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ABSTRACT

Between March 15-19, 2022, East Antarctica experienced an exceptional heatwave with
widespread 30-40° C temperature anomalies across the ice sheet. This record-shattering event
saw numerous monthly temperature records being broken including a new all-time
temperature record of -9.4° C on March 18 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/mid-Ilatitude heat and
moisture deep into the Antarctic interior. The scope of the temperature records spurred a
large, diverse collaborative effort to study the heatwave’s meteorological drivers, 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
Antarctica. 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 heatwave, an area of 3.3
million km? in East Antarctica exceeded previous March monthly temperature records.
Despite a temperature anomaly return time of about one hundred years, a closer recurrence of
such an event is possible under future climate projections. In a subsequent manuscript, we

describe the various impacts this extreme event had on the East Antarctic cryosphere.
SIGNIFICANCE STATEMENT

In March 2022, a heatwave and atmospheric river caused some of the highest
temperature 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 mid-latitudes and sub-
tropics. This heatwave 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 anthropogenic climate change.
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INTRODUCTION

In recent years, the repetition of many record-breaking events, significantly exceeding natural
climate variability, have been described as corresponding to a pattern of human-influenced
extreme events (Fischer et al. 2021). This includes the June 2021 heatwave in the Pacific
Northwest (Philip et al. 2021; Thompson et al. 2022) and the July 2017 extreme flooding in
Texas resulting from Hurricane Harvey (Risser and Wehner 2017). Even though the
anthropogenic climate forcing is already emerging in the mid latitudes (Hawkins et al. 2020),
model projections of transient anthropogenic climate change predict a slow emergence of a
significant warming signal 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 underestimate the intensification of winter mid-latitude storm tracks (Chemke et
al. 2022).

Yet, between March 15-19, 2022, East Antarctica experienced a heatwave of scale and
intensity never observed before with widespread 30-40° C temperature anomalies (w.r.t.
monthly mean) peaking on March 18 where record-high maximum 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 magnitude by which previous temperature records were
exceeded, we viewed it necessary to examine the heatwave’s origins, impacts, and historical

precedence to understand the consequences of events like this in the future.

As the heatwave unfolded across East Antarctica, numerical weather prediction systems and
observations clearly indicated 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/mid-latitude heat and moisture deep into the Antarctic interior. This
fits a pattern of other climate extremes in Antarctica being 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 extremes across Antarctica like the Antarctic continent maximum temperature

record of 18.3° C set at Esperanza station on February 6, 2020 (Xu et al. 2021; Gonzélez-

File generated with AMS Word template 2.0

Accepted for publication in'Journal of Climate. DOI 10-1175/5CLI-D-23:0975.3 11/ 10/ 7ete A Ui


https://www.zotero.org/google-docs/?U5ayGn
https://www.zotero.org/google-docs/?Phvlpj
https://www.zotero.org/google-docs/?s8LHgm
https://www.zotero.org/google-docs/?WRqGT5
https://www.zotero.org/google-docs/?AT8Yhn
https://www.zotero.org/google-docs/?TydWR9
https://www.zotero.org/google-docs/?TydWR9
https://www.zotero.org/google-docs/?TO7QxA
https://www.zotero.org/google-docs/?Evyxvl
https://www.zotero.org/google-docs/?PzTKUi
https://www.zotero.org/google-docs/?KWBX4b

Herrero et al. 2022), and the preceding record high of 17.5° C on March 24, 2015 (Bozkurt et
al. 2018). In East Antarctica, ARs have been observed to induce deep, moist layers in coastal
regions, contributing 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 which contribute to a
baroclinic environment for extra-tropical cyclogenesis (Pohl et al. 2021; Terpstra et al. 2021,
Clem et al. 2022; Francis et al. 2021).

In this first part of our study, we present a detailed analysis of the heatwave’s origins and
review the multitude of broken temperature records in order to encapsulate the event’s
historical nature. We unravel the various atmospheric processes and impacts interacting with
one another during this compound event. This is done by combining numerous different
datasets and expertise to provide a detailed analysis/overview of the March 2022 East
Antarctic heatwave and place this event in context with other extreme Antarctic climate
events observed. We describe: the sub-tropical origins and meteorological drivers that led to
the intense AR (Section 3), the scale of the temperature records (Section 4), and the event’s
implications on the present 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 return time in an environment which large temperature variability and sparse
observations (Section 6). For a detailed explanation on the various impacts from the March
2022 East Antarctica heatwave such as radiative forcing, surface mass balance, the collapse
of the Conger Ice Shelf, sea-ice extent decline, past-climate reconstruction, and cosmic ray

measurements please see Wille et al. (2023: Part Il hereafter).
2. Data and methods

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

Synoptic meteorological conditions leading to the AR during the heatwave event and the
climatological context were analyzed with data from the two reanalyses ERA5 (Hersbach et
al. 2020) and MERRA-2 (Gelaro et al. 2017). First, we used ERAS5, produced by the
European Centre for Medium-Range Weather Forecasts (ECMWEF), at a global 0.25°
resolution and a horizontal resolution of approximately 30 km with 137 levels. Variables
including 500 hPa geopotential height (Z500), 2 m air temperature, precipitation, humidity,
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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 heatwave event. Investigation of
tropical deep convection was however performed using the NOAA interpolated outgoing
longwave radiation (OLR) dataset (Liebmann and Smith 1996), at 2.5° x 2.5° horizontal
resolution. In addition, integrated vapor transport (IVT) fields were obtained from ERA5 by
vertically integrating the 1-hr 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 meridional integrated vapor transport vIVT using MERRA-2 reanalysis 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 specifically capture poleward moisture fluxes (Shields et al.
2022; Collow et al. 2022).
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Fig. 1: Percentile of the March 18, 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 records on March 18, 2022
totaling an area of 3.3 million km?. The map shows the position of the Dome C and Vostok
stations (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: ERAb.

b. Clouds and impacts on the energy balance

We analyzed AR impacts on the surface snow energy budget using the Polar Weather
Research and Forecasting (PWRF) Model version VV4.3.3 to provide high-resolution
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simulations, especially for radiative terms. Among multiple model simulations assessed using
broadband downwelling radiance data observed at Dome C (Figs. S5 and S6), we found that
the best performance 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: 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
turbulence 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 parameterization, and Noah-MP
was chosen for the land surface model (Kain 2004; Niu et al. 2011). High-resolution
topography information from Reference Elevation Model of Antarctica (REMA) and MODIS
surface observed albedo were included in the input data to better simulate the surface
conditions (Howat et al. 2019; Corbea-Pérez et al. 2021). See Methods in Part 11 for details
on the SNOWPACK surface energy balance calculations.

c. 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. Instantaneous temperature records, at 3 hr 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 Theory (Coles 2001) which states that
peaks over a large threshold can be modeled by the Generalized Pareto Distribution (GPD)

whose cumulative distribution function is given by

Fluoe(T) = 1— (1 +&(T - w)/o) P (1)
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for any (raw or anomaly) temperature T exceeding the large threshold p. The GPD scale
(c>0) and shape (§ €R) parameters 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 to 11 exceedances per year) gave similar results. The GPD
parameters (o, §) were estimated at each station by maximum likelihood method. The return

period of a given extreme temperature T (exceeding u) is then given by (Coles 2001) :
RP(T) =1/(n X p X (1 = Fuee(T)) (2)

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 extreme heatwave event and as a first
approach to examine the likelihood of future occurrence of similar events, it is necessary to
use a general circulation model. We used the ensemble simulations performed for the
Coupled Model Intercomparison Project 6 (CMIP6) by the Institut Pierre Simon Laplace
(IPSL) model (IPSL-CM®6, 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 historical period (1980-
2015), with 20 ensemble members, and 2) a future period (2035-2070) for two different
shared socioeconomic 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
reliability of the model temperature distribution, the probability 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). 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.

Table S1 summarizes type and purpose of reanalysis, model, and instrumental data utilized in

this study.
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3. Meteorological drivers
a. Local and non-local background circulation

The East Antarctic heatwave conditions (March 15-19, 2022) that peaked on March 18, 2022
were the product of the synchronization of various compound synoptic weather patterns of
sub-tropical 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) primarily
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-January 24th). However, 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 (February 25-March 25, 2022), 12 tropical storms developed in the
Indian Ocean sector, with five becoming TCs based on the Saffir-Simpson scale. Several TCs
occurred within a few days of one another. Possible explanations involve the La Nifia
conditions over the 2021-22 season, and a particularly strong (93th percentile) Madden-Julian
Oscillation (MJO: Zhang 2005) that persisted over the Indian Ocean sector between March
13 and 21. 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
Nifa also increases frequency) of tropical-temperate troughs (TTTs) over the African
landmass which 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 mid-
latitude Rossby waves interact with tropical African convection, resulting in elongated bands
of intense convection, rainfall and poleward moisture export 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 heatwave event. The first
Indian Ocean tropical cyclone related to the East Antarctic heatwave event was TC Vernon,
which formed on February 25 southwest of Christmas Island and reached Category 4 on the
Saffir-Simpson scale. TC Vernon dissipated slowly while moving southwards between March

11
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2 and 4. Between March 6 and 10 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 30-45° S, which would eventually be

transported to East Antarctica in the days leading up to the heatwave event.

Meanwhile to the west of Vernon, TC Gombe developed near Madagascar on March 9, and
underwent rapid intensification as it slowly tracked westward toward Mozambique during
March 10-12. 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 March 9 and
tracked eastward toward southern Africa (and TC Gombe) between March 9-12, where it then
merged with the remnants of TC Gombe on March 13-14. This formed a second distinct
reservoir of deep tropical moisture that extended 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 March 17-18.

Furthermore, the evolution of the synoptic circulation pattern during March 15-18 that
eventually allowed the moisture to advect deep into East Antarctica was influenced by a third
tropical cyclone, TC Billy. TC Billy formed on March 15 in the eastern Indian Ocean
northwest of Australia and tracked southwest into the central Indian Ocean. On March 15-16,
a Rosshy wave source became established to its south and anomalous poleward stationary
wave fluxes developed on the southern 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 poleward 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. Finally, on March 17-18, the large-scale circulation over the Indian
Ocean became disconnected from the tropical convection, and the East Antarctic ridge
became cut off from the main mid-latitude wave packet. In this final act, the cut-off ridge

shifted south into East Antarctica and on its western edge it advected the remaining and
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accumulated tropical moisture along the East Antarctic coast deep into the interior during the

17-18th, culminating in the extraordinary heatwave on the 18th.

Altogether, two distinct reservoirs of deep tropical moisture associated with three separate
tropical cyclones, were both transported to the same region of East Antarctica during the 14-
18th. 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 convection, the first occurring near
Madagascar during the 13-15th associated with the strong and persistent MJO event, and the
second being TC Billy during the 15-16th which slightly shifted the pattern eastward and
poleward. In the mid-latitudes, the strong ridge along the East Antarctic coast (associated
with an anticyclone southeast of Australia) that remained quasi-stationary while intensifying
throughout this period was crucial for maintaining the moisture transport into high latitudes,
and was itself embedded in a prominent Zonal Wave-3 pattern (e.g. Bergstrom et al. 2018;
Goyal et al. 2021) particularly strong between 55° S and 60° S (not shown). Finally, the ridge
that became cut-off from the mid-latitude storm track on the 17th and 18th and moved

poleward into East Antarctica pushed the moisture deep onto the plateau.

Over Antarctica, the end result of these various meteorological drivers is visualized in Fig. 3
which shows averaged anomalies of Z500, near surface air temperature and wind vectors for
the March 14-20, 2022 period with respect to 1979-2021 March climatology. A clear mid-
level ridge pattern extends from New Zealand and southeast Australia towards 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 mid-level circulation anomaly
results in anticyclonic circulation at the surface. At the same time, each flank of the mid-level
ridge exhibits mid-tropospheric low and cyclonic circulation at the surface. These strong
circulation anomalies triggered northerly warm and moist air advection towards east
Antarctica on the eastern flank of the mid-level ridge, resulting in extreme warm anomalies
of around 20° C across the east Antarctic plateau. In the next subsection, moisture transport

under the abovementioned synoptic conditions is explored.
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Fig. 2: The March 2022 (a) daily outgoing longwave radiation (shaded, Wm-2), 200-hPa
streamfunction (contours: dash = negative, solid = positive) and 200-hPa stationary wave flux
anomalies (vectors, m?s2; 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 deviations (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.
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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 March 14-20, 2022 period with respect to 1979-2021
March climatology. Hatching indicates the grid points where Z500 anomalies are larger than

2 std. dev. Data source: ERAS.
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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. 2022). Unlike most AR
events, the landfall on March 18 extended well beyond the coastline and transported moisture
deep into the Antarctic interior. According to a polar specific AR detection algorithm, the AR
landfall began on March 14 west of Dumont d’Urville station reaching an initial intensity
peak on March 15 0600 UTC when using IVT as a measure of intensity (Fig. 4). When
comparing the IVT of this AR event against the I\VVT of all AR landfalls along the East
Antarctica coastline (160° E — 20° W) from 1980 to March 2022, the first intensity maximum
on March 15 0300 UTC was in the 89.5 percentile and most of the moisture transport
remained confined to the coastline. Following a brief lull after the initial wave of moisture
advection, the IVT increased again later on March 15 indicating the arrival of a second
moisture flux. In addition, a deep ridge built over the East Antarctica interior pushed the AR
moisture flux further inland. By March 17, 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 st which is the absolute record
maximum IVT value for the entire East Antarctic coastline and 8.17 standard deviations from
the mean AR IVT (as compared against all AR detections from 1980-2022 according to the
AR detection algorithm in Wille et al. 2021). Intense AR conditions continued throughout
March 18 until the last AR detection at 1500 UTC. Overall, this AR event was one of the
longest AR events detected along the East Antarctic coastline and was by far the most intense
when comparing the cumulative IVT against 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 mid-latitude standards.

Infrared satellite composite imagery showed a prolonged advection of clouds associated with
the AR that initially remains near the coastline during the first wave of AR moisture around
March 15 before penetrating deep into the Antarctic interior over the next few days (see
Supplementary Animation). Although poleward moisture advection ended after the 18th,
there was a very evident counterclockwise flow of clouds around a blocking anticyclone that
trapped residual AR moisture in the Antarctic interior (Fig. S2). This kept surface
temperatures elevated for many days after the AR event.

16
File generated with AMS Word template 2.0

Accepted for publication in'Journal of Climate. DOI 10-1175/5CLI-D-23:0975.3 11/ 10/ 7ete A Ui


https://www.zotero.org/google-docs/?WtGULp
https://www.zotero.org/google-docs/?q3ZIDb
https://www.zotero.org/google-docs/?YIQpFF

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
the 16th to the 17th the upper-level trough (shown in black contours in Fig. 4a) develops a
negative horizontal tilt favorable to cyclone development associated with a strengthening of
upper-level divergence and lower-level convergence, enhancing AR-associated cloud
formation and precipitation. By March 18, there was a break in the corridor of the low-level

moisture convergence between the mid-latitudes and polar regions.

In order to understand the link between the AR in the lower troposphere and the formation of
the pronounced upper-level ridge, the occurrence of warm conveyor belts (WCBs) was
investigated. WCBs are strongly ascending, warm and moist airstreams in extratropical
cyclones (Green et al. 1966; Harrold 1973; Carlson 1980). They originate in the warm sector
of the cyclone and ascend in approximately two days to the upper troposphere. Due to 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 potential
vorticity (PV; Wernli and Davies 1997). WCBs therefore reach the upper troposphere with
(absolute) low (~0.5 pvu; potential vorticity units) PV values and therefore can contribute to
or amplify the formation of upper-tropospheric ridges. For this analysis, WCB trajectories
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 starts its ascent in the extremely moist environment of the AR and ascends
to the upper troposphere. WCB trajectories ascended continuously in this area starting
already on March 13, 1200 UTC. As an example, Fig. 6a shows WCB trajectories that
initiated their ascent on March 16, 1800 UTC and are associated with an extratropical
cyclone around 120° E. In the following two days, the WCB ascends to approximately 400-
300 hPa, thus reaching the upper troposphere, whereas the main ascent occurs along the
Antarctic coastline. Because of the strong diabatic 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 Antarctica. In Fig. 6b, PV on the 310 K isentrope is
shown on March 18, 0000 UTC, representing the upper-level wave pattern. A pronounced

17
File generated with AMS Word template 2.0

Accepted for publication in'Journal of Climate. DOI 10-1175/5CLI-D-23:0975.3 11/ 10/ 7ete A Ui


https://www.zotero.org/google-docs/?sglQLj
https://www.zotero.org/google-docs/?nnxQXv
https://www.zotero.org/google-docs/?U1vWnn

upper-level ridge was present over large parts of East Antarctica, downstream of the surface
cyclone. The intersection points of the WCB airmasses with the 310 K isentrope are marked
by the black crosses. In summary, the WCB airmasses reached this altitude (310 K isentrope)
with very high PV values around -0.5 pvu, are located inside the high-PV area of the ridge
and help to amplify the upper-level ridge. A Hovméller diagram of 300 hPa PV anomalies
confirms that the ascent of WCB parcels aligned with intense moisture advection led to
positive PV anomalies starting on March 13 and reached a maximum in magnitude and extent
on March 18 when the upper-level ridge was at its greatest extent (Fig. S3). The WCB,
therefore, can be considered as the link between the low-level high moisture area of the AR
where it originates from and the pronounced upper-level ridge, which further determined the

upper-level flow.
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Fig. 4“4 timesteps ffom TERRA-2 Reanalysis. (a) Integrated Vapor Transport (IVT — kg
m s1) in blue shaded contours, AR objects detected using vIVT in red outlines, AR objects
detected using IWV in orange outlines. (b) 2 m temperature (° C) in red shaded contours, 250
mb divergence (10 s) in blue contours, 10 m moisture convergence (10° g kg's™?) in
yellow contours. DDU (Dumont d'Urville) on the coast of Adélie Land, East Antarctica.
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Fig. 5: Every AR landfall across East Antarctica from January 1980 - 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-hour timestep an AR is detected. The range considered for AR landfalls extends
from 160° E — 20° W and includes 2226 distinct AR events. The black dashed line is the
linear trend.
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Fig. 6: (a) 48-hour forward WCB trajectories starting on March 16, 1800 UTC in the lower
troposphere and ascending from the AR within two days to the upper troposphere and ending
in the pronounced upper-level ridge over East Antarctica. The trajectories are coloured with
pressure, the bold red line shows the -2 pvu isoline on 310 K. (b) Intersection of the WCB
trajectories with the 310 K isentrope on March 16, 1800 UTC (black crosses). Additionally,
PV (in pvu) is shown in color on the 310 K isentrope, highlighting the pronounced upper-
level ridge over East Antarctica into which the WCB airmasses of high PV feed into. The thin

grey lines show sea-level pressure on March 16 with a contour interval of 10 hPa.

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 heatwave
event. As shown in Fig. S5, before the event, the low sun elevation angles and high surface
albedo meant that the daily average downward and net shortwave radiations (orange bars in
top and middle panels) were low enough, so that the net shortwave radiation was
approximately balanced by the (negative) net longwave radiation, resulting in a total net

radiation near zero (bottom panel).

During March 12-15, 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 surface temperature, so that the net
longwave radiation remained constant at around -30 W m (Fig. 7b). However, starting on
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the 15th, the increased cloudiness and humidity caused the downwelling longwave radiation
to increase markedly, from ~100 W m (daily mean) to almost triple that by March 19. Over
the same period, the liquid water path increased to 50 g m2 on March 19, 2022 (see Fig. S4;
prior to this time the data is missing due to 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 m2), leading to positive values for
the net broadband radiation over March 15-20 (daily averages ranging from 5 to 23 W m™).
Indeed, the net daily average longwave radiation was itself positive over March 16-18, and
was roughly equivalent to the net daily shortwave radiation. Positive net longwave radiation
requires that the temperature aloft (e.g. cloud temperature) be greater than the surface
temperature, which was possible because of the extreme temperature inversion; on March 16
the temperature inversion was still ~20° C, and even at the peak warming on March 18 it was
~10° C (see Fig. 10).

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 ERA5 and PWRF data near Dome C
(Fig. S5, Fig. S6), although details differ, likely due to variability in cloud properties. For the
East Antarctic Ice Sheet as a whole, PWRF results indicate that trends are similar to those
seen at Dome C, with significant shortwave radiation penetrating the clouds during daytime
(Fig. 8a, 8c) and downwelling longwave radiation strong enough to lead to positive net
longwave radiation over much of East Antarctica (Fig. 8b, 8d), contributing to high 2 m

temperatures (Fig. 8e).

The surface energy balance (SEB, the algebraic sum of the radiative and turbulent heat fluxes
at the surface) as calculated 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 Methods in Part Il for description of SNOWPACK). In March, the transition from
summer to winter is typically associated with a negative SEB, but averaging over the five-day
heatwave, the anomaly in the SEB was large and positive (5-20 W m™%; Fig. S7a) 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). Generally, the

largest positive deviations in the SEB are primarily driven by cloud-induced downwelling
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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.

Climatologically, sublimation from the surface is the dominant 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 Fig. S2d, e, f in Part I). 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. Al1k), it was 20-30 times the standard deviation above normal (Fig. All).

(Further discussion of contributions to the SEB is given in Appendix A).
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Fig. 7: Broadband radiation measurements made from the surface at Dome C, Antarctica
during March 12-25, 2022. (a) Shortwave downward (SWD) and upward (SWU) radiation

23
File generated with AMS Word template 2.0

Accepted for publication in'Journal of Climate. DOI 10-1175/5CLI-D-23:0975.3 11/ 10/ 7ete A Ui


https://www.zotero.org/google-docs/?0aNaby

and longwave downward (LWD) and upward (LWU) radiation. (b) Net broadband radiation
(down - up) for shortwave and longwave. (c) Net broadband radiation. In all panels, faint

lines represent the instantaneous measurements, while horizontal bars indicate daily averages.
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Fig. 8: PWRF model results for a) downwelling shortwave radiation, b) downwelling
longwave radiation, c) net shortwave radiation, and d) net longwave radiation, and ) 2 m
temperature. All radiation values are given in W m. The purple dot indicates the location of
Dome C, and the white dashed polygon in (e) shows the zoom-in domain for the radiation

subpanels. Contour lines correspond to topography and vectors correspond to 10 m wind.
4. Temperature observations and records

a. Temperature observations

The unusually strong AR caused exceptionally strong temperature anomalies over East
Antarctica that peaked around March 18. VVostok Station, on the high plateau of East
Antarctica, initiated weather observations in January 1958. The temperature of -17.7° C
observed at 0814 UTC on March 18, 2022 was the highest in the record for March, which
exceeds the previous March record of -32.6° C (at 0600 UTC on March 4, 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 January 11, 2002. In the period of non-summer
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months (February — November) the preceding maximum values were -22.2° C on February 6,
2009 and -22.0° C on November 23, 1974.

At Concordia Station, Dome C, the previous absolute maximum was -13.7° C recorded on
December 17, 2016 at 0136 UTC. Before the installation of the Concordia manned station, in
1980 the Antarctic Meteorological Research Center (AMRC) installed the nearby Dome C
AWS (74.50°S, 123.00°E, 3 280 m). Since 1996 the site has been renamed Dome C 11
(75.11°S, 123.35°E, 3 250 m). On March 18, 2022 at 0440 UTC the sensor recorded -9.4° C
(with a wind speed 7.5 m s™) setting a new absolute maximum temperature record, beating
the previous record of -10.0° C on January 2, 2002, and shattering the previous March record
of -27.6° C on March 17, 1996 at 0610 UTC.

Fig. 9 shows UW-Madison AWS temperature and pressure observations at Dome C 1l (a), D-
47 (b), D-10 (c), and AGO-4 (d) over March 2022 (see their location in Fig. 1). Before the
AR arrived, temperatures 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 March 23. Dome C Il AWS observed the strongest magnitude warming
as the temperature anomaly reached 44.0° C (+6.0 sigma) above its mean March
climatological temperature (Fig. 9a). While warming signatures of similar magnitude were
observed at the other three AWS, the departures from the mean climatological temperatures
were greatest at the inland sites (Dome C 11 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 st at 1820 UTC March 18, 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 March 18, 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 st at 0110 UTC on
March 18. As the temperature increased during the warming event, the pressure increased as
well, but with a few days lead on the temperature. After March 18, as the warming event
ended, temperature at the four sites followed a cooling trend for the remainder of the month.
By March 31, each AWS had temperatures at or just below the monthly mean temperature.

Fig. 10 shows temperature profiles in the lowest 2000 m above Concordia station from
radiosondes launched at around 1200 UTC each day from March 12-22. On March 12 the
profile was typical of that seen at the station during the extended winter months. A strong (~

21° C) temperature inversion extended from the surface to around 380 m above ground level.
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From March 13-18 the air just above the surface inversion warmed by around 30° C as the
AR moved over the station. Over the same period the surface temperature increased
considerably more, by ~40° C, reducing the strength of the surface inversion to around 7° C.
Throughout this period, near-surface wind speeds at the station remained moderate (~5m 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 the inversion layer. From March 19
onwards the air above the surface inversion cooled as the AR moved away from the station

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 recorded
by AWS at the coastal Australian Antarctic station of Casey (66.3° S, 110.5° E) from midday
March 16, during which time the surface temperature exceeded 0° C continuously for 48
hours. Part of this temperature increase is likely due to Foehn (downslope) winds in the lee of
Law Dome. Temperature records from Wilkins ice runway (about 70 km south of Casey,
altitude 753 m) exhibited rapid rise in temperature in concert with the Casey observations,
although at Wilkins the temperatures remain below 0° C. Further 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 March 15 indicated snowfall sublimation in the lowest 1 km (not
shown), due to the presence of Foehn winds (Gehring et al. 2022). Temperatures 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 March 18, 2022
(and on February 11, 2022), the highest temperature recorded since official measurements
began in 2014, including the summer season. The mean temperature in March over the last
seven years is -14 °Cwith intermittent high temperature (up to -2.2° C) over a short time. The
highest temperature was accompanied with strong wind, starting at 0600 UTC on March 15.
Maximum temperature was recorded on the issued time and temperature returned to its
normal value at 0600 UTC on March 21.

The large extent of record (or near-record) temperatures at interior and coastal East Antarctic
stations demonstrates the expansiveness of the heatwave. This is emphasized by ERAS
temperature data which shows an area 3.3 million km? exceeded previous March monthly
temperature records (Fig. 1).
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Fig. 9: March 2022 UW-Madison Automatic Weather Station 10-minute quality-controlled
temperature (red) and pressure (blue) observations and respective March temperature
climatologies for a) Dome C Il, b) D-47, c¢) D-10, and d) AGO-4. Each plot 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.
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Fig. 10: Vertical temperature profiles in the lowest 2 km above Concordia Research Station
(75°05'59"S, 123°19'56"E) from March 12-22 at ~1200 UTC (day of month is given in the
legend).

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 March 16-18, 2022: Dome C and Vostok. The six remaining
stations recorded highly anomalous temperatures for March, but relatively normal
temperatures when compared to annual maxima (return periods much lower than one year)

during these three days.

On March 16 temperatures were fairly typical at Dome C and Vostok. On March 17 Dome C

recorded large anomalies (return period of 8 years for minimum temperature, 3 years for
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maximum and 7 years for mean). The heatwave peak occurred on March 18 (see Table 1). It

was extraordinary for the season, particularly in Vostok, giving return periods in anomalies 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 temperature.

The record in anomalies was broken at Dome C on March 18, 2022 by 3.5° C for maximum

temperature and by 3° C for mean temperature (2nd largest anomaly in daily minimum

temperature).

Given the unprecedented (since 1958) magnitude of the records broken at VVostok, the East

Antarctic heatwave of March 18, 2022 was the result of an exceptional large-scale forcing

situation, or an extraordinary conjunction of situations. This point is corroborated by the

extreme IVT value recorded for AR, whose return time was more than 200 years at VVostok

and 40 years at Dome C. Nevertheless, the more moderate return time values observed at

Dome C and the absence of extreme values recorded outside of these two stations invites

caution, since the extraordinary event recorded in VVostok is actually about n times more

likely to happen in any of independent n stations. Using a regional approach and assuming

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 Antarctica.

Thus other events of such magnitude are not unlikely, especially under anthropogenic climate

warming.

TN (daily min) TX (daily max) Tmean (daily mean)
Dome C 4 (4-4) 10 (9-11) 17 (15-20)
Vostok 5 (5-5) 1(1-2) 4 (4-4)
East Antarctica 2 (2-3) <1 2 (2-2)

TN anomaly TX anomaly Tmean anomaly
Dome C 40 (34-49) 67 (52-88) 62 (50-82)
\Vostok 744 (501-1228) 172 (135-245) 855 (546-1516)
East Antarctica 52 (43-67) 37 (34-42) 148 (127-177)
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Table 1: Return period (years) and 95% confidence intervals (years, in brackets) of March 18,
2022 at Dome C (data back to Feb. 1980), Vostok (data back to Jan. 1958), and East

Antarctica (see Methods for description).
b. Future climate implications

The historical (1980-2015) simulation ensemble from the IPSL-CM6 coupled model provides
context on the extreme character of the temperature anomalies observed over the Antarctic
Plateau. For each ensemble member, the daily mean temperature anomalies (AT) from the
mean monthly seasonal cycle were calculated. For the future period (2035-2070), the
temperature anomalies were determined as departures from either the future or historical
mean cycles. The frequency of occurrence 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.

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 colours on Fig. 11), the frequency of occurrence more than doubles for
the SSP3-7.0 future period compared 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, although it tends to be higher in late fall and early winter. Extreme
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 according to the
IPSL-CM6 simulation. Daily mean temperatures 40° C above the climatology never occur
outside of the April to 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.

As 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 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 = 4x10°9).
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The return periods of this event at Dome C have been calculated for a daily mean temperature
anomaly (Tmean) of +38° C (see Data and Methods) 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 historical reference.
Then the number of days with an +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 years return
period). 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 reference and 25 years for SSP3-7.0 with historical reference)
suggesting that such an event could occur with a slightly closer recurrence under future

climate projections.

However, these return periods were calculated over the whole year, so it is worthy to note
that a +38° C Dome C anomaly 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 March 28, 2035 of the ensemble member r3ilplfl (Tmean = -13.91° C and
Tmean anomaly = +38.30° C). These results indicate that anthropogenic warming does not
seem to significantly increase the likelihood 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 historical period and 350 years for future
period, confirm the exceptional nature of the March 22 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.
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Fig. 11: Frequency of occurrence of extreme temperature anomalies simulated at Dome C
from the IPSL-CMS6, shown as percent of days exceeding the monthly climatology by
different AT 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 (cont. lines) or future (dotted lines) periods.

i . ssp245 using historical | ssp370 using historical
Historical ssp245 ssp370 . .
climatology climatology

Tmean anomaly 59 (33-108) 54 (27-101) 89 (43-193) 22 (14-32) 25 (17-39)
Nb of day with an

anomaly > 38°C 19 8 6 2 2
Nb of day of March
with an anomaly > 0 0 0 1 0

38°C

Table 2: The return time of a +38° C temperature anomaly occurring at Dome C then the
number of days that same anomaly actually occurs under different IPSL-CM6 scenarios.

6. Discussion and Conclusions
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a. Summary of Main Results

The extreme heatwave experienced across much of East Antarctica from March 15-19, 2022
broke numerous temperature 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 which transported the heat and moisture southward. Moisture reservoirs
from tropical cyclones and large-scale convective anomalies 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 which conveyed the humid, warm,

subtropical/mid-latitude airmass 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 pre-existing 20° C surface temperature inversion in
addition to ~30° C of warming 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 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 moisture transported southwards 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 moisture in the mid-troposphere
then transited towards the mid-latitudes, where it contributed to intensify an atmospheric
ridge that channeled and deviated it southwards, thereby leading to the AR development.
Generally, synoptic situations 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 relatively low latitudes to the interior of the continent in a persistent northwesterly to
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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 impressively as observed here (Enomoto et al. 1998; Gorodetskaya 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/phasing had occurred. Plus, the record low sea-ice extent present at the

time of the AR may have affected the extent of moisture transport towards 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
development 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 subtropical to the middle latitudes. This is further
supported by a previous back-trajectory analysis that showed warm air and moisture
advection from the Great Australian Bight four days before the AR event in March 18
(Blanchard-Wrigglesworth et al. 2023). In spite of the co-occurrence of both hazards in these
two neighboring regions, the link between 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 affecting large regions in many ways. AR activity is expected to
increase around the Southern Ocean (Espinoza et al. 2018; O’Brien et al. 2021), 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
observations over the East Antarctic plateau at VVostok (daily measurements are performed
there since 1958) and Dome C (daily observation is available since 1980) allowed a robust
estimation of the return period of an event that produced anomalies like those recorded on

March 18, 2022. Our estimations indicate a return period of a few decades at Dome C
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(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 questionable prior to
the satellite era (i.e. pre- late 1970s: Marshall et al. 2022). Long-term changes in moisture
transport 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 general 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 discussed here, are expected to occur
more frequently in the future 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 therefore
needed, not only to estimate anthropogenic influence on changes in the climate of Antarctica,

but also to assess the future changes in the return period of such major ARs.
d. Research collaboration and diversity

This study represents the first part of a wide-ranging preliminary 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 conducted by experts related to the field and
then combined to form a cohesive narrative. The initial motivation behind this study was a
universal interest in the East Antarctica heatwave shortly after its occurrence that became an
open invitation discussion that led to a broad research project. As the March 2022 heatwave
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 heatwave created hazardous operational conditions for multiple international Antarctic
operations. For example, warm temperatures close runways at Casey and McMurdo; melt
water, 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
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occurrence, and make 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, J. Lieser, personal
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 countries
conducting research in the Antarctic to create a dense network of observations. The
authorship list of this study reflects this spirit with representation from many European
countries, U.S.A, Australia, New Zealand, South Korea, the U.A.E., and Chile. It also
demonstrates the need for further outreach as 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

Appendix A

Further analysis of the surface energy balance
Breakdown of the surface energy balance components during the heatwave.

For the five-day mean, the large positive deviations in the SEB over the area affected by the
heatwave are largely attributable to cloud-induced increases in downwelling longwave
radiation (20-45 W m2above average Fig. 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 to 20 W mbelow average, Fig. Alb). The net longwave and net
shortwave were 2-5 standard deviations above and below the climatological mean,
respectively (Fig. Alc, f). Contributions from sensible heat flux to the total energy balance
were small (Fig. Alg, h) 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?; Fig. Alj, k).

The extensive cloud cover reduced incoming solar radiation 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 (AlIS), the effect on the actual absorbed
shortwave radiation was relatively small. The net shortwave radiation was around 5-10 W m"
%in the area affected by the heatwave (Fig. Ala, b), yet the highest positive net shortwave
found on the full AIS was only about 20 W m 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) exhibited 80 W m less net longwave
radiation. This demonstrates the strong impact of cloudiness from the heatwave event on the

total energy balance (Fig. Ald, e).
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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 (Fig. Alg, j). The sensible heat flux over the five-day period (Fig. Alg) is positive (i.e.,
directed towards the surface) everywhere, since radiative cooling generally reduces surface
temperatures below the air temperature. Under cloud cover, radiative cooling is compensated
for by increased downwelling longwave radiation, resulting in surface temperatures
equilibrating with air temperature. Therefore, in the areas affected by the heatwave, sensible
heat flux is small (less than 10 W m2), in spite of the warm air advection. In some areas
affected by the heat flux, the sensible heat flux was below the climatological mean (Fig.
Alh), since typically the snow surface is colder than the air, resulting in a downward sensible
heat flux. With the cloudy weather, this sensible 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 (Fig. Alj, k). This is opposite of the surface sublimation
typically occurring over the AlS. Even though the absolute value is not extreme
(approximately similar value, but opposite sign of the net shortwave radiation), the deviation

from the climatological mean is the largest of all energy balance components (Fig. A1k, I).
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Fig. Al: 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, I) latent heat. Shown
are (a, d, g, j) the average value over the period March 14-19, 2022, (b, e, h, k) the deviation
of the 2022 period from the March 14-19 1980-2021 climatology and (c, f, i, I) Z-score of the
2022 anomaly. Positive values denote energy fluxes directed downward (toward the surface) .
Easting and northing are in the EPSG 3031 coordinate system (Antarctic polar stereographic
projection). Note that in (h) and (K), the color bar has been restricted between -20 and +20 to

maintain detail in the area of interest.
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Appendix B
Meteorological observations in the field
Fig. 1 shows a map of Antarctica with the stations considered in this work indicated.

Automatic Weather Stations. Near-surface temperature (1.8 m, 1.2 m at Australian Antarctic

Stations) and wind (4 m) measurements from automatic weather stations (AWS; see summary
in Table S1) were used from five stations in East Antarctica. AWS measurements made each
minute were averaged over 10 minutes 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 meteorological observations in the interior of
Antarctica (Stearns et al. 1993). The AWS collects many meteorological parameters. 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 stations have
AWS operations extending further back into the mid 20th 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 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 (74.5S, 163E).

Station temperature measurement lengths. Temperature records from Vostok station were

used dating back to January 1958 (48 months are missing in the dataset: January 1962-
January 1963; February-November 1994; January-December 1996; February 2003-February
2004). 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.
Instantaneous temperature is available at these stations every 3h up to the end of March 2022.
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Concordia Research Station. Radiosondes (Vaisala 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
stratosphere with a vertical resolution of about 5 m.
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