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VARIATIONS IN SURFACE VELOCITIES OF TIDEWATER GLACIERS
OF THE ANTARCTIC PENINSULA BETWEEN THE PERIODS 1988-1991 AND 2000-2003

Aline B. Silva, Jorge Arigony-Neto, Claudio W. Mendes-Junior and Adriano G. Lemos

ABSTRACT. In the Antarctic Peninsula, recent events of glacier retreat, disintegration and break-up of ice shelves indicated that ice masses in this region are reacting
rapidly to the increasing trend in oceanic and surface air temperatures. This study aimed to define variations in ice flow velocity of tidewater glaciers between the
periods of 1988-1991 and 2000-2003, in northeastern, northwestern and midwestern Marguerite Bay and Larsen C ice shelf sectors. Glacier velocities were estimated
by the application of a cross-correlation algorithm of IMCORR software in multitemporal LANDSAT TM/ETM+ images. Moreover, we used monthly mean oceanic and
air temperature data from OCCAM and ERA-Interim models, respectively. Ice flow velocities on the northeastern sector was 0.24 =4 0.12 md~" in the period 1988-
1991, while in 2000-2002 it was 0.06 == 0.02 md™". In the northwestern part of the peninsula, the mean glacier velocity was 0.10 4= 0.005 md~" between 1989 and
1990, and 0.22 & 0.13 md™" between 2000 and 2001. In the Midwestern sector, the mean velocity of glaciers was 1.06 4 0.86 md~" in the period 1989-1991, and
0.84 £ 0.78 md™" in the period 2000-2001. In Marguerite Bay, the velocity was 1.28 4 0.77 md~" in the period 1988-1989, characterized by temperatures near
0°C in the Bellingshausen Sea, while in the period 2000-2001, with mean ocean temperatures close to —2°C, the mean glacier velocity was significantly lower, of
0234 0.12md™". Finally, in Larsen C ice shelf, the mean velocity ranged from 0.80 4= 0.20 md™", between 1988 and 1989, t0 0.15 < 0.10 md™", between 2000 and
2003. The higher speed of flow of tidewater glaciers between 1988 and 1991 occurred in a period when the mean surface air and sea temperatures also were higher.

Keywords: Antarctic Peninsula, remote sensing, glacier dynamics.

RESUMAO. Na Peninsula Antartica, recentes eventos de retragdo de frentes de geleiras, desintegracdo e fragmentagdo de plataformas de gelo indicam que as
massas de gelo dessa regido estdo reagindo rapidamente a tendéncia de aumento nas temperaturas oceanicas e do ar superficial. O objetivo deste estudo foi de-
terminar variagOes na velocidade superficial de fluxo de geleiras de maré dessa peninsula entre os periodos 1988-1991 e 2000-2003, nos setores nordeste, noroeste,
centro-oeste, baia Marguerite e plataforma de gelo Larsen C. Essas variagdes foram estimadas pela aplicacdo do algoritmo de correlago cruzada do programa
IMCORR em imagens multitemporais LANDSAT TM/ETM+. Além disso, foram utilizados dados de temperatura média mensal oceanica e do ar superficial dos
modelos OCCAM e ERA-Interim, respectivamente. No setor nordeste a velocidade média das geleiras foi de 0,24 =+ 0,12 md~" no periodo 1988-1991, e em
2000-2002 foi de 0,06 == 0,02 md~". No setor noroeste a velocidade de fluxo encontrada foi de 0,10 & 0,005 md™", entre 1989 ¢ 1990, e de 0,22 + 0,13 md~",
entre 2000 e 2001. No setor centro-oeste, a velocidade foi de 1,06 4 0,86 md~" entre 1989 & 1991, e de 0,84 + 0,78 md~" entre 2000 e 2001. Na Bafa Marguerite,
a velocidade superficial das geleiras foi de 1,28 4= 0,77 md~" no periodo 1988-1989, com temperaturas médias préximas a 0°C no mar de Bellingshausen, enquanto
que no periodo 2000-2001, com temperaturas médias proximas a -2° C foi estimada uma velocidade média de 0,23 4 0,12 md~". Nas geleiras tributarias da plataforma
de gelo Larsen C, a velocidade oscilou de 0,80 = 0,20 md~", em 1988-1989, para 0,15 + 0,10 md™", em 2000-2003. A maior velocidade de fluxo das geleiras
de maré entre 1988 a 1991 ocorreu em um periodo em que as médias de temperatura do ar superficial e ocednica também estavam mais elevadas.

Palavras-chave: Peninsula Antdrtica, sensoriamento remoto, dindmica glacial.
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INTRODUCTION

The main objective of this study was to estimate and analyze vari-
ations in the speed of flow of tidewater glaciers on the Antarc-
tic Peninsula during the periods 1988-1991 and 2000-2003, us-
ing data from LANDSAT sensors TM and ETM+, and identify the
occurrence of temporal and spatial variations at this speed. In
addition, to evaluate the influence of ocean and surface air tem-
peratures in these variations.

Antarctica has an important function in the climate of planet
Earth, because variations in the extent of the Antarctic ice sheet
and ice shelves affect the radiation balance of earth and ocean cir-
culation (King & Turner, 1997). Moreover, climate models show
that the effects of climate change are amplified inthe polar regions
(Rees, 2006). In the Antarctic Peninsula, the recent sequence of
gvents of disintegration and fragmentation of ice shelves, in ad-
dition to the retreat of tidewater glaciers, indicated that the ice
masses in this region are reacting quickly to the increasing trend
in surface air temperature observed during the last decades in this
region (Pritchard & Vaughan, 2007).

An important parameter to understanding the dynamics of
these masses of snow and ice is the speed of surface flow, which,
together with ice thickness, allows the determination of rates of
discharge of the same. This parameter can be measured using re-
mote sensing data used to identify similar features on the surface
of glaciers (e.g., crevasses) in multitemporal images. The mea-
sured difference between the position of these features in sequen-
tial pairs of images provides information about the displacement
speed of glaciers (Scambos et al., 1992).

Dynamics of glaciers

Aglacier is a mass of snow and ice continuously moving by creep
and basal sliding (Simoes, 2004). Glaciers are formed by accumu-
lation of successive layers of compacted and recrystallized snow
inregions where snow accumulation over a year is greater than the
loss of snow and ice. It moves slowly raised down, due to grav-
ity, causing erosion and sedimentation. Glaciers can be divided
into zones or facies, according to the change of their surface and
internal characteristics (Cuffey & Paterson, 2010).

The dynamics of a glacier depends on several factors, includ-
ing climate and topography (Nesje & Dahl, 2000). The weather
will control the speed at which glacier will form, from the moment
that the annual accumulation exceeds the annual snowmelt. The
balance between the accumulation, that corresponds to the direct
precipitation of snow, ice or rain, condensation of ice from wa-
ter vapor, transport of snow and ice to the glacier or avalanche

(Simdes, 2004), and ablation of snow, such as melting, evapo-
ration, sublimation, wind erosion, avalanches, will establish the
mass balance of the glacier (Bennett & Glasser, 2009). The to-
pography will determine the degree of inclination of the bedrock
under the glacier and the incidence of solar radiation on the sur-
face (Nesje & Dahl, 2000).

The processes of transformation of snow to ice are impor-
tant factors in determining the flow of a glacier. These factors in-
clude the movement of the ice crystal, changes in shape, size and
internal deformation of the crystal (Nesje & Dahl, 2000). Ice is
polycrystalline, where their crystals are oriented with their more
or less regular edges consisting of parallel molecules in hexago-
nal rings in a visco-plastic material which deformation increases
rapidly with increasing pressure. Its hardness is determined by
the temperature, the lower the temperature, the higher the hard-
ness (Nesje & Dahl, 2000).

The precipitated snow does not change its structure after de-
posit and reaches the intermediate stage between snow and ice
in the firn form (Hambrey, 1994). The firn is the stage where the
ice crystals are already clusters (Simdes, 2004). The change from
this stage to the ice occurs when the connections between the firn
pores are closed which usually occurs at a density of 830 kg m=.

The water that comes to the glacier, whether on the surface or
base, is at higher temperatures, since probably originated from
the precipitation of rain or snow melting of the glacier. When
this water percolating and refreezing at the glacier will dilate it
(Hambrey, 1994). The dilation occurs because in its solid state
water presents a crystal structure with large spaces between the
particles. The melting ice will resultin breaking these links, result-
ing in a reduction of 10% of its previous former volume. Already
solidification of water causes an increase of its initial volume,
causing the expansion of crevasses and canals through which the
water flowed.

Figure 1 illustrates the glacier hydrology, showing the per-
colation of water into a glacier during ablation season. The melt
water percolates through the crevasses of the glacier with veloci-
ties of a few meters per second, and part of this water arrives the
zone of contact of the ice with the rock through tunnels of sub-
glacial drainage supplied by crevasses or moulins (i.e., vertical
cannals formed by water melting), causing the glacier basal lubri-
cation (Zwally et al., 2002), and partly returns to the surface by
upwelling (Cuffey & Paterson, 2010).

To estimate the internal deformation of a glacier, you must
use two parameters: the thickness of the ice, which determines
the baseline tension, and surface inclination. Empirical evidence
have shown that the vast majority of glaciers flowing over his rigid
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Figure 1 — Elements of the drainage system of a glacier. A— Supraglacial lakes. B — Flow channels at the surface. C — Areas near the
limit of the firn. D — Moulins or subglacial drainage tunnels (for scale line is 10 m height). E— Crevasses in the ice. F — Fractures with
water. G — Subglacial tunnels exit at the front of the glacier. H— Discharge of the glacier, from tunnels and also upwelling groundwater.

Source: Modified from Cuffey & Paterson (2010).

substrate presented a basal shear tension between 50 and 150 kPa
(Bennett & Glasser, 2009). However, the internal deformation is
not the only factor in the movement of a glacier, either the prin-
cipal. In its substrate, friction occurs with sediment and thus the
glacier does not move only by the internal properties of the ice,
but also the force of friction with the sediment (Bennett & Glasser,
2009). Furthermore, the topography is a determinant factor for the
displacement of glaciers, since its inclination will make gravity to
act more or less about the process of moving.

The acceleration and deceleration of ice also define the pat-
terns of ice flow, combined with the internal deformation and
basal slip (Hambrey, 1994), as showed in Figure 2. However, each
glacier may respond differently to the same environmental condi-
tions (Cook et al., 2005).

In order to form a crevasse, an elastic deformation on the ice
is needed, for this to occur there must be a critical limit of surface
tension, with values between 90 and 320 kPa (Nath & Vaughan,
2003). Since the tension formed by the internal deformation of
ice is not always the same, different types of crevasses will form
on the surface of glaciers. The layout of the crevasses indicates
whether the glacier has accelerated its movement, keeps flowing
or decelerated constant velocity, as shown in Figure 2.

The tidewater glaciers are glaciers that terminate in the sea,
lake or river, usually in a fjord, producing crevasses with paral-
lel forms. The front is in the form of an ice wall where icebergs
break off.

Brazilian Journal of Geophysics, Vol. 32(1), 2014

Acceleration Constant Speed Slowdown

Extension Stream Flow Compression

X/ X/

T

Ice Flow

AR

Figure 2 — Types of ice flow and different types of crevasses are formed on the
surface of a glacier. Source: Hambrey (1994).

STUDY AREA

The Antarctic Peninsula is the northernmost part of the Antarc-
tic continent with areas that extend north of the Antarctic Circle.
Is located in the Western Hemisphere, relatively next to South
America, extending from the north to south for 1,500 km between
the Bellingshausen and Weddell seas. It has an internal plateau
with an average elevation of 1,500 meters, with a width between
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30 and 350 km east-west (Ahlert, 2005). Has peaks that can reach
nearly 2,800 meters of altitude.

Due to being at the periphery of the Antarctic continent,
within the limits of the seasonal sea ice, and be influenced by
both the subpolar cold air masses, for the masses of air of mild
latitudes (polar front s inthe area), the Antarctic Peninsulais more
susceptible to climatic variations (De Angelis & Skvarca, 2003).
This way, variations in ocean temperatures and surface air more
intensely influenced the present mass balance of glaciers (Rott et
al., 2011).

The morphological characteristics of the Antarctic Peninsula
mean that air masses relatively warmer and humid, coming from
the west, go through the Bellingshausen Sea and lose inten-
sity to impinge the plateau of the peninsula. In the Weddell Sea
region, which is colder compared to the Bellingshausen Sea
(Morris & Vaughan, 2003), the masses of cold air from the east
control the local climate. This way, the local topography acts
as a natural barrier of atmospheric circulation in this peninsula
(Reynolds, 1981).

Recent studies have shown that the Antarctic Peninsula pre-
sented a warming trend of 3.8 & 0.7°C over the last 100 years
(1900-2000) (Morris & Vaughan, 2003). This warming trend was
more intense on the west coast of the Antarctic Peninsula, espe-
cially in the higher latitudes is more expressive in austral winter.
Moreover, the seasonal snow cover on the ice-free areas has been
decreasing over time in this region (Vaughan, 2006).

In recent decades, the glaciers of the Antarctic Peninsula pre-
sented great loss of ice mass, mainly through the retraction of
its fronts (Sim@es et al., 1999; Rott et al., 2002; De Angelis &
Skvarca, 2003; Arigony-Neto et al., 2007; Pritchard & Vaughan,
2007). Furthermore, the increase of surface air temperature oc-
curred in this region (De Angelis & Skvarca, 2003) causing an im-
balance in the mass balance of these glaciers (Rott et al., 2011),
and the melting of surface snow hit in recent years, areas with
higher and higher altitude (Arigony-Neto et al., 2009). The greater
persistence of the conditions of ablation and the largest volume of
water melting are some of the factors that may be promoting the
acceleration of the flow of local glaciers (Cook et al., 2005).

METHODOLOGY

To estimate and analyze the flow rate of Antarctic Peninsula
glaciers, pairs of multitemporal LANDSAT images of the sen-
sors TM and ETM+ were used. Images were processed with a
cross-correlation algorithm to extract feature vectors of displace-
ment of these pairs of images. The displacement of features on

the surface of glaciers corresponds to the displacement thereof
during the time period between the acquisition of the images. In
addition, data of sea surface and air temperature respectively of
OCCAM (Ocean Circuiation and Climate Advanced Modeling)
and ERA-Interim (/aterim Reanalysis Project) models were used
to analyze the influence of these parameters on the flow rate of
glaciers analyzed.

The images used were obtained by LANDSAT 4, 5 and 7,
launched in 1982, 1984 and 1999, respectively. The main imag-
ing instrument of LANDSAT 4 and 5 is the Thematic Mapper (TM)
sensor. The LANDSAT 7 satellite sensor has the Enhanced The-
matic Mapper Plus (ETM+). The LANDSAT images are available
for download at the United States Geological Survey webpages
(USGS, http://edcsns17.cr.usgs.gov/NewEarthExplorer/).

LANDSAT images are useful for estimating the flow rate of
glaciers, because they provide a synoptic view of an area of 185
x 185 km (Luchitta et al., 1993) and a spatial resolution of 30
meters. Thus, several fixed points in each scene (i.e., ground con-
trol points), required for geometric correction and co-registration
of images, can be found (Luchittaet al., 1993). Moreover, this type
of orbital image is widely used in glaciology (Bindschadler etal.,
2008) and is the oldest series of images with medium spatial res-
olution used for studies of changes in the Earth’s surface.

To determine the velocity of glaciers in the study areas, the
near-infrared band (i.e., band 4 of TM and ETM+ sensors) was
used because it has high sensitivity to variations in the roughness
of the surface features of glaciers (Turrin, 2010).

To obtain good results in the analysis glaciers dynamics is
important to use data with suitable temporal resolution. However,
this is not always possible with use data from optical sensors, due
to the high frequency of cloud cover on the Antarctic Peninsula. In
this study, LANDSAT images were separated in pairs, with a mean
interval of one year.

The LANDSAT images used in this study were already geo-
referenced, but between pairs of images acquired in the same
path and row, errors found were around 100 m, or almost 4 pix-
els (USGS, 2007). For the extraction of displacement vectors with
cross-correlation algorithms, the pairs of images must be coreg-
istered (Scambos et al., 1992). Thus, it was necessary to register
the image pairs using from 25 to 47 ground control points (GCPs)
per pair of images and having a root mean square error (RMS)
between 0.5 and 1 pixel, i.e., each pair of images has a position-
ing error equivalent up to 30 m.

For the spatial analysis of variations in flow velocities, 44
glaciers were selected along the Antarctic Peninsula, and the the
Antarctic Peninsula was divided into 5 sectors (Fig. 3), accord-
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Figure 3 — Location of sectors selected for the study of the flow velocity glaciers of the Antarctic Peninsula, on the mosaic LIMA (USGS, 2007)

ing to the location data and the topography of the region. Thus,
5 selected glaciers are located in the northeast sector, 4 in the
northwest sector, 20 in the Midwest sector, 7 in Marguerite Bay
sector and 8 inthe Larsen C ice shelf sector. All selected in North-
east, Midwest, northwest, and Marguerite Bay sectors are tide-
water glaciers. The glaciers of the Larsen C sector are tributary
glaciers merging into the Larsen C ice shelf. For each glacier, the
central area was selected for measuring the velocity, ranging from

its top to its base.
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Each pair of LANDSAT was processed through the cross-
correlation algorithm implemented in the IMCORR software
(Scambos et al., 1992). The IMCORR was developed to ana-
lyze two sequential images, calculating the displacement of sur-
face features identified in both images (Bindschadler & Scambos,
1991). Initially, the normalized covariance will adjust the intensity
values of the pixels selected in the reference images and search
windows, making the average equal to zero, and then the re-
sults within the search area are compared with the reference area.
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This search algorithm is performed pixel by pixel, with reference
to the center pixel of the search window. After finding the peak
correlation between the features, the algorithm calculates the
distance between pixels, thus generating a displacement vector
(NSIDC, 2011). The correlation coefficient between the two win-
dows is given by Equation (1):

CI(L)S) =

Zl)s(r(l,s) - /J’T)(S(l,s) - Ns) (1)
[0 s(rs) — 1r)?] 1/2[ZI,S(S<1,S> —ps)?]

where CI(1,s) is the correlation coefficient between the two
images from the search area with the central pixel located at
position L, S. The r(; 4 is the value of brightness in the ref-
erence window located at position , s. The p,- is the average of
the intensity values in the reference window. The S( ) is the
brightness value of the pixel in the search window located at po-
sition 7, s. And the u is the average value of brightness in the
search window (Scambos et al., 1992).

With the calculation of correlation values and the value of the
peak C'I, used to select the homologous feature and feature refer-
ence, the calculation shows how many pixels the feature moved.

For enhancement of surface features of glaciers in LAND-
SAT images, high-pass, directional filters and histogram match-
ing were applied. This procedure evidence surface features in the
images, with the purpose of later use in the method of cross-
correlation.

The filter consists of a processing pixel by pixel of the im-
ages (convolution operation), and depends upon the gray level
of the pixel to be modified and the value of the gray levels of
neighboring pixels in the original image, i.e., filtered pixel has a
value dependent on the context of the pixels in the original image
(Turrin, 2010).

In the first experiment, window sizes of 128x128 and
64 x 64 pixels were used for the reference image and the search
image, respectively, with a moving window of 10 pixels. If this
method was used pixel by pixel, the results would be redundant.
In another experiment, window sizes of 128x32, 128x16,
64x 32, 6416 and 3216 pixels were used, for search and ref-
grence images, respectively.

For each different size of windows, were processed images
with high-pass and directional filters with windows of 3x3,
5x5, 7x7, 9x9 and 11x11 pixels, and pairs of images pro-
cessed by histogram matching. Furthermore, the algorithm was
also tested using pairs of images without any filtering. Thus, 70
tests for each pair of images have been performed.

Important to consider that different window sizes were tested
with IMCORR, as the most appropriate window Size depends on
the flow rate of each glacier.

The most consistent results were obtained using search win-
dows with 128128 pixels and reference windows with 64 x 64
pixels, with the search area about every 10 pixels, starting x and
y in the upper left corner of the image, covering the entire image,
and without any filtering.

Meteorological parameters

Monthly averages of surface air temperatures were calculated for
the ablation season (December to March) of the periods 1989-
1990 and 2000-2003 for the analysis of the influence of meteoro-
logical parameters on the flow dynamics of glaciers.

The ECMWF model has a spatial resolution of 1.5°. Uses a
time window of 12 hours and 4D variational analysis for a spec-
tral grid with triangular truncation of 255 waves, corresponding
to approximately 80 km, and a system of hybrid vertical coordi-
nate with 60 levels. The reanalysis data are modeled by interpola-
tion of data points collected at the surface in weather stations and
interpolated statistically in time.

Each point of the model was interpolated by the method of
bilinear interpolation to a resolution of 200 m, and a correction
of —0.0044°C m~" was applied to correct the vertical gradient
of air temperature (Morris & Vaughan, 2003). The digital eleva-
tion model (DEM) from the RADARSAT Antarctic Mapping Project
(RAMP) (Liu et al., 2001), was used as a source of elevation data
for the application of a correction rate of the surface air tempera-
ture in relation to altitude.

Oceanographic parameters

The flow rate of tidal glaciers depends on the surface temperature
of the oceans, among several other factors (Nesje & Dahl, 2000).
With increased ocean temperatures, the amount of sea ice in front
of glaciers decreases, thus enabling greater action of waves and
tides in the process of calving. In addition, an increase in tem-
perature of the ocean surface contributes to the lubrication of
ice-rock contact at the front portion of the tidewater glaciers
(Zwally et al., 2002). Considering the influence of this factor on
the flow dynamics of this kind of glaciers, ocean temperature data
were compared with the mean velocity of the tidewater glaciers
analyzed in this study.

Temperature data for Weddell and Bellingshausen seas were
used from the 0CCAM model.

The OCCAM model uses the primitive equations formulated
in the type = coordinates Bryan-Semtner-Cox (Bryan, 1969;
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Semtner, 1974; Cox, 1984). The data used has a horizontal
resolution of 1/12° latitude and longitude. The model has a grid
Arakawa type B, which allows the model to evaluate two series
on the same grid. We used temperature data austral summers
of 1989-1990 and 2000-2003 periods because this model offers
data from 1988 to 2004 and because it the first model year, was
ruled out in this study dates from 1988. The model adopts a grid
with 66 levels in the z coordinate, but this analysis only consid-
ered the first 3 levels.

RESULTS

The following results correspond to the daily average in meters of
the surface flow rate for the analysis of selected glaciers located
in five sectors of the Antarctic Peninsula (Table 1).

Table 1 —Daily flow velocity of the glaciers examined in the study,
by sectors of the Antarctic Peninsula.

Sector Period Displacement speed
Northeast 1989-1989 | 0.24 +0.12md™"
Northeast 2001-2002 | 0.06 = 0.02md™
Northwest 1989-1990 | 0.10 4 0.05md™"
Northwest 2000-2001 | 0.22 +0.13md™
Midwest 1989-1991 | 1.06 4 0.86 md™"
Midwest 2001 0.84+0.78 md™’

Marguerite Bay | 1988-1989 | 1.28 +0.77 md™"
Marguerite Bay 2001 0234 0.12md™’
Larsen C 1988-1989 | 0.80 +0.20md™"
Larsen C 2000-2003 | 0.15+0.10md™

In the northeastern sector, the values of average displace-
ment velocity calculated by cross-correlation in 1988-1989 was
0.24 + 0.12 md™". Already in the years 2001-2002, the sector
presented an average displacement velocity of 0.06 & 0.02 md™".

The mean and standard deviation of daily flow rate of glaciers
in the northwestern sector of the Antarctic Peninsula, estimated
from the pairs of images January 17, 1988 and January 28, 1989
was 0.10 + 0.05 md™". For the same sector, the pair of LAND-
SAT ETM+ images acquired on February 21, 2001 and November
31, 2001, found a mean flow velocity of the glaciers of 0.22 4
0.13md™".

The mean flow velocity of glaciers in the central-western sec-
tor of the Antarctic Peninsula in the period 1989-1991 was 1 4
0.86 md™", while in 2001, glaciers in the central-western sector
had an average velocity of 0.84 + 0.78 md™".

The Marguerite Bay sector between 1988 and 1989, the
average flow velocity of the glaciers was 1.28 & 0.77 md™". In
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2001, the same sector showed a superficial average flow rate of
023 +0.12md™".

Finally, the section of the Larsen C ice shelf had an average
flow rate of 0.80 + 0.20 md™", in the period 1989-1988. While
between 2000 and 2003, the average velocity of surface flow in
this sector was estimated at 0.15 + 0.10 md™".

DISCUSSION

The northwest sectors, Midwest and Marguerite Bay are nearby
to the Bellingshausen Sea, a region where cyclones occur more
frequently during the summer, even causing precipitation in liquid
form. These regions have no sea ice in summer, and have a po-
lar marine climate which causes them to be more hot and humid
compared to the east coast of the Antarctic Peninsula, where are
the northwest and Larsen C sector. The latter are in colder dry cli-
mate, with a rapid and and little pronounced warming in summer
and autumn.

In the northeast sector, were also found values of flow rate
0.15 & 0.07 md~" for the Sjéergren glacier (64°14’S, 59°8'W)
and 0.34 + 0.58 md™" for the Boydell glacier (64°8'S, 59°7'W).
The average northeastern sector in 1989-1990 was 0.24 +
0.12 md™". However, in the period between December 31, 2001
and December 18, 2002, the northeast sector presented an av-
erage displacement velocity 0.06 +0.02 md™". During this pe-
riod, the glacier Sjoergren showed an average velocity of 0.08
+ 0.04 md™", while Boydell Glacier, an average velocity of 0.04
+ 0.02 md™". In the period 2001-2002, the Edgeworth Glacier
(64°19'S, 59°51’W) had an average speed of 0.10 & 0.03 md™",
very higher than that estimated for Bombardier glacier (64°20S,
60°05'W), of 0.04 + 0.01 md™', and Dinsmoor (64°23'S,
60°3'W), 0.04 + 0.04 md™".

The Sjoergren and Boydell glaciers had a reduction in their
average daily flow rate for the period 2001-2002, compared to
1989-1990, which may be associated with the lowest mean sur-
face air temperature, which was around 0°C in summer the
1989-1990 and around —1°C in the most recent period (Fig. 4).
This is confirmed by the study of Turner et al. (2005), who ob-
served that the surface air temperature in the Peninsula was lower
in 2001 than in relation to 1990.

In 1995, the ice shelves Larsen A and Prince Gustav disin-
tegrated (De Angelis & Skvarca, 2003) and this process was in-
fluenced by the previous heating period in this region (Rott et al.,
1996). Before this event, the Edgeworth, Bombardier and Dins-
moor glaciers moved at a relatively high velocity of 2.9 md™
(De Angelis & Skvarca, 2003), compared to the estimated by this
study. According Skvarca & De Angelis (2003), the Sjdergren and
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Figure 4 — Average temperature of the surface air (°C), for the austral summers of 1989-1990, 2000-2001, 2001-2002 and 2002-2003.
The coast line of the Antarctic Peninsula, is corrected to the present day, does not match the format in the summers of the 90s.

Boydell glaciers have a loss of ice mass from 12.1 km? in March
2001, while in the same period, Edgeworth, Bombardier and Dins-
moor glaciers had a loss of approximately 6.5 km?.

On the average sea surface temperature (Fig. 5), can be ob-
served that in the years 1989-1990 the temperature is main-
tained above 2.5°C, higher than 2001-2002, where the temper-
ature remained below 1.5°C. That would explain a higher flow
rate of glaciers Sjoergren and Boydell in 1989-1990, compared
to 2001-2002. Moreover, according to Mendes Janior (2011), in
the summer of 1989 to 1990 the surface zone of wet snow was
more pronounced in the northeast of the Antarctic Peninsula than
in summer 2000-2001. According Arigony-Neto et al. (2007),
the average surface air temperature recorded at the Marambio
Base weather station (64°14’S, 56°37’W) during this period was
approximately —2.8°C.

For Gregory (64°8'S, 60°48'W) and Sikorsky (64°12'S,
60°51’W) glaciers, located in the northwest sector of the Antarc-
tic Peninsula, the average velocity of flow was estimated 0.10 ==
0.005md™" in the period 1989-1990. The average ocean tempera-
ture in the respective years was below 0.5°C. The surface air tem-
perature remained in this period with mean values near of 0°C.

Still in the northwest sector of the Antarctic Peninsula,
the Temple glacier (63°59'S, 60°08'W), Breguet (64°11’S,
60°48’'W), Gregory and Sikorsky had an average flow rate of
0.22 + 0.13 md™" in the period 2000-2001. For the period 1988-
1990, the glaciers in this sector had accelerated in its flow, which
can be explained by the higher ocean temperatures, which were in
close proximity to 1°C.

In the Trooz glacier (65°20'S, 63°51’W), Belgica (65°23'S,
63°46'W) and Somers (65°22'S, 63°33'W), located in the
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Figure 5 — Average temperature of the surface ocean (°C) for the austral summers of 1989-1990, 2000-2001, 2001-2002 and 2002-2003.
The coast line of the Antarctic Peninsula, is corrected to the present day, does not match the format in the summers of the 90s.

central-western sector of the Antarctic Peninsula, between
the period 19 February 1989 to 26 November 1989 was
estimated an average flow rate of 032 + 0.1 md™. In
the Comrie (65°48'S, 64°6’W), Pollard (65°50'S, 64°8'W),
Bradford (65°53'S, 64°18'W), Birley (66°2'S, 64°48'W),
Lawrie (66°5’S, 64°33'W), Weir (66°45’S, 64°42"W), Erskine
(66°29'S, 65°27"W), Hopkins (66°36'S, 65°34’W), Widdowson
(66°46'S, 65°41'W), Drummond (66°42'S, 65°32'W), Murphy
(66°56'S, 66°17"W) and Wikinson (66°50’S, 66°17'W) glaciers
was estimated an average flow rate of 2.05 + 0.1 md™~", between 7
February 1990 and 09 February 1991. The ocean average temper-
ature in the summer of 1989-1990 was around 0°C. The air tem-
perature at the surface showed positive values, around 1°C. Be-
tween February 21, 2001 and December 20, 2001, glaciers in the
central-western sector had an average speed of 0.84 +0.78 md~".
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Compared with the average displacement of the sector between
1989-1991, which was 1.06 + 0.86 md™", the average velocity
of these glaciers has decreased. In this region, the ocean tem-
peratures also decreased, were around of —1.5°C, and surface air
temperatures were below 0°C.

The sector of Marguerite Bay, where are the Perutz (67°36’S,
66°30'W), Forbes (67°47'S, 66°38’'W), Swithinbank (67°57'S,
66°45'W), Neny (68°13'S, 66°32'W), Snowshoe (68°18'S,
66°39'W), Romulus (68°23'S, 66°52'W) and Martin (68°29'S,
66°54'W) glaciers, had an average flow rate of 1.28 + 0.77 md™’
the period between December 25, 1988 to November 26, 1989.
The ocean and air temperatures showed comparatively high val-
ues, above 1°C in the region during this period. Already be-
tween January 27, 2001 to November 20, 2001, in the Marguerite
Bay region where are Perutz, Forbes and Swithinbank glaciers,
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an average velocity was observed 0.23 -+ 0.12 md™". In this sec-
tor, the ocean temperature was around —1.5°C, and the surface air
temperature was also below 0°C, which explains the deceleration
of its glaciers in the sector.

The sector of the Larsen C ice shelf, where are located Gloud
(66°47'S, 64°37"W), Breitfess (66°58’S, 64°51'W), Cump-
ston (66°59'S, 64°59"W), Quartmain (67°1’S, 65°6’'W), Fricker
(67°3'S, 65°5"W), Hess (67°13'S, 64°57'W), Balck (66°51'S,
64°49'W), Flint (67°20'S, 65°25'W) and Demorest (67°21’S,
65°35’'W) glaciers, showed an average flow rate of 0.80 4
0.20 md~" during 1988-1989. This sector is the coldest part of the
Antarctic Peninsula, compared to all other regions have warmed
in recent summers (Cook et al., 2005). In 2000 and 2003, the
Larsen C ice shelf sector where are the Flint and Demorest glaciers
was estimated an average flow rate of 0.15 & 0.10 md™". The
ocean temperatures were below —1.5°C, in all summer studied
in this sector, surface air temperatures were negative, however
near 0°C.

The period 1989-1990 was warmer compared to 2000-2003,
in the northeastern sector, Midwest, Marguerite Bay and Larsen
C. Only in the northwest sector air temperature remained higher
in the 2000-2003 period for the years 1988-1990. The tempera-
ture at the ocean surface has remained close to 0°C in almost all
the Antarctic Peninsula in the period 1989-1990 and early 2000s
occurred positive temperatures. Only in the Larsen C ice shelf
region these always remained negative.

In the northeast sector of the Antarctic Peninsula in the
average temperature of the ocean surface (Fig. 5) in summer
2001-2002 had positive values above 1°C.

The average temperatures of the ocean as well as the average
air temperature (Fig. 4), remained negative during the summers
2000-2003. Comparing the data of ocean temperature data with
the daily average displacement velocity of glaciers on the Antarc-
tic Peninsula, it was observed that the period between 1989-1990
showed higher temperatures, compared to the period 2000-2003.
Unlike the average ocean temperatures, the surface air tempera-
tures for almost all regions studied showed positive mean val-
ues during the austral summer, that the latter had greatest os-
cillation than the ocean. The sectors analyzed in this study that
had a greater difference in the flow velocity of the glaciers were
those presenting the highest oscillation of the surface air tem-
perature. In northwest and central-western sectors of the Antarc-
tic Peninsula, temperatures were elevated in all summers studied,
possibly because these sectors are located in the Bellingshausen
Sea, with a warmer and wetter polar maritime climate in relation
to the Weddell Sea, pseudocontinental, it is cold and dry.

CONCLUSIONS

In this study were generated temporal data of the average daily
flow velocity of glaciers in different sectors of the Antarctic Penin-
sula during the periods of 1989-1991 and 2000-2003, from
LANDSAT TM and ETM+.

The glaciers of the Antarctic Peninsula in the northeast sec-
tor had an average displacement velocity of 0.24 + 0.12 md™" in
1988-1989. From 2000 to 2002, his average velocity was signif-
icantly lower, 0.06 + 0.02 md~". Located north of the Antarctic
Peninsula and calving to the Weddell Sea, the significant decrease
in average displacement velocity of glaciers can be validated by
studies showing that the Weddell Sea presented higher values of
sea and surface air temperatures in the decade of 1990.

The northwest sector of the Antarctic Peninsula presented
mean values of displacement velocity glaciers of 0.10 =+
0.005 md", the period 1989-1990, and 0.22 + 0.13 md™", at
2000-2001. Located north of the Bellingshausen Sea ocean tem-
perature and surface air presented high values in the early 2000s
for the period 1988 to 1991, which explains the higher rate of
flow of glaciers for the period.

In central-western sector, the average speed was 1.06 +
0.86 md™" between the years 1989-1991. In 2001, his average
speed was 0.84 + 0.78 md™".

In the Marguerite Bay sector, the average displacement veloc-
ity of glaciers was 1.28 & 0.77 md™" in the period 1988-1989
and of 0.23 & 0.12 md™" at 2001. The ocean temperatures in this
sector have values near of 0°C in austral summer 1988-1989
and of —2°C at 2000-2001. Air temperatures in summer 1988-
1989 were positive and negative in summer 2000-2001. This
sector, located south of the Antarctic Peninsula, showed the
highest variation of mean flow velocity of glaciers.

In the Larsen C ice shelf sector, the average flow velocity
was 0.80 £ 0.20 md~" in the period 1988-1989 and of 0.15 +
0.10 md~" at 2000-2003. Temperatures in this region were al-
ways lower compared to the rest of the analyzed sectors of the
Antarctic Peninsula, but like almost all cases cited above, the
austral summer of 1989-1990 had ocean temperatures and higher
surface air in relation to the summers between 2000 and 2003.

These data were compared with surface temperatures of the
air and ocean and it was found that temperatures were higher in
the period 1988-1991 compared to the 2000-2003 period, which
coincides with the increase found in the displacement velocity of
the glaciers northeast, midwest, Marguerite Bay and Larsen C
sectors. Only in the northwest sector, the flow velocity of the
glaciers increased in the 2000s compared to 1990, which can
be explained by the higher average temperatures recorded in the
garly 2000s in relation for the period 1988-1991.
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The higher velocity of glaciers occurred at a higher temper-
ature period. This indirect correlation suggests that the end of
century XX had high temperatures, causing the acceleration of
the displacement flow of ice from glaciers studied.

The images obtained by optical sensors, despite showing
good results in the cross-correlation (Bindschadler; Scambos,
1991), do not form a representative time series on the Antarc-
tic Peninsula for these analyzes due to frequent cloud cover. For
future studies, other methods can be developed based on the
synergistic use of optical and RADAR data for the construction of
larger temporal series of images of the Antarctic Peninsula, with
the aim of extracting a larger volume of information on the flow
velocity of glaciers of this peninsula.
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