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Abstract. Antarctic sea ice and its snow cover play a pivotal
role in regulating the global climate system through feedback
on both the atmospheric and the oceanic circulations. Under-
standing the intricate interplay between atmospheric dynam-
ics, mixed-layer properties, and sea ice is essential for accu-
rate future climate change estimates. This study investigates
the mechanisms behind the observed sea-ice and snow char-
acteristics at a coastal site in East Antarctica using in situ
measurements in winter—spring 2022. The observed sea-ice
thickness peaks at 1.16 m in mid-late October and drops to
0.06 m at the end of November, following the seasonal so-
lar cycle. On the other hand, the snow thickness variability
is impacted by atmospheric forcing, with significant contri-
butions from precipitation, Foehn effects, blowing snow, and
episodic warm and moist air intrusions, which can lead to
changes of up to 0.08 m within a day for a field that is in the
range of 0.02-0.18 m during July—November 2022. A high-
resolution simulation with the Polar Weather Research and
Forecasting model for the 14 July atmospheric river (AR),
the only AR that occurred during the study period, reveals the
presence of AR rapids and highlights the effects of katabatic
winds from the Antarctic Plateau in slowing down the low-

latitude air masses as they approach the Antarctic coastline.
The resulting convergence of the two airflows, with merid-
ional wind speeds in excess of 45ms~!, leads to precipi-
tation rates above 3mmh~! around coastal Antarctica. The
unsteady wind field in response to the passage of a deep
low-pressure system with a central pressure that dropped to
931 hPa triggers satellite-derived pack ice drift speeds in ex-
cess of 60 kmd~! and promotes the opening up of a polynya
in the Southern Ocean around 64° S, 45° E from 14 to 22 July.
Our findings contribute to a better understanding of the com-
plex interactions within the Antarctic climate system, provid-
ing valuable insights for climate modeling and future projec-
tions.

1 Introduction

Sea ice, which forms from the freezing of seawater and cov-
ers 3 %—6 % of the total surface area of the planet, plays
multiple crucial roles in the Earth’s climate system and
high-latitude ecosystems (Thomas, 2017; Eayrs et al., 2019).
Changes in the formation and melt rates, extent, seasonal-
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ity, and thickness of Antarctic sea ice — both in the form of
drifting pack ice and less extensive stationary nearshore land-
fast ice (fast ice) attached to coastal margins, sea floor, and
grounded icebergs (Fraser et al., 2023) — substantially im-
pact the heat and salinity content of the ocean and hence the
oceanic circulation (e.g., Haumann et al., 2016; Li and Fe-
dorov, 2021). At the same time, breaks in the sea ice, such
as leads and recurrent and persistent polynyas (Barber and
Massom, 2007; Francis et al., 2019, 2020; Fonseca et al.,
2023), act as a thermal forcing (Guest, 2021), directly im-
pacting the atmospheric flow (Trusel et al., 2023; Zhang and
Screen, 2021). Both oceanic and atmospheric forcing directly
affect sea ice and its spatial extent, seasonality, and thickness
(Wang et al., 2020; Yang et al., 2021), within a finely coupled
interactive ocean—sea ice—atmosphere system. At the same
time, decreases in sea-ice thickness (SIT), sea-ice extent
(SIE), and its snow cover have strong potential to impact low-
latitude weather patterns (England et al., 2020), disrupt the
global surface energy balance (Riiheld et al., 2021), and am-
plify climate warming at high southern latitudes (Williams et
al., 2023), leading to increased sea-ice loss that is likely to be
further accelerated by poorly understood ocean—ice—snow—
atmosphere feedback mechanisms (Goosse et al., 2023).

The Antarctic sea ice—snow system is particularly im-
pacted by two atmospheric processes: (1) strong katabatic
winds that cascade seawards off the ice sheet and promote
sublimation of the sea ice and its snow cover (Elvidge et
al., 2020; Francis et al., 2023); and (2) a number of more
ephemeral but influential extreme atmospheric events in the
form of atmospheric rivers (ARs; Wille et al., 2025). Foehn
effects are an important trigger of surface melting around
Antarctica, as the adiabatic compression of the downslope
flow can lead to a marked increase in surface temperature in
excess of 15K (Bozkurt et al., 2018), while the associated
strong winds can promote iceberg calving events (Miles et
al., 2017). An AR is a narrow and highly elongated band of
moisture-rich air that originates in the tropics and subtropics
and propagates polewards into the mid- and high latitudes
(Wille et al., 2019; Gorodetskaya et al., 2020). ARs are as-
sociated with increased humidity and cloudiness, leading to
an enhancement of the downward longwave radiation flux
(Djoumna and Holland, 2021), with the resulting increase in
the surface net radiation flux giving a warming tendency and
promoting surface melting (Gorodetskaya et al., 2013; Fran-
cis et al., 2020, 2022a; Ghiz et al., 2021).

There are several examples of ARs triggering ice and snow
melt around Antarctica, e.g., in the Weddell Sea in 1973
and 2017 (Francis et al., 2020); off the Antarctic Peninsula
in March 2015 (Bozkurt et al., 2018) and February 2022
(Gorodetskaya et al., 2023); around the Amery Ice Shelf in
September 2019 (Francis et al., 2021); in West Antarctica
(Francis et al., 2023); and in the Ross Sea (Fonseca et al.,
2023). The recent study of Liang et al. (2023) highlights that
the largest impact of ARs on sea ice is found in the marginal
ice zone, where the SIE reduction may exceed 10 % d-! Re-
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duced coastal offshore SIE may also foster a deeper pene-
tration of the low-latitude air onto the inland ice sheet as it
enhances moisture availability, as is the case with the March
2022 “heat wave” in East Antarctica (Wille et al., 2024a,
b). While ARs themselves are relatively rare and short-lived
in coastal Antarctica, with a frequency of ~3dyr~! at any
given location, the warm and moist air masses they transport
can make a substantial contribution to the surface mass bal-
ance (SMB) and are linked to extreme precipitation events
(Massom et al., 2004; Wille et al., 2021, 2025). For example,
in East Antarctica, a series of ARs delivered an estimated
44 % of the total mean-annual snow accumulation to the high
interior ice sheet over an 18 d period in the austral summer of
2001/2002 (Massom et al., 2004), and AR-associated rainfall
has exceeded 30 % of the total annual precipitation (Maclen-
nan et al., 2022, 2023). These studies highlight the impacts of
extreme weather events on the coupled Antarctic ocean—ice—
snow—atmosphere system and stress the need to better under-
stand the role of low-latitude air incursions on the SMB and
on the state of both the Antarctic Ice Sheet and its surround-
ing sea-ice cover and how these may change in a warming
climate.

The effects of the atmospheric forcing, such as that as-
sociated with extreme weather episodes, on the sea ice—
snow-air coupling system can be inferred through the anal-
ysis of in situ measurements of SIT and snow thickness
(ST). This is achieved in this study through the deployment
of an autonomous Snow Ice Mass Balance Array (SIMBA)
buoy (Jackson et al., 2013) from July to November 2022
at a coastal fast-ice site close to Mawson Station in East
Antarctica (67.5912° S, 62.8563° E), which will be denoted
as “Khalifa SIMBA site on fast ice off Mawson Station”
throughout the manuscript. This station is selected as it has
among the highest AR frequencies on the continent, along
with a statistically significant positive trend in AR frequency
and intensity during 1980-2020 (Wille et al., 2025). The
overall aim of this work is to further our understanding of
the temporal evolution of the thickness and vertical struc-
ture of coastal sea ice and its snow cover in East Antarctica
over a six-month period spanning austral winter through late
spring when ARs are more frequent in the region (Wille et
al., 2025). This study is timely given the precipitous down-
ward trend in Antarctic SIE since 2016 (Parkinson, 2019), an
extraordinary record-low annual minimum in February 2023,
and a sudden departure to major sea-ice deficits through the
winters of 2023 and 2024 (Reid et al., 2024). This turn of
events suggests that Antarctic sea ice has abruptly shifted
into a new low-extent regime (Purich and Doddridge, 2023;
Hobbs et al., 2024). Much less well known — though no less
important — are the thicknesses of the ice and its ST and
whether these are changing. Obtaining more accurate and
complete information on the Antarctic SIT distribution and
its ST and precipitation rates, along with the factors and pro-
cesses controlling them, is a critical high priority in climate
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science, particularly in light of climate variability and change
(Webster et al., 2018; Meredith et al., 2021).

Accurate knowledge of SIT, SIE, and concentration is
needed to estimate sea-ice volume, a field that is directly pa-
rameterized in numerical models (Massonnet et al., 2013;
Zhang, 2014; Schroeter and Sandery, 2022) and that ex-
hibits large uncertainties (Maksym et al., 2008, 2012). Satel-
lite radar and laser altimeters hold the key to large-scale
estimation and monitoring of both SIT (e.g., Fonseca et
al., 2023) and ST (Kacimi and Kwok, 2020). Kurtz and
Markus (2012) used the measurements collected by the Ice,
Cloud, and land Elevation Satellite (ICESat) to estimate the
ice thickness around Antarctica. A comparison with ship-
based observations revealed a mean difference of 0.15m
for the period 2003-2008, with a typical SIT of 1-1.5m.
Kacimi and Kwok (2020), using both laser (ICESat-2) and
radar (CryoSat-2) altimeter estimates for the period 1 April
to 16 November 2019, found the thickest sea ice in the west-
ern Weddell Sea sector (predominantly multi-year sea ice),
with a mean thickness of 2m, and the thinnest ice around
polynyas in the Ross Sea and off the Ronne Ice Shelf. Co-
incident use of laser and radar altimetry also enables basin-
scale estimates of ST. The thickest snow was again observed
in the western Weddell Sea (0.228 &+ 12.4 m in May) and the
coastal region of the Amundsen—Bellingshausen Sea sector
(0.314 £23.1 m in September), while the thinnest snow was
in the Ross Sea (0.0735+4.30m in April) and the eastern
Weddell Sea (0.0821 £ 5.81 m in June) (Kacimi and Kwok,
2020). These studies focused on pack ice, but a similar range
of values has been estimated for the thickness of fast ice, such
as off Mawson (Li et al., 2022) and Davis (Heil, 2006) sta-
tions in East Antarctica. The SIMBA buoy observations pro-
vide invaluable gap-filling information on the temporal evo-
lution and state of the snow—sea ice system and its response
to atmospheric and oceanic variability. They are also crucial
to both (1) calibrate the key satellite SIT and ST data prod-
ucts, and (2) evaluate and improve numerical idealized col-
umn and weather forecasting models (Hu et al., 2023; Plante
et al., 2024; Sledd et al., 2024; M. Wang et al., 2024). Such
steps are needed to rectify present low confidence in model
projections of future climate and Antarctic sea-ice conditions
that currently diverge among different models and scenarios
(Roach et al., 2020).

While there are a number of studies on in situ SIT and ST
measurements around Antarctica (e.g., Worby et al., 2011;
Xieetal., 2011; Liao et al., 2022), the area of East Antarctica
around Mawson Station, where extreme precipitation events
in the form of ARs have become more frequent and intense
in recent decades (Wille et al., 2025), has not been sampled.
In addition, these works do not delve deep into the processes
responsible for the observed changes in SIT and ST, which
is a necessary step for refining Antarctic climate projections.
The objectives of this study are twofold: (1) to identify the
mechanisms behind the variability of the in situ measured
SIT and ST at Mawson Station during July—November 2022
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and compare the measured values with those estimated from
remote sensing assets; and (2) to perform high-resolution nu-
merical simulations for selected periods during the measure-
ment campaign, in particular during extreme weather events,
to gain further insight into the role of atmospheric forcing on
the SIT and ST. This study will therefore contribute to fur-
ther our understanding of the variability of the SIT and ST in
coastal Antarctica and the respective driver processes.

This paper is structured as follows. The observational
datasets, model outputs, products considered, and analysis
techniques used are described in Sect. 2. The measurements
of SIT and ST, including their variability and the mechanisms
behind them, are discussed in Sect. 3. Section 4 provides a
case-study analysis of the period 11-16 July 2022, while in
Sect. 5, the main findings of the work are outlined and dis-
cussed.

2 Methodology and diagnostics

2.1 In situ measurements at Khalifa SIMBA site off
Mawson Station

In situ measurements of SIT and ST are obtained using a sea-
ice mass balance (SIMBA) unit (Jackson et al., 2013). This
SIMBA is deployed on landfast ice offshore from Mawson
Station at 67.5912° S, 62.8563°E (Fig. 1a) on 7 July 2022
and remained in situ until 7 December 2022. The SIMBA
unit, shown in Fig. 1b, consists of a 5m-long thermistor
string with a 0.02 m sensor spacing, a barometer for surface
air pressure, and an external sensor for near-surface ambient
air temperature (Jackson et al., 2013). During deployment,
manual measurements of SIT and ST, as well as freeboard,
are recorded. The positions of the sensors relative to the inter-
faces are noted to establish the initial state (on 7 July 2022).
The measured SIT upon deployment is 0.988 m, the ST on
top of the sea ice is 0.156 m, and the sea-ice freeboard is
0.046 m. No manual validation or calibration is conducted
during the measurement period of 7 July—7 December 2022.

The accuracy of the bus-addressable digital tempera-
ture sensing integrated circuit is £0.0625 K. A resistor is
mounted directly underneath each thermistor sensor. A low
voltage power supply (8 V) is connected to each sensor to
gently heat the sensor and its immediate surroundings. In
this study, heating is applied to the sensor chain for durations
of 30 and 120 s once per day, with four vertical temperature
profiles without heating recorded daily as well. In this study,
SIMBA data from 8 July to 30 November 2022 are used to
assess the evolution of SIT and ST at the site. The measure-
ments are shown in Fig. 2. For the sensors 6 through 126,
the actual temperature and the temperature rise after 120s
heating are given in Fig. 2a and b, respectively, with Fig. 2¢
showing the difference between the measurements of two ad-
jacent temperature sensors after applying the heating.

The Cryosphere, 20, 1-28, 2026
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Figure 1. SIMBA deployment site and PolarWRF simulation: (a)
SIMBA deployment site (yellow cross) on the fast ice about 1.8 km
off Mawson Station. Image source: Landsat 8 acquired on 19
November 2022. The red cross in the inset image, taken from
© Google Earth Pro, shows where Mawson Station is located
in Antarctica. (b) SIMBA instrument prior to deployment. Image
credit: Peter Caithness. (¢) Spatial extent of the 7.5 km (blue) and
2.5km (red) PWRF grids used in the numerical simulations. (d)
Spatial extent and orography (m) of the 2.5km PWREF grid. The
stars highlight the location of the five weather stations considered
in this work.

The vertical temperature gradients in the air above the sur-
face and in the water below the ice bottom are generally very
small (Jackson et al., 2013; Hoppmann et al., 2015; Liao et
al., 2018). After 120 s of heating, the rise in temperature is
approximately 10 times higher in air than in ice and water
(Jackson et al., 2013). For any two adjacent sensors in the ice,
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following the algorithm detailed in Liao et al. (2018) based
on a physical model applied to the SIMBA measurements,
the temperature difference should be <0.1875 K, whereas
for two adjacent sensors in snow, the temperature difference
should be > 0.4375 K. These thresholds are applied to the
temperature differences between adjacent sensors in the heat-
ing profile to identify the air—snow and snow—ice interfaces
(Jackson et al., 2013; Hoppmann et al., 2015; Liao et al.,
2018). The ice—water interface is identified using a statistical
approach based on Liao et al. (2018). A section of the ther-
mistor string, spanning from the top of the sea ice to a few
sensors below the water, is selected. The seawater tempera-
ture near the ice bottom remains stable around the freezing
point (Tt). The temperature readings from this section are an-
alyzed as a time series, and the most frequent value is identi-
fied as Tt. Scanning from the bottom up, the last sensor close
to Tt is identified as the ice bottom. The allowed temperature
difference is 1.5 times the thermistor resolution of 0.0625 K.
The temporal evolutions of the three interface locations are
plotted in Fig. 2a—c.

2.2 Observational and reanalysis datasets

In addition to in situ SIT and ST measurements, three ob-
servational datasets are considered in this work: (i) satellite-
derived SIE and sea-ice velocity; (ii) ground-based observa-
tions at five weather stations, namely Mawson, Syowa, Re-
lay, Casey, and Davis (Fig. 1d); and (iii) twice daily sounding
profiles at the Mawson, Syowa, Casey, and Davis stations
(stations #1 and 3-5 in Fig. 1d). Data from the fifth gener-
ation of the European Centre for Medium Range Weather
Forecasting reanalysis (ERA-5; Hersbach et al., 2020) are
used to investigate the large-scale circulation and SMB dur-
ing the study period. ERA-5 is regarded as one of the best
reanalysis products currently available over Antarctica and
the Southern Ocean (Gossart et al., 2019; Dong et al., 2020).
All of these products are listed in Table 1.

Daily SIE is derived from the measurements of sea-ice
concentration collected by the Advanced Microwave Scan-
ning Radiometer for Earth Observing Systems (AMSR-E)
onboard the National Aeronautics and Space Administra-
tion (NASA) Aqua satellite from June 2002 to October 2011
and from the observations taken by the AMSR2 onboard the
Japan Aerospace and Exploration Agency’s Global Change
Observation Mission — Water (GCOM-W) satellite from
July 2012 to present (Spreen et al., 2008). Sea-ice velocity
vectors, on the other hand, are obtained from the measure-
ments collected by the Special Sensor Microwave Imager/-
Sounder onboard the United States Air Force Defense Me-
teorological Satellite Program, the Advanced Scatterometer
onboard the European Space Agency’s Meteorological Oper-
ational satellite, and the GCOM-W AMSR?2 (Lavergne et al.,
2010). Both the SIE and sea-ice velocity products are used
to gain insight into the effects of the warm and moist air in-
trusions on the sea-ice state around Mawson Station, as per-
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Figure 2. SIMBA measurements: (a) temperature (K) evolution from the top of the chain through the ice down into the water (the zero line
on the y-axis is at the snow-ice interface). (b) Temperature rise (K) after heating for 120s. (¢) Temperature difference (K) between adjacent
sensors after applying the heating for 120s. The vertical white dotted line indicates the day of AR occurrence at the site, 14 July. The
horizontal dotted white line, black dashed line, and white dashed line give the air—snow (AS), snow—ice (SI), and ice-water (IW) interfaces,

respectively.

formed in previous studies for other parts of Antarctica (e.g.,
Francis et al., 2021; Fonseca et al., 2023).

In situ observations at multiple automatic weather sta-
tions (AWSs) are used in the analysis and model evaluation
(Fig. 1d). These include: (i) 1 min 2m air temperature and
humidity, 10 m horizontal wind velocity, and sea-level pres-
sure (SLP) observations at the Australian Antarctic stations
of Mawson, Casey, and Davis; (ii) 1 min measurements of
meteorological parameters (2 m air temperature, SLP, 10 m
horizontal wind velocity, and 2 m relative humidity) and ra-
diation fluxes (surface upward and downward and shortwave
and longwave) at the coastal Syowa Station; and (iii) 10 min
SLP, horizontal wind velocity, and 2m air temperature and
relative humidity observations at the inland Relay Station.
Also analyzed are data from atmospheric sounding profiles
acquired twice daily (at 00:00 and 12:00 UTC) at the Maw-
son, Syowa, Casey, and Davis stations.

2.3 Numerical models

Here we use version 4.3.3 of the Polar PWRF (Weather Re-
search and Forecasting) model, a version of the WRF model
(Skamarock et al., 2019) optimized for the polar regions
(Bromwich et al., 2013; Hines et al., 2021; Xue et al., 2022;
Zou et al., 2023), to simulate and investigate the AR that im-
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pacted the Mac Robertson Land region on 14 July 2022. The
model is run in a nested configuration, with a 7.5 km horizon-
tal resolution grid domain comprising Antarctica, the South-
ern Atlantic Ocean, southern Africa, and the southwestern
Indian Ocean and a 2.5km horizontal resolution grid do-
main extending from the Southern Ocean just south of South
Africa around 30°E into coastal East Antarctica as far east
as approximately 120° E (Fig. 1c). The choice of resolution,
in particular the 2.5 km grid that covers the bulk of the AR
and associated warm and moist air intrusion into East Antarc-
tica, reflects the findings of Box et al. (2023) and Francis et
al. (2024). These studies stressed the need to properly resolve
the fine-scale structure of an AR due to the possible presence
of AR rapid-like features embedded in the convective region,
which can generate copious amounts of precipitation and
hence have a substantial impact on the SMB of the ice. AR
rapids are narrow (5-15km wide), elongated (100-200 km
long), and shallow (~ 3 km deep) linear features within the
AR that propagate at high speed (>30ms~!) and last for
more than 24 h. They have been reported for an AR that im-
pacted Greenland in September 2017 (Box et al., 2023) and
another that wreaked havoc in the Middle East in April 2023
(Francis et al., 2024). AR rapids are distinct from mesoscale
convective systems (MCSs; Houze, 2004; Feng et al., 2021;

The Cryosphere, 20, 1-28, 2026
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Table 1. Observational and reanalysis datasets: list of observational and reanalysis datasets used in this study.

Dataset

Specifications

In situ sea-ice thickness and snow thickness

SIT and ST measurements just offshore of Mawson Station

(67.5912° 8, 62.8563°E) using a SIMBA unit; data available from
7 July to 7 December 2022

Sea-ice extent

Satellite-derived daily SIE at 3.125 km resolution; data available from

June 2002 to present

Sea-ice velocity

Satellite-derived daily sea-ice velocity at 62.5 km resolution; data

available from December 2009 to present

‘Weather station data

Ground-based observations at Mawson (67.6017° S, 62.8753°E;

January 1954—-present), Relay (74.017° S, 43.062° E; November
2021-present), Syowa (69.0053° S, 39.5811°E; January
1994—present), Casey (66.2825° S, 110.5231° E; February
1989—present), and Davis (68.5744° S, 77.9672° E; January
1957—present) stations

Sounding profiles

Twice daily at Mawson (67.6017° S, 62.8753° E; January

1954—present), Syowa (69.0053° S, 39.5811° E; January
2021-present), Casey (66.2825° S, 110.5231° E; February
1989-present), and Davis (68.5744° S, 77.9672° E; January
1957—present) stations

ERA-5 reanalysis

Hourly products at 0.25° x 0.25° (~ 27 km) spatial resolution;

available from January 1940 to present

Nelli et al., 2021), which propagate at a slower speed (10—
20ms~!), typically do not last as long (6-10 h), and generate
broader (as opposed to linear) precipitation structures.

PWRF is run from 10 July 2022 at 00:00 UTC to
17 July 2022 at 00:00 UTC, comprising the only AR that
impacted the site during July—November 2022, with the first
day regarded as spin-up and the output discarded. The hourly
outputs of the 7.5 and 2.5 km grids are used for analysis. The
physics schemes selected, listed in Table 2, reflect the op-
timal model configuration for Antarctica and the Southern
Ocean (Zou et al., 2021a, b, 2023). In order to prevent the
large scales in the model from drifting away from the forc-
ing fields, spectral nudging (Attada et al., 2021) is employed
in both grids for spatial scales above 1000 km and ~ 800 hPa
and excluding the boundary layer. Fields nudged include the
horizontal wind components, the potential temperature per-
turbation, and the geopotential height. In the vertical, 60 lev-
els are considered, with the lowest level above the surface at
~ 27 m and roughly 20 levels in the range of ~ 1-6 km. The
higher resolution in the low- to mid-troposphere is crucial
to correctly represent the fine-scale variability of the warm
and moist air masses impacting the site and associated cloud
processes (Rauber et al., 2020; Finlon et al., 2020).

PWREF is driven by 6h ERA-5 data, with the SSTs and
SIE used in the simulations taken from ERA-5. Due to the
lack of availability of SIT in ERA-5, the model’s default SIT
value of 3m is used in all sea-ice-covered grid boxes. The
sea-ice albedo is parameterized as a function of air and skin
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temperature following Mills (2011), with the model explic-
itly predicting ST on sea ice. A sensitivity experiment is per-
formed in which a more realistic representation of SIE and
SIT is considered. In particular, satellite-derived values are
used for SIE, extracted from the 3.125 km-resolution daily
product available at the University of Bremen website (UoB,
2024), while the SIT estimates at Mawson are employed at
all sea-ice-covered pixels. A similar model performance is
obtained with respect to the in situ observations (not shown).
Therefore, for consistency with the atmospheric forcing, the
ERA-5’s SIE and the PWRF’s default SIT values are used in
the model runs.

The moisture sources that contributed to the AR dur-
ing 11-16 July 2022 are diagnosed based on 96h back-
trajectories obtained with the Hybrid Single-Particle La-
grangian Integrated Trajectory (HYSPLIT; Stein et al., 2015)
model driven by ERA-5 reanalysis data.

2.4 Diagnostics and metrics

The performance of the PWRF model is assessed with the
verification diagnostics proposed by Koh et al. (2012), out-
lined in Supplement Sect. S1. In addition to the model bias,
the two key skill scores are (1) the normalized bias u, de-
fined as the ratio of the bias to the standard deviation of the
discrepancy between the model forecasts and observations,
and (2) the normalized error variance «, which accounts for
both phase and amplitude errors. When || < 0.5, the model

https://doi.org/10.5194/tc-20-1-2026
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Table 2. WRF experimental setup: physics schemes used in the WRF simulation.

Physics scheme

Option selected

Cloud microphysics

Two-moment Morrison—Milbrandt P3 (Morrison and Milbrandt, 2015),
with Vignon adjustment to improve the simulation of mid-level
mixed-phase clouds over the Southern Ocean (Hines et al., 2021;
Vignon et al., 2021)

Planetary boundary layer

Mellor-Yamada—Nakanishi—Niino level 1.5 (MYNN; Nakanishi and
Niino, 2006)

Radiation Rapid Radiative Transfer Model for Global Circulation Models
(Iacono et al., 2008) for shortwave and longwave radiation
Cumulus Kain—Fritsch (Kain, 2004) with subgrid-scale cloud feedbacks to

radiation (Alapaty et al., 2012) only in the 7.5 km grid

Land surface model (LSM)

Noah LSM (Chen and Dudhia, 2001; Tewari et al., 2004)

Sea surface temperature (SST)

6-hourly ERA-5 SSTs + Zeng and Beljaars (2005) surface skin
temperature scheme

biases can be regarded as not significant, while when o < 1,
the model forecasts are deemed to be practically useful.
ARs are identified based on the integrated vapor transport
(IVT; kgm~!s~1), which is the column integral of the water-
vapor flux advected by the horizontal wind. It is quantified as

| 200hPa 2 | 200hPa 2
IVT = - qudp | +1| - qudp (1)
8 8
1000 hPa 1000 hPa
In Eq. (1), g is the gravitational acceleration

(9.80665ms~2), g is the specific humidity (kgkg™"),
u is the zonal wind speed (m s~1), v is the meridional wind
speed (ms~!), and dp is the pressure difference between
adjacent vertical levels (hPa). The criteria of Wille et
al. (2021) applied to ERA-5 data are used here to identify
ARs. In particular, IVT has to exceed the 98th percentile
extracted for 1979-2022 at a given grid box, and a minimum
latitudinal extent of 20° is required for the feature to be
considered an AR. During the July—November 2022 study
period, the Khalifa SIMBA site on fast ice off Mawson
Station was affected by one AR on 14 July. This event is
selected for more in-depth analysis and modeling in Sect. 4.
Large-scale circulation patterns that favor ARs, including
the presence of blocking and interaction with tropopause
polar vortices (TPVs), are also explored. Further details
regarding the metrics used to diagnose them are given in
Supplementary Sects. S2-3.

The extratropical circulation can be modulated by tropi-
cal forcing, such as thermal (heating and cooling) anomalies
(Hoskins and Karoly, 1981; Hoskins et al., 2012). In order
to explore whether this occurs during the case study, the sta-
tionary wave activity flux, which indicates the direction of
the anomalous stationary Rossby wave propagation, defined

https://doi.org/10.5194/tc-20-1-2026

in Takaya and Nakamura (2001), is derived as Eqgs. (2a)—(2b)
and plotted.

_ peos(@) u aw\> a2y
W= 2ul {azcos(qb)2 |:< 8A> —v 8A2:|

v aw/ 8w1 /8210/
a2 cos () [ o op ¥ axaqs“ (22)
W _pcos(as){ u [aw’aw/_ /azvf’]
YT T2m |acos(@) | an 09 NP
v [ o \* 0%y
+¥[<a¢) v w“ @)

In Egs. (2a)—-(2b), p is the ratio of the pressure level at
which the W-vector is computed to 1000 hPa, ¢ is the lat-
itude, X is the longitude, # and v are the zonal and merid-
ional climatological wind speeds, respectively, |u| is the cli-
matological mean wind speed, and v/’ is the streamfunction
anomaly.

Variability in the ST, and perhaps to a lesser extent in the
SIT, is directly related to the SMB, which can be expressed
as

SMB = P — Osfe — M — anow -D 3

where P is the precipitation rate (mostly snowfall), Qg is
the surface evaporation/sublimation rate, M is the surface
melt and runoff rate, Qgow is the blowing snow sublima-
tion rate, and D is the blowing snow divergence rate term,
all with units of mm w.e. h~!. Blowing snow refers to uncon-
solidated snow moved horizontally across the ice surface by
winds above a certain threshold speed (Massom et al., 2001).
As detailed in Francis et al. (2023), the P and M terms are di-
rectly extracted from ERA-5, for which the reanalysis values
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are in close agreement with satellite-derived estimates over
Antarctica, while the remaining three (Qstc, Qsnow, and D)
are calculated using parameterization schemes described in
Supplement Sect. S4. The hourly PWRF output is also used
to estimate the SMB for the 11-16 July 2022 case study, with
M given by the decrease in ST when the air temperature is
above freezing after accounting for the other processes. Pos-
itive values of SMB indicate an accumulation of snowfall at
the site, while negative values represent a reduction due to
melting, sublimation, or wind erosion processes, or a combi-
nation of the three. It is also important to note that, following
the convention of Dery and Yau (2002) adopted by Francis et
al. (2023), positive values of Qs indicate deposition, while
negative values indicate sublimation. For Qgow, On the other
hand, positive values indicate sublimation and negative val-
ues indicate deposition.

Foehn effects, which play an important role in the SMB
(e.g., Kuipers Munneke et al., 2017; Francis et al., 2023),
are identified using the methodology proposed by Francis et
al. (2023). If, at a given grid point and hourly timestamp, the
2 m temperature exceeds its 60th percentile, the 2 m relative
humidity drops below its 30th percentile, and the 10 m wind
speed exceeds its 60th percentile, Foehn effects occur. The
percentiles are grid-point dependent and are extracted for the
period 1979-2021. Monthly hourly thresholds are used for
the 2 m temperature to account for the annual cycle, while
for the relative humidity and wind speed, they are extracted
for the full period.

3 Sea-ice and snow thickness variability

In Fig. 3a-b, the derived values of ST and SIT from 8 July
to 30 November 2022 at the Khalifa SIMBA site on fast
ice off Mawson Station are plotted. The uncertainty, which
is estimated to be 7 % for ST and 2 % for SIT (Liao et al.,
2018), is highlighted by the blue shading. The SIT exhibits
a gradual increase starting on 8 July, peaking at 1.14-1.16 m
from 19 to 24 October, followed by a steady decline to 0.06—
0.10m at the end of November. These values are compara-
ble to those estimated for this region and time of year using
satellite-derived products, which are typically in the range
0.50-1.50 m (Kacimi and Kwok, 2020). The ST on top of
the ice, on the other hand, exhibits pronounced day-to-day
variations as high as 0.08 m, peaking in mid-August to early
September and with values not exceeding 0.10 m from mid-
September to the end of November. These values are also in
the range of those derived from satellite altimeter data for
that coastal region (Kacimi and Kwok, 2020).

In order to explore whether atmospheric forcing could
have played a role in the observed variability in SIT and ST,
the local SMB is estimated around the Khalifa SIMBA site
on fast ice off Mawson Station using ERA-5 data (Fig. 3c—
d). An analysis of Figs. 2 and 3 reveals that the SIT ap-
pears to be mostly driven by the growth (increase in SIT)
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and melting (decrease in SIT) at the ice bottom, which, on
top of the oceanic heat flux (Heil et al., 1996; Haas, 2017),
depend on the conductive heat flux driven by the atmospheric
forcing. The annual SIT decrease that initiates in late Octo-
ber coincides with the time when the air temperature climbs
above 265K (Figs. 2a, 3e) and there is increased solar in-
solation (note the strong diurnal variation in air tempera-
ture in Fig. 3e) at the site. On the other hand, a comparison
of the ST observations and the SMB estimated from ERA-
5 (Eq. 3) reveals a good correspondence between the two
(cf. Fig. 3b with Fig. 3c—d). In particular, instances of pos-
itive SMB values (based on ERA-5) are typically associated
with and followed by an increase in the measured ST at the
site (e.g., in early July, mid-August, early and mid-October,
and mid-November), while negative SMB values from ERA-
5 are accompanied by a decrease in the observed ST (e.g., in
late July—early August and in late September—early October).
Besides precipitation (snowfall) events, which can lead to an
increase in ST by up to 0.06 m, Foehn effects also modulate
the ST. These correspond to episodes when the wind direc-
tion is offshore (typically southerly to southeasterly), with an
increase in wind speed and air temperature and a decrease in
relative humidity. Foehn timestamps, identified following the
methodology proposed by Francis et al. (2023) described in
Sect. 2.4, are shaded in purple in Fig. 3d. Several of these
occurrences are seen during the study period, such as in mid-
July, early August, mid-September, and late October, leading
to a reduction in ST of up to 0.08 m in a day (cf. Fig. 3b—
f). This is not surprising, as the Khalifa SIMBA site on fast
ice off Mawson Station is exposed to katabatic winds flow-
ing seaward off the interior plateau (Dare and Budd, 2001),
which experience adiabatic compression as they descend to-
ward coastal areas. If the air temperature, relative humidity,
and wind speed meet the criteria detailed in Sect. 2.4, Foehn
effects occur. Blowing snow, albeit less frequently, also af-
fects the variability of ST; e.g., at the beginning of August,
there is a 0.08 m decrease in ST during a blowing snow sub-
limation episode (Qsnow reaches 0.25 mm w.e. h~1) followed
by a Foehn event (Fig. 3b—f). Blowing snow divergence, D,
on the other hand, plays a much-reduced role in the SMB,
having a larger magnitude during the passage of the AR
on 14 July that brought wind speeds in excess of 30ms™!
(Fig. 3b—f). Surface melting is unlikely to be a major driver of
ST, as evidenced by the zero values of M during the measure-
ment period (Fig. 3d). This is because during July—November
2022, the surface and air temperatures at the site remained
below freezing (Figs. 2a and 3e).

Figure 3g-1 is a zoom-in plot during 11-16 July, when an
AR impacted the site. The 0.02 m variations in SIT during
15-16 July, Fig. 3g, are within the uncertainty range and
hence can be ascribed to the uncertainties in the method-
ology used for its estimation. The changes in ST, Fig. 3h,
on the other hand, can be linked to atmospheric forcing (cf.
Fig. 3i—j). On 14 July, heavy precipitation (> 2 mm w.e.h™!)
and strong easterly to southeasterly winds (>30ms™') oc-
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curred in association with the AR, with a steady increase in
air temperature from around 245K on 13 July to 256K at
the beginning of 15 July (Fig. 3k-1). On the following day,
Foehn effects occurred, Fig. 3j, in line with the decrease
in relative humidity from ~ 83 % to 60 %, the increase in
wind speed from 12 to 28 ms~! with a shift from an east-
erly (96°) to a southeasterly (156°) direction, and a further
4 K increase in air temperature, Fig. 3k—1. The negative Qgtc,
which indicates surface sublimation, plays a major role in
the SMB during Foehn periods, Fig. 3i—j, in line with Fran-
cis et al. (2023). The 0.02m drop in ST from 15 to 16 July,
Fig. 3h, can be attributed to Foehn effects, while the absence
of an increase in ST during the AR may be explained by the
strong winds (Fig. 31) that blow the snow away and prevent
it from accumulating at the instrument’s location (note the
positive blowing snow divergence, D, during the precipita-
tion event, Fig. 3j). In fact, it has been reported that strong
katabatic winds have blown the snow away as quickly as
it falls on nearshore fast ice near Mawson (Dare and Budd,
2001) and Syowa (Kawamura et al., 1995) stations, resulting
in very low accumulation close to the coast. ERA-5 predicts
some precipitation on 16 July, Fig. 3i, even though at much
reduced levels compared to 14 July. However, the fact that
the wind speed is much lower on this day, dropping below
2ms~! (Fig. 31), allows for snow accumulation at the Khal-
ifa SIMBA site on fast ice off Mawson Station, which con-
tributes to the observed 0.04 m increase in ST. It is important
to note that a longer measurement period that comprises mul-
tiple AR passages would be needed for a robust link between
ARs and their effects on ST and SIT to be established.
Figure 4a gives the Pook Blocking Index (Pook et al.,
2013), defined in Eq. (S6), for the study period. It re-
veals a few blocking events east of the site around 120°E
in late July—early August, 150°E in mid-September, and
around the Dateline in mid- to late November. Zoomed-in
plots around the time of the Mawson AR passage highlight
the occurrence of blocking around the Dateline and 60° W
(Fig. 4d). The latter actually coincided with the passage
of three consecutive ARs west of the Antarctic Peninsula
(Fig. 4f), with the air temperature climbing above freezing
(Fig. 4e). Wille et al. (2024c) and Maclennan et al. (2023)
stressed that the occurrence of blocking can lead to the de-
velopment of an “AR family” (or multi-AR) event, with the
counterclockwise flow around the high pressure and subse-
quent poleward advection of warm and moist low-latitude
air masses leading to a marked rise in temperature. This is
evident in particular around 120°E in late July—early Au-
gust and mid-September and around 150°E in late Novem-
ber (Fig. 4a—). At the Khalifa SIMBA site on fast ice off
Mawson Station, on the other hand, blocking did not occur,
as evidenced by the small values of the Pook Blocking Index
(Fig. 4a). During the case study in mid-July (Fig. 4d—f), the
presence of a ridge east of Mawson led to a second warm and
moist air intrusion around 70-90° E on 16 July. The passage
of the AR at Mawson on 14 July coincided with an increase
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in air temperature by more than 15K in a couple of days
(Fig. 4e), consistent with the observed rise in air temperature
of ~ 18 K at the site (Fig. 2a).

The results in Fig. 4 highlight the role of atmospheric dy-
namics in modulating the ST at the Khalifa SIMBA site on
fast ice off Mawson Station, with the SIT largely controlled
by the oceanic and conductive heat flux and the seasonal vari-
ability in the incoming solar radiation.

4 Case study: 11-16 July 2022

An AR impacted the site on 14 July during the period July—
November 2022. In Sect. 4.1, the large- and regional-scale
environment that promoted the development of the AR is in-
vestigated, while in Sect. 4.2, the results of the PWRF simu-
lations are discussed.

4.1 Large-scale atmospheric patterns

The period 10-19 July 2022 is characterized by a strong
wavenumber 3 pattern along the Southern Hemisphere po-
lar jet at about 60° S and a wavenumber 5 pattern along the
subtropical jet at about 30°S (Fig. 5a), projecting onto the
positive phase of Southern Annular Mode (SAM; Marshall,
2003) (Fig. 5b). The stationary wave activity flux vectors in
Fig. 5a show little wave propagation from the tropics into
the Southern Hemisphere mid-latitudes, with a prevailing
zonal propagation within the wavenumber #5 pattern. This is
also evidenced by the strong westerly flow around Antarctica
(Fig. 5d). One of the reasons for the positive SAM is the La
Nifia that was taking place at the time, the third consecutive
La Nifia year after the 2018-2019 El Nifio (NOAA/NWS,
2024), as La Nifa events typically project onto the positive
SAM pattern (Fogt et al., 2011).

North of Mawson Station, a pressure dipole is present
around 40-65°S (Fig. 5b), with a ridge to the east and a
trough to the west. This pattern favors the poleward prop-
agation of warm and moist low-latitude air into the Khalifa
SIMBA site on fast ice off Mawson Station in East Antarctica
and is conducive to the development of ARs (Francis et al.,
2022b; Gorodetskaya et al., 2023). The interaction between
the subtropical jet and polar jet led to the development of a
jet streak (Fig. 5¢), a localized maximum in the strength of
the flow. The low pressure associated with the AR (Fig. 5a)
is located to the south of the jet entrance, in an area favor-
able for cyclogenesis (Wallace and Hobbs, 2006). Despite its
slow eastward movement and anomalous high strength, the
meridional extent of the ridge from East Antarctica to south-
eastern Madagascar may explain why it is not detected by the
Pook Blocking Index, Fig. 4a and Eq. (S6), as the westerly
flow at 35-40 and 65-70°S is also weaker. The AR that de-
veloped on 14 July 2022 is particularly remarkable, extend-
ing from the southwestern Indian Ocean into the Southern
Ocean and East Antarctica and having its primary origin in
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Figure 3. Surface mass balance and SIMBA observations: (a) ST
and (b) SIT from the SIMBA measurements for the period 8 July to
30 November 2022. The red line shows the observed values, while
the blue shading gives the uncertainty, which is estimated as 7 %
for ST and 2 % for SIT (Liao et al., 2018). (¢)—(d) show the hourly
SMB terms (mm w.e. h_l) from ERA-5 averaged over the domain
66.5-68.5° S and 62.5-63.5° E. Shown are the SMB (blue) and pre-
cipitation (red; P) in (¢) and the snowmelt (orange; M), surface
sublimation (red; Qs ), blowing snow sublimation (green; Qsnow),
and blowing snow divergence (blue; D) in (d). No snowmelt oc-
curred during the measurement period, and the D term is multiplied
by two for visualization purposes. The purple shading in (d) high-
lights hourly timestamps when Foehn effects occurred anywhere in
the domain. (e)—(f) show the reanalysis’ domain averaged hourly
air temperature (red; K) and relative humidity (blue; %) in (e), and
horizontal wind speed (red; ms_l) and direction (blue; °) in (f).
(g)—(1) are the same as (a)—(f) but for 10-20 July 2022. No scaling
is applied to the D term in (j).
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South America (Fig. 6a—b). The wave train extending from
South America to the southeastern Pacific Ocean comprises
aridge over southern parts of Chile and Argentina and a low
over northern Argentina to the west of the South Atlantic sub-
tropical high (Figs. S1b, d, and f). The pressure gradient be-
tween the latter two systems leads to a strengthening of the
South American low-level jet (Marengo et al., 2004; Montini
et al., 2019), which advects moisture from equatorial South
America into the subtropics and helps to feed convection east
of the Andes (Figs. Sla, ¢, and e). The moist outflow com-
ing out of South America and the latent heat release from
the convection strengthen the low pressure to the southwest
of South Africa that is tracking southeastwards and promote
the development of the AR that impacted the Khalifa SIMBA
site on fast ice off Mawson Station on 14 July. After a first
landfall on 14 July around Mawson Station, Fig. 6a, the AR
made a second landfall around 75-90° E, Fig. 6b, impacting a
wide swath of East Antarctica from about 45 to 100° E. Here,
the air temperature anomalies generally exceeded 10 K, with
some parts of East Antarctica having near-surface tempera-
tures in the top 1 % of the 1979-2021 climatological distri-
bution (Fig. 6d). The IVT at 06:00 UTC on 14 July exceeds
156kgm~'s~! around the Khalifa SIMBA site on fast ice
off Mawson Station and 800kgm™! s~! further north along
the AR (Fig. 6b), with the hourly IVT on this day being in the
top 0.5 % of the climatological distribution (Fig. 6¢), an attes-
tation to the extreme nature of this event. A back-trajectory
analysis performed with HYSPLIT forced with ERA-5 data
revealed that tropical and subtropical moisture sources con-
tributed to the 14 July 2022 AR (Fig. S2a). While at lower
levels the moisture came from the Southern Ocean with spe-
cific humidity values generally below 2 gkg~! and air tem-
peratures generally below freezing, at 2250 m it originated in
the subtropics just south of South Africa with specific humid-
ity values in excess of 6 gkg™! and air temperatures around
280-290K (Fig. S2b—e). The latter air mass ascended from
roughly 200 to 2250 m just north of Mawson Station when
it encountered the colder and drier airflow (Fig. S2a). Sev-
eral studies report on ARs impacting Antarctica being fed by
subtropical moisture, such as the February 2011 (Terpstra et
al., 2021) and the November—December 2018 (Gorodetskaya
et al., 2020) ARs over East Antarctica and the February 2022
AR over the Antarctic Peninsula (Gorodetskaya et al., 2023).

The AR and attendant cyclone also had an important effect
on the sea ice in the region. As seen in Fig. S3a-b, there was a
considerable reduction in SIE from 12 to 16 July both around
coastal Antarctica and upstream, with an open-ocean polynya
developing well northwest of Mawson Station around 65° S,
45°E on 14 July and disappearing on 22 July. The role of
ARs and the surface divergent flow associated with the at-
tendant cyclone in opening up polynyas has been reported at
multiple sites around Antarctica (Francis et al., 2019, 2020).
The low-pressure system northwest of Mawson reached a
minimum value of 944 hPa on 12 July over the Southern
Ocean, with the secondary low that formed on 14 July reach-
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Figure 4. Atmospheric dynamics and thermodynamics during the observational period: (a) Pook blocking index (m s~ for July—
November 2022. The vertical purple line shows the approximate longitude of the measuring site. Regions where the index exceeds 40 m s
an indication of a high degree of blocking, are stippled. The green rectangles indicate the period when an AR impacted the site from 11
to 16 July. Above the Hovmoller plot, the land—sea mask as seen by ERA-5 is plotted in red, and the averaging region is highlighted with
a black rectangle. (b) and (c) are the same as (a) but for air temperature (K) and the SMB, defined in Eq. (3), respectively, averaged over
68.5-66.5° S. The sharp transition in the temperature field around 60° W arises from the presence of the Antarctic Peninsula (landmass),
while the stipple in (b) indicates regions and times when the temperature is above freezing (273.15 K). (d)—(f) are the same as (a)—(c) but

zoomed in for 11-16 July 2022.

ing 933 hPa on this day at 06:00 UTC just off the Khalifa
SIMBA site on fast ice off Mawson Station (Fig. 6a), and
deepening further to 931 hPa late on 15 July just to the north-
east of the site (Fig. 6b). These systems are stronger than
those that played a role in the opening up of the Weddell
Sea Polynya in September 1973 and 2017 (Francis et al.,
2020) and the Maud Rise Polynya in September 2017 (Fran-
cis et al., 2019). The sea-ice vectors in Fig. S3c—d show an
equatorward movement north of Mawson Station from 12 to
14 July (prior to the event) at speeds in excess of 40kmd~!
and a southward movement from 14 to 16 July (post event)
at speeds in excess of 20km d~!. These sea-ice drift veloci-
ties, which are associated with the changing wind field in re-
sponse to the shift in the position of the mid-latitude weather
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systems in the region (Figs. 6a-b, d, and 7), are higher than
those observed in the western Ross Sea in late April 2017
(Fonseca et al., 2023) and comparable to those estimated in
the region in September 2017 (Francis et al., 2019).

Figures 5-6 provide a summary of the weather conditions
during 10-19 July 2022, with Fig. 6 focusing on the AR event
that impacted Mawson Station on 14 July. In order to gain in-
sight into this AR event, it is important to assess the temporal
evolution of the atmospheric circulation prior to and during
the event itself. This is achieved in Fig. 7, which shows multi-
ple fields from 13 July at 06:00 UTC to 15 July at 18:00 UTC.
At 06:00 UTC on 13 July (Fig. 7a), a broad low-pressure sys-
tem is centered northwest of the site, coincident with a TPV
(highlighted in the figure), with a ridge to its east. The TPV
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Figure 5. Large-scale circulation during 10-19 July 2022: (a) 200 hPa streamfunction anomalies (shading; 106 m2 s~ 1), with respect to the
hourly 1979-2021 climatology, and stationary W vectors (Takaya and Nakamura, 2001; Eqgs. (2a) and (2b); arrows; m?s~2) averaged over
10-19 July 2022. (b) Sea-level pressure (shading; hPa) and 10 m wind vector (arrows; m s_l) anomalies for the same period. (¢) and (d)
show the 200 and 850 hPa wind speed (shading; m s~ 1) and vectors (arrows) averaged over the same period. The jet streak referred to in the
text is highlighted in (c). In all panels, the star shows the location of Mawson Station (67.5912°S, 62.8563° E).

helps the surface low to intensify, together with the jet streak
at upper levels (Fig. Sc), with the central pressure dropping to
around 944 hPa on 12 July at 12:00 UTC. The pressure dipole
promotes the southward advection of a warmer and moist
low-latitude air mass into the Southern Ocean, as noted by
the hatching that highlights regions where the IVT exceeds
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250kgm~!s~!. A secondary low, which develops later on
13 July (highlighted in Fig. 7c, also noted by the additional
sea-level pressure contour), is not co-located with a TPV.
Instead, the secondary low is driven by the interaction of
the warm and moist air mass from the west and northwest
around the low pressure with that from the northeast around
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Figure 6. Atmospheric river on 14 July 2022: (a) sea-level pressure
(contours; every 10hPa), integrated vapor transport (IVT) magni-
tude (shading; kg m~! s_l), and IVT vectors (arrows; kg m~! s_l)
on (a) 14 July 2022 at 06:00UTC and (b) 15 July 2022 at
15:00UTC from ERA-5. The star shows the location of Maw-
son Station. (c¢) Histogram of the maximum hourly IVT around
Mawson Station (68.5-66.5°S and 62.5-63.5°E) for 1979-2021.
The solid, dotted, dashed, dotted-dashed, dashed-dotted-dotted, and
long-dashed lines give the 0.5th, 1st, 5th, 95th, 99th, and 99.5th
percentiles, respectively, while the red line indicates the maximum
hourly values on 14 July 2022. (d) Air temperature (shading; K) and
10 m wind vector (arrows; ms™!) anomalies with respect to 1979—
2021 climatology on 16 July 2022 at 00:00 UTC. The green stipple
indicates regions where the air temperatures are in the top 1% of
the 1979-2021 climatological distribution.
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the ridge. Closer to the Antarctic coast, the aforementioned
low-level convergence is reinforced by the drier and colder
katabatic flow blowing from the continent. The maximum
Eady growth rate, a measure of baroclinicity (Hoskins and
Valdes, 1990), at 850 hPa exceeded 3d~! on 14 July (not
shown), indicating a highly baroclinic environment.

Figure 7b—d shows cyclonic Rossby wave breaking, with
the secondary low exhibiting little eastward movement ow-
ing to the presence of a ridge to the east (Fig. 6a-b) and in-
stead shifting southwards toward Antarctica. The incursion
of the higher low-latitude potential temperature values into
East Antarctica (Fig. 7b—d) is consistent with the warmer
(Fig. 6d) and more moist (Fig. 6a—c) conditions in the re-
gion. The warm and moist air intrusion shifted eastwards
from 14 to 15 July (Fig. 7c—d) and penetrated deeper into
East Antarctica on 15-16 July (Figs. 7d and 6d), with air tem-
peratures more than 15 K above climatology in some parts
(Fig. 6d). Figure 7 shows more than one episode of intru-
sion of low-latitude air masses into Antarctica. For exam-
ple, on 14-16 July, a warm and moist air intrusion reached
the Antarctic Peninsula (Fig. 7c—d). Such occurrences are
more common in an amplified pattern and can be aided by
TPVs that act to strengthen the attendant cyclone (Wille et
al., 2024c).

4.2 PolarWRF simulation

In this subsection, the focus is on the modeling experiments.
In Sect. 4.2.1, the PWREF predictions are evaluated against
in situ measurements at the five stations in East Antarctica
given in Fig. 1d, while in Sect. 4.2.2, the emphasis is on the
additional insight that the higher-resolution model data pro-
vide on the mid-July 2022 AR event.

4.2.1 Evaluation of PolarWRF

The PWRF simulations for 11-16 July 2022 are evaluated
against in situ meteorological observations at the Mawson,
Syowa, Relay, Davis, and Casey stations, in addition to sur-
face radiation fields at Syowa Station. Figure 8 shows the
time series of hourly data for the Mawson and Syowa sta-
tions, with the corresponding time series for the other three
stations given in Fig. S4. A quantitative assessment of the
model performance for all stations and variables is presented
in Table 3.

PWREF simulates the weather conditions well at the Maw-
son (Fig. 8a—f), Syowa (Figs. 8g-1 and S4a-f), Relay
(Fig. S4g-1), Davis (Fig. S4m-r), and Casey (Fig. S4s—x)
stations for 11-16 July 2022. In particular, the observed vari-
ability in sea-level pressure is well replicated, with the model
correctly capturing the time of passage and strength of the
secondary cyclone on 14-15 July at Mawson (Figs. 7c—d, 8c)
and on 15 July at the Davis (Figs. 7d, S4p) stations. More-
over, the warmer, more moist, and windier conditions on 12—
14 July at Syowa Station (Fig. S4a—c and f), on 14-15 July
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Figure 7. Evolution of atmospheric state during 13—-15 July 2022: potential temperature (6; shading; K) on the dynamical tropopause
(PV =—-2PVU), sea-level pressure (black contours; every 15hPa starting at 900 hPa), and integrated vapor transport (IVT; hatching if
>250kg m~! s_l) on 13 July at (a) 06:00 UTC and (b) 18:00 UTC, (c) 14 July at 06:00 UTC, and (d) 15 July at 18:00 UTC. The purple
dots indicate the location of tropopause polar vortices (TPVs) at the respective times. The TPV and the secondary low pressure discussed in
the text are highlighted in panels (a)—(b) and (c), respectively.

at Mawson (Fig. 8a—c and e) and Relay (Fig. S4g-i and 1) (Fig. 8k) in association with the warm and moist air intru-
stations, and on 15—16 July at Davis (Fig. S4m-o and r) and sion on 13-14 July. An inspection of Table 3 reveals that,
Casey (Fig. S4s—u and x) stations are predicted by the model. except mainly for the air temperature and surface pressure,
Also, the model captures the increase in the downward long- the normalized bias p is smaller than 0.5, indicating that the

wave radiation flux by up to 80 Wm™2 at Syowa Station biases can be regarded as not significant, while the normal-
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ized error variance o does not exceed 1 for all fields and sta-
tions, except for the wind vector at the higher-elevation Relay
and coastal Davis stations, indicating that the PWREF predic-
tions can be regarded as reliable. The performance of PWRF
for this event is comparable to that for the McMurdo Station
in early January 2016 (Hines et al., 2019), West Antarctica
in early to mid-January 2019 (Bromwich et al., 2022), and
the Antarctic Peninsula in May—June 2019 and January 2020
(Matejka et al., 2021). This reflects the improvements made
to PWRF by the model developers, with the aim of optimiz-
ing its performance and skill over Antarctica (e.g., Hines et
al., 2021).

A closer inspection of Figs. 8 and S4 and Table 3 reveals
some discrepancies in the PWRF predictions. For example,
at Syowa Station, the model has a tendency to overpredict
the air temperature by ~ 1-3 K. This may explain the over-
estimation of the upward longwave radiation flux by about
143Wm™2 (Fig. 81), which can also arise from an overpre-
diction of the observed surface emissivity. The downward
longwave radiation flux (Fig. 8k), on the other hand, is un-
derestimated by roughly 7.7 W m~2, likely related to the re-
duced atmospheric moisture content in the model by about
~0.16 gkg™!. At all four coastal Antarctic stations, the pre-
dicted wind direction is generally shifted clockwise by 45—
90° compared to that observed (Figs. 8d, S4e, q, and w),
with this mismatch at times reaching 180° at the Relay Sta-
tion (Fig. S4k) located on the Antarctic plateau more than
3000 m above sea level (Fig. 1d). This discrepancy can be
attributed to an incorrect representation of the surface topog-
raphy, which exhibits a complex spatial heterogeneity in the
region (Lea et al., 2024). Despite these issues, both the mag-
nitude and variability of the observed wind speed are gener-
ally well represented by PWREF (Figs. 8e, S4f, 1, r, and x). The
more offshore wind direction at the coastal Antarctic stations
reflects a stronger katabatic wind regime that acts to slow
the poleward movement of the low-latitude air mass, which
is consistent with the dry bias of up to 0.2 gkg™'. The pos-
itive mixing ratio bias at the Relay Station occurs primarily
on 15-16 July (Fig. S4h) and is associated with increased but
still rather low (generally below 0.1 gkg™!) moisture levels
advected from the interior of Antarctica. At all stations ex-
cept Mawson, PWREF exhibits a warm bias (Figs. 8a, g, S4g,
m, and s), with the near-surface wind speed being underes-
timated at Mawson (Fig. 8e) and overestimated at the other
stations (Figs. S4f, 1, r, and x). Together with the dry bias,
this suggests a tendency for excessive boundary layer mixing
in the model compared to observations, which has been re-
ported in a number of PWREF studies (e.g., Wille et al., 2016,
2017; Vignon et al., 2019). An optimized planetary boundary
layer (PBL) scheme, which at least partially corrects for the
excessive mixing and/or a more sophisticated land surface
model that more accurately represents the boundary layer
and surface processes, has to be considered to address the
aforementioned biases. Despite this, PWRF captures the ef-
fects of the AR as seen in observations, most notably the in-
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crease in air temperature and water vapor mixing ratio and
the strengthening of the near-surface wind, particularly at the
more impacted Mawson (Fig. 8a—e) and Davis (Fig. S4m-r)
stations.

The SMB analysis performed using ERA-5 data is re-
peated using the hourly PWREF predictions. Figs. S5a-b give
the observed SIT and ST measurements, while Fig. S5c—d
shows the different terms of the SMB as predicted by PWRF.
The model gives a similar estimate of the components of the
SMB with respect to the reanalysis dataset (cf. Figs. S5¢c—d
with 3i—j), with the roughly 30 % higher surface sublimation
on 15 July arising from the drier (~ 10 % lower relative hu-
midity; cf. Fig. S5e with Fig. 3k) and windier (~ 10 % higher
wind speed; cf. Fig. S5f with Fig. 31) near-surface conditions
in the model. The fact that ERA-5 captures Foehn effects at
this site and for this event suggests that it can be used for
the wider analysis of Foehn events around East Antarctica,
as has been done over West Antarctica (Francis et al., 2023)
and the Antarctic Peninsula (Laffin et al., 2021). The up to
~2mmw.e.h~! precipitation rate (Figs. S5¢ and 3i), ~5K
air temperature increase (Figs. S5e and 3k), and 30 ms™!
wind speeds (Figs. S5f and 31) associated with the passage
of the AR on 14 July are simulated by PWREF, with the cold
bias in the model also seen in comparison with in situ mea-
surements at Mawson Station (Table 3).

Figure 8f shows a comparison of the observed and simu-
lated snow depth at the Khalifa SIMBA site on fast ice off
Mawson Station. The ST in PWREF is initialized to zero, and
hence the discrepancy with respect to the observed values
during 11-13 July arises (the observed ST is equal to 0.14 m
during 10-14 July). PWRF predicts around 0.24 m of snow-
fall in association with the passage of the AR on 14 July, and
the weaker wind speeds in the model, at times by more than
20ms~!, likely allow for snow to accumulate at the site in-
stead of being blown away by the wind. The model fails to
capture the observed decrease of 0.02m in ST on 15 July in
response to Foehn effects, which can be attributed to less fa-
vorable conditions for Foehn events in the model (e.g., the
wind speed is lower by as much as 20ms~!, Fig. 8e, with
generally cooler air temperatures, Fig. 8a). A higher spatial
resolution of at least 1 km would probably be needed for a
more accurate simulation of the interaction of the AR with
the complex Antarctic topography, including the Foehn ef-
fects (Gilbert et al., 2025). The increase in ST on 16 July
due to snowfall is simulated by PWREF, even though its mag-
nitude is underestimated by the model (0.01 m in PWREF as
opposed to 0.04 m in observations), possibly because of the
drier environment brought on by a more offshore wind di-
rection (Figs. 8b, d—e, and S5e—f). It is important to stress
that the discrepancies between the observed and modeled ST
can also be tied to deficiencies in the LSM. In particular, the
Noah LSM used in this study only considers a single snow
layer and has a simplified representation of snow accumula-
tion, sublimation, and melting processes (Lim et al., 2022).
In contrast, the more sophisticated Noah LSM with multipa-
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rameterization options (Noah-MP), also available in PWREF,
features user-defined parameters, includes up to three snow
layers, represents the percolation, retention, and refreezing of
meltwater within the snowpack, and accounts for snow meta-
morphism and compaction (Niu et al., 2011). Recent work
has shown that it gives a superior performance with respect
to the Noah LSM over Antarctica for the 2 m temperature and
10m wind speed forecasts (Xue et al., 2022). An extension
of this work would be to consider the Noah-MP and explore
its effects on the ST predictions.

Besides ground-based observations, sounding data are
available at the Mawson, Syowa, Davis, and Casey stations
every 12h and can be compared with the hourly PWRF
predictions (Figs. S6 and S7). The model captures the tim-
ing of the arrival of the warm and moist air mass at Maw-
son on 14-15 July, as evidenced by the higher values of 6g
(270-280K; Fig. S6a and e) and relative humidity (60 %—
90 %; Fig. S6b and f). However, the katabatic wind flow is
stronger in the model, as seen by the offshore wind direction
(Fig. S6h) and drier conditions (Fig. S6b and f), and also evi-
dent in the ground-based observations (Figs. 8d and b), with a
strong low-level jet (mostly below 700 hPa) on 14 and 16 July
(Fig. S6g). At Syowa, the PWRF and observed profiles are in
closer agreement than at the Mawson Station (cf. Fig. S6a—h
with i—p). Here, the main discrepancy between the observed
and modeled profiles is the dry bias (Fig. S6j and n), which
is more pronounced on 13-14 July and is also evident in the
near-surface data (Fig. 8i). The arrival of the low-latitude air
mass at Davis on 15 July is seen in both the PWRF and ob-
served profiles (Fig. S7a-h), with a less pronounced katabatic
regime in the model compared to that at Mawson Station (cf.
Figs. S6e—h with S7e-h). At Casey (Fig. S7i—p), PWRF sim-
ulates the more moist conditions on 14 July and the drier
conditions on 15-16 July. The analysis of the sounding pro-
files reveals, however, that PWRF tends to overestimate the
strength of the katabatic flow over coastal East Antarctica
during 11-16 July. Vignon et al. (2019) attribute such over-
estimates to more stable boundary layers over the Antarctic
Plateau and, to a lesser extent, steeper synoptic land—ocean
pressure gradients in the model.

The results in Figs. 8, S4-7, and Table 3 reveal a reason-
ably good PWREF performance in the study area for the period
11-16 July 2022. In the next subsection, the model simula-
tions are used to gain further insights into the dynamics of
the 14 July AR event.

4.2.2 Insights into the dynamics and effects of the AR

One of the motivations for implementing the high-resolution
(2.5km) innermost grid is to check for the presence of AR
rapids (Box et al., 2023; Francis et al., 2024). Figure 9a—d
shows a Hovmoller plot of the vertical velocity at 700 hPa,
10 m meridional wind speed, 850 hPa equivalent potential
temperature (6g), and precipitation rate averaged over 40—
50°E, a latitude band that comprises the bulk of the AR
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(Figs. 6a, 7a—c, and 9i). It reveals AR rapids, in particu-
lar one on 13-14 July between 40 and 60°S (pink arrows
in Fig. 9a and d), which is embedded within the AR, as
seen on 13 July at 12:00 UTC when it is located at 40-50° S
(Fig. 91). No AR rapids are seen in the vertical profiles at
the coastal Antarctic stations (Figs. S6 and S7), suggesting
they are confined to the Southern Ocean. The linear struc-
ture propagating from ~ 55°S late on 11 July to 65°S early
on 13 July does not correspond to an AR rapid. Instead, the
heavy precipitation (> 1 mmh~!; Fig. 9d) arises from the in-
teraction of the low-latitude air mass with the katabatic wind
regime originating from the Antarctic Plateau, as it is placed
at the interface between the two flows (cf. Fig. 9a-b with
d). The low-level convergence of these two air masses can
be seen in Fig. 9i around 65° S. The katabatic flow is char-
acterized by southerly winds (Fig. 9b) and low 6 values
(260-270 K, compared to 290-300 K for the low-latitude air
mass; Fig. 9¢), extending from the Antarctic Plateau to the
Southern Ocean. Figure 9e-h is the same as Fig. 9a—d, except
that the fields are averaged over 85-95° E. The low-latitude
air mass reaches this part of East Antarctica on 15-16 July,
when precipitation rates exceed 1.8 mm w.e.h~!. The maxi-
mum precipitation rate in coastal Antarctica, averaged over
85-95°E, is about 66 % higher than that averaged over 40—
50°E (1.81 vs. 1.09 mm w.e. h~1). This can be explained by
(1) the higher moisture levels (maximum longitudinally av-
eraged O values of 297.9 K vs. 289.7 K), as the low-latitude
air mass penetrates further polewards due to a more favorable
synoptic pressure pattern, and (2) a stronger katabatic flow
off the Antarctic Plateau (maximum longitudinally averaged
meridional wind speed of 22ms~! vs. 19ms~!). Around
45-55°S on 16 July, AR rapids are present in the plots av-
eraged over 85-95°E (pink arrows in Fig. 9¢ and h), when
the low-level air intrusion was in the area (Fig. 9j). The fact
that these structures have been identified in modeling prod-
ucts in the Southern Ocean in this study, around Greenland
in Box et al. (2023) and in the Middle East in Francis et
al. (2024), stresses the need for high spatial and temporal res-
olution three-dimensional radar observations along the ARs
to check whether they actually exist or are just model arti-
facts.

On top of surface evaporation from the subtropics
(Fig. S2), the convergence of the flow around the low-
pressure system to the west and the ridge to the east helped
feed the AR and associated warm and moist air mass (Fig. 7).
This can be seen in Fig. 10a—c. The zonal moisture transport
in Fig. 10b highlights the convergence of the westerly flow at
5-10ms~! associated with 6 values of 290-295 K, with the
easterly flow around the high with zonal wind speeds of 20—
25ms !, and 6 values of 300305 K, as this air mass comes
directly from the tropics. At about 65°E, where the AR is
located (Fig. 10a), the vertical velocity peaks in the mid-
troposphere around 600-800 hPa with speeds up to 0.3 ms™!
(Fig. 10c). The vertical structure of the updrafts, with a peak
in the low- to mid troposphere, and the updraft speeds are
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Figure 8. Evaluation of PolarWRF against ground-based observations: hourly (a) air temperature (°C), (b) water vapor mixing ratio (gkg™ 1 ),
(c) sea-level pressure (SLP; hPa), and horizontal wind (d) direction (°) and (e) speed (m s_l) from observations (red) and the PWRF
simulation (blue) for 11-16 July 2022 at Mawson Station. (f) shows the daily observed (red) and hourly PWRF-predicted (blue) ST (m) at
the Khalifa SIMBA site on fast ice off Mawson Station, the former with the estimated 7 % uncertainty. (g)—(l) are the same as (a)—(f) but for
the hourly air temperature (K), horizontal wind speed (m s—1), water vapor mixing ratio (g kg_1 ), sea-level pressure (SLP; hPa), and surface
downward and upward longwave radiation fluxes (W m~2) at Syowa Station. The wind fields at Syowa Station are shown in Figs. S4e—f. The

location of the stations is given in Fig. 1d.

comparable to the AR rapids reported by Box et al. (2023)
over Greenland on 14 September 2017. Precipitation rates in
excess of 3mmh~! are simulated by the model at 12:00 UTC
on 14 July (Fig. 10d) and at 00:00 UTC on 15 July (Fig. 10a)
along the AR. As the moisture plume moved closer to the
Antarctic coast, it interacted with the katabatic wind regime.
This is evident in Fig. 10e—f, with the colder, drier (6g ~ 260—
265K), and strong (meridional wind speeds in excess of
45m s’]) airflow from Antarctica, which descends the steep
slopes with downward vertical velocities up to —0.6ms™!,
converging with the slower (35-40ms~!) and more moist
(6 ~ 275-280 K) flow from lower latitudes, with vertical ve-
locities in the bottom 5km reaching +0.3ms~!. This con-
vergence led to precipitation rates in excess of 3mmh~!
around Mawson Station (Fig. 10d).

The results in Figs. 9 and 10 suggest that it can be diffi-
cult for ARs and associated warm and moist air intrusions
to reach this region of East Antarctica owing to the interac-
tion with the strong katabatic flow. This factor has been high-
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lighted for other regions of East Antarctica (e.g., Terpstra et
al., 2021; Gehring et al., 2022).

5 Discussion and conclusions

Sea ice is a critically important component of the climate
system, modulating atmosphere—ocean interactions and ulti-
mately the global climate (Raphael et al., 2011; Goosse et
al., 2023). Antarctic SIE has abruptly dropped from 2016
to 2019 (Eayrs et al., 2021; Yang et al., 2021), with an all-
time record low in 2023, driven by a complex and as yet
poorly understood combination of oceanic and atmospheric
processes (J. Wang et al., 2024). Climate model projections
indicate major changes in the atmospheric circulation driven
by the projected reduction in Antarctic sea ice in a warming
climate: the Polar Cell and the katabatic flow off the coast
of Antarctica are projected to strengthen, with a marginal
weakening of the Ferrel and Hadley cells and an equatorward
shift in the position of the Polar Jet (Tewari et al., 2023).
This stresses the need for a much improved understanding
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Figure 9. Hovméller plots: Hovmoller of hourly (a) 700 hPa vertical velocity (10_2 m s_l), (b) 10 m meridional wind speed (m s_l), (c)
850 hPa equivalent potential temperature (6g; K), and (d) precipitation rate (mm h=1) for 11-16 July 2022 averaged over 40-50° E. The pink
arrows highlight AR rapids. (e)—(h) are the same as (a)—(d) but averaged over 85-95° E. The gray shading in (e) and (g) highlights latitudes
for which the 700 and 850 hPa pressure levels, respectively, are below topography. (i) Precipitable water (shading; kg m_z) and 10 m wind
vector (arrows; m s_l) at 12:00 UTC on 13 July. The star indicates the location of Mawson Station. The fields given in (a)—(d) are averaged
over the longitude band of the pink box (40-50° E) and plotted over its latitude range. (j) is the same as (i) but at 06:00 UTC on 16 July, with
the pink box also giving the latitude range over which the fields in (e)—(h) are plotted and its longitude band (85-95° E) used for averaging
to generate the Hovmoller plots.
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Table 3. Verification diagnostics with respect to station data: bias, normalized bias (1), correlation (p), variance similarity (1), and normalized
error variance (o) for air temperature, water vapor mixing ratio, horizontal wind vector, and sea-level pressure for Mawson, Syowa, Relay,
Davis, and Casey Stations for 11-16 July 2022. For Syowa Station, the scores are also given for the surface downward and upward longwave
radiation fluxes at the bottom of the table. The model values are those at the closest grid point to the location of the station, and the evaluation
is performed for hourly data. The corresponding time series are given in Figs. 8 and S4.

Variable Station Bias " 0 n o
Mawson —1.42K —0.92 098 ~1.0 0.02
Syowa 2.15K 1.08 087 098 0.14
Air temperature ~ Relay 251K 0.65 090 ~1.0 0.10
Davis 3.11K 1.30 098 097 0.05
Casey 2.66K 1.22 075 097 0.27
Mawson —0.21 gkg_l —0.82 0.86 098 0.16
— -1 _
Water  vapor Syowa 0.16g k_g1 0.45 005 082 0.96
mixing ratio Relay 0.01 gkg | 0.69 075 099 0.25
Davis —0.09gkg™ —0.28 097 094 0.08
Casey —0.02gkg™!  —0.12 0.61 092 043
Mawson —2.39ms™! —0.48 0.27 0.96 0.74
Wind vector Syowa 2.36ms™! 0.61 039 ~10 0.61
(bias and p are  Relay 2.02ms™! 1.82 —-0.60 ~1.0 1.60
for wind speed)  Davis 1.40ms~! 036 —030 099 1.29
Casey 0.79ms~! 0.24 0.08 098 093
Mawson —3.78 hPa —-1.72 099 ~1.0 0.01
Surface Syowa 3.08 hPa 2.35 099 ~1.0 0.01
Relay 2.53hPa 3.16 099 099 0.02
pressure .
Davis —0.74 hPa -050 ~1.0 ~1.0 001
Casey —2.48 hPa -216 ~10 099 0.01
Downward LW ~ Syowa  —7.71Wm~2 —024 047 ~10 0.53
Upward LW Syowa 1426 Wm 2 1.54 0.79 095 0.25

of the observed variability of sea-ice properties, such as the
SIE and SIT, which are highly heterogeneous around Antarc-
tica, to increase confidence in future climate-change projec-
tions. This is achieved in this study at a coastal site in East
Antarctica through in situ measurements for the period July—
November 2022.

The SIT at the Khalifa SIMBA site on fast ice off Maw-
son Station largely follows the annual seasonal cycle, with
a gradual increase during winter to mid-to-late October fol-
lowed by a steady decline in late spring. The maximum val-
ues of ~1.1-1.2m are in the 0.50-1.50 m range estimated
from satellite altimeter products for fast ice in the region
around Mawson Station (Li et al., 2022) and are also com-
parable to the thickness of pack ice around Antarctica (Kurtz
and Markus, 2012; Kacimi and Kwok, 2020). The ST, on
the other hand, is highly variable, with values in the range
0.02-0.18 m; these values are also consistent with the esti-
mates from satellite altimetry. In contrast to SIT, the tempo-
ral variability of ST is strongly linked to atmospheric forcing,
in particular to precipitation (snowfall), Foehn effects, blow-
ing snow, and episodic warm and moist air intrusions, which
can lead to variations of up to £0.08 m in a day. During
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July—November 2022, an AR impacted the site on 14 July.
It led to an 18 K increase in air temperature within 24 h and
a variation of up to 0.04 m in ST due to Foehn effects and
snowfall (the 0.02m change in SIT is within the estimated
uncertainty range). These changes occurred within one day
of the AR’s arrival and were followed by a recovery to pre-
AR levels in the following 1-2d. However, it is important
to stress that a longer observational period would be needed
to establish more robust and statistically significant links be-
tween atmospheric phenomena such as Foehn effects, blow-
ing snow, and incursions of warm and moist low-latitude air
and the coastal ST (and potentially SIT). In addition, hav-
ing measurements for at least a full year would allow for
the quantification of the potential role of surface melting in
ST and SIT, which is more likely in the summer months but
may occur at other times in a warming climate. Simulations
with coupled ocean—atmosphere—sea ice models should also
be considered to further explore the role of atmospheric forc-
ing in ST and SIT. In addition, refined methods to extract
SIT and ST are desirable as, in particular for SIT, the varia-
tion during weather events such as the passage of the AR is
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Figure 10. Precipitation mechanisms in the Southern Ocean: (a) precipitation (shading; mm h~—1) and sea-level pressure (contours; hPa) at
00:00 UTC on 15 July 2022, from PWRF’s 2.5 km grid. Vertical cross section at 45° S indicated by the red line in (a), showing (b) zonal
mass transport (shading; ms~! g kg_l) and equivalent potential temperature (6g; contours; every 5 K) and (c¢) vertical velocity (shading;
102 ms~!) and zonal wind speed (contours; every 5 m s~1) at the same time. Regions below the orography are shaded in gray. (d)—(f) are
the same as (a)—(c) but at 12:00 UTC on 14 July. The cross section is at 60° E, with the meridional mass transport and meridional wind speed

in (e) and (f) plotted instead of their zonal counterparts, respectively.

within the uncertainty range, preventing a clear signal from
being extracted from the data.

The 14 July AR is particularly intense, with the highest
IVT around the Khalifa SIMBA site on fast ice off Maw-
son Station of ~ 156kgm™!s~!, which is in the top 0.5 %
of the climatological distribution. This AR has its origins
in South America, where a wave train coming from the Pa-
cific Ocean leads to an intensification of the South Ameri-
can Low-Level Jet and increased moisture outflow into the
South Atlantic Ocean. The period 10-19 July 2022 is char-
acterized by a wavenumber #5 pattern along the subtropical
jet and a wavenumber #3 along the polar jet in the South-
ern Hemisphere, the latter projecting into the positive SAM
phase, which is expected given the ongoing La Nifia. A pres-
sure dipole, with a low to the west and a ridge to the east,
promotes the advection of warm and moist low-latitude air
across Mawson Station. A back-trajectory analysis indicates
contributions from evaporation both in the subtropics and the
Southern Ocean to the precipitation event on 14 July 2022. A
more in-depth analysis reveals that a secondary low formed
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just northwest of the site on 13 July, driven by high baroclin-
icity arising from the interaction of the warmer low-latitude
air masses with the cold katabatic winds that prevail around
Mawson Station. At the same time, a TPV and a jet streak
at upper levels contribute to an intensification of the pri-
mary low. The changing wind field in response to the pas-
sage of the deep cyclone, which had a central pressure as
low as 931hPa, also has an impact on the sea-ice dynam-
ics. In particular, maximum pack-ice drift velocities north of
Mawson Station exceeded 40kmd~! from 12 to 14 July and
20kmd~! from 14 to 16 July with the opening of a polynya
in the Southern Ocean northwest of Mawson Station around
65°S, 45°E from 14 to 22 July. These pack-ice drift speeds
are comparable to those estimated during the opening of the
Maud Rise Polynya in September 2017 (Francis et al., 2019).

A high-resolution simulation with PWRF down to 2.5 km
is conducted to gain further insight into this event. An eval-
uation against in situ observations indicates a good perfor-
mance for both coastal and inland stations in the target re-
gion. A dry bias at coastal sites is attributed to an exces-
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sive offshore wind direction in the model and/or too much
boundary layer mixing. An evaluation of the simulated verti-
cal profiles against those observed at four coastal sites reveals
a stronger katabatic flow in PWREF, which is consistent with
the drier near-surface conditions. This is reported by other
studies (e.g., Vignon et al., 2019), which attribute it to more
stable boundary layers over the Antarctic Plateau and steeper
land—sea synoptic pressure gradients. The overestimation of
the surface upward longwave radiation flux may be a reflec-
tion of higher surface temperatures and/or excessively high
surface emissivity in PWRF. This suggests the need to op-
timize the land surface properties in the model, as has been
highlighted by other studies (Hines et al., 2019). Ingesting
a more realistic representation of the SIE and SIT does not
translate into higher skill scores for this particular event. This
indicates that improvements to the boundary layer dynamics
and/or land/ice processes, noted by Wille et al. (2016, 2017)
and Vignon et al. (2019), and at least for this case study, are
probably more important than having a more accurate sea-ice
representation in the model. Besides calibrating surface pa-
rameters, future PWREF studies should explore other physics
schemes and/or optimize the tunable parameters defined in-
side the selected ones, in particular in the PBL and LSM as
done for other regions (e.g., Quan et al., 2016; Chinta and
Balaji, 2020), in an attempt to improve the model perfor-
mance. For example, the LSM employed, Noah LSM, has a
simplified representation of snow processes compared to the
more sophisticated Noah-MP (Niu et al., 2011), which has
shown higher skill over Antarctica (Xue et al., 2022). Adding
a higher-resolution nest over the target region can also be
beneficial as it will allow for a more accurate representa-
tion of dynamic and thermodynamic processes (Gilbert et
al., 2025). The high-resolution PWRF simulation reveals the
presence of AR rapids, with a similar vertical structure and
propagation speed as those reported in Box et al. (2023) over
Greenland in September 2017. The model simulation also
highlights the effects of the katabatic wind regime in slowing
down and weakening the low-latitude warm and moist air in-
cursions as they approach the Antarctic coast. It is this inter-
action that triggers precipitation rates in excess of 3mmh~!
around Mawson Station during the 14 July AR.

The SIMBA deployment at a fast ice site off Mawson
Station during July-November 2022 enabled a better under-
standing of the spatial and temporal variability of SIT and ST
in that part of coastal East Antarctica. Such measurements
should also be conducted at other sites, given the marked
regional differences in sea-ice properties in the Southern
Ocean (Parkinson and Cavalieri, 2012). This will also help
to evaluate and improve the ST, SIE, and SIT estimates de-
rived from satellite remote sensing and numerical models.
Besides ocean dynamics and thermodynamics, the findings
of the study stress the role of atmospheric forcing in driving
the variability, in particular of ST. Long-term measurements
are needed to further explore and quantify how Foehn ef-
fects, blowing snow, warm and moist air intrusions, and sur-
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face melting modulate SIT and ST and how they respond to
seasonal and inter-annual variations in the atmospheric and
oceanic state. This is a crucial step toward improving the
quality and confidence of future climate-change projections
and medium- and long-range weather forecasts owing to the
global influence of sea-ice variability on the climate system.

Code and data availability. The sea-ice and snow thickness mea-
surements at the Khalifa SIMBA site on fast ice off Mawson Sta-
tion for July-November 2022 are available upon request from the
corresponding author (Diana Francis; diana.francis@ku.ac.ae). The
remaining observational and reanalysis datasets used in this study
are freely available online: (i) ERA-5 reanalysis data were down-
loaded from the Copernicus Climate Data Store website (Hersbach
et al., 2023a, b); (ii) automatic weather station (AWS) data at the
Mawson, Davis, and Casey stations can be requested from Aus-
tralian Antarctic Data Center website (AADC, 2022); (iii) AWS
and surface radiation data for Syowa Station were obtained from
the World Radiation Monitoring Center — Baseline Surface Radi-
ation Network website (AWI, 2024); (iv) AWS data for the Re-
lay Station were extracted from the Antarctic Meteorological Re-
search Center and Automatic Weather Stations Project (Lazzara,
2024); (v) sea-ice velocity vectors from the low-resolution sea-ice
drift product are available from the European Organization for the
Exploitation of Meteorological Satellites (EUMETSAT) Ocean and
Sea Ice Satellite Application Facility (EUMETSAT, 2024); (vi) sea-
ice concentration maps derived from the measurements collected by
the Advanced Microwave Scanning Radiometer (AMSR) for Earth
Observing Systems instrument onboard the National Aeronautics
and Space Administration’s (NASA) Aqua satellite and the AMSR-
2 instrument onboard the Japan Aerospace and Exploration Agency
Global Change Observation Mission 1st-Water “Shizuku” satellite
from January 2013 to present were obtained from the University of
Bremen website (UoB; 2024); (vii) twice daily atmospheric sound-
ing profiles at the Mawson, Syowa, Davis, and Casey stations were
accessed from the University of Wyoming website (Oolman, 2025).
The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT) transport and dispersion model was downloaded from the Na-
tional Aeronautic and Space Administration Air Resources Labora-
tory website (NOAA ARL, 2024). The PolarWRF model version
4.3.3 is available at the Byrd Polar and Climate Research Center at
The Ohio State University website (PWRF, 2024). The figures pre-
sented in this manuscript have been generated with the Interactive
Data Language (IDL; Bowman, 2005) and MATLAB (Mathworks,
2024) software.
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