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Southern Andean glaciers contribute substantially to global sea-level rise.
Unfortunately, mass balance estimates prior to 2000 are limited, hindering our
understanding of the evolution of glacier mass changes over time. Elevation
changes over 1976/1979 to 2000 derived from historical KH-9 Hexagon imagery
and NASADEM provide the basis for geodetic mass balance estimates for subsets of
the Northern Patagonian Icefield (NPI) and the Southern Patagonian Icefield (SPI),
extending current mass balance observations by ~20 years. Geodetic mass balances
were —0.63 + 0.03 mw.e. yr~' for 63% of the NPl and —~0.33 + 0.05 mw.e. yr~' for 52%
of the SPI glacierized areas for this historical period. We also extend previous estimates
temporally by 25% using NASADEM and ASTER elevation trends for the period 2000 to
2020, and find geodetic mass balances of —0.86 + 0.03 mw.e. yr~' for 100% of the NP
and -1.23 + 0.04m w.e.yr ' for 97% of the SPI glacierized areas. 2000-2020
aggregations for the same areas represented in the 1976/1979 to 2000 estimates
are —-0.78 + 0.03m w.e. yr~ "' in the NPl and —-0.80 + 0.04 m w.e. yr~' on the SPI. The
significant difference in SPI geodetic mass balance in the modern period for 100% vs.
52% of the glacierized area suggests subsampling leads to significant biases in regional
mass balance estimates. When we compare the same areas in each time period, the
results highlight an acceleration of ice loss by a factor of 1.2 on the NPl and 2.4 on the
SPI in the 21st century as compared to the 1976/1979 to 2000 period. While lake-
terminating glaciers show the most significant increase in mass loss rate from 1976/
1979-2000 to 20002020, mass balance trends are highly variable within glaciers of all
terminus environments, which suggests that individual glacier sensitivity to climate
change is dependent on a multitude of morphological and climatological factors.

Keywords: glaciers, geodetic mass balance, KH-9 Hexagon, cryosphere, sea-level rise (SLR)

1 INTRODUCTION

In this study, we concentrate on the Northern and Southern Patagonian Icefields (NPI and SPI) and
surrounding mountain glaciers (Figure 1). The NPI and SPI of South America are the largest ice
masses on the continent and in the Southern Hemisphere outside of Antarctica (Schaefer et al., 2015).
Glaciers of the Southern Andes, a region dominated by Patagonian Icefields, are the second-largest
mountain-glacier contributors to sea-level rise after Alaskan glaciers; however, uncertainties
surrounding their mass budgets remain large (Hock et al.,, 2019). In addition, the NPI and SPI
host several intriguing characteristics and phenomena of interest to the scientific community, which
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FIGURE 1 | Study area. Red boxes indicate the Northern Patagonian
Icefield (NPI) and the Southern Patagonian Icefield (SPI).

previous studies highlight well: many glaciers interact with lakes
and fjords at their termini; the San Rafael Glacier in the NPI is the
closest marine-terminating glacier to the equator on Earth (Willis
et al,, 2012a); HPS-12, a small tidewater glacier of the SPI, has
alarmingly high thinning rates (-44 myr "' in the 21st century
(Dussaillant et al., 2019); Pio XI, a large tidewater glacier on the
SPI, has anomalously positive mass balance (Rivera et al., 1997;
Wilson et al., 2016); glaciers also span from sea level to several
thousand meters above sea level (Dussaillant et al., 2019). These
myriad factors contribute to the NPI and SPI being ideal targets
for assessing spatial and temporal variability in glacier mass
changes over time.

Observations and model-based studies highlight important
changes in the ice fields over the past 40 years. For example,
Glasser et al. (2016) found that eastern NPI glaciers experienced a
high increase in debris-covered area from 1987-2015. Changes in
debris cover often indicate shifts in glacier mass balance and ice
flux dynamics. Koppes et al. (2011) used various climatological
data in addition to observations of thickness and positional
changes over 1950-2005 to quantify fluctuations in the mass
balance of San Rafael Glacier. The results show that marine-
terminating glaciers are influenced by both morphological and
climatological drivers of mass change. Observations over a larger
number of marine-terminating glaciers and over longer periods
could provide critical information on these complex
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relationships. Minowa et al. (2021) focus on filling in some of
these gaps by estimating frontal ablation from a combination of
observations and models for the two icefields. They found that the
frontal ablation for lake- and marine-terminating glaciers was
-24.1 + 1.7Gtyr" for the two icefields over 2000-2019,
accounting for nearly one half of the total ablation in the SPI,
but only 20% of the ablation in the NPI These results again
highlight the importance of mass loss processes of glaciers of
differing terminus conditions. Modeling studies also illustrate the
spatial heterogeneity in surface mass balance across the ice fields.
For example, Schaefer et al. (2013) model surface mass balance
for the NPI from 1970-2080. They find increasing accumulation
later in the historical period, but an increase in ablation by 2050.
Schaefer et al. (2015) model the surface mass balance for the SPI
from 1975-2011 and find positive mass balance over the SPIL.
Bravo et al. (2019) also modeled surface mass balance, as well as
equilibrium-line altitudes, and compared results over 1976-2050
for the icefields under different climate scenarios. The model
results show significant differences in mass balance between the
two ice fields, with the NPI showing a negative mass balance and,
similar to the Schaefer et al. (2015) study, a positive mass balance
over the SPI in response to climate forcing. Together, these results
all point to the significant changes in glaciers occurring across the
icefields. Spatially complete data is critical to better identifying the
magnitude and variance in these changes.

Geodetic mass balance observations are often used to help fill
spatial gaps in mass balance data, and provide opportunities to
assess model results and statistical evaluations of spatial patterns
in glacier mass changes. Many recent studies (Willis et al., 2012a;
Willis et al., 2012b; Dussaillant et al., 2018; Malz et al., 2018;
Abdel Jaber et al., 2019; Braun et al., 2019; Dussaillant et al., 2019;
Ciraci et al,, 2020; Hugonnet et al., 2021) have quantified geodetic
mass balance for the Patagonia region for the 21st century and
explored the spatial heterogeneity across the icefields. The global
studies (Ciraci et al., 2020; Hugonnet et al., 2021) found the
Southern Andes to have the highest rate of mass loss after the
Canadian Arctic, Alaska, and High-Mountain Asia. These
observations generally show regional mass losses, including for
land-terminating glaciers over both the NPI and SPI regions,
which contrasts with some modeling studies showing increasing
surface mass balance over the SPI (e.g., Schaefer et al., 2015; Bravo
et al.,, 2019). However, since these studies are limited to the past
20 years, it is difficult to attribute the negative geodetic mass
balance to changes in climate occurring at longer timescales or
assess how persistent these mass loss trends are regionally and for
differing glacier types.

Historical imagery and photogrammetric techniques have
been utilized by many recent studies to extend the record of
glacier geodetic mass balance before 2000 (Pieczonka et al., 2013;
Holzer et al., 2015; Pellicciotti et al., 2015; Pieczonka and Bolch,
2015; Maurer et al., 2016; Lamsal et al., 2017; Zhou et al., 2018;
Belart et al., 2019; King et al., 2019; Maurer et al., 2019; Dehecq
etal., 2020; King et al., 2020; Bhattacharya et al., 2021). One study
has generated historical photogrammetric DEMs over three
Patagonian glaciers from archived imagery (Falaschi et al,
2019). The authors found negative geodetic mass balance since
1958 for these three glaciers in the Monte San Lorenzo region,
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FIGURE 2 | (A) Hexagon DEM footprints; (B) Hexagon DEM generated for the NPI (1976); (C) Hexagon DEM generated for the SPI (1976/1979). Polygons
represent the historical extents of glaciers, and white areas are no data.
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TABLE 1 | Entity IDs of downloaded hexagon imagery.

Region Hexagon entity ID Acquisition date
NPI DZB1212-500105L005001 1976-07-29
NPI DzB1212-500105L006001 1976-07-29
SPI DZB1212-500105L007001 1976-07-29
SPI DZB1212-500105L008001 1976-07-29
SPI DZB1215-500030L001001 1979-03-20
SPI DZB1215-500030L002001 1979-03-20
SPI DZB1215-500030L003001 1979-03-20

near the icefields. This study covers a small spatial extent but
provides regional context for the historical geodetic mass balance
of the icefields. The authors found that while the mass balance of
these glaciers has remained negative, one has become less
negative since 1958, one has become consistently more
negative, and one has alternated between relative rates of mass
loss. Another study quantified 1968/1975-2000 volume change
for 63 of the largest glaciers in the icefields using differences in
historical cartography and SRTM and found that they
contributed 0.042 + 0.002 mm yr~" to sea-level rise during this
period (Rignot et al., 2003). This study highlights the importance
of quantifying ice loss before 2000; however, it lacks geodetic
mass balance measurements for individual glaciers and has large
uncertainties in elevation estimates (Falaschi et al., 2019).

We focus on reconstructing a longer and spatially distinct
record of mass balance observations to further assess spatial and
temporal variability in mass balance trends on timescales more
relevant to climate trends and glacier dynamics. Herein, we
build on previous work by calculating the geodetic mass balance
of 275 Patagonian glaciers for 1976/1979-2000 utilizing
historical DEMs generated with the Hexagon Imagery
Automated Imagery Pipeline (HEXIMAP) (Maurer and
Rupper, 2015). This extends the use of HEXIMAP, originally
developed for Himalayan mountain glaciers, to large ice-
covered areas. We analyze only glaciers with an area of
3km® or greater, as glaciers smaller than this do not
typically have enough data coverage for successful geodetic
mass balance calculation (Maurer et al., 2019). In addition,
we calculate the geodetic mass balance for 2000-2020 to extend
previous estimates to the present and to validate the
methodology used for the historical time period.

2 MATERIALS AND METHODS

2.1 Data Acquisition and Image Processing
Declassified KH-9 Hexagon imagery is utilized for historical
DEM generation since global DEMs are not readily available
before 2000 (U.S. Geological Survey, 2002). KH-9, or Keyhole
Hexagon imagery, was part of a military intelligence satellite
mission in operation from 1971-1980 (U.S. Geological Survey,
2008). The United States government declassified these images in
2002 without their corresponding metadata, and therefore the
raw images are not georeferenced. Hexagon DEMs are extracted,
georeferenced, and co-registered to a reference Copernicus DEM
(CopDEM) using HEXIMAP (Maurer and Rupper, 2015).

Mass Changes of Patagonian Icefields

This historical DEM extraction method is described in detail
in Maurer and Rupper (2015) and updated in Maurer et al.
(2019).  Briefly here, HEXIMAP utilizes traditional
photogrammetry and structure-from-motion (SfM), removing
the need for the manual selection of ground control points. It
utilizes the OpenCV library FLANN (Fast Library for
Approximate Nearest Neighbors) for stereo rectification and
the SGBM (semi-global block-matching) algorithm for
disparity map generation. We download raw Hexagon imagery
from USGS Earth Explorer at approximately 6-9 m spatial
resolution (Figure 2A; Table 1) and the CopDEM from ESA’s
Planetary Data Access tool (PANDA) at 30m resolution
(European Space Agency, 2020). The HEXIMAP pipeline
resamples the Hexagon DEM to the CopDEM resolution with
linear interpolation to allow for elevation change analysis at the
pixel scale. The final extracted Hexagon DEMs are in
Figures 2B,C.

We utilize Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) DEMs, launched on NASA’s
Terra satellite in 1999, for the modern DEMs (NASA JPL, 2004;
NASA, METI, AIST, 2019). We download all ASTER DEMs
(datal.3a.demzs product) with acquisition dates 2000-2020 via
METI AIST Data Archive System (MADAS) at 30 m spatial
resolution. Maurer et al. (2019) provide detailed methods for
processing the ASTER DEMs. To summarize here, ASTER DEMs
are cleaned and co-registered to the CopDEM which includes the
removal of pixels saturated in ASTER’s nadir band 3
(0.76-0.86 um). The NASADEM is also used in the 2000-2020
elevation trend and is the modern (year 2000) timestamp for
differencing with the Hexagon DEM. We download the
NASADEM from NASA EarthData at 30 m resolution (NASA
JPL, 2020). To co-register the NASADEM to the Copernicus
DEM, we utilize an automated software that is based on the
algorithm by Nuth and Kéddb (2011) and Shean et al. (2016).

During co-registration to the CopDEM, a maximum elevation
outlier threshold (E,) is specified since outliers may still be present
in the Hexagon, NASADEM, and ASTER DEMs, in part due to
clouds (Eq. 1). We determined the elevation outlier threshold
according to the estimated maximum elevation change (AE)
expected over the glaciers (15myr ' for the NPI and
?,Omyr_1 for the SPI) (Dussaillant et al., 2018; Dussaillant
et al., 2019) and the time difference between the specific DEM
or DEM set and the CopDEM (At). As the CopDEM has a
temporal range of 2010-2015, the maximum difference in
temporal acquisition time is 15years for the ASTER and
NASADEM, and 39years for the Hexagon DEM. For one
glacier in the SPI, HPS-12, thinning rates of 44 myr ' have
been observed in the 21st century (Dussaillant et al., 2019);
therefore, ASTER and NASADEM DEMs were co-registered to
the CopDEM again according to this maximum expected
elevation change. These DEMs were used in the elevation
trend acquisition and geodetic mass balance estimate for
2000-2020 for HPS-12. We conservatively add an additional
5m to this maximum elevation outlier threshold to account
for the maximum expected CopDEM X-band penetration into
snow/firn. Maximum penetration depth (8,,) of X-band (10 GHz)
into firn was measured as 4.7 m by Davis and Poznyak (1993) in
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TABLE 2 | Geodetic mass balance sensitivity to maximum standard deviation allowed in 2000-2020 elevation trend. For HPS-12, DEMs were co-registered to the CopDEM

using higher elevation outlier threshold than other glaciers (see Section 2.1).

Geodetic mass balance (m w.e. yr') with varying standard deviation

Percent data coverage

Glacier
50 m 100 m

HPN-1 (RGI60-17.15899) -1.76 + 0.18 -1.87 £ 0.19
Acodado (RGIB0-17.15898) -0.95 + 0.10 -0.88 + 0.10
Steffen (RGI60-17.15897) -1.44 + 0.15 -1.38+0.14
Fiero (RGI60-17.1583) -0.90 = 0.11 -0.76 + 0.13
Upsala (RGI60-17.00172) -2.91 + 0.29 -3.14 + 0.31
Jorge Montt (RGI60-17.06074) -2.33+0.24 —
HPS-12 (RGIBO-17.5031) -1.11 +0.15 —

Antarctica, where drier and colder conditions likely lead to higher
penetration than we would see in Patagonia (Gardelle et al,
2012). NASADEM C-band penetration into snow/firn has been
found negligible in the Patagonian Icefields (Dussaillant et al,
2018), however, we incorporate a conservative error term in the
elevation change uncertainty, which is discussed in the
Supplementary Material.

E, = (AE*At) + &p (1)

2.2 Elevation Change Maps

Subtracting the Hexagon DEM from the NASADEM provides
an elevation difference over the glaciers in the historical time
period. For the 2000-2020 time period, multitemporal ASTER
DEM stacks, plus the NASADEM for the year 2000, provide an
average elevation trend for the 20 years over each glacier. We
use the Random Sample Consensus (RANSAC) trend fitting
algorithm to determine the average elevation trend at the pixel-
scale (Martinez-Camara et al., 2014; Maurer et al., 2019).
RANSAC randomly selects two DEMs within the ASTER
stack and fits a trend to the elevation, repeating for 250
iterations. The elevation trend with the least outliers and a
standard deviation of less than 50 m was selected for each pixel.
In the case where no trend with less than 50 m standard
deviation was found for a given pixel, no elevation trend was
calculated. We allowed a higher maximum standard deviation
between 100 and 200 m for select glaciers due to calving fronts
causing nonlinear behavior on their termini (Table 2;
Supplementary Figure S2).

In the SPI, many DEMs contained few valid pixels, typically
due to persistent cloud cover. A filtering step selects only ASTER
DEMs containing at least 10% valid pixels to increase the chances
for RANSAC to select DEMs with valid pixels. For data coverage,
see Supplementary Figure S3. To fill data gaps, elevation trend/
change data is grouped into 50-m elevation bins. Bins with at least
100 pixels within a 2-98% quantile range are used to linearly
interpolate gaps within glacier polygons (see the Supplementary
Material for information on the error term associated with
interpolating data gaps). If the highest and lowest elevation
bins did not have at least 100 pixels, zero change was
assumed. A 5 x 5-pixel median filter smooths the final
elevation trend results and removes unrealistic slopes greater
than 45" (Maurer et al., 2019).

improvement (%)

150 m 200 m
- - 4
- - 1
- - 0
- - 1
- - 4

-3.94 = 0.39 - 23
- -3.23 + 0.35 5

2.3 Volume Change and Mass Change

For an individual glacier, multiplying all elevation change pixels
by their pixel area converts them to pixel volume change. The
sum of these volume change pixels represents the ice volume
change for the glacier, which is divided by the average glacier area
(the methods used to define the glacier area at each timestamp are
provided in Section 2.5). We then multiply the glacier thickness
change by 850 km m >, the average ice-firn density (Fluss, 2013).
The resulting value is geodetic mass balance in meters of water
equivalent per year (Maurer et al., 2019). Uncertainty associated
with the chosen density value and error propagation for the
geodetic mass balance calculation are discussed in
Supplementary Section S1.3.

2.4 Regional Aggregations

The volume change rate for an entire region is the summation of
individual glacier volume change rates. The volume change rate is
converted to Gt yr~' by multiplying the volume change rate by the
density conversion factor of 0.850 Gt/km®. This mass rate
(Gtyr™) is then divided by 362.5 Mm?, which is representative
of the amount of water needed to raise the eustatic sea level by
1 mm (Cogley, 2012). In each geodetic mass balance aggregation
(GMBiegion, m W.e. yr '), the geodetic mass balance of each glacier
in the region (GMB;, m w.e.yr ") is multiplied by its area (A;,
km?), and all area-weighted mass balance values are summed
together and divided by the total area of the aggregation (A egion,
km?) (Eq. 2).

S (GMB*A))

Aregion

GMBregion = (2)

2.5 Glacier Inventories

Integrating elevation changes over the glacier area requires the
average glacier area during each time interval. Thus, we require
glacier polygons for the years 1976, 2000, and 2020. Polygons
from the Randolph Glacier Inventory 6.0 (RGI 6.0) provide a
glacier inventory baseline for each timestamp (Pfeffer et al., 2014;
Randolph Glacier Inventory Consortium, 2017). RGI 6.0 can have
significant uncertainties associated with them and they are not
temporally distinct. Thus, we use the glacier inventories produced
by Meier et al. (2018), Google Earth, and the following imagery to
aid in the manual delineation of glacier extents. For the 1976
timestamp, we utilize Global Land Survey 1975 (GLS 1975)
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FIGURE 3 | Elevation change observed on the NPI in (A) 1976-2000 and (C) 2000-2020. Hatched glaciers are those with less than 50% data coverage. This
elevation change integrated over the glacier surfaces results in geodetic mass balance for (B) the historical period and (D) the modern period.
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and (C) 2000-2020. Hatched glaciers are those with less than 50% data coverage.
Glacier outlines are representative of their 2000 extent. Glaciers shaded gray in (C)
have no geodetic mass balance estimate. This elevation change integrated

over the glacier surfaces results in geodetic mass balance for (B) the historical
period and (D) the modemn period. The geodetic mass balance color range
presented does not represent the full range of data. To see all data points for the
icefields, see Supplementary Figures S4, S5.

imagery and a preliminary elevation change map for the historical
period. Several glaciers in the southeast SPI are not covered by
GLS 1975, and therefore their 2000 outlines were utilized for the

Mass Changes of Patagonian Icefields

1976 timestamp. We use cloud-free GLS 2000 imagery and
summer 2018-2020 Landsat 8 imagery for 2000 and 2020
delineations, respectively.

2.6 Uncertainty

The uncertainty associated with glacier elevation and volume changes,
regional geodetic mass balance, and subsequent conversions to
Gigatons and millimeters of sea-level rise equivalent are provided
in the Supplementary Equations S1-S5. Generally, the errors
associated with individual glaciers follow the methodology
presented in Maurer et al. (2019). For regional aggregations, the
errors are propagated using summation in quadrature.

3 RESULTS

3.1 Elevation Change

Figures 3A, 4A present elevation change over 1976-2000 for the
NPI and 1976/1979-2000 for the SPI, respectively. Hatched
glaciers have less than 50% valid data coverage. These data
gaps tend to occur where elevation data could not be extracted
due to low contrast and oversaturation in accumulation zones of
the satellite photos (Maurer et al., 2019). Thinning rates increase
during 2000-2020 for both the NPI and SPI (Figures 3C, 4C),
although spatial patterns in thinning remain similar. For
example, higher rates of elevation change generally occur on
the glacier termini. For some glaciers, rapid thinning extends to
higher elevations in the second time period (e.g., HPN-1, labeled
in Figure 3C).

3.2 Geodetic Mass Balance

Choropleth maps (Figures 3B,D, 4B,D) show how elevation
change is translated to geodetic mass balance for individual
glaciers. The NPI and SPI area-weighted geodetic mass
balance averages for the icefields are provided in Table 3. The
area-weighted average only includes glaciers with at least 50%
data coverage. Both NPI and SPI show negative mass balance
trends for the modern period, albeit the SPI is significantly more
negative (~1.23 + 0.04m w.e.yr ') as compared to the NPI
(—0.86 + 0.03 m w.e. yr’l). Section 4.6 discusses a comparison
to previous studies.

There is less coverage for the historical period, but we can
compare trends across both time periods for 33 NPI glaciers
and 142 SPI glaciers. 33 glaciers on the NPI are equivalent to
63% of the NPI glacierized area and 142 glaciers on the SPI
are equivalent to 52% of the SPI glacierized area (Table 3).
For the NPI, the 2000-2020 geodetic mass balance of 100% of
the area (-0.86 +0.03 m w.e. yr_l, 2000-2020 all in Table 3) is
similar to that of 63% of the ice field (-0.78 + 0.03 m w.e. yr ',
2000-2020 overlap). Conversely, for the SPI, the estimated
mass balance for the 2000-2020 period is reduced
significantly (-1.23 + 0.04m w.e.yr ' versus -0.80 *
0.04m w.e.yr') when only utilizing the region of
overlapping data (97% vs. 52% areal coverage). This
suggests that having data for 63% of the glacierized area is
sufficient to capture the regional trend for the NPI, and 52%
is not sufficient enough to capture the regional trend for the
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TABLE 3| Area-weighted geodetic mass balance of the icefields. Total glacierized area is calculated from year 2000 glacier outlines. “Area with valid elevation data in region”
corresponds to percent of the total glacierized region which has valid elevation data (includes all glaciers, not only those that have more than 50% valid data). “Valid
elevation data used” corresponds to the valid data (of the entire region) that is utilized in the aggregation (i.e., the data that was within glaciers with at least 50% data
coverage). “Areaincluded in the estimate” is the total area (data plus interpolated area) included in the aggregation for the geodetic mass balance estimate with respect to the
total glacierized area, including only glaciers that had at least 50% valid elevation data. For example, 63% in the first column represents the unhatched glaciers on the
icefield (which all include some interpolation) in Figure 3A. “Number of glaciers included in the estimate” are those that had at least 50% valid elevation data before

interpolation.
Time Area with Valid Area n Average Volume Geodetic mass balance Contribution
period valid elevation included in  glaciers timespan change to SLR
and dataset elevation data in region estimate (years) (km3yr™) (mm yr™)
. dz_lta used km? % m w.e. yr™! Gtyr™
in region (%) (%)

NPI sensu stricto (total glacierized region 3,849 km?)

1976-2000 62 45 2,435 683 33 23.5 -1.37 £0.05 -063+0.03 -1.17+0.13 0.0032 + 0.0003

overlap and all

2000-2020 94 59 2,435 683 33 20.8 -215+0.03 -0.78+0.08 -1.82+0.15 0.0050 + 0.0004

overlap

2000-2020 all 94 94 3,849 100 36 20.8 -3.73+0.04 -0.86+0.03 -3.17=+0.26 0.0088 + 0.0007
SPI sensu stricto (total glacierized region 12,403 km?)

1976/ 52 34 6,392 52 142 209235 -249+0.09 -0.33x+005 -2.11+0.23 0.0058 + 0.0006

1979-2000

overlap

2000-2020 80 42 6,392 52 142 19.9 -566 +0.06 -0.80+0.04 -481+0.39 0.0133 +0.0011

overlap

1976/ 52 35 6,548 53 156 209235 -249+0.09 -0.32+0.05 -2.11+0.23 0.0058 + 0.0006

1979-2000 all

2000-2020 all 80 79 12,082 97 161 19.9 -16.87 £+ 0.08 -1.23+0.04 -14.34+1.08 0.0396 + 0.0030
NPI and SPI sensu stricto

1976/1979- See corresponding columns above for each icefield -3.28 £+ 0.32  0.0091 + 0.0009

2000 all

2000-2020 all -17.51 £ 1.32  0.0484 + 0.0036

SPI. Only including glaciers in the icefields with coverage in
both periods, geodetic mass balance decreased by 0.15m
we.yr ' from 1976-2000 to 2000-2020 in the NPI,
equivalent to a mass loss rate increasing by a factor of 1.2.
In the SPI, the geodetic mass balance decreased by 0.47 m
w.e.yr ' and by a factor of 2.4.

3.3 Spatial Variability

While geodetic mass balance on average is negative for the
icefields, geodetic mass balances are spatially heterogeneous
across the region. In the SPI, Pio XI experiences a positive
change while highly negative change is observed on HPS-12,
and Perito Moreno experiences little mass change over time.

TABLE 4 | Geodetic mass balance averages (not area-weighted) for NPI and SPI glacier aggregations described by terminus type and location relative to the ice divide.

Time

Average geodetic mass balance (m w.e. yr™')

period and dataset Whole dataset

West

East

(NPI + SPI) NP

Land

1976/1979-2000 overlap
2000-2020 overlap

-0.20 = 0.04 (0 = 77)
-0.52 + 0.03 (1 = 76)

-0.17 £ 0.12 (0 = 5)
~0.65 + 0.05 (1 = 4)

Lake

1976/1979-2000 overlap
2000-2020 overlap

~0.22 +0.02 (0 = 78)
-0.71 +0.02 (0 = 79)

~0.68 + 0.09 (1 = 8)
~0.79 + 0.05 (1 = 9)

Marine

1976/1979-2000 overlap
2000-2020 overlap

-0.38 = 0.06 (1 = 20) -
~0.20 + 0.04 (n = 20) -

SPI NPI SPI

-0.12 = 0.09 (n = 33)
~0.51 = 0.04 (0 = 34)

-0.47 £ 0.05 (n = 11)
-0.73 £ 0.04 (n = 10)

-0.20 = 0.06 (1 = 28)
-0.43 = 0.05 (0 = 28)

~0.47 = 0.05 (n = 20)
~0.62 = 0.04 (1 = 19)

~0.58 + 0.06 (0 = 9)
~0.54 +0.04 (n = 10)

0.07 + 0.03 (1 = 41)
-0.78 = 0.03 (0 = 41)

-0.38 = 0.06 (1 = 20) - -
~0.20 = 0.04 (0 = 20) - -
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Geodetic mass balance 1976/1979-2000 (m w.e. yr?)

1979-2000 results to show all glaciers with data in both time periods.
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Table 4 presents the average geodetic mass balance for glaciers
of each terminus type (including only the icefields). In the
overlap aggregations for each terminus type, land-, lake-, and
marine-terminating glaciers have similar average geodetic
mass balances in the historical time period. In the modern
period, lake-terminating glaciers have the most negative

geodetic mass balance, while land-terminating glaciers also
become more negative. Averages for marine-terminating
glaciers are misleading, as they are skewed by a few highly-
negative glaciers (Figure 5; Supplementary Figure S4). In
Figures 5A,C, geodetic mass balance is plotted against latitude
for glaciers that have estimates in each time period. For these
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175 glaciers, 64% had a negative geodetic mass balance in the
historical period. This percentage increased to 87% in the
modern period.

Histograms (Figures 5B,D) display the mass balance
distributions for each terminus type. The histogram for the
historical time period (Figure 5B) shows the distribution is
centered near 0 m w.e.yr ' for marine-terminating glaciers,
while it is negative for the lake- and land-terminating glaciers.
The histogram for the modern time period (Figure 5D) shows
marine-terminating glaciers remained centered around 0 m
w.e.yr ' while both land- and lake-terminating glaciers
become more negative on average (lake-terminating slightly
more so than land-terminating). The distributions are unique
for the modern time period (Figure 5D), but are not
statistically different for the historical period (Figure 5B),
based on a Kruskal-Wallis One-Way ANOVA. A Mann-
Whitney U Test on each of the contributions further reveals
that all three distributions are statistically different at the 95%
confidence interval in the modern time period. We do not
repeat statistical tests for “all data” distributions shown in
Supplementary Figure S4 (all rows in Table 3), but the overall
patterns are the same when all glaciers with data are

Mass Changes of Patagonian Icefields

considered for each time period, rather than only those
with data in both periods.

Figure 6A presents the geodetic mass balance of the
historical time period subtracted from the modern
measurement to visualize how mass change rates have
evolved over time. Similar to the results of Falaschi et al.
(2019), variation exists for individual glaciers. For the glaciers
we can compare between the time periods, all (regardless of
terminus type) have shifted more negatively in the 21st
century (Figure 6B). A secondary histogram (Figure 6C)
shows a handful of glaciers that have changed terminus type
between the time periods. Although the sample size is small,
those that formed proglacial lakes in the modern time period
(blue bars) have become more negative, and those that
receded from lakes (orange bars) become less negative.

To explore the potential effects of the orographic barrier on
geodetic mass balance, we plotted glacier mass balance against
longitude for both time periods (Figures 7A,D). Histograms for
the historical period (Figures 7B,C) and modern period (Figures
7E,F) show distributions of western and eastern glaciers for each
icefield. In the supplement we provide the same plots for all
icefield glaciers that have an estimate in either time period

terminus types.
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(Supplementary Figure S5). We separate the icefields in the
histograms in order to better evaluate the SPI mass balance
trends. We focus on the SPI here as the NPI sample size is
extremely small and previous work (e.g., Foresta et al., 2018;
Abdel Jaber et al., 2019) has stated that spatial heterogeneity in
elevation change is particularly apparent in the SPI. Indeed, we
observe that SPI eastern, lake-terminating glaciers have
undergone the most rapid thinning between 1976/1979-2000
and 2000-2020. In the SPI, east and west distributions appear
similar in the historical period, but eastern SPI glaciers appear
more negative than western SPI glaciers in the modern time
period. We perform a Mann-Whitney U-Test for both time
periods and find that the distributions of east versus west for
the SPI are statistically different in the modern time period at the
95% confidence interval. Figure 8 displays the difference in
geodetic mass balance between the time periods plotted with
longitude, and reiterates this observed trend of divergence in the
SPI. We do not draw conclusions from the NPI histograms or
averages in Table 4 since the sample size is small; however, from
the elevation change maps, we can see that western glaciers of the
NPI have been retreating very rapidly (i.e., HPN-1 and nearby
glaciers in Figure 3C).

Mass Changes of Patagonian Icefields

3.4 Sea-Level Rise Contributions

While we do not fill in missing glaciers with any regional average, we
can estimate the amount of volume the measured glaciers have
contributed to eustatic sea-level rise in each time period. Together,
100% of the NPI and 97% of the SPI have a mass change value of
-17.51 + 1.32 Gt yr " and contribute 0.0484 + 0.0036 mm yr~" to sea-
level rise in 2000-2020 (Table 3). Dussaillant et al. (2019) estimate
that the entire Andes contributed 0.06 + 0.02mmyr ' from
2000-2018, and cite this value as just over 10% of the glacier
contributions across the globe 2002-2016 (Bamber et al., 2018).
For 63% of the NPI in 1976-2000 and 53% of the SPI in 1976/
1979-2000, the mass change rate was —3.28 + 0.32 Gtyr . These
glaciers contributed 0.0091 + 0.0009 mm yr~" from 1976/1979-2000.
Although we cannot make a direct comparison to their study, Rignot
et al. (2003) found the 63 largest glaciers contributed 0.042 +
0.002mmyr " over 1968/1975-2000. Our estimate includes only
those glaciers that are unhatched in Figures 3A, 4A, which are
disproportionately smaller glaciers, and we do not extrapolate to the
full region due to extreme heterogeneity observed in glaciers across
the icefields for 2000-2020. This may contribute to the significant
difference in our historical SLR estimates as compared to Rignot et al.
(2003).
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4 DISCUSSION

4.1 Regional Trends in Geodetic Mass

Balance and Climate Drivers

Mass loss rates increased by a factor of 1.2 for 63% of the NPI and
2.4 for 52% of the SPI over 1976/1979-2000 to 2000-2020, which
likely indicates an acceleration of warming, a change in
precipitation, or a change in glacier sensitivity to climate in
the 2Ist century. Braun al. (2019) show surface
temperatures of South Patagonia have increased significantly
over the period 1979-2017, according to climate reanalysis
data and suggest warming as a mechanism for increased
ablation. In their 2020 Global Climate Report, NOAA (2021)
reported that in 2015-2020, South America had experienced the
five warmest years on record. Additionally, some studies suggest
that snow-covered mountainous regions are experiencing
accelerated warming near the zero-degree isotherm due to the
snow/ice-albedo feedback (Pepin and Lundquist, 2008; Rangwala
and Miller, 2012; Pepin et al., 2015). Factors like this may enhance
glacier melt as temperatures increase.

Due to sparse climatological observations, precipitation data is
largely modeled for the region and the trend is less clear. Reanalysis
data shows that no significant change in precipitation has occurred
from 1960-1999 (Rasmussen et al., 2007) or 1979-2017 (Braun et al.,
2019), which suggests changes in the amount of precipitation are not
likely the dominant driver of mass loss in the region. However,
reanalysis data is poorly informed at high elevations due to very
sparse observations and coarse spatial resolutions (Lanaerts et al.,
2014; Condom et al., 2020). For example, ERA-interim, used in the
analysis by Braun et al. (2019), has a horizontal resolution of 80 km
(Condom et al., 2020). The width of the NPI and SPI is more narrow
than this horizontal resolution in some areas, and the icefields also
experience an enormous precipitation gradient from west-east
(exceeds 10 m w.e.yr ' on the west side and is near 1 m w.e. yr '
to the east) (Lanaerts et al., 2014). Lanaerts et al. (2014) addressed the
coarseness of reanalysis products by downscaling ERA-interim to
5.5km 1979-2012 and observed upward trending, yet insignificant,
precipitation with large interannual variability. Downscaling of
reanalysis products over the NPI by Schaefer et al. (2013) also
found a slight increasing precipitation trend over the NPI from
1975-1990 to 1990-2011. Although the overall precipitation trend is
unclear, increased temperatures may cause a change in the state of
precipitation that does fall. In the 1960-1999 period, Rasmussen et al.
(2007) quantified warming of 0.5°C over the icefields, which
translates to 5% of solid precipitation changing to rain. This
estimate is also derived from reanalysis data and may vary
significantly according to longitude and altitude, but it provides
an example of how warming temperatures may affect
precipitation in the region.

Although the NPI and SPI are adjacent to each other, they
have slightly differing climates. According to a cluster analysis
done by Sagredo and Lowell (2012), the NPI receives most
precipitation during the winter months, and the SPI receives
constant precipitation throughout the year, including more
summer precipitation. This difference in climate could result
in the SPI having different sensitivity to changes in temperature

et
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and precipitation than the NPL In particular, glaciers that receive
significant summer accumulation are much more sensitive to
changes in temperature through surface albedo feedbacks (e.g.,
Johnson and Rupper, 2020). While somewhat speculative, the
precipitation seasonality difference between NPI and SPI may
point to one mechanism giving rise to SPI losing mass faster
than NPL

While there are large-scale shifts in mass balance across the
region that are likely explained by shifts in climate (e.g.,
differences in average mass balance between SPI and NPI,
differences in average mass balance over time), mass balance
changes are spatially heterogeneous within these regions. This
spatial heterogeneity is likely driven by variable topographic
settings, glacier morphology, and terminus conditions that
modulate the individual glacier response to regional-scale
climate perturbations.

4.2 Spatial Patterns in Geodetic Mass

Balance

4.2.1 Terminus Environment

Geodetic mass balance does not distinguish between mass balance
processes. For example, we do not distinguish mass loss due to
increased surface melt, calving, or subaqueous melt. However,
these processes vary significantly between lake, marine, and land-
terminating glaciers. We find lake-terminating glaciers to have
the most negative geodetic mass balance in the modern time
period. This group of glaciers also has the greatest magnitude of
change in their average geodetic mass balance between the two
time periods (Table 4). Increased retreat for lake-terminating
glaciers in the NPI has been attributed to glacial lake development
and expansion in other studies (Loriaux and Casassa, 2013;
Glasser, 2016). This result also agrees with Falaschi et al.
(2019), who found the highest thinning rates among lake-
terminating glaciers from 2000-2012 on the eastern flanks of
the SPI and in mountain ranges directly east of the icefields.
Additionally, our results compare favorably with studies from
other regions in the world: Maurer et al. (2019), Sutherland et al.
(2020), and Larsen et al. (2007) highlight the phenomenon that
lake-terminating glaciers in the Himalayas, New Zealand, and
Alaska lose mass faster than land-terminating glaciers due to
proglacial lake-enhanced frontal ablation. In our “overlap”
aggregations, about half of NPI glaciers are calving. For the
SPI, more than half of the glaciers measured are calving,
which may be a driver for more negative regional mass
balance in the SPI. Modeling studies in the region also
support the idea that frontal ablation accounts for a
disproportionate amount of mass loss in the icefields. Schaefer
et al. (2013) modeled surface mass balance for the NPI and
quantified a doubling of calving activity from 1975-2000 to
2000-2009, indicating an acceleration of mass loss from
frontal ablation mechanisms over time. Schaefer et al. (2015)
used similar methodology for the SPI and found that calving
losses also increased for the SPI from 1975-2000 to 2000-2011,
and that calving influences more mass loss than melt. Both Bravo
et al. (2019) and Schaefer et al. (2015) modeled positive surface
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mass balance over the SPI (1975-2040 and 1975-2011,
respectively), and suggested that mass losses from frontal
ablation dominate the observed highly negative geodetic mass
balance signal. While these modeling studies do not distinguish
between lake- and marine-terminating glaciers, they do illustrate
the importance of ablation mechanisms that occur at the ice-
water interface.

A notable observation from the geodetic mass balance
results is that marine-terminating glaciers have the most
variability in mass changes. While several marine-
terminating glaciers experience the highest rates of mass
loss, many have small magnitudes of mass change or are
slightly positive (Figure 5). Subaqueous melt, frontal
calving, and sedimentation, as well as surface processes,
influence tidewater glaciers. Because of this, they can act
anomalously when compared to their land-terminating and
freshwater-calving counterparts and appear out of sync with
regional climatic forces (Truffer and Motyka, 2016;
Brinkerhoff et al., 2017). Long periods of advancement and
rapid retreat characterize a tidewater glacier cycle (TGC)
(McNabb and Hock, 2014). The period of advancement
occurs when the glacier deposits eroded sediments in a
proglacial shoal, limiting the glacier’s interaction with the
ocean water (Motyka et al., 2006). Where the glacier
becomes ungrounded from the shoal, it becomes exposed to
deep water and associated calving and thermal undercutting
processes, resulting in rapid retreat uninfluenced by climate
(although climate perturbations may exacerbate the retreat)
(Meier and Post, 1987; Motyka et al., 2006; Brinkerhoff et al.,
2017). Taku glacier in Alaska is a well-documented glacier
currently undergoing advancements as part of the TGC
(Motyka et al., 2006; McNeil et al., 2020). Over 1946-2018,
McNeil et al. (2020) found that while Taku was steadily
advancing, nearby land-terminating Lemon Creek has been
retreating amidst the same regional climate. In our dataset, it is
likely Pio X1 is in the advancing stage of the TGC (its geodetic
mass balance estimates are 0.82 + 0.09m w.e.yr ' in
1976-2000 and 0.26 + 0.04m w.e. yrf1 in 2000-2020).
Observations of rapid retreat at marine-terminating
Columbia glacier in Alaska (Meier and Post, 1987; Pfeffer,
2007) provide insight as to the future of Pio XI. Enderlin et al.
(2013) describe how the outlet valley geometry primarily
influences the quality of retreat. Recent studies highlight the
importance of studying the glacier dynamics and fjord
bathymetry of Pio XI (Wilson et al, 2016; Hata and
Sugiyama, 2021).

An unnamed tidewater glacier (RGI60-17.04995) displays
extremely high mass loss rates in the historical period (-7.62 +
0.83 mw.e. yr~ ') and is close to zero in the modern time period
(0.12 + 0.21 m w.e.yr '). Upon further inspection, this is a
confluence of several glaciers defined as one glacier by RGI 6.0
(Supplementary Figure S6). Our estimate is therefore an
average of several individual glaciers here. Nonetheless, this
highly negative estimate is likely due to rapid retreat in the
historical period when the glacier system became disconnected
from the fjord and the associated dynamics. Across the fjord
from this glacier, HPS-12 (-2.32 + 0.25m w.e.yr ' in
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1976-2000 and -3.23 + 0.35m w.e.yr ' in 2000-2020) is
likely affected by the same mechanisms that caused rapid
retreat for the RGI60-17.04995 confluence.

An additional factor to consider for marine-terminating
glaciers is their connection with the ocean. Although Jorge
Montt does not have a geodetic mass balance estimate for the
historical time period, we can infer from the elevation change
map that it was thinning rapidly (Figure 4A). The 2000-2020
estimate for Jorge Montt is —3.94 + 0.39 m w.e.yr '. This
glacier is well-connected to the ocean, whereas RGI60-
17.04995 and HPS-12 are deeper in the fjords. Tempano
glacier is also highly negative but is close to the ocean, like
Jorge Montt. Farther south, HPS-31 and HPS-34 are similarly
deep into the fjords but undergo small magnitudes of mass
change. These results suggest that depth into the fjords and
connection with the ocean may not be the most important
determinants of geodetic mass balance.

It is important to note that not only tidewater glaciers
display contrasting behavior. Perito Moreno, a lake-
terminating glacier on the eastern side of the SPI, has a
geodetic mass balance notably close to zero in both time
periods. This is in contrast to nearby Tyndall glacier,
which is highly negative. In the NPI, Nef and HPN-1 are
both lake-terminating in 2000-2020, yet HPN-1 is thinning
faster (Figures 3B,C). At the northern tip of the SPI (around
48.5°S in Figure 6A), some small, land-terminating glaciers in
close proximity to each other exhibit contrasting behavior.
Some have become more positive in the 21st century, while
others have become more negative. Nearly all larger, lake-
terminating glaciers of this area appear to have become more
negative in the 21st century.

4.2.2 Position Relative to Ice Divide

Because the distribution of these glacier types is not balanced
between the east and west sides of the icefields, this can lead to
regionally different mass balances. In particular, there are
more lake-terminating glaciers east of the divide, while only
the west side of the divide has marine-terminating glaciers.
Histograms of eastern versus western glaciers (Figure 7) reveal
that eastern, lake-terminating glaciers of the SPI have
experienced the most rapid thinning over the observed
timespan leading to greater regional mass loss east of the
divide. West of the ice divide, lake-terminating glaciers
account for one third of the glaciers, as compared to half
for east of the divide (Table 4). Eastern SPI glaciers also have
larger ablation zones than their western counterparts, which
would also lead to greater mass loss as compared to glaciers in
the western SPI (Figure 4). These results are broadly
consistent with previous work. Willis et al. (2012a) and
Willis et al. (2012b) use SRTM and ASTER to calculate
elevation and volume changes of the icefields and show that
from 2000-2012, 40% of the SPI volume loss is derived from
eastern lake-terminating glaciers retreat. Willis et al. (2012a)
find that NPI western glaciers are thinning rapidly from
2000-2011 and hypothesize that this is due to their lower
elevation. While we do not claim that western NPI glaciers are
thinning more rapidly than eastern, we do observe rapid
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thinning in elevation change maps for this group over
2000-2020 (Figure 3C).

4.3 Spatial Patterns in Elevation Change

While we linearly interpolate elevation bins, assume zero change
at the highest and lowest elevation bins, and only use glaciers that
had 50% valid data coverage in their areas to calculate geodetic
mass balance, many glaciers are lacking most elevation data in
their accumulation zones, especially for the historical period. This
is a well-documented problem with DEMs in snow-covered areas:
the inability to extract elevation data well over low-contrast,
featureless accumulation zones (Dussaillant et al., 2019;
Maurer et al.,, 2019). These data voids in accumulation zones
introduce additional uncertainty in geodetic mass balance. For
glaciers where the Hexagon DEM is successfully extracted at high
elevations, notably glaciers in the northern SPI, it is possible that
the values are not accurate (blue-colored accumulation zones in
Figure 4A). In order for the elevations in the accumulation zones
to increase over the time period, while the ablation zones are
rapidly thinning, accumulation must be large enough to more
than offset any increase in ice flux down-glacier. Since there is no
strong evidence of precipitation increasing 1976-2000, this DEM
extraction method is likely overestimating thickening in
accumulation zones, and we are likely underestimating
geodetic mass balance in the historical time period. For the
modern time period, the observed thickening in accumulation
zones is more plausible. Although there are still issues with
extracting elevation data in the accumulation zones using
modern imagery, we calculate the elevation trend using
multiple DEMs, which decreases uncertainty. Additionally,
some evidence does point to an increase in precipitation over
the icefields, as discussed above. However, in order for thickening
to occur in the accumulation zones, it would have to exceed
dynamic thinning in response to mass loss in the lower elevations.
Lack of climatological observations is a pervasive issue in this
region and makes it particularly difficult to objectively assess the
elevation change reconstructions over the accumulation zones.
However, we do note that there is a distinct probability that
geodetic mass balance estimates in this region may be
underestimated due to potential positive elevation-change
biases in the accumulation zones in some regions of the icefields.

4.4 Spatial Coverage

While the spatial coverage of the overlapping data (2000-2020
overlap in Table 3) was 63% for the NPI, the geodetic mass
balance did not differ much from the 2000-2020 geodetic mass
balance representing 100% of the area (2000-2020 all in Table 3).
The spatial coverage is 52% of the total area in the SPI for the
overlapping data. For this smaller area, the 2000-2020 geodetic
mass balance was much less negative than the 2000-2020
geodetic mass balance for 97% of the area. Thus, a subset of
glaciers can represent the entire region in some cases (NPI) but
not in all (SPI). The historical geodetic mass balance estimate for
63% of the NPI glacierized area likely represents the average
geodetic mass balance for the full NPI region. In contrast, with
this sample set, the historical estimate for 52% of the SPI is
probably biased less negative than the historical mass balance for
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the full SPI, as the small glaciers do not appear to be
representative of the region. Even at a more local scale, our
results show that geodetic mass balance can be extremely spatially
heterogeneous (e.g., northern tip of SPI). These results strongly
suggest it is not always appropriate to use the regional average
mass balance to fill in missing glaciers in order to estimate mass
balance or sea-level rise contributions for the full glacierized
region, as is done by comparable studies (e.g., Dussaillant et al.,
2019).

4.5 Regional Versus Glacier-Specific
Thresholds

Manipulating processing thresholds, such as maximum allowed
standard deviation in an elevation trend, can greatly affect results.
While tailoring these parameters for individual glaciers is not
feasible at a regional scale, we do additional processing for select
glaciers. For several marine- and lake-terminating glaciers, the
standard deviation of the elevation trend was allowed to exceed
50m, to account for non-linear behavior at their termini
(Table 2). Although we set the limit to 50 m for the majority
of the icefields, several large, calving glaciers are subject to real,
irregular behavior on their termini, which would be excluded with
a threshold of 50 m. The new thresholds for these glaciers were
determined by inspecting the greatest realistic standard deviation
values of the elevation trends, before any cleanup of the trend
maps (these figures are provided in Supplementary Figure S2).
While this does introduce extra noise in the data, we find this has
minimal impact on the geodetic mass balance uncertainties.
Importantly, the increased threshold captures substantial
nonlinear termini behavior, which should be included in the
elevation trends. Increasing the maximum allowed standard
deviation in the elevation trend from 50 m to 150 m for the
Jorge Montt glacier increases the data coverage by 23%, and the
resulting geodetic mass balance measurement becomes
significantly more negative. Three glaciers of the NPI
(Acodado, Steffen, and Fiero), only have their data coverage
increase by 0%-1% with the increased standard deviation from
50-100m, and their resulting geodetic mass balance
measurements become less negative. This result could be due
to a decrease in interpolation occurring at the termini. In contrast,
a medium-sized marine-terminating glacier of the SPI, HPS-12,
which is currently losing mass at significantly fast rates, gains only
5% more data coverage by including elevation trends up to a
standard deviation of 200 m, but its geodetic mass balance
estimate becomes more negative by nearly three-fold.
Thresholds have a variable impact on the resulting geodetic
mass balance, but for glaciers with known nonlinear terminus
mass loss behavior, imposing regional thresholds is likely
inappropriate and can significantly impact the geodetic mass
balance calculations.

4.6 Comparison With Other Observations

Our geodetic mass balance estimates for the NPI and SPI sensu
stricto agree with those provided by Dussaillant et al. (2019) for
post-2000 (Figures 9A,B; Supplementary Table S2). Our
estimate for the NPI is slightly less negative than Jaber et al.
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FIGURE 9 | Our regional area-weighted geodetic mass balance estimates for the icefields sensu stricto (A,B) and the icefields plus surrounding mountain glaciers
(C,D) compared to other recent studies.

(2016) for the NPI, and our estimate for the SPI is more negative
than the value provided by Malz et al. (2018). When mountain
glaciers are included (Figures 9C,D; Supplementary Tables S1,
$2), our estimates agree with both Braun et al. (2019) and
Dussaillant et al. (2019) for the NPI. For the SPI, our estimate
is more negative than those studies. Several factors may influence
these differences. First, our estimate extends that of other studies
by 5-6 years, representing ~25% increase in temporal coverage.
Given the relatively short observation period, these additional
years could significantly impact the results. In addition, our
methodology and data are different from Jaber et al. (2016)
and Malz et al. (2018), who both utilize SRTM and Tan-
DEM-X to find an elevation change over the icefields. We
utilize the NASADEM (which is based on SRTM) and ASTER
stack to fit an elevation trend. This is similar to the approach
utilized by Dussaillant et al. (2019), who fit a linear regression to a
stack of ASTER DEMs, plus SRTM for glaciers south of 48°S.
However, we use RANSAC to fit an elevation trend rather than a
linear regression. The total areas used also differ slightly between
ours and other studies. Additionally, Dussaillant et al. (2019) and

Jaber et al. (2016) do not consider areal changes in their geodetic
mass balance calculation, whereas in our method we use the
average glacier area over the timespan from the manual
delineation of time-specific glacier inventories. Glaciers
included in our estimate also required more stringent data
coverage thresholds, using only glaciers with greater than 50%
valid elevation data in the geodetic mass balance estimate.
Dussaillant et al. (2019) include all glaciers except for those
with mass balance uncertainty of greater than 1m w.e.yr '
and less than 20% data coverage. They also replace those
excluded glaciers with the regional mean, which our work
demonstrates may not be appropriate in some regions of the
Patagonian Icefields, as proximal glaciers may exhibit quite
different mass balance trends.

The following studies did not publish mass balance estimates
in m w.e.yr ', which precludes including them in the direct
comparisons above and in Figure 9. However, we convert our
mass balance values to Gt yr™' in order to provide another set of
comparisons. A recent study by Hugonnet et al. (2021) estimated
a mass loss rate of —18.7 Gtyr~" for the southern region of the
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Southern Andes, containing the icefields. Our work focuses on a
subset of that same region and shows the combined icefields mass
loss was -17.51 + 1.32 Gtyr ' for 2000-2020. Together, these
results imply that the icefields make up the bulk of this region’s ice
loss. Willis et al. (2012b) provide a combined NPI and SPI mass
loss from 2000-2012 of -24.4 + 1.4 Gt yr . This is a significantly
larger mass loss estimate than ours. Willis et al. (2012b) use a
density assumption of 900 kg m ™, which could account for part
of the discrepancy between our results and theirs. However, their
results are over a much shorter time span, which may be prone to
greater influence of interannual variability. Ciraci et al. (2020)
also estimate a greater mass loss than our results. They estimate
28 + 6 Gtyr™' mass loss for both icefields 2002-2019, derived
from Gravity Recovery and Climate Experiment (GRACE)
measurements. According to Dussaillant et al. (2019), glacial
isostatic adjustment in the region likely leads to
overestimation of ice loss from GRACE and Velicogna and
Wahr (2013) discuss the poor horizontal resolution of GRACE
as a limitation of the methodology. Thus, GRACE may be
overestimating the magnitude of geodetic mass balance in the
region. However, our results may also be underestimating mass
loss due to issues extracting accurate elevations in the
accumulations zones, as discussed in Section 4.1. The
comparisons between the differing studies highlights both the
utility of geodetic mass balance estimates as well as remaining
issues. Comparisons across different regions and time spans make
it difficult to directly assess why differences emerge but also
points to the importance of potentially combining different
methods in order to circumvent the limitations of any single
approach.

5 CONCLUSION

Geodetic mass balance measurements of —0.86 + 0.03 m w.e. yr '
for the NPI and —1.23 + 0.04 m w.e.yr ' for the SPI agree with
recently published estimates for the 2000-2020 observation
period. While the results for the historical period over the NPI
are likely representative of the full NPI region, the historical mass
balance estimates for the SPI are biased towards the behavior of
smaller glaciers for the SPI due to poor data coverage over
significant portions of the largest glaciers in the region, which
precludes extrapolating the results to the full region. We therefore
focus comparisons between the historical and modern periods on
glaciers with overlapping data for both periods, which includes
63% of the area of the NPI and 52% of the are for the SPIL. For
these reduced regions, the negative geodetic mass balance
increased by a factor of 1.2 for the NPI and 2.4 for the SPI
from 1976/1979-2000 to 2000-2020. Increased warming in the
region is likely the dominant driver of increased mass loss over
the historical and modern periods. In our dataset, more glaciers
are lake-terminating in the SPI than the NPI which likely results
in the more negative SPI estimates. Greater intensification of
mass loss in the SPI could also be related to a slightly differing
mean climate farther south, where glaciers receive year-round
precipitation, in contrast to the NPI where winter precipitation
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dominates. These differences in mean climate can result in
different mass balance sensitivity and feedback processes in
response to climate change.

There is significant spatial heterogeneity in geodetic mass
balance across both NPI and SPI and across both time
periods. Capturing that spatial heterogeneity accurately may
require glacier-specific processing techniques, especially for
calving glaciers. This study looks in detail at the effect of
glacier terminus type on geodetic mass balance and finds that
lake-terminating glaciers exhibit the highest acceleration of mass
loss rate since the 1970s, and on average have the most negative
2000-2020 values. In the modern time period, distributions of
geodetic mass balance for glaciers with different terminus
environments, and eastern versus western glaciers in the SPI,
are statistically unique. Extreme heterogeneity in geodetic mass
balance, especially among calving glaciers complicates
projections of sea-level rise from this region of the world.
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