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The widespread retreat of glaciers can be considered as a response to the climate change. Being the
largest retreating glacier—ice shelf system in East Antarctica, the Amery Ice Shelf-Lambert Glacier
system plays an important role in contributing to sea level rise as well as the surrounding environment
and climate. The present study is focused on the investigation of surface melting over the ice shelf using
QuikSCAT Ku-band scatterometer data for more than 100 months covering the period from January
2000 to July 2009. The corresponding weather data of Davis Station was obtained from the website of
Australian Antarctic Division. Very prominent dips in the backscatter observed in the month of January
form a distinct signature caused by physical process of significant melting of the ice/snow surface.
The steep increase again in February is attributed to the initiation of the freezing phenomenon. The
derived melting index compared well with the passive microwave-based melting index derived by other
researchers. A strong relationship was found between the scatterometer-derived melting index and the
cumulative monthly mean air temperature. The highest melting was observed in the summer (January)
of 2004, and thereafter gradual cooling appeared to take place in the subsequent years. The snow pack
thickness, inferred from the backscatter variations, was found to be higher during winters (June) of 2004
and 2005, compared with other years.

1. Introduction

The Antarctic ice sheet plays an important role
in the climate system (Meier 1993; Convey et al
2009). Understanding the changing mass balance
and surface dynamics of Earth’s major ice sheets in
Greenland and Antarctica is of fundamental impor-
tance for accurate prediction of future sea level
rise (Quiency and Lackman 2009). The concept
of slowness of the changes over the Antarctic
ice sheet has been challenged by recent satellite ob-
servations (Rignot 2006). Recent works show that
much of the loss from Antarctica and Greenland
is the result of the flow of ice to the ocean from

ice streams and glaciers, which has accelerated
over the past decade (Velicogna and Wahr 2006;
Shephard and Wingham 2007). The mass balance
of individual ice shelves are of great importance
to the evolution of the Antarctic ice sheet as a
whole and are, therefore, crucial to our understand-
ing of sea level rise (Holland et al 2008). The con-
tinued retreat of Antarctic ice shelves has been
widely attributed to recent atmospheric warming,
but the available published work is not sufficient
to describe how it changes in response to local
and global forcing (Simonds et al 1998; Schneider
et al 2006; Wingham et al 2006; Picard et al 2007;
Cook and Vaughan 2009). The net indication of
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these recently published works is the pronounced
regional warming over the Antarctic Peninsula that
triggered the collapse of some of the ice shelves.
This led to a 10-fold increase in glacier flow and
rapid ice sheet retreat; East Antarctica is also not
immune to changes (Rignot 2006).

The Amery Ice Shelf (AIS) (figure 1) is the third
largest embayed shelf in Antarctica. Moreover, AIS
is the largest ice shelf in East Antarctica and is
close to the proposed site (69.33°-69.50°S, 75.92°—
76.50°E) of the third Indian Antarctic station
(http://www.ncaor.gov.in). It drains the grounded
ice from the interior of the Lambert Glacier drain-
age basin, which covers 16% of the mass of the
East Antarctic ice sheet and is the world’s largest
glacier by volume. The Lambert Glacier is up to
65 km wide and 400 km long, and drains about
8% of Antarctica’s ice sheet to AIS. Ocean circu-
lation under ice shelves and associated rates of
melting/freezing are strongly influenced by the
shape of the sub-ice-shelf cavity (Galton-Fenzi et al
2008). The geometry of the cavity beneath AIS is
thought to have a strong influence on the thermo-
haline circulation (Williams et al 1998). Longer
melt seasons and the presence of surface melt ponds
on Antarctic ice shelves have been linked to shelf
break-up (Scambos et al 2000). Thus, monitoring
surface melt conditions is critical for evaluating
the stability of Antarctic ice shelves (Kunz and
Long 2006).
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Figure 1. Study sites of Amery Ice Shelf-Lambert Glacier
(AIS-LG) system (Image source: Australian Antarctic
Division; website http://data.aad.gov.au).

Inter-annual variations in surface melting over Amery Ice Shelf

Microwave satellite remote sensing is a practical
way of monitoring long-term changes in the prop-
erties of the entire Antarctic ice sheet (Bingham
and Drinkwater 2000). A number of studies have
demonstrated the application of passive microwave
radiometer (PMR) data in deriving the surface
melt parameters such as melt/freeze onset, melt
season duration and melting indices. (Zwally and
Fiegles 1994; Torinesi et al 2003; Liu et al 2005;
Picard and Fily 2006). Tedesco (2009) has dis-
cussed and evaluated the PMR-based melt detec-
tion algorithms and demonstrated the use of the
melting index derived from the number of days for
which the melting event has been observed during
summer. He described that wet-snow mapping ap-
proaches can be divided into edge detection (e.g.,
Liu et al 2005) and threshold-based (e.g., Picard
and Fily 2006) approaches.

In comparison to the PMR-based studies, the
studies carried out with active microwave sensors
are limited in number and much fewer for the
Antarctic (Kunz and Long 2006). In the recent
past, scatterometer-derived melt information have
been reported and discussed in detail by Liu et al
(2006), Smith et al (2003), Wang et al (2005) and
Wismann (2000). These algorithms are based on
the fact that the appearance of liquid water in snow
decreases penetration depth and volume scatter-
ing (Ulaby et al 1986). Wismann (2000) used this
reduction in backscattering as an indicator of ‘melt
intensity’ over the Greenland ice sheet. The inte-
grated response of backscattering in summer from
the mean winter backscatter has been used as melt
intensity to assess the melting of small ice caps by
Smith et al (2003).

The primary objective of this study is to evaluate
the surface variations observed in recent decades
over AIS using QuikSCAT scatterometer data and
the assessment of melting using ‘temporal reduc-
tion in backscatter’ (TRB) technique. The derived
melting index has also been compared with the
melting index derived by Picard and Fily (2006)
using PMR data and with the air temperatures
recorded by Australian Antarctic Station ‘Davis’
(figure 1).

2. Materials and methodology

2.1 Materials

Daily Browse Images of QuikSCAT Sigma-0 (o)
measurements were obtained from the FTP site
of Physical Oceanography Archive Center (ftp://
podaac.jpl.nasa.gov/pub/ocean_wind/quikscat/
sigmaObrowse). Daily composite global data at
0.2 degree resolution was utilised for the study.
QuikSCAT has a 13.4 GHz (Ku-band) active
microwave dual-pencil-beam conically scanning
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scatterometer, with the outer beam vertically
(VV) polarised and the inner beam horizontally
(HH) polarised. Hereafter, Sigma-0 for HH (oun)
and Sigma-0 for VV (ovy) are referred to as oy
and oy, respectively for brevity. The study covers
103 months from January 2000 to July 2009. Data
for the day around the middle of each month was
utilised for the analysis.

The Automatic Weather Station (AWS) data
was obtained from the Australian Antarctic Divi-
sion website (http://data.aad.gov.au/aadc) for the
Davis station near AIS. The time series data
of Cumulative Melting Surface (CMS) index de-
rived by Picard and Fily (2006) for AIS was
obtained from the website http://www.lgge.obs.
ujf-grenoble.fr/~picard /melting/. They derived
this CMS using PMR data. CMS is defined as the
sum over all the pixels of the number of melting
days detected during the summer season multiplied
by pixel surface area.

2.2 Generation of time series of o-data

Two regions (sites) were considered for the analy-
sis (figure 1). Site-1 covers the outer region of AIS
from where ice/snow mass flows into the ocean
in the form of melted water, snow mass or ice
bergs. Site-2 interfaces with the glacier system
that feeds the ice shelf. The number of QuikSCAT
pixels within Site-1 is 70, and for Site-2 it is 40. The
integrated response of these pixels within the site
is expected to indicate the meso-scale effect of ice
surface phenomena. The time series of site-specific
oy and oy values were generated using the average
statistics for both sites.

2.3 Computation of melting indices

The oy and oy values during summer period are
lower than those during winter due to increased
wetness. This fact has been utilised by Wismann
(2000) and Smith et al (2003) for monitoring sea-
sonal snowmelt over Greenland with ERS scat-
terometer data. A similar TRB approach has been
followed in the present study by defining the
Melting Index (MI) as follows:

MLy =Y (0w —

Here, subscript p denotes the H- or V-polari-
sation. opy is the o value for the summer ith
month, starting from October to January. MI,,
represents the MI (in dB) computed for nth month,
which is the cumulative effect of melting from
the beginning of October. This implies that MI
for the month of December is the cumulative
TRB from October to December, and MI for the

Opsi); =1, n. (1)
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month of January is the cumulative TRB from
October to January. o, is the average o for
the months March to September of the preced-
ing winter. Hence, MI is temporally integrated
reduction in o, which can be taken as an indi-
cator of the magnitude of surface melting dur-
ing the spring and summer period. The cumula-
tive mean air temperature (CMAT) is computed
by integrating the monthly mean air temperatures
recorded at Davis Station for the Austral summer
period (December—January). The positive degree-
days PDD4 was computed as the cumulative num-
ber of days with temperature greater than 4°C.
Significant melting occurs during the Austral sum-
mer period of December—January, and hence the
contribution of daily air temperatures during this
period to MI would be substantial. The PDD4 used
in the comparison with MI of January has been
computed from the beginning of December to the
middle of January, because satellite data used in
the study corresponds to the middle of January.

3. Results and discussion

3.1 Backscatter time series

The oy and oy time series for both sites are shown
in figure 2. The distinctive feature evident from
the figure is the strong negative dip during the
month of January. The month of January in the
Antarctic is the peak summer period and enjoys
almost 24 hours daylight. The higher summer tem-
perature affects the snow/ice surface and increases
the surface melting of the snow pack.

Snow is an inhomogeneous medium consisting
of ice particles, air and liquid water (if wet). The
presence of liquid water in wet snow increases the
permittivity of the snow layer (Ulaby et al 1986).
The backscattering coefficient of wet snow is highly
dependent on the snow layer wetness and rough-
ness of the snow cover because major contribution
of backscatter is caused by the air—snow interface
(Fung 1994). In the case of wet snow, surface scat-
tering dominates over volume scattering. In addi-
tion to this, the presence of liquid water in snow
volume causes a dramatic increase in the dielec-
tric loss factor of the layer, which increases the
absorption coefficient and reduces the penetration
depth. During the summers, the penetration depth
reduces to the uppermost 34 cm (Liu et al 2006).
This, in turn, results in decrease in ¢ values.
Aschceraft and Long (2006) reported that a wet
snow layer of 3.8 ¢cm thickness and 1% liquid mois-
ture content results in a decrease in o of the order
of 2.7 dB. Hence, the reduction of about 13 dB
in ¢ from -6 dB to —19 dB observed in Jan-
uary 2004 (figure 2) is an indicator of the signif-
icant contribution from water content, which also



332 Inter-annual variations in surface melting over Amery Ice Shelf
Year
0.0 2000 2001 2002 }2003 } 2004 2005 26 }2007 }2008 2000 (9
2.0 i
4.0 s -
o —6.0 g - mma - - - 4o -
N N A0t | R St ™)
o T
& —10.0 M\ NV - 1
£ 120 a
2 = | | | I
® _q404----- Lo Y i
14.0 ‘ ! ‘ I r(HSigmat,
-16.0 - —°—H§'9ma1 ””” ~ VSigmal) = | o5
_ ——VSigmal _____; 1 B '
180~ O Booeioooootle 0.99
—-20.0 : ‘ ‘ ‘ -3.0
0 12 24 36 48 60 72 84 96 108 120
(a) Month Number from January 2000
Year
0.0 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 _ ()
20 -~ " o e 51205
8.0 A [ e
— 601 -ml M R - --1.0
o 6.0 : ‘ ‘
S B0 P AP A s
T 100t Voo -l emmmn g E
g, -12.0 4----- y----- | EEREE R R | EREES SRR SEREEE 120g
@ ga0 A psigmaz, [l s
16,0 4-----b----of----4-----} - VSigma2) = | —o—HSigmaz |
| | | | 0.97 ——VSigma2 |- _30
—18.0 b —PR2
-20.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 35
0 12 24 36 48 60 72 84 96 108 120
(b) Month Number from January 2000

Figure 2. Time series of Ku-band backscattering coefficient
represents oy values for Site-1 and Site-2, respectively, and

(ov — o).

includes free melted water over surface in the form
of melt streams and melt ponds.

The QuikSCAT scatterometer dual-polarisation
oy and oy measurements are highly correlated
but exhibit different sensitivities to the presence
of liquid water (Kunz and Long 2006). This is
also observed in the present study as the correla-
tion between oy and oy measurements is 0.99 for
Site-1 (figure 2a) and 0.97 for Site-2 (figure 2b).
However, the ‘quasi’ polarisation ratio (PR), de-
fined as PR = (oy — o) shows significant varia-
tions during the summer months. In general, PR
is =1 dB and reaches up to -3 dB during sum-
mer period. This is due to the greater sensitivity
of H-polarised backscatter to liquid water in the
snow cover than V-polarised backscatter (Kunz
and Long 2006).

3.2 Variations in melting/refreezing signatures

It is seen that o during peak melting phase for
Site-1 (figure 2a) is lower than that of Site-2
(figure 2b). This indicates the presence of a higher

(o) for (a) Site-1 and (b) Site-2. HSigmal and HSigma2
similarly VSigmal and VSigma2. Polarisation ratio PR =

fraction of melted layer of water over Site-1 as
compared with Site-2. This could be attributed
to the influence of the warmer airmass reaching
Site-1 from the warmer oceanic regions. This is fur-
ther supported by the findings of Liu et al (2005)
that melt duration becomes shorter with increasing
distance from the coastline.

The yearly backscatter profile shows an increas-
ing trend as winter progresses. The sudden increase
of o in February is attributed to the re-frozen
melt features in the form of buried ice lenses and
pipes within the snow pack (Long and Drinkwater
1994). The ice pipes and lenses have dimensions
larger than or comparable to the wavelength of
the radar and profoundly affect the backscatter
(Liu et al 2006). Zabel et al (1995) reported that
the development of ice pipes and ice lenses can
increase the total equivalent surface o by ~12 dB.
As observed in figure 2, an increase of almost
15 dB was observed in the month of February 2004
from that in the preceding month. If we exclude
the dramatic reduction of o observed in peak
summer, then the average annual cyclic variation
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(2000-2009) is of the order of 0.4 dB, average
of both the sites. The cyclic variations obtained
by Bingham and Drinkwater (2000) using ERS
scatterometer data for AIS is of the order of 0.5 dB
during 1992-1997. The difference could be due to
the frequency at which both the scatterometers
have measured the variations, viz., C-band of ERS
and Ku-band of QuikSCAT.

3.3 Inter-annual trends
3.3.1 Mid-winter trends of o-data

As observed in figure 2, the backscatter time series
has an increasing trend of winter o up to 2005
and then decreasing up to 2009. The mid-June
backscatter plot shows this distinctive pattern as
observed in figure 3. The regression summary of
per-year mid-winter trends observed in oy and oy
for both the sites is given in table 1. It is evident
that R? values are higher than 85% and p values
for the trend coefficients are lower than 0.05. All
the coefficients are statistically significant at 95%
confidence level. It is also seen that trend values
are higher for Site-1 in all cases. This could be due
to the fact that Site-1 is nearer to the ice front
and is affected by the warming effect from the
oceanic region.

3.3.2 Evolution of year-to-year
mid-winter o-data

The evolution of mid-winter oy for the entire AIS
is shown in figure 4. As discussed in section 3.1,
the op and oy measurements are highly corre-
lated and show a similar pattern, and hence only
the evolution of the oy measurements is discussed
here. The increase in backscatter values from 2001
to 2005 and the decreasing trend from 2005 to
2009 in the majority of the pixels is evident. The
microwave backscatter differs where dielectric con-
stant (¢) changes at the interfaces between air-ice
and adjacent snow pack layers with different grain
sizes. During the winter period, the ice sheet is
covered with dry snow. The surface roughness of
the dry snow layer has almost no contribution to
the backscattering (Ulaby et al 1986). The back-
scattering coefficient increases due to the greater
effect of volume scattering (the magnitude depends
on the size of ice particles and the frequency used).
Studies on Antarctic snow showed that the pene-
tration depths at Ku-band range from 5 to 12 m
depending on the location and snow pack proper-
ties of dry snow (Arthern et al 2001). This volume
of snow pack plays a major role in the backscatter
during the winter period. Bingham and Drink-
water (2000) have found that these changes in
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Figure 3. Inter-annual trend of o values for the month of
June (mid-winter). The dashed line represents the trend for
Site-1 and the solid line represents the trend for Site-2. The
trends of oy are similar.

Table 1. Site-wise per year trend of mid-winter o-data.

Increasing trend
(2000-2005)

Decreasing trend
(2005-2009)

Trend R*- Trend R*-
Component (p-value) value (p-value) value
H (Site-1)  0.72 (0.005) 0.88 —0.61 (0.028) 0.84
H (Site-2)  0.50 (0.002) 0.93  —0.35 (0.012) 0.91
V (Site-1)  0.73 (0.002) 0.92  —0.58 (0.025) 0.85
V (Site-2)  0.47 (0.001)  0.96 —0.33 (0.014)  0.90

backscatter are closely associated with the accu-
mulated snow cover.

Hence, mid-winter increasing/decreasing trends
observed in figure 4 could be due to the year-to-
year increase/decrease in the volume of dry snow
pack contributing to the scatterometer response.
As discussed earlier, volume scattering dominates
and the contribution from the surface is neg-
ligible for dry snow. During winter, the melted
surface will re-freeze and the snow will get accu-
mulated over the surface due to either precipita-
tion or drift from higher-altitude regions. Wen et al
(2006) have found an overall thickening trend in
the Lambert—Amery Ice Shelf basin from 1992 to
2003. Hence, the higher backscatter observed dur-
ing 2004 to 2005 winters could be a continuation
of that trend.

3.4 Monitoring of surface melting
through scatterometer

MIs derived from oy and oy are found to be
linearly correlated with each other. Equation (2)
describes the strong relationship observed between
MI derived for Site-1 from oy measurements,
MI(H; Site-1), and oy measurements, MI(V; Site-1).
Similarly, the relationship obtained between the
MIs derived for the Site-1, MI(H; Site-1), and
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Figure 4. Evolution of mid-winter oy (June) for Amery Ice shelf. The variations in the o values from year-to-year may be
noticed. The possible cause is the difference in volume scattering from the dry snow having different thickness year-to-year.

Site-2, MI(H; Site-2), using oy measurements is
given in equation (3).

MI(V; Site-1) = 0.9966 x MI(H; Site-1) ;

R? = 98%, (2)
MI(H; Site-2) = 0.7220 x MI(H; Site-1) ;
R? = 95%. (3)

Considering these strong relationships, only one
of them, namely the MI computed using oy
for Site-1, has been described here in detail.
The scatterometer-derived MI is also compared
(figure 5a) with PMR-derived CMS (Picard and
Fily 2006). As seen from the figure, year-to-year
increase and decrease in both the time series closely
follow each other. The relationship between these
two indices has 95% R?-value for the common
period from 2001 to 2006. The substantial increase
in the year 2004 and subsequent reduction from
2005 to 2009 indicate that the year 2004 faced the
highest summer melting and that has continuously
reduced from 2005 to 2009. The cooling effect has
dominated after the highest melting event of 2004.
The positive and negative trends of melting during
1979-2008 with no coherent special pattern were
observed by Tedesco (2009). Also, it may be noted
that the smaller peak of MI for the year 2002 is in
concurrence with the findings of Tedesco (2009).

The highest MI observed in 2004 is attributed
to the significant melting over the surface due
to increase in CMAT during the summer period
(figure 5a). MI appears to be nonlinearly related to
CMAT, as observed in figure 5(b). Here, we have
studied the melting process and its relationship
with CMAT as one of the important parameters
responsible for melting. The physical nature of the
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Figure 5. (a) Inter-annual variations of melting index (MI),
cumulative melting surface (CMS), cumulative monthly
mean air temperature (CMAT) and number of positive
degree days PDD4 with temperature greater than 4°C for
the month of January; (b) inter-relationship between MI
and CMAT. The points P1 and P2 are not considered in the
analysis for the reasons discussed in the text.

phenomenon is such that MI should saturate on the
higher (due to complete melting of surface layer of
ice) and lower extreme (due to temperature falling
below the melting point) of the temperature scale.
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It is observed that two of the observations, Jan-
uary 2002 (P1) and January 2007 (P2), are found
with the MI values much higher than that is indi-
cated by the nature of relationship. These observa-
tions were studied further to understand the likely
cause behind the unusual behaviour. It is interest-
ing to note that for MI (=9.32) of P2, the PDD4
is of the order of 3. It is also observed that all the
values having PDD4 > 4 show higher MI values.
Hence, the reason of relatively higher MI values of
the observation P2 could be due to fewer days with
high-temperature events, even though the average
monthly temperature is low due to much lower
temperature on other days. Still, the higher MI for
P1 with PDD4 = 0 needs further examination.

It is to be noted that the point measurement of
air temperature may represent only a small area
around the weather station and the majority of the
ground area still had higher (lower) air tempera-
ture and experienced lower (higher) melting (Liu
et al 2005). In addition to this, as explained by
Picard et al (2007), surface melting changes are not
necessarily explained by changes in temperature.
This is due to the fact that surface melting depends
on all the terms of the surface energy balance,
which account for the local weather/cloud condi-
tions in addition to the air temperature. Moreover,
the variations in the backscatter values are also
subject to the attenuation from the atmosphere.

These could be the possible reasons for the un-
usual behaviour of points P1 and P2. Therefore,
while developing the relationship between CMAT
and MI, these points were not considered in the
analysis. The following relationship was found with
the remaining 14 points.

MI = 1.6133 x exp(0.5915 x CMAT).  (4)

The statistics found for the above relationship
are R*= 0.77 and F-ratio= 42.37. The mean abso-
lute error (MAE) in MI computed with this devel-
oped relationship is of the order of 1.7 dB. These
statistics indicate the reliability of obtained rela-
tionship. Because QuikSCAT is not available from
December 2009 onwards, the available data from
Oceansat-II may be utilised for continuity of assess-
ment of surface melting over ice shelves and util-
isation of MI as an indicator in climate change
studies.

4. Conclusions

The study highlighted the significant variations
observed over the ice surface of AIS from 2000
to 2009. The study suggests that the largest sur-
face melting phenomenon on AIS was observed in
January 2004. The summer months (December—

January) of 2000-2001, 2002-2003 and 2007-2008
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have faced minimum surface melting as compared
with other years. The maximum snow depth dur-
ing this period is observed for the winter period
(June) of the years 2004 and 2005. The number
of positive degree days with higher than 4°C air
temperature is found to have significant effect on
surface melting. The increasing/decreasing trends
observed in the backscatter time series during the
study period need further investigation in order
to understand their contribution to the change
in atmospheric/ocean parameters and their possi-
ble implications for climate change. This study is
also important in the context of Ku-band scattero-
meter on board Oceansat-11, launched by India in
September 2009, which is providing the coverage of
both polar regions on a daily basis.
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