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Abstract. Water stable isotope records from ice cores (8130
and 6D) are a critical tool for constraining long-term tem-
perature variability at high latitudes. However, precipitation
in Antarctica consists of semi-continuous small events and
intermittent extreme events. In regions of high accumula-
tion, this can bias ice core records towards recording the
synoptic climate conditions present during extreme precip-
itation events. In this study we utilise a combination of ice
core data, reanalysis products, and models to understand how
precipitation intermittency impacts the temperature records
preserved in an ice core from Mount Brown South in East
Antarctica. Extreme precipitation events represent only the
largest 10 % of all precipitation events, but they account for
52 % of the total annual snowfall at this site, leading to an
overrepresentation of these events in the ice core record. Ex-
treme precipitation events are associated with high-pressure
systems in the mid-latitudes that cause increased transport
of warm and moist air from the southern Indian Ocean to
the ice core site. Warm temperatures associated with these
events result in a +4.8°C warm bias in the mean annual
temperature when weighted by daily precipitation, and wa-
ter isotopes in the Mount Brown South ice core are shown
to be significantly correlated with local temperature when
this precipitation-induced temperature bias is included. The

Mount Brown South water isotope record spans more than
1000 years and will provide a valuable regional reconstruc-
tion of long-term temperature and hydroclimate variability in
the data-sparse southern Indian Ocean region.

1 Introduction

Antarctica and the southern high latitudes play a critical role
in the global climate system through polar—tropical telecon-
nections (Li et al., 2021; Yuan et al., 2018) and the modula-
tion of meridional transport of heat (Trenberth and Caron,
2001; Turner et al., 2014). Despite the global importance
of Antarctica to the climate system, direct observations of
Antarctic climate are largely restricted to the satellite era
(1979-onwards; Jones and Lister, 2015) and limited longer-
term data from permanent land-based stations (Turner et al.,
2005, 2020). The short observational window limits our abil-
ity to understand the natural variability in Antarctic climate
at decadal to millennial scales. As such, it is necessary to em-
ploy paleo-climate archives to extend observational records
and better constrain natural variability. Ice cores have been
utilised across the continent to provide both low-resolution
records of glacial-interglacial cycles and high-resolution
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records of interannual climate variability (e.g. Augustin et
al., 2004; Stenni et al., 2017). Coastal or near-coastal ice
cores located in regions of high accumulation are increas-
ingly being used to help frame modern anthropogenic warm-
ing in the context of natural climate variability in Antarctica,
as these can provide annually resolved records capable of
recording interannual to decadal fluctuations in the climate
(e.g. Thomas et al., 2009; Jones et al., 2016; Stenni et al.,
2017).

Water stable isotope ratios in ice core records (8'30 and
8D) are routinely used to reconstruct past temperature varia-
tions across Antarctica (e.g. Dansgaard, 1964; Stenni et al.,
2017). Fractionation of water isotopes occurs as heavy iso-
topes are preferentially removed as air masses are transported
poleward, leading to a strong spatial isotope—temperature re-
lationship across Antarctica (Lorius et al., 1969; Masson-
Delmotte et al., 2008). However, water isotope records are
not solely controlled by site temperature. Source region
conditions (Markle and Steig, 2022), transportation path-
ways (Markle et al., 2012; Jouzel et al., 1997), and post-
depositional effects (Casado et al., 2018) also influence the
water isotope record, leading to complications in interpret-
ing the climate signature captured by stable water isotopes in
ice cores. Similarly, water isotopes primarily reflect condi-
tions during precipitation events and can be strongly affected
by the intermittency of precipitation. This can result in poten-
tial signal bias where climate during certain synoptic condi-
tions is preserved and recorded in the accumulated snowfall,
which may not necessarily be representative of the mean cli-
matology (Turner et al., 2019; Sime et al., 2009; Casado et
al., 2020; Miinch et al., 2021).

Snowfall across Antarctica manifests as a combination of
frequent small events and infrequent large events. We re-
fer to the infrequent large events as extreme precipitation
events (EPEs) and define these as representing days where
daily snowfall amount is in the 90th percentile or higher,
which is consistent with the previous definition from Turner
et al. (2019). Although infrequent, EPEs can contribute a sig-
nificant amount of the annual snowfall at a particular site and
are the primary drivers of seasonal and interannual accumu-
lation variability in many regions of Antarctica (Turner et al.,
2019). The water isotope record from ice cores is primarily
an archive of climate conditions present during precipitation,
thus it is critical to understand the biases introduced to the
record due to variability in EPEs and precipitation intermit-
tency. At a continental scale, more than 40 % of total pre-
cipitation can be attributed to EPEs (Turner et al., 2019). In
many coastal regions, where orography exerts stronger con-
trols on the transport of marine air masses inland, EPEs can
have an even larger impact. For example, in the Amery Ice
Shelf region, on average 60 % of annual snowfall accumu-
lates during only 10d each year (Turner et al., 2019). Simi-
larly, at Aurora Basin North, an ice core site located on the
East Antarctic Plateau approximately 500 km inland from the
coastal station Casey, it is estimated that half of the annual
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precipitation occurs during only 10 % of days (Servettaz et
al., 2020).

Atmospheric rivers are a subset of EPEs and can greatly
influence the total annual accumulation. In Antarctica, these
occur when there is a narrow band of strong horizontal water
vapour transport which brings warm, moist air from the low
latitudes and mid-latitudes of the Southern Hemisphere to the
cold Antarctic region. A study by Wille et al. (2021) identi-
fied that 25 %-35 % of all EPEs (when applying a definition
of the 90th percentile) in Antarctica can typically be classi-
fied as atmospheric rivers. This percentage increases when
more stringent classifications are imposed on EPEs. Simi-
larly, Adusumilli et al. (2021) found that 37 %—55 % of all
EPEs in 2019 (here defined as 95th percentile) on the West
Antarctic Ice Sheet could be attributed to atmospheric rivers.
In 2009 and 2011, Princess Elizabeth Station in Dronning
Maud Land received 74 % and 80 % of total annual snowfall,
respectively, from a series of atmospheric river events, result-
ing in anomalously high snowfall in these years (Gorodet-
skaya et al., 2014).

Annually resolved ice core records are a critical tool for
improving our understanding of natural variability in the
Earth’s climate (Stenni et al., 2017). However, there are
currently only a few published records from long (multi-
centennial), high-resolution ice cores in the Indian Ocean
sector of Antarctica, which covers a broad region between
Enderby Land and Wilkes Land in East Antarctica (67—
160° E; Delmotte et al., 2000; Ekaykin et al., 2017; Stenni
et al., 2017). Previous work on the Law Dome ice core
trace chemistry record has indicated that there are strong
teleconnections between the southern Indian Ocean climate
and Australian hydroclimate (Udy et al., 2021). The Law
Dome snow accumulation record (Roberts et al., 2015) has
been used to reconstruct rainfall across southwestern West-
ern Australia, indicating that current drying in the region
is unusual but not unprecedented over the past 2000 years
(Zheng et al., 2021; van Ommen and Morgan, 2010). Simi-
larly, there is a strong correlation between concentrations of
aerosol sea salts during summer snowfall at Law Dome with
rainfall in eastern Australia (Vance et al., 2013, 2015; Udy
et al., 2022). This relationship has been used to highlight the
increased drought risks in eastern Australia associated with
positive phases of the Interdecadal Pacific Oscillation and the
potential for megadroughts much longer than any historically
observed drought in this region (Vance et al., 2015, 2022).

An extensive site-selection study by Vance et al. (2016)
identified Mount Brown South (69.11°S 86.31° E, 2084 m
elevation) as a promising location for a new ice core that
would likely provide unique climate signals and be comple-
mentary to the Law Dome ice core record. The authors also
suggest that an ice core collected from Mount Brown South
would contain strong teleconnections to the mid-latitudes of
the southern Indian Ocean. In 2017/2018, a series of four ice
cores were drilled at this site, including a 295 m long main ice
core record, which is estimated based on a current age scale
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in development to extend back 1200 years. Early investiga-
tions into the record by Crockart et al. (2021) demonstrated
that the ice core preserves an annually resolved climate his-
tory that differs from the Law Dome record, with a clear
signal of mid-latitude Indian Ocean atmospheric variability
in annual sea salt concentrations relating to the El Nifio—
Southern Oscillation.

In this study, we investigate how the synoptic climate con-
ditions associated with extreme precipitation at the Mount
Brown South site impact the ice core record. Firstly, we in-
vestigated seasonal and interannual variability in precipita-
tion and extreme precipitation events using data from ERA-
5. Secondly, we identified geopotential height and tempera-
ture anomalies associated with extreme events using ERA-5.
Thirdly, we discuss how temperature anomalies associated
with extreme precipitation lead to a temperature bias in the
Mount Brown South water isotope record.

2 Methods

2.1 Mount Brown South ice core site properties,
analysis, and timescale

2.1.1 Site description

During the 2017/2018 Australian Antarctic Program (AAP)
field season, four ice cores were drilled at 69.11° S 86.31°E,
south of Mount Brown in Wilhelm II Land and in East
Antarctica, at an altitude of 2084 ma.s.l. (Fig. 1). Ice thick-
ness at this location is approximately 2000 m. The drill site
(hereafter referred to as Mount Brown South or MBS) is lo-
cated approximately 380 km east from Australia’s Davis Sta-
tion and approximately 1000 km west of Law Dome. The
four cores included a 295 m long core (hereafter referred to
as MBS-Main) and three short surface cores (MBS-Alpha,
MBS-Bravo, and MBS-Charlie), which were each 20-25 m
in length. MBS-Main was drilled from 4 m below the snow
surface using a Hans Tausen drill (Johnsen et al., 2007; Shel-
don et al., 2014), and MBS-Alpha, MBS-Bravo, and MBS-
Charlie were all drilled from the surface using a Kovacs drill.
The MBS site is located approximately 15 km from where a
series of firn cores were drilled between 1997-1999 (Foster
et al., 2006; Smith et al., 2002).

The four cores were cut into 1 m long sections on site and
stored in individual low-density polyethylene (LDPE) Poly
bags. The cores were transported by helicopter from the drill
site to freezer storage at Davis Station and then transported
by ship to Hobart. The ice cores were stored in the Australian
Antarctic Division commercial cold storage facility and fur-
ther processing and analysis was completed at the Institute
for Marine and Antarctic Studies (IMAS) in Hobart.
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Figure 1. The Mount Brown South (MBS) ice core drill site, lo-
cated in Wilhelm II Land in East Antarctica. The location of the
drill site is indicated by the yellow diamond. The map was produced
using Antarctic Mapping Tools (Greene et al., 2017) with ice sheet
elevation data from Bedmap?2 (Fretwell et al., 2013) and bathymet-
ric data from IBSCO (Arndt et al., 2013).

2.1.2 Ice core analyses

The MBS-Main and MBS-Charlie ice cores were cut into dis-
crete samples for water isotope analysis. Analyses for MBS-
Main are complete, and a full age scale is being prepared for
publication. The upper 4-20 m of MBS-Main and 0-20 m of
MBS-Charlie will be discussed in this paper, as these sec-
tions overlap with the modern satellite era (1979—present)
and have been analysed for water isotopes. For MBS-Main,
3cm samples were cut and analysed for the 4-16 m sec-
tion, and 1.5 cm samples were analysed for 16-20 m section.
MBS-Charlie was cut uniformly into 3cm samples; 3 cm
sampling yields a mean sample resolution of 10 samples per
year. The higher-resolution sampling (1.5 cm) yields a mean
sample resolution of 20 samples per year, but due to the ef-
fects of diffusion on the stable water isotope record, this in-
creased time resolution does not result in enhanced signal
preservation.

The MBS-Main samples were initially analysed for deu-
terium isotope (D) and oxygen isotope (5'30) ratios by cav-
ity ring-down spectroscopy using a Picarro L2130-i water
isotope analyser in Hobart. The analysed samples were re-
frozen and stored at —18 °C and later transported frozen to
the Australian National University (ANU) in Canberra, and
initial analyses were made on MBS-Charlie (not previously
measured at IMAS). At the ANU, samples were remelted
and reanalysed on a Picarro L2140-i. There is excellent inter-
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laboratory agreement between 8D and 8'80 from the initial
measurements in Hobart and the repeat measurements at the
ANU, which gives confidence that fractionation was negligi-
ble during the melting and refreezing processes in the labo-
ratories (r > 0.99 for all parameters).

Discrete chemistry analyses of MBS-Main core, MBS-
Charlie, and MBS-Alpha were also conducted at IMAS on
3 cm resolution samples. The MBS-Bravo core was collected
exclusively for persistent organic pollutant analyses that are
still ongoing and therefore will not be discussed as part of
this study. Analyses of anions and cations were performed
using a Thermo-Fisher/Dionex ICS3000 ion chromatograph.
A detailed discussion of the discrete chemistry analyses can
be found in Crockart et al. (2021) with data available from
Crockart (2020).

2.1.3 lIce core dating

Details of the dating procedures and accumulation calcula-
tions for the short cores and upper section of MBS-Main can
be found in Crockart et al. (2021). Chemical species with
clear seasonality (i.e. non-sea-salt sulfate (nssSOi_), sodium
(Na™), and the ratio of sulfate to chloride (SO?[ /CI17)) were
used in conjunction with water isotope measurements to
identify annual layers in MBS-Alpha, MBS-Charlie, and the
upper portion of MBS-Main. Annual summer horizons were
aligned with the sea salt (Na™) minima and maxima in the
nssSOif and SOZf/Cl’ ratio. Sea salt minima during the
summer months reflect the reduced sea salt aerosol input due
to reduced storminess in the Southern Ocean (McMorrow et
al., 2004). In contrast, the summer peaks in nssSOi_ and
SOi_ /CI™ reflect enhanced biological productivity during
the summer months, with the oxidation of biologically pro-
duced dimethyl sulfide representing the major SOi_ source
external to sea salts (Kaufmann et al., 2010). Layer thick-
nesses were combined with an empirical density model to
determine annual ice-equivalent snow accumulation rates.

The Pinatubo eruption (mid-1991) was identified as a peak
in nssSOi_ in all cores and was used as a marker to confirm
the accuracy of layer counting. Weak seasonality in the years
preceding the Pinatubo eruption (1986—1990) introduces an
estimated dating uncertainty of +3 years at the base of the
ice core sections considered here (1979-2016).

2.2 Reanalysis data
2.21 ERA-5

Output from the reanalysis product ERA-5 (produced by the
European Centre for Medium-Range Weather Forecasts) was
used to investigate the climatic conditions associated with ex-
treme precipitation events at MBS. ERA-5 provides hourly
data at 0.25° x 0.25° resolution for a number of atmospheric,
sea-based, and land-based processes from 1950 onwards.
The quality of the data is improved from 1979 as satellite-
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based measurements help to reduce uncertainties in the ob-
servational data. This is particularly true for the data-sparse
southern high latitudes; hence, we only consider the period
from 1979 to 2016 in our analyses.

Daily total precipitation (P) was extracted for the grid cell
containing the MBS ice core site. To maintain consistency
with previous studies on extreme precipitation events (EPEs;
Turner et al., 2019), a precipitation day was identified when
total daily precipitation exceeded 0.02 mm w.e. (water equiv-
alent). EPEs were classified as those exceeding the 90th per-
centile of all precipitation days at MBS, as defined by Turner
et al. (2019). According to this definition, an EPE at MBS is
any day where daily precipitation exceeds 3.2mmd~! w.e.

Daily mean 500 hPa geopotential height and daily mean
2m air temperature were extracted from ERA-5 for the en-
tire region south of 40° S (Hersbach et al., 2023a, b). Geopo-
tential height and 2 m temperature anomalies were calculated
for each day relative to the seasonal average for that day. We
calculate the seasonal average as the mean value for each
day from 1979 to 2016, with a 30d rolling mean filter ap-
plied across daily mean values to obtain a smoothed seasonal
record (Servettaz et al., 2020).

ERA-5 has been demonstrated to reproduce observational
data well over many regions of Antarctica (Tetzner et al.,
2019; Zhu et al., 2021). To confirm the validity of ERA-5
temperature data for this location, we compared ERA-5 tem-
perature measurements to temperature measurements from a
nearby automatic weather station (AWS) (Allison and Heil,
2001). The AWS is 19km from the ice core site (69.13°S,
86.00° E) at an elevation of 2067 m. Hourly temperature data
are available from the AWS from 2003 to 2008. Compar-
isons of monthly mean temperature from ERA-5 for the near-
est grid cell to the AWS indicate that ERA-5 is able to re-
produce the AWS temperature observations well (r = 0.97,
p < 0.001). There is a warm bias in the ERA-5 data (mean
difference of 0.75°C; Fig. A2), which may be due to lo-
calised temperature effects at the AWS that are not resolved
by ERA-5.

2.2.2 Atmospheric river identification

Atmospheric rivers (ARs) represent a subset of EPEs. As at-
mospheric rivers are typically associated with strong merid-
ional transport, warm temperature anomalies, and extreme
snowfall, we would expect these events to be especially
impactful on mean annual accumulation and water isotope
records in ice cores. Many methods have been developed to
identify atmospheric rivers; however, we choose here to com-
pare to published catalogue of ARs from Wille et al. (2021),
which has been specifically tuned for identification of at-
mospheric river events in the high southern latitudes. This
method uses integrated vapour transport (VIVT) data from
the Modern-Era Retrospective analysis for Research and Ap-
plications, Version 2 (MERRA-2), to identify grid cells that
are at or above the 98th percentile of all monthly vIVT val-
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ues, which are classified as an atmospheric river if they ex-
tend for at least 20° latitudinally. We note that the method
used to detect ARs used here relies on a different reanaly-
sis product to that used throughout the paper (ERA-5). This
may result in some differences in the identification of EPEs
and ARs; however, a catalogue of ARs based on ERA-5 is
not currently available.

2.3 HYSPLIT back-trajectory modelling
2.3.1 Model description

The Hybrid Single-Particle Lagrangian Integrated Trajectory
model (HYSPLIT) was developed by the National Oceanic
and Atmospheric Administration’s (NOAA) Air Research
Laboratory as a tool for constructing 3-D air parcel trajecto-
ries (Stein et al., 2015). Here, we use HYSPLIT to generate
5 d back-trajectories (120 h), originating at the MBS site at a
height of 1500 m a.g.l. (above ground level), which is equiva-
lent to approximately 3500 m a.s.l. HYSPLIT was developed
to be forced using meteorological conditions defined by the
NCEP-NCAR reanalysis product, although boundary condi-
tions may also be defined by different reanalysis products,
with ERA-Interim frequently being used. However, the soft-
ware is formatted to readily utilise NCEP-NCAR datasets,
while other reanalysis products require reformatting. Sinclair
et al. (2013) compared the difference in back-trajectories for
an ice core site in the Ross Sea region of Antarctica forced
by both ERA-Interim and NCEP-NCAR and found the re-
sults comparable. As such, for this study the meteorologi-
cal parameters in the HY SPLIT model were forced using the
more readily applied NCEP-NCAR Global Reanalysis data
(Kalnay et al., 1996). Daily trajectories were generated from
1 January 1979 to 31 December 2019, resulting in a total of
14 610 back-trajectories.

A previous investigation into the uncertainties associated
with HYSPLIT back-trajectory modelling have estimated er-
rors of 15 %-20 % for 5 d back-trajectories (Scarchilli et al.,
2011). The 5 d back-trajectories used in this study likely do
not capture the full range of moisture sources. However, in-
creasing the trajectory length leads to increases in the error
associated with the calculations. The 5 d back trajectories are
used here to provide a balance between estimating moisture
sources and transportation pathways while minimising the
error associated with these calculations.

2.3.2 HYSPLIT clustering

Individual trajectories were clustered using HYSPLIT’s in-
built clustering algorithm, which aims to minimise inter-
cluster variability while maximising intra-cluster variability
for a user-defined number of clusters (Stein et al., 2015). Due
to computational limitations, the full dataset was clustered at
2 d resolution (7160 trajectories) using points at 4 h intervals
along the trajectory. The HYSPLIT clustering algorithm re-
quires the user to define the number of clusters, which is cho-
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sen to minimise the total spatial variance while still capturing
a variety of different trajectories linked to synoptic climate
conditions. We identified a total of five clusters; this number
was chosen as it was the point where total spatial variance ap-
proached a minimum, but it still allowed for the identification
of distinct trajectories linked to synoptic climate conditions.

3 Results and discussion

3.1 Seasonal and interannual accumulation

The mean annual accumulation from 1979 to 2016 at MBS
from ERA-5 is 0.263 £ 0.046 m w.e. (water equivalent) per
year, with uncertainties representing 1 SD (standard devi-
ation) (Fig. 2). The mean measured annual accumulation
rates for MBS-Alpha, MBS-Charlie and MBS-Main are
0.27440.065, 0.2734+0.068, and 0.289+0.073 mw.e. yr—!,
respectively. Accumulation rates have been converted to wa-
ter equivalent accumulation from the original Crockart et
al. (2021) data, which are presented as ice equivalent, as-
suming an ice density of p =917 kgm~3. Mean annual ac-
cumulation from ERA-5 slightly under-estimates accumula-
tion rates derived from the ice cores; however, the annual
accumulation from the model is still significantly correlated
with ice core accumulation (Table 1), with the exception of
MBS-Charlie, which has been previously shown to be poorly
correlated with accumulation (Crockart et al., 2021). As
noted in Crockart et al. (2021), there is potential for annual
layers to be missed during dating, particularly during low-
accumulation years. For example, model outputs identify
1993/1994 as sequential years with low accumulation (from
ERA-5 in this study and in ERA-5 and MAR in Crockart
et al., 2021), while accumulation measurements from MBS-
Main, MBS-Alpha, and MBS-Charlie do not identify con-
secutive low-accumulation years during this period (Fig. 2).
This introduces a degree of dating uncertainty into our ac-
cumulation measurements, which may be responsible for the
poor correlation between MBS-Charlie and ERA-5 accumu-
lation. Despite these uncertainties, MBS-Alpha, MBS-Main,
and the site-averaged accumulation record are all signifi-
cantly correlated with ERA-5 accumulation, and we there-
fore consider the model to reliably capture the interannual
variability in accumulation at the MBS site.

Previous studies have looked at spatial comparisons
between observational measurements of accumulation
(i.e. from ice cores or snow stakes) and model outputs. Wang
et al. (2021) found that ERA-5 captures > 70 % of the sur-
face mass balance observations from Law Dome in East
Wilkes Land and generally captures interannual variability
across most of the Antarctic Ice Sheet. Similarly, Tetzner
et al. (2019) demonstrated improved performance of ERA-5
at capturing accumulation in the Antarctic Peninsula region
compared to ERA-Interim. Comparisons of surface mass es-
timates from ice core records across Antarctica with outputs
from ERA-Interim and RACMO2.3p2 found that regional ice
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Figure 2. A comparison of annual accumulation from ERA-5 (solid blue line) and the MBS ice core records. Site-averaged accumulation is
shown by the solid black line, with the individual records indicated by dashed lines.

Table 1. Pearson’s correlation coefficient (r) and p values for mean
annual precipitation from ERA-5 with the MBS-Main, MBS-Alpha,
and MBS-Charlie ice cores and the ice core site average. Significant
correlations (p < 0.05) are marked in bold and are found for all ice
cores aside from MBS-Charlie.

Pearson’s  p value Time period

correlation

coefficient
MBS-Main 0.437 0.018 1979-2007
MBS-Alpha 0.398 0.013 1979-2016
MBS-Charlie 0.258 0.118 1979-2016
MBS-Site 0.453 0.004 1979-2016

core accumulation composites capture 25 %—40 % of interan-
nual regional variance in the models. In particular, composite
ice core surface mass balance records from the Wilkes Land
region were shown to be representative of regional surface
mass balance derived from both RACMO2.3p2 and ERA-
Interim. These previous studies provide further evidence that
ERA-5 accurately captures accumulation variability in this
region.

EPEs strongly impact the annual accumulation at MBS
(Fig. 3a). There are only 22+ 6 EPE events per year (i.e. days
where total daily accumulation exceeds 3.2mmw.e.d™!)
from 1979 to 2016 (6 &2 % of days). However, these small
number of days account for 5249 % of the total annual snow-
fall. This implies that the synoptic conditions associated with
extreme moisture transport to the ice core site will be over-
represented in annual snowfall and therefore also overrepre-
sented in the ice core record.

The highest accumulation from ERA-5 occurs during the
winter months at MBS (May=26.9mmw.e. per month;
June =272mmw.e. per month; July=26.9 mmw.e. per

Clim. Past, 19, 1653—-1675, 2023

month), with a secondary peak in November
(243 mmw.e. per month) giving a bimodal character
to the annual cycle of accumulation (Fig. 3c). Accumulation
from non-EPE snowfall is relatively constant throughout the
year (1142 mm w.e. per month), with the seasonality largely
driven by EPEs. Bimodality is observed in both the mean
number of EPE days in a month and the amount of accumu-
lation associated with EPEs. May, June, and July have 2.3,
2.7, and 2.2 EPEs per month, respectively, while November
has 2.4. This results in maxima in accumulation from
EPEs of 12.8 mm w.e. per month for May, 14.5 mm w.e. per
month for June, 13.5mmw.e. per month for July, and
14.1 mm w.e. per month for November. The minimum total
monthly accumulation (14.2 mm w.e. per month), accumu-
lation from EPEs (5.1 mmw.e. per month), and number
of EPE days (0.8) occurs in January. A total of 84 % of
the variance in monthly accumulation can be explained by
variance in accumulation from EPEs (r2 = 0.842).

Variability in accumulation at an interannual scale is also
driven by variability in EPEs (Fig. 3a and b). The contri-
bution of smaller (i.e. not EPE) precipitation events to an-
nual accumulation is relatively constant from 1979 to 2016
(0.136£0.016 m w.e. yr—!). In contrast, there is considerable
interannual variability in both the number of EPE events in
a year (22.34+5.8dyr™!) and the amount of accumulation
from EPEs in a year (0.132+0.041 mw.e. yr—!). The num-
ber of EPE days in a year is strongly correlated with both
total annual accumulation (r =0.91, p <0.001) and accu-
mulation from EPEs (r = 0.95, p <0.001). A total of 88%
of the variance in interannual accumulation can be explained
by variance in accumulation from EPEs (r2 =0.88).
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Figure 3. (a) Annual accumulation at MBS from ERA-5 for 1979-2016. Accumulation from non-EPE precipitation days is shown in dark
blue, and accumulation from EPEs in light blue. The blue diamonds indicate the number of EPE days in a year. (b) Annual accumulation
at MBS versus number of EPE days in a year. The solid line indicates the linear regression, with dashed lines indicating uncertainty in the
regression (r = 0.91). (¢) Mean monthly precipitation at MBS from ERA-5 for 1979-2016. Colours are the same as in (a). Blue diamonds
represent the mean number of EPE days per month, with error bars indicating the upper and lower quartiles.

3.2 Climatic conditions during EPEs

3.2.1 Geopotential height anomalies

It has previously been noted that extreme precipitation across
Antarctica is frequently associated with geopotential height
anomalies that cause atmospheric blocking, which forces
warm moist air from the mid-latitudes onto the Antarctic
continent (Turner et al., 2019; Servettaz et al., 2020). The
500 hPa geopotential height was investigated using ERA-5
(Sect. 2.2.1) to understand the synoptic climate conditions
associated with extreme precipitation at MBS, and to deter-
mine whether similar blocking events could be identified dur-
ing EPEs at this location. We calculated the mean 500 hPa
geopotential height anomaly for all days that were iden-
tified as an extreme precipitation event during 1979-2016
(Sect. 2.2.1).

Extreme precipitation was on average associated with a
strong positive geopotential height anomaly located at 55—
65° S, 100-120° E, offshore and to the east of the ice core
site. An associated weak negative pressure centre can also be
identified to the west of the ice core site (Fig. 4a). The lo-
cation of high-pressure system during EPEs, directly to the
east of the MBS ice core site, acts to block the transport of
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air masses from the west. Instead, the high-pressure system
induces meridional transport of warm, moist air up onto the
continent, where rapid cooling can result in large precipita-
tion events. Similar studies at other locations in East Antarc-
tica have also demonstrated that high-pressure blocking sys-
tems located to the east of ice core sites are related to high
levels of precipitation at the respective ice core sites (Servet-
taz et al., 2020; Turner et al., 2019; Scarchilli et al., 2011).

3.2.2 Comparison with synoptic studies

Previous studies have categorised synoptic-scale climate
conditions in the southern Indian Ocean using self-
organising maps (Udy et al., 2021) and k-means clustering
methods (Pohl et al., 2021). These methods utilise 500 hPa
geopotential height anomalies (in Udy et al., 2021) and
700 hPa geopotential height anomalies (in Pohl et al., 2021)
to identify regional-scale synoptic patterns. Synoptic type 1
(SOM1) from Udy et al. (2021) displays a geopotential
height anomaly remarkably similar to that observed during
extreme precipitation events at MBS, i.e. a strong positive
geopotential height anomaly located to the east of the ice
core site (at approximately 100—120° E) coupled with a low-
pressure centre to the west. We filtered the self-organising

Clim. Past, 19, 1653-1675, 2023
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Figure 4. (a) Mean 500 hPa geopotential height anomaly relative to the seasonal mean for all EPE days identified using ERA-5 from 1979
to 2016. Grey bars indicate the regions between which the blocking index is calculated. (b) Mean surface temperature anomaly relative to
the seasonal mean for all EPE days identified using ERA-5 from 1979 to 2016.

maps from Udy et al. (2020) to examine the proportion of
each synoptic type associated with EPEs at MBS and found
that there is a strong preference for extreme snowfall to oc-
cur during SOM1 (35.2% of EPEs occur during SOM1 —
Table A2). This is consistent with the results discussed in
Sect. 3.2.1, with both approaches indicating that the presence
of a high-pressure system to the east of the ice core site is the
primary driver of extreme precipitation at MBS.

3.2.3 Blocking index

To investigate the impacts of atmospheric blocking on ac-
cumulation and EPEs at MBS, we compared total seasonal
accumulation, EPE-associated seasonal accumulation, and
non-EPE seasonal accumulation with a blocking index ini-
tially derived by Wright (1974) and later modified by Pook
and Gibson (1999; Table 2). The original blocking index uses
the NCEP-NCAR dataset to calculate the difference in the
sum of geostrophic westerly winds at relatively low latitudes
(25-30°S) and high latitudes (55-60°S) with the sum of
mid-latitude westerly winds (40-50° S) and can be defined
as follows:

BI =0.5(Uzs + Uz + Uss + Usp — Usg — Usp —2Us4s5), (1)

where U, represents the zonal component of mean 500 hPa
wind at southerly latitude x. We adapt the index to use
500 hPa zonal wind (u component) from ERA-5 here instead
to retain consistency with the datasets used throughout. A
high BI value indicates either a reduction in the mid-latitude
zonal winds or an increase in the high- and low-latitude zonal
winds (or a combination of both) and is indicative of atmo-
spheric blocking.

Blocking indices are calculated based on monthly mean
values and are averaged to generate seasonal means. Here we
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calculate the blocking index between longitudes 100-120° E,
as this is the region where we identify a positive geopotential
height anomaly associated with EPEs at MBS. Seasons are
identified as DJF (austral summer), MAM (austral autumn),
JJA (austral winter), and SON (austral spring).

For all seasons except the austral summer (DJF), there is
no correlation between smaller (non-EPE) accumulation and
blocking. This indicates that small-scale precipitation events
at MBS can occur regardless of atmospheric blocking and
are likely due to a variety of transport mechanisms. However,
during the summer months when there is reduced storminess
in the Southern Ocean (Nakamura and Shimpo, 2004; Tren-
berth, 1991), blocking still provides an important mechanism
for driving even smaller-scale precipitation.

There is a strong positive correlation between EPE accu-
mulation and atmospheric blocking across all seasons except
for the austral spring (SON), indicating that large precipi-
tative events throughout most of the year occur in associa-
tion with atmospheric blocking in the mid-latitudes. Simi-
larly, blocking is associated with total accumulation during
the austral summer (DJF) and winter (JJA) but not during the
spring and autumn (MAM and SON).

This suggests that atmospheric blocking is an important
mechanism for driving precipitation at MBS throughout most
of the year, particularly during the summer (DJF) and winter
(JJA) months. Extreme precipitation is particularly depen-
dent on blocking conditions in the southern Indian Ocean,
as indicated by the strong positive correlation between the
blocking index and EPE accumulation during all seasons ex-
cept for SON. A strong positive geopotential height anomaly
is observed for all seasons during EPEs (Fig. A3).
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Table 2. Pearson’s correlation coefficient () and p values for the zonally averaged blocking index (100-120° E) with total accumulation,
EPE accumulation, and non-EPE accumulation for December—January (DJF), March—-April (MAM), June—August (JJA), and September—

November (SON). Significant correlations (p < 0.05) are shown in bold.

Season
DIJF MAM JJA SON
r 14 r p r p r p
Total accumulation 0464 <0.01 0.279 0.09 0.468 <0.01 0.263 0.11
EPE accumulation 0.405 0.01 0.384 0.02 0.497 <0.01 0.247 0.13
Non-EPE accumulation  0.413 0.01 —-0.199 0.23 0.064 0.70 0.107 0.52

3.3 HYSPLIT cluster analyses

To further investigate the circulation patterns and synoptic
conditions associated with EPEs, HYSPLIT cluster analyses
were used to identify how trajectory pathways are associated
with EPEs.

Using HYSPLIT’s inbuilt clustering algorithm, we iden-
tified five clusters that represent broad synoptic conditions
for atmospheric transport to the MBS site (Sect. 2.3.2). The
five clusters identified are as follows: cluster 1 is representa-
tive of locally sourced trajectories, with slow speed, a short
path length, and a moderate altitude along the full path length
(36.7 % of all trajectories; Fig. 5a). Cluster 2 (26.5 % of all
trajectories) represents a high-altitude easterly pathway that
follows the coastline of Wilkes Land. Cluster 3 (22.8 % of all
trajectories) follows a high-altitude westerly pathway from
the western southern Indian Ocean and coastal Queen Maud
Land. Cluster 4 (9.5 % of all trajectories) represents a cy-
clonic pathway that originates in the southern Indian Ocean.
It remains at a low altitude (< 1000 m a.g.1.) for most of the
pathway, before increasing in altitude as it moves up onto the
Antarctic continent (Fig. 5b). The remaining 4.4 % of all tra-
jectories are part of the trans-continental pathway defined by
cluster 5.

Clusters 1, 4, and 5 only have weak seasonality (i.e. a sim-
ilar proportion of trajectories is associated with each cluster
for each season). Clusters 2 and 3 show stronger seasonality.
Few trajectories are associated with cluster 3 during the aus-
tral summer (2.6 % in DJF) compared with autumn (8.1 %
in MAM). In contrast, there are a greater proportion of tra-
jectories associated with cluster 2 during the austral summer
(10.0 %) than the other seasons (4.4 %—6.3 %). It is important
to note that the clusters represent a continuous spectrum of
trajectories moving towards the MBS site rather than discrete
pathways, but they still provide a useful tool for understand-
ing the variability in moisture transport pathways.

The positive geopotential height anomaly we observe in
association with EPEs suggests that snowfall associated with
EPEs often originates in the mid-latitude southern Indian
Ocean and is associated with strong meridional transport due
to atmospheric blocking (Sect. 3.2.1 and 3.2.3). To investi-
gate this using the HYSPLIT back-trajectories, we filtered
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Figure 5. (a) The five different clusters identified by HYSPLIT’s
back-trajectory clustering algorithm for all back-trajectories orig-
inating at the MBS ice core site from 1979 to 2016. The MBS ice
core site is indicated by a yellow star. (b) Mean altitude of each clus-
ter for the full 120 h back-trajectory, with time point O indicating the
MBS ice core site. (¢) Proportion of HYSPLIT back-trajectories as-
sociated with each cluster for all days from 1979 to 2016 and for
days identified as an EPE from 1979 to 2016.

trajectories to only include those days identified as an EPE
(Table 3). When this filtering is applied, we see a shift in
the percentage of trajectories associated with each cluster
(Fig. 5¢). There is a sharp decrease in the trajectories associ-
ated with the local pathway (cluster 1) from 36.7 % to 26.5 %
and a greater than 2-fold increase in the trajectories in clus-
ter 4 from 9.5 % to 23.0 %, which follows a cyclonic path-
way from the southern Indian Ocean. There is also a weaker
decrease in trajectories associated with cluster 2 (easterly
coastal route) and cluster 5 (trans-continental route) and an
increase in cluster 3 (westerly coastal route).
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Table 3. Percentage of air mass trajectories associated with each individual cluster for Mount Brown South from HYSPLIT analysis (Fig. 5).
The upper half of the table indicates all trajectories for the period 1979-2016, while the lower half of the table includes only trajectories
on days identified as EPEs. For each group, we show both the total percentage of trajectories associated with each cluster for the period
1979-2016 (all data) and the percentages associated with each cluster for each season (DJF, MAM, JJA, SON).

Percentage of trajectories

Cluster |  Cluster2  Cluster 3  Cluster4 Cluster 5 Total
% % % % % %
All trajectories
All data 36.7 26.5 22.8 9.6 4.4 100
DIJF 9.5 10.0 2.6 2.0 0.9 25
MAM 9.7 4.4 8.1 2.1 0.7 25
JJA 8.5 5.9 6.7 2.6 1.3 25
SON 9.1 6.3 5.5 2.6 1.5 25
EPE trajectories only
All data 26.5 214 27.4 23.0 1.9 100
DIJF 5.1 5.6 4.2 5.8 0.5 19.3
MAM 7.2 5.3 11.6 3.9 0 2838
JJA 6.0 6.7 7.2 6.5 09 284
SON 8.1 3.7 4.4 6.7 0.5 236

We also find strong seasonality for some clusters when fil-
tering for EPEs is applied. In particular, we find a greater
preference for trajectories to be associated with the local
transport route described by cluster 1 during the austral
spring (SON) than during other seasons. We find that both
total accumulation and accumulation from EPEs decorrelates
with atmospheric blocking during this season (Sect. 3.2.3).
The greater association of EPEs with cluster 1 trajectories
may indicate that the occurrence of EPEs during SON can
result from a broader range of synoptic conditions than dur-
ing other seasons.

Regardless of the differences in pathways, when we exam-
ine the geopotential height anomalies for each cluster during
EPEs we still find a positive geopotential height anomaly to
the east of the MBS site (Fig. A4). The strength and posi-
tioning of this anomaly varies for each cluster (with clus-
ters 3 and 4 displaying an anomaly pattern most similar to
the mean anomaly for all EPE events). This suggests that
mid-latitudinal blocking is a persistent feature of EPEs re-
gardless of the transportation pathway.

3.4 Atmospheric rivers

We found that 28.0 % of all identified EPEs were also identi-
fied as atmospheric rivers in the Wille et al. (2021) catalogue
(Sect. 2.2.2); conversely, 79.8 % of ARs were also identified
as EPEs. Wille et al. (2021) found that atmospheric rivers
account for a similar percentage of EPEs across Antarc-
tica (25 %-35 % for the 90th percentile, 35 %—45 % for the
95th, and 60 %—70 % for the 99th). The Amery Ice Shelf re-
gion, located nearby and to the west of the MBS ice core site,
was identified as having particularly high accumulation from
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ARs in the Wille et al. (2021) study (~ 20 %), compared with
10 %—-20 % across much of the rest of East Antarctica.

There is also a strong association of atmospheric rivers
with cluster 4 from the HYSPLIT analyses (Sect. 3.3);
32.1 % of all identified atmospheric rivers at MBS are asso-
ciated with cluster 4, compared with 22.6 %, 18.2 %, 25.5 %,
and 1.5 % associated with clusters 1, 2, 3, and 5, respectively.
We would expect most atmospheric rivers to be associated
with cluster 4 as this best represents the meridional onshore
pathway typically associated with atmospheric river trans-
port to Antarctica.

It is interesting to note that the highest monthly accumu-
lation at MBS occurred in December 1989 (94.1 mm w.e. ac-
cumulation). This anomalously high monthly accumulation
was driven by two unusual atmospheric events during De-
cember 1989 that lead to both extreme precipitation and
high temperatures in the region around the MBS ice core
site (Turner et al., 2022). The first event, which occurred
around 5 December 1989, was caused by the combined im-
pacts of an atmospheric river with strong downslope winds.
This led to both extreme snowfall and high temperatures
across coastal East Antarctica (Turner et al., 2022). A sec-
ond atmospheric river impacted the region on 27-28 Decem-
ber, again resulting in anomalously high temperatures and
snowfall. Atmospheric rivers are rare across Antarctica, and
the co-occurrence of these two events in December 1989 re-
sulted in extreme accumulation for this month, observable in
the ERA-5 monthly precipitation record.

While atmospheric rivers represent an important contribu-
tion to annual snowfall across Antarctica and are frequently
associated with extreme temperature anomalies, we cannot
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readily differentiate the impacts of atmospheric rivers from
other EPEs in ice cores. Future high-resolution snow pit sam-
pling may help to quantify the magnitude of the impacts of
strong atmospheric river events on the water isotope record;
however, in the context of this work we cannot further differ-
entiate the impacts of atmospheric rivers from EPEs associ-
ated with other synoptic conditions.

3.5 Temperature anomalies

There is a strong positive temperature anomaly across Wil-
helm II Land during EPEs at MBS (Fig. 4b). In the surface
temperature field, there is a strong anomaly centred over the
MBS site, with a mean positive anomaly of +7.2 °C for the
grid cell containing the ice core site. This warm anomaly also
extends over a broad region of East Antarctica from 60 to
105° E and inland to 80° S. The temperature anomaly is as-
sociated with atmospheric blocking, which causes increased
meridional flow of warm, moist air from the mid-latitudes
to the MBS site during EPEs. This results in both positive
temperature anomalies and high accumulation.

3.5.1 Temperature bias

As accumulation from EPEs makes up ~ 50% of annual
snowfall at MBS, the impact of the warm temperature
anomalies during these events would be expected to gener-
ate a warm bias in the ice core record. Previous studies have
identified the warm bias introduced into ice core records due
to warm temperature anomalies during precipitation (Sime et
al., 2009; Casado et al., 2020; Persson et al., 2011).

We investigate the impact of EPEs on mean annual tem-
perature by deriving precipitation-weighted synthetic tem-
perature records using daily accumulation from ERA-5 and
mean daily 2m air temperature from ERA-5 (Sect. 2.2.1).
Mean annual temperature (7') for the site is calculated based
on the mean daily temperatures. To highlight the influence of
EPEs we generate three precipitation-weighted time series
based on total daily accumulation and mean daily tempera-
ture from ERA-5.

1. Ty daily temperature weighted by total daily accumu-
lation from ERA-5.

2. Tprnokp: daily temperature weighted by total daily ac-
cumulation from ERA-5 without EPEs (i.e. days identi-
fied as EPEs (daily accumulation is > 3.2mmd~!) are
set to have O mm daily accumulation).

3. Tpr-gpE: daily temperature weighted by total daily ac-
cumulation from ERA-5 with only EPEs (i.e. days
not identified as EPEs (daily accumulation is <
3.2mmd~!) are set to have 0 mm daily accumulation).

For each of the input precipitation time series (T, Tpr-noEPE,
and Tp,gpE) the precipitation-weighted mean annual temper-
ature is calculated as follows:
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where Tg,y is the daily temperature and Prg,y is the daily ac-
cumulation.

There is a warm bias for all the precipitation-weighted
time series (Tpr, Tpr-noEPE, and Tprgpe) when compared with
annual mean temperature (T') (Fig. 6). For Ty, the mean
warm bias is +4.8 0.9 °C, but there is considerable inter-
annual variability in the magnitude of the bias (interquar-
tile range = 1.1 °C). The largest warm bias occurs in 2001,
where the precipitation-weighted mean annual temperature
is +7.1 °C warmer than the mean annual temperature. Con-
versely, in 2007 the temperature bias is only +2.1°C. The
magnitude of the bias is significantly correlated with the
number of EPEs in a year (r =0.478, p = 0.002), as well
as mean annual temperature (r = 0.651, p < 0.001).

When EPEs are removed from the record (7prnoEpE), the
mean bias is reduced to +3.0 £ 0.5 °C. Importantly, the vari-
ability in the bias is also reduced, with a maximum bias in
1994 of +4.0°C, a minimum in 2007 of +2.1°C, and an
interquartile range of 0.8 °C. When only EPEs are consid-
ered, the mean bias increases to 6.7 1.3 °C and there is a
large increase in interannual variability. The maximum bias
is +10.1°C in 1989, the minimum is +3.8 °C in 2016, and
the interquartile range is 1.9 °C. Both T noepe and Tprgpg
are significantly correlated with mean annual temperature
(T) (Tpr-noEPE: r= 0.832, p < 0.001; Tpr—EPE: r= 0.467,
p =0.003). However, the correlation between Tp.gpg and
mean annual climate is weaker due to the greater interannual
variability in the bias.

3.6 Mount Brown South water isotope record

We now present the water isotope record for 4-20 m of the
MBS-Main (1979-2009) and 0-20m of the MBS-Charlie
(1979-2017) ice cores (Fig. 7), and consider how extreme
precipitation events impact the §'80 record. The ice core
water isotope record is in part a reflection of the conditions
present during deposition and will thus be biased towards
recording the climate conditions associated with precipita-
tion at MBS. Here we discuss both the impact of precipita-
tion intermittency on the §'80 record in the MBS ice core
and the particular temperature biases that occur due to EPEs.

3.6.1 The MBS 680 records

The MBS-Main and MBS-Charlie §'80 records both show
strong seasonal cycles, with enriched values during the sum-
mer months and depleted values during the winter months
(Fig. 7). The amplitudes of the cycles vary greatly from
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Table 4. Pearson’s correlation coefficient () and p values for annually averaged § 180 values from MBS-Main and MBS-Charlie; site-
averaged with mean annual temperature (7') values; and the precipitation-weighted temperature time series (Tpr, Tpr-noEPE> and Tpr-EPE)-

Significant correlations (p < 0.05) are shown in bold.

Correlation

MBS-Main §!80

MBS-Charlie §!130

Site-averaged § 18

r p r p r p
T 0.243 0.20 0.234 0.16 0.316 0.09
Tpr 0.441 0.01 0.369 0.02 0.587 < 0.001
Tpr-noEPE 0.268 0.15 0.263 0.11 0.367 0.05
Tor_EPE 0.401 0.03 0.398 0.01 0.602 <0.001
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Figure 6. (a) Mean annual temperature from ERA-5 for 1979-2016 at MBS (bold purple line) and the mean annual precipitation-weighted
temperature time series for the same period (Tp: teal line; TprnoEpE: green line; Tpr.gpE: orange line). (b) Temperature difference between

the mean annual precipitation-weighted temperature time series (Tpr: teal line;

TornoEPE: green line; Ty gpg: orange line) and mean annual

temperature. (¢) Box plot showing the temperature difference between the mean annual precipitation-weighted temperature time series (7p;:
teal box; TprnoEPE: green box; Tpr.gpE: orange box) and mean annual temperature.

year to year, with the largest-amplitude seasonal cycles be-
ing ~ 10 %o and the smallest-amplitude cycles being ~ 1 %o.
Clear seasonality is observed in both cores during certain pe-
riods (i.e. 1990-1993), and much weaker seasonality is ob-
served in other years (i.e. 1994-1999). For both records, the
most enriched §'30 values are observed in the summer of
1989/1990 (8'80 & —25 %o). The coincidence of this promi-
nent peak in both records gives confidence in the dating pro-
cess and the alignment of the two records.

As discussed earlier (Sect. 3.4), December 1989 was an
anomalous month for both accumulation and temperatures in
the MBS region (Turner et al., 2022). The co-occurrence of
two large atmospheric river events led to both strong (warm)
temperature anomalies and extreme levels of precipitation
in the region around the ice core site. This type of single
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(or compound) extreme event would be expected to lead to
strong warm biases and an overrepresentation of this extreme
event in the preserved ice core §'80 record. The unusually
enriched 8'%0 in MBS-Main and MBS-Charlie in the sum-
mer of 1989/1990 may illustrate the effect of precipitation
intermittency and EPEs on the climate signals preserved in
ice cores from this site.

3.6.2 Correlation with temperature

To investigate the relationship between temperature, extreme
precipitation events, and the water isotope records from
both MBS-Main and MBS-Charlie, we compare the annu-
ally averaged (January—December) 8'80 record with mean
annual temperature at the ice core site from ERA-5 and
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Figure 7. Ice core 8180 profiles from MBS-Main for 1979-2008 (purple) and MBS-Charlie for 1979-2016 (green) at monthly resolution.
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Figure 8. Annually averaged 8180 from MBS-Main (solid black line) and MBS-Charlie (dashed black line) and (a) mean annual temperature
(T'; purple line); (b) precipitation-weighted temperature (7pr; teal line); (¢) precipitation-weighted temperature with accumulation from EPEs
removed (Tpr-noEPE; green line); and (d) precipitation-weighted temperature based only on accumulation from EPEs (Tpr-gpE; orange line).
All temperature time series are constructed using daily mean temperature and total daily precipitation from ERA-5. Pearson’s correlation
coefficients (r) for MBS-Main and MBS-Charlie with the temperature time series are shown for each panel, with significant correlations

(p < 0.05) shown in bold.

the precipitation-weighted mean annual temperature records
generated in Sect. 3.5 (T, TprnoEPE, and Tprgpg; Fig. 8).
There is no significant correlation between mean annual
temperature and mean annual §'80 for both the MBS-Main
and MBS-Charlie cores (MBS-Main: r = 0.24, p =0.20;
MBS-Charlie: r =0.23, p = 0.16; Fig. 8a, Table 4). How-
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ever, a strong positive correlation emerges when the ice cores
records are compared with the precipitation-weighted mean
annual temperature, Ty (MBS-Main: r =0.44, p =0.01;
MBS-Charlie: r =0.37, p =0.02; Fig. 8b, Table 4). This
demonstrates the improved climate relationships that can be
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obtained when taking the influence of precipitation intermit-
tency on ice core §'30 into account.

The impact of EPEs on the preserved 8'30 record at the
MBS ice core site is further highlighted by the relationships
between the ice cores and the precipitation-weighted mean
annual temperatures without EPEs (TprnorpE; Fig. 8c) and
with only EPEs (T-gpg; Fig. 8d). Where EPEs are removed
from the precipitation record (Tpr-nogpg), We find that there
is no correlation between the precipitation-weighted mean
annual temperature (MBS-Main: r = 0.27, p =0.15; MBS-
Charlie: r =0.27, p =0.11). Conversely, when only EPEs
are considered (7pr-gpE), we find that there is a strong positive
correlation (MBS-Main: r = 0.40, p = 0.03; MBS-Charlie:
r =0.40, p =0.01).

The observed relationships between the MBS 680
records and the different weighted temperature records high-
light the dominant influence of EPEs on the ice core records
at this site. Interannual variability in both MBS-Main and
MBS-Charlie is not significantly related to the mean annual
temperature time series where the influences of EPEs are not
considered (7" and TprnoepE)- In contrast, the ice core s180
records show strong relationships with the temperature time
series that include weighting for EPEs (T} and Tp,rgpg). At
this location, EPEs account for approximately 50 % of to-
tal annual accumulation (see Sect. 3.1). Removal of the EPE
portion of the accumulation record (i.e. TprnopE) results in
no significant relationship between §'80 and the local cli-
mate. However, removal of the remaining ~ 50 % of the to-
tal annual accumulation (i.e. events not identified as EPEs;
i.e. Tpr.gpe) does not reduce the relationship between 8180
and the local climate. This highlights that at this location, the
8180 record preserved in the ice cores is most strongly rep-
resentative of the synoptic conditions present during EPEs,
rather than mean annual climate conditions or the climate
conditions present during smaller snowfall events. In other
words, it is not simply precipitation intermittency that deter-
mines the interannual climate record preserved at this site,
but it is instead the role of EPEs in precipitation intermit-
tency that dominates this influence.

3.6.3 Signal bias from EPEs

Including EPEs in the precipitation-weighted temperature
records results in greater interannual variability in the magni-
tude of the temperature bias (Sect. 3.5.1). For the interpreta-
tion of water isotopes as a temperature proxy, the interannual
variability in the magnitude of the bias represents a source
of “noise” around the true temperature signal. Increasing the
amplitude of that noise decreases the “signal-to-noise” ratio
in the ice core 8§30 records, which reduces the timescales
at which a temperature signal is retrievable from an ice core
record (Casado et al., 2020; Sime et al., 2009; Miinch et al.,
2021). The greater interannual variability in the temperature
bias associated with T}, and Tpr.gpe compared t0 TprnoEPE
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highlights that much of the variability in the bias is due to
interannual variability in EPEs at this site.

Given the strong propensity of §'30 at this site to capture
the climate conditions during extreme events, rather than the
mean climate, caution must be taken when interpreting in-
terannual variations in §'30 purely as an indicator of mean
temperature variability. Both increased numbers of EPE in
a year and increased intensity of individual events may lead
to enrichment of §'80 unrelated to an increase in the mean
annual temperature.

However, knowing that EPEs play a strong role in de-
termining interannual §'80 variability means that more in-
formed climate interpretations can be made. Large-scale
modes of climate variability, such as the Southern Annular
Mode (SAM) or the El Nifio—Southern Oscillation (ENSO)
have been demonstrated to influence the number of EPEs
across different regions of Antarctica (Turner et al., 2019).
For example, in much of East Antarctica negative phases
of the SAM are associated with an increase in EPEs dur-
ing the autumn (Turner et al., 2019). The relationship be-
tween large-scale modes of climate variability and synoptic-
scale EPEs, as well as the enrichment of §180 associated with
these extreme events, provides a mechanism where enhanced
signals of interannual climate variability may be preserved
in Antarctic ice cores through the biases induced by EPE
events, even though these precipitation biases reduce the fi-
delity for reconstructing purely past temperature.

3.6.4 Additional sources of noise

In this paper we have focussed primarily on one source of
noise in §'30 in the MBS ice cores — the biases introduced
by EPEs. However, there are many additional factors that can
introduce noise to the ice core record, thereby further reduc-
ing the relationship with local climate. Stratigraphic noise is
a broad term used to describe the many different physical
processes that can alter the snow isotopic composition in the
surface layers (Fisher et al., 1985). This includes blowing of
surface snow (Groot Zwaaftink et al., 2013), leading to redis-
tribution of the surface layers, sublimation and condensation
(Casado et al., 2016; Ritter et al., 2016), and metamorphism
of the surface snow (Casado et al., 2018).

Stratigraphic noise impacts ice core records over differ-
ent spatial scales to that of precipitation intermittency or —
more specifically — the biases resulting from EPEs (Miinch et
al., 2016). Precipitation intermittency introduces noise into
ice core records at a broad spatial scale, with an estimated
decorrelation scale of ~ 300-500km (Miinch and Laepple,
2018). Conversely, stratigraphic noise has a much more lo-
calised impact, with decorrelation scales of < 5 m (Miinch et
al., 2016) resulting in a decorrelation between replica cores
from the same site. The two ice cores discussed in this study
(MBS-Main and MBS-Charlie) are located 94 m apart, in-
dicating that while they are similarly affected by noise from
precipitation intermittency and EPEs, stratigraphic noise will
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affect each core differently, thereby reducing the correlation
between the records.

A reduction in stratigraphic noise can be achieved by core
replication at a single site. At the MBS ice core site, deriv-
ing a site-averaged 8'30 record from the MBS-Main and
MBS-Charlie records improved the correlation with local
climate for all of our synthetic temperature time series (7,
Tor, TprnoepE, and Tprgpg). The correlations with both T
and TprnoEpE improve but are still non-significant at the o« =
0.05 significance level (T: r =0.316, p =0.09; TyrnoEpE:
r =367, p =0.05). The correlation between site-averaged
8180 and Tpr and T gpg also improve relative to the indi-
vidual cores (Tp;: ¥ = 0.587, p < 0.001; Tyrgpg: r = 0.602,
p < 0.001). This again emphasises the strong relationship
between §'80 at this site and the conditions present during
EPEs and also demonstrates that stratigraphic noise plays
a lesser role than precipitation intermittency in biassing the
8180 signals preserved at the MBS site.

It is also important to note that water isotopes do not sim-
ply reflect site conditions during precipitation but are instead
an integration of all of the fractionation processes through-
out the history of the water mass. This means the final §'30
recorded in the ice core reflects a broad range of parame-
ters, including source conditions, transportation pathways,
and rainout. Accumulation from EPEs is associated with
more consistent synoptic conditions and transportation path-
ways than accumulation from smaller events (see Sects. 3.2.2
and 3.3). This may help to enforce the relationship between
8180 in the ice cores and the climate conditions during EPEs
where moisture is sourced from ocean regions to the north
of the site (Fig. 5a), although further modelling of §'80 with
consideration for transportation histories would be needed to
fully understand this relationship.

4 Conclusions

This study has used a combination of ice core data and re-
analysis products to understand how precipitation intermit-
tency impacts the temperature records preserved in an East
Antarctic ice core. Accumulation at the Mount Brown South
ice core site is not constant and continuous but instead shows
clear seasonality and interannual variability. Much of this
variability can be explained by variability in extreme pre-
cipitation events, i.e. days where daily accumulation exceeds
3.2mmd~! (water equivalent). There is a greater occurrence
of extreme accumulation events during the austral winter
months (May—June), which also coincides with the highest
monthly mean accumulation. Much of the interannual vari-
ability in accumulation is also caused by variability in EPEs.
We found that years with a greater number of EPEs also have
higher annual accumulation than those with fewer events. Al-
though EPEs only occur on 6.0 % days each year on average,
they account for around 51.5 % of annual snowfall, and thus

https://doi.org/10.5194/cp-19-1653-2023

the synoptic conditions associated with extreme snowfall are
overrepresented in the MBS ice core.

Extreme events tend to be associated with strong merid-
ional transport driven by large blocking highs to the east
of the MBS ice core site, which can be identified in mean
500 hPa geopotential heights. Precipitation during the sum-
mer months, both from extreme events and total accumula-
tion is positively correlated with atmospheric blocking. Dur-
ing the winter months, there is a weaker association between
extreme events and blocking; however, blocking still plays
an important role in the total accumulation. Investigation into
back-trajectories associated with extreme events using HY S-
PLIT further confirms that precipitation during these events
is more frequently associated with direct transport from the
mid-latitude Indian Ocean to the ice core site.

The increase in meridional flow during extreme events is
associated with direct transport of warmer air masses from
the mid-latitudes to the ice core site, meaning that extreme
precipitation is also associated with a strong positive temper-
ature anomaly. There is a mean surface temperature anomaly
of +7.2°C during EPEs at the MBS site. Water isotopic
records in ice cores are principally an archive of the climate
conditions during precipitation. A consequence of this is that
the mean annual isotopic composition of the ice core records
is not representative of a mean annual temperature but in-
stead reflects the temperature during snowfall events.

The water isotope record in both MBS-Main and MBS-
Charlie is not significantly correlated to mean annual tem-
perature at the MBS site. However, /80 in both MBS-
Main and MBS-Charlie is positively correlated with the
precipitation-weighted mean annual temperature. The rela-
tionship between §'80 in the ice cores and extreme events is
further highlighted by removing precipitation from extreme
events from the precipitation-weighted temperature record,
which results in no correlation with §'80. Conversely, a
precipitation-weighted temperature record based only on ac-
cumulation from extreme events results in a positive correla-
tion with 8'80. These results highlight that interannual vari-
ability in the §'80 signal preserved in the ice core records at
this site is strongly controlled by the synoptic conditions that
persist during EPEs rather than precipitation intermittency
alone.

Extreme snowfall events at the MBS site are frequently as-
sociated with moisture trajectories originating in the south-
ern Indian Ocean. This region is of particular interest due
to the strong teleconnections with Australian hydroclimate
and emerging evidence for potential climate-driven changes
in the East Antarctic Ice Sheet (Stokes et al., 2022). How-
ever, long-term records of the climate variability in this re-
gion are sparse. The full MBS ice core record, covering more
than 1000 years, will be a valuable addition to providing a
long-term perspective on climate variability and change in
the southern Indian Ocean and coastal East Antarctica. It will
also be a valuable addition to global scientific efforts. One
of the key priorities in ice core research is to expand and
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develop current networks of temperature and hydroclimate
records for the Common Era (IPICS, 2015). Improved spatial
distribution of these records will allow for regionally specific
details and processes to be reconstructed, giving greater con-
text to global climate changes.

Appendix A: Climatology of the Mount Brown South
ice core site in East Antarctica: implications for the
interpretation of a water isotope record
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Figure A1. Violin plots showing monthly accumulation from RACMO2.3p2 of 1979-2016 (blue), MARvV3.9 of 1981-2018 (yellow), and
ERA-5 of 1979-2020 (green). Mean monthly values are indicated by an asterisk.
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Figure A2. Comparison of mean monthly temperatures from an automated weather station located on Mount Brown, 19 km from the MBS
drill site (dashed line), and mean monthly 2 m air temperatures for the grid cell encompassing the MBS drill site from ERA-5 (solid line).
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Figure A3. Mean 500 hPa geopotential height anomaly for all EPE days identified using ERA-5 from 1979 to 2016 for each season (DJF,
MAM, JJA, SON) relative to the seasonal mean from ERA-5. Grey bars indicate the regions between which the blocking index is calculated.

Table A1. Pearson’s correlation coefficient (r) for different accumulation (RACMO2.3p2 and ERA-5) and surface mass balance products
(MARV3.9).

RACMO2.3p2 MARv39 ERA-5

RACMO2.3p2 0.87 0.95
MARV3.9 0.89

Table A2. Percentage of days associated with each synoptic type from 1979 to 2016 from Udy et al. (2021). Days are filtered to only include
days where an extreme precipitation day is identified. The threshold for EPE events is set at the 90th, 95th, and 99th percentile.

Self-organising maps synoptic type

EPE No.of SOM1 SOM2 SOM3 SOM4 SOMS5 SOM6 SOM7 SOM8 SOM9
threshold days

90th 897 352% 119% 141% 82% 75% 30% 11.6% 20% 65%
95th 449 423% 91% 143% 68% 66% 23% 11.1% 09% 6.6%
99th 90 557% 5.7 % 91% 34% 8.0% 1.1% 114% 0% 57%
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Figure A4. Mean 500hPa geopotential height anomaly using data from NCEP-NCAR for each cluster identified by HYSPLIT back-
trajectory analysis. The left column shows mean anomalies for all days in each cluster, while the right column shows the anomalies only for
days identified as EPEs using ERA-5 from 1979 to 2016.
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Data availability. The datasets used in this study are avail-
able online from the following locations: temperature
and geopotential height data from ERA-5 are available at
https://doi.org/10.24381/cds.adbb2d47 (Hersbach et al., 2023a)
and https://doi.org/10.24381/cds.bd0915¢6 (Hersbach et al.,
2023b); geopotential height data from NCEP-NCAR are avail-
able in Kalnay et al. (1996); daily precipitation amounts from
RACMO2.3p2 are available at https://doi.org/10.5285/bbf12a6f-
7d97-4951-9bd1-e4224¢2abac9 (van de Berg et al., 2019);
surface mass balance data from MARV3.9 are available at
https://doi.org/10.5281/zenodo.5195636 (Kittel et al., 2020); Mount
Brown South Automated Weather Station temperature data are
available at https://data.aad.gov.au/metadata/records/antarctic_aws
(Allison and Heil, 2001); the atmospheric river catalogue
is available at https://doi.org/10.26024/rawv-yx53 (NCAR,
2023); the daily synoptic typing dataset for the southern Indian
Ocean is available at https://doi.org/10.4225/15/58eedf00d78fe
(Udy et al., 2020); and the Mount Brown South ice core
record accumulation data and dating dataset are available at
https://doi.org/10.4225/15/58eedf6812621 (Crockart, 2021).
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