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Abstract 11 
 12 
Studying the retreat of the Patagonian Ice Sheet (PIS) during the last deglaciation represents an 13 
important opportunity to understand how ice sheets outside the polar regions have responded to 14 
deglacial changes in temperature and large-scale atmospheric circulation. At the northernmost 15 
extension of the PIS during the last glacial maximum (LGM), the Chilean Lake District (CLD) 16 
was influenced by the southern westerly winds (SWW), which strongly modulated the hydrologic 17 
and heat budget of the region. Despite progress in constraining the nature and timing of deglacial 18 
ice retreat across this area, considerable uncertainty in the glacial history still exists due to a lack 19 
of geologic constraints on past ice margin change. Where the glacial chronology is lacking, ice 20 
sheet models can provide important insight into our understanding of the characteristics and drivers 21 
of deglacial ice retreat. Here we apply the Ice Sheet and Sea-level System Model (ISSM) to 22 
simulate the LGM and last deglacial ice history of the PIS across the CLD at high spatial resolution 23 
(450 meters). We present an ensemble of LGM ice sheet model experiments using climate inputs 24 
from the Paleoclimate Modelling Intercomparison Project (PMIP4) and a transient simulation of 25 
ice margin change across the last deglaciation using climate inputs from the CCSM3 Trace-21ka 26 
experiment.  We find that although the simulated LGM temperature is primarily responsible for 27 
differences in simulated ice geometries, wintertime precipitation also plays an important role in 28 
modulating LGM ice sheet volume and extent.  The simulated deglaciation is found to match 29 
existing geologic constraints that indicate widespread ice margin retreat between 18 to 16.5 ka.  30 
Following this interval our simulations suggest that the ice sheet retreated rapidly, and by 15 ka 31 
onward, only mountain glaciers remained across the CLD in contrast with sparse geologic data 32 
that indicate a local ice cap remaining until 10ka.  Additionally, our results suggest that modest 33 
variations in winter precipitation (~10%) can modulate the pacing of ice retreat by 1-2 ka, which 34 
has implications when comparing simulated outputs of ice margin change to geologic 35 
reconstructions.  Therefore, these LGM and deglacial experiments signify the importance in 36 
constraining the deglacial strength, latitudinal position, and extent of the SWW and its influence 37 
on the hydrologic and heat budget and also highlight the importance in constraining paleoclimate 38 
parameters critical to modelling and understanding the drivers of deglacial PIS behavior.    39 
 40 
 41 
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 46 
 47 
1 Introduction 48 
 49 
During the Last glacial maximum (LGM), the Patagonian Ice Sheet (PIS) covered an area along 50 
the Andes mountains from 38°S to 55°S, with an estimated sea-level equivalent ice volume of 1.5 51 
meters (Davies et al., 2020).  At the northernmost extent of the PIS, across an area presently known 52 
as the Chilean Lake District (CLD), the LGM to deglacial ice behavior and related climate forcings 53 
has been a subject of historical interest (Mercer, 1972; Porter, 1981; Lowell et al., 1995; Andersen 54 
et al, 1999; Denton et al., 1999; Glasser et al., 2008, Moreno et al., 2015; Kilian and Lamy, 2012; 55 
Lamy et al., 2010; 2015), and have served as important constraints towards understanding the 56 
drivers of ice sheet change across centennial to millennial timescales.  Currently, PATICE (Davies 57 
et al., 2020) serves as the latest and most complete reconstruction of the entire PIS during the last 58 
glacial and last deglaciation.  Across the CLD (Figure 1), the LGM ice limits are well constrained 59 
by terminal moraines in the southwest and western margins (Denton et al., 1999; Glasser et al., 60 

2008, Moreno et al., 2015).  However, due to a lack of geomorphological and geochronologic 61 
constraints on past ice margin change, the reconstructed deglaciation remains highly uncertain.  62 

While deglacial warming is a primary driver of ice retreat across the CLD, evidence 63 
suggests that variations in precipitation patterns influenced the timing and magnitude of this retreat 64 
(Moreno et al., 1999; Rojas et al., 2009).  The wintertime climate across South America is strongly 65 

Figure 1.  Location of the study area across the Chilean Lake District (CLD; Upper Left Panel).  The reconstructed 
ice extent from PATICE for the PIS across the CLD at 25 ka, 20 ka, 15 ka, 13 ka, and 10 ka are taken from Davies 
et al., 2020.  The color of the line marking the reconstructed ice extent corresponds to the confidence in the 
reconstruction as described in section 3.3. 

CLD 
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influenced by the southern westerly winds (SWW), which exert a large control on the synoptic 66 
scale hydrologic and heat budget (Garreaud et al., 2013). During the LGM and last deglaciation, 67 
the position, strength, and extent of the SWW varied latitudinally, altering overall ice sheet mass 68 
balance (Mercer, 1972; Denton et al., 1999; Lamy et al., 2010; Kilian and Lamy, 2012; Boex et 69 
al., 2013).  Terrestrial paleoclimate proxies indicate that the CLD was strongly influenced by a 70 
shifting SWW position during the last deglaciation (Moreno et al., 2015; Moreno and Videla, 71 
2016).  However, due to limitations in the spatial abundance and resolution of these paleoclimate 72 
proxies (Kohfeld et al., 2013), as well as certainty in deglacial ice sheet reconstructions (see Figure 73 
1), assessment of the climatic drivers of past ice sheet change across this region remains difficult.   74 
 75 
Early paleo ice sheet modelling experiments across the PIS have focused on evaluating the 76 
relationship between the simulated LGM ice sheet geometry in response to spatially uniform 77 
temperature change (Hulton et al., 2002; Sugden et al., 2002; Hubbard et al., 2005).  While these 78 
early simulations provided constraints on PIS areal extent, ice volume, and sensitivity to LGM 79 
temperature depressions, spatially varying temperature and precipitation were not considered.   80 
Recently, Yan et al. (2022) simulated the PIS behavior at the LGM using an ensemble of climate 81 
model output from the Paleoclimate Modelling Intercomparison Project (PMIP4; Kageyama et al., 82 
2021).  Results best matching the empirical reconstructions from PATICE (Davies et al., 2020) 83 
suggest that reduction in temperature was likely the main driver of PIS LGM extent, although the 84 
authors found that variation in regional LGM climate can have large impacts on the simulated ice 85 
sheet geometry.  This evidence is supported by recent glacier modelling across the northeastern 86 
Patagonian Andes which suggests that increases in precipitation during the termination of the LGM 87 
are necessary to achieve modeled fit with reconstructed glacier extent (Muir et al., 2023; Leger et 88 
al., 2021).  Additionally, Martin et al. (2022) found that precipitation greater than present day are 89 
needed to explain late glacial and Holocene ice readvance of the Monte San Lorenzo ice cap, lying 90 
to the southeast of the current Northern Patagonian Ice Field. These regional studies therefore 91 
provide further evidence that late glacial and deglacial variability in the SWW influenced PIS 92 
retreat and readvance over numerous timescales.   93 
 94 
To advance our understanding of last glacial and deglacial ice behavior across the CLD, we use 95 
the Ice Sheet and Sea-level System Model (ISSM; Larour et al., 2012) to first simulate the LGM 96 
ice geometry forced by an ensemble of climate boundary conditions from PMIP4 models 97 
(Kageyama et al., 2021).  Second, we simulate the deglacial evolution of the PIS across the CLD 98 
using transiently evolving boundary conditions from a climate model simulation of the last 21,000 99 
years (TraCE-21ka; Liu et al., 2009; He et al., 2013) which simulates large scale variability in the 100 
strength and position of the SWW (Jiang and Yan, 2020).  Because there is a lack of transiently 101 
evolving ice sheet model simulations of the PIS across the last deglaciation, our aim is to provide 102 
possible constraints on the nature of ice retreat across the CLD region, from which the 103 
reconstructions (PATICE; Davies et al., 2020) are uncertain.  Also, by assessing the sensitivity of 104 
our ice sheet experiments to a range of climatic boundary conditions, we aim to provide additional 105 
insight into the dominant climatic controls on the deglacial evolution of the PIS in the CLD region.    106 
 107 
 108 
2 Methods:  Model description and setup 109 
 110 
2.1 Ice sheet model 111 
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 112 
In order to simulate the ice margin migration across the CLD during the LGM and last deglaciation, 113 
we use the Ice Sheet and Sea-level System Model (ISSM), a thermomechanical finite-element ice 114 
sheet model (Larour et al., 2012).  Because of the high topographic relief across the CLD and 115 
associated impact on ice flow, we use a higher-order approximation to solve the momentum 116 
balance equations (Dias dos Santos et al., 2022).  This ice flow approximation is a depth-integrated 117 
formulation of the higher-order approximation of Blatter (1995) and Pattyn (2003), which allows 118 
for an improved representation of ice flow compared with more traditional approaches in paleo-119 
ice flow modelling (e.g., Shallow Ice Approximation or hybrid approaches; Hubbard et al., 2005; 120 
Leger et al., 2022; Yan et al., 2022), while allowing for reasonable computational efficiency.  Our 121 
model domain comprises the northernmost LGM extent of the PIS across the CLD, extending 122 
beyond the LGM ice extent reconstructed from Davies et al. (2020) and ends along the northern 123 
extent of the Golfo de Ancud (Figure 2).   124 
 125 
We rely on anisotropic mesh adaptation to create a non-uniform model mesh that varies based 126 
upon gradients in bedrock topography from the General Bathymetric Chart of the Oceans 127 
(GEBCO; GEBCO Bathymetric Compilation Group, 2021), a terrain model for ocean and land.  128 

For the land component, the GEBCO model uses version 2.2 of the Surface Radar Topography 129 
Mission data (SRTM15_plus; Tozer et al., 2019), to create a 15 arc second gridded output of terrain 130 

Figure 2.  Bedrock topography for our study area (meters).  Our model domain (shown as the black line), encompasses 
the reconstructed LGM ice limit (shown in red) from PATICE (Davies et al., 2020).  Present day lakes are shown in 
blue.   
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elevation relative to sea level.  Our ice sheet model horizontal mesh resolution varies from 3 km 131 
in areas of low bedrock relief to 450 meters in areas where gradients in the bedrock topography is 132 
high and comprises of 40,000 model elements.   133 
 134 
Although evidence suggests that while southernmost glaciers across the PIS may have been 135 
polythermal, data suggests that the majority of the PIS was temperate (isothermal).  Accordingly, 136 
recent ice flow modelling (Leger et al., 2021) suggests that varying ice viscosity mainly impacts 137 
the accumulation zone thickness in simulations of paleoglaciers in Northeastern Patagonia, with 138 
minimal impacts on overall glacier length and extent.  Therefore, our model is 2-dimensional and 139 
we do not solve for ice temperature and viscosity allowing for increased computational efficiency.  140 
For our purposes, we use Glen’s flow law (Glen, 1955) and set the ice viscosity following the rate 141 
factors in Cuffey and Paterson (2010) assuming an ice temperature of -0.2°C.  We use a linear 142 
friction law (Budd et al., 1979)  143 
 144 
𝜏! = −𝑘"𝑁𝑣!                  (1) 145 
 146 
where 	𝜏!	represents the basal stress, N represents the effective pressure, and 𝑣! is the magnitude 147 
of the basal velocity.  The spatially varying friction coefficient, 𝑘, is constructed following 148 
Åkesson et al. (2018): 149 
 150 
𝑘 = 200 × $%&[$()(+,-!./++),-!]

$()(-!)
                                                                                                     (2) 151 

 152 
where 𝑧! is the height of the bedrock with respect to sea level.  Using this parameterization, basal 153 
friction is larger across high topographic relief and lower across valleys, and areas below sea level.   154 
 155 
Currently ISSM is undergoing model developments to include a full treatment of solid earth-ice 156 
and sea-level feedbacks (Adhikari et a., 2016).  Therefore, at this time, there is no interaction 157 
between our simulated ice sheet and the solid earth.  We do however account for changes in the 158 
geoid at the LGM and across the last deglaciation using a time dependent forcing from Caron et 159 
al. (2018) that accounts for relative sea-level changes following setups in Briner et al. (2020) and 160 
Cuzzone et al. (2019).   161 
 162 
2.2 Experimental Design 163 
 164 
We perform simulations of a.) the LGM configuration for the PIS across our model domain, and 165 
b.) a transient simulation across the last deglaciation.   166 
 167 
LGM simulations: We simulate the LGM configuration of the PIS across our model domain using 168 
climate model output from the Paleoclimate Model Intercomparison Project (PMIP4; Kageyama 169 
et. al., 2021) as well as climate model output at the LGM and through the last deglaciation from a 170 
transient climate model simulation (Liu et al., 2009; He et al., 2013).  Monthly mean output of 171 
temperature and precipitation at varying horizontal resolution (Table 1) are used from these 172 
simulations as inputs to our glaciological model (full climate forcings details are further described 173 
in section 2.4).   174 
 175 
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Table 1. List of model output used for the climate boundary conditions and the corresponding 176 
spatial resolution. 177 
Model Spatial Resolution Reference 
CCSM4 (TraCE-21ka) 3.75° x 3.75° Liu et al. (2009) 

He et al. (2013) 
MPI-ESM1.2 (MPI) 1.8° x 1.8° Mauritsen et al. (2019) 
MIROC-ES2L (MIROC) 2.8° x 2.8° Ohgaito et al. (2021) 

Hajima et al. (2020) 
IPSLCM5A2 (IPSL) 3.8° x 1.9° Sepulchre et al. (2020) 
AWIESM2 (AWI) 1.8° x 1.8° Sidorenko et al. (2019) 

 178 
Simulation across the last deglaciation: In order to simulate the ice history across the last 179 
deglaciation we use monthly climate model output from the National Center for Atmospheric 180 
Research Community Climate System Model (CCSM3) TraCE-21ka transient climate simulation 181 
of the last deglaciation (Liu et al., 2009; He et al., 2013).  We use the monthly mean output every 182 
50 years across the last deglaciation.   183 
 184 
2.3 Surface Mass Balance 185 
 186 
In order to simulate the deglaciation of the PIS across our model domain we require inputs of 187 
temperature and precipitation to estimate the surface mass balance.  To derive snow and ice melt 188 
we use a positive degree day model (Tarasov and Peltier, 1999; Le Morzadec et al., 2015; Cuzzone 189 
et al., 2019; Briner et al., 2020).  Our degree day factor for snow melt is 3 mm ºC-1day-1 and 6 mm 190 
ºC-1day-1 for bare ice melt, and we use a lapse rate of 6 ºC to adjust the temperature of the climate 191 
forcings to surface elevation.  These values are typical of those used to model contemporary and 192 
paleo glaciers across Patagonia (see Fernandez et al., 2016 Table 3; Yan et al., 2022). 193 
 194 
2.4 Climate forcings 195 
 196 
In order to scale monthly temperature and precipitation across the LGM and last deglaciation we 197 
applied a commonly used modeling approach (Pollard et al., 2012; Cuzzone et al., 2022; equations 198 
3 and 4).   First, we use the monthly mean climatology of temperature and precipitation for the 199 
period 1979-2018 (𝑇-(23435"+26), 𝑃-(23435"+26)) from the Center for Climate Resilience Research 200 
Meteorological dataset version 2.0 (CR2MET; Boisier et al., 2018).  This output, which uses 201 
information from a climate reanalysis and is calibrated against rain-gauge observations, is provided 202 
at 5 km spatial resolution.  We then bilinearly interpolate these fields onto our model mesh. 203 
 204 
𝑇7 = 𝑇-(23435"+26) + ∆𝑇7                (3) 205 
 206 
 𝑃7 = 𝑃-(23435"+26) + ∆𝑃7                                                                                                               (4) 207 
      208 
Next, anomalies of the monthly temperature and precipitation fields are computed as the difference 209 
from each model’s preindustrial control run and interpolated onto our model mesh (∆𝑇7	and	∆𝑃7).  210 
Therefore, LGM anomalies for each model are computed as well as anomalies across the last 211 
deglaciation (Liu et al., 2009; He et al., 2013).  These anomalies are added to the contemporary 212 
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monthly mean as shown in equations 3 and 4, to produce the monthly temperature and precipitation 213 
fields at LGM and across the last deglaciation (𝑇7 and 𝑃7).   214 
 215 
2.5 Ice front migration and iceberg calving 216 
 217 
Across most of our domain, there is evidence for an advance of piedmont glaciers across glacial 218 
outwash during the LGM, which formed the physical boundary for some of the existing terminal 219 
moraines around the lakes within the CLD (Bentley, 1996; Bentley, 1997).  Where there were 220 
proglacial lakes along the westward ice front in the CLD, evidence suggests that ice was grounded 221 
during the LGM (Lago Puyehue; Heirman et al., 2011).  During deglaciation, iceberg calving into 222 
the proglacial lakes may have occurred (Davies et al., 2020), with evidence suggesting that local 223 
topography and calving may have controlled the spatially irregular timing of abandonment from 224 
the terminal moraines surrounding the proglacial lakes (Bentley, 1997).  However, because 225 
inclusion of ice-lake interactions is relatively novel for numerical ice flow modeling (Sutherland 226 
et al., 2020; Quiquet et al., 2021; Hinck et al., 2022), we choose to not model the evolution and 227 
influence of proglacial lakes on the deglaciation across this model domain.  Instead, we only 228 
simulate calving where the PIS interacts with the ocean.   229 
 230 
We track the motion of the ice front using the level-set method described in Bondzio et al. (2016; 231 
equation 3) in which the ice velocity (𝑣8) is a function of the ice velocity vector at the ice front 232 
(𝑣), the calving rate (𝑐), the melting rate at the calving front (𝑀̇), and where 𝑛 is the unit normal 233 
vector pointing horizontally outward from the calving front.  For these simulations the melting rate 234 
is assumed to be negligible compared to the calving rate, so 𝑀̇ is set to 0.   235 
 236 
𝑣8 = 𝑣 − (𝑐 + 𝑀̇)	𝑛                                                                                                       (5) 237 
 238 
To simulate calving we employ the more physically based Von Mises stress calving approach 239 
(Morlighem et al., 2016) which relates the calving rate (𝑐) to the tensile stresses simulated with 240 
the ice, where 𝜎< is the von Mises tensile strength, ‖𝑣‖ is the magnitude of the horizontal ice 241 
velocity, and 𝜎9:; is the maximum stress threshold which has separate values for grounded and 242 
floating ice.   243 
 244 
𝑐 = ‖𝑣‖ <=

<"#$
                                                                                                                                (6) 245 

 246 
The ice front will retreat if von Mises tensile strength exceeds a user defined stress threshold, 247 
which we set to 200 kPa for floating ice and 1 MPa for grounded ice.  This calving law has been 248 
applied in Greenland to assess marine terminating icefront stability (Bondzio et al., 2016; 249 
Morlighem et al., 2016; Choi et al., 2021; Cuzzone et al., 2022) and for our simulations applies 250 
where ocean is present such as the Seno de Reloncaví and the Golfo de Ancud (see Figure 2).   251 
 252 
3 Results 253 
 254 
3.1 LGM Experiments 255 
 256 
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In order to arrive at a steady state LGM ice geometry, we first initialize our model with an ice-257 
free configuration.  The constant LGM monthly climatology of temperature and precipitation are 258 
then applied, as well as the prescribed LGM geoid from Caron et al. (2018). We allow the ice 259 
sheet to relax for 10,000 years, during which, the ice sheet is free to grow and expand until it 260 
reaches a steady state ice geometry and volume, in equilibrium with the climate forcings.  These 261 
relaxation steps are performed for the separate experiments using the individual climate model 262 
output described in section 2.2.   263 
 264 
3.1.1 LGM climate 265 
 266 
Shown in Figures 3 are the anomalies (LGM-preindustrial) of summer temperature (DJF) and 267 
winter precipitation (JJA) for each climate model.  The area averaged anomaly is shown in the 268 
upper lefthand corner of each sub figure.  In general, the climate models simulate an LGM climate 269 
that is colder than preindustrial, with summer temperature anomalies ranging between -4.7°C 270 
(TraCE-21ka) to -7.9°C (MPI).  Generally, the climate models exhibit larger cooling during the 271 
LGM compared to the preindustrial over the central to southern portions of our model domain, 272 
although the magnitude of those changes differ amongst the individual models with the AWI and 273 
MPI models exhibiting the strongest cooling.   274 

The differences in the winter precipitation anomalies are quite large both in magnitude and spatial 275 
variability. Some models (AWI, MPI, and MIROC) simulate drier winter conditions across our 276 
model domain during the LGM compared to the preindustrial, while IPSL and TraCE-21ka models 277 
simulate wetter conditions.  While there is considerable spread in the gradient of the precipitation 278 
anomalies, most models tend to have drier LGM conditions towards the southern boundary of the 279 

A 

Figure 3.   A). Anomalies of summer temperature (DJF; top panels) and, B). winter precipitation (JJA; bottom 
panels) for each climate model.  Anomalies are taken as the difference between the LGM and preindustrial (LGM-
PI), with the precipitation anomalies expressed as the percent difference of the LGM from preindustrial.  The area 
averaged value of the anomaly is shown for each model in the upper left of each panel.   

B 
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model domain with the exception of the IPSL model, which has a west to east gradient in the 280 
precipitation anomaly.    281 
 282 
The spatial resolution of the temperature and precipitation anomalies is also evident.  Models with 283 
a higher spatial resolution (AWI and MPI; see table 1) simulate a tighter gradient in temperature 284 
and precipitation, and therefore the range between the minimum and maximum anomalies are 285 
greatest for these models.  Conversely, the more coarse climate model output of TraCE-21ka 286 
depicts more spatially consistent anomalies.    287 
 288 
3.1.2 LGM Ice Geometry 289 
 290 
In Figure 4, the simulated LGM ice thickness is shown for each individual simulation, with the red 291 
outline indicating the reconstructed LGM (20 ka) ice extent from PATICE (Davies et al., 2020).  292 
Across our model domain, bedrock elevation increases from west to east, with deep valleys 293 
interspersed across most of our model domain (Figure 2).  Consistent across all simulations, ice 294 
thickness is greatest in these valleys (upwards of 2000 meters) where driving stresses dominate 295 

Figure 4.  The simulated LGM ice thickness (meters) is shown for each experiment using the different climate 
boundary conditions. The black outline denotes our ice sheet model boundary, and the red line denotes the LGM 
reconstructed ice extent from PATICE (Davies et al., 2020).    
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and where bedrock geometry controls the flow of ice from higher terrain and through these valleys 296 
(Figure 5).  Ice thickness generally thins towards the ice margins, but is thick in many of the fast-297 
flowing outlets along the margin that drain the ice sheet interior (Figure 5).  Across the highest 298 
terrain such as the many volcanoes across the CLD, ice is comparatively thinner than the 299 
surrounding valleys.  Despite the differences in ice sheet configurations, all simulations reach an 300 
LGM state that is defined by a north-south ice divide with east and west flowing ice reaching 301 
velocities upwards of 1 km/yr and greater (Figure 5). 302 
 303 
 304 
 305 

Generally, all simulations exhibit ice cover across the southern portion of the model domain, while 306 
the simulations using the AWI and MPI LGM climatologies having more extensive ice cover 307 
especially along the western margin, extending outward of the reconstructed LGM ice extent from 308 
PATICE (Davies et al., 2020).  This is consistent with the greater magnitude in simulated 309 
summertime cooling at the LGM along the south and southwestern boundary of our model domain 310 
for the AWI and MPI models despite reduced wintertime precipitation (Figure 3).  Along the 311 
southern portion of the model domain, simulations using the IPSL, TraCE-21ka, and MIROC 312 

Figure 5.  The simulated LGM ice surface velocity (km/yr) is shown for each experiment using the different climate 
boundary conditions. The black outline denotes our ice sheet model boundary, and the red line denotes the LGM 
reconstructed ice extent from PATICE (Davies et al., 2020).    
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climate fail to simulate ice cover across the present-day Seno de Reloncaví and the Golfo de 313 
Ancud, consistent with lower summertime cooling across this region in comparison to the AWI 314 
and MPI models (Figure 3A). Across the northernmost portion of the model domain, the simulation 315 
using the MIROC climatology, which simulates the least LGM cooling across this area (Figure 316 
3A), produces no ice cover.  Only the simulations using the IPSL and TraCE-21ka climatology 317 
produce ice cover that matches well within the PATICE (Davies et al., 2020) reconstructed 318 
boundary.   319 
 320 
3.1.3 LGM ice extent and sensitivity to climate 321 
 322 
The resulting ice volume across our model domain is plotted against the LGM anomaly of summer 323 
temperature and winter precipitation in Figure 6.  Model simulations that fall closer to the lower 324 
left have cooler summer LGM temperature anomalies and drier winter precipitation anomalies 325 
relative to the other climate models used in this study.  Simulations that fall in the upper right of 326 
Figure 6 have less LGM summertime cooling, but higher wintertime precipitation anomalies  327 

relative to the other models used in this study.  The simulated LGM ice volume is also plotted on 328 
this graph, and color coded by the climate model output used in the ice sheet simulation.  For 329 

Figure 6.   The simulated LGM ice volume (km3) is color coded for each individual model, with darker reds 
corresponding to lower ice volume and darker blue corresponding to higher ice volume.  This is plotted against the 
wintertime (JJA) precipitation anomaly expressed as the percent difference between the LGM and preindustrial period, 
and the summertime (DJF) temperature anomaly expressed as the difference between the LGM and preindustrial 
period.    
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example, the experiment using the MIROC climate simulates the lowest LGM ice volume (dark 330 
red: 2.89x104 km3) and the simulation using the AWI climate simulates the largest LGM ice 331 
volume (dark blue: 7.96x104 km3).   332 
 333 
For the simulation with the largest LGM ice volume (AWI climate), the area averaged LGM 334 
temperature anomaly is -6.3°C and precipitation is -6.8% relative to preindustrial.  The experiment 335 
using the IPSL climate simulates the second largest ice volume and has an LGM temperature 336 
anomaly that is 1.1°C (-5.2°C) warmer than the AWI model (-6.3°C).  However, of the climate 337 
models used, the IPSL model has the highest simulated increase in LGM precipitation relative to 338 
the preindustrial (+3.2%).  Conversely, whereas the MPI model simulates the coldest LGM 339 
temperature anomalies (-7.9°C), it also simulates the driest climate relative to preindustrial (-340 
10.6%), resulting in a simulated LGM ice volume that is lower than experiments using the AWI 341 
and IPSL climate.    342 
 343 
Despite the TraCE-21ka model having a similar magnitude of precipitation increase during the 344 
LGM (+3%) compared to the IPSL model (+3.2%), it simulates less LGM cooling (-4.7°C) in 345 
comparison to IPSL (-5.2°C).  This results in a 21% greater simulated ice volume for the 346 
experiment using the IPSL climate in comparison to TraCE-21ka.  Lastly, the experiment using 347 
the MIROC climate model output simulates the lowest ice volume.  While LGM temperature 348 
anomalies for the MIROC model (-5.2°C) are nearly identical in to the IPSL model (-5.2°C), the 349 
simulated LGM climate is overall drier (-1.2% for MIROC; +3.2% for IPSL).  We note that the 350 
spatial variation in the temperature and precipitation anomalies seem to play a role in the low 351 
simulated ice volume for the experiment using the MIROC climate model output.  In Figure 3a, 352 
we see that the MIROC model simulates colder and drier conditions in the south and warmer and 353 
wetter conditions across the north.  These conditions are more favorable for reduced snow 354 
accumulation and negative surface mass balance across the northern portion of the model domain, 355 
leading to a lack of simulated LGM ice cover across this region (Figure 4).   356 
 357 
3.2 Simulation of the Last Deglaciation 358 
 359 
Monthly mean temperature and precipitation, taken every 50 years from the TraCE-21ka (Liu et 360 
al., 2009; He et al., 2013) experiment is used to drive our simulation of ice history across the last 361 
deglaciation (22 ka – 10 ka).  The transient simulation is initialized with the LGM ice sheet 362 
geometry shown in Figure 4 (TraCE-21ka), and is run forward with the appropriate climate 363 
boundary conditions until 10 ka.   364 
 365 
3.2.1 Pattern of Deglaciation 366 
 367 
From the resulting transient simulation, we calculate the timing of deglaciation across our model 368 
domain (Figure 7A).  Because of possible readvances during the deglaciation, we select the 369 
youngest age at which grid points become ice free.  Our map of the simulated deglaciation can be 370 
paired with a timeseries of the rate of ice mass change (Figure 8, bottom panel) to highlight some 371 
key features in the magnitude and timing of ice retreat between 22 ka and 10 ka. 372 
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 373 

Between 22 ka to 19 ka, the ice sheet undergoes periods of minor to moderate ice mass loss and 374 
gain (Figure 8), in an interval of time where summer temperature anomalies and the corresponding 375 
ice margin remain relatively stable (Figure 7a).  Between 19 ka and 18.5 ka, coincident with a rise 376 
in summertime temperature (Figure 8), a pulse of ice mass loss occurs and exceeds 5,000 377 
GT/century before trending toward minimal ice mass loss around 18 ka as the rise in summer 378 
temperature levels off.  During this time interval, the ice margin pulls back considerably towards 379 
higher terrain across the northern portion of the model domain (Figure 7A), and many of the fast-380 
flowing outlet glaciers on the western margin retreat back towards the ice sheet interior.  Between 381 
18 ka to 16.2 ka, summer temperature rises steadily ~1.2°C and is punctuated with an abrupt 382 
warming of ~0.5°C at 16 ka (Figure 8).  During this interval, ice mass loss remains high and steady 383 
at ~1000 GT/century with pulses of increased mass loss at 17.8 ka, 16.8 ka, and 16 ka varying 384 
between 2000-5000 GT/century (Figure 8).   385 
 386 
By 17 ka, the northern portion of the model domain (north of 39.5°S), has generally become ice 387 
free for the exception of the highest terrain (e.g., mountain glaciers).  By 16 ka, and between 39.5°S 388 
and 40.5°S, ice remains only on the highest terrain (Figure 7A), however ice cover persists south 389 
of 40.5°S.  Between 16 ka and 15 ka, summer temperature rises ~0.5°C (Figure 8) and the 390 
remaining ice sheet retreats south of 40.5°S.  By 15 ka, there is no evidence of an ice sheet, with 391 
only mountain glaciers existing across the high terrain throughout the model domain (Figure 7A).  392 
 393 

Figure 7.   The simulated deglaciation age for the transient simulation from the LGM to 10 ka, for experiments where 
temperature and precipitation vary throughout the deglaciation based on climate boundary conditions from TraCE-
21ka (A); and where precipitation is held fixed at LGM conditions but temperature varies based on climate boundary 
conditions from TraCE-21ka (B).     
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After 15 ka, TraCE-21ka simulates a short and abrupt Antarctic Cold Reversal (ACR) between 394 
14.6 ka and 14 ka (Figure 8), before temperatures continue to rise into the early Holocene.  There 395 
is only a minor ice mass gain (e.g., <500 GT/yr) during the ACR, and minimal fluctuation in ice 396 
mass after 14 ka.  By 10 ka, only small mountain glaciers persist across the high terrain and 397 
volcanoes of the CLD (gray color in Figure 7).   398 

3.2.2 Sensitivity Test 399 
 400 
The Trace-21ka model simulates upwards of 10-15% higher wintertime precipitation across the 401 
northern portion of our model domain during the LGM compared to preindustrial (Figure 3B, see 402 
TraCE-21ka).  North of 40°S, wintertime precipitation is generally higher than the preindustrial 403 
until ~17.2 ka (Figure 9).  Given the simulated increase in wintertime precipitation during the early 404 
deglacial (~22ka – 18ka; Figure 9) across the northern portion of the model domain, we run a 405 
sensitivity test to determine how this positive anomaly influences the simulated deglaciation.  For 406 

Figure 8.  Top Panel:  The TraCE-21ka Summer (DJF) temperature anomaly taken as the difference from the 
preindustrial period, area averaged across our model domain.  Bottom Panel:  The simulated ice mass change 
calculated in GT/century across the last deglaciation (22 ka to 10 ka).  Red indicates ice mass loss, and blue indicates 
ice mass gain.      
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this test we hold the monthly precipitation constant to the mean over the interval 22 ka to 20 ka, 407 
but allow temperature to vary through the deglaciation.     408 

For this experiment, it is clear that North of 40.5°S the simulated deglaciation is delayed for 409 
experiment that keeps monthly precipitation constant at the 22-20 ka mean (Figure 7B).  410 
Deglaciation is delayed upwards of 1-2 kyr’s across this region in comparison to the simulation 411 
allowing precipitation to vary (Figure 7A), with the largest delay occurring across the highest 412 
terrain (e.g., northeastern portion of model domain).  413 
 414 
3.3 Comparison to the reconstructed deglacial ice extent 415 
 416 
Shown in Figure 1, PATICE assigns high to medium confidence to the reconstructed LGM (25 ka 417 
– 20 ka) ice extent along most of the western ice margin and portions of the eastern margin, with 418 
low confidence assigned to the northernmost ice extent.  The majority of the ice history is poorly 419 
constrained (low confidence) during the deglaciation, and PATICE reconstructs a small cap that 420 
persists across the southern CLD until 10 ka, after which the ice disappears and only the Cerro 421 
Tronador glacier remains (see Figure 13 from Davies et al., 2020).  422 
 423 
We show the simulated and reconstructed ice extent (Figure 10) as well as the calculated ice area 424 
from PATICE at 20 ka, 15 ka, and 13ka and for our transient simulation (Figure 11).  Overall, the 425 
simulated ice margin and area is stable between 22 ka and 18.3 ka (Figure 11). At 22 ka (Figure 426 
10), our model simulates a generally greater ice extent along the eastern and western margin, 427 

Figure 9.  The winter (JJA) precipitation anomaly expressed as the percent difference from the preindustrial period.  
The area averaged anomaly is shown for the region north of 40°S and for the region south of 40°S (see Figure 2 for 
reference to the latitudinal range of our model domain).   

North (38.5°S - 40°S) 
             South (40°S-42.5°S)   
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except at the Seno de Reloncaví, Golfo de Ancud, and Lago Llanquihue, where the simulated ice 428 
margin does not advance to the well dated terminal LGM moraines (Mercer, 1972; Porter, 1981; 429 
Andersen et al., 1999; Denton et al., 1999).  At 20 ka, the simulated ice area is 4.1x104 km2 which 430 

Figure 10.  Comparison between the simulated ice extent at time intervals closest to the corresponding reconstructed 
ice extent from PATICE (Davies et al., 2020). 
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is nearly identical to the PATICE areal extent across our model domain (Figure 11).  The ice 431 
margin at the Seno de Reloncaví, Lago Llanquihue, and other locations along the eastern boundary 432 
in the CLD advances slightly at 20 ka, but still remain inboard of the PATICE reconstruction for 433 
these regions.  Between 18.3 ka and 15 ka large scale ice retreat occurs, and the simulated ice sheet 434 
loses 90% of its ice area (Figure 11).  At 15 ka, PATICE reconstructs an existing ice cap that 435 
separates from the remainder of the PIS to the south (Figure 10).  This is in contrast to the simulated 436 
ice extent, which shows that by 15 ka, the PIS across our model domain has completely retreated 437 
and only mountain glaciers exist amongst the high terrain.  However, if we compare the PATICE 438 
area at 15 ka and the simulated ice area at 15.7 ka (Figure 11), they are nearly identical at 1.2x104 439 
km2.  While the PATICE ice extent at 15 ka and the simulated ice extent 15.7 ka do not match 440 
completely, the simulated ice extent at 15.7 ka still has evidence of an ice cap similar to the 441 
PATICE reconstruction.  Therefore, the simulated transition from ice sheet to ice cap and to 442 
discrete mountain glaciers occurs between 15.7 ka and 15 ka in our simulations.  By 13 ka, our 443 
simulated ice area is 60% lower than the PATICE reconstructed area (Figure 11), and our model 444 
simulates discrete mountain glaciers while PATICE reconstructs an ice cap existing through 10 ka 445 
(Figure 10; also see Figure 1).   446 
 447 
 448 

 449 
4 Discussion 450 
 451 
4.1 Climate-ice sensitivity 452 
 453 

Figure 11.  The simulated ice area (km2) from 22 ka to 10 ka shown as the black line.  The red dots indicate the 
calculated ice area across our model domain for the reconstructed ice extent from PATICE (Davies et al., 2020).    
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Determining the influence of the SWW on the heat and hydrologic budget across South America 454 
during the LGM and last deglaciation remains elusive, as limitations in paleo-proxy data and 455 
disagreement between climate models prohibit certainty (Kohfeld, 2013; Berman et al., 2018).  456 
And while evidence does suggest wetter conditions across the CLD during the late glacial (Moreno 457 
and Videla, 2016), linking the paleoclimate change in SWW position and strength from regional 458 
paleoclimate proxies remains problematic (Kohfeld et al., 2013).   459 
 460 
The scale at which we deduce ice history and climate interactions is also important.  Looking at 461 
the PIS as a whole, recent numerical ice sheet modelling studies indicate that the simulated ice 462 
extent and volume for the entire PIS at the LGM is largely controlled by the magnitude of the 463 
temperature anomaly compared to present day (Yan et al., 2022).  However, regional scale ice 464 
flow modelling informed by geologic constraints on past ice margin extent show that higher 465 
precipitation during the LGM (Leger et al., 2021), the late glacial, and the Holocene (Muir et al., 466 
2023; Martin et al., 2022) is needed to support model-data agreement.  It appears that during the 467 
LGM a northward shift in the SWW (Kohfeld et al., 2013; Rojas et al., 2009; Togweillier et al., 468 
2006) or a strengthening or expansion of the wind belt (Lamy et al., 2010) is perhaps the most 469 
likely scenario, with high frequency variability possible during the deglaciation as atmospheric 470 
reorganization altered the heat and hydrologic budget as recorded by glacier and ice sheet change 471 
(Davies et al., 2020; Boex et al., 2013).    472 
 473 
Although our experimental setup cannot identify a clear relationship between the influence of 474 
temperature and precipitation on the simulated ice volume, these results indicate that the 475 
relationship is not simple.  While the LGM cooling largely controls ice volume, wintertime 476 
precipitation, which comprises the majority of annual snow accumulation, can enhance or dampen 477 
the ice volume response to LGM temperature depressions (Figure 6).  Using a small sample of 478 
LGM PMIP4 climate model output, we arrive at different simulated LGM states for the PIS across 479 
the CLD.  If temperature were the primary control on ice volume, we would expect simulations 480 
using the coldest LGM climate model output to produce the highest LGM ice volumes (Figure 6).  481 
However, there are situations where this is not the case, as those simulations with higher 482 
precipitation produce higher ice volume despite modest LGM temperature depressions (i.e., Figure 483 
6; IPSL).  We note that the climate models with the coldest simulated LGM climate (AWI and 484 
MPI, Figure 3), correspondingly simulate the driest wintertime climate.  Likewise models with 485 
higher spatial resolution, simulate a higher gradient in the simulated temperature and precipitation 486 
patterns.  With discrepancy amongst climate model output, and a lack of paleo proxy data to 487 
constrain those models, these results illustrate that the relationship between LGM ice volume and 488 
extent across the CLD to climate is not simple as already suggested through prior work (Leger et 489 
al., 2021; Martin et al., 2022; Yan et al., 2022).   490 
 491 
Our sensitivity test (section 3.2.2) indicates that increases (~10%) in wintertime precipitation 492 
relative to preindustrial can offset ice loss driven by deglacial warming.  In our case (Figure 7A, 493 
B), deglaciation is delayed across the northern portion of the model domain upwards of 1-2 kyr.  494 
Therefore, these results show that even modest changes in wintertime precipitation can modulate 495 
the pacing and magnitude of ice retreat driven by deglacial warming on scales that are recorded in 496 
the geologic record of ice margin migration, which has large implications for model-data 497 
comparisons seeking to evaluate the impact of deglacial climate change on past ice margin 498 
migration in this region.        499 
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 500 
4.2 Ice retreat across the Last Deglaciation  501 
 502 
The PATICE dataset (Davies et al., 2020) serves as the best available reconstruction of ice margin 503 
change for the PIS across the last deglaciation.  Because geochronological constraints on past PIS 504 
change are limited, the PATICE reconstruction assigns qualitative confidence to its reconstructed 505 
ice margins.  Where there is agreement between geochronological and geomorphological (i.e., 506 
moraines) indicators of past ice margin history, high confidence is assigned.  Where 507 
geomorphological evidence suggests the existence of past ice margins, but lacks a 508 
geochronological constraint, medium confidence is assigned.  Lastly, low confidence is assigned 509 
where there is a lack of any indicators of past ice sheet extent. Across the CLD, the LGM ice extent 510 
is well constrained by geologic proxies particularly in the west and southwest (Figure 1).  The 511 
moraines that constrain the piedmont ice lobes that formed along the western boundary and are 512 
now presently lakes have reasonable age control (Denton et al., 1999; Moreno et al., 1999; Lowell 513 
et al., 1995) and give confidence to the LGM ice margin limits.   Beyond this region, age control 514 
is sparse along the western boundary for the timing of LGM ice extent, but the existence of well-515 
defined moraines along lakes in the northern CLD are assumed to be in sync with those moraines 516 
deposited to the south (Denton et al., 1999).  Low confidence remains in the geologic 517 
reconstruction of the LGM ice boundary along the eastern margin.  In general, deglaciation from 518 
the maximum LGM ice extent begins between 18 – 19 ka (Davies et al., 2020), however, poor age 519 
control and lack of geomorphic indicators make it difficult to constrain the ice extent across this 520 
region during the deglaciation.   521 
 522 
In regards to ice area and extent, our simulated ice sheet at the LGM using TraCE-21ka climate 523 
boundary conditions agrees well with the PATICE reconstruction (Figure 10).  Our simulations 524 
reveal that deglaciation began between 19 ka to 18 ka, consistent with the geologic proxies (Davies 525 
et al., 2020).  The simulated ice retreat continues until 15 ka, with the largest pulses in ice mass 526 
loss occurring at 18.6 ka, 16.8 ka, and 16 ka (Figure 11).  Where PATICE estimates an ice cap 527 
around 15 ka (~40°S), our simulations reveal that glaciation was restricted to high elevations.  528 
After 15 ka, mountain glaciers remain in our simulation but there is no presence of a large ice cap 529 
as reconstructed in PATICE.  Comparison between the model simulations and PATICE becomes 530 
difficult during the 15 -13 ka period as confidence in the geologic reconstruction is low.  Therefore, 531 
our model results offer a different reconstruction to PATICE, and indicate that the ice sheet in this 532 
region largely retreated by 15 ka, with only mountain glaciers remaining.  However, during this 533 
interval, the Antarctic Cold Reversal (ACR) may have influenced the heat and hydrologic budget 534 
across this region, with wetter and cooler conditions interrupting the deglacial warming (Moreno 535 
et al., 2018).  While TraCE-21ka simulates an ACR, it is short lived, lasting about 500 years as 536 
compared to 2,000 years in some ice core records or proxy-based studies (Lowry et al., 2019; He 537 
et al., 2013, Pedro et al., 2015).  This potential for favorable glacier growth is likely missing in our 538 
simulations during the ACR, which may explain some of the mismatch against the PATICE 539 
reconstruction at 15 ka – 13 ka.   540 
 541 
5 Conclusions 542 
 543 
In this study, we use a numerical ice sheet model to simulate the LGM and deglacial ice history 544 
across the northernmost extent of the PIS, the CLD.  Our LGM ice sheet simulations were driven 545 
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by climate model output from five climate models, providing a small ensemble of possible ice 546 
sheet states.  Additionally, we used transient climate model output covering the last 21 kyr’s to 547 
simulate the deglaciation of the PIS across the CLD into the early Holocene.   548 
 549 
The position, strength, and extent of the SWW played an important role in modulating the size and 550 
response of the PIS deglaciation across the CLD.  Our simulations indicate that during the LGM, 551 
the glacial cooling exerted a large control on the overall size of the PIS across the CLD.  However, 552 
the simulated LGM precipitation, which varied considerably amongst the climate models, was 553 
shown to modulate the ice extent and ice volume across this region.  This finding was corroborated 554 
by a transient simulation across the last deglaciation where the magnitude of simulated 555 
precipitation (in the TraCE-21ka climate model) was modestly higher during the LGM than the 556 
preindustrial across the northern portion of the CLD (~10% higher).  These results suggest that 557 
increases in wintertime LGM and deglacial precipitation have the potential to modulate the timing 558 
and magnitude of ice retreat across the CLD.  In our case, only modest increases in wintertime 559 
precipitation are needed to delay deglaciation up to 2 kyr in our sensitivity tests.  Because 560 
paleoclimate proxies of past precipitation are often lacking, and climate models simulate a range 561 
of possible LGM and deglacial hydrologic states, these results suggest that knowledge of the past 562 
precipitation is critical towards better understanding the drivers of PIS growth and demise, 563 
especially as small variations in precipitation can modulate ice sheet history on scales consistent 564 
with geologic proxies.   565 
 566 
Our transient simulation suggests that large scale deglaciation occurs after 19 ka, with the northern 567 
portion of the CLD becoming ice free by 17 ka.  The PIS persists until 15 ka across the remainder 568 
of the CLD, before ice retreats to higher elevation as mountain glaciers and small ice caps (e.g. 569 
Cerro Tronador).  These results generally agree with the most complete geologic assessment of 570 
past PIS history available (PATICE; Davies et al., 2020) for the LGM ice extent and early 571 
deglacial, but diverge when considering the ice geometry at and after 15 ka.  Because of limited 572 
geologic constraints particularly after 15 ka, uncertainty in the timing and extent of deglacial ice 573 
history remains. Therefore, our results which illustrate the simulated PIS retreat across the CLD 574 
during the last deglaciation may provide insight for future work that aims to improve geologic 575 
reconstructions of past ice margin migration. 576 
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