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S1. Numerical climate and ice-sheet modeling 
Model initialization 

Our simulations are initiated from equilibrated ice sheet and climate model output from 
(Halberstadt et al., 2021), performed under 280 and 460 ppm CO2 boundary conditions with no 
topographic alteration (Fig. 2a). Halberstadt et al. (2021) asynchronously coupled an ice-sheet 
model (10 km resolution; Pollard and DeConto, 2012) with a global climate model (2° surface 
resolution and T31 atmosphere; GENESIS; Alder et al., 2011) downscaled to a 60 km resolution 
regional climate model over Antarctica (RegCM3; Pal et al., 2007) and further downscaled at a 
10 km resolution over the McMurdo Dry Valleys (MDVs). Warm interglacial climates are 
represented by an astronomical configuration favorable for Antarctic deglaciation (warm austral 
summer) and an additional Southern Ocean heat flux (DeConto et al., 2012).  

Although Halberstadt et al. (2021) focused on the mid-Miocene, we extend their 
approach to the late Miocene through Plio-Pleistocene by selecting appropriate model boundary 
conditions; model CO2 concentrations (280 and 460 ppm) are consistent with the geologic 
reconstructions across the Miocene and Plio-Pleistocene (e.g., Pagani et al., 2010; Seki et al., 
2010; Martínez-Botí et al., 2015; Badger et al., 2019; Stoll et al., 2019; Rae et al., 2021). We 
further represent post-mid-Miocene interglacial conditions by imposing a semi-desert land use 
type in the regional climate model, based on hyper-arid conditions implied by terrestrial 
landscapes (Marchant et al., 1996; Marchant and Head, 2007) 

Halberstadt, A.R.W., Kowalewski, D.E., DeConto, R.M. 2022, Reconciling persistent sub-zero temperatures 
in the McMurdo Dry Valleys, Antarctica, with Neogene dynamic marine ice-sheet fluctuations: Geology, 
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Topographic boundary conditions for model simulations 
We use a 14 Ma Antarctic topographic reconstruction (Paxman et al., 2019) that places 

the Transantarctic Mountains (TAM) at near-modern elevation (see below). Because East 
Antarctic topography is roughly similar to present-day over our model domain (Paxman et al., 
2019), model results can be considered representative of mid-Miocene-to-present-day conditions 
because the 14 Ma topography within our modeled region experienced relatively minimal 
modification after the mid-Miocene (Fig. S1). Paxman et al. (2019) reconstruct the majority of 
erosion and landscape formation across East Antarctica prior to 14 Ma, including valley incision 
of the outlet glaciers bisecting the TAM (although West Antarctica experienced more recent 
landscape modification; see Paxman et al., 2019, Figure 7). 

Preserved ancient landscapes in the MDVs preclude significant glacial valley erosion 
during the Plio-Pleistocene, so we assume that topographic relief during past warm periods was 
similar to today. However, the uplift history of the TAM is still under investigation; Paxman et 
al. (2019) assume that the majority of TAM uplift had already occurred by 14 Ma, although other 
geological studies reconstruct post-mid-Miocene uplift (e.g., Webb, 1974; Miller et al., 2010; 
Austermann et al., 2015). Ongoing TAM uplift throughout this time period would impact our 
modeled distributions of persistently cold temperatures. 
 

 
Figure S1. Landscape evolution reconstructed by Paxman et al. (2019) over the study region (same domain as in Fig. 
1c). The mid-Miocene topography (14 Ma) is used in this study. Mid-Miocene, mid-Pliocene (3.5 Ma), and modern 
topographies are isostatically relaxed. Elevation change across East Antarctica after 14 Ma was minimal. See 
Paxman et al. (2019) Fig. 6 and Fig. 7 for continent-wide topographies and elevation change plots. 
 
 
 



Climate model validation using a present-day nested simulation 
We additionally perform a present-day simulation under modern boundary conditions, 

and compare model climatology to modern meteorological observations. The MDVs are 
characterized by high-relief valleys and peaks, with significant microclimate variability (Doran 
et al., 2002). We therefore conducted a present-day model experiment to assess the ability of our 
climate model to robustly represent temperature patterns across the topographically and 
climatically complex MDVs. This additional simulation used ‘modern’ orbital configuration, 
bathymetry, and other boundary conditions, with the same domain and grid resolution (10 km) as 
the paleo-warm-world simulations. The resulting climate model output successfully captures 
broad climatic trends across the MDVs when compared with modern high-resolution weather 
prediction modeling over the MDVs (Fig. 3) as well as meteorological measurements at specific 
locations (Fig. S2). Generally, model/data agreement is highest during the austral summer, 
despite smaller measured temperature variability. This is consistent with the observation that 
summer temperatures are more predictable (Doran et al., 2002) and less influenced by katabatic 
winds (Nylen et al., 2004), and supports the robustness of the summer temperatures we model 
during past warm periods. 

 

 
Figure S2. Model validation based on meteorological observations. Modern modeled temperature (solid circles 
connected by a dotted line) is compared to meteorological data from Long Term Ecological Research stations in the 
MDVs (averaged monthly temperature plotted as a solid line, with minimum and maximum temperatures for each 
month shown as a shaded range). Model climatology was averaged across a 10-year simulation, and monthly mean 
temperatures were queried at the location of each meteorological station. The elevation of each meteorological 
station is displayed next to the station name; both modeled and measured temperatures are corrected to sea level 
using the summer adiabatic lapse rate of 0.1°C km-1 (Doran et al., 2002) in order to appropriately compare modeled 
temperature within a 10-km grid cell to a pinpoint meteorological measurement at a specific elevation. 
Meteorological station data were acquired by Doran and Fountain (2019a-p). 
 



 
S2. Impact of prevailing wind patterns on MDVs temperatures 

Under past warm conditions, summer westerly winds carried warmth and moisture from 
the open marine Ross Sea onto the MDVs coast and low-elevation regions, mixing with cold and 
dry winds flowing off the ice sheet across high-elevation MDVs uplands (Fig. S3a). Generally 
similar prevailing wind patterns occur today, whereby westerly coastal winds bring warmth and 
moisture to lower-lying coastal regions, although complex smaller-scale climatic processes such 
as up-valley warming add spatial variability to this broad trend (Doran et al., 2002; Obryk et al., 
2020). These large-scale prevailing winds, along with storm events, influence precipitation 
patterns over the MDVs (Fig. S3c): precipitation is therefore highest along the coast and lowest 
in the cold uplands, although our modeled precipitation rates exceed past hyper-arid conditions 
estimated from geomorphic landforms. Despite these intermixing winds, summer temperatures 
generally follow elevation contours (Fig. S3b). A linear relationship is observed between modern 
summer temperature and elevation (Fig. 3). 

 

 
Figure S3. Modeled MDVs climatology under 460 ppm CO2. (A) Summer temperature and prevailing surface-level 
winds (grey arrows), (B) surface elevation, and (C) annually averaged precipitation. 
 
S3. Temperature dependence on regional ice sheet geometry 

We investigate whether the proximity of a nearby ice sheet produces a cooling effect on 
high-elevation MDVs uplands. In the high- CO2 scenario, our 690 ppm equilibrated model 
ensemble member simulates only a small TAM ice cap over the MDVs region, with much of 
Wilkes Subglacial Basin deglaciated (Fig. 2a); the imposition of modern ice-free conditions onto 
these original boundary conditions leaves limited ice cover across the region (Fig. S4a). With 
this glacial configuration, only small and sparse ice caps exist over the TAM. We perform 
additional model experiments to isolate the impacts of atmospheric CO2 and ice configuration by 
applying 460 ppm climate boundary conditions over this sparsely glaciated 690-ppm-equilibrated 
ice sheet configuration, and vice versa. Although slight cooling seems to occur within ~10 km 
(one model grid cell) from the ice-sheet margin, we find no significant impact of ice 



configuration on temperature distribution in the MDVs at a regional scale (Fig. S4b). Under 690 
ppm, the presence of ice surrounding the MDVs seems to exert a slight cooling at high 
elevations, but under 460 ppm, the effect is in the opposite direction (the simulation using a 690-
ppm equilibrated ice sheet configuration is actually cooler than the simulation with ice 
surrounding the MDVs, possibly because bedrock elevations in this configuration are slightly 
higher due to isostatic rebound). We therefore conclude that ice-sheet proximity is not a first-
order influence on temperatures in the MDVs. 

 

 
Figure S4. Impact of ice-sheet geometry on MDVs temperature patterns. (A) Modeled summer temperatures under 
different combinations of CO2 and glacial configuration boundary conditions. Ice is either receded from much of the 
nearby Transantarctic Mountains (“without proximal ice”) or surrounds the MDVs (“with proximal ice”). (B) 
Summer temperature vs. elevation for ice-free grid cells, with least-squares fit lines shown. For consistency in our 
comparison, we plot only the grid cells that are ice-free in the 460-ppm ice sheet configuration. 
 
S4. Compilation of MDVs landforms and sedimentary deposits 

Terrestrial geomorphic surveys of the MDVs have been used to categorize unique 
landscapes into three climatic zones (Marchant and Head, 2007) that capture the large spatial 
variability in temperature and precipitation influenced by high relief and proximity to the coast 
(Doran et al., 2002). Proximal to the coast, maximum modern summertime air temperatures and 
soil temperatures can spike above 0°C, and high atmospheric moisture and precipitation are 
sourced from southeasterly winds from the Ross Sea. These conditions result in sufficient 
meltwater to produce a saturated active upper soil layer promoting landscape evolution and 
prohibiting the preservation of relict landforms. Temperature and atmospheric moisture generally 
decrease with distance from the coast as southeasterly winds from the Ross Sea intermix with 
cool and dry winds flowing off the EAIS. In the Upland Frozen Zone (UFZ), across the highest 
elevations in the MDVs, mean daily maximum summer air temperatures and soil temperatures 



remain well below freezing with very low atmospheric moisture and lower precipitation 
(Marchant and Head, 2007).  

Here we present a compilation of unique landforms and sedimentary deposits that form 
and remain intact under UFZ conditions. We surveyed published studies of cold-based drift 
deposits, sublimation tills, cold-based glaciers, and stable rectilinear ice-cemented slopes (Table 
S1). These specific features were chosen as the most robust indicators for past warming above 
freezing, given the sensitivity of these landscapes to above-freezing paleotemperatures as well as 
the likelihood that these landscapes capture warmer environmental conditions in the geomorphic 
record. The confidence ratings in Fig. 4 and Fig. S5 reflect (a) how sensitive the landscapes are 
to a specific thermal threshold, (b) whether landscapes evolution is dependent solely on 
temperature change, and (c) the likelihood that landscapes could record or survive an increased 
thermal regime. 

Sublimation till and sublimation polygons are considered the highest-confidence 
paleoclimate indicators due to the strong likelihood that warmer environments will be captured 
and preserved in the geomorphic record. These landforms and sedimentary deposits respond in 
multiple ways to above-freezing temperatures, some of which are independent of moisture and 
precipitation. Long-term preservation of sublimation till (and the sublimation polygons that form 
in the layer of sublimation till) requires preservation of the underlying cold-based ice mass, with 
mean summer temperature remaining below freezing. Above-freezing temperatures would 
propagate through the till to the massive buried ice, resulting in secondary ice or evidence for 
subsurface cold-based ice melting which is not observed (Kowalewski et al., 2011). Additionally, 
a warmer temperature regime where surface temperatures rise above freezing would result in 
water percolating into the sand wedge in between the high-centered sublimation polygons 
(Marchant et al., 2002; Levy et al., 2010). Such a process would be readily apparent in the 
geomorphic record and result in a composite polygon.  

Rectilinear ice cemented slopes have medium paleoclimate confidence: while stability of 
such slopes reflect persistent dry and sub-zero temperatures, slope failure is highly sensitive to 
environmental factors such as moisture and precipitation in addition to temperature. Slope failure 
occurs with increased pore pressure, which is influenced by conditions such as slope angle, soil 
texture, ice-cement content, and precipitation. Above-freezing temperatures would prompt 
melting events, which would result in loss of such landscapes (Swanger and Marchant, 2007). 
We recognize that UFZ features may be found at slightly lower elevations on south-facing slopes 
compared to north-facing slopes due to differences in insolation (e.g., Swanger and Marchant, 
2007). 

Cold-based glaciers and cold-based drift are robust modern paleoclimate indicators, but 
we consider them the lowest-confidence landscapes due to chronological constraints. Age control 
is limited due to a dearth of sampling and often large errors in cosmogenic dating. As a result, 
only a minimum age can typically be applied as a cold-based constraint on only a subset of cold-
based glaciers. We include them in our analysis because they provide an indication of sub-zero 



temperatures that is independent of precipitation, and the high likelihood that surface meltwater 
or a transformation to a wet-based regime would be readily captured in the geomorphic record. 

 

 
Figure S5. Location of dated landforms and sedimentary deposits with respect to modeled cold zones. Labels a-h 
correspond to published ages of individual landforms in Figure 1 and listed in Table S1. FG: Ferrar Glacier, TV: 
Taylor Valley, WV: Wright Valley. 
 

Table S1 includes published ages of these landscapes where available. These dates 
represent a minimum age of landscape stability: tephrachronology dates ash that has fallen 
within pre-existing landforms, and cosmogenic ages in these examples represent exposure ages 
of landscapes and may not account for erosion or shielding. Only landscape ages dated to > 1 Ma 
are included in Fig. 1 (and Fig. S5) for illustrative purposes. 

 
 
 
 
 
 
 
 
 
 



 
Table S1. Compilation of UFZ landforms and sedimentary deposits across the MDVs 
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-77.91 160.52 
Debris covered cold-based 

glaciers / Sublimation 
polygon (1) 

2.1 Ma Friedman Glacier Shean and Marchant, 2010 a 

-77.85 160.57 
Debris covered cold-based 

glaciers / Sublimation 
polygon (1) 

8.1 Ma Beacon Valley Sugden et al., 1995 b 

-77.75 160.44 
Debris covered cold-based 

glaciers / Sublimation 
polygon (1) 

284 +-11ka Kennar Valley Swanger et al., 2017  

-77.71 161.89 
Debris covered cold-based 

glaciers / Sublimation 
polygon (1) 

382 +- 10ka East Stocking Swanger et al., 2010  

-77.76 160.42 Cold-based drift (3) 3.1 Ma Kennar K8 Swanger et al., 2011 c 
-77.84 160.96 Cold-based drift (3) 2.2 Ma Arena Valley Marchant et al., 1994 d 

-77.48 160.82 Cold-based drift (3) 13.52 +/- 0.09 
Ma Circe Rude Valley Lewis et al., 2007 e 

-77.58 163.32 Cold-based glacier (3)  Commonwealth 
Glacier Hatton et al., 2020  

-77.53 162.33 Cold-based glacier (3)  Hart Glacier Denton et al., 1993  
-77.59 161.55 Cold-based glacier (3)  West Asgard Marchant et al., 1993  
-77.71 161.72 Cold-based glacier (3)  Catspaw Glacier Swanger et al., 2011  
-77.76 160.69 Cold-based glacier (3)  Turnabout Glacier Lewis et al., 2008  

-77.8 160.74 Cold-based glacier (3)  Taylor Lobe (Beacon) Lewis et al., 2008; 
Kowalewski et al., 2012 

 

-77.84 160.94 Rectilinear slope (2) 7.42 +/- 0.31 
Ma Upper Arena Marchant et al., 1996 f 

-77.82 160.98 Rectilinear slope (2) 11.28 +/- 0.05 
Ma Lower Arena Marchant et al., 1996 g 

-77.86 160.57 Rectilinear slope (2) 10.66 Ma Beacon 
Marchant et al., 1996; 

Swanger and Marchant, 
2007 

h 

  

 
S5. Snow accumulation in model simulations 

Landscape preservation in the MDVs precludes glacial advance across this region; 
therefore, climate model output that satisfies the geologic record should produce minimal snow 
accumulation to maintain ice-free conditions. Here we support our primary temperature-based 
analysis with additional investigation of snow depths in our climate model simulations. Figure 



S6 shows seasonal snow depths as they evolve throughout the year across the MDVs under our 
three CO2 boundary conditions; snow is added as precipitation (snowfall) and removed through 
ablation (melt, sublimation). In the 280 ppm climate model simulation, snow depths remain 
below 1 m across the MDVs uplands in both austral summer and winter (Fig. S6). In the 460 
ppm simulation, 1-2 m of winter snowfall accumulates across the MDVs uplands, but is offset by 
summer ablation (snow depths decrease to below 1 m during the summer). In the 690 ppm 
simulation, however, significant snowfall accumulates in winter and snow depths of 1-2 m 
persist during the summer. 

 

 
Figure S6. Seasonal snow depths across the MDVs in our (a,b) 280 ppm, (c,d) 460 ppm, and (e,f) 690 ppm climate 
model simulations. 
 

The distribution of winter snow depths follows precipitation patterns: more snow falls in 
coastal areas than uplands (Fig. S3c), so winter snow depths are smaller in the high-elevation 
regions of the MDVs (e.g., see Fig. S6 winter snow depths under 460 ppm CO2). During the 
summer, ablation removes most of the snowpack under 280 and 460 ppm conditions, but snow 
accumulation in the 690 ppm simulation suggests that glacial advance could have occurred under 
these past warm conditions and modified the pristine landscapes observed today. This is 
consistent with our temperature-based observation that the geologic record is consistent with past 
warm climates under 280 and 460 ppm but not 690 ppm.  

We note, however, that precipitation model output (and therefore snow accumulation) are 
less robust climate model metrics than air temperature. Our climate model includes storms, for 



example, which significantly impact precipitation and snow accumulation patterns, but may not 
be representative of long-term climate. This precipitation variability is evident in multi-model 
intercomparison projects, where precipitation across different climate models produces a much 
larger spread than temperature output (e.g., Tang et al., 2018; Barthel et al., 2020; Nowicki et al., 
2020). Here we average 10 years of climate model output, which smooths some of this 
variability but not all; longer simulations would produce less variable precipitation and 
accumulation patterns but are computationally prohibitive.  
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