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ABSTRACT

The Viedma glacier is the largest glacier in Argentina and one of the most dynamic in the Southern Patagonian Icefield. It is a strategic water source. This study
analyzes the interactions of glaciological variables that help better explain the behavior of the Viedma glacier. This paper presents the study of surface flow speed and
ice surface temperatures during the 2015-2016 warm season by using remote sensing data and includes the statistical correlation between those variables. In
addition, a reconstruction of the front fluctuation between 1979 and 2016 through CORONA and LANDSAT images is included. Finally, the displacement modes
dominating the Viedma glacier are suggested. Our results showed that the mean surface flow speed during the study period was of around 1.2 = 0.3 md ™' and
reached maximum values of 5.5 = 0.3md ™' and 3 = 0.3 md ™! at middle basin and terminus respectively. Thermal data revealed minimum values of —2 °C in the
uppermost section of the study area, whilst the glacier's terminus showed supraglacial melt (values above pressure melting point). Front fluctuation analysis revealed
the largest front retraction of the last 40 years between 2010 and 2016: around 281 my ~ . Statistical correlation analysis and glaciological data suggested that the
middle and lower basins of the Viedma glacier are widely dominated by basal sliding.

1. Introduction

Over the last 150 years, the globally accelerating rate of glacier
retreat has been widely recognized (Solomina et al., 2016) and this is
equally apparent in the Southern Patagonian Ice Field (SPI). The SPI is
one of the world's largest ice masses (Pfeffer et al., 2014), and is located
in the Austral Andes mountain range, between 48°30’S and 51°50’S,
along the volcanic arc termed Austral Volcanic Zone (Stern et al.,
1984). The SPI hosts large masses of temperate ice (Skvarca et al.,
2002) and according to Mouginot and Rignot (2015), various SPI outlet
glaciers are among the fastest moving in the world, except for some
cases observed in Greenland. Several works have showed strong evi-
dence of SPI glaciers retreat (Aniya and Skvarca, 1992; Naruse and
Aniya, 1992; Rivera et al., 2008; Chen et al., 2007; Ivins et al., 2011;
Rivera et al., 2012; Willis et al., 2012, Davies and Glasser, 2012;
Mouginot and Rignot, 2015 and Moragues et al., 2018). In this sense,
according to Liboutry (1956), Naruse and Aniya (1992), Aniya et al.
(1996) and Arendt et al. (2012), the SPI lost 1200 km? between 1944
and 2012, which represents around 8.8% of the total area in 1944,
around 13,500 km? (Liboutry, 1956).

Surface flow speed is a great indicator of glacier dynamics. Glacier
flow transfers ice from high elevation accumulation areas to areas
where ice is lost by melting and calving, and hence plays a major role in

the hydrological cycle (Benn and Evans, 2014). In temperate glaciers,
surface flow speed (Us) is defined by: internal ice deformation or ice creep
(Ui) and basal sliding (Ub) (Benn and Evans, 2014) (Eq. (1)):

Us = Ub + Ui (@)

where Us is surface flow speed, Ub is flow speed by basal sliding and Ui
is flow speed by ice deformation.

Also, glacier terminus surface flow speed may be modified by the
calving effect (Ce). Therefore, a temperate glacier commonly exhibits
intra-annual flow speed variations depending on the dominant dis-
placement mechanism at that time (Willis, 1995): Ui) According to
Glen's flow laws, displacement due to internal ice deformation is closely
related to ice temperature (Paterson, 1969), so that ice deforms much
more readily as it warms toward its pressure melting point (Benn and
Evans, 2014). Ub) The ice temperature increase may raise the melting
rate and provide a higher melt water flow to the englacial and sub-
glacial systems. In this sense, water plays an important role in the re-
gelation process and in modulating frictional drag (Bennett and Glasser,
2011). Ce) Calving is a glacial ablation process that causes the greatest
mass loss from the ice shelves of Antarctic, Greenland, and numerous
glaciers in Alaska, Patagonia and other regions (Benn and Evans, 2014).
Surface flow speed at glacier terminus may increase due to a reduction
of basal drag and effective pressure, which are significantly affected by
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Fig. 1. The left panels indicate the study area. On the right panel, P1, P2 and P3 show the profiles used in velocities and surface temperatures analysis. The light blue
background polygons (A1, A2 and A3) denote the sampling areas for the correlation analysis.

the presence of water at the margin, especially if it is deep enough for
the ice to float fully or partially (Cuffey and Paterson, 2010).

Although the Viedma glacier (VG) is one of the largest and fastest
SPI calving and temperate outlet glaciers (with an area of 963km?in
March 2016) (Fig. 1),few data have been collected regarding the VG's
surface flow speed and its seasonal changes (Jaber et al., 2012; Riveros
et al., 2013; Sakakibara and Sugiyama, 2014; Euillades et al., 2016; and
Lenzano et al., 2018) and front fluctuation (Lopez et al., 2010;
Sakakibara and Sugiyama, 2014). We have not found any studies on
displacement modes at the VG. According to the surface flow speed
results shown by Jaber et al. (2012), Euillades et al. (2016) and
Lenzano et al. (2018), there is consensus that the mean surface flow
speed at the VG's terminus is between 3 md ™! and 2 md ™! at middle
basin. With respect to front fluctuation and the calving rate, Lopez et al.
(2010) showed that the VG retreated < 1km during the 1945-2005
period (60 years) with a mean rate of around 16 my '), and, later,
Sakakibara and Sugiyama (2014) reported that the VG's front retreated
at mean rates of 35.5 my~ 'from 1984 to 2011 (27 years).

Regarding displacement mechanisms or modes, there is a general
lack of knowledge about the SPI that includes the Viedma glacier as
well. However, Stuefer et al. (2007) found that, at the terminus zone of
the Perito Moreno glacier, basal sliding represented around 90% of the
surface velocities. Recently, Mouginot and Rignot (2015) concluded
that large portions of the SPI must be sliding over their beds. Mean-
while, Sugiyama et al. (2016) observed the high influence of basal
water pressure on flow speed changes.

Advances in space technology have facilitated the use of satellite
data to study complex physical processes in the glaciology field (Raj
and Fleming, 2008).Thus, taking into account the immensity and the
unaffordable nature of glacial environments, remote sensing may be the
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only effective tool to study glaciers comprehensively (Shukla et al.,
2010), and the most practical way to obtain a continuous spatial
measurement (Whillans and Tseng, 1995; Moller et al., 2007; Bown
et al., 2008; Hall et al., 2008; Berthier et al., 2016, among others).
Therefore, the goal of this study is to provide i) the accurate surface
flow speed (Us) and Ice Surface Temperature (IST) of the Viedma gla-
cier in the warm season through remote sensing geospatial data from
October 2015 to March 2016; and ii)the first approach to assess the
relationship between Us and IST by remote sensing. In both cases, we
compared the data at the beginning and at the end of the warm season
to obtain the intra-seasonal changes and to address also the displace-
ment modes. For the calculation of Us and IST we used LANDSAT 8
images. In order to estimate Us, we used the CIAS module, developed
first by Kaab and Vollmer (2000), and later by Heid and K&dab (2012). In
order to estimate IST, we used thermal infrared bands in conjunction
with atmospheric and emissivity corrections (Barsi et al., 2003, 2005).
This study aims at contributing to a better understanding of the Viedma
glacier dynamics and the interactions among its physical processes.

2. Data and methods

The overall processing workflow is shown in Fig. 2. During the
processing, the surface flow speed (Section 2.1) and the Ice surface
temperature (Section 2.2) were calculated by means of 4 LANDSAT8
imageries. Images were chosen on the basis of free cloud cover and
seasonal snow, which significantly reduces the number of available
images (Table 1). Two pairs of images were selected with temporal
proximity, corresponding to the beginning and the end of the
2015-2016 warm season in these latitudes. The 2015 pair covers from
Oct.13, —2015 to Oct.29, 2015, and the 2016 pair covers from Feb.18,-
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Fig. 2. Workflow of the study.

2016 to March-21,-2016. Finally, front fluctuations between 1979 and
2016 were estimated by means of 18 CORONA and LANDSAT 5, 7, 8
imageries.

From the surface flow speed and front fluctuation results, we esti-
mated the Viedma glacier's calving rate from Oct. 13, 2015 to March
21, 2016 (Section 2.3). Later, the correlation between surface flow
speed and ice surface temperature allowed us to obtain the displace-
ment modes of the Viedma glacier (Section 2.4). Spatial data integra-
tion was made in Quantum GIS 2.14. The comparative analysis between
the 2015 and 2016 pairs (both Us and IST) was made pixel by pixel for
the whole study area, and, at some relevant places, through 3 profiles
(P1 - at central Flow line-; P2 and P3, transversal profile) (see Fig. 1).

2.1. Surface flow speed (Us) by remote sensing

In order to obtain the vectors field of surface flow speed through the
CIAS module (Image Correlation Software), a series of pre-process steps
were followed. These included co-registration, orthorectification by
using the 3D Model Shuttle Radar Topography Mission -SRTM-
(https://lta.cr.usgs.gov/SRTM1Arc), and high pass filter application to
highlight edges and boundaries (Berthier et al., 2003; Kumari et al.,
2014). The CIAS module uses feature tracking technique through Nor-
malized Cross-Correlation algorithm (Kadb and Vollmer, 2000; Heid

Table 1

and Kaab, 2012).The feature tracking technique requires the selection
of pixels conjunct (Reference block) at master image to subsequently
identify the same region at the slave image (Scambos et al., 1992). To
this end, we determined the reference block (equal to 15 pixels for both
pairs). Then, we determined the search area size (equal to 8 and 12 for
the 2015 and 2016 pairs respectively) defined by the time lapse be-
tween the captures of the images making up the pair (Berthier et al.,
2003; Kadb and Leprince, 2014).

Afterwards, the CIAS results were post-processed by means of filters
applied to discard data with a low degree of cross-correlation con-
fidence and incoherent flow direction vectors according to their context
(Scherler et al., 2008; Kaab and Leprince, 2014). Thus, the filtering
sequence started by a) discarding the data that showed coefficients of
maximum correlation lower than 0.7, and, subsequently, b)the direc-
tional filter discarded data that presented an opposite direction to the
glaciers' general flow.

2.1.1. Error evaluation

Feature tracking produces systematic and random errors, caused by
the images co-registration and cross-correlation respectively (Berthier
et al., 2003). Systematic error was estimated from the standard devia-
tions (0) obtained from the co-registration and the temporal time be-
tween the images of the pairs used (At) according to Eq. (2):

LANDSAT 8 images and atmospherics parameters used in this work to Feature tracking technique. Ld is Downward radiance, Lu is Upward radiance and t is

transmissivity. Both Ld and Lu are expressed in W/m2/sr/um.

Pair ID Band Resolution (m) Date Acquisition time (Z) Atmospherics parameters by NCEP
Ld Lu t
2015 LC82310952015286LGNOO Panchromatic 15 10/13/2015 14:26 0.91 0.53 0.91
Thermal(b10) 100
LC82310952015302LGNOO Panchromatic 15 10/29/2015 14:26 0.50 0.29 0.95
Thermal(b10) 100
2016 L.C82310942016049LGN0OO Panchromatic 15 02/18/2016 14:25 0.80 0.47 0.92
Thermal(b10) 100
LC82310942016081LGNOO Panchromatic 15 03/21/2016 14:25 1.45 0.87 0.86

Thermal(b10) 100
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Osist = T/ At [mdil] ()]

Meanwhile, the random error can be considered as a white noise
(Gaussian) in the shifting (displacements), where the noise of the
components x and y of the correlation are considered as random in-
dependent variables and have normal distribution with variance o®. The
modules respond to Raleigh's distribution and have a media u = o/7/2
(Meikle, 2008; Herman et al., 2011). In this study, x and y correspond
to the displacements observed over stable areas such as rock outcrops,
and p can be estimated through the Euclidean norm. Then, total error
(Orora) is defined by Eq. (3) (Berthier et al., 2003):

2 2
Ciotal =  Tsist + Orand

3

2.2. Ice Surface Temperatures (IST) by remote sensing

The Thermal Infrared Sensor (TIRS) on LANDSAT 5, 7 and 8 can
measure IST through Planck's function (Chuvieco, 2007). The TIRS uses
Quantum Well Infrared Photodetectors (QWIPs) to detect long wave-
lengths of light emitted by the Earth, whose intensity depends on sur-
face temperature. These wavelengths, called thermal infrared, are far
from the range of human vision (NASA, 2017). In order to adjust the
top-of-atmosphere (TOA) brightness temperature to a surface skin
temperature, from the single TIR band, a separate atmospheric cor-
rection must be done, and the target emissivity must be prescribed.
According to Barsi et al. (2003), IST can be estimated with an error
of + 2 Celsius degrees (°C) when the emissivity is known, and the at-
mosphere conditions are relatively clear.

One way to assess the accuracy of remotely-sensed IST is to compare
the values with in-situ IST. There are many factors that complicate the
task such as the fact that in-situ observations are point measurements
while the satellite-derived observations represent IST from a much
larger area (Hall et al., 2008). Throughout the SPI, the number of
weather stations is low and not significant (Garreaud, 2009; Garreaud
et al., 2014). Furthermore, in-situ observation from these stations is
generally obtained at some height above the surface so that the mea-
sured air temperature is extrapolated to a surface temperature (Hall
et al., 2008, 2012 and Hall et al., 2013).

2.2.1. Atmospheric and emissivity corrections

Atmosphere distortions in LANDSAT data can be mitigated by ap-
plying corrections. We used the radiation transfer physical models
(NCEP) developed by Barsi et al. (2003-2005). This includes key vari-
ables such as atmospheric transmissivity, and upward and downward
radiances. These parameters are an online resource, found at http://
atmcorr.gsge.nasa.gov. Surface emissivity (e) is defined as the ratio
between the target cover emissivity and perfect black body emissivity at
the same temperature (Chuvieco, 2007). According to Van de Griend
and Owe (1993), and Pasapera-Gonzales (2016), we calculate emis-
sivity by taking into account the existing relationship between the
Normalized Difference of Vegetation Index (NDVI) and emissivity
(Tucker and Sellers, 1986; Carlson and Ripley, 1997; Rivas and
Carmona, 2013). Thus, the corrected superficial radiance based on Barsi
et al.’s (2003) eq. (4) can be obtained:

_ Ltoa — (1 —e)*Ld — Lu
THE

Lt
“@
where Lt is corrected superficial radiance; Ltoa corresponds to the ra-
diance received by the sensor; tis atmospheric transmissivity; e is
emissivity; Ld is the downward radiance and Lu is the upward radiance.

2.2.2. IST calculations
The equation used to estimate the surface temperature (T) is an
inversion of Planck's equation (Kidwell, 1991), Eq. (5):
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K
K
Ln (1 + E) (5)

where Kjand K;are known constants (see LANDSAT, 2016), and Lt,
the corrected radiance.

TCC) = — 273.39

2.3. Front fluctuation and calving rate

Corona and Landsat images were used to map the historical re-
construction of the frontal positions from 1979 to 2016. The images
were selected according to their availability in the archive. Corona and
Hexagon scenes (10 m resolution) (Fowler, 2013) were geometrically
treated to eliminate the deformations produced and were geo-refer-
enced through the incorporation of ground control points (GCPs) from
Landsat images, and re-sampled to the same spatial resolution as
Landsat (Moragues et al., 2018). It is important to notice that an
average error of the size of one pixel was found, and this digitizing
accuracy is in accordance with the reports by Paul et al. (2013).

On the other hand, the calving rate is an indicator of the changes
experienced by the glacier's frontal position. The calving rate is defined
as the difference between glacial front flow speed and the length
changes during the study period. It can be estimated by means of Eq. (6)
(Benn and Evans, 2014):

oL

Uc=Uf- —

ot (6)

where Uc is calving rate, Uf is glacial front flow speed, L is glaciers'
length, and t is time.

We calculate the calving rate of each pair considering Uf as the
mean surface flow speed of glacier front and L as the difference in front
positions between the scenes of each pair (e.g. from October 13 to
October 29 and from February 18 to March 21). Thus, % is front fluc-
tuation expressed in md !,

2.4. Ui and IST statistical correlation

Considering that Us obtained by remote sensing for each pair is the
mean displacement of the period, in order to obtain the correlation, we
calculated the mean IST of the same period. Furthermore, it was ne-
cessary to homogenize the spatial resolution of both variables to 100 m.
In order to assess and mitigate errors in the correlation between Us and
IST, supraglacial debris was identified, as this would alter the surface
exposure of the ice and its ice surface temperature. Three testing zones
are defined: (A1) Complete cover by supraglacial debris, (A2) su-
praglacial debris and bared ice facies, (A3) bared ice (Fig. 1). The
correlation analysis proposed is based on linear (r;), quadratic (ry) and
exponential correlation (r3) (McKillup and Dyar, 2010). We chose a p-
value =.0001 to the analysis that involves minimizing the likelihood
that the observed correlations might be random. In our study, corre-
lations were considered valid where the probability that they were
random was equal to or < 0.01%.Finally, the testing areas (see Fig. 1)
with statistically and glaciological significant results were evaluated by
ice creep (Ui) Glen's Flow law to approach to the VG's displacement
modes (Section 2.4.1).

2.4.1. Displacement modes

In order to find out the Viedma glacier's displacement modes, it is
crucial to understand the processes dominating its dynamics. In this
sense, a glacier widely dominated by basal sliding reflects the existence
of a large supraglacial, englacial and supraglacial hydrological system.
This information is potentially very useful for further research.

Considering that the VG is temperate, Us is defined by Eq. (1);
therefore, Us (section 2.1) > Ui. Thus, Us-Ui = Ub. According to Glen's
flow law, Ui can be calculated by means of Eq. (7) (Cuffey and Paterson,
2010):
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2A
= @
where A and n are parameters that define the relationship between
stress and strain. The flow law exponent n varies but it is usually close
to 3 (Benn and Evans, 2014). The rate parameter A increases ex-
ponentially with ice temperature (Hooke, 1981). 13, is shear stress and H
is the ice thickness. Thus:

Q= + 0.49836
RT  (Ty— Tk (8)

A=Ay exp|—

where Ap = 9.302*10 " 2Pa"3yr~!, Q* is the activation energy for
creep (7.88*10* Jmol 1), R, is the gas constant (8.314J mol 'K, T;
is the ice temperature in Kelvins (°K) obtained from LANDSAT images,
To = 273.39K and k = 1.17. Then 1, is obtained by Eq. (9) (Benn and
Evans, 2014):

7 = pgHtana )

where p is ice density (850kgm™>), g is gravity acceleration and o is
the VG's surface slope obtained from the STRM re-sampled to 100 m. In
this study, 7 is calculated with H = 500 m considering the bathymetry
close to the VG's terminus by Sugiyama et al. (2016) and recent field
work (Andrés Rivera, personal communication).

According to Nye (1952), the ice surface profile (H) can be calcu-
lated by Eq. (10):

H = /2hys (10)

where s is the horizontal distance from the margin (in meters) and hy.

ho = 2
rg an
3. Results

3.1. Surface Flow Speed (Us)

Many factors affect the accuracy of glacier surface flow speed esti-
mation such as time lapse between images, cloud and snow cover de-
gree and supraglacial geomorphological features (Kddb and Vollmer,
2000; Berthier et al., 2003, 2005; Kumari et al., 2014). Time lapse
between images is inversely related to the de-correlations degree.
Nevertheless, the 2016 pair has twice the amount of days between
images than the 2015 pair but displays very similar amounts of useable
data. The explanation lies in the 2015 images being compromised by
recent snow. The VG's surface flow speed error analysis shows a Total
error of around0.3 md ™! and0.04 md'for the 2015 and 2016 pairs re-
spectively, which represents < 10% with respect to the mean velocities
detected (Table 2).

The displacement is the highest in the central flow (> 2.4 + 0.3
md ! and a maximum of around 5.5 * 0.3 md ™! in the 2015 pair) and
it decreases toward the glacial margin. Another aspect to be highlighted
which is observed in Fig. 3 corresponds to the VG's terminus flow speed
increase. Maximum velocities of around 3 md~' were observed at
calving front for both pairs. This could be explained by the reduction in

Table 2

Final quantity of reliable data. In all cases, the absolute values represent the
amount of data available after applying the respective filters. The final post-
filter proportion of data is also given.

2015 pair % 2016 pair %

At [days] 16 32

Available records after CIAS 509,071 100 506,226 100

Available records after filtering by maximum 191,477 38 192,855 38
correlation (=0.7)

Available records after Directional filter 185,746 36 192,325 38
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basal drag, which can be greatly affected by the presence of water at the
glacier margin, especially if it is deep enough for the ice to float fully or
partially (Benn and Evans, 2014; Post et al., 2011). Also, we detected a
flow direction change at the VG's terminus between the 2015 and 2016
pair. The lost mass at terminus by calving and its front retreat beyond
the curve may explain this change (Fig. 3).

Another site that showed flow speed acceleration is the VG's margin
adjacent to the Viedma lagoon, located at the southern margin of the
homonymous glacier (see Fig. 3). It is an ice-dammed lagoon produced
by melt water from alpine glaciers located upstream and retained by the
VG's southern margin. This zone reached surface flow speeds of 1.3
md ™!, which were significant in comparison with a margin speed of
around 0.6 md™! or less. Such acceleration could be the result of a
similar process occurring at VG's terminus. Ice-dammed lakes or la-
goons frequently exhibit level fluctuation due to the drainage of ad-
jacent glaciers (Tweed and Russell, 1999). Therefore, the movement of
the VG would alter the lagoon drainage with consequent glacier velo-
city changes by melt water supply and effective pressure decrease.

Comparatively, results reveal that the 2016 pair showed higher
surface velocities than the 2015 pair, and this trend is exposed in
transverse and axial profiles P1, P2 and P3 (see Fig. 3) and Fig. 4a.
These differences could be explained by the greater availability of melt
water and better development of the englacial and subglacial drainage
networks toward the mid and end warm season with respect to the
beginning of the same season (Fig. 4b, ¢, d) (Iken and Bindschadler,
1986; Sugiyama et al., 2011; Vincent and Moreau, 2016).

3.2. Ice Surface Temperatures (IST)

IST results revealed two patterns of spatial distribution. One of them
is a thermal gradient transversal to the flow which decreases from the
margins of the glacier, in contact with the rock, toward the center, until
it comes in contact with several central moraines, where, again, a
thermal increase occurs (Fig. 5). Fig. 5 links thermal variability along
profile P2 (2016 pair) with different covers on the surface. The profile
suggests that the greater the amount of supraglacial debris, the higher
the temperature observed. On the other hand, the zones with bared ice
reported the lowest temperatures throughout the whole sequence,
without exception. The second thermal patterns showed a gradient in-
versely related to the altitude variations. Thus, the VG's terminus
showed the highest surface temperatures (Fig. 6). Another process that
turns the glacier front into a warm zone is its interaction with the
Viedma lake, which entails a transfer of heat from water to ice. Ac-
cording to Sugiyama et al. (2016) the top layer of the Viedma lake is
warm and reaches temperatures above 6 °C.

On the other hand, in both pairs (2015 and 2016), the IST values on
the ice are, in many cases, higher than 0 °C. The signal captured by the
100 m pixel integrates the ice signal along with supraglacial debris and
supraglacial melt water. Comparatively, 82% of the time, the 2016
pixel-to-pixel temperatures were higher than in 2015. The widespread
IST above pressure melting point reflects the supraglacial melt water
runoff. This may occur due to the greater insolation received by the
glacier in February-March compared to October (southern hemi-
sphere).

3.3. Front fluctuation and calving rate

Considering the front mean Us (2015 = 2.6 md~! and 2016 = 2.5
md™!) and the maximum difference of front position changes
(2015 = —146m/16d = —9.1 md™?! and 2016 = —164m/
32d = —5.1 md™ '), mean calving rates for both pairs were calculated.
In 2015, the calving rate was equal to 11.7 md ~'and, in the 2016 pair,
it was equal to 7.6 md ~'. Taking into account that, in both periods, the
surface mean velocities were similar, it was the changes in front posi-
tions which determined the difference in the calving rate.

According to our reconstruction of front fluctuation, the VG
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and P3 are surface velocity profiles (see Fig. 1).
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Fig. 5. IST profile (P2-2016 pair). The figure shows the IST distribution on a
transversal profile and its change in relation to the different covers present at
the VG's surface.

receded > 3.5 km from 1976 to May 2016 (40 years), with a mean rate
of 87.5 my_1 (see Fig. 7). Over the last 12 years (2005-2016) the VG
receded by 50% of the total retreat observed in the series, reaching a
mean rate of 155 my ~ . In particular, the 2010-2016 period showed an
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abrupt acceleration of frontal retraction, with a mean rate equal to 281
my ™! and an intensification as from 2015. This constitutes the highest
retraction rate observed, at least, over the last 40 years on the VG.

3.4. Us and IST statistical correlation analysis

3.4.1. Testing areas

Correlation analysis between surface flow speed and surface tem-
peratures was applied to each testing area (see Fig. 1) of the 2015 and
2016 pairs, obtaining 6 correlation pairs (A1-15, A2-15, A3-15,
A1-16, A2-16, A3-16). A first statistical approximation shows that only
the bared ice test area (A3) had statistical significance and coherence
with respect to the correlation (+) and in its coefficients between the
2015 pair (r = 0.49) and the 2016 pair (r = 0.48) (Fig. 8). This situa-
tion is in line with Glen's flow law (Paterson, 1969; Benn and Evans,
2014; Cuffey and Paterson, 2010), who defines positive relations be-
tween ice temperatures and displacements by deformation or ice creep.
Conversely, the test zones with total (A1) and partial (A2) coverage of
the ice by supraglacial debris showed inconsistencies when comparing
the same area in the two periods. In particular, the A1-15 and A2-15
were not statistically significant, while those from the 2016 pair met
this condition. According to the correlation coefficient, the correlation
sense of A1-16 and A2-16 was negative. However, the graphical ana-
lysis shows the absolute independence of the two variables without a
definite sense. This reflects the distortion generated by the presence of
supraglacial debris in the correlation and the importance of eliminating
this influence on analysis.

3.4.2. Displacement modes

Considering that A3 was the only zone with statistically and gla-
ciologically significant results, displacement analysis by ice deforma-
tion (Ui) was applied to it. First, we estimated Ui on area A3 according
to Eq. 6. Secondly, we compared Ui with Us results, which approached
us to Ub. Considering that the A parameter (Eq. 7) only applies to
IST < 0°C or 273.39 °K, thus, Ui was calculated only on the 2015 pair.
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Fig. 6. IST spatial distribution at the Viedma glacier in the 2015 and 2016 pairs. P1, P2 and P3 correspond to the IST profiles shown in Fig. 1.
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Results suggest that A3 was widely dominated by Ub, which was
over a 90% of Us. Fig. 9a and 9b show the relationship between the A
parameter and Ui, and between the A parameter and Us. In this sense,
Fig. 9a shows the dependence of Ui with respect to A, whereas 9b shows
a more diffuse relationship between Us and A. This reinforces the idea
that VG A3 was dominated by basal sliding (Fig. 9c). Besides, Fig. 9¢
shows the importance of slope in Ui displacement, for example, to
4800 m from terminus. This matches our field observation with respect
to the VG's wavy surface.

Thus, our hypothesis proposes that, in the warm season, displace-
ments by basal sliding are predominant in relation to deformation
displacements due to the highest availability of supraglacial, englacial
and subglacial runoff.

4. Discussion
4.1. Surface flow speed

The SPI glaciers are some of the fastest moving in the world, except
for various cases observed in Greenland (Mouginot and Rignot, 2015).
Example of that are the Penguin (28 md ™ b, Europa (24 md ™ 1), HPS-19
(16 md ") and Upsala glaciers (6.6 md~'). They are, respectively, 5, 4,
3 and 1.2 times faster than the maximum surface flow speed registered
in our study (5.5 md ™).

According to Sakakibara and Sugiyama (2014), the VG experienced
surface flow speed changes between 1984 and 2011. In particular, the
1984-2000 period was defined by an increase of around 3%, whereas
the 2000-2011 period showed a decrease of 5.3%.However, the relative
decrease of surface flow speed was not accompanied by a front retreat
decrease. Riveros et al. (2013) and FEuillades et al. (2016) estimated
surface velocities (2012 cold season, and 2012 cold and warm seasons,
respectively) by means of SAR techniques and reported Us of around 3
md ™ in front area and of 2 md ™! in central flow of middle basin. Be-
sides, Lenzano et al. (2018),from time-lapse daily optical images, by
using terrestrial cameras, found surface mean velocities of 3.5 *+ 0.36
md~? at the VG's terminus (from April 2014 to April 2016). Euillades
et al. (2016) suggested that these high surface flow speeds appear to be
governed by the decrease in effective pressure associated with the
glacier incoming into the lake. The comparison of our results with other
preceding studies showed a high correspondence. The different values
of velocities found in such investigations may be explained by the dif-
ferent sensors, geospatial data acquisition platforms and techniques
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used (Lenzano et al., 2018) and due to the fact that the studies were
carried out on different periods.

4.2. Ice surface temperature

The present study is the first one to report IST values from the
Viedma glacier and the SPI. Therefore, we cannot contrast our results
with other IST values in the same area. However, IST studies have been
conducted in other parts of the world such as the Himalaya, China and
Greenland (Hall et al., 2008; Raj and Fleming, 2008; Hall et al., 2012;
Hagq et al., 2012; Hall et al., 2013; Wu et al., 2015). As our results, they
showed IST values above pressure melt point in the warm season and
suggested the supraglacial melt water presence. In this regard, Hall
et al. (2013) recovered Greenland's melt areas from IST values.

Furthermore, they highlighted that IST is one of the most important
parameters for estimating the effect of climatic change on glaciers.
Unfortunately, estimating surface temperature by using traditional
weather-station based meteorological observations is not a feasible
solution as they will not be representative of all three Snout, ELA and
Max. glacier altitudes. Therefore, through remote sensing studies, a
synoptic view of different regions can be established and used for re-
gional climatological studies (Raj and Fleming, 2008).

4.3. Front fluctuation and calving rate

According to Lépez et al. (2010), the VG retreated < 1 km during
the 1945-2005 period, a distance representing 0.4% of the glacier's
length in 1945, (63.1 km). Then, Sakakibara and Sugiyama (2014) re-
ported that the VG's front retreated to mean rates of 35.5 my ™! from
1984 to 2011. During this period, the VG changed little in contrast with
Upsala (272 my 1), Jorge Mont (390 my ~ ') and HPS-12 (334 my 1.
However, our results showed that, during the 2010-2016 period, the
VG's front retreat increased drastically, to a mean retreat rate of 281
my ~'.This rate is comparable with those of the Upsala (270 my ') and
Jorge Mont (240 my 1) glaciers during the 2000-2011 period, which
are considered to have the greatest retreat rate among the SPI glaciers
(Sakakibara and Sugiyama, 2014).

Taking into account that a) in the 2015 pair, the calving rate was
equal to 11.7 md-1and, in the 2016 pair, it was equal to 7.6 md-1, and
that b) in both periods, the surface mean velocities were similar, it was
the front position changes which determined the difference in the cal-
ving rate. At this point, it is necessary to mention the lake bed
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Fig. 8. Scatter plots between Us and IST to each testing area (A1, A2 and A3) and pair (2015 and 2016). Where A1 corresponds to the sampling performed on sectors
completely covered with supraglacial debris, A2 to a mixture between covered and bared ice, and A3 to zones with bared ice (Fig. 1).r; is linear correlation
coefficient, r, is quadratic correlation coefficient and r3 is exponential correlation coefficient.

morphometry immediately below the glacial front in each analysis pair
(Warren et al., 1995; Post et al., 2011). In this sense, Sugiyama et al.
(2016) showed maximum depths of around 400 m close to the VG's
front at the Viedma lake. Recently, surveyed bathymetry of the Viedma
lake reported water depths of up to 571 m close to the VG's front
(Andrés Rivera, personal communication)

4.4. Displacement modes

Changes in basal water pressure play a critical role in short-term ice
speed variations; it is controlled primarily by the melt water production
rate (Sugiyama et al., 2016). Ub has been measured on some glaciers in
subglacial cavities and tunnels or by drilling boreholes down to the
glacier bed. These observations support an interpretation of the sliding
mechanism as a jerky movement (Stuefer, 1999).

Our results suggested that A3 is governed by Ub. Although no Ub
measurements have been carried out on the Viedma glacier, Stuefer
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(1999) on the Perito Moreno glacier showed that Ub represented over a
90% of Us, at least from 5km from the terminus. According to
Mouginot and Rignot (2015), if an ice thickness of around 700 m is
assumed on the SPI plateau, the ice flow from internal deformation (Ui)
of temperate ice should be less than about 50 myr~! (or 0.13 md™1),
which indicates that large portions of the icefields must be sliding over
their beds. This is contrary to the traditional view that internal de-
formation dominates the flow in the interior regions and fast sliding
only dominates along the periphery. In Patagonia, it has been observed
that the vast majority of the icefields must be influenced by sliding
(Mouginot and Rignot, 2015).

Finally, despite the fact that it is more common to use the A para-
meter as a constant, the importance of estimating the A parameter on
each site of the glacier is a point for discussion. Note that Stuefer (1999)
showed that changing the A parameter for the same place, the UI es-
timation may change more than + 1 md~'.In this sense, IST by remote
sensing turns out to be a good way to make up for the lack of data.
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5. Conclusions

It is important to highlight the high capacities of the LANDSAT
multispectral sensor in monitoring different physical aspects of the
glaciers with recordings captured on the same day, same hour and same
angle of vision but in different wavelengths. The spatial, spectral and
temporal performance of remote sensing data enables the accurate
modeling of the Viedma glacier's physics and its dynamics.

From the results obtained, it can be concluded that the tracking
feature is a robust technique in terms of the correlation algorithm and
for obtaining accurate velocity fields. In this sense, the calculated un-
certainties are acceptable with respect to the magnitude of the speeds
that characterize the glacier under study (< 10% of the mean velocities
value). The difficulty of having images with a clear and bared atmo-
sphere in areas such as the Southern Patagonian Ice Field becomes a
limitation when using satellite images as input data.

Regarding the surface flow speed values, the most important one is
the flow acceleration (3 md ™) at the Viedma glacier's terminus, due to
the calving process, which is similar to that observed on the Viedma
glacier's southern margin in contact with the Viedma lagoon. Also, in
the year 2015, the Viedma glacier showed the highest recoil rates over
the last 40 years.

On the other hand, IST estimation yielded results that confirmed the
good abilities and capacities of thermal bands as a starting point for
future studies related to glacial dynamics and its behavior. It is im-
portant to mention the possibility of including atmospheric and

emissivity corrections as key elements in order to obtain good results.
Note that a thermal band value with a spatial resolution equal to 100 m
in many cases showed a combination of covers with different tem-
peratures such as bared ice, supraglacial debris and melt water.

From the point of view of statistical analysis, the results obtained
are promising with a view to studying the correlation between velo-
cities and surface temperatures. At this point, it is important to reiterate
the need of contemplating the diversity of covers present on glacial
surface when searching for such relationships; the omission of this as-
pect could lead to biased results.

Finally, our results suggest that, at least, the middle and low basins
of the Viedma glacier are governed by basal sliding. These results are
the first approach to the study of displacement modes by remote sen-
sing in this area, and they constitute a promising basis to improving
understanding of the SPI glaciers' dynamics. This idea is reinforced by
the lack of previous field measurements and the environmental diffi-
culties presented for exploration of the entire SPI.
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