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Abstract

Velocity is an important parameter for the estimation of glacier mass balance, which
directly signals the response of glaciers to climate change. Antarctic ice sheet move-
ment and the associated spatiotemporal velocity variations are of great significance to
global sea level rise. In this study, we estimate Antarctic Peninsula glacier velocities
using the co-registration of optically sensed images and correlation (hereafter referred
to as COSI-Corr) based on moderate-resolution imaging spectroradiometer Level 1B
data (hereafter referred to as MODIS L1B). The results show that the glaciers of Gra-
ham Land and the Larsen Ice Shelf have substantially different velocity features. The
Graham Land glaciers primarily flow from the peninsula ridge towards the Weddell
Sea and Bellingshausen Sea on the east and west sides, respectively. There are very
large velocity variations among the different ice streams, with a minimum of <20 m a’
and a maximum of 1500ma™" (with an average of 100—150ma'1). Over the period
2000-2012, the glaciers of Graham Land accelerated in the south but slowed down in
the north. In contrast, the Larsen Ice Shelf flows in a relatively uniform direction, mainly
towards the northeast into the Weddell Sea. Its average velocity is 750-800 m a ' and
the maximum is > 1500ma™". During the period 2000-2012, the Larsen Ice Shelf ex-
perienced significant acceleration. The use of COSI-Corr based on MODIS L1B data is
suitable for glacier velocity monitoring on the Antarctic Peninsula over long time series
and large spatial scales. This method is clearly advantageous for analysing macro-
scale spatiotemporal variations in glacier movement.

1 Introduction

The Antarctic ice sheet is closely related to significant problems, such as global climate
and eco-environment, as well as the future development of human society (Lucchitta
et al., 1993). With the intensification of global warming, glaciers are playing an increas-
ingly evident role as an amplifier and indicator of global climate change (Shi and Liu,
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2000). Glacial velocity is an important factor influencing ice flux (Rosenau et al., 2012)
and an important parameter in the estimation of Antarctic ice sheet mass balance.
Additionally, glacial velocity directly signals the response of the Antarctic ice sheet to
global climate change. Thus, studies on the velocities of Antarctic glaciers have be-
come important for developing global sea level rise models (Chen et al., 2007).

Methods for monitoring Antarctic ice velocities are mainly classified into two cate-
gories: in situ measurement and remote sensing monitoring. Stake measurement is
the first method of in situ measurement used for monitoring Antarctic ice velocities
(Hofmann et al., 1964; Dorrer et al., 1969). At present, global positioning system (here-
after referred to as GPS) technology has become the most important tool for field
measurements of Antarctic glacier dynamics and ice surface terrain (Manson et al.,
2000). However, the harsh environment, high cost of field observation, and a relatively
short retest period have substantially limited in situ measurements (Urbini, 2008; Sunil,
2007). Remote sensing methods, including microwave and optical remote sensing, al-
low for rapid development of Antarctic ice velocity measurements using synthetic aper-
ture radar (hereafter referred to as SAR) data (Kimura et al., 2004; Dong et al., 2004;
Pattyn and Derauw, 2002). By means of interferometric SAR (hereafter referred to as
INSAR) and feature tracking, researchers have obtained ice velocity measurements
of the entire Antarctic ice sheet and generated an Antarctic ice sheet velocity profile
(Rignot et al., 2011). SAR data are independent of weather conditions (clouds and rain)
and have high accuracy (Ke et al., 2013). Nonetheless, the frequent melting behaviour
of glaciers and snow on the Antarctic Peninsula is likely to cause a loss of coherence
in SAR images, accounting for the longer observation period of SAR feature tracking
method than the INSAR method. Additionally, the impact of incidence angle in steep
terrains can limit the visibility of some glaciers in SAR images, and a high-resolution
digital elevation model (hereafter referred to as DEM) is needed for terrain correction.
Therefore, active microwave remote sensing is highly suitable for velocity monitoring
over relatively short periods (Scheuchl et al., 2012).
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Co-registration of optically sensed images and correlation (COSI-Corr) is a method-
ology based on the calculation of grayscale pixel values using a simple algorithm.
COSI-Corr is advantageous because of its larger number of optical remote sensors,
longer time series, and rich data resources. It is therefore more suitable than SAR
monitoring methods for estimating the speed of glacial movement and the analysis of
relevant spatiotemporal variations over long time series (Ferrigno et al., 1998; Liu et al.,
2012). Because the accuracy of COSI-Corr is primarily determined by the spatial reso-
lution of a pixel, Antarctic ice sheet velocity monitoring based on optical images mostly
adopts high-resolution images, such as TM/ETM (Ferrigno et al., 1994), ASTER (Tiwari
et al., 2012), and SPOT (Ahn and Howat, 2010). Additionally, due to differences in
the attitudes of satellites, system errors occur during image splicing, and coordination
registration errors between different images affect the accuracy of COSI-Corr. Thus,
study on cross-correlation algorithms becomes the focus for improving the accuracy
of COSI-Corr. For example, Heid and Kaab (2012) compared and evaluated six differ-
ent matching algorithms: normalized cross-correlation operated in the spatial domain
(NCC), cross-correlation operated in the frequency domain using Fast Fourier Trans-
form (CCF), phase correlation operated in the frequency domain using Fast Fourier
Transform (PC), cross-correlation operated in the frequency domain using Fast Fourier
Transform on orientation images (CCF-O), phase correlation operated in the frequency
domain using Fast Fourier Transform on orientation images (PC-O) and the phase cor-
relation algorithm used in COSI-Corr. The use of high-resolution images for monitoring
the velocity of single ice streams on the Antarctic Peninsula has also resulted in impor-
tant findings. For example, the study by Scambos et al. (2004) estimated the velocities
of the Crane Glacier using TM images. As the collapse of the Antarctic ice shelf inten-
sifies, great progress has been made in measuring ice shelf velocities (Yu et al., 2010;
Scheuchl et al., 2012). However, few studies have been reported for the Antarctic ice
sheet with regard to ice velocities on larger spatial scales over longer time spans.

Antarctic Peninsula glaciers are polar continental glaciers that have high surface ve-
locities (Khazendar et al., 2011). For these glaciers, MODIS data of 250 m resolution
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meet the matching criteria of feature tracking. Additionally, medium-resolution images
have the following advantages: (1) single images can cover a broader area, thereby
reducing errors in cross-correlations caused by data splicing and coordination registra-
tion; and (2) the larger field of view allows for data coverage multiple times per day in
the same area of the polar region, facilitating the selection of high-quality data from the
period with minimum cloud (Haug et al., 2010). In the present study, we use COSI-Corr
to estimate Antarctic Peninsula glacier surface velocities and analyse their spatiotem-
poral variations over the period 2000—2012 based on medium-resolution MODIS L1B
data.

2 Study area

The Antarctic Peninsula in West Antarctica (Fig. 1) is the largest peninsula of the
Antarctic continent, stretching the farthest northward into the sea (63° S). In this region,
the strata belong to a Cenozoic fold belt, and the bedrock is undulatory. The average
annual rainfall is up to 500—600 mm. The peninsula, also known as Maritime Antarctica,
is the warmest place with the most snowfall on the Antarctic continent. Over the period
1952-2000, the Antarctic Peninsula experienced a temperature rise of 5.6°C (Turner
et al., 2005), and during 1955—-1998, there was a sea surface temperature rise of more
than 1°C in the Pacific Ocean to the west of the peninsula (Meredith and King, 2005).
Due to this temperature increase, the area lost from the Larsen Ice Shelf since 1986
has exceeded 8500 km? (Pritchard and Vaughan, 2007). The collapse of the Larsen Ice
Shelf has caused substantial ice loss in upstream supplies of the Antarctic Peninsula,
e.g0.upto 6.8+0.3 km®a~" in the Fleming Glacier, which accelerated by 50 % relative to
the velocity in 1974 (Rignot et al., 2004). Pritchard and Vaughan (2007) monitored the
velocities of more than 300 glaciers on the Antarctic Peninsula and found an average
acceleration of 12 % between 1992 and 2005, mainly due to downstream glacier mass
loss. These authors further estimated the mass output of the Antarctic Peninsula to be
60+ 46 Gta™" in 2005 (Pritchard and Vaughan, 2007). If the marine ice sheet in West
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Antarctica completely disintegrates, sea level will rise 3.3 m (Bamber et al., 2009). In
short, Antarctic Peninsula glacier surface velocities have great implications for estimat-
ing Antarctic ice sheet mass balance and the study of global climate change (Skvarca
et al., 1999; Osmanoglu et al., 2013).

The Antarctic Peninsula has a number of affiliated islands that cover relatively small
areas. In medium-resolution optical images, each of these affiliated islands occupies
a very limited number of pixels, whereas the scope of the window set for cross-
correlation calculation is large relative to the island pixels. Thus, the affiliated islands
are neglected in this study to improve the accuracy of computation.

Due to factors such as temperature and ocean currents, the melt lines of ice shelves
on the Antarctic Peninsula vary widely during different years (Fig. 2). If surface features
of varying natures are used for feature tracking based on the digital number (hereafter
referred to as DN) value of pixel, large errors will arise in the calculated results. Hence,
we extract the minimum freeze/melt lines of sea ice during five different periods as the
scope of cross-correlation calculation, mainly covering Graham Land and the Larsen
Ice Shelf (10.5km?).

3 Data

The use of COSI-Corr requires: (1) at least two images in which the glacier surface tex-
ture can be observed and (2) precise geographic coordinates, with an image resolution
superior to total glacier displacement during the observation period (Huang and Li,
2009). As long as the two conditions are satisfied, optical image cross-correlation can
be calculated (Ferrigno et al., 1994; Erten et al., 2012). The continental glaciers on the
Antarctic Peninsula have a significantly higher average velocity than mountain glaciers.
Thus, medium-resolution MODIS data can meet the conditions for optical image fea-
ture tracking. In addition, MODIS data have advantages of free access, wide coverage,
short revisit cycles, and long time series. These advantages can help choose suitable
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data for comparison studies over long time series, facilitating cross-correlation calcula-
tion in large areas of the Antarctic region.

The MODIS L1B data products are provided by US National Aeronautics and Space
Administration (NASA). In accordance with the type of satellite carrier, the data can be
divided into two categories: MODO02 (Terra-MODIS) and MYDO02 (Aqua-MODIS). Here,
we use band 1 data (spectral range: 620—-670 nm) of the MODO2 product at 250 m reso-
lution. Band 1 L1B data are products with geographic coordinates obtained after instru-
ment calibration. However, “geographic data” and “scientific data” that record reflectivity
are not connected, resulting in so-called bow-tie phenomena near the edge when dis-
played directly. It is thus necessary to connect the MOD02 and MODOS3 data products
(Geolocation 1 km) for geocoding prior to cross-correlation calculations. During cali-
bration, the pixel values are synchronically converted from reflectance to DN values,
ultimately producing images with precise geographic coordinates. Because the Antarc-
tic Peninsula experiences cloudy, snowy weather and its winter months are strongly
affected by the “polar night”, it is difficult to obtain high-quality continuous images.
Therefore, we choose images from 2000, 2003, 2006, 2009, and 2012 data associ-
ated with little or no clouds for glacier velocity estimation (Fig. 2, Table 1).

In addition, the Advanced Spaceborne Thermal Emission and Reflection Radiome-
ter Global Digital Elevation Model (hereafter referred to as ASTER GDEM) within
the study area is used, this version is developed in accordance with detailed Terra
observations (Holger and Frank, 2012), almost 1.3 million scenes of ASTER VNIR
data covering the Earth land surface between 83° N and 83° S latitudes acquired from
1999 to 2010 have been processed by stereo-correlating (Slater et al., 2009). The
ASTER GDEM was released in geotiff format with geographic lat/long coordinates,
the spatial resolution is 30m and the vertical accuracy is 20m (Kang and Feng,
2011), its latitude—longitude coordinate was referenced to UTM/WGS 84 and the el-
evations were computed with respect to the Earth Geopotential Model 1996 (EGM96)
geoid (Ni et al., 2014), which meet the conditions for digital elevation calculations at
larger spatial scales (ASTER GDEM data can be downloaded from the NASA web
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pages, http://asterweb.jpl.nasa.gov/gdem.asp or from the LPDAAC Global Data Ex-
plorer) (Djamel and Hammadi, 2014).

4 Methods

The estimation of ice velocity using COSI-Corr mainly involves four steps: in-plane
displacement measurement, surface velocity calculation, three-dimensional (hereafter
referred to as 3-D) terrain correction, and the displacement orientation conversion
(Fig. 3).

4.1 Displacement measurement

Early images are used as the reference images, and late images serve as the search
images. Grid segmentation is performed to divide the reference images into standard
windows (cells). Windows (cells) of the same size that have the highest correlation are
then identified from the search area of the search image. The displacement between
the feature point of maximum correlation in the reference image and the matching point
in the search image is determined after grid segmentation and the cross-correlation cal-
culation. After completion of the cross-correlation calculation in one grid, it is shifted by
a certain step size for continuous calculation in the next grid. This procedure eventually
produces a raster data file with the step size as the pixel resolution and the matching
feature points as the pixel values (Fig. 4). It should be noted that UTM projection (same
length and width of each pixel) is adopted in the orthophoto coordinate system to fa-
cilitate grid segmentation. However, due to projection deformation in the polar regions,
there is a necessity to convert the results of the cross-correlation calculations into polar
azimuthal projection (different length and width of each pixel) prior to displacement and
area measurements, which will ensure the accuracy of the measurement.

To improve the accuracy of correlation calculations, the grid size should be as large
as possible and a larger number of pixels should be involved in the calculation. For
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example, the reference window for feature tracking of TM images in the Koxkar Baxi
Glacier (average velocity < 120ma‘1) is set to 32 x 32 pixels (Xu et al., 2011). Addi-
tionally, the search area should be enlarged as much as possible and the spatial scale
of feature point matching can be extended to ensure that the possible maximum dis-
placement of the glacier is included in the search area (Huang and Li, 2009). Haug
et al. (2010) set the MODIS image-based search window to 44 x 44 pixels and the
TM image-based search window to 350 x 350 pixels for the Larsen Ice Shelf. However,
the Antarctic Peninsula glacier surfaces are so homogeneous that there are few distin-
guishing feature points. In this case, excessively large grid and search areas are likely
to cause false matching of feature points. Based on a large amount of experimental
analysis, we set the reference window for cross-correlation calculations to 10 x 10 pix-
els, which corresponds to a ground distance of 2500 m x 2500 m, and the search area
is set to 36 x 36 pixels, which corresponds to a ground distance of 9000 m x 9000 m.

The cross-correlation calculation is performed after grid segmentation. Available al-
gorithms include Orientation correlation (OC) (Haug et al., 2010), NCC (Kaab et al.,
2005), CCF (Heid and Ké&ab, 2012), and CCC (Huang and Li, 2011). In the present
study, we expect to identify the general feature and spatiotemporal variation patterns
of Antarctic Peninsula glacier surface movement through large-scale, long-duration ve-
locity estimation. Thus, there is no need for high-accuracy estimation of the velocity of
thin ice streams within the glaciers. Furthermore, to reduce the amount of calculation,
we chose the simple CCC algorithm that provides moderate accuracy and involves less
data processing (Wu et al., 1997; Evans, 2000):

M N _
2 2 [fxy)-T] _ ,
cce(u,v) = — 22 . [g(x +u,y +v)-g(u,v)] )
MoN Y2 (mow 1/2
{Z Z[f(X,Y)—f]Z} { Z[Q(X+u,y+v)—§(U,V)]2}
y=1x=1 y=1x=1
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where f(x,y) is the pixel value of point P in the reference window of the reference
image; g(x,y) is the pixel value of point P’ in the corresponding search window of the
search image (Fig. 4); u, v are the distances of window movements in the search image
in the x axis and y axis directions, respectively; f,g(u, v) is the average pixel value of
matching windows in the reference image and search image, respectively; N,M is the
scope of the search area; and [f(x,y) - f] and [g(x + u,y + v) — g(u, V)] represent the
difference between the DN value of each pixel and the average of all pixels within
a window, respectively. Thus, when a difference in the overall DN value of two images
from two sets of MODO02 data in different time phases occurs, e.g. due to varying of sun
elevation angles, sensor angles or system error in atmospheric conditions, the CCC
algorithm will automatically eliminate the error influence through differentiation between
the individual pixel value and the average value. However, in this method, the definition
of a feature point is too absolute, likely causing false matching of feature points (Huang
and Li, 2009). Moreover, the Antarctic Peninsula has homogenous glacier surfaces
with relatively smooth pixel values. Therefore, atmospheric and terrain corrections will
inevitably screen out certain feature points, such as the texture in ice streams and the
ice mounds. Hence, we omit the atmospheric and terrain correction steps in the data
processing.

In the CCC algorithm, the results of each window calculation are recorded using
the north—south and east—west displacement distances and the signal-to-noise ratio
(hereafter referred to as SNR), and the results are then saved in a raster format. The
pixel resolution of this raster file is the step size of the window movement (each step
is a pixel, corresponding to a ground distance of 250 m). The SNR directly records the
credibility of this feature tracking calculation (Xu et al., 2011): SNR = 1 indicates perfect
correlation in the feature point matching, and SNR = 0 indicates a perfect absence of
correlation in the feature point matching. Thus, an SNR value close to 1 indicates high
credibility of the calculation results. We remove the results with SNR < 0.7 to ensure
the reliability of the correlation calculations.

5884

| Juedeq uoissnosiq | Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

| Juedeq uoissnosiq | Jeded uoissnosi(

Jaded uoissnosiq

Jaded uoissnosiq



10

15

10

15

4.2 Surface velocity calculation

Because the time interval of each data set is not a complete year, displacement dis-
tance obtained through the above process needs to be converted to an average annual
velocity. Using 365 days per year,

U
=7 %365 @

Yy

where V,, is the average annual velocity, 7 is the number of days during time interval;
and U is the displacement distance.

4.3 Three-dimensional (3-D) terrain correction

The glacier displacement obtained using the CCC algorithm is the projected displace-
ment on the orthophoto. Further, the real displacement is obtained through 3-D terrain
correction with ASTER GDEM (Fig. 5).

V3-D = V2_D/COSQ (3)

where V. is the in-plane velocity of point P, V5 is the 3-D velocity of point P, 8 is
the slope angle of point P along the movement direction calculated from the DEM (Ke
et al., 2013).

4.4 The displacement orientation conversion

The east-west and north—south displacements are obtained using the cross-
correlation method, and the direction of glacier movement is calculated using Eq. (4):

Uew| . Ve Vsl [ ug-
0-90°| 2 1+7|qu wl -1 N-S _|VN Sl(luEW|+1) @)
E-W 2 2 N-s \ Ue-w
Uewt Vs
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where ug_yy is the east-west displacement, with west to east defined as positive, and
east to west as negative; and vy_g is the north—south displacement, with south to north
defined as positive, and north to south as negative; 6 represents the angle between
the geographic east (6 = 0°) and the moving direction of the glacier surface flow within
0-360°. The fitting function Eq. (4) is obtained by four piecewise functions as follows
using the method of undetermined coefficients:

180° . 4
= Sin

VN-s (
n 2 2
VVYew T s
o

180° . 1 IVn-sl

6

0<0<90°) (5)

6 = 90° + —sin (90° < 6 < 180°) (6)
n Uz o+ vE
E-W N-S
° VN
6 =180°+ 1?,0 sin-1 sl (180° < 6 < 270°) 7)
2 2
VVYew* Ns
180° . 4 VN-S

6 = 360°+ ——sin 270° < 0 < 360°). (8)

2 2
VVYew* s

5 Results and discussion
5.1 The spatial distribution of surface velocities

The cross-correlation calculations of four sets of images produce Antarctic Peninsula
glacier surface velocities over four periods, 2000—2003, 2003-2006, 2006—2009, and
2009-2012 (Fig. 6).

The results show that the glaciers of Graham Land and the Larsen Ice Shelf have
significantly different velocity features. The glaciers of Graham Land primarily flow from
the peninsula ridge toward the east and west into the Weddell Sea and Bellingshausen
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Sea, respectively. At the sea outfall, glaciers are confined by local terrain conditions
into thin valley glaciers (ice stream) in diverse flow directions, eventually flowing into
ice shelves and the sea (Fig. 7). However, the peninsula’s rugged terrain significantly
blocks the glacier flow, and the small glacier mass results in weak longitudinal stress
of ice flows. Consequently, the Graham Land glaciers as a whole have lower ve-
locities, with a local minimum of < 20ma™"' and a maximum of 1500 ma™" (average
100-150ma™"). The Larsen Ice Shelf has an average velocity of 750-800 ma™', with
amaximum > 1500ma™". Compared with the glaciers of Graham Land, the Larsen Ice
Shelf flows in almost a single direction, mainly along the northeast direction into the
Weddell Sea. A very large ice flux and less bottom friction account for the significantly
higher velocities of the ice shelf than the inland glaciers.

Furthermore, 50 sampling points evenly distributed across Graham Land and the
Larsen Ice Shelf have been chosen for more intuitive analysis of the Antarctic Peninsula
ice velocity features (Fig. 8). Average velocities at the sampling points are obtained
from four sets of inverse velocity contour maps (Fig. 9). As observed, the individual
sampling points of Graham Land have discretely distributed velocities, despite their
generally low level as a whole. The discrete distribution pattern is possibly the result of
the rugged terrain of the narrow Antarctic Peninsula and the differences in ice flux as
well as subglacial supporting conditions of the ice shelves. Even the same ice stream
at different altitudes has substantial differences in flow velocity. The velocities of ice
streams in the upstream regions are relatively low, and the velocities sharply increase
when the ice sheet mass converges with numerous tiny ice flows moving toward the
sea. For example, the velocities at the upstream reaches of the Crane Glacier are
<150ma~", while those near the outfall approach 1500 ma™’' (Scambos et al., 2004).
As for the Larsen Ice Shelf, the sampling points not only have relatively high velocities
as a whole but also exhibit more convergent distribution of individual velocities.
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5.2 Temporal variations in surface velocities

In terms of temporal distribution (Fig. 10), the Graham Land glaciers exhibit complex ice
velocity changes at different sampling points. Over the period between 2000 and 2012,
the majority of the sampling points showed accelerations, with an average speed in-
crease of 13.5 %. This acceleration was slightly higher than that reported by Pritchard
et al. (2007), who estimated an average speed increase of 12 % for more than 300
glaciers during 1992-2005. The acceleration was mainly because rapid disintegra-
tion of the Larsen Ice Shelf in large areas led to rapid flow of the upstream-supplied
glaciers. In particular, the large-scale disintegration of the Larsen B Ice Shelf at the
end of the last century caused a speed increase of 35 % in the upstream Crane Glacier
over the period 2000-2012. In addition, surface melting and massive bottom melting
near the grounding line contributed to the acceleration of the ice sheet flows (Rignot
et al., 2008). Generally speaking, glacial acceleration is a common phenomenon in
the Antarctic. For example, the Thwaites Glacier Tongue accelerated from 2680 ma™’'
over the period 1972-1984 to 2950ma”" in 2006 (Rosanova et al., 1998), whereas
the Haynes and Smith glaciers accelerated by 27 and 75 %, respectively, from 1996
to 2006. In particular, the Smith Glacier experienced a speed increase by 8% over
the one-year period 2006—2007 (Rignot, 2008). In the northern part of the peninsula,
there were five sampling points associated with a decrease in the average velocity. The
slowdown was possibly related to strong, rapid thinning of the ice sheet mass in local
areas. Mass reduction can cause weakening of the longitudinal stress and thus lead to
unexpected slowdown. This slowdown feature is also present in the Siple Coast C ice
streams and the Whillans ice streams (Bindschadler et al., 1996).

The sampling points on the Larsen Ice Shelf clearly accelerated over time, with an
average velocity increase of 13 % from 2000 to 2006 and 15 % from 2006 to 2012.
These speed increases were greater than those estimated for the period 1988-1994
and 1994-1997, i.e. 13.2 % (Kvarcaet et al., 1999). Our results coincided with previous
estimates of the change pattern by Vieli et al. (2006), who reported that the Larsen B
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shelf accelerated by 150ma" from 1995-1999. It is due mainly to rapid disintegra-
tion of the ice shelf itself that led to the faster flowing ice streams (Stephenson and
Bindschadler, 1988; Rignot et al., 2008).

5.3 Error analysis

Due to restrictions of natural conditions, less in situ measurement data are available
for the Antarctic Peninsula. The results obtained using remote sensing methods are
mainly focused on single glaciers (ice streams). In the present study, the average
velocity, i.e. 850—-1350ma™" of the downstream Crane Glacier in 20022003 is esti-
mated based on MODIS data (Fig. 11). This result is consistent with the estimate of
downstream Crane Glacier in 2001-2002 based on TM images, i.e. 950-1500ma™"
(Scambos et al., 2004). As for individual ice streams, velocity estimation based on
MODIS data has slightly lower accuracy. However, the average velocity of the Larsen
B Ice Shelf during 20002012 is estimated to be 350-450ma”" (Fig. 12), which co-
incides with the results previously estimated using high-resolution image data, i.e. an
average velocity of 370 m a during 2002—-2006 and an acceleration of 400 ma™' from
2006 to 2009 (Haug et al., 2010; Scambos et al., 2004).

The velocity-estimation method of a single glacier used in this study has relatively
low accuracy relative to other methods such as high-resolution optical image feature
tracking (Lucchitta and Rosanova, 1997; Frezzotti et al., 1998), INSAR (Fricker et al.,
2009), and GPS. However, this method can still achieve satisfactory results in open
areas of ice shelf regions that have significant flowing texture. Nonetheless, there are
a few constraints for this method.

With regard to image quality, the Antarctic Peninsula experiences frequent mass ex-
change with the ocean, leading to cloudy, snowy weather almost year-round. It is there-
fore very difficult to obtain optical images of high quality for cross-correlation calcula-
tions. Here, we chose cross-correlation images with < 10 % cloud cover from massive
quantities of data from 2000, 2003, 2006, 2009, and 2012. However, the cloud cover
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conditions in local areas are not ideal, affecting the accuracy of the regional feature
tracking to some extent.

From the perspective of feature point defects, the correlation calculation of glacier
movement mainly involves moraine deposits, ice cracks, crevasses, and ice mounds.
As indicated above, the surface of the Antarctic ice sheet is very uniform with much
fewer moraines than valley glaciers. Additionally, a large amount of snow accumulates
on the glacier surface, which can cover surface feature points (Esra et al., 2009). Com-
pared with valley glaciers, ice shelf regions lack evident textural features due to the flat
terrain and very large ice stream mass. Moreover, false matching of feature points may
occur in ice shelves due to vertical variations caused by freeze-melt and seawater tides
(Yu et al., 2010).

Another possible source of error may be related to the micro-terrain. The terrain
of the Antarctic Peninsula is rugged, forming many small ice streams, such as the
Hektoria and Green glaciers. Their widths only occupy a few pixels of the MODIS im-
ages, whereas the grid segmentation of the cross-correlation calculation requires a cer-
tain number of pixels to ensure accuracy. Hence, feature tracking based on medium-
resolution optical images may be ineffective for velocity estimation of very small ice
streams of the Antarctic ice sheet (Scherler et al., 2008).

The above limitations can impact the accuracy of the glacier surface velocity esti-
mation for the Antarctic Peninsula, resulting in abnormal velocities at a few sampling
points (Fig. 9). However, CCC algorithm using medium-resolution optical images is
a very useful tool in studying the spatiotemporal variations in large-scale glacier move-
ment in the Antarctic ice sheet area.

6 Conclusions

This study estimates glacier velocities in the Antarctic Peninsula using COSI-Corr
based on MODIS L1B data from years 2000, 2003, 2006, 2009, and 2012. The results
show that the Graham Land glaciers and the Larsen Ice Shelf have distinctive velocity
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features. The glaciers of Graham Land as a whole have low velocities, with an aver-
age of 100-150 ma~'. Due to the rugged nature of the underlying terrain and different
quantities of glacier mass, there are tremendous differences in ice velocities among
the Graham Land glaciers, as reflected by a maximum of approximately 1500 ma™
and a minimum of < 20ma~". As for the Larsen Ice Shelf, the overall velocity is rela-
tively high due to the very large ice flux and lower bottom friction near the grounding
line. The Larsen Ice Shelf has an average velocity of 750-800ma™" with a maximum
of >1500ma™", making it one of the fastest-moving regions in the Antarctic ice sheet.
The Graham Land glacier velocities experienced complex changes over time. Due to
downstream glacier mass loss, the average velocity increased by 13.5% from 2000
to 2012 in the southern part of the Peninsula. Certain glaciers even accelerated by
30 %, whereas local areas in the northern part of the peninsula experienced velocity
decreases. The latter phenomenon could be related to the reduction of longitudinal
stress caused by the rapid thinning of glaciers. In recent years, the Larsen Ice Shelf
has rapidly disintegrated on a large scale. Together, glacier surface melt and strong
bottom melting (Rignot et al., 2008) near the grounding line have contributed to the ac-
celeration of ice shelves and upstream-supplied glaciers. The average velocity of the
Larsen Ice Shelf increased by 13 % from 2000 to 2006 and by 15 % from 2006 to 2012.

MODIS data can be used to continuously monitor the glacier surface velocities of
the Antarctic Peninsula over large spatial scales and for long time series. MODIS L1B
has clear advantages in large-scale macroscopic research of spatiotemporal variations
in the Antarctic ice sheet movement. Satisfactory results are estimated especially for
the Larsen Ice Shelf. However, due to issues related to clouds, feature point defects,
micro-terrain, and the simplicity of the CCC algorithm, certain level of errors occur in
the velocity estimates of the Graham Land glaciers.
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Table 1. The selected MODIS L1B images and their parameters.

Date (UTC) MODO02 (band1 L1B) MODO03 (Geocoding data)

24 Sep 2000 (11:55) MOD02QKM.A2000267.1155.005.2010045210702 MOD03.A2000267.1155.005.2010045203838
2 Feb 2003 (11:55)  MOD02QKM.A2003033.1155.005.2010142140853 MODO03.A2003033.1155.005.2010141153231
10 Nov 2006 (12:35) MODO02QKM.A2006314.1235.005.2010185060650 MODO03.A2006314.1235.005.2010184180221
8 Apr 2009 (14:15) MODO02QKM.A2009098.1415.005.2010240015041 MODO03.A2009098.1415.005.2010239035045
17 Nov 2012 (12:25) MOD02QKM.A2012365.1225.005.2012365193752 MOD03.A2012365.1225.005.2012365192846
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Figure 1. Location of the study area.
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Figure 2. The melt line of the Antarctic Peninsula in different years.
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Figure 5. Horizontal velocity and actual velocity of the glacier surface.
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Figure 11. Location of the Crane Glacier and average annual velocity of the Crane Glacier from

2000 to 2003.

Figure 12. Location of the Larsen B ice shelf and Average annual velocity of the Larsen B ice

Crane Glacier
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