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Pine Island Glacier (PIG) inWest Antarctica drains out to the Amundsen Sea through Pine Island Glacier Ice Shelf
(PIGIS). As changes in ice velocities on PIGIS are strongly linked to changes in ice mass discharge from theWest
Antarctic Ice Sheet, it is very important to evaluate the spatiotemporal variations in ice velocities on the ice shelf.
This research estimated ice velocities of PIGIS from an ensemble of image matching of Landsat time series mul-
tispectral data obtained from 2000 to 2014. Orientation correlation was adopted for the image matching of
blue, green, red, near infrared, panchromatic, and the first principal image of the Landsat multispectral data,
from which the results were combined and averaged. The multispectral image matching proposed in this re-
search produced ~35% more ice velocity vectors than the use of a single band (i.e., panchromatic band) image
matching. The erroneousmatcheswere filtered through simple but rigorous statistical evaluations. The ice veloc-
ity of PIGIS accelerated by ~55% during 2000–2010, and the acceleration of the image northing velocity compo-
nent (~1.3 km a−1) was higher than that of the image easting velocity component (~0.8 km a−1). During 2010–
2012, the ice velocity of PIGIS slowed down by ~10%. The ice velocity in 2014 increased by 5% from 2012, but was
still lower than the peak values observed in 2010. The surface strain rate fields of PIGISwere derived from the ice
velocity fields. The longitudinal ice compression was observed near the grounding line and the geographically
northern part of the central ice shelf of PIGIS, while a fast-flowing band was observed near the southern margin
of the ice shelf. The transverse strain rate showed that ice divergence in the hinge zone of the central ice shelf has
increased since 2000. The width of the shear margins of the central ice shelf of PIGIS is ~25 km, which has been
stable since 2000.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Ice shelves are permanent floating platforms of ice that extend
from grounded glaciers or ice streams. In Antarctica, ice shelves are
attached to ~75% of the Antarctic coastline and their total extent is
reported as ~1.56 million km2 during 2003–2008 (Rignot et al.,
2013). They buttress the movement of the Antarctic Ice Sheet flowing
into the ocean (Dupont and Alley, 2005). The velocity variations of ice
shelves can affect changes in thickness, area, and iceberg calving rate of
the ice shelves, which could make unstable buttressing of the ice sheet
by the ice shelves and affect the distribution of landfast sea ice (De
Angelis and Skvarca, 2003; Rignot et al., 2004; Scambos et al., 2004;
Dupont andAlley, 2005; Khazendar et al., 2011;Kimet al., 2015b). The ve-
locity variations of ice shelves in West Antarctica, especially in the
Amundsen Sea Embayment aremore dramatic than that in East Antarcti-
ca (Mouginot et al., 2014). Ice velocities of Pine Island Glacier Ice Shelf,
Thwaites Ice Tongue and Crosson Ice Shelf, representative ice shelves in
the Amundsen Sea Embayment have sped up by ~70% from the 1970s
to 2013, showing an increase in ice discharge at grounding lines from
189 Gt a−1 to 334 Gt a−1 (Mouginot et al., 2014).

Pine Island Glacier (PIG), one of the largest ice streams inWest Ant-
arctica,flows into Pine Island Bay in theAmundsen Sea and feeds afloat-
ing ice mass, i.e. the Pine Island Glacier Ice Shelf (PIGIS). The ice flux
discharge at the grounding line of PIG increased by ~50 Gt a−1 in the
last 40 years, contributing to ~40% of the total ice flux in the Amundsen
Sea (Mouginot et al., 2014), which is specifically attributed to fast accel-
eration of PIG. Between 1973 and 2010, PIGIS accelerated by 75%which
is the highest acceleration in the Amundsen Sea Embayment (Mouginot
et al., 2014). The velocity variations of PIGIS can give information about
the changing conditions of climate drivers acting on the ice shelf such as
ocean-induced basal melting, thinning and reduced buttressing stress
(Rignot et al., 2002; Bindschadler et al., 2011). Therefore, it is crucial
to evaluate the variations in ice velocity of PIGIS to monitor environ-
mental changes in West Antarctica and to better understand global cli-
mate change.

The ice velocity of glaciers can be measured by Interferometric Syn-
thetic Aperture Radar (InSAR) and image matching of the repeatedly
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obtained SAR or optical data. InSAR has beenwidely used tomeasure ice
velocity (Forster et al., 2003; Rignot et al., 2002; Joughin, 2002; Young
and Hyland, 2002; Rignot et al., 2011a; Han and Lee, 2015). For fast-
flowing ice such as PIGIS, only InSAR pairs with a very short temporal
baseline, such as one-day, are suitable to measure ice velocity due to
temporal decorrelation of the ice surface (Han and Lee, 2015). However,
the acquisition of such InSAR pairs is very difficult and expensive. Even if
it is possible to obtain InSAR pairs with a short temporal baseline, it is
still difficult to measure the velocity of an ice shelf. This is because
InSAR signals of an ice shelf include both the gravitational ice flow in
the horizontal direction and the tidal-induced deflection in the vertical
direction (Rignot et al., 2011b; Han and Lee, 2014; Han and Lee,
2015). Tomeasure the ice velocity of an ice shelf by InSAR, several stud-
ies removed the vertical tidal deflection of ice shelves from InSAR sig-
nals by using tide heights predicted by tide models (Wen et al., 2010;
Scheuchl et al., 2012). However, they could notmeasure accurate ice ve-
locity in hinge zones where a hydrostatic equilibrium assumption is not
valid. While Han and Lee (2015) proposed a method to estimate ice ve-
locity in a hinge zone using a double-differential InSAR (DDInSAR) tech-
nique, their method requires the continuous acquisitions of InSAR pairs
with very short temporal baselines.

An image matching technique finds the displacement of features by
calculating the optimal correlation between two images obtained se-
quentially over a region, which can be used to measure the ice velocity
of fast-flowing glaciers. Various imagematchingmethods have been de-
veloped and applied to SAR and optical image pairs to measure ice ve-
locities (Scambos et al., 1992; Strozzi et al., 2002; Kääb, 2005; Haug et
al., 2010; Ahn and Howat, 2011; Debella-Gilo and Kaab, 2011;
Debella-Gilo and Kaab, 2012; Heid and Kaab, 2012; Warner and
Roberts, 2013; Kim et al., 2015a). Image matching of SAR data can be
very useful for the measurement of Antarctic ice velocities because it
can produce correct matches regardless of sun altitudes and weather
conditions. However, ground coverage of most SAR images is typically
less than ~100 km2 and thus many images are required to cover a
large glacier or ice shelf. On the other hand, optical sensors of medium
to low spatial resolution (15 m–1 km) such as Landsat-8 Operational
Land Imager (OLI) (15–30m resolution), Landsat-7 Enhanced Thematic
Mapper Plus (EMT+) (15–60 m resolution), Landsat-5 Thematic Map-
per (TM) (15–120 m resolution), Terra Advanced Spaceborne Thermal
Emission and Reflectance Radiometer (ASTER) (15–90 m resolution),
and Terra/Aqua Moderate Resolution Imaging Spectroradiometer
(MODIS) (250m–1 km resolution) have provided multispectral images
over much larger areas than SAR at low cost. Due to such advantages,
optical images have been widely used to measure the ice velocity of
large glaciers and ice shelves in Antarctica (e.g., Stearns and Hamilton,
2005; Kaab et al., 2005; Scherler et al., 2008; Haug et al., 2010;
Warner and Roberts, 2013), despite the clear disadvantages that images
are unavailable during night and under cloudy conditions.

Most previous studies that evaluated ice velocities from the image
matching of optical data used a single high-resolution band such as
the panchromatic band of Landsat imagery (e.g., Haug et al., 2010;
Heid and Kaab, 2012; Warner and Roberts, 2013). This is because
matching correlations are largely dependent on the spatial resolution
of images (Heid and Kaab, 2012; Noh and Howat, 2015). Although a
high-resolution band produces a higher correlation than other lower
resolution bands, many erroneous matches (i.e. mismatches) can be
produced over glacial areas where visual contrast is relatively low. For
better understanding of ice dynamics through image matching, it is re-
quired to obtainmore correctmatches in glacial areas. However, it is dif-
ficult to increase the number of correctmatches based on a single image
pair. Moreover, filtering of mismatches from a single band image pair is
also difficult and remains a challenging field in imagematching. The sig-
nal-to-noise ratio (SNR) and correlation coefficient of matches have
been used to remove mismatches (Skvarca et al., 2003; Kääb, 2005;
Kaab et al., 2005; Scherler et al., 2008;Warner and Roberts, 2013). How-
ever, as the SNR and correlation coefficient can vary dependingon visual
contrast and feature distribution, the use of user-specific thresholds for
such indicators does not identify all mismatches and even removes
some correct matches (Heid and Kaab, 2012). Several studies filtered
mismatches using complicated processes including the manual extrac-
tion of glacial areas, investigation of ice flow direction, identification of
a maximum displacement, and removal of the displacement fields that
disagree with a certain criterion (Kääb, 2005; Kaab et al., 2005;
Scherler et al., 2008; Heid and Kaab, 2012). Such filtering processes
would leave some mismatches and thus require additional editing by
manual investigation, which needs a lot of time and effort.

As the visual contrast of images over a glacier surface typically varies
by spectral band, the ensemble of the image matching results of multi-
ple spectral image pairs can provide more correct matches than using a
single band image pair. Moreover, multiple matching results from vari-
ous spectral image pairs can be complementary, which makes it easier
andmore effective to removemismatches. This paper evaluates the var-
iations in ice velocities of PIGIS using image matching of Landsat-7
ETM+ and Landsat-8 OLI time series multispectral data. The objectives
of this research are to 1) measure the ice velocity of PIGIS using an en-
semble of image matching results from the multispectral image pairs
of Landsat imagery, 2) propose a robust but simple statistical method
to filter the mismatches, and 3) investigate the spatiotemporal varia-
tions in ice velocities and surface strain rates on PIGIS. Section 2 pre-
sents the study area and data used in this study. Section 3 describes
the methodology for image matching of Landsat multispectral data
and the filtering process. Section 4 presents the results and discussion
while Section 5 concludes this paper.

2. Study area and data

2.1. Pine Island Glacier Ice Shelf (PIGIS)

PIGIS (75°S, 102°W) is one of the largest ice shelves in the Amund-
sen Sea Embayment, West Antarctica (Fig. 1). PIGIS is composed of
three ice shelves: a fast-flowing central ice shelf that is directly fed by
PIG and two slow-moving ice shelves (northern and southern ice
shelves) located on each side of the central ice shelf (Rignot, 2002).
PIG and PIGIS drain a total area of ~175,000 km2, corresponding to
~10% of the West Antarctic Ice Sheet, out to the ocean (Shepherd et
al., 2001; Vaughan et al., 2006). The ice velocity of PIGIS increased
from ~2.8 km a−1 in 1996 by ERS-1/2 InSAR (Mouginot et al., 2014) to
~4 km a−1 in 2012 measured by the speckle tracking of TanDEM-X
SAR images (Mouginot et al., 2014). The total ice flux at the grounding
line of PIG entering PIGIS increased from 78 ± 3 Gt a−1 to 132 ±
4 Gt a−1 over the last 40 years (Mouginot et al., 2014).

The mean ice thickness of freely floating areas of PIGIS decreased by
~6.8 m a−1 during 2003–2008 (Pritchard et al., 2012; Rignot et al.,
2013), which was mainly caused by higher basal melting due to the
strong circulation of circumpolar deep water (Bindschadler et al.,
2011; Jacobs et al., 2011; Mankoff et al., 2012; Robertson, 2013; Rignot
et al., 2014). Themass loss of PIGIS caused by basalmeltingwas estimat-
ed as 101.2± 8 Gt a−1 during 2003–2008 (Rignot et al., 2013), which is
20 times larger than the surface accumulation over the ice shelf (4.6 ±
0.9 Gt a−1) estimated from the Regional Atmospheric Climate Model
(RACMO) surface mass balance model (Lenaerts et al., 2012). The
grounding line of PIGIS retreated ~30 km at the glacier center from
1992 to 2011, while that of the side margins migrated ~10 km inland
during the same period (Rignot et al., 2014).

2.2. Data

Landsat-7 ETM+ and Landsat-8 OLI data obtained from 2000 to 2014
(Table 1) were used to measure the ice velocities of PIGIS by image
matching. Landsat satellites cover the Earth by a regular grid of locations
called the World Reference System, which is composed of 233 orbits
(paths) and 248 latitude points (rows). Overlapping ground coverage of



Fig. 1. Landsat-7 ETM+SLC-off panchromatic image of Pine IslandGlacier Ice Shelf (PIGIS) obtained on11November 2012. The grounding line in 1999 is shown as the dotted lines (Rignot
et al., 2011b), and that in 2009 is shown as the solid lines (Joughin et al., 2010). The white linear features over the image are caused by the failure of the Scan Line Corrector (SLC) on
Landsat-7 ETM+.
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the Landsat satellites widens with increasing latitude due to the conver-
gence of the paths (Bindschadler, 2003). Three paths indexed as 1, 232,
and 233 at row 113 cover PIGIS. The use of images from all available
paths/rows over PIGIS enables more frequent observation of the ice
shelf. In this study, Landsat multispectral data from the three coordinates
of 1/113, 232/113 and 233/113were used to perform imagematching for
PIGIS velocitymeasurement. All Landsat datawere systematic terrain cor-
rection products (Level 1 GT) in polar stereographic projection.

The ice velocity of PIGIS measured by speckle tracking of TanDEM-X
SAR images in November to December 2012 (Mouginot et al., 2014;
Rignot et al., 2014), a part of the dataset derived from the NASAMaking
Earth System Data Records for Use in Research Environments (MEa-
SUREs) Program, was used to validate the results from Landsat image
matching for the 2011–2012 image pair. The TanDEM-X ice velocity is
composed of two-dimensional velocity fields with a grid size of
450 m. TanDEM-X SAR images have a very high resolution of ~1 m
and thus the speckle tracking error is very small, less than 2 m (Rignot
et al., 2014). As the TanDEM-X velocity fields represent the velocity
later in 2012 (i.e., November to December), it cannot be exactly com-
pared to the Landsat image matching results that represent an annual
average of the ice velocity in 2012. Therefore, the validation results of
the Landsat image matching using the TanDEM-X velocity fields were
analyzed with the consideration of the different epochs between the
two velocity datasets.
3. Methodology

Since the visual contrast of features on the ice surface varies by spec-
tral band, the number of correct matches would also vary by spectral
band. Therefore, the ensemble ofmatching results from individual spec-
tral bands (hereafter referred to as the multispectral image matching)
can provide more correct matches than when using a single band
image pair. Fig. 2 illustrates the processing flow of the multispectral
image matching of Landsat time series data.
3.1. Multispectral image matching based on orientation correlation

Image matching can be operated in both spatial and frequency do-
mains. Normalized cross correlation (NCC) is a representative image
matching method conducted in the spatial domain, which directly
finds the position of the maximum of the cross correlations calculated
using pixel values, i.e., digital numbers (DNs), within a matching win-
dow. Although NCC is very easy to use because of its simplicity, it
might not be a good approach for measuring surface displacement in
areas of low contrast such as snow covered glaciers (Heid and Kaab,
2012). It also produces many mismatches in the areas of data voids
such as the gaps of Landsat-7 scan line corrector (SLC)-off data (Haug
et al., 2010; Heid and Kaab, 2012). This is because the cross correlation



Table 1
Landsat-7 ETM+and Landsat-8OLI data of Pine IslandGlacier Ice Shelf (PIGIS) used in this study. The initial offsets in the image easting (x) and northing (y) directionswere applied to the
images of later dates before conducting image matching.

ID Landsat sensor Date Path/row Time difference (days) Initial offsets in x and y direction (m)

1 ETM+ 6 Mar 2000 1/113
304 −750, 1950

2 ETM+ 4 Jan 2001 1/113
3 ETM+ 13 Jan 2001 233/113

336 −900, 2400
4 ETM+ 15 Dec 2001 233/113

336 −900, 2400
5 ETM+ 16 Nov 2002 233/113
6 ETM+ 28 Jan 2003 232/113

368 −1050, 2700
7 ETM+ 31 Jan 2004a 232/113

368 −1050, 2700
8 ETM+ 2 Feb 2005a 232/113
9 ETM+ 24 Jan 2005a 233/113

720 −2400, 6000
10 ETM+ 14 Jan 2007a 233/113

672 −2100, 5400
11 ETM+ 16 Nov 2008a 233/113
12 ETM+ 12 Jan 2009a 232/113

320 −900, 2400
13 ETM+ 28 Nov 2009a 232/113

368 −1050, 2700
14 ETM+ 1 Dec 2010a 232/113
15 ETM+ 8 Dec 2010a 233/113

384 −1050, 2700
16 ETM+ 27 Dec 2011a 233/113

320 −900, 2400
17 ETM+ 11 Nov 2012a 233/113
18 OLI 1 Dec 2013 232/113

368 −1050, 2700
19 OLI 4 Dec 2014 232/113

a SLC-off data.
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computed in the spatial domain is dominated by the DNs within a
matching window.

Image matching operated in the frequency domain calculates cross
correlation by multiplying the Fourier transform of one image and the
complex conjugate of the Fourier transform of the other image, which
is faster than image matching in the spatial domain (Anuta, 1970;
Kwok et al., 1990; Fitch et al., 2002; Haug et al., 2010; Heid and Kaab,
2012; Warner and Roberts, 2013). Orientation correlation (OC) (Fitch
et al., 2002) using Fast Fourier transform (FFT) on directional deriva-
tives of DNs shows the highest performance for themeasurement of dis-
placement fields over glaciers and ice shelves showing low visual
contrast, compared to other image matching approaches such as NCC
operated in the spatial domain or the phase correlation in the frequency
domain (Haug et al., 2010; Heid andKaab, 2012).Moreover, OCmakes it
possible to produce correct matches from the Landsat-7 ETM+ SLC-off
data because the frequency domainmethod is insensitive to the regular
stripes of data voids which contribute to only a few frequencies and
these areas are neglected in the imagematching using the cross correla-
tion of OC (Haug et al., 2010; Heid and Kaab, 2012). Based on such ad-
vantages, OC was implemented in this study to conduct image
matching of Landsat multispectral data.

In order to perform OC, orientation images should be created from
the directional derivative of DNs of the original images. Taking f as one
image and g as the other image, the orientation images f0 and g0 are cre-
ated by (Haug et al., 2010; Heid and Kaab, 2012):

f 0 x; yð Þ ¼ sgn
∂ f x; yð Þ

∂x
þ i

∂ f x; yð Þ
∂y

� �
;

g0 x; yð Þ ¼ sgn
∂g x; yð Þ

∂x
þ i

∂g x; yð Þ
∂y

� �
;

where sgn xð Þ ¼ 0 if x ¼ 0
ei argx otherwise

� ð1Þ
where sgn is the signum function, i is the complex imaginary unit and
arg is the complex argument function. The orientation images are com-
plex, with the DN differences in the horizontal x direction as the real
part and the DN differences in the vertical y direction as the imaginary
part. The correlation surface (P(x,y)) is calculated as (Haug et al.,
2010; Heid and Kaab, 2012):

P x; yð Þ ¼ IFFT
F0 u; vð ÞG�

0 u; vð Þ
F0 u; vð ÞG�

0 u; vð Þ�� ��
 !

ð2Þ

where F0 is the FFT of the reference window from f0, G0 is the complex
conjugate of the FFT of the search window from g0, and IFFT is the In-
verse FFT. A displacementfield (dx, dy) is found from theposition show-
ing the maximum P(x,y) in a matching window. The subpixel
displacements in the x (dxs) and y (dys) directions are determined by
fitting orthogonal parabolic functions to the correlations, which are
found using (Argyriou and Vlachos, 2007):

dxs ¼ P xm þ 1; ymð Þ−P xm−1; ymð Þ
2 2P xm; ymð Þ−P xm þ 1; ymð Þ−P xm−1; ymð Þð Þ ;

dys ¼
P xm1; ym þ 1ð Þ−P xm; ym−1ð Þ

2 2P xm; ymð Þ−P xm; ym þ 1ð Þ−P xm; ym−1ð Þð Þ
ð3Þ

where P(xm,ym) is the maximum correlation value. Fitting a parabolic
curve to the correlation surface makes a narrower correlation peak,
which results in better subpixel accuracy (Haug et al., 2010; Heid and
Kaab, 2012). The subpixel displacements are added to the pixel level
displacements (dx0, dy0) in order to find the complete displacement
fields.

OC was conducted for the blue (B), green (G), red (R), near-infrared
(NIR), panchromatic (Pan), and the first principal component (PC)
image pairs of the Landsat multispectral data. The first PC accounts for
the maximum proportion of variance in all the original bands. The two



Fig. 2. Flowchart of the multispectral image matching of Landsat data proposed in this study.
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shortwave infrared bands of the Landsat datawere not used for themul-
tispectral image matching because they are much more sensitive to
snow cover properties, such as wetness, than the features on ice sur-
faces, such as crevasses (Bronge and Bronge, 1999; Racoviteanu et al.,
2008). All image pairs were high-pass filtered to emphasize visual con-
trast before conducting image matching. The optimal sizes of reference
and search windows that are big enough to contain surface features but
small enough to limit velocity gradients should be selected to conduct
image matching successfully. A reference window size of 64 × 64 pixels
pixels and a search window size of 256 × 256 pixels were used in the
image matching of both the Pan and the other bands. The displacement
measured by the imagematching operated in the frequency domain can-
not be larger than half thewindow size because the Fourier spectrum of a
window is divided in four equal quadrants (Heid and Kaab, 2012). To
measure high ice velocity in the given window size, initial offsets in the
image easting (horizontal x direction) and northing (vertical y direction)
directions were applied to the image of a later date (Table 1). The refer-
ence window size of 64 × 64 pixels corresponds to a 960 × 960 m at
the Pan band and a 1920 × 1920 m at the other bands, respectively. The
reference windows were overlapped during the image matching to gen-
erate displacement fields as a grid of 480 × 480 m.

3.2. Mismatch filtering process

Rawmatching results typically contain a large number of erroneous
matches. In this study, an objective and automated filtering method
(Fig. 2) is proposed to remove mismatches of the rawmatching results
produced from the Landsat spectral image pairs. The filtering method
uses two assumptions: 1) individual spectral image pairs produce the
same displacement field in the same area, and 2) glacier flows have
smooth spatial variations. First, the median and interquartile range of
the displacement fields in both the image easting and northing direc-
tions over a 6 × 5 × 5 cuboid-grid window (i.e. 5 × 5 horizontal grids
in 6 spectral image pairs) are computed. For both directions, the dis-
placement fields greater than 0.5 times the interquartile range from
the median are regarded as erroneous fields based on the above as-
sumptions, and thus are excluded from the raw matching results for

each spectral image pair. Then themean (dx and dy) and standard devi-
ation (σdx and σdy) in the spectral domain are computed at each dis-
placement grid using the remaining displacement fields.

The values of σdx and σdy computed for the remaining displacement
fields include the errors from the displacementmeasurement by the OC
method, and image-to-image and band-to-band registration errors of
the Landsat multispectral data. Haug et al. (2010) evaluated the accura-
cy of the subpixel displacementmeasurement byOC to be approximate-
ly 1/4 pixel which corresponds to ~7.5 m for the Landsat multispectral
data. The image-to-image registration error of both the Landsat-7
ETM+ and Landsat-8 OLI is less than 12 m (Lee et al., 2004; Storey et
al., 2014). The errors from band-to-band registration are ~8 m for the
Landsat-7 ETM+ and ~5 m for the Landsat-8 OLI (Lee et al., 2004;
Storey et al., 2014). A combination of such errors is smaller than the
pixel size of the Landsat multispectral data. Therefore, the mean dis-

placement fields (dx and dy) of σdx and σdy larger than 30 m were
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excluded and considered as no displacement fields to the final displace-

ment fields. Finally, a neighbor filter was applied to the dx and dy fields

using themean (dxh and dyh) and standard deviation (σdx
h and σdy

h ) over

a 5 × 5 neighboring fields. The dx and dy vectors that deviate more than

σdx
h andσdy

h fromdxh anddyh, respectively, were removed resulting in no

displacement fields. The remaining dx and dy vectors were used to pro-
duce the final velocity fields.

The flow-oriented surface strain rates, such as longitudinal ( _εl),
transverse ( _εt ) and shear strain rate ( _εs), were calculated from the
final velocity fields by (Bindschadler et al., 1996):

_εl ¼ _εxxcos2α þ 2 _εxy sinα cosα þ _εyysin
2α

_εt ¼ _εxxsin
2α−2 _εxy sinα cosα þ _εyycos2α

_εs ¼ _εyy− _εxx
� �

sinα cosα þ _εxy cos2α−sin2α
� 	 ð4Þ

where _εxx, _εyy, and _εxy are the strain rates with respect to the image east-
ing and northing directions, and α is the flow directionmeasured coun-
ter clockwise from the image easting direction.
Velocity diffe
-20

(d) (e)

(a) (b)

-5 0

Fig. 3. The differences between the velocity magnitudes of PIGIS from the 2011–2012 Landsatm
TanDEM-Xvelocity), as a ratio to the TanDEM-Xvelocitymagnitude (note the nonlinear color sc
(e) Pan, and (f) PCwerefilteredusing themismatchfiltering process described inHeid andKaab
as a background image. The grounding line in 1999 is shown as the dotted lines (Rignot et al.,
4. Results and discussion

4.1. Validation of the multispectral image matching

The performance of the Landsat single band image matching using
OC was evaluated prior to validating the multispectral image matching.
For the 2011–2012 Landsat spectral image pairs (ID 16 and 17 in
Table 1), the ice velocitymagnitudes were converted from the displace-
ment fields filtered by themismatch filteringmethod proposed by Heid
and Kaab (2012). Heid and Kaab (2012) filtered the displacement fields
in both the image easting and northing directions that deviate more
than ±150 m from their 3 × 3 mean low-pass filtered displacement
field. Fig. 3 shows the difference between the velocity magnitudes
from the individual 2011–2012 Landsat multispectral image pairs and
the 2012 TanDEM-X SAR images, as a ratio of the TanDEM-X velocity
magnitude. The spatial coverage of the potential correct matches varies
by the spectral band due to the different visual contrast. The image
matching result from the panchromatic band providedmore potentially
correctmatches on theuppermost part of the central ice shelfmore than
the other spectral bands, while it could not completely provide ice ve-
locity from ~10 km downstream of the 1999 grounding line to the ice
rence (%)
20

(f)

(c)

5

ultispectral image pairs and the 2012 TanDEM-X SAR images (i.e., Landsat velocity minus
ale). The imagematching results from the Landsat image pairs of (a) B, (b) G, (c) R, (d) NIR,
(2012). The Landsat ETM+panchromatic image obtained on 11November 2012wasused
2011b), and that in 2009 is shown as the solid lines (Joughin et al., 2010).



Fig. 4. The differences between the final velocity fields of PIGIS from the 2011–2012 Landsat multispectral image matching and the 2012 TanDEM-X SAR images (i.e., Landsat velocity
minus TanDEM-X velocity), as a ratio to the TanDEM-X velocity fields (note the nonlinear color scale). The differences of ice velocities were computed for (a) the image easting
component, (b) the image northing component, and (c) magnitude. The Landsat ETM+ panchromatic image obtained on 11 November 2012 was used as a background image. The
grounding line in 1999 is shown as the dotted lines (Rignot et al., 2011b), and that in 2009 is shown as the solid lines (Joughin et al., 2010).
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calving front (Fig. 3e). Meanwhile, image pairs of visible bands except
for B, NIR, and PC provided the ice velocity from the isolated grounding
line in 2009 to the rifting zonenear the ice calving front, but not near the
uppermost part of the central ice shelf (Fig. 3a–d and f). This implies
that synergistic combination of the image matching results frommulti-
ple spectral bands can providemore correctmatches than the use of sin-
gle band image matching.

In Fig. 3, it is shown that the TanDEM-X velocities are systematically
faster than the Landsat velocities in the fast-flowing areas of the central
ice shelf of PIGIS, representing that an annual average of the ice velocity
in 2012was slower than the ice velocity later in 2012 (i.e., November to
December). However, the velocity differences in the fast-flowing areas
are no greater than −4%. Landsat velocities much faster than the Tan-
DEM-X velocities were observed on the geographically northern side
of the downstream of a massive rift near the ice front of the central ice
shelf (as shown in Fig. 1) and in a narrow band that extends halfway
across the ice shelf along the rift. The perimeter of the central ice shelf
also showed faster Landsat velocities than the TanDEM-X velocities.
Meanwhile, the TanDEM-X velocities were considerably faster in a nar-
row band of the upstreamof the rift on the geographically northern side
of the ice shelf and the southern side of the downstreamof the rift. Such
large differences were attributed to either the different epochs or
sources of the two velocity datasets, or the remaining mismatches in
the filtered Landsat velocity fields. The different spatial resolutions
and image matching methods between the two datasets can produce
a slightly different velocity field over the same area (Debella-Gilo and
Kaab, 2011; Debella-Gilo and Kaab, 2012). The epochs of the TanDEM-
X velocity fields from Mouginot et al. (2014) were from November to
December 2012, which is an approximately 6-month time difference
from themiddle of the Landsat image pair that represents an annual av-
erage of ice velocity in 2012. Such different epochs can contribute to the
large differences in the ice velocities depending on a possible annual or
Fig. 5. The ice velocity fields of PIGIS in 2000 (left column) and 2014 (right column) obtained fro
(a black line in each color bar represents a zero velocity-mark); (c, d) the image northing veloci
nonlinear color scale). Note the different color scales of the velocities between 2000 and 2014
Landsat-8 OLI panchromatic image obtained on 4 December 2014 were used as the backgrou
represent the local flow direction. The grounding line in 1999 is shown as the dotted lines (Ri
red dotted line in (a) is the profile of the velocity variations as shown in Fig. 7.
seasonal variation of ice flow of the PIGIS. The different time intervals of
the Landsat and TanDEM-X image pairs also contributed to the velocity
differences. As the velocities were measured from the displacements at
the location of the reference windows, the Landsat velocities for about a
year are shifted slightly upstream when considering PIGIS velocities of
several kilometers per year (Warner and Roberts, 2013; Mouginot et
al., 2014). Since TanDEM-X velocities were measured from the shorter
time interval of the image pairs than the Landsat velocities, they are
less affected by the issue of the epoch duration. Therefore, the longer
time interval between the Landsat image pairs would result in a small
systematic bias in the comparison of the Landsat and TanDEM-X veloc-
ities. In particular, the large differences near the rift could be mainly at-
tributed to the different epochs and time intervals of image pairs used in
image matching between the two velocity datasets. In October 2011, a
newly formed rift near the ice front of the central ice shelf was discov-
ered by aircraft survey (Jones and Gudmundsson, 2014). The rift propa-
gated from the geographically northern margin to the southern part of
the central ice shelf of PIGIS (Fig. 1) and completely separated the ice
shelf in November 2013. The evolution of the rift would have different
effects on the ice velocities across the ice shelf around the rift as cap-
tured by the two epochs. The opening of the rift might bring about rota-
tions of the downstream ice block (Joughin andMacAyeal, 2005; Glasser
and Scambos, 2008), which would increase the displacements in the
narrow band across the ice shelf along the rift during the Landsat obser-
vations, while the separation on the southern side later in 2012 might
result in increased displacements on the geographically southern side
of the downstream of the rift in the TanDEM-X epoch. The TanDEM-X
velocities much faster than the Landsat velocities localized on the up-
stream of the rift on the geographically northern part of the ice shelf
were probably due to the increased velocity at the open rift compared
to the flow for the annual average of the region. The systematic bias in
the comparison of Landsat and TanDEM-X velocities, attributed to the
m the Landsatmultispectral imagematching. (a, b) The image easting velocity component
ty component (note the nonlinear color scale); and (e, f) the velocitymagnitudes (note the
. The Landsat-7 ETM+ SLC-off panchromatic image obtained on 4 January 2001 and the
nd images of the 2000 and 2014 velocity fields, respectively. The arrows on (e) and (f)
gnot et al., 2011b), and that in 2009 is shown as the solid lines (Joughin et al., 2010). The
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different time intervals of image pairs in velocitymeasurements, would
presumably be emphasized near the rift where ice velocity would be
much faster than other regions of PIGIS. Therefore, the large
(a)

(c)

(e)
discrepancies in ice velocities near the rift would be caused by the dif-
ferent epochs and time intervals of image pairs of the velocity field be-
tween the Landsat that represents for an annual average in 2012
(b)

(d)

(f)



Fig. 6. Uncertainties in the velocity magnitudes of PIGIS in (a) 2000 and (b) 2014 obtained from the Landsatmultispectral image matching (note the nonlinear color scale). The Landsat-7
ETM+SLC-off panchromatic image obtained on4 January 2001 and the Landsat-8OLI panchromatic image obtained on 4December 2014were used as the background images of the 2000
and 2014 velocity fields, respectively. The grounding line in 1999 is shown as the dotted lines (Rignot et al., 2011b), and that in 2009 is shown as the solid lines (Joughin et al., 2010).
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incorporating the period of rift growth and that from the TanDEM-X
representing later in 2012 (i.e., November to December). However,
any large differences caused by erroneous Landsat velocity fields cannot
be clearly examined from the single band image matching. Using a sta-
tistical filtering process of the multispectral image matching results en-
ables a more detailed interpretation of the velocity.

Themultispectral imagematching and themismatch filteringmeth-
od proposed in this research were applied to the time series Landsat
data. Fig. 4 depicts the differences between the final velocity fields
from the 2011–2012 Landsat multispectral image matching and late
2012TanDEM-X SAR velocityfields. Thedifferences in the image easting
and northing velocity components were ~5% (Fig. 4a) and ~−5% (Fig.
4b), respectively, except for the ice calving front of the central ice
shelf of PIGIS. This suggests that the image northing velocity compo-
nents were enhanced in late 2012 compared to the annual average for
the components, while the image easting velocity components slowed
down. The differences in the velocity magnitudes (Fig. 4c) were similar
to those in the image northing velocity components (Fig. 4b) because
the ice flow of the central ice shelf is primarily driven by the image
northing component (Warner and Roberts, 2013), except for the geo-
graphically southern margin and the perimeter of the ice shelf where
the dominant component of ice flow is the image easting velocity.

Although the erroneous displacement fields included in the individ-
ual spectral image pairs were removed using statistically rigorous eval-
uations, large differences in the velocity fields were still observed near
the ice calving front and the perimeter of the central ice shelf. The
large differences observed near the perimeter of the central ice shelf
were probably caused by the different epochs and sources between
the Landsat and TanDEM-X velocity datasets. The velocity magnitudes
on the perimeter of the central ice shelf of PIGIS are typically less than
150 m a−1. Therefore, a slightly different velocity measured from a dif-
ferent source could cause the large proportional velocity deviations on
the perimeter of the central ice shelf. Large disagreements between
the Landsat and TanDEM-X velocity fields were observed along the
massive rift near the ice front (as shown in the underlyingpanchromatic
image in 2012 of Fig. 4) and a narrow band localized on the upstream of
the rift on the geographically northern part of the ice shelf. As discussed
above regarding Fig. 3, such large differences near the rift would be
caused by the different epochs between the two velocity datasets.

The final velocity fields from the Landsat multispectral image
matching covered PIGIS ~35% more than the single band (i.e., panchro-
matic) image matching. Meanwhile, the erroneous displacement fields
produced from the individual spectral image pairs were mostly re-
moved by the statistical filtering process. Consequently, it is concluded
that multispectral image matching can provide reasonable velocity
fields with more complete coverage than single band image matching,
by removingmismatches easily using anobjective and automated filter-
ing process.

4.2. Variations in ice velocities of the Pine Island glacier ice shelf (PIGIS)

Ice velocities of PIGIS from 2000 to 2014 were measured by Landsat
multispectral image matching. The ice velocities in the image easting
and northing directions, and velocity magnitudes of PIGIS in 2000
(from ID 1 and 2 in Table 1) and 2014 (from ID 18 and 19 in Table 1)
are shown in Fig. 5. The Landsat-7 ETM+panchromatic image obtained
on 4 January 2001 and the Landsat-8 OLI panchromatic image on 18 Oc-
tober 2014 were used as the background images of the velocities in
2000 and 2014, respectively. The black arrows in Fig. 5e and f represent
the ice flow direction. Note that color scales of ice velocities in 2000 are
different from those in 2014 in order to present the spatiotemporal var-
iation of the velocities in the central ice shelf. Ice velocities in the image
easting and northing directions of the entire PIGIS in 2014 (Fig. 5b and
d) were much faster than those in 2000 (Fig. 5a and c). The velocities
in both 2000 and 2014 showed that the image easting components
gradually increased in magnitude from the grounding line to the ice
front along theflow lines (Fig. 5a and b), while the image northing com-
ponents increased in magnitude from the shear margins to the central
flow line (Fig. 5c and d). Ice velocities in the image northing component
in the geographically southern part of the central ice shelf were faster
than those in the northern part of the ice shelf. The spatial variations
of the velocity magnitude of the central ice shelf of PIGIS (Fig. 5e and
f)were similar to those of the velocity component in the image northing
direction (Fig. 5c and d) because the ice flow is primarily driven by the



Fig. 7. The ice velocity profiles of the central ice shelf of PIGIS during 2000–2014 along the profile marked as A–A′ in Fig. 5(a). (a) The velocity magnitudes; (b) the image easting velocity
components; and (c) the image northing velocity components. The vertical dotted line represents the location of the grounding line in 1999 (Rignot et al., 2011b), and the vertical solid line
represents the grounding line in 2009 (Joughin et al., 2010).
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image northing component (Warner and Roberts, 2013). The velocity
magnitude and the image northing velocity component in 2000 (Fig.
5c and e) showed that the flow of the ice front was much faster than
other areas of the central ice shelf. Such a fast motion near the ice
front was once again caused by a rift (as shown in the underlying
panchromatic image in 2000) that decoupled the ice front from the
body of the ice shelf.

Uncertainties in the velocity magnitudes from the Landsat multi-
spectral image matching were estimated by combining the uncer-
tainties in the image easting and northing velocity components, i.e.,



(a) (b)

(c) (d)

(e) (f)

Fig. 8. Surface strain rates of PIGIS in 2000 (left column) and 2014 (right column) derived from the final velocity fields of the Landsat multispectral imagematching. (a, b) The longitudinal
strain rate; (c, d) the transverse strain rate; and (e, f) themagnitude of the aligned shear strain rate. The Landsat-7 ETM+SLC-off panchromatic image obtained on 4 January 2001, and the
Landsat-8 OLI panchromatic image obtained on4 December 2014were used as the background images of the 2000 and2014 strain rates, respectively. The grounding line in 1999 is shown
as the dotted lines (Rignot et al., 2011b), and that in 2009 is shown as the solid lines (Joughin et al., 2010).
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σdx and σdy. The uncertainties in the 2000 and 2014 Landsat velocity
magnitudes are shown in Fig. 6a and b, respectively. The uncertainties
for the 2000 velocity magnitude were less than 5 m a−1 in the central
ice shelf of PIGIS, except for margins and the downstream of rift of the
ice shelf in 2000 in which the uncertainties were estimated as
~15m a−1. Meanwhile, most uncertainties for the 2014 velocitymagni-
tude were ~2.5 m a−1 in the central ice shelf, but some larger uncer-
tainties were produced near margins and ice front of the ice shelf.
Uncertainty of 5 m a−1 corresponds to 0.17% of the 2000 velocity mag-
nitudes, while that of 2.5m a−1 corresponds to 0.06% of the 2014 veloc-
ity magnitudes. As the uncertainties in the image easting and northing
velocity components were approximately equal in both 2000 and
2014, uncertainty in each velocity component was approximately 70%
of the uncertainty in the velocity magnitude.

Variations in the velocity magnitudes, and the image easting and
northing velocity components of the central ice shelf of PIGIS from
2000 to 2014 along the profile marked as A–A′ in Fig. 5(a) are shown
in Fig. 7. The velocity magnitudes of the whole central ice shelf acceler-
ated by ~1.5 kma−1 (or ~55%) between 2000 and 2010, and then decel-
erated by ~0.5 km a−1 (or ~10%) from 2010 to 2012 (Fig. 7a), which
agrees with the previous research findings (Rignot et al., 2002;
Warner and Roberts, 2013; Mouginot et al., 2014). The velocity magni-
tudes in 2000, 2011, and 2012 suddenly increased from ~70 km down-
stream of the 1999 grounding line, which was caused by widespread
rifting. The sudden increases in the ice velocity in 2011 and 2012 were
due to the same rift that propagated across the ice shelf from October
2011 to November 2013, while those in 2000 were caused by an earlier
rift that cut the ice shelf and produced a huge iceberg in 2001.

The velocity magnitudes in 2014 were ~0.2 km a−1 higher than
those in 2012. The ice velocity of PIGIS in 2013 was not measured in
this study due to the lack of cloud-free Landsat data. Mouginot et al.
(2014) reported that PIGIS decelerated between 2010 and 2013, from
which it can be deduced that the central ice shelf of PIGIS picked up
speed again after 2013.While the velocity magnitudes increased slight-
ly between 2012 and 2014, those values are still below the values
reached in 2010. A temporary regrounding on the isolated grounding
line mapped in 2009 (Joughin et al., 2010) could be a possible reason
for the slow-down and partial reacceleration of PIGIS. However, there
is no further investigation on the changes in the grounding line position
of PIGIS after 2011, including the isolated grounding line. To clarify
whether the isolated grounding line influences the changes in the ice
velocity, it is necessary to keep investigating the grounding lines of
PIGIS.

The magnitude of the velocity component in the image easting di-
rection (Fig. 7b) increased by ~0.8 km a−1, or ~70%, from 2000 to
2010. Between 2010 and 2014, the magnitude of the image easting ve-
locity component near the grounding line slowed down by ~0.2 km a−1

(or ~17%). However, the ice front showed few temporal changes in the
image easting velocities after 2010. The spatial variations in the image
easting velocity component near the grounding line were very small
because the ice flow in this area was primarily driven by the inflow of
PIG, the direction of whichwas almost parallel to the image northing di-
rection (Fig. 5e and f). Meanwhile, the magnitude of the image easting
velocities increased rapidly from the grounding line to the ice front,
which was due to the shear forces at the edge of the ice shelf (Rignot,
2002; MacGregor et al., 2012) and the inflow from the southern ice
shelf.

The spatiotemporal variations of ice velocities in the image northing
direction of the central ice shelf (Fig. 7c) were similar to those of the ve-
locity magnitudes (Fig. 7a) because they were the dominant compo-
nents of the flow speed of PIGIS (Warner and Roberts, 2013). During
2000–2010, the magnitude of the image northing velocity component
of the central ice shelf accelerated by ~1.3 km a−1 (or ~50%), which
was higher than the acceleration of the image easting velocity compo-
nent during the same period (~0.8 km a−1). The magnitude of the
image northing velocity component slowed down by ~0.5 km a−1 (or
~12%)during 2010–2012. Themagnitude of the image northing velocity
component in 2014 was ~0.2 km a−1 faster than that in 2012, but this
was still lower than the pattern of image northing velocities in 2010.

4.3. Variations in strain rate of the Pine Island Glacier Ice Shelf from 2000 to
2014

Surface strain rates of PIGIS in 2000 and 2014 calculated from Eq. (4)
are shown in Fig. 8. The surface strain rates of PIGIS have largely been
steady since 2000, except for a few regions showing noteworthy chang-
es. The longitudinal strain rate (Fig. 8a and b) represents the extension
(a positive value) or compression (a negative value) of ice flow along
the local flow direction. The uppermost part (near the grounding line
in 2009) and the geographically northern part of the central ice shelf
of PIGIS showed negative longitudinal strain rate values of ~−
0.01 a−1 in both 2000 and 2014, which implies ice was compressed
along flow in this area during both epochs. Meanwhile, the geographi-
cally southern part of the ice shelf showed increasing longitudinal strain
rates from−0.01 a−1 in 2000 to 0.01 a−1 in 2014 (aroundW100–101°,
S 75°15′), indicating development of a fast-flowing band of ice (Warner
and Roberts, 2013). The geographically northernmargin near the side of
the central ice shelf front (around S74°35′, W101°) showed a very large
longitudinal strain rate exceeding 0.04 a−1 (Fig. 8a), indicating large-
scale extending deformations such as heavy crevassing, as shown in
the underlying panchromatic image.

The transverse strain rates of PIGIS in 2000 and 2014 are shown in
Fig. 8(c) and (d), respectively. A positive value of the transverse strain
rate represents the divergence of the local ice flow whereas a negative
value indicates ice convergence. Large positive transverse strain rates
exceeding 0.03 a−1 were observed near the grounding line of the cen-
tral ice shelf of PIGIS. This diverging ice flowwas caused by the extend-
ing width of the ice flow in the hinge zone (Warner and Roberts, 2013).
Such ice divergence in the hinge zone was enhanced and extended to
~15 km downstream (Fig. 8d) in 2014, which was possibly influenced
by the central isolated grounded region found in 2009. The ice front of
the central ice shelf showed the positive transverse strain rates of
~0.01 (Fig. 8d), indicating that the ice front underwent diverging flow.
This is because the ice spread out into the ocean, by which numerous
ice calving events have occurred in this region.

The magnitudes of the aligned shear strain rate along both sides of
the central ice shelf of PIGIS exceeded 0.05 a−1 but those in the rest of
the ice shelf were close to zero (Fig. 8e and f). This implies that the cen-
tral ice shelf of PIGIS flowed very fast, experiencing lateral drag along
the shear margins. The width of the shear margins of the central ice
shelf was measured as ~25 km, and it has been stable since 2000. The
heavy crevassing zone at the geographically northern margin near the
side of the central ice shelf front (around S74°35′, W101°) showed a
large magnitude of the shear strain rate (Fig. 8e), which indicates that
the crevasses in the region were formed by both the largely extending
and shearing flows.

Uncertainties of the surface strain rates are a function of uncer-
tainties in the image easting and northing velocity components that
were derived from mismatch filtering of the Landsat multispectral
image matching. The uncertainties in each velocity component for the
2000 and 2014 Landsat velocity fields were typically ~3.5 m a−1 and
~2 m a−1, respectively, which produced uncertainties in the strain
rates with respect to the image easting and northing directions of ap-
proximately 0.01 a−1 and 0.006 a−1, respectively. The resultant
uncertainty in the flow-oriented surface strain rates would be greater
than that in the component strain rates in image directions and this
needs to be considered when interpreting the apparent variations in
calculated surface strain rates, especially for the areas showing low
strain rates. This is a limitation of measuring surface strain rates from
image matching techniques. The uncertainties would be further re-
duced by taking local spatial averages over coherent regions of strain
rates. Therefore, the surface strain rates for the freely floating part of
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the central ice shelf where very low strain rates were measured should
be interpreted with regard to the uncertainties, although they are com-
parable with the corresponding strain rates estimated by Warner and
Roberts (2013).

5. Conclusion

Ice velocities of PIGIS were measured from an ensemble of image
matching of Landsat-7 ETM+ and Landsat-8 OLI multispectral data ob-
tained from 2000 to 2014. Orientation correlation was adopted for the
image matching of the individual Landsat spectral bands, from which
the matching results were combined, except for the two shortwave in-
frared bands which produced few correct matches. The multispectral
image matching provided more correct matches than the single band
(i.e. panchromatic) imagematching, andfiltered out erroneousmatches
based on an objective and automated filtering approach.

The ice velocity of the central ice shelf of PIGIS accelerated from2000
to 2010, when the acceleration of the image northing velocity compo-
nent was higher than that of the image easting component. The central
ice shelf velocity slowed down from 2010 to 2012. The ice velocities
sped up after 2012, but in 2014 were still lower than the corresponding
values in the peak of 2010. The surface strain rate fields of PIGIS were
derived from the ice velocity fields measured by the multispectral
image matching, which demonstrated that ice divergence in the hinge
zone has increased since 2000. The longitudinal compression of ice
was observed near the grounding line and the geographically northern
part of the central ice shelf of PIGIS, while a fast-flowing band of ice was
observed along the southern part of the ice shelf. Thewidth of the shear
margins of the ice shelf was ~25 km, which has been stable during the
last 15 years.

This study showed that an ensemble of imagematching results from
multispectral image pairs can be very useful to evaluate the ice velocity
of glaciers and ice shelves. We expect that the proposed multispectral
image matching method can be adopted for the Sentinel-2 Multi-Spec-
tral Imager, providing a continuity of glaciological applications of the
Landsat satellite series.
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