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Sparse measurements of glacier mass balance, velocity and ice thickness in

Patagonia challenge our ability to understand glacier sensitivity to climate

change and relate past glacier fluctuations to palaeoclimate change. Small

ice caps, such as Monte San Lorenzo, have short response times and high

climate sensitivity, making well-dated moraines in their glacier foregrounds an

important tool for exploring glacier response to rapid changes in palaeoclimate.

Here, the Parallel Ice Sheet Model (PISM) is used to model ice flow across a

domain centred on the Monte San Lorenzo ice cap. Ice-flow parameters are

calibrated to match present-day ice extent, velocity and thickness. Our aim is,

firstly, to quantify present-day physical glacier properties, and ice cap dynamics

and sensitivities, and secondarily, to evaluate the controls on the deglaciation of

the ice cap within the context of the Southern Hemisphere palaeoclimate

system during the Last Glacial-Interglacial Transition (LGIT). The simulated

present-day ice cap shows high surface mass flux, with ablation at outlet

glacier tongues up to 18 m w. e. a−1, accumulation at the highest elevations

of up to 5.5 m w. e. a−1 and a simulated Equilibrium Line Altitude (ELA) of

1750–2000 m asl. The ice cap is more sensitive to changes in precipitation

relative to changes in temperature. We provide envelopes with likely ranges of

palaeotemperature and palaeoprecipitation for glacial advances to moraines

formed during the Last Glacial-Interglacial Transition and Holocene. Our

numerical model predicts that cooling and an increase in precipitation is

required to force glacial advance to mapped moraine limits at 12.1 ka (2°C

cooler, 50%more precipitation), 5.6 ka (0°C cooler, 50%more precipitation) and

0.2 ka (1°C cooler, 25% more precipitation). Our modelling results thus provide

insights into the present-day mass balance, thermal regime and velocity of the

ice cap, explores the sensitivities of this ice cap to various model and climatic

parameters, and provide palaeoclimatic envelopes for readvances during the

LGIT and Holocene in Patagonia.
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1 Introduction

The Southern Andes currently account for 8% of the total

global mass loss from glaciers (Hugonnet et al., 2021). In

particular, Patagonian glaciers are among the most

climatically sensitive on Earth (Mackintosh et al., 2017), with

an annual specific volume loss in excess of 1 m water equivalent

(w.e.), the highest observed globally (Dussaillant et al., 2019;

Zemp et al., 2019). However, sparse field measurements of glacier

mass balance, ice thickness, basal ice conditions and ice velocity

(including that from sliding versus deformation) limit our

understanding of the dynamics of current ice-mass change

and glacier-climate interactions. This data paucity impedes

our ability to relate past glacier fluctuations explicitly to

changes in palaeoclimate, as mass-balance sensitivities are

poorly understood. Numerical glacier modelling can be

applied to reconstruct glacier mass-balance distribution,

glacier physical behaviour and properties in absence of

measured empirical data. These models can be used to assess

the sensitivity of an ice mass to both external climatic forcings

(such as past temperature and precipitation) and physical

parameters that impact ice flow and glacier mass balance (cf.

Golledge et al., 2012; Doughty et al., 2013; Ziemen et al., 2016;

Nielsen et al., 2018; Yan et al., 2018).

Small temperate ice caps in Patagonia, such as Monte San

Lorenzo (MSL) (Figure 1; 47.58°S, 72.35°W, 3,706 m asl),

typically have short response times and high climate

sensitivity (Bahr et al., 1998), making them useful for

understanding rapid changes in palaeoclimate and resultant

glacier response. Notably, due to the strong west-east

precipitation gradient across the Patagonian Andes (Garreaud

et al., 2013), and their location further inland, the smaller ice caps

such as MSL east of the main Patagonian icefields (72–73°W)

may be limited by precipitation, and may therefore be more

sensitive to change in this than glaciers further to the west.

Geomorphological and chronological data collected from

valleys around MSL show that glaciers receded rapidly

through the Last Glacial-Interglacial Transition (LGIT; 15 to

11.7 ka BP; Lowe and Hoek, 2001) and Holocene (11.7 ka

onwards; Rasmussen et al., 2014) (Sagredo et al., 2016, 2018;

Davies et al., 2018; Martin et al., 2019, 2022; Thorndycraft et al.,

2019; Mendelová et al., 2020). During this time, large-scale

climatic events such as the Antarctic Cold Reversal (ACR)

impacted Patagonia (Moreno et al., 2009; 2018; Tonello et al.,

2009; Waldmann et al., 2010; Kilian and Lamy, 2012; Oehlerich

et al., 2015; Quade and Kaplan, 2017; Kaplan et al., 2020). These

climatic events resulted in changes in the Southern Westerly

Winds, likely through the Southern Annular Mode (Boex et al.,

2013; Moreno et al., 2018; Bendle et al., 2019; Kaplan et al., 2020;

Morales et al., 2020; Moreno, 2020), driving changes in

temperature and precipitation, which caused glacier

fluctuations (Reynhout et al., 2019). However, the relative

sensitivity of palaeo-glaciers to temperature and precipitation,

and which of these forcings were the primary control on glacier

mass balance at this time, remains unclear. There are few

palaeoclimatic proxies available from Patagonia able to

provide quantitative estimates of specific environmental

conditions at particular times, especially in the study region

(Kilian and Lamy, 2012; Massaferro and Larocque-Tobler, 2013).

The available palaeoclimatic reconstructions often rely on

qualitative comparisons (describing periods as hotter, colder,

drier, wetter, for example) (Mansilla et al., 2016; Quade and

Kaplan, 2017; McCulloch et al., 2020; Moreno, 2020). An

improved understanding of present-day glacier dynamics and

mass-balance sensitivities can inform our understanding of past

glacier response to climate change.

In this study, we used the Parallel Ice Sheet Model (PISM)

across a domain centred on the MSL ice cap, calibrated to match

present-day ice extent, velocity and thickness. Our aim is firstly to

quantify present-day physical glacier properties, ice dynamics

(such as the proportion of ice deformation versus sliding and

basal yield strength) and surface mass balance. Secondly, by

comparing the LGIT landform record of outlet glaciers north of

MSL (Martin et al., 2019; 2022) with results from PISM, we aim

to gain insights into the palaeoclimatic controls on ice volume.

We use model sensitivity experiments to assess the impact of

surface air temperature, precipitation, snow and ice melt factors,

bed strength and ice rheology on the simulated ice cap. These

new data improve our understanding of the key controls on the

behaviour of the present-day ice cap, its response to climatic

perturbations, and provides climatic envelopes (the most likely

mean ranges of temperature and precipitation) needed to drive

glacial advances to moraines formed in the Late Glacial at the

Monte San Lorenzo massif.

2 Study area and its geographic,
climatic and glacial settings

2.1 Present-day glaciers of monte san
lorenzo

South America is dominated on its western flank by the

Andes, which extend for 68° of latitude from their

northernmost point in tropical Columbia (12°N) to their

southernmost extent in temperate Chile and Argentina

(56°S) (Rodbell et al., 2009; Davies et al., 2020). There are

three substantial icefields in the Patagonian Andes. The

Northern Patagonian Icefield (NPI) covered 3,758 km2 in

the year 2000 (Barcaza et al., 2017). 90 km south of this

lies the Southern Patagonian Icefield (SPI), which covered

12,485 km2 in 2005 (Meier et al., 2018). Further south in

Tierra del Fuego lies Cordillera Darwin (2,932 km2 in

2005). Surrounding these larger icefields lie numerous

glaciers, ice-capped volcanoes and small ice caps, including

MSL and Sierra de Sangra (Meier et al., 2018).
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FIGURE 1
Map of the study area, with Monte San Lorenzo (MSL) and major placenames and geomorphological features mapped. Moraines, shorelines,
rivers and lakes mapped in previous work (Davies and Glasser, 2012; Davies et al., 2018; 2020; Sagredo et al., 2018; Martin et al., 2019; 2022;
Mendelová et al., 2020). For the inset, moraines and glaciers are from the compilation in Davies et al. (2020). Glacier outlines are derived from the
RandolphGlacier Inventory v. 6.0 (RandolphGlacier Inventory Consortiumet al., 2017), with a timestampof 31.05.2003. Inset shows overview of
Monte San Lorenzo (MSL), which lies to the southeast of the Northern Patagonian Icefield (NPI) and northeast of the Southern Patagonian Icefield
(SPI). Moraine codes are after Martin et al. (2019), Mendelová et al. (2020), and Sagredo et al. (2018). AWS: Automatic weather station.
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MSL lies southeast of the Northern Patagonian Icefield

(NPI), 70 km east of the main Andean chain (Figure 1). MSL

is an isolated granodiorite to granitic massif (Ramos et al., 1982),

and is the third highest peak (3,706 m) in the Patagonian Andes

(Masiokas et al., 2009). Up to 102 ice bodies have been mapped

on MSL’s flanks, covering 207 km2 (Falaschi et al., 2013). Small

glaciers also occupy the adjacent Cordon Esmeralda and

Barrancos Mountains (Figure 1). The four largest glaciers at

MSL are Rio Oro, Rio Lacteo, San Lorenzo Sur and Calluqueo

(Martin et al., 2019). Glaciar Calluqueo is the largest, with an area

of 45.3 km2 (Falaschi et al., 2013), with its terminus reaching

600 m asl. Glaciar Calluqueo terminates on bedrock, but drains

into the large, 3.5 km long proglacial Lago Calluqueo, which

discharges into Rio Salto to the north. Glaciar Rio Lacteo in the

east and Glaciar San Lorenzo are largely debris covered (Falaschi

et al., 2021), and terminate in proglacial lakes. Glacier velocity

mapping by Millan et al. (2022) indicates that the tongue of

Calluqueo Glacier reaches velocities of up to 350 m a−1, with

slower flow of ~100 m a−1 in the tongue’s tributaries in the

accumulation area. Glacier velocities are also available in the

GoLIVE dataset (Fahnestock et al., 2016), which report very

similar velocities profiles. Ice thicknesses reach 330 m at the ELA,

with ice under 100 m thick in the accumulation area and on the

glacier tongue (Millan et al., 2022). These glaciers have a majority

of glacier area at low elevations, have small accumulation area

ratios, and are correspondingly sensitive to small changes in

equilibrium line altitude (ELA) (Falaschi et al., 2013, 2017). They

are currently undergoing surface lowering in the lower ablation

areas, with rates greater than 5 m a−1 (Falaschi et al., 2017).

Glacier area here has been decreasing at a mean rate of 0.8% a−1

between 1985 and 2008 (Falaschi et al., 2013). Glacier mass

balance determined from geodetic data is negative, with the west

flank having a mass balance of -0.31 ± 0.16 m w. e. a−1 (Falaschi

et al., 2019).

Despite these recent observations, the glacier mass balance

magnitude, distribution, and mass turnover, is poorly known for

these glaciers. In the absence of field studies, ice-flow parameters

and glacier flow dynamics (e.g., relative velocities from sliding

and deformation) are also unclear. The glacier thermal regime,

surface mass balance, distribution of temperate and cold-based

ice is also unknown, as is the degree to which glaciers are sensitive

to temperature and precipitation changes and the relative

importance of these climate variables for driving past glacier

change. To address these gaps in our understanding, we

undertake a full simulation and investigation of the ice cap.

2.2 Present day temperature records

The nearest meteorological station to the MSL ice cap is

located on the western lateral moraine of San Lorenzo Sur Glacier

(47°42′S, 72°19′W, 1,140 m asl; Figure 1), from which Falaschi

et al. (2015) report a mean annual air temperature of 3.8°C

measured over the period from 2002 to 2013. The 0°C isotherm is

at 1725 m asl (Falaschi et al., 2015), with a late-summer snowline

between 1700–1750 m asl measured in the western sectors of the

massif in February 2005 (Falaschi et al., 2013). The snowline is

higher (1800 m) in the drier, eastern sectors of the massif (ibid.).

The nearest station recording both temperature and

precipitation is at Lord Cochrane Aerodromo (47°15′S,
72°35′W, 182 m asl; Figure 1), 40 km north of MSL and

3,624 m below its summit (Direccion Meteologica de Chile,

2001). Temperature data recorded after 2000 are largely

absent, however a full record from 1970 to 2000 documents a

mean annual temperature of 9.4°C (ranging from 8.4°C to

10.8°C). The two mean annual temperature records from San

Lorenzo Sur and Lord Cochrane Aerodromo at 1,140 m asl and

182 m asl respectively give a temperature lapse rate estimate of

0.0058°C m−1. This is within the range observed across Patagonia

(0.0048°C m−1 to 0.0072°C m−1) (Table 1).

2.3 Present-day precipitation records

The meteorological station at Lord Cochrane Aerodromo

provides a mean annual precipitation of 726 mm a−1 for

1970–2000 (range 522 mm –1,187 mm a−1). There is a

significant absence of precipitation measurements at higher

elevations in the mountains to the east of the Patagonian

icefields. Precipitation at MSL would be expected to be higher

than these values obtained in the low valleys at Cochrane, due to

the ice cap’s significant elevation, and in particular at Glaciar

Calluqueo due to the west-facing accumulation catchment and

the addition of wind-blown snow.

Annual accumulation on the windward, western side of the

NPI at Glaciar San Rafael has been estimated to be between

4,800 and 10,000 mm (Fujiyoshi et al., 1987; Escobar et al., 1992;

Carrasco et al., 2002), with similar annual precipitation recorded

west of the Southern Andes (Schneider et al., 2003), and reflected

in climate modelling (Garreaud et al., 2013). Mean precipitation

rates over the eastern NPI for different elevations have been

recently modelled to be 7,070 ± 790 mm a−1 above 3,000 m,

5,480 ± 570 mm a−1 from 2,000 to 2,500 m, and 3,720 ± 400 mm

a−1 below 1,000 m (Sauter 2020; Table 2). Values over the western

NPI are higher, up to 7,930 ± 850 mm a−1 above 3,000 m and

6,840 ± 680 mm a−1 below 1,000 m. Such levels of precipitation

are also reflected in river discharge models (Escobar et al., 1992).

On a west-east transect, mean annual precipitation and

accumulation values over the Southern Patagonian Icefield

(SPI) range from 2,000 to 15,000 mm w. e. a−1 (Inoue et al.,

1987; Escobar et al., 1992; Carrasco et al., 2002; Garreaud et al.,

2013; Schaefer et al., 2013), decreasing to between 7,600 mm and

2,500 mm w. e. a−1 on the eastern outlet glaciers (Rivera 2004;

Stuefer et al., 2007) (Table 2). Precipitation at Glaciar Tyndall

(SPI; 51°15′S, 73°17′W) was modelled to be 7,100 ± 1,100 mm w.

e. a−1 for 2000–2016 (Weidemann et al., 2018).
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TABLE 1 Observed temperature lapse rates from across Patagonia. Lapse rate from Cochrane to San Lorenzo Glacier calculated by the authors, using
data from Falaschi et al. (2013). SPI is Southern Patagonian Icefield.

Location Grid References Temperature lapse rate
(°C m−1)

Source References

Frias Glacier 41°09′ S, 71°50′ W 0.0048 Reanalysis data Leclercq et al. (2012)

Exploradores Glacier 46°30′ S, 73°10′ W 0.0053 Met. station Inoue et al. (1987)

San Rafael Glacier 46°40′ S, 73°50′ W 0.0055 Reanalysis data Koppes et al. (2011)

Cochrane–San Lorenzo Sur Glacier 47°15′ S, 72°34′ W-47°41′ S, 72°17′ W 0.0058 Met. station Falaschi et al. (2013)

SPI transect 48°45′ S 0.0072 (east) Met. station Bravo et al. (2019)

0.0055 (west)

SPI 50°38′ S, 73°15′ W 0.0053 Assumed Aristarain and Delmas, (1993)

Gran Campo Nevado 52°48′S, 72°56′W 0.0062 Met. station Schneider et al. (2003)

TABLE 2Modelled andmeasured precipitation and accumulation data across Patagonia. NPI: Northern Patagonian Icefield. SPI: Southern Patagonian
Icefield.

Location Latitude
and
longitude

Altitude
(m)

Precipitation (m
w.e.)
(Accumulation*)

Precipitation
lapse
rate (mm
m−1)

Source References

Lago Aculeo 33°S to 34°S 0.69 0.25 Multiple met. stations Jenny et al. (2003)

Frias Glacier 41°09′ S,
71°50′ W

2000 8.2 1.5 Mass balance model Leclercq et al. (2012)

Chico Glacier 49°03′ S,
73°10′ W

<1,440 4.07 3 Mass balance model/Met.
station

Rivera (2004)

>1,400 4.07 3.7

Regional 40°S to 55°S 0.00252 Regional met. station data Bravo et al. (2015)

San Rafael Glacier
(icefield plateau)

46°40′ S,
73°50′ W

4.8* to 10* Met. station Inoue et al. (1987); Escobar et al.
(1992); Carrasco et al. (2002)

Nef Glacier 47°01′ S,
73°19′ W

1,500 2.2 Met. station

NPI Highest alt 15 to 24. 5 to 10. 2 to 5 Mass balance model/
reanalysis data

Schaefer et al. (2013)

1,500–2000

1,000–1,500

Eastern NPI >3,000 7.07 ± 0.79 Linear Orographic
Precipitation Model
(OPM0.60)

Sauter (2020)

2,500–3,000 5.92 ± 0.59

2000–2,500 5.48 ± 0.57

1,000–2000 5.30 ± 0.58

<1,000 3.72 ± 0.40

NPI 6.7 River discharge model Escobar et al. (1992)

SPI 7

Patagonia region Western 5 to 10 Modelled climate Garreaud et al. (2013)

East of divide 0.5 to 0.7

Perito Moreno
Glacier

50°30′ S,
73°30′ W

2,500 7.6) Modelled climate Stuefer et al. (2007)

670 0.84

Southern Andes
transect

53°S, 75°W 0 4.4 Met. station Schneider et al. (2003)

53°S, 73°W 383 10.9

53°S, 71.6°W 8 0.9

53°S, 70.5°W 6 0.5
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On the eastern, lee side of the SPI, annual precipitation of

4,070 mmw. e. a−1 was estimated based on stakemeasurements at

Glaciar Chico (Rivera, 2004), and modelled to be 7,600 mm w. e.

a−1 at 2,500 m asl on Glaciar Perito Moreno (Stuefer et al., 2007).

Ice core data from the accumulation area (2,600 m asl) of Glaciar

Pío XI (SPI) from 2001 to 2005 yield accumulation rates of

3,400 to 7,100 mmw. e. a−1, with an average of 5,800 mmw. e. a−1

(Schwikowski et al., 2013), although these were not corrected for

thinning due to glacier flow. For Glaciar Tyndall (SPI), the

modelled mass balance in the accumulation area is 10,300 ±

1,800 mm w. e. a−1 (Weidemann et al., 2018). These glaciers are

located in the southern portions of the SPI, subject to the strong

effect of the Southern Westerly Winds, and higher accumulation

rates are expected. Across the SPI, measured snow accumulation

reaches 15,400 mm w. e. a−1 (Schaefer et al., 2015).

MSL’s location, 90 km inland from the Andes, lies at the edge

of the rain shadow where there is a sharp contrast between

vegetated and arid landscapes. This location has therefore a lower

annual precipitation than that observed and modelled to its west.

The mean annual measured precipitation at Cochrane is 726 mm

a−1 (1970–2000 AD). The measured precipitation at Cochrane

shows a decreasing trend, and the longer annual mean from

1970–2021 is 688 mm a−1. However, values after the year 2000 are

not relevant to this study since we use the mean climate from

1970–2000 to initialise the model and to compare it with glacier

outlines from the Randolph Glacier Inventory from 2003. Lower

modelled and measured precipitation is also apparent at other

low elevation sites east of the Andes range (Schneider et al., 2003;

Stuefer et al., 2007; Garreaud et al., 2013). MSL sits at the

northern edge of a break in the Andean range and therefore

will experience less of a rain shadow effect than those regions

latitudinally level with the higher-elevation NPI. However, its

location 160 km inland from the coast, to the east of the

mountains at the southern tip of the NPI, will still be factors

contributing to lower levels of precipitation than at the NPI and

SPI, which sit closer to the coast, receiving the full brunt of the

precipitation-bearing Southern Westerly Winds.

Due to the scarcity of meteorological data from the

Patagonian icefields and the surrounding region, in particular

from ice masses at contrasting elevations, there are few measured

precipitation lapse rates (those that are available are summarised

in Table 2). These values are varied, ranging from 0.00252 mm

m−1–3.7 mm m−1 (Jenny et al., 2003; Rivera, 2004; Leclercq et al.,

2012; Bravo et al., 2015), likely due to the complex topography

creating strongly site-specific precipitation gradients.

2.4 Ice dynamics during the Last Glacial-
Interglacial transition

2.4.1 Antarctic cold reversal
During the Antarctic Cold Reversal (ACR; 14.5 to 12.8 ka;

Blunier et al., 1997; Pedro et al., 2016), an enlarged,

northwards-flowing Glaciar Calluqueo (with accumulation

areas in the Barrancos Mountains and western Monte San

Lorenzo) formed the substantial Salto and Esmeralda

moraines at the mouth of the Pedregoso-Salto Valley, dated

to 13.4 ka (Davies et al., 2018) (Figure 1; see panel ‘13 ka’ in

Figure 2). This is the M1a moraine from Martin et al. (2019;

2022) and in Figure 1. These moraines are some 39 km from the

current ice margin. Chironomid reconstructions from Lake

Potrol Aike (52°S) and Antarctic ice-core records (Cuffey

et al., 2016) both suggest a decrease in temperature of 3–4°C

at this time (Massaferro and Larocque-Tobler, 2013). During

the ACR, Glaciar Calluqueo terminated in the ice-dammed

palaeolake Lago Chelenko with an outflow at 350 m asl

(Figure 2) (Davies et al., 2018; 2020; Thorndycraft et al., 2019).

In the upper Tranquilo Valley, a series of inset moraines

(RT1 to RT3, mean ages 13.8, 13.3 and 12.1 ka) also record

stabilisation of much smaller northward-flowing MSL outlet

glaciers during the ACR (Sagredo et al., 2016; 2018) (Figures

1, 2). The outermost moraines are only 14.3 km from the current

ice margin. The RT1 to RT3 moraines are high above the level of

any palaeolake in the study area. Below these moraines, perched

deltas in the lower Tranquilo valley indicate that a palaeolake at

520 m asl existed in this valley also at this time (“Palaeolake

Tranquilo”), which drained over the older Brown Moraines

(M1b) into Lago Brown (Martin et al., 2019; Davies et al.,

2020) (Figures 1, 2). Assuming no change in precipitation and

an adiabatic lapse rate of 6.5°C/1,000 m, an estimated equilibrium

line altitude (ELA) depression of 210 m would translate into

temperature anomalies of just 1.6–1.8°C cooler than present

during the ACR (Sagredo et al., 2016).

Outlet glaciers draining southeast from MSL also advanced

during the ACR, reaching the Belgrano and Rincon moraines at

13.1 ± 0.6 ka (Mendelová et al., 2020) (Figures 1, 2). This suggests

an advance of 30 km for Rio Lacteo and San Lorenzo Glacier.

2.4.2 Post-Antarctic cold reversal warming
The climate warmed across much of the Southern

Hemisphere immediately following the ACR. Ice cores in

Antarctica record a rapid temperature rise of 2.5°C in the

century after 12.8 ka, with a bias of −2.75°C to −0.25°C

compared with present day (Frieler et al., 2015; Cuffey et al.,

2016). Changes inWest Antarctic temperatures have been shown

to be synchronous with cryospheric changes in Patagonia’s mid-

latitudes (Cuffey et al., 2016; Bendle et al., 2019), with upwelling

of warm deep water in the Southern Ocean a potential driver of

warming across the mid and high-latitudes (Pedro et al., 2016).

Sea surface temperatures at 46°S also record rapid warming at this

time (Haddam et al., 2018). However, while there are some

palaeoclimatic records of temperature and precipitation

changes post-dating the ACR (Kilian and Lamy, 2012; Villa-

Martínez et al., 2012; reviewed in Davies et al., 2020), the specific

palaeoclimatic envelopes describing the prevailing climate at this

time and in this region of Patagonia are poorly known. The
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FIGURE 2
Empirical reconstruction of Monte San Lorenzo ice cap through the ACR (14.5–12.8 ka) Holocene, after numerous publications (Sagredo et al.,
2016; 2018; Davies et al., 2018; 2020; Martin et al., 2019; 2022; Thorndycraft et al., 2019; Mendelová et al., 2020).
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relative sensitivity of the glacier mass balance to these changes

and thus drivers of change are therefore poorly understood.

There is regional evidence of glacier recession immediately

following the ACR. In the Pedregoso valley, recession of Glaciar

Calluqueo is denoted by a series of nested moraines (M4 toM12).

The ‘Moraine Mounds’ (M4) are located 5.2 km behind the

Esmeralda Moraines (Martin et al., 2019 and Figure 1), dated

to 12.8 ka (Glasser et al., 2012), and are 37 km from the present

ice margin and above 350 m asl. By 12.5 ± 0.3 ka, Glaciar

Calluqueo had receded to M9 (Martin et al., 2022). Lago

Chelenko drained between 12.4 and 11.8 ka (Thorndycraft

et al., 2019) (Figure 1), during the rapid post-ACR warming

after 12.8 ka. The M12 moraines, lateral moraines just above the

Holocene-age M13 moraines, are dated to 12.1 ± 0.4 ka.

Recession over 50 km therefore occurred at a mean rate of

50.3 m yr−1 between 12.8 (M4) and 12.1 ka (M12) (Martin

et al., 2022).

Palaeolake Tranquilo drained when recession of Glaciar

Calluqueo to the M12 moraine allowed a new outflow into

Salto Valley (Martin et al., 2019; 2022). East of the MSL

massif, the Lacteo lateral moraine, 20 km up-valley from the

Rincon moraines (Figure 1), has a mean age of 12.4 ± 0.3 ka,

supporting rapid recession following the ACR, followed by

glacier stabilisation. Regional evidence of glacier stabilisation

at this time is also supported by the formation of the

RT5 Moraine in the Tranquilo valley at 12.2 ± 0.4 ka (Sagredo

et al., 2018).

2.4.3 Mid-holocene and late holocene
A period of cooling during the mid-Holocene is reflected in

the Antarctic ice-core record (from +0.4°C to +0.1°C from

present day) (Frieler et al., 2015; Cuffey et al., 2016). During

this mid-Holocene cooling, the glaciers around MSL advanced

again, generally reaching the large moraines near the present-day

outlet glacier termini (Davies et al., 2020), likely including the

M13 moraines around Lago Calluqueo (Figures 1, 2). The

moraines around the lake in the cirque in the upper

Tranquilo valley date from 5.7 ka (Sagredo et al., 2016).

Across the icefield, these moraines were then re-occupied by

glaciers during the Late Holocene (0.5–0.2 ka), evidenced by

lichenometry (Garibotti and Villalba, 2017). Tree-ring records

suggest that temperatures were 1–2°C cooler than present from

600 to 200 years ago in Patagonia (Villalba et al., 2005), driving

this glacial advance (Kaplan et al., 2016). The Antarctic ice-core

record shows cooler temperatures at this time, between 0.6°C and

1°C below present (Frieler et al., 2015; Cuffey et al., 2016).

2.5 Previous work modelling patagonian
glaciers and icefields

Numerical modelling has previously been used to explore

palaeo ice dynamics, glacier and mass-balance sensitivities in

Patagonia. Model exploration of potential climates for past

glacial advances so far has focused on the Last Glacial

Maximum. Hulton et al. (1994) suggested that the ELA at

the LGM was depressed by 160–560 m. A decade later, an

updated coupled ice sheet/climate model suggested that at the

LGM, the Patagonian Ice Sheet had an ice volume of

500,000 km3, with modelled ice velocities reaching 400 m

a−1 under a temperature decrease of 6°C and constant

winds over the model domain (Hulton et al., 2002; Sugden

et al., 2002).

A time-dependent model focused on the Northern

Patagonian Icefield (45–48°S) suggested that an ELA lowering

of 750–950 m occurred during the LGM (Hubbard et al., 2005),

in order to reach the Fenix I-V moraines at Lago Buenos Aires.

An ELA lowering of 900 m best matched the Fenix V moraine at

23,000 years BP. This model predicted a mean ice thickness of

1,130 m, drained by ice streams to the western and eastern

margins. Forcing the model with temperature biases derived

from an Antarctic ice core record suggested that the ice sheet

rapidly shrank shortly after the LGM, with ice margin

stabilisation during the Antarctic Cold Reversal (Hubbard

et al., 2005).

More recently, a 2D ice sheet model applied over the

Magallanes lobe in southern Patagonia suggested that summer

temperatures were 4.5°C and 5.5°C cooler when the Magallanes

lobe reached the inner and outer MIS two moraines respectively,

with ~25% less precipitation than at present (Peltier et al., 2021).

There are no presently published numerical modelling

studies that focus on the Late Glacial period or the

Antarctic Cold Reversal, though there has been some work

on using glacier models to investigate Patagonian glacier

response to Holocene climate change. Bravo et al. (2015)

investigated glacier behaviour in the mid-Holocene

(6,000 years BP) and pre-industrial period (1750 AD) using

a degree-day glacier mass balance model. They used this to

explore changes in glacier ELAs between the mid-Holocene

and late Holocene. They showed that the modelled ELA was

20–30 m lower in the mid-Holocene relative to the pre-

industrial period (Bravo et al., 2015).

Leclercq et al. (2012) used a long and detailed record of

glacier length fluctuations at Glaciar Frías (Southern Patagonian

Icefield) from 1639 AD to present. They used a simplified surface

energy-balance model and a flowline model to account for the

response of the glaciers to climatic forcing. They found that the

overall glacier retreat (1,639–2009 AD) was best explained by a

mean temperature increase of 1.2°C (Leclercq et al., 2012).

Ice-flow and surface-mass balance modelling has also been

applied to some present-day glaciers, mostly across the main

icefields. A full-Stokes ice-flow model (Elmer/Ice) applied over

Glaciar San Rafael predicted low basal shear stresses (<25 kPa)
and high surface velocities (7.6 km a−1) (Collao-Barrios et al.,

2018). This work suggested that most of the surface velocity is

due to basal sliding of the glacier tongue.
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3 Materials and methods

3.1 GlaRe reconstructions of equilibrium
line altitude and palaeo-precipitation

Using empirical observations of the patterns of palaeoglacier

recession and landsystem change north of MSL, based on

geomorphological mapping, sedimentology and cosmogenic

nuclide dating (at this site, mostly Glasser et al., 2012; Davies

et al., 2018; Martin et al., 2019, 2022), it is possible to reconstruct

the past ice surface and ELA for palaeoglaciers (Osmaston, 2005;

Braithwaite, 2008; Rea, 2009; Sagredo et al., 2014). Due to the

relationship between precipitation and temperature at the ELA of

land-terminating glaciers (Ohmura et al., 1992; Bendle and

Glasser, 2012; Chandler and Lukas, 2017), these data, when

combined with existing temperature records, can be used to

estimate palaeo-precipitation at glacier ELAs. We apply this

method to Glaciar Calluqueo in the post-ACR period (see

Supplementary Information for more details). These ELA-

based, more simple precipitation reconstructions therefore

provide a hypothesis for changes in the amount of

precipitation during the period of rapid warming following

the ACR. These can be compared with the precipitation and

temperature changes required to force the glacier model to match

mapped palaeoglacier extent.

In this study, the GlaRe ice-surface reconstruction GIS tool

for ArcGIS (Pellitero et al., 2016) was used to calculate palaeo

three-dimensional ice-surface for the present-day glacier and

when the glacier occupied the post-ACR M12 (mean age 12.1 ±

0.4 ka) and M13 moraines (both limits from Martin et al. (2022);

Figures 1, 2). GlaRe reconstructs a three-dimensional ice surface

based upon a given bed topography and an element of the

reconstructed ice margin (e.g. lateral or frontal moraine, or a

trimline). This method assumes the present-day topography is

the same as that of the palaeo-glacier bedrock topography. In this

case, we used the bed topography provided in Carrivick et al.

(2016). Once a palaeo-ice surface has been reconstructed, this can

be used as the input to an automatic calculation of the

glacier ELA.

The M12 and M13 moraine limits (Figure 1) were chosen

because ice had separated from other glaciers and calving into

palaeolakes had ceased. The GlaRe method is not appropriate for

the ACR advance to the M1moraine due to the lacustrine calving

conditions at that time. The M13 limit is hypothesised to mark

the advanced position of Glaciar Calluqueo at both the latest

Holocene (0.2 ka) and during a regional mid-Holocene (5–6 ka)

neoglaciation, in line with regional moraine patterns (Sagredo

et al., 2016; Garibotti and Villalba, 2017).

The Accumulation Area Balance Ratio (AABR) method

(Osmaston, 2005; Rea, 2009; Pellitero et al., 2015) is used in

combination with the GlaRe tool (Pellitero et al., 2015; 2016) to

calculate ELAs for the present-day glacier and the glacier when it

occupied the M12 and M13 moraines. Balance ratios from 1.5 to

2.5 were used to provide a range of possible ELAs, with a

representative ‘global’ value of 1.75 selected for comparison to

present day empirical data (cf. Rea, 2009) (see Supplementary

Information for more detail). The standard deviation of the ELAs

calculated for different balance ratios provided an estimate of

uncertainty in the ELA (cf. Osmaston, 2005). We refer to the

ELAs reconstructed in this manner as GlaRe-ELAs to

differentiate them from those modelled by PISM or measured

during surface mass balance campaigns.

Palaeoglacier ELAs have been widely applied in

palaeoclimate studies to reconstruct former climates (Bendle

and Glasser, 2012; Sagredo et al., 2014; Chandler and Lukas,

2017). Once the 3D surface of the palaeoglacier has been

reconstructed, and the ELA calculated, temperature at the

ELA can be computed, for example, by calculating the height

above the nearest weather station and applying a temperature

lapse rate (for modern day glaciers). For palaeoglaciers, the

temperature at the ELA can be calculated by bias-correcting

the present-day measured mean climate against palaeoclimatic

records for the relevant time period.

We calculated the temperature at Lord Cochrane Aerodromo

at the time of each glacier stillstand by bias-correcting the

Cochrane temperature record using surface air temperature

data from Antarctic ice cores (Cuffey et al., 2016) (see

Supplementary Information). This leads to a temperature

reduction of 0.7°C during the Late Holocene (0.5–0.2 ka),

0.3°C during the Mid Holocene (5.7 ka, when Glaciar

Calluqueo reached the M13 moraine), and 1.1°C at 12.1 ka BP

(when Glaciar Calluqueo reached the M12 moraine). Secondly,

we apply a lapse rate (0.0058°C m−1) (calculated using data from

Falaschi et al., 2013) to find the temperature at the height of the

GlaRe-ELA at each of these time periods. We use a temperature

uncertainty of ±0.45°C, which is obtained from present day

temperature records at Lord Cochrane Aerodromo

meteorological station.

Finally, we use the quantitative relationship between summer

temperatures and precipitation at the GlaRe-ELA (Ohmura et al.,

1992) to obtain estimates of palaeo-precipitation values for

phases of glacier stabilisation at the M12 and M13 moraines

(following Bendle and Glasser, 2012; Chandler and Lukas, 2017;

Oien et al., 2021). An uncertainty in precipitation estimates is

derived from the range in mean summer temperature.

3.2 Parallel ice sheet model description

We used the Parallel Ice Sheet Model (PISM), a three-

dimensional, thermomechanically-coupled ice-sheet model,

which has previously been thoroughly described (e.g., Bueler

and Brown, 2009; Martin et al., 2011; Winkelmann et al., 2011;

Aschwanden et al., 2012, 2016; Van Pelt and Oerlemans, 2012).

PISM employs an enthalpy-based energy conservation

scheme, combines the Shallow Ice and Shallow Shelf
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approximations (a ‘hybrid’ approximation), and considers both

vertical deformation and longitudinal stretching within the ice.

PISM also adopts a ‘pseudo-plastic’ law that relates basal ice

velocity to basal shear stress to estimate basal sliding. Neumann

boundary conditions are applied in the model at the grounded

lateral ice margin, while Dirichlet boundary conditions are used at

the domain edge (The PISM authors, 2017). Together, this

numerical implementation means that fast-flowing outlet

glaciers can be adequately simulated with manageable

computation time (Aschwanden et al., 2016).

Similar to previous studies that used PISM to compute the

evolution and sensitivity of ice caps and ice fields (e.g., Golledge

et al., 2012; Ziemen et al., 2016; Jouvet et al., 2017; Schmidt et al.,

2020; Žebre et al., 2021; Köse et al., 2022), our model for the MSL

ice cap used boundary distributions for the ice thickness, bed

topography, climate (surface mass balance) and basal heat flux

from a combination of datasets, which we described below.

PISM was initialised with bed topography from Carrivick

et al. (2016). In the absence of ice-thickness surveys of MSL outlet

glaciers, ‘present-day’ ice thickness data was taken from a dataset

derived from the output of a perfect-plasticity model (Carrivick

et al., 2016). An ice thickness error of ±11% is reported,

introduced in the model through the assumption that the ice

behaves under perfect-plasticity and through the error in

thickness resulting from the spatial interpolation from the ice

thickness modelled at the glacier centreline to the ice thickness

across the entire glacier width (Carrivick et al., 2016). This degree

of error is in line with that observed globally when modelled ice

thickness is compared with radar measurements (Li et al., 2012;

James and Carrivick, 2016). A comparison of the Carrivick et al.

(2016) model and Millan et al. (2022) dataset shows a good

agreement between them, with an offset of ±20 m at the ELA. A

bedrock DEM was produced for PISM initialisation by

subtracting the modelled ice thickness from an ASTER

GDEM in ArcMap v10.3.

Glacier mass balance is determined in PISM by the

implementation of a positive degree day (PDD) model (Sato

et al., 1984; Braithwaite and Olesen, 1989; 1990; Lang and Braun,

1990; Hock, 2003). The proportion of precipitation that falls as

snow and the amount of snow and ice that melts is a product of

the ice surface temperature and the number of positive degree

days. Accumulation is dependent on precipitation and

temperature, with 100% of precipitation assumed to be solid

below 0°C, and linearly reduced to zero when air temperature is

above 2°C. The melt factors for snow and ice (Fsnow and Fice in

Table 3), representing the thickness of snow and ice melted per

degree kelvin per PDD, can be tuned within PISM. Following

melting, water may become refrozen based upon a

TABLE 3 Physical constants and parameter values used within the PISM model of the MSL ice cap. SIA is the Shallow Ice Approximation. SSA is the
Shallow Shelf Approximation.

Name Default Units Description Source for default
value and ranges

Physical constants

A 3.8 x 10–24 Pa−3 s−1 Glenn’s flow law ice-softness
coefficient

Gudmundsson (1994) and Paterson (1994)

g 9.81 m s−1 Acceleration due to gravity

ρi 910 kg m−3 Ice density Greve and Blatter (2009)

ρw 1,000 kg m−3 Fresh water density Greve and Blatter (2009)

Fixed default parameters

essa 0.6 SSA enhancement factor

nsia 3 SIA exponent

nssa 3 SSA exponent

Mz 200 Number of vertical ice layers

Mbz 50 Number of vertical bedrock layers

Bed smoothing 50 m Half-width of bedrock smoothing

Tuned parameters

Precipitation lapse
rate

1.35* mm
m−1

Change in precipitation with change
in elevation

Sensitivity tests

(esia) 3 SIA enhancement factor Golledge et al. (2012); Putnam et al. (2013); Ziemen et al. (2016); Yan et al. (2018)

(τc) 35 kPa Basal yield stress Boulton and Jones (1979); Brown et al. (1987); Iverson et al. (1995); Porter et al. (1997);
Golledge et al. (2012)

(Fsnow) 3 mm w.e Positive degree day melt factor for
snow

Lang (1986); Takeuchi et al. (1996); Arendt and Sharp (1999); Hock (2003); Anderson
and Mackintosh (2006); Schneider et al. (2007); Golledge et al. (2012); Jouvet et al.
(2017); Yan et al. (2018)(Fice) 8 mm w.e Positive degree day melt factor for ice
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predetermined refreeze fraction (Ørefreeze in Table 3). Degree-day

factor values of 3 and 8 mm w. e. were used for snow and ice

respectively, in line with previous modelling studies and similar

to those measured in Patagonia (cf. Supplementary Table S1).

We applied a basal heat flux of 0.07842 Wm-2 based upon the

relationship between basal heat flux and geology over a 2° by 2°

equal area grid (Davies, 2013). The granitic lithology of the MSL

massif may lead to a locally higher geothermal heat flux due to

higher concentration of radioactive elements. However, there are

no empirical data constraining this. Glacier outlines and drainage

basins used for the model were derived for 2010–2011 (Davies

and Glasser, 2012). Details of model initialisation and values and

constants used for key parameters are provided in Table 3.

We ran the model using parallel computation, with

processors distributed across 12 computational cores. This

used a 250 (x, y) by 20 m (z) resolution gridded domain over

an area of 80 km by 108 km (x, y), reflecting 138,993 horizontal

grid cells, 200 vertical ice layers and 50 bedrock layers. For

precipitation and temperature sensitivity experiments, where

simulations produce a far greater volume of ice, we used a

500 m (x, y) resolution grid to enable feasible wall-clock run

times of circa 24 h.

To spin up the model, we conducted a standardised PISM

multiphase procedure (Aschwanden et al., 2013). The spin-up

procedure computes an approximate steady state of the model

under constant boundary conditions, which is achieved in three

phases. First, a short (5-year) smoothing run was performed with

simplified physics, using a non-sliding Shallow Ice Approximation

(SIA) (Hutter, 1983). SIA accounts for flow by shear within the ice,

neglecting longitudinal and transverse stresses. SIA is a simplified

version of the Stokes equations for mass continuity and stress

balance which describe the flow of glacier ice. Second, a longer

(5000-year) run is done, without the ice geometry evolving. Third,

SIA is run in parallel with a vertically integrated, sliding shallow shelf

approximation (SSA) (Weis et al., 1999) forming a ‘hybrid’ model

(Bueler and Brown, 2009), which accounts for flow caused by sliding

of the ice over a weak substrate. This phase uses constant-climate

conditions, and introduces a positive degree day (PDD) model to

calculate the glacier mass balance, as well as the impact of

geothermal heat flux at the ice-bed interface (The PISM authors,

2017). In this final phase, the ice geometry is allowed to evolve, and

the model was run until an approximate equilibrium state of

constant ice area and volume was reached (~100–500 model

years). The resulting spun up state was then used as the initial

state for experimental runs.

An ensemble of 193 model runs was undertaken during

model set up and testing. Two climate data evaluation,

11 model tuning runs and 38 sensitivity experiments were

then run (Table 4). These tuning and sensitivity experiments

used iterations of each variable to establish the key controls on

the modelled icefield and to identify the envelope of parameter

space in which the results agree most closely with the present-day

observed icefield.

3.3 Climate forcing

We evaluated two climate data sets for model initialisation

(Experiment A; Table 4). Two modelled climate gridded datasets,

RACMO version 2.3 for Patagonia (RACMO2.3 PAT5.5)

(Lenaerts et al., 2014) and WorldClim2 (Fick and Hijmans,

2017), were compared with measured meteorological station

surface air temperature data from the western lateral moraine

of Glaciar San Lorenzo Sur and temperature and precipitation

data from Lord Cochrane Aerodromo (Figure 1). They were also

compared with observed temperature lapse rates between these

two meteorological stations (0.0058°C m−1) (Falaschi et al., 2013)

and across Patagonia (Table 1) (Inoue et al., 1987; Aristarain and

Delmas, 1993; Schneider et al., 2003; Koppes et al., 2011; Leclercq

et al., 2012; Bravo et al., 2019). This allowed us to evaluate the

ability of bothmodels to reproduce mean annual air temperature,

temperature lapse rates, and the annual temperature cycle in the

study area (Table 1; Supplementary Information). The results of

this evaluation are shown in Section 4.2.

We also derived a gridded precipitation dataset using

precipitation measured at Lord Cochrane Aerodromo

meteorological station. The precipitation was varied with

altitude, using a lapse rate, alongside the WorldClim2 surface

air temperature dataset. The precipitation lapse rate was

systematically varied (Experiment B) until the resulting

precipitation distribution used to force the ice-flow model

resulted in a steady state model simulation of an ice cap

matching the present-day ice extent, thickness, velocity, and

surface elevation change.

Palaeo-temperature at MSL across the LGIT was derived

using relative temperature offsets from the West Antarctic Ice

Sheet (WAIS) Divide surface air temperature reconstruction

(Cuffey et al., 2016). Changes in West Antarctic temperatures

have been shown to be synchronous with cryospheric changes in

Patagonia’s mid-latitudes (Bendle et al., 2019), with upwelling of

warm deep water in the Southern Ocean being a potential driver

of warming across the mid and high-latitudes (Pedro et al., 2016).

The degree of temporal temperature change across the ACR and

the early Holocene as recorded in chironomid records

(Massaferro and Larocque-Tobler, 2013; Massaferro et al.,

2014) indicates that fluctuations in temperature are similar in

the Patagonian mid-latitudes and in the WAIS Divide surface air

temperature record (Cuffey et al., 2016).

3.4 Sensitivity experiments

Sensitivity experiments were undertaken to quantify the

impact of PISM parameters on model output and explore

glacier sensitivities to these variables. In Experiment C, the

rheology of modelled ice was adjusted using an enhancement

factor to account for variables which may cause increased

softening within the ice, such as anisotropy or the inclusion of
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impurities or dust (Ritz et al., 1996; Parizek and Alley, 2004;

Golledge et al., 2012). Values of 1, 3 and 5 were chosen (Table 4)

to reflect the range of values used and found to fit empirical data

in other ice modelling studies in mountain environments

(Golledge et al., 2012; Putnam et al., 2013; Ziemen et al.,

2016; Yan et al., 2018).

In Experiment C, bed strength was varied alongside ice

rheology. A uniform fixed basal yield strength is applied to

represent the strength of aggregate material at the ice-bed

interface (The PISM authors, 2017). Values of 25 kPa, 35 kPa

and 50 kPa were tested (Table 4), reflecting a range of measured

values (Boulton and Jones, 1979; Brown et al., 1987; Iverson et al.,

1995; Murray, 1997; Porter et al., 1997) and those tested in

modelled mountain valley glaciers (Golledge et al., 2012).

Previously published sensitivity analyses of ice rheology and

basal yield strength reveals a co-dependency between variables

(Golledge et al., 2012) and hence they were tested in

combination.

In Experiment D, a range of degree-day factors for snow

and ice, and their influence on glacier mass balance and ice

volume, were explored. Finally, model sensitivity to

temperature and precipitation were assessed (Experiments E,

F, G) (Table 4). Glacier response to cooling was investigated

in −1°C increments, alongside changes in precipitation, to

explore factors that may have driven past glacier advances.

When one or more variables were tested, the remaining

variables were fixed to default values.

4 Results

4.1 GlaRe reconstructions of equilibrium
line altitude and palaeo-precipitation

Using the GlaRe GIS based ice surface reconstruction tool

(Pellitero et al., 2016) in combination with the AABR method

(Osmaston, 2005; Pellitero et al., 2015), and applying a balance

ratio of 1.75, the present-day (2003 AD) ELA of Glaciar

Calluqueo is reconstructed as 1,615 ± 20 m asl (Table 5).

Using a balance ratio of 1.5 resulted in no change to the

GlaRe-ELA, and balance ratios of 2–2.5 resulted in only

25–50 m differences in the GlaRe-ELA, and so therefore the

choice of balance ratio had little impact on our results. Using a

0.0058°C m−1 temperature lapse rate appropriate for this region

(calculated using data from Falaschi et al., 2013) produces a

summer temperature at the present-day ELA of 6.9°C and a mean

annual air temperature of 1.1°C. Using the summer air

temperature-precipitation relationship at the ELA (Ohmura

et al., 1992), this gives a precipitation value at the present-day

GlaRe-ELA (1,615 m asl) of 2,932 ± 241 mm a−1 w. e.

The values for precipitation at the present-day GlaRe-ELA

can be compared with that predicted at that altitude (1,615 ±

20 m asl) from various lapse rates. The precipitation at this

elevation suggested by the precipitation lapse rate of Bravo

et al. (2015) is far lower (730 mm a−1 w. e.), which suggests

that this lapse rate is too low in this region (Table 5). A lapse rate

TABLE 4 Model tuning and sensitivity experiments performed in this study, documenting the number of model runs, variable(s) tested, range of
parameters explored, the model resolution and model run lengths for each experiment. *references for selected parameters ranges are given
under the respective variable in Table 3.

Experiment Aim Number
of
model
runs

Variable(s) tested Parameter
range*

Resolution
(m)

Run
length
(model
years)

(A) Climate model
evaluation

Test the suitability of modelled temperature
and precipitation datasets for initialisation

2 Temperature and
Precipitation datasets

RACMO2.3,
WorldClim2

500 250

(B) Tuning Tune precipitation to match model to present
day ice cap

11 Precipitation lapse rate 0.01–1.5 mm m−1 250 250

(C) Sensitivity Determine sensitivity of the ice cap to changes
in SIA enhancement factor in combination
with basal yield stress

9 SIA enhancement
factor

1, 3, 5 250 250

Basal yield stress 25, 35, 50 kPa

(D) Sensitivity Determine sensitivity of the ice cap to changes
in positive degree day melt factors for snow
and ice in combination

9 Degree day factor for
snow

1.5, 3, 8 mm w.e 250 250

Degree day factor
for ice

3, 8, 16 mm w.e

(E) Sensitivity Determine sensitivity of the ice cap to changes
in surface air temperature, offset from
present-day

5 Surface air temperature −1, −2, −3, −4, −5 500 750

(F) Sensitivity Determine sensitivity of the ice cap to changes
in mean annual precipitation, scaled from
present-day

6 Precipitation 75%–200% 500 500

(G) Sensitivity Determine sensitivity of ice cap to changes in
temperature and precipitation combinations

9 Surface air temperature −1–-3 500 500

Precipitation 125–200%
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of 1.35 mm m−1 (see Section 4.3) yields a precipitation of

2,662 mm a−1 w. e., which is only 56 mm a−1 w. e. Less than

the minimum value predicted at the present-day GlaRe-ELA.

The GlaRe-ELA at the M13 glacier extent is 323 m lower, at

1,290 ± 50 m asl. With a −0.7°C temperature reduction as

indicated by the Antarctic ice cores at 0.2–0.5 ka BP, this

predicts an annual precipitation of 3,504 ± 224 mm a−1 w. e.,

which is 12–27% higher than the precipitation that falls at the

present-day GlaRe-ELA. At the M13 glacier extent in the mid-

Holocene with a temperature 0.3°C lower than present,

precipitation is calculated as 3,706 ± 228 mm a−1. This

indicates an increase in precipitation at the ELA of 19–34%.

At 12.1 ka, when ice was at the M12 moraine, the GlaRe-ELA is

1,110 ± 50 m asl. At this time a −1.1°C temperature offset from

present gives a precipitation value of 3,840 ± 230 mm a−1. This is

23–40% more precipitation than falls at the present-day

GlaRe-ELA.

4.2 Climate data evaluation (Experiment A)

Two modelled datasets, the Regional Atmospheric Climate

Model (RACMO), version 2.3 for Patagonia

(RACMO2.3 PAT5.5) (Lenaerts et al., 2014) and WorldClim2

(Fick and Hijmans, 2017), were investigated for their

applicability to the study area and potential use to drive PISM

spin-up to present-day conditions (Supplementary Figure S2).

These two climate datasets were evaluated against average annual

and monthly measured temperature and precipitation records

from Lord Cochrane Aerodromo for the period 1970–2000 and

temperature records from the metrological station at Glaciar San

Lorenzo Sur (2002–2013; Falaschi et al., 2015) (Table 1; Table 6).

The modelled climate data were assessed against seasonal

temperature range as recorded in the meteorological station

datasets, and against mean annual temperature and observed

effective lapse rates at the weather stations in the local area and

across Patagonia (Inoue et al., 1987; Aristarain and Delmas, 1993;

Schneider et al., 2003; Koppes et al., 2011; Leclercq et al., 2012;

Falaschi et al., 2013; Bravo et al., 2019) (cf. Table 1).

We also considered whether the spatial resolution of the two

datasets allowed the temperature variations across the mountain

topography to be represented (see Supplementary Information

for details). WorldClim2 produces temperatures (Table 6) and

temperature lapse rates (0.0051–0.0056°C m−1) that are within

the range of those observed in Patagonia (Table 1).

WorldClim2 also produces a close fit to the measured

seasonal climate cycle at Cochrane Aerodromo

(Supplementary Figure S1). The WorldClim2 temperature

dataset was therefore used to force PISM under ‘present-day’

climate conditions, using mean annual and mean July surface air

temperature from 1970 to 2000, with an applied 1.25 amplitude

scaling factor to account for seasonality (see Supplementary

Information for details).

The RACMO2.3 andWorldClim2 datasets both model mean

annual precipitation at Cochrane Aerodromo to be slightly

higher than the measured value. At Glaciar Calluqueo, both

datasets were considered to be unrepresentative of precipitation

(Table 6; Supplementary Figure S2). WorldClim2 provides mean

annual precipitation values at Glaciar Calluqueo ranging from

555 to 645 mm a−1, lower than instrumentally measured values at

Cochrane Aerodromo. At Glaciar Calluqueo,

RACMO2.3 models mean annual precipitation up to

7,725 mm a−1. This is considered to be an unrealistically high

value given measured and modelled precipitation levels across

Patagonia (Table 2), precipitation predicted at the GlaRe-ELA

using the Ohmura et al. (1992) method (Table 5), and MSL’s

TABLE 5 1GlaRe-ELAs, rounded to the nearest 5 m, and the 2temperature and 3precipitation reconstructed at the GlaRe-ELA for the year 2010 glacier
extent and for the M12 andM13moraines. 4The percentage difference in precipitation at the GlaRe-ELA when compared with precipitation at the
present-day GlaRe-ELA. 5The precipitation at each altitude is independently calculated using two precipitation lapse rates and precipitation data
from Cochrane weather station.

Present
day

M13 moraine; late
holocene
(0.2 ka)

M13 moraine; mid
holocene
(5.6 ka)

M12 moraine
(12.1 ka)

Temperature offset from present from WAIS Divide ice core
record (°C) (Cuffey et al., 2016)

0 −0.7 −0.3 −1.1

1GlaRe-ELA (m) 1,615 ± 20 1,290 ± 50 1,290 ± 50 1,110 ± 50

2Summer temperature at GlaRe-ELA (°C) 6.9 ± 0.45 8.1 ± 0.45 8.5 ± 0.45 8.7 ± 0.45

3Precipitation at GlaRe-ELA (mm a−1 w.e.) (Ohmura et al.,
1992 method)

2,932 ± 214 3,504 ± 224 3,706 ± 228 3,840 ± 230

4% of the precipitation at GlaRe-ELA compared with that at the
present-day ELA (2,932 mm a−1)

100% 112–127% 119–134% 123–140%

5Precipitation (mm a−1 w.e.) calculated from 0.00252 mm m−1

(Bravo et al., 2015) lapse rate
730 729 729 728

5Precipitation (mm a−1 w.e.) calculated using the 1.35 mm m−1

lapse rate from model tuning experiments
2,662 2,226 2,226 1978
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position inland of the Andes. Precipitation lapse rates calculated

from RACMO2.3 point-data on Glaciar Calluqueo also give

values higher than the few records from Patagonia (Table 2).

Finally, initialising PISM using WorldClim2 and

RACMO2.3 precipitation data (Experiment A) with

WorldClim2 temperature data and ‘default’ parameter values

(Table 3) produced models with too much and too little ice

respectively in comparison with present-day ice extent

(Supplementary Figure S3).

4.3 Tuning precipitation lapse rates
(Experiment B)

A new gridded precipitation dataset was therefore created

across the domain by applying a lapse rate to the mean

precipitation value measured at Lord Cochrane Aerodromo

(Supplementary Figure S2K). As lapse rates are poorly known

and spatially variable in Patagonia (Table 2), an experiment with

a range of simulated lapse rates was designed. In Experiment B,

eleven simulations were therefore run in order to find the most

appropriate lapse-rate value that forces the ice-flowmodel to best

fit present-day observations of ice cap extent, volume and

velocity (Figure 3). Due to the discrepancies around the ice

cap (over-estimations in the north and south of the ice cap

and underestimations of San Lorenzo and Rio Lacteo glaciers,

which is likely related to debris cover), we aimed to obtain a best

model fit with Glaciar Calluqueo (Figure 3B). This method allows

precipitation values at MSL to be tuned while maintaining a

realistic elevation dependence of precipitation across the domain.

However, we note that the lapse-rate derived precipitation values

do not capture spatially variable snow accumulation and ablation

dynamics that are likely to be controlled by local topography and

wind direction (see Supplementary Figure S2K). Further, while

the prevailing wind conditions are usually a first-order control on

snow accumulation, local terrain can significantly influence this

(Małecki, 2015; Kavan et al., 2020).

Precipitation lapse rates from 0.1 to 1.5 mm m−1

(11 simulations) were applied to the 30 years mean annual

measured precipitation value at the Lord Cochrane

Aerodromo weather station (Table 4). Default flow

enhancement factor (3), basal yield strength (35 kPa) and

degree-day factor values (3 mm w. e. snow and 8 mm w. e.

ice) were used (Table 3) alongside a constant ‘present-day’

WorldClim2 temperature dataset (cf. Experiment A).

The simulated extent of the ice cap is significantly different

when the ice-flow model is forced with the gridded precipitation

datasets derived from different precipitation lapse rates

(Figure 3A). The difference in ice thickness between

simulations is negligible at the highest elevations and steepest

topographies at the centre of the ice cap (less than 1 m), which is

where ice is also thinnest (approximately 50 m). Where

simulations extend down to lower elevations of GlaciarT
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Calluqueo, the difference in thickness varies between 5 and 10 m,

with highest lapse rate simulations producing thicker ice. The

thickness of Glaciar Calluqueo along this bottom 4 km section for

the 1.35 mm m−1 lapse rate simulations is between 85 m and

100 m, similar to that modelled by Carrivick et al. (2016)

(between 90 and 105 m).

The greatest difference in ice thickness between overlapping

simulation outputs is at Glaciar San Lorenzo in the southeast. At

its thickest point, the simulations with lapse rates of 1 mm m−1,

1.35 mmm−1 and 1.5 mmm−1 have ice thickness of 334 m, 587 m

and 628 m respectively. Where simulation outputs using lapse

rates of 1.35 mm m−1 and 1.5 mm m−1 overlap along the lower

6 km of the glacier, the simulation forced by the higher lapse rate

dataset is 40–47 m thicker along this length.

The best-fit lapse rate (1.35 mmm−1) falls within the range of

observed data (Table 2). This tuned dataset yields precipitation

values at the ELA that are in line with those predicted by

independent methods (see Section 4.1 and Table 5), providing

additional confidence in the dataset. We note that it does not

account for likely east-west gradients in the complex mountain

topography of the study region, which are currently

unquantified.

4.4 Sensitivity experiments

In Experiment C (9 simulations), the basal shear strength and

ice rheology parameters were varied jointly (25 kPa, 35 kPa and

50 kPa and ice rheology of 1, 3 and 5; Table 4), whilst other

parameters remained constant. This resulted in variations of ice

thickness and extent (Supplementary Figure S4). A lower bed

strength of 25 kPa initially leads to a longer and thinner glacier,

FIGURE 3
Experiment B. (A) Simulated ice extent produced by PISM forced using spatially variable precipitation datasets derived from different
precipitation lapse rate values. The grey polygon indicates present day ice area from the RGI. (B) Inset map of an enlarged section of Glaciar
Calluqueo.

Frontiers in Earth Science frontiersin.org15

Martin et al. 10.3389/feart.2022.831631

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.831631


with ice able to flow down-valley more readily. The simulations

with the strongest bed strength resulted in a greater thickness of

ice, which supports ablation better than the thinner glacier

formed over a weaker bed (Supplementary Figure S4).

The flow enhancement factor accounts for the ‘softness’ of

the ice and the ease with which it deforms. A flow enhancement

factor of 3 produces a longer glacier profile than that produced

using an enhancement factor of 1, as expected for ice that

deforms more easily by internal shear (Supplementary Figure

S4). A flow enhancement factor of 5 resulted in no further

lengthening of the simulated glacier.

In Experiment D, the sensitivity of the modelled glaciers at

MSL to changes in degree-day factors was investigated. Degree-

day factors for snow of 1.5, 3 and 8 and 3, 8 and 16 for ice were

chosen, to reflect the range observed globally (Lang, 1986;

Takeuchi et al., 1996; Arendt and Sharp, 1999; Hock, 2003;

Anderson B. et al., 2006; Möller et al., 2007; Schneider et al.,

2007) and in line with previous mountain glacier modelling

sensitivity studies (e.g., Golledge et al., 2012; Jouvet et al.,

2017; Yan et al., 2018) (Supplementary Table S1). Setting low

degree-day factors for snow and ice within PISM’s positive degree

day model produces a greater ice extent, as outlet glaciers flowing

into low altitude valleys experience less melt for the same surface

air temperature. This results in ice being maintained in the

valleys (Supplementary Figure S5). Increasing ice melt (using

higher degree day factor for ice) causes a greater reduction in ice

extent and volume than the same change in snow melt

(Supplementary Figure S5).

In Experiment E, the impact of temperature change on the

simulated icefield was investigated. Running constant-climate

FIGURE 4
Experiment E. Model simulations of the MSL ice cap under surface air temperature step cooling of 1–5°C and present-day constant
precipitation. Present-day ice extent shown as black outline. Graph shows modelled ice area and volume at equilibrium through five simulations
under step cooling of −1 to −5°C.

Frontiers in Earth Science frontiersin.org16

Martin et al. 10.3389/feart.2022.831631

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.831631


FIGURE 5
Experiment F. Model simulations of theMSL ice cap under increasingly scaled precipitation forcing from present-day. Surface air temperature is
set constant to present-day. Present-day ice extent shown as black outline. Graph shows modelled ice area and volume at equilibrium through five
simulations under increasingly scaled precipitation forcing.
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FIGURE 6
Experiment G. Model simulations of the MSL ice cap under combined surface air temperature step cooling of 1–3°C and precipitation scaling of
125%–200%.
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model simulations with step cooling from −1°C to −5°C

uniformly across the domain illustrates how ice area and

volume expands at an increasing rate with progressively

colder simulations as the ELA lowers (Figure 4). Ice cover

extends over areas of highest topography, alongside the

growth of outlet glaciers into lower altitude valleys. Figure 4

shows how, under a −4°C to −5°C cooling from present-day, the

rate of ice area growth begins to stabilise, while the rate of ice

volume growth continues to increase. This is due to the

distribution of ice growth at this stage of cooling. At −5°C, the

large areas of high topography are ice-covered and have stable

thicknesses. Ice growth is then primarily focused in the low

altitude, steep-sided valleys where ice is topographically confined

and grows to large thicknesses for relatively small increases in

ice area.

For Experiment F, percentage scalings of 75%, 100%, 125%,

150%, 175% and 200% modern-day precipitation were applied

across the domain to the “present-day” tuned precipitation

dataset; a scaling of 100% is the present-day precipitation.

Model simulations forced by increasing levels of precipitation

demonstrate an increase in ice area and volume across the model

domain (Figure 5). Unlike with progressively colder model

simulations, glacierised area does not grow at an accelerating

rate as precipitation increases; the rate of ice area increase slows

under the wettest scenarios. However, ice volume increases

relatively linearly, as outlet glaciers begin to occupy lower

altitude valleys. This provides the topographic space for

increasing ice volume growth with proportionally little

increase in ice area.

Precipitation and temperature were varied in combination

in Experiment G. Model simulations initialised with

combinations of decreasing temperature and increasing

precipitation, which may have been experienced by these

glaciers during previous negative phases of the Southern

Annular Mode during the LGIT and Holocene (Kaplan

et al., 2020), lead to significant ice growth. While separately

decreasing temperature by 3°C and scaling precipitation by

200% only lead to a relatively small increase in the length of

Glaciar Calluqueo (ca 6 km from the present-day ice front)

(experiments E and F, Figures 4, 5), combining these forcings

together leads to a much greater increase in glacier length of

28 km (Figure 6). This difference in ice growth at colder

temperatures is due to the increased proportion of

precipitation falling as snow, combined with less annual

ablation. The simulation of Glaciar Calluqueo growth also

shows how the glacier bifurcates at the Salto-Tranquilo valley

confluence, having sufficient mass to advance up a reverse-bed

gradient and dam Palaeolake Tranquilo, providing some

insight into the ice-flow dynamics and accumulation areas

during the ACR and LGIT. In this advanced state there is also

contribution of ice from accumulation areas on the Barrancos

Mountains to the west and topographic highs to the south, as

well as ice growth on Cordon Esmeralda (Figure 6).

4.5 Best-fit simulation of present-day
Monte San Lorenzo ice cap

4.5.1 Climatic variability across Monte San
Lorenzo

The WorldClim2 temperature dataset and a mean annual

precipitation value of 726 mm a−1 at 182 m asl, as measured at

Lord Cochrane Aerodromo, with an applied lapse rate of

1.35 mm m−1, produces a model output which best replicates

the present-day ice cap (Figure 7A). This gives precipitation

values at Glaciar Calluqueo of 1,220 mm a−1 at the glacier tongue

(545 m asl) and 2,660 mm a−1 at the present-day GlaRe-ELA

(1,615 ± 20 m asl). Precipitation increases to 5,480 mm a−1 at the

summit of the massif (3,706 m asl). Precipitation between ca

1,200 and 5,500 mm a−1 at MSL, 70 km to the east of the NPI, falls

within the range of the limited precipitation data available to the

east of the Patagonian Icefield. The use of PISM’s default positive

degree day melt factor values in this present-day simulation adds

further confidence that the precipitation estimate is as realistic as

we are able to produce, given the absence of empirical data.

There is a good fit for the simulation at Glaciar Calluqueo,

where the glacier underfits the observed geometry by only 250 m

in length and width (Figure 7A). The simulation is within 75 m of

the ice thicknesses predicted by Carrivick et al. (2016). The

simulation overfits Glaciar Arroyo San Lorenzo to the north

to a greater extent, by 2.5 km in glacier length (Figure 7A). This

overfit is likely because the west-east spatial variation in

precipitation across the ice cap is not well replicated by the

precipitation lapse rate model dataset, making these high

elevation valleys too wet. With the dominant precipitation

source from the westerly winds, the north-east and south-east

aspects of the valleys catchments are likely drier than the lapse

rate derived precipitation dataset predicts. Reconstructing

topographically controlled precipitation is especially difficult

in mountain environments where topography is complex and

changes dramatically over a small area.

The model underestimates the extent of the San Lorenzo and

Rio Lacteo glaciers by 300 and 880 m respectively. These glaciers

are covered by a thick layer of debris, which insulates the ice,

reducing melting. PISM simulations do not account for this

reduction in melt, and hence will simulate debris-covered

glaciers to be lesser in extent than those observed.

4.5.2 Glacier mass balance
The present-day optimal-fit simulation of the MSL ice cap

simulates grid cells with accumulation over the high peaks of up

to 5.5 m w. e. a−1 (Figure 7C). At an elevation of 3,000 to

2000 m asl, accumulation is between 4.5 and 2.5 m w. e. per

grid cell, decreasing to 1 to 0.5 m w. e. at the tongues of the

Calluqueo and San Lorenzo Sur glaciers (1,250–500 m asl).

Ablation is up to 18 m w. e. on the tongue of Glaciar

Calluqueo and 12.5 m w. e. on the flat plateau of Glaciar San

Lorenzo Sur (Figure 7D). Ablation decreases with elevation up
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FIGURE 7
Total ice thickness (A) and temperate ice thickness (B) for the best-fit scenario of the modelled MSL ice cap. The white lines in (A) denotes the
present-day ice extent and glacier catchment divides. Spatial distribution of annual accumulation (C), ablation (D) and surface mass balance (E)
across the MSL ice cap. The green line in (E) denotes the Equilibrium Line. Tick marks represent latitude and longitude (as shown in panel A).
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the ice cap, with a minimum of 0.5 mm w. e. annual ablation at

the highest elevations.

Our model data provides a first indication of average mass

balance conditions (1970–2000) at different locations on the

icefield. The maximum measured annual surface mass balance

of the MSL ice cap is a point measurement of 4.8 m w. e. at the

massif’s peak, decreasing to zero at the equilibrium line

between 1750 m asl and 2000 m asl (Figure 7E). The lowest

mass balance occurs at the glacier tongues, with values of −3 m

w. e. to −6.5 m w. e. in the lower ablation area of Glaciar

Calluqueo. It should be acknowledged that in these

simulations the ice cap is modelled to a state of

equilibrium with climate (1970–2000). In reality outlet

glaciers at MSL are receding and thinning (Falaschi et al.,

2013; 2019), and therefore it would be expected that the

distribution of mass balance is more negative. This is

observed in mass balance measurements from geodetic data

at Calluqueo Glacier from Falashci et al. (2019).

4.5.3 Ice velocity, basal sliding and temperate ice
Figure 8A shows a basal ice velocity up to ca 330 m a−1,

demonstrating basal sliding at the ice cap, in particular at

locations of steepest bedrock slope, at Glaciar Calluqueo in

the west and in the catchment of Glaciar San Lorenzo in the

FIGURE 8
Basal ice (A) and surface ice (B) velocity of the modelled MSL ice cap. (C) Ice surface velocity of the MSL ice cap taken from the Global Land Ice
Velocity Extraction from Landsat 8 (GoLIVE), Version 1 (image L8_231_093_032_2017_307_2017_339_RTT1, 3/11/2017 to 5/12/2017) (Fahnestock
et al., 2016; Scambos et al., 2016). (D) Modelled basal shear stress opposing the driving stress resulting from gravity.
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southeast. A marked similitude of basal and surface velocities

(shown in Figures 8A,B) indicates that internal shear plays less of

a role in ice flow and that the internal deformation velocity is

negligible; rather, much of the ice velocity is derived through

basal sliding.

The simulation shows good agreement with observed ice

surface velocity (Fahnestock et al., 2016; Scambos et al., 2016)

(Figure 8C). The model replicates well the ice surface velocity

field at Glaciar Calluqueo, particularly in the area of fast ice flow

at the lower section of the glacier. The modelled ice surface

velocities of 320–340 m a−1 in this area shows a good agreement

with the GoLIVE measured velocity of 340–390 m a−1. The

GoLive dataset shows two areas of faster flowing ice at higher

elevations in the accumulation area of Glaciar Calluqueo, with

velocities from 150 to 290 m a−1 (Figure 8C). These fastest ice

velocities occur in areas with steeply sloping, heavily crevassed

ice. Modelled velocities here are lower, at a maximum of 70 m

a−1, perhaps due to domain resolution not picking up these

highly topographically controlled areas of rapid ice flow, or

because the areas are modelled as cold-based (Figure 7B). The

rest of the accumulation area has low ice velocities, with good

agreement between modelled ice surface velocities and GoLive

velocities.

High basal shear stresses across the ice cap greater than the

constant basal shear strength of 35 kPa (Figure 8D) enable basal

sliding, facilitated by temperate ice at the pressure melting point.

At Glaciar Calluqueo, basal shear stresses are between 50 kPa and

200 kPa (Figure 8D). Temperate ice is found at MSL’s outlet

glaciers, where ice is thickest, the bed is insulated, and surface air

temperature is warmer due to lower elevations (Figure 7). At

highest elevations at the top of the massif, thinner ice and colder

surface air temperatures thus results in cold-based ice, frozen to

the bed and unable to slide.

4.6 Palaeoclimates and late glacial
readvances

We examined the palaeoclimatic conditions required to

explain past ice-cap extents by forcing the tuned simulation of

the present-day ice cap with a suite of temperature and

precipitation values, which was then assessed against ice cap

extents reconstructed from empirical data (Sagredo et al., 2016;

2018; Davies et al., 2018, 2020; Martin et al., 2019; 2022;

Mendelová et al., 2020) (Figure 2). Here, we evaluated the

different temperature and precipitation values required to

simulate mapped glacier extents through the Holocene and

LGIT (Table 7). The WAIS Divide temperature (Cuffey et al.,

2016) and ELA-based palaeo-precipitation reconstructions

(Table 5) provide an independent indication of past climatic

conditions for comparison.

4.6.1 Holocene advances
Figure 9 shows the best fit model simulations to reconstruct

the ice extent for the Late-Holocene andmid-Holocene (A, B and

C) (empirical reconstructions from Davies et al., 2020; 2018;

Martin et al., 2019; 2022). During the mid- and Late-Holocene,

periodically negative phases of the SAM brought cooler, wetter

conditions to Patagonia (Abram et al., 2014; Reynhout et al.,

2019; Kaplan et al., 2020), forcing glacier advances. In many

cases, advances during the mid- and Late-Holocene re-occupied

the same moraines, as seen at MSL.

For the Late-Holocene (ca 200 years BP), a combination of a

temperature 1°C cooler than present and 125% of modern

precipitation (Figure 9B; Table 7) most closely fits the

empirical reconstruction and is in line with temperature

offsets suggested by ice-core data (Cuffey et al., 2016) and our

precipitation reconstructions using glacier equilibrium lines

TABLE 7 Calculations of precipitation based upon GlaRe-ELA reconstructions following themethod of Ohmura et al. (1992) under given temperature
offsets from present (West Antarctic Ice Sheet (WAIS) Divide surface air temperature reconstruction (Cuffey et al., 2016). Temperature and
precipitation forcing combinations which initialise the ice cap model to best fit empirical ice extent reconstructions are also listed.

Time period Temperature
offset from
present (°C) at
this time (WAIS
divide ice core
record)

Palaeo-precipitation
difference to
present (%) at
GlaRe-ELA (ohmura
method,
Table 5)*

Independent palaeoclimate forcing required to best-fit
empirical reconstructions in PISM

Temperature
offset from
present (°C)

Model
precipitation from
tuned dataset (mm
m−1 w.e.) at
GlaRe-ELA (cf.
Table 5)

Model
precipitation scaled
from present (%)

Late-Holocene
(200 years BP) (M13)

−0.7 112–127% -1 2,783 125%

Mid-Holocene (ca
5.6 ka) (M13)

−0.3 119–134% 0 3,339 150%

12.1 ka (M12) −1.1 123–140% -2 2,967 150%

ACR (M1),
14.5–12.8 ka

−3 -3 150–200%

Frontiers in Earth Science frontiersin.org22

Martin et al. 10.3389/feart.2022.831631

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.831631


FIGURE 9
Model simulations of theMSL ice cap under combined surface air temperature step cooling of 1–3°C and precipitation scaling of 125%–200% to
best fit palaeo ice mass reconstructions from the Late Holocene (A,B), mid-Holocene (B,C), ca 12.1 ka (D), 12.5 ka and the ACR (E-H). Moraines are
shown in pink. Scatter plot shows how ice volume changes with different combinations of temperature and precipitation forcing.
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(Table 5). Model outputs suggests that ice surface velocities at

Glaciar Calluqueo ranged between 250 m a−1 and 400 m a−1,

similar to the modelled present-day glacier (Figure 6).

During the mid-Holocene (ca 5.6 ka) (Sagredo et al., 2016), a

negative phase of the SAM brought increased precipitation to

central Patagonia. A 0°C offset and 150% precipitation increase

forced glacier advance to the mid-Holocene moraines

(Figure 9A), which is similar again to the climatic variations

suggested by palaeoclimatic ice-core data and Table 5. Modelled

ice surface velocity was found to be slightly higher than present

day on Glaciar Calluqueo, between 250 m a−1 and 600 m a−1 at

their highest.

4.6.2 Advances during the last glacial-
interglacial transition

The best fit model simulation to ice at the 12.1 ka

reconstruction of Glaciar Calluqueo (Martin et al., 2022)

requires model initialisation of −2°C and 150% precipitation

from present, 0.9°C colder and >10% wetter than from the WAIS

Divide temperature and ELA precipitation reconstruction

(Figure 9D; Table 7). This envelope of palaeoclimatic

conditions during the LGIT is the first available from

numerical modelling for Patagonian icecaps. Modelled surface

ice flowed significantly faster than the present-day, with the

fastest ice flow on Glaciar Calluqueo between 1,000 m a−1 and

1700 m a−1.

The WAIS-Divide record suggests that surface air

temperature at the ACR was up to 3°C colder than present in

Antarctica, and Patagonian pollen and charcoal records indicate

a cold and wet climate during this period (Moreno, 2004;

Whitlock et al., 2007; Villa-Martínez et al., 2012). Model runs

at -3°C from present and 200% present-day precipitation are not

able to simulate the full extent of Glaciar Calluqueo at the ACR

(Figure 9H), producing a glacier 16 km short of the ACR

Esmeralda Moraine (cf. Davies et al., 2018). However, it does

capture the growth of a substantial ice accumulation area in the

Barrancos Mountains and Cordon Esmeralda, and gives insights

into ice flow and dynamics during the ACR. Although the

simulation in the Salto valley underfits, it does show a major

advance, with accumulation in the adjacent high grounds, during

the ACR. As Glaciar Calluqueo extended further down

Pedregoso valley, ice velocities stabilised in comparison with

those modelled for 12.1 and 12.5 ka, with maximum velocities

between 500 m a−1 and 525 m a−1. Ice extending to the southeast

of MSL flowed at lower velocities, between 150 m a−1 and 250 m

a−1 at its fastest.

A temperature 3°C cooler and a 200% precipitation change

relative to present matches the advance on the eastern side of the

massif well, with the outlet glaciers reaching the ACR-dated

Belgrano moraines (Mendelová et al., 2020) (cf. Figures 1, 9H).

The −3°C offset and 150% precipitation increase simulation fits

Glaciar Tranquilo in the north of MSL ice cap well as well

(Figure 9F). Increasing precipitation to 200% results in an overfit

here (Figure 9H), likely due to an overestimation of precipitation

as the strong east-west orographic precipitation gradient is not

taken into account. Given the northeast orientation of Glaciar

Tranquilo’s catchment, a lower level of precipitation would be

expected than is found within the lapse rate-derived precipitation

dataset for the lee side of MSL.

The discrepancies seen between the model simulations of

Glaciar Calluqueo and WAIS Divide-ELA climate

reconstructions at the ACR are likely because at the ACR, ice

was in a period of readvance during overall deglaciation from the

LGM. The climate conditions at this point therefore reflect a

readvance and stabilisation from an already large ice mass and

are not cold enough to force the simulation to form such a

significant mass of ice from the smaller modern MSL ice extent.

5 Discussion

5.1 Dynamics of Monte San Lorenzo
ice cap

Our study provides a novel modelling approach to the

analysis of the components of mass balance of a Patagonian

ice cap. We show accumulation at MSL of up to 4.5 m w. e. at

high elevations, decreasing to 1 m w. e. on the Glaciar Calluqueo

tongue. Ablation in this high through-put system is 18 m w. e. on

Glaciar Calluqueo tongue, and decreases to 0.5 m w. e. at the

highest elevations. There are few comparative modelling or

empirical studies available, but these values fall within the

typical range expected east of the watershed. We show high

ice velocities (320–340 m a−1), driven by basal sliding. These

velocities are in line with observations (Millan et al., 2022). Basal

sliding throughout the year has also been suggested at Glacier

Perito Moreno from field observations (Skvarca and Naruse,

1997) and from numerical modelling at Glaciar San Rafael

(Collao-Barrios et al., 2018). However, at MSL, a basal layer

of temperate ice with basal sliding is found only in the ablation

areas, with cold-based ice and lower ice velocities at higher

elevations. An exception to this occurs on the eastern side of

the ice cap, where extremely steep headwalls lead to ice velocities

between 80 and 200 m a−1. MSL is sensitive to changes in basal

yield shear strength (arising for example from an increase in basal

meltwater input), which could result in dynamic thinning of the

glacier.

5.2 Glacier sensitivity to climate

The sensitivity of glacier mass balance to changes in various

climate variables, and the proportion to which each climate

variable impacts glacier mass change, shows a wide spread

across the globe (Mackintosh et al., 2017). Accumulation shows

its highest sensitivity to temperature at the snow/rain threshold
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(usually between 0 and 3°C) (Anderson and Mackintosh, 2012).

This relationship is strongest where precipitation is highest,

such as in maritime environments (e.g., Purdie et al., 2008;

Cullen and Conway, 2015). Temperate climate and low

continentality (the difference in mean temperature between

the warmest and coldest month) imply a larger proportion of

the year with temperatures high enough for melt (Anderson

and Mackintosh, 2012). These factors combined lead to a high

mass turnover and result in maritime glaciers having the

highest sensitivity to changes in climate (Meier et al., 2018;

Oerlemans, 2005; Braithwaite et al., 2002).

Using our numerical model, it is possible to ascertain the

relative sensitivity of the ice cap to temperature and precipitation

changes. Our sensitivity experiments independently simulating

the ice cap under step changes in temperature and precipitation

show that a 1°C offset in surface air temperature is equivalent to a

21% change in precipitation in terms of obtaining the same

change in ice volume. Glaciers with a higher change in

precipitation equivalent to a 1°C change in temperature are

less sensitive to precipitation; glaciers where a smaller

percentage change in precipitation is required to force an

equivalent glacier change to a 1°C change in temperature are

more sensitive to precipitation. The global average is 25%

precipitation change (Oerlemans, 2005).

We compare our results with other studies from across the

Southern Hemisphere mid-latitudes. Here, a 1°C offset in surface

air temperature is equivalent to a 20%–83% precipitation change

(Figure 10) (Anderson et al., 2006; Bippus, 2007; Möller et al.,

2007; Anderson et al., 2010; Anderson and Mackintosh, 2012).

More maritime glaciers in New Zealand’s Southern Alps and in

southern Patagonia are less sensitive to precipitation relative to

temperature. For example, at Glaciar Perito Moreno (20%

precipitation change equivalent to 1°C temperature change;

Bippus, 2007) precipitation has a proportionally greater

impact on glacier mass balance relative to temperature than at

the more maritime Gran Campo Nevado (50% precipitation

change equivalent to 1°C temperature change; Möller et al.,

2007).

At the most strongly maritime glaciers, where there is a

higher level of precipitation falling close to the snow/rain

FIGURE 10
Precipitation change equivalent to 1°C change in air temperature at glaciers in Patagonia and New Zealand and a global average (black circle
(Oerlemans, 2005),). Red circles are glaciers in Patagonia at Perito Moreno, Ameghino and Cervantes glaciers on the eastern side of the Southern
Patagonian Andes (Bippus, 2007) the Gran Campo Nevado ice cap in southern Patagonia (53°S) (Möller et al., 2007) and the MSL ice cap (this study).
Blue circles are glaciers in New Zealand’s Southern Alps at Brewster Glacier (Anderson et al., 2010) and an average of a collection of glaciers
from the central Southern Alps, including Franz Joseph, Fox and Tazman Glaciers (Anderson and Mackintosh, 2012).
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threshold temperature, the impact of a small change in

temperature on mass balance, by changing the proportion

of precipitation that falls as snow or rain, is exacerbated.

Glaciers with comparatively higher mass balance sensitivity to

precipitation compared with temperature are those with

greater continentality, as is the case for MSL, on the

eastern side of the Patagonian Andes. Therefore, at MSL,

compared with the other Patagonian and New Zealand

glaciers studied, and the global average, precipitation plays

a greater role in mass balance than temperature.

Further, there are morphological contrasts between the

Cervantes, Ameghino, MSL and Perito Moreno glaciers

presented in Figure 10. Glaciar Perito Moreno and Glaciar

Calluqueo have much higher accumulation area ratios (0.68 at

Glaciar Calluqueo) and hence a smaller change in precipitation is

needed for an equivalent mass balance change from a 1°C

temperature variation. Although the dominant control on

glacier mass balance is still temperature due to the strong

empirical impact of temperature on accumulation (Anderson

and Mackintosh, 2012), the precipitation changes observed at

MSL will have a proportionally higher impact on mass balance

than for many other glaciers in Patagonia.

5.3 Insights into ice dynamics during the
last glacial-Interglacial transition

Empirical reconstructions of palaeo-ice dynamics (e.g.,

Figure 2), such as PATICE (Davies et al., 2020) or

reconstructions of other ice sheets (Hughes et al., 2016;

Batchelor et al., 2019; Dalton et al., 2020), rely on spatially

limited data to constrain large areas of terrain. These

reconstructions mostly rely on moraine limits in valleys and

lowlands, with and without chronological control, to

understand the extent and timing of former ice limits. They

do not account for realistic ice-flow, especially in areas where

bedforms such as mega-scale glacial lineations or drumlins are

absent (cf. Clark et al., 2012). Ice volume and thickness are

particularly challenging to constrain from these empirical data

(Stokes et al., 2015; Davies, 2021). Numerical modelling

provides additional data regarding past ice dynamics,

including how glacier morphology evolves under different

climates, especially in the upper reaches, where

geomorphological data are absent.

In the case of Glaciar Calluqueo, numerical modelling

provides information on glacier-tongue bifurcation at the

junction of the Pedregoso and Tranquillo valleys. Our

simulations showed the ice volume required to damn Río

Tranquillo, forming Palaeolake Tranquillo. These simulations

also illustrated the growth of multiple glacier accumulation

zones across the Barrancos Mountains, with growing glaciers

on Cordon Esmeralda that could have contributed ice during

the LGIT. This helps to explain why the advance during the

ACR was so much larger than that of Glaciar Tranquilo, which

has a much smaller accumulation area. We are additionally

able to gain insights into former ice velocities and mass

balances, providing a deeper understanding of glacier-

climate relationships and ice dynamics. These data are

unavailable from the geomorphological record. Our

numerical modelling experiments therefore add depth to

the landform-derived reconstructions previously published

in this area (Sagredo et al., 2016; 2018; Garibotti and

Villalba, 2017; Davies et al., 2018, 2020; Martin et al., 2019;

2022; Mendelová et al., 2020).

We find that both cooler and wetter climates are needed to

force readvances of these glaciers during the LGIT and Holocene,

due to their temperate climate and high ablation rates. This

supports previous work from proxy data, which shows that

cooler, wetter conditions associated with changing Southern

Westerly Winds are required to force Holocene advances

(Moreno et al., 2018; Kaplan et al., 2020), though there are

few direct quantitative records of precipitation available (Kilian

and Lamy, 2012). The sensitivity of MSL to precipitation suggests

that the rapid recession observed between 12.8 ka, when Glaciar

Calluqueo was at the mouth of the valley (cf. Glasser et al., 2012)

and 12.1 ka (Martin et al., 2022) was likely driven by both post-

ACR temperature increase and a decrease in precipitation. At this

time, a southward shift to ca 55°S in the Southern Westerly

Winds is suggested by changing lake levels at Lago Cardiel

(Quade and Kaplan, 2017), which would reduce precipitation

at MSL (47.5°S). This would have contributed to the glacier’s

rapid recession.

We are able to provide the first quantitative estimates for

temperature and precipitation at key periods during the Late

Glacial and Holocene. Firstly, meeting the readvance or

stabilisation noted at 12.1 ka for Glaciar Calluqueo requires a

cooling of 2°C and precipitation to increase to 150% of current

values. An increase in precipitation at this time is likely, as noted

by lake-level studies at Lago Cardiel, which increased to its

hydrological maximum (136% of current level) by 11.3 ka

(Quade and Kaplan, 2017). A readvance of glaciers at this

time has been noted in other catchments (Mercer, 1968; 1976;

Marden and Clapperton, 1995; Strelin and Malagnino, 2000;

Glasser et al., 2012; Harrison et al., 2012; Menounos et al., 2013;

Mendelová et al., 2020); however it has been queried whether this

readvance was climatically driven or related to base level fall in

ice-dammed lakes (Davies et al., 2020). Our modelled data

suggests that a climatic driver (cooling and increased

precipitation) is needed to force glaciers to readvance or

stabilise at ~11 to 12 ka, post-dating the ACR.

5.4 Insights into holocene palaeoclimates

Proxy palaeoclimatic evidence indicates less strong cooling

during the Mid-Holocene readvance (5.6 ka) reconstructed for
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MSL (Sagredo et al., 2016), and we find that increasing

precipitation to 150% of current values is required. There are

widespread moraines around this region of Patagonia dating to the

mid-Holocene, typically close to and just outside of those

deposited during the Late Holocene readvances at 1–2 ka and

0.2–0.5 ka (Mercer, 1976; Fernandez et al., 2012; Nimick et al.,

2016; Sagredo et al., 2016; Garibotti and Villalba, 2017; Reynhout

et al., 2019; Davies et al., 2020). This period was a time of persistent

negative Southern Annular Mode conditions, with an expansion

northwards of the Southern Westerly Winds and a cold and wet

climate forcing glacier growth (Moreno et al., 2018). This is in

agreement with previous climate model simulations, which have

suggested that during this mid-Holocene period (4–6 ka), cooling

was limited, with changes of −0.2°C in the summer (the key time to

influence ablation), −0.5°C in autumn, −0.4°C in winter, and

warmer temperatures in the spring (0.2°C) (with respect to

current values; Bravo et al., 2015). Bravo et al. (2015) argue

that there was limited change in precipitation, but there was a

seasonal shift, with more occurring in the principal accumulation

season from October to April. While we did not change the

seasonality in our sensitivity or palaeoclimate experiments, this

would have a similar impact on the glaciers to increasing mean

annual precipitation, by providing more accumulation, while

summer cooling decreases ablation. Indeed, other studies have

inferred increased precipitation at this time (Van Daele et al.,

2016), so our reconstruction is in good agreement with results by

Bravo et al. (2015) and Van Daele et al. (2016).

Finally, we find that a cooling of 1°C relative to today,

together with a precipitation 125% of today’s values, is

sufficient to force the readvance observed during the Late

Holocene (0.2–0.5 ka). A readvance at this time is widely

recognised in Patagonia (Masiokas et al., 2009; Davies and

Glasser, 2012; Meier et al., 2018; Davies et al., 2020), with

widespread deposition of moraines (Kaplan et al., 2016). Tree-

ring and modelling-based temperature reconstructions agree

with the ice-core record of cooling of 1–2°C at this time

(Villalba et al., 2005; Kaplan et al., 2016). Our estimate is,

however, one of the first quantified estimates of precipitation

change during the Late Holocene in this region of Patagonia.

6 Conclusion

In this study, we used the Parallel Ice Sheet Model (PISM) to

model a Patagonian ice cap. We undertook a series of

experiments that used systematic iterations of different

parameters within the model in order to establish the key

controls on the modelled icefield and define the envelope of

parameter space within which the results agree most closely with

the present-day observed icefield. We were then able to define the

palaeoclimatic envelopes that best approximate the mean

palaeoclimatic conditions during readvances of the ice cap

during the Late Glacial period.

We produced a simulation of the MSL ice cap matching

present-day ice distribution, when initialised using the

WorldClim2 modelled surface air temperatures and a

precipitation dataset built from a tuned lapse rate (1.35 mm

m−1). This dataset results in mean annual precipitation at Glaciar

Calluqueo, MSL, between 1,200 and 5,500 mm a−1. These values

are in line with sparse local measured records and regional

modelled climate data.

Sensitivity experiments demonstrate that higher basal

shear strength leads to a thicker and longer profile of

Glaciar Calluqueo, due to the impact of ablation at low

altitudes following rapid initial ice growth. Furthermore,

they demonstrate a significant sensitivity of the model to

changes in positive degree day snow and ice melt factors,

with greater sensitivity to melting of ice in the ablation area

than a reduction in mass input through snow melt in the

accumulation area.

Cold-based ice, frozen to the bed, occupies higher elevations

of the MSL ice cap (> ca 1,800 to 2,200 m asl), while temperate,

warm-based ice is found at lower elevations in outlet glaciers.

Temperate ice flows via basal sliding at up to 330 m a−1, with

negligible internal ice flow velocity. The simulated ice cap shows

high surface mass flux, with ablation at outlet glacier tongues up

to 18 m w. e. a−1, and accumulation at highest elevations up to

5.5 m w. e. a−1. Surface mass balance ranges from +4.8 m w. e. a−1

to −6.5 m w. e. a−1 with a simulated ELA between 1,750 m asl and

2,000 m asl.

Simulations initialised with a varied combination of

temperature and precipitation values show that the model

matched temperature and precipitation reconstructed from

the WAIS Divide ice cores during the latest Holocene

readvance. However, greater discrepancy is seen with

simulations of greater ice extent, requiring further

investigation through higher resolution and transient

simulations. The MSL ice cap, situated to the east of the

Andean cordillera with high continentality, is more sensitive

to precipitation compared with temperature than the markedly

maritime glaciers of the NPI and SPI, Gran Campo Nevado and

glaciers of New Zealand’s Southern Alps. For MSL, a 1°C offset

in surface air temperature is equivalent to a 21% change in

precipitation. Our data suggest that palaeoenvironmental

reconstructions and modelling of smaller ice caps east of the

Andes could provide important insights into latitudinal shifts in

the South Westerly Winds.

At 47°S, our modelling of Monte San Lorenzo demonstrates

that cooler, wetter conditions are needed to drive reconstructed

glacier advances at 0.2–0.5 ka, 5.6 ka and 12.1 ka, with

temperature offsets of −1°C and 125% of modern precipitation

(0.2–0.5 ka), 0°C and 150% precipitation (5.6 ka), and −2°C and

150% precipitation (12.1 ka). This new understanding of glacier

sensitivity to temperature and precipitation change improves our

ability to quantify the climatic drivers of past and present glacier

fluctuations.
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