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The complex dynamics of calving glaciers is a major uncertainty in projecting global glacial mass loss. We 
present frontal ablation and ice mass change for the 38 major calving glaciers in the Patagonian icefields 
based on remote-sensing observations of ice-front positions, surface speeds and elevation changes. The 
frontal ablation from 2000 to 2019 was −24.1 ± 1.7 Gt a−1, which represents 34 ± 6% of the total ablation 
of the icefields. The fraction of frontal ablation was close to half in the southern icefield and about one 
fifth in the northern icefield. The rate of the mass loss from the icefields during the period of study was 
15.2 ± 3.5 Gt a−1, which is generally explained by surface mass balance but was accelerated as a result of 
increasing frontal ablation. The frontal ablation and mass change values suggest surface mass balance to 
be −1.5 ± 0.9 Gt a−1 for the northern icefield and +11.5 ± 2.7 Gt a−1 for the southern icefield during this 
period. Our study demonstrates that a strong increase in frontal ablation at several glaciers drives the 
mass loss in the southern icefield, whereas increasingly negative surface mass balance drives the mass 
loss in the northern icefield.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Calving glaciers often show a more complex reaction to climate 
change compared to land-terminating glaciers, because of ice mass 
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loss through calving and subaqueous melting, collectively known 
as frontal ablation (e.g., Truffer and Motyka, 2016). This is a major 
challenge for forecasting ice mass loss from regions characterized 
by calving glaciers (e.g., Greenland Ice Sheet, Antarctic Peninsula, 
Canadian Arctic Archipelago, Alaska and Svalbard). The Northern 
Patagonian Icefield (NPI: ∼3,700 km2) and the Southern Patago-
nian Icefield (SPI: ∼12,000 km2) form the largest temperate glacier 
system in the Southern Hemisphere (Meier et al., 2018). Approxi-
mately 80% of recent mass loss from all Andean glaciers originates 
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in these icefields (Braun et al., 2019; Dussaillant et al., 2019). 
Glaciers in Patagonia are losing mass at one of the highest rates 
in the world, and their mass loss has contributed approximately 
3 mm to sea-level rise between 1961 and 2016 (Zemp et al., 2019). 
The rapid ice mass loss from the Patagonian icefields comes from 
ocean- and lake-terminating glaciers (Rignot et al., 2003). However, 
recent variations in calving glaciers are not uniform in space and 
time (Aniya et al., 1997; Sakakibara and Sugiyama, 2014). There-
fore, it is crucial to investigate mechanisms controlling the mass 
change of calving glaciers in order to better understand the cur-
rent state and fate of Patagonian icefields.

The total mass change (�M) is a result of the complex interplay 
between surface mass balance, Ḃ (composed of snow accumulation 
and surface ablation), and frontal ablation, Af (composed of calv-
ing due to mechanical fracture and subaqueous ice-front melting 
under the ocean/lake surface), which are affected by atmospheric 
and oceanic forcing:

�M = Ḃ + Af. (1)

In Patagonia, the prevalent westerly wind dominates Ḃ related to 
orographic precipitation on the western side and föhn on the east-
ern side of the icefields (Lenaerts et al., 2014). Changes in Ḃ are 
directly connected to climate variability, and thus the changes are 
relatively slow. On the other hand, several processes determine 
Af . Ice flow near the calving front is controlled by basal sliding, 
which is influenced by basal water and overburdened ice pressures 
(Sugiyama et al., 2011). Thus, ice thinning and retreat into over-
deepened basins often lead to an ice speed-up near the terminus 
(Meier and Post, 1987). Acceleration near the terminus results in 
glacier thinning due to stretching and vertical straining, which ini-
tiates positive feedback between thinning and acceleration (Benn 
et al., 2007; Felikson et al., 2017). Stretching of a glacier tongue en-
hances ice fracture, which increases the iceberg calving rate (Benn 
et al., 2007). Conversely, the calving rate can decrease when an 
increased subglacial sediment is transported to the glacier front, 
making the fjord shallower (Brinkerhoff et al., 2017). More re-
cently, submarine ice front melting has garnered interest because 
the rate of melting was found to be significantly larger than pre-
viously assumed (e.g., Sutherland et al., 2019). Glacial discharge 
enhances subaqueous melting at ocean-terminating glaciers by in-
creasing the transport of warm deep ocean water to the glacier 
front (Motyka et al., 2003; Moffat et al., 2018). Erosion of ice cliffs 
in the water generates an unstable ice geometry and enhances 
calving. At glaciers that terminate in lakes, the discharge of tur-
bid and cold water instead stays at the lake bottom (Sugiyama et 
al., 2016) and subaqueous melt is stronger near the lake surface, 
which may destabilize the ice front and trigger buoyancy-driven 
calving (Sugiyama et al., 2019). All of these processes may cause 
rapid change of frontal ablation and glacier changes. However, few 
studies are available for individual glaciers in Patagonia that quan-
tify the frontal ablation accompanied with surface mass balance 
(Stuefer et al., 2007; Koppes et al., 2011; Collao-Barrios et al., 
2018; Bown et al., 2019). Measuring frontal ablation by a direct 
method of all major Patagonian calving glaciers can significantly 
improve our understanding of the recent mass change seen over 
the Patagonian icefields (e.g., Rignot et al., 2003; Abdel Jaber et al., 
2019; Braun et al., 2019; Dussaillant et al., 2019).

In this study, we estimated frontal ablation and total mass 
change of 38 major calving glaciers (45 ice-fronts: 30 lake-
terminating and 15 ocean-terminating) of the Patagonian icefields 
(Fig. 1). We considered glaciers >40 km2 on the NPI and >100 km2

on the SPI. The glaciers selected cover 88% of the calving glacier 
area and 80% of total glacier area of the icefields (RGI Consor-
tium, 2017) (Fig. 1). Annual frontal ablation between 2000–2019 
was quantified based on the variations in ice-front position, surface 
2

speed, and ice elevation changes obtained from optical satellite im-
ages, and modeled ice thickness (Eq. (5)). The frontal ablation was 
then compared with the total mass change between 2000–2019 
and previously reported surface mass balance estimates (Schaefer 
et al., 2013, 2015; Mernild et al., 2017).

2. Methods and material

2.1. Frontal ablation

Frontal ablation of a calving glacier is given by

Af = (L̇ − um)Sf, (2)

where um is width- and depth-averaged ice speed at the glacier 
front, L̇ width-averaged displacement rate of the ice front position, 
and Sf across the ice front. We estimated um using the flux-gate 
method.

um = D + Ḃf

Sf
, (3)

where

D = γ

Wg∫
0

H(y)ū(y)dy. (4)

D is ice discharge through the flux-gate calculated by integrating 
the product of each ice column thickness (H) and surface annual 
ice speed (ū) with respect to y taken along the flux gate. γ is a 
sliding factor determining depth averaged speed from ice surface 
speed. We assumed depth averaged speed to be 94% of surface 
speed (γ = 0.94) (Sugiyama et al., 2011). Ḃf is surface mass bal-
ance over the glacier below the gate. Sf was estimated from the 
cross-sectional area of the flux-gates (Sg), widths of ice front (W f) 
and flux-gate (Wg): Sf = Sg(W f/Wg). We assumed that ice-fronts 
are grounded and therefore there is no basal melting of float-
ing tongue. These assumptions are reasonable because Patagonian 
glaciers flow generally at a high ice speed near the terminus and 
consist of temperate ice, which prevents formation of a floating ice 
tongue. Floating tongues have been observed at rapidly retreating 
lake-terminating glaciers in the past, but their formation is only 
transient (e.g., Glaciar Nef in 1994–1995 (Warren et al., 2001) and 
Glaciar Reichert in 1990s and 2001 (Aniya, 2007)). Basal melting 
of such floating ice is small because subglacial discharge is cold 
(Sugiyama et al., 2016). Thus, we obtained frontal ablation using 
the following equation:

Af = Sg
W f

Wg
L̇ − D − Ḃf. (5)

We set the flux-gate for each glacier between 0.6 and 20 km
(4.5 km on average) from the ice-front to obtain accurate ice speed, 
as well as to calibrate the thickness using observational data (Stue-
fer et al., 2007; Sugiyama et al., 2011; Millan et al., 2019) (Figs. 1a 
and b). Cross-sectional area at the flux gate was obtained by us-
ing an inversion method based on observed ice speed and sur-
face slope (Gantayat et al., 2014) (Figs. S1, S2 and Text S1). We 
note that two different flux-gates were set in HPS12 for before 
and after large ice-front retreat (Fig. 1b). We compared the mod-
eled ice thickness with ice radar (Millan et al., 2019), gravimeter 
(Millan et al., 2019), active seismic (Stuefer et al., 2007) and bore-
hole measurements (Sugiyama et al., 2011) available at 21 glaciers 
(Fig. S2). The ice thickness was updated over time based on the 
elevation change rate calculated by digital elevation model (DEM) 
differentiation described later. Ḃf was computed for each glacier 
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Fig. 1. Frontal ablation of Patagonian glaciers. A map showing (a) the NPI and (b) the SPI. Colors of the glacier names indicate the type of calving glacier: ocean (red) or lake 
(green). Glaciar Pío XI (blue) flows into a lake in the northern front and into the ocean in the southern front, which we counted as an ocean-terminating glacier. Orange 
crosses and curves are the location of GNSS observations used for satellite data validation. (c) The frontal ablation rate averaged between 2000 and 2019 is indicated by the 
area of the deep red circles. Glaciers are colored by ice surface speed averaged between 2000 and 2019. (d) Histogram shows the amount of frontal ablation, Af , and surface 
ablation, A, ranked by the magnitude of frontal ablation. Open circles shows cumulative frontal ablation. OTG denotes a glacier system consisted of Occidental, Témpano 
and Greve. (e) Histogram of frontal ablation for the studied 38 calving glaciers with respect to surface ablation. Numbers on the right side of the panels (d) and (e) denote 
F -fraction (%). Surface ablation is after Schaefer et al. (2013, 2015). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
from the specific surface mass balance reported in previous stud-
ies (Schaefer et al., 2013, 2015). For simplicity, we computed the 
glacier surface area downstream the flux gate with W f and Wg, 
assuming a trapezoidal shape for the region. The area was updated 
based on the analyzed ice-front position. We used a bulk density 
of 900 kg m−3 to convert ice volume flux to mass flux to account 
for an influence of crevasses.

In total, 3,969 ice-front positions were mapped using optical 
images acquired from the 1970s through 2019, and were also used 
to update W f each year. To manually delineate the frontal glacier 
margin, true color images were constructed from orthorectified 
images from the Landsat 8 Operational Land Imager, Landsat 7 En-
hanced Thematic Mapper Plus, Landsat 5 Thematic Mapper, Land-
sat 4 Thematic Mapper, JERS-1 and SPOT1–5 (Figs. S3 and S4). Ice 
surface flow speed was measured using a feature-tracking method 
(Sakakibara and Sugiyama, 2014). The method was applied to 2,198 
image pairs acquired by Landsat 5–8 between 1984–2019 (see fur-
ther technical details described in Supplemental Text S3 and S4). 
We generated annual velocity maps from individual observations 
weighted by the inverse of estimated error to obtain annual ice 
speeds along the flux-gates. Over the 20 yrs covered by the study 
3

period, 7.7 velocity maps were available on average to calculate 
the annual ice speed. Seasonal ice speed variations and transient 
speed-up were filtered by taking annual mean speeds (e.g., Jorge 
Montt and Pío XI glaciers, where we observed the largest varia-
tions in seasonal ice speed and rapid ice acceleration) (Fig. S5). 
Data gap and artificial noise occurred as a result of cloud covers, 
shadows due to steep terrain, strong ice deformation and the fail-
ure of the Scan Line Corrector for the Landsat 7 images since 2003. 
Following a previous study (McNabb et al., 2015), we filled in gaps 
and removed outliers based on a normalized mean ice speed pro-
file along a flux gate with respect to maximum ice speed (Figs. S6, 
S7 and Text S4).

Errors in the frontal ablation (δAf ) were evaluated by distin-
guishing systematic (μ) and random (σ ) errors.

δAf =
√

μ2
Af

+ σ 2
Af

. (6)

Errors in the bedrock elevation and surface mass balance are sys-
tematic, since they are based on the same model for each. Random 
errors are assumed to occur in the ice velocity, surface elevation, 
glacier width and length changes.
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μAf = μD + μSfL̇
(7)

and

σAf =
√

(σD)2 + (σSfL̇
)2, (8)

where, μD and μSfL̇
are systematic errors of ice discharge and 

mass change due to ice-front advance/retreat. The errors mainly 
arise from the uncertainty in the bedrock topography, which dom-
inates the total error of frontal ablation (Fig. S8). σD and σSfL̇

are 
random errors of D and Sf L̇. Here, μD and σD were computed as:

μD = �
Wg
0 μD(y) = D(y)

√(μū

ū

)2 +
(μH

H

)2
(9)

and

σD =
√

�
Wg
0 σD(y)2 = D(y)

√(σū

ū

)2 +
(σH

H

)2
. (10)

μū is negligible because flow vectors were corrected by minimiz-
ing the root-mean-square horizontal displacement on a stable ter-
rain. σū were quantified from ambiguity in the cross-correlation 
peak, false correlation and the co-registration error. Systematic er-
ror μH is dominated by the uncertainty in the bed topography. We 
assumed ±25% based on the median relative error between the 
observed and modeled ice thickness (Fig. S1 and Text S1). Random 
error in the surface elevation (σH) was estimated to be ±12 m by 
comparing SRTM and ASTER DEMs. Errors associated with frontal 
position change μSfL̇

and σSfL̇
are computed as:

μSfL̇
= |Sf L̇|

√(
μSg

Sg

)2

+
(

μL̇

L̇

)2

(11)

and

σSfL̇
= |Sf L̇|

√(
σSg

Sg

)2

+
(

σL̇

L̇

)2

+
(

σWf

W f

)2

+
(

σWg

Wg

)2

. (12)

We assumed same magnitude of uncertainty in μSg and σSg to 
account for systematic errors in the ice thickness and random 
errors in the surface elevation. μL̇ was quantified to be ±66 m 
from the co-registration errors of satellite images. σL̇ was equal 
to the error in the delineation of ice-front position (∼14–64 m). 
We assumed uncertainties of Wg and W f to be within ±100 m. 
The uncertainty of Ḃf was given as ±10% based on the inter-
annual variability of the modeled surface ablation (Schaefer et al., 
2013, 2015). Sensitivity of the frontal ablation to Ḃf was investi-
gated by applying an estimate from a different mass balance model 
(Mernild et al., 2017) (Text S7). The uncertainty range of mean 
frontal ablation between 2000–2019 for each glacier was given 

by 
√

(�μAf/N)2 +
(√

�σ 2
Af

/N
)2

, where N is the number of an-

nual frontal ablation measurements over the period. On average, 
the total uncertainty of the annual frontal ablation for individual 
glaciers was ±0.15 Gt a−1. Assuming the errors are independently 
distributed among the glaciers, uncertainty in the frontal ablation 
was ±0.53 Gt a−1 or ±21% for the NPI, ±1.7 Gt a−1 or ±8% for the 
SPI, and ±1.7 Gt a−1 or ±7% for the both icefields. If the system-
atic errors correlate among the glaciers, the total frontal ablation 
in each region would have 48% of uncertainty for the NPI and 32% 
of uncertainty for the SPI.

In order to determine the temporal variation of frontal abla-
tion over the 20 yr span for the NPI, the SPI and the both ice-
fields, the data gaps were filled. If the gap was only a year, we 
linearly interpolated with the two neighboring years, and other-
wise we used the mean value over the study period. Relatively 
4

large data gaps were found in the glaciers in the mid-western 
side of the SPI because of cloud cover on the images. Neverthe-
less, these glaciers have shown relatively stable ice-front position 
and ice speed over the period, suggesting nearly constant magni-
tude of frontal ablation (Figs. S10 and S11). Uncertainties of the 
data interpolated were assessed from the values in the two neigh-
boring years or the minimum/maximum frontal ablation over the 
study period (data obtained by interpolation are indicated in Sup-
plementary Figs. S9–S11).

2.2. Ice surface elevation and mass change

The total mass change of a calving glacier (�M) can be quanti-
fied by the sum of the mass change from the geodetic method (Ṁ) 
(i.e., elevation change multiplied by firn/ice density integrated over 
the glacier) and the mass change below the water surface due to 
ice-front advance/retreat (Aw) (Cogley et al., 2011):

Ṁ =
∫
S

ḣρ dS (13)

and

Aw = 0.9Sf L̇ρi, (14)

where ḣ is surface elevation change rate, ρ is density of firn 
or ice depending on the location, and S denotes surface area. 
We assumed ρ to be 850 kg m−3 (Huss, 2013). In Eq. (14), We 
assumed that 90% of ice thickness is below water surface and 
ρi = 900 kg m−3.

The elevation change was measured by comparing DEMs de-
rived from the Shuttle Radar Topography Mission (SRTM) and the 
Advanced Spaceborne Thermal Emission and Reflection Radiome-
ter (ASTER). SRTM v3 DEM data was acquired in February 2000. In 
total, we analyzed 256 DEMs of ASTER-VA products (12 DEMs for 
each glacier on average) acquired from 2001 to 2019 (Fig. S12a). 
The elevation change rate was obtained at each grid point by using 
all available data (e.g., Berthier et al., 2016). Our study covered 96% 
of the icefields. The random error of the DEM differencing (σḣ) was 
evaluated by examining changes outside of glaciers, where eleva-
tion change is negligible. Standard deviation over a stable terrain 
were weighted for slope and area, and used to evaluate the ran-
dom error by considering glacier area and auto-correlation length 
(e.g., Braun et al., 2019). Details of the random error evaluation 
can be found in the previous studies (Abdel Jaber et al., 2019; 
Braun et al., 2019). The systematic error (μḣ) arose from the inter-
nal consistency of DEMs (Nuth and Kääb, 2011) and was evaluated 
from a number of analyzed DEMs for each glacier based on a re-
ported linear model (Dussaillant et al., 2019). The details of the 
calculation, including comparison of our data with recent previous 
studies, the performance of ASTER-VA DEM, and comparison with 
Global Navigation Satellite System (GNSS) derived elevation change 
are described in Supplementary Text S6 and Figs. S13–S15.

We utilized Randolph Glacier Inventory version 6.0 for the out-
lines of the glaciers (RGI Consortium, 2017), which represents the 
glacier extent in 2001 (Davies and Glasser, 2012). We corrected 
the basin boundaries in the accumulation areas of Bernardo, Tém-
pano, Occidental, Greve, Europa and Guilardi as indicated by flow 
direction measurements (Mouginot and Rignot, 2015). Total error 
of mass change (δṀ) was calculated as quadratic sum of system-
atic (μṀ) and random (σṀ) errors. We quantified μṀ by integrat-
ing the product of systematic errors in the elevation change and 
ice/firn density over the glacier area. σṀ is dependent on the un-
certainties in elevation change σḣ , glacier surface area σS, glacier 
density σρ and fraction of the surveyed area p (e.g., Brun et al., 
2017). We assumed that these uncertainties are independent from 
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. 
each other. The uncertainty in the volume change rate was esti-
mated as:

σV̇ =
√(

σḣ(p + 5(1 − p))S
)2 +

(
σS ḣ

)2
. (15)

We evaluated relative uncertainty in the surface area (σS) to be 
5% (Pfeffer et al., 2014). Then, σṀ is estimated. In order to con-
servatively assess the influence of σḣ over un-surveyed areas, we 
multiplied a factor of 5 (e.g., Brun et al., 2017).

σṀ =
√

(σV̇ρ)2 + (σρ V̇ )2, (16)

where we assumed ±60 kg m−3 of uncertainty in the density 
(Huss, 2013). These numbers give a mean total uncertainty in the 
calculated mass change of 0.023 Gt a−1, ranging from 0.002 Gt a−1

to 0.28 Gt a−1 for each glacier. The total uncertainty of regional 
mass change was ±0.8 Gt a−1 for the NPI, ±2.7 Gt a−1 for the SPI, 
and ±3.5 Gt a−1 for the both icefields.

2.3. Surface ablation, equilibrium-line and accumulation area ratio

Mean surface ablation between 2000 and 2011 was used to 
estimate surface ablation (A) (Schaefer et al., 2013, 2015). The 
modeled surface ablation was calculated based on sensitive heat 
and solar radiation, which was validated with ablation stake mea-
surements at Glaciar Perito Moreno, Glaciar Nef and Glaciar San 
Rafael (Schaefer et al., 2013, 2015). The uncertainty range of sur-
face ablation over the glacier was estimated by changing the mean 
surface ablation ±10% at each grid point.

We used Equilibrium-Line Altitude (ELA) and Accumulation 
Area Ratio (AAR) reported by Rivera et al. (2007) for the NPI and 
by De Ángelis (2014) for the SPI based on snow line altitude anal-
ysis. We took AAR for HPS34 and Calvo from Aniya et al. (1997)
because the ELA reported by De Ángelis (2014) (∼1250 m) was sig-
nificantly higher than those of adjacent glaciers and other studies 
(800–900 m) (Aniya et al., 1997; Schaefer et al., 2015).

2.4. Climate records

Hourly air temperature has been recorded at Glaciar Perito 
Moreno since late 1995 (Stuefer et al., 2007), making it one of the 
longest continuous datasets near the icefields. The station is lo-
cated at ∼192 m a.s.l., approximately 500 m from the glacier front. 
A sensor measuring air temperature (Vaisala, HPM35AC, ±0.3 ◦C) 
is mounted on a pole at 2 m above the ground. We calculated 
the annual temperature anomaly from the mean temperature be-
tween 1996 and 2019. We further analyzed ERA5 monthly aver-
aged skin temperature. Annual mean skin temperature was calcu-
lated over the NPI (46–48◦S and 73–74◦W) and the SPI (48–52◦S 
and 73–74◦W), and we obtained the temperature trend between 
2000 and 2019 (Figs. S16a and b). The ground and reanalysis tem-
peratures are compared in Figs. S16c and d.

3. Results and discussion

3.1. Frontal ablation of Patagonian glaciers

The mean annual frontal ablation of the two icefields be-
tween 2000 and 2019 was −24.1 ± 1.7 Gt a−1 (Fig. 1). Frontal 
ablation for the SPI (−21.6 ± 1.7 Gt a−1) was substantially larger 
than that for the NPI (−2.5 ± 0.5 Gt a−1). At the NPI, the largest 
frontal ablation was observed at San Rafael (−1.0 ± 0.3 Gt a−1) 
and San Quintín (−0.62 ± 0.4 Gt a−1). For the SPI, large frontal 
ablation was observed at the ocean-terminating glaciers, e.g., Pen-
guin (−3.2 ± 0.8 Gt a−1) and Pío XI (−2.5 ± 0.8 Gt a−1) (Fig. 1d). 
Similarly, large frontal ablation was observed at lake-terminating 
5

glaciers, O’Higgins (−1.7 ± 0.5 Gt a−1) and Upsala (−1.4 ± 0.4 Gt a−1)
Frontal ablation was important as well at other lake-terminating 
glaciers of the SPI, e.g., Viedma (−0.52 ± 0.17 Gt a−1) and Perito 
Moreno (−0.34 ± 0.20 Gt a−1). The frontal ablation obtained for 
San Rafael and Perito Moreno showed good agreement with the 
values reported in previous studies, −1.03 Gt a−1 for 1990–2005 
(Koppes et al., 2011) and −0.83 Gt a−1 for 2000–2012 (Collao-
Barrios et al., 2018) at San Rafael, −0.361 Gt a−1 at Perito Moreno 
in 1996 (Stuefer et al., 2007) (Figs. S9–S11). At Jorge Montt, our 
estimates were smaller than previously reported values in some 
years (Bown et al., 2019), probably because of the difference in the 
temporal coverage of the ice speed data (Figs. S5, S10 and Text S7).

We quantified the fraction of frontal ablation in the total abla-
tion (hereafter ‘F -fraction’) by comparing the calculated frontal ab-
lation with reported surface ablation (Schaefer et al., 2013, 2015). 
F -fraction provides insight into which process (surface ablation or 
frontal ablation) dominates glacier mass change. The F -fraction for 
the studied glaciers was approximately 18% in the NPI and 48% in 
the SPI (Fig. 1e), and it varied substantially from glacier to glacier 
(Fig. 1d). Ocean-terminating glaciers in the mid-western part of 
the SPI showed very large F -fraction exceeding ∼80%, e.g., Pen-
guin, Europa and HPS13 (Fig. 1d). In contrast, F -fraction is small 
(<20%) for some of the lake-terminating glaciers in the SPI such as 
Viedma and Tyndall, and the most lake-terminating glaciers in the 
NPI. F -fraction of other glaciers was in between these extremes, 
including relatively large fractions found at O’Higgins (51 ± 12%), 
Jorge Montt (54 ± 12%), Pío XI (49 ± 13%), San Rafael (36 ± 12%) 
and Upsala (35 ± 12%).

The frontal ablation between 2000 and 2019 accounted for 
34 ± 6% of the total ablation in the NPI and SPI as estimated for 
all glaciers greater than 5 km2. The contribution of the frontal ab-
lation in Alaskan glaciers is far smaller (−15 Gt a−1 corresponds 
to 4% of the total ablation in 1985–2013 (McNabb et al., 2015)). 
The substantially larger contribution in Patagonia is due mostly to 
a larger fraction of calving glaciers, i.e. calving glaciers cover 91% 
of Patagonian icefields (Fig. 1), whereas only 14% in Alaska (McN-
abb et al., 2015).

3.2. Ice surface elevation and mass change of Patagonian glaciers

Calving glaciers in Patagonia have shown a broad spectrum of 
glacier wide elevation changes, ranging from ∼−4 m a−1 at HPS12 
and Jorge Montt to +0.54 ± 0.27 m a−1 at Pío XI (Figs. 2b and d). 
These results are generally consistent with previous studies (e.g., 
Abdel Jaber et al., 2019; Braun et al., 2019; Dussaillant et al., 
2019) (Fig. S13 and Text S8). In the SPI, rapid thinning was ob-
served at some of the ocean-terminating glaciers (HPS12 and Jorge 
Montt) as well as lake-terminating glaciers (Upsala, Viedma and 
OTG). Except for the rapidly shrinking HPS12, ocean-terminating 
glaciers in the central western SPI have been relatively stable 
or even slightly thickening and gaining mass during the period 
(e.g., Calvo, HPS13 and HPS34) (Fig. 2). The thinning rates of 
the lake-terminating glaciers in the SPI are distributed within a 
range of (∼0.5–2.5 m a−1), except for the rapid thinning at Up-
sala (3.2 ± 0.23 m a−1) and very small change at Perito Moreno 
and Spegazzini. The mass loss of Upsala (2.2 ± 0.25 Gt a−1) was the 
greatest among the ice fields, and accounted for 21% of the mass 
loss of the SPI during the study period (Fig. 2c). In the NPI, the 
most rapid elevation changes were observed at Acodado, Steffen 
and Benito (Fig. 2b), whereas approximately half of the total mass 
loss from the NPI occurred at the largest glaciers: San Rafael, San 
Quintín and Steffen (Fig. 2c).

We quantified the geodetic mass loss from the SPI as 10.73 ±
2.7 Gt a−1 and the NPI as 4.5 ± 0.8 Gt a−1 for the period be-
tween 2000 and 2019 (Fig. 2e and Table S1). The mass loss 
from the icefields is dominated by lake-terminating glaciers (lake: 



M. Minowa, M. Schaefer, S. Sugiyama et al. Earth and Planetary Science Letters 561 (2021) 116811

Fig. 2. Ice surface elevation change and mass change of Patagonian glaciers. (a) Mean elevation change rate between 2000 and 2019. The areas of red (blue) circles indicate 
mass loss (gain) for each glacier basin. Green curves highlight the equilibrium-line (Ḃ = 0) based on the mean surface mass balance between 2000 and 2011 (Schaefer et al., 
2013, 2015). (b) Mean elevation change and (c) mass change for each glacier. (d) Box plots of mean elevation change for all glaciers in the studied area larger than 5 km2. 
Boxes represent the 25th and 75th percentiles, with a bull’s-eye at the median value. Whiskers extend to the 5th and 95th percentiles. Outliers are shown with circles. (e)
Regional mass change of the calving glaciers studied (color filled bar) and the rest of the glaciers (white bar) larger than 5km2.
11.2 ± 2.0 Gt a−1, ocean: 2.96 ± 1.19 Gt a−1, land: 1.04 ± 0.31 Gt a−1) 
(Fig. 2e). The contribution of mass loss from Jorge Montt, Upsala 
and Viedma accounts for 37% of the geodetic ice mass loss on both 
the icefields.

3.3. Temporal variations in frontal ablation and ice surface elevation

The total regional frontal ablation decreased by ∼30% from 
2000 to 2019, which was determined mostly by the decreased 
frontal ablation at glaciers in the SPI (Fig. 3a). The decrease be-
tween 2000 and 2009 was affected by substantial reduction in 
the frontal ablation at the southern front of Pío XI as described 
later (Figs. 3g and S5). After the decrease at Pío XI terminated, 
frontal ablation in the SPI further reduced from −24.5 ± 2.1 Gt a−1

in 2009 to −22.3 ± 1.5 Gt a−1 in 2019. Pronounced peaks in frontal 
ablation were observed at two rapidly shrinking glaciers (Figs. 3c 
and d), which are consistent with the reported timing of rapid 
retreat and acceleration for those glaciers (Rivera et al., 2012; 
Sakakibara et al., 2013; Sakakibara and Sugiyama, 2014). At Jorge 
Montt, frontal ablation suddenly increased from −1.2 ± 0.3 Gt a−1

to −2.2 ± 0.6 Gt a−1 from 2009 to 2010 (Fig. 3c). Rapid increase 
was also observed at Upsala between 2008 and 2010 (Fig. 3d). 
Ice thinned near the front of these glaciers over the period, thus 
the increase in frontal ablation was due to ice speed acceleration 
6

and a high retreat rate (Eq. (2)). Importantly, the frontal ablation 
and thinning rates of these glaciers decreased in later periods, 
as glacier fronts retreated into shallower regions of the fjord/lake 
(Sugiyama et al., 2016; Bown et al., 2019). Both at Viedma and 
San Rafael, frontal ablation has progressively increased since 2016 
(Figs. 3e and f). Pío XI showed a very pronounced decrease in 
frontal ablation at the southern front from −6.2 ± 1.6 Gt a−1 in 
2000 to −0.5 ± 0.3 Gt a−1 in 2009. We attribute this change to 
deceleration of the glacier after peak speed around the year 2000 
and subsequent advance of the ice front (Sakakibara and Sugiyama, 
2014) (Figs. 3g and S10). The ice surface has elevated by 20 ±11 m 
between 2000 and 2006, which was twice as large as the change in 
the northern ice front (Figs. 3g and h). During the abrupt decrease 
at the southern front, frontal ablation increased at the northern 
front, which was followed by a sudden decrease in 2010 and an-
other increase until present (Fig. 3h). The sequence of satellite 
images indicates the development of a moraine in front of the 
southern ice front (see Supplemental Movie S1), which implies that 
the frontal ablation decreased in shallow water. Glacier advance 
with a moraine formation was previously observed at Hubbard and 
Taku glaciers in Alaska (Goff et al., 2012; Brinkerhoff et al., 2017). 
These glaciers are often interpreted as being in the advancing stage 
of the tidewater glacier cycle, which consists of advancing, ex-
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Fig. 3. Temporal variations in frontal ablation and ice surface elevation. (a) Total 
frontal ablation over the Patagonian icefields (black), excluding the southern front 
of Pío XI (green), SPI (purple) and NPI (orange). (b) Blue and red indicate negative 
and positive temperature anomalies from the mean temperature between 1996 and 
2019 observed at Glaciar Perito Moreno. Annual frontal ablation for (c) Jorge Montt,
(d) Upsala, (e) Viedma, (f) San Rafael, (g) the southern front of Pío XI, (h) and the 
northern front of Pío XI. Error bands indicate the total uncertainty in the annual 
frontal ablation. Changes in the surface elevation at the flux-gate are indicated by 
green circles. Green error bars indicate uncertainty of each elevation model evalu-
ated over surrounding stable terrain. The temporal variations in frontal ablation for 
the other glaciers are in Figs. S9–S11.

tended, rapidly retreating and retracted phases (e.g., Brinkerhoff et 
al., 2017).

We observed an abrupt increase in frontal ablation due to ice 
flow acceleration at several glaciers (Fig. 3). Acceleration is induced 
and enhanced by the feedback loop when the terminus retreats 
into deep water (Benn et al., 2007). For example, over-deepening 
in front of Upsala (Sugiyama et al., 2016) explains the rapid re-
treat, thinning and acceleration of the glacier between 2008 and 
2011 (Fig. 3d) (Sakakibara et al., 2013; Sakakibara and Sugiyama, 
2014). A similar retreat into deep water was observed during the 
acceleration of Jorge Montt (Bown et al., 2019). Interestingly, the 
frontal ablation increased almost simultaneously at Jorge Montt in 
2010 and Upsala in 2008 associated with ice-flow acceleration and 
ice-front retreat (Figs. 3c and d). A smaller but similar increase in 
frontal ablation was observed in HPS12 in 2007, the eastern front 
of Bernardo in 2011 and eastern front of Greve in 2012 (Figs. S10 
and S11). Synchronous increase in frontal ablation was also ob-
served in the recent years: at Viedma, San Rafael, O’Higgins in 
2016, and the western front of Bernardo in 2015 (Figs. 3e and 
3f and Figs. S9–S11). Borehole measurements at Perito Moreno 
demonstrated a correlation between ice speed and surface melt 
water production (Sugiyama et al., 2011), which implies climate 
influence on frontal ablation during the above period. In fact, 
the mean annual temperature recorded at Perito Moreno shows 
7

mostly positive anomalies since 2007, with the maximum anomaly 
(+0.5 ◦C) recorded in 2013 (Fig. 3b). A similar warming trend was 
obtained over both icefields from the European climate reanaly-
sis dataset (ERA5) (Fig. S16). An increase in surface melt may have 
enhanced ice thinning and basal ice motion under the warming 
climate, and eventually initiated the feedback between accelera-
tion and thinning at several glaciers.

3.4. Interpretation of the mass loss of the Patagonian icefields

The large variability in F -fraction among the glaciers (Fig. 1d) 
and the regions (Fig. 1e) are potentially important to understand 
the recent heterogeneous mass loss in Patagonia (Fig. 2). To in-
vestigate the relative importance of the processes controlling the 
observed mass change (Eq. (1)), we compared the mean elevation 
change rates (ḣ), F -fractions and accumulation-area ratios (AAR: 
a fraction of accumulation area in total glacier area) for the 38 
glaciers (Fig. 4).

In the NPI, F -fraction and AAR generally follow a positive rela-
tionship (Fig. 4a). This relationship implies that a greater amount 
of frontal ablation is compensated by snow fall in a larger accu-
mulation area. F -fractions and AAR are compared with mean ele-
vation change to investigate their importance in the glacier mass 
loss. F -fractions are smaller than 20% except for San Rafael and 
Leones, and their influence on the surface elevation change is not 
clear (Fig. 4b). The thinning rates fall in a relatively small range 
(1–2 m a−1) except for Leones, showing a weak but a positive re-
lationship with AAR (Fig. 4c). These observations suggest that in-
creasingly negative surface mass balance in ablation area, rather 
than changes in frontal ablation, played a central role in the mass 
loss in the NPI.

The positive relationship between F -fraction and AAR is more 
clearly observed in the SPI (Fig. 4d). An important finding is that 
the relationship tend to be violated by rapidly thinning glaciers 
(e.g., Jorge Montt, Upsala, Bernardo and Tyndall) (Fig. 4d). By ex-
cluding the three most rapidly thinning glaciers (HPS12, Jorge 
Montt and Upsala), significant correlations were obtained between 
F -fraction and ḣ (Fig. 4e) as well as AAR and ḣ (Fig. 4f). These re-
lationships imply that surface ablation has a larger influence on 
the mass loss of the glaciers in the SPI than glacier dynamics. The 
data also demonstrate the importance of glacier dynamics (i.e. F -
fraction) for the rapidly retreating glaciers. Therefore, these glaciers 
are less sensitive to climate influence. Ocean-terminating glaciers 
in the western coast of the SPI are characterized by large F -
fraction and small elevation change (Calvo, HPS31, HPS15, HPS34, 
HPS19, HPS13, Europa and Penguin) (Fig. 4e). These glaciers also 
show large AAR (Fig. 4f). The surface mass balance of such glaciers 
is less sensitive to the change in equilibrium-line altitude, since the 
ablation areas are small and steep (Fig. 1b) (Aniya et al., 1997; De 
Ángelis, 2014). In contrast to those terminating in the ocean, lake-
terminating glaciers in the SPI have smaller F -fraction and AAR 
(Fig. 4d). Because of relatively large ablation areas, these glaciers 
experience more significant mass loss under the warming climate 
(Figs. 2d and e). Similar contrast of the mass loss between ocean-
and lake-terminating glaciers is reported in Alaska, where ocean-
terminating glaciers are relatively stable at the retracted phase 
(Larsen et al., 2015). In addition to the relationships between F -
fraction, AAR and ḣ, our data also demonstrates that extraordinary 
large mass loss occurs when frontal ablation increases and F -
fraction deviates from the relationship against AAR (Fig. 4d). The 
rapid thinning at HPS12, Jorge Montt and Upsala exemplify such 
changes driven by ice dynamics near the glacier front.

The values of Af and �M for the 38 glaciers allowed for an 
independent estimate of the surface mass balance: Ḃ = �M −
Af . We constrained Ḃ to be −1.5 ± 0.9 Gt a−1 for the NPI and 
+11.5 ± 2.7 Gt a−1 for the SPI. Use of �M reported by other studies 
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Fig. 4. Relationship between F -fractions, AAR and the mean elevation change rates for the 38 glaciers. (a)–(c) Glaciers in the NPI and (d)–(f) the SPI. Circle and box markers 
indicate ocean- and lake-terminating glaciers, respectively. Black solid line indicates a linear regression of the data. The linear regression in the SPI (e) and (f) was obtained 
by excluding HPS12, Jorge Montt and Upsala. Correlation coefficient and p-value of the regression is indicated in the panel. The light black shaded area represents the 68% 
confidence interval of the regression line. The dot-dashed regression in (e) and (f) was obtained by including HPS12, Jorge Montt and Upsala. Correlation coefficient and 
p-value of the regression is in parentheses. Grey cross in each panel represents mean uncertainty range of ḣ, F -fraction and AAR. The uncertainty range of F -fraction was 
calculated as difference between maximum and minimum F -fraction for the given uncertainties in Af and A. The uncertainty range of AAR was estimated by shifting ELA 
±100 m on hypsometry for individual glaciers.
(Abdel Jaber et al., 2019; Braun et al., 2019) causes no substantial 
change in Ḃ (Dataset S1 and Text S9). Modeling studies reported 
more positive Ḃ for the NPI/SPI as +0.48/+35.6 Gt a−1 (Schaefer et 
al., 2013, 2015) and +0.75/+23.2 Gt a−1 (Mernild et al., 2017), re-
spectively. The discrepancies from our estimates are greater than 
the uncertainty range, which we attribute to the overestimation of 
snow accumulation in the models, as pointed out by a recent study 
focused on precipitation (Sauter, 2020).

We quantified the frontal ablation of 38 calving glaciers in 
Patagonia over the period of 2000–2019. The results demonstrate 
that surface mass balance dominates the mass loss in the NPI, 
whereas frontal ablation is more important in the SPI. Some of the 
glaciers in the SPI, including Upsala, Jorge Montt and HPS12, expe-
rienced accelerated mass loss during the study period, as a result 
of increased frontal ablation. Mass loss of these glaciers decreased 
in the later periods, but frontal ablation increased at Viedma, San 
Rafael, O’Higgins and Bernardo after ∼2016. Therefore, mass loss 
in the Patagonian icefields is likely to continue in the future. The 
relationships between F -fraction, AAR and elevation change pro-
vided insights into the heterogeneous mass change of the glaciers. 
Particularly, F -fractions established for the first time in this study 
help further our understanding of which surface ablation or frontal 
ablation dominates regional and individual glacier mass changes. 
Despite its importance, incorporating frontal ablation into global 
glacier models is still challenging (Hock et al., 2019). Further in-
vestigations of processes driving calving, subaqueous melting, ice 
flow and surface mass balance are essential to accurately under-
stand glacier fluctuations in Patagonia as well as in other regions 
characterized by calving glaciers.
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