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Abstract Stake measurements at 2 km intervals are used
to determine the spatial and temporal surface mass bal-
ance (SMB) in recent decades along the Japanese Antarctic
Research Expedition traverse route from Syowa Station to
Dome F. To determine SMB variability at regional scales,
this traverse route is divided into four regions, i.e., coastal,
lower katabatic, upper katabatic and inland plateau. We also
perform a regional evaluation of large scale SMB simulated
by the regional atmospheric climate model versions 2.1
and 2.3 (RACMO2.1 and RACMO2.3), and the four more
recent global reanalyses. Large-scale spatial variability in
the multi-year averaged SMB reveals robust relationships
with continentality and surface elevation. In the kataba-
tic regions, SMB variability is also highly associated with
surface slope, which in turn is affected by bedrock topog-
raphy. Stake observation records show large inter-annual
variability in SMB, but did not indicate any significant
trends over both the last 40 years for the coastal and lower
katabatic regions, and the last 20 years record for the upper
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katabatic and inland plateau regions. The four reanalyses
and the regional climate model reproduce the macro-scale
spatial pattern well for the multi-year averaged SMB, but
fail to capture the mesoscale SMB increase at the distance
interval ~300 to ~400 km from Syowa station. Thanks to
the updated scheme in the cloud microphysics, RACMO2.3
shows the best spatial agreement with stake measurements
over the inland plateau region. ERA-interim, JRA-55 and
MERRA exhibit high agreement with the inter-annual
variability of observed SMB in the coastal, upper kataba-
tic and inland plateau regions, and moderate agreement in
the lower katabatic region, while NCEP2 and RACMO2.1
inter-annual variability shows no significant correlation
with the observations for the inland plateau region.

Keywords Surface mass balance - Antarctica - Spatial
variability - Temporal variability - Model assessment

1 Introduction

Any mass fluctuation of the Antarctic Ice Sheet may have
a large influence on global sea level due to its huge vol-
ume, which could raise sea level by 56.6 m if melted (IPCC
ARS5). Therefore, a considerable effort has been put into
the accurate quantification of Antarctic mass balance and
its contribution to sea level rise. Common research meth-
ods include: the translation of observed surface eleva-
tion to mass changes (e.g., Davis et al. 2005; Helsen et al.
2008), satellite gravimetry changes (e.g., Moore and King
2005; Velicogna 2009; Barletta et al. 2013; Sasgen et al.
2013) and input and output calculation, i.e., the differ-
ence between ice discharge (e.g., Wingham et al. 2006;
Rignot et al. 2011) and surface mass balance (SMB), which
is defined as the sum of precipitation of snow, surface
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sublimation (SU,), drifting snow sublimation (SUy,), wind-
driven erosion/deposition (ERy), and meltwater runoff.
Until now, more than 20 Antarctic mass balance evalua-
tions have been performed on the basis of the satellite tech-
niques of altimetry, interferometry, and gravimetry (Zwally
and Giovinetto 2011; Shepherd et al. 2012). However, these
estimates from the limited temporal coverage of satellite
observation (altimetry: since 1992; gravimetry: since 2003)
should be considered with caution because change in SMB
over short time periods may be as large as their uncer-
tainties. In addition, recent Antarctic elevation variability
revealed by radar altimetry is mainly dependent on snow
accumulation changes (Helsen et al. 2008; Ligtenberg et al.
2014). Thus, an accurate SMB assessment is still a key
constraint for determining temporal evolution in Antarctic
mass balance. Quantifying Antarctic SMB is also vital to
correctly interpret ice core records, detect the ice-dynamic
response related to climate changes, and to force ice sheet
models.

To accurately determine Antarctic SMB, several stud-
ies have used interpolation of direct accumulation rates
data from ice cores, snow pits and stake measurements
(Vaughan et al. 1999; Giovinetto and Zwally 2000; Arth-
ern et al. 2006). However, these lack the temporal resolu-
tion and the spatial coverage of field data is limited. Due
to the sparse coverage and the short timespan of SMB
observations, and high temporal variability of the SMB, a
reliable long-term Antarctic SMB dataset is very difficult
to build, requiring more field observation and modeling
results.

With recent advances in climate model physics and reso-
lution, as well as climate data assimilation and representa-
tion, global reanalyses generated by a numerical weather
prediction model calibrated with meteorological observa-
tions have the potential to accurately simulate Antarctic
SMB. In addition, reanalyses have been widely applied
to evaluate Polar SMB (e.g., Monaghan et al. 2006a; Bur-
gess et al. 2010; Hanna et al. 2011), and to force regional
climate models (e.g., Van de Berg et al. 2006; Lenaerts
et al. 2012a, b; Gallée et al. 2013) because they follow the
observed climate, where climate models do not. However,
the reanalyses and climate models need to be verified using
field observations before they could be used to investigate
the spatial and temporal variability in Antarctic SMB. Bro-
mwich et al. (2011) made a comparison between SMB
from six new reanalyses and spatial accumulation rate esti-
mate based on field observations by Arthern et al. (2006).
Agosta et al. (2013) evaluated a downscaled SMB model
using an updated compilation of SMB field measurements
(Favier et al. 2013). Most recently, several studies assessed
the skill of the reanalysis and atmospheric models to deter-
mine Antarctic regional snow accumulation over Adelie
Land (Agosta et al. 2012), Fimbul ice shelf (Sinisalo et al.
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2013) and Thwaites Glacier (Medley et al. 2013). However,
more regional evaluation studies are required, especially in
the data-sparse East Antarctic inland plateau.

Since the 1950s, glaciological investigations in eastern
Dronning Maud Land have been carried out by the Japa-
nese Antarctic Research Expeditions (JAREs) (GSI 2007).
As part of these programs, stakes were installed every
2 km along the traverse route from coastal Syowa Sta-
tion (S16 point) (69°02’S, 40°03’E, 580 m a.s.l.) to Miz-
uho Station (70°42/36"S, 44°18'54"E, 2230 m a.s.l.) to
determine the changes in the ice sheet SMB since 1968.
The 32nd and 33rd JARESs in 1991 and 1992 extended the
stake measurement at 2 km intervals from Mizuho Station
directly toward inland Dome F (77°22'S, 39°42'E, 3810 m
a.s.l.). Most of these stakes were measured at least once
per year. While some data reports and preliminary results
on snow accumulation derived from stake measurements
were published (e.g., Fujiwara and Endo 1971; Endo and
Fujiwara 1973; Takahashi et al. 1994; Furukawa et al.
1996; Satow et al. 1999; Kameda et al. 2008), there is
still much to be done to determine SMB from the coast to
the inland plateau of East Antarctica. Therefore, our main
objective is to examine the spatial and temporal variabil-
ity in SMB along the transection from Syowa Station to
Dome F, and to evaluate the global reanalysis products and
regional climate model output for SMB variability using
these field measurements.

2 Data and method
2.1 In situ observation data

Net snow accumulation measurements by stakes along the
JARE traverse route from Syowa Station (S16) to Dome F
(Fig. 1) were derived from the National Institute of Polar
Research archives (JARE data reports), accessed online at
http://ci.nii.ac.jp/organ/journal/INT1000001377_en.html.
Along this route, 504 bamboo stakes (2.5 m long) anchored
60-90 cm deep in snowpack were used to monitor snow
height changes at 2 km intervals. Each stake bottom was
fixed on a horizontal slab by means of an anchor. If snow-
fall during the following year was likely to bury more than
the emerging part of a stake, the stake was replaced with
a new one, and the replaced one was placed at its origi-
nal location. A GPS survey measured surface ice move-
ments at 11 sites along this stake-line between 1992 and
2004, and showed that the maximum horizontal velocity
was <25 m a~! (Motoyama et al. 2008). To minimize the
effect of ice movement on the SMB measurement, once a
stake moved away more than 100 m, a replacement stake
would be put back in its initial location. Missing stake
measurement data make up only six percent of all stake
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Fig. 1 Location of JARE stake measurements and surface elevation from Bamber et al. (2009)

observations, and are concentrated in the year 1974. Thus,
we discarded the 1974 data.

To convert accumulated snow depth to SMB, sur-
face snow density information is a prerequisite. Surface
snow density was measured at 10 km intervals (168 sites)
along the route between Syowa Station and the inland
Plateau Station in 1967-68, which is very close to the
JARE traverse route (Fujiwara and Endo 1971). Surface
snow density measurements were collected at 112 loca-
tions between S16 and Mizuho Station at the same posi-
tion of stakes during January 1982 by JARE (Ohmae
1984). During the period 1995-97, surface snow densi-
ties at 107 sites, where the surface snow conditions seem
to be the most typical, were measured along the whole
traverse route from S16 to Dome F (Azuma et al. 1997,
Motoyama and Fujii 1999). These surface snow densities
are averaged values from the upper 10 or 20 cm of snow.
The recent observed mean snow density for the upper 1
(or 0.5) m layer at the 21 sites of the traverse route from
Syowa station to Dome F were also collected by the Jap-
anese-Swedish Antarctic Expedition 2007/08 (Sugiyama
et al. 2012). The error for the snow density measurements
was estimated to be +4 % (Conger and McClung 2009).
Despite the large quantity of density measurements, a lot
of stake locations still have no density information. To
determine SMB for every stake, the snow density values
were interpolated using the dependence of surface density
on wind speed and surface elevation, described best by a

second-order polynomial (Fig. 2), and then smoothed by
a 10 km weighed average to remove spatial and measure-
ment noise. These interpolated densities were multiplied
by the accumulated depth to convert stake measurements
into water-equivalent, and to update the multi-year mean
SMB during the period from 1993 to 2010 from Favier
et al. (2013).

2.2 Reanalysis and regional climate model data

Four global atmospheric reanalyses and one regional cli-
mate model are assessed based on SMB observation. They
include the Medium-Range Weather Forecasts “‘Interim”
reanalysis (ERA-interim), the Modern-Era Retrospec-
tive Analysis for Research and Applications (MERRA),
the Japan Meteorological Agency (JMA) 55-year Rea-
nalysis (JRA-55), the Department of Energy Atmospheric
Model Intercomparison Project 2 reanalysis (NCEP2), and
two version of the regional atmospheric climate model
(RACMO?2). Table 1 describes their main characteristics.
SMB is estimated as precipitation minus surface evapora-
tion/sublimation (P-E) in the global reanalyses. It is calcu-
lated as precipitation minus surface and drifting snow sub-
limation, and wind-driven snow deposition/erosion in the
RACMO2.

ERA-interim global atmospheric reanalysis data were
obtained from the European Centre for Medium-Range
Weather Forecasts (ECMWEF). Based on a 4D-VAR
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Fig. 2 Snow density averaged from the surface to 20, 50 cm, or 1 m
depth versus surface elevation (a), and multi-year averaged wind speed
(b). Density data come from Fujiwara and Endo (1971), Endo and Fuji-
wara (1973), Naruse (1975), Watanabe (1975), Ohmae (1984), Azuma

Wind speed (m s™)

et al. (1997), Motoyama and Fujii (1999), Kameda et al. (2008), and
Sugiyama et al. (2012); Multi-year averaged wind speed (1979-2011)
comes from the output of a regional atmospheric climate model (Len-
aerts and Van den Broeke 2012)

Table 1 Characteristics of the reanalyses and regional atmospheric climate model used in this study

Reanalysis Organization Time coverage Horizontal resolution Vertical levels Assimilation system
NCEP2 NCEP/DOE 1979—present 1.875° ~210 km 28 3DVAR

JRA-55 JMA/CRIEPI 1955—present 0.5625°; ~60 km 60 4DVAR
ERA-Interim ECMWF 1979—present 0.703125°; ~80 km 60 4DVAR

MERRA NASA GMAO 1979—present 0.5° x 0.667°; ~55 km 72 3DVAR

RACMO2 KNMTI* 1979-2011 0.25°; ~ 27 km 40 -

# KNMI/IMAU: Royal Netherlands Meteorological Institute—The Netherlands

assimilation system, ERA-interim is the latest global
atmospheric reanalysis with 60 atmospheric vertical levels
(Simmons et al. 2009), covering a time period from 1979
to the present. Compared to the 40-year ECMWF Re-
Analysis (ERA-40), ERA-interim has a higher resolution
(T255, ~0.7° i.e., ~80 km), with substantial improvements
in its representation of the hydrological cycle, and temporal
consistency on a range of time-scales. This was achieved
through better model physics and assimilation system effi-
ciency, as well as the bias correction in satellite radiances
and surface pressure observations (Detail description see
Dee et al. 2011).

MERRA (Bosilovich et al. 2008; Rienecker et al. 2011)
is a second reanalysis produced by NASA’s Global Mod-
eling and Assimilation Office. It provides a spatially and
temporally continuous record of observational analy-
ses covering the period 1979 to present. The atmospheric
model applied in this reanalysis is a three-dimensional vari-
ational (3D-VAR) Goddard Earth Observing System Data
Assimilation System (GEOS-5) with 72 vertical levels and

@ Springer

a horizontal resolution of only 0.5° x 0.667° (nominal res-
olution of 55 km). MERRA has improved the evaluation of
the large-scale hydrological cycle and global precipitation
by assimilating Special Sensor Microwave Imager (SSM/I)
and the Tropical Rainfall Measuring Mission (TRMM)
Microwave Imager (TMI) observations. According to Bosi-
lovich et al. (2008) and Decker et al. (2012), the perfor-
mance of MERRA for precipitation simulation is close to
or better than other reanalyses such as the Climate Fore-
cast System Reanalysis (CFSR) from NCEP, ERA-40 and
ERA-interim.

JRA-55 is the first reanalysis extended to 55 years start-
ing from 1958, when the global radiosonde observing sys-
tem was first set up. This reanalysis is generated based on
JMA’s operational numerical weather prediction (NWP)
system (a 4D-VAR data assimilation system) as of Dec
2009. Improvements in this reanalysis include increased
model resolution [JRA-55: nominally 0.5625° (~60 km)
and 60 vertical atmospheric levels; JRA-25: nominally
1.125° (~125 km) and 40 vertical atmospheric levels], an
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advanced 4D-VAR data assimilation scheme with bias cor-
rection for satellite radiances, and updated dynamical and
physical processes. As a result, JRA-55 provides a better
reanalysis than the Japanese 25-year Reanalysis (JRA-
25) (Ebita et al. 2011). Note that JRA-25 precipitation has
better correlation with global precipitation analyses than
NCEP-2 and ERA-40 (Onogi et al. 2007; Bosilovich et al.
2008), while in turn JRA-55 precipitation shows a higher
correlation with global precipitation analyses than that of
JRA-25 (Ebita et al. 2011).

NCEP-2 is an updated version of the National Centers
for Environmental Prediction—National Center for Atmos-
pheric Research (NCEP-NCAR) reanalysis by utilizing an
improved data assimilation system and forecast model with
the horizontal resolution of nominally 1.875° (~210 km)
and a vertical resolution of 28 levels.

RACMO?2 is modified for the use over ice sheets
(Ettema et al. 2009), and incorporates the atmospheric
dynamics from the High Resolution Limited Area Model
(HIRLAM) and physical processes from the ECMWF
model. This regional climate model was run including
drifting snow physics presented in Lenaerts et al. (2010,
2012a, b), and the lateral boundary conditions are derived
from ERA-interim reanalysis (1979-2011). RACMO2 has
40 vertical atmospheric levels and a horizontal resolution
of 0.25°, i.e., ~27 km. To further improve the SMB pro-
cesses, RACMO version 2.1 (RACMO 2.1) was further
upgraded to version 2.3 (RACMOZ2.3) which includes
a new parameterization for cloud microphysics, as well
as improvements in the cloud, radiation and turbulence
parameterizations (Van Wessem et al. 2014). Note that
RACMO?2 does not assimilate the observations, i.e.,
the model is allowed to be evolved freely in its interior
domain.

Distance from S16 (km)

3 Results

3.1 Observed spatial variations of SMB along the JARE
traverse route

The SMB measurements are first averaged over two time
periods, 1975-1992 and 1993-2010, for each of the stake
locations along the traverse route from S16 to the Mizuho
Station. We then compare the 20-km running average of
the two time-averaged SMB data sets, and find a remark-
ably similar spatial pattern (Fig. 3). This shows that the
18-year (1993-2010) SMB data are representative for the
SMB averaged over long time scales. As Fig. 3 shows, the
time-averaged SMB (1993-2010) shows great spatial vari-
ability, but in general decreases in a fluctuating fashion
from the coast S16 to inland Dome F. This general pattern
is also observed along other transects from Terra Nova Bay
to Dome C (Frezzotti et al. 2005), and from Zhong Shan
Station to Dome A (Ding et al. 2011). Figure 3 shows
that SMB is high near the coast and decreases inland until
~270 km from S16; it then increases until ~350 km from
S16 and decreases again until Dome F.

Following previous studies on regional snow surface
features (Fujiwara and Endo 1971; Watanabe 1978; Furu-
kawa et al. 1996), this transection can be divided into three
regions, i.e., a coastal region, a katabatic region and an
inland plateau region. Given the different time coverage of
stake measurements along this traverse route (S16-Mizuho
Station: since the 1970s; Mizuho Station-Dome F: since the
1990s), and the opportunity to assess the inter-annual vari-
ability of SMB in the reanalysis and regional climate model
using these measurements, we further divide the katabatic
region into two regions, i.e., a lower katabatic region and an
upper katabatic region. The coastal region is defined as the
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Fig. 4 The inter-annual variability of SMB over coastal region, lower katabatic region, upper katabatic region, and inland plateau region

region below 2000 m in elevation and with <186 km dis-
tance from S16, dominated by small sastrugi and dunes.
This region is characterized by a sharp decline in SMB from
coast towards the interior, which is caused by the decreas-
ing precipitation with increasing elevation, drifting snow
and sublimation. The lower katabatic wind region lies
between 2000 and 2230 m in elevation and at a distance of
186-258 km from S16. The SMB decreases at the distance
interval 186-210 km from S16, and then SMB in a fluctuat-
ing fashion increases until 258 km distance from S16. The
upper katabatic region lies between 2230 and 3600 m in ele-
vation, and at 258-742 km from S16. Despite the increas-
ing elevation, SMB presents an increasing trend at the dis-
tance interval 258-370 km from S16. A significant decline
in SMB is found for the distance interval 370-742 km from
S16. The inland plateau region is the region above 3600 m
elevation, at a distance of 742-1006 km from S16, which
is dominated by small sastrugi and dunes. This region has
a low averaged SMB of 34 kg m~2 a~!, a standard devia-
tion of 15 %, and a relatively low temporal variability (max:
47kgm~2a~!, min: 6 kg m~2 a~"), due to the weak wind.

@ Springer

3.2 Observed temporal variations of SMB along the JARE
traverse route

Figure 4 indicates the time series of annual mean SMB and
its standard deviation summarized by the four regions along
the traverse route between coastal S16 and inland Dome F. As
shown by the large error bars (standard deviation), the SMB at
individual stakes along this transection shows very large fluc-
tuations. The temporal variability in SMB differs among the
four regions. The inter-annual variability in SMB is largest for
the coastal and lower katabatic regions: the highest year in this
period (1977) had a value 5 times greater than the lowest year
(1988). The upper katabatic and inland plateau regions show
relatively small inter-annual variability in SMB, with standard
deviations of 22 and 21 %, respectively (Fig. 4). The linear
regressions of SMB time series show no statistically signifi-
cant trends for any of the regions. The slope is slightly nega-
tive for the coastal region and positive for the lower kataba-
tic region for the time period of 1975-2006. Slightly positive
slopes are observed for both the upper katabatic and inland
plateau regions for the time period 1993-2006 (Fig. 4). 20 km
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running averaged point measurements show a slight increase
in 1993-2010 relative to 1993-2006 for the upper katabatic
region and inland plateau region (Fig. 3). Slight increase in the
inland region in the last decade also occurs in the stake line
observations at the Chinese traverse from Zhong Shan Station
to Dome A (Ding et al. 2011). The 20 km running mean SMB
between 1975 and 1992 is slightly higher than the SMB aver-
aged for the time span 1993-2010 for coastal region (Fig. 3).
Similar pattern is also observed at other coastal regions, for
example, a decrease of SMB in recent decade in the coastal
region of the Chinese traverse (Ding et al. 2011).

3.3 Comparison with snow accumulation from reanalysis
and regional climate model

We compare the temporally averaged SMB in a grid simu-
lated from the four reanalyses and regional climate model

100 200 300 400 500 600 700 800 900 1000
Distance from S16 (km)

Blue lines represent the temporally averaged SMB from reanalyses
and regional climate model. Red lines represent RACMO2.1 and
RACMO2.3 SMB without wind-driven snow erosion/deposition and
sublimation. Black lines represent the stakes SMB averaged on each
model grid box

with the average of measurements of all stakes that fell
within the same grid (Fig. 5). To eliminate the impact of
temporal variability on the multi-year averaged values of
SMB, the averaged time intervals are same for observa-
tion and models (1979-2006 for coastal and lower kata-
batic regions; 1993-2006 for upper katabatic and inland
plateau regions). All the reanalyses and regional climate
model capture the large-scale decreasing pattern of SMB
from S16 to Dome F, but do not reproduce the mesoscale
SMB increasing trend from ~300 to ~400 km from S16.
Concerning multi-year averaged SMB values for the region
with <200 km distance from S16, we find that NCEP-2
simulates excessively low P—E values, leading to its overall
underestimation, and large difference with point measure-
ments occurs in MERRA, while ERA-interim, RACMO2.1
and RACMO2.3 overestimate SMB. All the atmos-
pheric models (reanalyses and regional climate model)
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overestimate the SMB in about 200-300 km distance from
S16. All but RACMO2.3 underestimate observed SMB
in the inland region, especially the region with >700 km
distance from S16. RACMO2.1 and RACMO2.3, which
include snowdrift processes, show that wind-driven snow
erosion—deposition and sublimation reduce the SMB in this
region, but have a minor influence on the overall SMB spa-
tial pattern (Fig. 5).

Additionally, we compare the spatially-averaged stake
measurements and SMB determined by models for the
different regions along the JARE traverse route divided
as described above (Fig. 6). In the coastal region, NCEP2
underestimates observed SMB, while other reanalyses and
the regional climate models overestimate SMB. The multi-
year averaged SMB values simulated from the global rea-
nalyses and regional climate models are higher than field
observations for the lower katabatic region, but lower for
the upper katabatic region. In the inland plateau region,
ERA-interim underestimates observed SMB by more than
50 %, whereas the SMB simulated by RACMO2.3 shows a
smaller bias (<15 %).

Figure 7 presents the inter-annual variability in spatially-
averaged stake measurements and SMB simulated by global
reanalyses and the regional atmospheric climate models for
the four regions. The quantitative evaluation of model data
performance was shown by Taylor diagrams (Fig. 8). All
modelled SMB values significantly correlate with the field
measurements for the coastal region, lower katabatic wind
region, upper katabatic wind region (p < 0.05). However, in
the inland plateau region, NECP2 and RACMO?2.1 show no
significant correlation (p > 0.05). ERA-interim, JRA-55 and
MERRA SMB time series significantly correlates with the
observed SMB in the coastal, lower katabatic, and inland
plateau regions, with the correlation coefficients >0.7
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region (CR), lower katabatic region (LKR), upper katabatic region
(UKR), and inland plateau region (IPR)

(p < 0.01). The correlation is slightly weaker but still sta-
tistically significant in the lower katabatic region (r < 0.6,
p < 0.05). Compared with RACMO2.1, RACMO2.3 has
greater correlation with observation for the coastal, upper
katabatic and inland plateau regions. However, its correla-
tion is still somewhat lower than the three high-resolution
reanalyses (ERA-interim, JRA-55 and MERRA).

4 Discussion

It has been recognized that cyclone trajectories, topo-
graphic relief and wind driven processes play an important
role in the spatial variability of SMB (Richardson and Hol-
mlund 1999; Van den Broeke et al. 1999; King et al. 2004;
Frezzotti et al. 2005, 2007). Large-scale spatial variability
of SMB in Dronning Maud Land (DML) is dominated by
precipitation patterns. However, wind driven sublimation
and snow redistribution can cause large differences between
precipitation and SMB, especially for the coastal regions.
In particular, strong wind is often associated with high-
precipitation events (Fujita et al. 2011), which affects vari-
ability of SMB. The spatial pattern of SMB for this region
is consistent with decreasing precipitation from the ocean
to the inland plateau as shown by the Antarctic Mesoscale
Prediction System (AMPS) mean annual precipitation field
generated by Schlosser et al. (2008). Our results reveals a
very high kilometer-scale spatial variability in SMB along
the JARE traverse route, which seems to be linked to top-
ographic features. Our data also show that this variability
appears to be stationary in time (coastal and lower kataba-
tic regions: 1975-2006; upper katabatic and inland plateau
regions: 1993-2006). The dependence of SMB on elevation
and continentality along this traverse route can be clearly
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Fig. 7 The inter-annual variability in spatially-averaged stake measurements and SMB modelled by reanalyses and regional climate model for
coastal region, lower katabatic region, upper katabatic region, and inland plateau region

seen in Fig. 3. To further identify spatial trends, statisti-
cal analysis was conducted to examine possible relation-
ships between SMB and distance to S16, surface elevation,
as well as surface slope which is extracted from a digital
elevation model of Antarctica produced by Bamber et al.
(2009). Due to robust inter-correlation between these geo-
graphic parameters (not shown), we computed the residu-
als resulting from the use of elevation as the predictor to
remove the SMB trend induced by the elevation, and then
detected the correlations between the residuals and distance
to S16 and slope. Spatial variability in SMB is negatively
correlated with surface elevation (r = —0.71, p < 0.0001),
with a gradient of —0.04 &+ 0.002 kg m~2 a~! m~!. The
negative correlations are expected because of the decrease
in precipitation with distance from the sea and increasing
elevation (Schlosser et al. 2008). There is no significant
correlation between residuals and distance to S16, prob-
ably due to high correlation between elevation and distance

to S16 (r = 0.97, p < 0.0001). SMB residuals negatively
correlate with the slopes with the correlation coefficient
of —0.57 (p < 0.0001) for the lower and upper katabatic
regions, which can be attributed to the impact on katabatic
wind. Because strong wind can produce sastrugi and wind
crust, and redistribute snow soon after it is deposited (e.g.,
Frezzotti et al. 2005, 2007; Urbini et al. 2008; Fujita et al.
2011), it is easily understandable that the snow accumula-
tion is often higher on the upwind or on the leeside of a
topographic obstacle.

The temporal variations and trend in SMB at a regional
scale are not well determined due to different observa-
tion periods and poor spatial coverage. Our results show a
negative SMB trend in the coastal region of the east DML
since 1975, and a slight positive trend in the katabatic and
inland plateau regions of east DML since 1993. However,
these trends are statistically insignificant, which may be
explained by the large inter-annual variability and the short
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time coverage of our field observations. Although firn/ice
core records have the advantage to detect the long-term
SMB variability and trend, based on these records, it is still
difficult to determine whether regional-scale SMB in DML
is increasing, decreasing, or stable in recent decades, due to
the limited representation of individual cores for regional
accumulation (Rotschky et al. 2007). Also, substantial
basin-wide accumulation variability may contribute much
to uncertainty in regional SMB estimates. For instance, by
inter-comparing coastal ice core records, Kaczmarska et al.
(2004) concluded a significantly negative SMB trend in the
twentieth century is a regional pattern, which is constrained
to coastal regions of western DML. However, in the same
region, no significant temporal trend is found recorded
in ice cores since the 1960s (Fernandoy et al. 2010). In

@ Springer

contrast to a significant increasing snow accumulation
in the twentieth century related to temperature variations
in the dry interior of DML (QOerter et al. 2000), Anschiitz
et al. (2009, 2011) suggested that the largest changes prob-
ably occurred in the most recent decades with an increasing
accumulation at some sites, and a decrease in other sites
during the period from 1963 to present.

Figure 9 shows the comparison of surface elevation
between field observations and the values used in the
reanalyses and regional climate models. All the mod-
els represent the topographic variation from the coast to
inland plateau well, but relatively large differences exist
between field observations and models in the coastal
region within 100 km S16. Moreover, NCEP2 topogra-
phy differs significantly from the stake-line along the



Surface mass balance

2895

4000
3500
g 3000
c
2 2500
®
]
o 2000
8
© 1500
h =
>
o 1000
500 ERA-interim JRA-55
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
4000
Stake elevation
3500
’E‘ Elevation of stakes averaged on the model
<~ 3000 grid
5
B 2500 ¢ Model grid elevation
iy
‘© 2000
R /
g 1500 /
‘€ 4
>
@ 1000F
500 NCEP2 RACMO2.1 and 2.3

0 200 400 600 800

Distance from S16 (km)

1000 0 200

400

600 800 1000

Distance from S16 (km)
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traverse route, due to its coarse resolution. A large part
of the observed and modeled SMB discrepancies in the
coastal region may be attributed to poor representation of
ice sheet stake topography in the models (Agosta et al.
2012), on which many atmospheric variables such as pre-
cipitation, evaporation, energy fluxes are directly depend-
ent. The limited skill of some models for SMB simula-
tion also contributes to these differences. For instance,
ERA-interim overestimates surface melting (Agosta et al.
2012), runoff and sublimation (Favier et al. 2013), and
assumes incorrect albedo values which may result in
large uncertainty in the entire surface energy balance over
Antarctica (Favier et al. 2013). NCEP2’s excessively low
SMB for coastal region might result from the overestima-
tion of latent heat fluxes in stable boundary layer condi-
tions (Monaghan et al. 2006b). Bromwich et al. (2011)
confirmed the dry bias in ERA-interim for the East Ant-
arctic Plateau. However, the bias can decrease substan-
tially if an atmospheric moisture flux budget method is
used to evaluate ERA-interim precipitation minus evapo-
ration (e.g., Bromwich and Wang 2008).

Despite the relatively good temporal correlation between
MERRA based SMB and field observations in the coastal
region, MERRA presents an unrealistic positive upward
trend for this region (not shown), which is also confirmed
by Bromwich et al. (2011). Bromwich et al. (2011) found
excessively high interannual fluctuation of evaporation in

relation to unrealistic total sublimation fluxes in NCEP2,
which may limit its skill for the simulation of SMB.

The negative impact of wind-driven snow processes on
SMB spatial variation can be clearly seen in Fig. 5. We fur-
ther quantify the annual SMB and its relevant components
at the four regions along the JARE traverse route based on
RACMO2.3 (Fig. 10). Runoff (not shown) is zero in our
study area because of the low melt rates and the subsequent
refreezing of meltwater. Wind-driven erosion/deposition
(ERy,) shows little inter-annual variability over the four
regions. Thanks to low wind velocity in the inland plateau
region, and large snowfall in the coastal region, the impact
of ERy; on SMB is very limited (<5 % of the SMB). The
magnitude of its contribution to SMB ranges from ~4 to
~8 kg m~2 a~! for the katabatic regions. Drifting snow
sublimation (SU,) is close to surface sublimation (SU,)
for the coastal region. It gets much larger than SU, for the
katabatic regions, making SU,, the largest term of SMB
apart from snowfall for these regions. In the inland plateau
region, the magnitude of SU, is less than 1 kg m~2 a~".
Temporal SMB variability clearly follows to the inter-
annual variation of snowfall, showing the limited impact of
wind-related processes on the annual variability pattern in
SMB. Reanalyses do not include a scheme for represent-
ing clear-sky precipitation, which may contribute much to
SMB in the inland plateau area. They also lack some com-
plex parameterizations of the Antarctic snowpack such

@ Springer



2896 Y. Wang et al.
50 350 50
L 40
" 40 300+
L 30
L 30
2501 L 2
L 20
= F10
— w -~ 2004 2
© L 10 o ‘© o
o E o ro €
€ o € )]
)] < o 1504 X
< 0o = 10
C
@ e o 3
= 10 3 100 20 §
7} - o wn T T T T T T T T T T T - o
2 E @ 1980 1983 1986 1989 1992 1995 1998 2001 2004 2007 2010 S
< 12 © g 70 3 8
© f— —— Snowfall o
% (3) % © (4) — S g
S 160 - /\ \ r10 (f_) % P — Egg: r2 (2
! A | @ C 60 SMB+SUds+ERds 9]
\ VAYY) / £ & S
@ 1401 NNV \/ Nod ) o 8 & el
120 4 N/ N J \ " L e
Y i
100 - . b w4
N I'\ i iy
s A 1 A AV
80 41, N A1 0 1} AW L2
T i VAN M
60 - il ) \ -0
40 -2 20 -3

1980 1983 1986 1989 1992 1995 1998 2001 2004 2007 2010
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region, for the period 1979-2011 from RACMO2.3. Snowfall (blue

as melt/runoff, sublimation of drifting snow particles and
horizontal snow transport. Using an updated cloud micro-
physics scheme, RACMO2.3 substantially improves the
SMB assessment for the dry inland plateau region. Blow-
ing snow processes present a major negative effect on the
SMB in the coastal and katabatic wind area, as pointed out
by other studies (e.g., Frezzotti et al. 2004; Genthon et al.
2007; Lenaerts et al. 2010; Scarchilli et al. 2010). This may
result in most of the inconsistency between observed SMB
and SMB from reanalyses (Das et al. 2013; Scambos et al.
2012). However, SMB in the global reanalyses with simpli-
fied snow physics is still useful due to the minor influence
of blowing snow processes on the spatial and inter-annual
variability patterns, and the negligible contribution of melt-
water runoff to the overall SMB over the grounded Antarc-
tic Ice Sheet (Liston and Winther 2005).

5 Conclusions

SMB values derived from stake measurements and inter-
polated density data provide valuable information to deter-
mine its temporal and spatial variability in eastern DML.
They can also be used to evaluate the variability of mod-
eled SMB at a regional scale. Such data are of particular
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solid line), SMB (bars), and SMB without wind-driven snow erosion/
deposition and sublimation (purple dotted line) are indicated on the
left axis, and the other components are indicated on the right axis

importance because the stake line extends over several
SMB regimes from wet coastal, through the katabatic tran-
sition, to the dry interior, and annual resolution stake meas-
urements allow the quantification of inter-annual variability
in SMB. SMB averaged through 1993-2010 shows high
spatial variability. The large-scale spatial variability is sta-
tionary in time, and related to distance from the coast and
surface elevation. Surface slope also largely affects SMB
variability in the katabatic regions. Point measurements
indicate no significant SMB trends for the coastal and
lower katabatic regions since mid-1970s and for the upper
katabatic and inland plateau regions since mid-1990s,
respectively. The lack of statistical significance in trends
could be a result of the large inter-annual variability and
the short time coverage of field observations, which under-
scores the necessity of maintaining long-term annual SMB
observation and the associated logistical supports.

The large-scale spatial variability in SMB along the
JARE traverse route is reasonably well represented by the
four reanalyses and regional climate models. However, in
terms of multi-year mean SMB, large differences between
observations and simulations from all the atmospheric cli-
mate models are found in the coastal and lower katabatic
region. Wind-driven snow erosion/deposition and subli-
mation contributes much to the inconsistency between
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observation and reanalysis-based SMB. These biases may
be greatly reduced if the horizontal and vertical resolution
of the reanalyses and atmospheric models is enhanced.
Thanks to the scheme of the updated cloud microphysics,
RACMO2.3 presents almost no SMB bias in the inland pla-
teau region.

JRA-55, MERRA and ERA-interim show reasonable
agreement with the annual series of the observed SMB in
the coastal, upper katabatic and inland plateau regions, and
moderate agreement for the lower katabatic region. Com-
pared with the high-resolution reanalyses (ERA-interim,
JRA-55 and MERRA), RACMO2.1 and RACMO2.3 show
lower skills in the representation of inter-annual variabil-
ity in observed SMB. This can be ascribed to the fact that
no observations are assimilated in RACMO2, leaving the
model interior to evolve freely. In spite of the negative con-
tribution of wind-driven snow erosion/deposition and sub-
limation to SMB, the influence of these processes on the
spatial and inter-annual variability pattern is minor. This is
important because SMB outputs from high-resolution rea-
nalyses which do not include wind-driven snow processes
are often directly used in ice sheet SMB studies.
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