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Influence of large-scale circulation and
local feedbacks on extreme summer heat
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Check for updates

Soledad Collazo 1,2,3 , Solange Suli 1,2,3, Pablo G. Zaninelli3, Ricardo García-Herrera 1,3,
David Barriopedro 3 & José M. Garrido-Perez 1

The summer of 2022/23 in Argentina set a record with ten heatwaves. Here, we compare the synoptic
and thermodynamic conditions of the four heatwaves with the largest spatial extent using ERA5
reanalysis data. All heatwaves were associated with mid-level anticyclonic anomalies but with
different characteristics: three were quasi-stationary high-pressure systems, while one was transient.
We also find that enhanced surface fluxes strongly influenced the daily temperature evolution.
Furthermore, we perform an attribution exercise using the analogue technique to measure the
contributions of atmospheric circulation, soil moisture, and climate change. For quasi-stationary
events, the main contribution came from the circulation (up to 2 °C relative to random flow in the
present climate). Conversely, the transient heatwave showed a stronger association with extreme soil
moisture deficits, with an estimated increase of ~+1 °C relative to wetter conditions. Climate change
has also increased the intensity of heatwaves by +0.5 to +1.2 °C relative to previous decades.

The summer of 2022/23 inArgentinawas unusually warm1, being the hottest
in the last 60 years. During the extended warm season fromNovember 2022
to March 2023, Argentina experienced an exceptional number of ten heat-
waves, differing in intensity, geographical extent, and duration2,3. The
November-January2022/23quarterproved tobe thewarmest (+1.7 °C) in60
years of records, with several locations across the country experiencing
record-breaking daily maximum temperatures (TX). For instance, Bariloche
in Patagonia recorded its highest November TX (32.5 °C) since 19614. In
December 2022, TX reached 44 °C at several locations in the north (e.g.,
Tucumán)5. Although no record-breaking TX was evidenced in January
2023, various weather stations in the south experienced annual records in
minimum temperatures (e.g., Viedma, 26.3 °C)6. In February, Ezeiza Airport
set bothmaximumandminimum temperature records (39.6 °C and 27.8 °C,
respectively)7. Similarly, in March 2023, new records were set over central-
eastern Argentina. In particular, Buenos Aires recorded a historic TX
(38.9 °C), a value that had never been observed in the city in the last 117 years
of recorded data3 (station locations are shown in Supplementary Fig. 1).

Previous studies have analysed the atmospheric circulation associated
with mid-latitude heatwaves (e.g., Barriopedro et al.8; Geirinhas et al.9 and
references therein). These extreme events are typically characterised by

anomalous large-scale circulation, such as atmospheric blocking (e.g., Sousa
et al.10), subtropical ridges (e.g.,Wanget al.11), andRossbywavepackets (e.g.,
Fragkoulidis et al.12). Specifically, South American heatwaves exhibit
regional differences13. Subtropical South American heatwaves are triggered
by persistent co-located anticyclonic patterns, which can be attributed to
shifts or intensification of subtropical semi-permanent high-pressure
systems9,14. Conversely, southern South American heatwaves are driven by
extratropical systems that block the westerly flow. All of these processes can
lead to warm temperature advection, and adiabatic warming by subsidence
and/or diabatic heating, promoting a favourable environment for the
occurrence of heatwaves13.

Remote drivers, such as the South Atlantic Convergence Zone (SACZ)
or the South American Low-Level Jet (SALLJ), have also been suggested to
play an important role in the development of South American summer
heatwaves (e.g., Cerne andVera15). Regional studies have demonstrated that
an active SACZ promotes subsidence and anticyclonic circulation over
south-eastern South America, increasing temperatures in the region16. In
addition,Cerne et al.17 provide evidence that the intensification of the SALLJ
results inwarmandmoist advection from theAmazonbasin towards south-
eastern South America, which plays a crucial role in the development of
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heatwaves in central Argentina. Furthermore, Liebmann et al.18 report an
anomalous dipole pattern between SACZ activity and the SALLJ strength.
They observe that enhanced (suppressed) convection over the SACZ cor-
responds to a weakening (strengthening) of the SALLJ.

Interannual variability also contributes to the development of heat-
waves in South America. The El Niño–Southern Oscillation (ENSO) is one
of themost important drivers of year-to-year variability in weather patterns
worldwide19. In north-eastern Argentina, the most pronounced impact of
ENSO tends to occur from September to March, where above-average
(below-average) precipitation is observed during El Niño (La Niña)
phases20,21. In 2022, Argentina experienced its third consecutive year of
devastating drought due to persistent triple-dip La Niña conditions22 —a
rare phenomenon that had only occurred twice in the preceding 60 years.
This outstanding 2020–2023 La Niña event has been identified as the pri-
mary driver behind precipitation deficits, severe soil desiccation, and
extreme drought in central-eastern South America23.

Prolonged drought can have a major effect on soil moisture24 and thus
on the balance of turbulent heat fluxes25,26. Dry soil conditions increase the
influence of soil moisture content on evapotranspiration in regions with a
transitional regime (an intermediate state between arid and humid
conditions)25, leading to soil moisture-atmosphere coupling25,27–30. Several
previous works have indicated south-eastern South America as one of the
main hot spots of soil moisture-atmosphere coupling in the continent26–28.
Moreover, substantial effort has been devoted to investigating the rela-
tionship between soil conditions and temperature patterns, including their
variability29,30. Coronato et al.31 show that the impact of anomalous dry/wet
soil conditions on the intensity and duration of hot days is amplified when
there is soil-atmosphere coupling.However, all these studies have examined
the soil moisture-atmosphere feedback from a climatological perspective or
explored its potential impacts under climate change scenarios30,32,33. Recent
studies focusing on South America have also linked the strong soil-
atmosphere coupling to the occurrence of specific heatwave events. For
example, a strong soil moisture-temperature coupling led to record-
breaking temperatures in south-eastern Brazil in 2013/14, exceeding the
previous record by almost 5 °C, and played a crucial role in the initiation of
an exceptional mega-heatwave that persisted for approximately 20 days34.
Furthermore, Libonati et al.35 emphasise the importance of the compound
drought-heatwave event as a trigger for the extensive fires in the Brazilian
Pantanal in 2020.

The objective of this study is to characterise the four most extensive
heatwaves recorded during the hottest summer of 2022/23 in Argentina. To
achieve this, three complementary analyses are conducted: synoptic analysis
basedoncirculation composites, thermodynamic analysis basedon thedaily
evolution of temperature tendency, and attribution analysis based on the
application of the analogue technique. In particular, the latter analysis
considers the role of atmospheric circulation, extreme drought and climate
change in the TX anomalies recorded during the heatwaves.

During the warm season of 2022/23, heatwave events were char-
acterised by the presence of bothquasi-stationary and transient anticyclonic
anomalies in the mid-level atmosphere. These anomalies led to clear skies,
subsidence, and warming conditions. Additionally, diabatic heating was the
primary driver of daily temperature variations during the life cycle of these
events. The attribution analysis reveals that atmospheric circulation plays
the most relevant role in driving all heatwaves except the transient one,
increasing TX anomalies by up to ~2 °C relative to a random flow under
current climate conditions. The amplification of the heatwaves was also
strongly influenced by the extremely dry soil conditions resulting from
successive LaNiña years and the soil-atmosphere coupling,which proved to
be themain driver of the transient event. Finally, we demonstrate that global
warming has also contributed to an increase in the intensity of these heat-
waves, ranging from 0.5 to 1.2 °C relative to the 1951–1980 period.

Results and discussion
To provide context for the extended summer (NDJFM) of 2022/23, we
analyse the standardised anomalies of TX in southern South America (80-

45°W 60-20°S) using ERA5 data. Figure 1a shows widespread warm
anomalies over most of Argentina, with the central and northern regions
experiencing the highest anomalies, deviating by over four standard
deviations from the seasonal mean. The remarkable extension and intense
nature of these deviations led to the entire southern South America
experiencing an average anomaly of 1.56 °C above the 1981–2010 baseline,
marking the highest values recorded since 1950 (Fig. 1b). As shown in
Fig. 1b, anomalously warm NDJFM seasons have become more frequent
over the last century, which could be an indication of climate change.
Furthermore, by examining the ranking of anomalies for each grid point
(Fig. 1c), we observe that the extended summer of 2022/23 was the warmest
on record (1951–2023) in a large part of Argentina.

Regarding TX extremes, over 40% of warm season days in the central
region of the country were classified as a heatwave day (Fig. 1d). Further-
more, over 60% of the season’s days experienced strong heat stress condi-
tions according to the Universal Thermal Climate Index (Supplementary
Fig. 2a), which is 25% higher than expected based on climatology (Sup-
plementary Fig. 2b, c). Thus, the local population was exposed to a higher
thermal stress than they are adapted to, with possible negative consequences
for their health36. According to reports from the National Meteorological
Service (SMN)2, Argentina experienced ten remarkable heatwaves during
the warm season, setting a new record for the country. This study examines
the four heatwaves with the largest spatial extent, each covering more than
1.5 million km2 (Table 1), according to the heatwave algorithm37 (details in
Section “Heat waves detection”). Moreover, the algorithm calculates addi-
tional metrics to characterise the events (Table 1). Each of the four heat-
waves occurred in adifferentmonth and lasted from7 to17days. In termsof
mean intensity, they all had comparable values. The names of the events
were selected based on the prevailing synoptic forcing, as discussed below.

Another crucial aspect of the season was that it occurred during the
third consecutive year of La Niña conditions. The persistent La Niña event
was already identified as the main driver of the severe drought in central-
eastern South America23,38, a condition that has worsened over time39. Fig-
ure 1e displays the standardised soilmoisture anomalies during the 2022/23
warm season. Extensive soil moisture deficits were record-breaking in the
northern half of the country, considering data since 1950/51 (Fig. 1f). This is
consistent with the findings of Arias et al.38, who reported that 2022 was the
driest year in central Argentina since 1960. These record precipitation and
soil moisture deficits meant that much of the region also experienced sen-
sible heat fluxes (SHFs) above three standard deviations of the mean
(Fig. 1g), which were also record-breaking in a large part of northern
Argentina (Fig. 1h). Thus, regions affected by extreme temperatures coin-
cide with areas where soils were exceptionally dry and produced high SHFs.

Pacific anticyclone heatwave (PAHW)
PAHW occurred from 02 December to 15 December and mainly affected
central and northernArgentina (Fig. 2a). This event corresponds to the area
identified by the SMN, characterized by an unusual incidence of extremely
high TX, exceeding up to 40 °C onmultiple days5. Regarding the associated
atmospheric circulation, PAHW experienced significant positive geopo-
tential height anomalies at 500hPa (Z500), centred around 70°W and
extending over the South Pacific and central-northern Argentina (Fig. 2b).
These anomalies led to atmospheric stability and reduced convection
(Fig. 2c), promoting clear skies that are associatedwith radiative heating and
strong SHFs (Supplementary Fig. 3a), and facilitating the heatwave occur-
rence. In contrast, cyclonic anomalies, such as those observed in southern
Argentina, are typically not associated with heatwaves in this region.

Radiative heating and SHFs are processes included in the diabatic term
of the thermodynamic equation (Eq. (3) in “Methods”).DuringPAHW, this
term played a key role in driving temperature changes, favouring warming
at the beginning and end of the event (Fig. 2d). It is worth noting that
horizontal thermal advection contributed to the temperature increase
between 05 and 09 December, while it contributed to cooling towards the
end of the heatwave. During the period characterised by warm horizontal
advection, different trajectories of air masses reached central Argentina

https://doi.org/10.1038/s43247-024-01386-8 Article

Communications Earth & Environment |           (2024) 5:231 2



(Supplementary Fig. 4). From 05 to 07 December, the inflowing air origi-
nated from themid-latitudes of the PacificOcean and entered the continent
before taking an anticyclonic turn. In contrast, on 08 and 09 December, the
airmasses followed a continental path, originating five days earlier from the
central region of Brazil. Finally, in this event, the influence of vertical

thermal advection on temperature variations was relatively less than that of
the other two terms.

To further analyse the process related to the heatwave, we utilise the
analogue technique to assess the contribution of three factors to increasing
TX anomalies:
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Fig. 1 |Warm season 2022/23 inArgentina. a Standardisedmaximum temperature
(TX) anomalies [°C] in the warm season 2022/23 (NDJFM) with respect to the
period 1981–2010. b Spatial average over land in southern SouthAmerica (80-45°W,
60-20°S) of themean seasonal TX anomalies. cRanking of theTXof thewarm season
2022/23 compared to all warm seasons since 1950/51. d Relative frequency of heat
wave days during the warm season 2022/23. e Standardised water volume anomalies
in soil layer 1 (0–7 cm, the surface is at 0 cm) in the warm season 2022/23. f Ranking

of soil moisture deficits in the warm season 2022/23 compared to all warm seasons
since 1950/51. g Standardised surface sensible heat flux anomalies in the warm
season 2022/23. h Ranking of surface sensible heat flux in the warm season 2022/23
compared to all warm seasons since 1950/51. The rectangle in (a) indicates the area
where the thermodynamic equation is averaged, and where soil moisture is con-
sidered in the analogue study. *Credit line: Themaps were created by the first author
using the ggplot2 library108 in RStudio software.
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a. the influence of the mid-level atmospheric circulation by comparing
TX under constrained and random flow in the new world (Eq. (4)),

b. the impact of climate change by comparing TX between the new and
old world under constrained flow patterns (Eq. (5)), and

c. the amplification of TX anomalies due to soil moisture deficits by
contrasting dry and wet soil moisture conditions under constrained
flow (Eq. (6)).

For each comparison, the two-sample Kolmogorov-Smirnov test
revealed significant differences in the TX anomalies (see Section “Flow

Analoguemethod”). Therefore, TXanomalies obtained from the circulation
analogues differ significantly from those obtained from the random flow.
Additionally, a significant increase in TX anomalies is observed when
comparing the new world to the old one. Similarly, there is a significant
amplification of TX on dry soils compared to wet soils. The latter statement
responds to the surface energy balance. On dry soils, SHFs are increased at
the expense of latent heat fluxes due to limited water availability25. Con-
versely, the opposite occurs on wet soils.

Figure 3a shows that random circulation patterns lead to a wide range
of TX anomalies over north-central Argentina. In contrast, circulation
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Fig. 2 | Synoptic and thermodynamic conditions during the Pacific Anticyclone
Heatwave (PAHW). a Relative frequency of heatwave days from 02 December to 15
December. b Composite of geopotential height anomalies at 500hPa (Z500) [m,
shading] and sea level pressure anomalies (SLP) [hPa, contours]. c Composites of
Outgoing Longwave Radiation (OLR) anomalies [Wm−2].dTemporal evolution of the

1000-850hPa thermodynamic equation terms [K day−1, Eqs. (1)–(3)] in the region
shown in Fig. 1a. For composites, only anomalies significantly different from zero at
10% according to a Student’s t-test are shown. Climatology 1981–2010. The red box
indicates the area used to obtain atmospheric circulation analogues. *Credit line: The
maps were created by the first author using the ggplot2 library108 in RStudio software.

Table 1 | Heatwave metrics

Heatwave Start date End date Duration [days] Mean maximum temperature anomaly [standard
deviations]

Spatial coverage [km2]

Pacific Anticyclone (PAHW) 02 Dec 2022 15 Dec 2022 14 2.7 2,361,077

Multiple Forcings (MFHW) 04 Jan 2023 10 Jan 2023 7 2.7 1,709,794

Transient Anticyclone (TAHW) 03 Feb 2023 15 Feb 2023 13 2.9 2,011,079

Atlantic Anticyclone (AAHW) 07 Mar 2023 23 Mar 2023 17 2.8 1,610,111

Each heatwave is characterised by its date of occurrence, duration, intensity, and spatial extent.
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patterns aligned with PAHW analogues consistently result in higher tem-
peratures in the region, with an approximate increase of ~+1.3 °C in the
new climate compared to the median TX under random flow conditions
(Fig. 3a and Eq. (4), gΔTXc for PAHW). Furthermore, when comparing the
new world with the old one (Fig. 3a and Eq. (5), gΔTXcc), it becomes evident
that this constrained flow is associated with a more pronounced warming
effect in recent decades, accounting for ~+1 °C greater warming than
observed in the old world, primarily attributed to the influence of climate
change (although other processes such as changes in land use or aerosols
may also be influencing).

Soil desiccation also significantly amplified the TX anomalies during
PAHW in northern and central Argentina by playing an important role in
enhancing the warm conditions through the soil moisture-atmosphere
feedback25. Flow patterns, similar to those recorded during PAHW, tend to
produce increased anomalies when preceded by dry conditions (Fig. 3b). In
other words, dry conditions correspond to TX anomalies of ~+1 °C higher
than those obtained with wet soils for a similar atmospheric circulation
(Fig. 3b and Eq. ( 6), gΔTXsm for PAHW). This temperature response is
representative of a hotspot of land surface-atmosphere coupling, showing
how soil moisture constrains evaporation and triggers higher
temperatures25,31. Furthermore, this soilmoisture-temperature coupling can
manifest even with random atmospheric flow circulations since positive TX
anomalies are more likely to occur under regional drying conditions than
when soils are wet.

In summary, our analysis of PAHW reveals that the three factors
studied using the analogue technique were important in increasing TX
anomalies, each contributing ~+1 °C.

Multiple forcings heatwave (MFHW)
MFHW lasted for one week in early January. As reported by the SMN6 and
depicted in Fig. 4a, this event stood out for its large extension, particularly
affecting southern and central Argentina. An anticyclogenesis event
occurred in the Argentine Sea, resulting in a high-pressure system over
Patagonia (Fig. 4b). Simultaneously, the SACZ was active, as indicated by
the Outgoing Longwave Radiation (OLR) anomalies (Fig. 4c and Supple-
mentary Table 1). The enhanced convection over Brazil was associated with
a compensatory subsidence branch and the suppression of convection over
south-eastern South America15. As a result, the highest positive SHF
anomalies were observed in central and northern Argentina during this
event (Supplementary Fig. 3b).

The Z500 configuration led to an intensification of the polar front jet
(PFJ) and aweakening of the subtropical jet (Fig. 4d). This intensification of
the westerly belt around 60°S confined cold air to higher latitudes, which
hindered the progression of cold fronts into the mid-latitudes. A previous
study has identified this jet configuration as a contributing factor to warm
TX anomalies during the summer40. Among all the heatwave events

analysed in this study, MFHWexhibited the highest frequency of days with
zonal wind intensification at high latitudes and weakening at subtropical
latitudes (Supplementary Table 1).

A closer examination of the thermodynamic equation terms averaged
over the Patagonian region (Supplementary Fig. 5b) reveals that diabatic
processes were the primary drivers of the diurnal temperature variations
during the first half of the event, while horizontal advection dominated the
second half (Fig. 4e). This behaviour is a consequence of the location of the
anticyclonic system. Initially, the centre of the high-pressure system was
located over Patagonia, which promoted clear skies and radiative heating,
contributing to the diabatic term.Moreover, on thefirst day of the event, the
subsidence linked to this pressure system also contributed to the warming
(as seen in the vertical temperature advection term). In the following days,
the anticyclone shifted slightly eastwards, with its centre over the Argenti-
nean Sea. This shift facilitated the horizontal warm advection due to the
northerly flow. On the last day of the event, the anticyclone weakened, and
temperatures began to decrease.

For this MFHW, the analogue method is implemented in the Pata-
gonian region (with an analogue search region depicted in Supplementary
Fig. 5a and a TX reconstruction illustrated in Supplementary Fig. 5b). The
flow analogues show that this anticyclonic circulation is always associated
with positive TX anomalies in southern Argentina and is significantly dif-
ferent from the random circulation (Fig. 5a). Furthermore, climate change
plays an outstanding role in the intensification of TX anomalies under a
constrained circulation, as an increase of ~+1.2 °C (Fig. 5a and Eq. (5),gΔTXcc for MFHW) is observed relative to the old world.

Argentine Patagonia is a semi-arid region and, therefore, has a
weaker soil-atmosphere coupling than north-eastern Argentina25.
Nevertheless, Fig. 5b shows evidence of this coupling in the warm season
inPatagonia because, regardless of the atmospheric circulation, significant
differences are found in the empirical distributions of TXanomalies under
different soil moisture conditions. In this event, the prevailing antic-
yclonic circulation over Patagonia inhibited precipitation in the region
and generated negative soil moisture anomalies during the heatwave
(Supplementary Fig. 5c). Furthermore, the mean soil moisture anomalies
in the region were below the 33rd percentile of the climatological dis-
tribution in the 15 days before MFHW. Consequently, there was a con-
tribution of dry soil conditions to the amplification of the warm TX
anomalies by ~+0.7 °C during the event (compared to wet soil under
constrained circulation, gΔTXsm).

Therefore, among the three factors analysed using the analogue tech-
nique, the atmospheric circulation had the greatest impact on increasing the
median TX distributions. This conclusion is based on the comparisons of
constrained and random circulation medians, which revealed temperature
differences of ~+2 °C in the new world (Fig. 5a and Eq. (4), gΔTXc
for MFHW).

Fig. 3 | Flow analogue reconstruction of maximum temperature anomalies for
the Pacific Anticyclone Heatwave (PAHW). Flow conditioned reconstructions
from daily analogues of Z500 (dark grey boxes) and random (light grey boxes)
distributions of the mean TX anomalies at 2 m over the region shown in Fig. 1a for
the PAHW. a Reconstructions for the old and new world analogues, (b) and pre-
ceded by dry and wet conditions. Red dashed lines represent the mean maximum

temperature for the event in the region indicated by the green rectangle in Fig. 1a.
The difference between the two panels is due to the detrending of temperatures in
the wet-dry worlds (panel b). The boxes represent the interquartile range and the
line inside the box represents the median. The whiskers extend ±1.5 times the
interquartile range.
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Transient anticyclone heatwave (TAHW)
TAHWstarted in southernArgentina on 03 February and graduallymoved
northwards, eventually affecting the entire country (Fig. 6a). However, due
to its non-stationary nature, the frequency of heatwave days between03 and

15 February does not show a high peak at any specific grid point, although
local maxima are observed in the eastern region (Supplementary Fig. 6).
Moreover, due to its characteristics, the composite analysis during TAHW
leads to a loss of atmospheric circulationdetails. Therefore, Fig. 6b illustrates
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Fig. 4 | Synoptic and thermodynamic conditions during the Multiple Forcings
Heatwave (MFHW). a Relative frequency of heatwave days from 04 January to 10
January. b Composite of Z500 [m, shading] and SLP anomalies [hPa, contours].
c Composites of OLR anomalies [W m−2]. d Composite of zonal wind anomalies at
250hPa [m s−1]. eTemporal evolution of the 1000-850hPa thermodynamic equation

terms [K day−1, Eqs. (1)–(3)] in Patagonia (southern Argentina and Chile). For
composites, only anomalies significantly different from zero at 10%, according to a
Student’s t-test, are shown. Climatology 1981–2010. *Credit line: The maps were
created by the first author using the ggplot2 library108 in RStudio software.

https://doi.org/10.1038/s43247-024-01386-8 Article

Communications Earth & Environment |           (2024) 5:231 6



the daily evolution of the Z500 anomalies, providing a better understanding
of the relationship between the region affected by TAHW and the antic-
yclonic anomalies. A strong correspondence between the two is observed
when comparing Fig. 6a, b. On 03 February, the event began in Patagonia,
where an anticyclonic centre was observed. The system then moved north-
eastward and weakened towards 07 February, when a ridge formed over
Argentina. The next day, an anticyclonic centre began to develop over the
Argentine Sea, allowing the area of high pressure to extend back towards
Patagonia. Over the following days, this anticyclonic system intensified and
graduallymoved eastward. Finally, TAHWended in an intense cyclogenesis
over the Argentine Sea. This system caused a cold front to advance over the
country, resulting in cold horizontal advection and a sudden drop in tem-
perature (Supplementary Fig. 7). On 16 February, the spatial mean of TX in
central Argentina was ~8 °C below average.

Theanalysis of the thermodynamic equationhighlights the importance
of the diabatic term in explaining the daily temperature variations in the
central andnorthern regions of the country (Fig. 6c).During thefirst days of
February, this termplayed a crucial role inwarming the region.However, its
variability increased from 07 February onwards. Conversely, the horizontal
advection of temperature contributed to cooling at the beginning and the
end of the event, with only two days showing a warming influence. Finally,
the vertical advection of temperature was also slightly more relevant during
the early stages of the event, although it contributed less than 1 °C to the
temperature tendency.

Analogues are again used to assess the influence of atmospheric cir-
culation, climate change, and drought. The search for circulation analogues
narrows the range of variability of the reconstructed temperatures, revealing
an association with slightly warm anomalies (about half a degree warmer in
the new world compared to the 1951–1980 period). However, it should be
noted that this reconstructed temperature differs more from the observed
temperature (red dashed line in Fig. 7a) than for the other heatwaves ana-
lysed. This may suggest that the circulation plays a less important role than
in the other events. Nevertheless, another hypothesis is that the transient
characteristics of this heatwave make it difficult to adequately represent the
event using the analogue technique, since themethodology considers afixed
domain that does not capture the meridional displacement of the high-
pressure system.

Looking at circulation analogues constrained to soil moisture condi-
tions, we observed that drought plays a key role in generating positive TX
anomalies in north-central Argentina, contributing ~+1 °C (Fig. 7b and Eq.
(6), gΔTXsm for TAHW) to the anomalies (Fig. 6b). Conversely, temperature
anomalies close to 0 °C are obtained with the same circulation patterns but
underwet soilmoisture conditions. Thus, soilmoisture conditions exerted a
stronger influence on TX than atmospheric circulation analogues, which
contributed only a few tenths of a degree to the temperature increase.

Atlantic anticyclone heatwave (AAHW)
In March, the last major weather event of the season occurred, mainly
affecting centralArgentina (Fig. 8a andSMN3). This eventwas characterised
by the persistence of an anticyclonic anomaly in Z500, located in the South
Atlantic Ocean (Fig. 8b). Furthermore, a cyclonic anomaly centre was

observed at higher latitudes, which contributed to an increasedmid-latitude
horizontal pressure gradient and strengthened the PFJ (Supplementary
Fig. 8). As previously mentioned, this favoured warm conditions in
Argentina40.

OLR anomalies indicate that clear skies were favoured over north-
central Argentina (Fig. 8c), favouring positive SHF anomalies (Supple-
mentary Fig. 3d). Convection was also inhibited in the SACZ region
(Supplementary Table 1). During the inactive phase of the SACZ, heat and
moisture are transported from north-western to south-eastern South
America by a strong north-south flow driven by the SALLJ41,42. The day
before SALLJ events reach north-central Argentina, the north-western
region of the country experiences high SHFs, low latent heat fluxes, low
specific humidity, and warm surface air temperatures due to dry soil
moisture. These conditions are conducive to the development of a surface
thermal low43. The trajectories of the air parcels reaching the central part of
the country (64°W-31°S) at 850hPa on 10 and 11 March presented their
origin from north-western South America, following the Andes Mountain
range (Supplementary Fig. 9). In the following days, they tended to move
from positions a little further north-east but maintained a continental path.
Therefore, during this event, the largest moisture transports from the
Amazon basin to northern and central Argentina were recorded (Supple-
mentary Fig. 10). Under these conditions, on 11March, a new historical TX
record was set for March in Buenos Aires in 117 years of records44.

During the initial phase of the event (until 16 March), a persistent
warm horizontal advection was generally counterbalanced by cold vertical
advection (Fig. 8d). Consequently, the daily temperature variations mainly
corresponded to changes in the diabatic heat term. It is worth noting,
however, that an exception to this pattern occurred on 11 March, when all
three terms of the thermodynamic equation contributed to the warming,
resulting in a temperature increase of 2 °C compared to the previous day.

In the second half of the event, the diabatic term generally exhibited an
opposite influence than the other two terms. However, it was the combined
effect of the two advective terms that dominated the temperature changes,
inducing cooling during this period. On 20 March, the cold horizontal
advection was particularly pronounced. The back-trajectories for this day
indicated differences between the members of the Global Forecast System
ensemble used to obtain them (Supplementary Fig. 9). While some
ensemble members indicated a southerly origin, others suggested a north-
easterly origin. A stronger contribution of the southern flow and a larger
oceanic path could have influenced the temperature decrease. Towards the
end of AAHW event, the trajectories returned to a continental path from
central Brazil, and therefore, warm advection predominated in central and
northern Argentina.

Analyses of the atmospheric circulation analogues during AAHW
reveal that the constrained circulation results in TX anomalies of ~+1.9 °C
warmer than the randomcirculation fields in the newworld (Fig. 9a and Eq.
(4), gΔTXc for AAHW). In contrast, the random circulation often exhibits
negative TX anomalies. Therefore, the presence of an anticyclonic system
over the South Atlantic was critical for the occurrence of this event. Com-
paring the old and new world analogues, we find that the current global
warming conditionshave contributed to awarmingof~+0.8 °C (Fig. 9a and

Fig. 5 | Flow analogue reconstruction ofmaximum
temperature anomalies for the Multiple Forcings
Heatwave (MFHW). As Fig. 3 but over the Pata-
gonian region shown in Supplementary Fig. 5 and
for MFHW. a Reconstructions for the old and new
world analogues, (b) and preceded by dry and wet
conditions.
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Eq. (5), gΔTXcc for AAHW). Furthermore, we observe that when this cir-
culation coincideswithwet conditions, it results inTXanomalies of ~+1 °C.
Conversely, during periods of dry conditions, the TX anomalies tend to
surpass+2 °C (Fig. 9b). Therefore, the difference in TX anomalies between

dry and wet soils exceeds +1 °C (Fig. 9b and Eq. (6), gΔTXsm for AAHW).
We also note that detrendedTXanomalies can be reconstructed very closely
to those recorded during the event under flow analogues and low soil
moisture conditions.
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Fig. 6 | Synoptic and thermodynamic conditions during the Transient Antic-
yclone Heatwave (TAHW). a Heatwave location for each day. b Daily Z500 [m,
shading] and SLP anomalies [hPa, contours]. c Temporal evolution of the 1000-

850hPa thermodynamic equation terms [K day−1, Eqs. (1)–(3)] in the region shown
in Fig. 1a. *Credit line: The maps were created by the first author using the ggplot2
library108 in RStudio software.
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For AAHW, the increase in TX anomalies was attributed to atmo-
spheric circulation, global warming, and soil moisture conditions (Table 2).
However, the main factor contributing to the warming of approximately
+1.9 °C with respect to the random circulation in the new world was the
presence of an anticyclonic centre in the Atlantic (Eq. 4, gΔTXc).

Dynamical processes associated with the heatwave events
A common and characteristic feature of all the heatwave events was the
presence of amid-level anticyclonic system, which contributed significantly

to the occurrence of warm TX anomalies in Argentina. Extensive previous
research has consistently shown that anticyclonic systems play a relevant
role in promoting the formation and maintenance of heatwaves
globally8–10,13,45–49. Furthermore, Suli et al.13 found that extreme hot events in
southern South America are generally associated with quasi-stationary
high-pressure systems. In this regard, three of the four events analysed here
displayed this characteristic circulation. The only exception was TAHW,
whichwas linked to the advance of a transient high-pressure systemmoving
from Patagonia to northern Argentina.
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Fig. 8 | Synoptic and thermodynamic conditions during the Atlantic Anticyclone
Heatwave (AAHW). a Relative frequency of heat wave days from 07 March to 23
March. b Composite of Z500 [m, shading] and SLP anomalies [hPa, contours].
cComposites of OLR anomalies [Wm−2]. dTemporal evolution of the 1000-850hPa

thermodynamic equation terms [K day−1, Eqs. (1)–(3)] in the region shown in
Fig. 1a. For composites, only anomalies significantly different from zero at 10%,
according to a Student’s t-test, are shown. Climatology 1981–2010. *Credit line: The
mapswere created by thefirst author using the ggplot2 library108 in RStudio software.

Fig. 7 | Flow analogue reconstruction ofmaximum
temperature anomalies for the Transient Antic-
yclone Heatwave (TAHW). As Fig. 3 for TAHW.
a Reconstructions for the old and new world ana-
logues, (b) and preceded by dry and wet conditions.
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Among the events with a quasi-stationary anticyclone, the location of
the systemswas different. PAHWfeatured a dipole of Z500 anomalies in the
South Pacific, which has previously been associated with heatwaves in
central Chile13,14. Heatwaves of this configuration are typically rare and
short-lived, lasting on average about 3.5 days13. However, the December
2022 PAHW was remarkably longer than the average, lasting more than
10 days. On the other hand,MFHWandAAHWexhibited an extratropical
high-pressure system similar to those identified by Suli et al.13 for the
heatwave occurrences in Patagonia and central Argentina, respectively. The
anticyclonic system over extratropical latitudes acted as an atmospheric
block, disrupting the usual eastward propagation of pressure systems, and
contributing to the prolonged duration of the events. Moreover, this
atmospheric block promoted the suppression of the subtropical jet and the
intensification and southward shift of thePFJ,whichcouldhave contributed
to the enhanced warming in Argentina by reducing the frequency of cold
frontal passages40.

In addition to the mid-level circulation, some events exhibited other
dynamical processes.Anoteworthydistinction among themwas the activity
of the SACZ (Supplementary Table 1). Previous research has emphasised
the importance of the SACZ in heatwave evolution in subtropical South
America, with over 70% of events in the region being associated with an
active SACZ16. In a case study of the December 2013 heatwave, Alvarez
et al.16 highlight that the intensified SACZ contributed to the occurrence of
the event, which affected central and northern Argentina. Another study
shows that two-thirds of heatwave events in south-eastern Patagonia are
associated with convective conditions in the SACZ50. During the extended
summer of 2022/23, we observed that the active SACZ played a smaller role
than expected, according to previous studies, as only the January MFHW
showedpersistent intensified convection in central and south-easternBrazil.
This limited impact of the SACZ may be attributed to several factors
influencing its intra-seasonal variability, such as ENSO51,52, local sea surface
temperature conditions52,53, or the Madden-Jullian oscillation (MJO)54,55.
Although the La Niña phase tends to favour an increased occurrence of an
active SACZ51,52, the other drivers could have acted to prevent active SACZ
events. In this sense, according to the Brazilian National Institute of

Meteorology56, no active SACZ events were recorded in February and
March 2023. During the AAHW event in March, convective activity in the
SACZ regionwas strongly inhibited, favouring the inflowof airmasses from
the Amazon towards north-central Argentina, driven by an intense mer-
idional component associated with the SALLJ41,57,58. Thus, the AAHW
recorded the strongest moisture transport among all the events (Supple-
mentary Fig. 10).

Intra-seasonal variability, represented by the MJO, did not greatly
contribute to the amplification of TX during these heatwave events. In fact,
on somedays, itmayhave even facilitated a decrease in temperatures.Warm
anomalies over the extratropical part of the continent are associated with
phases 6 to 1 of theMJO in DJF59. During PAHW, theMJOwas only active
inphase 4between8and12December, as reportedby theAustralianBureau
of Meteorology (http://www.bom.gov.au/climate/mjo/, accessed in January
2024). This phase is related to cold anomalies in central-western Argentina
and northern Patagonia, which may have contributed to a decrease in
temperature in these regions. On the other hand,MFHWwas supported by
an active MJO in phase 7 only on the first day of the event and was inactive
on the other days. In TAHW, the MJO was active on all days of the event,
progressing between phases 4 and 6, which generally favoured cooling in
many heatwave-affected regions. Finally, the last event of the season
occurred in March when the relationship between the MJO and tempera-
tures over Argentina is not significant59. Therefore, although the MJO was
active, it would not have influenced TX during AAHW.

Interannual variability plays a crucial role in modulating synoptic and
intra-seasonal variability in SouthAmerica during summer60. Therefore, it is
necessary to analyse the impact of the La Niña event on the extraordinary
2022/23 warm season. In extratropical latitudes, the connection between
ENSO and atmospheric circulation anomalies is generated by stationary
Rossby wave patterns, which are triggered by anomalous convection over
the tropical Pacific21,61. Supplementary Fig. 11 displays the NDJFM 2022/23
Rossby wave propagating over the South Pacific Ocean and reaching the
South Atlantic Ocean, where anticyclonic anomalies and warm sea surface
temperatures (SST)were favoured.This atmospheric circulation reduces the
cyclone density over southern South America62, thus promoting the

Fig. 9 | Flow analogue reconstruction ofmaximum
temperature anomalies for the Atlantic Antic-
yclone Heatwave (AAHW). As Fig. 3 for AAHW.
a Reconstructions for the old and new world ana-
logues, (b) and preceded by dry and wet conditions.

Table 2 | Summary of the features and contributions of each heatwave

Heatwave Main circulation
features

Main thermodynamic term Analogue circulation con-
tribution (Eq. (4), g4TXc)

Analogue global warming
contribution (Eq. (5), g4TXcc)

Analogue soil moisture con-
tribution (Eq. (6), g4TXsm)

PAHW Pacific anticyclone Diabatic ~ 1.3 °C ~1 °C ~1.1 °C

MFHW Central-Eastern
Argentina→ SACZ
Patagonia →

Anticyclone

First half → Diabatic
Second half → Horizontal
advection

~2 °C ~1.2 °C ~0.7 °C

TAHW Transient Anticyclone Diabatic ~0.4 °C ~0.5 °C ~1 °C

AAHW Atlantic Anticyclone First half → Diabatic
Second half → Horizontal and
vertical advection

~1.9 °C ~0.8 °C ~1.2 °C

Quantification of the different factors involved in heatwaves from the different analogue exercises.

https://doi.org/10.1038/s43247-024-01386-8 Article

Communications Earth & Environment |           (2024) 5:231 10

http://www.bom.gov.au/climate/mjo/


increased frequency of anticyclonic conditions over Argentina, which are
necessary for heatwave events. Consistently, Collazo et al.63 have shown that
during thewarm season, LaNiña is theENSOphase that records the highest
number of compound dry-hot events in extratropical South America. On
the other hand, the La Niña phase also reduces the frequency and intensity
of the SALLJ and the associatedmoisture transport from the Amazon basin
to the mid-latitudes64,65. Therefore, the SALLJ mechanism only made a
noteworthy contribution during the last heatwave of the season (Supple-
mentary Fig. 10), which coincided with the decline of the La Niña event.

Another important aspect that emerges from Supplementary Fig. 11 is
the presence of warm SST anomalies in the southwest Atlantic. Previous
research has shown that this SST pattern usually leads to positive air tem-
perature anomalies extending across most of eastern South America66. For
instance, in January 2022, this SST configurationwas linked to aheatwave in
south-eastern SouthAmerica49.Moreover, the SACZ tends toweakenunder
these SST conditions, leading to a significant reduction in cloud cover and
precipitation66.

Finally, it should be noted that the modulation exerted by La Niña on
the South American climate during the warm season of 2022/23 may have
beenamplifiedbydecadal variability, as thePacificDecadalOscillation67was
also in its negative phase68. When bothmodes of variability are in their cold
phase, further weakening of the SALLJ and enhanced drying has been
observed over south-eastern South America during the warm season21,69,70.

Thermodynamical processes associated with the
heatwave events
All four case studies analysed share a common factor: the diabatic heat term
substantially influences the daily temperature variations in the near-surface
layer. This term is a complex variable that encompasses several processes,
including solar and terrestrial radiation, latent and SHF, and turbulent and
convective mixing71,72. Since multiple processes are involved, the analysis
presented here cannot identify which is dominant. Nevertheless, according
to recent researchby Schielicke andPfahl72, diabatic changes in near-surface
air temperature are mainly driven by SHF, which is strongest over dry soils.
Furthermore, Röthlisberger andPapritz73 have quantified the importance of
the processes involved in the thermodynamic equation leading to atmo-
spheric heat extremes on a global scale. Consistent with our findings, they
find that the diabatic term plays a crucial role in the occurrence of extreme
temperatures in north-western and central Argentina.

The influence of horizontal temperature advection in the thermo-
dynamic equation was more variable among the events. It was a relevant
contributor for a few isolated days in PAHW, MFHW and AAHW. The
highest temperature increases associatedwith this termwere observedwhen
the airmassmoving towards centralArgentinaoriginated from theAmazon
region and followed a continental trajectory. Finally, the vertical tempera-
ture advection term generally contributed less than the other terms of the
thermodynamic equation in all heatwaves analysed. Conversely, for the
January 2022 heatwave in southern South America, Zhang and Xie49 found
that the vertical advection term was the most relevant, followed by diabatic
heating. Nevertheless, there is a crucial distinction between our analysis and
that of Zhang and Xie49. The former only estimates the thermodynamic
equation terms at the 850hPa level. However, we evaluate the average in the
1000-850hPa layer to capture better the surface impact on the atmospheric
boundary layer. This could explain whywe find a higher contribution of the
diabatic term to the temperature tendencies.Moreover, asmentioned in the
Methods section, vertical motions in the lower levels of the atmosphere are
generally of limited magnitude. Consequently, the vertical advection of
temperature usually had aminimal influence on the temperature variations
of the studied heatwave events.

Global warming and soil condition contribution
The flow analogue technique has been widely used to attribute extreme
events47,74–78. In our research, we apply this methodology to discern the
influence of mid-level atmospheric circulation, soil moisture content and
globalwarming on the occurrence of heatwaves. Eachof these factors plays a

crucial role in explaining the temperature levels observed during such
events. Although the analogue flux approach does not provide an exact
reconstruction of the observed temperature anomalies, it facilitates the
quantification of the relative impact of each factor (Table 2). For this pur-
pose, we compare the differences between the medians of the probability
distributions obtained from various analogue exercises (Eqs. 4–6). Atmo-
spheric circulation emerged as the main driver behind the increase in TX
anomalies, except for TAWHdue to its transient development. However, it
is important to emphasise that for all the heatwaves studied here, the three
factors assessed through the flow analogue method favoured warmer con-
ditions. Despite these significant contributions to heatwave intensity, none
of them independently explains the observed temperature levels in each
event. The combined effect of these factors, interacting in a non-linear way,
shapes the observed heatwave intensity in a changing environment, making
the reconstruction of the observed temperature anomalies by simply
aggregating the individual assessments of each factor inadequate. Addi-
tionally, different assumptions are made in each analogue exercise (see
Section “Flow Analogue method”).

Regardless of themagnitude of the change,we show that the newworld
is associated with a warmer TX than the old world during all heatwaves,
which could be attributed to two key factors: a shift/intensification in cir-
culation patterns leading to amplified heatwave intensities, and/or the
influence of the temperature trend resulting from global warming. To
determine the role of the changes in the intensity of the atmospheric sys-
tems, we repeat the same analogue exercises, focusing on variations in the
Euclidean distance metric used to identify analogues (see Section “Flow
Analogue method”). Almost no differences are observed between the two
worlds, only a slight decrease in the Euclidean distance of MFHW accom-
paniedby an intensificationof theZ500field (Supplementary Fig. 12). These
results suggest that the observed change between both worlds is mainly due
to the temperature trend in a global warming context. In summary, we have
demonstrated that the temperature values recorded for flow analogue days
under new-world conditions are highly unlikely under old-world condi-
tions, except for TAHW for which, as mentioned, the analogue metho-
dology has some limitations.

In addition to the heatwave intensity, climate change also modifies the
frequency of these events79. Traditionally, Argentina experienced an average
of four heatwaves per summer between 1977 and 2018.However, during the
2022/23 warm season, a record of ten heatwaves occurred. This high
recurrence is part of awider trend of increasing frequency andpersistence of
heatwaves in southern South America between 1961–2014, and the pro-
nounced acceleration in the last decade of that period80–82. Attributional
studies have linked this acceleration to anthropogenic climate change, with
high confidence in south-eastern SouthAmerica andmediumconfidence in
south-western South America79. Specifically, the December 2013 heatwave
in Argentina was five times more likely in the current world with anthro-
pogenic emissions than in a world without such emissions83,84. Additionally,
in line with PAHW dates, the record temperatures observed during the
December 2022 heatwave were approximately 60 times more likely due to
human-caused climate change1. Consequently, cities have experienced
more consecutive hours of heat stress since the 2000s than in the previous
two decades, coupled with a greater persistence of such conditions85. The
combination of high temperatures, humidity, and clear skies recorded
during the 2022/23 heatwaves resulted in large areas of northern and central
Argentina experiencing very strong heat stress conditions (Supplementary
Fig. 13).Unfortunately, the exposure of the population to these extremeheat
events is projected to accelerate further in the future under intermediate and
extreme greenhouse gas emission scenarios63. Furthermore, the frequency
and intensity ofheatwaves inArgentina, aswell as thenumberof hot anddry
compound events, are projected to increase towards the end of the century
under moderate and high emissions scenarios63,80.

The analogue exercise applied to assess the contribution of soil
moisture content highlights the importance of the land-atmosphere cou-
pling in partially explaining theTXanomalies associatedwith the heatwaves
(Table 2, gΔTXsm). Particularly in south-eastern South America, known as a
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hotspot for soilmoisture-atmosphere coupling27,28, temperatures arenotably
responsive to changes in soil moisture levels. Particularly, PAHW, TAHW,
andAAHWexhibited a difference inTXanomalies between the dry andwet
analogues of ~+1 °C in central and northernArgentina. This sensitivitywas
also demonstrated in the 2013/2014mega-heatwave in south-easternBrazil,
where a strong soil moisture-temperature coupling regime played a pivotal
role34. Dry soil conditions in coupling regions tend to amplify positive
temperature anomalies by reducing latent heat flux and favouring SHF,
leading to a deeper, drier, and warmer planetary boundary layer, subse-
quently reducing cloud cover, and enhancing net solar radiation25. The
cumulative multi-day memory of the atmospheric boundary layer and the
land surface has been identified as a significant factor driving extreme
temperatures, notably in the Europeanmega-heatwaves of 2003 and 201086.
Consequently, further investigation into the daily evolution of the atmo-
spheric boundary layer during the 2022/23 heatwave events is required in
future studies.

Finally, it is important to clarify that other regions with weaker soil-
atmosphere coupling may emerge as hotspots when soil moisture increases
to an intermediate level (see Fig. 5 in Seneviratne et al.25 and Diro et al.87).
This phenomenonwas observed duringMFHW in the semi-arid Argentine
Patagoniawhen the previously dry soils contributed towarmer anomalies of
~+0.7 °C in southern Argentina (Table 2, gΔTXsm for MFHW). Our results
demonstrate that varying levels of soilmoisture led todistinctTXanomalies,
suggesting some coupling between them.

Conclusions
The main objective of this study is to provide a comprehensive analysis of
the highly unusual warm season of 2022/23 in Argentina. This season was
characterised by an exceptionally high heatwave frequency, with ten events
affecting different regions of the country. The seasonal TX anomalies
recorded during this period reached historical highs, especially in central
Argentina. Remarkably, more than 40% of the days of the season were
affected by heatwaves. To identify the influences of synoptic patterns,
thermodynamics, soil moisture content, and climate change, our study
focuses on the four heatwaves with the largest spatial extent. The main
conclusions of this work are listed below:
• Synoptic situation: The presence of anticyclonic anomalies in themid-

level atmosphere proved to be a necessary condition for the occurrence
of heatwaves in the 2022/23 warm season. These atmospheric systems
led to clear skies and subsidence, which together facilitated the
warming. In addition, we observe that 3 out of 4 heatwaves had the
presence of a quasi-stationary anticyclone, while the other had a
transient system. Moreover, this atmospheric circulation pattern
interactedwith other processes, such as the SACZ in theMFHWor the
SALLJ in the AAHW. In these two events, we also noted that the
atmospheric circulation played a fundamental role in the amplification
of TX, providing warming of ~+2 °C (compared to what would be
obtained by a random circulation under present climate conditions).

• Thermodynamic processes: Diabatic heating processes emerged as the
primary drivers of daily-scale temperature changes in the analysed
heatwave events. Furthermore, we observed that horizontal advection
made its most relevant contribution to daily warming when a tropical
air mass entered central and northern Argentina.

• Soil moisture content: All heatwave events were characterised by def-
icits in soil moisture content, because of the third consecutive year of
the La Niña phase. These deficits caused an increase in SHF and an
amplification of warming through the strong soil moisture-
atmosphere coupling in north-central Argentina. Using the flow-
analogue technique, we quantified that the contribution of dry soils to
warming relative to wet soils was ~1 °C.

• Interannual variability: The record-breaking drought of 2022/23 in
Argentina can be primarily attributed to the triple-dip La Niña
event23,38. These La Niña occurrences, which promote anticyclonic
conditions over central-northern Argentina, have been consistently
associated with precipitation deficits and major historical drought38,88.

Furthermore, Menéndez et al.29 found that interannual variability of
soilmoisture can amplify the temperature variability in the southernLa
Plata Basin during the austral summer months. They also speculate
that, due to the impact thatENSOexerts on land surface conditions, the
combination of both processes could alter ENSO-induced temperature
anomalies in this region.

• Climate change: Further analysis using analogues revealed that global
warming in recent decades has contributed to an increase in tem-
perature anomalies between 0.5 and 1.2 °C. In essence, atmospheric
circulation patterns, similar to those observed during the events ana-
lysed, lead to warmer conditions in the present compared to what
would have been observed in the past, mostly due to temperature
trends rather than changes in the intensity of weather systems.

Finally, we need to consider whether a summer as extreme as 2022/23
could be repeated in the next few years. We have shown that the extremely
high temperatures were the result of a combination of factors. The extreme
drought associated with the three-year La Niña period is one factor that has
only occurred three times since 1960. However, a recent study by Geng
et al.89 found that consecutive La Niña episodes are likely to become more
frequent in the 21st century as a result of climate change. North-eastern
Argentina, being a regionwith a strong ENSO teleconnection and a hotspot
of soil-atmosphere interaction, could be particularly sensitive to these
changes. Moreover, temperature trends are also expected to continue to
accentuate90. Our research indicates that this contributes to the intensifi-
cationofheatwaves by several tenthsof adegree.Hence, it is probable that an
extended summer comparable to the one evaluated will reoccur in the
future, and the countrywill have toprepare for the consequences in terms of
health91,92, energy93, and agriculture94 (the main economic activity in
Argentina).

Methods
Data
We use daily mean fields provided by ERA5 reanalysis at 0.25° resolution95

for southern South America (80-45°W, 60-20°S) during the extended
summer (warm season: November –March) of 1950 – 2023. In particular,
we employ Z500, the temperature at 2m, sea level pressure, zonal wind at
250 hPa, surface SHF at 18Z, and OLR to characterise the circulation pat-
terns that triggered theArgentineheatwavesduring the extended summerof
2022/23. In addition, we examine the thermodynamic contribution to the
daily evolution of heatwaves using the horizontal wind vector, vertical
velocity, and potential temperature data between the 1000 – 850 hPa layer.
Additionally, we estimate the moisture transport at 850 hPa using the
horizontal wind vector and the specific humidity.We also utilise the volume
ofwater in the soil layer 1 (0− 7 cm) to study the land-atmosphere coupling
under dry/humid soil moisture conditions in the region.

Finally, to measure heat stress in outdoor spaces, we employ the
Universal Thermal Climate Index bioclimatic index of the ERA5-HEAT
product (https://cds.climate.copernicus.eu/cdsapp#!/dataset/derived-
utci-historical?tab=overview, accessed in January 2024). This index
describes the physiological comfort of the human body under specific
meteorological conditions96. It is considered one of the most compre-
hensive indices as it takes into account not only air temperature but also
humidity, wind, and radiation97,98. The Universal Thermal Climate Index
is divided into ten categories, ranging from extreme cold stress to extreme
heat stress. Values between32 °Cand38 °Care associatedwith strongheat
stress, while values between 38 °C and 46 °C are associated with very
strong heat stress98.

Heat waves detection
To identify Argentine summer heatwaves, we apply the semi-Lagrangian
algorithm developed by Sánchez-Benítez et al.37 to daily griddedmaximum
temperature at 2m. In contrast to the Eulerian approach (e.g., Bitencourt
et al.99; Perkins andAlexander100; see Barriopedro et al.8, for a review), which
considers heatwaves as isolated local surface spatio-temporal structure of
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the events, the semi-Lagrangian perspective analyses the entire temperature
field, identifying and tracking the spatio-temporal structure of the events.

The algorithm comprises two phases:
(i) Identification of daily heatwave patterns. For each day, the algorithm

detects areas larger than 500,000 km2 (including or excluding oceans)
where the maximum temperature at 2m exceeds the local 90th per-
centile of the 1981–2010 period, calculated using a 31-day centred
window. These spatial patterns may include non-contiguous areas if
their distance is less than 750 km.

(ii) Tracking of heatwave events. Two spatial patterns occurring on con-
secutive days are classified as the same event if they overlap by at least
50% or the distance between their centres is less than 1000 km for any
non-null overlap. The latitudinal (longitudinal) centre is defined as the
intensity-weighted average latitude (longitude) of all grid points
constituting the daily heatwave pattern. The local heatwave intensity is
computed as the standardised 2m-temperature anomaly. For the
centre’s computation, these anomalies have been subsequently multi-
plied by the cosine of latitude in order to account for spatial changes in
areal extent.

A calibration and evaluation of the semi-Lagrangian algorithm was
previously performed for the southern South American region. The algo-
rithm’s results showed robustness to minor variations in the algorithm’s
parameters.

Further details of the methodology can be found in Sánchez-Benítez
et al.37,101.

The methodology yields multiple metrics (e.g., mean areal extent,
intensity, overlapping, speed, and centre location) that allow us to char-
acterise the heatwave event throughout its life cycle. These include start and
end dates, duration (days), and maximum and mean daily metrics com-
puted for the entire life-cycle of the heatwave.

Heat waves characterisation
We characterise the atmospheric circulation during the heatwaves by
composites of meteorological fields (Z500, OLR, SHF, etc.) for each heat-
wave day.Daily anomalies are computed removing the 1981–2010mean for
each calendar day. Statistical significance is evaluated using the t-Student
test at a 90% confidence level.

For each heatwave day, we also assess the thermodynamic equation to
determine the influence of three major physical forcings on daily tem-
perature tendencies: horizontal advection, vertical advection, and diabatic
processes. Daily mean horizontal (Eq. (1)) and vertical (Eq. (2)) advection
are determined as:

ΔT
Δt

� �
h

ðλ; ϕ; tÞ ¼ �~v:∇pT ð1Þ

ΔT
Δt

� �
v

ðλ; ϕ; tÞ ¼ �ω
T
θ

∂θ

∂p
ð2Þ

where~v is the horizontal wind, T the temperature, ω the vertical velocity, θ
the potential temperature, and (λ, ϕ, t) the latitude, longitude, and time,
respectively. These equations are computed from daily mean fields con-
sidering the seven pressure levels available in the ERA5 reanalysis (between
1000 – 850 hPa layer) over a given domain of southern South America
(10–55°W, 40–25°S). The daily mean temperature rate attributed to addi-
tional diabatic processes (e.g., radiative and heat fluxes) is determined as the
residual term derived from the temperature tendency equation (Eq. (3))
after considering the effects of the two preceding terms:

ΔT
Δt

� �
d

ðλ; ϕ; tÞ ¼ ΔT
Δt
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Δt

� �
h

� ΔT
Δt

� �
v

ð3Þ

where ΔT
Δt is the daily mean temperature tendency (in K day−1). It is

important to acknowledge that various factors, including sub-grid turbulent

mixing, analysis increments, and other numerical errors, can influence the
residual term.Hence, the causal attribution of temperatures should be taken
with caution, as a composite analysis may not detect all one-directional
causal relationships. Finally, it should be noted that the vertical thermal
advection term in the lower atmosphere is generally small due to the weak
vertical wind speeds near the surface (they usually peak in the middle
atmosphere in the non-divergence level102).

We also employ the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (available at: https://www.ready.noaa.gov/
hypub-bin/trajtype.pl) developed at the Air Resource Laboratory of the
National Oceanic and Atmospheric Administration (NOAA)103 to deter-
mine the origin of air masses that end in central Argentina (64°W-31°S) at
approximately 850 hPa and to establish source-receptor relationships. To
achieve this, we apply a 5-day backward trajectory analysis using Global
Forecast System ensemble data at 0.25 resolution.

Flow analogue method
The flow analoguemethodology is used to analyse the influence of themid-
level atmospheric circulation, the impact of climate change, and soil
moisture conditions on the heatwaves. For this purpose, factual and
counterfactual universes are defined, representing opposite worlds to con-
trast the differences in the forcings. For PAHW, TAHW, and AAHW, the
search region for flow analogues was defined based on the climatological
circulation patterns associated with the occurrence of heatwaves in central
and northern Argentina, while for MFHW, the climatological position of
the anticyclonic centre associated with the Patagonian heatwaves was taken
into account13.

To analyse the influence of climate change, an approximation through
the new-old world is done77,104, where the period 1991–2020 is used for the
present climate and 1951–1980 for the past climate. The difference between
these between two different periods was considered as a measure of the
changes. However, we must be aware that these differences could be
modulated by other processes that we have not considered, such as changes
in land use105 or aerosol concentrations106. On the other hand, the influence
of soil conditions on temperature anomalies is studied using the 66.6 and
33.3 percentiles of soilmoisture anomalies as thresholds to represent thewet
and dry worlds, respectively. Days with soil moisture anomalies above
(below) the former threshold are considered to correspond to the wet (dry)
world. In the soil moisture exercise, we removed the linearmonotonic trend
(analysed with aMann-Kendall trend test) to avoid the effects of long-term
trends that may complicate the causality of the relationship between soil
moisture and temperature47.

In both exercises, the analogues are sought to have similar synoptic
patterns. Similar analyses have been carried out in previous work (see, e.g.,
Sousa et al.47). An analogue vector a ¼ a1; a2; a3; :::; aN

� �
is computed for

eachheatwave day. Such analogue days are closer to the target day according
to the Euclidean distance for the Z500 anomaly in the region [75–30°W,
60–35°S] for MFHW and [70–30°W, 50–25°S] for the other heatwaves.
Furthermore, a window of Nwin days is considered for each heatwave day,
i.e., the search for analogue days is restricted to the interval
�Nwin=2;þNwin=2
� �

of the target day. For each heatwave day, a random
analogue is drawn from the N (i.e., it was picked up one ai from a) to
compute themean value of the simultaneousTX.This procedure is repeated
1000 times to derive the mean analogue distribution of TX. Factors such as
the domain size for collecting analogues days or the size of the dataset could
influence the performance of the analogue-temperature field
reconstruction78, thus we perform a sensitivity analysis. Values of
Nwin = 42,62,90 and N=15,20,25 are tested and yielded similar results, so
Nwin = 90andN=25are chosen. Furthermore, different choices in the spatial
domain also produced comparable outcomes.

In order to test whether the dynamics played a significant role in the
reconstructed anomalies of the target field, randomly selected days,
without any condition on the flow, are retrieved to make the uncondi-
tional distribution. In this sense, two seeds are set for the random pro-
cesses with indistinguishable outcomes. A two-sample Kolmogorov-
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Smirnov Test107 is performed to examine the differences between the
new-old world and wet-dry distributions against themselves and against
the random distributions used to assess the importance of synoptic
circulation in maintaining the heatwave conditions. The null hypothesis
states that both samples are drawn from the same distribution, while the
alternative hypothesis states that the null hypothesis is false. This test is
performed at a significance level of α=0.05. In addition, the anomalies
used are calculatedwith respect to the period 1981–2010 and all variables
are detrended for the wet-dry experiment to make them insensitive to
the climate change signal.

Finally, we quantify the influence of mid-level atmospheric circulation
(Eq. (4)), climate change (Eq. (5)), and soil moisture conditions (Eq. (6)) on
TX anomalies:

gΔTXc ¼ TXconstrained ð91�20Þ � TXrandom ð91�20Þ ð4Þ

gΔTXcc ¼ TXconstrained ð91�20Þ � TXconstrained ð51�80Þ ð5Þ

gΔTXsm ¼ TXconstrained ðdryÞ � TXconstrained ðwetÞ ð6Þ

where gΔTX is the TXmedian anomalies increased/decreased for each of the
cases (c: circulation, cc: climate change, and sm: soil moisture).

Data availability
All data used in this study is publicly accessible online via the following links:
ERA5 reanalysis dataset is available in the Climate Data Store https://cds.
climate.copernicus.eu/cdsapp#!/search?type=dataset. NOAA Hysplit
https://www.ready.noaa.gov/hypub-bin/trajtype.pl.
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All codes used in this study are available upon request after publication.
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