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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). A time-dependent version of the FDM
is compared to more commonly used steady-state FDM re-
sults. Although the average AIS firn air content (FAC) of
both models is similar (22.5 m), large spatial differences are
found: in the ice-sheet interior, the steady-state model under-
estimates the FAC by up to 2 m, while the FAC is overes-
timated by 5–15 m along the ice-sheet margins, due to sig-
nificant surface melt. Applying the steady-state FAC values
to convert surface elevation to ice thickness (i.e., assuming
flotation at the grounding line) potentially results in an under-
estimation of ice discharge at the grounding line, and hence
an underestimation of current AIS mass loss by 23.5 % (or
16.7 Gt yr−1) with regard to the reconciled estimate over the
period 1992–2011. The timing of the measurement is also
important, as temporal FAC variations of 1–2 m are simu-
lated within the 33 yr period (1979–2012). 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 decrease 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 ef-
fects are, however, more than compensated for 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, the increase in precipitation results in a similar
volume increase due to ice and air (both∼ 150 km3 yr−1 un-
til 2100). Combined, this volume increase is equivalent to a
surface elevation change of+2.1 cm yr−1, which shows that
variations in firn depth remain important to consider in future
mass balance studies using satellite altimetry.

1 Introduction

The most common method to determine the effect of cli-
mate change on the Antarctic ice sheet (AIS) is to calcu-
late the change in mass over time. Due to its remoteness,
adverse climate conditions, and sheer size, it is difficult to
measure the mass balance of the AIS directly. Over the last
few decades, the introduction of satellite and airborne re-
mote sensing techniques has increased the understanding of
ice-sheet processes and led to more accurate mass balance
estimates. 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), (ii) the
gravimetric method (e.g.,Velicogna, 2009), and (iii) the vol-
umetric method (e.g.,Davis et al., 2005). The first method
calculates the mass input 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 de-
duced 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 surface
elevation changes. These variations can be converted into ice
mass change if the density of the material at which the vol-
ume 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 correc-
tions are often provided by models that simulate the afore-
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 the
Greenland and Antarctic ice sheets over the past two decades
(Shepherd et al., 2012).

All three methods depend on a correct estimation of the
mass and volume of the firn layer. This paper focuses on firn
layer variations and their influence on mass balance measure-
ments. Knowledge of variations in the firn volume and mass
is a necessity for the mass-budget method and the volumet-
ric method, and it aids in the interpretation of gravity mea-
surements. Firn-induced surface elevation changes, as sim-
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 (e.g.,Zwally
and Giovinetto, 2011; Sørensen et al., 2011; Pritchard et al.,
2012). Firn pack variations also need to be considered for
the mass budget method. Ice thickness 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 et al., 2008).

The firn air content (FAC) of a firn column depends on
both firn layer depth and density; these, in turn, are governed
by the local surface climate conditions (Ligtenberg et al.,
2011). Due to the large spatial heterogeneity in climate con-
ditions over the 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 FAC values are usually obtained from a steady-state
firn density profile that is calculated with the long-term av-
erage 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, but are constant in time (e.g.,De-
poorter et al., 2013; Fretwell et al., 2013). Either way, tem-
poral variations in firn layer density and thickness are ne-
glected.

Due to large seasonal and inter-annual variations in the
Antarctic climate, temporal variations in firn pack char-
acteristics can be significant (Ligtenberg et al., 2012). At
higher temperatures, the densification rate of firn increases,
i.e., near-surface firn densifies 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 solu-
tions are based on dry-firn compaction and do not take melt
into account (Herron and Langway, 1980; Ligtenberg et al.,
2011). In higher parts of the AIS, constituting∼ 90 % of its
area, this is a valid assumption as surface melt does not oc-
cur (Lenaerts et al., 2012). However, along the coasts and
on the fringing ice shelves, annual surface melt can be sig-
nificant and cause large seasonal variations in firn character-

istics. 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 varia-
tions over the next two centuries. We also discuss important
implications of this analysis for mass balance estimates of
the AIS. 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 inLigtenberg et al.(2011) and will only be
briefly summarized here. The current model version is based
on Herron and Langway(1980), and subsequent modifica-
tions by Zwally and Li (2002), Helsen et al.(2008), and
Ligtenberg et al.(2011). It uses the adapted densification
equations ofArthern et al.(2010), that were tuned to fit
Antarctic firn depth-density observations (Ligtenberg et al.,
2011):

dρ

dt
= Cḃg(ρi − ρ(z))e

( −Ec
RT(z)

+
Eg
RT̄s

)
,where (1)

C = 0.07(1.435− 0.151 ln(ḃ)) for ρ(z) < 550 kgm−3, (2)

C = 0.03(2.366− 0.293 ln(ḃ)) for ρ(z) > 550 kgm−3, (3)

whereḃ is the average annual accumulation (mm w.e. yr−1),
g is the gravitational acceleration,ρi is the ice density
(917 kg m−3), R is the gas constant, andEc andEg are the ac-
tivation energy constants (Arthern et al., 2010). The density
of fresh snow for every location is calculated using the local
average surface temperature, accumulation, and wind speed,
according toKaspers et al.(2004). A snowmelt module is
included to simulate and calculate simple firn hydrology;
the amount of percolation, retention, refreezing and runoff
of meltwater. This module uses the simple “tipping-bucket”
method (i.e., liquid water is stored in the first available layer
and only transported downwards when it exceeds capillary
forces), which performs relatively well in comparison with
other, more sophisticated firn hydrological methods (Wever
et al., 2014). Moreover, most of the Antarctic meltwater re-
freezes instantly due to the cold firn pack conditions. With
the inclusion of firn hydrology, the FDM is capable of sim-
ulating 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
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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 (Mon-
aghan 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 mod-
eled firn layer is allowed to evolve over the period 1980–
2199. Secondly, the annual average surface temperature and
accumulation, that are used in the densification equations,
are taken as the running average over the last 40 simula-
tion years. This is done to include the effect of the chang-
ing 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 tempera-
ture (> 15 m depth) is allowed to rise with future rising sur-
face temperatures, while the present-day simulation uses a
fixed annual average temperature at depth, consistent with
the above-described steady-state assumption.

2.2 Atmospheric forcing

Output of the regional atmospheric climate model RACMO2
(Van de Berg et al., 2006; Van Meijgaard et al., 2008;
Lenaerts et al., 2012) is used as atmospheric forcing of the
FDM. At the surface, it is forced with SMB components
(precipitation, 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 ofLenaerts 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 to create a realistic initial
firn profile, the same procedure as inLigtenberg et al.(2011)
is used; the FDM is run iteratively until the complete firn
layer is refreshed (100–5000 yr), after which the final sim-
ulation 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 asKuipers 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 cli-
mate 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 formMonaghan et al.(2008). In short,
one starts with finding the nearest monthly average tempera-
ture in the 1980–1999 period compared to January 1960, and
one copies the daily climate values (e.g., temperature, precip-
itation and surface melt) from that month into January 1960.
This is subsequently done for every month in the 1960–1979
period and for every RACMO2 grid point. This way, a syn-
thetic daily climate is reconstructed, while spatial variations
are preserved and sub-monthly variability is introduced. Af-
terwards, 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 cli-
mate without 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 com-
plete firn layer, after which the final 240 yr simulation starts
(1960–2200). It should be noted that the FDM future simula-
tion uses synthetic climate data from a global climate model,
in contrast to re-analysis data for the present-day run, mak-
ing a direct comparison with the present-day simulation im-
possible; i.e., “1985” data from the future simulation are not
comparable with real 1985 data from the present-day sim-
ulation. Therefore, only the long-term averages (1979–2012
for the present-day simulation and 1960–1999 for the future
simulation) are compared. For computational efficiency, the
RACMO2 climate simulation was performed on a 55 km hor-
izontal resolution, which is therefore also the spatial resolu-
tion 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.

2.3 Firn air content

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

FAC =

z(ρi )∫
zs

(ρi − ρ(z))dz, (4)

whereρi is the ice density, here assumed to be 910 kg m−3,
and zs and zρi

indicate the surface and the depth at which
the ice density is reached, respectively. Often 917 kg m−3

is taken as the ice density; here, we use a slightly lower
number, as the density in the FDM will never exactly reach
917 kg m−3 due to the asymptotic nature of Eq. (1). The def-
inition of the FAC (followingHolland et al., 2011) is slightly
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Figure 1. Average firn air content (FAC) for 1979–2012(a), sim-
ulated by the time-dependent model, and the difference between
(a) and the steady-state model(b), from Ligtenberg et al.(2011)
(Fig. 8a). The FAC represents the height difference of the column
(in meters) that remains when the firn layer is compressed to ice
density (here assumed to be 910 kg m−3).

different to the one commonly used in ice core research,
where air content is expressed as air volume per gram of ice
(Martinerie et al., 1994). This latter definition is more conve-
nient when analyzing vertical differences in air content, but
since this paper focuses on the air content of the entire firn
column, the integrated firn air content as in Eq. (4) is used.
Throughout the manuscript, the effect of liquid water stored
in the firn pore space is neglected when calculating the FAC.
Most meltwater on Antarctica refreezes immediately, so no
significant liquid water bodies are expected.

3 Results

3.1 Present-day variations

Figure1a shows the average FAC for 1979–2012, as simu-
lated by the present-day FDM simulation. High values are
found on the East Antarctic plateau, where firn densification
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 accu-
mulation rates, the firn is buried quickly and has less time to
densify, leading to a thick firn layer with a significant 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 temperatures enhance firn densifi-
cation. The 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 (< 15 m) 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 tem-

Figure 2. Typical firn density profiles for two locations in Antarc-
tica; 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 5 m, as well
as the firn air content (FAC) for both profiles.

peratures and weaker melt. The West Antarctic ice shelves
receive high annual accumulation rates that partly mask the
melt signal. The white 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 ob-
served 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 solution (Fig.1a) is similar to that of
the steady-state FDM (Fig. 8a inLigtenberg 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 posi-
tive differences (as large as 2 m), occurring near the domes of
the East Antarctic plateau. The positive differences are simu-
lated in the part of Antarctica where no surface melt occurs,
and they are caused by a bias correction in the surface density
used in the steady-state FDM (Ligtenberg et al., 2011), intro-
duced to simulate the majority of the depth-density profile
(i.e., the depth at which the 550 kg m−3 and 830 kg m−3 den-
sity levels are reached) similarly in both models (Fig.2a). A
disadvantage of this bias correction is that the density in the
top∼ 2 m 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 varia-
tions are large and, in particular, 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 re-
mainder of the firn column, both density profiles are virtually
indistinguishable (Fig.2a).
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Figure 3. Comparison of observed and modeled depths of two critical density levels: 550 kg m−3 (a) and 830 kg m−3. Observed depths are
from 48 firn cores across the Antarctic ice sheet (Van den Broeke, 2008), and model simulations from the steady-state models ofBarnola
et al.(1991) (Ba91, blue downward triangle),Arthern et al.(2010) (Ar10, purple upward triangle) andLigtenberg et al.(2011) (Lig11, black
square) and the time-dependent simulation used here (red filled circles) are shown. Note thatz∗

830 represents the depth between the 550 and

830 kg m−3 density level and not the true depth of thez830 (same as inLigtenberg et al., 2011).

The latter statement is accentuated by the comparison of
depth-density characteristics with in situ observations from
dry firn cores and earlier model results. Figure3 shows the
depth of two critical density levels (550 and 830 kg m−3),
as observed in 48 firn cores (Van den Broeke, 2008), com-
pared to four model simulations (steady-state simulations by
the Barnola et al.(1991), Arthern et al.(2010), andLigten-
berg et al.(2011) models and the time-dependent FDM sim-
ulation used here). The time-dependent FDM results show
good agreement with observed depths (z550 andz830); both
the magnitude and range are similar. Moreover, the steady-
state (black square) and time-dependent (red circle) FDM
results agree well for almost all locations. The difference
between both is generally below 2 m, which is lower than
the uncertainty in most firn core measurements (Van den
Broeke, 2008). The slightly higher/lower root mean squared
error (RMSE) for the 550/830 kg m−3 density level, com-
pared toLigtenberg et al.(2011), indicates that the surface-
density bias correction introduces a small error into the den-
sity profile of the steady-state simulations. The difference in
FAC between the two FDM simulations originates from the
bias correction in surface density, and can be separated into
the obvious mismatch in the density near the surface and
a smaller mismatch in the entire depth-density profile. The
seasonal differences in temperature are only felt in the top
3–5 m and can cause FAC differences up to 0.2 m (note: the
FAC difference in the top 3 m in Fig.2a is 0.04 m). The sec-
ond process is more important, as it affects the entire firn
column. For example, a mismatch of 5 kg m−3 in the entire
firn column (100–120 m) leads to a FAC difference on the
order of 0.5 m. For locations with significant melt, the effect
of this bias correction is generally smaller than for no-melt

locations, although it is difficult to quantify. Especially the
mismatch due to the second process is smaller because of
meltwater refreezing and the subsequently higher firn den-
sity.

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 magni-
tude larger than the positive differences in the ice-sheet in-
terior (note the skewed color bar in Fig.1b) and are mainly
caused by significant melt. Refreezing of meltwater in the
firn is a very effective densification process, which rapidly
reduces the FAC (Fig.2b). Surface melt is not taken into ac-
count in the steady-state FDM because of its large seasonal
and inter-annual variability. Figure2b shows the difficulty of
defining a steady-state firn density profile for locations with
substantial melt, due to the uneven distribution of high and
low density layers that move downward with time. In loca-
tions with occasional melt, such as the Filchner-Ronne IS and
Ross IS regions, the difference between the models is rela-
tively small: 1–2 m. 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 dif-
ference between the steady-state and time-dependent FAC is
negligible, as both ice-sheet averages are similar. However,
for individual locations, the difference in firn air correction
can be as large as 80 %. Coincidentally, the largest FAC de-
viations are found in locations where ice thicknesses are rel-
atively small (coastal regions and ice shelves). This is even
more relevant, because ice thickness at the grounding line
is an important quantity in mass balance studies of both the
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WIS

SIS

VIS

MUIS
TIS

Figure 4. Firn air content (FAC) along part of the grounding line in
East Antarctica (78–122◦ E, projected as(a) a function of longitude
(◦ E), and(b) as a map. In(a), 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
(b), the average difference between both models is shown. Names of
ice shelves: West Ice Shelf (WIS), Shackleton Ice Shelf (SIS), Vin-
cennes Ice Shelf (VIS), Totten Ice Shelf (TIS), and Moscow Uni-
versity Ice Shelf (MUIS).

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 there-
with the ice discharge estimate. Figure4 shows the difference
in FAC between both models along a part of the ground-
ing line in East Antarctica (80–120◦ E). The average time-
dependent FAC (13.6 m) is lower than the steady-state FAC
(17.2 m), with the largest differences simulated where ice
shelves are formed: 82–87◦ E (West IS), 94–102◦ E (Shackle-
ton IS), 110–112◦ E (Vincennes IS), and 115–120◦ E (Totten
IS and Moscow University IS). These locations are often sit-
uated lower than the neighboring parts of the grounding line
and are therefore more susceptible to surface melt.

Averaged over the entire AIS grounding line, the FAC sim-
ulated by the time-dependent FDM is 2.70 m lower than sim-
ulated by the steady-state FDM, which is only 0.7 % of the
total ice-equivalent thickness at the grounding line (371 m,
from Fretwell et al., 2013). But since ice thickness, ice dis-
charge, and ice-sheet mass balance are linearly related to
one another, a FAC difference directly affects the current
mass balance estimate (−71± 53 Gt yr−1, byShepherd et al.,
2012). This ice-sheet mass balance is only a fraction (3.1 %)
of the total ice discharge (∼ 2300 Gt yr−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 FAC difference,
leads to a 23.5 % increase (or 16.7 Gt yr−1) in the current
mass loss estimate of the AIS.

Figure 5. The (a) absolute and(b) relative peak-to-peak variations
in firn air content (FAC) in the time-dependent FDM simulation
over the 1979–2012 period. The relative difference is compared to
the average FAC from Fig.1a.

In Fig. 4a, also the peak-to-peak FAC difference (i.e., dif-
ference 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 obser-
vation, the firn-layer thickness and its air content could dif-
fer from the average value. Along the East Antarctic part of
the grounding line (Fig.4a), this difference is rather constant
between 0.5–1.5 m. Depending on the timing of the observa-
tion, this introduces additional uncertainty in FAC along the
grounding line.

Figure5 shows the spatial distribution of the absolute and
relative peak-to-peak difference in FAC (Fig.1a). On the
East Antarctic plateau, the peak-to-peak differences are small
(< 0.2 m), due to a combination of low accumulation rates,
low temperatures, and a lack of surface melt. Since the av-
erage 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 highest values (∼ 3 m)
on the western side of the Antarctic Peninsula, due to a fa-
vorable 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 10–
20 %. In the remaining coastal areas, the relative magnitude
of the peak-to-peak difference is mostly 5–10 % of the aver-
age FAC.

The causes of temporal variations in FAC are threefold:
variability in rates of (i) accumulation, (ii) firn densification,
and (iii) melt processes. Figure6 shows the spatial distri-
bution of the relative importance of these three effects. It is
clear that accumulation (Fig.6a) 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
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Figure 6.Fraction of firn air content variations (Fig.5a) explained (VE) by accumulation(a), firn densification(b) and surface melt(c). Note
the different scales in(a), (b), and(c).

never quantified. In most parts of the AIS, more than 99 % of
the FAC variations are explained by accumulation variability.
In the steeper regions of the ice sheet (∼ 250 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-
cumulation Eq. (1) and is therefore constant in time. At the
highest elevations, where accumulation rates are among the
lowest in Antarctica, the highest variance explained by firn
densification is found:∼ 2 % (Fig.6b). This reflects the fact
that firn densification is a relatively constant process; varia-
tions 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.6c). The largest values
(> 30 %) are found on the Antarctic Peninsula ice shelves
(Larsen C IS and Wilkins IS), where the largest annual sur-
face melt rates are found. Interestingly, at locations with little
melt, but also low accumulation rates (e.g., Siple Coast and
Amery IS (70◦ S and 70◦ W)), the influence of melt on FAC
variations is also large. A by-product of melt is that refreez-
ing meltwater increases the firn temperature and therefore in-
creases 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, using RACMO2 climate forcing
over the 1960–2200 period at 55 km horizontal resolution.
Figure 7a shows the average FAC at the start of this pe-
riod (1960–1999), representative for the present-day climate.
Therefore, it should be in agreement with the present-day

Figure 7. Average firn air content (FAC) for 1960–1999(a) from
the future FDM simulation, and the difference between(a) and av-
erage FAC from the contemporary climate simulation(b), interpo-
lated from Fig.1a to the same grid as in(a).

FAC, as presented in Fig.1a. The spatial pattern is roughly
the same, with the highest values (> 35 m) at the domes of
the East Antarctic plateau and lower values (< 15 m) along
the coast. Obviously, spatial detail is reduced due to the
coarser horizontal resolution, especially in regions with com-
plex topography, such as the Transantarctic Mountains and
the Antarctic Peninsula.

Figure7b indicates that most of the FAC differences can be
attributed to climate differences caused by the varying topo-
graphic detail between the two. Basically, the patterns of high
and low accumulation are slightly shifted, leading to subse-
quent differences 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 ef-
fect on the East Antarctic interior is also less distinct, result-
ing in higher accumulation rates and larger FAC values. No
negative SMB is simulated in this region, while this is present
in the 27 km simulation (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
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Figure 8. Temporal evolution of firn air content (FAC) in different
surface height bins (line color) of the grounded ice sheet. The FAC
is normalized using the value of 1 January 1960.

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 inte-
rior and negative along the coastal margins (Fig.7b), likely
caused by the less steep topography in the coastal areas of
the 55 km grid, resulting in less orographically forced pre-
cipitation. On the other hand, more water vapor reaches the
interior of the ice sheet and enhances precipitation in this re-
gion. Averaged over the entire ice sheet, the average FAC is
23.6 m (Fig.7a), compared to 22.5 m in the 27 km simulation
(Fig. 1a).

When studying the future FAC evolution, 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 pre-
cipitation (increase in FAC) or an increase in melt (decrease
in FAC). In the next paragraphs, the main focus will there-
fore be on anomalies in FAC, rather than the absolute values
of the change.

Figures8 and9 show the spatiotemporal FAC changes in
Antarctica over the next two centuries. Averaged over the
AIS, there is no trend in FAC over 1960–1979 (Fig.8), which
is consistent with the setup of the FDM; the firn characteris-
tics in 1960 and 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–

Figure 9. Relative firn air content (FAC) difference over the 21st
(a) and 22nd(b) century. The relative differences are calculated as
the difference between the 20 yr averages of 1980–1999 and 2080–
2099, and 2080–2099, and 2180–2199, respectively.

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 vari-
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
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 AIS, the relative decrease in FAC in these 20 yr
is 0.5 % (Fig.8b). Much larger changes in FAC are simu-
lated for the 21st and 22nd centuries in response to increased
snowfall and melt. Over the 21st century, the average FAC
increases by 4.4 % (∼ 1.0 m), with the spatial pattern shown
in Fig. 9a. Most of the ice-sheet interior shows a uniform in-
crease 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 pat-
tern is similar to the accumulation increase in the climate
forcing (Fig. 10b inLigtenberg et al., 2013). The largest
FAC increases are simulated in the vicinity of Mertz Glacier
(68◦ S, 145◦ E), where it increases with 29.6 % (7.7 m) in
100 yr. The FAC increase due to fresh snow is partly counter-
acted 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 become susceptible to
meltwater ponding and hydrofracturing (Kuipers Munneke
et al., 2014).
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During the 22nd century, the spatial pattern of FAC change
(Fig. 9b) is roughly similar to that of the 21st century
(Fig. 9a). Again, there is a distinct and uniform FAC increase
in the interior of the ice sheet and a decrease along the mar-
gins. 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 pre-
cipitation 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 flat-
tening of the FAC increase towards the end of the simulation
(Fig. 8). Second, along the East Antarctic coast, the decrease
in FAC is more pronounced. In particular, 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 IS) show decreasing firn
air values. The relative FAC changes along the West Antarc-
tic 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 0 m by 2100 (Kuipers Munneke
et al., 2014).

The future, melt-driven FAC reduction in lower-lying re-
gions is illustrated by the FAC evolution of the< 500 m
height bin in Fig.8. From 2000 up to 2050, the simulated
FAC increase is equal to or slightly larger than the increase in
other height bins, indicating that the increase in precipitation
during this interval is largest at lower altitudes. Over the next
80 yr (2050–2130), the slope decreases; precipitation is still
increasing, but this effect is partly counteracted by a simul-
taneous increase in surface melt. Around 2135, a couple of
strong melt years occur (Ligtenberg et al., 2013) that initiate
an abrupt decrease in FAC. Hereafter, a negative trend per-
sists that reduces FAC by 6 % over the last 60 yr of the simu-
lation, and result in a similar FAC amount as in 1960–1979.
In all other altitude bins, the FAC increases significantly. The
largest relative increases (∼ 14 %) are found at lower alti-
tudes, in agreement with the largest simulated precipitation
increase. Higher up on the AIS, the increase in precipitation
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 in-
crease is∼ 150 km3 yr−1, representing the sum of contri-
butions from positive (+158 km3 yr−1) and negative differ-
ence grid points (−8 km3 yr−1). During the 22nd century,
the increase summed over the positive grid points is sim-
ilar (+147 km3 yr−1), but, mainly due to a larger volume
change in the negative grid points (−25 km3 yr−1), the to-
tal volume change is significantly smaller than during the
period 2000–2100. Apart from this increase in firn air due
to enhanced precipitation, the mass increase by snowfall it-
self (∼ 150 Gt yr−1, fromLigtenberg et al., 2013) also causes

a volume increase:∼ 150 km3 yr−1. The ratio between the
simulated volume increase due to ice and air (more or less
1 : 1) is lower than expected (1 : 2) when solely consider-
ing the density of fresh snow (∼ 350 kg m−3). This indi-
cates that half of the additional FAC by enhanced snow-
fall is removed by either snowmelt, increased firn densifi-
cation, or a faster firn-to-ice transition at the bottom of the
firn layer. The combined volume increase from ice crystals
and air (∼ 300 km3 yr−1) causes the surface of the AIS to rise
with 2.1 cm yr−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. More-
over, 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. Firn layer
density, temperature, and thickness are almost solely deter-
mined by the governing climate at its surface. Therefore,
a realistic climate that spans over a long enough period is
needed to represent a certain reference climate. Based on
previous work, RACMO2 produces a realistic Antarctic cli-
mate. The simulated SMB corresponds well with∼ 750 in
situ SMB observations (Lenaerts et al., 2012). Forced with
this RACMO2 climate (1979–2011), the steady-state FDM
agrees well with depth-density observations from firn cores
(Ligtenberg et al., 2011) and simulates firn densities similar
to earlier steady-state model simulations (e.g.,Zwally and
Li , 2002; Van den Broeke, 2008). Seasonal and inter-annual
variations in RACMO2 accumulation and subsequent varia-
tions in FDM-simulated firn depth compare well with remote
sensing observations (e.g.,Pritchard et al., 2012; Ligtenberg
et al., 2012; Horwath et al., 2012; Medley et al., 2013).
Over the 33 yr period, no significant trend is found in the
annual average temperature, surface mass balance and melt
(Lenaerts et al., 2012; Kuipers Munneke et al., 2012). In
combination with a constant climate over the major part of
Antarctica during the last century (Monaghan et al., 2006),
this provides confidence that the present-day RACMO2 forc-
ing is a realistic reference climate.

In the RACMO2 future climate forcing, more uncertain-
ties 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 simula-
tion (Ligtenberg et al., 2013). This bias is removed from both
the present-day period (1980–1999) and the future 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 simu-
lations is quite small (Fig.7b), but spatially more significant
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differences occur, which can, for a large part, be explained by
the difference in horizontal resolution between both forcings.
In Ligtenberg et al.(2013), an assessment of the future cli-
mate results shows that the Antarctic snowfall sensitivity (in
Gt yr−1 K−1) is in the same range as other studies. Moreover,
Antarctic precipitation scales 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 climate change in RACMO2 is expected to be
realistic.

Also, the possible range in future temperature change will
produce uncertainty. It was computationally not feasible to
perform more than one FDM future simulation for the com-
plete AIS, so a mid-range emission scenario (A1B) was se-
lected. Due to the relatively linear response of precipita-
tion and SMB to temperature increase, the results from this
manuscript, in combination with those fromLigtenberg et al.
(2013), can be used to scale the temporal firn layer response
for different climate scenarios.

The second large source of 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 equations, meaning that uncertainties in in
situ measurements are translated into the FDM results. The
firn density profile is constrained by three fixed points: (1)
surface density, (2) depth at which the density reachesρ

= 550 kg m−3, and (3) depth at which the density reaches
ρ = 830 kg m−3. In the Supplementary Online Material of
Depoorter et al.(2013), the uncertainty in FAC is assessed
as a combination of these three points, and leads to a total
uncertainty in FAC of∼ 10 %. This value is larger than most
of the FAC differences between the present-day steady-state
and time-dependent simulation (Fig.1b), indicating that the
magnitude of the FAC for a certain Antarctic location inhab-
its quite a significant uncertainty. However, both simulations
use the same set of semi-empirical equations and are there-
fore subject to the same uncertainty, implying that relative
differences between the steady-state and time-dependent re-
sults are significant differences.

The FDM is a semi-empirical model and contains a few
aspects that are based on the assumption of steady state.
Strictly speaking, this makes the model unsuitable for time-
dependent applications, such as future simulations. The den-
sification equations (Eq. 1) depend on the annual average
temperature and accumulation rate. To account for this, we
used a running average over the previous 40 yr. This time
span was chosen because the future climate forcing contains
a 40 yr period (1960–1999) that is comparable to the present-
day average climate. This way, the steady-state assumption is
valid during the entire spin-up period and from 1960 to 1999,
during the final simulation, while the future climate change
simulation commences in 2000, similar to the set-up of GCM
simulations. The choice of this 40 yr running average intro-
duces an additional uncertainty, because it assumes a similar
response time for firn layers across the AIS. Also, it assumes

that the adjustment of the firn layer to a change in tempera-
ture and accumulation is similar. However, an accumulation
change is felt instantly as it adds pressure to the top of the
firn layer, while it takes time to advect and diffuse a tem-
perature change to greater depths. By using a 40 yr running
average window, the increase in annual average temperature
and accumulation, and hence the densification rate, is more
gradual.

The response time of a shallow firn layer in combination
with high annual accumulation rate is much smaller than for
thicker firn layers with low accumulation, as it takes less time
to fully adjust to a new climate. The response time of the
firn layer can be defined as the time needed to advect firn
from the surface to the pore-close off depth (z830), which
varies between 20 and 2000 yr across the AIS (Van den
Broeke, 2008). However, most of the firn densification occurs
in the upper part of the firn layer (10–20 m), so the effective
response time will be lower. For example, using the aver-
age Antarctic annual accumulation rate (160 mm yr−1, from
Lenaerts et al., 2012), it would take∼ 60 yr to refresh the up-
per 20 m of firn. This is similar to the chosen 40 yr window,
making this a reasonable choice. At locations with a higher
annual accumulation rate, the firn layer will have a smaller
response time and hence a shorter climate memory, while for
low-accumulation sites the opposite stands.

The simulated temporal evolution of a firn layer in a
changing climate is difficult to evaluate, since hardly any ob-
servations of temporal firn changes are available. Moreover,
it is challenging to measure the small variations in firn den-
sity and depth that result from changes in the climate. Es-
pecially when no melt occurs, the increase in firn density,
densification rate, and depth are rather subtle and likely to be
smaller than the measurement errors.

A definite improvement would be to use a firn model that
calculates the firn densification rate using a physical relation
between density, overburden pressure, snow grain size, and
temperature (e.g.,Spencer et al., 2001; Arthern et al., 2010).
For instance, in the future simulation, this would make the re-
action of the firn layer to additional mass input instantaneous
instead of depending on the chosen length of the running-
average window. Also, in the current FDM the surface den-
sity is assumed to be constant, while it is uncertain whether
and how the density of fresh snow will change in the fu-
ture. For the present day, this approximation introduces un-
certainty as not every accumulation event is the same, but,
on average, the calculated values agree well with observa-
tions (Kaspers et al., 2004). The meltwater percolation and
refreezing scheme in the current FDM does not include het-
erogeneous percolation (“piping”), a process that is known to
be quite widespread on the Greenland ice sheet (Marsh and
Woo, 1984; Harper et al., 2012). Due to this rapid transport of
mass and heat to greater depths, the density and temperature
profiles are influenced. Apart from some isolated locations
on the Antarctic Peninsula, melt amounts across the AIS are
generally too small to cause this type of vertical transport in
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Antarctica. However, with future increasing melt rates, this
could potentially occur more regularly in warm areas and on
ice shelves.

Ultimately, the results are not expected to be greatly in-
fluenced by the use of a different model. Most of the inter-
annual(/transient) changes in the present-day(/future) sim-
ulations are initiated by variations in the forcing climate
(e.g., Fig.6a), especially accumulation. For the present day,
the magnitude and timing of seasonal and decadal climate
variations as simulated by RACMO2 (1979–2012) agree rel-
atively well with observations (e.g.,Horwath et al., 2012;
Medley et al., 2013). The magnitude and trend of the sim-
ulated future Antarctic climate change also agree well with
earlier published results (Ligtenberg et al., 2013). Combined,
this gives confidence that the presented variations and future
changes in Antarctic FAC are realistic despite the use of a
semi-empirical FDM.

5 Conclusions

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 of surface
height changes. 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 wet-
ter Antarctic climate on the FAC.

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 quite
large. In the part of the AIS, where no surface melt oc-
curs (∼ 90 %), the FAC is slightly underestimated (∼ 3 %) by
the steady-state solution. For coastal locations, where sum-
mer melt is significant, the steady-state solution overesti-
mates the FAC, because refrozen meltwater that occupies
firn pore space is not taken into account. A major applica-
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

16.7 Gt yr−1) when estimating the sea-level contribution of
the AIS.

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 significant summer melt
(e.g., coastal ice shelves), temporal FAC variations in the
contemporary 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 in-
crease. 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 small-
est relative increase (2200–2000) 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 in-
crease 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.

The simulated future increase in FAC indicates that, in
addition to a mass increase due to increased accumulation
(Ligtenberg et al., 2013), the volume of the AIS will increase
at a rate of∼ 300 km3 yr−1. Interpreting this as a change in
ice mass would lead to an underestimation of the contribu-
tion 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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