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Abstract. A firn densification model (FDM) is used to assess 1  Introduction

spatial and temporal (1979-2200) variations in the depth,

density and temperature of the firn layer covering the Antarc- ) .
tic ice sheet (AIS). A time-dependent version of the FDM The most common method to determine the effect of cli-
is compared to more commonly used steady-state FDM reMate change on.the Antarctic ice sheet (AIS) is to calcu-
sults. Although the average AIS firn air content (FAC) of late the change in mass over time. Due to its remoteness,
both models is similar (22.5m), large spatial differences areddverse climate conditions, and sheer size, it is difficult to
found: in the ice-sheet interior, the steady-state model underMéasure the mass balance of the AIS directly. Over the last
estimates the FAC by up to 2m, while the FAC is overes- few decadgs, the |r.1troduct|on. of satellite and alrborne. re-
timated by 5-15m along the ice-sheet margins, due to Sigmote sensing techniques has increased the understanding of
nificant surface melt. Applying the steady-state FAC valuesiC€-Sheet processes and led to more accurate mass balance
to convert surface elevation to ice thickness (i.e., assumingStimates. Three methods involving satellite remote sensing
flotation at the grounding line) potentially results in an under- &€ generally used for ice-sheet mass balance calculations:
estimation of ice discharge at the grounding line, and hencdl) the mass-budget method (e Bignot et al, 2008, (ii) the

an underestimation of current AIS mass loss by 23.5% (ord"avimetric method (e.gVelicogna 2009, and (iii) the vol-

16.7 Gtyr1) with regard to the reconciled estimate over the UMetric method (e.gDavis et al, 2003. The first method
period 1992-2011. The timing of the measurement is alsgalculates t_he mass mput and output of the ice s_hee_t directly
important, as temporal FAC variations of 1-2m are simu-bY subtracting the ice discharge over the grounding !lne from
lated within the 33yr period (1979-2012). Until 2200, the the surface mass balance (SMB) of the grounded ice sheet.
Antarctic FAC is projected to change due to a combination ofThe second. mgthod d|rectly. measures mass variations in the
increasing accumulation, temperature, and surface melt. Th8&rth's gravity field, from which ice mass changes can be de-
latter two result in a decrease of FAC, due to (i) more refrozenduced if a correction is applied for all other mass-varying
meltwater, (i) a higher densification rate, and (iii) a faster Processes (e.g., ocean tides and bedrock movement). The
firn-to-ice transition at the bottom of the firn layer. These ef- third method measures the change in ice volume from surface
fects are, however, more than compensated for by increasin@'evat'on chan.ges. Thesg variations can.be convgrted into ice
snowfall, leading to a 4-14 % increase in FAC. Only in melt- Mass change if the dens[ty of the material at which the vol-
affected regions, future FAC is simulated to decrease, withMe change takes place is known. _

the largest changes-60 to —80%) on the ice shelves in To obtain _meanlngfL_JI mass ba_lance estlmates, all three
the Antarctic Peninsula and Dronning Maud Land. Integrated®Mote sensing techniques require corrections for surface
over the AIS, the increase in precipitation results in a similarPrOcesses, such as precipitation anomalisngath et al,
volume increase due to ice and air (bottl50 knByr—Lun- 2019, firn pack changesZvally and Li, 2002 Helsen et a.

til 2100). Combined, this volume increase is equivalent to a2008, or bedrock movement by glacial isostatic adjustment
surface elevation change 2.1 cmyr?, which shows that (GIA, Peltier, 2004 Whitehouse et al2012. These correc-

variations in firn depth remain important to consider in future fions are often provided by models that simulate the afore-
mass balance studies using satellite altimetry. mentioned processes. While the three methods are based on

different principles and measure different quantities, they
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give reasonably consistent results for the mass balance of thistics. Furthermore, the grounding line of the AIS is often
Greenland and Antarctic ice sheets over the past two decaddscated in these low-elevation areas, making it sensitive to
(Shepherd et g12012. these variations.

All three methods depend on a correct estimation of the This study presents and explains temporal variations in
mass and volume of the firn layer. This paper focuses on firrFAC on the AlS, as well as their climatic cause. We do this
layer variations and their influence on mass balance measurder the present day (1979-2012), as well as for future varia-
ments. Knowledge of variations in the firn volume and masstions over the next two centuries. We also discuss important
is a necessity for the mass-budget method and the volumeimplications of this analysis for mass balance estimates of
ric method, and it aids in the interpretation of gravity mea- the AIS. First, the firn densification model and its different
surements. Firn-induced surface elevation changes, as sinatmospheric forcing fields will be introduced.
ulated by a firn densification model, are used to correct re-
motely sensed surface elevation changes in order to obtain
the mass loss/gain of the glacier ice underneath @veplly 2 Methods
and Giovinett9p2011 Sgrensen et al2011 Pritchard et al.
2012. Firn pack variations also need to be considered for

the mass budget method. Ice thickness measurements that a'Fﬁ . L
: . L e present-day and future evolution of the Antarctic firn
used to calculate ice discharge over the grounding line (e'g'l’ayerpare simula)t/ed with a one-dimensional, time-dependent

Rignot et al, 2011, must be corrected for the amount of air g g0 i ation model (FDM). The full details of the FDM
in the firn column to prevent an overestimation of the mass_ - Jescribed iniatenbera et al (2017) and will only be
flux (Van den Broeke et gl2008. g 9 ’ y

The firn air content (FAC) of a fim column depends on briefly summarized here. The current model version is based

both firn layer depth and density; these, in turn, are governet%i) nnHetr)ro;V\?nl?j Lindgvlﬁjzlgg 9. Snld srzjbsteqlu ezrg)tomodlr?cci:a—
by the local surface climate conditionkigtenberg et al. ons by zwaly a (2009, Helsen et al(2008, a

2011). Due to the large spatial heterogeneity in climate Con_ngten_berg et al(201]. It uses the adapted den5|f|cat|_on
ditions over the AIS, the FAC also exhibits a large variability. equatlo.ns.ofArthern et a_l.(2010, th".:lt were tuned to fit
In locations with net ablation, no firn layer is present, while 20 ctic firn depth-density observatiorisigtenberg et al.
. . yeris p ’ 2011):

favorable local climate conditions can lead to a FAC of more
than 40m Yan den Broekg2008 Ligtenberg et al.2017). ) (e 4 B9
These FAC values are usually obtained from a steady-state - = Cby(pi — p(z))e '@ " RTs” where 1)
firn density profile that is calculated with the long-term av- . _
erage temperature and accumulatibleifon and Langway C =0.07(1.435—0.151In (b)) for p(z) < 550 kgnT™, ()
198Q Barnola et al.1991 Zwally and Li, 2002. Until now, C =0.03(2.366— 0.293 In (b)) for p(z) > 550 kgm‘3, 3)
ice thickness observations have been corrected with either a
constant FAC value (e.gRignot and Jacoh2002 or with whereb is the average annual accumulation (mmw.glyr
a spatially varying pattern, but are constant intime (&g-, ¢ is the gravitational accelerationy; is the ice density
poorter et al.2013 Fretwell et al, 2013. Either way, tem- (917 kg nT3), R is the gas constant, ari} andEg are the ac-
poral variations in firn layer density and thickness are ne-tivation energy constant#(thern et al, 2010. The density
glected. of fresh snow for every location is calculated using the local

Due to large seasonal and inter-annual variations in theaverage surface temperature, accumulation, and wind speed,
Antarctic climate, temporal variations in firn pack char- according toKaspers et al(2004. A snowmelt module is
acteristics can be significantigtenberg et al.2012). At included to simulate and calculate simple firn hydrology;
higher temperatures, the densification rate of firn increaseghe amount of percolation, retention, refreezing and runoff
i.e., near-surface firn densifies quicker in summer than inof meltwater. This module uses the simple “tipping-bucket”
winter (Herron and Langwayl1980. This also implies that method (i.e., liquid water is stored in the first available layer
a snowfall event in winter/summer deposits a firn layer with and only transported downwards when it exceeds capillary
lower/higher density. When surface melt occurs in summerforces), which performs relatively well in comparison with
the local refreezing of meltwater in the firn pore space isother, more sophisticated firn hydrological methodé&yer
a very efficient densification process. Steady-state firn soluet al, 2014. Moreover, most of the Antarctic meltwater re-
tions are based on dry-firn compaction and do not take melfreezes instantly due to the cold firn pack conditions. With
into account Kerron and Langwayl98Q Ligtenberg et al.  the inclusion of firn hydrology, the FDM is capable of sim-
2011). In higher parts of the AIS, constituting 90% of its  ulating firn evolution in both the dry-snow zone and melt-
area, this is a valid assumption as surface melt does not oaffected regions.
cur (Lenaerts et al.2012. However, along the coasts and  One of the basic principles of the FDM is its “steady-state
on the fringing ice shelves, annual surface melt can be sigassumption”, i.e., the firn layer is in equilibrium with the
nificant and cause large seasonal variations in firn charactetocal long-term climate forcing. To fulfill this criterion, the

2.1 Firn densification model
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available climate forcing time series needs to be long enougtemission scenarid.{gtenberg et al.2013. To extend the cli-

to represent the long-term average climate. This has beemate forcing prior to the RACMO2 simulation (1960-1979),
previously done by assuming that the past 33 yr (1979-2012)he Antarctic climate is reconstructed using an “analogue
are a good representation of the Antarctic climate over themethod”, based on historical observational temperatures and
last centuriesl(igtenberg et a].2011, 2012. Indeed, the AIS  accumulation fields fornMonaghan et al(2008. In short,
climate shows no significant trends in the recent plsistr(- one starts with finding the nearest monthly average tempera-
aghan et a).20068 Bromwich et al, 2011, Lenaerts et aJ.  ture in the 1980-1999 period compared to January 1960, and
2012, making this assumption valid. However, this steady- one copies the daily climate values (e.g., temperature, precip-
state assumption is not valid for future simulations (which itation and surface melt) from that month into January 1960.
will be introduced in the next section), and therefore requiresThis is subsequently done for every month in the 1960-1979
small adaptations to the FDM. First, the climate of 1960—period and for every RACMOZ2 grid point. This way, a syn-
1979 is assumed to equal the long-term average climate anthetic daily climate is reconstructed, while spatial variations
serves as spin-up climate for the FDM. Thereafter, the mod-are preserved and sub-monthly variability is introduced. Af-
eled firn layer is allowed to evolve over the period 1980-terwards, the daily values of 1960-1979 are bias-corrected
2199. Secondly, the annual average surface temperature arfidr the introduced difference between the 1960-1979 and
accumulation, that are used in the densification equations1980-1999 average climates. Finally, a 40yr average cli-
are taken as the running average over the last 40 simulamate without trend is obtained. A more detailed description
tion years. This is done to include the effect of the chang-and discussion of this procedure is found in the appendix of
ing climate on firn densification. For example, in 2120 the Kuipers Munneke et a{2014.

annual average temperature and accumulation are calculated The period 1960-1979 is used as spin-up period and the
over the period 2080-2119. Thirdly, the deep-layer temperafDM is run iteratively as often as needed to refresh the com-
ture (> 15m depth) is allowed to rise with future rising sur- plete firn layer, after which the final 240 yr simulation starts
face temperatures, while the present-day simulation uses @960—-2200). It should be noted that the FDM future simula-
fixed annual average temperature at depth, consistent witkion uses synthetic climate data from a global climate model,

the above-described steady-state assumption. in contrast to re-analysis data for the present-day run, mak-
. _ ing a direct comparison with the present-day simulation im-
2.2 Atmospheric forcing possible; i.e., “1985" data from the future simulation are not

) o comparable with real 1985 data from the present-day sim-
Output of the regional atmospheric climate model RACMO2 | ation. Therefore, only the long-term averages (1979-2012

(Van de Berg et al.2006 Van Meijgaard et a).2008 ¢4 the present-day simulation and 1960-1999 for the future
Lenaerts et a].2012) is used as atmospheric forcing of the gjmjation) are compared. For computational efficiency, the
FDM. At the surface, it is forced with SMB components g AcMO2 climate simulation was performed on a 55 km hor-
(precipitation, surface sublimation, surface melt and driftingj, onta) resolution, which is therefore also the spatial resolu-
snow processes), surface temperature, and 10 m wind speeflo, of the FDM future simulation. The temporal resolution

of future FDM output is 2 days for surface properties and 1

2.2.1 Present-day climate month for depth-density profiles.

For the present-day simulation (August 1979 to August
2012), 6-hourly RACMOZ2 output dfenaerts et a2012) is
used. The same forcing was previously used for present-da
FDM simulations Ligtenberg et al.2011, 2012. To obey
the steady-state assumption, and to create a realistic initi
firn profile, the same procedure adiigtenberg et al(2011)

is used; the FDM is run iteratively until the complete firn
layer is refreshed (100-5000yr), after which the final sim- 2(00)

ulation starts. The spatial resolution of the FDM is 27 km,

equal to that of the forcing model, RACMOZ2. The temporal FAC = / (pi = p(2)) dz, )
resolution of present-day FDM output is 2 days for surface

properties and every week for depth-density profiles.

2.3 Firn air content

¥he firn air content (FAC) is a measure for the pore space
afr(action of the firn layer and is defined as the change in thick-

ess (in meters) that occurs when the firn column is com-
pressed to the density of glacier ice:

wherep; is the ice density, here assumed to be 910 k§m
2.2.2 Euture climate andz, andz,, indicate the surface and the depth at which

the ice density is reached, respectively. Often 917 k§ m
For the future simulation, we used the same approach and taken as the ice density; here, we use a slightly lower
data asKuipers Munneke et al(2014. This approach is number, as the density in the FDM will never exactly reach
based on a future climate simulation with RACMO2, forced 917 kg nT2 due to the asymptotic nature of Eq. (1). The def-
by global climate model data (HadCM3) using the A1B inition of the FAC (followingHolland et al, 2017) is slightly
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Figure 2. Typical firn density profiles for two locations in Antarc-
Figure 1. Average firn air content (FAC) for 1979-2018), sim- tica; one without snowme(g) on the East Antarctic plateau (8S,
ulated by the time-dependent model, and the difference betwee®4° E) and one with significant summer snowm(@y near George
(a) and the steady-state mod@), from Ligtenberg et al(2017) VI ice shelf (73 S, 67 W). For both locations, the steady-state
(Fig. 8a). The FAC represents the height difference of the column(“StSt”, red) and time-dependent (“TD”, black) solutions of the
(in meters) that remains when the firn layer is compressed to icéd=DM are shown, with in (a) an inset showing the first 5m, as well
density (here assumed to be 910 kg¥h as the firn air content (FAC) for both profiles.

different to the one commonly used in ice core researchperatures and weaker melt. The West Antarctic ice shelves
where air content is expressed as air volume per gram of icgeceive high annual accumulation rates that partly mask the
(Martinerie et al.1994). This latter definition is more conve- melt signal. The white areas indicate locations where no firn
nient when analyzing vertical differences in air content, butlayer is simulated as a consequence of annual sublimation
since this paper focuses on the air content of the entire firrand/or melt exceeding annual accumulation in the RACMO2
column, the integrated firn air content as in E4).i6 used. forcing. These locations coincide reasonably well with ob-
Throughout the manuscript, the effect of liquid water storedserved blue ice areas, i.e., locations where no firn layer is
in the firn pore space is neglected when calculating the FACpresent $cambos et 12012 Das et al.2013.
Most meltwater on Antarctica refreezes immediately, so no The general spatial pattern of the average FAC from the
significant liquid water bodies are expected. time-dependent FDM solution (Fida) is similar to that of

the steady-state FDM (Fig. 8aliigtenberg et al.2011), and

the ice-sheet average is identical for both models at 22.5m.

3 Results However, Fig.1b shows that substantial spatial differences
o exist between the two. In the AIS interior, the time-dependent
3.1 Present-day variations FDM simulates slightly more firn air, with the largest posi-

Figure 1la shows the average FAC for 1979-2012, as simu-tIVe differences (as large as 2m), oceurring near the domgs of
) . . the East Antarctic plateau. The positive differences are simu-
lated by the present-day FDM simulation. High values are

. , ... lated in the part of Antarctica where no surface melt occurs,
found on the East Antarctic plateau, where firn densification . L .
and they are caused by a bias correction in the surface density

Is aslow process dueto the !OW tempe_ratures. I—_I|gh values Afsed in the steady-state FDMigtenberg et al.2011), intro-
also found at isolated spots in mountainous regions and alon

. ; . . Huced to simulate the majority of the depth-density profile
the coast, particularly in West Antarctica, where the h|ghest(i.e” the depth at which the 550 kgthand 830 kg m?3 den-

accumulation rates of the AIS are record¥@if den Broeke sity levels are reached) similarly in both models (Fia). A

etal, .2006 Lenaert:?‘ et. aI.ZQla. Dge to these high accu- disadvantage of this bias correction is that the density in the
mulation rates, the firn is buried quickly and has less time to,

densify, leading to a thick firn layer with a significant amount top~2m ofthe firn layeris overestimated in the steady-state

of pore space. Low FAC values are found in regions with asolution, causing a lower total air content for the firn column.
PO pace. . glor .~ Inthis part of the firn column, the seasonal temperature varia-
relatively warm and dry climate. Here, fresh snow is buried

) ) i I i icular, the higher fi
more slowly, and the high temperatures enhance firn densﬁﬁlons are large and, in particular, the higher firn temperatures

cation. The Siple Coast (8% and 140W) and the Lambert in summer ?‘”d_ autumn cause a quicker density increase with
Glacier catchment (78 and 70 E) are examples of regions depth than is simulated by the steady-state solution. In the re-
. . . pes ot reg mainder of the firn column, both density profiles are virtually

with this type of climate. Surface melt has a significant effectindistin uishable (Figa)

on producing low FAC £ 15m) in coastal areas and on the 9 '

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 tem-
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Figure 3. Comparison of observed and modeled depths of two critical density levels: 550%¢hand 830 kg 3. Observed depths are
from 48 firn cores across the Antarctic ice shaér{ den Broeke2008, and model simulations from the steady-state modeBasfiola

et al.(199]) (Ba91, blue downward trianglelrthern et al.(2010 (Ar10, purple upward triangle) arldgtenberg et al(2017) (Lig11, black
square) and the time-dependent simulation used here (red filled circles) are shown. Neg tregiresents the depth between the 550 and

830 kg n3 density level and not the true depth of thgy (same as ittigtenberg et al.2011).

The latter statement is accentuated by the comparison dbcations, although it is difficult to quantify. Especially the
depth-density characteristics with in situ observations frommismatch due to the second process is smaller because of
dry firn cores and earlier model results. Fig@rehows the  meltwater refreezing and the subsequently higher firn den-
depth of two critical density levels (550 and 830 kg sity.
as observed in 48 firn core¥gn den Broeke2008, com- Along the margins of the AIS, the time-dependent FDM
pared to four model simulations (steady-state simulations bysimulates significantly less FAC than the steady-state FDM
the Barnola et al(1991), Arthern et al.(2010, andLigten- (Fig. 1b). These negative differences are an order of magni-
berg et al(2011) models and the time-dependent FDM sim- tude larger than the positive differences in the ice-sheet in-
ulation used here). The time-dependent FDM results showterior (note the skewed color bar in Fitp) and are mainly
good agreement with observed depthsg;§ and zgsg); both caused by significant melt. Refreezing of meltwater in the
the magnitude and range are similar. Moreover, the steadyfirn is a very effective densification process, which rapidly
state (black square) and time-dependent (red circle) FDMeduces the FAC (Figb). Surface melt is not taken into ac-
results agree well for almost all locations. The difference count in the steady-state FDM because of its large seasonal
between both is generally below 2 m, which is lower than and inter-annual variability. Figuizb shows the difficulty of
the uncertainty in most firn core measurementar( den  defining a steady-state firn density profile for locations with
Broeke 2008. The slightly higher/lower root mean squared substantial melt, due to the uneven distribution of high and
error (RMSE) for the 550/830kgn? density level, com-  low density layers that move downward with time. In loca-
pared toLigtenberg et al(2011), indicates that the surface- tions with occasional melt, such as the Filchner-Ronne IS and
density bias correction introduces a small error into the denRoss IS regions, the difference between the models is rela-
sity profile of the steady-state simulations. The difference intively small: 1-2 m. In contrast, differences in the Antarctic
FAC between the two FDM simulations originates from the Peninsula can be as large as 20 m, caused by large summer
bias correction in surface density, and can be separated intmelt rates.
the obvious mismatch in the density near the surface and When calculating the total mass of the AIS from surface
a smaller mismatch in the entire depth-density profile. Theelevation observations (e.dgzretwell et al, 2013, the dif-
seasonal differences in temperature are only felt in the toderence between the steady-state and time-dependent FAC is
3-5m and can cause FAC differences up to 0.2 m (note: theegligible, as both ice-sheet averages are similar. However,
FAC difference in the top 3m in Figa is 0.04 m). The sec- for individual locations, the difference in firn air correction
ond process is more important, as it affects the entire firncan be as large as 80 %. Coincidentally, the largest FAC de-
column. For example, a mismatch of 5kgin the entire  viations are found in locations where ice thicknesses are rel-
firn column (100-120 m) leads to a FAC difference on the atively small (coastal regions and ice shelves). This is even
order of 0.5 m. For locations with significant melt, the effect more relevant, because ice thickness at the grounding line
of this bias correction is generally smaller than for no-meltis an important quantity in mass balance studies of both the

www.the-cryosphere.net/8/1711/2014/ The Cryosphere, 8, 171723 2014
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Figure 4. Firn air content (FAC) along part of the grounding line in  OVer the 1979-2012 per_iod. The relative difference is compared to
East Antarctica (78-12E, projected a€a) a function of longitude ~ the average FAC from Figa.
(° E), and(b) as a map. Ifa), the FAC from the steady-state (pur-
ple) and time-dependent (orange) models, as well as the peak-to-
peak difference (black) in the time-dependent model, are shown. In | Fig. 4a, also the peak-to-peak FAC difference (i.e., dif-
(b), the average difference between both models is shown. Names Gkrence between maximum and minimum FAC in the 1979—
ice shelves: West Ice Shelf (WIS), Shackleton Ice Shelf (SIS), Vin-2012 period) as simulated by the time-dependent FDM is
cennes |ce Shelf (VIS), Totten Ice Shelf (TIS), and Moscow Uni- o\ | arge differences indicate that seasonal and inter-
versity Ice Shelf (MUIS). . L . .
annual climate variations cause large temporal variations in
FAC. This means that, depending on the timing of the obser-
vation, the firn-layer thickness and its air content could dif-
grounded ice sheet (e.@rignot et al, 2011) and ice shelves fer from the average value. Along the East Antarctic part of
(e.g.,Depoorter et a).2013 Rignot et al, 2013. Combined  the grounding line (Figda), this difference is rather constant
with the local ice velocity, it determines the ice discharge between 0.5-1.5 m. Depending on the timing of the observa-
over the grounding line. A systematic error in the FAC at thetion, this introduces additional uncertainty in FAC along the
grounding line directly affects the ice thickness and there-grounding line.
with the ice discharge estimate. Figdrshows the difference Figure5 shows the spatial distribution of the absolute and
in FAC between both models along a part of the ground-relative peak-to-peak difference in FAC (Figja). On the
ing line in East Antarctica (80—-12&). The average time- East Antarctic plateau, the peak-to-peak differences are small
dependent FAC (13.6 m) is lower than the steady-state FAQ< 0.2 m), due to a combination of low accumulation rates,
(17.2m), with the largest differences simulated where icelow temperatures, and a lack of surface melt. Since the av-
shelves are formed: 82—-8FE (West IS), 94-102E (Shackle-  erage FAC is large (Fidla), the relative variations are small
ton IS), 110-112E (Vincennes IS), and 115-128 (Totten (< 1%). In coastal areas, temporal variations are much larger
IS and Moscow University IS). These locations are often sit-due to both the occurrence of melt and higher accumulation
uated lower than the neighboring parts of the grounding linerates. A coastal band ef 150 km wide experiences peak-to-
and are therefore more susceptible to surface melt. peak differences of 1-3m, with the highest values3(m)
Averaged over the entire AIS grounding line, the FAC sim- on the western side of the Antarctic Peninsula, due to a fa-
ulated by the time-dependent FDM is 2.70 m lower than sim-vorable combination of extremely high accumulation rates
ulated by the steady-state FDM, which is only 0.7 % of the and substantial surface melt. In the Antarctic Peninsula, this
total ice-equivalent thickness at the grounding line (371 m,leads to relative differences as large as 50 %, while other ice
from Fretwell et al, 2013. But since ice thickness, ice dis- shelves mostly show relative differences in the order of 10—
charge, and ice-sheet mass balance are linearly related @0 %. In the remaining coastal areas, the relative magnitude
one another, a FAC difference directly affects the currentof the peak-to-peak difference is mostly 5-10 % of the aver-
mass balance estimate71+ 53 Gtyr 1, by Shepherdetal. age FAC.
2012. This ice-sheet mass balance is only a fraction (3.1%) The causes of temporal variations in FAC are threefold:
of the total ice discharge~(2300 Gtyr?, by Rignot et al, variability in rates of (i) accumulation, (ii) firn densification,
201)), as it is the residual of two large, and almost equal,and (iii) melt processes. Figu® shows the spatial distri-
values: the ice discharge and the SMB. This implies that thebution of the relative importance of these three effects. It is
0.7 % increase in ice discharge, due to the FAC differenceclear that accumulation (Figa) is the main driver of FAC
leads to a 23.5% increase (or 16.7 Gtyrin the current  variations, which was already found in earlier studiBa\is
mass loss estimate of the AIS. et al, 2005 Helsen et a].2008 Ligtenberg et al.2012), but
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Figure 6. Fraction of firn air content variations (Fi§a) explained (VE) by accumulatida), firn densificatior(b) and surface mel(t). Note
the different scales ifm), (b), and(c).

never quantified. In most parts of the AlS, more than 99 % of ?
the FAC variations are explained by accumulation variability. : 3
In the steeper regions of the ice shee250 km inland of the
coast), where accumulation rates are relatively high, this in-
creases to more than 99.9 %. At locations without snowmelt,
the remainder of the signal is explained by variations in firn
densification, which are caused by sub-surface temperature\ .
variations. In reality, variations in overburden pressure also =\
add to firn densification rate variability, but, in the current
model equations, this is scaled with the average annual ac- i
cumulation Eq. (1) and is therefore constant in time. At the —2terage PO (19631559 fml — e
highest elevations, where accumulation rates are among the ° ° * * ® * * * © s EERE

lowest in Antarctica, the highest variance explained by firnFigure 7. Average firn air content (FAC) for 1960—-1994) from
densification is founds~ 2 % (Fig.6b). This reflects the fact the future FDM simulation, and the difference betwéanand av-

that firn densification is a relatively constant process; varia-erage FAC from the contemporary climate simulatfb} interpo-
tions are minor due to the near-constant temperature in mogd@ted from Fig.1a to the same grid as (a).

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 (FBg). The largest values FAC, as presented in Fida. The spatial pattern is roughly
(> 30%) are found on the Antarctic Peninsula ice shelvesthe same, with the highest values §5m) at the domes of
(Larsen C IS and Wilkins IS), where the largest annual sur-the East Antarctic plateau and lower valueslc m) along
face melt rates are found. Interestingly, at locations with little the coast. Obviously, spatial detail is reduced due to the
melt, but also low accumulation rates (e.g., Siple Coast an@oarser horizontal resolution, especially in regions with com-
Amery IS (70 S and 70 W)), the influence of melt on FAC  plex topography, such as the Transantarctic Mountains and
variations is also large. A by-product of melt is that refreez- the Antarctic Peninsula.

ing meltwater increases the firn temperature and therefore in- Figure7b indicates that most of the FAC differences can be
creases the firn densification rate. In Dronning Maud Land attributed to climate differences caused by the varying topo-
for example, the variance explained by firn densification isgraphic detail between the two. Basically, the patterns of high
slightly larger on the ice shelves than on the inland ice shee@nd low accumulation are slightly shifted, leading to subse-

120W °/ 1208

due to this effect. quent differences in FAC. For example, the Transantarctic
Mountains are less pronounced in the coarser resolution of
3.2 Future variations the future simulation, leading to lower accumulation rates

and hence smaller FAC. As a consequence, their shielding ef-
The future evolution of the AIS firn layer is simulated with fect on the East Antarctic interior is also less distinct, result-
the time-dependent FDM, using RACMO2 climate forcing ing in higher accumulation rates and larger FAC values. No
over the 1960—2200 period at 55 km horizontal resolution.negative SMB is simulated in this region, while this is present
Figure 7a shows the average FAC at the start of this pe-in the 27 km simulation (Figla). Another notable difference
riod (1960-1999), representative for the present-day climateis the higher FAC on Amery IS; apparently, the 55 km grid
Therefore, it should be in agreement with the present-dayis too coarse to resolve the complex local topography, and its
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Figure 8. Temporal evolution of firn air content (FAC) in different |nter-a_nnual variability in the cllmqth forCIn_g. The tempora_l
surface height bins (line color) of the grounded ice sheet. The FACeV_OIUtI(_)n of FAC depends on the timing of inter-annual vari-
is normalized using the value of 1 January 1960. ations 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 re-
sulting FAC is different when a wet period is followed by a
effects on surface melt, that leads to low FAC values in thedry period, than vice versaiglsen et al.2008. The same
27 km simulation. Looking at the large-scale spatial patternsaccounts for multiple years with large melt rates followed
the difference is mostly positive in the East Antarctic inte- by multiple non-melt years, and vice versa. Averaged over
rior and negative along the coastal margins (Flg), likely the entire AIS, the relative decrease in FAC in these 20yr
caused by the less steep topography in the coastal areas f 0.5% (Fig.8b). Much larger changes in FAC are simu-
the 55km grid, resulting in less orographically forced pre- lated for the 21st and 22nd centuries in response to increased
cipitation. On the other hand, more water vapor reaches thanowfall and melt. Over the 21st century, the average FAC
interior of the ice sheet and enhances precipitation in this reincreases by 4.4 %(1.0 m), with the spatial pattern shown
gion. Averaged over the entire ice sheet, the average FAC ifn Fig. 9a. Most of the ice-sheet interior shows a uniform in-
23.6 m (Fig.7a), compared to 22.5 m in the 27 km simulation crease in FAC. In general, the increase is lower further from
(Fig. 1a). the coast; the largest increases are simulated in a wide band
When studying the future FAC evolution, anomalies with along the Wilkes Land and West Antarctic coasts. This pat-
regards to the 1960-1999 average are more important thatern is similar to the accumulation increase in the climate
the absolute differences outlined above. For example, twdorcing (Fig. 10b inLigtenberg et al. 2013. The largest
firn layers with a different FAC that are in equilibrium with FAC increases are simulated in the vicinity of Mertz Glacier
their local climate will react similarly to an increase in pre- (68° S, 145 E), where it increases with 29.6% (7.7m) in
cipitation (increase in FAC) or an increase in melt (decreasel00 yr. The FAC increase due to fresh snow is partly counter-
in FAC). In the next paragraphs, the main focus will there- acted by the faster firn-to-ice transition at the bottom of the
fore be on anomalies in FAC, rather than the absolute valuefirn layer and a faster firn densification rate. In the FDM, both
of the change. these processes are parameterized with the average annual
Figures8 and9 show the spatiotemporal FAC changes in accumulation, and therefore both are projected to increase in
Antarctica over the next two centuries. Averaged over thethe future.
AIS, there is no trend in FAC over 1960-1979 (Ry.which In the coastal areas of West Antarctica and the Antarctic
is consistent with the setup of the FDM,; the firn characteris-Peninsula, a significant FAC decrease is simulated, caused
tics in 1960 and 1980 are virtually similar, as the model is by the increase in surface melt in these lower-lying regions.
spun-up iteratively until it is in equilibrium with the 1960— The eastern part of the Ross IS is also expected to experience
1979 climate. As the average climate of 1980-1999 is usedignificantly more melt, resulting in a lower FAC. When the
to scale the average climate of 1960-1979, no large changdsAC approaches zero, ice shelves can become susceptible to
are expected during this period. However, especially at lowemeltwater ponding and hydrofracturingipers Munneke
altitudes, a deviation of a few percent is simulated for 1980—et al, 2014).
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During the 22nd century, the spatial pattern of FAC changea volume increase~ 150 knf yr—1. The ratio between the
(Fig. 9b) is roughly similar to that of the 21st century simulated volume increase due to ice and air (more or less
(Fig. 9a). Again, there is a distinct and uniform FAC increase 1: 1) is lower than expected (1:2) when solely consider-
in the interior of the ice sheet and a decrease along the maing the density of fresh snow~(350kg n13). This indi-
gins. However, there are two notable differences. First, thecates that half of the additional FAC by enhanced snow-
increase over most of the ice sheet is slightly smaller than thdall is removed by either snowmelt, increased firn densifi-
21st century increase, owing to a less distinct increase in preeation, or a faster firn-to-ice transition at the bottom of the
cipitation in the 22nd century. In the second half of the 22ndfirn layer. The combined volume increase from ice crystals
century, the Antarctic climate stabilizes as the greenhousand air ¢~ 300 kn? yr—1) causes the surface of the AIS to rise
forcing of the climate model is set constant at the 2100-levelwith 2.1 cm yr-1 until 2100. Therefore, these surface and firn
(Ligtenberg et al.2013. In part, this also explains the flat- layer effects must be taken into account for future ice-sheet
tening of the FAC increase towards the end of the simulationrmass balance studies based on volumetric changes. More-
(Fig. 8). Second, along the East Antarctic coast, the decreasever, this illustrates that knowledge of firn layer behavior
in FAC is more pronounced. In particular, the ice shelves inand its response to climate variations remains invaluable for
Dronning Maud Land show a significant reduction in FAC a correct interpretation of current and future observations of
(25-40 % or 4—7 m). Also the other East Antarctic ice shelvesice-sheet volume balance.

(e.g., Amery IS, West IS, Shackleton IS) show decreasing firn

air values. The relative FAC changes along the West Antarc-

tic coast and in the Antarctic Peninsula are also large, bu4 Discussion

do not lead to large absolute differences as many of these

ice shelves already approach 0 m by 21RQipers Munneke  The results presented here depend strongly on the climate
et al, 2014. output of the forcing climate model RACMOZ2. Firn layer

The future, melt-driven FAC reduction in lower-lying re- density, temperature, and thickness are almost solely deter-
gions is illustrated by the FAC evolution of the 500 m mined by the governing climate at its surface. Therefore,
height bin in Fig.8. From 2000 up to 2050, the simulated a realistic climate that spans over a long enough period is
FAC increase is equal to or slightly larger than the increase imeeded to represent a certain reference climate. Based on
other height bins, indicating that the increase in precipitationprevious work, RACMO2 produces a realistic Antarctic cli-
during this interval is largest at lower altitudes. Over the nextmate. The simulated SMB corresponds well witt¥50 in
80yr (2050-2130), the slope decreases; precipitation is stilsitu SMB observationsLenaerts et a).2012. Forced with
increasing, but this effect is partly counteracted by a simul-this RACMO2 climate (1979-2011), the steady-state FDM
taneous increase in surface melt. Around 2135, a couple ohgrees well with depth-density observations from firn cores
strong melt years occutigtenberg et al.2013 that initiate ~ (Ligtenberg et al.2011) and simulates firn densities similar
an abrupt decrease in FAC. Hereafter, a negative trend peto earlier steady-state model simulations (eZyvally and
sists that reduces FAC by 6 % over the last 60 yr of the simu-Li, 2002 Van den Broeke2008. Seasonal and inter-annual
lation, and result in a similar FAC amount as in 1960-1979.variations in RACMO2 accumulation and subsequent varia-
In all other altitude bins, the FAC increases significantly. Thetions in FDM-simulated firn depth compare well with remote
largest relative increases- (L4 %) are found at lower alti- sensing observations (e.gritchard et al.2012 Ligtenberg
tudes, in agreement with the largest simulated precipitatioret al, 2012 Horwath et al. 2012 Medley et al, 2013.
increase. Higher up on the AIS, the increase in precipitationOver the 33yr period, no significant trend is found in the
becomes smaller, leading to smaller FAC increases. In thannual average temperature, surface mass balance and melt
highest altitude bin 3500 m), FAC is simulated to increase (Lenaerts et al.2012 Kuipers Munneke et gl.2012). In
by ~ 4 % over the next two centuries. combination with a constant climate over the major part of

These FAC increases can be put in perspective byAntarctica during the last centurjvipnaghan et al.2009),
converting them into volume changes for the entire ice-this provides confidence that the present-day RACMO?2 forc-
sheet. Over the 21st century, the simulated volume in-ing is a realistic reference climate.
crease is~150knmPyr—1, representing the sum of contri- In the RACMO2 future climate forcing, more uncertain-
butions from positive £158 kn? yr—1) and negative differ- ties are present. The 1980-1999 climate of the global climate
ence grid points £8km3yr—1). During the 22nd century, model used to force RACMO2 shows a cold and dry bias,
the increase summed over the positive grid points is simwhen compared to the re-analysis forced RACMO2 simula-
ilar (+147 kn?yr-1), but, mainly due to a larger volume tion (Ligtenberg et al.2013. This bias is removed from both
change in the negative grid points-25kn?yr—1), the to-  the present-day period (1980-1999) and the future period
tal volume change is significantly smaller than during the (2000-2199) in order to obtain realistic average precipitation
period 2000-2100. Apart from this increase in firn air due and snowmelt valueK{iipers Munneke et §12014. The
to enhanced precipitation, the mass increase by snowfall itresulting difference in FAC between both present-day simu-
self (~ 150 Gtyr1, from Ligtenberg et a].2013 also causes lations is quite small (Figzb), but spatially more significant
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differences occur, which can, for a large part, be explained bythat the adjustment of the firn layer to a change in tempera-
the difference in horizontal resolution between both forcings.ture and accumulation is similar. However, an accumulation
In Ligtenberg et al(2013, an assessment of the future cli- change is felt instantly as it adds pressure to the top of the
mate results shows that the Antarctic snowfall sensitivity (infirn layer, while it takes time to advect and diffuse a tem-
Gtyr-1K~1)is in the same range as other studies. Moreoverperature change to greater depths. By using a 40yr running
Antarctic precipitation scales linearly with temperature, andaverage window, the increase in annual average temperature
since the simulated change is more than three times largesind accumulation, and hence the densification rate, is more
than the bias in the 1980-1999 climate, at least two-thirds ofgradual.
the simulated climate change in RACMO?2 is expected to be The response time of a shallow firn layer in combination
realistic. with high annual accumulation rate is much smaller than for

Also, the possible range in future temperature change willthicker firn layers with low accumulation, as it takes less time
produce uncertainty. It was computationally not feasible toto fully adjust to a new climate. The response time of the
perform more than one FDM future simulation for the com- firn layer can be defined as the time needed to advect firn
plete AIS, so a mid-range emission scenario (A1B) was sefrom the surface to the pore-close off deptasf), which
lected. Due to the relatively linear response of precipita-varies between 20 and 2000yr across the AV&N den
tion and SMB to temperature increase, the results from thisBroeke 2008. However, most of the firn densification occurs
manuscript, in combination with those frdogtenberg etal.  in the upper part of the firn layer (10-20 m), so the effective
(2013, can be used to scale the temporal firn layer responseesponse time will be lower. For example, using the aver-
for different climate scenarios. age Antarctic annual accumulation rate (160 mmtyifrom

The second large source of uncertainty derives from thd_enaerts et al2012), it would take~ 60 yr to refresh the up-
FDM itself and its ability to simulate temporal evolution of per 20 m of firn. This is similar to the chosen 40 yr window,
firn temperature and density. The used FDM is based ommaking this a reasonable choice. At locations with a higher
semi-empirical equations, meaning that uncertainties in inannual accumulation rate, the firn layer will have a smaller
situ measurements are translated into the FDM results. Theesponse time and hence a shorter climate memory, while for
firn density profile is constrained by three fixed points: (1) low-accumulation sites the opposite stands.
surface density, (2) depth at which the density reaghes  The simulated temporal evolution of a firn layer in a
= 550kgnm 3, and (3) depth at which the density reaches changing climate is difficult to evaluate, since hardly any ob-
p=830kgnT3. In the Supplementary Online Material of servations of temporal firn changes are available. Moreover,
Depoorter et al(2013, the uncertainty in FAC is assessed it is challenging to measure the small variations in firn den-
as a combination of these three points, and leads to a totadity and depth that result from changes in the climate. Es-
uncertainty in FAC of- 10 %. This value is larger than most pecially when no melt occurs, the increase in firn density,
of the FAC differences between the present-day steady-statdensification rate, and depth are rather subtle and likely to be
and time-dependent simulation (Fit), indicating that the  smaller than the measurement errors.
magnitude of the FAC for a certain Antarctic location inhab- A definite improvement would be to use a firn model that
its quite a significant uncertainty. However, both simulations calculates the firn densification rate using a physical relation
use the same set of semi-empirical equations and are therdetween density, overburden pressure, snow grain size, and
fore subject to the same uncertainty, implying that relativetemperature (e.gSpencer et al200% Arthern et al, 2010.
differences between the steady-state and time-dependent réor instance, in the future simulation, this would make the re-
sults are significant differences. action of the firn layer to additional mass input instantaneous

The FDM is a semi-empirical model and contains a few instead of depending on the chosen length of the running-
aspects that are based on the assumption of steady stateverage window. Also, in the current FDM the surface den-
Strictly speaking, this makes the model unsuitable for time-sity is assumed to be constant, while it is uncertain whether
dependent applications, such as future simulations. The derand how the density of fresh snow will change in the fu-
sification equations (Eq. 1) depend on the annual averagéure. For the present day, this approximation introduces un-
temperature and accumulation rate. To account for this, weertainty as not every accumulation event is the same, but,
used a running average over the previous 40yr. This timeon average, the calculated values agree well with observa-
span was chosen because the future climate forcing contairtsons (Kaspers et al.2004. The meltwater percolation and
a 40 yr period (1960-1999) that is comparable to the presentrefreezing scheme in the current FDM does not include het-
day average climate. This way, the steady-state assumption erogeneous percolation (“piping”), a process that is known to
valid during the entire spin-up period and from 1960 to 1999, be quite widespread on the Greenland ice shetr¢h and
during the final simulation, while the future climate change Woo, 1984 Harper et al.2012). Due to this rapid transport of
simulation commences in 2000, similar to the set-up of GCMmass and heat to greater depths, the density and temperature
simulations. The choice of this 40 yr running average intro- profiles are influenced. Apart from some isolated locations
duces an additional uncertainty, because it assumes a similamn the Antarctic Peninsula, melt amounts across the AIS are
response time for firn layers across the AIS. Also, it assumegenerally too small to cause this type of vertical transport in
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Antarctica. However, with future increasing melt rates, this 16.7 Gtyr1) when estimating the sea-level contribution of
could potentially occur more regularly in warm areas and onthe AlS.
ice shelves. Seasonal and inter-annual variations in accumulation and
Ultimately, the results are not expected to be greatly in-temperature introduce short-term variability in FAC. In the
fluenced by the use of a different model. Most of the inter- East Antarctic interior, these variations are small1(%s),
annual(/transient) changes in the present-day(/future) simeue to low accumulation rates and low temperatures. Along
ulations are initiated by variations in the forcing climate the warmer and wetter coastal margins however, variations
(e.g., Fig.6a), especially accumulation. For the present day,are larger ¢ 5 %). At locations with significant summer melt
the magnitude and timing of seasonal and decadal climatée.g., coastal ice shelves), temporal FAC variations in the
variations as simulated by RACMO2 (1979-2012) agree rel-contemporary climate simulation can be as large as 50 %.
atively well with observations (e.gHorwath et al. 2012 Elsewhere, the FAC variations are predominantly caused by
Medley et al, 2013. The magnitude and trend of the sim- variability in accumulation.
ulated future Antarctic climate change also agree well with In the future, the largest part of the AIS will remain melt-
earlier published resulttigtenberg et al.2013. Combined, free, resulting in a FAC increase due to an accumulation in-
this gives confidence that the presented variations and futurerease. This increase is partly counteracted by an increase in
changes in Antarctic FAC are realistic despite the use of &irn compaction and the faster transition from firn to ice at the
semi-empirical FDM. bottom of the firn layer. At the highest altitudes, the small-
est relative increase (2200-2000) is simulated (4 %), while
at moderate altitudes (1000-2000 m) a FAC increase of 12—
5 Conclusions 14 % is simulated. At the lowest altitudes (generally below
500 m), this effect is partly or fully compensated by the in-
The amount of air in the Antarctic firn layer greatly varies in crease in surface melt. The ice shelves in West Antarctica,
time and space. Knowledge of these variations is critical forthe Antarctic Peninsula, and Dronning Maud Land lose most
a correct interpretation of satellite measurements of surfacef their FAC due to this process and therewith their buffer
height changes. FAC has often been estimated using a steadgapacity to refreeze meltwater.
state solution, thereby assuming that the firn layer density is The simulated future increase in FAC indicates that, in
constant in time. This approach does not consider temporahddition to a mass increase due to increased accumulation
variations in FAC due to climate variability, nor the effect of (Ligtenberg et al.2013, the volume of the AIS will increase
meltwater refreezing on firn density and air content. Here, weat a rate of~ 300 kn? yr~1. Interpreting this as a change in
examined the temporal variations in Antarctic FAC and as-ice mass would lead to an underestimation of the contribu-
sessed the differences with an earlier-published steady-statén of the AlS to sea-level rise. Corrections for variations in
solution. Also, a transient simulation of the firn layer until the firn layer are therefore crucial for a correct interpretation
2200 is performed to estimate the effect of a warmer and wetof future AlS volume changes and their conversion to mass
ter Antarctic climate on the FAC. changes.
Averaged over the ice sheet, there is virtually no differ-
ence in average FAC between the steady-state and the time-
dependent solution. However, regional differences are quité\cknowledgementsive thank Rob Arthern, Ghislain Picard and
|arge. In the part of the A|S, where no surface melt oc- _(l)_I;]e anonlzlmous rewewier(;otr)thﬁ:r tlmet:n(? codnstlgutitlvepcommentsf.
(o 0 : : . 0 IS WOrkK was supporte y the Netnerlands Folar Frogram o
fr?éssgeggy?s)t;tzeslz)ﬁiiL)Snélllggslzggsdtglr?sgg%gg B\N{:()a?gsu NWO/ALW and the ice2sea project, funded by the European
. . e ) . Commission’s 7th Framework Programme, grant number 226375,
mer melt is significant, the steady-state solution overesp~lcezsea manuscript No. 172.
mates the FAC, because refrozen meltwater that occupies
firn pore space is not taken into account. A major applica-gdited by: M. Schneebeli
tion 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 the 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
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 differences in ice discharge and ice-sheet mass
balance. Since the latter is a relatively small number, the in-
fluence of the FAC difference is quite significant (23.5% or
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