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Abstract

We investigate the spatial and temporal variability of extreme precipitation events (EPEs) in the Dronning Maud Land (DML)
sector of Antarctica using high-resolution ECMWEF ERADB reanalysis data. This study examines the spatial occurrence of EPEs
across DML, focusing particularly on six locations spanning the coastal and interior parts of the area. The largest snowfall
amounts are usually found on eastward-facing slopes in the coastal zone. EPEs occur predominantly in north-easterly to
easterly flows, leading to enhanced precipitation on the windward side of the orographic features with a steep gradient. Wind
during EPEs was found to be more directionally consistent in the coastal area than in the interior. An east-west couplet of a
mid-tropospheric ridge and low-pressure center is essential for steering warm moist maritime airmasses into the DML region
before EPEs. Approximately 40% of EPEs result from atmospheric rivers (ARs), narrow bands of moist air originating at
subtropical latitudes, which provide the greatest daily precipitation amounts. From 1979 to 2018, much of the DML experienced
a statistically significant (p < 0.05) increase in the number of EPEs per year, along with increased precipitation from the EPEs.
These trends were associated with significant changes in moisture availability and poleward meridional winds in the Atlantic
sector of the Southern Ocean. The inter-annual variability in the number of EPEs is primarily dictated by regional atmospheric

variability, while the influence of the Southern Oscillation Index and Southern Annular Mode is limited.
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Key Points:
e Spatial distribution of extreme precipitation events is linked to the complex orography of the

Dronning Maud Land sector of Antarctica.

e Interannual variability of extreme precipitation events is controlled by blocking high-pressure

systems north of the location.

e Increased moisture content and poleward winds in the south Atlantic Ocean contributed to

increasing trend in high-precipitating days.
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Abstract

We investigate the spatial and temporal variability of extreme precipitation events (EPEs) in the Dronning
Maud Land (DML) sector of Antarctica using high-resolution ECMWF ERAS reanalysis data. This study
examines the spatial occurrence of EPEs across DML, focusing particularly on six locations spanning the
coastal and interior parts of the area. The largest snowfall amounts are usually found on eastward-facing
slopes in the coastal zone. EPEs occur predominantly in north-easterly to easterly flows, leading to
enhanced precipitation on the windward side of the orographic features with a steep gradient. Wind
during EPEs was found to be more directionally consistent in the coastal area than in the interior. An east-
west couplet of a mid-tropospheric ridge and low-pressure center is essential for steering warm moist
maritime airmasses into the DML region before EPEs. Approximately 40% of EPEs result from
atmospheric rivers (ARs), narrow bands of moist air originating at subtropical latitudes, which provide the
greatest daily precipitation amounts. From 1979 to 2018, much of the DML experienced a statistically
significant (p < 0.05) increase in the number of EPEs per year, along with increased precipitation from the
EPEs. These trends were associated with significant changes in moisture availability and poleward
meridional winds in the Atlantic sector of the Southern Ocean. The inter-annual variability in the number
of EPEs is primarily dictated by regional atmospheric variability, while the influence of the Southern

Oscillation Index and Southern Annular Mode is limited.

Plain Language Summary

Extreme precipitation events are severe weather conditions that cause unusually large amounts of rain or
snow, leading to natural disasters. In Antarctica, a substantial proportion of precipitation comes from
these high-magnitude precipitation events and they control the year-to-year variability in annual total
precipitation, particularly in the coastal region. These events have a significant impact on different aspects

of the Antarctic climate system and can make anomalous changes in meteorological parameters. We
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investigate the influence of these extreme events over the Dronning Maud Land (DML) region of
Antarctica and show that the terrain of the region plays a significant role in their distribution. We found
that most of these events are caused by the combined influence of low-pressure cyclones and
anticyclones, which aids moisture transport to the region. The strong, long, and narrow bands of moisture
transport called atmospheric rivers (ARs), from far north of the region, are involved in over 40% of EPEs.
Over recent decades, there has been an increasing trend in the occurrence of these high precipitating days,
which is associated with increased moisture content and favorable winds in the South Atlantic sector of

the Southern Ocean, north of Antarctica.

1. Introduction

Most of the Earth’s ice is located in the Antarctic ice sheet, which is susceptible to climate change
and the mass loss that results in sea level change (Church et al., 2001; Pritchard et al., 2012). The balance
between precipitation input, net evaporation, drifting snow, and melt-water runoff determines the
Antarctic continent's surface mass balance (Bromwich, 1988; Rignot et al., 2019). Therefore, precipitation
over Antarctica is a crucial factor affecting the ice sheet's dynamics and growth, which mitigates sea level
rise (Lenaerts et al., 2013; Medley & Thomas, 2019). The projected increase in Antarctic precipitation
under increasing greenhouse gas concentration scenarios during the twenty-first century (Genthon et al.,
2009) highlights the significance of understanding the processes involved in precipitation formation and
its spatial, and temporal distribution in Antarctica (Souverijns et al., 2018).

The frequency and magnitude of precipitation over Antarctica differ substantially from coast to
inland, with extremely small quantities of clear sky precipitation falling from thin, isolated clouds or a
seemingly clear sky in inland locations. In contrast, snowfall near the coast is episodic and often consists
of large precipitation amounts (Bromwich, 1988). These infrequent heavy precipitation episodes have

high seasonal and interannual variability and contribute significantly to the annual total of precipitation in
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just a few days (Gorodetskaya et al., 2014; Turner et al., 2019). Extreme Precipitation Events (EPEs) are
infrequent and often defined as days above a particular threshold calculated from the long-term time
series of precipitation (Schlosser, Manning, et al., 2010; Yu et al., 2018). The isotope records from ice
cores are affected by the seasonality and intermittent nature of these occurrences (Miinch et al., 2017;
Miinch & Laepple, 2018; Zuhr et al., 2021). Thus, an improved understanding of the variability and
seasonality of EPEs, the atmospheric processes underlying them, moisture transport and mechanism, and
changes in atmospheric parameters at the deposition location, are required for improved reconstruction of
historical climatic records from ice cores (Noone et al., 1999; Turner et al., 2019). The synoptic patterns
and features of high precipitation events have been studied for different regions of Antarctica, such as the
coastal region of the Antarctic Peninsula (Gonzalez-Herrero et al., 2023; Turner et al., 1995, 1997) ,
Amundsen Sea Embayment (Swetha Chittella et al., 2022), Ross Sea (Markle et al., 2012; Sinclair et al.,
2010), Prydz Bay region (Yu et al., 2018) and in the interior, such as Dome C and Kohnen Station in
Dronning Maud Land (DML) (Birnbaum et al., 2006; Schlosser, Manning, et al., 2010).

The DML is the region between 20°W and 45°E in East Antarctica, situated mainly south of the
Atlantic Ocean, and is characterised by steep orography, particularly near the coast (Rotschky et al.,
2007). Snow distribution in DML is strongly related to orographic features and wind-driven sublimation
and redistribution on the grounded ice sheet (Reijmer et al., 2004; Thiery et al., 2012). Coastal DML is
prone to intermittent and intense EPEs, which significantly contribute to more than half (50%) of annual
total precipitation in a few days each year (Reijmer & Broeke, 2003; Turner et al., 2019). Due to the
importance of DML as a location for numerous ice core drilling programmes (such as the European
Project for Ice Coring in Antarctica (EPICA)), several studies have examined the pattern and distribution
of precipitation over the region (Birnbaum et al., 2006; Noone et al., 1999; Schlosser, Powers, et al.,
2010; Welker et al., 2014). Some studies (Gorodetskaya et al., 2014; Lenaerts et al., 2013; Schlosser et

al., 2016) examined the characteristics of anomalous high precipitation years, while others (Noone et al.,
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1999; Schlosser, Powers, et al., 2010) studied the detailed occurrence of these events using case studies
based on available high-resolution model and reanalysis data. In terms of the availability of in-situ
observations, the majority of the research spans just a few years (Birnbaum et al., 2006; Reijmer &
Broeke, 2003; Schlosser, Manning, et al., 2010), and only a few studies (Welker et al., 2014) used a
climatological approach to examine high precipitation episodes. The anomalous nature of the winds and
temperature during EPEs have been reported in several studies (Reijmer & Broeke, 2001; Servettaz et al.,
2020). The dispersal of precipitated snow, also known as drifting or blowing snow, is primarily
influenced by the strong winds during precipitation episodes (Bromwich et al., 2004; Lenaerts & van den
Broeke, 2012). The region's orography substantially influences the wind direction and speed, affecting
snow distribution during precipitation events (Lenaerts et al., 2012). During EPEs, the surface
temperature also exhibits unusual shifts and rapid fluctuations (Turner et al., 2022), which is due to the
changes in longwave radiation flux driven by cloud cover, atmospheric blocking episodes, and warm
airmasses moving over high orography (Hirasawa et al., 2000; Schlosser, Manning, et al., 2010; Turner et
al., 2021).

Recent studies have shown that atmospheric rivers (ARs), which are long, narrow bands of
intense horizontal water vapour transport, can bring significant amounts of moisture to DML and are
responsible for 20—40% of the region's annual precipitation total (Gorodetskaya et al., 2014; Wille et al.,
2021). These bands frequently originate in the tropics or subtropics and then extend southward, carrying
large quantities of water vapour (Ralph et al., 2004; Zhu & Newell, 1998). Due to the significant
intrusions of warm moist air, ARs landfalling in coastal Antarctica contribute to heavy snowfall,
accounting for about 70% to 80% of the surface mass balance (SMB) and also affect melt processes in the
ice sheet (Bozkurt et al., 2018; Gorodetskaya et al., 2014; Wille et al., 2019). Wille et al. (2021), in their
Antarctic-wide climatological analysis of ARs from 1980-2018, showed a significant increase in the

number of ARs across DML. During a two-year period from 2009-2011, exceptional AR activity
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accounted for 74-80% of total accumulated snowfall around Princess Elizabeth Station in DML and
caused a strongly positive regional SMB signal (Gorodetskaya et al., 2014). In addition, this region is
more prone to short-lived EPE events than precipitation generated by cyclonic activity (Turner et al.,
2019; Wille et al., 2021). The expected warming climate will lead to an increase in the atmospheric
saturation vapour pressure and moisture, and ARs will have a more significant snowfall potential over
coastal Antarctica with local orographic interaction (Dalaiden et al., 2020; Wille et al., 2021).

In this study, we use high-resolution reanalysis data from European Centre for Medium-range
Weather Forecasts (ECMWF) to examine the spatial and temporal variability of EPEs over the DML
region for the 40-year period (1979-2018). Since DML is an area with complex orography characterised
by steep mountains and nunataks (Rotschky et al., 2007), it is essential to examine how the orography
influences the occurrence and distribution of EPEs in the area. This study examines the spatial changes in
2-m temperature and 10-m wind during EPEs and compares them with climatological values. To further
understand the spatial variability of EPEs in the coastal and inland regions, we focus on six locations (see
Table 1) that represent both low-elevation coastal locations (altitude < 2000 m) and the high-altitude
interior, East Antarctic Plateau (EAP) region (altitude > 2000 m). The latter are also sites of high-
resolution ice core records and are available for future data-proxy comparison. We analyse the interannual
and seasonal variability of EPEs occurrence, the factors controlling this variability, and the synoptic
environment in which they occur. We also consider the spatial trend of EPE days and the contribution

from ARs to EPEs over the selected locations to identify their regional differences.
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2. Data and Methods

2.1. ERAS

The fifth generation ECMWF Reanalysis (ERAS) is the latest global reanalysis of the atmosphere created
by the ECMWF. It has a horizontal resolution of 0.25° x 0.25° and fields are available every hour
(Hersbach et al., 2020). ERAS shows the best performance in terms of precipitation and other near-
surface parameters over Antarctica when compared to other reanalysis (Gossart et al., 2019; Tetzner et al.,
2019). Although ERAS exhibits a slight underestimation (10-15%) in some regions compared to in-situ
observations in terms of capturing the frequency of precipitation events, ERAS is still the best available
high-resolution data for a climatological study (1979-2018) of extremes in Antarctica. Surface and upper-
level data from the ERAS reanalysis were employed in this work, including the 10-m wind components,
2-m temperature, integrated water vapour transport components, mean sea level pressure (MSLP), and

geopotential height at 500 hPa.

2.2. Identification of EPEs

EPEs over Antarctica were identified using a threshold criteria. In most studies, the threshold value is
taken as either a high percentile value (Turner et al., 2019; Welker et al., 2014; Yu et al., 2018) or twice
the standard deviation plus the average value (Schlosser, Manning, et al., 2010) of the entire time series.
In this study, an EPE day is defined as a precipitation day (precipitation > 0.02 mm) with daily total
precipitation greater than the 95th percentile at each location, based on a 40-year climatology. Spatial
variability in the 95th percentile values was also analysed to understand the influence of complex
orography on precipitation distribution.

By applying the 95th percentile threshold criteria to the time series of precipitation at each grid point for

the 40-year study period, variables such as precipitation, 2-m temperature, 10-m wind during EPE days,
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and the spatial pattern of the total number of EPE days, were found for each latitude-longitude grid point
over the region. Daily anomalies in this study were calculated using the mean value for each day for the
climatological period 1979-2018 for temperature, MSLP and geopotential height at 500 hPa.

We employed a number of techniques, including composite anomaly analysis of MSLP and Empirical
Orthogonal Function (EOF) applied to geopotential height anomalies at 500 hPa during EPE days
(Grotjahn et al., 2016; Yu et al., 2018) to analyse the synoptic patterns during EPEs. EOF analysis of
atmospheric variables during EPEs produces a set of modes that can explain the synoptic pattern on EPE
days. We utilised the non-parametric Mann-Kendall (MK) statistical test (Kendall, 1975; Mann, 1945) on

the 40-year yearly time series for each grid point to assess the significant trend over the region.

2.3. Directional constancy of wind

Directional constancy (dc) is a technique used to identify the persistent wind direction in a given area. To
determine directional constancy during EPE days, we compared wind constancy during these events to
directional constancy across the region. Directional constancy is calculated by taking the ratio of the
vector-averaged wind speed to the mean wind speed at a height of 10 m (Bromwich, 1989; Ettema et al.,
2010). If dc equals 1, the wind direction remains constant, whereas a dc value of zero indicates that the
near-surface wind direction is random over time.

@ +7°)2
- (uz + v2)1/2

dc

Where u and v are the horizontal components of the 10 m wind.
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2.4. AR detection criteria

The AR detection algorithm described by Wille et al. (2021) was used in this study. This algorithm
detects the anomalously high (>98™ percentile) meridional integrated water vapour transport (VIVT)
occurrences every three hours between 37.5°S and 85°S. An AR is defined as a continuous, long, narrow
band of high IVT values with meridional extent of at least 20 degrees. Although the detection algorithm
(Wille et al., 2021) uses both integrated water vapour (IWV) and vIVT for AR detection, this study only
uses the vIVT values for AR detection because adding meridional wind speed component reflects the
dynamical process that leads to snowfall generation (Wille et al., 2021). To quantify the AR contribution
of EPEs, we have used the AR landfall dates detected by this algorithm. We compared these dates with

EPE occurrence dates over six selected coastal and inland locations.

3. Results and discussion

3.1. Spatial distribution of EPEs and their characteristics

3.1.1.Precipitation pattern and the complex orography of DML

Figure 1 depicts the characteristics and distribution of precipitation during EPE days compared to the
annual mean values, it also shows the elevation contours across DML and the regions with closer
contours highlight the steep orographic gradient locations. The annual mean precipitation is high near the
coast, but decreases inland (figure 1a). The complex orography of the area has a significant impact on the
distribution of precipitation with distinctive features such as ice rises, ice shelves over the coastal areas
and the nunataks, mountain ranges, and glacial valleys with steep gradients over the inland region all are

being important (Bromwich, 1988; Rotschky et al., 2007; Schlosser et al., 2008). The precipitation
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distribution has alternate maximum and minimum values occurring near these coastal orographic features
with maximum precipitation found on steep east-facing slopes. The ice shelves, especially the ice rise
area near 35°E and 5°W, show the largest values in the spatial distribution of precipitation. Further inland,
the Antarctic ice sheet's elevation rises to around 3700-4000 m above mean sea level and has a dome-
shaped form. The lack of moisture and presence of dry katabatic winds lead to much lower precipitation
values over these inland regions. Figure 1b shows the annual mean precipitation from EPEs and when
comparing to climatological yearly mean precipitation, it shows a similar distribution pattern with a
considerable difference in magnitude. This implies that these top 5% precipitation events (EPEs) have a
significant role in spatial distribution of total annual precipitation. The precipitation over the continent's
interior comes mainly from clear sky precipitation, and the contribution from EPEs is less over these
regions due to the infrequent warm air intrusions from ocean regions. The largest 1-day precipitation at
each grid point (figure 1¢) demonstrates the landfall of these single-day events on the windward side of
these orographic features despite the variable orography of the coastal region. EPEs with 70—80 mm/day
of precipitation occur close to these orographic features due to the presence of steep slopes that regulate
the orographic uplift of warm moist airmass from low latitudes (Welker et al., 2014). The contribution
from EPEs (figure 1d) to the total annual precipitation shows that the maximum values are found a little
farther southward (around 72°S). The contribution is more significant near orographic features with steep
gradients along the coast than in the vicinity of ice shelves and ice rises. The main cause of this spatial
variability between near steep-gradient and near coastal orographic features is the landfall of severe
precipitation episodes. Overall, the EPEs thus contribute roughly 35—40% of the total annual precipitation
and the maximum impact of EPEs can be seen in the region with steep orographic gradient. The
contribution of EPEs to total annual precipitation declines further inland from the coast following the

region's orography.
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Precipitation and DML topography

Annual precipitation from EPEs
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220 Figure 1. (a) Annual mean precipitation (b) annual mean precipitation from EPEs (c) largest precipitation values at
221 each grid (d) percentage contribution to annual total precipitation from EPEs over DML. All the figures are

222  overlayed by the topography of DML from ERAS5 data at 200m contours.
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3.1.2.Spatial distribution and variability in the total number of EPE days

To identify the regional differences in the number of high precipitating days and compare its relation to
the precipitation distribution from EPEs, we have analysed the total number of EPE days at each grid
points over the study region. The spatial distribution of the total number of EPE days (figure 2a) overlaid
by elevation contours and wind vectors during EPEs illustrates the interaction of wind flow with the
region's complex orography. The spatial variability in the number of EPE days has a pattern with high
values over the ocean, coastal, and steep gradient high elevation locations over the interior, and low
values on the leeward side of these coastal and inland high orographic regions (leeward side with respect
to wind vectors during EPEs). The frequent interaction of easterly to north-easterly winds with these high
orographic regions, which often transport sufficient moisture from the ocean during EPEs, can be linked
to regional differences in EPE days across these orographic features. Owing to the substantial intrusion
and interaction of moisture with these steep gradient regions and the resulting high magnitude
precipitation from EPEs, inland regions (around 71°S to 72°S) with a steep ice sheet elevation gradient
exhibit more EPE days. Due to the lack of these intense precipitation occurrences, the leeward side of
these inland high orographic regions have a minimum number of EPE days. Dry downslope winds with
northerly to north-easterly directions predominate over these areas during the EPEs. Recent case studies
(Gehring et al., 2022; Terpstra et al., 2021) demonstrate the impact of heavy precipitation episodes on the
complex terrain of coastal Antarctica and highlighted the importance of the orientation and local
processes associated with coastal orography in determining the spatial and temporal distribution of

precipitation and snowfall microphysics.
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bins of precipitation values at the x-axis and frequency of days in the log scale on the y-axis. Locations selected are
(b) Ocean, (c) coastal, (d) lee side of coastal, (e) steep topographic region, (f) high topographic region inland (g) lee
side of the high topographic region. The red dotted vertical line shows the value of the EPE threshold (95"

percentile).

The frequency distributions of daily precipitation amount from six sites extending from the ocean
to the interior with varying numbers of EPE days, is illustrated for a detailed analysis of the range of
precipitation values. The distribution is skewed towards the right, with large extreme values found at the
tail of the distribution. Locations with a longer tail, or greater separation between the threshold (95th
percentile) value and the maximum precipitation, exhibit a more extreme distribution. The ocean and
coastal regions (figure 2b, 2¢) share a similar 95th percentile value of precipitation. These areas receive
frequent precipitation occurrences and a substantial number of days with heavy precipitation. The highest
EPE threshold (95™ percentile) value among selected points was found on the leeward side of coastal
orographic regions (figure 2d), indicating that these areas are prone to frequent events with high
precipitation. However, near steep orographic regions (figure 2e), the positively skewed long-tailed
precipitation distribution shows a strong extreme nature with a lower threshold value than lee side coastal
regions. Although the highest precipitation values in both regions (coastal lee side and near steep
orographic regions) are comparable, the 95th percentile values varied based on the presence of extreme
values (outliers), the shape of the distribution and the spread of values in the two distributions. A smaller
95th percentile value and more EPE days implies that the precipitation events with large (small)
magnitude are more frequent (less frequent) near these steep-orographic regions. High orographic regions
inland (figure 2f) also have more EPE days. Maximum precipitation of 5-6 mm per day is seen over these
high interior regions, suggesting that moist airmasses reach far inland and cause many EPEs. The lee-
sides of these inland high topographic regions (figure 2g) represent the inland precipitation pattern with a

small precipitation magnitude and a less extreme distribution. Although clear sky precipitation or
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‘diamond dust’ dominates these regions, some precipitation events with a daily precipitation total of 3
mm per day occur. The windward slope of coastal orographic and inland steep-gradient regions has a
more extreme nature in precipitation distributions, which depends on the wind pattern and interaction of

warm moist airmass from the ocean.

3.1.3.The meteorological environment during EPEs

3.1.3.1. Surface winds

The wind speed, directional constancy and comparison with the annual climatology reveals that the
direction and speed of the wind during EPEs and the annual mean wind differ noticeably (figure 3). The
mean annual wind (figure 3a) is characterised by strong downslope katabatic flow from the high elevation
interior, with southerly to south-easterly winds along the coast and particularly over the region 15°E to
45°E with wind speeds up to 12-15 m/s. Compared to the interior high-elevation region, where wind
direction is less consistent, the coastal area has directional consistency close to 0.95 (figure 3b). However,
during EPEs (figure 3¢, 3d), strong coastal easterlies interact with the complex orography, occurring
under remarkably consistent patterns over most of the coastal regions (dc >0.95). Strong coastal easterlies
and north-easterlies take the place of katabatic winds during EPEs, causing a warm, moist airmasses to be
advected from the ocean. These winds have an average windspeed of >10 m/s, which is considered the
threshold value for the blowing snow effect in the Antarctic ice sheet (King & Turner, 1997), especially
over the coastal regions. This suggests that blowing snow can be expected during EPEs over the coastal
region and that the orography influences wind speed distribution. High wind speeds during these
precipitation events can affect post-depositional processes, including erosion, drift, vertical mixing, and
blowing snow, all of which can affect the ice core proxy records (Fisher et al., 1985; Karlof et al., 2005;

Miinch et al., 2017).
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Figure 3. (a) Annual mean wind, (b) directional constancy for all days, (¢) mean wind during EPEs, and (d)

directional constancy during EPE days.

3.1.3.2. Temperature

The annual mean temperature of the region (figure Sla) is relatively high along the coast and decreases
inland. The temperature during EPEs has a similar distribution to the climatological values but with
higher values (figure S1b). The average temperature anomaly during EPEs (figure S1c) illustrates that the

interior ice sheet areas have high positive anomalies of 10-12 degrees C, particularly across 75°S-78°S
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close to the Greenwich meridian (0-20E). This region is on the leeward side of the high orographic area
that is characterised by dry downslope winds during EPEs. The distribution of maximum temperature
anomaly values (figure S1d) is similar to the mean anomaly distribution, with the continental interior
having the largest anomalies (23-25 degrees C). Although EPE episodes are less frequent in the interior,
they significantly impact the area's temperatures, with a mean anomaly of 10 degrees. Extreme blocking
occurrences, warm air advection, cloud cover causing changes in longwave radiation, and strong dry
winds contribute to temperature anomalies during EPEs (Hirasawa et al., 2000; Schlosser, Manning, et al.,
2010; Servettaz et al., 2020; Turner et al., 2022) particularly in inland areas. When compared to interior
sites, the coastal regions experience smaller temperature anomalies during EPEs due to frequent synoptic
cyclone landfall and advection of warm airmasses. The high-temperature anomalies during EPEs can
cause a significant warm bias in the ice-core records (Jackson et al., 2022; Servettaz et al., 2020), and
reconstruction of ice-core isotope data will overestimate reconstructed temperature, if this warm bias is

not taken into account (Noone & Simmonds, 1998; Servettaz et al., 2020).

3.2. Temporal variability of EPEs and associated atmospheric processes

3.2.1.Interannual variability of EPEs over selected locations

The spatial variability of the EPE threshold value (95th percentile) is illustrated in figure 4a. The coastal
region shows large spatial fluctuations in line with the complex orography of the region. The largest
values are found along the ice shelves near 35°E and 5°W, and higher values are on the eastward-facing
slopes. Precipitation events on the windward and leeward sides of small glacial valleys cause alternate
higher and lower 95th percentile values in the coastal area. Inland, the 95th percentile value declines and

follows the orography in spatial distribution. The locations with frequent precipitation occurrences have a
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features. The six selected locations for temporal analysis are also marked in figure 4a.
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329 Figure 4. (a) Spatial variability of 95" percentile values with contours of the topography of DML and locations of

330

six locations over DML where three locations from coastal ((b) Fimbulisen S100, (c) Derwael ice rise, (d) IND33)

331  and three from inland ((e) B33Site DML17, (f) B32Site DMLO03, (g) FB9817). The bold black line over the map
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332 shows the DML area, East Antarctica, temporal variability of the number of EPE days (blue line) and contribution to

333  total annual precipitation (red line) for the period 1979-2018 from these locations.

Number of EPE days for the 1979-2018 period AR
Latitude, Altitude 95th contribution
Total | Autumn | Winter | Spring | Summer
Ice core location Longitude (m) threshold (%)
(MAM) | (JJA) | (SON) (DJF)
(mm)
Coastal | Fimbulisen 70.24S,4.8E 48 7.62 503 169 136 121 77 46.5%
S100
Derwael ice | —70.25S,26.34E 450 5.825 539 215 148 107 69 41%
rise
IND33 71.518,10.15E 1470 4.534 353 113 106 80 54 56%
Inland B33Site 75.17S,6.5E 3160 0.9958 350 122 78 75 75 42%
DML17
B32Site 75S,0.01W 2882 1.643 376 136 84 89 67 49.8%
DMLO5
FB9817 75.08S, 6.5W 2680 1.363 350 117 82 79 72 44%

334

335  Table 1. The six ice-core locations were selected for temporal analysis and altitude details as given by Thomas et al.
336 (2017). Features like the 95th percentile value, total number of annual and seasonal EPEs are given in each column.
337 The contribution of atmospheric rivers (AR) in making EPEs at each location in a percentage given in the last
338  column was calculated by comparing the EPE dates with AR landfall dates using the vIVT detection algorithm

339  (Willeetal., 2021).
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We selected six locations across the DML region to conduct a temporal analysis of the variability
of EPEs throughout coastal and interior locations (Table 1). The selected inland locations lie on the same
latitude circle with a significant longitudinal separation. Due to frequent precipitation events in the coastal
region, the EPE threshold values and the total number of EPE days decreases from the coast to inland. For
all the locations during the study period, the autumn season experienced more EPEs than winter or spring
months. However, there is a high interannual variability in EPE occurrence between years. Figure 4 also
shows the contribution of precipitation from EPEs to the annual total precipitation and the interannual
variability of EPE days for the selected six ice-core locations. In regions close to the ocean (figure
4b,4c,4d), the number of EPE days is relatively high (15-20 days/year) while the number of EPE days is
smaller (8—12 days/year) in areas farther inland (figure 4e,4f,4g). Coastal and inland locations have
different numbers of EPE days, but on average, the EPEs account for 30%-40% of the total annual
precipitation at each location. All areas have a substantial interannual variability in the number of EPE
events, significantly influencing the annual total precipitation. The year 1981 had many EPEs at all
selected sites, whereas 1983 and 2003 had fewer EPE days. In the following section, we examine the

interannual and monthly variability of EPEs and the contributing factors.

3.2.2.Controlling factors

The factors controlling the inter-annual variability of EPE days across the coastal and inland stations have
been investigated using 500 hpa geopotential height anomalies over a rectangle box (0°E to 35°E and 60°S
to 75°S) to the north of DML. To obtain detailed information about the temporal precipitation distribution
and EPE occurrences at the coastal (Fimbulisen S100) and inland (B33Site DML17) stations, we chose
years with the largest (year 1981) and smallest (year 1983) number of EPE days for the 40-year period.
Figure 5 shows the geopotential height anomalies (area averaged over 0°E to 35°E and 60°S to 75°S) and

daily precipitation values for the coastal and inland station. EPE occurrence was strongly linked with
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positive geopotential height anomaly in the selected box, which underlines the importance of strong
atmospheric blocking to the north of DML. There were more EPE days at the coastal locations than
inland, and these top precipitating days were associated with intense blocking episodes. However, there
were some EPE occurrences (9,10 and 23,24 December 1981) along with negative geopotential height
anomalies over the box, which indicate the presence of low-pressure systems and the landfall of cyclones
over the coastal location. Inland areas, where long-lived strong blocking is necessary for moisture
intrusion at high latitudes, show a substantially higher relationship between atmospheric blocking and
EPE days. For example, a significant blocking event in mid-January 1981 generated a week-long EPE
event (17 to 24 January 1981) across the inland location. The year 1981 was marked by a high frequency
of anomalous and episodic atmospheric blocking episodes, which resulted in a larger number of EPE days
over both the coastal station (23 EPE days) and that inland (19 EPE days). However, due to less frequent
blocking occurrences, the year 1983 experienced fewer number of EPE days, and precipitation
occurrences with small precipitation values dominating during that year. Since all blocking events
occurred north of DML did not produce significant amounts of precipitation it implies that adequate
moisture availability is also a crucial factor for EPE occurrence. The relationship between blocking
anticyclones and precipitation generation has been reported in several studies over East Antarctica (Pohl
et al., 2021; Schlosser, Manning, et al., 2010; Servettaz et al., 2020; Welker et al., 2014) and our results

are consistent with these studies.
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Geopotential height anomaly and daily precipitation at Fimbulisen S100 (70.2S, 4.8E)
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greater number of EPEs, (b) 1983 — a year with least number of EPEs. (c,d) similar to (a,b) but for an inland location

(B33Site DML17)

Figure S2 shows each month's total number of EPE days over the 40-year study period. The
number of EPE days varied significantly across months for the various sites. All sites show a higher
number of EPE days from late autumn to early winter and at the end of the spring season. To investigate
this further, we analysed the climatological (1979-2018) monthly MSLP values for each location. The
results show a relationship between the weak semi-annual oscillation of MSLP values and the frequency
of EPE days. The surface pressure within the circumpolar trough is lower and the trough closer to the
continent during equinoctial months and this seasonal change of surface pressure around Antarctica has a
crucial effect on the net transfer of air and moisture towards the continent (King & Turner, 1997). The
position of the circumpolar trough, modulated by the temperature contrast between mid- and high-
latitudes, leads to the semi-annual oscillation in pressure and wind values. The strength of this
temperature difference is the largest during the autumnal equinox causing cyclonic activity to peak over
the continent (Loon, 1967). The frequency of EPE days during these months is increased by enhanced
poleward transport of moist air to higher latitudes during the autumnal equinoctial months. In late winter
and summer, there is a similar export of air to lower latitudes (King & Turner, 1997), which results in a
decrease in the number of EPE days during those months over the Antarctic. Welker et al. (2014) also
observed that the autumn season is when EPE occurrences predominate in DML. Although the number of
EPEs has a substantial interannual and seasonal variabilities, no significant relationship was found
between the major climate modes (e.g., the Southern Annular Mode (SAM), Southern Oscillation Index
(SOI)) and these high precipitation occurrences over the region. This suggests that the SOI and SAM have
a relatively small impact on the inter-annual variability of EPEs, with their occurrence primarily

determined by regional atmospheric variability.

24



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

manuscript submitted to Journal of Geophysical Research - Atmospheres

3.2.3. Atmospheric synoptic conditions during EPEs

To identify the synoptic patterns that occur during EPEs, we used composite anomaly analysis and EOFs
of atmospheric variables during EPE days. Figure 6 depicts composites of the MSLP anomaly during EPE
episodes at selected locations, including three from the coastal (figure 6a,6c,6e) and three from the
interior (figure 6b,6d,6f). A dipole structure of negative (positive) anomalies to the west (east) is present
for all chosen locations, with a slight variation in orientation and strength between sites. This implies low
pressure to the west and high pressure to the east, with a significant atmospheric block over the region
cast of the location, which is the typical synoptic pattern during EPEs. The dipole structure is much more
evident for coastal locations, where deep low-pressure systems are present to the west of the sites.
However, atmospheric blocking to the east is a significant factor for inland locations rather than a few
cyclonic intrusions to high latitudes. This dipole structure leads to anomalous northerly and north-easterly
winds that carry moisture from mid-latitudes to DML (Welker et al., 2014; Yu et al., 2018). The
composite anomaly of geopotential height at 500 hpa (figure S5) also displays similar patterns of this
dipole structure of low pressure to the west and high pressure to the east of precipitation location during

EPEs.
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Composite MSLP anomaly for coastal and inland stations during EPEs
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Figure 6. Composite MSLP anomaly during EPE days for six locations. The (a,c,e) is for coastal locations, and the

(b,d,f) is for inland locations.

We also used EOF analysis applied to 500-hPa geopotential height (20°S-90°S, 90°W-90°E) for

the 100 largest EPEs over the region, which closely resembles the spatial patterns of the highest
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precipitation events. With each row representing a specific location in the figures, the spatial patterns of
the first three modes explain more than 40% of the variance exhibited for the coastal area (figure S3) and
inland (figure S4) separately. The trough-ridge-trough pattern over the northern part of DML and an
eastward shift in this pattern in mode 2 are both apparent in the first two modes, which account for 30%
of the variance for the coastal regions. Mode 3 explains about 10% of the variance, describing the
eastward-moving low-pressure systems over the south Atlantic Ocean. EPEs over inland areas have a
similar trough-ridge-trough pattern strongly correlated with the positive height anomalies north of DML.
This highlights the significance of atmospheric blocking for EPE occurrences over the interior locations.
Welker et al. (2014) demonstrated that large moisture fluxes towards the interior of DML are associated
with a trough-ridge-trough pattern at upper levels and at the surface, a cyclone and blocking high pressure
to the west and east of the region, respectively. Our results are consistent with these conclusions,
emphasising the importance of strong atmospheric blocking for high precipitation events over inland

regions.

3.2.4. Trends in EPEs and related factors

The spatial trends in the annual total of extreme precipitation events and related variables are displayed in
figure 7. With a magnitude of 0.25 EPE days each year, there is a statistically significant increasing trend
(p <0.05) in the number of EPE days to the west of the Greenwich meridian (10°W to 3°E) and extending
towards the interior around 75-80°S (figure 7a). In these regions, there is also a significant positive trend
in precipitation from EPEs, with a slope of 1-2 mm/year (figure 7b). We analysed the trends in IVT and
meridional wind over the Atlantic sector of the Southern Ocean to explain the trends in EPEs (figure 7c,
7d). The results demonstrate a significant (p<0.05) positive trend in IVT values (0.6 kg/ms per year) over

the Southern Ocean's Atlantic Sector (over 60°W to 20°E), the central moisture transport zone for EPEs in
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the DML region (figure S6). The meridional wind exhibits a significant negative trend (-0.03 m/s per
year), indicating that its more robust southerly component extends to DML, particularly over the 50°W to
5°W region. Altogether the significant trends in water vapour transport and meridional winds leading to
an increased moisture convergence and high precipitating days. Yu et al. (2018) showed that the
thermodynamic contribution plays a more significant role in the increasing trend in the occurrence of
EPEs. This study also found that the increasing trends in the thermodynamic (IVT) and dynamic
(meridional winds) contributions were essential in the positive trend of EPEs over the region. The time
series analysis at one of the locations (IND33) shows a significant positive trend (p<0.05) in annual
precipitation from EPEs but no significant increase in the number of EPE days (figure S7). This suggests
that there is an increase in the magnitude of extreme precipitation events in recent decades. In a
climatological study of atmospheric rivers over Antarctica, Wille et al. (2021) also found a significant

positive trend in AR frequency over DML, particularly in recent decades (2000-2018).
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Figure 7. Spatial annual trends in (a) EPE days, (b) precipitation from EPEs, (c) Integrated water vapour transport,

and (d) Meridional wind. Locations with statistically significant trends (p<0.05) are denoted with dots.

3.2.5.The drivers of EPEs and contribution of atmospheric rivers

The synoptic drivers and moisture transport pathways are identified to gain better understanding of the
mechanisms behind EPEs. Welker et al., 2014 demonstrated that the moisture transport (IVT) can be used
as a proxy for high precipitation events over coastal and interior DML. With the presence of a synoptic

dipole pattern of cyclones in the Weddell Sea and mid-tropospheric ridge to the east of the location
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(section 3.2.3), the long-narrow, strong moisture transport through the eastern flank of these low-pressure
systems is identified as the major synoptic patterns during EPEs. The occurrence of blocking high
pressure systems during EPE days will strengthen the vertically integrated moisture transport (IVT) to
DML (Welker et. al., 2014). We analysed the moisture transport pathways during these individual EPEs
and found that some of these strong moisture transport events can be identified as atmospheric rivers
(AR) as per vIVT detection technique (Wille et al., 2021). For the AR landfall dates at these six different
locations, both for coastal and inland, we quantified the percentage of ARs causing EPEs (last column,
Table 1). Around 40-50% of high precipitation events were linked to the landfall of ARs, with the largest
contribution occurring at IND33 (56%) among coastal sites and B32Site DMLO05 (50%) among inland
areas. The horizontal orientation of this dipole structure creates spatial variability in the AR landfall and
generates EPE episodes. An average of 45% of EPE days were associated with AR occurrences in the
interior locations with the strong support of a high-pressure ridge to the north of the locations. Wille et al.
(2021) also found that 35%-45% of EPEs are associated with ARs over DML, when using the 95th
percentile criteria for EPEs. Strong blocking in the eastern portion of the region over the Southern Ocean
is a critical requirement for the development of AR and poleward moisture transport (Pohl et al., 2021). In
addition, we also analysed the moisture flow patterns for non-AR events (45-50%) separately (not
shown). In most cases, the moisture was transported from low latitudes to specifically selected locations
as long bands of moisture flow far north of location. These EPE occurrences do not qualify as ARs
because the moisture flows that occurred did not meet the length-width and moisture content threshold
criteria in the AR detection techniques. Also, we observed some AR landfall dates, with strong moisture
content in the atmosphere do not lead to EPEs at DML. Gehring et al. (2022) illustrated that even with
strong AR moisture transport, limited precipitation may occur if the flow direction is unfavourable in
relation to local orography. Orographic gravity waves and dry downslope winds generated by the

interaction between synoptic flow and local orography can cause the sublimation of snowfall below the
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cloud base (Gehring et al., 2022). Welker et al. (2014) also suggests a strong link between high
precipitation days and moisture flow perpendicular to local orography, which implies the orientation and
influence of complex orographic features in giving high precipitation over DML. We used a technique
known as self-organizing maps (SOMs — Text S1) that uses IVT during EPE events from a coastal
location (IND33) to demonstrate the diversity in moisture transport pathways during EPE occurrences.
Figure S6 displays the SOMs of the IVT in a 15-node array with the frequency of occurrence value for
each node. The node with a high frequency (node - N9, N10, N11, N14, N15), highlights the AR pattern,
whereas the other nodes display moisture transport from a range of directions to the area. Most moisture
flux patterns that originate in the Atlantic Ocean come from a region with peak moisture flux values
between 30 °S and 50 °S (figure S6), which is in line with the results of Gorodetskaya et al. (2014) and
Reijmer & Broeke, (2001). With the synoptic support of low pressure to the west and high pressure to the
east of the DML, the moisture flows to the region from various directions from south Atlantic Ocean and

causing high magnitude precipitation.

4. Conclusions

We investigated EPEs at high spatial and temporal resolution over the DML region of East Antarctica
using ERAS5 reanalysis data for the period 1979-2018. We examined their relationship to the complex
orography of the region in terms of the spatial distribution of precipitation. Atmospheric synoptic patterns
during EPEs were analysed using composite anomalies and EOFs of atmospheric variables, the
contributing factors for inter-annual variabilities were also identified.

Our findings show that EPEs, constituting the top 5% of daily precipitation amounts, provided a
significant proportion (35%-40%) of the annual total precipitation. The influence of EPEs is dominant
along the steep gradient and complex orographic zones, due to the impact of these high precipitation

episodes, which contribute 40—45% of the annual total precipitation in just a few days (10—15) per year.
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Along with the impact on annual precipitation total, EPEs influence surface meteorological variables like
surface winds and temperatures. During EPEs, there are persistent and constant strong easterly to
northerly winds, and the interaction between these winds and the region’s orography has a crucial effect
on the spatial distribution of EPE days. When EPEs make landfall, temperatures are anomalously high,
significantly impacting inland regions. The synoptic pattern shows that during the majority of EPEs, there
are low-pressure anomalies to the west and high-pressure anomalies to the east, with atmospheric
blocking to the east of the location being especially important for inland regions. Eastward-moving

cyclones and the trough-ridge-trough pattern are crucial in producing EPEs over the region.

The temporal variability in the number of EPE days is controlled by atmospheric flow regimes
such as atmospheric blocking and changes in the circumpolar trough over the Southern Ocean. As a result
of detailed analysis of a number of extreme years, we show the strong relationship between atmospheric
blocking and EPE occurrences, especially for inland regions of DML. Over the region, notably central
DML, there was an increasing trend in EPE days and EPE-related precipitation. This resulted from the
kinetic and thermodynamic changes in the Atlantic section of the Southern Ocean. The increasing trend in
integrated water vapor transport and northerly winds has been responsible for the increase in these high-
magnitude precipitation events in recent decades, with a significant role for the landfall of strong ARs.
This is consistent with the findings of Lenaerts et al. (2013), who identified a positive surface mass
balance (SMB) trend across the DML region over the coming decades due to high snowfall anomalies
over the region. It is anticipated that this increased snowfall on the East Antarctic ice sheet will greatly
mitigate sea level rise in the twenty-first century. By comparing the dates of AR landfall and EPE
occurrences from six selected sites spanning the coastal and interior DML, this study determined that 40—
50% of EPEs are related to ARs and further supports previous findings about the AR contribution. EPEs
have diverse moisture transport pathways, together associated with a dipole structure of low-pressure

systems to the west and high pressure to the east.
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Since DML is a region for major ice-core based proxy climate studies, the frequency, distribution,
and magnitude of EPEs have a significant role in ice-core climate record analysis and interpretation. Our
study illustrates anomalous changes in meteorological variables, such as temperature and winds during
EPEs, which can cause biases in stable isotope records of ice cores and impact post-depositional features
like drifting snow. Detailed case studies of EPE events are required to further understand the influence of
orography on the landfall of these events using high-resolution models with a good representation of
DML terrain. Increasing trends in EPEs and ARs over DML, which are associated with the changes in
atmospheric moisture content and winds, have potential impact on stability of ice shelves over this region
in a and warming scenario.
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