VOLUME 37 JOURNAL OF CLIMATE 1 FEBRUARY 2024

The Extraordinary March 2022 East Antarctica “Heat” Wave. Part I:
Observations and Meteorological Drivers?

JONATHAN D. WILLE®,*® SIMON P. ALEXANDER,Y CHARLES AMORY,* REBECCA BAIMAN,® LEONARD BARTHELEMY,!
DANA M. BERGSTROM,*®*"" ALEXIS BERNE,' HANIN BINDER,” JULIETTE BLANCHET,* DENIZ BOZKURT;**
THOMAS J. BRACEGIRDLE,! MATHIEU CASADO,™ TAEJIN CHOL" KYLE R. CLEM,® FRANCIS CODRON,!
RAJASHREE DATTA.® STEFANO DI BATTISTA? VINCENT FAVIER,* DIANA FRANCISY ALEXANDER D. FRASER. ¢
ELISE FOURRE,™ RENE D. GARREAUD," CHRISTOPHE GENTHON,® IRINA V. GORODETSKAYA,"

SERGI GONZALEZ-HERRERO," VICTORIA J. HEINRICH," GUILLAUME HUBERT,* HANNA J0OS,® SEONG-JOONG KIM,"
JOHN C. KING,! CHRISTOPH KITTEL,®> AMAELLE LANDAIS,™ MATTHEW LAZZARA,'* GREGORY H. LEONARD,*
JAN L. LIESER"® MICHELLE MACLENNAN,® DAVID MIKOLAJCZYK,” PETER NEFF,* INES OLLIVIER, ™ GHISLAIN PICARD,
BENJAMIN POHL,*® F. MARTIN RALPH,™ PENNY ROWE,2 ELISABETH SCHLOSSER,™™ CHRISTINE A. SHIELDS,"

INGA J. SMITH,” MICHAEL SPRENGER,” LUKE TRUSEL,X* DANIELLE UDY,*"™! TESsA VANCE, ETIENNE VIGNON,®
CATHERINE WALKER,™™ NANDER WEVER,*" AND XUN ZoU'f

# Institut des Géosciences de I’Environnement, CNRS/UGA, Saint Martin d’Heres, France
® Institute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland
¢ Australian Antarctic Division, Kingston, Tasmania, Australia
9 Australian Antarctic Program Partnership, Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Tasmania, Australia
¢ Department of Atmospheric and Oceanic Sciences, University of Colorado Boulder, Boulder, Colorado
' Laboratoire d’Océanographie et du Climat, LOCEAN-IPSL, Sorbonne Université, CNRS, IRD, MNHN, Paris, France
& Global Challenges Program, University of Wollongong, Wollongong, New South Wales, Australia
Y Centre for Ecological Genomics and Wildlife Conservation, Department of Zoology, University of Johannesburg, Johannesburg, South Africa
! Environmental Remote Sensing Laboratory (LTE), Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland
i Department of Meteorology, University of Valparaiso, Valparaiso, Chile
X Center for Climate and Resilience Research, Santiago, Chile
! British Antarctic Survey, Cambridge, United Kingdom
™ Laboratoire des Sciences du Climat et de I’Environnement, CNRS-CEA-UVSQ-IPSL, Gif sur Yvette, France
™ Korea Polar Research Institute, Incheon, South Korea
©® School of Geography, Environment and Earth Sciences, Victoria University of Wellington, Wellington, New Zealand
P Meteogiornale, Milan, Italy
9 Environmental and Geophysical Sciences (ENGEOS) Lab, Khalifa University, Abu Dhabi, United Arab Emirates
" Universidad de Chile, Santiago, Chile
® LMD/IPSL, Sorbonne Université, ENS, PSL Research University, Ecole Polytechnique, Institut Polytechnique de Paris, CNRS, Paris, France
Y CIIMAR-Interdisciplinary Centre of Marine and Environmental Research of the University of Porto, Porto, Portugal
Y WSL Institute for Snow and Avalanche Research SLF, Davos, Switzerland
Y Antarctic Group, Agencia Estatal de Meteorologia (AEMET), Barcelona, Spain
¥ School of Psychological Sciences, University of Tasmania, Hobart, Tasmania, Australia
X The French Aerospace Lab, ONERA/DPHY, University of Toulouse, Toulouse, France
Y Antarctic Meteorological Research and Data Center, Space Science and Engineering Center, University of Wisconsin—-Madison, Madison, Wisconsin
* Department of Physical Sciences, School of Engineering, Science, and Mathematics, Madison Area Technical College, Madison, Wisconsin
4 National School of Surveying, University of Otago, Dunedin, New Zealand
0 Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Tasmania, Australia
¢ University of Minnesota, Saint Paul, Minnesota
44 Bjerknes Centre for Climate Research, University of Bergen, Bergen, Norway
¢ Biogéosciences, CNRS/Université de Bourgogne, Dijon, France
I Center for Western Weather and Water Extremes, Scripps Institution of Oceanography, San Diego, California
88 NorthWest Research Associates, Seattle, Washington
" Department of Atmospheric and Cryospheric Sciences, University of Innsbruck, Innsbruck, Austria
i Climate and Global Dynamics Laboratory, National Center for Atmospheric Research, Boulder, Colorado
¥ Department of Physics, University of Otago, Dunedin, New Zealand
Y& Department of Geography, The Pennsylvania State University, University Park, Pennsylvania
W ARC Centre of Excellence for Climate Extremes, University of Tasmania, Hobart, Tasmania, Australia
MM Department of Applied Ocean Physics and Engineering, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts

Denotes content that is immediately available upon publication as open access.
& Supplemental information related to this paper is available at the Journals Online website: https://doi.org/10.1175/JCLI-D-23-0175.s1.

Corresponding author: Jonathan D. Wille, jonathan.wille@env.ethz.ch

DOI: 10.1175/JCLI-D-23-0175.1

© 2024 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding
reuse of this content and general copyright information, consult the AMS Copyright Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by AGENCIA ESTATAL DE MEJ§OROLOGIA | Unauthenticated | Downloaded 04/11/24 07:31 AM UTC


https://orcid.org/0000-0002-3918-5204
https://orcid.org/0000-0002-3918-5204
https://doi.org/10.1175/JCLI-D-23-0175.s1
mailto:jonathan.wille@env.ethz.ch
http://www.ametsoc.org/PUBSReuseLicenses

758 JOURNAL OF CLIMATE VOLUME 37

(Manuscript received 27 March 2023, in final form 25 October 2023, accepted 30 October 2023)

ABSTRACT: Between 15 and 19 March 2022, East Antarctica experienced an exceptional heat wave with widespread
30°-40°C temperature anomalies across the ice sheet. This record-shattering event saw numerous monthly temperature re-
cords being broken including a new all-time temperature record of —9.4°C on 18 March at Concordia Station despite
March typically being a transition month to the Antarctic coreless winter. The driver for these temperature extremes was
an intense atmospheric river advecting subtropical/midlatitude heat and moisture deep into the Antarctic interior. The
scope of the temperature records spurred a large, diverse collaborative effort to study the heat wave’s meteorological driv-
ers, impacts, and historical climate context. Here we focus on describing those temperature records along with the intricate
meteorological drivers that led to the most intense atmospheric river observed over East Antarctica. These efforts describe
the Rossby wave activity forced from intense tropical convection over the Indian Ocean. This led to an atmospheric river
and warm conveyor belt intensification near the coastline, which reinforced atmospheric blocking deep into East Antarc-
tica. The resulting moisture flux and upper-level warm-air advection eroded the typical surface temperature inversions
over the ice sheet. At the peak of the heat wave, an area of 3.3 million km? in East Antarctica exceeded previous March
monthly temperature records. Despite a temperature anomaly return time of about 100 years, a closer recurrence of such
an event is possible under future climate projections. In Part II we describe the various impacts this extreme event had on
the East Antarctic cryosphere.

SIGNIFICANCE STATEMENT: In March 2022, a heat wave and atmospheric river caused some of the highest tem-
perature anomalies ever observed globally and captured the attention of the Antarctic science community. Using our
diverse collective expertise, we explored the causes of the event and have placed it within a historical climate context.
One key takeaway is that Antarctic climate extremes are highly sensitive to perturbations in the midlatitudes and sub-
tropics. This heat wave redefined our expectations of the Antarctic climate. Despite the rare chance of occurrence
based on past climate, a future temperature extreme event of similar magnitude is possible, especially given anthropo-

genic climate change.

KEYWORDS: Antarctica; Atmospheric river; Extreme events; Automatic weather stations; Climate records

1. Introduction

In recent years, the repetition of many record-breaking
events, significantly exceeding natural climate variability, has
been described as corresponding to a pattern of human-
influenced extreme events (Fischer et al. 2021). This includes
the June 2021 heat wave in the Pacific Northwest (Philip et al.
2022; Thompson et al. 2022) and the July 2017 extreme flood-
ing in Texas resulting from Hurricane Harvey (Risser and
Wehner 2017). Even though the anthropogenic climate forc-
ing is already emerging in the midlatitudes (Hawkins et al.
2020), model projections of transient anthropogenic climate
change predict a slow emergence of a significant warming sig-
nal in the high southern latitudes because of the presence of
the Southern Ocean (Manabe and Stouffer 1980; Hawkins
and Sutton 2012), yet these models also severely underesti-
mate the intensification of winter midlatitude storm tracks
(Chemke et al. 2022).

Yet, between 15 and 19 March 2022, East Antarctica expe-
rienced a heat wave of scale and intensity never observed be-
fore with widespread 30°-40°C temperature anomalies (w.r.t.
monthly mean) peaking on 18 March where record-high maxi-
mum temperatures were observed from coastal regions like
Dumont d’Urville to the high Antarctic Plateau like Dome C.
These austral autumnal March temperature extremes rivaled
record-high maximum temperatures observed during peak
summer (i.e., January). This was highly improbable, given
that the Antarctic climate is usually quickly transitioning to
winter conditions during March. Given the significant magni-
tude by which previous temperature records were exceeded,
we viewed it necessary to examine the heat wave’s origins,
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impacts, and historical precedence to understand the conse-
quences of events like this in the future.

As the heat wave unfolded across East Antarctica, numeri-
cal weather prediction systems and observations clearly indi-
cated an atmospheric river (AR; Ralph et al. 2020, 2018)
accompanied by a very intense atmospheric ridge throughout
the depth of the troposphere, which guided subtropical/
midlatitude heat and moisture deep into the Antarctic interior.
This fits a pattern of other climate extremes in Antarctica be-
ing directly linked to AR landfalls (Wille et al. 2022, 2019;
Francis et al. 2021; Bozkurt et al. 2018; Turner et al. 2022).
ARs are narrow bands of enhanced moisture fluxes typically
found ahead of an extratropical cyclone cold front embedded
within the low-level jet and are responsible for most moisture
transport between subtropical and polar regions (Nash et al.
2018). They have previously been linked to temperature ex-
tremes across Antarctica like the Antarctic continent maxi-
mum temperature record of 18.3°C set at Esperanza station
on 6 February 2020 (Xu et al. 2021; Gonzalez-Herrero et al.
2022) and the preceding record high of 17.5°C on 24 March
2015 (Bozkurt et al. 2018). In East Antarctica, ARs have been
observed to induce deep, moist layers in coastal regions, con-
tributing to record warm temperatures (Gorodetskaya et al.
2020; Turner et al. 2022). Atmospheric ridging/blocking is a
prerequisite for AR landfalls in the region (Pohl et al. 2021).
However, deep convection anomalies originating in the sub-
tropics often dictate the magnitude of moisture transport and
subsequent latent heat release that contribute to a baroclinic
environment for extratropical cyclogenesis (Pohl et al. 2021;
Terpstra et al. 2021; Clem et al. 2022; Francis et al. 2021).
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FIG. 1. Percentile of the 18 Mar 2022 mean 2-m temperature with respect to the climatological distribution of March
days of the period 1979-2021 from 6-hourly daily averages. The hatched area indicates the broken temperature re-
cords on 18 Mar 2022, totaling an area of 3.3 million km?. The map shows the position of the Dome C and Vostok sta-
tions (triangles) inside the hatched area, and the other research stations outside (circles), other AWS analyzed

(squares) and the Conger Ice Shelf (inverted triangle) mentioned in the text. Data source: ERAS.

In this first part of our study, we present a detailed analy-
sis of the heat wave’s origins and review the multitude of
broken temperature records in order to encapsulate the
event’s historical nature. We unravel the various atmo-
spheric processes and impacts interacting with one another
during this compound event. This is done by combining nu-
merous different datasets and expertise to provide a de-
tailed analysis/overview of the March 2022 East Antarctic
heat wave and place this event in context with other ex-
treme Antarctic climate events observed. We describe the
subtropical origins and meteorological drivers that led to
the intense AR (section 3), the scale of the temperature re-
cords (section 4), and the event’s implications on the pre-
sent and future Antarctic climate (section 5), concluding
with a discussion on the various compounding elements of
this extreme event and the challenges of calculating a re-
turn time in an environment with large temperature vari-
ability and sparse observations (section 6). For a detailed
explanation of the various impacts from the March 2022
East Antarctica heat wave such as radiative forcing,
surface mass balance, the collapse of the Conger Ice Shelf,
sea ice extent decline, past-climate reconstruction, and
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cosmic ray measurements, see Wille et al. (2024, hereinafter
Part IT).

2. Data and methods

a. Large-scale circulation, precipitation, melt, and
moisture products

Synoptic meteorological conditions leading to the AR dur-
ing the heat-wave event and the climatological context were
analyzed with data from the two reanalyses ERAS (Hersbach
et al. 2020) and MERRA-2 (Gelaro et al. 2017). First, we
used ERAS, produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF), at a global 0.25° resolu-
tion and a horizontal resolution of approximately 30 km with
137 levels. Variables including 500-hPa geopotential height
(Z500), 2-m air temperature (see Fig. 1), precipitation, humid-
ity, and horizontal wind were downloaded for 0000 UTC with
daily resolution for the period 1979-2022, as well as at finer
time resolution during the heat-wave event. Investigation of
tropical deep convection was however performed using the
NOAA interpolated outgoing longwave radiation (OLR) da-
taset (Liebmann and Smith 1996), at 2.5° X 2.5° horizontal
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resolution. In addition, integrated vapor transport (IVT)
fields were obtained from ERAS by vertically integrating the
1-h specific humidity and zonal and meridional winds for
the whole air column extending from the surface to the top of
the atmosphere during the event. We also computed the me-
ridional integrated vapor transport vIVT using MERRA-2 re-
analysis data, which is at a resolution of 0.5° latitude by 0.625°
longitude. Both reanalyses could be used here to initialize
the polar specific AR detection algorithm from Wille et al.
(2021), but only results of the detection algorithm using
MERRA-2 are presented here. A full description of the
detection algorithm can be found in Wille et al. (2021). This
algorithm uses a relative vIVT threshold designed to specifi-
cally capture poleward moisture fluxes (Shields et al. 2022;
Collow et al. 2022).

b. Clouds and impacts on the energy balance

We analyzed AR impacts on the surface snow energy bud-
get using the Polar Weather Research and Forecasting
(PWRF) Model, version V4.3.3, to provide high-resolution
simulations, especially for radiative terms. Among multiple
model simulations assessed using broadband downwelling
radiance data observed at Dome C (Figs. S5 and S6 in the on-
line supplemental material), we found that the best perfor-
mance was exhibited by PWRF driven by ERAS reanalysis
data, particularly during the event’s peak. Previous research
has consistently confirmed PWRF’s reliability in providing
reasonable cloud information and surface energy balance
estimates for polar regions (Zou et al. 2021, 2023; Djoumna
and Holland 2021; Andernach et al. 2022; Gorodetskaya
et al. 2023). To better describe the cloud liquid water and its
impacts on the surface energy balance, the more advanced
microphysics scheme was selected, namely the two-moment
Morrison-Milbrandt P3 (P3) scheme (Hines et al. 2019;
Listowski et al. 2019). For the atmospheric boundary layer,
this study used the Mellor—Yamada—Nakanishi-Niino turbu-
lence scheme (MYNN; Nakanishi and Niino 2006). The Rapid
Radiative Transfer Model for GCMs (RRTMG) was used for
both longwave and shortwave radiation. In addition, the
Kain-Fritsch scheme was selected for cumulus parameteriza-
tion, and Noah-MP was chosen for the land surface model
(Kain 2004; Niu et al. 2011). High-resolution topography
information from the Reference Elevation Model of Ant-
arctica (REMA) and MODIS surface observed albedo
were included in the input data to better simulate the sur-
face conditions (Howat et al. 2019; Corbea-Pérez et al.
2021). See the methods section in Part II for details on the
SNOWPACK surface energy balance calculations.

¢. Return period analysis of the extreme event

Temperature data from Amundsen Scott (2835 m), Casey
(42 m), Davis (13 m), Dome C (3233 m), Dumont d’Urville
(43 m), Mawson (16 m), McMurdo (24 m), and Vostok (3488 m)
are considered to estimate the return periods of the mid-
March 2022 event across the East Antarctic Ice Sheet (Fig. 1;
appendix B describes in more detail the measurement sites
used in this study). Instantaneous temperature records, at 3-h
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frequencies, were examined from these from at least 1980
(minimum 1956) and to the end of March 2022. Daily minima
(TN), daily maxima (TX), and daily means (Tmean) were
considered together with their anomalies by subtracting
the daily averages over the whole period from the daily
values. Return periods estimation follows extreme value the-
ory (Coles 2002), which states that peaks over a large thresh-
old can be modeled by the generalized Pareto distribution
(GPD) whose cumulative distribution function is given by

F(uﬂ«f)(T) =1-[1+&T- M)/U](fl/é) (1)

for any (raw or anomaly) temperature 7 exceeding the large
threshold w. The GPD scale (o > 0) and shape (¢ € R) param-
eters model respectively the variability and the tail-heaviness
of the peaks. In this study, the threshold u was set to the 98th
percentile, so on average about 7 exceedances per year are
considered at each station. However, we also checked that the
97th and 99th percentiles (3-11 exceedances per year) gave
similar results. The GPD parameters (o, £) were estimated at
each station with the maximum likelihood method. The return
period of a given extreme temperature 7 (exceeding w) is
then given by (Coles 2002)

RP(T) = 1/{n X p X [1 = F, . (D]}, @

where n = 365.25 and p = 1 — 0.98. Confidence intervals were
obtained by parametric bootstrap (Efron and Tibshirani 1994)
drawing 500 GPD samples at each station.

d. Heat-wave magnitude in relation to historical and
future climate variability

To better characterize the statistics of the March 2022 ex-
treme heat-wave event and as a first approach to examine the
likelihood of future occurrence of similar events, it is neces-
sary to use a general circulation model. We used the ensemble
simulations performed for phase 6 of the Coupled Model
Intercomparison Project (CMIP6) by the Institut Pierre
Simon Laplace (IPSL) model (IPSL-CM6; Boucher et al.
2020). We extracted the daily 2-m temperature values close
to Dome C (123°E, 73°S) over two time periods: 1) a histori-
cal period (1980-2015), with 20 ensemble members, and 2) a
future period (2035-70) for two different shared socioeco-
nomic pathway (SSP) scenarios, SSP2-4.5 and SSP3-7.0,
with 10 ensembles members each. The physics of the IPSL-
CM6 model contains specific improvements to reliably
represent the boundary layer structure and near-surface
temperatures over the Antarctic. The spatial resolution is
2.5° in longitude and 1.267° in latitude. To confirm the reli-
ability of the model temperature distribution, the proba-
bility distribution functions (PDFs) of the temperature
anomalies with respect to monthly means for the model
and for the AWS temperature measurements at Dome C are
compared (Fig. S1 in the online supplemental material). The
two PDFs are very similar to each other, giving confidence in
using the temperature anomalies determined from the model
for use in this study.
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Table S1 in the online supplemental material summarizes
the type and purpose of the reanalysis, model, and instrumen-
tal data utilized in this study.

3. Meteorological drivers
a. Local and nonlocal background circulation

The East Antarctic heat-wave conditions (15-19 March
2022) that peaked on 18 March 2022 were the product of the
synchronization of various compound synoptic weather pat-
terns of subtropical origins that occurred over the two weeks
prior to the eventual AR landfall (Fig. 2). The moisture that
reached Antarctica (and leading up to the extreme event) pri-
marily originated over the central and southwest subtropical
Indian Ocean and was related to tropical storm and cyclone
activity.

The 2021/22 tropical cyclone (TC) season in the Indian Ocean
sector was particularly late to start (TC Ana; 24 January). How-
ever, March was very active, and the cyclonic season ultimately
was above normal in terms of cyclogenesis and TC development.
Between late February and late March (25 February-25 March
2022), 12 tropical storms developed in the Indian Ocean sector,
with five becoming TCs based on the Saffir—Simpson scale. Sev-
eral TCs occurred within a few days of one another. Possible ex-
planations involve the La Nifia conditions over the 2021/22
season, and a particularly strong (93rd percentile) Madden—
Julian oscillation (MJO; Zhang 2005) that persisted over the In-
dian Ocean sector between 13 and 21 March. These combined
conditions have been shown to promote favorable environments
for TC development, and more generally for convective activity
over the Indian Ocean sector (Ho et al. 2006; Kuleshov et al.
2008) and nearby southern Africa (Cook 2001; Pohl et al. 2007).
La Nifia conditions and an active Indian Ocean MJO also
increase the intensity (La Nifia also increases frequency) of
tropical-temperate troughs (TTTs) over the African landmass
that contribute 30%—60% of summer rainfall over southern
Africa (Fauchereau et al. 2009; Pohl et al. 2018; Hart et al. 2013;
Macron et al. 2014). TTTs form when midlatitude Rossby waves
interact with tropical African convection, resulting in elongated
bands of intense convection, rainfall, and poleward moisture ex-
port over the southwest Indian Ocean (Fauchereau et al. 2009).

The development of multiple tropical storms and a TTT in
short succession was key to preconditioning the environment
responsible for the East Antarctic heat-wave event. The first
Indian Ocean tropical cyclone related to the East Antarctic
heat-wave event was TC Vernon, which formed on 25 February
southwest of Christmas Island and reached category 4 on
the Saffir-Simpson scale. TC Vernon dissipated slowly while
moving southward between 2 and 4 March. Between 6 and
10 March it stalled over the central Indian Ocean near 35°S,
90°E, due north of Davis Sea, East Antarctica, and gradually
transitioned into an extratropical cyclone. During this time,
ex-TC Vernon advected a record-high plume (Fig. 2c) of
deep tropical moisture to the central Indian Ocean between
30° and 45°S, which would eventually be transported to East
Antarctica in the days leading up to the heat-wave event.
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Meanwhile, to the west of Vernon, TC Gombe developed
near Madagascar on 9 March, and underwent rapid intensifi-
cation as it slowly tracked westward toward Mozambique dur-
ing 10-12 March. Upstream to the west of TC Gombe, a very
strong (96th percentile) TTT (Macron et al. 2014; Hart et al.
2010) developed in the South Atlantic on 9 March and
tracked eastward toward southern Africa (and TC Gombe)
between 9 and 12 March, where it then merged with the
remnants of TC Gombe on 13-14 March. This formed a
second distinct reservoir of deep tropical moisture that ex-
tended from southern Africa poleward to ~60°S over the
Southern Ocean, which would later merge with TC Vernon’s
moisture plume to the east and arrive in East Antarctica on
17-18 March.

Furthermore, the evolution of the synoptic circulation pat-
tern during 15-18 March that eventually allowed the mois-
ture to advect deep into East Antarctica was influenced by
a third tropical cyclone, TC Billy. TC Billy formed on 15 March
in the eastern Indian Ocean northwest of Australia and tracked
southwest into the central Indian Ocean. On 15-16 March, a
Rossby wave source became established to its south and anom-
alous poleward stationary wave fluxes developed on the south-
ern edge of TC Billy’s deep convection. This developed and
shifted the preceding circulation anomalies emanating from
Madagascar eastward into the central Indian Ocean and slightly
poleward, now emanating from near TC Billy near 30°S, 90°E.
Importantly, the eastward and poleward development of the
circulation pattern helped further build the blocking ridge along
the East Antarctic coast, and the ridge began to develop pole-
ward into the interior of East Antarctica. As the circulation
anomalies amplified and shifted east and poleward on the 16th,
the moisture plume from Gombe/TTT, already in transit across
the Southern Ocean to East Antarctica, was rapidly transported
poleward to the East Antarctic coast. On 17-18 March, the
large-scale circulation over the Indian Ocean became discon-
nected from the tropical convection, and the East Antarctic
ridge became cut off from the main midlatitude wave packet. In
this final act, the cutoff ridge shifted south into East Antarctica
and on its western edge it advected the remaining and accumu-
lated tropical moisture along the East Antarctic coast deep into
the interior during 17-18 March, culminating in the extraordi-
nary heat wave on 18 March.

Altogether, two distinct reservoirs of deep tropical mois-
ture associated with three separate tropical cyclones were
both transported to the same region of East Antarctica during
14-18 March. The moisture transport pathway, stretching from
southern Africa eastward into the central Indian Ocean and
then poleward to East Antarctica, remained quasi-stationary
over this period allowing for rapid and uninterrupted transport
of both moisture plumes. The quasi-stationary and great circle
structure of the circulation anomalies were both formed and
maintained by two regions of anomalous deep tropical convec-
tion, the first occurring near Madagascar during 13-15 March
associated with the strong and persistent MJO event, and the
second being TC Billy during 15-16 March, which slightly
shifted the pattern eastward and poleward. In the midlati-
tudes, the strong ridge along the East Antarctic coast (associ-
ated with an anticyclone southeast of Australia) that remained
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FIG. 2. The March 2022 (a) daily outgoing longwave radiation (shaded; W m™2), 200-hPa streamfunction (contours: dashed = negative, and
solid = positive), and 200-hPa stationary wave flux anomalies (vectors; m? s~ % Takaya and Nakamura 2001), (b) daily mean sea level pressure
anomalies (contours; hPa) and standard deviations (shaded), and (c) daily total column water vapor anomalies (contours; mm) and standard de-
viations (shaded). Anomalies and standard deviations are based on the centered 5-day-running-mean long-term mean over 1979-2021. Units
for shaded anomalies are shown in the color bar at the bottom of each column. Source: NOAA Interpolated OLR and ERAS.

quasi-stationary while intensifying throughout this period was  particularly strong between 55° and 60°S (not shown). Finally,
crucial for maintaining the moisture transport into high lati-  the ridge that became cut off from the midlatitude storm track
tudes and was itself embedded in a prominent zonal wave-3 on 17-18 March and moved poleward into East Antarctica
pattern (e.g., Bergstrom et al. 2018; Goyal et al. 2021) that was  pushed the moisture deep onto the plateau.
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Over Antarctica, the end result of these various meteo-
rological drivers is visualized in Fig. 3, which shows aver-
aged anomalies of Z500, near-surface air temperature, and
wind vectors for the 14-20 March 2022 period with respect
to 1979-2021 March climatology. A clear midlevel ridge
pattern extends from New Zealand and southeast Australia
toward east Antarctica. Along the coastal zone and over
the inland plateau of east Antarctica, Z500 was more than
around 200 m (>+2 std dev) and this anomalous midlevel
circulation anomaly results in anticyclonic circulation at
the surface. At the same time, each flank of the midlevel
ridge exhibits midtropospheric low and cyclonic circulation
at the surface. These strong circulation anomalies triggered
northerly warm-air and moisture advection toward east
Antarctica on the eastern flank of the midlevel ridge, re-
sulting in extreme warm anomalies of around 20°C across
the east Antarctic plateau. In the next section, moisture
transport under the abovementioned synoptic conditions is
explored.

b. Inland moisture advection

The aforementioned synoptic weather patterns created
ideal conditions for an AR family event to occur along the
East Antarctic coastline (Maclennan et al. 2023). Unlike most
AR events, the landfall on 18 March extended well beyond
the coastline and transported moisture deep into the Antarc-
tic interior. According to a polar specific AR detection algo-
rithm, the AR landfall began on 14 March west of Dumont
d’Urville station reaching an initial intensity peak on 0600 UTC
15 March when using IVT as a measure of intensity (Fig. 4).
When comparing the IVT of this AR event with the IVT of all
AR landfalls along the East Antarctica coastline (160°E-20°W)
from 1980 to March 2022, the first intensity maximum on
0300 UTC 15 March was in the 89.5th percentile and most of
the moisture transport remained confined to the coastline. Fol-
lowing a brief lull after the initial wave of moisture advection,
the IVT increased again later on 15 March, indicating the ar-
rival of a second moisture flux. In addition, a deep ridge built
over the East Antarctica interior pushed the AR moisture flux
farther inland. By 17 March, the moisture advection advanced
far inland with an AR being detected over Dome C. This is also
when the AR intensity reached an absolute maximum at the
coastline. The IVT reached 958 kg m s~ 1, which is the absolute
record maximum IVT value for the entire East Antarctic coast-
line and is 8.17 standard deviations from the mean AR IVT [as
compared with all AR detections from 1980 to 2022 according
to the AR detection algorithm in Wille et al. (2021)]. Intense
AR conditions continued throughout 18 March until the last
AR detection at 1500 UTC. Overall, this AR event was one of
the longest AR events detected along the East Antarctic coast-
line and was by far the most intense when comparing the cu-
mulative IVT with 2226 other detected AR events since 1980
(Fig. 5). Using the AR intensity scale described in Ralph et al.
(2019), this event would be classified as an AR category 4 (just
~50 kg m s™! shy of being an AR category 5), and would
be considered an extreme, hazardous storm by midlatitude
standards.
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FIG. 3. Averaged anomalies of Z500 (m; contours), near-surface
air temperature (°C; shaded), and 10-m wind vectors (m s~ ') for
the 14-20 Mar 2022 period with respect to the 1979-2021 March
climatology. Hatching indicates the grid points where Z500 anoma-
lies are larger than 2 std dev. Data source: ERAS.

Infrared satellite composite imagery showed a prolonged
advection of clouds associated with the AR that initially re-
mains near the coastline during the first wave of AR moisture
around 15 March before penetrating deep into the Antarctic
interior over the next few days (see the animation in the on-
line supplemental material). Although poleward moisture
advection ended after 18 March, there was a very evident
counterclockwise flow of clouds around a blocking anticy-
clone that trapped residual AR moisture in the Antarctic inte-
rior (Fig. S2 in the online supplemental material). This kept
surface temperatures elevated for many days after the AR
event.

The AR evolution can also be examined through the lens
of mass continuity in Fig. 4b. Spatial and temporal maxima in
IVT correspond with maxima in upper-level divergence and
lower-level moisture convergence, showing lifting of moist air
associated with the AR. From 16 to 17 March the upper-level
trough (shown in black contours in Fig. 4a) develops a nega-
tive horizontal tilt favorable to cyclone development associ-
ated with a strengthening of upper-level divergence and
lower-level convergence, enhancing AR-associated cloud for-
mation and precipitation. By 18 March, there was a break in
the corridor of the low-level moisture convergence between
the midlatitudes and polar regions.

To understand the link between the AR in the lower tropo-
sphere and the formation of the pronounced upper-level
ridge, the occurrence of warm conveyor belts (WCBs) was in-
vestigated. WCBs are strongly ascending warm and moist
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FIG. 4. Daily time steps from MERRA-2 reanalysis: (a) inte-
grated vapor transport (IVT; kg m s~ ') in blue-shaded contours,
AR objects detected using vIVT in red outlines, and AR objects de-
tected using IWV in orange outlines and (b) 2-m temperature (°C)
in red-shaded contours, 250-hPa divergence (107> s~ in blue con-
tours, and 10-m moisture convergence (107> g kg™ ’s™1) in yellow
contours. Dumont d’Urville (DDU) is shown on the coast of Adélie
Land, East Antarctica.
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FIG. 5. Every AR landfall across East Antarctica from January
1980 to March 2022 and their respective duration and cumulative
IVT. The March 2022 AR event is highlighted in red. Cumulative
IVT is the summation of the maximum IVT values observed within
the AR for each 3-h time step in which an AR is detected. The
range considered for AR landfalls extends from 160°E to 20°W and
includes 2226 distinct AR events. The black dashed line is the lin-
ear trend.

airstreams in extratropical cyclones (Green et al. 1966;
Harrold 1973; Carlson 1980). They originate in the warm sec-
tor of the cyclone and ascend in approximately two days to
the upper troposphere. Because of the strong ascent, they are
associated with the formation of an elongated cloud band and
most of the precipitation in extratropical cyclones (Browning
1986; Wernli 1997). The latent heat release occurring during
cloud formation leads to a strong diabatic modification of po-
tential vorticity (PV; Wernli and Davies 1997). WCBs therefore
reach the upper troposphere with (absolute) low [~0.5 poten-
tial vorticity units (PVU; 1 PVU = 107 ° K kg ' m? s7!)] PV
values and therefore can contribute to or amplify the formation
of upper-tropospheric ridges. For this analysis, WCB trajecto-
ries were calculated based on the ERAS reanalysis data, with
starting points on an equidistant (80 km) horizontal grid and on
14 levels from surface up to 200 hPa.

Originating from the AR that reached Dumont d’Urville
Station, a long-lived, pronounced WCB evolved. It started its
ascent in the extremely moist environment of the AR and as-
cended to the upper troposphere. WCB trajectories ascended
continuously in this area starting already on 1200 UTC
13 March. As an example, Fig. 6a shows WCB trajectories that
initiated their ascent on 1800 UTC 16 March and were associated
with an extratropical cyclone around 120°E. In the following two
days, the WCB ascended to approximately 400-300 hPa, thus
reaching the upper troposphere, whereas the main ascent oc-
curred along the Antarctic coastline. Because of the strong dia-
batic PV modification, the WCB reached the upper-tropospheric
levels with PV values around —0.5 PVU, which represents a
strong positive PV anomaly at those pressure levels over Antarc-
tica. In Fig. 6b, PV on the 310-K isentrope is shown on 0000 UTC
18 March, representing the upper-level wave pattern. A pro-
nounced upper-level ridge was present over large parts of East
Antarctica, downstream of the surface cyclone. The intersection



1 FEBRUARY 2024

180

T -
T -,
200 300 400 500 B00 700 BO0 900 1000

WILLE ET AL.

765

(b)

___ . )

FIG. 6. (a) The 48-h forward WCB trajectories starting on 1800 UTC 16 Mar in the lower troposphere and ascend-
ing from the AR within 2 days to the upper troposphere and ending in the pronounced upper-level ridge over
East Antarctica. The trajectories are colored with pressure; the thick red line shows the —2 PVU isoline on 310 K.
(b) Intersection of the WCB trajectories with the 310-K isentrope at 1800 UTC 16 Mar (black crosses). In addition, PV
(PVU) is shown in color on the 310-K isentrope, highlighting the pronounced upper-level ridge over East Antarctica
into which the WCB air masses of high PV feed. The thin gray lines show sea level pressure on 16 Mar with a contour

interval of 10 hPa.

points of the WCB air with the 310-K isentrope are marked by
black crosses. In summary, the WCB air masses reached this alti-
tude (310-K isentrope) with very high PV values around —0.5
PVU, became located inside the high-PV area of the ridge and
helped to amplify the upper-level ridge. A Hovmoéller diagram of
300 hPa PV anomalies confirms that the ascent of WCB parcels
aligned with intense moisture advection led to positive PV anom-
alies starting on 13 March and reached a maximum in magnitude
and extent on 18 March when the upper-level ridge was at its
greatest extent (Fig. S3 in the online supplemental material). The
WCB, therefore, can be considered as the link between the low-
level high moisture area of the AR where it originated from and
the pronounced upper-level ridge, which further determined the
upper-level flow.

c¢. Clouds, radiation, and surface energy balance

Observations of other AR and moisture intrusion events
over the Antarctic interior have indicated that the presence of
cloud liquid water and resulting radiative forcing are the main
drivers of temperature increases (Djoumna and Holland 2021;
Wille et al. 2019; Schlosser et al. 2016). This also appeared to
be the case over Dome C during the March 2022 heat-wave
event. As shown in Fig. S5 in the online supplemental material,
before the event, the low sun elevation angles and high surface
albedo meant that the daily average downward and net short-
wave radiations (orange bars in top and middle panels) were low
enough that the net shortwave radiation was approximately bal-
anced by the (negative) net longwave radiation, resulting in a to-
tal net radiation near zero (bottom panel).

During 12-15 March, this situation roughly persisted, with a
slight reduction in net downward shortwave, while the small
increases in the downward longwave were more than offset
by increases in the upwelling longwave due to increasing
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surface temperature, so that the net longwave radiation re-
mained constant at around —30 W m™? (Fig. 7b). However,
starting on 15 March, the increased cloudiness and humidity
caused the downwelling longwave radiation to increase mark-
edly, from ~100 W m ™2 (daily mean) to almost triple that by
19 March. Over the same period, the liquid water path in-
creased to 50 g m ™2 on 19 March 2022 (see Fig. S4 in the on-
line supplemental material; prior to this time the data are
missing because of snow on the sensor). The increase in the
downwelling longwave more than outpaced the concomitant
decrease in the shortwave (reduction in net daily average
shortwave from 20 to 7 W m™2), leading to positive values for
the net broadband radiation over 15-20 March (daily aver-
ages ranging from 5 to 23 W m™2). Indeed, the net daily aver-
age longwave radiation was itself positive over 16-18 March
and was roughly equivalent to the net daily shortwave radia-
tion. Positive net longwave radiation requires that the tem-
perature aloft (e.g., cloud temperature) be greater than the
surface temperature, which was possible because of the ex-
treme temperature inversion; on 16 March the temperature
inversion was still ~20°C, and even at the peak warming on
18 March it was ~10°C (see Fig. 10, described in more detail
below).

Thus, at Dome C, the clouds brought in by the AR allowed
sunlight through, while at the same time the clouds, humidity,
and surface inversion were strong enough to flip the typical
March pattern for net longwave from one of strong cooling to
a warming on a par with that from the net solar radiation. The
same trends are seen in ERAS and PWREF data near Dome C
(Figs. S5 and S6 in the online supplemental material), al-
though details differ, likely due to variability in cloud proper-
ties. For the East Antarctic Ice Sheet as a whole, PWRF
results indicate that trends are similar to those seen at Dome
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FIG. 7. Broadband radiation measurements made from the surface at Dome C, Antarctica, during 12-25 Mar 2022:
(a) shortwave downward (SWD) and upward (SWU) radiation and longwave downward (LWD) and upward (LWU)
radiation, (b) net broadband radiation (down — up) for shortwave and longwave, and (c) net broadband radiation.
The faint lines in (a)—(c) represent the instantaneous measurements, and horizontal bars indicate daily averages.

C, with significant shortwave radiation penetrating the clouds
during daytime (Figs. 8a,c) and downwelling longwave radia-
tion strong enough to lead to positive net longwave radiation
over much of East Antarctica (Figs. 8b,d), contributing to
high 2-m temperatures (Fig. 8¢).

The surface energy balance (SEB; the algebraic sum of the
radiative and turbulent heat fluxes at the surface) as calcu-
lated by SNOWPACK is also consistent with the observations
at Dome C and reveals a strong positive SEB for a large area
on the East Antarctic Ice Sheet (see the methods section in
Part IT for a description of SNOWPACK). In March, the tran-
sition from summer to winter is typically associated with a
negative SEB but, averaging over the 5-day heat wave, the
anomaly in the SEB was large and positive (5-20 W m ™%
Fig. S7a in the online supplemental material) and significantly
larger than the climatological mean (Fig. S7b). We find that
this is 4-6 times the climatological standard deviation for this
period above the mean (Fig. S7c). In general, the largest posi-
tive deviations in the SEB are primarily driven by cloud-
induced downwelling longwave radiation that is only slightly
offset by relatively small decreases in shortwave radiation.
See Fig. Al in appendix A for a further explanation of the
SEB individual components.
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Climatologically, sublimation from the surface is the domi-
nant process over large areas of the Antarctic ice sheet
(Agosta et al. 2019). However, with the earlier discussed small
difference in surface and air temperature, sublimation was
strongly reduced, possibly even to the extent that deposition
occurred (see Figs. S2d—f in the online supplemental material
in Part IT). Thus, even though the anomaly in latent heat flux
was small with respect to the other SEB components from a
climatological point of view (Fig. A1k), it was 20-30 times the
standard deviation above normal (Fig. All). (Further discus-
sion of contributions to the SEB is given in appendix A).

4. Temperature observations and records
a. Temperature observations

The unusually strong AR caused exceptionally strong tem-
perature anomalies over East Antarctica that peaked around
18 March. Vostok Station, on the high plateau of East Antarc-
tica, initiated weather observations in January 1958. The tem-
perature of —17.7°C observed at 0814 UTC 18 March 2022
was the highest in the record for March, which exceeds the
previous March record of —32.6°C (at 0600 UTC 4 March
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1967) by nearly 15°C. In the entire record of Vostok before
March 2022, only in the austral summer months (December
and January) did temperatures exceed —20°C. The highest 2-m air
temperature recorded at the station was —12.2°C on 11 January
2002. In the period of nonsummer months (February-November)
the preceding maximum values were —22.2°C on 6 February
2009 and —22.0°C on 23 November 1974.

At Concordia Station, Dome C, the previous absolute max-
imum was —13.7°C recorded on 0136 UTC 17 December
2016. Before the installation of the Concordia staffed station,
in 1980 the Antarctic Meteorological Research Center (AMRC)
installed the nearby Dome C AWS (74.50°S, 123.00°E; 3280 m).
Since 1996 the site has been renamed Dome C II (75.11°S,
123.35°E; 3250 m). On 0440 UTC 18 March 2022 the sensor re-
corded —9.4°C (with a wind speed 7.5 m s~ ') setting a new abso-
lute maximum temperature record, beating the previous record
of —10.0°C on 2 January 2002, and shattering the previous March
record of —27.6°C on 0610 UTC 17 March 1996.

Figure 9 shows University of Wisconsin-Madison AWS tem-
perature and pressure observations at Dome C II (Fig. 9a), D-47
(Fig. 9b), D-10 (Fig. 9c), and AGO-4 (Fig. 9d) over March 2022
(see their location in Fig. 1). Before the AR arrived, tempera-
tures were oscillating around —55°C (i.e., near-climatological
mean temperature of —53.4°C for this time of the year), then
pressure began to increase, followed by temperatures (Fig. 9).
Temperatures decreased in the days following the record back
to mean values around 23 March. Dome C II AWS observed
the strongest magnitude warming as the temperature anomaly
reached 44.0°C (+6.0 sigma) above its mean March climato-
logical temperature (Fig. 9a). While warming signatures of
similar magnitude were observed at the other three AWS,
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the departures from the mean climatological temperatures
were greatest at the inland sites (Dome C II AWS and
AGO-4 AWS). The AGO-4 AWS temperature reached a
maximum of —27.6°C (+29.4°C, +4.7 sigma) with a wind
speed of 11.3 m s™! at 1820 UTC 18 March, D-47 AWS
reached a maximum of —3.3°C (+20.7°C, +4.1 sigma) with a
wind speed of 13.6 m s~ ! at 0610 UTC 18 March, and D-10
AWS reached a maximum of 2.9°C (+15.1°C, +3.7 sigma)
with a wind speed of 8.5 m s ' at 0110 UTC 18 March. As
the temperature increased during the warming event, the
pressure increased as well, but with a few days lead on the
temperature. After 18 March, as the warming event ended,
temperature at the four sites followed a cooling trend for the
remainder of the month. By 31 March, each AWS had temper-
atures at or just below the monthly mean temperature.

Figure 10 shows temperature profiles in the lowest 2000 m
above Concordia station from radiosondes launched at around
1200 UTC each day from 12 to 22 March. On 12 March the
profile was typical of that seen at the station during the ex-
tended winter months. A strong (~21°C) temperature inver-
sion extended from the surface to around 380 m above ground
level. From 13 to 18 March the air just above the surface inver-
sion warmed by around 30°C as the AR moved over the station.
Over the same period the surface temperature increased consid-
erably more, by ~40°C, reducing the strength of the surface in-
version to around 7°C. Throughout this period, near-surface
wind speeds at the station remained moderate (~5 m s~ 1),
suggesting that the erosion of the surface inversion was
largely caused by changes in surface energy balance driven
by the intrusion of the warm/moist air mass aloft, rather
than by increased shear-driven turbulent mixing within



768

JOURNAL OF CLIMATE

VOLUME 37

Dome C I, D-47, D-10, AGO-4 UW-Madison AWS
10-minute quality-controlled observations, March 2022
Respective March temperature climatology
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lists the AWS name, elevation, mean, and standard deviation of March 2022 temperature. The mean temperature is plotted with a thick
dashed horizontal line, and the nearest integer standard deviation below the maximum temperature is plotted in a dashed horizontal line.

Note the varying temperature and pressure ranges on the y axes.

the inversion layer. From 19 March onward the air above the
surface inversion cooled as the AR moved away from the sta-
tion and a strong surface inversion started to redevelop.
Across coastal stations in East Antarctica, the temperature
increases were not as dramatic as interior observations, but
still set new monthly records. Strong easterly winds were re-
corded by AWS at the coastal Australian Antarctic station of
Casey (66.3°S, 110.5°E) from midday 16 March, during which
time the surface temperature exceeded 0°C continuously for
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48 h. Part of this temperature increase is likely due to foehn
(downslope) winds in the lee of Law Dome. Temperature re-
cords from Wilkins ice runway (about 70 km south of Casey,
altitude 753 m) exhibited a rapid rise in temperature in
concert with the Casey observations, although at Wilkins
the temperatures remain below 0°C. Farther to the west,
and on the edge of the AR impact, vertical profiles of
precipitation made with a micro rain radar MRR-PRO
at Davis (68.6°S, 78°E) on 15 March indicated snowfall
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FIG. 10. Vertical temperature profiles in the lowest 2 km above Con-
cordia Research Station (75°05'59”S, 123°19'56”E) at ~1200 UTC
from 12 to 22 Mar (day of month is given in the legend).

sublimation in the lowest 1 km (not shown), due to the
presence of foehn winds (Gehring et al. 2022). Tempera-
tures from the AWS remained well below 0°C at Davis
during the AR.

At Jang Bogo station, daily maximum air temperature
reached 8.8°C on 18 March 2022 (and on 11 February 2022),
the highest temperature recorded since official measurements
began in 2014, including the summer season. The mean tem-
perature in March over the last seven years is —14°C with in-
termittent high temperature (up to —2.2°C) over a short time.
The highest temperature was accompanied with strong wind,
starting at 0600 UTC 15 March. Maximum temperature was
recorded on the issued time, and temperature returned to its
normal value at 0600 UTC 21 March.

The large extent of record (or near record) temperatures at
interior and coastal East Antarctic stations demonstrates the ex-
pansiveness of the heat wave. This is emphasized by ERAS
temperature data, which show an area 3.3 million km?® exceeded
previous March monthly temperature records (Fig. 1).

5. Implications for the Antarctic climate system

a. Event return time

Among the eight East Antarctic Ice Sheet stations, only
two experienced extreme temperature or extreme anomalies
during 16-18 March 2022: Dome C and Vostok. The six
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remaining stations recorded highly anomalous temperatures
for March, but relatively normal temperatures when com-
pared with annual maxima (return periods much lower than
1 yr) during these three days.

On 16 March temperatures were fairly typical at Dome C
and Vostok. On 17 March Dome C recorded large anomalies
(return period of 8 years for minimum temperature, 3 years
for maximum, and 7 years for mean). The heat-wave peak oc-
curred on 18 March (see Table 1). It was extraordinary for the
season, particularly in Vostok, giving return periods in anom-
alies of several hundreds of years. At Vostok, the record for
anomalies was broken by 7°C for minimum temperature, by
3°C for maximum temperature, and by 6°C for mean tempera-
ture. The record in anomalies was broken at Dome C on
18 March 2022 by 3.5°C for maximum temperature and by
3°C for mean temperature (second largest anomaly in daily
minimum temperature).

Given the unprecedented (since 1958) magnitude of the re-
cords broken at Vostok, the East Antarctic heat wave of
18 March 2022 was the result of an exceptional large-scale
forcing situation, or an extraordinary conjunction of situa-
tions. This point is corroborated by the extreme IVT value re-
corded for AR, whose return time was more than 200 years at
Vostok and 40 years at Dome C. Nevertheless, the more mod-
erate return time values observed at Dome C and the absence
of extreme values recorded outside of these two stations in-
vites caution, since the extraordinary event recorded in Vostok
is actually about n times more likely to happen in any of inde-
pendent #n stations. Using a regional approach and assuming
that the eight stations are representative of East Antarctica,
this transforms the 744-year return level (on TN anomaly) at
Vostok into a 52-year return level at the scale of East Antarc-
tica. Thus, other events of such magnitude are not unlikely, es-
pecially under anthropogenic climate warming.

b. Future climate implications

The historical (1980-2015) simulation ensemble from the
IPSL-CMB6 coupled model provides context on the extreme char-
acter of the temperature anomalies observed over the Antarctic
Plateau. For each ensemble member, the daily mean tempera-
ture anomalies A7 from the mean monthly seasonal cycle were cal-
culated. For the future period (2035-70), the temperature
anomalies were determined as departures from either the
future or historical mean cycles. The frequency of occur-
rence of the strongest positive anomalies are plotted on
Fig. 11, stratified by the monthly seasonal cycle. Different
AT thresholds are shown, for the historical period and for
the SSP3-7.0 future period with the two different reference
climatologies.

TABLE 1. Return period (yr) and 95% confidence intervals (yr; in parentheses) of 18 Mar 2022 at Dome C (data back to February 1980),
Vostok (data back to January 1958), and East Antarctica (see section 2 for a description).

TN (daily min) TX (daily max) Tmean (daily mean) TN anomaly TX anomaly = Tmean anomaly
Dome C 4 (4-4) 10 (9-11) 17 (15-20) 40 (34-49) 67 (52-88) 62 (50-82)
Vostok 5(5-5) 1(1-2) 4 (44) 744 (501-1228) 172 (135-245) 855 (546-1516)
East Antarctica 2 (2-3) <1 2 (2-2) 52 (43-67) 37 (34-42) 148 (127-177)
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Fi1G. 11. Frequency of occurrence of extreme temperature anomalies simulated at Dome C from the IPSL-CM6,
shown as percent of days exceeding the monthly climatology by different A7 thresholds (colors; right-hand legend).
The results are shown for the historical-period simulations (dashed lines), and for the SSP3-7.0 future period, with
anomalies respective to the historical (solid lines) or future (dotted lines) periods.

Large temperature excursions are much more frequent in
winter with a maximum in July but are very rare in summer
given the reduced temperature variability. For the lower
anomaly thresholds (different colors in Fig. 11), the frequency
of occurrence more than doubles for the SSP3-7.0 future pe-
riod relative to the historical one if using the same reference
climatology. When using anomalies from the warmer future
climatology, the distribution is closer to the present one, al-
though it tends to be higher in late fall and early winter. Ex-
treme events such as the one observed in March 2022 are still
very rare in the model, regardless of the dataset, and do not
appear to become more likely in the warmer climate accord-
ing to the IPSL-CM6 simulation. Daily mean temperatures
40°C above the climatology never occur outside of the April-
August period. Above 35°C happened in March only during
the future period, above 30°C happened in both periods but
more frequently in the future.

Because the two periods do not have the same number of
years (35 years X 20 members for the historical period and
35 years X 10 members for the future period), the significance
of the difference in proportion between the historical period
and the future period with historical climatology was tested
and validated with a z-test proportion. The proportion of days
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with a temperature anomaly higher than AT = 25°C for the
future period with historical climatology is higher than for the
historical period (p value = 4 X 1079).

The return periods of this event at Dome C have been
calculated for a daily mean temperature anomaly (Tmean)
of +38°C (see section 2) for the historical period and the
two future scenarios (SSP2-4.5 and SSP3-7.0). For each of
the future scenarios, the return periods have also been
calculated for an anomaly of +38°C with respect to the his-
torical reference. Then the number of days with a +38°C
anomaly in historical and future scenarios was calculated.
(Table 2)

For the periods within their own reference time, the return
periods of a +38°C event are similar to the results shown in
section 5a using Dome C temperature data (62-yr return pe-
riod). As shown in Fig. 11, the return time of the anomalies
with their own reference period (historical and future) is high
(54 years for SSP2-4.5, 59 years for historical, and 89 years for
SSP3-7.0) when compared with the results using a historical
reference average (22 years for SSP2-4.5 with historical refer-
ence and 25 years for SSP3-7.0 with historical reference), sug-
gesting that such an event could occur with a slightly closer
recurrence under future climate projections.
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TABLE 2. The return time of a +38°C temperature anomaly occurring at Dome C and the number of days that same anomaly
actually occurs under different IPSL-CM6 scenarios.

SSP2-4.5 using SSP3-7.0 using

Historical SSP2-4.5 SSP3-7.0 historical climatology historical climatology
Tmean anomaly 59 (33-108) 54 (27-101) 89 (43-193) 22 (14-32) 25 (17-39)
No. of days with an anomaly 19 8 6 22 25
>38°C
No. of March days with an 0 0 0 1 0

anomaly >38°C

However, these return periods were calculated over the
whole year, so it is worth noting that a +38°C Dome C anom-
aly event in March is observed only once, with all periods and
anomaly determination methods combined, in the SSP2-4.5
anomalies with historical reference on 28 March 2035 of the
ensemble member r3ilplfl (Tmean = —13.91°C and Tmean
anomaly = +38.30°C). These results indicate that anthropo-
genic warming does not seem to significantly increase the like-
lihood of extreme temperature anomalies like those observed
during March 2022, but further analysis with a larger range of
models is needed to confirm this, although models struggle to
capture the anthropogenic warming signal over Antarctica
(Casado et al. 2023).

These results, using a dataset of 700 years for the historical
period and 350 years for the future period, confirm the excep-
tional nature of the 22 March event, even when climate
change is taken into account. Further analysis with a larger
number of ensemble members or models would be needed for
a better quantification.

6. Discussion and conclusions
a. Summary of main results

The extreme heat wave experienced across much of East
Antarctica from 15 to 19 March 2022 broke numerous tem-
perature records and affected the regional environment in a
multitude of ways. Our analysis indicates the crucial role of
low-latitude forcing in creating the atmospheric river that
transported the heat and moisture southward. Moisture reser-
voirs from tropical cyclones and large-scale convective anoma-
lies initiated a Rossby wave train that created blocking
conditions near the Antarctic coastline. The initial AR-related
moisture transport into the tropopause via a prolonged warm
conveyor belt helped shift and deepen the atmospheric block
over the East Antarctica interior that conveyed the humid,
warm, subtropical/midlatitude air mass deep into the Antarctic
continent.

Dramatic surface warming across the high East Antarctic
ice sheet of 30°-40°C was reported, breaking March monthly
temperature records across an area the size of India. One of
the reasons for this was the erosion of the preexisting 20°C
surface temperature inversion in addition to ~30°C of warm-
ing due to the change in air mass. A return time of around
150 years across East Antarctica for this scale of temperature
anomaly was calculated, indicating that a similar magnitude
event likely had occurred in the past and is likely to occur in
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the future, although it is not necessarily more prevalent when
future climate projections are considered.

b. Implications of compounding

Following the review of compound extreme events proposed
by Zscheischler et al. (2020), the March 2022 event appears to
have a compounding nature according to the following types:

1) Temporarily compounding. We show here that the mois-
ture transported southward by the AR originates in the
southwest Indian Ocean, where strong convective activity
(tropical cyclones, active phase of the MJO, and tropical—
temperate interactions over southern Africa) increased
precipitable water in the air column. The available mois-
ture in the midtroposphere then transited toward the mid-
latitudes, where it contributed to intensify an atmospheric
ridge that channeled and deviated it southward, thereby
leading to the AR development. Generally, synoptic sit-
uations like the one described above occur in Antarctica
several times per year (i.e., amplification of Rossby waves,
leading to strong advection of heat and moisture from rel-
atively low latitudes to the interior of the continent in a
persistent northwesterly to northeasterly flow between an
extended trough and the corresponding ridge). This is
usually associated with fast warming and/or increased
precipitation including ARs, albeit typically not as impres-
sively as observed here (Enomoto et al. 1998; Gorodet-
skaya et al. 2014; Hirasawa et al. 2000; Massom et al.
2004; Schlosser et al. 2010; Udy et al. 2021; Pohl et al.
2021; Udy et al. 2022). In this case, the phasing of multiple
tropical convection anomalies leading to one large Rossby
wave train greatly amplifying the jet pattern had to come
together rather precisely and this event could have easily
been less spectacular if small differences in timing or
phasing had occurred. Plus, the record low sea ice extent
present at the time of the AR may have affected the ex-
tent of moisture transport toward the continent.

2) Potentially spatially compounding. The development of
the atmospheric ridge occurred within a strong zonal
wave 3 pattern over the Southern Ocean. This pattern
promoted strong meridional mass and moisture fluxes,
part of which provided favorable conditions for AR de-
velopment off the East Antarctica coastlines. The same
highly perturbed circulation pattern could have favored
extreme floods over New Zealand days later, which were
embedded in a strong moisture transport from the sub-
tropical to the middle latitudes. This is further supported by
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a previous back-trajectory analysis that showed warm-air
and moisture advection from the Great Australian Bight
four days before the AR event in 18 March (Blanchard-
Wrigglesworth et al. 2023). Despite the co-occurrence of
both hazards in these two neighboring regions, the link be-
tween both extremes remains to be assessed in detail to date.

The compounding nature of the event illustrates how extreme
weather or climate conditions can lead to major impacts af-
fecting large regions in many ways. AR activity is expected to
increase around the Southern Ocean (Espinoza et al. 2018;
O’Brien et al. 2022), but uncertainty remains on how this will
influence moisture intrusions on the Antarctic continent.

c¢. Implications for calculating the return period

Assessing the rareness of extreme events (e.g., using the so-
called extreme value theory) requires long, continuous and
quality-controlled time series. The availability of such obser-
vations over the East Antarctic plateau at Vostok (daily
measurements are performed there since 1958) and Dome C
(daily observation is available since 1980) allowed a robust es-
timation of the return period of an event that produced anom-
alies like those recorded on 18 March 2022. Our estimations
indicate a return period of a few decades at Dome C (between
50 and 82 years for daily mean temperature anomalies), but
up to a few centuries at Vostok (546 to 1516 years). These
large differences in return times highlight the spareness of
AWS observations on the East Antarctic Plateau.

Furthermore, assessing the rareness of the same event in
terms of moisture transport is even more challenging. When
analyzing case studies like the March 2022 event, IVT values
over the Southern Ocean (one of the least instrumented and
monitored regions in the world) could only be obtained
through atmospheric reanalyses, and their reliability is ques-
tionable prior to the satellite era (i.e., before the late 1970s;
Marshall et al. 2022). Long-term changes in moisture trans-
port remain an issue of major importance under climate
change, due to the expected increase in AR frequency and
IVT associated with the Clausius-Clapeyron relationship.
These long-term evolutions combine with changes in the gen-
eral circulation and in the storm tracks (Chemke 2022), which
modify the dynamical properties of ARs in turn (Ma et al.
2020; Payne et al. 2020). Hence, major ARs like those dis-
cussed here, are expected to occur more frequently in the fu-
ture decades. Such changes, co-occurring with changes in the
0°C isotherm over the Antarctica coastlines, raise the question
of the future contribution of ARs to the surface mass balance
over the ice sheet. Detection and attribution studies are there-
fore needed not only to estimate anthropogenic influence on
changes in the climate of Antarctica, but also to assess the fu-
ture changes in the return period of such major ARs.

d. Research collaboration and diversity

This study represents the first part of a wide-ranging pre-
liminary study into each aspect of the March 2022 heat wave
providing context for further future exploration into each
of these aspects. Each aspect explored in this study was con-
ducted by experts related to the field and then combined to
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form a cohesive narrative. The initial motivation behind
this study was a universal interest in the East Antarctica
heat wave shortly after its occurrence that became an open invi-
tation discussion that led to a broad research project. As the
March 2022 heat wave and related AR affected many different
national Antarctic stations, an international effort was needed
to gather data from all affected parties. The large, extreme
impacts from this storm and heat wave created hazardous
operational conditions for multiple international Antarctic
operations. For example, warm temperatures close runways
at Casey and McMurdo; meltwater, unstable ice, early breakouts,
or slow freezing events affect travel routes and safety on land, ice
or water; thicker or more extensive sea ice increases fuel and
resource consumption, reducing efficiency; heavy precipitation
reduces visibility, can increase cold injury occurrence, and makes
outdoor activities more difficult or dangerous; and collapsing ice
shelves increase the navigational hazards in regions that may
have previously been ice free (COMNAP 2015; Dawson et al.
2017; Tozer et al. 2020; V. J. Heinrich and J. Lieser 2022, per-
sonal communications). Growing interest in Antarctica is leading
to more people and organizations operating in these remote and
extreme environments (Dawson et al. 2017).

This growth in Antarctic logistical operations coincides
with an ongoing effort for more international collaboration in
Antarctic science to combine the limited resources of coun-
tries conducting research in the Antarctic to create a dense
network of observations. The authorship list of this study re-
flects this spirit, with representation from many European
countries, the United States, Australia, New Zealand, South
Korea, the United Arab Emirates, and Chile. It also demon-
strates the need for further outreach; China is not represented
despite having a large Antarctic presence. We hope that our
horizontal research organizational effort and diversity serve
as a good example for future Antarctic projects.
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APPENDIX A

Further Analysis of the Surface Energy Balance

a. Breakdown of the surface energy balance components
during the heat wave

For the 5-day mean, the large positive deviations in the
SEB over the area affected by the heat wave are largely at-
tributable to cloud-induced increases in downwelling long-
wave radiation (20-45 W m™2 above average; Figs. Ald.e).
In keeping with the observations at Concordia Station,
SNOWPACK results indicate that the large increases in
downwelling longwave radiation, due mainly to clouds, were
not offset by decreases in shortwave radiation (Fig. Ala).
Rather, the decreases in shortwave radiation were relatively
small over the East Antarctic Ice Sheet (15-20 W m ™2 below
average; Fig. Alb). The net longwave and net shortwave
were 2-5 standard deviations above and below the climato-
logical mean, respectively (Figs. Alc,f). Contributions from
sensible heat flux to the total energy balance were small
(Figs. Algh) and insignificant (Fig. Ali) because in cloudy
conditions, snow surface temperature equilibrates close to
the air temperature, and latent heat flux values are positive
but small (0-5 W m™%; Figs. Aljk).

The extensive cloud cover reduced incoming solar radia-
tion substantially, more than twice the standard deviation
below the value for the climatology (Fig. Alc). However,
due to the generally high albedo of the Antarctic ice sheet
(AIS), the effect on the actual absorbed shortwave radia-
tion was relatively small. The net shortwave radiation was
around 5-10 W m?in the area affected by the heat wave
(Figs. Ala,b), yet the highest positive net shortwave found
on the full AIS was only about 20 W m ™2 more. The mean
net longwave radiation over the 5-day period is —10 W m™>
in the affected area (Fig. Alc), whereas the areas with high
net shortwave radiation (and thus minimal cloud cover) ex-
hibited 80 W m ™2 less net longwave radiation. This demon-
strates the strong impact of cloudiness from the heat-wave
event on the total energy balance (Figs. Ald,e).

The turbulent fluxes, consisting of the sensible and latent
heat flux, are strongly dependent on wind speed. Thus, locally
highest values can be found in katabatic zones near the coastal
areas (Figs. Algj). The sensible heat flux over the 5-day pe-
riod (Fig. Alg) is positive (i.e., directed toward the surface)
everywhere, since radiative cooling generally reduces surface
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FIG. A1l. Average energy balance components from SNOWPACK for (a),(b),(c) net shortwave radiation, (d),(e),(f) net longwave radiation,
(g),(h),(i) sensible heat, and (j),(k),(1) latent heat. Shown are (left) the average value over the period 14-19 Mar 2022, (center) the deviation of
the 2022 period from the 14 to 19 Mar 19802021 climatology, and (right) Z score of the 2022 anomaly. Positive values denote energy fluxes di-
rected downward (toward the surface). Easting and northing are in the EPSG 3031 coordinate system (Antarctic polar stereographic projec-
tion). Note that in (h) and (k) the color bar has been restricted between —20 and +20 W m ™2 to maintain detail in the area of interest.

temperatures below the air temperature. Under cloud cover, by the heat wave, sensible heat flux is small (less than
radiative cooling is compensated for by increased downwelling 10 W m™?) despite the warm-air advection. In some areas
longwave radiation, resulting in surface temperatures equili- affected by the heat flux, the sensible heat flux was below
brating with air temperature. Therefore, in the areas affected the climatological mean (Fig. Alh), since typically the
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snow surface is colder than the air, resulting in a down-
ward sensible heat flux. With the cloudy weather, this sen-
sible heat flux was reduced, albeit not significantly from a
climatological point of view (Fig. Ali).

The heat advection was accompanied by humid air, which
leads to moisture deposition on the surface and the release
of latent heat (Figs. Alj,k). This is the opposite of the sur-
face sublimation typically occurring over the AIS. Even
though the absolute value is not extreme (approximately
similar value, but opposite sign of the net shortwave radia-
tion), the deviation from the climatological mean is the
largest of all energy balance components (Figs. Alk,l).

APPENDIX B

Meteorological Observations in the Field

Figure 1 shows a map of Antarctica with the stations con-
sidered in this work indicated.

a. Automatic weather stations

Near-surface temperature (1.8 and 1.2 m at Australian
Antarctic stations) and wind (4 m) measurements from auto-
matic weather stations (AWS; see the summary in Table S1
in the online supplemental material) were used from five sta-
tions in East Antarctica. AWS measurements made each mi-
nute were averaged over 10 min for this analysis. Since 1980
the Antarctic Meteorological Research Center (AMRC) has
installed many Automatic Weather Stations (AWS) on the
Antarctic Plateau that send their data back via satellite. This
project was developed and fine tuned to remedy the few mete-
orological observations in the interior of Antarctica (Stearns
et al. 1993). The AWS collects many meteorological parame-
ters. The temperature data are detected at one or two heights
above the surface. The temperature measurements are affected
by the accumulation or ablation of the snow beneath the sensor
and the power system to capture and transmit the observations.
In the summer months, solar radiation can affect the sensor in
the event of wind speeds below 3 m s~' (Genthon et al. 2011).
This was not the case here, as temperature extremes were
recorded when wind speeds were observed to be much
faster, up to 7 m s~ . The coastal Australian Antarctic sta-
tions have AWS operations extending farther back into
the mid-twentieth century and provide records of the usual
meteorological parameters. Davis station additionally hosts
cloud and precipitation instrumentation used for research,
including a micro rain radar, which was deployed as part
of the Year of Polar prediction (YOPP) winter 2022 cross-
Antarctic campaign and collected data during the AR event.
Routine meteorological measurements have been carried out
since May 2014 at Jang Bogo Station on the coastal region
of Terra Nova Bay, Antarctica (74.5°S, 163°E).

b. Station temperature measurement lengths

Temperature records from Vostok station were used dat-
ing back to January 1958 (48 months are missing in the data-
set: January 1962-January 1963, February-November 1994,
January-December 1996, and February 2003-February 2004).
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We also updated the historical temperature and wind speed
database proposed by Turner et al. (2021) for Amundsen
Scott (since January 1957), Casey (since February 1969),
Davis (from February 1957), Dome C (since February
1980), Dumont d’Urville (since April 1956), Mawson (since
February 1954), and McMurdo (since March 1956) stations. In-
stantaneous temperature is available at these stations every 3 h
up to the end of March 2022.

c. Concordia research station

Radiosondes (Vaisala, Inc., RS92) launched daily at around
1200 UTC at Concordia were used. The radiosondes provide
vertical profiles of pressure, temperature, humidity and wind
speed and direction through the troposphere and lower strato-
sphere with a vertical resolution of about 5 m.
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