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[1] The East Antarctic Ice Sheet is the largest, highest,
coldest, driest, and windiest ice sheet on Earth.
Understanding of the surface mass balance (SMB) of
Antarctica is necessary to determine the present state of the
ice sheet, to make predictions of its potential contribution to
sea level rise, and to determine its past history for
paleoclimatic reconstructions. However, SMB values are
poorly known because of logistic constraints in extreme
polar environments, and they represent one of the biggest
challenges of Antarctic science. Snow accumulation is the
most important parameter for the SMB of ice sheets. SMB
varies on a number of scales, from small-scale features
(sastrugi) to ice-sheet-scale SMB patterns determined
mainly by temperature, elevation, distance from the coast,
and wind-driven processes. In situ measurements of SMB
are performed at single points by stakes, ultrasonic

sounders, snow pits, and firn and ice cores and laterally
by continuous measurements using ground-penetrating
radar. SMB for large regions can only be achieved
practically by using remote sensing and/or numerical
climate modeling. However, these techniques rely on
ground truthing to improve the resolution and accuracy.
The separation of spatial and temporal variations of SMB in
transient regimes is necessary for accurate interpretation of
ice core records. In this review we provide an overview of
the various measurement techniques, related difficulties,
and limitations of data interpretation; describe spatial
characteristics of East Antarctic SMB and issues related to
the spatial and temporal representativity of measurements;
and provide recommendations on how to perform in situ
measurements.
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1. INTRODUCTION

[2] The development of the Earth’s climate is strongly

linked to the state of the polar regions. In particular, the

large ice sheets influence components of the climate system,

including the global water cycle by locking up or releasing

large amounts of fresh water; the radiation budget through

the high albedo of ice- and snow-covered surfaces; and the

thermohaline circulation through the amount of fresh water

released to the ocean by melting or iceberg calving. Since

the termination of the last glacial period, the only remaining

large ice sheets are located in Antarctica and Greenland.

[3] The polar ice sheets are not only active participants in

the global climate system (including being a major control

on global sea level), but they also provide the only archive

which gives direct access to the paleoatmosphere. Ice cores

collected from polar regions and analyzed for atmospheric

gases, stable isotopes, major ions, trace elements, etc.,
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enable past climate conditions to be reconstructed [e.g.,

Mayewski et al., 1993; Dansgaard et al., 1993]. (Italicized

terms are defined in the glossary, after the main text.) These

records, currently spanning as far back in time as the past

800 ka [Jouzel et al., 2007], are an important key to

identification of the causes and forcing mechanisms of

climate change.

[4] Understanding past conditions of the ice sheets and

determining their present state are essential to predict their

behavior under future climate conditions. The most impor-

tant physical variable in assessing past and current ice sheet

conditions is the surface mass balance. The current state-of-

the-art ground-based techniques used to determine surface

mass balance and its spatial and temporal characteristics in

East Antarctica are the topic of this paper. Surface mass

balance has been termed differently by many authors. Most

completely, it is described as mean net annual surface mass

balance and includes all terms that contribute to the solid,

liquid, and gaseous transfer of water across the surface of

the ice sheet. Hereafter, we will abbreviate this to ‘‘surface

mass balance’’ (SMB) while maintaining the averaging

implied by the full description. We also note that this term

is the aggregate of many processes, such as precipitation

from clouds and clear skies, the formation of hoarfrost at the

surface and within the snowpack, sublimation, melting and

runoff, wind scouring, and drift deposition.

1.1. Principal Processes

[5] Antarctica consists of West and East Antarctica,

divided by the Transantarctic Mountains (Figure 1), and

the Antarctic Peninsula. Whereas floating ice shelves form a

considerable part of West Antarctica, the largest ones being

the Filchner-Ronne and Ross ice shelves, East Antarctica is

mainly formed by the inland ice sheet plateau, roughly

comprising two thirds of the continent. Our main aim is to

present the characteristics of SMB of the East Antarctic

plateau area, which despite its apparent homogeneity shows

large spatial variability. Nevertheless, we include findings

based on data from West Antarctica and near-coastal sites as

well for a larger context.

[6] On the Antarctic ice sheet, few places display a

constantly negative SMB (e.g., blue ice areas) [e.g.,

Bintanja, 1999; van den Broeke et al., 2006b]. Unlike in

Greenland and the Antarctic Peninsula [Vaughan, 2006]

where melting is an important process, wind erosion and

sublimation are the key factors for negative SMB of the

West and East Antarctica ice sheets. On the interior plateau

of the Antarctic ice sheet, large areas have a mass balance

close to zero, and negative mass balance has been reported

for some areas [Frezzotti et al., 2002b]. Nevertheless,

annual SMB is generally positive in the long term. We

will therefore use the term accumulation or accumulation

rate synonymously to refer to a positive SMB.

Figure 1. Map of Antarctica with some topographic names, drilling sites, radar profiles, and stations
mentioned in the text (underlain by white rectangles), adapted from Mayewski et al. [2005] with
permission of the International Glaciology Society. Radarsat mosaic in the background. (‘‘Terra Nova
Bay’’ station was renamed to ‘‘Mario Zucchelli station’’ in 2004.)
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[7] Solid atmospheric precipitation (snowfall or diamond

dust) is deposited at the surface of the East Antarctic Ice

Sheet. Atmospheric precipitation is homogeneous over tens

to hundreds of kilometers. Wind erosion, wind redistribu-

tion, sublimation, and other processes during or after the

precipitation event lead to a deposition at the surface which

is spatially less homogeneous than the original precipitation.

Variations in accumulation over tens of kilometers have

been observed since the 1960s [Black and Budd, 1964;

Pettré et al., 1986]. These accumulation variations and

surface processes result in surface features including sastrugi,

longitudinal dunes [Goodwin, 1990], dunes on the 100-m

scale [Ekaykin, 2003; Karlöf et al., 2005b], and, most

impressively, megadunes on a kilometer scale [Fahnestock

et al., 2000; Frezzotti et al., 2002a]. Once the snow is

permanently deposited, further accumulation is responsible

for the submergence of surface layers. In the firn column, the

snow densifies under the overburden weight, and the inter-

play with ice dynamics like advection begins to deform the

surface layer.

[8] The spatial and temporal distribution of SMB is a

primary concern for numerous issues: for determining the

current state of the ice sheet and estimating mass balance

changes over regional, basin-wide, and continental scales

and the associated contribution to sea level change [e.g.,

Joughin et al., 2005, and references therein]; for ice flow

modeling of the age-depth relationship and subsequent

application to ice cores; for calibration of remote sensing

measurements of SMB; for understanding of the SMB–

surface meteorology–climate relationship; and for improv-

ing, verifying, and validating various types of models, in

particular, the climate models from which predictions (fu-

ture) or reconstructions (paleoclimate) of accumulation are

tentatively obtained. Unfortunately, there exists a discrep-

ancy between assumptions and needs of these applications

in terms of spatiotemporal coverage and resolution of SMB

and the actual data characteristics available. For instance,

dating of ice cores by flow modeling usually assumes rather

smooth accumulation patterns, mainly formed by larger

features, accumulation time series, and ice dynamical his-

tory. Surface accumulation, on the other hand, is not smooth

in time and space. Because of interaction with surface

features, such as varying surface slopes, significant surface

accumulation variations occur on much smaller spatial

scales than precipitation, as will be demonstrated here.

Analysis of firn cores and meteorological observations

integrated with validated model reanalysis data of European

Centre for Medium Range Weather Forecasts 40-Year

Reanalysis (ERA 40) pointed out high variability of snow

accumulation at yearly and decadal scales over the past

50 years but without a statistically significant trend

[Monaghan et al., 2006].

1.2. General Difficulties

[9] While measurement of precipitation has been a rou-

tine part of worldwide observations for more than a hundred

years, there is still no practical technique that can be used to

measure SMB in East Antarctica in realtime as part of a

meteorological measurement program. This is largely due to

the technical difficulties involved in making measurements

without disturbing natural patterns of snow drift and mea-

suring changes at depth in the snowpack. Thus, knowledge

of SMB seasonality, trends, and spatial variability is limited.

For this reason, we rely heavily on after-the-fact measure-

ments obtained from ice cores, snow accumulation stakes,

etc. Acquiring information about surface accumulation on

the ice sheets with adequate sampling intervals is thus labor

intensive. Only along a few selected profiles (ITASE,

EPICA, JARE, RAE) (ITASE, International Transantarctic

Scientific Expedition; EPICA, European Project for Ice

Coring in Antarctica; JARE, Japanese Antarctic Research

Expedition; RAE, Russian Antarctic Expedition) and in

certain areas has area-wide information on accumulation

been obtained (Figure 1).

[10] SMB observations cannot be easily extrapolated in

time and space because spatial variations in SMB amount to

considerable percentages of the absolute values, and often

exceed these; the magnitude of the temporal variations is

small compared to spatial variability, depending on the

considered timescale; and the structure of the SMB covari-

ance is unknown. To overcome these limitations, two other

important techniques are therefore used to achieve area-

wide information: satellite remote sensing and numerical

climate modeling.

1.3. Remote Sensing and Numerical Modeling

[11] Currently, there is no definitive way to determine

SMB from remote sensing data. There are signals in

some remote sensing fields that are related to SMB as

has been discussed widely by Zwally and Giovinetto

[1995], Winebrenner et al. [2001], Bindschadler et al.

[2005], Rotschky et al. [2006], and Arthern et al. [2006],

but these are not solely dependent on accumulation rate and

are thus to some extent ‘‘contaminated’’ by other factors. For

this reason, most authors have attempted to use remote

sensing fields to guide interpolation of field measurements.

The most recent attempt at this by Arthern et al. [2006], who

used a formal scheme to incorporate estimates of uncertainty

and models of covariance, probably provides the most

defensible estimate of the remotely sensed broadscale pattern

of SMB across East Antarctica (Figure 2a). The typical

footprint of these compilations is 20 km horizontally.

[12] In contrast to measuring area-wide precipitation in

situ, as attempted by Bindschadler et al. [2005], numerical

models are used to simulate atmospheric processes and

related accumulation features [e.g., Gallée et al., 2005].

The first step for successful modeling is detailed under-

standing of the physical processes involved. The second

step involves model validation. Because of computing

resource limitations, there is currently no way to explicitly

resolve processes that induce spatial variability of SMB at

kilometer scales or less (e.g., sastrugi and dunes) with an

atmospheric model run in climate mode, that is, over several

years. Such features have to be at best statistically param-

eterized, or considered as noise, when comparing field data

with model results [Genthon et al., 2005]. Although most
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