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Abstract: The surface velocity of the Amery Ice Shelf (AIS) is vital to assessing its stability and mass
balance. Previous studies have shown that the AIS basin has a stable multi-year average surface
velocity. However, spatiotemporal variations in the surface velocity of the AIS and the underlying
physical mechanism remain poorly understood. This study combined offset tracking and DInSAR
methods to extract the monthly surface velocity of the AIS and obtained the inter-annual surface
velocity from the ITS_LIVE product. An uneven spatial distribution in inter-annual variation in
the surface velocity was observed between 2000 and 2022, although the magnitude of variation
was small at less than 20.5 m/yr. The increase and decrease in surface velocity on the eastern and
western-central sides of the AIS, respectively, could be attributed to the change in the thickness of
the AIS. There was clear seasonal variation in monthly average surface velocity at the eastern side of
the AIS between 2017 and 2021, which could be attributed to variations in the area and thickness of
fast-ice and also to variations in ocean temperature. This study suggested that changes in fast-ice and
ocean temperature are the main factors driving spatiotemporal variation in the surface velocity of
the AIS.

Keywords: Amery Ice Shelf; surface velocity variation; AIS thickness; fast-ice; ocean temperature

1. Introduction

The Amery Ice Shelf (AIS) is the largest in the East Antarctic Ice Sheet and buttresses the
Lambert Glacier Basin. The Lambert Glacier Basin is the fourth-largest basin in Antarctica,
draining ~12.5% of the Antarctic Ice Sheet. Since the AIS drains only 2.5% of the East
Antarctic coastline, it is a sensitive indicator of mass discharge of the East Antarctic Ice
Sheet [1,2]. A report by the Intergovernmental Panel on Climate Change (IPCC, 2023)
suggests that the warming climate results in enhanced surface and basal melting of ice
shelves, which will drive increasing ice surface velocity [3]. Therefore, surface velocity is
the most direct indicator of the movement of glaciers and ice sheets in Antarctica under
the effects of global climate change [4]. Surface velocity measurements are important for
understanding the motion of glaciers and ice sheets in Antarctica.

Satellite remote sensing can improve large-scale and high-resolution measurements of
surface velocities, thereby providing the comprehensive observations required for modern
scientific investigations of polar region ice movement [5–7]. Current measurements of
ice movements mainly rely on synthetic aperture radar (SAR) and optical remote-sensing
technology [8]. To derive ice motion using Sentinel-1 data, differential interferometric
SAR (DInSAR) and offset tracking can be exploited. However, optical remote monitoring
provides surface velocity with limited accuracy due to the impacts of sunshine and snow
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clouds [9]. Monitoring surface velocities in recent decades has been improved by using SAR,
which enables accurate large-scale detection of surface motion. For example, the Sentinel-
1A and Sentinel-1B satellites can provide monthly measurements of surface velocity [10,11].
Many surface velocity datasets for the AIS have been released [6,12–14]. These datasets have
been based on feature tracking or cross-correlation between optical images and DInSAR or
offset tracking.

DInSAR has allowed the measurement of surface velocity at an unprecedented spatial
resolution and precision of millimeter-to-centimeter levels [9]. However, the accuracy and
temporal resolution of DInSAR data depend on the local environment and time between
acquisitions. Consequently, ionospheric perturbations, tidal fluctuations, atmospheric
effects, and fast-ice motion limit the accuracy of DInSAR methods [15]. For SAR data
in the Antarctic area, atmospheric effects are limited and are therefore ignored in our
study. Offset tracking is particularly applicable to the acquisition of data with long repeat
intervals, and this technology allows the derivation of ice motion in areas of persistent
fast-ice flow [8,16]. However, the accuracy of offset tracking is several orders of magnitude
lower than that of DInSAR at a resolution of several meters. Consequently, measurements
by offset tracking are not of sufficient accuracy for analysis of variation in surface velocity
of the AIS (slow-ice flow). While there have been many previous studies [16–20] on changes
in the surface velocity of the AIS, the spatiotemporal variation in the surface velocity of
the AIS remains poorly understood. In addition, there remains little understanding of
the physical mechanisms during variations in the surface velocity of the AIS and possible
oceanic forcing. To better understand the dynamic processes of the AIS and the effects of
its disintegration on its stability, it is essential to measure the surface velocity with high
spatiotemporal resolution. This approach allows for a more comprehensive exploration of
the factors influencing the ice shelf’s changes.

In recent years, many scholars have used various methods to monitor the AIS’s surface
velocity [20–22]. They confirmed that the surface velocity showed seasonal and inter-
annual variations. However, their studies did not cover the entire AIS but focused on the
grounding line area or a specific glacier, due to the lack of high-spatiotemporal-resolution
surface velocity extraction of the AIS and its surrounding area. A major calving event of
the AIS occurred in September 2019, resulting in a loss of approximately 1.1% of its total
mass [23]. The ice cavity below the Amery Ice Shelf has a complex interaction with the
modified circumpolar deep water (mCDW), resulting in the freezing of the western bottom
and melting of the eastern bottom of the ice shelf [24]. The physical mechanism behind
the surface velocity variations in the AIS and its surrounding area, and its oceanic forcing,
remain unclear. By monitoring the surface velocity of the AIS and its surrounding areas
and analyzing the physical mechanisms and oceanic factors behind their spatiotemporal
variations in surface velocity, we can more accurately assess the mass loss of the Antarctic
Ice Sheet.

In this paper, we present a remote-sensing investigation of the spatiotemporal varia-
tions in surface velocity of the AIS for the period 2000–2022. Firstly, offset tracking was used
to extract the surface velocity of the ice shelf region with fast-ice flow. DInSAR was applied
to extract the surface velocity of the ice sheet with slow-ice flow, and the split-spectrum
method was implemented to eliminate the ionospheric phase of InSAR pairs with serious
ionospheric distraction. Then, DInSAR-based range surface velocity and offset-tracking
azimuth surface velocity were combined to provide the monthly average surface velocity
of the AIS. At the same time, we collected inter-annual average surface velocity products
released by the Inter-mission Time Series of Land Ice Velocity and Elevation (ITS_LIVE) [25].
Finally, we investigated variations in the thickness of the AIS and the roles of possible
ocean-forcing factors, including ocean temperature and fast-ice to analyze their impact
on ice velocity changes. The results of this study can serve as a reference for future stud-
ies on the movement of glaciers and ice sheets in Antarctica under the effects of global
climate change.
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2. Materials and Methods
2.1. Inter-Annual Surface Velocity between 2000 and 2022

The present study investigated the inter-annual variation in the surface velocity of
the AIS by analyzing ITS_LIVE surface velocity products. These products provide global
coverage of inter-annual variation in surface velocity at a spatial resolution of 240 m from
1985 to 2022. As described in Lei, Gardner et al. [6,25], the core processing algorithm of the
ITS_LIVE project utilizes a combination of a precise geocoding module “Geogrid” and an
efficient offset-tracking module “autoRIFT” (autonomous Repeat Image Feature Tracking).
The present study selected the surface velocity of the AIS basin from 2000 to 2022 from
ITS_LIVE surface velocity products.

2.2. Intra-Annual Surface Velocity between 2017 and 2022

The present study combined the range of surface velocity derived from DInSAR
with azimuth surface velocity derived from offset tracking to improve the accuracy of the
surface velocity field, thereby fully utilizing the advantages of these two technologies. This
approach has been widely applied to obtaining the surface velocity of polar ice sheets
or glaciers [19,26]. The intra-annual surface velocity of the AIS used in this work was
measured by combing multi-track Sentinel-1 single-look complex synthetic aperture radar
(SAR) images acquired in the IW (interferometric wide) swath mode. This Sentinel-1 IW
mode is operated as TOPS (Terrain Observation with Progressive Scan in azimuth) mode
to acquire data with large swath widths (250 km) with a 3.7 m ground range and 15.6 m
azimuth resolution with a repeat cycle 6 days between A and B satellites [10]. The large
spatial coverage and high spatial resolution of Sentinel-1 images allow for the measurement
of the monthly surface velocity of the AIS. Figure 1 shows the extent of Sentinel-1A data
with five tracks.
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2.2.1. The Surface Velocity Derived from Offset Tracking

The present study conducted offset tracking of interferometric synthetic aperture radar
in the Scientific Computing Environment (ISCE) remote-sensing software using Sentinel-
1 images to retrieve the surface velocity from 2017 to 2021. First, rough co-registration
was performed between selected pairs of images. This step started with co-registration
using an external digital elevation model (DEM; Reference Elevation Mode of Antarctica,
RAMP) with a resolution of 100 m. Furthermore, matching techniques and spectral-
diversity methods were used to refine the co-registration. The final co-registration was
used to calculate the two-dimensional offsets with a search window size and step size
of 640 × 128 and 40 × 10 pixels, respectively. The accuracy of the surface velocity was
evaluated using abundant rock points near the AIS basin. The results had surface velocity
error within 3.82 m/yr, consistent with previous related studies [1,19,20]. The accuracy
in evaluated surface velocity was sufficient for analysis of variations in surface velocity
in the AIS region with fast flow. Unfortunately, there were no available surface velocities
for the west side of the AIS for some months each year, possibly due to surface melting or
wind-blown snow.

2.2.2. The Surface Velocity Derived from DInSAR

The error in surface velocity derived from offset tracking for the AIS ice sheet region
with slow-ice flow, particularly in the region in which the surface velocity is <100 m/yr,
may exceed the variation in surface velocity, resulting in misinterpretation during the
analysis of variation in surface velocity. Therefore, the present study combined DInSAR
with Sentinel-1A images to extract the monthly average surface velocity of the AIS ice sheet
regions from 2017 to 2021. The steps of DInSAR with co-registration were consistent with
those of offset tracking. The interferometric phase consists of the topography, flat-earth
phase, ice movement, and ionospheric phase. The interferogram has to be flattened, and
the topographic phase has to be removed using a high-accuracy DEM. At the same time,
the adaptive filter and multi-look processing were used to reduce the noise. To obtain ice
movement in the range direction, the interferometric phase has to be unwrapped with the
minimum-cost network flow (MCF) method [9]. However, frequent ionospheric distur-
bances in the polar region resulted in considerable contamination of the interferometric
phase [27,28]. Even for Sentinel-1 SAR (C-band) images [29], the ionospheric disturbance
cannot be ignored under natural phenomena such as auroras or strong magnetic storms [30].
We employed a split-spectrum method [29,31] to correct the interferometric phase with
severe ionospheric disturbance in orbits 003, 134, and 090 of Figure 1. The split-spectrum
method makes use of the dispersive nature of the ionospheric phase ∆ϕiono to estimate and
correct ionospheric signatures from the SAR images. To this end, the range spectrum of
a SAR signal is typically divided into non-overlapped sub-bands with equal bandwidth.
This correction process is implemented by using a bandpass filter to the range spectrum of
the full-bandwidth dataset. In this process, a bandpass filter of a third of the original range
bandwidth is applied, resulting in lower and upper frequency signals with slightly different
center frequencies. Sub-band interferograms can then be formed within the corresponding
lower and upper frequency signals. We used sub-band interferograms to estimate the
ionospheric phase by

ϕlow = ∆ϕiono
f0

flow
+ ϕnon−disp

flow
f0

(1)

ϕupper = ∆ϕiono
f0

fupper
+ ϕnon−disp

fupper

f0
(2)

∆ϕiono =
flow fupper

f0

(
f 2
upper − f 2

lower

)(ϕlow fupper − ϕupper flow
)

(3)
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where f0 is the center frequency of the full-band data, flow and fupper are the center frequen-
cies of the lower and upper sub-bands, respectively, and ϕlow and ϕupper are the phases of
the lower and upper sub-band interferograms, respectively.

The present study reduced the calculation load and time required for the correction of
the data for ionospheric influences and avoided over-correction by identifying Sentinel-1
SAR data that were seriously affected by ionospheric disturbance using the geomagnetic
index Kp, auroral current aggregation index AU&AL, and geomagnetic symmetric distur-
bance component SYM-H [27,32]. The results of the three indicators shown in Figure 2
indicated that the SAR major and slave image interferometric pair acquisition times from
31 January to 6 February 2017 coincided with major magnetic storms, whereas that from
19 January to 25 January 2017 coincided with a period of relatively little ionospheric dis-
turbance. As shown in Figure 3B,F, the relative ionospheric phase of the interferometric
pairs was estimated using the split-spectrum method. The present study analyzed the
interferogram without ionospheric correction (Figure 3A,E) and the interferogram with
ionospheric correction (Figure 3C,G) along the central profile line. As shown in Figure 3D,H,
the surface velocity from the central profile line indicated severe ionospheric disturbance
from 31 January to 6 February 2017. However, there was a minimal ionospheric disturbance
from 19 January to 25 January 2017.
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Figure 2. The variations in Kp, AU&AL, and SYM-H from 31 January to 14 February 2017. The green
dashed line indicates the acquisition time of SAR image pairs from 19 January to 25 January 2017, and
the blue dashed line indicates the acquisition time of SAR image pairs from 31 January to 6 February
2017. The black horizontal lines show the coordinates of the different data.
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Figure 3. Comparison of interferometric phase with and without ionospheric correction. (A,E) show
the interferogram without ionospheric correction. (B,F) show the relative ionospheric phase.
(C,G) show the interferogram with ionospheric correction. The red dashed lines in (A,E) indicate the
central profile lines and extract the interferometric phase without ionospheric correction. The blue
dashed lines in (B,F) indicate the central profile lines and extract the ionospheric phase, respectively.
The black dashed lines in (D,H) indicate the surface velocity with and without ionospheric correction
of the central profile, respectively.

2.2.3. Combination of the DInSAR Range Surface Velocity and Offset-Tracking Azimuth
Surface Velocity

For the surface velocity monitoring of large glacier–ice shelf systems in the Antarctic
region, including the fast-flowing ice shelf area and the slow-flowing ice shelf surrounding
area, it is difficult to extract a large glacier–ice shelf with high precision by using single
DInSAR technology or offset-tracking technology. The combined method of multiple
surface velocity monitoring technologies is proposed to extract the surface velocity of large
ice shelves with high accuracy. The advantages of various monitoring technologies are fully
utilized to extract the high-precision surface velocity results of large glacier–ice shelves. In
this work, the surface velocity along the line-of-signal (slant) direction can be obtained by
DInSAR. However, this contains both horizontal and vertical movement. Therefore, the
incidence angle of the satellite has to be considered to estimate the ground range surface
velocity vrange, as follows:

vrange =
vlos
sin θ

(4)

where vlos is the surface velocity along the line-of-signal direction, and θ is the incidence
angle of the satellite. We down-sampled the ground range surface velocity vrange derived
from DInSAR to achieve the same spatial resolution as that azimuth surface velocity vazimuth



Remote Sens. 2024, 16, 3255 7 of 25

derived from offset tracking. Finally, we combined the high spatial resolution and precision
vrange and vazimuth [8]. The final surface velocity v is calculated by the following formula:

v = 2
√

v2
range + v2

azimuth (5)

When the surface velocity results obtained from different track images were mosaicked,
there were systematic deviations between adjacent tracks. Systematic deviations were
removed according to the surface velocity of rock points near the AIS [19]. The surface
velocity between two adjacent tracks was mosaicked by averaging the surface velocities in
the overlapping area. The map of surface velocity was mosaicked from different tracks. As
shown in Figure 4, this process allowed a seamless and continuous surface velocity with
high accuracy to be derived.
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Figure 4. The seamless and continuous surface velocity of the Amery Ice Shelf (AIS) basin. The solid
black line represents the boundary of the basin; the black arrow indicates the direction of flow; the
bold blue FG, red MG, and black LG lines represent the ice streamlines with eight monitoring points
for three different regions of the basin, respectively; the orbits 003, 134-1, 134-2, and 090 represent
regions in which the data were corrected for ionospheric disturbances; the white solid line represents
the profile line in orbit 090, which was used to assess the accuracy of the surface velocity corrected for
disturbances by ionospheric influences in the orbit 090 region (as shown in Figure 4); the black points
R1–R3 represent rock points in orbit 090 and were used to compare the surface velocity derived from
offset tracking with that from DInSAR which was corrected for ionospheric factors; FG0, MG0, and
LG0 of the AIS ice sheet are in orbits 003, 134-1, and 134-2 (as shown in Figure 4), respectively; the
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purple points represent rock points near the AIS and were applied to assess the accuracy of ITS_LIVE
surface velocity; the red dotted polygon was used to estimate the area of fast-ice attached to the AIS;
D-28 represents the iceberg code; the red dot O indicates the central location in which the equivalent
thickness of fast-ice according to the Estimating the Circulation and Climate of the Ocean Phase II
(ECCO2) ocean model [33,34] was extracted; the solid white line in the Antarctic Ice Sheet map at the
bottom left represents the AIS study area.

2.3. Ocean Temperatures

The present study investigated the effect of potential oceanic forcing on spatiotemporal
variation in surface velocity of the AIS by extracting daily ocean temperatures between 2000
and 2022 from the ECCO2. The average vertical ocean temperatures between the depths of
250 m and 600 m were evaluated, corresponding to the depths of modified Circumpolar
Deep Water (mCDW) linked to changes in AIS basal melt and thickness [21]. Consequently,
the average ocean temperatures of ECCO2 products were extracted from three regions of
the AIS front (indicated as red stars in Figure 4) between 2000 and 2022.

2.4. Fast-Ice Area and Thickness

Fast-ice appears and disappears periodically in Prydz Bay every year [35]. The present
study extracted the fast-ice edge by cloud-free, true-color, moderate-resolution imaging
spectroradiometer (MODIS) images with a 250 m resolution during summer. The winter
fast-ice edge was manually extracted from co-registered Sentinel-1 images [36,37]. The
present study obtained the total area of fast-ice (km2) from the monthly fast-ice area for 2017
to 2022 derived from MODIS and Sentinel-1 images. A rectangular box (25 km × 25 km)
representing the influence of fast-ice on the AIS front was defined (indicated by the red
dotted polygon in Figure 4), and the area of fast-ice in the box was calculated. However,
the area of fast-ice represents a weak index of fast-ice strength and cannot fully explain the
degree of solidification of the ice body [38–40]. The thickness of fast-ice in the Antarctic
winter reflects the degree of solidification of the ice body and its resistance to the AIS. As
shown in Figure 4, the present study obtained the monthly equivalent thickness of fast-ice
from the ECCO2 model from 2017 to 2021 based on a rectangular box centered at point O
(69.625◦S, 38.625◦E). The variations in the area and thickness of the fast-ice area were then
compared to the surface velocity of the AIS.

2.5. Thickness of the Amery Ice Shelf

The monthly average thickness of the AIS was provided by [41], which constructed
a 30-year time series of monthly average surface elevation at a 5 km grid resolution
for the Amery Ice Shelf spanning from 1991 to 2020 by employing a stepwise adjust-
ment strategy and combining observations from four satellite altimetry missions—ERS-1,
ERS-2, Envisat, and CryoSat-2. Building upon this, based on the hydrostatic equilib-
rium assumption, A 30-year time series of monthly average thickness was inverted at
a 5 km grid resolution. The monthly average thickness was validated using airborne
laser altimetry data from the IceBridge program and ice-penetrating radar observations
from the Bedmap3 active group [40]. A comparison of the surface elevation time series
with airborne laser altimetry data provided a root mean square error (RMSE) of 5.79 m
and an R-squared (R2) of 0.97. As shown in Figure 5a, the thickness of the AIS ranged
from 256 m to 3806 m. The monthly average thickness monitoring points are shown
in Figure 5b.
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3. Results
3.1. Assessment of the Accuracy of Annual Mean Surface Velocity

The present study manually selected all rock points from the georeferenced intensity
image (represented by purple dots in Figure 4). The accuracy of the surface velocity
provided by ITS_LIVE was evaluated by averaging the surface velocities of all rock points
to produce the annual average surface velocity, as shown in Figure 6. The error in the
calculated annual surface velocity ranged from 0.97 m/yr to 8.16 m/yr, with an average of
3.65 m/yr. Those errors perhaps mainly derived from the residual phase errors and the
errors from the mosaicking operation. These results indicate that the errors were sufficiently
small for surveying inter-annual variation in surface velocity in the AIS region from 2000
to 2022.
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Figure 6. The accuracy of ITS_LIVE annual average surface velocity of the AIS basin from 2000
to 2022.

3.2. Assessment of the Accuracy of Monthly Average Surface Velocity

The present study combined offset tracking and DInSAR with ionospheric correction
to extract monthly high-precision surface velocity in the AIS basin from 2017 to 2021.
The orbits 003, 134-1, 134-2, and 090 in Figure 4 represent regions of DInSAR surface
velocity with ionospheric correction calculated using the split-spectrum method. The
area of orbit 090 was used as an example to investigate the performance of the surface
velocity corrected for ionospheric influences. The area in orbit 090 encompasses the end
of the Lambert Glacier and the Grove Mountains regions [28,31]. DInSAR-based surface
velocity was compared to surface velocity from MEaSUREs [26]. A profile along the
profiles Aa and Cc (white solid line in Figure 4) was extracted, and DInSAR-based sur-
face velocity was plotted without and with ionospheric correction, as shown in Figure 7.
DInSAR-based surface velocities without ionospheric correction at profiles Aa and Cc
deviated significantly from surface velocities from MEaSUREs (Figure 7A,B). These de-
viations reach 6 m/yr in the Lambert Glacier region and 4.1 m/yr in the Grove Moun-
tains region. DInSAR-based surface velocities with ionospheric correction at Aa and
Cc were consistent with surface velocities from MEaSUREs (Figure 7C,D), suggesting
the need for ionospheric correction of DInSAR-based surface velocities for the AIS ice
sheet region.

The present study further evaluated the errors in surface velocities obtained by three
methods: (1) only offset tracking, (2) combining offset tracking and DInSAR without
ionospheric correction, and (3) combining offset tracking and DInSAR with ionospheric
correction. The errors in the surface velocities of rock points R1–R3 in orbit 090 (Figure 4)
were then evaluated using the above three methods, as shown in Table 1. The results
showed that the maximum error of method (1) surface velocities at the three rock points
was 3.82 m/yr, whereas that of method (2) surface velocities was 1.77 m/yr, similar to
MEaSUREs-based surface velocity. The maximum error of method (3) was 0.28 m/yr, which
was sufficiently small to allow for the analysis of variations in the monthly average surface
velocity of the AIS ice sheet.
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Figure 7. The orbit 090 time-series surface velocity profile analysis without and with ionospheric
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Cc, respectively. (C,D) represent reference surface velocity from MEaSUREs (gray dotted line) and
DInSAR-derived surface velocity with ionospheric correction (other-colored lines) from profiles Aa
and Cc, respectively.

Table 1. Comparison of three methods at rock points R1–R3 from 2017 to 2021.

Points R1 (m/yr) R2 (m/yr) R3 (m/yr)

Methods (1) (2) (3) MEaSUREs (1) (2) (3) MEaSUREs (1) (2) (3) MEaSUREs

Mean 1.77 0.25 2.8 1.74 1.84 0.20 3.2 1.16 1.68 0.28 3.82 1.43
Standard 1.81 0.28 1.28 0.23 1.73 0.21 2.03 0.16 1.75 0.15 2.56 0.17

As shown in Figure 8, the present study also compared the variations in DInSAR-
based surface velocity with and without ionospheric correction at three monitoring points
(FG0, MG0, and LG0) in the AIS ice sheet region (Figure 2) from 2017 to 2021. The results
indicated that surface velocity with ionospheric correction at LG0 showed significant
seasonal variation from 2017 to 2021. However, there were no significant seasonal changes
in surface velocity with ionosphere correction at FG0 and MG0.
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3.3. Inter-Annual Variation in Surface Velocity from 2000 to 2022

As shown in Figure 9, the present study extracted ITS_LIVE inter-annual surface
velocity at eight monitoring points on three ice streamlines (FG, MG, and LG) from 2000
to 2022. As shown in Figure 10, the variations in the inter-annual surface velocity at all
monitoring points indicated an acceleration in the surface velocity of the LG ice streamline
(eastern AIS). There was a deceleration in the surface velocity of the MG ice streamline
(central ice streamline), except that at MG7, which accelerated. Similarly, there was a
deceleration in the surface velocity of the FG ice streamline (western AIS), except that at
FG7, which was stable.

A comparison of the variations in surface velocity at LG7, MG7, and FG7 in the
AIS front showed acceleration in the surface velocity of the AIS front, with the highest
acceleration at LG7 (eastern AIS), in which surface velocity increased by 14.7% (average
annual acceleration of 20.5 m/yr), followed by MG7 (central AIS front), in which surface
velocity increased by 9.2% (annual an acceleration of 9.5 m/yr). The surface velocity at FG7
(western AIS) was relatively stable.

A comparison of changes in surface velocity at LG2, MG2, and FG2 near the south-
ernmost grounding line of the AIS showed an acceleration in the surface velocity of LG2
(eastern side of the grounding line), increasing by 2.57% (average annual acceleration of
0.6 m/yr). The remaining monitoring points (LG3–LG6) on the LG ice flow line showed
similar accelerations in surface velocity to that of LG2. However, the surface velocity of
MG2 (central region of the southernmost grounding line) and FG2 (western side of the
southernmost grounding line) decreased by 4.3% (average annual deceleration of 0.77 m/yr)



Remote Sens. 2024, 16, 3255 13 of 25

and 3.9% (annual a deceleration of 0.58 m/yr), respectively. Other monitoring points of
the MG ice streamlines (MG3–MG6) and FG ice streamlines (FG3–FG6) showed similar
decelerations in surface velocity to that of MG2 and FG2.
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Figure 9. Ice streamlines of the Amery Ice Shelf (AIS). The gray dotted lines represent ice streamlines;
the blue, red, and black lines represent the FG, MG, and LG ice streamlines in three main regions
on the western, middle, and eastern sides of the AIS, respectively, with eight monitoring points
located at each ice streamline; the gray line represents the grounding line; the blue arrow indicates
the direction of the mCDW in the ice cavity; the yellow lines represent the boundaries of the polynyas
in August 2018; the red arrows represent the clockwise cyclonic gyre (Prydz Gyre). The present study
estimated the average ocean temperatures at a depth of between 250 m and 600 m from positions
represented by the red stars (P1–P3).

Both LG0 and LG1 of the LG ice streamlines are in the AIS ice sheet region, and both
showed relatively small changes in surface velocities. LG1, 60 km from the southernmost
grounding line, showed a slight increase in surface velocity of 0.15% (an average accelera-
tion of 0.24 m/yr), whereas LG0, 120 km from the southernmost grounding line, showed
a stable surface velocity. MG0 and MG1 of the MG ice streamline and FG0 and FG1 of
the FG ice streamlines also lie in the AIS ice sheet region. The surface velocities of MG1
and FG1, both 60 km from the southernmost grounding line, decreased slightly by 0.11%
(average annual deceleration of 0.20 m/yr) and 0.3% (an average deceleration of 0.18 m/yr),
respectively. MG0 and FG0, 120 km from the southernmost grounding line, showed stable
surface velocities.
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3.4. Seasonal Variation in Surface Velocity from 2017 to 2021

As shown in Figure 9, the present study extracted the intra-annual variation in surface
velocity at all monitoring points of the FG, MG, and LG ice streamlines from 2017 to 2021.
As shown in Figure 11, the variation in the monthly average surface velocity in the three
regions of the AIS was analyzed. From the surface flow velocity changes of the MG and
LG ice flow lines in Figure 11, the surface velocity changes of the two ice flow lines can
be seen, but the seasonal changes are not obvious. However, the surface velocities of
all monitoring points of the LG ice streamlines showed significant seasonal variations,
and the highest and lowest surface velocities were in summer and winter, respectively.
Among all the monitoring points of the LG ice streamline, the surface velocity at LG7,
in the AIS front, decelerated from March to September at an average rate of 21.7 m/yr,
then it accelerated from October to February of the following year, at an average rate of
44.3 m/yr. The acceleration in summer surface velocity exceeded the deceleration in winter
surface velocity by a factor of two, resulting in an overall acceleration in annual surface
velocity at LG7. Seasonal variations in surface velocities at other monitoring points on
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the LG ice streamline (eastern side of the AIS) were similar to that at LG7, although the
magnitudes of variations were smaller. Table 2 shows a comparison of surface velocities
of all monitoring points on the LG ice streamline. The results showed that the AIS front
(LG7) had the highest magnitudes of variations in surface velocity, followed by those at
the southernmost grounding line (LG2), followed by those at the ice shelf (LG3–LG6), with
those at the ice sheet (LG0–LG1) being the smallest. This result can be attributed to the
sensitivity of the AIS front to changes in the marine environment due to its direct contact
with the ocean. In contrast, since the ice sheet is away from the sea, variation in its surface
velocity is less sensitive to changes in the marine environment.
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Table 2. Comparison of the parameters of surface velocity among eight monitoring points on the LG
ice streamline.

Monitoring Point Maximum (m/yr) Minimum (m/yr) Magnitude (m/yr)

LG0 122.1 119.7 2.4
LG1 397.5 394.8 2.7
LG2 786.3 768.2 18.1
LG3 398.2 409.64 11.5
LG4 368.8 363.5 12.7
LG5 362.1 350.1 12.0
LG6 399.2 387.3 11.9
LG7 1246.6 1076.1 170.5

The absence of monthly average surface velocities for FG7 and MG7 for some months
prevented an accurate assessment of the variations in surface velocity. However, the present
study determined that surface velocity at MG7 was accelerating, whereas that at FG7 was
relatively stable. A comparison of surface velocities at FG7, MG7, and LG7 showed that
their rank according to the acceleration in surface velocity was LG7 > MG7 > FG7.

4. Discussion

Previous studies have shown spatially uneven and temporally periodic variations in
the surface velocities of ice shelves and glaciers [42]. Variations in surface velocities can
be attributed to a variety of physical mechanisms, mainly including (1) a change in the
viscosity of the ice body leading to variations in ice flow [43], (2) changes in the buttressing
force of the ice shelf resulting from the disappearance or growth of impediments (such
as fast-ice and ice shelf calving) in the ice shelf front [44,45], and (3) basal melting and
refreezing of the ice shelf, resulting in thinning and thickening of the ice shelf [4,5,46]. The
present study surveyed variations in the surface velocity of the AIS in response to possible
ocean forcing and analyzed the physical mechanisms responsible.

4.1. Analysis of Factors of Inter-Annual Variation in Surface Velocity

By considering the thickness of the AIS front and the mCDW depth, the present
study calculated the average ocean temperature at depths of 250 m to 600 m in three re-
gions (P1–P3, indicated by red, five-pointed stars in Figure 9) near the coastline of the
AIS front [22]. Figure 12 shows the ECCO2-derived daily ocean temperatures of the
AIS front from 2000 to 2022. The results showed inconsistent changes in the magni-
tudes and peaks in ocean temperature in P1–P3 (Figure 9). The ocean temperature
of P2 between 2000 and 2007 slightly exceeded those of both P1 and P3 by 0.10 ◦C,
whereas that of P3 between 2008 and 2022 exceeded those of P2 and P1 by 0.25 ◦C and
0.85 ◦C, respectively.

Several oceanic models [24,47,48] have confirmed a clockwise circulation in the AIS
ice cavity from east to west (the blue arrow on the AIS in Figure 9) via the Prydz Gyre. This
circulation can be attributed to the inflow of the warm mCDW into the eastern side of the
AIS and the outflow of the cold mCDW from the western side of the AIS. Previous studies
have observed the path of mCDW intrusions in May 2012 using MEOP-CDT data [49,50].
The strong eastward jet along the eastern branch of the cyclonic Prydz Bay gyre at a depth
of between 250 m and 400 m represents the main pathway for mCDW (red arrows in
Figure 9) flow toward the eastern side of the AIS front [48]. A portion of the mCDW flows
southward along the eastern side of the AIS and circulates clockwise from east to west near
the southernmost grounding line of the AIS. The warm mCDW mixes with the meltwater in
the cavity, thereby reducing the temperature of the mCDW in the western AIS. Another part
of the mCDW circulates clockwise from east to west in the central region of the AIS. This
circulation mixes with meltwater, thereby also causing a reduction in the ocean temperature
of the mCDW [47,50]. Following a mix of the two parts of the mCDW, meltwater flows out
from the western side of the AIS front, eventually moving toward the McKenzie polynya.
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During the circulation of mCDW in the AIS ice cavity [43,47], the warm mCDW contributes
to the basal melting of the eastern AIS (melting rate of 1.8 ± 0.3 m/yr), thereby decreasing
the thickness of the AIS. At the same time, the cold mCDW contributes to basal refreezing
of the central and western regions of the AIS (refreezing rate of 1.8 ± 0.3 m/yr), resulting
in a thicker AIS.
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As shown in Figure 13, the present study compared the variations in the surface
velocities of all monitoring points of the FG, MG, and LG ice streamlines with varia-
tions in the thickness of the AIS. Unfortunately, only the variations in the thickness of
the ice shelf were obtained. However, no data were obtained for the ice sheet (Figure 5).
The results indicated an acceleration in the surface velocity of the LG ice streamline be-
tween 2000 and 2022, resulting in a decrease in ice thickness. Besides the acceleration in
surface velocity and decrease in ice thickness of MG7, surface velocities at MG2–MG6
decreased, whereas there were increases in ice thickness. Except for FG7, in which sur-
face velocity and ice thickness remained stable, the surface velocities at FG2–FG6 de-
creased, whereas their ice thicknesses increased. The ocean temperature of P1 exceeded
that of P2, which in turn exceeded that of P3. The corresponding acceleration in the
surface velocity of LG7 exceeded that of MG7, whereas the surface velocity at FG7 was
relatively stable. These results suggested that the ocean temperature at the AIS front
was the main factor driving variations in surface velocity at FG7, MG7, and LG7 in the
AIS front.
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4.2. Effect of Fast-Ice on Variations in Intra-Annual Surface Velocity

The present study estimated the area of fast-ice attached to the AIS front and calculated
its equivalent thickness using the ECCO2 model [34] between 2017 and 2022. Figure 14
shows the changes in the area of fast-ice in the AIS front between summer and winter.
To compare fast-ice area changes, we get a maximum and minimum fast-ice extent for
each year and the total area in square kilometers for pair of images in the red boxes.
The results showed seasonal growth and retreat in fast-ice on the eastern side of the AIS
front. In contrast, there was no fast-ice in the western and middle regions of the AIS
front, in which the Mackenzie polynya persists (Figures 9 and 14). These results suggest
that fast-ice does not affect the surface velocities of the western and middle regions (FG
and MG ice streamlines), thereby possibly explaining the lack of seasonal variation in the
surface velocities of the western and central regions. Therefore, the present study only
extracted the area and thickness of fast-ice for the eastern region of the AIS front (88.875◦S,
75.875◦E) representing the central grid unit (point O in the red dotted box in Figure 14). The
influences of variations in the area and thickness of fast-ice on the surface velocity of the
LG ice streamline were then assessed. LG7 on the LG ice streamline is closest to the fast-ice
region and most sensitive to changes in fast-ice. As shown in Figure 15, the present study
analyzed the relationship between variations in the area and thickness of fast-ice at LG7
and surface velocity. The results showed increases in the area and thickness of fast-ice from
February to July, an increase in the buttressing force of fast-ice, and a decrease in the surface
velocity of LG7 at a rate of 20.1 m/yr. There was a slight decrease in the area of fast-ice from
July to September, whereas its thickness continued to increase, increasing its buttressing
force. This resulted in a slight decrement in surface velocity at a rate of 1.5 m/yr. These
results suggested that the thickness of fast-ice had a slightly bigger effect on its buttressing
force than its area. The area and thickness of fast-ice rapidly decreased from October to
February of the following year. This resulted in a sharp decrease in its buttressing force and
an acceleration in surface velocity at LG7 at a rate of 44.3 m/yr. The acceleration in surface
velocity at LG7 exceeded deceleration by a factor of two, resulting in an overall acceleration
in the annual average surface velocity in the eastern region of the AIS. In addition, the
magnitudes of variations in surface velocities at the other monitoring points of the LG ice
streamline were relatively small. This result can be attributed to LG being relatively far
from the fast-ice region and therefore less sensitive to variations in fast-ice. Although there
were seasonal variations in surface velocity, the magnitudes of variation were small.
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4.3. Effect of Ocean Temperatures on Seasonal Variations in Surface Velocity

Recent studies have demonstrated strong seasonal variation in the average ocean
temperature of the AIS front [24,47,50]. There is usually an increase in ocean temperature
from December to May of the following year, reaching a peak in June (>−1.8 ◦C), whereas
the ocean temperature decreases from June to November, reaching a minimum in November
(<−2.1 ◦C). As shown in Figure 16, the present study examined the relationships between
the ocean temperature of P3 (indicated as the red star in Figure 9) and the surface velocities
at all monitoring points of the LG ice streamlines from 2017 to 2021. The results showed
that the variations in surface velocity at all monitoring points were positively correlated
with variations in ocean temperature. These results suggested that the front region of
the AIS (LG7), characterized by a surface velocity of ~1250 m/yr, is most sensitive to
variation in ocean temperature, whereas the southernmost grounding line region (LG2),
characterized by a surface velocity of ~750 m/yr, is relatively sensitive to variation in ocean
temperature. The eastern side of the AIS (LG3–LG6), characterized by a surface velocity of
between 350 m/yr and 400 m/yr, was the least sensitive to variation in ocean temperature.
The results of the present study were consistent with those of other studies [20,51] and
showed that the surface velocity of the ice shelf was positively correlated with variations in
ocean temperatures.
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4.4. Effect of Ice Shelf Calving on Variation in Surface Velocity

Iceberg D-28 calved from the AIS front on 25 September 2019. This calving event was
the largest since the early 1960s [52]. The present study analyzed the difference in surface
velocity before (June 2019) and after (November 2019) the calving event. The results showed
no significant difference in surface velocity before and after the event near the calved area
(Figure 17a). The buttressing effect on the stress regime within the ice was then quantified
to investigate the response of surface velocity to the calving event [53]. At a maximum
buttressing of ≤ 0.3, the calving event did not affect the variation in surface velocity of the
ice shelf [54]. As shown in Figure 17b, the maximum buttressing force of the calved area
was less than 0.3. These results suggested that the area calved from the AIS was within a
zone in which a calving event would not affect variation in the surface velocity of the AIS.
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5. Conclusions

This study employs DInSAR and offset-tracking techniques to derive the monthly
average surface velocities of the Amery Ice Shelf and its surrounding regions from Sentinel-
1A imagery spanning 2017 to 2022. Combined with the inter-annual ice velocity product
of ITS_LIVE from 2000 to 2022, we investigated the spatiotemporal variations in surface
velocities within the AIS and its surrounding areas.

Based on the analysis of inter-annual surface velocity in AIS and its surrounding areas
from 2000 to 2022, we found that the variations in surface velocity are not consistent in
different spatial regions of the AIS. There was a decrease in surface velocity in the central
and western regions of the AIS, whereas that in the eastern region increased. Variation in
surface velocity on the AIS’s surrounding areas was less than that of the Amery Ice Shelf
itself, which in turn was less than that of the Amery Ice Shelf front. In addition, the ice
sheet far from the southernmost grounding line of the AIS showed little variation in surface
velocity from 2000 to 2022. These results could mainly be attributed to the contribution
of the clockwise circulation of mCDW in the AIS ice cavity to the basal melting of the
eastern AIS, resulting in a decrease in ice thickness and increased surface velocity in the
eastern section. The circulation process also contributed to the basal refreezing of the
central and western regions of the AIS, causing an increased ice thickness and decreased
surface velocity in the central and western sections.

Based on the analysis of monthly average surface velocity changes in the Amery Ice
Shelf and its surrounding areas, we found that there was no significant seasonal variation
in the monthly surface velocity of the central and western regions of the AIS, which may
be related to the persistent Mackenzie polynya. The surface velocity of the eastern AIS
front fluctuated seasonally under the combined effect of the area and thickness of fast-ice.
In addition, the seasonal variation in ocean temperature was another factor influencing
the seasonal variation in surface velocity in the eastern side of the AIS. The calving event
on the AIS front on 28 September 2019 had no impact on the variation in surface velocity,
which could be attributed to the location of the calved area in the safety belt [54,55].

An investigation of the spatiotemporal variation in the surface velocity of the AIS
and the underlying physical mechanism showed uneven inter-annual spatial variation in
the surface velocity of the AIS. In addition, there was seasonal variation in the monthly
average surface velocity of the eastern side of the AIS. However, the variation in the surface
velocity of the AIS was of minimal magnitude, suggesting that the AIS basin has remained
relatively stable over the past two decades.
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