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Abstract. Glaciers in the Southern Andes show substantial spatial variability in mass balance, reflecting the combined effects
of spatial variations in climate forcing and differences in glacier geometry. This study analyses elevation change patterns and
climatic drivers for two contrasting glacier systems in southern Chile: the Queulat Glacier Complex and the stratovolcano
Melimoyu. Elevation changes from 2000 to 2026 were derived from multi-temporal digital elevation models and analysed
using a hypsometric approach to resolve elevation-dependent mass balance.

The results present a pronounced contrast between the two glacier systems. The Queulat Glacier Complex experiences
consistently negative mass balance throughout the study period, with a rate of mass loss increasing from approximately -0.23
4 0.39 to -0.63 £ 0.19 m w.e./yr. In contrast, Melimoyu maintained positive or near-balanced conditions in the early 2000s,
followed by a transition to slightly negative mass balance in recent years. Elevation-dependent analyses show that mass loss
in Queulat is predominantly associated with extensive low-elevation glacier tongues, while Melimoyu is characterised by a
top-heavy hypsometry with a large accumulation area at high elevations.

Examination of downscaled ERAS reanalysis data shows a consistent regional warming and a decrease in solid precipita-
tion over the study period, while differences in total precipitation between the two sites remain small. This suggests that the
contrasting glacier behaviour is not primarily driven by differences in climatic forcing, but rather by differences in glacier
geometry and elevation distribution, which modulate the sensitivity to warming.

These results underline the key role of hypsometry and spatial glacier structure in determining individual glacier responses
to climate change. The study indicates that glaciers under similar climatic conditions can exhibit substantially different mass-

balance trajectories due to their geometry.

1 Introduction

Satellite-based geodetic methods have transformed the quantification of glacier mass change at regional to global scales,
enabling robust estimates of long-term trends and glacier contributions to sea-level rise. Studies based on multi-sensor Digital
Elevation Model (DEM) differencing, satellite altimetry, gravimetry and sensor fusion now offer near-global coverage and
internally consistent regional and global mass-balance estimates (e.g., Wouters et al., 2019; Dussaillant et al., 2019; Brun et al.,

2017; Hugonnet et al., 2021; Chen et al., 2006; Moholdt et al., 2010). However, these large-scale datasets inherently rely on
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spatial averaging and methodological generalisation, which can suppress glacier-scale variability in elevation changes and mass
balance (Zemp et al., 2019; Huss and Hock, 2015; McDonnell et al., 2022).

The Southern Andes constitute one of the largest glacierized regions outside the polar regions and are among the most impor-
tant contributors to contemporary global glacier mass loss (Hugonnet et al., 2021; Dussaillant et al., 2019). Within Patagonia,
glacier change exhibits pronounced spatial variability despite experiencing broadly similar regional climatic conditions (Van
Wyk de Vries et al., 2023; Rivera and Bown, 2013; Malz et al., 2018). Previous studies have documented widespread glacier
retreat, thinning and mass loss throughout the northern Patagonian region (Rivera and Bown, 2013; Willis et al., 2012a; Dus-
saillant et al., 2019), but also substantial differences among neighbouring glaciers that cannot be explained by climate alone
(Malz et al., 2018; Braun et al., 2019). These observations suggest that local controls, including glacier geometry, elevation
distribution and dynamic regime, play an important role in modulating glacier response to climate variability and change (Huss,
2012; Paul, 2015; Braun et al., 2019).

This glacier-scale variability is particularly relevant in northern Patagonia, where outlet-glacier systems, volcanic ice caps
and mountain glaciers coexist within the same climatic setting but exhibit markedly different geometries and dynamic be-
haviour. Understanding this spatial heterogeneity is essential for hydrological applications, model calibration, and the down-
scaling of regional estimates to individual glaciers (Hock et al., 2019).

To better quantify glacier-scale variability, observations that resolve individual glacier behaviour are required. However, the
capacity of widely used satellite DEMs to capture glacier-specific mass-change signals varies considerably. Sensor limitations,
data gaps, and measurement noise introduce bias into elevation-change estimates, particularly for small or morphologically
complex glaciers (Brun et al., 2017; Berthier et al., 2016). Although DEM differencing products are widely used, the extent to
which glacier geometry influences the detectability and interpretation of mass-change signals remains insufficiently quantified.
This challenge is particularly relevant in the Southern Andes, where substantial discrepancies persist among mass-balance
estimates derived from different observational methods, as highlighted by The GlaMBIE Team et al. (2025). This inter-method
variability further highlights the need to better understand how methodological choices and glacier morphology influence the
estimates of glacier mass change.

This study investigates these questions through ASTER-derived DEM differencing for two neighbouring Patagonian glaciers
exhibiting contrasting geomorphology: a low-gradient glacier complex with classical outlet glaciers and a steep, volcano-
influenced glacier. By quantifying elevation-change rates over multiple time intervals and across elevation bands,we examine
how differences in glacier hypsometry, elevation range, and area-elevation distribution influence thinning patterns and glacier
sensitivity to shifts in equilibrium-line altitude, assess the detectability of accumulation and thinning signals using ASTER

data, and evaluate the implications for downscaling regional mass-change estimates to the glacier scale.
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2 Data and Study Area
2.1 Test sites

We selected a sub-region located within the northern sector of Chilean Patagonia, immediately north of the Northern Patagonian
Ice Field (Figure 1 a)), characterised by several large glaciers within a relatively confined area. This region corresponds to
the Wet Andes subregion, which is known for a humid temperate climate strongly influenced by the Southern Westerlies,
resulting in high annual precipitation totals and extensive glacierization on the western slopes of the Andes (Garreaud, 2009).
Additionally, this region is highly subject to inter-annual temperature and precipitation variability due to the impact of ENSO
(Garreaud et al., 2009). Glaciers in this region have experienced widespread retreat and mass loss during recent decades,
consistent with observations across much of Patagonia (Dussaillant et al., 2019; Malz et al., 2018). However, considerable
variability in glacier response has been observed at local scales, highlighting the importance of glacier-specific controls.

The study region spans approximately 110 x 80 km (1° x 1°). The choice of this location is justified by the proximity of two
relatively large glacier complexes (GC) with very different geometries, which allows the investigation of spatial heterogeneity
in glacier mass change under comparable climatic conditions. Within this sub-region, two GCs were selected for detailed
analysis. The first is the Queulat GC, which covers an area of approximately 102 km? and comprises several glaciers, including
two major outlet glaciers (Figure 1, ¢)). The second site is the ice-covered stratovolcano Melimoyu, with a glacierized area of
approximately 55 km? (Figure 1, d)).

Both GCs exhibit comparable elevation ranges: Queulat spans approximately 600 to 2100 m a.s.l., and Melimoyu spans
approximately 600 to 2500 m a.s.l. Their close spatial proximity (about 50 km linear distance) and similar elevation ranges
suggest that both systems are subjected to similar large-scale climatic forcing. At the same time, the two sites differ substantially
in their geomorphology and glacier structure. Queulat represents a complex glacier system with two large outlet glaciers and
a large proportion of glacier area concentrated within a relatively narrow elevation range between 1400 and 1800 m a.s.l..
In contrast, Melimoyu is a steep volcanic ice cap with few minor glacier tongues and glacier area distributed over a larger
elevation range. This contrast provides an opportunity to assess how glacier geometry influences observed elevation-change
patterns and to evaluate the ability of ASTER-derived DEMs to resolve these differences.

The contrasting hypsometries of the two glacier complexes are of particular interest because the distribution of glacier area
with elevation is known to influence glacier sensitivity to equilibrium-line altitude fluctuations and climatic change (Huss, 2012;
Paul, 2015). Glaciers with large areas concentrated within a limited elevation range may exhibit strong responses to relatively
small shifts in the equilibrium-line altitude, whereas glaciers spanning a broader elevation range may retain accumulation areas

under similar climatic conditions.
2.2 ASTER DEMs

DEMs used in this study were acquired by the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
onboard the Terra satellite. Terra is a multi-national Earth observation satellite operating in a sun-synchronous orbit with a

16-day repeat cycle and has been providing data since its launch in December 1999 (NASA JPL, 2004).
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Google E

Google Earth

Figure 1. Google Earth images of study sites: location of area of interest in South America a), area of interest b), Queulat GC c) and
stratovolcano Melimoyu d). Maps data: ©Google Earth 2026 a) Image Landsat/Copernicus, Data LDEO-Columbia, NSE, NOAA, b) Image
Landsat/Copernicus, Data LDEO-Columbia, NSF, NOAA c) Image: ©Airbus, 2025, d) Image: ©Airbus, 2026

ASTER DEMs are generated using along-track stereoscopy in the visible and near-infrared (VNIR) spectral range. The
VNIR subsystem is equipped with two telescopes: a nadir-viewing sensor (3N) and a backwards-looking sensor (3B), sepa-
rated by an angle of approximately 27.6° (Abrams, 2000). These sensors almost simultaneously acquire stereo image pairs
of terrain from different viewing geometries. Then, elevation information is derived by measuring the parallax (displacement)

between corresponding features in the stereoscopic image pair. This difference is converted into surface elevation through pho-
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togrammetric processing using known sensor geometry, orbit parameters, and image orientation models (Fujisada et al., 2005).
The resulting DEMs typically have a spatial resolution of 15-30 m and are widely used for regional to global topographic
analysis.

In this study, we use the AST14DEM product (NASA et al., 2025) generated by NASA from ASTER Level 1A data. The
resulting DEMs have a 30 m spatial resolution and are derived from a single stereo image pair acquired on the same date.
This characteristic provides a well-defined acquisition timestamp, which is particularly advantageous for DEM differencing
applications.

Seasonal variations in snow cover can introduce biases in DEM differencing; therefore, end-of-ablation-season acquisitions
are generally preferred. To mitigate the seasonal effects, we utilise only DEMs acquired during the hydrological summer

(October 1 to March 31 for the southern hemisphere).
2.3 Reference DEM

Accurate co-registration of ASTER DEMs requires a stable and high-quality reference DEM to minimise systematic elevation
biases and spatial offsets. For this purpose, the SRTM DEM is commonly used in glacier studies due to its near-global coverage
and relatively consistent quality (e.g., Willis et al., 2012b; Berthier et al., 2016). DEMs used for the SRTM global DEM were
taken by the SRTM instrument aboard the Space Shuttle Endeavour between 11 and 22 February, 2000 (NASA Earthdata).
However, the original SRTM DEM contains voids and artefacts, particularly in regions of steep and complex terrain, arising
from geometric distortions and limitations of the radar acquisition system.

Here, we use the NASADEM product, a void-filled global one-arcsecond (30 m) DEM derived from reprocessed SRTM data
(NASA JPL, 2020). The higher spatial resolution of NASADEM is particularly beneficial for studies in complex mountainous
terrain, as it allows for a more detailed representation of topography compared to 3 arc-second (90 m) SRTM Void-Filled
product. NASADEM incorporates improvements over the original SRTM product, including enhanced phase unwrapping al-
gorithms and corrections of elevation artefacts such as residual height ripples (Buckley et al., 2025). These updates result in
improved spatial consistency and reduced systematic errors, making NASADEM a more suitable reference surface for DEM

co-registration.
2.4 Glacier complex and water bodies outlines

For co-registration purposes, it is essential to distinguish between stable and unstable terrain. To classify areas within the DEM
accordingly, we mask out glacierized regions and water bodies, which are considered unstable surfaces.

Glacier outlines are obtained from the Randolph Glacier Inventory version 7 (RGI 7) (RGI 7.0 Consortium, 2023). The RGI
is a globally complete inventory of glacier outlines compiled by the Global Land Ice Measurements from Space (GLIMS)
initiative. In this study, we use the glacier complex product, which represents contiguous ice masses by merging individual
glaciers that share common boundaries into unified GCs.

Water bodies are identified using the Global Lakes and Wetlands Database version 2 (GLWD) (Lehner et al., 2025). GLWD

provides a comprehensive and seamless global map of inland surface waters, distinguishing 33 classes of lakes, reservoirs,
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rivers, and wetland types. In this study, GLWD is used to mask water bodies, which are considered unstable surfaces for DEM
co-registration. Excluding these areas helps to prevent biases arising from temporal variability in water levels and surface

properties.
2.5 ERAS

To estimate local temperature and precipitation changes in the sub-region of interest and investigate their relationship with
elevation change trends derived from DEM differencing, we use ERAS reanalysis data for temperature and precipitation.
Hourly data for the 2 meter Temperature and Total precipitation were obtained for the period from 2000 to 2026 (Copernicus
Climate Change Service, 2023).

ERAS is a state-of-the-art atmospheric reanalysis product generated using data assimilation techniques, in which a numerical
weather prediction model is continuously constrained by a wide range of observations, including weather stations and satellites.
This approach combines model forecasts with observations to produce a physically consistent and temporally complete estimate
of atmospheric and surface conditions. As a result, ERAS provides a comprehensive and internally consistent representation of

the global atmosphere, land surface, and ocean waves (Hersbach et al., 2020).

3 Methods

The DEM processing workflow used in this study is summarised in Figure 2. The workflow consists of preprocessing steps
aimed at filtering outliers and aligning all DEMs to a common reference frame, followed by processing steps to derive spatially
distributed elevation-change rates and their elevation-dependent patterns, as well as glacier mass balance (GMB). Detailed

descriptions of each processing step are provided in the subsections below.
3.1 DEM pre-processing

The DEM pre-processing workflow applied in this study follows established approaches commonly used in glacier elevation
change studies based on DEM differencing.

The AST14DEM V004 product, unlike the earlier VOO3 version, does not include cloud coverage in its metadata. To identify
and remove cloud-contaminated pixels, we compute the elevation difference between each ASTER DEM and the reference
NASADEM. Pixels with absolute elevation differences exceeding 300 m are assumed to be affected by clouds and are masked.

For co-registration, ASTER DEMs are aligned to the common reference DEM (NASADEM) using the universal co-registration
method (Nuth and Kiéb, 2011) implemented in xDEM package (xDEM contributors, 2026). This method is based on minimis-
ing horizontal and vertical offsets by exploiting the relationship between elevation differences and terrain attributes (slope and
aspect), solving a cosine-based model of elevation bias.

Following coregistration, a three-step threshold-based outlier filtering is applied:

1. Physically based elevation change threshold. The threshold is based on the assumption of maximal plausible melt and

accumulation per year. Pixels are retained only if their elevation differences relative to the reference DEM fall within a range
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of -20 m/yr to +15 m/yr. Values outside this range are considered unrealistic and are removed. The upper threshold (+15 m/yr)
is constrained by the assumption that net accumulation cannot exceed the total annual solid precipitation. As shown in Figure
7, maximum annual solid precipitation reaches approximately 11 000 mm w.e./ yr, corresponding to roughly 13 m/yr, which
is consistent with the applied upper bound. The lower threshold (-20 m yr—!) was selected based on reported maximum melt
rates reaching 15 m/yr for glaciers within Northern Patagonian Ice Field (Willis et al., 2012a).

2. Temporal median filter. For each pixel, elevation values are compared to the temporal median derived from the full
DEM stack. Pixels deviating by more than 100 m from the temporal median are classified as outliers and masked. While some
studies apply thresholds of 100-150 m (e.g., Brun et al., 2017; Kiib et al., 2012), a threshold of 100 m was selected here based
on visual inspection of elevation-difference histograms across elevation bands, which showed that most values fall within the
0-80 m range.

3. Three-sigma filter. A statistical filter is applied by computing the mean and standard deviation of elevation values for
each pixel across the DEM stack. Pixels are retained only if their values lie within 4 3 standard deviations of the mean. This
step removes remaining outliers, including those with moderate deviations (<100 m) that are nonetheless inconsistent with the
local elevation distribution.

After co-registration and outlier filtering, a stack of improved-quality DEMs is obtained. However, an additional pre-
processing step is required. Although the DEMs are largely free of clouds and major outliers, they still contain residual
high-frequency “salt-and-pepper” noise of small magnitude. Common smoothing approaches, such as Gaussian blurring or
median filtering, can reduce this noise, but they tend to degrade sharp topographic features, particularly along ridges and steep
slopes.

To address this limitation, we apply a bilateral filtering method, which reduces noise while preserving terrain edges. The
bilateral filter achieves this by combining spatial proximity and radiometric similarity: pixel values are smoothed not only
by their spatial distance but also by their elevation similarity (Zhang and Gunturk, 2008). As a result, the filter effectively
suppresses small-scale noise while maintaining sharp discontinuities, such as mountain ridges and valley boundaries.

After applying outlier filtering and bilateral smoothing, only DEMs that meet the quality criteria are retained. Specifically,
DEMs are kept if they contain more than 15% valid elevation pixels within the glaciers of interest and if the standard deviation

of elevation differences relative to the reference DEM over ice-free terrain is below 20 m.
3.2 Derivation of Elevation Change and Mass Balance

To derive elevation change maps from the stack of pre-processed DEMs, we utilise a two-step pixel-wise linear regression
approach, which has been widely applied in other glacier elevation change studies (e.g., Wang and Ké&éb, 2015; Berthier et al.,
2016; Brun et al., 2017; Dussaillant et al., 2019). In the first step, the reference DEM is included in the DEM stack, and
a weighted linear regression is fitted independently for each pixel. The weights are derived from the standard deviation of

elevation differences over non-glacierized terrain between each ASTI4DEM and the reference DEM.
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Figure 2. Schematic processing workflow

The initial regression results are used to estimate 99% confidence intervals for the elevation change trends. Observations that
fall outside these confidence intervals are considered outliers and are removed. A second weighted linear regression is then
performed for each pixel using the filtered dataset to obtain robust estimates of elevation change.

From the resulting elevation change maps, glacier-wide specific mass balance (GMB) is calculated using the hypsometric

method to account for the distribution of elevation changes across different altitude bands of the glacier (Pop):

" /dh
Gup=3 (% 5) » 1)
i=1 i

where dh/dt - mean elevation change rate per elevation band, S- glacier area per elevation band, p - volume to mass conversion
factor of 850 £ 60 kg m~3 (Huss, 2013), n - number of elevation bands.

The analysis is conducted for two test GCs over multiple time periods to assess temporal variability in elevation change.
The selected periods are 2000-2010, 2011-2015, 2016-2020, and 2021-2026. The first period spans 10 years, whereas the
subsequent intervals are shorter, due to the limited availability of DEMs in the study region between 2000 and 2010.

3.3 Uncertainty analysis

For calculating uncertainty in elevation change rates, two approaches are commonly used in the literature:
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1.The uncertainty of elevation change rates (dh/dt) can be derived directly from the linear regression applied to each pixel
time series. A weighted least squares model provides both the estimated trend and its associated standard error (opixer). By
computing the quadratic mean of these pixel-wise errors, the overall uncertainty o4, can be obtained (Wang and Kééb, 2015).

2. The second approach estimates uncertainty as the standard deviation of elevation changes over stable terrain derived from
the final dh/dt map. This approach does not account for spatial correlation but is considered appropriate when the area of
study is larger than the decorrelation area (Fischer et al., 2015).

We computed g4, using both methods for the full study period (2000-2026). For Queulat GC, the quadratic mean of the
regression-based slope error is 0.38 m, compared to 0.58 m derived from the standard deviation of elevation changes on stable
terrain. For Melimoyu, the regression-based RMS is 0.30 m, whereas the stable-terrain method yields 0.42 m.

In the following, we adopt o4y, derived from the standard deviation of elevation changes over stable terrain for glacier-wide
elevation change estimates in order to avoid underestimating uncertainties. For elevation-band-specific uncertainties (g bin),
we use the quadratic mean of the regression-based slope errors computed for all pixels within each elevation bin. This approach
is necessary because stable-terrain elevation distributions do not match those of glacierized areas, making the standard deviation
method inapplicable at the elevation-bin scale.

Uncertainties in glacier-wide mass balance estimates were calculated following the approach of Brun et al. (2017). The total
uncertainty in mass balance (oA tot) i computed as the quadratic sum of a random component (oA as,rand) and a systematic

component (oA ,sys):

— 2 2
OAM tot = \/OA]V[,rand + OAM, sys* 2

The random uncertainty is assumed to originate from three independent sources: uncertainties in elevation change rates (ogp),
glacier area (4 = 10% - Aglacier (Kddb et al., 2012)), and the volume-to-mass conversion factor (o,). These contributions are
combined assuming independence of errors. Assuming independence between error sources, the uncertainty in volume change

is computed as:

AV = \/(th : Aglacier)2 + (UA : Ah)Q; (3)

which is then propagated to mass change using the density factor p = 850 kg/m? with associated uncertainty o, = 60 kg/m?
(Huss, 2013):

OAM,rand = \/(UAV : P)2 + (JP : AV)Q, (4)

The systematic uncertainty includes biases associated with DEM differencing, quality and number of DEMS and is computed

as:
1
OAM,sys = |AMtotal_§'(AMl+AM2)|7 (5)

where AMj,q; corresponds to GMB for the total study period, AM; - GMB of first half of study period and AM; - second
half of study period.
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3.4 Temperature downscaling and precipitation analysis

The native spatial resolution of ERAS is 0.25°x 0.25°(approximately 25-30 km), which provides only a coarse representation
of meteorological conditions over mountain glaciers. Furthermore, ERAS air temperature is reported at 2 m above the model
surface, whose elevation often differs substantially from the glacier surface elevation. Individual ERAS grid cells frequently
encompass a wide range of topographic conditions, including glacierized terrain, mountain slopes, and low-elevation valleys.
Consequently, the native ERAS temperature fields do not adequately represent the strong altitudinal gradients present across
glacier surfaces, making temperature downscaling necessary.

Hourly ERAS reanalysis data for near-surface air temperature and total precipitation were used to quantify glacier-wide solid
precipitation. ERAS grid cells overlapping each glacier were processed individually to preserve spatial variability. Within each
grid cell, a high-resolution reference digital elevation model (NASADEM) was masked using glacier outlines to extract only
glacier-covered terrain. Elevation distributions were then represented by 100 m elevation bands, for which fractional glacier
area was derived. Air temperature was downscaled from the ERAS5 grid elevation to each elevation band employing a constant
lapse rate of -6.5 °C per km, specified for the definition of standard atmosphere by International Civil Aviation Organization
(1993). Precipitation was assumed to be spatially uniform within each ERAS grid cell and was classified into solid and liquid
components using a linear transition between 0 and 2 °C, representing a simplified temperature-threshold approach commonly
applied in glacier and hydrological studies (e.g., Tobin et al., 2012; Bormann et al., 2014). Solid precipitation was computed
for each elevation band and weighted by its fractional area, yielding a grid-cell-integrated estimate of glacier-wide snowfall.
Time series from all contributing ERAS grid cells were subsequently aggregated to obtain total glacier precipitation. Monthly

and annual totals were derived, and precipitation characteristics were analysed over predefined multi-year periods.

4 Results and Discussion
4.1 Spatial variability of mass balance

Before analysing glacier-specific elevation changes, we first computed a map of elevation change patterns for the entire study
region over the full observation period from 2000 to 2026 (Figure 3 a)). The region shows a strong melt signal of up to -6 m/yr,
mostly observable on a few large outlet glaciers located around 44.5°S and 72.5°W. The largest glacier complex in this area
corresponds to the first study site, the Queulat GC. In contrast to the Queulat GC, Melimoyu shows only limited signs of mass
loss, with weak elevation lowering, restricted to small outlet glaciers surrounding the central accumulation area.

Hypsometric analysis (Figure 3 b)) reveals significant mass loss at lower elevations, while higher elevations (approximately
1900-2200 m a.s.l.) remain close to balance. The resulting total GMB of all glaciers in the study region amounts to approxi-
mately -0.67 m £ 0.27 m w.e./yr. This value is slightly more negative than the estimate of -0.57 £ 0.22 m w.e./yr reported for
the northern Patagonia region by Dussaillant et al. (2019), yet less negative than the Southern Andes-wide average of -0.93 +
0.22 m w.e./yr reported by The GlaMBIE Team et al. (2025). These differences can be attributed to several factors. First, the
spatial extent of the respective studies differs substantially. Regional estimates from Dussaillant et al. (2019) and the GlaMBIE

10
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Figure 3. Elevation change rates (2000-2026) in test region a) and elevation binned average elevation changes of glacierized terrain b). The

bars in sub-figure b) represent the uncertainties on elevation change (o 4n,bin) discussed in Section 3.3

Table 1. Elevation change and glacier mass balance (GMB) for different periods for the Queulat GC and stratovolcano Melimoyu.

Period Queulat Melimoyu

Avg dh/dt (m/yr) GMB (m w.e./yr) Avgdh/dt (m/yr) GMB (m w.e./yr)
2000-2010 —0.28+0.90 —0.23+£0.39 +1.10+0.87 +0.95+0.37
2011-2015 —0.31£0.61 —0.26+0.30 +0.80+0.71 +0.69+0.23
2016-2020 —0.544+0.55 —0.45+0.24 —0.16+0.44 —0.144+0.23
2021-2026 —0.754+0.45 —0.63+£0.19 —0.174+0.33 —0.144+0.20

synthesis The GlaMBIE Team et al. (2025) include large icefields and a broader range of glacier types, while the present study

focuses on a more limited subregion dominated by outlet glaciers and smaller GCs. Such differences in glacier geometry and

hypsometry can strongly influence area-averaged mass balance. Second, discrepancies in temporal coverage likely contribute

to the observed differences. Dussaillant et al. (2019) analyses the period 2000-2017, whereas the present study extends to

2026. As shown in the following sections, glacier mass loss in the study region has accelerated in recent years, leading to more

negative mass balance estimates over the long term.

4.2 Glacier-scale differences and hypsometric control

Glacier-wide mass balance and average elevation change were computed for the periods 20002010, 2011-2015, 2016-2020,

and 2021-2026. The results are summarised in Table 1. A pronounced difference is observed between the two GCs: Queulat GC

exhibits consistently negative mass balances throughout the study period, with values becoming progressively more negative
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from an initial -0.23 &£ 0.39 m w.e./yr to -0.63 £ 0.19 m w.e./yr in the last 5 years. This evolution indicates a clear acceleration
of mass loss over time.

In contrast, the stratovolcano Melimoyu shows strongly positive mass balance in the early period (+0.95 £ 0.37 m w.e./ yr
for 2000-2010), followed by a steady decline towards near-zero and eventually slightly negative values (-0.14 4= 0.20 m w.e./yr
for 2021-2026). This transition from accumulation to mass loss suggests a delayed response to climatic forcing compared to

the Queulat GC.

a) 2000-2010
—e— 2011-2015 F+ T 1 = 1

& Zoat7008 i l 'T"TT””HH

dh/dt [m/yr]
dh/dt [m/yr]

2000-2010
=6 —~3 —e— 2011-2015
l 2016-2020

—e— 2021-2026

650 950 1250 1550 1850 2150 650 950 1250 1550 1850 2150
Elevation [m a.s.l.] Elevation [m a.s.l.]

Figure 4. Elevation band averaged elevation changes for different time periods in a) Queulat GC and b) stratovolcano Melimoyu. The error

bars represent the uncertainties on elevation change (4n,bin) discussed in Section 3.3

It should be noted that the positive mass balances may be somewhat overestimated because elevation gains in the accumu-
lation area are likely associated with snow and firn, which generally have lower densities than the adopted density conversion
factor of 850 + 60kg/m?. However, it is recommended to apply this value for both positive and negative geodetic volume
changes, as glacier-wide elevation changes typically reflect a combination of snow, firn, and ice rather than a single material.
Therefore, in the absence of detailed information on firn conditions and densification processes, the use of a density conversion
factor of 850 + 60kg/m?> remains the recommended approach (Huss, 2013; Zemp et al., 2013).

Large errors observed in the earlier period 2000-2010 mainly stem from random errors (Section 3.3, equation 4), specifically
uncertainty on the elevation change rate component o4, and systematic errors (Section 3.3, equation 5). During this period,
fewer DEMs are available, resulting in two slightly different estimates of the half-periods used in equation 5. Large systematic
errors under limited DEM availability are also observed in other studies (Brun et al., 2017).

Additionally, uncertainties in elevation change and, consequently, in glacier mass balance for earlier periods (2000-2010
and 2011-2015) are systematically higher than those for more recent periods (2016-2020 and 2021-2026). Visual inspection
of the resulting dh/dt maps indicates increased noise levels and a greater number of data voids in maps generated for the first

two temporal periods. Such behaviour has not been widely reported in studies using self-processed DEMs generated with tools
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such as the Ames Stereo Pipeline (Beyer et al., 2018) or MicMac (Rupnik et al., 2017). While a detailed investigation of the
underlying causes is beyond the scope of this study, potential explanations may include differences in data availability for raw
and pre-processed DEMs or DEM processing strategies. This discrepancy demands further investigation in future work.

The observed differences in mass balance between the two glacier systems can primarily be attributed to differences in
glacier geometry and hypsometry. The Queulat GC has a larger proportion of its area at low elevations (below 1000 m a.s.1.),
making it more sensitive to temperature-driven melt processes compared to Melimoyu, which is characterised by a larger
proportion of its area at mid to high elevations, where conditions remain closer to the equilibrium line altitude (ELA) during
most of the study period.

This contrast is reflected in the elevation-dependent elevation change patterns (Figure 4). For Queulat GC (Figure 4, a), strong
elevation lowering is observed at low elevations, with rates exceeding -5 m/yr in the lowest elevation bands. With increasing
elevation, the magnitude of elevation change gradually decreases, approaching near-neutral or slightly positive values in the
highest bands for earlier periods. Over time, the hypsometric curves show a systematic downward shift, indicating an overall
intensification of mass loss. In the most recent period (2021-2026), negative elevation rates are present for all elevation bands,
indicating an upward migration of the ELA.

At higher elevations of Queulat GC (above 1800 m a.s.l.), a reduction in the magnitude of elevation change over time is
observed. This behaviour can be attributed to the geomorphological setting of the glacier, where ice at these elevations is
largely confined to steep and narrow mountain ridges (Figure 5a). In many locations, glacier ice has already been substantially
reduced or replaced by exposed bedrock, resulting in smaller apparent elevation changes and a reduced sensitivity to further
melt.

Conversely, the Melimoyu (Figure 4, b) exhibits a remarkably different behaviour. During the early period (2000-2010),
positive elevation changes dominate at mid- and high elevations, in some cases exceeding +1 m/yr. These positive rates di-
minish over time, and by the most recent period, elevation changes at most elevations are close to zero or slightly negative.
This transition indicates a shift from accumulation-dominated conditions to near-balanced or slightly negative mass balance,
consistent with the results calculated for all glaciers in the region as discussed above.

The contrasting behaviour of Queulat and Melimoyu demonstrates that glacier geometry can strongly influence both the
magnitude and spatial distribution of elevation change. Despite their close proximity and exposure to broadly similar climatic
forcing, the two glacier systems exhibit substantially different thinning patterns. This finding demonstrates that regional-scale
geodetic mass-balance products, while invaluable for quantifying regional trends, may overlook important glacier-scale vari-
ability in glacier response to climate change.

The spatial distribution of elevation bands and associated elevation changes (Figure 5) provides further insight into the
controlling mechanisms. For Queulat GC (Figure 5 a), c)), low elevations correspond to extensive outlet glacier tongues,
which experience the strongest mass loss. Higher elevations are limited to narrow, steep ridges, where glacier area has already
been substantially reduced and elevation changes are comparatively small. In contrast, Melimoyu (Figure 5 b), d)) exhibits a
more radially symmetric hypsometry, characterised by a broad elevation distribution and a large, relatively flat high-elevation

plateau. This geometry favours sustained accumulation at high elevations during the early period. However, the extensive high-
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elevation plateau also means that a large glacier area is affected once negative mass-balance conditions develop, contributing
to the increasing elevation loss observed in recent periods.

Temporal changes in elevation change rates (Figure 5 e), f)), computed from the dh/dt differences of the first and last analysed
periods, further highlight the contrasting glacier responses. Melimoyu shows a broadly coherent increase in mass loss across
most elevation bands, while the lowest elevations exhibit reduced thinning rates, likely due to glacier retreat and the progressive
disappearance of low-elevation ice. Queulat GC displays a more heterogeneous pattern. Mid-elevation zones (1000-1500 m
a.s.l.), corresponding to the main part of outlet glaciers, show the strongest increase in thinning, whereas the areas with the
highest elevations (above 1800 m a.s.l.) retain similar mass loss rates. The lowest elevation bands exhibit a reduced rate of
elevation loss in recent years, again reflecting terminus retreat beyond the reference outlines.

Overall, these results suggest that hypsometry and glacier geometry exert a strong influence on glacier response. Although
the ERAS analysis presented in Section 4.4 reveals slightly stronger warming and snowfall reduction over the Queulat GC,
the climatic differences between the two study sites are substantially smaller than the observed differences in mass balance.
This indicates that glacier geometry and elevation distribution play a major role in shaping their contrasting mass-balance
trajectories.

The results further highlight the role of glacier hypsometry in controlling glacier sensitivity to climatic forcing. Queulat
contains a large proportion of its area within a relatively narrow elevation range, whereas Melimoyu exhibits a broader eleva-
tion distribution and retains a greater proportion of glacier area at higher elevations. Consequently, relatively small shifts in
equilibrium-line altitude may affect a larger fraction of the Queulat glacier complex simultaneously, while accumulation areas

may persist over a wider range of climatic conditions on Melimoyu.
4.3 Comparison with existing datasets

To assess the robustness of our elevation change estimates, we compared our results with the glacier elevation change dataset
of Hugonnet et al. (2021), which provides a timeseries of annual elevation change rates for individual glaciers at the RGI 6
level for the period 2000-2016. In order to ensure comparability, we extracted time series of elevation change for all glaciers
contributing to the two study sites and aggregated these values spatially to match the extent of the GCs analysed in this study.

The comparison summarised in Table 2 shows that our estimates generally exhibit less negative magnitudes of elevation
change compared to the Hugonnet et al. (2021) dataset. For the Queulat GC, the differences are relatively small, and our values
consistently lie within the uncertainty ranges reported by Hugonnet et al. (2021). This indicates a good overall agreement
between the two approaches. In contrast, larger discrepancies are observed for the Melimoyu, particularly in the earlier periods,
where our dataset suggests substantially stronger positive elevation changes.

The differences in computed dhdt can be attributed to several factors. First, methodological differences between the two
studies play an important role. While the Hugonnet dataset is based on a multi-source DEM time series with spatial filtering
and gap-filling approaches optimised for large-scale analysis, our study utilises a higher spatial resolution DEM dataset (30 m),

which may better capture small-scale elevation variability but can also increase sensitivity to data noise. In contrast, the coarser
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Table 2. Comparison of elevation change rates (dh/dt) between this study and Hugonnet et al. (2021). for the Queulat GC and the stratovol-

cano Melimoyu.

Period Queulat GC (Hugonnet et al. (2021))  Queulat GC (this study)  Volcano (Hugonnet et al. (2021))  Volcano (this study)
(m/yr) (m/yr) (m/yr) (m/yr)
2000-2010 —0.47+£0.74 —0.28+0.90 +0.10 £0.58 +1.10 £0.87
2010-2015 —0.80£0.64 —0.31+£0.61 —0.34+0.54 +0.80£0.71
2015-2020 —0.95+0.60 —0.54+0.55 —0.62+0.55 —0.16 £0.33

spatial resolution (100 m) used in the Hugonnet dataset may result in a smoothing of elevation changes, particularly in areas
with complex topography.

Additional differences arise from the use of updated glacier outlines in this study (RGI 7 vs. RGI 6). The comparison showed
substantial differences for the geometries of Queulat GC. In the case of the Stratovolcano GC, several glacier outlets in RGI 6
appear spatially displaced relative to their positions in RGI 7. Furthermore, the total area of the Queulat GC increases from
93.6 km? in RGI 6 to 102.6 km? in RGI 7, indicating a considerable revision of glacier extent. In contrast, for stratovolcano
Melimoyu, the difference is less pronounced, with areas of 57.4 km? (RGI 6) and 55.8 km? (RGI 7).

Overall, despite these differences, the agreement between our results and the Hugonnet dataset is generally good for the
Queulat GC and remains within uncertainty bounds. The larger discrepancies observed for the Melimoyu highlight the sensi-

tivity of elevation change estimates to data quality, glacier geometry, and methodological choices.
4.4 Climatic controls on local mass balance changes

To assess whether differences in climatic forcing could explain the contrasting glacier behaviour of the two test sites, trends in
near-surface air temperature and precipitation were derived from ERAS reanalysis data. In particular, we analyse changes in
summer temperature and annual solid precipitation (snowfall), which directly influence ablation and accumulation processes.

Summer temperature trends in Figure 6 indicate a consistent warming across the study region over the period 2000-2026. The
magnitude of warming differs slightly between the two sites, with the Queulat GC exhibiting a stronger increase of +0.45°C
per decade compared to the Melimoyu with +0.3°C per decade. Although the difference in temperature trends is relatively
small, the higher sensitivity of Queulat GC to temperature changes, as indicated by its low-elevation-dominated hypsometry,
likely amplifies the impact of this warming on glacier mass balance.

ERAS-derived precipitation shows only minor differences between the two study areas (Figure 7 a), b)). Both sites exhibit
similar magnitudes of annual snowfall, with Queulat GC reaching values of up to approximately 11 000 mm w.e./yr during the
early part of the observation period and decreasing to around 9 500 mm w.e./yr in recent years. The Melimoyu shows lower
overall snowfall, ranging from approximately 7 000 mm w.e./yr to 6 500 mm w.e./yr over the same period. However, the relative

changes in precipitation between the two sites remain small compared to the pronounced differences in mass balance.
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Figure 7. Annual solid (snowfall) and liquid (rain) precipitation over a) Queulat GC and b) stratovolcano Melimoyu

It should be noted that ERAS has a coarse spatial resolution (25 km), which limits its ability to resolve small-scale precip-
itation gradients in complex topography. Given the relatively short distance between the two glacier systems (50 km), ERAS
likely smooths spatial differences in precipitation, which may contribute to the limited contrast observed in the reanalysis data.

390 A consistent feature at both sites is a declining trend in solid precipitation, accompanied by increasing air temperatures.
This suggests a shift in precipitation phase from snow to rain, particularly at elevations close to the ELA. Such a phase shift
reduces effective accumulation even when total precipitation remains relatively stable, as evidenced by the acceleration of

glacier surface lowering observed in this study (Table 1).
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Overall, the ERAS data indicate a regional trend towards warmer conditions and reduced snowfall, rather than substantial
differences in precipitation input between the two glacier systems. Consequently, the contrasting glacier behaviour observed
in this study is most plausibly explained by differences in glacier geometry and hypsometry, which modulate each system’s

sensitivity to similar climatic forcing.

5 Conclusions

This study examined glacier elevation changes and glacier mass balance using DEM differencing for two neighbouring glacier
systems with contrasting geometry in the Southern Andes. The results show clear differences in glacier response despite
exposure to broadly similar climatic conditions, pointing out the critical role of glacier-specific characteristics.

The Queulat GC displays persistent and accelerating mass loss over the study period, with the strongest thinning observed
at low elevations where extensive outlet glacier tongues dominate. This pattern illustrates the high sensitivity of low-elevation-
dominated glacier systems to temperature-driven ablation.

In contrast, the stratovolcano Melimoyu shows near-neutral to slightly negative mass balance over much of the study period,
with only a recent shift towards increasing mass loss. Although thinning is also observed at lower elevations, the overall
response remains more moderate. This delayed and reduced sensitivity can be attributed to the wider elevation distribution of
the glacier system, which maintains a larger proportion of glacier area at high elevations.

The comparison between the two glacier systems indicates that glacier geometry and hypsometry exert a first-order control
on glacier response to climatic forcing. While ERAS data indicate similar warming trends and decreasing snowfall at both
sites, differences in glacier elevation distributions significantly influence the resulting mass-balance trajectories. These findings
emphasise that glacier-scale heterogeneity can lead to divergent responses that are not captured by regional-scale averages. In
northern Patagonia, where different types of glaciers and volcanic ice caps coexist within a relatively confined region, glacier-
specific characteristics therefore need to be considered when interpreting present-day glacier change and projecting future
glacier evolution.

Furthermore, our results illustrate the value of ASTER-derived DEM differencing for resolving elevation-change patterns
across individual elevation bands. While glacier-wide mass-balance estimates provide an important measure of overall glacier
change, the elevation-dependent analysis shows substantial spatial variability in thinning and apparent accumulation that would
otherwise stay concealed. Such information can improve the interpretation of glacier response to climatic forcing and provide
additional insight beyond glacier- or regionally averaged mass-balance estimates.

Observations of increased noise levels, data voids, and higher uncertainties in earlier time periods point to temporal inconsis-
tencies in AST14DEM quality and availability. These effects may influence derived elevation-change rates and mass-balance
estimates, and are not widely discussed in studies based on self-processed DEMs generated using tools such as the Ames Stereo
Pipeline or MicMac. A systematic comparison between ASTER standard products and common pre-processing algorithms
would therefore be valuable to better understand potential biases, differences in signal detectability, and their implications for

long-term glacier monitoring.
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Overall, the results demonstrate that glacier geometry and hypsometry are key controls on glacier sensitivity to climate
change in northern Patagonia. Future projections of glacier evolution, runoff generation, and water-resource availability would
therefore benefit from a more explicit representation of elevation distributions and elevation-dependent mass balance. Ac-
counting for these controls may reduce uncertainties in glacier-scale projections and improve the interpretation of regional

glacier-change estimates across the Southern Andes.

Data availability. The dh/dt maps of study sites together with statistical information on elevation bins for time periods 2000-2026, 2000-
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