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[1] Many challenges remain for estimating the Antarctic ice sheet surface mass balance
(SMB), which represents a major uncertainty in predictions of future sea-level rise.
Validating continental scale studies is hampered by the sparse distribution of in situ data.
Here we present a 26 year mean SMB of the Fimbul ice shelf in East Antarctica between
1983–2009, and recent interannual variability since 2010. We compare these data to the
results of large-scale SMB studies for similar time periods, obtained from regional
atmospheric modeling and remote sensing. Our in situ data include ground penetrating
radar, firn cores, and mass balance stakes and provide information on both temporal and
spatial scales. The 26 year mean SMB on the Fimbul ice shelf varies between 170 and
620 kgm�2 a�1 giving a regional average value of 310 ± 70 kgm�2 a�1. Our measurements
indicate higher long-term accumulation over large parts of the ice shelf compared to the
large-scale studies. We also show that the variability of the mean annual SMB, which can be
up to 90%, can be a dominant factor in short-term estimates. The results emphasize the
importance of using a combination of ground-based validation data, regional climate
models, and remote sensing over a relevant time period in order to achieve a reliable SMB
for Antarctica.

Citation: Sinisalo, A., et al. (2013), Surface mass balance on Fimbul ice shelf, East Antarctica: Comparison of field
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1. Introduction

[2] Antarctic mass balance represents a major uncertainty in
the studies of global sea-level rise [IPCC. Climate Change,
2007]. A large part of the uncertainty arises from errors in es-
timating surface mass balance (SMB) [Shepherd et al., 2012;
Rignot et al., 2011], which corresponds to about 0.3mmyr�1

in terms of sea-level change [Lenaerts et al., 2012]. This error
is about the same size as the current best estimate for the total
contribution of the Antarctic ice sheet to sea-level rise, which
was 0.2mmyr�1 for the period 1992–2011 [Shepherd et al.,
2012]. In situ data reveal that SMB over the continent is far
from evenly distributed and can vary strongly over relatively

short distances, especially in the coastal areas where the
SMB is highest [Fujita et al., 2011; Rotschky et al., 2007;
Vaughan et al., 1999]. The greatest discrepancies between
large-scale SMB estimates using climate models and remote
sensing data are also found in these areas [Arthern et al.,
2006; Bromwich et al., 2004; Lenaerts et al., 2012]. The
sparse distribution of in situ data, however, makes verification
of the results of any method difficult.
[3] The relative uncertainty of the total SMB of Antarctica

increases when the floating ice shelves are included in the
SMB estimates [Lenaerts et al., 2012], since ice shelves
make up ~10% of the entire area of the ice sheet [Herzfeld,
2004]. The importance of the ice shelves for sea-level rise
arises from their buttressing effect on the ice sheet [Dupont
and Alley, 2005; Rignot et al., 2004; Rott et al., 2002].
Many of the ice shelves fringing both the West and East
Antarctic ice sheets have recently been thinning [Pritchard
et al., 2012]. Thinning of ice shelves leads to a reduced
buttressing effect that results in glacier acceleration and
dynamic thinning of grounded glaciers in adjoining coastal
areas [Pritchard et al., 2012; Rignot et al., 2008], which
can have a significant impact on the total mass balance of
the ice sheet and its contribution to the sea level. In fact, this
process accounts for a dominant part of the current mass loss,
assuming no significant trends in SMB [Pritchard et al.,
2009; Rignot et al., 2008]. However, recent satellite gravity
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measurements show a large positive SMB anomaly in coastal
Dronning Maud Land, East Antarctica in 2009 and another
one in 2011 [Boening et al., 2012], which would partially
compensate for the recent global ice mass losses. These
results have not been validated with field data, though, and
there is a wider need for more in situ observations of SMB
to fill in the gaps in the data used for calibrating and validat-
ing the model and remote sensing data.
[4] Here we present new data of spatial variability of SMB

averaged over the 26 year period between 1983 and 2009
on Fimbul ice shelf (FIS), Dronning Maud Land, East
Antarctica (Figure 1). Our results cover a large part of FIS
where no direct SMB data have been previously available.
We associate shallow ground penetrating radar (GPR) re-
flectors with the volcanic deposition of the El Chichon erup-
tion in 1982 identified in a set of firn cores [Schlosser et al.,
2012], and interpret the depth variations of the GPR reflector
in terms of SMB. In addition, heights of 50 stakes measured
annually since late 2009 show the large interannual variability
but relatively stable spatial pattern of SMB in 2010 and 2011.
With our results, we identify some discrepancies between field
measurements and existing large-scale SMB maps obtained
from regional atmospheric modeling and remote sensing.

2. Previous Surface Mass Balance Studies
on Fimbul Ice Shelf

[5] We conducted GPR surveys on Fimbul ice shelf (FIS)
(Figure 1), where continental SMB models suggest large
spatial variations in SMB, with a decreasing trend from north-
west to southeast [Lenaerts et al., 2012; Monaghan et al.,
2006; Van de Berg et al., 2006; van Lipzig et al., 2002].
Precipitation and thus SMB on FIS is dependent on the synop-
tic activity in the circumpolar trough, defined by the average

location of cyclones north of the Antarctic coast. Most of the
precipitation is associated with the frontal parts of these pass-
ing low-pressure systems. Usually, the core of the cyclone
stays to the north, while the whole system moves from west
to east, which leads to easterly winds prevailing during the
most active period of precipitation events. This is important
for the assessment of the influence of orography on accumula-
tion (lee/upwind effects). During clear-weather periods, kata-
batic winds from the south originate at higher altitude inland
areas. These katabatic winds are strongest close to the ground-
ing line where surface slopes are steep, and can lead to local
erosion of the snow surface, and therefore sometimes even
negative SMB [Schlosser et al., 2008]. In these areas, the
modeled sublimation rates are also highest [Monaghan et al.,
2006; Van Lipzig et al., 2002].
[6] On Jutulstraumen ice stream, in the central part of FIS

(Figure 1), previous in situ measurements of SMB using
stakes and ice cores demonstrate that SMB also varies strongly
over short,<1 km, length scales [Isaksson andMelvold, 2002;
Melvold et al., 1998]; the measured values on Jutulstraumen
alone cover the full range of the SMB values measured over
the entire Dronning Maud Land [Rotschky et al., 2007].
[7] With regard to temporal variability of SMB,Kaczmarska

et al. [2004] reported a statistically significant decreasing trend
for the twentieth century based on a single ice core at the edge
of the ice shelf (Figure 1). Otherwise, no significant trend has
been reported from ice-core records in Dronning Maud
Land over the last few centuries [Rotschky et al., 2007, and
references therein] apart from a decreasing SMB trend for
1984–2006 in one of four firn cores from Jutulstraumen
[Schlosser et al., 2012].
[8] Recent satellite gravity data and precipitation fields

from the ERA-Interim reanalysis data set indicated a substan-
tial positive SMB anomaly in 2009 [Boening et al., 2012].
Regional atmospheric modeling shows that anomalies of this
scale have not occurred in the past 60 years [Lenaerts et al.,
2013]. However, interannual variability of SMB on FIS
locally exceed 250% [Melvold et al., 1998], and firn core data
indicate that SMB anomalies of the same magnitude as 2009
have occurred previously [Lenaerts et al., 2013; Kaczmarska
et al., 2004].
[9] SMB for the eastern part of FIS has remained unknown

until this study, with the exception of a 100m ice core drilled
at the edge of the ice shelf [Kaczmarska et al., 2004]
(Figure 1). Thus, neither the model-predicted spatial gradients
nor the modeled or satellite-based observations of the positive
SMB anomalies have been verified with field data. In addition,
the range of predicted SMB values on FIS is large [Lenaerts
et al., 2012; Monaghan et al., 2006; Arthern et al., 2006]
and more in situ data are necessary to better constrain and
validate these results.

3. Methods

3.1. GPR and GPS Profiling

[10] We analyze 1000 kilometers of GPR profiles between
six firn cores (Figure 1). GPR positions are determined using
precise point positioning (PPP) [Zumberge et al., 1997].
For PPP analysis, we used a commercial software package
TerraPos [Kjorsvik, 2006]. Elevation data were then corrected
for tidal motion using a model suite from Padman et al. [2002]
(http://www.esr.org/ptm_index.html).

Figure 1. Study area on the Fimbul ice shelf, East
Antarctica, indicating location of GPR profiles (black line)
between firn cores. Elevation contours (50 m) [Bamber et al.,
2009] show locations of ice rises on eastern FIS. SMB values
obtained from previous firn cores (Table 1) [Schlosser et al.,
2012; Melvold et al., 1999; Kaczmarska et al., 2004] are
shown, as well as locations of additional, previously
undated firn cores on eastern FIS (black dots). Ice shelf
margins used in Figures 5 and 6 are outlined in white. The
background image is extracted from MODIS mosaic of
Antarctica [Haran et al., 2006].
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[11] In the GPR survey, we used a gated frequency-
modulated continuous-wave wide-band radar described in
Øyan et al. [2012]. This GPR has a center frequency of
350MHz and a bandwidth of 300MHz. The range (depth)
resolution of the GPR can be defined as c= 2

ffiffiffiffi
ε�p
Bð Þ, where

c = speed of light in the vacuum, ε= dielectric permittivity of
the media, and B=bandwidth of the transmitted radio waves.
Permittivities and densities of firn relevant for this study range
from 1.8 to 2.3 and 400 to 600 kgm�3, respectively, giving
a vertical range resolution of between 33 and 37 cm. The
transmitted radio waves are gated to improve the dynamic
range of the system [Øyan et al., 2012]. Data are recorded in
the frequency domain and transferred to the time domain by
Fast Fourier Transform after Hamming window filtering.
The GPR system is able to collect a single trace every 0.2 s
resulting in ~0.5m trace interval for the average velocity of
10 kmh�1. We stacked the traces over 10m intervals to
improve the signal-to-noise ratio by about 6 dB.
[12] To extract the spatial pattern of the SMB from GPR

data, we made two assumptions: (1) the spatial variability
of firn density versus depth, and thus the variability of
propagation speed of the GPR signal is insignificant; and
(2) the continuous GPR reflectors represent isochronous
layers. We discuss the validity of both assumptions in detail
in section 4.

3.2. Snow Pits and Firn Cores

[13] We measured densities from eight snow pits and six firn
cores, all collected in 2009 (Figure 1). The snow/firn density
was determined immediately after the core retrieval by measur-
ing and weighing each core section on an electronic scale. The
density in the uppermost part of the snow pack was determined
from a snow pit using a 20 cm metal tube. Stratigraphic studies
and snow sampling were also performed in the same pit. The
snow pits were 1.2–1.6m deep and reached the previous sum-
mer surface. Four of the firn cores on Jutulstraumen were dated
by dielectric profiling (DEP) combined with oxygen isotope
analysis [Schlosser et al., 2012].

3.3. Stake Measurements

[14] We installed 50 five-meter-long aluminum stakes
along the GPR profiles in December 2009. At the firn core
drill sites (Figure 1), we established stake networks, each of
which is composed of three stakes at the corners of a triangle
with 500m long sides and a fourth stake at the center. The
design of these stake networks improves spatial detail and
reduces standard error of the stake estimates [Eisen et al.,
2008]. In addition, a pentagonal stake net, with an inter-stake
spacing of 500m, was installed in 2010 in the vicinity of
site M2.

4. Estimating Surface Mass Balance Using
GPR Data

[15] To extract the spatial patterns of SMB, we need to
identify GPR reflectors that can be dated and tracked over a
long distance between ice cores, and to estimate the ice mass
between the surface and a reflector using two-way travel time
of the reflection. For both, we need first to calculate the prop-
agation speed of the GPR wavelet in the medium.

4.1. Depth Profiles of the Radio-Wave
Propagation Speed

[16] The depth-averaged propagation speed v of the GPR
wavelet in the firn can be determined with the real part of
the relative dielectric permittivity ε′

v ¼ c
ffiffiffi
ε′

p ; (1)

where c= speed of light. Permittivity primarily depends on
density, though their relationship is not uniquely defined.
To calculate ε′, we apply the commonly used model by
Kovacs et al. [1995]

ε′ ¼ 1þ 0:845ρfirnð Þ2; (2)

where ρfirn = density of the firn.

Figure 2. (a) Depth versus depth-averaged propagation velocity calculated for the six firn cores using
measured bulk densities and three density-velocity relationships (dotted line =Looyenga [1965]; solid
line =Kovacs et al. [1995]; dashed line = Frolov and Macheret, 1999). Mean curve (black line) is a
quadratic fit to the average of propagation velocities for each core calculated with Kovacs et al. [1995]. (b)
Depth-averaged propagation speed used for converting picked two-way travel times to SMB. We applied
the quadratic fit obtained from the curves in Figure 2a (black line) to the top 14.5m and velocities calculated
for modeled densities [Herron and Langway, 1980] below that depth (red line).
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[17] Merging equations 1 and 2 and averaging the propaga-
tion speed in terms of depth give

v zð Þ ¼ c

1þ 0:845ρ zð Þ ; (3)

where ρ zð Þ= depth-averaged density between the surface and
the depth z of the GPR reflector.
[18] Uncertainty of SMB values estimated using equations (1)

and (2) depends on (i) the accuracy of the density-permittivity
model and (ii) the accuracy of the applied density-depth profile.
[19] With regard to (i), we assess the uncertainty by compar-

isons with two other commonly used density-permittivity
models (Figure 2a). Looyenga [1965] established a relation-
ship for uniformly mixed air in a dielectric medium

ε′ ¼ ð ρ
ρice
½ ffiffiffiffiffiffiffiffi

ε′ice
3
p

�1� þ 1Þ3; (4)

where ε′ice = 3.17 [Fujita et al., 2000] and ρice = 917 kgm�3.
Frolov and Macheret [1999] adjusted equation 2 to account
for snow and firn near the melting point

ε′ ¼ 1þ 0:857ρfirnð Þ2: (5)

[20] Figure 2a shows that propagation speed calculated
with equation (2) falls in between the results calculated with
the two other models. We found less than 2% variations
(standard deviation of the mean) in the depth-averaged prop-
agation speed predicted by these models at each core site.
[21] For (ii), we use the density-depth profile for separate

firn cores as input to the density-permittivity models. The
influence of spatial density variability is about the same
magnitude as the choice of the density-permittivity model
(Figure 2a). We minimize the error by using a density-depth
profile averaged from all the measured firn core densities on
FIS (marked as G3, G4, G5, G7, G8, and M2 in Figure 1).
[22] Figure 2a shows that the range of propagation speeds,

and thus the uncertainty due to (i) and (ii) varies <1% with
depth. Therefore, we can conclude that our choice of the den-
sity-permittivity relationship and our assumption of laterally
invariable densities do not introduce significant errors in our
SMB results (see section 4.5).

[23] For depths below the firn cores’ maximum depth, we
derive density using an empirical densification model
[Herron and Langway, 1980]. Input data for this model are
measured 10m temperature, SMB calculated from firn cores
dated by previous studies (Table 1), and measured surface
density of snow. Figure 2b shows the depth profile of the
radio-wave propagation speed for the full depth range of
our study, with a smooth transition from the measured
density profile to the modeled densities at a depth of 15m.
Modeled densities account for only about 5% of the total,
so we do not expect the choice of the densification model
to introduce significant uncertainties in the calculated SMB.

4.2. Choosing a Reference Reflector

[24] We use the volcanic signal associated with the El
Chichon eruption in 1982 as an absolute time marker in our
data, and assume that it was deposited on FIS in 1983 ± 1
[Schlosser et al., 2012]. The El Chichon signal has previ-
ously been identified with chemical analysis in several firn
cores on the plateau area of Dronning Maud Land, south of
FIS [Traufetter et al., 2004], and also in some other sectors
in East Antarctica [Plummer et al., 2012; Kohno et al.,
1996]. The erupted volcanic material is typically deposited
on the surface in Antarctica 1–2 years after the eruption
depending on its location and intensity [Kaczmarska et al.,
2004; Oerter et al., 2000; Sommer et al., 2000; Legrand and
Wagenbach, 1999]. The estimated deposition time of El
Chichon in Antarctica varies between 1982 in the plateau area
of Dronning Maud Land [Traufetter et al., 2004] and 1984.5
in Law Dome, East Antarctica [Plummer et al., 2012].
[25] We interpret the large peak in theDEPdata atG4,G5, and

M2 (Figure 1) to be due to the sulphur input from the El Chichon
eruption [Schlosser et al., 2012]. We then use depth profiles of
density measured along these cores to calculate the two-way
travel time of the radio wave tEC from the surface to the depth
of the El Chichon marker zEC (Table 1) at each core site from

tEC ¼ 2zEC
vEC

; (6)

where vEC = depth-averaged propagation speed to the depth
of El Chichon (equation 3).

Table 1. SMB From Firn Cores on FISa

Core Name
Core Length

(m)
Depth of El Chichon 1983

(m)
Time period for SMB

(CE)
Mean Density for 1983–2009

(kgm�3)
Mean SMB
(kgm�2 a�1)

G3b 10.5 - 1992–2009 295 ± 36
G4b 16.7 15.34 1983–2009 542 320 ± 29
G5b 14.5 14.29 1983–2009 559 307 ± 27
M2b 17.5 15.47 1983–2009 539 320 ± 29
G7 15.5 11.06f 1983–2009 488 208 ± 3g

G8c 10.3 - 1991–2009 282 ± 26
Hd 32 - 1992–1983 451 ± 148
Kd ~31 - 1976–1992 253 ± 78
Md ~7 - 1976–1992 371 ± 102
Ld ~12 - 1976–1992 244 ± 74
S100e 100 - 1737–2000 290 ± 9

aSee Figure 1 for locations of the firn cores.
bThe SMB calculated bymeasured snow pit and firn core bulk densities. The depth of ECwas identified with DEP by Schlosser et al. [2012]. Error indicates

the uncertainty of the mean SMB and does not represent annual variability.
cE. Schlosser (unpublished data, 2013).
dMelvold [1999].
eKaczmarska et al., [2004].
fThis study.
gError given as radar precision divided by 26 a.
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[26] The next step is to find a distinct, horizontally contin-
uous GPR reflector closest to the depth of the El Chichon
marker for those cores that were deep enough to reach the
marker. We selected a reference reflector located on average
16 ± 3% below the El Chichon marker. The most pronounced
GPR reflections in firn originate from ice layers [Fujita et al.,
2000; Eisen et al., 2003], and we do not necessarily expect to
find continuous GPR reflectors directly associated to the El
Chichon conductivity peak. Another reason for using a verti-
cal offset is that the measured GPR signal is a sum of returned
power from a larger area (the GPR beam footprint), whereas
the core data represent a single point. However, if the vertical
offset of the GPR reflector to the El Chichon marker at
each drill site remains constant, it can be corrected for by
subtracting the shift of the picked GPR reflector.

4.3. Tracking the Reference Reflector Between the
Firn Cores

[27] We tracked the GPR reflectors between all the drill sites
(Figure 1). Tracking the reflector between the previously dated
firn cores on Jutulstraumen [Schlosser et al., 2012] confirms
that the dating of the cores is consistent within the radar
precision (defined in section 4.5) (Figure 3), and that we can
assume that the GPR reflectors are isochronous.
[28] To extend the GPR profiles to eastern FIS, we followed

the GPR isochrone from the firn core siteM2 on Jutulstraumen
to core site G7 (Figure 1). Crevasses in the shear zone between
Jutulstraumen and eastern FIS cause disturbances in the radar
data due to interruptions in the firn layers. However, based on
consistent spacing and amplitude of the GPR reflector patterns
on either side of and throughout the shear zone, we believe that
we have been able to pick a consistent isochrone for the entire
region. This is supported by the fact that the estimated El
Chichon peak in the DEP data from G7 and the depth of the
picked GPR reflector are in agreement (Figure 4).

4.4. Conversion of GPR Two-Way Travel Time to SMB

[29] The depth of a firn layer or a GPR isochrone can be
interpreted in terms of local SMB if the horizontal motion of
the ice since the snow deposition is minimal [Waddington
et al., 2007]. ShallowGPR reflectors (depth< 10% of the total
ice thickness) can be used to directly calculate SMB, whereas
deeper reflectors are affected by vertical strain rates. Because

the tracked El Chichon reflector is within the top 5% of the
local ice thickness on FIS, we can ignore the accumulated ver-
tical strain rates and apply the shallow layer approximation
[Waddington et al., 2007] to derive SMB in this area using

SMB ¼ tEC
2A

�νEC ¼ tEC c

2A 1þ 0:845ρECð Þ ; (7)

where A = age of the El Chichon deposition (26 years),

Figure 3. GPR profile revealing the strongly varying depth of the EC (green line) between the dated firn
cores M2 and G5 on Jutulstraumen and illustrating the coherence of the dating of the firn cores. Depth of
EC marker in firn cores is indicated with red dots at both ends of the GPR profile. Surface topography along
the profile reflects a complex relationship between surface elevation and SMB. DEP data measured along
both firn cores [Schlosser et al., 2012] indicate peak from El Chichon (red circle). Note the different depth
scale for the DEP plots for clarity.

Figure 4. DEP data measured from G7. The depth of EC
calculated from the GPR data (dashed line) with the error
margins (indicated in gray). Suggested EC peak at G7 is sim-
ilar to peaks of other cores (Figure 3) [Schlosser et al., 2012].
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vEC = depth-averaged propagation speed between the sur-
face and the deposition of El Chichon, tEC = measured
two-way travel time to the GPR reflector, and ρEC = depth-
averaged density.

4.5. Uncertainty in the Estimated Surface Mass Balance

[30] The largest uncertainty in the shallow layer approxima-
tion arises from the unknown lateral and vertical variability in
the density-depth relationship along the GPR profiles. We de-
fine the uncertainty as the standard deviation of the measured
density-depth profiles, which gives us a value of 22.1 kgm�3.
We calculate the error in SMB due to lateral variability of
density by differentiating equation 7 with respect to ρEC and
multiplying it by 22.1 kgm�3 to obtain an error δdensity of
8.8 kgm�2 a�1.
[31] The uncertainty of the propagation speed due to the

choice of the permittivity-density model is taken as the average
deviation of the propagation speed profiles calculated with dif-
ferent models from the mean propagation speed profile (used in
SMB calculations, Figure 2a) and is 5 � 105 m s�1 or 2% of
mean. By differentiating equation 7 with respect to v, and mul-
tiplying it with the uncertainty, we obtain the error due to the
choice of permittivity-density model δmodel = 0.02 kgm

�2 a�1.
[32] We estimate our picking precision to be ±5ns, due to

weaker or broader peaks in the GPR signal along the tracks.
The error in shifting the picked GPR layer to the depth of El
Chichon was calculated as the standard deviation of the mean

of the depth differences between the picked GPR horizon and
depth of El Chichon at all the dated drill sites. This amounts to
±3%, which corresponds to a maximum error of 4.4 ns in
picked travel time at the deepest depth of El Chichon in the firn
cores measured at M2. In addition, inaccurate isochrone depth
may result from the digitization of the recorded GPR signal.
The sampling interval is 1.322 ns in the time domain, which
can result in an error of 0.005 kgm�2 a�1 calculated as the
picking precision. The square root of the sum of the picking
precision and sampling interval gives us a radar precision of
±6.8 ns. By taking a partial derivate of equation 7 with respect
to tEC, and applying the average bulk density above EC,
and multiplying it with the radar precision, we get an error
δGPR = 0.02 kgm�2 a�1.
[33] The dating error for the previously dated firn cores

is 3–4 years [Schlosser et al., 2012], giving an error
δdating = 0.09 kgm�2 a�1.
[34] Taking the square root of the sum of the squares of

the errors listed above, we get the combined error of the
GPR-derived SMB δSMB = 8.8 kgm

�2 a�1.
[35] The greatest uncertainty in SMB determined from

stake data arises from natural noise, predominantly caused
by small-scale relief-related spatial variability in SMB and
snow density [Eisen et al., 2008]. In other words, the uncer-
tainty depends on how well a single stake represents the area
around it. We estimate the error due to local scale variability
of SMB from the pentagonal net comprising six stakes, using

Figure 5. (a) Measured SMB along the GPR profiles for the time period 1983–2009 and the significantly
lower SMB in 2010 obtained from stakemeasurements.Wemeasured negative SMB at two of the sites (black
dots) in 2010, both located relatively close to the grounding line. Color scale is same as in other figures. (b)
Comparison between the SMB obtained from the stakes remeasured in each season between 2009 and 2013
(Table 2), and the annualmeans of themodeled SMBat the stake locations, error given as standard deviation from
themodel mean [Lenaerts et al., 2012, 2013]. StakesM1,M2, S10, and S11 are located on Jutulstraumen and S2,
S3, S4, and S52 on eastern FIS. Error for each SMB value of the stake data is ±109kgm�2 a�1.

SINISALO ET AL.: SURFACE MASS BALANCE ON FIMBUL ICE SHELF

6



the standard deviation of the mean height difference of the
six stakes in Year 2. The stakes were installed about 500m
apart and cover an area of 2 km2. The accuracy of the SMB
values obtained from a stake network is more dependent on
the spatial spread of the stakes than on their number.
Keeping the same amount of stakes but increasing the size of
the stake network rapidly decreases the standard error of the
SMB value. Eisen et al. [2008] propose that a saturation value
is achieved at stake network dimensions of 500–1000m. From
the six stake network, we get an uncertainty of ±0.23m or
±22% of the mean. We calculate the error due to spatial
variability of the density as the standard deviation of the
mean of the eight pits, which gives the density uncertainty

δdensity = 19.8 kgm�3. Individual stake height and density
measurements are relatively accurate, estimated to be ± 2 cm
and ±13 kgm�3, respectively. The total error of the stake
measurements then becomes 109 kgm�2 a�1.

5. Spatiotemporal Patterns of Surface
Mass Balance

5.1. Spatial Variability of the Long-Term Mean
Between 1983 and 2009

[36] The mean SMB for FIS measured with GPR over the
26 year period between 1983 and 2009 varies between 170
and 620 kgm�2 a�1 (Figure 5a). The regional average value
is 310 ± 70 kgm�2 a�1, with the error taken as the standard
deviation. For Jutulstraumen (Figure 1), the mean SMB is
320 ± 70 kgm�2 a�1, whereas it is generally lower on east-
ern FIS at 280 ±60 kgm�2 a�1. These results are in agree-
ment with the previous firn core data from the ice shelf
[Kaczmarska et al., 2004; Melvold, 1999, Table 1].
[37] The depth of El Chichon varies strongly over relatively

short distances (Figure 3) leading to a large spatial variation in
SMB over relatively short distances on Jutulstraumen. The
surface topography is also more variable over shorter distances
in this area, compared to eastern FIS, probably due to deforma-
tion that the ice stream has experienced above and at the
grounding line, and further downstream where the ice flows
almost a magnitude faster (<1 km a�1) than the surrounding
ice shelf (<100m a�1). Both the measured minimum
and maximum SMB values of this study, 130 kgm�2 a�1 and
620 kgm�2 a�1, respectively, are measured on Jutulstraumen.
The GPS data reveal that the undulation of the firn layers is also
partially visible in the surface topography (Figure 3). Despite
this, SMB does not appear to be (mathematically) well corre-
lated with surface topography, surface slope or curvature along
the GPR tracks. This is not surprising since the relationship
between wind speed and snow transport is highly nonlinear,
and even small topographic variations, particularly on small
spatial scales, can have a large impact on snow accumulation
due to wind drift [Frezzotti et al., 2007; Ding et al., 2011;
King et al., 2004].
[38] Figure 3 shows that the peaks and troughs of the undu-

lating GPR layers are not horizontally shifted relative to one
another, indicating that the undulations move with the ice.
We do not observe any near-surface crevasses along the
GPR tracks on Jutulstraumen, and it seems more likely that
the observed troughs in the reflector pattern are former surface
depressions (rather than surface crevasses). Humbert and
Steinhage [2011] found that downward warping firn layers
often coincide with local thinning of the FIS and suggest that
these features are formed from former basal crevasses. The
cracks propagate vertically within the ice column downstream
from the site of their origin, and their locations represent
sections of thinner ice manifested as surface depressions,
which lead to intensified snow accumulation by wind-blown
snow [e.g., Frezzotti et al., 2005].
[39] We found that SMB is anomalously high to the west/

southwest (downwind side) of an ice rise on eastern FIS
(Figure 1). This pattern is likely to result of wind-driven redistri-
bution of snow. Regional meteorological conditions lead to
winds from an easterly direction during the precipitation events
on FIS [Schlosser et al., 2008]. Whether the accumulation is
higher on the upwind or on the leeside of a topographic obstacle

Table 2. SMB Values Measured With Stakes for 2010 (Year 1),
2011 (Year 2), and 2012 (Year 3)a

Stake
Name Latitude Longitude

SMB in 2010
(kgm�2 a�1)

SMB in 2011
(kgm�2 a�1)

SMB in 2012
(kgm�2 a�1)

S1 �70.58 4.67 �88
S2 �70.61 4.24 62 475 426
S3 �70.64 3.90 97 448 383
S4 �70.66 3.46 229 425 390
S5 �70.71 2.21 156
S6 �70.49 1.05 274 470
S10 �70.07 �0.91 357 411 418
S11 �70.13 �0.72 160 362 351
S12 �70.23 �0.41 213
S14 �70.43 �0.05 261
S16 �70.66 �0.04 223
S17 �70.78 �0.04 141
S18 �70.90 �0.02 175
S20 �70.80 �0.41 195
S21 �70.67 �0.41 155
S22 �70.55 �0.43 288
S24 �70.12 �0.14 269 465
S25 �70.03 �0.15 286 497
S26 �69.93 �0.16 334 533
S28 �69.82 �0.60 312 477
S29 �69.95 �0.48 347 559
S30 �70.07 �0.56 351 547
S31 �70.05 �0.80 247 316
S32 �70.31 �0.80 179
S33 �70.54 1.26 229
S34 �70.50 1.50 221
S35 �70.46 1.75 80
S37 �70.41 2.34 229
S40 �70.55 2.35 44
S42 �70.79 1.93 48
S44 �70.97 1.59 �104
S45 �70.99 1.31 22
S46 �70.90 1.30 130
S47 �70.81 1.29 100
S48 �70.72 1.28 247
S49 �70.63 1.27 208
S50 �70.64 1.65 75
S51 �70.70 2.83 145
S52 �70.68 3.15 229 386 413
S53 �70.56 5.07 62
S54 �70.37 5.14 154
M1 �70.03 �1.03 282 381 331
M2 �70.32 �0.11 207 435 329
M2a �70.43 �0.44 252
M3 �70.41 2.69 35 472
G4 �70.90 �0.38 184
G5 �70.55 �0.04 193
G7 �70.87 1.65 17
G8 �70.41 2.00 36
6
Stakenet

�70.41 �0.09 440

aWe estimate an error of ±109 kgm�2 a�1 for the stake data (section 4.5).
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depends on both the wind speed and the scale of the obstacle, in
particular its relative height and horizontal distance from the
summit to the base [Houze, 2012; Rotunno and Houze, 2007].
The ice rises on FIS are small, and therefore, the maxima in
SMB are expected to be found on the leeside, i.e., the western
side of the ice rises, as confirmed by our measurements
(Figure 5a). Conversely, for the larger N–S stretching topo-
graphical ridges inland of the ice shelf, the prevailing easterly
winds cause a precipitation maximum on the upwind (easterly)
side of the ridge [Schlosser et al., 2008]. Generally, areas with
large snow transport convergence are accompanied by areas
with large snow transport divergence [Bromwich et al., 2004;
King et al., 2004], and thus corresponding SMBminima are an-
ticipated on the upwind side of the ice rises. However, our data
do not allow us to evaluate the overall influence of the ice rises
on the regional SMBdue to a lack of data in the upwind regions.
Excluding the positive SMB anomaly within 20km radius from
the highest point of the ice rises would give a slightly lower
mean SMB of 270 ± 40kgm�2 a�1 for eastern FIS.
[40] The gradient of SMB with respect to distance from the

ice shelf edge is �1.47 kgm�2 a�1 km�1 for Jutulstraumen.
A negative gradient is expected due to decreasing precipita-
tion with distance from the open sea [Schlosser et al.,
2008]. The gradient increases slightly from west to east on
FIS. The slightly larger gradient on the eastern part of the
study area is due to the shorter distance from the open sea to
the grounding line (Figure 1), where local erosion of the snow
surface occurs due to the katabatic winds [Schlosser et al.,
2008]. The SMB maxima observed on the western side of
the ice rises, on eastern FIS, appear as positive anomalies in
an otherwise approximately linear north-south relationship.

5.2. Temporal Variations of SMB in 2010 and 2012
[41] The annual SMB values for 2010–2012 obtained from

stakemeasurements are summarized in Table 2.We remeasured
the heights of the 50 stakes installed in December 2009 and
December 2010 (Year 1), December 2011/January 2012
(Year 2), and January 2013 (Year 3). Seventeen of the stakes
were remeasured in both Year 1 and Year 2, and nine of the
stakes were measured in Year 3. Most of the stakes were
measured several times during the first two seasons. We could
not visit all the stakes in Year 2 and Year 3, and in addition,
many stakes were lost between the measurements in winter
storms. In the case of the four-stake nets at the drilling sites,
we took an average of those stakes that were remeasured in
subsequent years. In this way, we decrease the error due to
the small-scale spatial variability of SMB for that particular site
[Eisen et al., 2008]. For our calculation, we assume a constant
density-depth profile, and that the stake is anchored in the snow
at the base. Because the average density above the previous
summer surface remains relatively constant in depth, according
to our snow pit data, and we have density measurements only
from 2009, we use a mean density of 435 ±18kgm�3, calcu-
lated as an average of all pits, to convert the height differences
of the remeasured stakes to SMB (Figure 5). We observed a
negative SMB during the measuring period of 46 days in
2009, whereas the SMB was positive during an overlapping
period of 20 days in the following season. Multiple individual
precipitation events with varying amounts of precipitation are
typical for the coastal regions (Schlosser et al., 2008) and may
lead to strong variable stake heights during the measuring
period. However, their influence will be averaged out in the lon-
ger term. Here we use the measurements closest to 1 January in

Figure 6. Comparison of our long-term SMB values with large-scale studies: (a) Spatial interpolation of
the in situ data in Dronning Maud Land [Rotschky et al., 2007], (b) Precipitation-Evaporation calculated by
the mesoscale atmospheric model Polar MM5 for the period 1979–2001 [Monaghan et al., 2006], (c) accu-
mulation mapped from polarization of 4.3 cm wavelength microwave emission [Arthern et al., 2006], and
(d) Racmo2.1/Ant accumulation for the period 1979–2010 [Lenaerts et al., 2012].
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each year for our comparison. The time interval between the
measurements was 364±8 days in Year 1, 387±9 days in
Year 2, and 361±3days in Year 3.
[42] The mean SMB increased almost 90% in Year 2

(451 ± 66 kgm�2 a�1) compared to Year 1 (239 ± 100 kg
m�2 a�1), for the stakes that were measured both years
(Figure 5b). Year 3 shows slightly lower SMB in the
study area (10% lower than Year 2) with respect to the eight
stakes (four on Jutulstraumen and four on eastern FIS) that
were measured in both years. This kind of large interannual
variability has also been previously observed at other sites in
coastal Antarctica as well as on the Antarctic plateau
[Frezzotti et al., 2007; Ding et al., 2011]. Figure 5b shows
that the temporal SMB variability we measured agrees with
the modeled interannual variability at the stake locations
for the same time period, although the modeled SMB repre-
sents the lower end of the measured SMB range [Lenaerts
et al., 2012, 2013].
[43] The spatial pattern in Year 1 and 2 resembles the 26

year mean indicating that the large-scale spatial pattern re-
mains relatively stable even if the interannual values differ
greatly. The SMB in Year 1 is significantly lower than the
GPR-derived 26 year mean, and we even measure negative
SMB at two stake locations on eastern FIS (Figure 5a).
However, the SMB in Year 2 and Year 3 is above the long-
term mean; and as a result, the mean SMB over the 3 year
period of stake measurements suggests an increase in SMB
compared with the 26 year mean within the error boundaries.
To observe possible recent trends in SMB, however, we need
a considerably longer time period of direct measurements.

5.3. Comparison With Large-Scale Studies

[44] We compare our data to selected large-scale SMB
studies [Arthern et al., 2006; Monaghan et al., 2006;
Rotschky et al., 2007; Lenaerts et al., 2012] chosen for time
periods that overlap with the 26 year period covered by our
GPR data. Our results indicate that, on the whole, SMB is
underestimated in large parts of FIS (Figures 6 and 7). The
large-scale studies (except Arthern et al. [2006]) do agree with
our data on Jutulstraumen (Figures 6a, 6b, and 6d), where firn
core data [Melvold, 1999] were previously available, although
they overestimate SMB in the southernmost part.
[45] The interpolation of SMB observations on DML

[Rotschky et al., 2007] describes the spatial SMB pattern over
the whole FIS relatively successfully (Figure 6a), although all
the large-scale studies used for the comparison underestimate
SMB on eastern FIS (Figure 6). The points located above the
one-to-one line in Figures 7a, 7b, and 7d originate from
Jutulstraumen. The overestimation of the model in Figure 7d
is largely due to the location of the model points being slightly
west of the GPR profiles where higher SMB is predicted
(Figure 6d). Arthern et al. [2006] highlight that their SMB
estimate, derived using polarization of microwave-based emis-
sion, can be unreliable in the areas subject to surface melt.
Furthermore, Magand et al. [2008] show that regions poten-
tially affected by melting should be completely masked-out
from the microwave-based interpolation schemes. It is clear
that surface melting occurs on FIS in the present climate
[Schlosser et al., 2012; Kaczmarska et al., 2006], which may
be responsible for the large discrepancies between our results
and those of Arthern et al. [2006] (Figures 6c and 7c).

Figure 7. Comparison of the averaged long-term SMB values of this study with the large-scale studies of
(a) Rotschky et al. [2007], (b) Monaghan et al. [2006], (c) Arthern et al. [2006], and (d) Lenaerts et al.
[2012]. GPR measurements within a radius of one half a grid cell of the respective large-scale studies are
included if more than n measurements have been made within the area. Points located above the 1:1 line
are generally from the Jutulstraumen area and below from the eastern FIS. The overestimation of the model
by Lenaerts et al. [2012] is largely due to the location of the model points used in the comparison being
west from the GPR profiles where higher SMB are predicted. All units in kg m�2 a�1.
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[46] Naturally, the limited horizontal resolution of the
models and remote sensing studies (≥27 km) prevents them
from resolving any local SMB anomalies, such as those re-
lated to the influence of ice rises. In addition to small-scale
SMB anomalies, the largest differences between our data
and the regional atmospheric model results are found in east-
ern FIS, closest to the grounding line, in the vicinity of large
topographical gradients (Figure 6). In these areas, lack of in
situ measurements of SMB has previously made model vali-
dation and calibration difficult, and we measure consistently
higher SMB than the models predict [Lenaerts et al., 2012;
Monaghan et al., 2006; Bromwich et al., 2004]. There is no
notable variability in the mean annual precipitation in the
study area [Schlosser et al., 2008; Monaghan et al., 2006],
but the SMB pattern is expected to be strongly influenced
by topography and katabatic winds in the vicinity of ground-
ing line. Many large-scale studies suggest strongly decreas-
ing SMB from northwestern to southeast (Figures 6a, 6b,
and 6d). This general pattern is mainly the result of increas-
ing sublimation rates toward the east [Monaghan et al.,
2006] due to more intense turbulence in the vicinity of
orographic features within the models [Van Lipzig et al.,
2002]. Our GPR and stake data also indicate decreasing
SMB toward southeast, but with a gentler spatial gradient
(Figure 5a). The current resolution of the large-scale studies
is not sufficient to resolve in detail the wind field in the
coastal areas, where confluence and terrain strongly influence
the wind field [Lenaerts and van den Broeke, 2012], and it is
possible that the models overestimate the total sublimation in
the areas closest to the grounding line where we find the larg-
est differences between our data and the large-scale studies.
Clearly, wind-driven ablation greatly affects the SMB, and
the impact of wind-driven sublimation remains one of the
largest sources of uncertainty regarding present and future
large-scale SMB estimates [Frezzotti et al., 2004; Frezzotti
et al., 2007; Lenaerts and van den Broeke, 2012].

6. Conclusions and Implication for Antarctic Mass
Balance Estimates

[47] We estimate the 26 year mean SMB of the Fimbul ice
shelf using a combination of field methods, GPR, firn cores,
and stake measurements. Our data indicate that the SMB has
been previously underestimated by indirect large-scale stud-
ies in large parts of the ice shelf and highlight the importance
of using a combination of point measurements (cores and
stakes) and spatial methods (GPR) in order to avoid large er-
rors in the overall estimates of SMB on regional scales [e.g.,
Eisen et al., 2008].
[48] Our study shows that the largest differences between

the modeled and measured SMB values appear in the ground-
ing line area in the vicinity of large topographical gradients
and strong katabatic winds. The implied challenges in de-
scribing the physical processes related to SMB in the vicinity
of mountains and steep slopes in the lower resolution model
domains may lead to an underestimation of the SMB over
large areas such as the margins of the East Antarctic Plateau.
This further highlights the importance of including in situ
measurements into model and remote sensing studies for
estimating the mass balance of Antarctic ice sheet.
[49] Our stake data show significantly lower SMB for 2010

than the long-term (26 year) average, whereas the SMB for

2011 was on the order of 90% higher than the 2010 value.
The 2011 and 2012 SMBs were both higher than the long-
term mean, suggesting an increased SMB on FIS over the 3
year period 2010–2013. This measured temporal variability
supports the observations from remote sensing data in
Dronning Maud Land [Boening et al., 2012] and is in agree-
ment with the modeled SMB for the same time period by
Lenaerts et al. [2012, 2013], although the modeled SMB
represents the lower end of the measured SMB range. The
spatial coverage of the stake measurements for the 3 year
period is low, thus although the model results compare favor-
ably with the measurements, the discrepancies in the vicinity
of the grounding line remain.
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