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Abstract Recovery Ice Stream has a substantial number of active subglacial lakes that are observed,
with satellite altimetry, to grow and drain over multiple years. These lakes store and release water that
could be important for controlling the velocity of the ice stream. We apply a subglacial hydrology model
to analyze lake growth and drainage characteristics together with the simultaneous development of the
ice stream hydrological network. Our outputs produce a good match between modeled lake location and
those identified using satellite altimetry for many of the lakes. The modeled subglacial system demonstrates
development of pressure waves that initiate at the ice stream neck and transit to within 100 km of the
terminus. These waves alter the hydraulic potential of the ice stream and encourage growth and
drainage of the subglacial lakes. Lake drainage can cause large R-channels to develop between basal
overdeepenings that persist for multiple years. The pressure waves, along with lake growth and drainage
rates, do not identically repeat over multiple years due to basal network development. This suggests that
the subglacial hydrology of Recovery Ice Stream is influenced by regional drainage development on the
scale of hundreds of kilometers rather than local conditions over tens of kilometers.

Plain Language Summary Ice streams are fast-flowing areas of the Antarctic ice sheet that drain
large quantities of ice into the ocean, contributing to sea level rise. We have run a model of water flow
underneath Recovery Ice Stream to examine lakes that build up and drain underneath kilometers of ice

to find out whether they have an impact on the speed of the overlying ice. We find that the timing of the
lake growth and drainage is determined by the hydrological conditions underneath the entirety of the

ice stream, stretching over hundreds of kilometers. As the lakes drain, they melt channels that connect as
sub-ice rivers between the drainage basins. We also find that the regions of highest water pressure, and
therefore the fastest-moving overlying ice, are concentrated in the deepest parts of the trough that the ice
stream flows through. This is an important finding for determining the controls on fast ice stream flow speed
and therefore the stability of the Antarctic ice sheet.

1. Introduction

Subglacial hydrological systems of Antarctic ice streams are both spatially and temporally dynamic, including
regions of active water flux (Siegfried et al., 2016) and areas of water storage in subglacial lakes (Fricker et al.,
2016). The distribution and pressure of basal water is a direct control on ice stream flow speed (Joughin et al.,
2002; Tulaczyk et al., 2000), and correspondingly, determining the characteristics and variability of hydrolog-
ical networks is of great importance for predicting Antarctic mass change. The presence of subglacial lakes
in Antarctica has been detected by both satellite altimetry and radar-based methods. In the interior of the
ice sheet, these lakes appear to be deep and stable and are identified by bright flat reflectors in radar data
(Siegert, 2005). In the dynamic ice streams, however, subglacial lakes are more active, with growth and
drainage interpreted from satellite altimetry-derived ice surface uplift and subsidence over the range of 1-5
years (e.g., Fricker et al., 2010).

Antarctic subglacial lakes have been modeled within synthetic ice dynamics models (Pattyn, 2008; Sergienko
et al., 2007) and as basins that are filled and drained by tuning with satellite altimetry data (Carter & Fricker,
2012; Carteretal., 2009,2011). Recent work by Carter et al. (2017) suggests that Antarctic lake dynamics cannot
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be influenced by the formation of Réthlisberger (R-) channels that melt upward into the ice, instead arguing
that sediment canals are necessary to allow lake drainage. These treatments of Antarctic subglacial lakes are
different from those models that examine ice marginal lake outburst floods or subglacial jokulhlaups, where
rapid (on the scale of days to weeks) drainage occurs. Models examining the latter focus on the water pres-
sure allowing ice uplift and downstream lake drainage (e.g., Ng & Liu, 2009; Nye, 1976) or negative pressure
gradients that prevent outflow of the lakes until they are reversed by hydrological development (e.g., Evatt
et al, 2006; Fowler, 1999; Kingslake, 2015). In contrast, the active Antarctic subglacial lakes differ because
they drain over a time scale of years and can become much larger (>10 km?), although often shallower (e.g.,
<10 m deep) than ice marginal or jokulhlaup lakes. The work of Dow et al. (2016) found that at no time were
hydraulic pressure gradients reversed when applying a synthetic hydrology model to Antarctic lakes. Instead,
lake dynamics were driven by spatially and temporally varying conductivity of the basal drainage system
including the growth of R-channels that drained the lake. The Dow et al. (2016) study applied a synthetic, pla-
nar topography with one overdeepening, designed to emulate Recovery Ice Stream. However, until now, a 2-D
approach to catchment-scale hydrology modeling with Antarctic topography including multiple lake basins
has not been attempted.

Recovery Ice Stream is one region with multiple (at least nine) active lakes that fill and drain in sequence
over 2—-4 years (Fricker et al., 2014). Recovery Ice Stream is located in Dronning Maud Land in East Antarctica,
draining into the Filchner-Ronne Ice Shelf (Figure 1a). This ice stream drains a catchment of 5.4 x 10° km?,
equivalent to 8% of the East Antarctic Ice Sheet (Joughin et al., 2006). The average speed of the ice stream is
~100 m/a with a maximum speed of 922 m/a, while the upper catchment area flows more slowly at a speed
of ~6 m/a (Rignot et al., 2011). Recovery Ice Stream flows through a deep trough with depths up to 2,700 m
below sea level. The width of the ice stream is ~55 km and the length ~700 km. At the head of the ice stream,
four additional large lakes (with a combined area of 13,300 km?) have been discovered through radar analysis
of basal reflectivity and flat ice surface topography (Bell et al., 2007; Langley et al., 2011, 2014). These large
lakes appear to be more stable than the active downstream lakes.

Although the ice above the active Recovery lakes is known to uplift and subside in sequence (Fricker et al.,
2014),implying downstream flow of subglacial water, there has yet to be a detailed hydrological analysis of the
drivers of lake filling and drainage, the development of hydrological systems in the wider ice stream as a result
of lake drainage, and the dynamic impact of these lakes on ice flow. Here we use the Glacier Drainage System
model (GlaDs; Werder et al., 2013), a 2-D subglacial drainage model, to estimate Recovery Ice Stream basal
hydrological development with emphasis on examining the lake characteristics. We advance from the Dow
et al. (2016) study by including realistic ice stream topography and ice stream characteristics and compare
outputs with ice surface altimetry data. Our aims are to establish (1) the controls that allow lakes to grow
and drain, (2) whether lake growth and drainage rates are likely to be variable over time, (3) if R-channels are
features that are likely to occur in this ice stream, and (4) identify the likely impacts of subglacial hydrological
development on the ice flow dynamics of Recovery Ice Stream.

2. Methods

2.1. Model Setup

GlaDSs is a subglacial hydrology model that includes equations for simultaneous development of a linked
cavity system and R-channels in a 2-D finite element configuration. The distributed sheet on the elements and
the channels on the element edges interact to replicate a coevolving subglacial system. Werder et al. (2013)
fully described the model and Dow et al. (2016) discussed application of this model to Antarctic ice streams
and subglacial lakes.

The number of nodes that can be included in the model domain for efficient running is ~20,000 nodes and
therefore it is not currently possible to adequately resolve both the full Recovery catchment and the ice
stream. As a result, we ran a full catchment model with large element sizes (>40 km? area) and a domain
length of 1,500 km to estimate the water flux rate into the neck of the ice stream trunk. We then reduced the
model domain to a length of 720 km including the ice stream and its neck (Figure 1b), thus allowing greater
refinement of our domain elements. We apply the catchment flux rate as a Neumann condition into the
upper boundary. The modeled region is further refined to exclude nunataks, which cause model instability.
Within the restricted domain, the maximum element edge is 9 km at the ice stream neck. In the overdeepened
areas, where the lakes are forming, greater mesh refinement is applied and the edge lengths are reduced to
a minimum of 500 m.
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Figure 1. (a) Basal digital elevation model (nonsmoothed) of Recovery Ice Stream and its catchment (black line)
including both BEDMAP2 data and the mass conservation data. (b) Modeling domain with smoothed basal topography
and the locations of the Ice Cloud and land Elevation Satellite-derived lakes from Fricker et al. (2014). Inset shows the
study location in Antarctica.

We use BEDMAP2 by Fretwell et al. (2013) for the Recovery catchment surface and basal digital elevation
models (DEMs). However, the Recovery region is not well covered by flight lines (due to its extreme distance
from research bases) and the topography therefore has associated errors. Within the Recovery Ice Stream,
it is necessary that the most accurate topography is utilized to best replicate the lake dynamics. As a result,
we have produced a more detailed basal topography using a mass conservation method (Morlighem et al.,
2011). This method combines sparse radar-derived ice thickness measurements from the Center for Remote
Sensing of Ice Sheets, velocity data from Rignot et al. (2011), and surface mass balance data from RACMO 2.3
(van Wessem et al., 2014). The bed topography is deduced by subtracting the modeled ice thickness from
the BEDMAP2 surface DEM, and has a horizontal resolution of ~300 m. This new topography increases the
depth of Recovery Ice Stream bed from the BEDMAP2 level by 970 m and has greatly enhanced the resolution
of the most active regions where subglacial lakes lie. Inland of the ice stream, the ice velocity is too slow for
accurate mass conservation inversion methods. For GlaDS stability, we smooth the basal topography with a
9 km moving average filter to prevent jumps between the mass conservation and BEDMAP2 data sets; this
length of filter was required due to the maximum element edge length at the ice stream neck. The resulting
basal DEM is shown in Figure 1b.

Water is produced at the bed of Recovery catchment and ice stream through geothermal and frictional
heating. This water is included in the model as a constant and uniform input across the domain. The initial
input rate is 0.5 mm/a, which is likely too small for the Recovery region and is used to run the model to steady
state (this lower input rate is necessary to prevent hydrological transience as discussed in Dow et al., 2016).
From this state, water input is increased to the predicted Recovery water production rate of 1 mm/a
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Table 1
Model Parameters
Parameter Value Unit
Bedrock bump height 0.1 m
Boundary input (mean) ~1x 1074 m2/s
Cavity spacing 2 m
Channel conductivity 5% 1072 m3/2 . kg=1/2
Englacial void ratio 107>
Glen’s flow constant (n) 3
Gravitational acceleration 9.81 m/s?
Ice density 910 kg/m?3
Ice flow constant 25%x1072 Pa="/s
Latent heat of fusion 334x10° J/kg
Sheet conductivity 1x1073 m’/4 . kg=1/2
Sheet input 1 mm/a
Sheet width below channel 2 m
Water density 1,000 kg/m3

(Fricker et al., 2014) over 7 years. At the same time, the upper boundary flux is also added into the system over
a 1 year ramp. Both the boundary flux and basal water are input only into the distributed system elements
and not directly into channels. The model is initiated with no channels and their growth is instead driven
by water flow in the distributed system. The lateral boundary has a Neumann condition set to zero inflow.
The downstream boundary has a Dirichlet pressure condition set at a value representing average ice overbur-
den pressure at the ocean terminus of Recovery Ice Stream.

Basal sliding for the Recovery Ice Stream is estimated as 90% of the observed surface ice velocities (Rignot
et al, 2011). The basal sliding input into the model controls the cavity opening rate of the subglacial dis-
tributed hydrological system. Although the distributed portion of the model is set up to emulate a linked
cavity system, the conductivity of sediment-based systems may behave in a similar manner (Creyts & Schoof,
2009). The standard inputs for our GlaDS runs are listed in Table 1 following Dow et al. (2016). We run the
model from the steady state condition for a total of 33 years.

2.2. Ice Elevation Time Series

We use surface elevation data from the Geoscience Laser Altimeter System (GLAS) aboard NASA's Ice Cloud
and land Elevation Satellite (ICESat), spanning a collection time period from 2003 to 2009. GLAO5 Level-1B
Global Waveform-based Range Corrections Data and GLA12 Level-2 Antarctic and Greenland Ice Sheet Altime-
try Data, Release 633 data products were obtained from the National Snow and Ice Data Center. We applied the
Gaussian-Centroid offset correction, derived from GLAO5, to the GLA12 product following Borsa et al. (2014).
We generate surface elevation time series using the Surface Elevation Reconstruction and Change detec-
tion (SERAC) method developed by Schenk and Csatho (2012), at ascending and descending ground track
crossover locations in the study area. After identifying crossover locations, all elevation data within a surface
patch of 1 x 1 km around each crossover location were used to determine the surface shape, as well as surface
elevation changes through time for all available observation periods. The resulting time series were filtered
by location to remove those above exposed rock outcrops. Parameters characterizing the ICESat waveform
were examined to assess the precision of the elevation data. Poor-quality data, characterized by an apparent
reflectivity of <0.1 or a waveform misfit of >0.035 volts were excluded from the SERAC processing, following
the recommendation of Smith et al. (2009). We assume an accuracy of 0.05-0.2 m for single shots on land ice
surfaces (Fricker et al., 2005).

3. Results

3.1. Lake Location

GlaDS produces multiple lakes within Recovery Ice Stream. We define a “lake” as any region where the water
depth exceeds 20 cm over an area of >5 km? in order to differentiate from filled cavities. We follow the nam-
ing conventions for the Recovery Lakes of Fricker et al. (2014). As our model domain is restricted to a length
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Figure 2. Recovery Ice Stream domain plots including, for the entire model run, (a) the minimum effective pressure in
each element and (b) the maximum water depth in each element (note that outputs are on a log scale). Lakes identified
from ICESat are delimited in black. (c) Recovery Ice Stream surface velocity (note that data are limited to 300 m/a for
plotting clarity; Rignot et al., 2011). The model domain is outlined in black and the 80 m/a contour in red.

of 720 km, we have comparable results with Recovery 1 through 7 (referred to here as R1 through R7). Due to
two separate lake signals that appear in our model outputs, we divide Recovery 1into R1aand R1b (Figure 1b).
There is good agreement between the lake locations predicted by the model and those observed from ice
altimetry analysis (Figure 2b); we see lake growth in the same region as R1 and R4-R7 (Figure 3). We also see
a strong lake signal in the vicinity where R2 is supposed to be located, as identified by ICESat altimetry data.
However, our modeled lake is in the middle of the ice stream whereas R2 is toward the margin with an offset
of 20 km. This is possibly due to limited data driving inversion for Recovery Ice Stream topography, and more
basal topography data could correct this. Likely for similar reasons, we see no lake signal for the smaller R3
lake. Finally, the model produces an additional lake that forms 320 km from the terminus between R3 and R4
(Figure 2b).

3.2. Pressure Wave

The model outputs show two full ice stream lake growth and drainage cycles over the 33 year run period.
Lake drainage generally follows a cascade pattern with upper lakes filling and draining prior to lakes down-
stream in the ice stream (Figure 3; also see Movies S1 and S2). This is a new output from this model
configuration, as the synthetic experiments for Recovery Ice Stream using a simplified planar topography, dis-
cussed in Dow et al. (2016), only involved one overdeepening. In these synthetic experiments, it was found
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Figure 3. Effective pressure (including channel size shown by the black lines, with thicker lines indicating larger
channels) and water depth outputs for the Recovery Ice Stream domain plotted at 5-year intervals.

that the large catchment draining into a narrow ice stream caused the formation of pressure waves. The sub-
glacial drainage capacity of the ice stream was insufficient to remove the water supplied from the catchment,
and so water pressure built up at the neck of the ice stream. This buildup locally increased the hydraulic poten-
tial gradient, causing faster water flow and the development of temporary channels that moved the water
downstream. As the ice stream was constricted along its length, water that moved downstream once more
could not be removed efficiently and so the water pressure again built up. This resulted in a transient pressure
wave that moved through the ice stream. It was found in Dow et al. (2016) that, without these pressure waves,
with a system in steady state, lake growth and drainage did not occur. With the pressure waves, the potential
gradients along the drainage system were constantly altered and so steady state could not be achieved, thus
allowing lake growth and drainage. In the synthetic system, these pressure waves, along with transient devel-
opment of the hydrological network (such as growth of channels downstream of the lakes), were key drivers
of the timing and extent of lake growth and drainage.

Pressure waves have been reported elsewhere in the literature, primarily associated with constricted sub-
glacial regions where water is added more rapidly than hydrological network development can adapt to
the volumes. A high-pressure wave of water was initiated by the 1996 Grimsvotn jokulhlaup in Iceland;
this achieved pressures 5-10 bars above overburden but only persisted for 10 hr until the wave reached
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Figure 4. (a) Location of modeled outputs in Recovery Ice Stream plotted in (b)-(d). (b) Water pressure outputs
plotted as a percentage of ice overburden. (c) Water depth outputs. (d) Water accumulation (positive) and drainage
(negative) rates.

the glacier terminus (Johannesson, 2002). Other examples of pressure waves include data from constricted
winter hydrological systems (Lingle & Fatland, 2003; Schoof et al., 2014), surging glaciers (Fatland & Lingle,
2002), and model outputs examining Greenland subglacial development in response to seasonal moulin and
surface lake drainage inputs (Banwell et al.,, 2016).

In Dow et al. (2016), it was not clear whether applying more realistic topography to the modeled system
would hinder this pressure wave development. However, we find that a similar phenomenon occurs with our
current Recovery runs (Figure 3, plotted as effective pressure, i.e., ice pressure — water pressure). Due to the
overdeepened trough in the middle of the ice stream (Figure 1), the lowest effective pressure (i.e., above over-
burden pressure) regions are more restricted to the ice stream center than found with the planar synthetic
system in Dow et al. (2016). Despite this, in the current Recovery system, as the pressure wave passes, the full
width of the ice stream is brought to overburden pressure. The first pressure wave causes widespread neg-
ative effective pressure. However, the drainage of the lakes drives the formation of channels, which persist
during the passage of the second pressure wave and prevent the system reaching such extensive negative
effective pressures as during the first wave.

As also found in the synthetic system, in both the steady state spin-up run and the standard runs where pres-
sure waves form and propagate through the ice stream, water is never fully prevented from flowing out of
the overdeepened regions. This is due to the coupled configuration of the hydrological model. Enough water
flows out of the overdeepening in the distributed sheet to allow growth of small channels. These channels
create a positive gradient between the lower effective pressure water in the lake basin and the slightly higher
effective pressure network at the tip of the overdeepening.

The pressure waves are variable in extent and significance. The first pressure wave to move through the Recov-
ery Ice Stream takes 17 years to fully propagate to within 100 km of the terminus where it then dissipates.
However, during this time, an additional pressure wave forms at the head of the ice stream and propagates
through, eventually catching up with the original pressure wave. This is a difference between the synthetic
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system and the current configuration; in the synthetic model the pressure waves did not converge, suggesting
that the variable topography of Recovery Ice Stream has a strong impact on the rate of downstream pressure
wave transience.

3.3. Lake Depth and Water Pressure

Figure 2 shows the minimum effective pressure and maximum water thickness obtained from each element
for the entire model run. R1a, R2, and R4 have the lowest effective pressure and deepest lakes of the model
run (although not simultaneously). The narrow region of the ice stream between R3 and R4 also demonstrates
negative effective pressure and water depths that fit into our lake classification scheme.

The deepest lake is R2 with a maximum depth of 10 m and R7 the shallowest, only gaining a maximum depth of
25 cm. The lake water depths are plotted in Figure 4c. Some lakes are shallower during the second cycle, such
as R2 which reaches a depth of only 2.6 m following the first drainage. In contrast, R1b has approximately the
same lake depth in both cycles, while R5 and R6 have a greater depth in the second cycle. This illustrates the
temporal variability in the lake characteristics that is dependent on the level of development of the remainder
of the ice stream hydrological network. Such temporal variability in lake depth was also demonstrated in the
synthetic lake (see Figure 6a: Dow et al., 2016), with no discernible pattern or repetition over 100 years of
model run time.

As the lakes grow and drain, the pressure within the lakes temporarily exceeds overburden pressure, similar
to the synthetic lake. The maximum pressure obtained in the current model is 103% of overburden by R1a.
This region persists above overburden for 4.6 years. The pressure range of the lakes ranges between 97% and
102% of overburden and lasts above overburden for ~5 years; these model outputs are plotted in Figure 4b.

The first drainage cycle has a cascading pattern with R7, R6 and R5 growing almost simultaneously. This is
followed by growth of the rest of the lakes in a downstream sequence. However, by the time R1a (the lowest
lake) is draining, the upper lakes have filled and drained again and the spatial drainage pattern becomes more
complex. Such complexity is also visible in the ice elevation data as discussed below, although did not occur
with the synthetic model runs, which only had one lake (see Figure 4: Dow et al., 2016).

3.4. Channels

The largest channels in the domain grow due to the lake drainage events (Figure 3). In particular, the drainage
between Lakes R4 and R2 creates a large channel with a cross-sectional area up to 14 mZ. This is temporary
and the channel reduces in size to 2.4 m? following the cessation of the first upper ice stream drainage cycle.
During passage of the next pressure wave, a second channel grows parallel to the first and poaches water
causing the first channel to shut down and the second to widen to a cross-sectional area of 21 m2. Following
passage of the second drainage cycle, this channel reduces to a size of 12 m?,

Between 200 and 400 km from the ice stream terminus, channels play a large role in moving water from lake
to lake. In contrast, the lakes in the upper and lower regions of the ice stream are located relatively close
together in troughs and so channels do not form between these basins. Similarly, in the region 100 km from
the terminus, channels do not grow into a network and drainage is instead dominated by the distributed
drainage system.

3.5. Sensitivity Tests

We tested the sensitivity of the model outputs by altering several parameters individually and running from
steady state. As the hydrological system is influenced by drainage development over the entire ice stream,
the change of parameter has spatially and temporally variable impacts. To compare the model sensitivity
results, we examine the outputs for R4 (blue point in Figure 4a). For each of these tests, the minimum effective
pressure values did vary but were within 1% of the baseline pressure.

Lowering the sheet conductivity from 1 x 1073 m’/4 . kg='/2 to 9 x 10~*m’/* . kg~"/2 causes a lake 14%
deeper than the baseline run (this is the deepest lake in the sensitivity tests). The first pressure wave has sim-
ilar timing, but the second pressure wave transitions earlier by ~200 days. A higher sheet conductivity of
1.1 x 1073 m’/4 . kg~'/2 causes the opposite phenomenon with lake depth 12% lower than the baseline and
slower pressure wave formation lagging the baseline by ~400 days.

The water input rate into the ice stream upper boundary is calculated from the full catchment flux model run
and varies across the boundary. The average rate is ~1 x 10~* m?/s. To test the impact of the boundary flux,
we apply a spatially fixed, lower rate of water input of 8 x 10=> m?/s. With this input, the R4 lake is 60% smaller
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Figure 5. (a) Location of ICESat elevation time series on Recovery Ice Stream plotted in (b). (b) Observed ice sheet
surface elevation time series derived from altimetry over the Recovery lakes.

than the baseline (the shallowest lake in the sensitivity tests). The initial pressure wave moves through the
system much more slowly, peaking ~4.5 years after the baseline. A higher spatially fixed boundary water input
of 1.2 x 10~* m?/s still causes a shallower lake than the baseline by 14%. However, the pressure wave peaks
~50 days before the baseline.

A lower channel conductivity of 1 x 1072 m3/4 . kg='/2 (compared to the baseline of 5 x 1072 m3/% . kg='/?)
causes a lake 33% shallower than the baseline and a slower second pressure wave that does not peak until
~5 years following the baseline peak. In this test, the lake takes twice as long to drain as the baseline lake
(8 versus 4 years). Higher channel conductivity of 7 x 1072 m3/* . kg='/2 causes a lake depth very similar to
the low channel conductivity run. However, the pressure wave does peak much earlier, 300 days following the
baseline effective pressure.

Reducing the bedrock bump height in the model impacts the cavity opening rate as, once the cavities are
flooded (i.e, the water depth is greater than this value), the sheet thickens only due to changing water pres-
sure. The baseline bedrock bump height is 0.1 m. If this is lowered to 0.08 m, the lakes form ~2 years earlier
and 9% deeper than the baseline. The second pressure wave occurs 3.3 years earlier and, in this model run, a
third pressure wave forms and begins to propagate downstream.

3.6. Ice Sheet Elevation Observations

Ice sheet elevation time series derived from ICESat laser altimetry using SERAC are shown in Figure 5. These
data span 6 years from 2003 to 2009. The lowest lake in the elevation data set is R1a. In this region the ice
uplifts by 3 m over 2.5 years at the same time that R2 is draining. At this stage (2.5 years), R6 begins to drain,
with substantial ice surface lowering of 9 m in 2 years. By year 4, R2 has filled again and begins to drain again.
Between year 2.5 and 4, R1a has continued to uplift at around the same rate as the initial 2.5 years. After this,
the rate of growth increases, likely in response to the drainage of R2. If we compare this to the model outputs,
it appears that the initial 2.5 years is capturing the end of a pressure wave/drainage event through the ice
stream while pressure builds up at the head of the ice stream. A second drainage event then initiated from R6
and moves through R2 to R1. R1 therefore grows as a result of two drainage events through the ice stream.
Such complexity with some altimetry lakes growing throughout two drainage cycles (R1) while others have
two cycles (R2) can also be seen in the modeled outputs. For example, in the model, R6 grows and drains twice
in the period that R1 grows and drains (compare Figures 4b, 4c, and 5b).
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4. Discussion

We begin by discussing the general model outputs before examining the lake characteristics, the role of
channels, and what the model outputs suggest about the impact of the hydrological system on ice dynamics.

The subglacial drainage features (including the pressure waves and channel development patterns) that occur
in the modeled Recovery Ice Stream are similar to those seen with the synthetic (simplified planar) system
(Dow et al., 2016) but are more topographically constrained by the large trough in the middle of the ice stream
(Figure 1). In the synthetic system, passage of pressure waves caused a small (centimeter-scale), temporary
(~2 years) increase in water thickness at the base in regions where there was no lake. In the current, more
realistic topography, the pressure waves and related water thickness changes are restricted to the troughs
in the ice stream center and also downstream of R1 (compare Figure 3 and Figure 5 in Dow et al., 2016).
Given the limited water thickness change outside of the lake basins in the more realistic model, it is unlikely
that passage of a pressure wave would be visible in satellite altimetry data. However, it is possible that pres-
sure waves in Recovery Ice Stream (and potentially other hydrologically restricted systems) could be identified
in satellite horizontal velocity data products due to the high, sustained water pressures.

4.1. Lakes

Previous analyses of subglacial lake dynamics have assumed that their growth and drainage is a function of
the volume of water accumulated in the lake until either ice over the lip of the overdeepening is uplifted
sufficiently to allow downstream water flow (Ng & Liu, 2009; Nye, 1976), or a negative pressure gradient down-
stream of the lake is reversed due to hydrological network development (Fowler, 1999). Both theories have
previously been applied to Icelandic jokulhlaup dynamics (e.g., Clarke, 1982; Nye, 1976).

In contrast, from our modeling exercise and from our synthetic model runs (Dow et al., 2016), we find that
there is never a negative hydraulic gradient preventing water flow out of the overdeepening. Instead, lake
growth and drainage is driven by the change in hydraulic potential within the ice stream, which is influenced
by the passage of pressure waves. As a result, rates of lake growth and drainage and resulting lake depths are
not identical every cycle. In our current model runs, we are restricted to 33 years as a result of computational
limitations. We therefore do not know whether the lake filling and drainage cycles continue past the two
cycles we show here. However, the synthetic model, which had similar inputs, albeit with a planar topography,
demonstrated continued lake growth and drainage (and pressure wave transience) over 100 years. In these
synthetic model runs, no two lake growth and drainage cycles were identical or repeated. We postulate that
a similar phenomenon would occur with our current model runs if we could extend them to 100 years.

The changes in lake depth, channel size, and pressure in each drainage cycle, in both the current and synthetic
model, suggest that with a 2-D coupled efficient and inefficient drainage network, it is not merely the local
conditions that impact drainage development, but the entire ice stream. For example, in the current model
runs, with an efficient channel developing between lakes in the middle region of the ice stream, the potential
gradients become steeper and translate upglacier. Therefore, water reaccumulating in lakes upstream will
flow more rapidly out of the overdeepenings and the upper lakes will drain sooner than they do when no
large channel is present downstream. This suggests both a highly variable nature of the subglacial drainage
systems in the Antarctic and also that local (tens of kilometers) drainage development is translated over a
long distance (hundreds of kilometers) and can have impacts on the hydrological system (and by proxy, the
ice dynamics) of the entire ice stream.

In both the current and the synthetic model runs, the highest water pressure in the lakes does not occur at
the same time as the greatest depth in the lakes (Figures 4b, and 4c; Figure 6 in Dow et al,, 2016). Instead,
it is the rate of lake growth and drainage that closely follows the changes in water pressure. As the rate of
water buildup in the lake increases, the pressure also increases. Water is continually flowing out of the lake
overdeepening and with the pressure buildup, the resulting hydraulic potential increase drives more water
downstream. Greater water flux eventually creates a more efficient system by developing channels at the lip
of the overdeepening and water can then be evacuated more rapidly from the lake. At this stage the water
pressure in the lake begins to drop and the rate of lake growth also drops. However, the absolute volume of
water in the lake may still be increasing.

When comparing the observed ice sheet elevation time series with our model outputs, we have not fully repli-
cated the drainage system between the years 2003 and 2009. We find that the depths of water accumulated
in our modeled lakes are different than the surface elevation changes identified in the same regions although,
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as shown in our sensitivity tests, this is somewhat dependent on parameter choice. For example, our maxi-
mum R1a depth is 4 m and in the ice altimetry data the maximum elevation change is ~6.5 m. In contrast, our
R2 maximum depth is 10 m and in the ice elevation data is 4 m. The largest discrepancy is between the mod-
eled R6 depth of 0.4 m compared to ice elevation data of 9 m. As noted above, each modeled pressure wave
and lake drainage event has different characteristics dependent on the previous pressure wave/lake drainage.
We are therefore limited by only having part of one full drainage cycle observed in the Recovery region due
to lack of satellite data, and by the length of our model run. This will improve with future data collection
campaigns.

Other limitations for running the model include imperfect topographical data, estimated basal water inputs,
and a lack of knowledge about basal conditions such as spatially variable conductivity and bed material.
The model application is also limited in that it does not include ice flexure or dynamics, which may impact
the lake drainage characteristics (Pattyn, 2008; Sergienko et al., 2007). These model limitations are discussed
in greater detail by Dow et al. (2016). It is possible that by incorporating flexure and dynamics, our modeled
negative effective pressure would diminish toward overburden. We will be exploring this with future mod-
eling work. With this study, we therefore aim to illuminate major characteristics of the subglacial drainage
development and variability of this ice stream to encourage further study and greater data collection.

4.2, Channels

It has been suggested by Carter et al. (2017) that it is not possible to have lake growth and drainage partially
controlled by R-channel development as opposed to canals carved into underlying sediment. We demon-
strate both here (and in the synthetic model, Dow et al., 2016) that it is indeed possible to have lake drainage
related to R-channel growth. Large R-channels in the current system develop as a result of lake drainage and
serve to rapidly translate water downstream toward other lakes. This is particularly obvious between the —300
and —350 km Easting region (Figure 3). Here the channel grows to 21 m? with a discharge of 11 m3/s.

The role of the channels in Recovery Ice Stream is primarily for rapid water translation. They do limit the
amount of low effective pressure in that they remove enough water to keep pressures just below overburden.
However, these sizeable channels do not increase the effective pressure in the ice stream to a similar extent
as those found in Alpine or Greenlandic systems (e.g., Bartholomew et al., 2012; Iken & Bindschadler, 1986).
This is largely because of the shallow surface slopes of the ice stream preventing a strong hydraulic potential
gradient. The constricted nature (low potential gradient and low hydrologic conductivity) of the ice stream
and the lack of seasonality in the drainage system also prevent the highly efficient channels that are found in
mountain glaciers. In Recovery Ice Stream, the channels are present due to the constant water supply from
the lakes, and once those lakes drain, the reduced water availability cause the channels to close. Thus, the
channels do have a role in ice stream drainage development, but because they do not greatly increase the
system effective pressure, likely do not have a large impact on ice flow speed.

We have evidence of channel evolution during lake drainage. Between —300 and —350 km Easting there are
initially three smaller (<14 m?) channels running parallel to each other that, over the period of 4.5 years,
merge into one larger (21 m?) channel. The location of the larger channel is likely to be pervasive for most
lake drainage events. As a result this is a location where there may be bedrock or sediment scouring, creating
a larger channel. Given that the topographical data have enough uncertainty that our modeled lakes do not
overlap perfectly with the observed lakes, it is unclear whether a bedrock channel exists in the location sug-
gested by the model. However, the model outputs suggest that large channels are possible in Recovery Ice
Stream, and with improved topography data in the future, could predict where basal channels will be present.

4.3. Ice Dynamics

The negative effective water pressures caused by passage of the pressure wave should have an impact on ice
velocity with faster ice flow speeds occurring in the low effective pressure areas. We compare the minimum
effective pressure in each model element with the MEaSUREs ice velocity data set (Figures 2a and 2c), which is
a composite from multiple years of satellite data (Rignot et al.,, 2011). We find that there are consistent patterns
between the model pressure outputs and the velocity data set. The regions where ice speeds are >80 m/a are
similar to the regions where water pressures exceed overburden in the model. This includes a region 300 km
from the ice front where there is a strong modeled pressure signal coincident with high measured ice surface
velocity, where a lake was not previously identified from ICESat altimetry data. Farther downstream, the ice
rapidly speeds up in the region of R1a/R1b and R2 where we see low effective pressure in the model. Closer
to the terminus, the ice stream speed increases further but is not consistent with our regions of low effective
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pressure. Perhaps in this region, within 100 km of the grounding line, there are wet and deformable marine
sediments, which we do not take into account with this model.

The overlap between regions of fast ice surface velocity and low basal effective water pressure suggest that
the concentration of water in the central trough could play an important role in maintaining the speed of
Recovery Ice Stream. The consistency is greater between ice velocity and the basal water pressure rather than
the depth of the water within the lakes. This suggests that the water pressure plays a more important role
in the ice stream velocity than the water thickness, which as we demonstrate with our model outputs is not
always coincident with water pressure, either spatially or temporally.

5. Summary

We have modeled the evolution of Recovery Ice Stream basal hydrological system using a 2-D subglacial
hydrology model. Our model outputs demonstrate growth and drainage of lakes that match well with most
of the Recovery lakes identifiable from ice surface laser altimetry data, which are available from 2003 to 2009.
An encouraging result is the good overlap between the regions with lowest effective pressure and fast ice sur-
face speed in Recovery Ice Stream that suggest the areas where lakes are accumulating and draining in the
model have a strong impact on the dynamics of the ice stream.

Recovery Ice Stream has previously been modeled as a synthetic system with one overdeepening (Dow et al.,
2016) and the outputs from the current configuration applied to real topography are similar to the synthetic
system in several ways. Both model setups produce pressure waves that propagate through the ice stream.
These transient features are caused by constriction at the ice stream neck where relatively large quantities of
subglacial water enter from the substantial drainage catchment. Low effective pressures are focused in the
center of the ice stream where there is a large trough with multiple overdeepenings. The pressure waves cause
a continual change in subglacial hydraulic potential, which contributes to the growth and drainage of the
subglacial lakes; in the steady state scenario, no water accumulates in the lake basin. Once pressures increase
in the lake basin, they cause steeper potential gradients that drive more water downstream. This water allows
growth of channels at the lip of the overdeepening and, once these have sufficiently developed, the lake
drains, moving the water downstream into the next lake basin in a cascading pattern. At no point is water
fully prevented from leaving the overdeepening, suggesting that these lakes can be considered as transient
regions of the drainage system rather than impounded bodies of water. In both systems we also find that the
larger-scale extent of hydrological development of the ice stream is important for determining the timing of
lake growth and drainage, with a more hydrologically efficient system preventing larger lakes forming. This
means that the lake size and drainage timing are not identically repeated with every pressure wave.

The current model applied to real topography makes advances beyond the synthetic configuration. We ran
the model for 33 years and found that multiple pressure waves propagate through the ice stream. A pri-
mary finding is that the rate of pressure wave passage through Recovery Ice Stream is variable with the deep
troughs of the lower lakes slowing the pressure wave transit. This results in multiple pressure waves moving
through the ice stream at the same time, complicating the cascading pattern of lake growth and drainage
from upstream to downstream. We also find that the drainage of large volumes of water can cause channels
to develop between the lakes. These channels persist for multiple years until the water supply from the lake is
diminished, after which the channels shrink but do not disappear entirely. These channels act to rapidly move
water between lake basins. However, we do not see any channels in the terminal 100 km of the ice stream,
or low effective water pressures, both of which may be a result of limited basal topography data to use as
model inputs. Finally, due to the deep nature of the Recovery Ice Stream basal trough, both the highest water
pressures and drainage routes are focused here, perhaps influencing the flow speed of the ice stream. These
findings have implications for interpreting satellite altimetry data over Antarctic subglacial lakes, establish-
ing spatial and temporal variability of drainage networks underneath ice streams and determining controls
of hydrology on ice dynamics.

The outputs from GlaDS subglacial hydrology model that we have discussed raise interesting questions about
subglacial hydrological development of Antarctic systems and the role that lakes play in ice dynamics. Future
work will include linking the basal hydrology model with ice dynamics. Larger volumes of data from future
airborne and satellite missions will also aid the application of this model.
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