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ABSTRACT. We have examined the record of melt-season duration on the Antarctic
Peninsula using two techniques for detecting the presence of a melt signal in microwave-
emission time series covering the period1978^2000.We have obtained similar estimates of
melt-season length using the cross-polarized gradient ratio (XPGR) technique and cali-
brations previously applied in Greenland and a technique which detects the jump in emis-
sion caused by melt without using a sensor- and frequency-dependent threshold value.The
close correspondence between results from the two techniques on peninsula ice shelves
suggests that the XPGR analysis canbe used over the length of the time series. The results
show that the long melt seasons of 1992/93 and several later years were exceptional occur-
rences on the northern parts of the Larsen Ice Shelf.These melt seasons were followed by
disintegration events, supporting a possible cause-and-effect relationship.

INTRODUCTION

Several processes drive variations in microwave emission
from firn on the large ice sheets. Temperature variations in
the firn produce changes in emission by changing the amount
of energy emitted in the source region, while changing firn
conditions such as recrystallization and changes in surface
conditions (hoar frost, layering or crusts produced by wind
or radiation) change the amount of scattering experienced
by the radiation on the way to the surface of the snow (see,
e.g., Ulaby and others,1981; Shuman and Alley,1993; Abdalati
and Steffen,1998).These short- and long-termvariations occur
in all firn on the ice sheet andare responsible for the variability
we observe in areas where the surface does not melt.

In areas that melt, there is an additional process that
changes the strength of the microwave emission from the
surface of the snow.The presence of a small amount of liquid
water produces a sharp increase in the amount of energy
emitted (e.g. Zwally and Gloersen,1977). Several investiga-
tors have used this change to map the extent and duration of
melting on the large ice sheets. Abdalati and Steffen (1995)
and Mote and Anderson (1995) mapped the extent and
duration of melt on the Greenland ice sheet by exploiting
different aspects of this increase in emissivity. In Antarctica,
Ridley (1993) and Zwally and Fiegles (1994) produced
records of the patterns and extent of melting in different
areas. Ridley, looking at data spanning 1978^91, observed
slowly increasing melt-season durations on a number of ice
shelves on the Antarctic Peninsula. He used a threshold level
for the microwave emission to determine melting. Zwally
and Fiegles mapped the length of the melt season around
the continent using locally determined threshold values that
are based on a set increase above the long-term average at a
site, using data spanning the period 1978^87.

Recent break-ups of ice shelves along the Antarctic

Peninsula (e.g. Vaughan, 1993; Rott and others, 1996, 1998;
Doake and others, 1998; Lucchitta and Rosanova, 1998;
Scambos and others, 2000) and evidence for warming (e.g.
King, 1994;Vaughan and Doake,1996; Skvarca and others,
1998) have suggested changing conditions in the area. In
this paper we re-examine the question of surface melt on
the Antarctic Peninsula to extend the time series of melt into
the period when a number of rapid calving events have been
documented in the area. Scambos and others (2000) argue
that ponding of water on the surface of an ice shelf may pro-
vide the conditions required for an ice shelf to break up in
place and later disintegrate due to a passing storm system. In
their analysis, a time series of surface melt is used to show that
melt ponding occurs during longer melt seasons in the 1990s.

DATA AND ANALYSIS

The time series of satellite-measured microwave emission,
reported as brightness temperature (Tb), from firn that we
use in the present analysis covers measurements from the
Scanning Multichannel Microwave Radiometer (SMMR)
(1978^87) and three different satellites carrying Special Sen-
sor Microwave/Imager (SSM/I) instruments. For a discus-
sion of the relevant characteristics of these instruments,
and the datasets they produced, see Abdalati and Steffen
(1997) and references therein. There are differences between
these datasets that can affect the measurement of melt-
season length. We have used two techniques for measuring
the spatial and temporal variations in melt-season length
on the ice shelves of the peninsula. These techniques differ
in their approach to detecting the changing emission due to
melt. A comparison of the results from the techniques gives
us more confidence that differences between sensors used to
produce the time series of melt history do notbias the results.
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XPGR

Abdalati and Steffen (1997) used the changes in emission at
19 GHz horizontal polarization (Tb19H) and 37 GHz vertical
polarization (Tb37V), combined in a quantity they term the
cross-polarized gradient ratio (XPGR), to indicate melt in
Greenland.

XPGR ˆ Tb19H ¡ Tb37V

Tb19H ‡ Tb37V
: …1†

Near-surface melt (¹1% water in the upper meter of firn) is
assumed to be present in a pixel when this ratio exceeds a
threshold value that has been set based on field observations

and theoretical considerations. Differences between sensor
characteristics, imaging geometries and over-flight times
caused them to use a different threshold for the earliest data-
set they considered, which came from the SMMR sensor.
This change in threshold was required by the lower frequency
(18 GHz instead of 19.25 GHz for SSM/I) and because the
satellite revisit times occurred at different times of day. We
have used the same data-calibration techniques and thresh-
olds they describe to produce maps of melt-season duration
on the Antarctic Peninsula using XPGR. Our results for the
period 1978^2000 are shown in Figure 1. The year indicated
on each map is the year the melt seasonbegan (thus 94 repre-
sents melt during the 1994/95 austral summer).

Fig. 1. Map of melt-season lengths on the Antarctic Peninsula determined using the XPGR analysis of Abdalati and Steffen
(1997).The sensor used for the period and the year in which each melt season began are labeled on the maps.The location map is
extracted from the U.S. Geological SurveyAVHRR mosaic of Antarctica.
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Bimodal histograms as an indication of melt

As a check on the changes in threshold required by changes
in sensors over the time series, we have investigated alterna-
tive methods for detecting melt signals in the passive-micro-
wave data. Zwally and Fiegles (1994) looked at the melt
signal on the peninsula by computing the total melt-pixel-
days in a region, but they used thresholding techniques
which varied from pixel to pixel (based on background
averages) and did not map the spatial patterns of melt-

season length on ayear-by-year, pixel-by-pixelbasis. In addi-
tion, their analysis stopped with data from 1987, which was
just prior to a number of long melt seasons in the area.

As we are interested in the relationship between surface
melt and ice-shelf break-up, we wish to map the spatial vari-
ation of melt-season length over the available microwave
record in a manner which is consistent from sensor to sensor;
this will allow a check on the results of the XPGR analysis in
Antarctica.We present a method that does not rely on chan-
ging thresholds from location to location or from sensor to

Fig. 2. Measured microwave emission (expressed as brightness temperature) for two pixels on theAntarctic Peninsula, 1January
1990 to 31 December 1994.The frequency of occurrence of brightness-temperature values within each time series is shown by the
histograms on the righthand side.The large jumps in emission in the summer in the lower plot are due to the change in emission
caused by melt. Note the bimodal distribution in the histogram for the lower plot due to this jump in emission.
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sensor. The intent is to confirm the results from XPGR
analysis without using the same assumptions about how melt
affects the emission measured by different sensors.

The feature we exploit (in the same way in all emission
records) to detect melting at a pixel is to look for the jump in
emission related to the presence of water in the surface snow.
While this jump may be detectable by a method using a
threshold-based analysis, different thresholds are required
for different sensors and different frequencies.We can avoid
this difficulty if we use another criterion to detect the pres-
ence of a jump in an emission time series. This jump pro-
duces a bimodal distribution in a histogram of brightness-
temperature (Tb) values over a year (see Fig. 2).This occurs

because the Tb values when melt is present cluster around a
value that is substantially higher than values from the rest of
the year; the transition from non-melting to melting is rapid
and the change in Tb is distinct, so there are few values of
Tb which would lie in the transition region. It is clear to
one’s eye that the histogram of Tb values from a non-melt-
ing pixel is unimodal, while the histogram from a melting
pixel is bimodal; it is more difficult to have an automated
system recognize this difference. We accomplish this recog-
nition by sorting the daily Tb values for a season by increas-
ing magnitude, producing a curve with the lowest Tb values
on the left which gradually increases to higher emission
values on the right (Fig. 3). If the pixel experiences melt,

Fig. 3. (a) Time series of 19 GHz H emission from pixel located on Larsen B Ice Shelf. (b) Histogram of the data in (a). (c)
The data from (a) sorted into ascending Tb order, with the high-slope point indicated.The pixels to the right of this high-slope
point correspond to the pixels in the high-Tb cluster in the histogram; they are counted as days of melt as discussed in the text.

Fahnestock and others: Long melt seasons on Antarctic Peninsula ice shelves

130
Downloaded from https://www.cambridge.org/core. 21 Feb 2022 at 15:36:30, subject to the Cambridge Core terms of use.

https://www.cambridge.org/core


there will be a steep section of this curve through the trans-
ition region.This section is steep because there are relatively
few values in the transition region (this is the low point
between the two modes in the bimodal distribution of Tb
values through the year). We can detect this low point by
looking for the maximum slope in the curve in Figure 3.
All points with Tb values above the steepest gradient (to
the right) are then counted as melting days; if the distribu-
tion is not bimodal, the steepest section will come at the
right side (high-value end) of the curve, indicating that the
surface did not melt for a substantial period. Because of dif-
ficulties in recognizing a steep slope due to melting if there
are only a few days of melt, we do not label a pixel as melting
if the season is shorter than 10 days in this analysis.

Thisbimodal technique isbased on recognizing the rapid
transition or jump in emission as melting begins; it is not
dependent on the calibration of any given sensor and so

may be applied to each instrument involved in the creation
of the time series of microwave emission in exactly the same
way, with one exception. The data from the SMMR instru-
ment, covering the period 1978^87, have a sampling fre-
quency of once every 2 days because of other requirements
that were placed on the satellite. Rather than interpolating
this data to fill in the missing days, we have chosen to double-
count the days in the record (equivalent to a nearest-neigh-
bor interpolation), as this prevents the creation of extra
values which would fall in the transition region each time
the signal went from melting to non-melting or back over a
2 day period. With this exception, we have treated the data
from SMMR and each of the SSM/I instruments identically
with our analysis. Figure 4 shows the spatial and temporal
changes in melt-season length determined with this bimodal
analysis on18 GHz (SMMR) and 19 GHz (SSM/I) horizon-
tally polarized emission time series.

Fig. 4. Map of melt-season lengths on the Antarctic Peninsula determined using the bimodal analysis discussed in the text.The
sensor used for the period, and the year in which each melt season began are labeled on the maps.
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RESULTS AND DISCUSSION

The patterns and length of melt season from the bimodal
technique are quite similar to the results from the XPGR
analysis, although the spatial patterns from the bimodal
technique are clearly noisier (cf. Figs 1 and 4). The similari-
ties are best illustrated by the comparisons for three different
pixels on the Larsen andWilkins Ice Shelves shown in Figure
5. For the Larsen B and Larsen C pixels the length of melt
season is nearly independent of the technique used for the
determination over the entire record. For the Wilkins pixel,
XPGR shows shorter melt seasons during the 1990s than the
bimodal technique.The close correspondence in melt-season
length on the Larsen gives us some confidence in the record
from XPGR in spite of changes in threshold values and cali-
brationsbetween sensors; in this sense it confirms the work of
Abdalati and Steffen (1997) in Greenland, and extends their
work to the Antarctic Peninsula.

The XPGR record shows less spatial variability than the
bimodal technique, and is preferable for looking at the local-
ization of melting during long melt seasons. It is clear from
the record for 1992/93 and other long melt seasons on the
Larsen and Wilkins that localized extensive melting
occurred near the locations of later disintegration events, as
argued by Scambos and others (2000). The local enhance-
ment of energy available for melting due to the lowered sur-
face albedo in wet areas, especially in areas that have surface
ponds, would cause small spatial variations in surface tem-
perature and sensible-heat transfer to the surface to produce

large variations in the amount of melting. This is a straight-
forward expression of an ice^albedo feedback localizing
extensive melting, and may play an important role in the
failure of an ice shelf.

The mechanism hypothesized to connect localized melt-
ing to the failure of an ice shelf is discussed by Scambos and
others (2000). They show that long melt seasons correlate
with the appearance of melt ponds on the surface, and hy-
pothesize that ponded water filling crevasses allows the shelf
to break up or weaken in place, making it susceptible to dis-
integration.

CONCLUSIONS

Our present analysis allowsus to show how the length of melt
seasons has varied spatially on an annual basis over the
length of the satellite record. The similarity of the results
from the SMMR period derived from the two methods sug-
gests that the techniques of Abdalati and Steffen are effective
over the whole record. In Antarctica this record shows that
melt seasons on the Larsen Ice Shelf have been of exceptional
length several times during the last decade. These seasons
are shown by Scambos and others (2000) to have led to melt
ponding, and so may be related to the failures of these areas
that followed soon after. Longer-term monitoring of the
remaining Antarctic ice shelves by this means may provide
clearer documentation of the cause and effect suggested by
Scambos and others (2000), as well as indications of which
shelves may be susceptible to disintegration.

Fig. 5. Melt-season lengths for three pixels on two ice shelves, determined using both XPGR and the bimodal analysis discussed in
the text.The lengths of each melt season are plotted on 31December of the year, and connected with lines to make it easier to see year-
to-year variations.
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