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Using Scatterometer-based backscatter data, the spatial and temporal melt
dynamics of Antarctic ice shelves were tracked from 2000 to 2018. We
constructed melt onset and duration maps for the whole Antarctic ice
shelves using a pixel-based, adaptive threshold approach based on
backscatter during the transition period between winter and summer. We
explore the climatic influences on the spatial extent and timing of snowmelt
using meteorological data from automatic weather stations and investigate the
climatic controls on the spatial extent and timing of snowmelt. Melt extent
usually starts in the latter week of November, peaks in the end of December/
January, and vanishes in the first/second week of February on most ice shelves.
On the Antarctic Peninsula (AP), the average melt was 70 days, with the melt
onset on 20 November for almost 50% of the region. In comparison to the AP,
the Eastern Antarctic experienced less melt, with melt lasting 40-50 days. For
the Larsen-C, Shackleton, Amery, and Fimbul ice shelf, there was a substantial
link between melt area and air temperature. A significant correlation is found
between increased temperature advection and high melt area for the Amery,
Shackleton, and Larsen-C ice shelves. The time series of total melt area showed
a decreasing trend of —196 km?/yr which was statistical significant at 97%
interval. The teleconnections discovered between melt area and the
combined anomalies of Southern Annular Mode and Southern Oscillation
Index point to the high southern latitudes being coupled to the global
climate system. The most persistent and intensive melt occurred on the AP,
West Ice Shelf, Shackleton Ice Shelf, and Amery Ice Shelf, which should be
actively monitored for future stability.

KEYWORDS

antarctic ice shelves, surface melt, active remote sensing, scatterometer, air
temperature

1 Introduction

Surface snow melting occurs mostly during austral summer at the Antarctic ice
shelves fringing the grounded ice. Low-density firn layer near the ice-shelf surface
provides a porous medium in which meltwater can percolate and refreezes and the
latent heat released in this process cause additional melting and meltwater ponding on
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surface (Holland et al., 2011; Munneke et al., 2017). Meltwater
ponds fill and magnify ice crevasses, creating the ideal
circumstances for ice shelf disintegration (Banwell et al., 2013;
Scambos et al. 2000). Due to stress changes associated with
meltwater circulation and drainage, extensive surface ponding
may endanger ice shelf stability (Scambos et al. 2003; MacAyeal
et al, 2003; Banwell et al. 2019). As a result, these processes may
cause hydrofracturing (Dunmire et al., 2020; Lai et al,, 2020),
especially if the ice shelf is weakening due to crevasses (Lhermitte
etal., 2020). As a result, the amount of meltwater could be used as
a gauge of ice shelf stability.

Snowmelt amount and duration influence the heat transport
in the snowpack and latent heat transport carried by water vapor
between the surface and the atmosphere, as well as global
atmospheric circulation and climatic variations. The melt-
freeze cycles influence snow metamorphism, which alters the
quantum of solar energy absorbed by the snow pack, resulting in
a positive feedback with the potential to cause additional melting
(Picard et al., 2007), which is only partially compensated by
outgoing turbulent fluxes (Van den Broeke, 2005). The large-
scale collapse of the Prince Gustav and Larsen A ice shelves in late
January 1995 (Rott et al., 1996; Doake et al., 1998; Glasser et al.,
2011; Scambos et al., 2003) has been linked to atmospheric
warming following extensive and prolonged surface melt (Rott
et al., 1996; Doake et al., 1998; Glasser et al., 2011; Scambos et al.
2003, 2009; Cook and Vaughan, 2010). If ice shelves are lost
further, the removal of the buttressing effect of grounded-ice
cliffs may favour rapid retreat (Bassis and Walker, 2012;
DeConto and Pollard, 2016).

Ice shelves may become more vulnerable to collapse as a
result of continuously high rates of surface meltwater refreezing,
which warms and weakens the ice (Hubbard et al., 2016; Phillips
et al,, 2010). Hence, determining the exact date, duration, end
date, and distribution of snowmelt has significant implications
for the health of the Antarctic ice shelves.

The mechanism that connects ice shelf loss to climate
still
researches, increased basal melting caused by marine

change is being debated. According to several
warming and/or changing ocean currents accelerates ice
shelf retreat (Shepherd et al., 2003; Bentley et al., 2005).
Others have pointed out that prolonged and extensive
melting can result in rapid Antarctic ice discharge, which
might disrupt the mass balance owing to ice shelf collapse
(Tedesco, 2009; Wang, 2012; DeConto and Pollard, 2016).
Due to adverse weather and high logistical costs, in-situ
monitoring and detection of this scenario for such a large
and remote Antarctic continent is extremely difficult. Melt
ponds have been monitored over a vast area using satellite-
based remote sensing techniques. Melt duration (MD) and
extent can be estimated using microwave measurements of
brightness temperature (T,) and normalised radar cross-
section (0°). At microwave frequencies, even small amount
of liquid water in the snow pack drastically affects the
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dielectric characteristics of the snow, resulting in large
variations in microwave measurements (Ashcraft and Long,
2006).

Though optical imagery can detect melt ponds, cloud-free
situations are uncommon over Antarctica, and ponds quickly
refreeze, making passive microwave (PMW) radiometers, radar
scatterometers, and Synthetic Aperture Radar (SAR) suitable
tools for monitoring surface melt in all weather conditions.
To explore the intra-annual and inter-annual variability of
surface melt, spatially consistent and temporally uninterrupted
microwave data is required. Various researchers have used the
scanning multichannel microwave radiometer (SMMR) and the
Special Sensor Microwave/Imager (SSM/I) aboard the Defense
Meteorological Satellite Program (DMSP) to investigate surface
melt over the Greenland ice sheet (Armstrong et al, 2003).
(Campbell et al., 1984; Anderson, 1987; Garrity et al., 1992;
Mote et al, 1993; Mote and Anderson, 1995; Abdalati and
Steffen, 1995, Abdalati and Steffen, 1997, Abdalati and Steffen,
2001; Joshi et al., 2001).

Although there are not as many studies on the snowmelt of
the Antarctic ice sheet as in Greenland, there are some studies
carried out by using scatterometer on the Antarctic Peninsula
(AP) (Kunz and Long, 2006; Zheng et al., 2019; Zheng et al,,
2020). SMMR and SSM/I data from 1978 to 1991 were analysed
across the AP (Ridley, 1993), while Zwally and Fiegles (1994)
used SMMR data from 1978 to 1987 to map the Antarctic melt-
season duration, which they found to be linked to air
temperatures and katabatic wind influences. Picard et al.
(2007) derived surface melt using microwave radiometers
(1980-2006) and found lengthening of the melt season on the
ice shelves and shortening of the melt season in the mountainous
area of the AP, with decreasing (increasing) MD in the western
regions (eastern and Ross Sea). Wang et al. (2018) used a
combination of SSMI and QuikSCAT data to detect snowmelt
over Antarctica. Snowmelt on AP ice shelves was studied by
Fahnestock et al. (2002) from 1978 to 2000, while Torinesi et al.
(2003) focused on the regional variations in surface melt duration
from 1980 to 1999. Munneke et al. (2018) used the Quik
(QuikScat, 2000-2009) and  Advanced
Scatterometer (ASCAT, 2009-2016) to report winter melt
days over the AP caused by fohn-driven warming (a type of

Scatterometer

dry, relatively warm, downslope wind that occurs in the lee side
of the mountain range). Banwell et al. (2021) observed
extraordinary high surface MD and extent on the northern
George VI Ice Shelf, induced by sustained warmer air
temperatures for 55-90 h in austral summer, in a case study
on AP.

Although microwave scatterometers have a shorter
observational time-series length than PMW radiometers,
their great sensitivity to snowmelt and higher spatial
resolutions (up to 2.225km) (Ulaby et al 1982) make them
an appropriate tool for monitoring snow cover. PMW sensors
require a higher liquid water concentration to detect melting,
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whereas active sensors are more sensitive to the presence of
extremely small amounts of liquid water in the snowpack.
Active microwave sensors have been used to monitor melting
over Greenland (Nghiem et al., 2005; Li et al., 2017, and
others), Arctic glaciers and ice shelves (Rotschky et al,
2011; Nghiem et al., 2001), and low-latitude mountainous
regions (Pandey et al., 2013) have been used scatterometers to
detect melt in Antarctica (Nghiem et al, 2007).

We utilize higher sensitivity scatterometers to detect changes
in liquid water content in order to detect near-surface melting on
the Antarctic ice sheet. Because the ice particles’ ability to deflect
radiation from deep under the snow is restored as the liquid
fraction increases or the snow refreezes, microwave emission
decreases.

Wet snow acts as a black body and emits more energy as the
liquid water content increases, resulting in a distinct rise in T},
(Ulaby et al., 1986). Microwave sensors detect the T, increase at
the start of the melt and reduction at the end of the freeze at
frequencies above 10 GHz (Ulaby et al, 1986; Abdalati and
Steffen, 1997).

Our study adds to earlier research by using passive microwave
data over a longer period of time (Liu et al., 2006). Scatterometer data

10.3389/frsen.2022.953733

was analysed with a more sensitive and accurate melt detection
technique based on pixel-based adaptive threshold method, where
the constant value was derived by analysing change in backscatter in
the transition period between winter and summer (Bothale et al,
2015). The surface melt analysis spans the years 2000 through
2018 over Antarctica’s ice shelves (Figure 1). We address the
regional and temporal trend and variability of snowmelt based on
surface melt data from eighteen austral summers. We also detect the
most extensive and intense melt area on the ice shelves and define
the seasonal melting cycle. The intensity and timing of melt
events are also determined and discussed. On a regional scale, we
explore at the relationship between surface melt extent and duration
and near-surface air temperature from automatic weather
stations (AWS).

The ice shelves of Antarctica regulate the flow of grounded ice to
the ocean by buttressing it (Thomas, 1979). With increase in surface
melting in Antarctica (cf. Trusel et al, 2015), igniting interest in
monitoring ice shelf stability, its ability to pond at strategic locations, as
well as its ability to collect and cause ice shelf collapse through many
hydrofractures (Kingslake et al., 2017; Bell et al., 2018; Lai et al., 2020).
The justification for focusing only on ice shelves is as follows. The
breakdown of the Larsen ice shelf, which began in 1995 and is made

(o

FIGURE 1

Map of Antarctic ice shelves referred to in this study. Ice shelves in different region: Region-(A—D) are inferred in the text.
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up of many sections of shelves: Larsen A (the smallest), Larsen B, and
Larsen C (the largest), has resulted in the loss of more than 27 percent
of the ice-shelf area. An anecdotal evidence suggests that the shelf
disintegrated due to thinning and weakness caused by excessive
summer surface melt (cf. Luckman et al, 2014). The Amery ice
shelf is a large surface melt system that produced about 60 Gt/year of
ice between 2008 and 2015, accounting for over 7% of East
Antarctica’s total ice wastage (Gardner et al, 2018). Though the
Shackleton Ice Shelf’s mass balance is close to equilibrium, the entire
ice front appears to be retreating.

According to Rignot et al. (2019), the west Antarctica
experienced an increasing ice loss from -11.9 + 3 Gt/yr for
1979-89 to —158.7 + 8 Gt/yr for the 2009-17 period, and the
iceloss for East Antarctica also increased from —11.4 + 4 Gt/yr
for 1979-89 to —51 + 13 Gt/yr for the 2009-17 period. The ice
loss from the AP also increased from -16 + 2 Gt/yr for 1979-
89 to —41.8 + 5 Gt/yr for the 2009-17 period. In the Amundsen
Sea sector, the ice loss from the West Antarctic ice sheet and
extensive thinning on the periphery, accelerated mass loss,
and grounding line retreat, have been attributed to warmer air
temperatures and ocean-driven driven mechanisms
(Pritchard et al.,, 2009: McMillan et al., 2015). In recent
years, the Getz Ice Shelf has been quickly shrinking,
producing more meltwater than any other ice shelf (Rignot
etal., 2013), and its melt rate has been increasing (Paolo et al.,
2015). Observations suggest that the George VI Ice Shelf has
been retreating steadily for the last 20 years, and possibly since
1936, with no substantial reversal (Lucchitta and Rosanova,
1998).

TABLE 1 Data sources and Scatterometer characteristics.

10.3389/frsen.2022.953733

2 Data and methods
2.1 Data

2.1.1 Scatterometer data

Time series of ¢° obtained from microwave scatterometers on
multiple satellite platforms were used to analyse snow melt-freeze
cycles over the Antarctic ice shelves. We concentrate on the shelf
regions (Figure 1), which are subjected to warm air from low
latitudes as well as weather systems that cause melting. Rising
summertime air temperatures are thought to have contributed to
ice shelf disintegration, possibly by providing the requisite
surface meltwater for crevice propagation (van den Broeke,
2005). Table 1 lists the datasets that were used in this
research. We used ¢ data from enhanced resolution images
processed with the Scatterometer Image Reconstruction (SIR)
technique, which combines multiple ¢° measurements from a
single beam, numerous azimuth angles, and several orbit-passes
across the imaging period (Early and Long, 2001; Long and
Hicks, 2010). The Spatial Response Function of the
measurements allows for higher resolution (Long, 2017). The
resulting images represent a nonlinear weighted average of the
measurements (Early and Long, 2001), based on an implicit
assumption that the surface properties remain constant
throughout the imaging period. ¢° is related to incidence
angle (8) which is modeled by using 0°(8) = A+ B (6—40°),
where A and B are dependent on the surface characteristics,
azimuth angle, and polarization. A is the incidence-angle
normalized ¢° value at 40° incidence while B is a function of 6°(0).

Satellite QuikScat Oceansat-2 Meteorological Scatsat-1

Features operational satellite-A

Owner National Aeronautics and Space Indian Space Research European Space Agency (ESA) ISRO
Administration (NASA) Organization (ISRO)

Sensor/Instrument SeaWinds OSCAT ASCAT OSCAT-2

Band and Frequency Ku (13.4 GHz) Ku (13.515 GHz) C (5.255 GHz) Ku (13.515 GHz)

Polarization H H \% H

Swath (km) 1,400 swath ~-HH (inner beam) 1,400 (HH and VV) Two swaths of 550 m on either side of 1800 (VV)
1800 swath for VV (outer beam) 1,400-1800 (VV) satellite pass 1,400 (HH)

Type 24-h composite

Native resolution Egg: 25 x 35 km Egg: 30 x 68 km SZO: 25 x 50 km Egg: 30 x 68 km
Slice: 6 x 25 km Slice: 6 x 30 km SZF: 4 x 20 km Slice: 6 x 30 km

Temporal resolution Daily

Spatial resolution 2.25 km 4.45 km 2.25 km

Incidence angle (range) used ~ 46° (inner) and 49°(inner) and Variable: 25°-65° 57°

for observations 54.4° (outer) 57° (outer)

Products Sigma-0

Dataset date 01-07-2000 to 23-11-2009

Reprocessed data source

Frontiers in Remote Sensing

05-11-2009 to 28-02-2014

Scatterometer Climate Record Pathfinder, BYU http://www.scp.byu.edu

01-07-2013 to 30-06- 2017 20-10-2016 to 28-02-

2018

MOSDAC https://www.
mosdac.gov.in
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The ¢° from QuikSCAT measurements which are used to
make slices and eggs are two types. The nominal pixel
resolution of egg-based SIR images is 4.45km, with an
estimated effective resolution of 8-10km, whereas the
notional pixel resolution of slice-based SIR images is
2.225 km, with an estimated effective resolution of 5km.
Individual ¢° readings have been corrected for incidence
angle to the nominal reference angle using a B value of
roughly 0.13 dB/deg in a slice-based SIR product.

Since its launch in June 1999, the SeaWinds/QuikSCAT has
been operating in dual-polarization mode on the Ku band
(13.4 GHz). We employed H-polarized, 2.225 km resolution at
an incidence angle of 46° for the period July 2000 to November
2009, processed using the Scatterometer Image Reconstruction
(SIR) technique. We used OSCAT/Oceansat-2 H-polarized
o data with a 48" incidence angle from November 2009 to
February 2014. The Indian Space Research Organization
(ISRO) launched the satellite in September
2009, as a follow-up mission to the QuikSCAT satellite which
was turned off in October 2018.

ASCAT/MetOp-A is a dual-fan-beam C-band scatterometer
with V-polarization that operates at 5.255 GHz. The ¢° is made up of
SIR images recorded at 4.45 km with an incidence angle of 48.9", for
the period July 2013 to July 2017. Thereafter, we used 2.25 km
resolution OSCAT-2/ScatSat-1 ¢° data normalized to a 0° incidence
angle for the period October 2016 to February 2018. It was launched
by ISRO in October 2016 with specifications similar to Oceansat-2.
From November 2000 through February 2018, the o° time series
spans eighteen austral summer melt seasons. To avoid splitting the

Oceansat-2

summer, the melt season runs from 1 November of the previous year
to 28 or 29 February of the following year, and is simply referred to
as the second year (i.e., summer 2000-01 is just referred to as 2001).

2.1.2 Model reanalysis data

To account for the net heat flux and its possible role in surface
melt, we used the heat flux parameters on 0.25° x 0.25° resolution
based on the monthly forecast. These data comes from the fifth-

Year
2000

10.3389/frsen.2022.953733

generation ECMWF global climate and weather reanalysis (ERA5).
The ERA5 atmospheric and land reanalysis has a resolution of 31 km
on a Gaussian grid (TI639) and 63 km for ensemble members
(TL319). The vertical component of the atmospheric component
consists of 137 levels from the surface to 1 Pa.

2.1.3 Automatic weather station data

Raw data obtained at varied temporal resolutions ranging
from 10 min to 3 h were used to create single daily measurements
from the NCDC GSOD database. Five AWS were chosen to cover
a wide range of melting regimes, with a focus on temporal data
continuity and data quality throughout austral summer. These
were at 70.89°S, 69.87°E (Emery G3 run by Australia), 72.2°S,
60.16°'W (Butler Island operated by UK), 75.86°S, 59.15°W
(Limbert operated by UK), 70.66°S, 8.25E (Neumayer
and 73.2°S, 127.05W (Emery
G3 operated by Australia) (Mount Siple operated by the

operated by Germany),
United States). The air temperature data from these nearby
AWS allowed us to establish relationship between surface melt
and air temperature (Figures 2, 3).

2.2 Methodology

2.2.1 Melt detection

The impact of small amounts of liquid water on the electrical
properties of snow at microwave frequencies is used to detect
melt. Because microwaves penetrate a dry winter snowfall
readily, dispersion from the air-snow contact can be ignored
(Rott et al.,, 1996; Kunz and Long, 2006). Volume scattering/
scattering from individual snow grains and inner layers
the
snowpack (Ulaby et al., 1986). The largest change in electrical

determine the microwave backscatter response in
properties occurs in the imaginary component of the dielectric
constant when merely 0.5% liquid water is introduced through
surface melt (Ulaby et al., 1986). The presence of liquid water in

the snowpack enhances microwave absorption, decreases

¢%(dB)

I

’W

FIGURE 2
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A time series of QUikSCAT-based o0 (blue line) overlaid on daily temperature (red line) at the Amery G3 AWS site (70.8919°S, 69.8725°E). Variable
yearly melt thresholds computed using the right-hand side of Eq. 1 for July-September for this site are shown by horizontal green bars. When ¢0
drops below the threshold during austral summer, i.e., December- February (magenta boxes), the day is characterized as melting according to Eq 1

The time series begins on 1st July 2000.
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FIGURE 3

Relationship between snow melt-area and air temperature during austral summer for (A) Larsen C ice shelf, (B) Getz ice shelf, (C) Shackleton ice
shelf, (D) Amery ice shelf, and (E) Fimbul ice shelf.
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penetration depth and subsurface scattering, and reduces o’
(Ashcraft and Long, 2006; Ulaby et al., 1986; Wang et al,
2007). Similarly, 6° may rise during a refreeze, and plummet
once snowmelt resumes. Figure 2 shows the variation of the
0’ signal vis-a-vis the air temperature (Ta).

While microwave measurements are used to detect the melt,
liquid water may be present even when the air temperature is
below 0°C, depending on other surface energy balance factors. In
this context, the term “melting conditions” refers to either
snowmelt or liquid water from a previous melt that is
refreezing. Depending on the satellite data used, many
researches have suggested alternative strategies for detecting
melt. Long (2006) employed the greatest likelihood ratio
approach to predict ice-states based on the polarisation ratio,
which is the ratio of H-polarization and V-polarization
backscatter data. The ratio of probability density functions is
calculated using their method (PDF). For the detection of melt/
freeze across Antarctica, Bothale et al. (2015) used an adaptive
threshold-based classification. This adaptive threshold-based
classification approach estimates melt/freeze based on the
previous austral winter mean, standard deviation, and drop-in
backscatter coefficient for austral summer. Some studies have
utilised other ways to detect the melt condition, such as using a
predetermined threshold.

We used adaptive threshold-based classification in this
investigation, which is similar to that used previously
(Ashcraft and Long, 2006; Trusel et al., 2012, Barrand
et al., 2013), although with a few tweaks. We found minor
fluctuations in backscatter during austral winter after
evaluating the time-series of backscatter coefficient. To
investigate how this scenario affected the computation, we
estimated the mean and standard deviation during the austral
summer, and based on mean minus two standard deviations,
we calculated the melt detection threshold. When we applied
these estimated thresholds to these points, we realized that it
had been classified incorrectly because the classification takes
into account the transition period under melt. To address this
issue, we conducted a transition period study to determine a
fluctuation range in that period; this fluctuation was then
assessed for all points (Fig. 1), yielding a fluctuation range of
0-2 dB. The criterion was redefined by taking the transition
period into account because the value was very high. As a
result, we subtracted a fixed value ¢ (Egs. 1 and 2), and these
points revealed significant melt and non-melt days for a given
pixel. We define melt on a pixel-by-pixel basis using a ¢°
threshold approach (e.g., Ashcraft and Long, 2006; Trusel
et al., 2012), such that:

(1)
2

MP =True, if oy,  (0,,, —3%0,)—c
MP = False, if 03,> (0}, —3%00,)—c

In the above equations, MP is melt pixel provide space
between pixel and o° dn ¢, is the backscatter for the nth day
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and ¥ is the austral winter mean, ¢° ; is the standard deviation
of austral winter period, and ¢ is a constant (=1dB), which is
calculated from the transition period for particular pixels. This
value is consistent with earlier investigations that employed
QuikSCAT data and used empirically calculated constants as
follows. Wang et al. (2007) used 2 and 3 dB for Greenland, Wang
et al. (2008) used 1.7 dB for pan-Arctic snowmelt, and Sharp and
Wang (2009) used 3.5 dB and 5 dB on Eurasian Arctic ice caps,
while Rotschky et al. (2011) used 1.65 dB over Svalbard, and
Trusel et al. (2012) used 2 dB for Antarctica. Since our method
considers any day below the threshold as melting, it is more
sensitive to short-duration melting episodes, when compared to
studies designed to detect only incessant melting (e.g., Wang
et al,, 2007; Tedesco et al., 2007). Other researchers used a
simplified equation where melt were determined when ¢° was
at least 3 dB lower than the winter ¢° measurements for C-band
(Luckman et al. 2014; Zheng and Zhou, 2020).

What are the consequences of using 1dB as a constant?
Because ¢° is dependent on other elements, such as wet snow
layer thickness and other inherent snowpack features, it is
impossible to set a single threshold for specific snowpack
liquid water content (LWC) (Winebrenner et al, 1994;
Nghiem et al, 2001; Ulaby et al., 1986). Nagler and Rott
(2000) found a 2-dB reduction in ¢° for an upper snowpack
layer with 1% wetness using C-band (5.3 GHz) measurements,
while Ashcraft and Long (2006) modelled the Ku band
(13.4 GHz) response to wetness and reported a 3 dB reduction
in ¢° for a 3.8cm snow layer with 1% LWC. This value is
comparable  with
responses to 1.3% LWC, which range from ~3.5dB (at
8.6 GHz) to ~8dB (at 17 GHz) (Stiles and Ulaby, 1980).
Therefore, it can be confidently assumed that a 1 dB threshold
using 13.4 GHz QuikSCAT data should represent an upper
snowpack of less than ~1% LWC by volume, thus making our

experimentally  determined  dynamic

detection scheme highly sensitive. This LWC value compares
favorably with PMW melt detection algorithms based on
modeled wetness values of 0.2-0.5% (Tedesco et al., 2007),
and 0.1-0.2% (Tedesco (2009).

2.2.2 Determining melt-onset dates

Melt-onset (MO) dates are necessary to know the inter-
annual variations of surface melt over Antarctic ice shelves.
Many studies have been conducted in the past to determine
the melt-onset over Arctic and Antarctic sea ice. SAR and
scattterometer data were utilised by Winebrenner et al. (1994)
to predict the melt beginning of Arctic sea ice. Kunz and Long
(2006) employed scatterometer data with the criterion that the
first day would be a melt-onset date if the following 3 days were
under melt, and that the first day of no melt would be considered
a refreezing date if there was no melt for at least 7 days.

For a particular pixel, we regarded five consecutive days to be
under melt condition, with the first day being deemed melt-onset
day. This approach has been used to determine the melt
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beginning date for each austral summer month, which is
expressed as the actual date for convenient reference. In the
summertime ¢” time series, the melt duration is measured from

the first melt onset date to the last melt onset date.

3 Results
3.1 Mean melt duration

The map of average melt duration over the austral
summer from 2000-2018 is portrayed in Figure 4. In
Region-A, the Ronne-Filchner Ice shelf experienced an
average melt of less than 5 days, while the George VI and
Wilkins Ice shelves exhibited the MD >60 days. Likewise, the
northern portion of Larsen Ice shelf experienced >60 days,
while the southern part exhibitted 35 days of melt. In the
Region-B, less spatial variability was observed. Abbott Ice
shelf experienced 20-30 days of melt, while Getz and
Sulzberger Ice Shelves showed 10 days melt. While the
Ross Ice Shelf had a MD of just 5-day, the Shackleton ice

10.3389/frsen.2022.953733

shelf, which is located slightly north of the other shelves in
Region C, had a relatively long MD of roughly 55 days.
Amery and West ice shelves exhibited melt of about
41 days. In Region D, where the MD persisted for around
30 days, Riiser Larsen had the least amount of melt, lasting
about 10 days.

3.2 Annual melt onset and melt duration

MD has important implications on the health of the ice sheet.
Longer melt duration leads to the formation of melt ponds on sea
ice and ice sheets, which in turn absorb more solar radiation and
induce further snowmelt through melt-albedo feedback (Bell et
al., 2018). The timing and extent of surface snowmelt are
indicators of changes in polar climate and thus and thus
potentially have regional and global climate implications.
Figures 5 and 6 show maps of MO date and spatial-average
time series for different shelf locations, whereas Figures 7 and 8
show maps of MD and spatial-average time series throughout the
austral summer. The maps demonstrate the expansion/

Spatial Variabilty in average annual melt duration over Antarctic Ice-shelves (2000-18)
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Average annual melt duration during austral summers from 2001 to 2018.
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Spatial Variability of Melt Onset over Antarctic Ice-shelves
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Spatial extent of melt onset during austral summer from 2001
to 2018.

contraction of snow melt in space and time illustrate that snow
melt increases and decreases in space and time. The MO was on
330 + 12 (25 November, on average) and the mean MD was 60 +
14 days across the shelves in Region A. The shelves in this region
exhibited an early MO and highest MD. Among the three shelves,
the Wilkins Ice shelf experienced earliest MO on 324 + 13
(19 November), and a longest MD of 80 + 16 days. This was
followed by George Ice shelf with a MO on 331 * 16 (25
November), with MD of 61 + 18 days. The Larsen Ice shelf
showed a MO on 336 + 16 (1 December), with MD of 40 +
26 days. However, Filchner-Ronne Ice shelf experienced melt
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only during 2001-02, 2002-03, 2006-07, 2007-08, 2008-09,
2014-15.

The AP’s shelves have the highest amount of melt days, with
an annual average MD of about 70 days. For over half of the
region, MO was detected fairly early, around November 20. Early
MO began across the entire region in the first or second week of
November in the years 2004-05, 2005-06, and 2006-07. The MD
and MO findings are in line with other studies carried out by
other researchers during the specified time period. For example, a
decreasing trend in MD of one day/year for AP is consistent with
that reported elsewhere (Bevan et al., 2018). The average MD and
MO indicated in this study are consistent with Wang et al. (2018).

The Larsen-C Ice shelf recorded higher melting rates as
compared to the other ice-shelf. The entire Larsen-C shelf
experienced melt for maximum of 70 days and half of the
shelf’s area experienced melt for more than 90 days. This shelf
recorded decreasing melt duration austral summer from
2001-02 to austral summer of 2010-11 and after that no
significant trend was seen; the duration of the melt during
2010-11 to 2017-18 experienced fluctuation that showed less
number of melt days as compared to the period 2000-01 to
2009-10. MO on the Larsen-C Ice Shelf began in November of
the first decade (2000-2009). The lone austral summer in the
first decade, 2003-04, saw melting begin around the end of
December/first week of January. There was no discernible trend
in MO during the following decade (2009-2017). MO at ice
shelf was seen in the first week of November during 2017-18.
More than 40,000 square km area of Larsen-C ice shelf or entire
area of the shelf experienced melt continuously for than 60 days
for the years 2005, 2006, and 2007 which started in the first
week of December and ended with decreasing melt area to the
end of the February or therafter. The shelf shows significant
decrease in melt area as compared to first decade of this study. It
was observed that 19-24% of the ice shelf area of the Larsen-C
experienced melt from 2000-01 to 2002-03, and from 2004-05
to 2009-10, while in 2003-04 and from 2010-11 to 2017-18,
10-18% of the shelf area melted. In summary, along the Larsen-
C ice shelf, a shifting pattern in melt onset was observed.

In Region B, MO occurred on 346 + 12 (11 December) on the
shelves, with an average MD of 13 + 9 days. The average MO
(MD) for Abbott Ice Shelf was 340 + 17 (23 + 17 days), 346 + 18
(9 £ 8 days), and 352 + 45 (9 + 8 days) for Getz and Sulzberger Ice
Shelves, respectively. Getz Ice Shelf is one of the shelves in the
west Antarctic region that has experienced the least melting. Getz
Ice Shelf is one of the shelves in the west Antarctic region that has
experienced the least melting. We found increased melt in austral
summer of 2005-06, 2012-13, 2015-16, and 2016-17, which
lasted about 15-20 days, which was relatively low in comparison
to other large ice shelf.

Getz Ice-shelf also experienced the least amount of melt in the
west Antarctic region, where many of the shelves melt rapidly during
austral summer (Rignot et al. 2013, Paolo, et al. 2015). During austral
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Time series of spatial-averaged melt onset at different regions demarcated in Figure 1.

summers of 2005-06, 2012-13, 2015-16, and 201617, the ice shelf
experienced increased melt in the first and second weeks of January,
which was about 15-20 days, which is very low as compared to other
major ice shelves under study. Several austral seasons, there was no or
very little melt across the shelf, or the melt was very brief (<15 days).

The typical pattern of MO was the first/second week of
January across the whole Getz Ice Shelf area. During the
summers of 2008-09, 2009-10, and 2010-11, very little shelf
area (on average < 1,200 km” per day) was under melt. During
the austral summers of 2005-06, 2012-13, 2015-16, and
2016-17, the entire shelf, which covers more than 30,000 km?,
witnessed melt for just 9, 12, 7, 13 days, respectively.

The average MO for Region C was 341 + 5 (6 December),
with MD of 41 + 12 days. It is noted that the MO for Shackleton
Ice Shelf, the southernmost shelf, was 334 + 10 (19 November),
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lasting a duration of 50 + 14 days on average. On the other hand,
the MO/MD for the West Ice Shelf was found to be 340 + 8
(5 December)/39 + 14 days on average; while the MO for the
Amery Ice Shelf was 347 + 10 (12 December)/32 + 18 days on
average.

MD on the Shackleton Ice Shelf has been increasing. The
number of melt days has grown during the last 2 decades
(2000-09, 2009-2017). During the austral summers of
2013-14 and 2016-17, the longest melt period of more than
80 days was observed. The shortest melt duration was seen during
the austral summer of 2015-16, when the AP saw a period of high
melt. The average MD in the eastern Antarctic region was roughly
60 days, which is extremely long. In the eastern Antarctic region, the
typical MD was about 60 days, which is a very lengthy time. East
Antarctica’s Shackleton Ice Shelf demonstrated unusually early melt
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FIGURE 7
Melt duration in Antarctica during austral summer from 2001
to 2018.

beginning in the first or second week of December, 15 days earlier
than the AP region.

The Shackleton Ice Shelf, which has a high geographic
coverage of more than 30,000 km? is the second Ice Shelf to
melt between 2004 and 2017, following the Larsen-C Ice Shelf,
with an ice shelf size of roughly 33,800 km?. The MO was found
to be 353 + 5 (18 December) for shelves in the northern part of
Antarctica (Region D), with an average MD of 15 + 9 days. The
MO for all three ice shelves was 16-20 December, with the MD
spanning from 12 to 22 days for the Riiser-Larsen Ice Shelf and
the Lazarev Ice shelf.
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Fimbul Ice Shelf had the longest melt during 2003-2005, with an
average of about 40 days. The MO for this shelf was typically mid-
December, but in 2009-10 and 2010-11, it was in January. No melt
was identified the following year, and the MO changed back to mid-
December. No melt was found the following year, and the MO
changed back to mid-December. With an average melt area of less
than 1300 km2 each day from the start of the melt to the finish, the
MD for 2014-15 was incredibly brief. The largest melt area during
the austral summer of 2004-2005 was 40,000 km?, and it lasted for
more than 30 days.

In conclusion, the ice shelves in Region A experienced MO
from 10 November to 15 December together with a lengthy MD
(>50 days) between 2000 and 2013. In Region B, the MD ranged
from 20 to 60 days, while the MO was approximately 15
December. The melt duration was 35 days on the ice shelves
in the other two locations.

3.3 Snow melt area

The area under melt and the MO day for Larsen C, Amery,
Getz, Shackleton and Fimbul Ice Shelves are shown in Figure
9. The horizontal line represents a 95% confidence level.
Between 13 December and 12 February, the Larsen Ice
Shelf showed a considerable increase in melt area. The
Amery and Shackleton ice shelves experienced increased
and significant melting from 16 December to 2 February
and 10 December to 7 February, respectively. The melt area
on the Fimbul and Getz ice shelves dramatically increased over
the weeks of 18 December to 31 January and 23 December to
24 January, respectively. It is noted that for Amery, Getz,
Shackleton, Larsen, and Fimbul, the temporal variation of melt
area showed a decreasing trend of 196 km®/yr, which is
significant at 95% confidence interval.

Of the total ice shelf area of 70,000 km?, Larsen C Ice Shelf
experienced an average melt of 22,685 km” over the 2000-2018
period. More than 35% of the ice shelf experienced melt
during 2000 to 2003, and 2004 to 2010. For the Getz Ice
Shelf, we found that >10% of melt area occurred during 2004
to 2006, and the highest melt area of 23% were detected during
2012-13. The average melt area was found to be 2471 km” out
of the total shelf area of 32,790 km®. For the Shackleton Ice
Shelf, with a total of 29,870 km?, the average melt area over the
entire period of analysis was found to be 11,200 km?>. We
detected >40% melt area during 2001-02, 2003 to 2007,
2009-10, 2013 to 2015, and 2016-17. As for Amery Ice
Shelf, whose total area amounts to 60,800 km? the average
melt area over the period of analysis was found to be 11,406
km?. We detected melt area >35% of the total shelf area during
2003 to 2006. On the other hand, the Fimbul Ice Shelf, with a
total area of 60,660 km?, experienced the least melt area which
on average was 5500 km” for the period 2000-2018, and the
melt area >20% was found during 2003 to 2005.
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Figure 10A shows the time series of annual surface melt area
and the trends for a few ice shelves. The trend in the melt area
over the 18-year period showed a highest decreasing trend of
-79.8 km*/yr (p < 0.05) which translates into 15% surface melt
variability (between 2000-01 and 2017-18) for Larsen-C Ice
Shelf. On the other hand, the lowest decreasing tendency of
—14.3 km®/yr (not significant) and 10% surface melt variability
(between 2000-01 and 2017-18) was detected for Shackleton Ice
Shelf. Amery Ice Shelf exhibited. After Larsen C, the surface melt
on the Amery Ice Shelf showed a decreasing trend of -76.7 km?*/
yr (significant at 95% confidence interval) and 46% surface melt
variability (between 2000-01 and 2017-18). The decreasing
surface melt trend for Fimbul Ice Shelf of —29.9 km*/yr (not
significant) and surface melt variability of 56% between 2000-01
and 2017-18. It is noted that the Getz Ice Shelf exhibited a
positive melt trend of 4.2 km?/yr (not significant) and a surface
melt variability of 66% between 2000-01 and 2017-18. The trend
for the total surface melt area for all these shelves showed
between 2000-01 and 2017-18 (Figure 10B).
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3.4 Relationship between air temperature
and snow melt area

During the austral summer, snow melt is triggered by surface
warming due to solar radiation. We chose a few ice shelves to
represent the four sectors illustrated in Figure 1 based on the
availability of weather data. For the Larsen C Ice Shelf, a
substantial and significant connection (R = 0.71, p < 0.01)
was discovered between melt area and average austral air
temperature (Figure 10A). The Getz Ice Shelf experienced a
significant interannual variability, according to a modest but
not statistically significant correlation between the two
measurements (Figure 9). For the Shackleton Ice Shelf, we
040, p < 0.05)
between austral mean temperature and melt area (Figure

discovered a significant correlation (R

10C). Similarly, for the Amery and Fimbul Ice shelves, the
respective correlation between air temperature and melt area
was 0.46 (p < 0.05) and 0.81 (p < 0.01), indicating the important
of the former (Figures 10D,E). The topographic impacts are
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(A) Surface melt-area time series for a selected ice shelves. (B) total area under melt for all the ice shelves in panel 9A.

reflected in the weaker linear correlation between melt extent and
air temperature. Due to the comparatively steep slope of the
continental ice sheet’s coastal zone, melting further inland would
proceed at a slower rate than predicted by linear regression
models as sea temperatures rose (Liu et al., 2006).

4 Discussion

Melt extent, MO date, and MD were derived using
scatterometer-based o° data from 2000 to 2018, using the
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pixel-based adaptive threshold approach, with the constant
value generated by examining change in o° throughout the
transition period between winter and summer.

MD over Antarctica’s ice shelves has revealed a distinct
spatial distribution pattern according on its position on the
continent. The shelves on the AP showed a pattern of
increasing melt from the northwestern region of the shelf
to the south; the Amery Ice-Shelf in the eastern region of
Antarctica showed a pattern of high melt over the north-
eastern region with less MD and melt extent over the western
ice-shelf region.
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Parts of the Wilkins, Larsen C, and George IV Ice Shelves, as
well as western AP outlet glaciers, showed an average MD of 70
days per year on the AP, while Trusel et al. (2012) used passive
microwave data and a wavelet transform-based method detected
MD of over 100 days. The MD and extent are critical for
understanding Larsen-C’s stability. For example, researchers
have identified Larsen C Ice Shelf as being vulnerable to
hydrofracturing-mediated collapse as the climate warms
(Trusel et al., 2015; Lai et al., 2020).

The Fimbul Ice Shelf, which is centred on 0° and located at
the perimeter of the Antarctic ice sheet, exhibitted a completely
different pattern of melt extent and MD, indicating that other
factors, in addition to coastal location, contribute to surface
melting over this region. Our results suggest that Fimbull Ice
Shelf exhibited least melt area which on average was 5500 km” for
the period 2000-2018, and the melt area was below 18% for the
analysis period, except for 2003 to 2005.

MO over the Antarctic ice shelves showed a considerable
shift in the date over the period 2000-2018 on some shelves, but
no significant changes on other shelves. During the first decade of
this study, most of the ice-shelves on the Larsen-C revealed a
considerable change in the melt onset date to the first/second
week of December, which was previously observed in the first/
second week of November.

Melting occured over the ice shelves of the AP and the west
Antarctic region as a result of atmospheric wind circulation. The
western coast of AP experiences higher melt duration due to
higher solar radiation intensity at lower latitudes and advection
of warm humid air masses from northerly directions, as opposed
to the eastern coast, which gets cooler winds from Antarctica’s
inland region. Scambos et al. (2000) hypothesised that the
collapse of ice shelves on the Antarctic Peninsula (Vaughan
and Doake, 1996; MacAyeal et al., 2003) was linked to
ponded water produced by lengthy and extensive ice shelf
melt. Even though the sea surrounding the shelf sees
increased heat in the austral summer, wind direction and air
circulation could be one of the Ross Ice Shelf melting slowly or
not at all in some years.

The shelves on the Queen Maud Land region, the Amery Ice
Shelf region, and the Shackleton Ice Shelf all melted steadily and
extensively, whereas the shelves on Wilkes Land and Marie Byrd
Land melted quickly along a narrow coastal band. The Ronne-
Filchner Ice Shelf and the Ross Ice Shelf had the lowest melt
duration (no melt was observed in some years) and the greatest
interannual fluctuation in melt area, according to our findings.
According to our melt analyses, melt area trend on the West Ice
Shelf, Shackleton Ice Shelf, and Amery Ice Shelf was found to be
-60, —84, —548 km?/yr as well as the ice shelves along the Princess
Ragnhild Coast in Queen Maud Land (Fimbul Ice Shelf: —202
km?’/yr), was likewise quite continuous and intense during the
study period. These ice shelves may be vulnerable to breakup if
surface melting intensifies further, thus they should be
continuously monitored. The preview of this work does not
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go into the causes of MD, MO, or melt extent, although it is
noted that the atmospheric circulation affects the melting
scenario.

The air pressure in the Indian Ocean is unusually low in the
eastern part of Antarctica, near the Shackleton Ice Shelf, during the
austral summer of each year, compared to the interior region of
Antarctica. The heat flow gradient towards the Shackleton Ice Shelf
is very significant, ranging from roughly 60 W/m? to 120 W/m? over
a short distance (Supplementary Figure 1A). This makes the area
amenable to fluctuations in surface temperature caused by wind
circulation, which is one of the elements affecting and modulating
surface temperature over east Antarctica’s ice shelves.

The extent of melt on some Antarctic ice shelves is also
influenced by air temperature advection. We found a distinct
pattern of increased temperature advection from the west of AP
and increased melt area across the Amery, Shackleton, and
Larsen-C Ice Shelves (Supplementary Figure 1B), although
temperature advection during the austral summer over the
Fimbul Ice shelf was not the cause for melt extent. The
temperature advection on the Getz Ice shelf was reduced due to
the wind direction (Supplementary Figures 1A,B), which emerged
from the interior of Antarctica toward the coast and carried a
comparatively cooler air mass, lowering the temperature over the
shelf which resulted in less melt area/less MD.

Literature emphasises the importance of the Southern
Annular Mode (SAM) and the Southern Oscillation Index on
Antarctic surface melt (SOI). Strong SAM and SOI dominate the
high southern latitude air circulation, and poleward heat
propagation is conducive to surface melt, according to some
research (Torinesi et al., 2003; Tedesco and Monaghan, 2009).
During the 1979-2009 period, Tedesco and Monaghan (2009)
discovered that negative melt index and extent are highly linked
with the combined positive anomalies of SAM and SOL In our
analysis, the combined anomalies of SAM and SOI were
significantly but negatively correlated with melt area for
Shackleton Ice Shelf (R = -0.62, p < 0.05), Amery Ice Shelf
(R=-0.54, p < 0.05), and Fimbul Ice shelve (R = -0.49, p < 0.05).
Melt was enhanced in the western Antarctic shelves during
negative SOI anomalies.

Table 2 shows a comparison of maximum melt day between
our results and those of Bothale et al. (2015) using scatterometer
data from 2001 to 2014. Our study reveals that the peak melt date
for the Amery, Fimbul, and Getz Ice shelves has delayed by a
month. The maximum melt area for Larsen-C Ice Shelf was also
delayed by around 15 days, and the Shackleton Ice shelf was
delayed by 23 days. The very high melt during 2004-05 and low
melt during 2007-08 for Amery Ice Shelf concurs with the results
portrayed in Oza (2015) who used QuikSCAT and OSCAT
backscatter data to investigate the spatially varying pattern of
melt from 2000 to 2010. They reported low intensity surface
melting (<3 dB per summer) over the large Filchner-Ronne and
Ross ice shelves and almost 40 times higher on AP for the period
2000-2010, which agrees with inference drawn in this study.
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TABLE 2 Comparison of maximum surface snow melt area with the
earlier study done on Antarctic ice shelves.

Shelf Average date of maximum melt area

Bothale et al. (2015)
(2001-2014 average)

Present
study (2001-2018 average)

Amery 9 December 8 January
Fimbul 19 December 12 January
Getz 13 December 12 January
Larsen-C 15 December 1 January
Shackleton 10 December 3 January

One of the significant findings from our analysis was that
the total melt area over the ice shelves shows a decreasing trend
of 196 km’/yr (statistically significant at 95% and 97%
confidence interval) over the 18-year period. However, it is
recommended that analysis is extended for further period to
draw a definitive conclusion. The melting of ice shelves on
Antarctica is crucial because it is sensitive to changes in air and
ocean circulation around the continent. The melting of ice
shelves on Antarctica is crucial because it is sensitive to changes
in air and ocean circulation around the continent. The flow of
glaciers speeds up as an ice shelf collapses, making the ice sheet
vulnerable to disintegration. Because the melt and freeze
condition is extremely dynamic and has considerable
interannual fluctuation, it must be monitored on a regular
basis. Furthermore, quantitative data on snowmelt extent
and duration will be essential input for climate and sea level
change modelling and prediction.

5 Conclusion

Using a time series of radar backscatter data from
QuikSCAT, OSCAT, ASCAT, and OSCAT-2, surface
melting dynamics over the Antarctica ice shelves have been
addressed. We provided maps of MO and MD, and time series
of melt index. MD and MO do not always change linearly over
distance and time, particularly in areas where increased
melting occurs over the AP’s Ice Shelves. The Ronne-
Filchner and Ross Ice Shelves melted in less than 5 days on
average, whereas the George VI, Wilkins, and northern
portion of the Larsen Ice Shelf melted in more than
60 days. Abbott Ice shelf experienced 20-30 days of melt in
the west Antarctic, while Getz and Sulzberger Ice Shelves
exhibited 10 days melt. On average, the Shackleton, Amery
and West Ice shelves had a MD of 40-55 days. The least spatial
variation was seen in northern Antarctica, where the melt
lasted 30 days, with RiiserLarsen Ice Shelf having the shortest
melt of 10 days.
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For over half of the region on the AP, the melt onset was
November 20. MO the Larsen-C Ice Shelf began on
25 November. After Larsen-C Ice Shelf, Shackleton Ice Shelf is
the second ice shelf where melt occurred during 2004-05 and
2016-17 with high spatial coverage of more than 30,000 km’.
MO dates for ice shelves in the northern Antarctic ranged from
16 to 20 December, with MD ranging from 12 to 22 days for the
Riiser-Larsen Ice Shelf and the Lazarev Ice Shelf. Melt began on
shelves in the southwest Antarctic region on December 15 and
continued for 20-60 days. The MO for Amery and West Ice
Shelves was between 1 and 15 December.

For the Larsen, Shackleton, Amery, and Fimbul Ice shelves,
there was a substantial link between melt area and average austral
air temperature. There was a clear pattern between increased
temperature advection and increased melt area for Amery,
Shackleton and Larsen-C Ice Shelves. The teleconnections
found between melt area and the combined anomalies of
SAM and SOI point to the high southern latitudes being
coupled to the global climate system. Similarly, significant
melting events on the Ross Ice Shelf and on West Antarctica
appear to be exacerbated by low SOI. These time-series
measurements add to our understanding of the spatiotemporal
dynamics of surface melting in the Antarctic, a process that is
particularly crucial to monitor when gauging the stability of
Antarctic ice shelves in the context of sustained atmospheric
warming.
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