Modelling the fate of surface melt on the Larsen C Ice Shelf
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Abstract. Surface melt lakes lower the albedo of ice shelves leading to additional surface melting. This can substantially alter
the surface energy balance and internal temperature and density profiles of the ice shelf. Evidence suggests that melt lakes also
played a pivotal role in the sudden collapse of the Larsen B Ice Shelf in 2002.
Here a recently developed, high physical fidelity model accounting for the development cycle of melt lakes is applied to the
5

Larsen C Ice Shelf, Antarctica’s most northern ice shelf and one where melt lakes have been observed. We simulate current
conditions on the ice shelf using weather station and reanalysis data, and investigate the impacts of potential future increases
in precipitation and air temperature on melt lake formation, where concurrent increases lead to an increase in lake depth.
Finally, we assess the viability of future crevasse propagation through the ice shelf due to surface meltwater accumulation.
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Introduction

ice ::::::
shelves, experiences temperatures
The Antarctic Peninsula, home of several ice shelves including the Larsen Ice Shelves:::
that frequently exceed 0◦ C. As much as 66% of the total volume of Antarctic snow melt occurs here (Kuipers Munneke et al.,
shelves the accumulation of meltwater has led to the formation of surface
2012b) and on some of the Peninsula Ice Shelves ice
:::::::::
melt lakes. The presence of these lakes is significant for two reasons:
1. The lakes are darker than surrounding ice and so will have a lower albedo, thus absorbing more shortwave radiation in a
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feedback loop that can lead to further melting; and
2. The lakes have been implicated in ice shelf break up.
In 2002:, the Larsen B Ice Shelf collapsed spectacularly, with the loss of 3200 km2 of ice (Scambos et al., 2004):::::::::::::::::::::::
(Scambos et al., 2000, 2004).
The region of the Larsen B Ice Shelf that experienced sudden disintegration lay almost completely within the region of observed
melt lakes on the ice shelf surface (Scambos et al., 2004), which were noted to drain shortly before the break up event (Banwell
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et al., 2013). The pattern of break up of Larsen B suggests that fracturing driven by the weight of accumulated surface melt water
played a key role in the disintegration of the ice shelf (Rack and Rott, 2004). The glaciers that previously fed into Larsen B were
observed to accelerate after the break up due to the loss of the buttressing effect that the ice shelf had been providing (Rignot
et al., 2004; De Angelis and Skvarca, 2003). The ice loss from these glaciers , which contributes to sea level rise, has exceeded
27 km3 per year since the collapse (Rignot et al., 2004) with some glaciers showing :::::
Some :::::::
glaciers ::::::
showed:a two- to six-fold
1

increase in centreline speed (Scambos et al., 2004)::::
after:::
the:::::::
collapse:::::::::::::::::::
(Scambos et al., 2004),:::
the:::
ice ::::
from::::::
which :::
will:::::::::
contribute
to
sea level rise, although a slow down of glacier speeds has since been observed (Wuite et al., 2015; Rott et al., 2018).
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Antarctica’s most northern:, ::
as:::
yet:::::::::::
undisturbed, ice shelf is now the Larsen C Ice Shelf, which is located immediately
to the
::::::::::
south of the former Larsen B. Surface melting on this ice shelf has occurred for centuries (Bevan et al., 2017) and it has been
5

may be one of the ice shelves most susceptible to sudden collapse based on melt activity (Scambos et al.,
suggested to thus
::::::::
2000), firn characteristics and melt season length (Scambos et al., 2004). The −9 ◦ C ::::::
annual ::::
mean::::::::::
temperature:isotherm, which
has been suggested as being the northern limit of ice shelf viability (Morris and Vaughan, 2003), now reaches Larsen C, and
where
surface melt lakes have been observedon the surface of the ice shelf, as shown in Figure 1.
:::::

Figure 1. NASA MODIS imagery of the Larsen C Ice Shelf (Scambos
et al., 2001). The image was captured on 07 January 2007 at 1315.
::::::::::::::::
The presence of melt lakes is shown through the zoomed in image of the northern part of Larsen C with visible melt lakes highlighted circled
:::::
in red.

Surface melt and firn densification are important processes that contribute to the future change of the Larsen C Ice Shelf
and
are precursors to surface melt lake development. Lakes of tens of meters in width and tens of kilometres in length have
::::::::::::::::::::::::::::::::::::::::::
been observed on the ice shelf (Luckmann et al., 2014). The ice shelf is lowering and losing air content due to surface melting
(Holland et al., 2011) much of which and
meltwater will remain on the ice shelf due to a negligible amount being lost as
::::::::::::
5

runoff (van Wessem et al., 2016), meaning :. ::::
This ::::::
means that the firn is becoming less permeable to meltwater as it densifies
(Khazendar et al., 2011). Therefore, in order to begin to understand the conditions and possible future outcome for the Larsen
C Ice Shelf:, an understanding of the potential for melt lake formation on the ice shelf and any :::
the effect their presence may
have is essential.
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In addition to surface melt, the Larsen C Ice Shelf is thinning from underneath due to warming from the ocean (Holland et al.,
2015). The influence of sea ice on the ice shelf can have a stabilising effect on preventing rift or crevasse propagation (Jansen
5

et al., 2010), although the stability of the ice shelf has recently become much less certain with the discovery of a growing rift:,
which in July 2017 lead to the loss of an iceberg of more than 5000 km2 from the ice shelf front and may result in the remaining
ice becoming unstable (Jansen et al., 2015)(Hogg and Gudmundsson, 2017)::::::::::::::::::::::::::::::::::::::::::
(Jansen et al., 2015; Hogg and Gudmundsson, 2017).
Understanding these processes alongside those leading to surface melt are essential in gaining a full understanding of possible
future conditions on the Larsen C Ice Shelf.
In this paper we present a modelling study of lakes on the Larsen C Ice Shelf under current and future conditions. We

10

then investigate in further detail the response of lakes to changes in precipitation and air temperature. Finally, we examine the
possibility of lakes providing sufficient meltwater for water-driven crevasse propagation through the ice shelf.

2

Modelling melt lake formation on the Larsen C Ice Shelf::::::::
Methods

A 1-D model has been developed that accounts for the entire lifecycle of a surface melt lake that can run for over
multiple
::::
15

briefly, it includes the following processes:
years. The model is described in detail in Buzzard et al. (2018) butbriefly :, ::::::
1. A calculation of the surface Surface
energy balance at the top of the ice shelf;
::::::
2. Heat transfer through the upper ice shelf;
3. The percolation and subsequent refreezing or storage of surface meltwater within the firn, including possible formation
of impermeable lenses of ice;
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4. The formation, and development of a surface lake and the subsequent refreezing of the lake;
5. The addition of meltwater to the lake from its surrounding catchment area.
A key process in lake formation is the formation of an ice lens within the firn. This impermeable layer of refrozen meltwater
allows any :::::
forces:further meltwater to saturate the firn from the point of lens formation upwards, meaning that full saturation
of the firn (and thus lake formation) is achieved more rapidly than if the firn had to be saturated upwards from the pore closure
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depth (the depth at which the firn becomes impermeable, taken to be 830 kg m−3 ). After the first lake has formed and refrozen
this lake can then act as This
is simulated in 1-D by modelling two firn columns: one for the lake and one for the surrounding
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
catchment
area. Only once an ice lens in subsequent years, bringing forward the time of lake formation:::
has ::::::
formed::
in:::::
both
:::::::::::::::::::::::
columns
is it assumed one is present.
::::::::::::::::::::::::::::::
This
method allows us to simulate the addition of meltwater from a catchment area by assuming a surface gradient within the
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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catchment area that, subsequent to lens formation, will result in meltwater produced in the catchment area being transported

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

into
the lake. Full details of the assumptions made here are found in Buzzard et al. (2018), but we ultimately calculate a ratio
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
of
lake area to catchment area (1:6) to determine overall meltwater transport into the lake.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

3

The model must be is
driven with atmospheric forcing and for this we use automatic weather station (AWS)
data from May
::
::::::
2010- April 2011 from provided
by the British Antarctic Survey from a station located at 67◦ South 61◦ 47 West. In addition to
::::::::::
5

this data :::::
Snow :is::::::
added ::::
from:::::::::::
ERA-Interim::::
data :::::::::::::::
(Dee et al., 2011). ::
As:::
the:::::
AWS::
is :::::
closer::
to:::
the :::
ice ::::
shelf::::
edge::::
than:::
the::::::::
observed
lakes,
it was found using only this data lakes were not formed (which would be expected). Therefore, in order to simulate
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
lake
formation we also include a simulated foehn wind effect to account for the conditions on the ice shelf where lakes have
::::::::::::
been observed (Elvidge et al., 2014), which is closer to ::::
near the grounding line of the ice shelf than the location of the weather
station:::::::::::::::::
(Elvidge et al., 2014). A foehn effect is added into the model by increasing the air temperature by 5 K and the wind
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speed by 5 ms−1 ::
to :::::
match:::::::::::
observations ::::
from::::::::
currently ::::::::::
unpublished:::::::
weather ::::::
station ::::
data ::
(J.::::::
Turton,::::::::
personal ::::::::::::::
communication).
We
simulate foehn events for 18 hours in each 52 between the months of January to March to match observations (J. Turton,
:::::::::::::::::::::
personal communication). ::::::::
following:::
the ::::::::::
observation ::
in :::::::::::::::::::
Elvidge et al. (2014) of :::::
foehn :::::
events::::::::
occurring::::
30%:::
of ::
the::::
time::
in:::::
Cole
Peninsula
during these months.
:::::::::::::::::::::::::
The initial density profile used takes a value of the has
a surface density of 500 kg m−3 and a pore closure depth of 37 m from
:::::::::::::::::::::::::::::::::
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Jarvis and King (1995), a surface density of 500 kg m−3 from field measurements field
measurements of Jarvis and King (1995),
::::::::::::::::::::::::::::::::::::
and uses the formula of Schytt (1958).
The initial temperature profile is linear, starting at 253 K at the surface and increasing to 263 K at the bottom of the model
domain at
35 m below the ice shelf surface, based on ice core data from a field expedition to Larsen C in 2009-10 (Andrew
::::::::::::::::::::::::::::
:::::::
Shepherd,
unpublished data).
:::::::::::::::::::::::
The::::::
IPCC’s:::::
Atlas ::
of ::::::
Global :::
and::::::::
Regional Climate
Projections (IPCC, 2013) provides predictions of future Antarctic Peninsula
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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precipitation and air temperature under the RCP4.5 emissions scenario based on the results of the Coupled Model Intercomparison
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

Project
Phase 5 (CMIP5) (Taylor et al., 1998). Based on these values, a set of model simulations were carried out under several
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
possible
future conditions. Here the same conditions for the reference case presented above were used, but the precipitation
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
and
air temperature values were increased by set amounts or proportions. Air temperature and precipitation were chosen, as
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
25

these
are conditions that show changes over the Antarctic Peninsula in climate models (Bracegirdle et al., 2008) and also there
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
is
high agreement between models that these two forcing parameters will increase in the future (Bracegirdle et al., 2016).
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
It is expected that under a future warming climate snowfall will increase over the Antarctic Peninsula (Krinner et al., 2007).

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

In
order to investigate the impact of snowfall values greater than those examined in the future climate simulations, further tests
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
were
carried out. Although some of these tests go far beyond the precipitation values predicted in the CMIP5 scenarios it is
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
30

nevertheless
interesting to determine how much snowfall would be needed in order to alter the way it impacts the lakes. We
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
also
investigate separately the impact of further increases in air temperature.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
3

Modelling current melt lake formation on the Larsen C Ice Shelf
:::::::::::::::::::::::::::::::::::::::::::::::::::::::

The
data from May 2010-April 2011 was looped over for 10 years in order to provide a reference simulation of the evolution
::::
of the ice shelf over multiple years of lake formation:, ::::
with::
a ::::::::
sufficient ::::
spin ::
up::::::
period::
to:::::
allow:::
the:::
ice:::::
shelf ::
to::::::
evolve :::::
away
from its initial transient conditions (here this was five years). The results of this simulation are shown in Figure 2. Allowing
:::::::::::::::::::::::::::::::::::::::::::::::::

4

for a five year spin up period, we Here
we are simulating conditions within a lake basin specifically, we would not expect these
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
5

conditions
to be representative of the whole ice shelf.
:::::::::::::::::::::::::::::::::::::::::::
After the first lake has formed and refrozen this lake can then act as an ice lens in subsequent years, bringing forward the

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

time
of lake formation. We found an ice lens to form at 20.2 m below the surface ,::::
(i.e. ::::
20.2 m
below the value shown as 0 m in
::::::::::::::::::::::
::::::::::::::::::::::::::::
Figure
2), and found an average lake depth of 1.24 m and a maximum lake depth of 1.29 m for this simulation, with a total of
:::::::::::::::::
6.09 m of water equivalent firn melt over the whole ten year simulation. As the model includes the addition of water from the
10

catchment area, it is the lateral melt that explains the sharp increases in surface
height and overall increase in height of the firn.
::::::
7
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Figure 2. The development of surface melt lakes over a 10 year model run using 2010-11 data. Here, the blue line shows the firn surface,
the red line the lake surface, and the green the refrozen lid. On the vertical axis 0 is the initial ice shelf surface :::
and :::
the ::::::::
subsequent::::::
surface
heights
are plotted relative to this.
::::::::::::::::::::::::

As melt lakes have a lower albedo than snow they alter the surface energy balance of the ice shelf such that more melting
takes placein
a manner that allows more melting. The importance of this change can be examined by running the model with
::::::::::::::::::::::::::::::
all meltwater removed from the lake area once an ice lens has formedand comparing this :,:::
and::::::::::
comparing :::
the :::::
result with the
reference case simulation. This has the consequence that all meltwater produced subsequent to ice lens formation is treated as
15

if it percolates straight immediately
out of the model domain. Carrying out this simulation we find a total cumulative
surface
::::::::::
:::::::::
melting of 0.76 m of water equivalent firn melt over the final five years of a ten year simulation in the lake basin; this is 69.7%
less melt than the reference case simulation presented above, where 2.50 m of water equivalent melt occurs in the final five
years. This decrease in melting also means that the density profile without a surface lake is different to that of the reference
case. Figure 3 compares the change in density after a five year spin up period and demonstrates that the saturation of the firn

5

and refreezing of the lake impact the density significantly in the reference case simulation
in comparison to the case :::::::::
simulation
:::::::::
5

where meltwater is removed. As the simulations continue the latter simulation continues to densify but no lakes are formed.
This density increase from saturation of the firn and melt lake refreezing has implications for future ice shelf stability. The
loss of pore space has been suggested as a precursor for ice shelf collapse by Kuipers Munneke et al. (2014)and the :. :::
The:more
widespread the sinks of meltwater are on the ice shelf,:the more pore space will be lost and the less space there will be to retain
meltwater within the firn.
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Figure 3. The density changes at the end of the spin up period (after 5 years) for the reference case (blue) and the case where all meltwater
subsequent to ice lens formation leaves the model domain upon formation (red). Here 0 on the vertical axis is the ice shelf surface. ::::
Low
densitites
at the surface are due to new snowfall.
:::::::::::::::::::::::::::::::::::
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Model Validation

Both field observations and remote sensing can be used to provide validation for the modelling results described above.
The occurrence of ice lensing within the firn has been observed in Cabinet Inlet, Larsen C by Hubbard et al. (2016) and
annual layers of high density were observed on Larsen C by Gourmelen et al. (2009). Furthermore, the large features of solid
ice observed by Hubbard et al. (2016) suggest that significant saturation of the firn and refreezing of meltwater had previously
occurred.
Evidence of surface lakes occurring on Larsen C is visible in MODIS imagery for several years between 2001 and 2017, an
example of which is given in Figure 1. Although cloud-free MODIS imagery is not always available, we can still see that for

6

5

the year examined (the 2010-2011 melt season) lakes were present even if their onset day is unclear. Evidence from previous
years suggest that lakes often form in November or December, which agrees with the modelled lakes’ appearance in November.
Furthermore, we found that the number of melt days from Envisat data (Luckmann et al., 2014) matched well with the 50 melt
day occurences recorded in the model.
In addition to this evidence, we can learn more about lake area and depth using data from NASA’s Landsat. Examining an

10

area with a high density of lakes as shown in Figure 4 we can determine that even in this area there is a ratio of approximately
1:40 lake to snow pixels, suggesting that the lake to catchment area ratio of 1:6 used in the simulation above is well within the
bounds of the available catchment area. This suggests that in the case of Larsen C this
case the volume of available water does
:::::::::::::::::::::::::::::::::::
not
constrain lateral transport, it is the distance water can travel without refreezing rather than the volume of available water
:::::::::::::::::::::::::
that constrains lateral transportthat
this water will travel across the ice shelf (according to Darcy’s Law and the temperature of
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

15

the
ice shelf which may lead to refreezing of the water before it can reach the lake).
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Lake depths have been calculated from Landsat 8 imagery by Pope et al. (2016). Here this calculation has been carried out
for the region shown in Figure 4, which
provided a clear image of many lakes, and from this we obtain Figure 5. The range
:::::::::::::::::::::::::::::::::::::
modelled
of lake depths here is concentrated around the 0.1-1.3 m range with the average lake depth being 0.52 m. Our The
:::::::::::
average lake depth falls within this range and it is unsurprising that it is towards the higher end of these values given that we
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continuously force the model with data from a period with a warm melt season and based :::
that:our calculations for the lake
catchment area on that of a ::::::
assume:a:::::::::
somewhat larger lake.
For the period modelled here,:with available weather station data,:the Landsat 7 rather than Landsat 8 satellite was in use.
The method used for Landsat 8 was adapted for Landsat 7 and results suggested that average lake depths ranged from 0.34 to
as
0.47 m for various scenes analysed for the period 2007-2009:, and lakes fell within a similar range of values to those from ::

25

those
in Figure 5. Although this method is more uncertain for Landsat 7:, given that it has not been tested as thoroughly,:it is
:::::::
still worth noting that these values also match the modelling results reasonably well.

5

Future Conditions on the Larsen C Ice Shelf

The IPCC’s Atlas of Global and Regional Climate Projections (IPCC, 2013) provides predictions of future Antarctic Peninsula
precipitation and air temperature under the RCP4.5 emissions scenario based on the results of the Coupled Model Intercomparison
30

Project Phase 5 (CMIP5) (Taylor et al., 1998). Based on these values, a set of model simulations were carried out under several
possible future conditions. Here the same conditions for the reference case presented above were used, but the precipitation
and air temperature values were increased by set amounts or proportions. Air temperature and precipitationwere chosen as
these are conditions that show changes over the Antarctic Peninsula in climate models (Bracegirdle et al., 2008) and also there
is high agreement between models that they will both increase in the future (Bracegirdle et al., 2016)::
In:::::
order ::
to::::
gain :::::::
insights
into
how future changes in conditions on the Larsen C Ice Shelf may affect lake depth we run simulations increasing both the
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
air
temperature and precipitation. The values used and results of these simulations for the average lake depth are presented in
::::::::::::::::::::::::::
Table 1.

7

Figure 4. Landsat image of a section of the Larsen C Ice Shelf where melt lakes were present on 06/01/2016. Both axes have units of meters.
Here the lakes are coloured yellow and areas where lakes were not present are coloured blue. Although this data was taken from the Landsat
a later time than the lakes examined simulation
using the 2010-11 melt season, it is likely that the lakes will be similar
8 mission so is from at
::
::::::::
in many aspects due to the role of topography in the location of lake basins. Landsat-8
image courtesy of the U.S. Geological Survey.
:::::::::::::::::::::::::::::::::::::::::

Figure 5. Lake depths on the Larsen C Ice Shelf as calculated from Landsat data from 06/01/2016. ::::
2016 :::::
using :::
the ::::::
method:::
of
Pope
et al. (2016). The horizontal axis gives lake depths in mm and the vertical axis gives the number of 30
m pixels for each depth.
::::::::::::::
::::
5

All of the simulations presented in Table 1 show an increase over the reference case simulation presented above. Increasing
air temperature increases the average lake depth, as does increasing the snowfall in all except the +0.5 K simulations. This was
found to be due to the extra snowfall delaying the lake onset time; this was not observed in the higher temperature simulations.
8

+0.5 K

+1 K

+1.5 K

+10% precipitation

1.340

1.397

1.518

+20% precipitation

1.335

1.410

1.520

Table 1. The average lake depths (m) for a variety of possible future climate scenarios for Larsen C. The reference case simulation value
with no increase in either temperature or precipitation was 1.237 m.

In each of these simulations it was found that the lakes did not freeze over completely between melt seasons and that some
water persisted in the firn. It was found that only a small increase in catchment area (approximately 5%) was needed for
this to occur with no increase in precipitation or air temperature (see
Buzzard et al. (2018)). Although the model here was
:::::::::::::::::::::
intentionally simulating one of the larger observed lakes and was run with the forcing from a warm year repeated this still
5

suggests that meltwater remaining in the firn between melt seasons on Larsen C could be observed in the future.
Due to the complex nature of the interaction of these two parameters and the uncertainty of future conditions on Larsen C
the two parameters were also investigated separately and for a wider range of values.

6

The impact of increased snowfall on surface melt lake formation

It is expected that under a future warming climate snowfall will increase over the Antarctic Peninsula (Krinner et al., 2007). In
order to investigate the impact of snowfall values greater than those examined above further tests were carried out. Although
some of these tests go far beyond the precipitation values predicted in the CMIP5 scenarios it is nevertheless interesting to
determine how much snowfall would be needed in order to alter the way it impacts the lakes.
5

Initial sensitivity studies suggested that halving and doubling the snowfall led to a decrease and increase in average lake
depth respectively. This suggests that the snow available to melt is a limiting factor. Fresh snow is less dense than compacted,
a greater vertical distance into the firn for the same energy input,
older firn and so more accumulation leads to melting of over
::::
leading to quicker exposure of melt lakes and enhanced melt (and deepening) due to the change in albedo. It was found that
when multiplying the snowfall by five times this pattern continued: both the average and maximum lake depths are increased

10

compared to the smaller accumulation values. The maximum lake depths for each year after the initial 5 year spin up period
can be seen in Figure 6.
However, when examining ten times the reference snowfall rate it appears that this upwards trend in average lake depths
does not continue; although lakes form:, they are far smaller with an average depth of 0.17 m. In order to examine this change
more clearly:, an additional simulation of eight times the reference case accumulation was also run. The results of this are also

15

plotted in Figure 6.
We can see from here that the lakes in the 8 times accumulation case are also shallow similarly to the 10 times accumulation
case for the first two years, but then they become deeper in the final three years of the simulation. In fact, if we look at the five
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Figure 6. The maximum lake depth for years 6-10 of the simulations carried out for varying snow depthsaccumulation
rates.
:::::::::::::

times accumulation case,:we can see that this period of initially shallow,:but then deeper:, lakes also occurs at the start of this
simulation, but as this occurs during the spin up period it is not immediately noticeable in the analysis carried out above.
If we look at the density and water content of the ten times accumulation case it becomes clear why the lakes do not reach
the depth that they do in the other cases; the accumulation level is high enough that each year’s lake does not melt through
5

the new snow. This means that each year the density profile near the surface loses memory of the previous year’s lake and a
completely new layer of low density snow needs to be densified and saturated and a new ice lens formed for a lake to develop.
The lakes in the eight times accumulation case occur after several years of steady densification of the firn profile. However,
they are still shallower than those of the cases with lower accumulation levels. This is partly due to there being a greater amount
of snow to saturate each year. This can be seen in the later onset time of the lake with increasing snowfall as shown in Figure

10

7.
The thermal conductivity of the ice of previous years’ lakes plays a role in the cause of the deeper lakes in the lower
accumulation cases. This is because for the lower accumulation cases the solid ice of the previous year’s refrozen lake will be
exposed as the snow above it melts much more quickly than cases with higher accumulation (if it is exposed at all) meaning
that the ice with a higher thermal conductivity is given longer exposure to the warmer temperatures at the surface than in the
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other cases, allowing the upper part of the ice shelf to heat up more quickly. This was confirmed by running the model as a
slab of solid ice with constant positive forcing with two different values of thermal conductivity; in this case the higher thermal
conductivity case had the greater value of melting. Therefore it can be concluded that the time of exposure of dense ice could
also play a role in lake depth.

10

Figure 7. The evolution of lake depth of the final year of each of the simulations for 5, 8, and 10 times the reference case level of accumulation.
The zoomed in area shows that the time of onset is different for each case. :::
Red::::
lines::
on:::
the::::::::
horizontal::::
axis ::::::
indicate:::
the::::
first :::
and ::::
final
occurrence
of melt during this year.
::::::::::::::::::::::::::
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The impact of increased air temperature on surface melt lake formation

The effect of an increasing air temperature on the lake depth was also investigated. It would be expected that an increase in
temperature would lead to an increase in lake depths and the opposite for a decrease in temperature and this was found to be the
case for an increase and decrease of the average air temperature by 0.5 K. However, this was not found to be the case when the
temperature was increased by 1 K. Although the lakes in the +1 K simulation were deeper than the reference case simulation,
they were shallower than the +0.5 K simulation. The average and maximum lake depths are shown in Table 2.
We can gain insight into this seemingly counter-intuitive behaviour by considering the duration of exposed melt lakes and
snowfall. For the +0.5 K simulation the lakes are exposed (so no ice lid is present) for an average of 83.6 days a year whereas
in the +1 K simulation they are exposed for 85.7. Yet the lakes are not as deep in the 1 K simulation. This appears to be because
the raised air temperatures are enough to prevent a permanent ice lid forming for an extended period when compared to the

5

+0.5 K simulation but not enough that the lake is warming to cause further basal melting. This then leads to a situation where,
as a lid is not forming as early, less snowfall is able to accumulate on the lid when it does form. Then the reduced snowfall will

11

Temperature Change

Reference Case

+0.5 K

+1 K

+1.5 K

+2 K

Maximum Lake Depth (m)

1.285

1.389

1.313

1.282

1.304

Average Lake Depth (m)

1.237

1.342

1.255

1.291

1.298

Table 2. Maximum and average lake depths for the final five years of simulations for the reference case, and the cases of increased air
temperatures on 0.5, 1, 1.5 and 2 K.

limit the depth of lakes that can form in subsequent years and this counteracts the increased melting that occurs as a result of
the increased air temperature and its effect on the surface energy balance.
This effect continues to be observed with temperatures increased to 1.5 and 2 K higher than the reference case simulation.
10

Although more melting occurs with the increased temperatures and the lakes become deeper than in the +1 K simulation, the
lakes do not become as deep as those in the +0.5 K simulation. Climate projections, however suggest a simultaneous increase
of both snowfall and air temperature and, as shown in Table 1, the combination of these two factors does lead to an increase in
lake depths, and of a larger amount than seen when increasing the snowfall alone.

8
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Contribution of Meltwater to Crevasse Propagation

Crevasse propagation caused by meltwater infiltration has been suggested as a possible mechanism for ice shelf disintegration
(Scambos et al., 2000). The weight of the water in the crevasse can exceed the overburden pressure from the ice (acting to close
the crevasse) so that the fracture toughness is exceeded and the crack propagates vertically and laterally.
Scambos et al. (2000) state that crevasses that are more than 90% filled with water will tend to propagate through the ice
shelf, whereas those that have a lower water content than this will tend to close. For this to occur the crevasses need to be of

20

a critical initial depth, which depends on the surface density (the higher the density the larger the critical depth). The deeper
the crevasse the greater the water pressure; the critical depth is defined as the depth at which the hydrostatic pressure of the
water exceeds the glaciostatic pressure and full penetration of the ice shelf will occur. Scambos et al. (2000) found that this
critical depth varied between 6-30 m depending on density and fracture toughness, although for surface densities similar to
those found in the modelling efforts here crevasses can initially be as small as 6-10 m.

25

Using the results of Scambos et al. (2000) it is possible to use the modelled values of meltwater availability on the Larsen C
Ice Shelf calculated in this study to infer whether or not this ice shelf may be at risk of crevasses propagating through the ice
shelf either now or in the future.
Here we follow the crevasse sizes used by Sergienko and MacAyeal (2005) of 30 m wide and 20 m deep. In order to be 90%
filled with water these crevasses must therefore be filled to within 2 m of the surface. Basic geometrical calculations allow us

30

to determine that the cross-sectional area of this crevasse that needs to be filled with meltwater would be 243 m2 should the
crevasse be triangular. However, should the crevasse be more rectangular with a triangular tip then the area would be much

12

larger, 540 m2 if we assume that the triangular tip is very small relative to the overall crevasse depth. These two crevasse
geometries are illustrated in Figure 8. In reality the crevasse shape would be likely be somewhere between these two extremes.

Figure 8. The crevasses geometries modelled (top) and possible alignments with an oblong lake (bottom). The two idealised crevasses, 90%
filled with meltwater, are a purely triangular crevasse (top left) and a rectangular crevasse with a triangular tip (top right). The modelled
crevasse alignments with the lake are shown using a dashed line to represent the crevasse (bottom).

If we assume that a lake such as that modelled above forms in the location of a pre-existing crevasse we can use the volumes
of water that are output by the model in order to estimate if the lake could contain enough water to cause propagation of that
5

existing crevasse. The lake size that was used in the above simulations was 3150 x 390 m (based on a simplification of a larger
lake from Landsat imagery).

13

If we assume that the crevasse is aligned with the lake along the direction of the lake’s length (i.e. the crevasse runs 3150 m
along the lake, the bottom left orientation in Figure 8) then there will not be enough water to cause this crevasse to propagate
through the ice shelf for either the average or maximum lake depth found in the reference case run for the case of a rectangular
10

crevasse, but there will be for the triangular crevasse geometry. However, were the crevasse to run along the lake’s width (so
running for 390 m, the bottom right orientation in Figure 8) there is ample water available in the lake to cause the crevasse to
fill to more than 90% of its depth for either geometry.
For the lake depths and catchment area calculated:, :the minimum width of a lake for crack propagation with a crevasse
running down the lake’s length is 189 m for the triangular crevasse geometry and the maximum lake depth (196 m for the

15

average lake depth) and 420 m for the rectangular crevasse geometry and maximum lake depth (437 m for the average lake
depth). Therefore some of the long, thin lakes observed on Larsen C may be candidates for causing crevasse propagationbut
many will not be ,:::
but:::::
many:::
are:::
not:::
yet:wide enough.
For the possible future conditions simulated above all except the +0.5 K temperature +10% accumulation simulation provided enough water for crevasse propagation for both crevasse geometries.
These considerations are, of course, prefatory and other factors will likely play a role. For example, the existence of a

20

crevasse is likely to change the amount of meltwater produced, both due to the radiative effects of a crevasse and the albedo
change due to lake formation being altered by water pooling in the crevasse. Crevasses can substantially alter the amount of
heat absorbed by the ice shelf as radiation is able to be absorbed at depth (rather than having to be transferred from the surface
by conduction) and the surface is exposed to different angles of incidence of the radiation (Pfeffer and Bretherton, 1987).
25

Furthermore, the tensile and lithostatic stresses acting on the ice will influence propagation and factors such as the rate at

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

which
meltwater is added to the crevasse have been shown to be important (van der Veen, 2007).
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Nevertheless,
we have taken the simplistic approach here to demonstrate that meltwater levels are sufficient that this
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
mechanism
could warrant further investigation. Should these lakes spread further downstream of the ice shelf the situation
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
could
be very different to that of the Larsen B Ice Shelf; the Larsen C lakes appear to be oriented with their longer axis
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
30

following
the direction of ice flow (Figure 1) whereas on Larsen B both lakes and fractures were parallel to the calving front.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
This may mean more water availability for crevasse propagation should future Larsen C lakes have the same orientation as

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

those
currently present (which would depend on topographic control) and if they are perpendicular to crevasse orientation,
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
leading
to the possibility of collapse mechanisms such as the chain reaction descried in MacAyeal et al. (2003) should the
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
lakes
become much more widespread.
:::::::::::::::::::::::::::::::
9

Conclusions

Surface melt lakes were shown to significantly alter the surface energy balance of the Larsen C Ice Shelf, with 70% less melt
occurring when they were not present. The formation and refreezing of these lakes impacts on the ice shelf density profile and
may contribute to future instability (Holland et al., 2015). Although current temperature changes on the Peninsular may be
5

within the range of natural variability, a large anthropogenic warming signal is observed in climate model projections forced

14

with medium emission scenarios (Turner et al., 2016). Lakes are likely to become more significant, with each of six simulations
of possible future conditions on the Larsen C Ice Shelf presented resulting in deeper lakes forming.
The model results here have been evaluated against satellite observations and where possible field observations.
Future scenarios with increases in precipitation and air temperature were found to lead to an increase in lake depths sufficient
10

for the lakes not to freeze over entirely between melt seasons. However, only a small increase in the catchment area of the
modelled lakes (of 5%) was needed for this to occur under current conditions, suggesting that this may already occur on the
Larsen C Ice Shelf.
It was found that there was a non linear response in melt lake depth to increases in snowfall, although for snowfall to become
great enough to start to reduce lake depth would need precipitation levels far above those predicted for Larsen C in the coming

15

decades.
The response of melt lake formation to increases in air temperature was also not straightforward; although warmer temperatures led to more melting the increased period of lake exposure with higher temperatures can act to reduce the time for snowfall
to settle on top of the lake once it has frozen. This then reduces the depth of snow which can then be melted during subsequent
lake formation in later years. Former lakes also play a role in future lake formation not only through acting as an impermeable

20

layer but through their higher thermal conductivity allowing the top of the ice shelf to heat more rapidly than if it consisted
purely of less dense firn.
A consideration for future work could be to incorporate the wintertime foehn winds that have been shown by Kuipers
Munneke et al. (2018) to lead to surface melt. Although it is unlikely these winds would impact significantly on the results
presented here (any melting would likely refreeze within the firn before the summer melt season, although it may speed up ice

25

lens formation it would not add to the total meltwater available for summer lake formation), the authors of the study anticipate
an increase in wintertime melt in response to increasing greenhouse gas concentration which could enhance firn densification
even further.
Melt lakes may provide enough water for the propagation of surface crevasses through the ice shelf. When penetration does
occur, the ice shelf will remain weak as the refrozen ice will remain warmer (and therefore softer) than the older glacial ice for

30

many years. Furthermore, seawater can also infiltrate the crevasse below which will create permanently weaker zones of frozen
saline ice within the interior of the ice shelf (Scambos et al., 2003). Although lakes have currently only been observed close to
the grounding line on Larsen C, calculations suggest that they may already contain enough meltwater to cause hydrofracture
should future temperature increases cause them to occur closer to the ice shelf front and this could be a factor in ice shelf
instability.

Code availability. The model code used in this study is available at https://doi.org/10.17864/1947.121
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