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Climate warming amplified the 2020 record-
breaking heatwave in the Antarctic Peninsula

Sergi Gonzalez-Herrero® 2™ David Barriopedro® 3, Ricardo M. Trigo® %>, Joan Albert Lépez-Bustins® &
Marc Oliva®

February 2020 was anomalously warm in the Antarctic Peninsula region and registered one
of the most intense heatwaves ever recorded in Western Antarctica. The event featured
unprecedented regional mean temperature anomalies (4.5 °C) over the Antarctic Peninsula
between 6 and 11 February 2020 and the highest local temperature of the continental
Antarctic region. Taking flow analogs of the event from past (1950-1984) and recent
(1985-2019) periods of the ERA5 reanalysis, here we quantify the role of recent climate
change in the magnitude of this 6-day regional heatwave. Results show that 2020-like
heatwaves over the Antarctic Peninsula are now at least ~0.4 °C warmer than in the past
period, which represents a ~25% increase in magnitude. Given the observed atmospheric
circulation conditions, the probability of experiencing 6-day regional mean anomalies above
~2 °C has increased ten times since 1950-1984. The aggravated severity of the event can be
largely ascribed to long-term summer warming of the Antarctic Peninsula rather than recent
atmospheric circulation trends.
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rounding islands experienced one of the major heatwaves since

reliable observations became available. During this period, a
new all-time temperature record over the continental Antarctic
region was observed on 6 February at Esperanza station (63°24’S,
57°00°'W; 18.3°C), and confirmed by a World Meteorological
Organization (WMO) panel of atmospheric scientists!. The heat-
wave was widespread across the region from 6 to 11 February
(Fig. 1) and other stations of the AP region also broke their
temperature records?. The extremely high temperature anomalies
were not restricted to the AP region alone, and Casey Station
(Eastern Antarctica, Fig. 1) also exceeded its record high tem-
perature in late January?. Synchronously, extensive surface ice
melting occurred in the AP Ice Shelf during the 2019-2020 melt
season®®. The broad spatial extent and magnitude of extreme
conditions underline the exceptionality of this event.

Similar to recent events that have affected other regions of the
world (e.g., refs. ©7), extreme temperatures were associated with
large-scale anomalous circulation patterns. The event was triggered
by a high-pressure system on the Drake Passage that pushed warm
and moist air from the Pacific Ocean to the AP region®’. The
warming induced by the anomalous atmospheric circulation was
further amplified at local scales (Esperanza station) by the foehn
effect prompted by leeward winds and the release of sensible
heat>10. Due to the high temperature values registered, the media
gave extensive coverage to this event, often attributing it straight-
forwardly to climate change. However, to the best of our knowl-
edge, no specific analysis, neither statistical nor dynamical, has
been performed to date to confirm such attribution.

High temperature events in Antarctica must be framed within the
recent climatic evolution of the continent. The AP region has

I n early February 2020, the Antarctic Peninsula (AP) and sur-
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experienced one of the fastest warmings on the planet since the
19501116, However, part of this warming is linked to large-scale
atmospheric circulation constraints, particularly the strengthening
of the Southern Annular Mode (SAM)!317-20_ The climate of
the region is also influenced by tropical and mid-latitude
teleconnections?1-23, that together with the variations in the SAM
produce large intra-decadal variability in AP temperatures?2>,
including relatively cooling periods within the long-term warming
trend1426-29

Although the influence of anthropogenic climate change on the
generalized Antarctic warming is well established!316:30-33 jtg
role in the occurrence of specific events in this continent has been
barely explored. The 2019-2020 austral summer has been eval-
uated at seasonal and monthly scales®>® but not at the spatio-
temporal scales of the heatwave event. Recently, Xu et al.” pro-
vided a comprehensive evaluation of the contributing physical
mechanisms to the new local temperature record of Esperanza
station, but without discussing its potential relationship to climate
change. Here, we present the first assessment of the potential role
played by recent climate change in the 2020 heatwave event
considering the entire AP region. To that purpose, we use the
analog method adopted in recent publications for other regions
(e.g., refs. 34-36) Based on reanalysis and observed datasets we
provide evidence that the AP warming of the last decades has
contributed to exacerbate the magnitude of the 2020 event.

Results

The 2020 summer (herein defined as the period from December
2019 to February 2020) was a warm season in Antarctica, with
slightly warmer than average conditions over most of East Ant-
arctica but extraordinary warm anomalies over the AP, West
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Fig. 1 Highest temperatures recorded during the 6-11 February 2020 heatwave. Highest temperature and date for the available stations of the Antarctic
Peninsula and the 6-11 February 2020 period according the SYNOP messages. Squares include the station name and are filled with shading colors indicating
the date when the highest temperature was observed. Names in bold identify the long-term stations employed for additional analyses. For the Esperanza station
we show the record value reported by the WMO expert panel!, which is slightly different to that inferred from SYNOP messages (18.4 °C).
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Fig. 2 Summer 2020 anomalies and climatological distribution and trends. a Z500 (contours; gpm) and T2m (shading; °C) anomalies for the

2020 summer (Dec-Feb) with the AP region highlighted. b Daily time series of regional mean AP T2m over land (in °C) for the 2020 summer (black solid
line), with positive (negative) anomalies in red (blue). Dashed line shows the corresponding climatological values (1950-2019) and dotted vertical lines
indicate the 6-11 Feb 2020 period. ¢ Climatological (1950-2019) frequency distribution of the 6-day running mean series of AP T2m anomalies for all
summer days of the 1950-2019 period (in °C, wrt 1950-2019). Blue and red lines show the corresponding distributions for the past (1950-1984) and
recent (1985-2019) sub-periods, respectively. Vertical dashed line shows the 6-day mean AP T2m anomaly for 6-11 February 2020. d Time series of
summer T2m anomalies for the AP region (°C, wrt 1950-2019). The dashed line indicates the linear trend. Blue and red lines show the climatological

means for the past and recent sub-periods. Data source: ERAS reanalysis.

Antarctica and Victoria Land (Fig. 2a), where 2-m temperature
(T2m) anomalies exceeded 3°C (see also the Data section).
However, the warmest temperatures did not occur synchronously
in all those regions (Figs. 1 and S1). In particular, the AP region
experienced the warmest temperatures from 6 to 11 February
2020 (Fig. 2b). The highest local T2m (18.3 °C) was recorded at
Esperanza station on 6 February!. However, this record did not
correspond to the warmest day at the regional scale (10 February;
Fig. 2b). Indeed, during the 6-day heatwave period there were
four days with regionally averaged temperatures higher than
those on 6 February according to the ERA5 reanalysis.

The early February 2020 AP heatwave was associated with a
quasi-stationary high-pressure system over the Drake Passage.
The event displayed exceptional time-averaged characteristics for
the 6-day interval of 6-11 February, with local 500 hPa geopo-
tential (Z500) and T2m anomalies above 300gpm and 8°C
(Fig. 3a). Within the AP region, T2m anomalies were compara-
tively higher leeward of the AP mountain range, in agreement
with the anomalous upwind westerlies set by the high-pressure
system and the downslope Foehn winds (Fig. S2). During this
period, the 6-day running mean T2m and Z500 settled new
record values for the summer 1950-2020 distribution over most
of the area (Fig. 3b, ¢), and the 6-day mean spatial average of T2m
for the AP region was the highest ever recorded (Fig. 2¢). The
regional event occurred within a historical context of summer
warming over the AP (Fig. 2d; 0.2 °C dec™!, p <0.001), which is
also evident at shorter time-scales (compare the summer dis-
tributions of 6-day mean AP T2m for the first and second halves
of the analyzed period in Fig. 2c¢).

Figure 4a (left panel) shows the mean AP T2m anomaly for 6-11
February (4.5 °C; black dot) and the corresponding distributions
reconstructed from past (1950-1984; blue boxplot) and recent
(1985-2019; red boxplot) flow analogs (see Methods). The spread

of the distributions accounts for internal variability therefore
indicating the possible outcomes that are compatible with the
observed atmospheric circulation, as constrained by historical Z500
and mean sea level pressure (MSLP) fields. By construction, none
of the analogs capture the outstanding amplitude of the 2020 AP
heatwave, since the event was record-breaking. However, flow
analogs of the 2020 AP heatwave are largely biased towards warm
T2m anomalies during both sub-periods, indicating large influ-
ences of the atmospheric circulation, similar to those reported in
other attribution studies of heatwave events4-3¢. The comparison
of the past and recent distributions indicates that a similar flow
configuration would have caused larger AP warming (p <0.001) in
recent (1.9 °C on average) than in past decades (1.5°C). A greater
difference is obtained for the warmest analogs (i.e., high percentiles
of the distributions), which show AP T2m anomalies of up to 3.3 °C
in the recent period and 2.6 °C for the past, yielding a 0.7°C
warming of the event in just the last three decades. The number of
warm analogs, defined as those with AP T2m anomalies above 2 °C
(the 95th percentile of the climatological distribution), is also much
higher in the recent than in the past distribution (Fig. 4b).

To deep further into the magnitude of the event, we also
assessed the contributions of different physical processes to the
regional mean AP warming, namely horizontal temperature
advection, adiabatic warming by subsidence and diabatic heating
(see Methods). The AP temperature experienced small variations
before the heatwave (Fig. 5a), and scaled abruptly at the begin-
ning of the event (5 February), mainly due to warm horizontal
advection, with a secondary contribution of diabatic heating
(see green squares in Fig. 5b). The adiabatic term played a minor
role in this escalation, likely reflecting the lack of organized
subsidence during the development of the high-pressure
system. For the remaining days of the event (6-9 February), AP
temperatures kept at high values, with comparatively smaller
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Fig. 3 Anomalies and percentiles of the 6-11 February 2020 heatwave. a Z500 (contours; in gpm) and T2m (shading; in °C) anomalies (wrt. 1950-2019)
for 6-11 February 2020. b, ¢ Percentiles of the 6-11 February 2020 mean (b) T2m and (c¢) Z500, with respect to the climatological distribution of 6-day
running means obtained from all summer days of 1950-2019. Dashed and dotted regions indicate the 99th percentile and record-breaking values,
respectively. The AN and AP regions are highlighted in (a) and (b), respectively. Data source: ERA5S reanalysis.
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Fig. 4 Analog analysis of the 6-11 February 2020 heatwave. a Flow-conditioned distributions of 6-day mean AP T2m anomaly (colored whiskers; °C wrt.
1950-2019 in left y-axis) and normalized AN Z500/MSLP RMSD (grey whiskers; gpm in right y-axis) as reconstructed from analogs of the 2020 AP
heatwave (6-11 February 2020). Blue and light grey whiskers show the distributions from past (1950-1984) analogs, while red and dark grey whiskers
correspond to the recent sub-period (1985-2019). Left, central and right insets in (@) show the distributions obtained from the raw data, SAM-removed
data, and detrended data respectively. Boxes denote the 25th-75th percentile ranges and whiskers span the 15t-99th percentiles. Black dot indicates the 6-11
February 2020 mean T2m anomaly in the AP region. b Cumulative distribution function with the relative frequency of past (blue) and recent (red) analogs
displaying 6-day mean anomalies of AP T2m above a given threshold (x-axis). Data source: ERAS reanalysis.

warming tendencies. Different to the growing phase, persistence
was dominated by subsidence (Fig. 5a) associated with the quasi-
stationary intense high-pressure system (Fig. S3), although sus-
tained warm advection contributed to maintain the regional mean
anomaly. When the whole event is considered (black dots in
Fig. 5b), horizontal advection and adiabatic warming showed
similar contributions to the AP warming. The evolution recon-
structed with flow analogs (colored distributions in Fig. 5b)

reproduces the observed balance of the contributing terms and
hence the relevant mechanisms of the 2020 AP heatwave. The
intensification of the 2020 AP heatwave is also consistent with
increases in horizontal advection (p<0.001) and adiabatic
warming (p <0.001) during recent analogs. For the same atmo-
spheric configuration, a warmer atmosphere is expected to cause
warmer advection as well as enhanced compression by thermal
expansion and associated deepening of high pressure systems.
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Fig. 5 Physical processes contributing to the 6-11 February 2020 heatwave
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over the warming period (5-9 February 2020) of the 2020 AP heatwave, as reconstructed from past (1950-1984, blue whiskers) and recent (1985-2019,
red whiskers) flow analogs. The contributing terms include horizontal temperature advection (Adv), adiabatic warming (Adiab) and diabatic heating (Diab).
Black dots indicate the observed mean values for 5-9 February 2020, with green squares corresponding to the escalation phase (5 February 2020). Boxers

and whiskers follow the same layout as in Fig. 4. Data source: ERA5 reanaly

On sub-regional scales, local processes associated with the lee-
ward Foehn winds also contributed to the observed AP warming
during the 2020 heatwave by increasing temperatures over the
eastern half of the AP. This is supported by a partition analysis of
analog days, which confirms an additional ~0.2°C (p <0.001)
regional mean warming when flow analogs are accompanied by
Foehn effect (FE; see Methods). Accordingly, FE-constrained
analogs are also associated with significantly larger warm advection
and adiabatic warming over the AP than non-Foehn (nFE) analog
days. Ultimately, the enhancement of these drivers of AP warming
during FE days can be traced back to subtle changes in the large-
scale high-pressure system that prompt the favorable upwind
conditions for the Foehn effect (Fig. S4). They include the
strengthening of northwesterly winds over the AP and attendant
transport of warm moist air masses, which have been related to
Foehn warming downwind37-39,

As the atmospheric circulation was key for the heatwave event
(e.g., ref. 9) and it is constrained by the flow analogs, the difference
between the past and recent distribution of AP T2m anomalies
(Fig. 4a) could in principle be attributed to thermodynamic
changes. However, the Antarctic region has also experienced sub-
stantial dynamical changes -here defined as those in atmospheric
circulation- that may affect the characteristics of the analogs,
therefore potentially contributing to the differences in the recon-
structed distributions of AP T2m anomalies. Although the dis-
tribution of root-mean squared differences (RMSD) of Z500/MSLP
is similar for the past and recent analogs (Fig. 4a; grey boxplots),
the frequency of analogs has decreased significantly through the
1950-2019 period (p < 0.01; Fig. S5a). This trend may reflect recent
dynamical changes, the most notable ones in the AP region being
those associated with the summer SAM trend, and attendant
decreases in the frequency of summer ridge patterns*%41. However,
we did not find a significant correlation between SAM and the
summer frequency series of analogs (r = —0.168; p > 0.05), as one
would expect from a SAM driving. Furthermore, the correlation
coefficient is similar after detrending these series (r= —0.165;
p>0.05), indicating that if there is any interannual effect of the
SAM on the analog frequency it has changed little with its
increasing trend. Finally, the trend in the frequency of analogs
remains unaltered after removing the effect of SAM-congruent
trends on the mean circulation fields (Fig. S5a). If any, the SAM
trend has counteracted the deepening trend of high-pressure sys-
tems: the magnitude of Z500 anomalies during recent analogs is
lower than would have been without a SAM trend (Fig. S5b). In
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spite of this, the analog-based distributions of AP T2m anomalies
change little after accounting for the trend in the summer SAM: in
absence of changes in the SAM, the 2020 AP heatwave would still
have been ~0.6 °C warmer now than in the past (Fig. 4a, middle
panel). Therefore, we hypothesize that there have been limited
influences of long-term SAM changes in the recent intensification
of 2020-like AP heatwaves.

To explore whether long-term dynamical changes other than
the SAM trend can explain the warming signal, we repeated the
analysis by removing the regional mean summer trend in Z500
and MSLP (and not only that due to SAM changes). The results
are similar to those obtained with the SAM-detrending experi-
ment (not shown), confirming that long-term dynamical trends
in the AP region have been largely driven by the SAM. In par-
ticular, the reconstructed T2m distributions for the 2020 AP
heatwave still preserve much of their original differences
(Fig. S6a). Therefore, dynamical trends, either associated or not
with the increasing SAM cannot explain the reported warming of
2020-like AP heatwaves. On the contrary, when the regional
mean AP T2m trend is removed from the data (either in isolation
or along with the AN Z500/SLP trend), the differences between
the past and recent analog distributions disappear (Fig. 4a, right
panel). These results point to major influences of long-term
regional mean warming in exacerbating the magnitude of the
2020 AP heatwave. This summer AP warming cannot be
explained by atmospheric circulation changes (the SAM trend)
either, which stresses the importance of thermodynamical aspects
of climate change.

Discussion and conclusions

Previous studies have described the extreme conditions that
affected the Antarctica during the 2019-2020 summer, focusing
on either monthly mean temperatures®337 or daily extreme
temperatures at specific locations (namely the Esperanza station;
ref. %). Although complementary, our analysis differs from these
previous assessments by adopting an event approach that focuses
on the February 2020 heatwave event (6-11 February 2020) and
the entire AP, including the new all-time daily surface tempera-
ture record in the continental Antarctic region.

An event of this magnitude has been unprecedented over the
region in the last 70 years. It was associated with the occurrence
of a large quasi-stationary high-pressure pattern at the northern
extreme of the AP region. The warm advection accounted for a
substantial fraction of the abrupt regional mean temperature
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escalation, which was additionally assisted by adiabatic warming
during the maintenance phase. The anomalous circulation also
contributed to the event magnitude by setting the favorable
upwind conditions for Foehn winds and associated leeward
warming over the eastern half of the AP. Despite setting new all-
time records beyond the available instrumental period, we find
that atmospheric circulation events similar to the 2020 AP
heatwave would have been colder under past climate conditions.
Specifically, recent changes have exacerbated the severity of this
class of event by at least 0.4 °C (p < 0.001), which represents ~25%
of its historical magnitude, and the probability of experiencing a
6-day event with AP T2m anomaly above 2 °C is now ten times
larger than just a few decades ago.

Our results suggest that changes associated with the increasing
trend in the summer SAM played a minor role in the exceptional
magnitude of the 2020 AP heatwave. Additional analyses yield a
similar small influence of overall long-term trends in the large-
scale circulation. In agreement with previous studies reporting a
decrease in the frequency of summer ridges**4!, we find a
declining frequency of high-pressure patterns similar to that took
place at the time of the 2020 AP heatwave, along with an
increasing amplitude of such atmospheric circulation patterns.
However, we do not find convincing evidences for a SAM driving
of these changes. If any, the SAM trend acted against the climate
change signal by weakening the deepening rate of these high-
impact systems. Accordingly, when SAM-induced trends are
disregarded, we obtain a slightly stronger climate change signal in
the event magnitude (0.6 °C). Therefore, recent changes in the
atmospheric circulation cannot explain the exacerbated magni-
tude of this extreme event, and hence the climate change signal
detected herein should be largely ascribed to thermodynamic
changes. This is supported by additional experiments where the
regional mean warming signal is removed from the data.

Although our results are robust to methodological choices, we
acknowledge potential limitations and assumptions in the adop-
ted approach, some of which are inherent to the analog method
(e.g., refs. 3442). They include the relatively short periods to
search for good enough flow analogs, and the inability to disen-
tangle specific anthropogenic factors from the overall climate
change signal#?%3. Regarding the latter, many environmental
changes have occurred in the AP region since the mid-20th
century!®44, The circumpolar circulation has contracted with the
predominance of the positive phase of the SAM resulting from
both the greenhouse gases increase and stratospheric ozone
depletion3%4>46_ Internal variability counteracted the warming of
the AP region in the early 215 century?®27 but this hiatus has
been hypothesized to end?®. A recent study has demonstrated that
when the SAM-congruent trend is removed from the observed
surface temperature trend, a background warming trend (con-
sistent with the overall global warming) is observed over the past
60 years!3, therefore linking regional mean AP warming with
anthropogenic factors33. In agreement with the climate change
signal detected herein for the 2020 AP heatwave event, long-term
trends in warm extremes at Rothera and Halley stations have also
been associated with accelerated regional warming®’. The short
record of observations, the large interannual to decadal variability
of the AP region!4*8 and the multiplicity of drivers (e.g., SAM,
the Amundsen Sea Low, El Nifno Southern Oscillation (ENSO),
sea ice variations; refs. 2448-51) make it difficult to attribute this
summer AP warming to specific processes (e.g., water vapor and
albedo feedbacks, enhanced warm air mass intrusions from
extratropics, etc.), which still remain poorly explored and should
be subject of future studies. In spite of this, the link between
the AP warming and the global warming reported in previous
studies (e.g., refs. 1316:33:52) and the projected increases in the
frequency and/or severity of Antarctic heatwaves under higher

concentrations of greenhouse gases? lets us anticipate that the
warming signal detected at the event scale can be largely attrib-
uted to anthropogenic factors. We encourage additional sup-
porting analyses based on different datasets, attribution methods
and climate models of diverse complexity.

Data and methods

Observational data. Station-based temperatures in the AP were
obtained from the SYNOP messages (Fig. 1). Observational daily
mean temperature anomalies (see Fig. S1) were computed with
respect to the climatological (1950-2019) mean temperature of
the summer season (December-January-February) using high-
quality long-term series with more than 30 years of observations
(Fig. 1 in bold) from the SCAR MET-READER surface station
dataset>®. This dataset was also used to validate temperature
reanalysis data. Monthly mean values of 500 hPa geopotential
height (Z500) at 00 and 12 UTC for four stations available in the
AP region (Bellingshausen, Marambio, Faraday/Vernadsky and
Rothera) were also retrieved from the SCAR MET-READER
upper air dataset to validate the reanalysis data.

Reanalysis data. The state-of-the-art ECMWF ERA5 reanalysis®
was used in this study for the 1950-2020 period, which allows the
assessment of changes during the last decades. This reanalysis has
been extensively validated in Antarctica, presenting the best
performance with respect to other reanalysis products®®->8, To
reduce the uncertainty, especially for the pre-satellite era, we used
the 10-ensemble member mean fields provided by ERA5. We
retrieved several meteorological 3-hourly variables with a hor-
izontal resolution of 0.5°, including 2-meter temperature (T2m),
mean sea level pressure (MSLP) and 500 hPa geopotential height
(Z500). The 3-hourly values of each day (00, 03, 06, 09, 12, 15, 18
and 21 UTC) were averaged to produce daily means. Z500 and
T2m fields were validated using radiosonde and station data for
the 1950-1984 and 1985-2019 sub-periods. For the validation
process of the reanalysis product we used the available observa-
tions all year-round (Fig. S7), as well as the summer months only
(Table S1). These datasets compare well, with slightly lower mean
absolute error and higher correlation coefficients for the more
recent sub-period. However, the performance of ERA5 drops
noticeably in the first years, prior to the deployment of most
Antarctic stations during the 3rd International Polar Year
(1950-1956). We confirmed that excluding those years does not
introduce significant changes in the results. The sign of Z500 and
T2m biases varies across the stations, indicating that there is not a
systematic deviation over the AP region (Table S1).

Analog method. To evaluate the role played by climate change in
this event we used the analog method for the period comprised
between 6 and 11 February 2020, which exhibited the largest T2m
anomalies (above 3.5 °C) over the AP region [62-70°S 76-55°W]
(Fig. 2c) and many of the observational stations (Fig. S1).
Anomalies are computed with respect to the climatological
(1950-2019) mean of the summer season. This attribution
method infers the probability distribution of a target field from
the atmospheric circulation during the event (e.g., ref. 43, and
references therein) and has been extensively used to evaluate
changes in the magnitude of major European heatwaves
(e.g.3>30°960) The method assumes a key role of the atmospheric
circulation in the extreme event, which was already demonstrated
by ref. ? for the 2020 heatwave at Esperanza station. The atmo-
spheric circulation and the heatwave event were characterized by
the daily mean MSLP and Z500 fields over the [55°-78°S;
120-40°W] region (AN region hereafter) and by regional means of
daily mean T2m over the AP region, respectively. These daily fields
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were derived from 3-hourly values of the 10-ensemble mean of
ERA5. The regional mean T2m series for the AP region was
computed from land grid points only (including ice shelves) by
using a land-sea mask. The AN region was defined to span the
main weather systems that affect the AP, such as the summer
Amundsen-Bellingshausen Sea Low. These atmospheric circulation
fields over AN capture well the anomalous high-pressure system
associated with the event. We obtain similar results if the MSLP or
7500 fields are used in isolation to constrain the atmospheric cir-
culation, and if other target fields (e.g., 850 hPa temperature) are
employed to characterize the amplitude of the event.

We searched for historical flow analogs of the heatwave event in
every summer of the 1950-2019 period by computing the RMSD of
the normalized MSLP and Z500 anomaly fields over the AN area
(after weighting by the square root of the cosine of the latitude).
Then, for each day of the heatwave period, we identified flow
analog days as those with RMSD < 0.9 standard deviation, which
roughly corresponds to the 5 percentile of the distribution. The
regional mean T2m anomaly distribution of the AP region was
reconstructed from analog days of the past (1950-1984) and recent
(1985-2019) sub-periods separately. These distributions were
obtained by picking randomly the anomalous T2m of one of their
analog days, and repeating this process N = 5,000 times. This yields
a circulation-constrained temperature distribution for the past and
recent sub-periods, i.e., the AP T2m anomalies that could be
expected in these sub-periods under atmospheric circulation
conditions similar to those recorded at the time of the event. We
tested the sensitivity of the results to methodological choices,
including the pool size of analogs (i.e., different RMSD thresholds),
the definition of flow analogs (e.g., by setting a fixed number of best
analogs), the selection of the spatial and temporal domains of the
event (AP and AN regions), and the timing of analogs (the summer
months of the pool), obtaining similar results.

To account for long-term changes in the dynamical and
thermodynamic fields, the analog method was also applied after
removing the linear trend of the summer mean AN MSLP/Z500
and AP T2m separately. The detrended value for each summer
was applied to all days of that summer (and, in the case of MSLP
and Z500, to all grid points of the AN region) to obtain the
detrended daily series of atmospheric circulation fields and
AP T2m.

As an additional experiment, we also removed the mean changes
in AN MSLP/Z500 and AP T2m associated with the increasing
trend in the summer SAM. The SAM index was computed from
monthly ERAS5 data, following Gong and Wang®!:

SAM = MSLP* ;. — MSLP* ;. (1)

where MSLP* is the normalized zonal mean MSLP at the given
latitude. The summer SAM series was obtained by averaging the
monthly values of each summer. To determine the SAM-induced
trend in the time series of AN MSLP/Z500 and AP T2m, we used
the method developed by Thompson et al.®2, which has already
been applied to quantify the SAM influence in Antarctic
temperature trends'3. We first linearly regressed the detrended
summer series onto the detrended SAM index over the 1950-2019
period, and multiplied the regression coefficient by the SAM trend.
The resulting slope accounts for the trend in the regional mean
series that is congruent with that in the SAM. As in the detrended
exercises described above, this trend was removed from the original
daily series of MSLP/Z500 and AP T2m, obtaining the residuals,
which retain the component of the regional mean summer trend
that is linearly independent of the SAM index. The detrended and
SAM-removed experiments yielded similar results if the process is
applied to each grid point, therefore accounting for spatial changes
in the patterns, rather than to the spatially averaged series of AN
MSLP/Z500 and AP T2m.

Thermodynamic equation and associated physical processes.
To assess the contribution of different physical processes to the
escalation and maintenance of regional mean temperatures dur-
ing the 2020 AP heatwave, we used the thermodynamic equation,
which governs the temperature tendency:

AT T 36

— =—Vv.V,T—0-——+ Q

p
At N ~ _ (7] Bp m (2)
Tend v Adiab

where v is the horizontal wind, T the temperature, @ the vertical
velocity in pressure coordinates, 6 the potential temperature and p
the pressure. Equation 2 was evaluated at 975 hPa (we obtain similar
results at 950 hPa; not shown), which is justified by its proximity to
the surface and the need of computing vertical gradients. Tend
represents the daily temperature tendency, i.e., the forward differ-
ence of 975 hPa temperature (T975) between the beginning and the
end of the day at 00 UTC. Adv is the T975 advection by the hor-
izontal wind at the same pressure level (the zonal and meridional
wind fields, U975 and V975). Adiab represents the adiabatic heating
due to vertical motion (w975) and thermal stratification (the vertical
gradient is estimated from temperature at 950 hPa and 1000 hPa
pressure levels, T950 and T1000). Finally, Diab shows the change in
temperature due to diabatic processes. The three first components
were computed at each grid point before averaging over the AP
region. The Diab term, encompassing radiative and heating fluxes,
does not allow an explicit computation at the required pressure level
and was estimated as the residual of Eq. 2, although it might also
include other factors such as sub-grid turbulent mixing or numer-
ical errors. With all, the contribution of this term to the event was
found to be of secondary importance (lower than Adv) and more
frequently negative (i.e., counteracting additional warming). We
used the relative contribution of each term to evaluate the dominant
mechanisms during the AP warming period (5-9 February; ie,
when the Tend term was positive), which includes the building up
and maintenance phases of the event. These terms were also eval-
uated for the flow analogs of the 2020 AP heatwave. As the Tend
term also depends on the specific pattern preceding the analog one,
which may be different to the observed one, the selection of analogs
for this analysis was limited to those with Tend >0 (as in observa-
tions), although the results do not change if all analogs are used
instead.

Foehn effect. To diagnose the occurrence of Foehn winds
downwind of the AP cordillera, we calculated the mountain
Froude number in the AP region:

Uin

NH 3
where H is the mountain height, taken as 1000 m, which is the
approximated maximum elevation of the AP region in ERA5, and
Ui, is the regional mean wind speed blowing perpendicular to the
mountain, herein evaluated at 975hPa. As the AP mountain
range stretches roughly from SW to NE, we approximated Uj,
from the wind speed in the NW-SE direction, with positive values
denoting northwesterly winds and negative values denoting
southeasterly winds:

U;, = U975 - cos(45°) — V975 - sin(45°) (4)

Fr=

Finally, N is the Brunt-Viisild frequency in pressure
coordinates:

0 odp

where p is the density of the air, g is the gravity acceleration, 0 the
potential temperature and p the pressure. Equation 5 was
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evaluated at 975 hPa, using the regional mean T950 and T1000
fields over the AP region to calculate the derivative.

Summer days were classified into those with Foehn effect (FE)
and non-Foehn effect (nFE). To do this, we followed King et al.®3,
who showed that Foehn conditions in Larsen C are often
associated with Fr>0.2. Using this threshold, all but one day of
the 2020 AP heatwave displayed Foehn conditions. Analog days
of the 2020 AP heatwave were also classified into FE and nFE
days to estimate the potential effects of Foehn winds in the
magnitude of the event and the associated changes in its major
drivers (Adv and Adiab). FE days make up 62% of the 2020 AP
heatwave analog days, which is significantly higher than the
climatological frequency of summer days with FE (~25%),
confirming that FE is to a large extent conditioned by the
large-scale atmospheric circulation. Accordingly, we obtain
qualitatively similar results to those reported in the main text if
only FE analog days are used to constrain the 2020 AP heatwave
(e.g., Fig. Séb).

Data availability

Data used in this study are publicly accessible. SYNOP messages can be obtained from
https://www.ogimet.com/. Observational data from SCAR MET-READER can be
downloaded from: https://legacy.bas.ac.uk/met/READER/. ERA5 dataset can be
downloaded from: https://cds.climate.copernicus.eu/.

Code availability

Main Python codes used in this study are available in the following Githut repository:
https://github.com/sergigonzalezh/2020 AntarcticHeatwave_attribution_analogs.
Additional codes are available upon request.
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