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Abstract

Aurora Subglacial Basin (ASB), which feeds Totten Glacier, is a marine basin
lying below sea level and contains up to 3.5m of global sea level equivalent.
Rates of future sea level rise from this area are primarily dependent on the
stability of Totten Ice Shelf and the controls on ice flow dynamics upstream
of the grounding line, both of which may be influenced by subglacial hydrol-
ogy. We apply the GlaDS subglacial hydrology model to ASB to examine
whether the spatial patterns of distributed and efficient drainage systems
impact the dynamics of Totten Glacier. We determine the most appropri-
ate model configuration from our series of sensitivity tests by comparing the
modeled basal water pressure and water depth results with specularity con-

tent data. Those data are derived from ICECAP radar surveys over the same
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region and represent regions of basal water accumulation. The best match
between simulated basal hydrology properties and specularity content shows
a strong correspondence in regions of distributed water in the ASB troughs
for both water depth and water pressure, but weak correspondence between
water depth and specularity content near the grounding line. This may be
due to the presence of several large channels draining over the grounding line
into the head of Totten Ice Shelf, which are likely not as well represented
in the specularity content data as distributed systems. These channels may
have a significant impact on melt, and therefore the stability, of Totten Ice
Shelf. Within ASB, regions of high water pressure and greater water ac-
cumulation correspond well with regions of faster ice flow, suggesting some
control of basal hydrology on ice dynamics in this region.

Keywords: glacier hydrology, ice dynamics, East Antarctica, Totten

Glacier,

1. Introduction

Totten Glacier is one of the regions of the East Antarctic Ice Sheet most
vulnerable to a warming climate. The Totten catchment has been observed to
be losing mass at approximately 7 Gt a~! over recent decades, of which 73%
is attributed to ice sheet dynamics (Li et al., 2016). Totten Glacier has the
highest mass flux over the grounding line in the East Antarctic, with Totten
Ice Shelf thinning by 1.9ma~! over the period 2003-2009 (Pritchard et al.,
2009) but also showing strong interannual variability (Paolo et al., 2015).
The ice shelf has high basal melt rates of ~10ma~! (Rignot et al., 2013;
Gwyther et al., 2014) and is susceptible to infiltration of warm modified
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circumpolar deep water that would cause even higher rates of basal melt,
potentially leading to destabilization of the shelf (Greenbaum et al., 2015;
Roberts et al., 2018a). If the buttressing effect of Totten Ice Shelf is removed
(First et al., 2016; Ritz et al., 2015), the ice in Aurora Subglacial Basin
(ASB) that feeds this glacier will likely retreat into regions of reverse slopes
below sea-level (Greenbaum et al., 2015; Aitken et al., 2016). Given that
Totten Glacier holds back 3.5m of sea level potential, retreat of this ice
body could have significant global consequences (Greenbaum et al., 2015).

The subglacial hydrological system in the ASB has the potential to im-
pact the stability of both Totten Glacier and Totten Ice Shelf. Mass loss
from Totten Ice Shelf is highly spatially variable (Gwyther et al., 2014), with
some regions of melt significantly impacting ice flow of Totten Glacier, espe-
cially near rumples just downstream of the grounding zone (Roberts et al.,
2018a). It is unclear whether the driver of localized high melt is ocean-
sourced, subglacially-sourced from water draining over the grounding line
into the shelf cavity, or a combination of the two.

The basal hydrological system, which drives rates and locations of these
drainage points could also facilitate fast ice flow through lubrication from
high pressure water. The ASB has previously been characterized as having
widespread distributed hydrological networks with almost 200 ‘lake-like’ or
water accumulation features (Wright et al., 2012). The majority of these
features were identified as bright reflectors at the ice/bed interface in aerial
geophysical radar that was flown over the region. Analysis of Ice, Clouds,
and Land Elevation Satellite (ICESat) data over ASB has also demonstrated

the presence of at least 2 active lakes that fill and drain over a period of 3-4.5
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years (Smith et al., 2009). Hydraulic potential analysis of one of these lakes
has determined that the water routing out of the lake can drain alternately
into either Totten or Vanderford ice shelves with only a slight change in
surface slope (Young et al., 2016), suggesting that the drainage system may
be highly variable particularly at times of ice advance and retreat or changes
in basal water pressure. Finally, ASB consists primarily of sedimentary rocks
(Aitken et al., 2016), which may have implications for groundwater influx into
the region and therefore hydrological development over longer (millennial)
timescales (Siegert et al., 2018) due to aquifer loading and unloading over
glacial cycles.

These studies of ASB suggest that the subglacial hydrological system is
spatially and temporally variable and has the potential to be a dominant con-
trol on ice dynamics, and therefore the stability, of Totten Glacier. However,
significant gaps remain in understanding the evolution of the ASB subglacial
hydrological network, in particular the impact of spatially variable water
pressures on the flow routing at the ice/bed interface along with the impli-
cations of efficient flow path development. We apply the Glacier Drainage
System (GlaDS) model, a 2D subglacial hydrology model with distributed
and channelized components, to the ASB region. We validate the model by
comparing the estimates of water depth and hydraulic pressure with spec-
ularity content products derived from aerial geophysical radar data. Model
results reveal characteristics of the hydrological system that appear to con-
tribute directly to the dynamics and stability of Totten Glacier.

The aims of this study are threefold, with the first to use geophysical

data to establish the most appropriate model parameters for this region;
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having established the best model configuration, identify the location of high
pressure areas that can be used as a proxy for regions likely to experience
fast ice flow; and finally to determine the flux rates and locations of water
inputs into Totten Ice Shelf cavity. We combine these three primary aims to
address the role of subglacial hydrology in the stability of ASB and Totten

Glacier.

2. Aurora Subglacial Basin

Aurora Subglacial Basin is located in the East Antarctic and feeds the
highly dynamic Totten Glacier and the Vanderford Glacier (Fig.1). For our
analyses we also include the smaller Sabrina Subglacial Basin, which feeds
into the eastern side of Totten Ice Shelf (Aitken et al., 2016). Surface ice
velocity in the ASB region ranges from <lma™! up to 750ma~! at the
grounding line of Totten Glacier. The size of the ice catchment is 570,000
km? and constitutes 6.5% of the East Antarctic Ice Sheet volume, with the
potential to raise sea level by at least 3.5m (Greenbaum et al., 2015). Fur-
thermore, ~ 51% of the basin is below sea level, with the southern end of
Totten Glacier on a retrograde bed slope (Fretwell et al., 2013). Unlike other
regions of the East Antarctic, the Totten Ice Shelf is subject to the impacts
of warm modified Circumpolar Deep Water (Silvano et al., 2017), similar to
ares of the West Antarctic that are already retreating potentially due to ma-
rine ice sheet instability (Joughin et al., 2014). These factors indicate that
ASB is a primary candidate for future instability in the East Antarctic.

The International Collaborative Exploration of the Cryosphere by Air-
borne Profiling (ICECAP) project has run surveys between 2009 and 2018
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collecting radar, surface laser altimetry and gravimetry data over ASB, ac-
cumulating an increasingly dense grid of data that can be processed into
surface and basal digital elevation models (DEMs) along with maps of basal
reflectivity (Wright et al., 2012) and specularity content (Schroeder et al.,
2015). The radar data were collected with the High Capability Airborne
Radar Sounder (HiICARS) which, along with processing techniques and as-
sociated measurement uncertainties, is described in Peters et al. (2007). To
date, 104,640 km of flight lines have been completed over ASB by ICECAP
(Blankenship et al., 2011, 2012, 2018; Roberts et al., 2018b).

3. Modeling approach

We use GLaDS to analyze the basal hydrological system of ASB. This
model is described fully in Werder et al. (2013) and has been previously
applied to Alpine glaciers (Werder et al., 2013), Greenland (Dow et al., 2018a;
Gagliardini and Werder, 2018; Downs et al., 2018) and to ice streams and
subglacial lake drainage analysis in the Antarctic (Dow et al., 2016, 2018b).
This model reproduces development of a basal hydrological distributed sheet
and channels on a finite element mesh. Exchange of water between the sheet
that flows across the elements and channels that form along the element
edges makes this a dynamic 2D model that is ideally applicable to Antarctic
drainage systems. A key advantage of this model is the ability of channels to
form and collapse due entirely to development of the drainage system rather
than being prescribed during model initiation.

The ASB domain was constructed by assuming an overburden hydraulic

potential and calculating the resulting catchment size. We refine the mesh
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around the grounding line of Totten and Vanderford Glaciers and also in
regions where negative effective pressures were obtained in initial testing.
The grounding line of Totten Glacier is from Greenbaum et al. (2015) and
smoothed due to limits for mesh refinement with this large catchment. The
Vanderford Glacier grounding line is from Bindschadler et al. (2011). The
mesh has 21,000 nodes and an outlet dirichlet water pressure boundary
condition of overburden at the grounding lines. A zero flux condition is set
for the remainder of the boundary. The minimum edge length is 0.34 km
near the grounding line with average edge lengths of 5.7 km in the remainder
of the mesh. The impact of the mesh structure and size has been tested
on synthetic systems (Dow et al., 2016) and in sensitivity tests for the ASB
system. While refining the mesh (as we have done) compared to an equal
element mesh does cause a mean increase of 3x1072 m in the water depth (and
a maximum of 0.06 m in restricted topographic hollows, an impact of <2%),
the patterns of water pressure, and general locations of channels remain the
same across different meshes. The time stepping within GlaDS is adaptive
but we output values every 50 days. For each simulation, the model is first
run to steady state, which is reached when the temporal change in water
depth at every node is zero.

The GlaDS basal hydrology model calculates the distribution of subglacial
water and the associated hydraulic pressures. It requires boundary conditions
of the bedrock topography, ice overburden pressure, basal ice velocity to cal-
culate cavity opening rates, and water fluxes from the base of the ice sheet.
The basal and surface topography DEMs used as inputs into GlaDS are cre-
ated by applying a natural interpolation to the topographic lines derived



134

135

136

137

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

from the ICECAP radar and surface altimetry data, respectively (Fig. 1a).
Other key inputs include the basal water production rate and the basal ice
flow speed. The former drives the development of the subglacial hydrological
network and the latter determines the size of basal cavities that the dis-
tributed sheet flows through. It follows that the faster the ice flow speed,
the larger the cavities will be and more water will be required to pressurize
those cavities. To obtain basal water production rate and basal flow speed
for ASB, we ran a thermomechanical ice sheet model using the Ice Sheet
System Model (Larour et al., 2012, ISSM) with the same horizontal mesh as
GlaDS. The ISSM model setup included surface elevation and ice sheet/shelf
thickness data, which were derived from the same DEMs used as inputs into
GlaDS, following which the model was initialized with MEaSURES v2 veloc-
ity data (Rignot et al., 2017). For the thermal model, surface temperature
and mass balance data were derived from RACMO 2.3 output (Van Wessem
et al., 2014), and the geothermal heat flux was set at a constant 55 mW m 2.
This value compares with the Wright et al. (2012) value of 54 mW m~2 based
on the work of Siegert and Dowdeswell (1996), and is the mean of the area-
averaged geothermal heat flux estimates of 50mWm~2 from Shapiro and
Ritzwoller (2004) and 58 mW m™2 from Maule et al. (2005). We used the
higher-order (Blatter, 1995; Pattyn, 2003) approximation to the full-Stokes
equations for the mechanical model. The basal friction was calculated using
inverse methods (e.g. MacAyeal, 1992; Morlighem et al., 2010), where the
cost function included absolute and logarithmic misfits between observed
and simulated velocities, as well as a regularization term that penalizes large

gradients in the friction coefficient. Finally, a steady state solution, wherein



159

160

161

162

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

the mechanical and thermal models were allowed to evolve, provided the
boundary conditions for GlaDS. The basal water production rates calculated
using ISSM are a function of combined geothermal and frictional heating

I near the Totten

and ranged from 0 in the upper catchment to 0.34 ma~
Glacier grounding line (Fig. 1b). Basal sliding velocity simulated from ISSM
was used as a temporally static, but spatially variable, input into GlaDS to

1

simulate cavity opening rates. Basal sliding rates ranged from 0.06 ma™ at

1

the upper end of the catchment to 750ma™" at the Totten Glacier ground-

ing line (Fig. 1c). However, we capped the basal slip value to 500ma~! as
GlaDS becomes unstable with higher velocities. Sensitivity tests on the im-
pact of similar velocity clipping of GlaDS were applied to a semi-synthetic
system representing Greenland tidewater glaciers (Poinar et al., 2019) and it
was found that it had minimal impact on the catchment-wide hydrological
development patterns.

Parameter values for our sensitivity tests are listed in Table 1. To test
the impact of our spatially-variable basal water input parameter, we also

! which is

run GlaDS with a spatially-constant melt rate input of 2mma~
similar to the areally averaged water production rate from ISSM. The use
of a spatially constant melt rate has previously been applied in GlaDS due
to the lack of information about spatial variability of basal melt rates in
many regions (e.g. Dow et al., 2018b,a; Poinar et al., 2019). Similarly, we
test the impact of variable basal speed by running the model with a spatially

! which represents an isoline where

constant basal sliding speed of 50ma~
the basal water production rates begin to increase close to the grounding line

(see Fig.1b and c). The purpose of these tests is to determine the level of
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control that the basal melting and basal sliding speed have on the calculated
basal hydrology network. The model is also run with multiple conductivities
representing different basal material consistency. Although sediment is not
explicitly modeled, lower conductivity values represent scenarios where water
flow is hindered, as would be expected with the presence of sediment. The
three conductivity values are 1x1073m™4kg='/2, 1x10~*m"/*kg~/2, and
5x107°m™/*kg=1/2. Below this lower value, the model simulations fail to
complete because the system becomes too pressurised.

Our results presented here are from model outputs after 10,000 days (ap-
proximately 27 years), which have been run until they reach steady state.
One model run (spatially constant water input) did not reach steady state
as it had several regions where water continues to slowly accumulate, likely
due to topographic restrictions, which may be real or a result of the DEM
interpolation scheme. We limit the model run period to 10,000 days due to

computational expense.

3.1. Specularity content

Here we use independent data sources from radar measurements to estab-
lish the most appropriate combination of inputs for GlaDS and apply this for
our analysis of the influence of hydrology on ASB system dynamics. Spec-
ularity content measurements from ice penetrating radar have been used to
establish where water is present in Antarctic subglacial systems (Schroeder
et al., 2013, 2015; Young et al., 2016, 2017). Using multiple radar focusing
apertures, we can infer the proportions of diffuse (from rough interfaces) and
specular (from smooth interfaces) energy in the along track direction, provid-

ing insight into both the flatness and anisotropy of the subglacial interface.

10
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Distributed water systems or subglacial lakes can provide a far smoother
surface than rock, sediment or channelized water systems. The advantage of
the specularity content method is that it is unaffected by the englacial radar
attenuation rate, which is sometimes difficult to establish as it is related to
ice temperature and composition. Schroeder et al. (2013), using specularity
content analysis at Thwaites Glacier, found that anisotropic water systems
aligned with ice flow could be detected in the ice sheet interior, as an el-
evated specularity content signature in ice-flow aligned transects. Closer
to the margin, despite predictions of higher basal melting and water flux,
specularity content was reduced, a result consistent with channelized water
flow in this environment. While Schroeder et al. (2013) was able to identify
instances of subglacial channels and distributed water systems in high resolu-
tion radargrams, that study did not incorporate a formal model of subglacial
hydrology that considered effective pressure. In this study, we calculated
radar specularity content over ASB from the ICECAP survey lines, follow-
ing the equations described in Schroeder et al. (2015), to determine where
distributed water is most likely to be located and compare this to our GlaDS
simulated water distribution. The errors and uncertainties associated with
specularity content data are discussed in Schroeder et al. (2015) and Young

et al. (2016).

4. Results

4.1. Model validation

In order to establish the most realistic model run from our suite of tests

we first compare the water pressure and water depth outputs from all the

11
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model runs with the specularity content data for validation. To achieve this
comparison, we interpolate the modeled values to the same locations where
radar data were collected. Specularity content is given as a relative value
between 0 and 1 with values above 0.4 assumed to show regions of water
and values closer to 1 having a higher likelihood of the presence of water.
We perform a cost function analysis with normalised modeled water pressure
data to establish the model configuration with the least error between pre-
dicted water from the model and high specularity content. The specularity
content values for ASB are plotted in Figure 2 along with the interpolations
along the radar lines for the basal water pressure and depth outputs for all
of the model runs. For visualization purposes, only water pressure at 99%
of overburden and above is plotted, assuming that conditions would need to
be close to overburden, and therefore essentially flooding any rough basal to-
pography, to be represented in specularity content outputs. Lower pressures
instead suggest water is separated into cavities and would therefore produce
lower specularity content data representing rougher regions. Similarly, water
depths are plotted for values of 0.07m and above as the individual cavity
heights are set at 0.08 m in the model (parameter h,), and therefore values
approaching this level imply flooding of the cavities, again more likely to be
represented in the specularity content data.

The highest specularity content values are found in the central trough
region of ASB (see Fig.la for basal topography). Comparing these to the
water pressure results for all runs (Fig.2) and using the cost function analy-
sis, the standard conductivity and constant water input runs have the best

match. These runs have pressure close to or above overburden in the trough

12
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region. The standard conductivity run also has some isolated regions of high
pressure that line up well with isolated regions of high specularity content
(for example, the upper regions of the domain). However, the constant wa-
ter input run has areas of high pressure that are not seen in the specularity
content data. The other runs either have no pressure close to overburden
(high conductivity and spatially constant velocity) or have high pressures in
different regions than suggested by the specularity content data (low con-
ductivity). Those runs that have a close match with the water pressure, also
exhibit good overlap with water depth. However, deeper water near the Tot-
ten grounding line, produced in all of the model runs, is not exhibited in the
specularity content data. The main exception to the water pressure/depth
correspondence is the spatially constant velocity simulations where water
depth overlaps with some of the high specularity content regions despite
having almost no regions with high water pressure. From these comparisons,
the most appropriate model appears to be the standard conductivity run.
This will now be referred to as the base model run and the sensitivity runs

will be compared directly to this run.

4.2. Base model run

The steady state results for basal water pressure and water depth for the
base model run are shown in Figure 3a and b. The highest water pressure is
concentrated in the central troughs and towards the Totten grounding line in
the region sof maximum ice velocity. The pressures reach maximums of 101%
of overburden in small areas concentrated within the troughs. The deepest
water can be found in similar regions, with maximum values in the central

domain and around the grounding line. The depths, however, are relatively
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shallow across the domain with average depths of 0.04 m; maximum water
depth is 3.4 m in an area with a topographic hollow. Within the high pressure
areas of the trough, the water depth is ~0.1 m and most of the grounding
line region of Totten has water depths of ~0.07-0.1 m.

The water routing within the catchment determines how much water
volume flows over the Totten grounding line rather than over the Vander-
ford grounding line. The discharge volume (from both the distributed sheet
and the channels) into the Totten Ice Shelf cavity is 42m?®s™! compared to
3m?s~! for Vanderford. The water discharge from Totten Glacier is equiva-
lent to mass loss of ~1.3 Gta~!, which is 1.8% of the 71 Gt a~! of ice mass flux
from this glacier over the period 2003-2008 (Rignot et al., 2013). While the
model is spinning up to steady-state, at no point does the majority of water
flow transition to Vanderford; instead flux towards the Totten grounding line
always dominates. Similarly, the only channels that form in the domain feed
into the Totten grounding line as opposed to Vanderford. Multiple channels

with discharge ranging between 2.5m?®s '-10m?s!

converge at the head
of Totten Ice Shelf producing a combined discharge of 24.7m3s~! (Fig. 3c).
These channels measure between ~50km and ~150 km long and by the time
they flow into the shelf cavity reach a diameter of 94m. A smaller channel
with a discharge of ~1.4m?s™! flows into an embayment in the southeastern
side of the Totten Ice Shelf cavity. This channel runs for 35 km and achieves
a diameter of 2.4m as it flows over the grounding line. The remainder of the
discharge (~16m?3s™!) is fed into the ice shelf cavity through small channels

and the distributed sheet.

The relationship between specularity content and the base model water

14
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pressure and depth are plotted in Figure 5, which demonstrates that higher
specularity content is more closely associated with higher water pressure than
regions of deeper water. Taking 0.4 as the division where specularity content
shows the presence of water (Young et al., 2016), only 1% of specularity
content above this level occurs where pressures are <85% of overburden,
and 15% where pressures are <95% of overburden. The median value for
water pressure with high specularity content (>0.4) is 98% of overburden. In
contrast, the median value for water depth associated with high specularity
content is 0.067m with 30% of high specularity content values occurring

below 0.04 m depth (half the cavity depth of 0.08 m).

4.3. Model sensitivity

We compare the water pressure and depth results from all of the model
runs with the base model run to determine the impact that the input variables
have on the model results. With a higher conductivity (Fig.4a,b), the water
pressure is lower as the water can flow more easily through the domain. This
is most prominent towards the grounding line. Similarly, water depths are
~0.05m shallower near the grounding line and also in the trough regions.
With a lower conductivity compared to the base model run (Fig. 4c,d), water
pressures are lower within the deeper trough areas and higher on the approach
to the grounding line region. It is interesting to note that there is a trough
region that displays high water pressure in the high conductivity run and
lower pressure in the low conductivity run, which is the opposite pattern
seen in the rest of the domain. This suggests that, while topography is

a primary control in drainage of the upper troughs, the lower troughs are
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controlled by the conductivity, which is an unknown parameter and would
require independent geophysical surveys (such as active seismics) to better
constrain. Compared to other runs, there is minimal impact on the steady
state pressure and water depth with lower conductivity (water depth only
differs by ~ 4+0.02m). In particular, the region close to the Totten Glacier
grounding line has no difference in water pressure or water depth compared to
the base model run. The likely reason for this is that the lower conductivity
is applied to the distributed system and, in this region, channels dominate as
shown in Figure 3c. Decreasing the conductivity here would cause temporary
pressure increases in the distributed system and drive the water directly into
the adjacent, lower pressure, channels causing the distributed water pressure
to decrease again to the steady state.

With a spatially constant water input rate of 2mma~!, there are differ-
ences compared to the base model run across most of the domain (Fig. 4e,f).
Water pressure is higher in many areas of the domain, primarily focused
in areas outside the central troughs. Around the grounding line, however,
water pressures are lower than the base model run. The water depth for
the spatially constant water input has the greatest difference from the base
run compared to the other sensitivity tests. Outside of the troughs, water
is deeper, and near the grounding line is shallower, echoing the patterns of
high and low water pressure. There are also regions where water accumulates
in basal topographic dips within the troughs in the spatially constant water
input run. The water depth difference plots are capped at 0.2m for compa-
rability but the depth difference for Figure 4 f reaches a maximum of 1.3 m,

although in a very restricted region. The primary reason for this is that
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water input rates across much of the domain using the ISSM values (Fig. 1c)

Linput in the upper domain is

are very low, often close to zero. A 2mma~
an order of magnitude more water than is present in the base model run in
the same regions. It should also be noted that the spatially constant water
input does not reach steady state (and does not do so within the computing
constraints, even if run for longer). As such, the regions of water accumula-
tion in the trough may not be permanent steady state features but instead
are likely temporary regions of filling and draining.

In comparison, the model run with basal sliding velocity everywhere at
50ma~! has a significant difference in water pressure, but limited difference
in water depth (Fig.4g,h). Water pressures are much lower compared to the
base model run in most areas of the domain apart from near the grounding
line. The reason for this is that faster sliding speeds open the cavities and
lower the water pressure. The uniform basal sliding is too fast for the upper
reaches and too slow for the grounding line, changing the basal pressure con-
ditions. The spatial variation between higher and lower water depth in the
spatially constant velocity run is greater compared to water pressure, which
is uniformally lower in the up-glacier regions. This is due to the topographic
influence of the troughs for draining water; in the base run, water in the
troughs is much deeper than the upland regions and, with cavities opening
more quickly, higher volumes of water can be pumped through the faster
flux regions, increasing the efficiency and therefore lowering both pressure
and water depth. In the upland regions, even with opening cavities, the con-
nections with downstream drainage are not well established and so the faster

velocity allows water buildup relative to the small water depth (<0.05m) in
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the base run. These relationships between topographical control and ease of
water flux through the system are also demonstrated by comparing the pat-
terns of water depth difference for the higher conductivity and uniform basal
velocity model runs (Fig.4b and h). Although they have different ranges,
both difference plots show similar patterns with a decrease in water depth in
the troughs and no change or increase in water depth in the highlands. There
is therefore a degree of topographical control on water flux but also a strong
control from the model parameters that determine water flux rates through
the distributed system. These relationships illustrate the benefits of utilizing

geophysical datasets to constrain the most appropriate model parameters.

5. Discussion

Subglacial hydrology models have been run in many configurations and
locations (see Flowers, 2015, for an overview). A significant limitation in
subglacial hydrology modeling has been the lack of data available to validate
these models. Current hydrological models with coupled distributed and effi-
cient components have made advances by initiatializing with only distributed
drainage and allowing natural development of channels as the drainage sys-
tem evolves (e.g. Werder et al., 2013; Hewitt, 2013; Sommers et al., 2018).
The results are encouraging but continue to be limited by unknown param-
eters including the basal distributed system conductivity, the water input
rate and the basal sliding rate. Here we address these issues by using [ISSM
derived basal sliding and water input rates that are spatially, although not
temporally, variable, and test several values of basal conductivity. With the

lack of information about patterns of conductivity we apply this parameter as

18



407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

a spatially constant parameter although its variability may have implications
for the basal hydrological development (Downs et al., 2018). Our analysis of
the applicability of these various runs is made possible due to the specularity
content data, which is a proxy for regions of distributed water at the ice-bed
interface.

The results from the specularity content calculations most closely align
with the water pressure records from the standard conductivity model run
rather than water depth (see Fig.5). This suggests that the uplift of ice as
a result of high water pressure is important for producing strong reflections
identified by the radar (Schroeder et al., 2015). Regions of water that are
deeper but not highly pressurised will likely be contained in cavities with
the weight of the ice supported on the ridges between cavities. Those cavity
ridges may cause higher refraction of radar waves and therefore lower spec-
ularity content in comparison with areas where water may be shallower but
sufficiently pressurised to uplift the ice above it and drown cavities. The
correspondence between the water pressure and the specularity content out-
puts give confidence that the model is producing a reasonable replication of
the basal hydrological system, particularly in terms of the pressure, which is
the most useful output for assessing ice dynamics. It is interesting that the
constant water input model run overlaps well with the specularity content
data, with high pressure matching high specularity content in some regions
not covered by the base model run (see Fig.5a,b and h). This suggests that
ISSM is producing lower rates of water production than occur in reality in
the interior basin. One cause for this could be the estimated geothermal heat

flux of 55 mW m~2, which is potentially too low for this interior region and
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impacts the water production rate.

The highest basal water production and fastest ice flow velocities are
found near the Totten grounding line and are closely linked features (see
Fig. 1b,c). This drives development of a network of channels that drain into
the ice shelf cavity. If examining the basal hydrology from an Alpine Glacier
perspective, it might be expected that the presence of large channels would
slow down the ice velocity of this region, which does not appear to happen.
However, in the Antarctic, where channels are fed by steady state water input
rather than seasonal cycles, channels can persist close to overburden pressure
and, although they prevent pressures above overburden in their vicinity, they
do not substantially reduce the distributed system below overburden pressure
(Dow et al., 2016, 2018b). Concentrated channel influx over the grounding
line at the head of the ice shelf and, to a lesser extent, at the southeastern
margin may influence ocean circulation and/or ice shelf melt rates of Totten
Ice Shelf (see e.g. Xu et al., 2013).

Given the greater water depth near the Totten grounding line seen in all
of the model runs (including spatially constant velocity and water input), it
is perhaps surprising that the specularity content data do not also exhibit
high values in a similar region; instead high specularity content is primarily
restricted to the deep trough regions in the center of ASB. The region of
greater water depth is consistent with a region of elevated basal reflectivity
(Wright et al., 2012), although that analysis was dependent on a model of
attenuation with some uncertainty. However, both of these results are con-
sistent with the results at Thwaites Glacier (Schroeder et al., 2013; Young

et al., 2016) where subglacial channels carving into the ice will act to roughen
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the subglacial interface, reducing the specular component of the radar signal,
while still resulting in elevated bed reflectivity due to the presence of water.
As Schroeder et al. (2013) identified basal channels in similar regions using
high resolution radargrams, future field campaigns in the ASB region could
be directed to collecting these data.

The ability of our model simulations to inform the design of future field
work is an important feedback mechanism for any well integrated modeling
and observation program. Here we recommend collection of orthogonal co-
herent radar tracks with line spacing of less than 500 m, potentially with
multiple frequencies and/or multi-polarized antennae, and focused in the re-
gions where modeled channels form. We also suggest on-the-ground collection
of high bandwidth active seismic data to determine the substrate type and
porosity underneath the ice along with water depth. Following our discussion
of the applicability of ISSM basal melt rates above, it would also be worth-
while using techniques such as phase-sensitive radar (ApRES) to determine
basal melt rates in regions that are estimated to have low water production
but produce high specularity content values. These geophysical techniques
combined with the modeling would aid analysis of the role of hydrological
networks near the Totten Glacier grounding line.

The modeling output comparison exercise demonstrates that the volume
of water input to the bed and the basal velocity are strong controls on regions
of high pressure and greater water accumulation. However, the central trough
regions also have high pressure in the spatially constant water input and low
conductivity runs (Fig.2). Larger water depths also seem to be concentrated

within the troughs and towards the grounding line, regardless of model run.
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In all model runs, the channels only form towards the Totten grounding
line, with no channels flowing into Vanderford. This is explained by the
partitioning of most of the ASB catchment flow towards Totten in comparison
with Vanderford; this occurs for all model runs including those with spatially
constant basal velocity and water production. It is likely that the flux of most
of the catchment water into the Totten Glacier region is what drives the fast
ice flow, resulting in higher frictional heating and therefore greater melt rates.
With our spatially variable inputs, that argument would be circular except
that our model runs also demonstrate the same behavior when high velocity
and melt rates are not prescribed in this region (i.e. in our spatially constant
water input and velocity runs). As it is, the catchment flux partition likely
have an influence on the fast flow characteristics of Totten Glacier.

The future stability of Aurora Subglacial Basin is a primary motivation
for examining basal hydrological conditions. Our hydrology simulations sug-
gest that distributed systems dominate throughout the catchment except
near the grounding line where large channels form. Pressures are close to
(or slightly above) overburden throughout, corresponding with the areas of
fastest velocity in the ASB troughs. As shown by the pressure difference
maps (Fig.4), water pressure in the troughs for the spatially constant ve-
locity run are very close to the baseline run and therefore the input basal
velocity is not the only control on high pressures in the central ASB region.
Patchy areas of high and lower pressure near the Totten grounding line in
all model runs demonstrates the influence of the channels on the pressure
regime. These channels may play an important role in the future flow speeds

of the Totten Glacier, particularly if the buttressing impact of Totten Ice
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Shelf was reduced or removed. For example, steeper glacier surface slopes
could encourage stronger hydraulic potential gradients resulting in larger and
more efficient channel formation, perhaps causing a reduction in speed of the
ice near the grounding line due to lower basal water pressures. It has previ-
ously been argued that an increase in surface slope leads to greater driving
stresses and hence ice velocities (Cuffey and Paterson, 2010) and so the po-
tential for larger, more efficient channels to offset this could have important
implications for Antarctic ice dynamics. The patchy high pressure/deeper
water regions may be similar to the lakes that have been identified in this
region (Smith et al., 2009; Wright et al., 2012). However, with a steady state
configuration, lake dynamics are not well represented and to examine these

will require a focused modeling analysis of the region near the grounding line.

6. Conclusion

Aurora Subglacial Basin is an important catchment in East Antarctica
and the ice in this region is currently buttressed by Totten Ice Shelf, which
is becoming less stable in the presence of warming ocean waters (Green-
baum et al., 2015). We have run GlaDS subglacial hydrology model over the
basin to establish steady state drainage conditions. The model is applied
with spatially variable basal melt rates and basal sliding rates from ISSM.
We determine the most appropriate model configuration by comparing water
pressure and depth outputs with specularity content calculated from radar
data that has been gathered over much of ASB. These specularity content
data suggest the wettest areas of ASB are within the central troughs. This

corresponds well with the water pressure estimates, although the model pro-

23



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

duces thicker water around the grounding line than would be suggested by
specularity content; this is likely due to channel formation near the ground-
ing line causing rougher specularity content. Water depth throughout the
basin is shallow (generally less than 0.2m) and pressures are close to over-
burden, except in the central troughs where they slightly exceed overburden.
In all model runs, large basal channels form at the head of Totten Ice Shelf,
draining water into the ocean cavity at rates of up to 10m®s~!. These chan-
nels may influence melt rates of the ice shelf and ocean circulation. The
combination of geophysical data and modeling outputs provides an ideal ex-
periment to test the validity of the hydrology model and establish the most
likely drainage conditions under ASB. The close correspondence between the
specularity content data and the baseline model water pressure in particular
gives confidence about the applicability of GlaDS to Antarctic drainage sys-
tems. Using these results, we recommend specific locations and types of data

collection that would allow ground-truthing of our modeled observations.
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Figure 1: Aurora Subglacial Basin feeding into Totten and Vanderford Glaciers. a) Basal
topography interpolated from ICECAP aerial radar data, which are plotted in gray. El-
evations are relative to the WGS84 datum surface. The subset shows the location of the
hydrological catchment in East Antarctica. b) Basal velocity calculated using ISSM; the

white line shows the 50ma~! velocity contour. c) Basal melt rate also calculated using

ISSM.
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Figure 2: a) Specularity content derived from radar data collected by ICECAP plotted
for levels between 0.4 and 1, representing likely presence of basal water. The background
map is the basal topography b-k) water pressure and water depth plotted along the same
lines as the specularity content data for comparison with a) for the base run (standard

conductivity) and the various sensitivity tests.
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Figure 3: Base model outputs for a) water pressure, plotted as a fraction of overburden, b)
water depth, capped at 0.1 m, and c) channel discharge over the Totten Glacier grounding

line. The black rectangles in a) and b) show the extent of ¢)
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Figure 4: Difference in water pressure (as a fraction of overburden) between the base
model run and a) higher conductivity, b) lower conductivity, ¢) spatially constant water
source, and d) spatially constant basal velocity. Difference in water depth between base
model run and e) higher conductivity, f) lower conductivity, g) spatially constant water

source, and h) spatially constant basal velocity
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Figure 5: Color-density plots of a) water pressure and specularity content and b) water
depth and specularity content. Bin counts and corresponding colors indicate the density

of data points. The water pressure and depth outputs are from the base model run.
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