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Abstract Drastic changes were detected in glacial systems of the Antarctic Peninsula
in the last decades. The observed phenomena comprise the disintegration of ice
shelves, acceleration and thinning of glaciers, and retreat of glacier fronts. However,
due to the lack of consistent systematic observations in particular of the higher parts
of the glacial systems, it is difficult to predict further responses of the Antarctic
Peninsula glaciers to climatic change. The present paper analyses spatial and temporal variations of changes in the dry-snow line altitude on the Antarctic Peninsula
as extracted from a time series (1992–2005) of ERS-1/2 SAR and Envisat ASAR
data. Upward changes in dry-snow line altitude were observed in general, and are
attributed to extreme high-temperature events impacting the central plateaus of
the Antarctic Peninsula and the increasing duration of warming periods. A mean
decrease in dry-snow line altitude was detected on the west side of the peninsula and
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is identified as a response to recorded increase in precipitation and accumulation.
These results validate the capability of SAR data for deriving superficial parameters
of glaciers to be used as indicators of climatic changes in high-latitude regions where
operational restrictions limit conventional meteorological observations.

1 Introduction
The Antarctic Peninsula (AP; Fig. 1) has undergone a recent rapid climatic warming
during the last 50 years (Vaughan et al. 2003). As a consequence, its glacial systems
have reacted with drastic changes such as disintegration of ice shelves (Rott et al.
1998; Skvarca et al. 1999; Rack and Rott 2004), acceleration and thinning of glaciers
(De Angelis and Skvarca 2003; Rignot et al. 2004; Scambos et al. 2004; Pritchard
and Vaughan 2007), and retreat of glacier fronts (Rau et al. 2004; Cook et al. 2005).
However, due to the lack of consistent systematic observations in particular of the
higher parts of the glacial systems, it is difficult to predict further responses of the
AP glaciers to climatic change (Arigony-Neto et al. 2007).
In order to enable the monitoring of a representative set of glaciers, a new
methodological approach was proposed to simplify the detection of glacial zone
boundaries (i.e., dry-snow line, wet-snow line, and snowline) using remote sensing
data (Arigony-Neto et al. 2006). The evolution of superficial zones on glacier is
greatly influenced by local and regional climatic and meteorological settings. Their
variations in response to changes in energy or mass balance are considered as good
indicators of climatic changes (Rau et al. 2000). In addition, several authors demonstrate the potential of radar remote sensing to identify distinct zonal boundaries
within the glaciers (e.g., Fahnestock et al. 1993; Forster et al. 1996; Braun et al. 2000;
Rau et al. 2000; König et al. 2001; Arigony-Neto et al. 2007).
In this paper, we present the spatial and temporal variations in dry-snow line
altitude (DSLA) on the AP, as extracted from a time series of satellite Synthetic
Aperture Radar (SAR) images (ERS-1/2 SAR and Envisat Advanced Synthetic
Aperture Radar - ASAR) acquired between 1992 and 2005. In order to analyse
regional patterns of variations in DSLA for the area of the AP and minimise site
specific effects, an averaging approach was used to show the results.

2 The dry-snow line as indicator of climatic change
In this work, we use the concept of glacier zones or facies as described firstly
by Benson (1996) and further developed by Paterson (1994). Figure 2 gives a
simplified representation of that. The dry-snow zone, in particular, is the area of
the glacier where melting is even in summer not present (Paterson 1994). As a
result, morphological changes in snow structure are dominated by processes of
dry-snow metamorphism (Colbeck 1983; Singh and Singh 2001). Small grain sizes
are characteristic here, except when the formation of depth hoar crystals occurs
(Partington 1998). This zone is restricted to areas in the interior of Antarctica and
Greenland and its lower boundary is referred to as dry-snow line (Fig. 2).
The analogous radar glacier zones (Fig. 2) correspond to the classification scheme
proposed by Rau et al. (2000). Corresponding to the classical dry-snow zone (Fig. 2),
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Fig. 1 Location map for the Antarctic Peninsula. The black arrow shows the local of the glacier in
Fig. 3. The dashed line in white shows the limit between areas with different thresholds in altitude
used to distinguish automatically the dry-snow radar zone from wet-snow radar zone. Data source:
Antarctic Digital Database version 4.1 (http://www.add.scar.org) and Liu et al. (2001)

the dry-snow radar zone (DSRZ) is the most stable zone detected by imaging sensors
in the microwave region of the electromagnetic spectrum. Nevertheless, studies
based on backscatter modelling showed that single strong events of snowmelt can
move its lower limit (i.e., the dry-snow line) upwards for a time range of several years
(Rau et al. 2001). This zone is characterised by very low backscatter values (Fig. 2).

Climatic Change

Fig. 2 Glacier zones as described by Benson (1996) and further developed by Paterson (1994) and
corresponding radar glacier zones with typical backscatter values for the Antarctic Peninsula during
the summer season. Modified after Rau et al. (2001)

It occurs because of the high penetration of the radar beam (Ulaby et al. 1986) and
dominating volume scattering. Variations in normalized backscattering coefficients
or sigma nought (σ ◦ ) are expected to be resulting from differences in grain size
(Partington 1998) caused by regional differences in patterns of snow accumulation
and wind compaction (Fahnestock et al. 1993; Jezek 1999). Sigma nought is the
measure of strength of radar beams reflected from a distributed scatterer, and is
usually expressed in decibels (dB).
Changes in the dry-snow line altitude (DSLA) indicate singular extreme melt
events impacting high-altitude areas (Rau et al. 2000) when it moves upwards.
In addition, a persistent migration of the dry-snow line upwards over time would
indicate a progressive increase in melting conditions. On the other hand, backscatter
modelling (Rau and Braun 2002) shows that a progression downwards means an
increase in snow accumulation rates. Therefore, the monitoring of variations in
DSLA is of special significance for detecting such indicators of changes in climatic
parameters on the AP, where most of the meteorological records are restricted to
coastal areas.

3 Data and methods
Satellite data used for analysis consist of 66 images acquired in a descending orbit
from 1992 to 2005 by the ERS-1/2 SAR (60 images) and Envisat ASAR (six
images). Both are C-band VV polarization instruments. Normalized backscattering
coefficients (σ ◦ ) were calculated using the Basic Envisat and ERS SAR Toolbox
(BEST) from the European Space Agency (ESA). BEST uses the SAR calibration
algorithm developed by Laur et al. (2002), who estimated that resulting values of σ ◦
have an accuracy of ±0.4 dB. The excellent stability of the SAR sensors enables
direct comparison of the calibrated data (Meadows et al. 1998). To reduce the
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speckle effect, a 5 × 5 median filter was applied. Finally, speckle-filtered images were
orthorectified using the digital elevation model (DEM) from the Radarsat Antarctic
Mapping Project (RAMP; Liu et al. 2001).
The SAR dataset was analysed by using the methodology proposed by ArigonyNeto et al. (2006). This involves simplification of the image analysis by considering
for classification only areas located in a buffer of 600 m along glacier centrelines
(Fig. 3). A glacier’s centreline is the analyst-interpreted line that approximately
follows the main flow line of the glaciers. The so-called “centreline approach” avoids
to a large extent the processing of areas with complex topography and/or areas with
problems caused by topography (e.g., shadows, fore-shortening) near the lateral ice
divides on steep ridges. Consequently, this approach minimises the need for high
resolution DEMs for terrain correction and enables the automated processing of the
satellite imagery. Furthermore, glaciers were selected for analysis when they are wide
enough so as to avoid layover effects or shadows occurring in SAR data (ArigonyNeto et al. 2006). As the backscatter values of DSRZ result from volume scattering,
small changes in terrain slope and aspect along the centrelines will not affect the
classification of this zone.
Image analyses along the glacier centrelines were carried out automatically by
using a knowledge-based image analysis algorithm (Fig. 4). Rules for pixel classification were mainly based on backscattering thresholds determined by Rau et al. (2001)
(see Fig. 2) However, as backscattering characteristics of the DSRZ are similar to
that of the wet-snow radar zone (Figs. 2 and 3a), thresholds in altitude were used
to differentiate automatically these classes. Previous studies (Rau and Braun 2002;
Rau 2003; Arigony-Neto et al. 2007) show that the DSRZ occurs only above 800
and 1,200 m of altitude respectively in the southern and northern parts of the AP
(Fig. 1). Elevation information was derived from the RAMP DEM. Hereby, pixels
are classified as DSRZ when both conditions are satisfied: (1) σ ◦ values are between
−14 and −20 dB and (2) altitude is higher than 800 or 1,200 m.
Misclassified pixels usually correspond to steep slopes where the AP plateaus
break down to the glaciers, or crevasse fields inside major classes such as the wetsnow radar zone. Misclassified areas were eliminated by removing small patches of
less than 2,000 pixels. Boundaries between classified glacier zones (Fig. 3b) were
extracted automatically by the algorithm. Whenever the boundary was located within
50 m of the threshold in altitude, a record was added to the classification report and
the position of the boundary was revised by the analyst.
4 Results and discussion
Although 240 glaciers were analysed by the method described above, the occurrence
of the DSRZ was detected on 97 glaciers at total, being restricted to high areas on
the central plateaus of the AP. On the other 143 glaciers analysed, the DSRZ was
not present. Considering different sectors on the AP (Fig. 5), the only one where no
DSRZ was detected is located on the northeastern tip of the AP, where high altitude
areas are limited to a small part of the Detroit plateau. This sector corresponds to the
area of highest annual positive degree-days in the AP, modelled by Vaughan (2006).
The interpretation of the spatial and temporal patterns of DSLA resulting from
this analysis is based on Rau et al. (2001) and Rau (2003). By modelling the
backscattering (C-band; VV) for dry snow zones, Rau et al. (2001) found that to
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Fig. 3 a Subset of the ERS-2 SAR image acquired on 26 February 2000 (track 467, frame 4977)
showing the radar glacier zones and a glacier centreline. BIRZ bare ice radar zone, WSRZ wet-snow
radar zone, FPRZ frozen percolation radar zone, DSRZ dry-snow radar zone. b Classes resulting
from the algorithm used for classification and the position of boundaries between radar glacier zones
along the glacier centreline. The classified image was masked with the coast line from the Antarctic
Digital Database version 4.1 (http://www.add.scar.org)
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Fig. 4 Schematic representation of the knowledge-based algorithm developed for classifying radar
glacier zones on the Antarctic Peninsula using SAR imagery. Modified after Arigony-Neto et al.
(2007)

move the dry-snow line downwards an increase in snow accumulation is necessary.
Conversely, the only mechanism that is believed to cause a significant upward shift
of the dry-snow line is the impact of high temperatures (Rau 2003).
The distribution of mean values of DSLA as detected for the last snapshot
(2004/05) is presented in Fig. 5. On both sides of the AP, mean values of DSLA
decrease towards south, with trends in latitude of 91.195 ± 20.969 m degree−1 and
155.885 ± 38.744 m degree−1 for the western and eastern AP respectively (both
significant at below the 1% level). It is in agreement with the southward decrease in
mean annual surface temperatures as recorded for this region (Morris and Vaughan
2003). Although the east side of the peninsula is 7◦ C colder than the west side (King
and Turner 1997), between 64◦ and 66◦ S the DSLA is higher in the east side. Mass
balance data interpolated for the AP (Turner et al. 2002) and changing precipitation
patterns (Turner et al. 1997) indicate an increase in accumulation along the west
coast of the AP, which may be contributing to maintain this difference. However,
long-term continuous observations are needed to confirm this assumption.
As basis for the statistical analysis, differences in altitude of the dry-snow line in
metres per year were calculated for each glacier. However, the DSLA of a specific
glacier may depend on site specific conditions. Then, in order to identify regional
patterns in the area of the AP, annual changes of DSLA were averaged in sectors
along the AP (Fig. 6). As the snapshots were carried out almost each 4–5 years
(see electronic supplementary material for a list of images used in the analysis), the
detected changes appear to be constant during some time periods (Fig. 6).
Upward changes in the DSLA were detected for all sectors over the period 1996–
2004 (Fig. 6a–g). However, the magnitude of observed changes is not the same
for all sectors. While almost all sectors north of 68◦ S had a positive increase in
average changes of DSLA, the recorded change shows no clear pattern for the
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Fig. 5 Mean values of dry-snow line altitude by sectors along the Antarctic Peninsula. Values in metres (with one standard deviation) as detected for 2004/05. The black lines show the boundaries of sectors used for analysis. Data source: Antarctic Digital Database version 4.1 (http://www.add.scar.org)
and Liu et al. (2001)

southern-most parts of the AP (Fig. 6f–g). Considering glaciers flowing to Larsen
C ice shelf (between 66◦ and 70◦ S, Fig. 6e, g), the observed increase in DSLA agrees
with findings from Rau (2003) for the period from 1992 to 2000. This author shows the
Fig. 6 Average change in dry-snow line altitude over time (1992–2005) and by sectors along the
Antarctic Peninsula. Negative and positive values correspond to mean downward and upward shifts
of the dry-snow line respectively. The numbers indicate the sample size of glaciers for each period
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relationship of detected upward shift in DSLA with an increase in high-temperature
events in San Martin station (Fig. 1) during this time period. In general, it seems that
over the whole AP such extreme snowmelt events are impacting the central plateaus.
This is supported by the high number of surface air temperature events exceeding
5◦ C (Fig. 7), and the positive trend in annual events of high temperature observed
in three meteorological stations during the time period of analysis (Fig. 7a, c and d).
Consequently, it appears that the overall pattern of upward migration of the DSLA
is occurring in response to the rise in air temperature (i.e., 2.0 ± 0.9◦ C over the last
100 years; Morris and Vaughan 2003), and the trend in annual sum of positive-degree
days as recorded at Faraday/Vernadsky (i.e., 1.4 ± 0.7◦ C per year between 1950 and
2000; Vaughan 2006), which are contributing to a positive input of energy for melting
even on the plateaus of the peninsula. This assumption is further supported by the
increase of 21.6% in duration of melting periods between 1980 and 1999, detected by
Torinesi et al. (2003).

Fig. 7 Frequency of surface air temperature maxima exceeding +5◦ C, as derived from 3-hour
means recorded for meteorological stations located on the Antarctic Peninsula. Trends in a and
c are significant at below the 1% level, and trend in d is significant at below the 10% level.
Uncertainties are given at 1 standard error. Data source: Antarctic Meteorological Database at the
British Antarctic Survey (http://www.antarctica.ac.uk/met/metlog)
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A mean decrease in DSLA was detected in three sectors for the period from 1992
to 1996 (Fig. 6a, c and d), two sectors for the balance years 1993/94 and 1994/95
(Fig. 6e, g), and two additional sectors for the last year in study (Fig. 6a, f). As
high snow accumulation rates (i.e., ∼1,000 mm water equivalent per year; Turner
et al. 2002) are recorded for the western sectors north of 64◦ S and between 66◦
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Fig. 8 Frequency of geopotential height at 850 hPa exceeding the mean +2 standard deviations for
each balance year between 1991/92 and 2004/05. Events derived from four-times daily values from
NCEP/NCAR Reanalysis Data (Kalnay et al. 1996). No events were detected for white cells during
the respective balance year
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and 70◦ S and the observed amount of yearly precipitation at Faraday/Vernadsky
has risen by 37% from 1956 to 1993, the dry-snow line in these areas appears to
have reacted to increased snow accumulation during the first and last time periods
of study. Accumulation data from an ice core obtained on the Detroit plateau by
a joint Brazilian–Chilean–US ice core drilling project called CASA (Climate of the
Antarctica and South America) will enable the test of this hypothesis. As almost no
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Fig. 9 Accumulated precipitation for each balance year between 1991/92 and 2004/05, as derived
from four-times daily values from NCEP/NCAR Reanalysis Data (Kalnay et al. 1996)
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precipitation records are available for the east side of the AP, it is difficult to draw
conclusions about the east sector between 64◦ and 66◦ S.
Changes in DSLA as detected on the AP can be used to evaluate results from
climate or reanalyses models. For example, the detected signal of upward changes
on DSLA recorded for almost all sector of the peninsula during the time period
1992–2005 should coincides with the occurrence of extreme events in fields of geopotential height at 850 hPa (i.e., between 1,000 and 1,500 m) from the NCEP/NCAR
Reanalysis Data (Kalnay et al. 1996). Indeed, Fig. 8 shows that the occurrence of
relatively high frequencies in extreme events of geopotential height at 850 hPa (i.e.,
balance years 1997/98, 2000/01 and 2003/04; Fig. 8g, j and m) coincides with periods
of upward changes in DSLA on the west side of the AP (Fig. 6a, b, d and f). The
only exception is the balance year 1992/93, which is marked by downward changes in
DSLA in three sectors of the AP (Fig. 6a, c and d). Although the higher frequency of
extreme events of geopotential height on the east side of the peninsula was detected
during the balance year 2000/01, the DSLA appears to be stationary during this year.
However, the average changes for the balance year 2000/01 may be underestimated
by the 4-year period of analysis (see electronic supplementary material for a list of
images used for analysis).
According to the backscatter model developed by Rau et al. (2001), high values
of yearly accumulated precipitation, as that derived from NCEP/NCAR Reanalysis
Data (Kalnay et al. 1996), should coincides with time periods when the DSLA moves
downward. Figure 9 shows that from the three balance years with higher values of
accumulated precipitation (i.e., 1996/97, 2001/02 and 2004/05; Fig. 9f, k and n) on the
west side of the AP, only the balance year 2001/02 does not show any decrease in
DSLA. However, the downward changes in DSLA detected on the peninsula north
of 64◦ S in 1996/97 and 2004/05 (Fig. 6a) and between 68◦ and 70◦ S in 2004/05 (Fig. 6a
and f) do not coincide with the grid cells of the reanalysis data with high values of
accumulated precipitation (Fig. 9f and n).
5 Conclusions
Automatic analyses of multi-temporal ERS-1/2 SAR and Envisat ASAR datasets
enabled the record of different patterns of spatial and temporal changes in DSLA
for the AP north of 70◦ S. These patterns vary within the covered time period of the
study (1992–2005), showing that in contrast to the Antarctic ice sheet, variations in
climatological and glaciological conditions on a relatively short time scale are typical
for this region. The upward changes in DSLA observed almost overall after the
balance year 1996/97 are attributed to extreme high-temperature events impacting
the central plateaus of the AP and the increasing duration of warm periods (Torinesi
et al. 2003). The mean decrease in DSLA detected on the west side of the peninsula
was identified as a response to the recorded increase in precipitation and snow
accumulation (Turner et al. 1997, 2002). These results validate the capability of SAR
data to derive superficial parameters of glaciers to be used as indicators of climatic
changes in high-latitude regions where operational restrictions limit conventional
meteorological observations.
A first comparison of the detected changes in DSLA with results from the
NCEP/NCAR reanalysis model (Kalnay et al. 1996) shows similarities between
the satellite derived variations in DSLA and the occurrence of extreme events of
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geopotential height at 850 hPa or periods of high accumulated precipitation, for
conditions of upward or downward changes in DSLA respectively. It demonstrates
the potential of the developed method to be used for validation of reanalysis or
climate models.
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Appendix - Electronic Supplementary Material

Table 1

Satellite imagery used in this work. All scenes were acquired in a
descending pass.
Platform/Sensor
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-1 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-1 AMI SAR

Acquisition date
05 July 1992
05 July 1992
05 July 1992
05 July 1992
05 July 1992
08 July 1992
08 July 1992
08 July 1992
08 July 1992
24 July 1992
27 July 1992
18 January 1993
03 February 1993
13 February 1993
15 October 1995
15 October 1995
28 January 1996
29 October 1996
07 March 1996
16 October 1996
16 October 1996
16 October 1996
16 October 1996
19 October 1996
19 October 1996
19 October 1996
19 October 1996
04 November 1996
26 January 1997
29 January 1997
29 January 1997
17 February 1997
17 February 1997
17 January 1998
02 February 1998
05 February 1998
18 February 1998
09 November 1999

Track
424
424
424
424
424
467
467
467
467
195
238
238
467
109
195
195
195
109
238
424
424
424
424
467
467
467
467
195
381
424
424
195
195
467
195
238
424
424

Frame
4923
4941
4959
4977
4995
4941
4959
4977
4995
5013
4977
5013
5013
4923
4923
5013
5031
4923
5013
4941
4959
4977
4995
4959
4977
4995
5013
4923
4923
4923
4941
4923
4941
5013
5013
5013
5013
5013

2

ERS-1 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
Envisat ASAR
Envisat ASAR
ERS-2 AMI SAR
ERS-2 AMI SAR
Envisat ASAR
Envisat ASAR
Envisat ASAR
ERS-2 AMI SAR
ERS-2 AMI SAR
Envisat ASAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR
ERS-2 AMI SAR

09 November 1999
23 February 2000
23 February 2000
23 February 2000
23 February 2000
26 February 2000
26 February 2000
26 February 2000
26 February 2000
26 February 2000
03 October 2000
03 October 2000
03 October 2000
03 August 2004
03 August 2004
15 October 2004
15 October 2004
03 November 2004
03 November 2004
03 November 2004
12 January 2005
31 January 2005
06 July 2005
06 October 2005
06 October 2005
06 October 2005
06 October 2005
06 October 2005

424
424
424
424
424
467
467
467
467
467
109
109
109
109
109
152
152
424
424
424
424
195
424
238
238
238
238
238

5031
4941
4959
4977
4995
4941
4959
4977
4995
5013
4923
5031
5049
5049
5031
4923
4941
4977
4995
5013
4923
5031
4959
4941
4959
4977
4995
5013

