
1. Introduction
The timing of rapid glacier retreat and ice mass loss from key outlet basins in Antarctica constitutes the greatest 
uncertainty in estimates of future sea level rise (IPCC, 2021). The Aurora Subglacial Basin (ASB), East Antarc-
tica, has significant potential to contribute to sea level rise (Pelle et al., 2020), containing approximately 7 m 
of sea-level equivalent ice (Morlighem et al., 2020), of which 3.5 m is grounded below sea level (Greenbaum 
et al., 2015). The ASB has dominated recent ice mass loss from East Antarctica, losing 20 ± 14 Gt year −1 of ice 
between 2003 and 2019 (Smith et al., 2020). While this loss is largely driven by ocean-induced melting of the 
Totten Ice Shelf (Adusumilli et al., 2020; Greene et al., 2017; Rintoul et al., 2016; Silvano et al., 2017), subglacial 
conditions that control ice flux to the margin, and thus the ocean, remain poorly understood.

Geophysical data reveal that the ASB has an active subglacial hydrological system (Wright et al., 2012), with 
an estimated annual discharge of approximately 1.3 Gt year −1 of water into the Totten cavity (Dow et al., 2020), 
representing 15% of the ice mass loss from this region. As in other regions of Antarctica and Greenland (Karlsson 
et al., 2021; Larour, Morlighem, et al., 2012; Siegert & Dowdeswell, 1996), for faster-flowing areas the primary 
heat source contributing to meltwater production in the ASB is likely to be frictional heating, with secondary 
contributions from GHF and other basal heat sources (Vieli et  al.,  2018). However, uncertainties in GHF in 
Antarctica and Greenland have been shown to compound uncertainties in ice and subglacial meltwater discharge 
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estimates (Pittard, Galton-Fenzi et al., 2016; Pittard, Roberts, et al., 2016; Smith-Johnsen et al., 2020), demon-
strating the need for improved constraints on this important, but often neglected, boundary condition.

A key source of uncertainty in Antarctic GHF is its spatial heterogeneity, particularly that associated with crustal 
processes and composition (Burton-Johnson et al., 2020), for which there are few constraints in the ice-covered 
interior. High spatial variability in GHF is likely in regions of southern Australia (McLaren et al., 2003; Pollett 
et  al.,  2019) that share geological affinities with the ASB (Maritati et  al.,  2019; Mulder et  al.,  2019; Stål 
et al., 2020). This relationship suggests that although the ASB has relatively stable tectonics, substantial spatial 
variability in GHF in this region is plausible, even likely. A recent model of Antarctic GHF (Stål et al., 2020) 
resolves variability down to 20 km resolution, albeit with large uncertainty. This is the highest resolution GHF 
model currently available for Antarctica, with most previous GHF models resolving variability to approximately 
100 km resolution or lower. This means that the effect of any variability in GHF at scales <100 km has not 
typically been captured in ice sheet modeling studies, including in models used to predict the rate at which the 
Antarctic Ice Sheet will contribute to global sea level rise. Indeed, the impact of spatial variability in GHF at 
varying length scales on simulated basal ice temperature, and the consequent production of subglacial meltwa-
ter, remain largely unquantified in Antarctic ice sheet modeling applications. This has important implications 
for studies considering spatial heterogeneities in GHF, particularly due to the lack of guidance on what GHF 
length scales need to be resolved for ice sheet models and where efforts for further measurements to constrain 
GHF  should be focused.

This study investigates the impact of hypothetical GHF anomalies, smoothed at varying length scales, on the 
simulation of where and how much subglacial meltwater is produced in the ASB using the Ice-sheet and Sea-level 
System Model (ISSM; Larour, Seroussi, et al., 2012). We determine where the ice sheet may be most sensitive to 
fine-scale, elevated GHF, which can be used to guide where future data collection should be prioritized to better 
resolve ice sheet dynamics.

2. Methods
2.1. Simulated GHF Fields

To investigate the impact of hypothetical GHF anomalies on subglacial meltwater production, we generate a 
50-member ensemble of idealized, spatially-variable GHF fields covering the ASB. We assume that the GHF 
anomalies follow a Gaussian distribution:

𝐺𝐺(𝑥𝑥𝑥 𝑥𝑥) = 𝐴𝐴 exp
−
[

(𝑥𝑥 − 𝑥𝑥𝑖𝑖)
2 + (𝑥𝑥 − 𝑥𝑥𝑗𝑗)

2
]

2𝜎𝜎2
𝑥 (1)

with amplitude A, the radial scale of the anomaly σ, and center points (xi, yj). Here, the amplitude and standard 
deviation are generated using a Pearson system random number generation, where the statistics (mean, standard 
deviation, skewness, and kurtosis) are derived from modeled GHF anomalies along a transect in Prydz Bay, East 
Antarctica (Table S1 in Supporting Information S1, Carson et al., 2014). The center points (xi, yj) in Equation 1 
are determined using a uniformly distributed random number generator. We assume that the ASB GHF anomalies 
occur at the same frequency as the Prydz Bay anomalies, that is, every 640 km 2, on average, which results in a 
total of 1,749 hotspots in the ASB for each ensemble member.

We calculate the area average of each randomly-sampled GHF anomaly field and adjust the background mean 
such that the overall area-averaged GHF in the ASB is 55 mW m −2. The ensemble mean and the two ensemble 
end-members, with their corresponding subglacial melt rates, are shown in Figure S1 in Supporting Informa-
tion S1. We apply a lowpass Gaussian filter to each field using filter cutoff lengths of 20, 40, 60, 80, 100, 200, 
300, 400, and 500 km, where the response value of the filter at each cutoff length equals exp (−0.5). This generates 
a total of 500 idealized GHF anomaly fields of varying smoothness.

2.2. Model Setup and Initialization

The horizontal mesh for the ice sheet model simulations comprises 1,553,265 anisotropic, prismatic elements, 
ranging from a refined mesh of 1 km resolution along the grounding line to a maximum of 4 km in the interior of 
the basin, and distributed over 10 vertical layers. The optimal mesh resolution was determined through sensitivity 
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analysis, the results of which are reported in Text S1 in Supporting Information  S1. The catchment in-flow 
boundary velocities are constrained using observed ice surface velocities (Rignot et al., 2011, 2017), and the ice 
sheet geometry (ice surface elevation, thickness, bed) and grounding line are derived from BedMachine Antarc-
tica (Morlighem et al., 2020). Surface temperatures are from RACMO2.3 (Lenaerts et al., 2012).

We use the Budd friction law (Budd et al., 1979) to apply friction at the base of the grounded ice sheet, and 
inverse methods (Morlighem et al., 2013) to calculate a spatially-varying basal friction coefficient. The inversion 
minimizes the misfit between the observed and simulated surface velocities, using logarithmic and linear misfits 
as well as Tikhonov regularization. The basal friction coefficient is shown in Figure S2a in Supporting Informa-
tion S1. The area-weighted median percentage difference between the modeled and observed surface velocities 
for the entire catchment is −9.4%. We use a Glen flow relation (Glen, 1952, 1953, 1955) with a stress exponent 
of n = 3, where the ice rigidity B is calculated using inverse methods (Figure S2b in Supporting Information S1).

2.3. Model Experiments

We perform an ensemble of simulations using each of the 500 GHF anomaly fields and a control case where the 
GHF is a spatially constant 55 mW m −2. For the control case, we use the output of a diffusion-only 3-dimensional 
thermal model to specify temperatures at the catchment boundaries (step 1). We then perform a diagnostic simu-
lation using the Blatter-Pattyn (Blatter, 1995; Pattyn, 2003) approximation to the full Stokes equations (step 2) 
to determine steady-state velocities, using these to then calculate steady-state englacial temperatures through 
simulation of an enthalpy formulation (Aschwanden et al., 2012) of the thermal model implemented in ISSM 
(Seroussi et al., 2013) (step 3). For each of the GHF anomaly fields, we perform steps 1 and 3, using the same 
velocity field as the constant GHF case.

2.4. Calculating the Minimum Heating for Subglacial Melt

We calculate the minimum basal heat flow from secondary sources (i.e., excluding frictional heating) required 
to bring the basal temperature to pressure melting point, 𝐴𝐴 𝐴𝐴𝑆𝑆min

 , using the following iterative method. We start by 
calculating a steady-state temperature (steps 1 and 3 from Section 2.3) using a uniform GHF field of zero mW 
m −2 across the ASB. From this output, we identify regions where the basal temperature is at the pressure melting 
point due to frictional heating alone, and exclude these regions and the ice shelf from the adjustment procedure 
that follows. Elsewhere across the catchment, we uniformly increase the basal heat flow (nominally the model 
GHF field) by c = 0.1 mW m −2 and repeat step 3. The element-wise adjusted basal heat flow (BHF) for the next 
iteration is then

𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖 = 𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖−1 + 𝛿𝛿𝑖𝑖𝑐𝑐𝑐 (2)

where i is the current iteration. The term δ0 = 1 and δi is defined as follows:

𝛿𝛿𝑖𝑖 =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝛿𝛿𝑖𝑖−1, if 𝑇𝑇𝑏𝑏𝑖𝑖 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 < −𝜀𝜀 and 𝑇𝑇𝑏𝑏𝑖𝑖−1 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 < −𝜀𝜀

1

2
𝛿𝛿𝑖𝑖−1, if 𝑇𝑇𝑏𝑏𝑖𝑖 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 ≥ 𝜀𝜀 and 𝑇𝑇𝑏𝑏𝑖𝑖−1 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 ≥ 𝜀𝜀

−
1

2
𝛿𝛿𝑖𝑖−1, if 𝑇𝑇𝑏𝑏𝑖𝑖 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 ≥ 𝜀𝜀 and 𝑇𝑇𝑏𝑏𝑖𝑖−1 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 < −𝜀𝜀

−
1

2
𝛿𝛿𝑖𝑖−1, if 𝑇𝑇𝑏𝑏𝑖𝑖 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 < −𝜀𝜀 and 𝑇𝑇𝑏𝑏𝑖𝑖−1 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 ≥ 𝜀𝜀

0, otherwise

 (3)

Here, 𝐴𝐴 𝐴𝐴𝑏𝑏𝑖𝑖 is the basal temperature at iteration i, Tpmp is the basal temperature at the pressure melting point, and 
ɛ = 10 −5°C. We iterate through these steps, incrementally changing the BHF at each mesh vertex, until either the 
simulated basal temperature at that vertex is within 10 −5°C of pressure melting point, or the BHF at that vertex 
exceeds an arbitrary threshold of 160 mW m −2.
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3. Results
3.1. Subglacial Meltwater Production

The locations where the basal temperatures are at the pressure melting point 
and where meltwater is likely to be produced are consistent across ensemble 
members (Figure 1). In most ensemble members, meltwater is concentrated 
in the tributaries that feed key ASB outlet glaciers. A smaller proportion of 
ensemble members predict meltwater in the sedimentary interior of the ASB, 
south of Highland C (Aitken et al., 2016), where ice is thickest. For large 
swaths of the catchment there is almost no meltwater production among the 
500 ensemble members, even with a uniform distribution of GHF hotspots 
(Figure S1a–S1f in Supporting Information S1). This indicates that certain 
locations are highly sensitive to the presence of GHF hotspots for meltwater 
production, while others remain insensitive.

We next calculate the area-averaged melt rate in regions of the ASB where at 
least 10% of the ensemble members predict melt to occur (Figure 1). In the 
spatially-constant GHF field, this produces an area-averaged melt rate (Mc) 
of 3.97 mm year −1 (Figure 2a). However, each of the 500 spatially-varying 
ensemble members predict higher area-averaged melt rates (ME) than the 
constant GHF case in these regions, with a maximum increase of 4.53%.

A consistent trend emerges in the impact of the smoothness of the variable 
GHF fields on the area-averaged melt rates across the ASB (Figure 2b). Melt 
rates generally decrease with increasing lowpass filter cutoff length, reach-
ing a minimum for GHF fields that are lowpass filtered on the 100–200 km 
scale, and increasing for greater filter cutoff lengths. This is because as 
GHF maxima are smoothed and reduced, the background GHF increases. 
However, the increase in the background GHF, and consequent increase in 
the total area where the background basal temperature is at the pressure melt-
ing point, is not sufficient to offset decreased melting over GHF hotspots, 

Figure 1. Percentage of the 500 ensemble members in which melt is recorded. 
Eastings and northings are for a polar stereographic projection with 71°S the 
latitude of true scale and 0°E the reference meridian. The magenta contour 
outlines where 10% of members predict melt to occur. The light gray contour 
shows the Aurora Subglacial Basin (ASB) domain; the white contour shows 
the ice-ocean front and grounding line. Key outlet glaciers of the ASB are 
indicated as follows: Underwood Glacier (1), Bond Glacier (2), Adams Glacier 
(3), Vanderford Glacier (4), Totten Glacier (5), Blair Glacier (6), Holmes 
Glacier (7), and Frost Glacier (8). Highland C in the interior of the catchment 
is also indicated (9). There is strong agreement between the ensemble 
members in the region where melt occurs.

Figure 2. Modeled subglacial melt rates (mm year −1, water equivalent). (a) Distribution of subglacial melt rates for the 
spatially-variable geothermal heat flow (GHF) ensemble members (ME; gray) and for the constant GHF field (Mc; orange), 
averaged over the region where at least 10% of ensemble members predict melt to occur. The mean and median melt rates for 
the ensemble are shown in solid and dashed red lines, respectively. (b) Violin plot of the percentage difference between the 
melt rates of the spatially-variable GHF ensemble members and that of the constant GHF field, for each lowpass filtered data 
set. The median value is shown as a circle; the bold black line shows the 25th–75th percentiles; the violin extends to the most 
extreme data points; light gray circles show each ensemble member; and the area of the violin is the kernel density estimate 
of the data. The spatially-variable GHF members consistently yield higher melt rates than the spatially-constant GHF field, 
and melt rates are minimized for filter cutoff lengths of 100 km.
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except for filter cutoff lengths over approximately 200 km. We find that the ensemble mean for the 100 km filter 
cutoff length is statistically significantly (p < 0.05) different to the unfiltered GHF field using a two-sample 
t-test (Table S2 in Supporting Information S1). Given that many of the currently-available GHF estimates used in 
ice sheet modeling applications are approximately 100–200 km resolution (An et al., 2015; Martos et al., 2017; 
Maule et al., 2005; Shapiro & Ritzwoller, 2004; Shen et al., 2020), this implies that subglacial melt rates have 
been systematically underestimated when using such GHF models.

3.2. Minimum Basal Heat Required to Produce Meltwater

We examine the minimum basal heat from secondary sources (𝐴𝐴 𝐴𝐴𝑆𝑆min
 ; i.e., excluding frictional heating) that is 

required to bring the basal temperature to the pressure melting point, given simulated ice velocity and thickness 
fields representative of present-day (Section 2.4). 𝐴𝐴 𝐴𝐴𝑆𝑆min

 (Figure 3a) is lower in regions where a large proportion of 
ensemble members predict melt; the area-averaged 𝐴𝐴 𝐴𝐴𝑆𝑆min

 is 50 ± 12 mW m −2 in regions where at least 10% of the 
ensemble members predict melt to occur, less than the basin average value of 55 mW m −2. Meltwater production 
in these regions is likely to be particularly sensitive to fine-scale and elevated GHF. Outside these regions,  the 
area-averaged 𝐴𝐴 𝐴𝐴𝑆𝑆min

 is 96 ± 33 mW m −2; in some regions, a value of 𝐴𝐴 𝐴𝐴𝑆𝑆min
  = 160 mW m −2 is insufficient to 

produce meltwater.

To understand the physical processes and underlying environmental conditions that lead to meltwater produc-
tion, we investigate the relationship between 𝐴𝐴 𝐴𝐴𝑆𝑆min

 and the corresponding ice thickness and ice surface speed 
(Figure 3b). Again considering the regions where at least 10% of the ensemble members predict melt to occur, 
some broad patterns emerge. For regions of streaming flow (where surface speeds exceed 50 m year −1) where 
the ice is generally less than 2,500 m thick, 𝐴𝐴 𝐴𝐴𝑆𝑆min

  = 38 ± 15 mW m −2 and is approximately uniformly distributed 
(Figure S3a in Supporting Information S1). Outside regions of streaming flow, 𝐴𝐴 𝐴𝐴𝑆𝑆min

 continues to show strong 
dependence on ice flow, increasing for decreasing surface speed between ice thicknesses of 2,000 and 3,300 m 
(Figures S3b and S3bc in Supporting Information S1). For ice thicker than 3,300 m, 𝐴𝐴 𝐴𝐴𝑆𝑆min

 decreases with increas-
ing thickness, irrespective of surface speed.

Figure 3. Spatial distribution of 𝐴𝐴 𝐴𝐴𝑆𝑆min
 and its relationship with ice thickness and surface speed. (a) Minimum heat required to bring basal temperatures to pressure 

melting point (𝐴𝐴 𝐴𝐴𝑆𝑆min
 ; mW m −2). The black contour outlines where 10% of members predict melt to occur. The light gray and white contours are the same as in Figure 1. 

(b) Thickness (m) versus surface speed (m year −1). The colored points are values of 𝐴𝐴 𝐴𝐴𝑆𝑆min
 (mW m −2) recorded in model grid cells where at least 10% of ensemble 

members predict melt to occur. The gray points represent cells where fewer than 10% of the ensemble members predict melt to occur. Logarithmic axes for 𝐴𝐴 𝐴𝐴𝑆𝑆min
 are 

used in both panels, and a logarithmic axis for surface speeds is used in panel (b).
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Sources that contribute to 𝐴𝐴 𝐴𝐴𝑆𝑆min
 include GHF, deformational heating, and latent heating associated with subgla-

cial meltwater transport. The deformational heating at the base QD can be estimated from:

𝑄𝑄𝐷𝐷 = 4𝜇𝜇 𝜇𝜇𝜇2𝑒𝑒 , (4)

where μ is the viscosity (Pas), and 𝐴𝐴 𝐴𝐴𝐴𝑒𝑒 is the effective strain rate (s −1), the second invariant of the strain rate tensor, 

given by �̇� =
√

tr (�̇2)∕2 . We compare 𝐴𝐴 𝐴𝐴𝑆𝑆min
 and QD in Figure S5 in Supporting Information S1. Deformational 

heating increases toward the ice margin, where it is a dominant contributor to basal heating. Elsewhere in the 
catchment QD is much lower than 𝐴𝐴 𝐴𝐴𝑆𝑆min

 . This includes large parts of the main Totten tributary and where at least 
10% of the ensemble members predict melt to occur, reinforcing the importance of GHF in these regions.

Previous work (Pattyn, 2010) used a simplification of analytic methods (Hindmarsh, 1999) to derive 𝐴𝐴 𝐴𝐴𝑆𝑆min
 for the 

Antarctic Ice Sheet, finding that meltwater is generally present for 𝐴𝐴 𝐴𝐴𝑆𝑆min
∼ 40 mW m −2. Although we find that 

𝐴𝐴 𝐴𝐴𝑆𝑆min
 is substantially lower than 40 mW m −2 in some regions of streaming flow, our spatial patterns in 𝐴𝐴 𝐴𝐴𝑆𝑆min

 in the 
ASB show similarities to those in Pattyn (2010). Our results also reveal nuances in the dependence of 𝐴𝐴 𝐴𝐴𝑆𝑆min

 on the 
underlying environmental conditions—the ice thickness and surface speeds. Our model suggests that ice speed is 
an important controlling factor in the 𝐴𝐴 𝐴𝐴𝑆𝑆min

 value, and that a critical thickness of 3,300 m must be reached before 
ice thickness effects lead to reductions in 𝐴𝐴 𝐴𝐴𝑆𝑆min

 . Ice speed may be a more important diagnostic than ice thickness 
in predicting 𝐴𝐴 𝐴𝐴𝑆𝑆min

 in some regions, with the effect of very slow flow sometimes weighing more strongly in the 
determination of a very high 𝐴𝐴 𝐴𝐴𝑆𝑆min

 than the effect of thick ice (e.g., the region south east of Highland C Figure 3a).

4. Discussion
In regions of Earth's surface where GHF can be readily derived from in-situ measurements, substantial spatial vari-
ability in this field is commonly observed (Goutorbe et al., 2011; McLaren et al., 2003; Rolandone et al., 2002). 
Assuming that this is also the case in the ASB, we investigate the impact of hypothetical spatial variability in 
GHF, of varying smoothness, on subglacial meltwater production. We find higher subglacial melt rates for all 
cases of spatially-variable GHF fields.

We also find that the simulated meltwater estimates are lowest for GHF fields smoothed using a ∼100 km lowpass 
filter length cutoff, and increases for both less smooth and smoother GHF fields. This indicates that the GHF 
fields most widely used in ice sheet modeling applications—typically representing anomalies at the 100  km 
scale—likely systematically underestimate basal meltwater production. Our results indicate that the inclusion of 
fine-scale GHF anomalies, for example, at resolutions of 20 km or finer, are important for more robust simula-
tions of: (a) where the ice sheet is flowing by sliding; and (b) the relative contributions of meltwater and ice mass 
to the ice sheet mass loss budget (e.g., Karlsson et al., 2021).

Given our results for the impact of fine-scale GHF on subglacial meltwater production, and the difficulty in 
accurately constraining GHF heterogeneities (e.g., associated with crustal heat production), the next question 
is where and how to prioritize measurements to constrain GHF and models that robustly incorporate fine-scale 
GHF? We present a novel method for determining the minimum heat flow from secondary sources required to 
bring the basal temperatures to the pressure melting point 𝐴𝐴

(

𝑄𝑄𝑆𝑆min

)

 and how it varies across the ASB. We link this 
heat flow to the underlying physical and environmental characteristics of the ASB. The 𝐴𝐴 𝐴𝐴𝑆𝑆min

 field highlights 
regions of the ASB that may be particularly sensitive to fine-scale or elevated GHF, that is, in the main tributar-
ies feeding the key outlet glaciers of the ASB, regions of streaming flow (where the ice surface speeds exceed 
50 m year −1), and in the deep interior of the basin. Based on our 𝐴𝐴 𝐴𝐴𝑆𝑆min

 field, we delineate regions of the ASB into 
different priority zones: (a) regions in the interior of the catchment where GHF is potentially a dominant heat 
source over frictional heating (defined where the surface speed is <300 m year −1), but where the GHF uncer-
tainty exceeds 20 mW m −2 (Stål et al., 2020), and where our modeling shows at least 10% of ensemble members 
predict a wet bed; (b) regions where at least 10% of ensemble members predict a wet bed, but where the ice 
surface speed >300 m year −1 or the GHF uncertainty is <20 mW m −2; and (c) regions where fewer than 10% of 
ensemble members predict a wet bed. These priority regions are highlighted in Figure 4 and can be used to guide 
efforts for collection of future measurements to constrain GHF in the ASB. For instance, Figure 4 suggests that 
borehole targets should be prioritized within the priority one zone, and that scale-length information, including 
from airborne geophysics or predictions from likely geology, must also be obtained within this region to provide 



Geophysical Research Letters

MCCORMACK ET AL.

10.1029/2022GL098539

7 of 9

a context to GHF estimates from borehole measurements. Our modeling of 
𝐴𝐴 𝐴𝐴𝑆𝑆min

 can be extended to other regions in Antarctica to narrow the target zone 
for measurements. This approach can also be used to guide novel analyses 
of existing datasets that aid in constraining GHF, for example, assimilation 
of radar- or seismic-derived estimates of englacial temperatures, subglacial 
water distribution or englacial layer dating and satellite evidence of englacial 
lakes. These constraints may further aid efforts to estimate subglacial melt-
water production and ice flow by sliding and internal deformation and have 
benefit in reducing uncertainties associated with other model parameters, for 
example, the basal friction coefficient, and in future efforts toward improved 
modeling of the subglacial environment.

The spatially-variable GHF fields generated in this study are idealized and 
are not an attempt to represent the actual spatial heterogeneity in crustal heat 
flow in the ASB, although Antarctic GHF is unlikely to be spatially constant 
and knowledge of its fine-scale structure is limited. Future work should 
explore the effect of different realizations of spatial variability in GHF—
including variability that depends on the underlying geology (Burton-Johnson 
et al., 2020; Seroussi et al., 2017)—on the dynamics of, interactions between, 
and variability in the ice sheet and subglacial hydrology systems.

Finally, our analysis estimates, for present conditions, the impact of vari-
able GHF on local subglacial meltwater production and does not take into 
account the dynamical nature of the subglacial hydrological system or the 
ice sheet system and their interactions. Accounting for the transport of melt-
water through coupling between the ice sheet and its subglacial hydrolog-
ical system may redistribute basal heat (Vieli et  al.,  2018) and meltwater 
production. If fine-scale GHF is incorporated, and the magnitude of meltwa-
ter production subsequently increases as we have shown, this could lead to an 
increase in estimates of subglacial meltwater discharge across the grounding 
zone and into any ice shelf cavities. It could also lead to an acceleration in 
ice flow extending hundreds of kilometers from the perturbation, as has been 
previously demonstrated (Pittard, Galton-Fenzi et al., 2016; Pittard, Roberts, 
et al., 2016; Smith-Johnsen et al., 2020). Furthermore, the location of GHF 
hotspots, and hence the locations of increased meltwater production, will 

impact the dynamics of the subglacial hydrological network, including where subglacial channels can form, 
and where and how much meltwater volume will be directed into any ice shelf cavities. For example, increased 
meltwater production in the deep interior of the catchment will impact local sliding rates; however, this increase 
in meltwater may have little effect on channels near the grounding line due to the inefficiency of the interior 
distributed hydrological systems in routing subglacial meltwater (Dow et al., 2020). By contrast, increased water 
production in the troughs feeding subglacial channels and in the regions of fast-flowing ice may have a significant 
impact on ice dynamics through the increased efficiency of channelized systems. These are important consider-
ations that warrant further investigation.

5. Conclusions
In this study we explore the impact of idealized, spatially-variable GHF fields on simulated subglacial meltwater 
production in the Aurora Subglacial Basin. We find that spatially-variable GHF fields produce more meltwater 
than a constant GHF with the same background mean, and that subglacial meltwater estimates increase as the 
resolution of GHF anomalies increases. Our results indicate subglacial meltwater volume calculated from model 
simulations of this region are systematically underestimated. This may have implications for both biases and 
uncertainties associated with projections of ice flux into the ocean and the magnitude of subglacial meltwater 
discharge into ice shelf cavities. We recommend the inclusion of fine-scale GHF anomalies in ice sheet mode-
ling applications, for example, at resolutions of 20 km or finer, to constrain: (a) subglacial meltwater estimates, 
including the relative contributions of meltwater and ice mass to the ice sheet mass loss budget; and (b) where 

Figure 4. Priority zones for in-situ geothermal heat flow (GHF) field 
campaigns, including from boreholes and using geophysics. Priority 1 
zones (yellow) are defined where at least 10% of ensemble members predict 
subglacial meltwater production, the ice surface speed is <300 m year −1, 
and there is relatively high uncertainty in GHF estimates (Stål et al., 2020); 
priority 2 zones (green) are defined elsewhere where at least 10% of ensemble 
members predict subglacial meltwater production; and priority 3 zones 
(dark blue) are defined where fewer than 10% of ensemble members predict 
subglacial meltwater production. The magenta, light gray, and white contours 
are the same as in Figure 1.
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the ice sheet is flowing by sliding or internal deformation. We calculate the minimum basal heat flow required 
to bring the basal ice temperature to the pressure melting point, and delineate priority regions within the Aurora 
Subglacial Basin where efforts could be focused to constrain the magnitude and variability in GHF, includ-
ing from borehole measurements as well as scale-length information from geophysics or geology. Our analysis 
highlights the need for ensemble simulations of ice sheet models that include spatially-variable GHF fields, and 
the development of coupled ice sheet-subglacial hydrology models to account for feedbacks between ice sheet 
thermo-mechanics and subglacial meltwater production, distribution, and discharge.

Data Availability Statement
The data and source code used in this study are publicly available. We use version 4.19 of the open source 
ISSM software, which is available for download from https://issm.jpl.nasa.gov/download/. The model initiali-
zation datasets are publicly available and found in the relevant citations, specifically: surface velocities (Rignot 
et al., 2011, 2017); ice surface elevation, thickness, bed and grounding line data (Morlighem et al., 2020); and 
surface temperatures (Lenaerts et al., 2012).
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