
P
os
te
d
on

11
A
p
r
20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
68
12
15
08
.8
59
38
96
8/
v
1
—

T
h
is

a
p
re
p
ri
n
t
a
n
d
h
as

n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Spatiotemporal variability of extreme precipitation events and

associated atmospheric processes over Dronning Maud Land, East

Antarctica

Sibin Simon1, John Turner2, Meloth Thamban3, Jonathan Wille4, and Pranab Deb5

1National Centre for Polar and Ocean Research
2Cambridge, UK
3National Centre for Polar and Ocean Research, Ministry of Earth Sciences
4ETH Zurich
5Indian Institute of Technology Kharagpur

April 11, 2023

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 ERA5 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: 14 

• Spatial distribution of extreme precipitation events is linked to the complex orography of the 15 

Dronning Maud Land sector of Antarctica. 16 

• Interannual variability of extreme precipitation events is controlled by blocking high-pressure 17 

systems north of the location. 18 

• Increased moisture content and poleward winds in the south Atlantic Ocean contributed to 19 

increasing trend in high-precipitating days.   20 
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Abstract 21 

We investigate the spatial and temporal variability of extreme precipitation events (EPEs) in the Dronning 22 

Maud Land (DML) sector of Antarctica using high-resolution ECMWF ERA5 reanalysis data. This study 23 

examines the spatial occurrence of EPEs across DML, focusing particularly on six locations spanning the 24 

coastal and interior parts of the area. The largest snowfall amounts are usually found on eastward-facing 25 

slopes in the coastal zone. EPEs occur predominantly in north-easterly to easterly flows, leading to 26 

enhanced precipitation on the windward side of the orographic features with a steep gradient. Wind 27 

during EPEs was found to be more directionally consistent in the coastal area than in the interior. An east-28 

west couplet of a mid-tropospheric ridge and low-pressure center is essential for steering warm moist 29 

maritime airmasses into the DML region before EPEs. Approximately 40% of EPEs result from 30 

atmospheric rivers (ARs), narrow bands of moist air originating at subtropical latitudes, which provide the 31 

greatest daily precipitation amounts. From 1979 to 2018, much of the DML experienced a statistically 32 

significant (p < 0.05) increase in the number of EPEs per year, along with increased precipitation from the 33 

EPEs. These trends were associated with significant changes in moisture availability and poleward 34 

meridional winds in the Atlantic sector of the Southern Ocean. The inter-annual variability in the number 35 

of EPEs is primarily dictated by regional atmospheric variability, while the influence of the Southern 36 

Oscillation Index and Southern Annular Mode is limited. 37 

 38 

Plain Language Summary 39 

Extreme precipitation events are severe weather conditions that cause unusually large amounts of rain or 40 

snow, leading to natural disasters. In Antarctica, a substantial proportion of precipitation comes from 41 

these high-magnitude precipitation events and they control the year-to-year variability in annual total 42 

precipitation, particularly in the coastal region. These events have a significant impact on different aspects 43 

of the Antarctic climate system and can make anomalous changes in meteorological parameters. We 44 
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investigate the influence of these extreme events over the Dronning Maud Land (DML) region of 45 

Antarctica and show that the terrain of the region plays a significant role in their distribution. We found 46 

that most of these events are caused by the combined influence of low-pressure cyclones and 47 

anticyclones, which aids moisture transport to the region. The strong, long, and narrow bands of moisture 48 

transport called atmospheric rivers (ARs), from far north of the region, are involved in over 40% of EPEs. 49 

Over recent decades, there has been an increasing trend in the occurrence of these high precipitating days, 50 

which is associated with increased moisture content and favorable winds in the South Atlantic sector of 51 

the Southern Ocean, north of Antarctica. 52 

1. Introduction 53 

Most of the Earth’s ice is located in the Antarctic ice sheet, which is susceptible to climate change 54 

and the mass loss that results in sea level change (Church et al., 2001; Pritchard et al., 2012). The balance 55 

between precipitation input, net evaporation, drifting snow, and melt-water runoff determines the 56 

Antarctic continent's surface mass balance (Bromwich, 1988; Rignot et al., 2019). Therefore, precipitation 57 

over Antarctica is a crucial factor affecting the ice sheet's dynamics and growth, which mitigates sea level 58 

rise (Lenaerts et al., 2013; Medley & Thomas, 2019). The projected increase in Antarctic precipitation 59 

under increasing greenhouse gas concentration scenarios during the twenty-first century (Genthon et al., 60 

2009) highlights the significance of understanding the processes involved in precipitation formation and 61 

its spatial, and temporal distribution in Antarctica (Souverijns et al., 2018). 62 

  The frequency and magnitude of precipitation over Antarctica differ substantially from coast to 63 

inland, with extremely small quantities of clear sky precipitation falling from thin, isolated clouds or a 64 

seemingly clear sky in inland locations. In contrast, snowfall near the coast is episodic and often consists 65 

of large precipitation amounts (Bromwich, 1988). These infrequent heavy precipitation episodes have 66 

high seasonal and interannual variability and contribute significantly to the annual total of precipitation in 67 
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just a few days (Gorodetskaya et al., 2014; Turner et al., 2019). Extreme Precipitation Events (EPEs) are 68 

infrequent and often defined as days above a particular threshold calculated from the long-term time 69 

series of precipitation (Schlosser, Manning, et al., 2010; Yu et al., 2018). The isotope records from ice 70 

cores are affected by the seasonality and intermittent nature of these occurrences (Münch et al., 2017; 71 

Münch & Laepple, 2018; Zuhr et al., 2021). Thus, an improved understanding of the variability and 72 

seasonality of EPEs, the atmospheric processes underlying them, moisture transport and mechanism, and 73 

changes in atmospheric parameters at the deposition location, are required for improved reconstruction of 74 

historical climatic records from ice cores (Noone et al., 1999; Turner et al., 2019). The synoptic patterns 75 

and features of high precipitation events have been studied for different regions of Antarctica, such as the 76 

coastal region of the Antarctic Peninsula (González-Herrero et al., 2023; Turner et al., 1995, 1997) , 77 

Amundsen Sea Embayment (Swetha Chittella et al., 2022), Ross Sea (Markle et al., 2012; Sinclair et al., 78 

2010), Prydz Bay region (Yu et al., 2018) and in the interior, such as Dome C and Kohnen Station in 79 

Dronning Maud Land (DML) (Birnbaum et al., 2006; Schlosser, Manning, et al., 2010).   80 

 The DML is the region between 20°W and 45°E in East Antarctica, situated mainly south of the 81 

Atlantic Ocean, and is characterised by steep orography, particularly near the coast (Rotschky et al., 82 

2007). Snow distribution in DML is strongly related to orographic features and wind-driven sublimation 83 

and redistribution on the grounded ice sheet (Reijmer et al., 2004; Thiery et al., 2012). Coastal DML is 84 

prone to intermittent and intense EPEs, which significantly contribute to more than half (50%) of annual 85 

total precipitation in a few days each year (Reijmer & Broeke, 2003; Turner et al., 2019). Due to the 86 

importance of DML as a location for numerous ice core drilling programmes (such as the European 87 

Project for Ice Coring in Antarctica (EPICA)), several studies have examined the pattern and distribution 88 

of precipitation over the region (Birnbaum et al., 2006; Noone et al., 1999; Schlosser, Powers, et al., 89 

2010; Welker et al., 2014). Some studies (Gorodetskaya et al., 2014; Lenaerts et al., 2013; Schlosser et 90 

al., 2016) examined the characteristics of anomalous high precipitation years, while others (Noone et al., 91 
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1999; Schlosser, Powers, et al., 2010) studied the detailed occurrence of these events using case studies 92 

based on available high-resolution model and reanalysis data. In terms of the availability of in-situ 93 

observations, the majority of the research spans just a few years (Birnbaum et al., 2006; Reijmer & 94 

Broeke, 2003; Schlosser, Manning, et al., 2010), and only a few studies (Welker et al., 2014) used a 95 

climatological approach to examine high precipitation episodes. The anomalous nature of the winds and 96 

temperature during EPEs have been reported in several studies (Reijmer & Broeke, 2001; Servettaz et al., 97 

2020). The dispersal of precipitated snow, also known as drifting or blowing snow, is primarily 98 

influenced by the strong winds during precipitation episodes (Bromwich et al., 2004; Lenaerts & van den 99 

Broeke, 2012). The region's orography substantially influences the wind direction and speed, affecting 100 

snow distribution during precipitation events (Lenaerts et al., 2012). During EPEs, the surface 101 

temperature also exhibits unusual shifts and rapid fluctuations (Turner et al., 2022), which is due to the 102 

changes in longwave radiation flux driven by cloud cover, atmospheric blocking episodes, and warm 103 

airmasses moving over high orography (Hirasawa et al., 2000; Schlosser, Manning, et al., 2010; Turner et 104 

al., 2021).  105 

 Recent studies have shown that atmospheric rivers (ARs), which are long, narrow bands of 106 

intense horizontal water vapour transport, can bring significant amounts of moisture to DML and are 107 

responsible for 20–40% of the region's annual precipitation total (Gorodetskaya et al., 2014; Wille et al., 108 

2021). These bands frequently originate in the tropics or subtropics and then extend southward, carrying 109 

large quantities of water vapour (Ralph et al., 2004; Zhu & Newell, 1998). Due to the significant 110 

intrusions of warm moist air, ARs landfalling in coastal Antarctica contribute to heavy snowfall, 111 

accounting for about 70% to 80% of the surface mass balance (SMB) and also affect melt processes in the 112 

ice sheet (Bozkurt et al., 2018; Gorodetskaya et al., 2014; Wille et al., 2019). Wille et al. (2021), in their 113 

Antarctic-wide climatological analysis of ARs from 1980-2018, showed a significant increase in the 114 

number of ARs across DML. During a two-year period from 2009-2011, exceptional AR activity 115 
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accounted for 74-80% of total accumulated snowfall around Princess Elizabeth Station in DML and 116 

caused a strongly positive regional SMB signal (Gorodetskaya et al., 2014). In addition, this region is 117 

more prone to short-lived EPE events than precipitation generated by cyclonic activity (Turner et al., 118 

2019; Wille et al., 2021). The expected warming climate will lead to an increase in the atmospheric 119 

saturation vapour pressure and moisture, and ARs will have a more significant snowfall potential over 120 

coastal Antarctica with local orographic interaction (Dalaiden et al., 2020; Wille et al., 2021). 121 

 In this study, we use high-resolution reanalysis data from European Centre for Medium-range 122 

Weather Forecasts (ECMWF) to examine the spatial and temporal variability of EPEs over the DML 123 

region for the 40-year period (1979-2018). Since DML is an area with complex orography characterised 124 

by steep mountains and nunataks (Rotschky et al., 2007), it is essential to examine how the orography 125 

influences the occurrence and distribution of EPEs in the area. This study examines the spatial changes in 126 

2-m temperature and 10-m wind during EPEs and compares them with climatological values. To further 127 

understand the spatial variability of EPEs in the coastal and inland regions, we focus on six locations (see 128 

Table 1) that represent both low-elevation coastal locations (altitude < 2000 m) and the high-altitude 129 

interior, East Antarctic Plateau (EAP) region (altitude > 2000 m). The latter are also sites of high-130 

resolution ice core records and are available for future data-proxy comparison. We analyse the interannual 131 

and seasonal variability of EPEs occurrence, the factors controlling this variability, and the synoptic 132 

environment in which they occur. We also consider the spatial trend of EPE days and the contribution 133 

from ARs to EPEs over the selected locations to identify their regional differences. 134 
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2. Data and Methods 135 

2.1. ERA5  136 

The fifth generation ECMWF Reanalysis (ERA5) is the latest global reanalysis of the atmosphere created 137 

by the ECMWF. It has a horizontal resolution of 0.25° x 0.25° and fields are available every hour 138 

(Hersbach et al., 2020). ERA5 shows the best performance in terms of precipitation and other near-139 

surface parameters over Antarctica when compared to other reanalysis (Gossart et al., 2019; Tetzner et al., 140 

2019). Although ERA5 exhibits a slight underestimation (10–15%) in some regions compared to in-situ 141 

observations in terms of capturing the frequency of precipitation events, ERA5 is still the best available 142 

high-resolution data for a climatological study (1979–2018) of extremes in Antarctica. Surface and upper-143 

level data from the ERA5 reanalysis were employed in this work, including the 10-m wind components, 144 

2-m temperature, integrated water vapour transport components, mean sea level pressure (MSLP), and 145 

geopotential height at 500 hPa. 146 

2.2. Identification of EPEs 147 

EPEs over Antarctica were identified using a threshold criteria. In most studies, the threshold value is 148 

taken as either a high percentile value (Turner et al., 2019; Welker et al., 2014; Yu et al., 2018) or twice 149 

the standard deviation plus the average value (Schlosser, Manning, et al., 2010) of the entire time series. 150 

In this study, an EPE day is defined as a precipitation day (precipitation > 0.02 mm) with daily total 151 

precipitation greater than the 95th percentile at each location, based on a 40-year climatology. Spatial 152 

variability in the 95th percentile values was also analysed to understand the influence of complex 153 

orography on precipitation distribution. 154 

By applying the 95th percentile threshold criteria to the time series of precipitation at each grid point for 155 

the 40-year study period, variables such as precipitation, 2-m temperature, 10-m wind during EPE days, 156 
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and the spatial pattern of the total number of EPE days, were found for each latitude-longitude grid point 157 

over the region. Daily anomalies in this study were calculated using the mean value for each day for the 158 

climatological period 1979-2018 for temperature, MSLP and geopotential height at 500 hPa. 159 

We employed a number of techniques, including composite anomaly analysis of MSLP and Empirical 160 

Orthogonal Function (EOF) applied to geopotential height anomalies at 500 hPa during EPE days 161 

(Grotjahn et al., 2016; Yu et al., 2018) to analyse the synoptic patterns during EPEs. EOF analysis of 162 

atmospheric variables during EPEs produces a set of modes that can explain the synoptic pattern on EPE 163 

days. We utilised the non-parametric Mann-Kendall (MK) statistical test (Kendall, 1975; Mann, 1945) on 164 

the 40-year yearly time series for each grid point to assess the significant trend over the region. 165 

2.3. Directional constancy of wind 166 

Directional constancy (dc) is a technique used to identify the persistent wind direction in a given area. To 167 

determine directional constancy during EPE days, we compared wind constancy during these events to 168 

directional constancy across the region. Directional constancy is calculated by taking the ratio of the 169 

vector-averaged wind speed to the mean wind speed at a height of 10 m (Bromwich, 1989; Ettema et al., 170 

2010). If dc equals 1, the wind direction remains constant, whereas a dc value of zero indicates that the 171 

near-surface wind direction is random over time. 172 

𝑑𝑐 = (𝑢ଶ + 𝑣ଶ)ଵ/ଶ(𝑢ଶ + 𝑣ଶ)ଵ/ଶ 

 173 

Where u and v are the horizontal components of the 10 m wind.  174 
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2.4. AR detection criteria 175 

The AR detection algorithm described by Wille et al. (2021) was used in this study. This algorithm 176 

detects the anomalously high (>98th percentile) meridional integrated water vapour transport (vIVT) 177 

occurrences every three hours between 37.5˚S and 85˚S. An AR is defined as a continuous, long, narrow 178 

band of high IVT values with meridional extent of at least 20 degrees.  Although the detection algorithm 179 

(Wille et al., 2021) uses both integrated water vapour (IWV) and vIVT for AR detection, this study only 180 

uses the vIVT values for AR detection because adding meridional wind speed component reflects the 181 

dynamical process that leads to snowfall generation (Wille et al., 2021). To quantify the AR contribution 182 

of EPEs, we have used the AR landfall dates detected by this algorithm. We compared these dates with 183 

EPE occurrence dates over six selected coastal and inland locations. 184 

3. Results and discussion 185 

3.1. Spatial distribution of EPEs and their characteristics 186 

3.1.1. Precipitation pattern and the complex orography of DML  187 

 188 

Figure 1 depicts the characteristics and distribution of precipitation during EPE days compared to the 189 

annual mean values, it also shows the elevation contours across DML and the regions with closer 190 

contours highlight the steep orographic gradient locations. The annual mean precipitation is high near the 191 

coast, but decreases inland (figure 1a). The complex orography of the area has a significant impact on the 192 

distribution of precipitation with distinctive features such as ice rises, ice shelves over the coastal areas 193 

and the nunataks, mountain ranges, and glacial valleys with steep gradients over the inland region all are 194 

being important (Bromwich, 1988; Rotschky et al., 2007; Schlosser et al., 2008). The precipitation 195 
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distribution has alternate maximum and minimum values occurring near these coastal orographic features 196 

with maximum precipitation found on steep east-facing slopes. The ice shelves, especially the ice rise 197 

area near 35˚E and 5˚W, show the largest values in the spatial distribution of precipitation. Further inland, 198 

the Antarctic ice sheet's elevation rises to around 3700-4000 m above mean sea level and has a dome-199 

shaped form. The lack of moisture and presence of dry katabatic winds lead to much lower precipitation 200 

values over these inland regions. Figure 1b shows the annual mean precipitation from EPEs and when 201 

comparing to climatological yearly mean precipitation, it shows a similar distribution pattern with a 202 

considerable difference in magnitude. This implies that these top 5% precipitation events (EPEs) have a 203 

significant role in spatial distribution of total annual precipitation. The precipitation over the continent's 204 

interior comes mainly from clear sky precipitation, and the contribution from EPEs is less over these 205 

regions due to the infrequent warm air intrusions from ocean regions. The largest 1-day precipitation at 206 

each grid point (figure 1c) demonstrates the landfall of these single-day events on the windward side of 207 

these orographic features despite the variable orography of the coastal region. EPEs with 70–80 mm/day 208 

of precipitation occur close to these orographic features due to the presence of steep slopes that regulate 209 

the orographic uplift of warm moist airmass from low latitudes (Welker et al., 2014). The contribution 210 

from EPEs (figure 1d) to the total annual precipitation shows that the maximum values are found a little 211 

farther southward (around 72˚S). The contribution is more significant near orographic features with steep 212 

gradients along the coast than in the vicinity of ice shelves and ice rises. The main cause of this spatial 213 

variability between near steep-gradient and near coastal orographic features is the landfall of severe 214 

precipitation episodes. Overall, the EPEs thus contribute roughly 35–40% of the total annual precipitation 215 

and the maximum impact of EPEs can be seen in the region with steep orographic gradient. The 216 

contribution of EPEs to total annual precipitation declines further inland from the coast following the 217 

region's orography. 218 
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 219 

Figure 1. (a) Annual mean precipitation (b) annual mean precipitation from EPEs (c) largest precipitation values at 220 

each grid (d) percentage contribution to annual total precipitation from EPEs over DML. All the figures are 221 

overlayed by the topography of DML from ERA5 data at 200m contours. 222 

 223 

 224 
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3.1.2. Spatial distribution and variability in the total number of EPE days  225 

To identify the regional differences in the number of high precipitating days and compare its relation to 226 

the precipitation distribution from EPEs, we have analysed the total number of EPE days at each grid 227 

points over the study region. The spatial distribution of the total number of EPE days (figure 2a) overlaid 228 

by elevation contours and wind vectors during EPEs illustrates the interaction of wind flow with the 229 

region's complex orography. The spatial variability in the number of EPE days has a pattern with high 230 

values over the ocean, coastal, and steep gradient high elevation locations over the interior, and low 231 

values on the leeward side of these coastal and inland high orographic regions (leeward side with respect 232 

to wind vectors during EPEs). The frequent interaction of easterly to north-easterly winds with these high 233 

orographic regions, which often transport sufficient moisture from the ocean during EPEs, can be linked 234 

to regional differences in EPE days across these orographic features. Owing to the substantial intrusion 235 

and interaction of moisture with these steep gradient regions and the resulting high magnitude 236 

precipitation from EPEs, inland regions (around 71˚S to 72˚S) with a steep ice sheet elevation gradient 237 

exhibit more EPE days. Due to the lack of these intense precipitation occurrences, the leeward side of 238 

these inland high orographic regions have a minimum number of EPE days. Dry downslope winds with 239 

northerly to north-easterly directions predominate over these areas during the EPEs. Recent case studies 240 

(Gehring et al., 2022; Terpstra et al., 2021) demonstrate the impact of heavy precipitation episodes on the 241 

complex terrain of coastal Antarctica and highlighted the importance of the orientation and local 242 

processes associated with coastal orography in determining the spatial and temporal distribution of 243 

precipitation and snowfall microphysics. 244 

  245 

 246 
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 247 
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 248 

Figure 2. (a) Total number of EPE days for the period 1979-2018 overlayed by the topography of DML and vectors 249 

of mean wind during EPEs. Frequency distribution of precipitation days (precipitation value> 0.02mm) in 100 equal 250 
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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 251 

(b) Ocean, (c) coastal, (d) lee side of coastal, (e) steep topographic region, (f) high topographic region inland (g) lee 252 

side of the high topographic region. The red dotted vertical line shows the value of the EPE threshold (95th 253 

percentile). 254 

The frequency distributions of daily precipitation amount from six sites extending from the ocean 255 

to the interior with varying numbers of EPE days, is illustrated for a detailed analysis of the range of 256 

precipitation values. The distribution is skewed towards the right, with large extreme values found at the 257 

tail of the distribution. Locations with a longer tail, or greater separation between the threshold (95th 258 

percentile) value and the maximum precipitation, exhibit a more extreme distribution. The ocean and 259 

coastal regions (figure 2b, 2c) share a similar 95th percentile value of precipitation. These areas receive 260 

frequent precipitation occurrences and a substantial number of days with heavy precipitation. The highest 261 

EPE threshold (95th percentile) value among selected points was found on the leeward side of coastal 262 

orographic regions (figure 2d), indicating that these areas are prone to frequent events with high 263 

precipitation. However, near steep orographic regions (figure 2e), the positively skewed long-tailed 264 

precipitation distribution shows a strong extreme nature with a lower threshold value than lee side coastal 265 

regions. Although the highest precipitation values in both regions (coastal lee side and near steep 266 

orographic regions) are comparable, the 95th percentile values varied based on the presence of extreme 267 

values (outliers), the shape of the distribution and the spread of values in the two distributions. A smaller 268 

95th percentile value and more EPE days implies that the precipitation events with large (small) 269 

magnitude are more frequent (less frequent) near these steep-orographic regions. High orographic regions 270 

inland (figure 2f) also have more EPE days. Maximum precipitation of 5-6 mm per day is seen over these 271 

high interior regions, suggesting that moist airmasses reach far inland and cause many EPEs. The lee-272 

sides of these inland high topographic regions (figure 2g) represent the inland precipitation pattern with a 273 

small precipitation magnitude and a less extreme distribution. Although clear sky precipitation or 274 



manuscript submitted to Journal of Geophysical Research - Atmospheres 

 
 
 
 

16 
 
 
 

‘diamond dust’ dominates these regions, some precipitation events with a daily precipitation total of 3 275 

mm per day occur. The windward slope of coastal orographic and inland steep-gradient regions has a 276 

more extreme nature in precipitation distributions, which depends on the wind pattern and interaction of 277 

warm moist airmass from the ocean. 278 

3.1.3. The meteorological environment during EPEs  279 

3.1.3.1. Surface winds  280 

The wind speed, directional constancy and comparison with the annual climatology reveals that the 281 

direction and speed of the wind during EPEs and the annual mean wind differ noticeably (figure 3). The 282 

mean annual wind (figure 3a) is characterised by strong downslope katabatic flow from the high elevation 283 

interior, with southerly to south-easterly winds along the coast and particularly over the region 15˚E to 284 

45˚E with wind speeds up to 12-15 m/s. Compared to the interior high-elevation region, where wind 285 

direction is less consistent, the coastal area has directional consistency close to 0.95 (figure 3b). However, 286 

during EPEs (figure 3c, 3d), strong coastal easterlies interact with the complex orography, occurring 287 

under remarkably consistent patterns over most of the coastal regions (dc >0.95). Strong coastal easterlies 288 

and north-easterlies take the place of katabatic winds during EPEs, causing a warm, moist airmasses to be 289 

advected from the ocean. These winds have an average windspeed of >10 m/s, which is considered the 290 

threshold value for the blowing snow effect in the Antarctic ice sheet (King & Turner, 1997), especially 291 

over the coastal regions. This suggests that blowing snow can be expected during EPEs over the coastal 292 

region and that the orography influences wind speed distribution. High wind speeds during these 293 

precipitation events can affect post-depositional processes, including erosion, drift, vertical mixing, and 294 

blowing snow, all of which can affect the ice core proxy records (Fisher et al., 1985; Karlöf et al., 2005; 295 

Münch et al., 2017). 296 
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 297 

Figure 3. (a) Annual mean wind, (b) directional constancy for all days, (c) mean wind during EPEs, and (d) 298 

directional constancy during EPE days. 299 

3.1.3.2. Temperature  300 

The annual mean temperature of the region (figure S1a) is relatively high along the coast and decreases 301 

inland. The temperature during EPEs has a similar distribution to the climatological values but with 302 

higher values (figure S1b). The average temperature anomaly during EPEs (figure S1c) illustrates that the 303 

interior ice sheet areas have high positive anomalies of 10-12 degrees C, particularly across 75˚S-78˚S 304 
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close to the Greenwich meridian (0-20E). This region is on the leeward side of the high orographic area 305 

that is characterised by dry downslope winds during EPEs. The distribution of maximum temperature 306 

anomaly values (figure S1d) is similar to the mean anomaly distribution, with the continental interior 307 

having the largest anomalies (23-25 degrees C). Although EPE episodes are less frequent in the interior, 308 

they significantly impact the area's temperatures, with a mean anomaly of 10 degrees. Extreme blocking 309 

occurrences, warm air advection, cloud cover causing changes in longwave radiation, and strong dry 310 

winds contribute to temperature anomalies during EPEs (Hirasawa et al., 2000; Schlosser, Manning, et al., 311 

2010; Servettaz et al., 2020; Turner et al., 2022) particularly in inland areas. When compared to interior 312 

sites, the coastal regions experience smaller temperature anomalies during EPEs due to frequent synoptic 313 

cyclone landfall and advection of warm airmasses. The high-temperature anomalies during EPEs can 314 

cause a significant warm bias in the ice-core records (Jackson et al., 2022; Servettaz et al., 2020), and 315 

reconstruction of ice-core isotope data will overestimate reconstructed temperature, if this warm bias is 316 

not taken into account (Noone & Simmonds, 1998; Servettaz et al., 2020). 317 

3.2. Temporal variability of EPEs and associated atmospheric processes 318 

3.2.1. Interannual variability of EPEs over selected locations  319 

The spatial variability of the EPE threshold value (95th percentile) is illustrated in figure 4a. The coastal 320 

region shows large spatial fluctuations in line with the complex orography of the region. The largest 321 

values are found along the ice shelves near 35˚E and 5˚W, and higher values are on the eastward-facing 322 

slopes. Precipitation events on the windward and leeward sides of small glacial valleys cause alternate 323 

higher and lower 95th percentile values in the coastal area. Inland, the 95th percentile value declines and 324 

follows the orography in spatial distribution. The locations with frequent precipitation occurrences have a 325 
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higher value in the 95th threshold, which is found to be on the eastward side of coastal orographic 326 

features. The six selected locations for temporal analysis are also marked in figure 4a. 327 

 328 

Figure 4. (a) Spatial variability of 95th percentile values with contours of the topography of DML and locations of 329 

six locations over DML where three locations from coastal ((b) Fimbulisen S100, (c) Derwael ice rise, (d) IND33) 330 

and three from inland ((e) B33Site DML17, (f) B32Site DML05, (g) FB9817). The bold black line over the map 331 
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shows the DML area, East Antarctica, temporal variability of the number of EPE days (blue line) and contribution to 332 

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

 

 

Ice core location 

 

Latitude, 

Longitude 

 

Altitude 

(m) 

 

95th 

threshold 

(mm) 

Number of EPE days for the 1979-2018 period AR 

contribution 

(%) 
Total Autumn 

(MAM) 

Winter 

(JJA) 

Spring 

(SON) 

Summer 

(DJF) 

Coastal Fimbulisen 

S100 

70.24S,4.8E 48 7.62 503 169 136 121 77 46.5% 

Derwael ice 

rise 

−70.25S,26.34E  450 5.825 539 215 148 107 69 41% 

IND33 71.51S,10.15E 1470 4.534 353 113 106 80 54 56% 

Inland B33Site 

DML17 

75.17S,6.5E 3160 0.9958 350 122 78 75 75 42% 

B32Site 

DML05 

75S,0.01W 2882 1.643 376 136 84 89 67 49.8% 

FB9817 75.0S, 6.5W 2680 1.363 350 117 82 79 72 44% 

 334 

Table 1. The six ice-core locations were selected for temporal analysis and altitude details as given by Thomas et al. 335 

(2017). Features like the 95th percentile value, total number of annual and seasonal EPEs are given in each column. 336 

The contribution of atmospheric rivers (AR) in making EPEs at each location in a percentage given in the last 337 

column was calculated by comparing the EPE dates with AR landfall dates using the vIVT detection algorithm 338 

(Wille et al., 2021). 339 
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We selected six locations across the DML region to conduct a temporal analysis of the variability 340 

of EPEs throughout coastal and interior locations (Table 1). The selected inland locations lie on the same 341 

latitude circle with a significant longitudinal separation. Due to frequent precipitation events in the coastal 342 

region, the EPE threshold values and the total number of EPE days decreases from the coast to inland. For 343 

all the locations during the study period, the autumn season experienced more EPEs than winter or spring 344 

months. However, there is a high interannual variability in EPE occurrence between years. Figure 4 also 345 

shows the contribution of precipitation from EPEs to the annual total precipitation and the interannual 346 

variability of EPE days for the selected six ice-core locations. In regions close to the ocean (figure 347 

4b,4c,4d), the number of EPE days is relatively high (15–20 days/year) while the number of EPE days is 348 

smaller (8–12 days/year) in areas farther inland (figure 4e,4f,4g). Coastal and inland locations have 349 

different numbers of EPE days, but on average, the EPEs account for 30%–40% of the total annual 350 

precipitation at each location. All areas have a substantial interannual variability in the number of EPE 351 

events, significantly influencing the annual total precipitation. The year 1981 had many EPEs at all 352 

selected sites, whereas 1983 and 2003 had fewer EPE days. In the following section, we examine the 353 

interannual and monthly variability of EPEs and the contributing factors. 354 

3.2.2. Controlling factors  355 

The factors controlling the inter-annual variability of EPE days across the coastal and inland stations have 356 

been investigated using 500 hpa geopotential height anomalies over a rectangle box (0˚E to 35˚E and 60˚S 357 

to 75˚S) to the north of DML. To obtain detailed information about the temporal precipitation distribution 358 

and EPE occurrences at the coastal (Fimbulisen S100) and inland (B33Site DML17) stations, we chose 359 

years with the largest (year 1981) and smallest (year 1983) number of EPE days for the 40-year period. 360 

Figure 5 shows the geopotential height anomalies (area averaged over 0˚E to 35˚E and 60˚S to 75˚S) and 361 

daily precipitation values for the coastal and inland station. EPE occurrence was strongly linked with 362 
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positive geopotential height anomaly in the selected box, which underlines the importance of strong 363 

atmospheric blocking to the north of DML. There were more EPE days at the coastal locations than 364 

inland, and these top precipitating days were associated with intense blocking episodes. However, there 365 

were some EPE occurrences (9,10 and 23,24 December 1981) along with negative geopotential height 366 

anomalies over the box, which indicate the presence of low-pressure systems and the landfall of cyclones 367 

over the coastal location. Inland areas, where long-lived strong blocking is necessary for moisture 368 

intrusion at high latitudes, show a substantially higher relationship between atmospheric blocking and 369 

EPE days. For example, a significant blocking event in mid-January 1981 generated a week-long EPE 370 

event (17 to 24 January 1981) across the inland location. The year 1981 was marked by a high frequency 371 

of anomalous and episodic atmospheric blocking episodes, which resulted in a larger number of EPE days 372 

over both the coastal station (23 EPE days) and that inland (19 EPE days). However, due to less frequent 373 

blocking occurrences, the year 1983 experienced fewer number of EPE days, and precipitation 374 

occurrences with small precipitation values dominating during that year. Since all blocking events 375 

occurred north of DML did not produce significant amounts of precipitation it implies that adequate 376 

moisture availability is also a crucial factor for EPE occurrence. The relationship between blocking 377 

anticyclones and precipitation generation has been reported in several studies over East Antarctica (Pohl 378 

et al., 2021; Schlosser, Manning, et al., 2010; Servettaz et al., 2020; Welker et al., 2014) and our results 379 

are consistent with these studies.  380 
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 381 

 382 

Figure 5. Variability of geopotential height anomaly over a rectangular box north DML (0E to 35E and 60S to 75S) 383 

(red line) and daily precipitation values (blue line) with green dots denotes the EPE days with daily precipitation 384 

greater than 95th percentile value for a coastal location (Fimbulisen S100) and (a) for the year 1981 - a year with a 385 
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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 386 

(B33Site DML17) 387 

Figure S2 shows each month's total number of EPE days over the 40-year study period. The 388 

number of EPE days varied significantly across months for the various sites. All sites show a higher 389 

number of EPE days from late autumn to early winter and at the end of the spring season. To investigate 390 

this further, we analysed the climatological (1979-2018) monthly MSLP values for each location. The 391 

results show a relationship between the weak semi-annual oscillation of MSLP values and the frequency 392 

of EPE days. The surface pressure within the circumpolar trough is lower and the trough closer to the 393 

continent during equinoctial months and this seasonal change of surface pressure around Antarctica has a 394 

crucial effect on the net transfer of air and moisture towards the continent (King & Turner, 1997). The 395 

position of the circumpolar trough, modulated by the temperature contrast between mid- and high-396 

latitudes, leads to the semi-annual oscillation in pressure and wind values. The strength of this 397 

temperature difference is the largest during the autumnal equinox causing cyclonic activity to peak over 398 

the continent (Loon, 1967). The frequency of EPE days during these months is increased by enhanced 399 

poleward transport of moist air to higher latitudes during the autumnal equinoctial months. In late winter 400 

and summer, there is a similar export of air to lower latitudes (King & Turner, 1997), which results in a 401 

decrease in the number of EPE days during those months over the Antarctic. Welker et al. (2014) also 402 

observed that the autumn season is when EPE occurrences predominate in DML. Although the number of 403 

EPEs has a substantial interannual and seasonal variabilities, no significant relationship was found 404 

between the major climate modes (e.g., the Southern Annular Mode (SAM), Southern Oscillation Index 405 

(SOI)) and these high precipitation occurrences over the region. This suggests that the SOI and SAM have 406 

a relatively small impact on the inter-annual variability of EPEs, with their occurrence primarily 407 

determined by regional atmospheric variability. 408 
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3.2.3. Atmospheric synoptic conditions during EPEs 409 

To identify the synoptic patterns that occur during EPEs, we used composite anomaly analysis and EOFs 410 

of atmospheric variables during EPE days. Figure 6 depicts composites of the MSLP anomaly during EPE 411 

episodes at selected locations, including three from the coastal (figure 6a,6c,6e) and three from the 412 

interior (figure 6b,6d,6f). A dipole structure of negative (positive) anomalies to the west (east) is present 413 

for all chosen locations, with a slight variation in orientation and strength between sites. This implies low 414 

pressure to the west and high pressure to the east, with a significant atmospheric block over the region 415 

east of the location, which is the typical synoptic pattern during EPEs. The dipole structure is much more 416 

evident for coastal locations, where deep low-pressure systems are present to the west of the sites. 417 

However, atmospheric blocking to the east is a significant factor for inland locations rather than a few 418 

cyclonic intrusions to high latitudes. This dipole structure leads to anomalous northerly and north-easterly 419 

winds that carry moisture from mid-latitudes to DML (Welker et al., 2014; Yu et al., 2018). The 420 

composite anomaly of geopotential height at 500 hpa (figure S5) also displays similar patterns of this 421 

dipole structure of low pressure to the west and high pressure to the east of precipitation location during 422 

EPEs. 423 
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 424 

Figure 6. Composite MSLP anomaly during EPE days for six locations. The (a,c,e) is for coastal locations, and the 425 

(b,d,f) is for inland locations. 426 

We also used EOF analysis applied to 500-hPa geopotential height (20˚S-90˚S, 90˚W-90˚E) for 427 

the 100 largest EPEs over the region, which closely resembles the spatial patterns of the highest 428 
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precipitation events. With each row representing a specific location in the figures, the spatial patterns of 429 

the first three modes explain more than 40% of the variance exhibited for the coastal area (figure S3) and 430 

inland (figure S4) separately. The trough-ridge-trough pattern over the northern part of DML and an 431 

eastward shift in this pattern in mode 2 are both apparent in the first two modes, which account for 30% 432 

of the variance for the coastal regions. Mode 3 explains about 10% of the variance, describing the 433 

eastward-moving low-pressure systems over the south Atlantic Ocean. EPEs over inland areas have a 434 

similar trough-ridge-trough pattern strongly correlated with the positive height anomalies north of DML. 435 

This highlights the significance of atmospheric blocking for EPE occurrences over the interior locations. 436 

Welker et al. (2014) demonstrated that large moisture fluxes towards the interior of DML are associated 437 

with a trough-ridge-trough pattern at upper levels and at the surface, a cyclone and blocking high pressure 438 

to the west and east of the region, respectively. Our results are consistent with these conclusions, 439 

emphasising the importance of strong atmospheric blocking for high precipitation events over inland 440 

regions.  441 

3.2.4. Trends in EPEs and related factors 442 

 443 

The spatial trends in the annual total of extreme precipitation events and related variables are displayed in 444 

figure 7. With a magnitude of 0.25 EPE days each year, there is a statistically significant increasing trend 445 

(p <0.05) in the number of EPE days to the west of the Greenwich meridian (10˚W to 3˚E) and extending 446 

towards the interior around 75-80˚S (figure 7a). In these regions, there is also a significant positive trend 447 

in precipitation from EPEs, with a slope of 1-2 mm/year (figure 7b). We analysed the trends in IVT and 448 

meridional wind over the Atlantic sector of the Southern Ocean to explain the trends in EPEs (figure 7c, 449 

7d). The results demonstrate a significant (p<0.05) positive trend in IVT values (0.6 kg/ms per year) over 450 

the Southern Ocean's Atlantic Sector (over 60˚W to 20˚E), the central moisture transport zone for EPEs in 451 
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the DML region (figure S6). The meridional wind exhibits a significant negative trend (-0.03 m/s per 452 

year), indicating that its more robust southerly component extends to DML, particularly over the 50˚W to 453 

5˚W region. Altogether the significant trends in water vapour transport and meridional winds leading to 454 

an increased moisture convergence and high precipitating days. Yu et al. (2018) showed that the 455 

thermodynamic contribution plays a more significant role in the increasing trend in the occurrence of 456 

EPEs. This study also found that the increasing trends in the thermodynamic (IVT) and dynamic 457 

(meridional winds) contributions were essential in the positive trend of EPEs over the region. The time 458 

series analysis at one of the locations (IND33) shows a significant positive trend (p<0.05) in annual 459 

precipitation from EPEs but no significant increase in the number of EPE days (figure S7). This suggests 460 

that there is an increase in the magnitude of extreme precipitation events in recent decades. In a 461 

climatological study of atmospheric rivers over Antarctica, Wille et al. (2021) also found a significant 462 

positive trend in AR frequency over DML, particularly in recent decades (2000-2018). 463 
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 464 

Figure 7. Spatial annual trends in (a) EPE days, (b) precipitation from EPEs, (c) Integrated water vapour transport, 465 

and (d) Meridional wind. Locations with statistically significant trends (p<0.05) are denoted with dots.  466 

3.2.5. The drivers of EPEs and contribution of atmospheric rivers 467 

The synoptic drivers and moisture transport pathways are identified to gain better understanding of the 468 

mechanisms behind EPEs. Welker et al., 2014 demonstrated that the moisture transport (IVT) can be used 469 

as a proxy for high precipitation events over coastal and interior DML. With the presence of a synoptic 470 

dipole pattern of cyclones in the Weddell Sea and mid-tropospheric ridge to the east of the location 471 
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(section 3.2.3), the long-narrow, strong moisture transport through the eastern flank of these low-pressure 472 

systems is identified as the major synoptic patterns during EPEs. The occurrence of blocking high 473 

pressure systems during EPE days will strengthen the vertically integrated moisture transport (IVT) to 474 

DML (Welker et. al., 2014). We analysed the moisture transport pathways during these individual EPEs 475 

and found that some of these strong moisture transport events can be identified as atmospheric rivers 476 

(AR) as per vIVT detection technique (Wille et al., 2021). For the AR landfall dates at these six different 477 

locations, both for coastal and inland, we quantified the percentage of ARs causing EPEs (last column, 478 

Table 1). Around 40-50% of high precipitation events were linked to the landfall of ARs, with the largest 479 

contribution occurring at IND33 (56%) among coastal sites and B32Site DML05 (50%) among inland 480 

areas. The horizontal orientation of this dipole structure creates spatial variability in the AR landfall and 481 

generates EPE episodes. An average of 45% of EPE days were associated with AR occurrences in the 482 

interior locations with the strong support of a high-pressure ridge to the north of the locations. Wille et al. 483 

(2021) also found that 35%-45% of EPEs are associated with ARs over DML, when using the 95th 484 

percentile criteria for EPEs. Strong blocking in the eastern portion of the region over the Southern Ocean 485 

is a critical requirement for the development of AR and poleward moisture transport (Pohl et al., 2021). In 486 

addition, we also analysed the moisture flow patterns for non-AR events (45–50%) separately (not 487 

shown). In most cases, the moisture was transported from low latitudes to specifically selected locations 488 

as long bands of moisture flow far north of location. These EPE occurrences do not qualify as ARs 489 

because the moisture flows that occurred did not meet the length-width and moisture content threshold 490 

criteria in the AR detection techniques. Also, we observed some AR landfall dates, with strong moisture 491 

content in the atmosphere do not lead to EPEs at DML. Gehring et al. (2022) illustrated that even with 492 

strong AR moisture transport, limited precipitation may occur if the flow direction is unfavourable in 493 

relation to local orography. Orographic gravity waves and dry downslope winds generated by the 494 

interaction between synoptic flow and local orography can cause the sublimation of snowfall below the 495 
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cloud base (Gehring et al., 2022). Welker et al. (2014) also suggests a strong link between high 496 

precipitation days and moisture flow perpendicular to local orography, which implies the orientation and 497 

influence of complex orographic features in giving high precipitation over DML. We used a technique 498 

known as self-organizing maps (SOMs – Text S1) that uses IVT during EPE events from a coastal 499 

location (IND33) to demonstrate the diversity in moisture transport pathways during EPE occurrences. 500 

Figure S6 displays the SOMs of the IVT in a 15-node array with the frequency of occurrence value for 501 

each node. The node with a high frequency (node - N9, N10, N11, N14, N15), highlights the AR pattern, 502 

whereas the other nodes display moisture transport from a range of directions to the area. Most moisture 503 

flux patterns that originate in the Atlantic Ocean come from a region with peak moisture flux values 504 

between 30 °S and 50 °S (figure S6), which is in line with the results of Gorodetskaya et al. (2014) and 505 

Reijmer & Broeke, (2001). With the synoptic support of low pressure to the west and high pressure to the 506 

east of the DML, the moisture flows to the region from various directions from south Atlantic Ocean and 507 

causing high magnitude precipitation. 508 

4. Conclusions  509 

We investigated EPEs at high spatial and temporal resolution over the DML region of East Antarctica 510 

using ERA5 reanalysis data for the period 1979-2018. We examined their relationship to the complex 511 

orography of the region in terms of the spatial distribution of precipitation. Atmospheric synoptic patterns 512 

during EPEs were analysed using composite anomalies and EOFs of atmospheric variables, the 513 

contributing factors for inter-annual variabilities were also identified.  514 

Our findings show that EPEs, constituting the top 5% of daily precipitation amounts, provided a 515 

significant proportion (35%–40%) of the annual total precipitation. The influence of EPEs is dominant 516 

along the steep gradient and complex orographic zones, due to the impact of these high precipitation 517 

episodes, which contribute 40–45% of the annual total precipitation in just a few days (10–15) per year. 518 
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Along with the impact on annual precipitation total, EPEs influence surface meteorological variables like 519 

surface winds and temperatures. During EPEs, there are persistent and constant strong easterly to 520 

northerly winds, and the interaction between these winds and the region’s orography has a crucial effect 521 

on the spatial distribution of EPE days. When EPEs make landfall, temperatures are anomalously high, 522 

significantly impacting inland regions. The synoptic pattern shows that during the majority of EPEs, there 523 

are low-pressure anomalies to the west and high-pressure anomalies to the east, with atmospheric 524 

blocking to the east of the location being especially important for inland regions. Eastward-moving 525 

cyclones and the trough-ridge-trough pattern are crucial in producing EPEs over the region. 526 

The temporal variability in the number of EPE days is controlled by atmospheric flow regimes 527 

such as atmospheric blocking and changes in the circumpolar trough over the Southern Ocean. As a result 528 

of detailed analysis of a number of extreme years, we show the strong relationship between atmospheric 529 

blocking and EPE occurrences, especially for inland regions of DML. Over the region, notably central 530 

DML, there was an increasing trend in EPE days and EPE-related precipitation. This resulted from the 531 

kinetic and thermodynamic changes in the Atlantic section of the Southern Ocean. The increasing trend in 532 

integrated water vapor transport and northerly winds has been responsible for the increase in these high-533 

magnitude precipitation events in recent decades, with a significant role for the landfall of strong ARs. 534 

This is consistent with the findings of Lenaerts et al. (2013), who identified a positive surface mass 535 

balance (SMB) trend across the DML region over the coming decades due to high snowfall anomalies 536 

over the region. It is anticipated that this increased snowfall on the East Antarctic ice sheet will greatly 537 

mitigate sea level rise in the twenty-first century. By comparing the dates of AR landfall and EPE 538 

occurrences from six selected sites spanning the coastal and interior DML, this study determined that 40–539 

50% of EPEs are related to ARs and further supports previous findings about the AR contribution. EPEs 540 

have diverse moisture transport pathways, together associated with a dipole structure of low-pressure 541 

systems to the west and high pressure to the east.  542 
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Since DML is a region for major ice-core based proxy climate studies, the frequency, distribution, 543 

and magnitude of EPEs have a significant role in ice-core climate record analysis and interpretation. Our 544 

study illustrates anomalous changes in meteorological variables, such as temperature and winds during 545 

EPEs, which can cause biases in stable isotope records of ice cores and impact post-depositional features 546 

like drifting snow. Detailed case studies of EPE events are required to further understand the influence of 547 

orography on the landfall of these events using high-resolution models with a good representation of 548 

DML terrain. Increasing trends in EPEs and ARs over DML, which are associated with the changes in 549 

atmospheric moisture content and winds, have potential impact on stability of ice shelves over this region 550 

in a and warming scenario. 551 
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