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Abstract

A firn densification model (FDM) is used to assess spatial and temporal (1979-2200)
variations in the depth, density and temperature of the firn layer covering the Antarc-
tic ice sheet (AIS). Results from a time-dependent version of the FDM are compared
to more commonly used steady-state FDM results. Although the average AIS firn air
content (FAC) between both models is similar (22.5m), large spatial differences are
found: in the ice-sheet interior, the steady-state model underestimates the FAC by up
to 2m, while the FAC is overestimated by 5—15m along the ice-sheet margins, due to
significant surface melt. Applying the steady-state FAC values to convert surface eleva-
tion to ice thickness (i.e. assuming flotation at the grounding line) potentially results in
an underestimation of ice discharge at the grounding line, and hence an underestima-
tion of current AIS mass loss by 23.5%, or 16.7 G'[yr‘1 (with regard to the reconciled
estimate over 1992-2011, Shepherd et al., 2012). The timing of the measurement is
also important as temporal FAC variations of 1-2m are simulated within the 33 yr pe-
riod. Until 2200, the Antarctic FAC is projected to change due to a combination of
increasing accumulation, temperature and surface melt. The latter two result in a de-
crease of FAC, due to (i) more refrozen meltwater, (ii) a higher densification rate and
(iii) a faster firn-to-ice transition at the bottom of the firn layer. These effects are how-
ever more than compensated by increasing snowfall, leading to a 4—14 % increase in
FAC. Only in melt-affected regions, future FAC is simulated to decrease, with the largest
changes (-50 to —80 %) on the ice shelves in the Antarctic Peninsula and Dronning
Maud Land. Integrated over the AIS, increased precipitation results in a combined ice
and air volume increase of ~ 300 km® yr'1 until 2100, equivalent to an elevation change
of +2.1cm yr'1 . This shows that variations in firn depth remain important to consider in
future mass balance studies using (satellite) altimetry.
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1 Introduction

The most common method to determine the effect of climate change on the ice sheets
of Greenland and Antarctica is to calculate the change in their mass over time. Due
to their remoteness, adverse climate conditions, and sheer size, it is difficult to mea-
sure the mass balance of these two ice sheets directly. Over the last few decades,
the introduction of satellite and airborne remote sensing techniques has increased the
understanding of ice sheet processes and led to more accurate mass balance esti-
mates. Three methods involving satellite remote sensing are generally used for ice
sheet mass balance calculations: (i) the mass-budget method (e.g. Rignot et al., 2008),
(i) the gravimetric method (e.g. Velicogna, 2009) and (iii) the volumetric method (e.g.
Davis et al., 2005). The first method calculates the mass in- and output of the ice sheet
directly, by subtracting the ice discharge over the grounding line from the surface mass
balance (SMB) of the grounded ice sheet. The second method directly measures mass
variations in the Earth’s gravity field, from which ice mass changes can be deduced
if a correction is applied for all other mass-varying processes (e.g. ocean tides and
bedrock movement). The third method measures the change in ice volume from sur-
face elevation changes. These variations can be converted into ice mass change if the
density of the material at which the volume change takes place is known.

To obtain meaningful mass balance estimates, all three remote sensing techniques
require corrections for surface processes, such as precipitation anomalies (Horwath
et al., 2012), firn pack changes (Zwally and Li, 2002; Helsen et al., 2008) or bedrock
movement by glacial isostatic adjustment (GIA, Peltier, 2004; Whitehouse et al., 2012).
These corrections are often provided by models that simulate the aforementioned pro-
cesses. While the three methods are based on different principles and measure dif-
ferent quantities, they give reasonably consistent results for the mass balance of the
Greenland and Antarctic ice sheets over the past two decades (Shepherd et al., 2012).

This paper focuses on firn layer variations and their influence on mass balance mea-
surements. Knowledge of variations in firn volume and mass is a necessity for the
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mass-budget method and the volumetric method and aids in the interpretation of gravity
measurements. Firn-induced surface elevation changes, as simulated by a firn densifi-
cation model, are used to correct remotely sensed surface elevation changes in order
to obtain the mass loss/gain of the glacier ice underneath (e.g. Pritchard et al., 2012).
Firn pack variations also need to be considered for the mass budget method. Ice thick-
ness measurements that are used to calculate ice discharge over the grounding line
(e.g. Rignot et al., 2011), must be corrected for the amount of air in the firn column to
prevent an overestimation of the mass flux (Van den Broeke, 2008).

Firn air content (FAC) is a measure for the pore space fraction of the firn layer and
is defined as the change in thickness (in m) that occurs when the firn column is com-
pressed to the density of glacier ice:

z(0y)
FAC = / (0: - p(2))dz (1)

Zs

where p, is the ice density, here assumed to be 910kg m'3, and z¢ and z, indicate
the surface and the depth at which the ice density is reached, respectively. The FAC
depends both on the shape of the firn density profile and the firn layer depth; these
in turn are governed by the local surface climate conditions (Ligtenberg et al., 2011).
Due to the large spatial heterogeneity in climate conditions over the Antarctic ice sheet
(AIS), the FAC also exhibits a large variability. In locations with net ablation, no firn
layer is present, while favorable local climate conditions can lead to a FAC of more
than 40 m (Van den Broeke, 2008; Ligtenberg et al., 2011). These values are usually
obtained from a steady-state firn density profile that is calculated with the long-term
average temperature and accumulation (Herron and Langway, 1980; Barnola et al.,
1991; Zwally and Li, 2002). Until now, ice thickness observations have been corrected
with either a constant FAC value (e.g. Rignot and Jacobs, 2002) or with a spatially
varying pattern, based on steady-state density profiles (e.g. Fretwell et al., 2013). Either
way, temporal variations in firn layer density and thickness are neglected.
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Due to large seasonal and inter-annual variations in the Antarctic climate, temporal
variations in firn pack characteristics can be significant (Ligtenberg et al., 2012). At
higher temperatures, the densification rate of firn increases, i.e. near-surface firn den-
sifies quicker in summer than in winter (Herron and Langway, 1980). This also implies
that a snowfall event in winter/summer deposits a firn layer with lower/higher density.
When surface melt occurs in summer, the local refreezing of meltwater in the firn pore
space is a very efficient densification process. Steady-state firn solutions are based
on dry-firn compaction and do not take melt into account (Herron and Langway, 1980;
Ligtenberg et al., 2011). On higher parts of the AIS, constituting ~ 90 % of its area, this
is a valid assumption as surface melt does not occur (Lenaerts et al., 2012). However,
along the coasts and on the fringing ice shelves, annual surface melt can be significant
and cause large seasonal variations in firn characteristics. Furthermore, the grounding
line of the AIS is often located in these low-elevation areas, making it sensitive to these
variations.

This study presents and explains temporal variations in FAC on the AIS, as well as
their climatic cause. We do this for the present-day (1979-2012), as well as for future
variations over the next two centuries. First, the firn densification model and its different
atmospheric forcing fields will be introduced.

2 Methods
2.1 Firn densification model

The present-day and future evolution of the Antarctic firn layer are simulated with a one-
dimensional, time-dependent firn densification model (FDM). The full details of the
FDM are described in Ligtenberg et al. (2011) and will only be summarized briefly here.
The current model version is based on Herron and Langway (1980), and subsequent
modifications by Zwally and Li (2002) and Helsen et al. (2008). It uses the adapted
densification equations of Arthern et al. (2010), that were tuned to fit Antarctic firn
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depth-density observations (Ligtenberg et al., 2011). A snowmelt module is included to
simulate and calculate simple firn hydrology, i.e. the amount of percolation, retention,
refreezing and runoff of meltwater. With this latter improvement, the FDM is capable to
simulate firn evolution in both the dry-snow zone and melt-affected regions.

One of the basic principles of the FDM is its “steady-state assumption”, i.e. the firn
layer is in equilibrium with the local long-term climate forcing. To fulfill this criterion, the
available climate forcing time series needs to be long enough to represent the long-
term average climate. This has been previously done by assuming that the past 33 yr
(1979-2012) are a good representation of the Antarctic climate over the last centuries
(Ligtenberg et al., 2011, 2012). Indeed, the AIS climate shows no significant trends in
the recent past (Monaghan et al., 2006; Bromwich et al., 2011; Lenaerts et al., 2012),
making this assumption valid. However, this steady-state assumption is not valid for
future simulations (which will be introduced in the next section), and therefore requires
small adaptations to the FDM. First, the climate of 1960-1979 is assumed to equal the
long-term average climate and serves as spin-up climate for the FDM. Thereafter, the
modeled firn layer is allowed to evolve over the period 1980-2199. Secondly, the an-
nual average surface temperature and accumulation, that are used in the densification
equations, are taken as the running average over the last 40 simulation years. This is
done to include the effect of the changing climate on firn densification. For example, in
2120 the annual average temperature and accumulation are calculated over the period
2080—-2119. Thirdly, the deep-layer temperature (> 15m depth) is allowed to rise with
future rising surface temperatures, while the present-day simulation uses a fixed an-
nual average temperature at depth, consistent with the above-described steady-state
assumption.

2.2 Atmospheric forcing

Output of the regional atmospheric climate model RACMO?2 is used as atmospheric
forcing of the FDM. At the surface, it is forced with SMB components (precipitation,
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surface sublimation, surface melt and drifting snow processes), surface temperature
and 10 m wind speed.

2.2.1 Present-day climate

For the present-day simulation (August 1979 to August 2012), 6 hourly RACMO2 output
of Lenaerts et al. (2012) is used. The same forcing was previously used for present-day
FDM simulations (Ligtenberg et al., 2011, 2012). To obey the steady-state assumption
and create a realistic initial firn profile, the FDM is run iteratively until the complete firn
layer is refreshed, after which the final simulation starts. The spatial resolution of the
FDM is 27 km, equal to that of the forcing model, RACMO2. The temporal resolution
of present-day FDM output is 2 days for surface properties and every week for depth-
density profiles.

2.2.2 Future climate

For the future simulation, we used the same approach and data as Kuipers Munneke
et al. (2014). This approach is based on a future climate simulation with RACMO2,
forced by global climate model data (HadCM3) using the A1B emission scenario
(Ligtenberg et al., 2013). To extend the climate forcing prior to the RACMO2 simulation
(1960-1979), the Antarctic climate is reconstructed using an “analogue method”, based
on historical observational temperatures and accumulation fields from Monaghan et al.
(2008). In short, one starts with finding the nearest monthly average temperature in
the 1980-1999 period compared to January 1960 and copies the daily climate values
(e.g. temperature, precipitation and surface melt) from this month into January 1960.
This is subsequently done for every month in the 1960-1979 period and for every
RACMO2 grid point. In this way, a synthetic daily climate is reconstructed, while spa-
tial variations are preserved and sub-monthly variability is introduced. Afterwards, the
daily values of 1960—-1979 are bias-corrected for the introduced difference between the
1960-1979 and 1980-1999 average climates. Finally, a 40 yr average climate without
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trend is obtained. A more detailed description and discussion of this procedure is found
in the Appendix of Kuipers Munneke et al. (2014).

The period 1960-1979 is used as spin-up period and the FDM is run iteratively as
often as needed to refresh the complete firn layer, after which the final 240 yr simulation
starts (1960-2200). For computational efficiency, the RACMO2 climate simulation was
performed on 55 km horizontal resolution, which is therefore also the spatial resolution
of the FDM future simulation. The temporal resolution of future FDM output is 2 days
for surface properties and 1 month for depth-density profiles.

3 Results
3.1 Present day variations

Figure 1a shows the average FAC for 1979-2012, as simulated by the present-day
FDM simulation. High values are found on the East-Antarctic plateau, where firn den-
sification is a slow process due to the low temperatures. High values are also found
at isolated spots in mountainous regions and along the coast, particularly in West-
Antarctica, where the highest accumulation rates of the AIS are recorded (Van den
Broeke et al., 2006; Lenaerts et al., 2012). Due to these high accumulation rates, the
firn is buried quickly and has less time to densify, leading to a thick firn layer with a sig-
nificant amount of pore space. Low FAC values are found in regions with a relatively
warm and dry climate. Here, fresh snow is buried more slowly and the high temper-
atures enhance firn densification. Siple Coast (82°S and 140°W) and the Lambert
Glacier catchment (73° S and 70° E) are examples of regions with this type of climate.
Surface melt has a significant effect on producing low FAC (< 15m) in coastal areas
and on the ice shelves. On the two largest Antarctic ice shelves (IS), the Ross IS
and Filchner—Ronne IS, higher FAC values are found due to their southerly locations,
associated with lower temperatures and weaker melt. The West-Antarctic ice shelves
receive high annual accumulation rates that partly mask the melt signal. The white
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areas indicate locations where no firn layer is simulated as a consequence of annual
sublimation and/or melt exceeding annual accumulation in the RACMO2 forcing. These
locations coincide reasonably well with observed blue ice areas, i.e. locations where
no firn layer is present (Scambos et al., 2012; Das et al., 2013).

The general spatial pattern of the average FAC from the time-dependent FDM so-
lution (Fig. 1a) is similar to that of the steady-state FDM (Fig. 8a in Ligtenberg et al.,
2011) and the ice-sheet average is identical for both models at 22.5 m. However, Fig. 1b
shows that substantial spatial differences exist between the two. In the AIS interior, the
time-dependent FDM simulates slightly more firn air, with the largest positive differ-
ences (as large as 2m), occurring near the domes of the East-Antarctic plateau. The
positive differences are simulated in the part of Antarctica where no surface melt occurs
and are caused by a bias correction in the surface density used in the steady-state FDM
(Ligtenberg et al., 2011), introduced to simulate the majority of the depth-density pro-
file (i.e. the depth at which the 550 kg m~ and 830 kg m~3 density levels are reached)
similarly in both models (Fig. 2a). A disadvantage of this bias correction is that the
density in the top ~2m of the firn layer is overestimated in the steady-state solution,
causing a lower total air content for the firn column. In this part of the firn column, the
seasonal temperature variations are large and especially the higher firn temperatures
in summer and autumn cause a quicker density increase with depth than is simulated
by the steady-state solution. In the remainder of the firn column, both density profiles
are virtually indistinguishable (Fig. 2a).

Along the margins of the AIS, the time-dependent FDM simulates significantly less
FAC than the steady-state FDM (Fig. 1b). These negative differences are an order of
magnitude larger than the positive differences in the ice-sheet interior (note the skewed
color bar in Fig. 1b) and are mainly caused by significant melt. Refreezing of meltwa-
ter in the firn is a very effective densification process which rapidly reduces the FAC
(Fig. 2b). Surface melt is not taken into account in the steady-state FDM because of
its large seasonal and inter-annual variability. Figure 2b shows the difficulty of defining
a steady-state firn density profile for locations with substantial melt, due to the uneven
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distribution of high and low density layers that move downward with time. In locations
with occasional melt, such as the Filchner—Ronne IS and Ross IS regions, the dif-
ference between the models is relatively small; 1-2m. In contrast; differences in the
Antarctic Peninsula can be as large as 20 m, caused by large summer melt rates.

When calculating the total mass of the AIS from surface elevation observations (e.g.
Fretwell et al., 2013), the difference between the steady-state and time-dependent
FAC is negligible, as both ice-sheet averages are similar. However, for individual lo-
cations, the difference in firn air correction can be as large as 80 %. Coincidentally,
the largest FAC deviations are found in locations where ice thicknesses are relatively
small (coastal regions and ice shelves). This is even more relevant, because ice thick-
ness at the grounding line is an important quantity in mass balance studies of both
the grounded ice sheet (e.g. Rignot et al., 2011) and ice shelves (e.g. Depoorter et al.,
2013; Rignot et al., 2013). Combined with the local ice velocity, it determines the ice
discharge over the grounding line. A systematic error in the FAC at the grounding line
directly affects the ice thickness and therewith the ice discharge estimate. Figure 3a
and b shows the difference in FAC between both models along a part of the grounding
line in East Antarctica (80—-120° E). The average time-dependent FAC (13.6 m) is lower
than the steady-state FAC (17.2m), with the largest differences simulated where ice
shelves are formed; 82-87° E (West IS), 94-102° E (Shackleton IS), 110-112° E (Vin-
cennes IS) and 115-120° E (Totten IS and Moscow University IS). These locations are
often situated lower than the neighboring parts of the grounding line and are there-
fore more susceptible to surface melt; the time-dependent FAC is often lower than 8 m,
while the steady-state models simulates values greater than 12 m. The relative FAC dif-
ference is especially large on the eastern parts of Shackleton IS (100-102° E), where
the time-dependent model simulates FAC less than 3 m on average.

Averaged over the entire AIS grounding line, the FAC simulated by the time-
dependent FDM is 2.70 m higher than simulated by the steady-state FDM, which is
only 0.7 % of the total ice thickness at the grounding line (371 m, from Fretwell et al.,
2013). But since the ice thickness, ice discharge and ice-sheet mass balance are lin-
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early related to one another, a FAC difference directly affects the current mass balance
estimate (-71+£53 thr‘1, by Shepherd et al., 2012). This ice-sheet mass balance is
only a fraction (3.1 %) of the total ice discharge (~ 2300 thr‘1, by Rignot et al., 2011),
as it is the residual of two large, and almost equal, values; the ice discharge and the
SMB. This implies that the 0.7 % increase in ice discharge due to the average FAC dif-
ference, leads to a 23.5 % increase (or 16.7 thr’1) in the current mass loss estimate
of the AIS.

In Fig. 3a, also the peak-to-peak FAC difference (i.e. difference between maximum
and minimum FAC in the 1979-2012 period) as simulated by the time-dependent FDM
is shown. Large differences indicate that seasonal and inter-annual climate variations
cause large temporal variations in FAC. This means that, depending on the timing of
the observation, the firn layer thickness and its air content could differ from the average
value. Along the East-Antarctic part of the grounding line (Fig. 3a), this difference is
rather constant, between 0.5-1.5m. Depending on the timing of the observation, this
introduces additional uncertainty in FAC along the grounding line.

Figure 4 shows the spatial distribution of the absolute (a) and relative (b) peak-
to-peak difference in FAC (Fig. 1a). On the East-Antarctic plateau, the peak-to-peak
differences are small (< 0.2m), due to a combination of low accumulation rates, low
temperatures and a lack of surface melt. Since the average FAC is large (Fig. 1a), the
relative variations are small (< 1%). In coastal areas, temporal variations are much
larger due to both the occurrence of melt and higher accumulation rates. A coastal
band of ~ 150 km wide experiences peak-to-peak differences of 1-3 m, with the high-
est values (~ 3m) on the western side of the Antarctic Peninsula, due to a favorable
combination of extremely high accumulation rates and substantial surface melt. In the
Antarctic Peninsula, this leads to relative differences as large as 50 %, while other ice
shelves mostly show relative differences in the order of 1020 %. In the remaining
coastal areas, the relative magnitude of the peak-to-peak difference is mostly 5—-10 %
of the average FAC.
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The causes of temporal variations in FAC are threefold; variability in rates of (i) ac-
cumulation, (ii) firn densification and (iii) melt processes. Figure 5 shows the spatial
distribution of the relative importance of these three effects. It is clear that accumula-
tion (Fig. 5a) is the main driver of FAC variations, which was already found in earlier
studies (Davis et al., 2005; Helsen et al., 2008; Ligtenberg et al., 2012), but never quan-
tified. In most parts of the AlS, more than 99 % of the FAC variations are explained by
accumulation variability. In the steeper regions of the ice sheet (~250km inland of
the coast), where accumulation rates are relatively high, this increases to more than
99.9 %. At locations without snowmelt, the remainder of the signal is explained by vari-
ations in firn densification. At the highest elevations, where accumulation rates are
among the lowest in Antarctica, the highest variance explained by firn densification is
found: ~ 2% (Fig. 5b). This reflects the fact that firn densification is a relatively con-
stant process; variations are minor due to the near-constant temperature in most of the
firn layer. Obviously, the variance explained by surface melt is only present at locations
where melt occurs; i.e. the coastal areas and ice shelves (Fig. 5c). The largest values
(> 30%) are found on the Antarctic Peninsula ice shelves (Larsen C IS and Wilkins
IS), where the largest annual surface melt rates are found. Interestingly, at locations
with little melt, but also low accumulation rates (e.g. Siple Coast and Amery IS), the
influence of melt on FAC variations is also large. A by-product of melt is that refreezing
meltwater increases the firn temperature and therefore increases the firn densification
rate. In Dronning Maud Land, for example, the variance explained by firn densification
is slightly larger on the ice shelves than on the inland ice sheet due to this effect.

3.2 Future variations

The future evolution of the AIS firn layer is simulated with the time-dependent FDM, us-
ing RACMO2 climate forcing over the 1960—2200 period at 55 km horizontal resolution.
Figure 6a shows the average FAC at the start of this period (1960—1999), which should
be in agreement with the FAC as presented in Fig. 1a. The spatial pattern is roughly
the same, with the highest values (> 35m) at the domes of the East-Antarctic plateau
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and lower values (< 15m) along the coast. Obviously, spatial detail is reduced due to
the coarser horizontal resolution, especially in regions with complex topography, such
as the Transantarctic Mountains and the Antarctic Peninsula.

Figure 6b indicates that most of the FAC differences can be attributed to climate
differences caused by the varying topographic detail between the two. Basically, the
patterns of high and low accumulation are slightly shifted, leading to subsequent dif-
ferences in FAC. For example, the Transantarctic Mountains are less pronounced in
the coarser resolution of the future simulation, leading to lower accumulation rates and
hence smaller FAC. As a consequence, their shielding effect on the East-Antarctic in-
terior is also less distinct, resulting in higher accumulation rates and larger FAC values.
No negative SMB is simulated in this region, while this is present in the 27 km simu-
lation (Fig. 1a). Another notable difference is the higher FAC on Amery IS; apparently,
the 55 km grid is too coarse to resolve the complex local topography and its effects on
surface melt, that leads to low FAC values in the 27 km simulation. Looking at the large-
scale spatial patterns, the difference is mostly positive in the East-Antarctic interior and
negative along the coastal margins (Fig. 6b), likely caused by the less steep topography
in the coastal areas of the 55 km grid, resulting in less orographically forced precipita-
tion. On the other hand, more water vapor reaches the interior of the ice sheet and
enhances precipitation in this region. Averaged over the entire ice sheet, the average
FAC is 23.57 m (Fig. 6a), compared to 22.50 m in the 27 km simulation (Fig. 1a).

When studying the future FAC evolution, the anomalies with regards to the
1960-1999 average are more important than the absolute differences outlined above.
For example, two firn layers with a different FAC that are in equilibrium with their local
climate will react similarly to an increase in precipitation (increase in FAC) or an in-
crease in melt (decrease in FAC). In the next paragraphs, the main focus will therefore
be on anomalies in FAC, rather than the absolute values of the change.

Figures 7 and 8 show the spatiotemporal FAC changes in Antarctica over the next
two centuries. Averaged over the AlS, there is no trend in FAC over 1960-1979 (Fig. 7),
which is consistent with the set-up of the FDM: the firn characteristics in 1960 and
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1980 are virtually similar, as the model is spun-up iteratively until it is in equilibrium
with the 1960-1979 climate. As the average climate of 1980-1999 is used to scale
the average climate of 1960-1979, no large changes are expected during this period.
However, especially at lower altitudes, a deviation of a few percent is simulated for
1980-1999, likely caused by the non-linear response of FAC on inter-annual variability
in the climatic forcing. The temporal evolution of FAC depends on the timing of inter-
annual variations in accumulation (dry or wet), temperature (warm or cold) and surface
melt (evenly spread or large pulses). For instance, when starting with a same initial firn
layer, the resulting FAC is different when a wet period is followed by a dry period, than
vice versa (Helsen et al., 2008). The same accounts for multiple years with large melt
rates followed by multiple non-melt years, and vice versa. Averaged over the entire AlS,
the relative decrease in FAC in these 20yr is 0.5 % (Fig. 7b).

Much larger changes in FAC are simulated for the 21st and 22nd centuries in re-
sponse to increased snowfall and melt. Over the 21st century, the average FAC in-
creases by 4.4 % (~ 1.0m), with the spatial pattern shown in Fig. 8a. Most of the ice-
sheet interior shows a uniform increase in FAC. In general, the increase is lower further
from the coast; the largest increases are simulated in a wide band along the Wilkes
Land and West Antarctic coasts. This pattern is similar to the accumulation increase in
the climate forcing (Fig. 10b in Ligtenberg et al., 2013). The largest FAC increases are
simulated in the vicinity of Mertz Glacier (68° S, 145° E), where it increases by 29.6 %
(7.7m) in 100yr. The FAC increase due to fresh snow is partly counteracted by the
faster firn-to-ice transition at the bottom of the firn layer and a faster firn densification
rate. In the FDM, both these processes are parameterized with the average annual
accumulation, and therefore both are projected to increase in the future.

In the coastal areas of West Antarctica and the Antarctic Peninsula, a significant
FAC decrease is simulated, caused by the increase in surface melt in these lower-lying
regions. The eastern part of the Ross IS is also expected to experience significantly
more melt, resulting in a lower FAC. When the FAC approaches zero, ice shelves can
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be become susceptible to meltwater ponding and hydrofracturing (Kuipers Munneke
et al., 2014).

During the 22nd century, the spatial pattern of FAC change (Fig. 8b) is roughly similar
to that of the 21st century (Fig. 8a). Again, there is a distinct and uniform FAC increase
in the interior of the ice sheet and a decrease along the margins. However, there are two
notable differences. First, the increase over most of the ice sheet is slightly smaller than
the 21st century increase, owing to a less distinct increase in precipitation in the 22nd
century. In the second half of the 22nd century, the Antarctic climate stabilizes as the
greenhouse forcing of the climate model is set constant at the 2100-level (Ligtenberg
et al., 2013). In part, this also explains the flattening of the FAC increase towards the
end of the simulation (Fig. 7). Second, along the East-Antarctic coast, the decrease
in FAC is more pronounced. Especially the ice shelves in Dronning Maud Land show
a significant reduction in FAC (25—40 % or 4—7 m). Also the other East-Antarctic ice
shelves (e.g. Amery IS, West IS, Shackleton I1S) show decreasing firn air values. The
relative FAC changes along the West-Antarctic coast and in the Antarctic Peninsula are
also large, but do not lead to large absolute differences as many of these ice shelves
already approach zero FAC by 2100 (Kuipers Munneke et al., 2014).

The future, melt-driven FAC reduction in lower-lying regions is illustrated by the FAC
evolution of the < 500 m height bin in Fig. 7. From 2000 until 2050, the simulated FAC
increase is equal to or slightly larger than the increase in other height bins, indicat-
ing that the increase in precipitation during this interval is largest at lower altitudes.
Over the next 80yr (2050-2130), the slope decreases: precipitation is still increas-
ing, but this effect is partly counteracted by a simultaneous increase in surface melt.
Around 2135, a couple of strong melt years occur (Ligtenberg et al., 2013) that initi-
ate an abrupt decrease in FAC. Hereafter, a negative trend persists that reduces FAC
by 6 % over the last 60 yr of the simulation, and result in a similar FAC amount as in
1960-1979. In all other altitudes bins, the FAC increases significantly. The largest rel-
ative increases (~ 14 %) are found at lower altitudes (500—1500 m), in agreement with
the largest simulated precipitation increase. Higher up on the AIS, the increase in pre-
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cipitation becomes smaller, leading to smaller FAC increases. In the highest altitude
bin (> 3500 m), FAC is simulated to increase by ~ 4 % over the next two centuries.

These FAC increases can be put in perspective by converting them into volume
changes for the entire ice-sheet. Over the 21st century, the simulated volume increase
is ~ 150 km® yr‘1, representing the sum of contributions from positive (+158 km?® yr‘1)
and negative difference grid points (-8 km?® yr'1 )- During the 22nd century, the increase
summed over the positive grid points is similar (+147 kmsyr‘1), but mainly due to
a larger volume change over the negative grid points (-25 km3yr'1), the total volume
change is significantly smaller than during 2000-2100. Next to this increase in firn
air due to enhanced precipitation, the mass increase by snowfall itself (~ 150 thr'1,
from Ligtenberg et al., 2013) also causes a volume increase; ~ 150 km?® yr’1. The ra-
tio between the simulated volume increase due to ice crystals and air (more or less
1:1) is lower than expected (1 : 2) when solely considering the density of fresh snow
(~ 350kg m'3). This indicates that half of the additional FAC by enhanced snowfall is
removed by either snowmelt, increased firn densification or a faster firn-to-ice transi-
tion at the bottom of the firn layer. The combined volume increase from ice crystals and
air (~ 300 km?® yr’1) causes the surface of the AIS to rise with ~ 2.1 cmyr‘1 until 2100.
Therefore, these surface and firn layer effects must be taken into account for future ice-
sheet mass balance studies based on volumetric changes. Moreover, this illustrates
that knowledge of firn layer behavior and its response to climate variations remains
invaluable for a correct interpretation of current and future observations of ice-sheet
volume balance.

4 Discussion

The results presented here depend strongly on the climate output of the forcing climate
model RACMO2. Based on previous work, RACMO2 produces a realistic Antarctic
climate. For example, the simulated SMB corresponds well with ~ 750 in-situ SMB
observations (Lenaerts et al., 2012). Forced with 27 km RACMO2 climate (1979-2011),
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the steady-state FDM agrees well with firn-core observations (Ligtenberg et al., 2011)
and simulates firn densities similar to earlier steady-state solutions (e.g. Zwally and
Li, 2002; Van den Broeke, 2008). Seasonal and inter-annual variations in RACMO2
accumulation and subsequent variations in FDM-simulated firn depth compare well
with satellite observations (e.g. Pritchard et al., 2012; Ligtenberg et al., 2012; Horwath
et al., 2012; Medley et al., 2013).

In the future RACMO2 climate forcing, more uncertainties are present. The 1980—
1999 climate of the global climate model used to force RACMO2 shows a cold and dry
bias, when compared to the re-analysis forced RACMO2 simulation (Ligtenberg et al.,
2013). This bias is removed from both the present-day period (1980-1999) and the fu-
ture period (2000-2199) in order to obtain realistic average precipitation and snowmelt
values (Kuipers Munneke et al., 2014). The resulting difference in FAC between both
present-day simulations is quite small, but spatially more significant differences occur,
which can for a large part be explained by the difference in horizontal resolution be-
tween both forcings. In Ligtenberg et al. (2013), an assessment of the future climate
results shows that the Antarctic snowfall sensitivity (in thr‘1 K‘1) is in the same range
as in other studies. Moreover, Antarctic precipitation scales more or less linearly with
temperature and since the simulated change is more than three times larger than the
bias in the 1980-1999 climate, at least two-thirds of the simulated accumulation change
in RACMO2 is expected to be realistic.

Also, the possible range in future temperature change can produce uncertainty that
is not included. It was computationally not feasible to perform more than one FDM fu-
ture simulation for the complete AIS, so a mid-range emission scenario (A1B) was se-
lected. Due to the relatively linear response of precipitation and SMB to a temperature
increase, the results from this manuscript in combination with those from Ligtenberg
et al. (2013) can be used to scale the firn layer response for different climate scenar-
ios.

Another uncertainty derives from the FDM itself and its ability to simulate temporal
evolution of firn temperature and density. The used FDM is based on semi-empirical
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equations and errors in the measurements therefore introduce errors in the FDM re-
sults. In the Supplement of Depoorter et al. (2013), the uncertainty in FAC is assessed
as a combination of the three fixed points in a steady-state firn profile: (1) surface den-
sity, (2) depth at which the density reaches p = 550 kg m~ and (3) depth at which the
density reaches p = 830kg m~2. From FDM sensitivity experiments, a FAC uncertainty
of ~ 10 % was obtained.

5 Conclusion

The amount of air in the Antarctic firn layer greatly varies in time and space. Knowledge
of these variations is critical for a correct interpretation of satellite measurements. FAC
has often been estimated using a steady-state solution, thereby assuming that the firn
layer density is constant in time. This approach does not consider temporal variations
in FAC due to climate variability, nor the effect of meltwater refreezing on firn density
and air content. Here, we examined the temporal variations in Antarctic FAC and as-
sessed the differences with an earlier-published steady-state solution. Also, a transient
simulation of the firn layer until 2200 is performed to estimate the effect of a warmer
and wetter Antarctic climate on the FAC.

Averaged over the ice sheet, there is virtually no difference in average FAC between
the steady-state and the time-dependent solution. However, regional differences are
quite large. In the part of the AIS where no surface melt occurs (~ 90 %), the FAC
is slightly underestimated (~ 3 %) by the steady-state solution. For coastal locations,
where summer melt is significant, the steady-state solution overestimates the FAC,
because refrozen meltwater that occupies firn pore space is not taken into account.
A major application of FAC values is to correct ice thickness measurements at the
grounding line, in order to determine ice discharge from the ice sheet. Most of the
grounding line is located in low-elevation regions where melt occurs, indicating that the
discharge of grounded ice is underestimated when steady-state FAC values are used.
Between the steady-state and time-dependent models, the average FAC difference at
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the grounding line is 2.7 m, which is 0.7 % of the local ice thickness. Differences in ice
thickness are however directly translated into difference in ice discharge and ice-sheet
mass balance. Since the latter is a relatively small number, the influence of the FAC
difference is quite significant (23.5% or 16.7 thr‘1) when estimating the sea-level
contribution of the AlS.

Seasonal and inter-annual variations in accumulation and temperature introduce
short-term variability in FAC. In the East Antarctic interior, these variations are small
(< 1%), due to low accumulation rates and low temperatures. Along the warmer and
wetter coastal margins however, variations are larger (~ 5 %). At locations with signif-
icant summer melt (e.g. coastal ice shelves), temporal FAC variations in the contem-
porary climate simulation can be as large as 50 %. Elsewhere, the FAC variations are
predominantly caused by variability in accumulation.

In the future, the largest part of the AIS will remain melt-free, resulting in a FAC
increase due to an accumulation increase. This increase is partly counteracted by an
increase in firn compaction and the faster transition from firn to ice at the bottom of the
firn layer. At the highest altitudes, the smallest relative increase (2200 minus 2000) is
simulated (4 %), while at moderate altitudes (1000—2000 m) a FAC increase of 12—-14 %
is simulated. At the lowest altitudes (generally below 500 m), this effect is partly or fully
compensated by the increase in surface melt. The ice shelves in West Antarctica, the
Antarctic Peninsula and Dronning Maud Land lose most of their FAC due to this process
and therewith their buffer capacity to refreeze meltwater, making them susceptible to
hydrofracturing (Kuipers Munneke et al., 2014).

The simulated future increase in FAC indicates that, next to a mass increase due
to increased accumulation (Ligtenberg et al., 2013), the volume of the AIS will likely
increase at a rate of ~ 300 km® yr'1. Interpreting this as a change in ice mass would
lead to an underestimation of the contribution of the AIS to sea-level rise. Corrections
for variations in the firn layer are therefore crucial for a correct interpretation of future
AIS volume changes and their conversion to mass changes.
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Fig. 2. Typical firn density profiles for two locations in Antarctica; one without snowmelt (A) on
the East-Antarctic plateau (85° S, 84° E) and one with significant summer snowmelt (B) near
George VI ice shelf (73° S, 67° W). For both locations, the steady-state (“StSt”, red) and time-
dependent (“TD”, black) solutions of the FDM are shown, with in (A) an inset showing the first
5m, as well as the firn air content (FAC) for both profiles.
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Fig. 3. Firn air content (FAC) along part of the grounding line in East Antarctica (78—-122°E,
projected as a function of longitude (° E) (A) and as a map (B). In (A), the FAC from the steady-
state (purple) and time-dependent (orange) models, as well as the peak-to-peak difference
(black) in the time-dependent model, are shown. In (B) the average difference between both
models is shown. Names of ice shelves: West ice shelf (WIS), Shackleton ice shelf (SIS),
Vincennes ice shelf (VIS), Totten ice shelf (TIS) and Moscow University ice shelf (MUIS).
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pared to the average FAC from Fig. 1a.
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and 2080-2099, and 2080-2099 and 2180—2199, respectively.
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