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Abstract: The Southern Patagonian Icefield (SPI) is the largest continuous ice mass in the Southern
Hemisphere outside Antarctica. It has been shrinking since the Little Ice Age (LIA) period, with
increasing rates in recent years. An uplift of crustal deformation in response to this deglaciation
process has been expected. The goal of this investigation is to analyze the crustal deformation
caused by ice retreat using time-series data from continuous GPS stations (2015-2020) in the northern
area of the SPI. For this purpose, we installed two continuous GPS stations on rocky nunataks of
the SPI (the GRCS near Greve glacier and the GBCS close by Cerro Gorra Blanca). In addition,
ice elevation changes (2000-2019) were analyzed by the co-registration of the SRTM digital eleva-
tion model and ICESat elevation data points. The results of the vertical components are positive
(36.55 4 2.58 mm a~1), with a maximum at GBCS, indicating the highest rate of crustal uplift ever
continuously recorded in Patagonia; in addition, the mean horizontal velocities reached 11.7 mm
a~! with an azimuth of 43°. The negative ice elevation changes detected in the region have also
accelerated in the recent two decades, with a median Ah (elevation change) of —3.36 + 0.01 m alin
the ablation zone. The seasonality of the GPS signals was contrasted with the water levels of the main
Patagonian lakes around the SPI, detecting a complex interplay between them. Hence, the study
sheds light on the knowledge of the crustal uplift as evidence of the wastage experienced by the
SPI glaciers.

Keywords: GPS; ICESat; crustal movements; glacier wastage; Southern Patagonia

1. Introduction

The Southern Patagonian Icefield (SPI) represents the major temperate ice mass of
the Southern Hemisphere outside Antarctica. Together with nearby smaller glaciers the
SPI cover an area of 14,151 km? [1] with a maximum ice thickness of 1.5 km [2]. During
the last century, there has been an increased tendency for ice mass loss in glaciers and ice
sheets around the world as a consequence of climate change [3]. The Patagonian Andean
glaciers are not the exception since they have suffered strong retreat from the Little Ice
Age (LIA) period at the end of the 19th century, with an accelerated trend toward the
end of the 20th century and the beginning of the 21st century ([4-13], and others). As a
result, the SPI experienced an ice mass loss of 10.7 Gt a~! from 2010 to 2019 [14] with a
mean contribution to sea level rise throughout the last 360 years (1650-2010) equivalent
to <0.005 £ 0.0001 mm a~! [15].
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As ice sheets and glaciers melt, and water is redistributed at the global ocean scale,
the deformation of the Earth’s crust generates a complex pattern of three-dimensional
movements on the Earth’s surface [16]. Although the current sea level changes are mainly
a consequence of the massive global ice sheet melting, the mean sea level remains in
continuous change due to late viscoelastic responses of the Earth by surface mass redistri-
bution [17]. Consequently, this is a delayed effect of continental ice sheets since the Last
Glacial Maximum (LGM, 21,000 years ago) [18]. Those changes originate in the solid Earth
through an isostatic readjustment or GIA (glacial isostatic adjustment), one of the geo-
physical processes that can easily be observed without resorting to sophisticated scientific
measurement techniques. The currently observed uplift rates are the sum of an immediate
elastic response of the Earth’s crust to current ice mass changes and the viscous response to
ice load changes in the past [19]. The crustal deformation survey by the Global Positioning
System (GPS) geodetic network has been widely used to monitor crustal variations [20]
since the 1990s thanks to it being an inexpensive and precise technique [21]. Furthermore,
the system allows for the detection of responses to depth and superficial deformations
that have been observed over time ([22,23], and others). Currently, geodetic time series are
widely used for detecting the Earth’s deformation processes.

In the SPI region, there are evidences of crustal deformation responses to ice mass
volume change during the last 150 years [24]. Because of these processes, an exceptionally
fast crustal elevation with an interplate tectonic movement has been experienced by the
SPI [19]. In recent decades, GPS stations have been placed on the edge, both sides, of
the SPI with the objective of monitoring crustal deformation of the South American plate
([25], among others). This allows researchers to establish that GIA is one of the primary
components explaining the crustal observed deformation, with another factor being the
western interseismic tectonic deformation field related to plate subduction [26]. In general,
previous studies have placed the GPS stations (continuous and episodic ones) at the margin
of the SPI, with few discrete observations at the higher SPI plateau.

The goal of the present study is to analyze the crustal movements in the northern and
higher part of the SPI by GPS continuous measurements during the 2015-2020 period at
two locations selected mainly by accessibility (see Figure 1). Due to extreme conditions
prevailing in the area, both stations were installed in 2015 on a rigid metal structure fixed
to rock outcrops. The first GPS system was called GRCS (Greve Continuous Station), and
recorded for a total of 378 days. The second one, named GBCS (Gorra Blanca Continuous
Station), registered 911 days in total. Two episodic GPS sites (PUMA and LPAS) located
near the front of the Upsala glacier (see station details in Table 1) were also included. For a
better validation of the seasonality analyses, two continuous GPS stations called CHLT and
VOGH belonging to the International GPS Service (IGS) network were added. Scientific
processing of GPS data yielded network station velocities in N, E, and Up, allowing the
tendency, seasonality, and other periodic signals of the time series to be examined. The
hydrologic system is driven by the loading processes and the transfer of mass from the
upper to the lower parts of the SPI basin where the glacial lakes are key natural elements.
Consequently, we believe that the trend and seasonality of the observed altimetric GPS
signal are related to the water levels of the lakes. For this purpose, we use the gauged lake
data of Viedma, O Higgins, and Chico, and the La Leona river.

In addition, to analyze the ice loss in the region, we estimated ice elevation changes
by differentiation of the Space Shuttle Radar Topography Mission (SRTM) model from
February 2000 and altimetric data profiles from the Ice, Cloud, and Land Elevation Satel-
lite (ICESat) mission-1 (2005-2009), and mission-2 (2018-2019). Consequently, the study
contributes to the knowledge of the crustal uplift in the northern part of the SPI by using
geomatics/remote sensing techniques.
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Figure 1. Location of GPS stations used in the study in the SPI. The black line in the South American
map at Patagonia denotes the asthenospheric window. In red square is represented the study area.
The continuous reference GPS stations are indicated in yellow circles. On the right, the map shows
the employed ICESat profiles belonging to the SPI subregion considered for spatial filtering (see
Section 3.4). The hillshade on which the ICESat profile are mapped were made from the ALOS Global
Digital Surface Model (AW3D30, https:/ /www.eorc jaxa.jp/ALOS/en/aw3d30/data/index.htm,
accessed on 12 July 2020).

Table 1. GPS occupation time.

. Height
Site Type (m a.s.1) Year Start Date End Date Total Days
2015 8 October 30 November
2016 4 January 5 March
2017 9 October 31 December
2018 1 January 26 June
GBCS Continuous 1630 9 October 31 December 911
1 January 28 May
2019 28 July 31 December
1 January 6 June
2020 7 October 23 November
2015 24 October 31 December
. 2016 1 January 11 July
GRCS Continuous 1436 2017 9 October 31 December 378

2018 1 January 18 June
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Table 1. Cont.

Height

Site Type (m as.1) Year Start Date End Date Total Days

2015 18 April 20 April
o 19 April 21 April

LPAS Episodic 754 2016 23 October 25 October 12
2017 17 April 19 April
2015 18 April 20 April
s 18 April 20 April

PUMA  Episodic 807 2016 22 October 25 October 12
2017 17 April 19 April

Study Area

The SPI has an average width of 40 km and north—-south length of 350 km (Figure 1) [27],
at elevations between 1000-1500 m a.s.l. (above sea level) [28]. The Equilibrium Line
Altitudinal (ELA) at the glaciers of the western slope varies between 800 to 1000 m a.s.1.,
while at the eastern side, the ELA can reach 1300 m a.s.l. [29]. The large hydrographic basin
of this region is the Santa Cruz river basin, including the lakes Viedma and Argentino. The
lake Argentino is the largest in Argentina, with an east-west extension of approximately
100 km, an area of 1330 km?, and a water depth exceeding 600 m near the Upsala glacier
front [30]; while lake Viedma presents an approximate length of 80 km east-west, an area
of 1088 km?, and a maximum water depth of 919 m [31]. The region is located on the South
American plate bounded to the west by the Nazca and Antarctic plates, forming the triple
junction called Chile Triple Junction (CTJ) whose position is at ~—46.5° S (Figure 1).

2. Geodetic and Satellites Input Data
2.1. Continuous GPS Stations REFUGIO GREVE and GORRA BLANCA: Field Activities

The continuous GPS stations are part of a local network located in the high plateau
at the northern zone of the SPI. The GRCS station is placed in the accumulation area
(see Figure 1) at 1438 m a.s.l., and it was installed on a nunatak. A Trimble receiver model
NetR9 and a Trimble Zephyr geodetic antenna (TRM41249.00), without a radome was used.
The system was powered by a solar panel installed and mounted on a 1.7 m steel pole
attached to the rock. On the other hand, the GBCS station was located on the edge of the
high plateau, in a rocky outcrop at approximately 1600 m a.s.l. (see Figure 1). A Trimble
receiver model NetRS and a Trimble Zephyr geodetic antenna (TRM41249.00) without a
radome was used. A similar solar panel was installed and mounted on a 1.7 m steel pole
similar to the GRCS. Both stations were configured with a logging interval of 15 s and
elevation mask of 5°.

In total, the GRCS recorded 378 discontinuous days from 25 October 2015 to 18 June
2018 when the station ceased operation due to low battery charge and damage to the
solar panel due to strong winds. GBCS recorded in total 911 days from 2015 to November
2020 (see Table 1) with some interruptions due to energy failures. These data collection
interruptions were a consequence of the extreme weather conditions prevailing in the area.

2.2. GPS Episodic Stations: Upsala Glacier

Two episodic GPS stations (ES) installed on rocky outcrops located in the vicinity of
the Upsala glacier front (LPAS and PUMA) were added to the geodetic network (Figure 1),
following the fixed anchor State Survey Mark [32] minimizing the leveling error [33]. The
minimum observation period at these stations was 48 h per campaign, corresponding
to two 24 h observation sessions. The measurements in all periods were carried out at
the same time of the year in order to reduce the influence of the seasonal effects on the
estimation of site velocities. In total, the PUMA station recorded data during 13 days
between 2015 and 2017. Likewise, LPAS registered 12 days during the same period. Table 1
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shows the GPS site occupation time of each of the continuous and episodic stations of the
geodetic network.

2.3. GPS Accessory Data at Viedma Glacier

Surface elevation of the glacier lower tongue was also surveyed in April 2015 with a
Trimble 5700 dual-frequency GPS receiver using a Differential GPS (DGPS) mode linked to
the CHLT station.

2.4. ICESat Data Profiles

The ICESat-1 mission provided multiyear elevation data for ice sheet mass balance
determination from 2003 to 2009 [34]. The GLAH14 product of the GLAS/ICESat L2
Global Land Surface Altimetry data set, version 34 in HDF5 format, was used for this
study (Table 2). Heights have a centimeter order vertical error [35]. All elevation data
are referenced to the WGS84 ellipsoid. We downloaded the available data from 2004 to
2008 collected at the upper zone of the Upsala and Viedma glaciers (see Figure 1). These
products were obtained from the official NASA website (https://search.earthdata.nasa.
gov/, accessed on 21 December 2021). We estimated ice elevation changes by comparing
the data profiles to the SRTM elevation model from 2000 to 2004-2009.

Table 2. ICESat profiles database.

Laser Footprint Size
Acquisiti Campaign
File Name CqS;Stle on (IICESat-1) Major Axis Mean  Eccentricity Mean
/G GTN * Used + St. Dev. + St. Dev.
(IICESat-2))

GLAH14_634_2107_002_0043_0_01_0001 25 February 2004 L2B 89.52 £4.93 0.822 £ 0.045
2107_003_0043_0_01_0001 26 May 2004 L2C 88.37 £ 19.12 0.892 £ 0.044
2109_002_0043_0_01_0001 12 October 2004 L3A 55.79 £+ 0.43 0.567 4+ 0.043
2111_002_0043_0_01_0001 27 February 2005 L3B 79.53 £+ 11.55 0.753 £ 0.051
2113_002_0043_0_01_0001 30 October 2005 L3D 52.04 £ 1.06 0.523 £ 0.010
2115_002_0043_0_01_0001 2 March 2006 L3E 52.31 £ 1.60 0.483 £+ 0.040
2119_002_0043_0_01_0001 20 March 2007 L3H 55.61 £+ 0.48 0.521 £+ 0.019
2121_002_0043_0_01_0001 11 October 2007 L3I 57.28 £ 0.57 0.590 £ 0.013
2123_002_0043_0_01_0001 25 February 2008 L3] 58.66 + 1.52 0.575 + 0.036
2125_002_0043_0_01_0001 12 October 2008 L3K 51.99 + 1.12 0.611 £+ 0.036

ATL06_20181126060903_08950109_005_01 26 November 2018 1-2-3-4-5-6

20190206150633_06130213_005_01 6 February 2019 1-2-3-5-6
20190225014905_08950209_005_01 25 February 2019 3-4-5-6
20190508104610_06130313_005_01 8 May 2019 1-2-3-4-5-6
20190526212840_08950309_005_01 26 May 2019 1-2-3-4-5-6
20190807062551_06130413_005_01 7 August 2019 1-2-3-4-5-6 17 m
20190825170829_08950409_005_01 25 August 2019 1-2-3-4-5-6
20190905050156_10550413_005_01 5 September 2019 1-2-3-4-5-6
20190923154435_13370409_005_01 23 September 2019 6

20191124124821_08950509_005_01 24 November 2019 3-4-5-6
20191205004146_10550513_005_01 5 December 2019 1-2-3-4-5-6

* GIN, Ground Track Number. This table was constructed using the metadata included in the HDF5 files and the
official metadata table provided by the ICESat Science Investigator-led Processing System (I-SIPS), 2014.

The ICESat-2 mission has been used in several areas of the planet for monitoring
the cryosphere since September 2018. Land ice heights measured through the Advanced
Topographic Laser Altimeter System (ATLAS) represent the average height of the land ice
surface averaged over ~17 m ground segments and spaced 20 m apart. ATLO6 processing
calculates ground ice surface heights and stores them per ground track so that subsequent
measurements on the same reference ground track can be easily compared. Heights are
referenced to the W(GS84 reference system (ITRF2014 reference frame) [36] and have a
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vertical precision of centimeter order [37]. For this study we selected data collected from
November 2018 to November 2019 (Table 2). HDF5 files were downloaded from the official
NASA site (https:/ /search.earthdata.nasa.gov/search, accessed on 15 December 2021),
considering data from the SPI’s northern region, including the Upsala, Viedma, O’Higgings,
and Chico glaciers. We estimated ice elevation changes by comparing the data profiles to
the SRTM elevation model from 2000 to 2018/19.

2.5. SRTM Model

Map products derived from SRTM data were sampled to 1 arc-sec by 1 arc-sec grid
(30 m by 30 m approximately), with a linear relative height error of less than 10 m [38]. We
used a mosaic based on six SRTM Global Version 3 files, Digital Object Identifier (DOI)
number:/10.5066/F7PR7TFT. The SRTM model was used to estimate the elevation change
over time (Ah) with respect to the ICESat profiles. To keep consistency between the data sets,
elevation values were converted to WGS84 ellipsoid with EGM96 geopotential model [13].
The final product was projected according to UTM system, zone 185, with a resolution
of 30 m.

2.6. Gauging Data of Lake Viedma, O’Higgins and Chico

The water levels data from lake Viedma and La Leona river were obtained from the
Argentine National Undersecretariat of Water Resources (https://www.argentina.gob.ar/
obras-publicas/infraestructura-y-politica-hidrica, accessed on 21 December 2021). Lake
Viedma: daily scale reading values from January 2015 to 2021; the limnometric scale in
La Leona river: daily values of scale from 2015 to 2021. La Leona river connects lake
Viedma with Argentino lake. Daily gauge data series collected by the Chilean Water
Cadaster (DGA) at the lakes O'Higgins and Chico were also used (www.dga.cl, accessed on
21 December 2021).

3. Geospatial Data Processing
3.1. Scientific Processing of the GPS Network

Data daily solutions were obtained at GRCS, GBCS, LPAS, and PUMA stations that
were referenced to the International GPS Service 2008 (IGS08) terrestrial reference frame by
scientific processing of GPS data with BERNESE v5.0 software [39]. Accurate ephemerides
and Earth rotation parameters consistent with the reference frame were used, as well
as corrections to the phase center of the antennas. The FES2004 model was applied to
perform the oceanic load corrections. For the tropospheric correction we used the Vienna
Mapping Function with zenithal delay estimation every 2 h [40], and for the ionospheric
corrections we followed Fritsche et al. [41]. Finally, the ambiguity resolution strategy was
QIF (quasi-ionosphere-free).

The daily GPS time series allowed linear displacement trends to be estimated for each
site after outlier removal. From these series, repeatability analysis of each component of
the continuous station coordinates sites were performed to estimate the uncertainty in
positioning and velocities. Uncertainty of 10 mm in the antenna position for the three
components was added for the episodic stations since the antenna was mounted in each
campaign. The total uncertainty obtained for each site was propagated according to the
time interval between the first and last observation at each site. In particular, for the vertical
component (Up) an uncertainty of 2 mm a~! was added in agreement with Bevis and
Brown [42].

3.2. Geodetic GPS Data: Linkage to the Reference Frame

In order to obtain precise positions of the geodetic network, the data were linked to
the terrestrial reference frame IGS08 [43], providing consistency with the IGS products,
such as satellite orbits, corrections to antenna phase centers, Earth orientation and rotation
parameters, etc. Eight continuous GPS stations of the IGS global network were linked to
the proposed geodetic network used in this study. These stations generate the regional
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network and are BRAZ, FALK, LPGS, OHI2, PLAM, PARC and UNSA (IGS Stations),
and CHLT (IGN-Ar Station) (Figure 1). Data from these stations were downloaded in
RINEX format from the Scripps Orbit and Permanent Array Center (SOPAC) repository
(http:/ /garner.ucsd.edu/, accessed on 21 December 2021), except for the CHLT station,
which belongs to the Argentine National Geographic Institute (IGN-Ar). Table 3 shows the
stations used, as well as their location, geodetic coordinates, tectonic plate where they are
located, and the agency to which they belong.

Table 3. Regional GPS network. GPS continuous stations involved in the processing. The CHLT and
VOGH stations were used for the seasonality analysis.

Height

Station City—Country (m a.5.1) Plate Agency
BRAZ Brasilia, Brazil 1106 Sout(}s‘gg“l\j’[r)ica“ 1GS
UNSA Salta, Argentine 1257 S"ut(gggnl\ir)ican 1GS
FALK Islas Malvinas 50 Som(g gg“l\f[r)ica“ 1GS
e ety S
o Qhmmo e
e T S
PARC Puntél }ﬁlreenas, » Sou’zksl ggnl\%ican 1GS

CHLT S;‘;‘gtzrifr‘:: 485 Sout(}S‘ gg“l\j’[r)ican IGN-Ar
VOGH * Chile 301 Soutggg“&r)ican 1GS

* Note that the VOGH station was only used by validation of seasonality gauge.

3.3. GPS Time Series Tendency and Seasonality Analysis

GPS data series derived from the positions of continuous GPS stations allow the
determination of variations over time by extracting the seasonality of the signals [44]. In
addition, seasonal variations can be manifested as annual and semi-annual oscillations [45].
We use the Empirical Mode Decomposition (EMD) method for seasonality analysis, which
decomposes the signal in the time domain. The way it decomposes ensures integrity,
where the original signal can be represented as the sum of the new basis functions found.
The process is useful for the analysis of natural signals because it is an adaptive method,
where the definition of the basis is derived from the data without imposing linearity or
stationarity conditions [46]. This method assumes that, for each measurement instant, the
time series can have several simple oscillatory modes of different frequencies superimposed
on each other. Each of these components is called an intrinsic mode function (IMF) and
must achieve the following requirements: (a) throughout the data set, the number of
extremes and the number of zeros must be equal or differ by at most one; (b) for each data
value, the mean value of the envelope defined using the local maxima and local minima is
close to zero.

Unlike other non-parametric methods, this method does not require a zero reference in
the original signal. During the screening process, the trend of the original data is obtained
as an IME. The number of functions depends on the original data series and the parameters
for the envelope calculation. The obtained IMFs can then be grouped (summarized) as
representing the same physical phenomenon.
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3.3.1. Robust Time-Series Data: Outlier Removal and Interpolation

Before calculating the IMFs, it is essential to prepare the signals by eliminating outliers
and interpolating gaps. The interpolation for missing data is an essential step before
processing GNSS time series with other advanced methods [47], as missing data may occur
for various reasons [48], e.g., due to weather contingencies among other causes, and could
affect the accuracy of the trend analysis. To achieve a robust data series, we decided to
combine the signals from the GRCS and GBCS stations. As both stations are less than 50 km
apart and above the same icefield, we can assume that the sites have a similar crustal uplift
response. The study period considers 2154 days in total, with the GBCS series covering
42% and the GRCS series covering 17% of this period of time. In a first step, the time series
of both stations were taken to the same altitudinal scale through a least-squares adjustment
method since they had an offset of approximately 200 m. From now on, we will call the
new signal GBGR-CS.

For the analysis of the trend and seasonality of the GBGR-CS station, we annexed two
continuous stations belonging to the IGS network, CHLT and VOGH. We removed outliers
with the three-sigma criterion. Subsequently, an interpolator was used to fill in missing data
in each series. Next, the average year without a trend was calculated. This was achieved
by comparing and calculating the daily average for each site. The new incorporated data
do not come from a simple linear interpolation of the previous and subsequent points.
However, they are calculated from the average year and the trend of the site for that time.

3.3.2. Sifting Process

The algorithm allows for finding the IMFs from a time series of data, which we will
call x () [49]. First, we searched for local extrema and classified them into relative maxima
or minima. Second, two time series were assembled, one with each of them. To form the
upper envelope emax (t), the maxima are connected with a cubic spline., and the minima
are connected to form the lower ey, (t). Next, the mean m; 1 is calculated between the two
envelopes. Finally, the first proto-mode (h) is computed by subtracting the mean from the
original series as Equation (1) shows:

hip = x(t) —my 1)

The procedure is repeated k times starting from Equation (1) until the following
equation is obtained:

a hij = x(t) —m 2)

The purpose of Equation (2) is to eliminate background signals on which the IMF is
built, and then bring it closer to the requirements of its definition. The first IMF component
is taken as Equation (3), which should contain the short period variations of the original

signal x(t).
8 ® ci =hj 3)

Finally, the residual is calculated as the difference between the input signal and the
found IMF (Equation (4)). This residual is treated as the new input data set and the
procedure is repeated until a cut-off criterion is satisfied [50]. Note that the criteria for
stopping the iterative process are satisfied when the cut-off parameter is below a set value.

ri=x(t) —¢ (4)

The input data can be thought of as the sum of 7 intrinsic mode functions plus a

residual (Equation (5)): N

x() = Yooy i) + (D). (5)
3.3.3. Seasonality Components

From the IMFs, a frequency analysis of the seasonal components was performed
through the Fourier transform. Moreover, in order to assess the link between the altimetric
GPS signal and the water level of the lakes, we calculated the correlation coefficients
between the IMFs obtained and the gauge data of lakes Argentino, Viedma, and O’Higgins
and the La Leona River.
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3.4. ICESat Profile Processing

Data filtering was performed in three steps: (1) spatial filtering of profiles with data
collected on Upsala, Viedma glaciers, and in the north region of SPI (near GRCS and
GBCS stations). The glacier basin outlines were obtained from the 2000 Randolph Glacier
Inventory (RGI v6.0) provided by GLIMS (https:/ /www.glims.org/RGI/rgi60_dlLhtml,
accessed on 4 July 2021); (2) in the case of ICESat-1, the parameters used to filter the data
were those used by Vacaflor et al. [13]; ICESAT-2 data were used as long as their elevations
had the condition atl06_quality_summary = 0, indicating that no elevation quality problems
were identified [36]; (3) only elevations with ICESat values differing by less than 50 m from
SRTM were accepted since even after applying step (2), anomalous elevations with positive
differences against SRTM were observed. The SRTM elevation model was co-registered to
ICESat-1 elevation profiles using the methodology and parameter calculations described
by Vacaflor et al. [13] to estimate elevation changes.

For a better estimation of elevation changes, two filters were performed: first, it is well
known that the error in high mountainous areas increases with a slope >25° [51]; hence, all
points with values equal or higher than this threshold were filtered out. Second, to obtain
the seasonality elevation change, we separated the results according to the ablation and
accumulation area defined, respectively, by the ELA of the main glaciers [29]. We estimated
the relative errors by comparing the differencing result of the SRTM and elevation profiles
over stable terrain (off-glacier zones) using the median and the normalized median absolute
deviation (NMAD) [52]. Note that the median as the central measurement, and NMAD as
the dispersion measurement are robust statistical indicators [53]. The relative random error
(oan,,,,) of the median difference for each profile (Ah (m)) was calculated using the NMAD
of Ah, Equation (6), in off-glacier zones for all the dates:

NMAD
UAhrand = 7 (6)

where 1 is the number of observations.

4. Results
4.1. Velocities and Tendency of the Data Series

The estimated velocities for the GPS network sites along with their uncertainties for a
3- and 5-year observation period are shown in Table 4. The study period was 2154 days
with some interruptions; through the temporal resolution given by the continuous data
from the stations, it was possible to estimate the displacement for the sites in the three
components (North, East, and Up) (Figure 2). The highest value in Up was at the GBCS
station located on the periphery of the SPI, reaching a velocity of 37.16 +2.10 mm a~!;
then, in the north area of SPI, the uplift rates found were high. On the other hand,
the lowest value recorded was for the PUMA episodic station with an Up velocity of
20.30 mm + 5.03 mm a~! in the southern region of the network (Figure 3a). The results
of the data series in the three components N, E, and Up of the GBCS and GRCS stations
are shown in Figure 2, the trend of which in the Up component is positive, which would
indicate crustal uplift at all the sites.

Table 4. GPS continuous and episodic station network velocities.

Site Vel N oN Vel E oE Vel Up oUp
(mm a—1) (mm a—1) (mm a—1) (mm a—1) (mm a~1) (mm a—1)

GBCS 7.87 0.50 3.33 2.11 37.16 2.10

GRCS 10.20 0.63 3.15 1.12 33.03 2.14

LPAS 8.70 1.09 12.30 1.23 34.00 5.03

PUMA 5.40 1.09 11.30 1.23 20.30 5.03
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Figure 2. Estimated speed from GPS stations GRCS and GBCS.

The estimated horizontal components have a mean velocity of 11.7 mm a~! with an
azimuth in the northeast direction with respect to the IGS08 frame. The continuous stations
GRCS and GBCS have azimuth values of 17° and 22°, respectively, and the episodic stations
LPAS and PUMA, which are located to the south, have a more easterly orientation with
values of 54° and 64°, respectively. This trend in velocities responds to the regional crustal
deformation of Patagonia in the South American plate (SOAM) [54]. It should be noted
that the area of the SPI where the network is located does not belong to the rigid part of the
plate but is affected by a regional-scale deformation [26].
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Figure 3. (a) Velocity vectors of the continuous stations GBCS and GRCS, as well as the episodic
stations PUMA and LPAS. (b) Altimetric profile of the GBCS, GRCS, and we added CHLT and UNPA
located in the Patagonian plateau. (c) Up time series of the four stations denoting the slope of each of
the GPS series.

A topographic profile was performed between the stations located in the SPI (GRCS
and GBCS), and one in the periphery (CHLT) and another more distant (UNPA) in the
Patagonian plateau, the latter belonging to RAMSAC (Red Argentina de Monitoreo Satelital
Continuo) [55]. This profile was derived from the Shutter Radar Topography Mission
(SRTM) digital model. Figure 3b shows the profile plotted between the four stations, which
denote an altitudinal delta of approximately 1600 m. Comparing the trends, we observe
that at those stations located at high altitude within SPI and CHLT, the slope has a marked
positive upward trend (Figure 3c). Note that GBCS has a slope value of 38 mm a~!, GRCS
of 35 mm a—!, and CHLT of 25 mm a— L. In contrast, UNPA station near the Atlantic Ocean
has a slightly negative vertical displacement rate with a value of —0.077 mm a~!. These
results are consistent with those expected, indicating a crustal uplift of the SPI region and
its periphery.

4.2. Tendency and Seasonality Analysis

The GBGR-CS combined series improved the amount of data by 17%, covering a
total of 49% of the study period. Figure 4 shows the result for the CHLT, VOGH, and
GBGR-CS time series. In red is shown the original series without outliers, and in blue, the
interpolation points are added to continue with the processing for seasonality estimation.

VOGH CHLT
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Figure 4. Time series GPS data with the application of interpolation to fill out the gaps.

To assess the seasonality of the series, the signals were decomposed through the IMFs.
Figure 5 shows the results of the GBGR-CS, CHLT and VOGH stations’ time-series without
gaps. They were decomposed into three intrinsic mode functions: long period, medium,
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and high frequency. According to these results, we decided to emphasize the long period
component because it showed a positive linear trend, but at the same time it overlaps with
an annual periodic component of 10 mm. These few millimeters of signal amplitude with an
annual or semi-annual period are partially caused by atmospheric and hydrological loads,
the thermal expansion of soil and monumentations, or variations in multiple paths [56].
It should be noted that the high and medium frequency components have not been used
for the seasonality analysis. The combined continuous stations located at the SPI plateau
(GBGR-CS) and VOGH in the periphery, exhibit a similar tendency and period behavior;
however, the CHLT station shows a linear and positive trend with a very slight seasonality.
The estimated slopes for the stations according to a linear fit with a 95% confidence interval
were 36.3 mm a~! for GBGR-CS, 24.8 mm a ! for CHLT, and 21.4 mm a—! for VOGH.
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Figure 5. Results of IMFs for seasonality analysis of GBGR-CS, CHLT, and VOGH stations. Note that

the units on the abscissa axes are meters.

The results of the Fourier transform and amplitude in the IFM’s long period signal
show that in two stations, the frequency is associated with an annual variation (f =1 [1/a])
(See Figure 6). This signal predominates in the magnitude of the spectrum at stations GBGR-
CS and VOGH, which may be linked to the hydrological cycle. Analyzing interannual
frequency, only VOGH shows a frequency at f = 2.0 [1/a] that corresponds to a period of six
months and the other to a period of 4 months. Likewise, an analysis of the yearly variations
shows that the amplitudes of the seasonal signal are 0.0081 m (0.0162 m peak to peak)
for GBGR-CS, and 0.085 m (0.017 m peak to peak) for VOGH. Although the adjustment
for CHLT is poor, the amplitude reached 0.0019 m (0.0038 m peak to peak). As is shown
in Figure 6, the annual signal does not predominate over the interannual signal as in the
other stations.

Lake Variability Correlation with GPS Signal

The maximum and minimum epochs of the gauging data series Chico and O’Higgins
in Chile, and Viedma and La Leona in Argentina are coincident with some delays. The
influence of lake variability on the GPS signal are shown in Table 5 and Figure 7. The
Pearson’s correlation coefficients between the seasonal component of the vertical displace-
ment time series and the level variations in the two lakes exceed 67% in GBGR-CS, while
VOGH yielded at Chico 48% and at O’Higgins 64%, respectively. For the CHLT station, the
correlation of the seasonal component with respect to gauge data does not exceed 22%. The
highest correlation was observed at lake Viedma, and Chico achieved the lowest. The long
period component of the signal in CHLT is dominated by the linear component and, in
the seasonal variation found, the annual signal does not predominate over the interannual
ones, as in the other stations.

4.3. Ice Elevation Changes

Altimetric ice changes obtained from the co-registration of the SRTM model and ICESat
profiles (missions 1-2), indicate that the study area has experienced negative changes, with
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a marked loss of ice (Table 5). The altimetric profiles of ICESat-1 are concentrated in
the high plateau zone between the Upsala and Viedma glaciers. The profiles cover an
altitude range between 545 m and 2473 m a.s.l.,, including Upsala, Viedma, and smaller
tributaries. Ice elevation changes during the first period of study (2000-2004/8) yielded
minimum values of —1.53 + 0.16 m a~! in the accumulation zone, and maximum values of
—5.49 + 0.14 m a ! in the ablation zone.

Seasonal components
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Figure 6. Results of frequency analysis of GBGR-CS, CHLT and VOGH stations. Upper: seasonal
components in the GPS stations” height time series derived from IMFs. Bottom: Fourier transform.

Table 5. Results of the Pearson’s correlation values between the GPS signal from the stations and

water levels.

Lake Gauges GBGR-CS CHLT VOGH
Chico 0.6736 0.0603 0.4858
O’Higgins 0.6269 —0.0796 0.6431
La Leona 0.3797 0.1429 0.6718
Viedma 0.0264 0.2272 0.6365

Nevertheless, the ICESat-2 mission from 2018/2019 included the north of the SPI
where the continuous GPS stations are located. These ICESat-2 profiles are located near the
fronts of the Upsala, Viedma, Chico, and O’Higgings glaciers with altitude ranges between
191 m to 3342 m. According to the obtained results (Table 6), the altimetric changes yielded
~—1ma ! in the accumulation zone. However, the ablation zone reached a median value
of —3.36 & 0.01 m a~'. The results from 2000-2018 are higher than the second period,
but the 2018 data were only collected in November. Moreover, the profiles cover an area
that corresponds to glacier tongues. Likewise, for the year 2019, the data sampling has a
better temporal distribution since it comprises several months of the year with more than
110,000 data samples. The profiles were generally located on the eastern slope of the SPI
between the Upsala glaciers and the Jorge Mont accumulation zone.
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Figure 7. Analysis of the seasonality between the temporal sequences of gauge data and the Up time
series of the GPS stations under study.

Figure 8 shows the altimetric changes that have occurred in four of the main SPI
glaciers, where there is a generalized negative change trend, especially below the ELA. The
decrease in elevation changes at the lowest elevation is related with the frontal retreats of
calving fronts. Note that the parallel patterns shown in the graphs are associated with the
complete disappearance of the glacier terminus, especially at Upsala and Viedma whose
fronts have retreated considerably during the last decade. In addition, we analyzed the
data from the GPS collected on the glacier surface in 2015 and compared them with the
SRTM 2000 model. The results yielded a Al equal to 96 m in 15 years, which is a significant
change. Note that the glacier disappeared in this area in November 2018 due to a massive
calving event.
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Table 6. Results of ice thickness changes (Al ) between the SRTM2000 and ICESat-1 and -2 data
profile analyzed by accumulation and ablation zone.

ICESat A . Time A N
ICESat Date Data Ah Al Annual m) ™€ Elapsed Ak Ah Annual
. (m) Elapsed (ma-1) (ma-1)
Quantity (Years)
Accumulation Zone
SRTM-ICESat-1 (2000-2004/8)
February 2004 36 —623+1.11 40 —156 + 028
May 2004 38 _794+194 —6.61 4 0.69 425 431  —187+046 —153+016
October 2004 31 ~519 + 133 467 ~111+028
February 2005 75 —10.60 + 0.64 5.0 —212+013
October 2005 99 —1047 + 0.45 —1055+048 5.67 533 _1g5+008 1984009
March 2006 92 —15.67 + 1.58 —15.67 + 1.58 6.08 608  —258+026 —258+0.26
March 2007 51 —13.68 + 0.34 7.08 ~1.93 +0.05
October 2007 117 ~13.07 + 0.62 —1313 £ 066 7.67 738 _170+008 < 178+£009
February 2008 51 1757 + 1.07 8.0 —220+0.13
October 2008 68 ~16.19 + 0.88 —16.78 + 0.63 8.67 834 5874010 —201+£008
SRTM-ICESat-2 (2000-2019)
26 November 2018 3771 —24.47 +0.13 —2447 +0.13 18.74 1874  —1314001 —131+001
6 February 2019 671 ~18.09 + 0.31 18.93 —0.96 + 0.02
25 February 2019 2187 ~10.85 + 0.17 18.99 —0.57 +0.01
8 May 2019 23,036 ~19.61 + 0.06 19.18 ~1.02 +0.01
26 May 2019 675 —14.85 + 0.33 19.23 —0.77 + 0.02
7 August 2019 8898 _2261+008 113004 19.43 1931 j16+00m 094E00
25 August 2019 3147 ~31.28 +0.18 19.48 —1.61 +0.01
5 September 2019 7361 —1.80 +0.14 1951 ~0.09 + 0.01
5 December 2019 2872 1532 + 0.24 19.76 —0.78 +0.01
Ablation zone
SRTM-ICESat-1 (2000-2004/8)
February 2004 127 ~10.07 + 0.59 40 2524015
May 2004 131 ~10.90 + 1.05 —1054 + 037 425 431 —256+025 —2.45 4+ 0.08
October 2004 111 —10.42 + 0.70 467 2234015
February 2005 47 2226 + 0.80 5.0 —445+0.16
October 2005 72 —17.25 + 053 —1814£0.58 5.67 533 3044009 —339+01
March 2006 0 3094 + 2.68 ~30.94 + 2.68 6.08 608  —500+044 —509+0.44
March 2007 44 —2721 4037 7.08 —384 +0.05
October 2007 27 —43.54 + 1.30 —4049 &+ 1.01 7.67 738 _5egt01y 49+ 014
February 2008 30 ~39.08 + 1.04 8.0 —408 +0.17
October 2008 48 ~16.19 + 0.8 —3375+£078 8.67 834 4514012 05009
October 2009 38 3361+ 1.73 —3361 + 1.73 9.67 —348+018 —4.03+0.18
SRTM-ICESat-2 (2000—2019)
26 November 2018 10,901 —76.27 +0.07 —7627 + 0.07 18.74 1874  —407+001 —4.07 +001
6 February 2019 1841 —46.96 + 0.19 18.93 —248+0.01
25 February 2019 3359 —57.86 + 0.14 18.99 —3.05 + 0.01
8 May 2019 11,842 —50.51 + 0.06 19.18 —2.63 +0.01
26 May 2019 6859 —93.08 + 0.10 19.23 —484 +0.02
7 August 2019 10,754 —7433 + 0.07 19.43 —3.83+0.01
25 August 2019 7824 —e221+011 0497004 19.48 1931 319+0m —330£001
5 September 2019 8549 —53.83 +0.13 19.51 —2.76 £ 0.01
23 September 2019 256 —120.07 + 0.42 19.56 —6.14 + 0.02
6 November 2019 897 —118.63 + 0.24 19.73 —6.01 + 001
24 November 2019 5833 4422 +0.17 19.76 —224 4001
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Figure 8. Elevation changes for O Higgins, Chico, Viedma, and Upsala glaciers in the 2000-2019 period.

5. Discussion

The continuous SPI ice losses since the middle of the 20th century have accelerated
during the 21st century, particularly with high frontal ablation experienced by freshwater
calving glaciers. Although glacial retreat of the SPIis heterogeneous, the main contributor to
the total mass losses is calving. Calving glaciers represent 91% of Patagonian Icefields [14].
The spatial pattern of the SPI ice elevation change is complex and non-uniform comparing
different basins [11]. Studies by Gomez et al. [57] using geodetic data suggest that the El
Nifio-Southern Oscillation (ENSO) 20152016 had a major impact on SPI ice mass changes
that has continued through 2018. In this sense, the results we have achieved in the period
2000-2019, both in the plateau (accumulation) and in the frontal ablation zone of the SPI
eastern slope, are coincident with those reported by Minowa et al. [14].

From the analysis of ICESat-1, we estimated a maximum Ah rate of —2.58 + 0.26 m a™
for the period 2000-2006 for the high plateau of the Upsala glacier. However, the highest
thinning rate was found at the ablation zone of the Upsala glacier, yielding
—5.49 + 0.14 m a~! in the 2000-2007 period. By using ICESat-2, the value reached
—3.36 + 0.01 m a~! for the 20002019 period. Despite the difference in time intervals,
our results are similar to those reported by Malz et al. [58], Jaber et al. [11], and Minowa
et al. [14], showing that a significant retreat and mass losses have taken place in the SPI
glaciers during the last decade. On the other hand, our results are higher than those esti-
mated by Vacaflor et al. [13] who estimated the geodetic mass balance of the Santa Cruz
River basin 1979-2018 period, where the Upsala and Viedma glaciers reached maximum
rates of —2.16 £ 0.11ma~! and —1.59 + 0.11 m a~!, respectively. The discrepancy could be

1
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attributed firstly to the longer time span and, secondly, because they used optical sensors
(Hexagon KH-9 and ASTER) for the estimation of elevation changes.

The four most important glaciers on the eastern and northern side of the SPI (O’Higgins,
Chico, Viedma, and Upsala) are shrinking rapidly. Our results show negative exposed
trends are intensified in areas below the ELA (1300 m a.s.l.), and the ice elevation has
changed by more than 100 m in almost two decades (Figure 8). During the period 2000-
2015/16, these four glaciers have recorded thinning rates of up to 2 ma~! in the accumu-
lation zones, while in the tongues, the Chico reaches up to —6 m a~! and Viedma up to
—4m a1 [58]. Jaber et al. [11], found a high surface elevation loss rate in the ablation areas
(lower terminus) of the Upsala and Viedma glaciers in the summer of 2011/2012. Instead,
the Viedma glacier has suffered an alarming retreat since 2015, with mean velocities at its
terminus of 3.5 m d ! between April 2014 and April 2016 [59]. In the last seven years, it
has lost an area of 2.5 km? in the frontal zone, equivalent to what it had previously lost in
50 years.

Consequently, the acceleration in ice loss would produce an unequivocal acceleration
in the elastic response of the Earth. The volumetric decrease in SPI ice masses in the last
150 years could be linked to the Earth’s crustal uplift [24]. Geodetic studies to detect the
crustal deformation have been carried out in the SPI region. Dietrich et al. [25] found
that in the area near the SPI plateau, the uplift displacement was 39 mm a~! during the
period 2003-2006. Considering a longer time (1999-2014), Lange et al. [19] and Richter
et al. [26] observed crustal uplift in the Nunatak Viedma and Cerro Gorra Blanca of 31 and
41 mm a~ !, respectively. It should be noted that the Model B of vertical crustal motion
prediction proposed by Lange et al. [19] matches with the results found in our study. In
consequence, the collected GPS data over the SPI accumulation zone, the first of its type, rep-
resent a novel approach to improving future viscoelastic glacial isostatic adjustment models
in the region.

Our GPS stations are placed in a particular geological zone, affected by the subduc-
tion of the spreading-ridge system composed of the Nazca and Antarctic plates, from
the Miocene to the present, which led to the formation of an asthenospheric window
(Figure 1) [60,61], contemporary with the onset of the Patagonian glaciations [62]. This gap
in the asthenosphere generated thermal and chemical anomalies and consequent changes
in the lithosphere-asthenosphere boundary below Patagonia [63], as well as a thinning
of the lithosphere [19,64]. Above this slab window, the viscoelastic response of the solid
Earth to ice mass changes is fast [19]. This could be one of the causes of fast crustal uplift,
as shown by our results. Hence, this slab window provides key evidence supporting the
previously hypothesized connection between post-Little Ice Age anthropogenic ice mass
loss and rapid geodetically observed glacial isostatic uplift [65].

The region is in a particular tectonic context since there is a point where three tectonic
plates (South American, Nazca, and Antarctic) coexist at the north of the SPI (The triple
junction point at Peninsula Taitao, see Figure 1). This interaction generated a window in the
lithosphere through which the asthenosphere could flow and combine with surface layers,
having geomechanical and geodynamic consequences such as regional deformation and
a higher uplift rate than in other regions, e.g., Antarctica or Greenland [25,61,66,67]. The
horizontal displacements obtained in our study show a trend in a northeasterly direction
with a rate of 14 mm a~!. This indicates a regional-scale deformation, indicating that the
SPI area can be considered as a non-South American craton sector that is the stable rigid
part of the South American plate [26].

Lake Seasonal Variability in GPS Time-Series

Lake-level variations may help us to understand the interactions between glaciers,
lakes, and solid earth in an environment affected by ongoing climate change, rapid ice mass
losses, and intense GIA [68]. Until present, there has been a lack of studies in Patagonia
related to crustal deformation by the Up-GPS signal and lake seasonality interactions.
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Pereira et al. [69] obtained a weak correlation for some stations in the Patagonian lakes
with GRACE (2002-2017 period).

The hydrological system surrounding the GPS stations is comprised of glacial lakes
of the region, some of them the largest in Patagonia. However, the area is indeed under
the influence of a complex hydrological system that refers to various sources of water,
including glaciers, snow, canopy water, surface water (lakes, rivers, and reservoirs), soil
moisture, and groundwater. In addition, the natural processes that we are investigating
are dominated by an annual period, even the GPS signal. Distinguishing those signals in
geodetic measurements is critical for monitoring spatiotemporal variations in continental
water storage and tectonic signals [70]. GPS records are related to the integration of all
tectonic and non-tectonic sources, including the mass loading from the atmosphere, ocean,
snow, soil moisture, and groundwater [71]. Therefore, isolating the seasonal signals that
demonstrate the interactions between solid Earth and the hydrological cycle remains a
difficult task, especially in Patagonia [72].

Missing data and gross errors always exist in GPS time series due to inevitable factors
of the environment and human activities, such as the replacement of the receiver antenna,
bad observation conditions, signal interruptions between the satellite and receiver, among
others [47]. These interruptions increase signal instability; moreover, GPS velocity solutions
tend to be unstable until a 2-year data span is exceeded [73]. In spite of the interruptions,
our two continuous GPS stations continuously recorded crustal deformations for more than
two years providing novel insights into the complex natural factors’ interplay taking place
in the region. The possible signal instabilities and errors due to the harsh environment
conditions affecting GPS receivers and antennas were overcome by the signal combination
and data gap filling applied method. The results of the seasonality analysis derived from
gauge data and long period signals (IMFs) show dissimilar correlation values between
those GPS signals, where the mean correlations for GBGR-CS, CHLT, and VOGH are 0.43,
0.09, and 0.61, respectively. However, thanks to this approach, the results are consistent
with theory and aligned with previous studies [71]. In summary, our results deserve further
analysis by combining more field data with models that can address the complexities in the
interconnected hydrological-glaciological-tectonic Patagonian natural system.

6. Conclusions

In this paper, we presented the first continuous GPS data obtained at two stations
drilled into rock outcrops within the Southern Patagonian Icefield. These stations operated
between 2015 and 2020 yielding a vertical uplift of 36.55 & 2.58 mm a1, the highest rate
of crustal deformation continuously recorded in Patagonia. This crustal deformation is
a response to glacial ice adjustment that has taken place in the region due to strong and
fast ice wastage as was detected in this work by the comparison of ICESat-2 and SRTM
data in the ablation area between 2000 and 2019, resulting in a median annual ice thinning
of —3.36 + 0.01 m a~! in the ablation zone, and —0.94 + 0.01 m a~! in the accumulation
zone. The main results of this study are similar in magnitude, trend, and signs compared
to previously reported uplift rates mainly obtained by episodic surveys carried out in
the region. The results of lake seasonal components with respect to GPS stations showed
annual variations that may be linked to the hydrological cycle of the region, resulting in
correlation coefficients exceeding 62% between GBGR-CS and O’Higgins/Chico lake. The
correlations were smaller when comparing combined GPS data with lake Viedma data.
This study illustrates the magnitude of the glacier changes taking place in Patagonia using
geomatics techniques, and deserves further studies for a more detailed understanding of
the complex interplay between climate change, glacier dynamics, the hydrological cycle,
and crustal deformation.
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