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Precipitation drives western
Patagonian glacier variability and
may curb future ice mass loss

Matthias Troch%2*?, Henning Akesson?, Joshua K. Cuzzone* & Sebastien Bertrand™-*®

Two-thirds of all glaciers worldwide are projected to disappear by 2100 CE. Large uncertainties
however remain in maritime settings, where some glaciers have recently gained mass in response to
increased snowfall. One of these regions is southern Patagonia, where increased precipitation since
the 1980s seems to have attenuated glacier retreat. Whether this exceptional behavior will continue in
a warmer future is unclear. Here, we use a numerical ice-flow model constrained by paleoglaciological
data to simulate how climate variability influenced the evolution of three maritime outlet glaciers

of the Southern Patagonian Icefield during the last 6000 years. Our experiments suggest that
precipitation drove 67% of the centennial-scale fluctuations in the volume of the modeled glaciers.
When applied to the temperature projected by 2100 CE, our simulations show that precipitation needs
to increase by 10-50% to maintain present-day glacier volumes, depending on the climate scenario
(SSP1-2.6 to SSP5-8.5). This implies that if greenhouse-gas emission cuts fail, these glaciers will enter
a warmer regime unseen over the last 6000 years, where precipitation cannot offset glacier mass

loss. Conversely, if emissions are curtailed, increased precipitation could halt mass loss of some of
Patagonia’s largest glaciers, and potentially of other maritime glaciers worldwide.

Keywords Patagonia, Southern Patagonian Icefield, Neoglacial period, Marine-terminating glaciers, Ice-
sheet and Sea-level System Model, Numerical modeling

Over the last decades, global warming has caused widespread shrinking of the cryosphere!, with two-thirds of
glaciers worldwide projected to disappear by 2100 CE (ref>?). Only a few glaciers located in temperate regions
defy this overwhelming trend. These exceptions have largely been attributed to internal glacier dynamics
independent of climate such as tidewater glacier cycles and surge-type flow instabilities>. However, increased
snowfall or lowered air temperature in response to changes in atmospheric circulation may also play a role,
particularly in maritime regions®. One of these locations is the Southern Patagonian Icefield (SPI), which is the
largest temperate icefield in the Southern Hemisphere (ca. 12,000 km?; ref*). Currently, most SPI outlet glaciers
are rapidly receding in response to atmospheric warming™>®. However, increased precipitation since the 1980s
appears to have attenuated ice-mass loss, especially along the western side of the SPI divide”®. The contribution
of precipitation changes on SPI glacier variability remains poorly understood, let alone how the SPI will evolve
in the warmer and possibly wetter future climate projected for southern Patagonia®!?. Detailed analyses of past
glacier-climate interactions during different climate states can provide insights into how the SPT might respond
to future climate change.

Modeling studies have shown that icesheet behavior in Patagonia during the Last Glacial Maximum (ca.
22,000 years ago) was primarily driven by an atmospheric cooling between 4.7 and 6 °C (ref'!"1%). Likewise,
geomorphological evidence shows that most Patagonian glaciers have been shrinking since the end of the last
Neoglacial advance (ca. 1870 CE) in response to atmospheric warming, with accelerating glacier decline over
the last decades®. However, the drivers of glacier change between the Last Glacial Maximum and last Neoglacial
advance remain largely unexplored, despite the rapid glacier fluctuations that occurred during the Neoglacial
period (the last 6000 years)'4-1°. Deciphering the drivers of these Neoglacial fluctuations can provide a crucial
window into the future of Patagonian glaciers and similar maritime ice masses worldwide.

Only a handful of studies have assessed the drivers of Neoglacial glacier fluctuations across Patagonia. In a
regional modeling effort (40-55°S), Bravo et al. showed that glacier growth during the mid-Holocene (ca. 6000
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years ago) was mainly driven by lower air temperatures!”. Studies on both sides of the southern Patagonian
Andes, however, suggest that the influence of precipitation on glacier fluctuations was significant during the
Neoglacial period!*!%. The aforementioned studies have advanced our understanding of Patagonian glacier
fluctuations under climate change yet they lack quantitative and continuous assessments of Patagonian glacier
response to varying climate conditions.

Here, we use a numerical ice-flow model to transiently simulate (1) how Neoglacial climate variability
influenced the evolution of outlet glaciers along the maritime, hyperhumid side of the SPI over the past millennia,
and (2) how these glaciers will evolve in the future. We focus on the marine-terminating HPS19, Penguin, and
Europa glaciers, which are located near the center of the SPI (50°S) and cover an area of 1040 km?, representing
about 9% of the icefield® (Fig. 1). These glaciers were specifically selected since a continuous reconstruction
of their Neoglacial fluctuations was recently published (JPC42 fjord sediment core; Fig. 1a)!®, which allows
to validate our simulations. The JPC42 sediment core holds a continuous qualitative record of glacier volume
changes on the western side of the SPI, and it constitutes an excellent alternative to the absolute dating of
moraines, which is virtually impossible under submarine conditions. More specifically, Troch et al. have shown
that the JPC42 sediment core is particularly sensitive to glacier melt and retreat but cannot differentiate between
glacier stillstand and advance!®. The record’s comparison to moraines on the eastern side of the SPI suggests that
the HPS19, Penguin, and Europa glaciers fluctuated in phase with other outlet glaciers across the SPI on multi-
centennial timescales during the Neoglacial period!”. The JPC42 sediment record can therefore be considered
as a reliable qualitative indicator of SPI glacier-volume changes during the Holocene. In addition, remote-
sensing observations between 2000 and 2019 show that the glacier-elevation change rate and mass change of
the HPS19 (0.02 m/yr and 0.00 Gt/yr), Penguin (0.06 m/yr and 0.03 Gt/yr), and Europa (-0.2 m/yr and -0.01 Gt/
yr) glaciers are in line with the SPI average (-0.91 + 1.35 m/yr and -0.37 +0.69 Gt/yr; ref'®). Moreover, previous
mass-balance and hypsometry calculations show that the equilibrium-line altitude and accumulation-area ratio
of the HPS19 (1070 m and 0.88), Penguin (1070 m and 0.93), and Europa (940 m and 0.94) glaciers match the
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Fig. 1. Location of the study area in southern South America. (a) Regional map showing the present-day
extent of the Southern Patagonian Icefield and mean annual precipitation?>¢. The red dot indicates the
location of the JPC42 sediment core in Wide Channel. The limit of the Patagonian Ice Sheet during the local
Last Glacial Maximum (LGM) is from ref!®. The air temperature reconstructions are from ref?® (PA) and ref?
(MAL1). Precipitation reconstructions are from ref?” (MA1) and ref** (TML1). GCN = Gran Campo Nevado
Icefield, and CDI=Cordillera Darwin Icefield. (b) Map showing the present-day HPS19, Penguin, and Europa
glaciers?”*%, and their ice-flow velocity®’. The three glaciers investigated in this study have a combined modern
volume of ca. 308 km?® (Methods “Model initialization”). The map also indicates the trimline in Penguin Fjord
which was likely formed during the last Neoglacial advance?*. Background satellite image is from NASA Earth
Observatory images by Jesse Allen, using Landsat data from the US Geological Survey.
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SPI average (1058 + 154 m and 0.75+0.13; ref??). and that their geometry class is the most common across the
SPI?. Therefore, these three glaciers have characteristics and a climate sensitivity representative for the SPI*°.

Our study setup consists of two phases. First, we simulate glacier response to various scenarios of Neoglacial
climate change and identify the most plausible external forcing mechanisms, and how these varied over time,
by comparing our numerical simulations to the existing geological evidence (JPC42 sediment core; Fig. 1a)'>.
Second, we use the data-validated numerical simulation to perform future sensitivity experiments of glacier
evolution over the 21st century. For the first time, this study allows us to quantify the relative importance of air
temperature and precipitation in driving SPI glacier fluctuations over the last several thousand years and the
21st century. This is especially important since the SPI is located at the warm end of the continuum of climatic
and oceanographic settings at which glaciers and ice sheets reach sea level?!. The dynamics of this icefield under
past and contemporary climate change might therefore provide us a crucial window into the future of similar ice
masses in maritime regions across the world.

Settin

The SPI 1gs ca. 360 km long, ca. 40 km wide and covers the mostly north-south oriented southern Andes between
48.3°S and 51.5°S (Fig. 1a). Most of its outlet glaciers flow orthogonally from the ice divide, with the majority
currently calving in either lakes in the east or fjords in the west!’. This existence of glaciers reaching sea level in
western Patagonia is mostly due to the high precipitation that characterizes the region (>3 m/yr), which reflects
the interruption of the westerly flow of humid air by the southern Andes?>23.

The three investigated glaciers (HPS19, Penguin, and Europa) calve in fjords along the windward, hyperhumid
side of the SPI, and are located near the center of the present-day westerly wind belt (50°S; Fig. 1). Europa Glacier
calves into Europa Fjord, whereas the HPS19 and Penguin glaciers both terminate in Penguin Fjord, which
resulted in merging fronts during the last Neoglacial advance (ca. 1870 CE)?*. The HPS19 and Penguin glaciers
each retreated ca. 6 km after the last Neoglacial advance?*, and reached their present-day frontal position by
1944 CE (ref?>%%). Europa Glacier, on the other hand, is still at its last Neoglacial advance position?*-2°. Remote-
sensing observations between 2000 and 2019 show that the HPS19, Penguin, and Europa glaciers had frontal
ablation rates of -0.41 Gt/yr, -3.15 Gt/yr, and -1.86 Gt/yr, and surface ablation rates of -0.14 Gt/yr, -0.29 Gt/yr,
and -0.51 Gt/yr (ref!®). Nonetheless, their estimated surface mass balance remained positive (0.41 Gt/yr, 3.18 Gt/
y1, 1.85 Gt/yr for the HPS19, Penguin, and Europa glaciers respectively; ref'®). and their ice thickness, mass, and
front remained relatively stable>!”, most likely due to an increase in snowfall at higher elevation®.

Results and discussion

Ice-volume changes during the last 4200 years

We use the Ice-sheet and Sea-level System Model (ISSM; ref*’; Methods) to run transient simulations of glacier
change over the last 4200 years in response to four possible climate forcing scenarios. We construct each
forcing scenario as a unique combination of the relative variations of two air temperature and two precipitation
proxy-based reconstructions (Table 1 and Methods “Climate forcing”). This allows us to consistently assess how
temperature and precipitation modulated glacier change over the last several thousand years. The selected proxy
records are the only ones within a range of 500 km that provide quantitative reconstructions of air temperature
over the Neoglacial period (PA and MA1)*%, as well as being the only reconstructions of Neoglacial
precipitation along the western side of the southern Patagonian Andes (TML1 and MA1; Fig. 1a)2*3C. All glacier
simulations extend back to 4.2 kyr b2k (thousand years before 2000 CE), which is the length of the shortest
climate reconstruction (the MA1 temperature record)?.

Initial glacier volumes at 4.2 kyr b2k were simulated using a two-step spin up (Methods “model initialization”).
First, modern glacier dynamics were simulated using a 300-year steady-state spin-up simulation, of which the
results are in good agreement with the observed grounding-line positions, ice-flow velocities, glacier-surface
elevation, and accumulation-area ratio (Supplementary discussion 1). Next, for each Neoglacial forcing scenario,
a second spin-up simulation was run for 500 years with constant climate forcing set as the reconstructed
climatology at 4.2 kyr b2k (Table 1). The resulting 4.2 kyr b2k glacier volumes of simulations #1 and #4 equate
t0 99% and 96% of the modern volume, whereas simulations #2 and #3 reach 111% and 67% of the modern ice
volume, respectively (Fig. 2; Table 1). During the last 4.2 kyr, all four simulations show that ice volume varied

Initial conditions (at 4.2

Simulation | Temperature record | Precipitation record kyr b2k)
o 3

AT, (°C) | AP, |V, (km?)
#1 MAL1 stalagmite record | MA1 stalagmite record -1.04 0.94 | 305 (99%)
#2 MAI1 stalagmite record | TMLI lake-sediment record | -1.04 1.24 | 342 (111%)
#3 PA chironomid record | MA1 stalagmite record +2.20 0.94 | 205 (67%)
#4 PA chironomid record | TMLI lake-sediment record | +2.20 1.24 | 295 (96%)

Table 1. Summary of the climate forcing scenarios. Each forcing scenario was constructed by combining
one of the two proxy-based air temperature records (PA and MA1)*% with one of the two proxy-based
precipitation records (MA1 and TML1)***. Initial glacier volume (V, ) is presented relative to the combined
modern volumes of the HPS19, Penguin, and Europa glaciers (308 km?; 100%) as simulated in our default
model initialization step (Methods “model initialization”).
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Fig. 2. Simulated Neoglacial ice-volume changes of the HPS19, Penguin, and Europa glaciers in response to
four different climate forcing scenarios (Table I), compared to the JPC42 sediment record. Glacier-volume
changes are presented relative to the combined modern volumes of the HPS19, Penguin, and Europa glaciers
(308 km?; 100%) as simulated in our default model initialization step (Methods “model initialization”). The
JPC42 sediment record is represented by the first principal component (PC1) of its inorganic geochemical
composition, and the blue horizontal line and vertical arrows show the interpretation of the record by ref'>.
The JPC42 record indicates that the HPS19, Penguin and/or Europa glaciers shrank between 3.9-2.4, 1.0-0.2
kyr b2k, and during the 20th century (vertical pink shadings), whereas glacier growth and/or stabilization
occurred in between these periods!”. The bottom table shows the Spearman correlation coefficients between
the 200-year running averages of the simulated ice volume and the inverse of the JPC42 PCI1 scores.

considerably (between 66% and 118% of the modern volume), with several multi-centennial periods of glacier
growth and shrinkage (Fig. 2 and Supplementary Figs. 1, 2, 3, and 4). At their final time step, representing
the year 2000 CE, each transient simulation is in good agreement with observational data (Supplementary
discussion 1), except for Europa Glacier in simulation #3, which remained well below modern values (Fig. 2).
In that simulation, Europa Glacier retreated ca. 13 km inland from its present-day grounding line during model
initialization, and was thereafter unable to readvance over its proglacial lake (Supplementary Fig. 3).

To identify the most plausible Neoglacial simulation, all simulations were compared to the JPC42 sediment
record (Fig. 1a)'°and modern ice volume (308 km?) as simulated in our default model initialization step (Methods
“Model initialization”). The most plausible glacier simulation was selected based on two criteria. First, the 200-
year running average of the simulated ice volume should be significantly correlated to the 200-year running
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average of the JPC42 sediment record. To serve this purpose, we applied Spearman correlation statistics since the
JPC42 record is a qualitative reconstruction of glacier volume (Fig. 2). Second, the ice volume at the end of the
simulation, representing the year 2000 CE, should approximate the modern volume within a + 5% error margin.

All of the simulated ice-volumes exhibit a significant correlation with the JPC42 sediment record at p < 0.001
(Fig. 2). The rather low (< 0.5) Spearman correlation coefficients mostly reflect the chronological uncertainties in
the JPC42 sediment record (0.1-0.7 kyr over the last 6.0 kyr), and its higher sensitivity to glacier shrinkage than
stabilization or advance'®. The correlation coefficients are also lowered by the temporal and proxy (temperature
and precipitation) uncertainties in the climate reconstructions. Regardless of these inherent proxy-record
uncertainties, we judge our approach to be the most appropriate to evaluate numerical simulations of the HPS19,
Penguin, and Europa glaciers considering the available geological evidence. The closest approximation of the
JPC42 record at a statistically significant level is provided by simulation #4 (r=0.38; p <0.001; n=401; Fig. 2).
The ice volume at the end of simulations #2 and #4 equate to 99% and 101% of the modern volume, whereas
simulations #1 and #3 overestimate and underestimate modern ice volume by 4% and 20%, respectively (Fig. 2).

The above model-to-observation comparison shows that simulation #4 provides the closest statistical
correlation to the JPC42 record over the Neoglacial period, and renders an excellent match with modern ice
volume (within 1%). We therefore consider glacier simulation #4 as the most plausible model reconstruction of
ice-volume change of the HPS19, Penguin, and Europa glaciers during the last 4200 years.

Temperature and precipitation forcing over the last 6000 years

Since the PA and TMLI1 anomalies used in simulation #4 both cover the last 6000 years**~°, we reran the
numerical ice-flow model over the entire Neoglacial timespan (Fig. 3 and Supplementary Fig. 5). As this extended
simulation reproduces the sediment-based reconstruction of past glacier fluctuations (JPC42)!® reasonably well
(r=0.32; p<0.001, n=581; Supplementary Fig. 6), we analyzed it in more detail to identify the atmospheric
drivers controlling western Patagonian ice-volume fluctuations during the last 6000 years.

To quantify the ice-volume response to air temperature and precipitation separately, we imposed a variable
forcing for either of the two, while leaving the other one constant at its 6.0 kyr b2k value (AT=+2.12 °C and
AP=101%). We find that the simulation where only the precipitation varies (“Constant temperature”) most
closely captures the variability of the simulation with full forcing (“Variable temperature and precipitation”),
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Fig. 3. Simulated ice-volume changes of the HPS19, Penguin, and Europa glaciers in response to the PA
temperature and TML1 precipitation anomalies over the last 6000 years. Glacier-volume changes are presented
relative to the combined modern volumes of the HPS19, Penguin, and Europa glaciers (308 km?; 100%) as
simulated in our default model initialization step (Methods “model initialization”).
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although with a shift towards 26 +8% lower ice volumes due to the imposed high temperatures (Fig. 3).
Conversely, the simulation with only a variable temperature (“Constant precipitation”) largely fails to capture
the ice-volume fluctuations of the full forcing (Fig. 3). The simulation where only the precipitation varies
(“Constant temperature”) also provides the highest correlation with the JPC42 record (r=0.48; p<0.001,
n=>581), suggesting that precipitation was the dominant atmospheric driver of ice-volume change during the
majority of the Neoglacial period.

Next, we quantified the relative importance of temperature and precipitation in driving centennial-scale
Neoglacial ice-volume variations in the 6.0 kyr simulation by comparing the results of the simulations with
one constant forcing (Fig. 4; Methods “Attribution Factors”). Our results show that during most (76%) of the
last 6000 years, precipitation was the main driver of Neoglacial ice-volume change (relative importance of
precipitation >50%; Fig. 4). In contrast, air temperature was the dominant driver of ice-volume changes over
five relatively short periods, each a few centuries long (at 5.7-5.5, 5.0-4.5, 3.3-3.2, 1.5-1.4, and 0.5-0.1 kyr b2k;
Fig. 4). During these times, precipitation was mostly at or below its modern amounts (85-108%; Fig. 4). Over
the last 6000 years, changes in precipitation were, on weighted average, responsible for 67% of the ice-volume
changes over 100-year intervals (Fig. 4).

The relative importance of precipitation is maintained on longer time intervals (weighted averages of 63%
and 86% over 500-year and 1000-year windows, respectively), which suggests that the dominant control of
precipitation on ice volume is valid on multi-centennial to multi-millennial timescales. The close correlation
between the temperature-forced (“Constant precipitation” in Fig. 3) and full-forced glacier volumes between
6.0 and 4.2 kyr b2k (Fig. 3), however, suggests that the precipitation dominance started at the beginning of
the Neoglacial period, before which glacier volume may have been predominantly controlled by temperature.
This observation is corroborated by the relative importance of precipitation which increases from 37% between
6.0 and 4.2 kyr b2k to 87% over the last 4.2 kyr (weighted average). This is also in agreement with previous
research, which suggests that temperature was the dominant factor driving glacier volume before the onset of the
Neoglacial period, including during the LGM and subsequent deglaciation!?-1416-18:31_ 'We therefore conclude
that simulation #4 captures the transition from a temperature-driven to a snowfall-driven regime at the onset of
the Neoglacial period. From this we infer that air temperature dropped sufficiently for precipitation to dominate
sub-millennial glacier fluctuations during the Neoglacial period. Important to note is that this precipitation-
controlled forcing mechanism is superimposed on a larger-scale temperature-driven trend on glacial/interglacial
timescales.

Remote-sensing observations show that frontal ablation, i.e., the sum of calving and subaqueous melting,
also drives a significant part of the recent glacier mass loss along the western side of the SPI'?, at least on decadal
timescales. In this study, we did not transiently simulate glacier response to frontal ablation since data to
constrain ocean forcing over the Neoglacial period is not available. Instead, we performed a range of sensitivity

6.0 kyr simulation (Fig. 3)
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Fig. 4. Ice-volume variations of the HPS19, Penguin, and Europa glaciers, and relative importance of
precipitation and temperature, resulting from the 6.0 kyr simulation (Methods “Attribution Factors”).
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experiments to quantify the influence of frontal ablation by adjusting the values of the basal melt rate below
floating ice (100 to 9000 m/yr) and the calving stress thresholds on grounded (500 to 1000 kPa) and floating ice
(100 to 500 kPa) separately. These experiments show that the response of the HPS19, Penguin, and Europa glaciers
to changing frontal ablation is limited (Supplementary discussion 3). Glacier-volume changes in response to
changing frontal ablation reached a maximum of 2%, which is considerably smaller than glacier-volume changes
driven by atmospheric forcing over the past 6000 years (97 & 11%; Fig. 4). Likewise, grounding-line advances
in response to reduced frontal ablation remained less extensive than advances triggered by atmospheric forcing
only. We therefore suggest that the influence of frontal ablation on the evolution of the HPS19, Penguin, and
Europa glaciers remained limited to negligible during the Neoglacial period (Supplementary discussion 3). This
agrees with Fiirst et al. (ref*?) who suggest that recent frontal ablation is considerably lower than previously
reported, which implies that climatically controlled surface processes have had a more dominant control on
recent glacier-volume variations.

In summary, the numerical simulations presented above suggest that centennial-scale fluctuations in the ice
volume of the HPS19, Penguin, and Europa glaciers were primarily driven by precipitation during the majority
of the Neoglacial period (Fig. 4). This agrees with recent snow-accumulation observations and modern mass-
balance simulations which suggest that precipitation plays an important role in driving 20th and 21st century
glacier fluctuations along the western side of the southern Patagonian Andes”¥3-%,

Future patagonian glacier evolution

Our simulated Neoglacial climate-glacier interactions have important implications for future ice-volume
changes of Patagonian outlet glaciers. At face value, our findings suggest that an increase in precipitation could
offset the negative impact of higher temperature on glacier mass loss. Moreover, they show that our model is
able to successfully reconstruct past ice-volume changes in a climate regime that is 2°C warmer and 45% wetter
(Fig. 3), which is noticeably similar to the climate change forecasted for the year 2100 CE (ref>'?).

Climate simulations indicate that by the end of the 21st century, the southern Patagonian Andes will be
warmer and potentially wetter than today”!°. Based on CMIP6 climate simulations, the IPCC projects an
increase in air temperature of 0.8-2.8 °C by the year 2100 CE relative to 1981-2010 CE, depending on IPCC’s
greenhouse gas emission scenario (IPCC WGI Interactive Atlas; ref!®3738). These projected temperatures are
more moderate compared to global averages, largely due to the heat-absorbing capacity of the surrounding
ocean — a pattern observed throughout the ocean-dominated Southern Hemisphere'®. As for precipitation,
Araya-Osses et al. indicate that it may increase up to 20% under RCP2.6 and 60% under RCP8.5 (ref’). Based
on these projections, and in light of our findings for the last 6000 years, we tested the hypothesis that increased
precipitation can offset or even reverse current and future decline of maritime glaciers such as the HPS19,
Penguin, and Europa glaciers in Patagonia. To this end, we performed a set of sensitivity experiments with an
imposed linear temperature increase from the year 2000 CE until 2100 CE, prescribing the IPCC’s projected
temperature anomalies by the end of this century. Similarly, we increased precipitation by 0 to 60% relative to its
modern amounts in 10% steps (Fig. 5; Methods “21st century glacier projection experiments”). Under a warming
of 1.5°C, which corresponds to IPCC’s “middle of the road” (SSP2-4.5) scenario for southern Patagonia, our
future glacier projections show that if precipitation increases by 20%, the combined ice volume of the HPS19,
Penguin, and Europa glaciers would be maintained by the end of this century (Fig. 5). Strikingly, this implies
that if future emissions of greenhouse gases are curtailed, a relatively modest increase in precipitation could halt
mass loss of three of the largest western glaciers of the SPI, and in turn significantly limit the associated sea-level
rise. This precipitation threshold depends on how high future temperatures will rise. Under a more optimistic
scenario (warming of 0.8°C; SSP1-2.6), precipitation needs only to increase by 10% to counteract higher future
ablation (Fig. 5). Meanwhile, under 2.8°C of 21st century warming (SSP5-8.5), a precipitation increase of 50%
is required to balance out stronger surface melt. Such a strong precipitation increase appears unlikely, given
that yearly precipitation amounts are already high for this region (>3 m/yr; ref?>??). Clearly, if greenhouse-gas
emissions follow one of the least optimistic scenarios, it is unlikely that precipitation will increase sufficiently to
avoid further ice-mass loss.

The importance of precipitation in driving past and future evolution of maritime glaciers is not limited to
Patagonia. Maritime glacier advance up to ca. 1 km and net mass balance up to ca. 2.4 m/yr in response to
snowfall increase during the late 20th century has been observed in Norway?’, Iceland?’, Alaska*!, and New
Zealand*. Over the last two decades, increases in precipitation also slowed down glacier thinning in Norway'and
the eastern Greenland Periphery!, and nearly halved thinning rates in Iceland*2. On the Antarctic Peninsula,
snow accumulation is currently continuing its century-long increase and now mitigates global sea-level rise by
6.2+ 1.7 mm per century>*>*%. However, if temperatures continue to rise, an increasing fraction of snowfall will
instead occur as rain (ref*>; Methods “Climate forcing”), which will reduce the net increase in snow accumulation.
Hence, the ability of precipitation to compensate for temperature-driven ice loss will decrease if greenhouse-gas
emissions continue to soar. This is corroborated by our future simulations, which show that the relative increase
in precipitation per additional degree Celsius needed to preserve sufficient snowfall, and therefore maintain
present-day glacier volume, increases with temperature. More specifically, precipitation in Patagonia would need
to increase by ca. 9% for the first 1°C increase, but by an additional ca. 18% and 27% for the second and third
degrees of warming, respectively (Supplementary Fig. 10). Therefore, our results suggest that the attenuation of
glacier mass loss due to increased snowfall will diminish and eventually disappear across maritime regions if
greenhouse gas emissions are not curtailed.

Conclusion
Opverall, our findings indicate that precipitation controls the evolution of maritime glaciers in western Patagonia
to a greater extent than previously thought. Over the last 6000 years, increases in precipitation were often able
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Fig. 5. Higher precipitation may offset future temperature-induced mass loss from western Patagonian outlet
glaciers. Our future simulations indicate plausible ice-volume changes of the HPS19, Penguin, and Europa
glaciers in response to varying degrees of 21st century warming, as projected under the SSP1-2.6 (+0.8°C),
SSP2-4.5 (+1.5°C), SSP3-7.0 (+2.2°C), and SSP5-8.5 (+2.8°C) scenarios, in southern South America by
2081-2100 CE (ref!%373%), along with precipitation increases between 0 and 60% (ref®). Glacier-volume changes
are presented relative to the combined modern volumes of the HPS19, Penguin, and Europa glaciers (308 km?;
100%) as simulated in our default model initialization step (Methods “model initialization”). All temperature
and precipitation (AP) anomalies were enforced to linearly increase from 0% at 2000 CE to 100% at 2100 CE,
and remained constant at 100% thereafter. All future simulations started from the end of the 6.0 kyr simulation
(Figs. 3 and 4) which represents the year 2000 CE. The yellow dotted line shows the control experiment with
constant modern climate forcing, i.e., the 1979-2020 CE mean climatology from the CAMELS-CL dataset?2.
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to compensate, and even overcome, temperature-induced ice-mass loss. Our future simulations reveal that this
snowfall-driven climate regime holds if 21st century warming in Patagonia is limited to 1.5°C. However, regional
climate warming beyond 1.5°C, as projected under high emission scenarios (SSP3-7.0 and SSP5-8.5), will push
Patagonian glaciers into a new rainfall-dominated climate regime, which has not been experienced during the
last 6000 years. Our findings suggest that if a high-emission temperature threshold is crossed this century, no
realistic increase in precipitation will be able to attenuate glacier mass loss. Future work should quantify to what
extent changes in precipitation patterns in other maritime regions across the world may mitigate future ice loss,
such as in Alaska, Iceland, Norway, New Zealand, and Greenland.

Methods
Ice-flow model
Ice dynamics were modeled using a vertically integrated mono-layer higher-order ice-flow equation (ref.*")
within the Ice-sheet and Sea-level System Model (ISSM; ref?’). Anisotropic mesh adaptation was used to create a
finite-element model mesh with resolution varying between 1 km and 100 m. Mesh resolution was first defined
based on gradients in bed topography, and subsequently refined using the gradient of satellite-derived ice-flow
velocities®. In the proglacial fjords, i.e., until ca. 15 km downstream of the modern ice fronts, mesh resolution
was set to 50 m to capture grounding-line and calving dynamics at high accuracy (Supplementary Fig. 7a;
ref’!). Our model domain focuses on the present-day HPS19, Penguin and Europa glaciers, and extends ca.
65 km westwards to facilitate potential Neoglacial ice-front advance. Ice divides between our study glaciers were
delineated by the Randolph Glacier Inventory (RGI) v6.0 limits*”*®and slightly modified based on observed ice-
flow velocities from remote sensing®. We assume a fixed ice divide with no influx into our domain, following
the empirical reconstruction of the Patagonian Ice Sheet over the past 35,000 years presented by ref'®. Where
available, the ice-thickness map from ref>?, which is based on radar and airborne gravity data, was used, whereas
data gaps in this ice-thickness map were filled using modeled ice thickness from ref>® (near the ice divides) and
ref> (at the glacier trunks). Subglacial bed topography was derived by subtracting ice thickness from ASTER
surface DEM data (GDEM v02; 1 arc-second, or ca. 20 m, resolution). Surface topography of ice-free land areas
was represented using the ASTER DEM, and submarine topography using bathymetric data from ref?! and the
SHOA (Hydrographic and Oceanographic Service of the Chilean Navy) bathymetric chart of Penguin Fjord
(N°10310). The gaps in the bathymetric data were filled by assuming that the stepwise decrease in water depth
continues towards the glacier fronts in both Penguin and Europa fjords (Supplementary Fig. 8). Ice is assumed
isothermal with a viscosity equivalent to an ice temperature of -0.5°C (ref>®), based on borehole temperature
measurements in the accumulation area of the nearby Pio XI Glacier (49°S; ref>®). Basal melting of grounded ice
was assumed negligible, and the model time step was 0.02 years (7.3 days).

Basal friction was modeled using a linear viscous Budd law®”:

7 = a’Nu, (1)

where T, represents basal stress, a the basal friction coeflicient, N effective pressure, and u, basal velocity. A
spatially varying basal friction coeflicient was constructed in three steps. First, the basal friction coefficient a was
set proportional to bed elevation Zb following ref™:

min.(maz. (0, Zb+ 500), 2500)

2
2500 @

oo = 130 *

Second, the basal friction coefficient a was refined in fast flowing areas (>200 m/year) using:

v
o = abs. {log (VTTL(I,,’I,‘):| * C (3)

with V representing satellite-derived ice-flow velocity, Vmaz maximum velocity?, and C' a glacier-specific
maximum friction coefficient, ie., 7.8, 8.6, and 11.7 for HPS19, Penguin, and Europa Glacier respectively.
Values of ' were determined using an inversion method?”-*® that satisfies the best match between modeled
and satellite-derived surface velocities*. Finally, the minimum basal friction coefficient on land, as well as the
friction coefficient below sea level, was set to 10 (m/s)/2

Calving parameterization
A von Mises calving law was applied to simulate ice-front evolution®, where the calving rate c is related to
tensile stresses within the ice:

| |
C = |u| *
g _max (4)

with |u| the magnitude of the horizontal ice velocity, o the von Mises tensile stress, and o _max the maximum
stress threshold in the ice. ¢ _max was calibrated to 550 kPa for grounded ice, and 300 kPa for floating ice,
by reproducing the present-day ice fronts after a 150-year transient relaxation during which the grounding
lines and calving fronts were able to evolve freely. Floating ice thinner than 2 m was set to calve off instantly,
independent of the above von Mises parameterization.
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Climate forcing

Within our transient Neoglacial simulations, temperature is expressed as anomalies from the 1979-2020 CE
mean, and precipitation is expressed as a fraction of the 1979-2020 CE mean. We impose these anomalies onto
the 1979-2020 CE monthly mean of temperature and precipitation from the high spatial resolution (0.05°)
CAMELS-CL gridded meteorological dataset presented in ref?? to produce the applied Neoglacial temperature
and precipitation forcings:

T, = Thoro—a0o0cr) + AT, (5)

Py = Pugro—2020cE) X AP (6)

where T 1979 - 2020 cB) and 13(1979 _ 2020 cE) AT€ the monthly mean temperature and precipitation over 1979-2020

CE from ref?, and AT, and AP, are spatially-uniform anomalies. Two different sets of AT,were defined using the
proxy-based records of ref???, as well as for AP by using the records of ref>**’. Since these records have different
temporal resolutions, i.e., 107 + 47 year (PA; ref?®), 147 + 121 year (TMLIL; ref*°), and 3 + 1 year (MA1; ref*),
they were all resampled at a 100-year resolution and linear interpolation was applied between the resampled
data points. Ultimately, we performed four transient simulations using the four combinations of possible climate
scenarios (Table 1). The duration of these simulations was limited by the shortest proxy record (4200 years),
which was the MA1 temperature record?.

Surface mass balance over the Neoglacial period, and in our future simulations, was computed using a Positive
Degree Day (PDD) method®'. PDD factors of 3 and 6 mm ice equivalent °C™" day™" were used for snow and ice
respectively, in line with previous modeling studies and similar to those observed along the SPI!820:62-65 The
temperature forcing was adjusted using a lapse rate correction of 5.5 °C km™!, following the observations of ref®3,
to account for changes in ice-surface elevation throughout the simulations. The amount of snow accumulation
from total precipitation was computed assuming a normal distribution of the hourly temperature around the
monthly means. Precipitation is assumed to fall as rain when the temperature is above 2°C and as snow below
0°C. Between 0 and 2 °C, the snow fraction varies in function of temperature following Bales et al*>.

Ocean forcing

Basal melting of floating ice was set to linearly increase from 0 at the water surface to 3250 m/year at depths
deeper than 100 m, following observations of ocean heat supply in Jorge Montt Fjord, another proglacial fjord
located along the northwestern edge of the SPI°®. We do not simulate horizontal frontal melting explicitly since
modern data to constrain this is not available, let alone its evolution over millennial timescales. Instead, we
assume that our comparatively low calving stress thresholds on grounded (550 kPa) and floating (300 kPa) ice,
and relatively high imposed basal melting of floating ice, include some of the influence from frontal melting on
ice-front evolution, following ref®!.

Model initialization

Before running the Neoglacial transient experiments, ice-front positions at the beginning of the Neoglacial
period were simulated using a two-step spin up. First, a steady-state spin-up simulation with constant modern
climate forcing, i.e., the 1979-2020 CE mean climatology from the CAMELS-CL dataset??, was run for 300 years
for ice extent, elevation, and volume to reach a present-day equilibrium. The resulting present-day simulation
was in good agreement with the observed grounding-line positions, ice-flow velocities, glacier-surface elevation,
and accumulation-area ratio (Supplementary discussion 1). Next, for each Neoglacial forcing scenario, a second
spin-up simulation was run for 500 years with constant climate forcing set as the reconstructed climatology
at 4.2 kyr b2k for the respective scenarios (#1-4; Table 1). Following this approach, our transient Neoglacial
simulations all start from grounding-line positions located in close proximity to their modern locations in both
Penguin and Europa fjords (Supplementary Figs. 1, 2, 3, and 4), except for Europa Glacier in simulation #3 which
retreated ca. 13 km inland from its present-day grounding line (Supplementary Fig. 3). These ice-front positions
at the start of the Neoglacial period are consistent with glacier reconstructions based on geological records from
both sides of the SPI!>?!, which show that glacier fronts were located near or within their present margins at the
beginning of the Neoglacial period. Nonetheless, to test the impact of the initial grounding-line position on the
ice volume simulated during our Neoglacial transient experiments (Fig. 2), we reran all Neoglacial experiments
from different grounding-line positions (Supplementary discussion 2).

For the 6.0 kyr simulations discussed in section “Temperature and precipitation forcing over the last 6000
years” (Figs. 3 and 4), model initialization consisted of the same two-step spin-up approach. Here, the second
spin-up simulation was run with constant climate forcing set as the reconstructed climatology at 6.0 kyr b2k,
ie, AT=+2.12 °C and AP=101% (Fig. 3; ref?**°). Doing so, these transient 6.0 kyr simulations again started
from grounding-line positions located in close proximity to their modern locations in both Penguin and Europa
fjords (Supplementary Fig. 5).

21st century glacier projection experiments

All future simulations presented in Fig. 5 started from the end of the 6.0 kyr simulation (Figs. 3 and 4) which
represents the year 2000 CE, and lasted until 2150 CE. We simulated ice-volume changes of the HPS19, Penguin,
and Europa glaciers in response to IPCC’s projected 0.8°C (SSP1-2.6), 1.5°C (SSP2-4.5), 2.2°C (SSP3-7.0), and
2.8°C (SSP5-8.5) temperature increase in southern South America by 2081-2100 CE (ref!'®"-3; WGI Interactive
Atlas, baseline 1981-2010 CE). For each of these temperature anomalies, we ran simulations using increased
precipitation ranging from 0 to 60%, in 10% increments, of its modern amounts following the precipitation
projections of Araya-Osses et al. in the Magallanes region by 2081-2100 CE (ref’). IPCC’s precipitation
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projections were not used since their resolution is too low to accurately capture orographic precipitation across
the Southern Patagonian Icefield (ref!®37%). The advantage of using IPCC’s temperature forecasts, on the
other hand, is that they cover the entire region of southern South America and, therefore, encompass both the
modeled glaciers and the PA and MA1 proxy-based temperature records. All temperature and precipitation
anomalies were applied as spatially-uniform anomalies and prescribed to linearly increase from 0% at 2000 CE
to 100% at 2100 CE (in line with our transient Neoglacial simulations), and remained constant at 100% until the
end of the sensitivity experiments (2150 CE) for the anomalies applied at 2100 CE to take effect. This approach
was specifically chosen, instead of using forcings from general circulation models, to maintain a consistent
modeling framework through both our Neoglacial and future simulations. Therefore, all glacier simulations
were limited to simulating centennial-scale evolution, which is the temporal resolution of the selected proxy-
based reconstructions of Neoglacial temperature and precipitation change (Methods “Climate forcing”). To be
clear, all future simulations are sensitivity experiments rather than full projections. We do not aim to reconstruct
glacier change over the recent observational period exactly, nor to provide detailed projections of future glacier
dynamics and evolution.

Attribution factors AF, and AF,
The relative importance of precipitation and temperature in driving Neoglacial ice-volume variations in the 6.0
kyr simulation were calculated using Eq. (7) to (9):

oV = an - Vn—l (7)

with V| representing ice volume simulated at time n in the 6.0 kyr simulation in response to both temperature
and precipitation forcing (Fig. 3),and V,_, ice volume 100 years later.

0Vp =Vpy — Vpur IF = sign(Vp,, — Vpy—1) = sign(0V), ELSE : 6Vp =0 (8)

with V,, = representing ice volume simulated at time n in the 6.0 kyr simulation with constant temperature
forcing (Fig. 3),and V,  _, ice volume 100 years later.
The final attribution factor of precipitation (AF, %) was calculated using Eq. (9):

AFp = Abs(6Vp/(8Vp + 6Vir)) * 100 )

8V, and AF were calculated with Eqs. 8 and 9 but using ice volume simulated with constant precipitation (V.;
Fig. 3).

Supplementary Fig. 9 shows that the denominator of Eq. 9 closely captures the volume changes of the 6.0
kyr simulation (similarity =97.8%) with a relatively small error (mean absolute error =0.13+0.25%; root mean
square error=0.28), which highlights the strength of our attribution method. Following this approach, AF,
and AF, always sum up to 100%, which is consistent with our experimental setup simulating Neoglacial ice-
volume changes only in response to variations in air temperature and precipitation (Methods “Climate forcing”).
The response of ice volume to variations in ocean forcing was tested using a range of sensitivity experiments
(Supplementary discussion 3).

Data availability

The simulations performed in this study made use of the open-source Ice-Sheet and Sea-level System Model
(ISSM) and are publicly available at https://issm.jpl.nasa.gov/ (ref.?’). The results of our glacier-volume simulati
ons are available in the supplementary spreadsheet.
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