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A B S T R A C T

Extreme precipitation events (EPEs) are crucial in Antarctica, impacting the Antarctic ice sheet’s surface mass 
balance and stability. Comprehensive case studies are essential for better understanding these events and the 
underlying processes driving them. Here, we investigate an extreme snowfall event in Dronning Maud Land 
(DML), East Antarctica on November 8 and 9, 2015. This event contributed approximately 22 % of the annual 
accumulation in less than two days and exhibited high spatial variability in precipitation distribution. We 
employed a high-resolution atmospheric model specifically optimized for the polar regions (Polar WRF) and 
ERA5 reanalysis data to analyze the event in detail. Our findings highlight the importance of a blocking high- 
pressure ridge of record strength that effectively blocked and diverted a strong extratropical cyclone into 
DML, ultimately leading to the heavy snowfall event. The sudden deepening of the cyclone was initiated by a ‘jet 
streak’ in the upper atmosphere that steered the system southeastwards towards the Antarctic coast. Notably, we 
observed an anomalously high poleward moisture transport in the form of a strong atmospheric river on 
November 7, 2015. This atmospheric river originated in the South Atlantic Ocean and tracked poleward from the 
30◦S-40◦S latitude band. Vertical cross-sections of the model outputs indicate that most of the precipitation was 
concentrated in regions with steep orography along the path of the atmospheric river. This interaction between 
the atmospheric river and the steep terrain led to the uplift of maritime air, resulting in heavy snowfall. This 
study highlights the significance of extreme upper and lower atmospheric conditions in driving intense moisture 
transport towards coastal DML. The interaction between the atmospheric river and the steep orography 
contributed to heavy snowfall, underscoring the importance of considering orographic influences in under-
standing EPEs in Antarctica.

1. Introduction

Understanding precipitation characteristics in Antarctica is crucial 
for studying the dynamics and ice sheet growth, which is critical in 
mitigating rising sea levels (Lenaerts et al., 2013; Medley and Thomas, 
2019). Recent studies emphasize that extreme snowfall variability 
controls coastal Antarctica’s short-term sea level contribution (Davison 
et al., 2023). The nature and duration of precipitation differ significantly 
between the interior of the continent and the coastal region. 

Accumulation over coastal Antarctica is controlled by episodic, short- 
lived, high-precipitation events (Bromwich, 1988; Gorodetskaya et al., 
2014, 2015; Schlosser et al., 2010), and studies show that these short- 
lived synoptic events can explain the recent and expected positive 
trends in Antarctic precipitation (Dalaiden et al., 2020). Extreme pre-
cipitation events (EPEs) contribute a large portion (>40 %) of annual 
snowfall in just a few days across much of the continent (Noone et al., 
1999; Turner et al., 2019). These EPEs are one of the major controlling 
factors of sudden changes in surface mass balance and surface height 
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over most of the West (Adusumilli et al., 2021) and East (Boening et al., 
2012; Gorodetskaya et al., 2014; Lenaerts et al., 2013) Antarctic coastal 
regions. Large temperature variations are also associated with these 
events, causing surface melt (Gorodetskaya et al., 2023; Wille et al., 
2019; Zou et al., 2022), decreasing the stability of the ice shelves (Wille 
et al., 2022) and record-setting temperature values (Bozkurt et al., 2018; 
Gorodetskaya et al., 2023; Wille et al., 2023).

These high precipitation events are often associated with intense 
atmospheric rivers (ARs), which are long, narrow bands of high moisture 
transport that originate in tropical and subtropical latitudes 
(Gorodetskaya et al., 2014; Maclennan and Lenaerts, 2021; Swetha 
Chittella et al., 2022; Terpstra et al., 2021). These ARs lead to 10–20 % 
of the total annual Antarctic precipitation and are associated with 
35–45 % of EPEs when considering the 95th percentile criteria (Wille 
et al., 2021). Dronning Maud Land (DML) is influenced by many ARs 
that explain 77 % of the precipitation variability (Baiman et al., 2023). 
Wille et al. (2021) identified an increasing trend in ARs over DML from 
1980 to 2018, with anomalous changes observed in 2009 and 2011 
(Gorodetskaya et al., 2014). Using a case study of an intense AR in East 
Antarctica during February 2011, Terpstra et al. (2021) found that the 

sub-tropics were a primary moisture source for Antarctic precipitation. 
The extreme state of lower-tropospheric variables in the vertical profile 
emphasizing extreme moisture transport and temperatures during AR 
events was demonstrated by Gorodetskaya et al. (2020) using radio-
sonde measurements over DML. During AR events the dipole structure of 
low-pressure cyclones to the west and high-pressure anticyclones to the 
east is evident, which is similar in most of the EPEs over East Antarctica 
(Terpstra et al., 2021; Welker et al., 2014; Yu et al., 2018).

The large-scale circulation of the Southern Hemisphere has under-
gone notable changes in recent decades. Reanalysis data have revealed 
significant increases in the occurrence of deep mid-latitude cyclones and 
a poleward shift in their tracks (Grise et al., 2019; Solman and Orlanski, 
2014; Wang et al., 2016). Particularly during the Austral summer, there 
is a noticeable increasing trend in number of cyclones south of 60◦S, as 
observed in different reanalysis data (Grieger et al., 2018). Additionally, 
there is a pronounced positive trend in the number of cyclones, espe-
cially in the high latitudes of the South Atlantic Ocean (Reboita et al., 
2015). In conjunction with this, during Austral summer, the South 
Atlantic Ocean has experienced increased high-pressure blocking ac-
tivity (Dennison et al., 2016). This alters the path of mid-latitude 

Fig. 1. (a) Spatial distribution of daily accumulated precipitation (shading, unit (mm)) from Polar WRF model domain with 9 km resolution for 8th November 2015. 
The orography (red lines, units (m)) of the DML region and wind vectors are overlaid. Also, the ice core location (IND33) and locations of Neumayer and Princess 
Elisabeth station (PE) stations are marked. (b) same as (a) but for 9th November 2015. (c) Hourly precipitation reported at the PE station derived from MRR 
measurements from January 2015 to May 2016 (blue lines, units (mm/h)). A red line marks the precipitation for the event duration, and the data gap area is marked 
with a black horizontal line. (d) Hourly precipitation (green bar, units (mm)) derived from ERA5 for the event days and hourly precipitation observed at the PE 
station (red line, units (mm)) and simulated using the Polar WRF model (blue line, units (mm)). DML: Dronning Maud Land, MRR: Metek’s Micro Rain Radar. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cyclones, directing them towards the coast of East Antarctica.
These EPEs impact Antarctic atmospheric conditions, glaciological 

conditions, and ice core data records (Noone et al., 1999; Schlosser et al., 
2017). Factors such as moisture from northern latitudes, high temper-
atures during the events, and post-deposition processes due to strong 
winds can introduce bias in ice core climate records, particularly con-
cerning EPE frequency and magnitude (Schlosser et al., 2010; Servettaz 
et al., 2020; Turner et al., 2019). The region’s orography also influences 
significantly the snowfall distribution and wind-driven redistribution 
(Dattler et al., 2019; Lenaerts et al., 2012; Souverijns et al., 2018). The 
influence of orography also implies that very little precipitation can be 
possible even during a strong AR event due to snowfall sublimation in 
the lower troposphere in response to the generation of orographic 
gravity waves (Gehring et al., 2022) and due to katabatic winds (Grazioli 
et al., 2017).

This study analyses a heavy precipitation event at the beginning of 
Austral summer on November 8 and 9, 2015. This event was one of the 
most significant precipitation events at the ice core site 
(IND33–71.51◦S,10.15◦E, Fig. 1) (Ejaz et al., 2021) in coastal DML 
(20◦W to 45◦E). Significantly, this event was associated with an intense 
AR, within the top 1 % of ARs, identified through the atmospheric river 
tracking technique developed by Wille et al. (2021). Our primary goals 
are to determine the extreme conditions during this event, follow the 
evolution of the synoptic-scale environment, and elucidate the pathways 
of intense moisture transport. This investigation employs a combination 
of ground-based in-situ and remote sensing observations, reanalysis 
data, and satellite imagery. Additionally, using a high-resolution 
regional atmospheric model (Polar WRF), we explore the role of 
coastal orography on the distribution of precipitation during this event.

2. Data and methods

2.1. Reanalysis data

We used the European Centre for Medium-range Weather Forecasts 
(ECMWF) ERA-5 reanalysis (Hersbach et al., 2020) for this climatolog-
ical and synoptic analysis in this study. The data are taken at a spatial 
resolution of 0.25◦ x 0.25◦ and hourly temporal resolution. The vari-
ables, including precipitation, mean sea level pressure (MSLP), zonal 
(U), and meridional (V) wind components at 10-m height, and air 
temperature at 2 m, are taken at single levels. Vertically integrated 
water vapor transport (IVT) was calculated using available vertically 
integrated zonal and meridional components of moisture flux values. 
Geopotential height, U and V components of winds, and specific hu-
midity are taken at different pressure levels. We have extracted pre-
cipitation data from three additional reanalysis products with different 
spatial and temporal resolutions to compare their representation of 
precipitation distribution during the EPE. The reanalysis used were 
MERRA2 (0.5◦ x 0.625◦, hourly), JRA55 (1.25◦ x 1.25◦, 6-hourly), 
CFSv2 (0.5◦ x 0.5◦, hourly) for EPE day November 8, 2015.

AR detection: The AR detection technique uses locations of vIVT 
(the meridional component of integrated vapor transport) between 
37.5◦S and 80◦S, surpassing the 98th percentile of all monthly vIVT 
values per grid cell from 1980 to 2021. A long, narrow band of vIVT 
values over this threshold that stretches at least 20◦ in the meridional 
direction was considered to be an AR by the algorithm. For more in-
formation, see Wille et al. (2021).

Extreme values detection: EPE days are also defined as the pre-
cipitation days (precipitation >0.02 mm) exceeding precipitation values 
greater than the 95th percentile value. To assess the extreme nature of 
this event, we identified the regions that exhibited extreme values 
before and during the heavy precipitating days. The extreme values were 
considered as those exceeding the 95th and 99th percentiles and less than 
the 5th and 1st percentiles compared with daily data for 1979–2018 for 
each latitude-longitude grid. The variables geopotential height at 
500mb, MSLP, wind component, IVT, precipitation, and 2 m 

temperature were analyzed to determine the extreme conditions during 
this event (section 3.2).

2.2. Satellite composite imagery

The Antarctic satellite composite imagery is a mosaic of geosta-
tionary and polar orbiting satellite imagery (Kohrs et al., 2014; Lazzara 
et al., 2003). Data from the geostationary satellites such as GOES 
(Geostationary Operational Environmental Satellite), Himawari, and 
Meteosat are combined with polar-orbiting satellites such as the NOAA 
(National Oceanic and Atmospheric Administration, also known as 
POES or Polar-orbiting Environmental Satellite), Terra/Aqua, and 
Metop satellites. They are combined utilizing a scheme to include the 
lowest parallax and highest resolution observational data into the 
product while keeping satellite calibration information. The composite 
is made hourly and is made over several spectral channels. This study 
uses infrared (IR - 10.7 μm) and water vapor composites (6.7 μm) to 
track the development of cloud and moisture characteristics.

2.3. Ground-based observations

The cloud/precipitation/meteorological observatory at the Belgian 
Princess Elisabeth (PE) research station, Dronning Maud Land, East 
Antarctica (Gorodetskaya et al., 2015), provided the precipitation 
readings during the studied EPE. The PE observatory is situated 180 km 
inland at 71◦57′S and 23◦21′E and has an elevation of 1392 m above 
mean sea level. The Metek’s Micro Rain Radar, MRR-2, deployed at PE 
station (Fig. 1a) in February 2010, was used to calculate the precipita-
tion rates. The precipitation reaching the surface was calculated by 
converting the associated effective reflectivity (Ze) to snowfall rates (SR) 
using various Ze-SR relationships for dry snow. Souverijns et al. (2017)
provide detailed information on the calculation of Ze, SR, and the pa-
rameters of the Ze-SR relation used to process precipitation rate (mm/h).

The in-situ observations from automatic weather stations from the 
two coastal DML stations (Neumayer (Germany) at 70.645◦S, 8.264◦W, 
and PE (Belgium)) were also used for the comparison of Polar WRF 
model outputs. Neumayer station data were obtained as part of the 
Scientific Committee on Antarctic Research (SCAR) Reference Antarctic 
Data for Environmental Research (READER) project and subject to a 
strict quality control procedure (Turner et al., 2004). The available 
surface meteorological variables like precipitation, 2 m temperature, 
surface pressure, mean sea level pressure, wind speed, and direction 
were used for the model validation. Time series from the nearest grid 
points were subsampled to coincide with the temporal resolution of each 
station’s observations. The correlation coefficient, bias, and root-mean- 
square error (RMSE) between model outputs at different domains and in- 
situ station observations were used to calculate a statistical measure of 
model performance.

2.4. Polar WRF model simulation

This study utilized data from the high-resolution regional atmo-
spheric model, WRF version 4.1.1, optimized for the polar regions. The 
model incorporates improvements in representing essential variables 
such as sea ice fraction and thickness, snow depth, snow albedo, cloud 
radiative processes, and the heat transfer of ice and snow (Bromwich 
et al., 2013; Hines and Bromwich, 2008). The model used a 9 km parent 
domain within which an inner domain of 3 km resolution was nested in a 
polar-stereographic projection (Fig. S1). To provide the necessary sur-
face, lateral boundary conditions, sea ice concentration, sea surface 
temperature, and other initial conditions, we utilized the ERA5 rean-
alysis. Additionally, geographic information was obtained from the WRF 
standard orography using the Global Multi-resolution Terrain Elevation 
Data 2010 (GMTED2010) (Danielson and Gesch, 2011), while land use 
and land cover data was from the Moderate Resolution Imaging Spec-
troradiometer (MODIS) dataset at a resolution of 1 km. This study 
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selected the parameterization schemes based on a sensitivity analysis 
that identifies the best-performing schemes in the planetary boundary 
layer (PBL), longwave radiation, and cloud microphysics for DML. The 
remaining physics schemes and configurations used in the study follow 
those employed in the Antarctic Mesoscale Forecast System (AMPS), a 
numerical weather prediction tool operated by the National Center for 
Atmospheric Research (NCAR) in the United States. Table 1 presents the 
physics options utilized in this study.

The 10-day long model simulation was conducted to study the EPE, 
and the simulation started from November 3, at 00:00 UTC, to 
November 12, 2015, at 18:00 UTC, with a temporal resolution of 1 h. 
The initial 24 h of data were considered a spin-up period and were not 
included in the subsequent analysis (Bromwich et al., 2013). Observed 
surface meteorological variables from coastal stations in DML, such as 
Neumayer and PE, were utilized to validate the model output. The model 
simulated surface pressure, temperature, and wind speed were precisely 
adjusted for height variations using the hypsometric equation, lapse rate 
correction, and logarithmic wind profile, respectively. These height 
corrections are essential for accurately comparing the model results and 
the observed data (Deb et al., 2016).

3. Results

3.1. Spatial and temporal precipitation characteristics

The spatial and temporal characteristics of the EPE on November 8 
and 9, 2015, over the DML region are depicted in Fig. 1. The figure 
shows the spatial distribution of daily accumulated precipitation values 
simulated by the Polar WRF model on November 8 (Fig. 1a) and 9 
(Fig. 1b) within the model’s 9 km resolution domain. The orography 
contours (red lines) highlight the complex orographic structure of the 
coastal region, with closed contour lines indicating areas of significant 
orographic gradients over short distances. This region has complex 
orographic features, such as ice rises, steep mountain slopes, and nun-
ataks (Rotschky et al., 2007). The spatial precipitation pattern and 
orography contours illustrate that precipitation fell predominantly in 
the coastal and escarpment regions near steep gradient areas. The 
highest precipitation values were concentrated on the eastern slopes of 
the orographic features in the near coastal region. The high-resolution 
analysis using Polar WRF simulated the effect of coastal orography in 
controlling the spatial distribution of precipitation. The event exhibited 
a broad spatial coverage spanning 5◦W to 20◦E and was characterized by 
significant spatial variability with a number of regional maxima and 
minima along the coastal region. Spatially, there were three (on 
November 8) to four (on November 9) peaks of high precipitation values 
over the region associated with the undulations in the orography of the 
area. On November 9 (Fig. 1b), there was an eastward shift in the spatial 
pattern due to the eastward propagation of the cyclonic system and 
moisture transport conducive to the precipitation event. According to 
ERA5, November 8, 2015, was the day with the highest precipitation at 
the ice core location (IND33–71.51◦S,10.15◦E, Fig. 1) for 1980–2021, 
with a daily total of nearly 32 mm (fig. S2a). This event contributed 
approximately 22 % of the 2015 total annual precipitation, based on the 
2-day (November 8 and 9) accumulated value. This precipitation event 
at the IND33 location started at 18:00 UTC on November 7 and ended at 

12:00 UTC on November 9, 2015, and the temporal distribution had two 
peaks of high precipitation rate (Fig. S2b).

For the detailed temporal analysis of the event, we utilized observed 
variables from the PE station situated slightly inland in DML (Fig. 1a). 
The hourly precipitation rate from the MRR2 radar at the PE station 
exhibited episodic and highly variable precipitation values between 
January 2015 and May 2016. The highest precipitation rate occurred on 
November 9, 2015, marking the peak within this observed period 
(Fig. 1c). The temporal precipitation pattern during this event was 
analyzed using observed hourly precipitation rates and compared with 
the Polar WRF model outputs and ERA5 values from the nearest grid 
point to the observation point (Fig. 1d). As the PE station is positioned 
east of IND33, the snowfall commenced at 09:00 UTC on November 8 
and finished at 08:00 UTC on November 10, 2015. Two peaks in the 
temporal distribution of precipitation were observed at 06:00 UTC on 
November 9 and 15:00 UTC on November 10, 2015, with precipitation 
rates reaching up to 2 mm/h (Fig. 1d). These temporal peaks align with 
the frontal bands approaching these locations, and the Polar WRF model 
successfully simulated this temporal variability with a good represen-
tation of the peaks. There is a slight overestimation of precipitation 
values in the model on November 11. However, the ERA5 model un-
derestimates precipitation values at the PE station, and the temporal 
peaks during the event are not well represented (Fig. 1d). To understand 
the representation of this event in different reanalysis products (JRA55, 
MERRA2, CFSv2, ERA5), we analyzed their outputs on November 8, 
2015 (Fig. S3). All the reanalyses captured the broad-scale intense 
precipitation amounts and spatial distribution on November 8, 2015, 
particularly the dominant three-band structure. However, there are 
differences in the precipitation magnitude across these models, likely 
due to variations in model resolution and the representation of orog-
raphy in the complex coastal terrain (Gehring et al., 2022; Mottram 
et al., 2021). The dynamically downscaled high-resolution regional 
model, Polar WRF, demonstrated a clear improvement in both spatial 
and temporal precipitation distribution over the coastal region 
compared to the reanalyses, highlighting the importance of accurately 
representing orographic features in these models. The high-resolution 
simulation using the Polar WRF model showed higher precipitation 
values than the reanalyses, attributed to its better ability to capture the 
interactions between steep orographic structures and advected air 
masses during the event. While reanalysis models are adequate for 
capturing large-scale interactions, they lack the resolution necessary to 
resolve highly localized processes in complex terrains like DML. High- 
resolution regional models, such as Polar WRF, are better suited for 
simulating snowfall events in these areas, as they can more accurately 
represent small-scale processes and interactions. The highly variable 
precipitation distribution, with banded structures, is also evident in 
climatological precipitation maps over this region (Simon et al., 2024). 
The complex orography of the region plays a pivotal role in snowfall 
accumulation and wind-induced redistribution during these EPEs, and 
the frequency and magnitude of these events can introduce biases in ice- 
core climate records (Noone et al., 1999).

To examine the temporal evolution of meteorological conditions 
during the event, we used observed surface meteorological variables 
from the coastal Antarctic stations Neumayer (Fig. 2a) and Princess 
Elizabeth (Fig. 2b). We compared these observed variables with the 
model’s nearest grid point values. This analysis demonstrates the ac-
curate representation of surface variables by the Polar WRF model 
during the precipitation event. The performance of the model’s variables 
was assessed using statistical measures such as correlation, RMSE, and 
bias (see Table S1). At the PE station, there is a significantly strong 
correlation between the model and in-situ surface variables such as 2 m 
temperature (r-value = 0.85), wind speed (r-value = 0.76), and surface 
pressure (r-value = 0.94). Although there is a slight overestimation of 
temperature (by 1.5 ◦C) and wind speed (by 2.7 m/s), the model effec-
tively captured the abrupt changes and temporal variability during the 
event. Also, the model fails to capture the sudden changes in wind 

Table 1 
Parameterization schemes used in Polar WRF model simulation.

Model configuration Physics scheme/ details

Longwave radiation scheme RRTMG longwave scheme
Shortwave radiation scheme Goddard shortwave scheme
Cloud microphysics Morrison 2-moment scheme
Land surface physics Unified Noah Land Surface model
Planetary boundary layer physics MYNN level-2.5 scheme
Surface layer physics Revised MM5 Scheme
Cumulus parameterization scheme Kain-Fritsch scheme
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direction from easterlies (E) to north-westerlies (NW) and overestimates 
the wind speed on November 6 and 7 at the PE station. The comparison 
with the observed hourly precipitation rate at the PE station shows that 
the model performed well in capturing the temporal distribution during 
the event. With a positive correlation of 0.74, the model accurately 
captures the temporal peaks in the precipitation time series. Overall, 
there was a slight underestimation (bias ~ −0.04 mm/h) of precipita-
tion values and RMSE values of nearly 0.3 mm/h, and there was an 
overestimation of precipitation values on November 11. However, 
considering spatial and temporal changes during this precipitation 
event, Polar WRF shows a good representation as per the statistics at the 
PE station and spatial maps. On the other hand, the model under-
estimated the 2-m temperature at Neumayer station on November 7 and 
11, before and after cyclone landfall, as indicated by changes in MSLP 
values. The model incorrectly simulated the wind direction as NW-N 
instead of SW-S on November 7, resulting in a sudden temperature 
drop. Similarly, on November 11, the model misrepresented the wind 
direction as SW-S instead of SE, contributing to the cold bias. Despite 
these discrepancies, the model performed well with precipitation at PE 
and Neumayer stations, as indicated by the model-to-observation com-
parison statistics (Table S1).

3.2. Extreme conditions during the event

To understand the event’s unique extreme character and its associ-
ated atmospheric dynamics, we employed an extreme value analysis on 
different atmospheric variables during the event. These variables 
include MSLP, 500 hPa geopotential height, 10 m wind speed, and in-
tegrated water vapor transport (IVT). We marked extreme value points 
in Fig. 3 to highlight the unique nature of the event. In Fig. 3a, 500 hPa 
geopotential height values on November 8 exceeded the 95th and 99th 
percentiles, particularly to the east of DML. This signifies an inland, 
high-pressure ridge of record strength during the event, which acted as a 
block for the deep cyclone’s eastward progression. Extreme MSLP values 
below the 5th and 1st percentiles (Fig. 3b) indicate an intensified low- 
pressure system west of the region, progressing southeastward from 

the South Atlantic Ocean and landfall on November 8. Daily averaged 
MSLP values show a pronounced depth recorded at the center of this 
low-pressure cyclone. These extreme, free atmosphere and lower 
troposphere conditions initiated strong northerly winds and intense 
moisture transport towards Antarctica (Fig. 3c, d). The combination of a 
low-pressure system to the west and a blocking high-pressure ridge to 
the east is identified as the major synoptic pattern during the EPEs over 
coastal Antarctica (Welker et al., 2014; Yu et al., 2018). A convergent 
wind structure is exhibited over the coastal region (nearly 15◦E to 30◦E), 
with the presence of katabatic winds from inland regions (Fig. 3c), 
which leads to the interplay of the warm-moist airmass, cold katabatic 
winds, and complex orography of the coastal region. IVT values were of 
intense magnitude on the cyclone’s eastern flank and high values over 
the Atlantic Ocean near 30◦S, extended as an atmospheric river towards 
Antarctica (Fig. 3d). This AR on November 7 and 8, 2015 was one of the 
strong AR events identified at IND33 with maximum IVT values greater 
than the 99th percentile values of all ARs occurrence at this location. 
The ARs at IND33 were tracked and found using the AR detection 
criteria of Wille et al. (2021). A detailed analysis of this AR is explained 
in section 3.5.

Extreme precipitation and temperature values during and following 
the landfall of an AR are comprehensively shown in Fig. 4. Most coastal 
areas exceeded the 95th percentile precipitation threshold and experi-
enced snowfall extending inland on November 9, concurrent with the 
intrusion of a blocking ridge. Simultaneously, 2 m temperatures dis-
played extreme values on November 9 and 10 (Fig. 4c, d), propagating 
inland post-event. As part of the detailed analysis, atmospheric thickness 
(1000–500 hPa) was examined throughout the event (Fig. S4), which 
depicted the heat content of the lower troposphere. On November 6, a 
northward extension of the trough region around 30◦W indicated the 
movement of cold air from polar to low latitudes, reflected in lower 
thickness values. The inland extension of high thickness values on 
November 7 and 8 demonstrated the advection of warm air towards the 
ice sheet, particularly over 0–30◦E, resulting in higher temperatures. 
This warm air advection was associated with the intrusion of a high- 
pressure ridge into the inland region. Surface heat fluxes during the 

Fig. 2. (a) The validation of the Polar WRF model outputs from both model domains. Time-series comparison of model outputs from the nearest grid point of 
observed values at Neumayer station for the ten days from November 4 to November 12, 2015. (b) Same as (a), for PE station.
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event in this high-temperature area (averaged over 5◦E-35◦E, 71◦S-83◦S, 
the selected box marked in Fig. 4c, d) revealed hourly changes in radi-
ative and turbulent heat fluxes (Fig. S5). Longwave (LW) radiation 
values (w/m2) were less negative during the event, indicating down-
ward LW radiation from clouds. Warmer conditions during the event 
also caused decreased heat loss from the ice sheet to the atmosphere. 
Clouds over the ice sheet reflected incoming solar radiation, decreasing 
net short-wave radiation values. Consequently, warm airmass and 
clouds above the ice sheet surface resulted in a downward (more posi-
tive) surface sensible heat flux during the event. This demonstrates the 
warming due to cloud-longwave radiation and associated sensible heat 
fluxes contributing to changes in net radiation, primarily when 2 m 
temperatures increased sharply by nearly 15 ◦C in less than 36 h (from 
01:00 AM on November 8 to 10:00 AM on November 9). The reported 
warmings over the Antarctic ice sheet in several studies (Turner et al., 
2022; Wille et al., 2023) is primarily attributed to the advection of warm 
airmasses causing cloud formation upon interacting with the complex 
orography of the region and changes in longwave radiation from the 
atmosphere to the ice sheet. Large-scale features, such as the presence of 
blocking high-pressure regions with sinking air motion and local 

features like downslope foehn winds from high orographic areas, can 
lead to sudden changes in atmospheric temperature and warming over 
the ice sheet (Gorodetskaya et al., 2023; Zou et al., 2022).

3.3. Genesis and movement of the mid-latitude cyclone

Fig. 5 illustrates the MSLP values and 500 hPa geopotential height 
during and preceding the precipitation event. The synoptic processes 
behind this event were initiated on November 4. On that day, the area 
north of the Weddell Sea was characterized by multi-centered, quasi- 
stationary, low-pressure systems and the generation of a highly ampli-
fied zonal wave pattern north of DML in the circumpolar trough (40◦S - 
60◦S). On November 5, the mid-troposphere had an upper-level short 
wave trough over the Weddell Sea sector (nearly 57◦S, 15◦W). This 
shortwave trough initiated the cyclogenesis, and as a result, a low- 
pressure system deepened near 55◦S, 5◦W in the South Atlantic Ocean 
on November 6. On November 7, this system underwent rapid deep-
ening, with the lowest central pressure being nearly 951.8 hPa. In par-
allel with the deepening (on November 8, the lowest central pressure 
reached up to 941.4 hPa), this cyclone tracked poleward and made 

Fig. 3. Synoptic conditions during the precipitation event in the ERA5 model and the regions with extreme values found using percentile criteria are denoted in the 
figure. (a) geopotential height at 500mb, (b) Mean Sea Level Pressure, (c) Wind speed at 10 m, (d) Integrated water vapor transport (IVT). The percentiles are 
calculated using daily data from ERA5 for the 1979–2018 period. The MSLP values over the high-altitude regions are masked.
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landfall on the DML coast on November 8. The MSLP exhibited a 
prominent zonal wave number 3 pattern, with low-pressure systems 
located at 145◦W, 120◦E, and 5◦W during the first week of November 
2015. Between November 7 and 8, a high-pressure ridge of record 
strength developed east of the region, redirecting the low and facili-
tating substantial moisture transport towards the region. The 500 hPa 
geopotential height shows the extensive amplification of the planetary 
wave pattern in the mid-tropospheric north of the region, forming a 
high-pressure blocking ridge to the east. The sudden deepening of the 
low and the inland extension of the blocking ridge on November 7 and 8 
served as the primary mechanisms steering the surface low towards 
land, generating a prolonged and narrow moisture pathway as an 
intense atmospheric river.

The extra-tropical cyclogenesis on November 7 occurred within the 
frontal boundary of warm and cold air masses. The frontal zones of large 
horizontal temperature gradient were on the eastern side of the surface 
low, and the interaction of warm and cold air over this boundary helped 

cyclogenesis. The 850 hPa potential temperature and gradient of 850 
hPa wet-bulb temperature from the Polar WRF model (Fig. S6b, S6c) 
confirm the frontal zones. The rising warm air over the frontal boundary 
led to the thick cloud on the eastern flank of the cyclone. The satellite 
images at the time of the event (Fig. 6) also confirm the presence of a 
long band of cloud and moisture through the eastern side of the cyclonic 
system (Fig. S6a). Fig. 6 shows the typical cloud band structure of an AR 
propagation with intense moisture from low-latitudes towards coastal 
Antarctica. These satellite images show the frontal cyclogenesis 
occurred during the event, and the poleward movement of warm low- 
latitude air and the northward movement of cold inland air led to the 
forming of a frontal boundary near the low’s center and the system’s 
deepening as it moved southwards (Fig. 6). The inland extended high- 
pressure ridge supported the movement of cold air from the interior of 
the continent, which also contributed to the sudden strengthening of the 
low-pressure cyclone by increased baroclinicity. Francis et al. (2021)
also reported similar interactions of the inland high-pressure systems 

Fig. 4. Similar to Fig. 3, regions showing extreme values were found using percentile criteria (a) daily precipitation values during November 8, (b) daily precipitation 
values during November 9, 2015, (c) 2-m temperature anomaly values during November 8, (d) 2-m temperature anomaly values during November 9, 2015. Daily 
anomaly values were calculated using data for the climatology period 1979–2018. The box selected for temporal analysis of radiative and turbulent flux values is also 
marked in (c) and (d).
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causing the strengthening of cyclones over the Southern Ocean by the 
advection of cold interior air. The landfall of the cyclone over DML on 
November 8 is also verified by the satellite images, with clouds 
extending well into the inland in consecutive hours.

3.4. Upper-level winds and steering mechanisms

To identify the influence of upper-level dynamics and wind patterns 
in the propagation and occurrence of this event, we analyzed the at-
mospheric flow at 250 hPa. Fig. 7 shows the 250 hPa wind and geo-
potential height from November 5 to 10, at 18:00 UTC. The upper-level 
winds show the highly amplified zonal wave near the 50◦S - 60◦S circle 
with the genesis of the inland-extending high-pressure ridge north of 
DML. A prominent quasi-stationary trough and ridge pattern started 
developing near 10◦W on November 5 and amplified before the extreme 
precipitation days of November 8 and 9, 2015. The inland intrusion of a 
high-pressure ridge is evident from the upper-level geopotential height 
values, accompanied by changes in wind direction. This anomalous 
inland intrusion of the ridge, associated with the blocking mechanism, 
was the main feature responsible for redirecting the strong cyclone and 
high moisture levels to the landfall region (Fig. 4). Notably, there was a 

close interaction between the subtropical and amplified polar jet 
streams north of the Weddell Sea (30◦S, 20◦W), where strong moisture 
uptake occurred (section 3.5). On November 6 and 7, the upper-level 
trough exhibited strong meandering. It extended poleward, facilitated 
by a narrow band of strong meridional wind known as a ‘jet streak’ in the 
upper atmosphere, particularly over 10◦W to 5◦E. The core of this jet 
streak was on the eastern side of the upper-level trough and extended 
southward before the event. A cross-section analysis of this strong wind 
region during the event confirms this wind band’s formation and pole-
ward extension (Fig. 8). The meridional wind, averaged across longi-
tudes 5◦W to 10◦E, is depicted in Fig. 8. The strengthening and 
formation of the jet streak occurred on November 6 and 7, generating a 
band of strong meridional wind over the 50◦S to 70◦S at 18:00 UTC on 
November 7. The core of this strong southward wind was close to 300 
hPa, reaching coastal Antarctica on November 8, and interacted with 
coastal orographic features (Fig. 8). These strong upper-level winds led 
to upper-level divergence balanced by the lower-level convergence and 
enhanced vertical motion. The vertical motion led to the deepening of 
the low-pressure system, and upper-level winds steered the system 
southwards. Therefore, the meridional jet streak in the upper atmo-
sphere played a significant role in the sudden deepening of the low- 

Fig. 5. The mean sea level pressure (MSLP) values (shaded, unit (hPa)) overlaid by geopotential height at 500 hPa (green lines, unit (m)) at the 18th hour six 
consecutive days before and during the event. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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pressure system and warm, moist airmass advection on November 7. On 
November 8, this band of strong wind reached coastal Antarctica asso-
ciated with the landfall of the cyclone.

The Hovmöller (time vs. longitude) diagram in Fig. S7 illustrates 
changes in the zonal and meridional 250 hPa wind components aver-
aged from 40◦S to 70◦S between November 1 and 12, 2015. The 
meridional wind (Fig. S7a) revealed alternating strong winds from the 
south (positive values) to the north (negative values) over the circum-
polar trough region (Fig. S7a, dashed line), beginning around 180◦W on 
November 1. This oscillation gradually propagated eastward over time, 
with significant northerly winds near 130◦W on November 2 and 10◦E 
on November 7. This signifies the downstream movement of the Rossby 
waves, forming two strong ARs over these zones (130◦W and 10◦E). The 
AR near 10◦E was linked to the extreme event over DML, with a 
meridional jet streak causing strong northerly winds. The zonal winds 
(Fig. S5b) exhibit strong westerlies in the South Atlantic and Indian 
Ocean (30◦E to 150◦E) during the initial week of November. However, 
from November 7 to 10, zonal winds weakened in the Weddell Sea and 
South Atlantic (30◦W to 60◦E) due to prevailing northerly winds and 
their eastward advancement. Simultaneously, the Ross Sea sector 
(180◦W to 90◦W) experienced strong zonal winds. The upper-level 
winds reveal a semi-stationary wave pattern in the north-south flow, 
with changes in the wind pattern attributed to amplified planetary 
waves during the EPE days. The intensified Rossby wave pattern and the 
associated meridional jet streak in the upper atmosphere played a 

significant role as the primary steering mechanism. This aligns with the 
findings of Wang et al. (2023), supporting the idea that the intensifi-
cation of Rossby waves in the circumpolar region can trigger the genesis 
of intense blocking activity and precipitation events in East Antarctica.

3.5. Moisture transport associated with AR

Hourly IVT fields associated with intense moisture transport in the 
form of AR and the development of the deep cyclonic system in 6-hour 
intervals from 18:00 UTC on November 6, 2015, are depicted in Fig. 9. A 
pool of high IVT values, about 1000 kg/ms, was present over the South 
Atlantic (the 30◦S - 40◦S, 30◦E - 5◦E) ocean on November 6. This region 
coincided with the northern end of the amplified upper-level trough 
(explained in section 3.4) interacting with the sub-tropical jet stream 
where strong moisture uptake occurred (Fig. 10). The moisture transport 
was strengthened and started to orient meridionally on November 7, 
associated with the strengthening of the blocking high-pressure ridge to 
the east and deepening of the low to the southwest. This quasi-stationary 
atmospheric pattern helped in the poleward movement of moisture and 
the formation of an AR that elongated southward along the eastern flank 
of the extra-tropical cyclone. To investigate the vertical structure of IVT, 
we included the cross-section analysis of moisture flux for the entire 
vertical atmospheric column along the eastern flank and warm sector of 
the surface low (averaged between longitudes 5 W to 10E), as depicted 
in Fig. 10. The contours of specific humidity (violet) are overlaid. At 

Fig. 6. Infrared satellite imagery (IR) (~11.0 μm) for the different hours before and during the event.
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18:00 UTC on November 6, large areas of enhanced moisture flux on the 
northern end (nearly 30◦S to 40◦S) of the cyclone. Enhanced moisture 
flux values over this region on November 7 in the lower troposphere 
(750 hPa to 950 hPa) were mainly controlled by high specific humidity 
values and termed the major moisture uptake region. The meridional 
orientation of this moisture pool took place throughout the remaining 
hours of November 7 with the support of upper and lower-level winds. 
The moisture flux had high values from 300 hPa to the surface. These 
plumes of intense moisture were heterogeneous over the lower tropo-
sphere and became two major bands of moisture flux over 60◦S and 38◦S 
at 12:00 UTC on November 7. This two-band structure is also reflected in 
the coastal region’s temporal distribution of precipitation at point lo-
cations (PE station, IND33 - Fig. 1d, Fig. S2b). The poleward orientation 
and eastward movement of this long, narrow band of moisture were 
largely driven by the deepening and eastward movement of the low- 
pressure system, which made landfall over the coastal region on 
November 8. The highly amplified zonal wave and blocking ridge 
contributed to the moisture transport into the coastal region associated 
with the cyclone’s landfall. The AR formation and meridional elongation 
of high moisture flux occurred within 24 h, which closely aligns with the 
sudden deepening of the low-pressure cyclone in the Atlantic Ocean 
steered by the upper-level winds. The onset of precipitation in the early 

hours of November 8 coincided with the interaction of these intense 
moisture bands with the orographic features of coastal DML.

3.6. Orographic enhancement

On November 8, 2015, as previously discussed, coastal precipitation 
peaked due to the cyclone’s landfall and the arrival of an atmospheric 
river from the South Atlantic Ocean. The region also experienced winds 
from the N-NE direction, which advected warm, moist air from northern 
latitudes. There is high precipitation over the oceanic region just north 
of the DML coast, which is due to the interaction of warm airmass with 
cold air from the continent inland. This interaction enhanced the rapid 
cooling, condensation, and precipitation near the coastal margins and 
over coastal ice shelves. The precipitation values over the ice sheet were 
of record magnitude in most coastal DML. However, the distribution of 
precipitation values was not homogeneous, and there was high spatial 
variability along the coast, showing a three-band pattern of high and low 
values (Fig. 11a). We utilized results from Polar WRF simulated on high 
precipitation days for a better understanding of this high spatial vari-
ability with bands of high and low precipitation values. To accurately 
capture key orographic and small-scale processes over the coastal re-
gion, we used outputs from a high-resolution model domain (3 km). We 

Fig. 7. Wind speed (shaded, units (m/s)), wind vectors, and geopotential height (brown lines, units (m)) at 250 hPa for different hours before and during the event. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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focused on analyzing the vertical distribution of atmospheric variables 
during the event, selecting a west-east oriented plane that highlighted 
significant spatial variability in precipitation. (Fig. 11a). The cross- 
section captures the complex orography of the coastal region with the 
vertical variation in variables such as omega, mixing ratio of water 
vapor and snow, relative humidity, and moisture flux (Fig. 11b, c, d, e, f) 
at 12:00 UTC on November 8, 2015, when hourly precipitation reached 
its peak. The orography of the region is complex, with steep slopes over a 
short distance due to mountain regions, nunataks, and ice rises. The 
synoptic patterns confirm the intense moisture transport in the form of 
ARs reaching the coastal region on November 8 (Fig. 9). The interaction 
of warm, moist airmass with the orography of the region is illustrated in 
the vertical cross-section analysis, where Fig. 11b shows the omega (pa/ 
s) values with wind vectors showing vertical wind directions. The effect 
of coastal orography is evident in the vertical distribution of omega (pa/ 
s) values along this selected cross-section zone (Fig. 11c). Alternative 
positive and negative omega values were present over the lower 
troposphere, and significant negative values near the steep gradient 
zones (Fig. 11c). The negative omega values indicate strong vertical 
motion of air parcels, which results in the orographic lifting and cooling, 
leading to enhanced precipitation over these windward regions. The 
regions with high precipitation values are near steep, complex terrain 
with strong updrafts, especially near the 5◦W, 5◦E, and 10◦E. Alternate 
downdrafts, with relatively lower moisture content, balance these strong 
updrafts, resulting in minimum precipitation values. The vertical wind 
vectors confirm this rapid updraft and downdraft pattern in the lower 
troposphere and indicate the close interaction of advected airmass with 
the complex orography of the region. The presence of alternating 
updraft-downdraft wind regions associated with the complex coastal 
orography was also demonstrated by Gehring et al. (2022), which ex-
plains the role of foehn winds and lower troposphere sublimation in 
creating low precipitation bands along the coast (Gehring et al., 2022). 
The cross-section of mixing ratio values of both water vapor (Fig. 11c) 

and snow (Fig. 11d) shows the distribution of moisture in different levels 
along the selected plane. The mixing ratio of water vapor shows the 
moisture advection in the lower atmospheric levels between 2000 m to 
4000 m above sea level. This indicates the strong moisture associated 
with the AR in the lower troposphere, from the northeast region of DML. 
The near-surface and steep orographic regions show low values in the 
water vapor mixing ratio, complemented by high values of snow mixing 
ratio (Fig. 11d), indicating the snowfall formation upon interacting with 
the orographic features. The snow mixing ratio has a distinct three-band 
structure with high values in the vertical distribution near the steep 
gradient terrain regions. This is in close agreement with the snowfall 
distribution pattern on November 8, 2015 (Fig. 1a, 11a), with high 
values near the windward side of coastal orographic features. Similarly, 
the lower atmosphere had distinct vertical columns of high moisture 
content with 3–4 bands of completely saturated areas (RH = 100 %) 
(Fig. 11e). These highly saturated areas are also near the steep-gradient 
orographic features along the line of cross-section analysis. The derived 
high moisture flux regions (Fig. 11f) also correspond to the coastal high 
precipitation bands. These moisture-rich zones align with steep-gradient 
orographic areas oriented perpendicular to the N-NE winds during the 
event. Hence, peak precipitation values were on the windward side of 
these gradients, while the leeward side experienced minimal values. The 
precipitation bands over the coastal region during this EPE event were 
associated with the four zones of high moisture flux values due to the 
orographic enhancement of winds and moisture upon reaching the 
coast. The vertical distribution of different variables along the selected 
cross-section highlights the interaction of airmass advected from the 
oceanic region with the complex coastal orography. This also indicates 
that despite considerable moisture transportation to coastal Antarctic 
areas, heavy precipitation was focused on specific locales, notably the 
windward side of steep orographic features, and implies that the pre-
cipitation distribution depends on the orientation of the coastal 
orography.

Fig. 8. Vertical cross-section analysis of v-component of wind (shaded, unit(m/s)) averaged through the jet streak area (5◦W to 10◦E) for different times before the 
event. The insert shows the location of the respective cross-section (black box) relative to the wind speed (shaded) and wind direction (vectors). See Fig. 7.
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Fig. 9. Temporal evolution of ARs along coastal Antarctica, showing vertically integrated vapor transport (IVT) (shading, units (kg/ms)), moisture transport di-
rection (vectors), and sea level pressure (brown lines, units (hPa)) for 6-hly intervals before the precipitation event. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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3.7. The long-term significance of EPEs and associated ARs at the ice core 
location

The EPE on November 8 and 9, 2015, showed an extreme nature in 
the distribution of snowfall, with large amounts of snowfall within a 
short time period. Similar to this case, the long-term occurrence and 
significance of EPEs at the ice core location (IND33) are identified from 
1980 to 2021 using the distribution of the largest EPE that occurred each 
year. Fig. 12 highlights the largest EPE each year, showing its contri-
bution (from three-day accumulated value) to the annual total at the ice 
core location (IND33) over coastal DML. It also identifies AR and non-AR 
moisture transport patterns during these events, ranking them by their 
maximum IVT values. The November 8 and 9, 2015 event stands out as 
the highest precipitation event among all years between 1980 and 2021, 
contributing about 22 % of the total annual precipitation. This EPE is 
associated with a strong AR, which ranks in the top 1 % of all ARs at this 
location, related to extreme upper and lower atmospheric conditions. In 
other years, the single, largest precipitating event even contributes 
approximately 10–20 % of the annual precipitation, with significant 
interannual variability.

Years with AR occurrences are notable for high precipitation values, 
and during these high-magnitude EPEs, AR-type moisture transport is 
present in about 30 out of 41 years. Ranking these events by maximum 
IVT values reveals that most AR occurrences are within the top 25 % of 
events, especially for the years in the last decade (2009 to 2021). Recent 
studies at this same ice core location have observed an increasing trend 

in the magnitude of precipitation but without any trend in the number of 
EPE days (Simon et al., 2024). This suggests that more moisture has been 
transported to coastal regions in recent years, resulting in high- 
magnitude precipitation over a short period. Long-term climatological 
studies on DML also indicate that EPEs contribute 50–60 % of the total 
annual precipitation within just 10–15 days each year, significantly 
influencing the interannual variability of precipitation, particularly in 
coastal areas (Simon et al., 2024; Turner et al., 2019). Precipitation from 
EPEs varies spatially, with ARs playing a key role, contributing 
approximately 40–50 % of EPEs over DML (Simon et al., 2024; Wille 
et al., 2021).

As precipitation is the primary input for net surface accumulation, 
the extreme nature of these high-magnitude events is important while 
considering ice core records from these regions, as these EPEs can skew 
isotope records in ice cores to particular seasons or events. Also, the 
significant changes in surface meteorological conditions during EPEs 
can cause elevated temperatures and snowfall redistribution due to 
strong winds. Increased AR occurrences and long-range moisture 
transport from warm sub-tropical and tropical latitudes also impact the 
stable isotope records from coastal regions. Additionally, these EPEs can 
impact surface mass balance and surface temperatures, causing surface 
melting and potentially mitigating short-term sea level rise.

4. Discussion and conclusions

In this study, we investigated the occurrence of an EPE over DML on 

Fig. 10. Vertical cross-section analysis of moisture flux (shaded, unit(g/kg*m/s)) and specific humidity (violet lines, units(g/kg)) averaged through the eastern flank 
of the cyclone (5◦W to 10◦E) for different times corresponds to Fig. 9. The insert shows the location of the respective cross-sections (black box) relative to the IVT 
(shaded), sea level pressure (brown lines), and IVT vectors. See Fig. 9. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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November 8 and 9, 2015. This was the highest precipitation event at one 
of the coastal ice core sites (IND33). We also shed light on the role of 
orography during the landfall of an atmospheric river and extreme upper 
and lower atmospheric conditions.

The event was triggered by a deep low-pressure system moving 

southwards from the South Atlantic, which was affected by a high- 
pressure ridge of record strength to the east. The interaction between 
these extreme low and high-pressure systems generated a strong AR 
originating over the South Atlantic Ocean across the 30◦S to 40◦S. This 
atmospheric pattern was critical to high precipitation events in DML. 

Fig. 11. (a) Similar to Fig. 1a. The area selected for vertical cross-section analysis is denoted with a yellow line. Vertical distribution of variables at 12:00 UTC of 
November 82,015 over coastal DML from Polar WRF model output from the inner domain of 3 km resolution (b) Omega (unit (pa/s)), (c) Water vapor mixing ratio 
(unit (g/kg)), (d) Snow mixing ratio ((unit (g/kg)), (e) Relative humidity (unit (%)), (f) Moisture flux (unit (g/kg*m/s)). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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Prior studies (Baiman et al., 2023; Gorodetskaya et al., 2014; Wille et al., 
2021) emphasize the importance of AR-driven precipitation, with an 
increasing trend in AR occurrences over the past four decades in this 
region. At coastal locations, ARs make the most significant contribution 
to snowfall (Maclennan et al., 2022). These ARs can cause surface melt 
and elevated temperatures (Bozkurt et al., 2018; Gorodetskaya et al., 
2023; Wille et al., 2019, 2023) and also influence various aspects of 
Antarctica, influencing ice sheet and firn properties (Gilbert and Kittel, 
2021; Munneke et al., 2014).

Analyzing synoptic patterns of the event using ERA5 data, we reveal 

quasi-stationary low-pressure systems over the Weddell Sea and an 
upper-level short-wave trough initiating cyclone formation. Similar 
patterns of cyclogenesis have been observed in the Indian sector of the 
Southern Ocean in a study by Turner et al. (2022). Examination of the 
upper atmosphere indicates a meandering jet stream and the intrusion of 
a high-pressure ridge eastwards a day before the event. This ridge acted 
as a block, steering the surface cyclone southwards to landfall over the 
coast. In other studies, this phenomenon of blocking high-pressure sys-
tems in the South Atlantic Ocean has been found to trigger EPEs over 
East Antarctica (Pohl et al., 2021; Schlosser et al., 2010; Terpstra et al., 

Fig. 12. (a) Histogram showing the precipitation values during the highest precipitation day during each year from 1980 to 2021 at the ice core (IND33) location. 
The marked percentage values indicate the contribution (three-day accumulated precipitation) from these events to the total annual precipitation. (b) The maximum 
IVT values during these highest precipitation days and identification of moisture transport patterns as AR and non-AR events using AR detection criteria (Wille et al., 
2021). The marked values are the ranking of the AR event, with percentile values as per the distribution of all ARs at the ice core location. A percentile value equal to 
100 indicates the strongest AR. The precipitation and IVT values during the event on November 8 and 9, 2015, are marked in different colors.
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2021). S. Wang et al. (2023) showed that blocking events are made 
possible by intensified Rossby waves within the circumpolar westerlies, 
coupled with the advection of warm and moist air through the western 
flank of these blockings. The research also quantified that these episodes 
of blocking make a significant contribution, accounting for almost 30 % 
of EPEs over East Antarctica (S. Wang et al., 2023).

Hourly satellite images illustrated the frontal cyclogenesis, intensi-
fied by the warm, moist airmass’s advection towards the south. The 
interaction between the warm airmass from lower latitudes and the cold 
airmass from Antarctica’s interior led to a frontal boundary where a 
frontal occlusion developed. A jet streak in the upper atmosphere trig-
gered the sudden deepening of the mid-latitude cyclone by enhanced 
lower-level convergence. It steered the mid-latitude cyclone poleward 
over the South Atlantic Ocean. Significant moisture uptake occurs in the 
eastern flank of the cyclone in the South Atlantic Ocean, over the 35◦S- 
40◦S band, echoing findings by Terpstra et al. (2021) on the significance 
of sub-tropical evaporation for high precipitation events in East 
Antarctica. So, extreme conditions existed in the upper and lower at-
mosphere during this EPE. This included a strong low-pressure cyclone 
with a frontal structure, a high-pressure ridge that extended inland, 
intense moisture moving in as an AR, amplified Rossby waves, and a jet 
streak in the upper atmosphere.

Complementing the reanalysis data, we employed a high-resolution 
regional atmospheric model (Polar WRF) to understand the influence 
of orography on precipitation distribution in coastal DML. Precipitation 
distribution exhibited a high-low band structure, with more precipita-
tion on the eastern side of steep gradient slopes in the coastal region. 
Even with intense moisture transport like ARs, local orography heavily 
influences coastal precipitation. Gehring et al. (2022) also discuss this 
spatial variation in precipitation distribution, underscoring the impor-
tance of local orographic effects in shaping precipitation patterns. Ant-
arctic precipitation hinges on complex mechanisms involving large-scale 
circulations, precipitation microphysics, local wind patterns, intense 
moisture transport, and the arrangement of local orography (Gehring 
et al., 2022; Grazioli et al., 2017). Brief analyses of other EPEs at this 
location reveal a similar dipole structure of low and high-pressure sys-
tems and intense moisture transport similar to ARs from lower latitudes. 
Thorough case studies can reveal unique atmospheric patterns during 
such events. At the same time, high-resolution models with improved 
topographic representation can detail precipitation distribution influ-
enced by local orography and help to explain the small-scale, complex 
features during precipitation over coastal Antarctica.

As previously discussed, ice core records obtained from coastal lo-
cations are significantly influenced by the frequency and intensity of 
EPEs alongside atmospheric conditions like strong wind velocities and 
elevated temperatures during these occurrences. These high- 
temperature synoptic events can introduce bias in stable isotope re-
cords, and the post-deposition characteristics are regulated by winds 
prevailing over complex orographic regions. Consequently, when mak-
ing choices regarding ice core site selection within these areas, it is 
imperative to consider both the spatial and temporal distribution of 
EPEs and their corresponding precipitation distribution patterns.

Per the latest IPCC reports (Intergovernmental Panel On Climate 
Change, 2023), thermodynamic changes and large-scale circulation 
patterns could lead to considerable shifts in precipitation extremes with 
various emission scenarios. With each one degree Celsius of warming in 
the atmosphere, a 7 % rise in moisture content is projected in the lower 
atmospheric layers (IPCC chapter 8, (Douville et al., 2021)). This 
moisture increase is accompanied by intensified wind-driven water 
transport, particularly towards the convergent zones of atmospheric 
circulation, including high latitudes. Consequently, an increase in the 
frequency and intensity of EPEs is anticipated (IPCC Chapter 11, 
(Seneviratne et al., 2021)). Therefore, a more in-depth analysis of pre-
cipitation extremes in Antarctica is essential to enhance our under-
standing of how these areas will respond to the potential future global 
climate change.
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