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Abstract. About 20 % of all snow accumulation in Antarctica occurs on the ice shelves. There, ice rises control the spatial
surface mass balance (SMB) distribution by inducing snowfall variability and wind erosion due to their topography. Moreover
these ice rises buttress the ice flow and represent ideal drilling locations for ice cores. In this study we assess the connection
between snowfall variability and wind erosion to provide a better understanding of how ice rises impact SMB variability, how
well this is captured in the regional atmospheric climate model RACMO2, and the implications of this SMB variability for ice
rises as an ice core drilling site. By combining ground penetrating radar (GPR) profiles from two ice rises in Dronning Maud
Land with ice core dating we reconstruct spatial and temporal SMB variations from 1983 to 2018 and compare the observed
SMB with output from RACMO2 and SnowModel. Our results show snowfall driven differences of up to 1.5 times higher SMB
on the windward side of both ice rises than on the leeward side, as well as a local erosion driven minimum at the ice divide
of the ice rises. RACMO?2 captures the snowfall driven differences, but overestimates their magnitude, whereas the erosion
on the peak can be reproduced by SnowModel with RACMO?2 forcing. Observed temporal variability of the average SMBs,
retrieved from the GPR data for four time intervals in the 1983-2018 range, are low at the peak of the easternmost ice rise (~
0.06 mw.e./yr), while being higher (~ 0.09 mw.e./yr) on the windward side of the ice rise. This implies that at the peak of
the ice rise, higher snowfall, driven by orographic uplift, is balanced out by local erosion. As a consequence of this the SMB
recovered from the ice core matches the SMB from the GPR at the peak of the ice rise, but not at the windward side of the ice

rise, suggesting that the SMB signal is dampened in the ice core.
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Figure 1. Topography of the ice rise and the surrounding area in Dronning Maud Land, based on the 90m TanDEM-X digital elevation model
(© DLR 2018). The red lines represent the GPR profiles, the black boxes the areas on which Snowmodel was applied and the two orange and
green dots mark the locations of two AWS installed on the eastern and western flank of the LIR. The bar plot in the lower left corner shows
the wind speed and direction measured by the two AWS between January 2018 and April 2018, where orange and green denote AWS 1 and

2, respectively.

1 Introduction

The surface mass balance (SMB) remains one of the largest sources of uncertainty when determining the overall mass balance
of Antarctica and with that Antarctica’s contribution to sea level rise (Lenaerts et al., 2019; The IMBIE team, 2018; Rignot
et al., 2019). The SMB of an ice sheet is commonly defined as the annual sum of all surface processes that affect the mass
balance of an ice sheet. This includes snowfall, runoff of surface melt water, sublimation, drifting snow sublimation, as well as
snow erosion and deposition, of which snowfall is the dominant component in East Antarctica (Boening et al., 2012). The SMB
varies substantially in space across East Antarctica, with the highest SMB found on the coastal margins of the ice sheet and
very low SMB on the East Antarctic Plateau, where the air is too cold to hold large amounts of moisture (Vaughan et al., 1999;
Rotschky et al., 2007; Monaghan et al., 2006). The coastal regions of the East Antarctic ice sheet are not only characterized by
high SMB, but also by substantial interannual as well as spatial variability (Lenaerts et al., 2013, 2014).

Because of this high spatial and temporal variability it remains challenging to determine changes in SMB of coastal East
Antarctica in recent decades. For Dronning Maud Land (DML) alone, conflicting trends have been reported. For example
Altnau et al. (2015) found a negative trend for the last 50 years for coastal DML using a compilation of firn cores, which
matches with the results of Medley and Thomas (2019), who, even though their results show a generally positive SMB trend
for East Antarctica, also found a negative SMB trend for coastal DML. On the other hand (Philippe et al., 2016) observed a
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positive SMB trend in a 120 m ice core in coastal DML for the last 50 years. Similar results were found by Thomas et al.
(2017) who report a slightly positive trend for DML in the last 50 years, whereas RACMO2 models no significant trend in the
SMB for DML (Lenaerts et al., 2012b).

In order to understand these seemingly conflicting results, it is important to highlight and further investigate the high spatial
SMB variability in DML. One of the main drivers for this spatial SMB variability are the numerous ice rises covering the
coast of DML (Lenaerts et al., 2014). Ice rises are elevated local pinning points of the otherwise flat ice shelf, where the ice is
grounded on topography and which are surrounded entirely (isles) or mostly (promontories) by the ice shelf (Matsuoka et al.,
2015). Their topography influences the surrounding SMB, by inducing snowfall, especially on the windward side of an ice rise,
and by influencing the deposition of blowing snow by alternating the wind speed patterns (Lenaerts et al., 2014). In addition,
ice rises are an ideal location to drill ice cores as they represent a local ice divide with low ice flow speeds (Matsuoka et al.,
2015), which is necessary to recover past accumulation rates from a constant location in time. However, to interpret SMB rates
recovered from ice cores, it is necessary to understand the impact of the ice rise on the regional and local SMB. There are two
main processes by which ice rises control the SMB in coastal East Antarctica, which occur on different scales.

Firstly, in areas of steady winds, like DML, orographic uplift of moist air on upwind slopes of the ice rise leads to high snow
accumulation on the windward side of the ice rise and a precipitation shadow on the leeward side of the ice rise (Lenaerts et al.,
2014). This process occurs over the scale of the ice rise, which are typically 5 - 50 km wide in coastal East Antarctica. Here
we will define the scale from 5 - 50 km as the regional scale.

Secondly, local wind erosion and deposition of snow, especially around the peak of the ice rise, play a large role in the SMB
distribution on the ice rise (King et al., 2004). This has been observed around local variations of the surface slope on a scale
from 1 - 5 km (Black and Budd, 1964; King et al., 2004; Drews et al., 2015; Mills et al., 2019; Schannwell et al., 2019). Here
we will define the scale from 1 - 5 km as the local scale.

However, while both processes have been observed and modelled separately, not much is known about the relation between
the two or about the importance of the two processes relative to each other. Here we aim to investigate this connection on
the example of two ice rises in Dronning Maud Land (Fig. 1), using extensive field measurements as well as the regional
atmospheric climate model RACMO?2, version 2.3p2 (Lenaerts et al., 2017; van Wessem et al., 2018) and the distributed high
resolution snow evolution model SnowModel (Liston and Elder, 2006). The field data were recorded during the 2017/2018
and 2018/2019 Mass2Ant field campaigns. Mass2Ant is an international project that aims to understand surface mass balance
variability in space and time throughout coastal East Antarctica (Dronning Maud Land), with a focus on potential changes
since 1850. The data used here includes four ground penetrating radar (GPR) tracks across two ice rises (Lokeryggen and
Hammarryggen ice rise), hereafter referred to as the LIR and the HIR (Fig. 1), in the vicinity of the Belgian Princess Elisabeth
Antarctica (PEA) station. Additionally, the field dataset includes data from two automatic weather stations (AWS), installed on
the eastern and on the western flank of the LIR, as well as an ice core at the center of the LIR and several firn cores along the
GPR profile (Fig. 1). To connect the different scales we use the GPR data to reconstruct past accumulation rates across the two

ice rises.
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We combine the SMB reconstructed from the GPR data with the regional SMB distribution modelled by RACMO?2 and the
local SMB distribution over the ice rise modelled by SnowModel to quantify the magnitude of the local and regional effects
on the SMB, what drives them, and how well they are captured within the models. The goal of this study is twofold: (i) reveal
mechanisms that control the SMB on and around an ice rise, and (ii) to better understand how SMB rates recovered from ice

cores drilled into ice rises relate to the surrounding ice shelf.

2 Methods and Data
2.1 Study area

The two ice rises are located in Dronning Maud Land in coastal East Antarctica close to the Belgian PEA station. Both ice
rises are, to be specific, ice promontories and are surrounded by the ice shelf from the east, north and west and connected to
the grounded ice sheet to the south (Fig. 1). The LIR is ~ 350 m high and ~ 25 km wide. It represents a local ice divide and
neighbours the Roi Baudouin Ice Shelf to the east. On this ice rise, a 20 km east to west GPR profile was recorded during the
2017 Mass2Ant field campaign, using a 400 MHz antenna (GSSI:SIR 3000). Along this profile, five firn cores were recovered
to measure near surface density variations in vertical direction. In addition, three 10 km GPR profiles were recorded during the
2018 Mass2Ant field campaign across ice rise immediately west of the LIR, the HIR, which is ~ 360 m high, ~ 50 km wide
and represents a triple junction for the ice flow (Fig. 1).

Additionally, an ice core was recovered at the center of the LIR and two AWSs were installed on the western and on the
eastern flank of the LIR (Fig. 1). The AWSs measured an average southeast wind direction of ~ 132 , which leaves the eastern

flanks of the ice rises as the windward side and the western flanks of the ice rises as the leeward side.
2.2 Ice core data

A 208 m ice core (FK17) was drilled on the LIR (70.53648 S, 24.07036 E), during the 2017/2018 austral summer. We used
the intermediate-depth ice core drill (ECLIPSE ice coring drill, Icefield Instruments, Inc.). A ~ 2 m deep trench was excavated
prior to drilling to allow the set-up of ECLIPSE ice core drill. To cover this part, a short core (~ 9 m, FK18) was drilled during
following field season (2018/2019 austral summer). The cores were cut at a vertical resolution of 50 cm in the field to ease
their processing. The ice cores were processed in a freezer laboratory in Université libre de Bruxelles (Brussels, Belgium). The
ice cores were cut in sticks with a clean bandsaw. The sticks (~ 3 x 3 x 50 cm) were used for trace ions measurement and the
outer part of the sticks were used for water stable isotopes measurement. Then the width, length, and weight of the ice core
sticks were measured three times and averaged to reconstruct the density profile. Forty-three discrete sticks out of the top 125
m of the ice core were measured to obtain a density profile. Preliminary dating was achieved by counting the seasonal signal of
the water stable isotopes (620 and 6D). Water stable isotopes were measured using a cavity ring down spectrometer (CRDS)
(Picarro, L 2130-1). Samples at 5 cm resolution were melted in a refrigerator prior to analysis. The values are expressed relative

to the Vienna Standard Mean Ocean Water (VSMOW) (Philippe et al., 2016; Inoue et al., 2017). Analytical precision for §*0






