface glacier flow. In a final processing step, we smooth the images by applying a
5 × 5 boxcar filter.

Since 3D velocities are obtained from combining image pairs from both ascending and descending
orbits that are acquired with a minimum delay of 3 days, we note that the 3D velocity estimates presented
below must be interpreted as average displacement rates representative for a time-period of 14 days under
ideal circumstances. If the temporal baseline of an image pair is longer due to missing acquisitions, the
averaging period increases accordingly. Within this study, no differentiating between horizontal and
vertical motion components has been undertaken, instead results focus on the absolute value (i.e., the
speed) of the derived 3D velocity vector.

4. Results

A snap-shot from July 2009 is representative for the flow regime of Inylchek glacier during the
summer months (Figure 4). Velocities between 25 to 50 cm/d towards the west are apparent in the upper
part of Southern Inylchek, whereas the lower part and Northern Inylchek show substantially smaller
surface movements. The bending of the surface flow towards north in the direction of Lake Merzbacher
at the confluence of the valleys is clearly visible. Besides those general features, surface velocities
vary significantly both across the glacier and also in direction of the mean flow, potentially providing
additional high-resolution information of the flow field.

From our time-series of displacement fields and hence surface motions, we present a number of
snap-shots for the bending region at the valley confluence, which is presumably the glaciologically most
interesting area of the glacier system (Figure 5). Two time-periods with peak velocities are recognisable:
one appears in June, as we observe motion rates in the upper part of the glacier at approximately 40 cm/d
for both years (Figure 5c,v). The second peak occurs during the summer season with velocity rates of
40 cm/d in July/August 2009 (Figure 5e) and 50 cm/d in July 2010 (Figure 5x). After the occurrence of
this major peak in the summer, the glacier slows down substantially, with mean displacement rates of
25 cm/d in September 2009 (Figure 5g) and 2010 (Figure 5z).

To allow for a more quantitative comparison, we present five profiles, that are well distributed over
the Southern Inylchek branch (Figure 6). Their locations are marked in Figure 4. Three of the profiles are
perpendicular to the main flow direction: profile 1 represents a cross-section of the upper area, profile 2
shows a cross-section in the bending region and profile 3 gives information about the velocity variations
in the lower part of the glacier. Two additional profiles oriented parallel to the glacier show the changes
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of the kinematic behaviour along the flow direction. Profile 4 illustrates the ice flow turning towards the
north in the bending area, and profile 5 gives an overview of nearly the entire investigation area of the
Southern Inylchek branch, particularly demonstrating the motion variance between the upper and lower
parts of the glacier.

Figure 4. The average surface velocity resulting from the combination of the images from
4–15 June 2009 (ascending) and 7–18 June 2009 (descending). The kinematic information
is projected on a hillshade image derived from SRTM–DEM data. The amount of the
displacement is colour-coded as well as shown by the length of the arrows. The points
of the arrows indicate the flow direction of the glacier surface. The red rectangle marks the
outline of the time series samples collected from 2009 and 2010 (Figure 5). The location of
the profiles, running from A to B (Figure 6), are shown as black lines.
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In the upper area of Southern Inylchek glacier, the general alignment of the velocity rates
perpendicular to the glacier flow shows roughly a typical maximum value close to the center axis of
the glacier, with strongly decreased values towards the margins. However, in the broad middle area,
many variations are distinguishable, reaching from a minimum of 20 cm/d up to a maximum of 50 cm/d
during the seasons (profile 1 in Figure 6a,b). The same profile reveals that besides these variances a rising
trend of the surface velocity from spring to summer is observable: spring mean values are at 25 cm/d,
whereas the summer mean is found at 35–40 cm/d. Distinct peaks appear in June within both 2009 and
2010 with a maximum of 50 cm/d. Autumn values are again substantially reduced to 25–30 cm/d in both
years. Particularly evident are differences at the southern margin of the glacier. In 2009, the maximum
in this area is approximately 35 cm/d. In 2010, the surface of the glacier has moved much faster, yielding
values of up to 50 cm/d.

At the beginning of the bending area, the incoherent motion pattern of the parallel glacial streams is
still apparent, albeit with 20 % lower values (profile 2 in Figure 6c,d). Below the confluence area, the
glacier body moves in a more uniform way, as cross-alignment variations are unincisive. The glacier
velocity has slowed down and surface displacements do not vary too much during the year: the velocity
rates for both 2009 and 2010 are approximately 5–10 cm/d (cp. profile 3 in Figure 6e,f). Nevertheless, the
second peak observed in the upper area in the snap-shot images is also apparent in this region, resulting
in significantly increased velocity rates of 20–25 cm/d.
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Figure 5. Time series examples for 2009 (top two rows) and 2010 (bottom two rows)
derived from combining ascending and descending results. The yellow highlighting indicates
the occurrence of the GLOF events.

79°50'0"E79°48'0"E

42
°1

2'
0"

N
42

°1
0'

0"
N

0 1 2 3 km

g

0 1 2 3 km

f

0 1 2 3 km

e

0 1 2 3 km

d

0 1 2 3 km

c

0 1 2 3 km

b

0 1 2 3 km

a

0 1 2 3 km

z

0 1 2 3 km

y

0 1 2 3 km

x

0 1 2 3 km

w

0 1 2 3 km

v

0 1 2 3 km

u

0 1 2 3 km

t

Ascending Descending
a,

b,

c,

d,

e,

f,

g,

18.04. - 29.04.

10.05. - 21.05.

01.06. - 23.06.

04.07. - 15.07.

26.07. - 06.08.

06.08. - 28.08.

19.09. - 30.09.

21.04. - 02.05.

13.05. - 24.05.

04.06. - 26.06.

07.07. - 18.07.

29.07. - 09.08.

09.08. - 31.08.

22.09. - 03.10.

Time Series from
combined Results 2009

Ascending Descending
t,

u,

v,

w,

x,

y,

z,

25.03. - 27.04.

08.05. - 19.05.

10.06. - 21.06.

21.06. - 13.07.

13.07. - 24.07.

24.07. - 26.08.

26.08. - 28.09.

28.03. - 30.04.

11.05. - 22.05.

13.06. - 24.06.

24.06. - 16.07.

16.07. - 27.07.

27.07. - 29.08.

29.08. - 20.09.

Time Series from
combined Results 2010

Arrow Length
20 cm/d

Surface Velocity
(cm/d) 55 - 60

50 - 55

45 - 50

40 - 45

35 - 40

30 - 35

25 - 30

20 - 25

15 - 20

10 - 15

05 - 10

00 - 05



Remote Sens. 2014, 6 9249

Figure 6. Seasonal velocity variations along three orthogonal (a–f) and two longitudinal
(g–j) profile lines gained from kinematic map samples from 2009 and 2010, respectively.
The alignment of the profiles 1–5 refers to the lines shown in Figure 4, whereas all profiles
are running from A to B. Same colours represent a comparable time period; the exact time
frame between the ascending and descending acquisitions can be extracted from the legend.
The acquisitions covering the GLOF event are highlighted in yellow.
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The behaviour in the transitional area between the upper and the lower part of the glacier is shown
in profile 4 (Figure 6g,h). However, some limitations have to be considered when analysing this part:
the bending area is highly affected by layover effects of the nearby mountains. Thus this part of the
area is masked out and cannot be interpreted. Still, the profile reveals a distinct decrease of the glacier
surface flow velocity, from values of approximately 30–40 cm/d to approximately 20–30 cm/d in the
middle of the bending area. On the contrary, an increasing velocity trend is observable after the ice has
changed its flow direction, resulting in a faster movement of the glacier towards the lake. The strong
velocity increase in summer already seen in profile 3 is also apparent directly at the calving front, where
the glacier moves with a sudden rush towards Lake Merzbacher during the time of the second peak
(Figure 5e,x, Figure 6g,h).

Profile 5 (Figure 6i,j) finally shows the overall situation, where once again the significant surface
velocity drop is apparent below the bending area. It is evident that seasonal changes appear within
the upper part of Southern Inylchek glacier, but barely within the lower area except for the time of the
second peak. This major event occurring in August 2009 and July 2010 affects the entire region below
the confluence area, whereas maximum values in the upper region appear rather earlier during June,
which is especially distinctive in 2009.

5. Discussion

5.1. Error Estimation

Before discussing the variations of the surface velocity in detail, an attempt is made to estimate the
magnitude of the error in our results. Based on the assumption that a non-glacier area not affected by
motion should yield velocity values spanning around zero [4,38], we analysed the kinematic results of
the small surface patch between the two lakes. For 2009, the average mean velocity for that region over
all scenes is 2.04 cm/d with an average standard deviation of 1.19 cm/d. For 2010, the values are similar,
with an average mean of 2.17 cm/d and a corresponding average standard deviation of 1.15 cm/d. Both
years independently show comparable mean offset errors that are ten times lower than the calculated
glacier velocity, which indicates that all signals larger than a few cm/d are well above the noise level.

Geocoding of the tracking results has been achieved with the help of the SRTM-DEM that had been
acquired in 2000. Assuming that similar to the neighbouring Tomur Glacier [43], the Inylchek height
was also lowered by approximately 15 m between 1999 and 2009 and neglecting earth curvature, the
geocoding error ε that is introduced by a DEM height difference δH can be calculated as follows:

ε = δH/tanθ (4)

Thus, for the incident angles of θa = 22◦ and θd = 35◦ the geocoding error would be 37 m and
21 m, respectively. This roughly corresponds to the final resolution of our images and therefore alters
the results only marginally, since it just affects the position of a line-of-sight displacement, but not the
displacement vector itself.
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5.2. Inter-Annual Kinematics of the Upper Southern Inylchek Glacier Branch

Kinematic variations found perpendicular to the glacier main flow in the upper part of the Southern
Inylchek branch indicate independent moving behaviour of adjacent longitudinal streams. The strong
velocity increase at the southern margin of the glacier from 2009 to 2010 has been already described
in [19] and seems to be related to a decrease in the glacial flow of the adjacent glacier tributary.

To explain the general surface motion increase from April to June over the upper Southern Inylchek
branch, we include air temperature data from the European Centre for Medium-Range Weather Forecasts
(ECMWF) global operational analysis (Figure 7). Within the data from the numerical weather prediction
model, we observe in both 2009 and 2010 a constant increase of air temperatures beginning in March,
reaching peak values in July/August. Together with a simultaneously occurring increase in precipitation
(not shown), the air temperature increase intensifies the ablation process on the glacier’s surface [44].
Through the accelerated melting of the snow situated on the surrounding mountains and on the glacier
itself, additional water is introduced to the system, which penetrates into the ice by means of crevasses
and fractures and drains through subglacial ice tunnels. If the amount of melt water is comparatively
high, these passageways are not able to adjust their size quick enough to the water flux. As a
consequence, the pressure and the volume of the water at the basal base increases, leading to a reduction
of the frictional strength and ultimately to an increase of the basal sliding of the glacier [45–47].

The comparison between averaged daily surface velocities and daily air temperature values provides
an explanation for the slightly higher kinematics in 2010 than in 2009 (cp. Profile 5 in Figure 6i,k). At the
beginning of the spring season in March/April (cp. Figure 5a,t) velocity values are still approximately
the same in both years, although the corresponding time frame is different. In 2010 the spring result
covers a time period of 36 days while in 2009 it covers a time period of 14 days, which temporally fall
into the later part of the 2010 result. We thus would expect higher surface velocities in 2009 than in
2010. However, by looking at Figure 7, we realise that the corresponding mean air temperatures in both
years are approximately the same, which may explain the similar velocities that we observe in spring
2009 and 2010.

In the middle of May, we see distinctive velocity differences in the bending area of the glacier
between 2009 and 2010 (Figure 5b,u); in 2009 the glacier surface moves with 30–35 cm/d while in 2010
kinematics speed up to 40 cm/d. However, air temperature values for the same time span appear rather
vice versa: the mean temperature value for 2009 is −6 ◦C while for 2010 we observe a sharp drop in
the temperature from −4 ◦C to −17 ◦C followed by a quick rise to −3 ◦C within two weeks. Therefore,
we would expect rather lower surface velocity values in 2010. However, as seen in Figure 7, we observe
an apparent peak in the air temperature just the week before the corresponding 2010 acquisitions, which
lasts for several days and is clearly higher than temperature values for the same time period in 2009. We
thus assume that the higher glacier kinematics in May 2010 should be interpreted as an aftermath of this
rather warm period.

Figure 5c,v as well as the Profile 5 in Figure 6i,j show for both years surface motion values
around 40 cm/d in June. Air temperatures for the corresponding time period do not substantiate this
development, since mean values in 2010 are −1 ◦C, which is clearly higher than the mean of −4 ◦C in
2009. A possible explanation might be the noticeable difference in the amount of precipitation values
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that could have a favourable effect on the glacier motion: in 2009 we have accumulated monthly values
of 116 mm as compared to only 73 mm in 2010 (not shown here).

Figure 7. Daily 2m-temperature values for 2009 (red) and 2010 (blue) at the Southern
Inylchek area taken from the ECMWF operational model. The shaded rectangles mark
the time frame that is covered by the surface velocity results shown in Figure 5, whereas
lower-case characters refer to the according images. The dashed lines mark the GLOF in
2009 and 2010, respectively.

From June on, air temperatures are constantly higher in 2010 than in 2009, reaching values even above
the freezing point in July and August (maximum: 6 ◦C), whereas values in 2009 are most of the time just
below 0 ◦C. Air temperatures above the freezing point have a profound effect on surface melting [48],
in turn allowing a significant amount of melt water to be introduced into the system in summer 2010.
Accordingly, mean summer 2010 velocities are mainly higher than those in 2009: 30 cm/d for July 2009
vs. 37 cm/d for July 2010 and 35 cm/d for August 2009 vs. 40 cm/d for August 2010 (Figure 6i,j).
A convergence of the kinematics towards a mean of 25 cm/d is only observable in September again.

In summary, evidence presented above leads to the conclusion that for the upper part of the
Southern Inylchek Glacier branch the amount of surface velocity correlates most of the time with air
temperature. Especially air temperatures above the freezing point seem to induce an increased glacier
flow. A comparable general correlation over the time with precipitation has not been found so far.

5.3. Lake Level Extent and GLOF

Because calm water reflects the radar beam away from the sensor, cross-correlation values over the
area of Lake Merzbacher fall below the defined 0.2 threshold. As a consequence, most of the lake area is
masked out during the processing. Single features that are still visible are likely to be related to ice bergs
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floating on the surface. By looking at the boundary of this no-data area in combination with the DEM, it
is possible to extract information about the water level of the lake.

After applying the layover/shadow mask, no-data values due to the mask are overlapping those that
are related to the missing backscatter information due to the outline of the lake. However, the maximum
extent of Lake Merzbacher towards the Northern Inylchek branch is clearly visible. The results from the
spring period show just a small no-data area in the study area (Figure 5b,u), which indicates that only
a marginal amount of liquid water is present. With time, the outline of this gap increases, reaching its
maximum extent in the summer, which correlates with the time of the appearance of the second velocity
peak (Figure 5e,x). Along with the strong decline of the glacier surface velocity directly after this peak,
backscatter intensities are observed again for the lake area, leading to the conclusion that the water
must have drained away (Figure 5f,y). After this point, no apparent changes in the low water level are
recognisable during the autumn season.

From in-situ observations collected at the Global Change Observatory “Gottfried Merzbacher”, it is
known that GLOF events of Lake Merzbacher took place on both 6 August 2009, and between 16–18
July 2010. Both events coincide well with the increased velocities of the lower part of Southern Inylchek
(Figure 6i,j). We assume that at the beginning of the GLOF, the existing drainage tunnels of the Inylchek
glacier are not large enough to allow an immediate discharge of the lake water. Thus, the significant
increase of the subglacial water pressure lubricates the bed allowing for a basal sliding over large
areas [45]. Similar to [49], who monitored a GLOF-induced glacier velocity increase in Iceland, we
observe a strong speed-up in the bending area and particularly in the lower area, since these are the
regions directly affected by the draining water. Therefore, it can be implied that the GLOF directly
influences the glacier’s kinematics by triggering a so-called mini-surge. A mini-surge is characterised
by at least a double speed velocity and lasts for a time period of approximately one day [50]. As
illustrated in Section 4, the velocity has increased by more than 100% in the lower part of the glacier,
from approximately 5–10 cm/d before the GLOF to 25 cm/d during the GLOF. However, it should be
noted that these values are only averaged results over an 14-day time period. Thus, we expect an even
higher displacement rate during the actual draining period, since the main flooding event occurs only
within a couple of days.

By comparing the dates of the GLOF events between 2009 and 2010, we note an earlier draining
of the lake for about three weeks in 2010. This is easily explained by the air temperatures above the
freezing point in summer 2010. The high temperatures lead to increased snow melting as well as surface
melting of the glacier itself. Following on, a large amount of water is introduced to the system, which
lets the water level of Lake Merzbacher rise more quickly. As a consequence, the water pressure reaches
its critical threshold earlier as in 2009, which finally results in the earlier flooding.

6. Conclusions

In this study, radar data have been used to observe seasonal surface velocity variations of the Inylchek
Glacier in Kyrgyzstan. We demonstrated that detailed monitoring of spatial and temporal kinematics
variability with TerraSAR–X is feasible due to the satellites’ relatively short repetitive cycle of 11 days
and the independence from solar illumination or atmosphere conditions. Another major advantage of
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using TerraSAR–X data is the high spatial resolution. By using Stripmap images with an original
resolution of 3 m, we are able to generate final products with a resolution of 25 m that show not only
the general mean velocity of the main glacier but also allows us to detect kinematic differences between
individual longitudinal streams. We applied the feature tracking method to calculate the velocity field of
the glacier, which yields sufficient information to derive a complete overview of the displacement of the
entire glacier surface. By taking into account data from ascending and descending orbits, it is possible
to derive 3D information about the kinematics.

For the observed period of 2009 and 2010, the seasonal displacement investigation for the ablation
area of Southern Inylchek Glacier shows velocity rates from 25 to 50 cm/d for the active upper part,
with small changes in perpendicular flow direction. In general, lowest surface velocity values are found
during April and September, whereas in May an increase of the motion rates is observed. A first velocity
peak appears for both years in June with a mean of 40 cm/d. Comparison to daily air temperatures reveals
a general correlation between temperature and glacier surface flow. In 2010, we observe that summer
air temperatures above the freezing point lead to a significant velocity increase: mean values in 2010
are 15% higher than in 2009. In addition, the onset of the annually occurring glacial lake outburst flood
(GLOF) of Lake Merzbacher is three weeks earlier in 2010 as compared to 2009.

The motion of the lower region of the Southern Inylchek branch appears homogeneously, with
constant velocity rates of 5–10 cm/d over the year. This displacement rate only changes when the branch
is affected by the GLOF that is associated with the second velocity peak. During the outburst, the surface
kinematics increase with values reaching 25 cm/d, which is more than twice the normal rate and thus is
termed as a mini-surge.

As a consequence, we conclude that the drainage of Lake Merzbacher, inducing the water to flow
underneath the ice body, has a large impact on the Southern Inylchek’s movement behaviour. The source
of the mini-surge is likely to be related to the rise of the water pressure at the glacier’s bottom, reducing
the friction between ice and solid ground, leading to an increase of the basal slip and therefore the
glacier’s velocity.

Our study gave evidence that in the future, large-scale monitoring of changes in seasonal surface
kinematics of glaciers will help to improve the understanding of a glacier’s behaviour. The small and
short-time, yet distinctive, velocity change characteristics could be used for example as additional input
to improve or validate mass-balance estimation models by for instance applying the vertical velocity
component like proposed in [51]. They could also serve as a constraint for estimating ice thickness
and glacier bed topography [52] or for modelling the spatial distribution of the surface-to-bed meltwater
transfer [53]. Furthermore, information about the speed of glacial lake filling could be used to refine
GLOF prediction models, like the one developed by [54] for the Merzbacher Lake.

For the Inylchek area, the relation between glacier alignment, tributary ice input, GLOF event, and
hydrometeorological variations, and how each influences the development of the glacier’s motion is
not yet fully understood. Close monitoring with high spatial and temporal resolution of the surface
kinematics in connection with further hydrometeorological in-situ observations will be a basis to gain
further insight into Inylchek’s glacial processes.
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