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Recently, the intensity and frequency of heat waves (HWs) have been increased worldwide. Particularly in 2022,
Europe was severely affected by unprecedented HWs, which caused approximately 61,672 deaths and 11,324
deaths in Europe and Spain, respectively. In this study, we investigate the mechanisms of the HWs in south-
western Europe (SWEU) to identify the differences between typical HWs and the extreme HWs that occurred in
2022. Our results showed that the SWEU events in 2022 were strongly related to robust heat domes that
developed in the lower troposphere due to high-pressure anomalies especially during two periods (9-18 June and
8-19 July). Analyses of the energy budget and thermodynamic equation revealed the processes underlying the
amplification of the heat domes over SWEU during both periods. We also discovered that abnormal atmospheric
blocking in the upper troposphere was closely associated with the amplification of the Gulf Stream SST, which
caused an atmospheric circulation pattern favorable for the 2022 SWEU-HWs. This was further confirmed by
modeling experiments. Therefore, our results emphasize that a Gulf Stream SST amplification can trigger an
atmospheric circulation pattern favorable for extreme HWs in SWEU, enhancing our understanding of the
mechanism behind extreme HWs. Finally, our findings will help improving the forecasting of SWEU-HWs on a
sub-seasonal time scale, as well as future projections in global climate models.

1. Introduction temperature in 900 years (Biintgen et al., 2024), and northeastern Spain

experienced the driest summer in 279 years (Serrano-Notivoli et al.,

Global warming, which is rapidly intensifying, leads to extreme
events and changes in climate variability, causing severe socio-economic
damage. As a result of global warming, the frequency and intensity of
heat waves (HWs) in mid-latitudes and Europe are clearly increasing
(Rousi et al., 2022; Vautard et al., 2020). The 2003 summer HW in
Europe caused over 70,000 deaths from heat-related complications,
demonstrating the vulnerability of European countries to heat exposure
(Robine et al., 2008). In 2022, southwestern Europe (SWEU), including
the Iberian Peninsula (IP), experienced the highest average summer

2023). During the 2022 SWEU-HWs, temperatures in Portugal rose to
above 47 °C in July, causing severe damage, including 1 063 excess
mortality deaths from heat-related illnesses, according to Portugal’s
Directorate-General for Health. The human toll across Europe was even
more staggering, with over 60,000 heat-related deaths reported in the
summer of 2022, most notably in Italy and Spain (Tejedor et al., 2024).
Hence, there is an increasing interest in the underlying causes of HWs
over the IP and SWEU.

SWEU-HWs are affected by various factors (Barriopedro et al., 2023;
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temperature; WAF, wave activity flux.
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Fig. 1. (a) Climatological means (shaded) and standard deviations (contours) of the TMX (unit: °C) from June to July (JJ) during 1979-2022. (b) Anomaly pattern of
TMX in JJ 2022. The black rectangle indicates the area of the SWEU. The black dashed pattern denotes above the 95th percentile for the analysis period. (c) Time
series of the TMX (red solid line) in the black rectangle area in (b) and standard deviations of TMX (dashed line). The solid red circles indicate HWYs in the black
rectangle area in Fig. 1(a) and (b). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Garcia-Herrera et al., 2010a; Tomczyk et al., 2017). Using a convolu-
tional neural network deep learning model, Son et al. (2022) revealed
that European summers have lengthened over the past 42 years. They
also suggested that the intensification of mid-latitude jet streams asso-
ciated with topographical effects in Greenland accelerates global
warming, leading to the earlier onset of summers and, consequently,
more frequent HWs across Europe. In fact, due to global warming, the
frequency, intensity, and duration of HWs in mid-latitudes and Europe
are clearly increasing (Bento et al., 2022; Rousi et al., 2022). Serrano--
Notivoli et al. (2022) reported that HWs have occurred more frequently
in Spain since the early 1980s and that the number, duration, and in-
tensity of events are remarkably increasing.

HWs in European regions are influenced by upper-troposphere
blocking, increased sea surface temperature (SST), and decreased soil
moisture (Garcia-Herrera et al., 2010a; Liu et al., 2020; Seo et al., 2019).
Upper-troposphere blocking events affecting European HWs are thought
to occur due to the weakening of the meridional temperature gradient,
which reduces the strength of mid-latitude jet stream and facilitates the
development of stationary high-pressure systems that cause HWs. These
blocking events, resulting from the weakened jet stream, have been
identified as the causes of significant HW episodes in Western Europe (in
1994, 2003, 2006, 2010, 2017, and 2018) (Barriopedro et al., 2011;
Rousi et al., 2022; Sanchez-Benitez et al., 2018). Yet, Duchez et al.
(2016) demonstrated that the HW in Western Europe in 2015 was
associated with SST anomalies in the North Atlantic (NA). In fact, a
significant meridional temperature gradient in the NA-SST can induce

stagnation in the upper-troposphere jet stream, which in turn leads to an
inflow of cold air over the NA and of warm air over Western Europe,
promoting the development of stagnant high pressures and extreme
HWs in the Western European region. Stéfanon et al. (2014) estimated
that a reduction in soil moisture was responsible for up to 20% of the
temperature anomaly in western Europe during HWs. When soil mois-
ture is low, reduced evaporation leads to less cooling and, consequently,
higher temperatures, a critical factor in climate interactions and pro-
jections (Seneviratne et al., 2010). It results in a feedback via land-
—atmosphere interaction, leading to an increase in the persistence of HW
days. There was an important water deficit in the IP in the months prior
to June as both winter and spring had been arid in 2022 (Toreti et al.,
2023). May was also scorching, the warmest on record, with a positive
anomaly of 2.5 °C over the peninsula of Spain (Tripathy and Mishra,
2023). It undoubtedly contributed to a persistent dry and warm soil and
atmosphere that, together with the water deficit of the previous months,
set the ground for enhancing the June and July HWs.

While Serrano-Notivoli et al. (2023) focused primarily on the role of
the NA blocking event in channeling hot air from Africa to the IP, our
study further explores the dynamical mechanisms behind the persis-
tence of the blocking pattern itself. Specifically, we investigate the
associated Rossby wave and their interactions with the atmospheric
circulation, providing deeper insights into the drivers of the prolonged
HW in 2022. Despite the numerous studies on SWEU-HWs, the physical
causes of exceptionally severe HWs such as those experienced in 2022
and the fundamental mechanisms triggering such patterns remain
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unclear. Therefore, here we investigated the distinctive atmospheric
circulation patterns associated with the 2022 SWEU-HW compared to
typical HW characteristics in SWEU. Additionally, we aimed to identify
the drivers of the temperature increase in SWEU and the underlying
causes of the atmospheric circulation patterns that led to these extreme
heat events.

2. Data and methods
2.1. Reanalysis data on HWs and atmospheric circulations

HWs and associated atmospheric circulation patterns over the SWEU
were investigated using European Center for Medium-Range Weather
Forecasts (ECMWF) Reanalysis Data Version 5 (ERA5) from 1979 to
2022 (Hersbach et al., 2020). The horizontal and vertical resolutions of
the ERA-5 data used in this study were 1° x 1° and 37 levels, respec-
tively. Daily anomalies were calculated by eliminating daily climato-
logical means of 44 years (1979-2022) from the daily values. May 2022
was scorched and the warmest on record (instrumental), with a positive
anomaly of 3 °C over the peninsula of Spain. It undoubtedly contributed
to a persistent dry and warm soil and atmosphere, which set the ground
for enhancing the June and July HWs together with the previous
months’ water deficit. Therefore, this study mainly focused on June to
July 2022, when the record-breaking HWs occurred. The daily
maximum temperature (TMX) and minimum temperature (TMN) were
calculated using 1-hourly surface air temperature (i.e., 2-m air tem-
perature) data.

To further investigate the cause of increasing temperature, the SWEU
region (10 °W -5 °E and 37 °N —50 °N; black rectangle in Fig. 1) has
been selected as the target region. Compared to the rest of the country,
the study area exhibits high climatological mean TMX, with significant
positive TMX anomalies, especially in 2022.

2.2. Budget of the thermodynamic energy equation

The atmospheric apparent heat source term, diabatic heating (Q1),
was calculated using the thermodynamic energy equation and residual
term reported by Yanai et al. (1973) (Eq. (1)). Specifically, all necessary
variables (U, V, w, T) were obtained from the ERAS5 reanalysis dataset,
ensuring that the computed values are derived directly from observed
atmospheric data rather than model-generated outputs. This method
involves solving the equation for Q1 as a residual, as shown in Eq. (2),
incorporating radiative heating, latent heat release from net condensa-
tion, and surface heat fluxes redistributed by unresolved mixing
processes.

R
6T_ — p\e 00 @
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(Eq. 1)
where T, \7, o, and p represent the air temperature, horizontal wind,
vertical pressure velocity, and pressure, respectively. The constants pg
and ¢, in this equation are the reference pressure (1 000 hPa) and spe-
cific heat of dry air at constant pressure (1004 Jkg K1), respectively.

The local change term (dT/0t) is influenced by the horizontal advection
R

G
term (— Ve VT), adiabatic term (<p%> i) %9)), and diabatic heating term

(Q1/cp). After rearranging to solve for Q1, the residual form is repre-
sented in Eq. (2):

R
Q /Cp: {%+7°VT_ (p%)tpa)%}

Using ERAS data, Q; was computed as a residual without relying on
model outputs of Q; itself.

(Eq. 2)
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2.3. Wave activity flux

To confirm the propagation of Rossby wave energy, we analyzed the
wave activity flux (WAF), a vector quantity representing the propaga-
tion of Rossby wave energy in the atmosphere (Takaya and Nakamura,
2001b). WAF is useful for diagnosing the propagation paths of stationary
Rossby waves, allowing for a better understanding of how these waves
influence climate patterns. It provides a means to visualize the direction
and intensity of Rossby wave propagation, especially in the analysis of
centers of action where atmospheric blocking or persistent weather
patterns are observed (Kim et al., 2019, 2022). Analyzing the WAF, we
can identify Rossby wave energy transport from one region to another,
thereby gaining insights into the mechanisms driving large-scale climate
variability. We calculated the three-dimensional WAF using the
following equation suggested by Takaya and Nakamura (2001b):
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(Eq. 3)

where p and a are the pressure and mean radius of the Earth, respec-
tively. v/, ¢, and 1 represent stream function anomalies, latitude, and
longitude, respectively. The basic flow is U = (U, V,0)”, phase propa-

T
gation in the U direction is G, = (WU‘CP,%CP, 0) , and wave-activity

12
pseudo momentum is M = %(Z(g—mﬂ + ﬁ) cos¢. Cp, e, and ¢

represent the gas constant of dry air, perturbation of the wave energy,
and quasi-geostrophic potential vorticity, respectively. We analyzed
WAF to confirm that Rossby wave propagation was responsible for the
HWs in the SWEU. For further details on the WAF equations, refer to
Takaya and Nakamura (2001b) (the WAF code is available at https
://www.atmos.rcast.u-tokyo.ac.jp/nishii/programs/index.html).

2.4. Modeling experiments

To support our findings, we performed climate modeling experi-
ments using the Community Atmospheric Model version 5 (CAMS5)
within the Community Earth System Model version 1.2.2 (CESM v1.2.2)
developed by the US National Center for Atmospheric Research. The
CAMS5 model was configured with a finite volume dynamical core with a
horizontal resolution of 1.9° x 2.5° and 30 vertical levels extending to 3
hPa (~40 km). We ran two equilibrium experiments: control (CTRL) and
SST perturbed (SSTexp) runs. The experiments only differed in the
surface boundary conditions over the NA. SST anomalies in the NA re-
gion were prescribed from June to July 2022, when the warming signals
were significant. For areas other than the NA, we prescribed the
climatological mean SST from 1979 to 2022. We integrated the model
experiments for 120 years and analyzed the last 100 years to confirm the
model response to SST anomalies changes in NA in an equilibrium state.
The modeled atmospheric response to SST warming over the NA region
was defined as the difference between the means of the SSTexp and
CTRL runs, and a two-tailed Student’s t-test was used to determine the
significance of the difference.
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Table 1
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Rank of the HWs in the SWEU over 44 years from 1979 to 2022. Anomaly with respect to the climatological mean in parentheses.

Heat wave Years 2003 2005 2006

2015 2017 2019 2022

TMX (°C) 27.77 (+2.13) 27.24 (+1.60) 27.98 (+2.33)
Rank 4 6 2

27.91 (+2.27) 27.63 (+1.98) 27.20 (+1.56) 28.81 (+3.17)
3 5 7 1
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Fig. 2. (a) and (c) Horizontal and vertical composite patterns for geopotential height (GPH; shaded; unit: m), WAF (vector; unit: m?/s?), and air temperature (TMP;
purple line; unit: °C) for typical SWEU-HWs. (a) The solid blue line indicates a Rossby wave pathway, and the dotted area denotes statistically significant values at
99% level. (b) and (d) The same as in panels Fig. 2(a) and (c), but for 2022 SWEU-HW. (b) The white dashed patterns denote above the 95th percentile of GPH at 250
hPa for the analysis period. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3. Results
3.1. Characteristics of the SWEU-HWs

Fig. 1 shows the climatological characteristics of SWEU-HWs. The
climatological mean and standard deviation of the daily mean TMX over
SWEU are high during the early summer (June and July), at 25.64 °C
and 3.48 °C, respectively (Fig. la; black rectangle). The 2022 TMX
anomalies in the SWEU region exceeded the 90th percentile, indicating
the occurrence of at least one extreme HW out of ten (Fig. 1b). According
to the interannual variability in the average TMX in the SWEU region,
which showed high variability, the TMX in the SWEU region was
steadily increasing (Fig. 1c). This study, therefore, defines HW years
(HWYs) as a year during the analysis period when the daily TMX in the
SWEU region was more than +1 standard deviation above the clima-
tological mean TMX, and are shown in Table 1. Typical HWYs are
defined as the average of years excluding 2022. HWYs mainly occurred
after 2000, possibly because of global warming and/or Atlantic multi-
decadal oscillation. In particular, the 2022 HW was exceptional and
unlike the previous HWs. It featured an unprecedented TMX of 28.81 °C
(3.17 °C over than climatological mean). Meanwhile, HWYs were
identified using two timeseries: one that includes the trend and one that

excludes the trend. Even when trends were removed, 2003, 2005, 2006,
2015, and 2022 consistently emerged as typical HWYs. This indicates
that the classification of these years as HWYs is robust, irrespective of
trend considerations. The anomaly patterns observed in HWYs without
the trend are closely consistent with those observed in years with the
trend, suggesting that the presence or absence of a trend does not
significantly impact the identification of extreme HWYs (figure not
shown). This indicates that the classification of these years as HWYs is
robust, irrespective of trend considerations. In this study, subsequent
analyses considered HWYs with the trend included.

Next, we investigated in which aspects the unprecedented 2022 HWs
differed from previous HWs. To do so, we examined the atmospheric
circulation patterns with distinct characteristics of HWs occurring in
SWEU (Fig. 2). The predominant occurrence of typical SWEU-HW pat-
terns revealed that they are associated with Rossby wave patterns in the
upper troposphere (Fig. 2a—c). These Rossby wave atmospheric circu-
lation patterns, originating in the upstream regions, induced favorable
barotropic high-pressure anomalies conducive to HW development over
Europe, passing through the western NA and Iceland. In contrast, the
atmospheric circulation features during the 2022 HW differed signifi-
cantly from the typical SWEU-HW patterns (Fig. 2b-d). During the 2022
SWEU-HW, expansive high-pressure anomalies formed in the upper
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Fig. 3. (a) Time series of TMX on the SWEU in 2022. The black dotted line indicates the daily mean TMX in 2022. The thick black solid line and gray dashed line
indicate the climatological mean and 95th percentile for the analysis period, respectively. Gray-shaded periods represent P1 (10-18 June) and P2 (9-18 July). (b)
Spatio-temporal changes in daily temperature (TMP; shaded; unit: °C), geopotential height (GPH; black contour; unit: m), (c) omega (shaded; unit: Pa/s), and specific
humidity (Q; contour; unit: g/kg) at 1 000-100 hPa in JJ 2022. The white dashed patterns denote above the 90th percentile for the analysis period. Pink rectangles
indicate P1 and P2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

troposphere, stretching from the NA to the European continent.
Furthermore, the NA and SWEU regions showed significant warming
from the surface to the upper troposphere. These findings implied that
the 2022 extreme HW in SWEU occurred through mechanisms distinct
from those of typical SWEU-HWs.

3.2. Physical mechanism of the 2022 SWEU-HW

To examine the spatio-temporal variability in the 2022 SWEU-HW,
we investigated atmospheric variable changes during June and July
(Fig. 3). TMX values exceeded the 95th percentile of TMX during 10 days
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Table 2

Thermodynamic energy budget in P1 and P2, integrated over the lower tropo-
sphere (1 000—850 hPa), expressed in units of K/day. Climatological means
(CLIM) are shown in parentheses, representing the average values over the
entire analysis period, covering both P1 and P2.

P1 (CLIM) P2 (CLIM) P1 P2
anomaly anomaly
Local change 0.387 (0.171) 0.229 (0.113) 0.216 0.115
Horizontal —0.945 —-1.676 0.416 0.119
advection (-1.362) (—1.795)
Adiabatic heating 0.616 (0.448) 1.016 (0.613) 0.167 0.402

Diabatic heating —0.367 —0.406

Q1)
Units: K/day

0.717 (1.084) 0.889 (1.295)

from 10 to 19 June and 11 days from 9 to 19 July (Fig. 3a). The TMX
recorded during these two periods exceeded the 95th percentile of the
daily TMX, which ranges with the criteria for extended HWs rather than
only being classified as extreme based on one standard deviation. In fact,
during this extended HW period, the TMX in SWEU reached its highest
value of 29.91 °C on July 18th, 2022. We labeled these two periods with
consistently higher temperatures than the 95th percentile of TMX for
more than 5 day as P1 (10-19 June) and P2 (9-19 July). Next, we
analyzed temporal changes in vertical atmospheric variables during P1
and P2. In both periods, high-pressure anomalies developed, including
barotropic structures in the upper and lower troposphere, before the HW
started (Fig. 3b). In addition, the air temperature in the lower tropo-
sphere increased significantly, and a heat dome persisted during both
periods. The specific humidity in the lower troposphere exhibited
markedly different patterns during the two periods (Fig. 3c). While
positive specific humidity anomalies were observed during P1, negative
anomalies were evident during P2. Humidity plays a crucial role in
controlling atmospheric temperature through several physical pro-
cesses, with the presence or absence of moisture significantly impacting
air temperatures. During P1, positive specific humidity anomalies likely
enhanced latent heat release via condensation, thereby increasing air
temperatures. In contrast, negative humidity anomalies during P2 could
have reduced latent heat release, resulting in less atmospheric warming.
This difference underscores the importance of moisture availability in
influencing temperature dynamics. Fischer and Schar (2010) further
elaborated that limited soil moisture reduces evaporative cooling, which
can amplify HW events by sustaining high temperatures. Similarly,
Miralles et al. (2014) noted that increased atmospheric humidity di-
minishes the effectiveness of surface heat dissipation, contributing to
heat stress and higher air temperatures. This is particularly relevant in
regions like Southern Europe, where moisture dynamics play a vital role
in the development and persistence of HWs. This implies that the
significantly developed heat domes during both periods may have been
caused by different physical processes associated with the moisture in
each period. In P2, the specific humidity did not increase significantly,
which implies that the atmosphere was hot and dry. These results
indicate that the temperatures of the warm and moist air in P1 and the
hot and dry air in P2 in the lower troposphere were distinctly increased
and persisted for an extended period as a heat dome.

To determine the cause of the increased air temperature in the lower
troposphere in SWEU, we analyzed the thermodynamic equation budget
(Table 2). Climatologically, in P1 and P2, the temperature in the SWEU
region was affected by cold advection and balanced with adiabatic and
diabatic heating. The high-pressure anomalies across SWEU in 2022
caused strong subsidence, increasing adiabatic heating and balancing
horizontal temperature advection and diabatic heating. As a result, the
lower troposphere air temperature in both periods was mainly increased
by anomalous warm advection and adiabatic heating due to the high-
pressure anomaly. However, the causes of the temperature increases
differed between P1 and P2. During P1, the temperature increased
mainly because of horizontal advection, whereas during P2, it increased

Weather and Climate Extremes 46 (2024) 100729

Table 3

Surface energy budget in P1 and P2, expressed in units of W/m?2. Positive and
negative values denote downward and upward flux, respectively. Climatological
means (CLIM) are in parentheses.

P1 (CLIM) P2 (CLIM) P1 P2
anomaly anomaly
Net 268.728 (248.001)  282.873 (251.311) 20.726 31.562
SW
Net —80.248 —91.4327 —7.941 —15.698
Lw (—72.306) (~75.734)
SHF —35.779 —39.045 (—35.012)  —5.623 —4.033
(—30.155)
LHF —63.485 —60.035 (—66.714)  3.477 6.679
(—66.962)
DLW 349.807 (337.033)  352.088 (349.262) 12.774 2.825
Units: W/m?

because of adiabatic heating. This implies that the increased tempera-
tures in both periods were affected by different processes.

Then, we analyzed the surface energy budget and anomaly patterns
over the SWEU region to further investigate the increased surface tem-
peratures during P1 and P2 (Table 3, Fig. 4a and b). During both periods,
a high-pressure anomaly over SWEU increased shortwave radiation, and
increased shortwave radiation energy is mainly dissipated through
longwave radiation and sensible heat flux. However, latent heat flux did
not increase, which implies that evaporation from the surface did not
increase. Climatologically, winds from the Atlantic Ocean dominate the
SWEU region in summer (Fig. 4a and b). During both periods, the in-
crease in air temperatures in the lower troposphere was mainly influ-
enced by reduced cold air advection from the ocean and intensified
warm air advection from the African continent (Fig. 4a and b). However,
during P1 and P2, the surface and lower-troposphere wind speed
decreased, which may explain the lack of dramatic changes in the sen-
sible and latent heat fluxes.

During P1, the increased specific humidity in the SWEU region led to
higher downward longwave radiation (DLW) in the lower troposphere,
contributing to rising air temperatures. This increased specific humidity
promoted positive water vapor feedback according to the Clausius—
Clapeyron relation, further amplifying temperature increases. The
enhanced specific humidity during the P1 was primarily due to favor-
able atmospheric circulation patterns that promoted moisture advection
into the region (Fig. 4c and d). Moreover, persistent anticyclonic con-
ditions during this period likely enhanced land-atmosphere interactions,
increasing local evaporation and maintaining high humidity. These
combined effects created warm and moist atmospheric conditions that
supported the development and maintenance of the heat dome, resulting
in a prolonged HW. During P2, there was no apparent increase in
moisture. Dry and hot atmospheric conditions and strong anticyclonic
anomalies directly affected the strengthening and maintenance of the
heat dome and caused the extreme HWs. In other words, the heat domes
developed and were maintained due to the strong high-pressure anom-
aly and the atmospheric conditions being moist and warm during P1,
and dry and warm during P2.

Next, we investigated what may have caused the atmospheric cir-
culation patterns associated with the unusually intense 2022 SWEU-HW.
Fig. 5 shows the atmospheric circulation patterns during P1 and P2.
During these periods, broad anticyclonic anomalies strongly developed
in the upper and lower troposphere in SWEU and the IP region, but their
intensity and location differed. During P1, the center of the anticyclonic
anomaly was located from the NA to SWEU (Fig. 5a—c). This atmospheric
pattern resembles the summertime NA oscillation (SNAO) (pattern
correlation between P1 and SNAO at 1000 hPa = 0.609; p < 0.01).
However, the atmospheric circulation pattern during P1 was stronger
than the typical SNAO pattern, and the center of activity developed
relatively broadly to the south. According to Folland et al. (2009), if the
SNAO index is substantially higher than normal, it is possible that
temperatures will be higher in parts of northwestern Europe, whereas in
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Fig. 4. (a-b) Anomaly patterns of wind (vectors; units: m s1) and air temperature (shading; units: °C) at 850 hPa during the (a) P1 and (b) P2 periods. White vectors
in (a) and (b) represent the climatological mean wind vectors. (c-d) Anomaly patterns of moisture flux (color vectors; units: kg m s and specific humidity
(shading; units: g/kg) integrated over the 1 000—500 hPa during the (c) P1 and (d) P2 periods. The blue rectangles indicate the SWEU region. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

the Mediterranean and southern regions, temperatures will be lower
than normal, and precipitation more likely to decrease. However, in this
case, the SNAO index was higher than 0.5 standard deviations during P1
(0.520), yet there was an extreme SWEU-HW. Therefore, its relationship
with the SNAO must be studied in depth and perhaps reevaluated in the
future.

During P2, the anticyclonic anomaly was located toward the UK, a
relatively northern region as compared to that in P1, and appeared to be
strong and broad (Fig. 5d-f). During P2, the positive SNAO did not
appear clearly, and the atmospheric circulation pattern was typical of a
blocking stationary anticyclone. Therefore, the atmospheric patterns
during P1 and P2 were mainly affected by the development of unusually
robust atmospheric blocking patterns, which were stronger than those in
previous HWs. This atmospheric blocking and ridge-type atmospheric
circulation drives the Central-European HWs (Sousa et al., 2018).

Li et al. (2020) suggested that the combined impact of positive NAO
and atmospheric blocking triggered the 2018 HWs in Europe. This at-
mospheric blocking pattern extends from the Gulf Stream on the east

coast of North America to Europe. The expansion of the Gulf Stream is
crucial in regulating climate, weather patterns, and atmospheric
blocking (Simmonds and Govekar, 2014). Therefore, we analyzed the
SST in the NA to determine the cause of atmospheric blocking during the
2022 SWEU-HW (Fig. 6). The results showed that the SST patterns
during a typical SWEU-HW and the 2022 SWEU-HW are dramatically
different (Fig. 6a and b). During a typical SWEU-HW, warm SSTs
appeared throughout the NA (Fig. 6a). However, during the 2022
SWEU-HW, the SST in the Gulf Stream and the Mediterranean Sea
increased (Fig. 6b). The warm SST anomalies in the Mediterranean Sea
and the Arctic Ocean are shown similarly in the typical SWEU-HWs;
these features may be a result of the strongly developed high-pressure
anomaly. The most notable feature of the SST in 2022 SWEU-HW was
the significant increase in warm SST anomalies in the Gulf Stream. These
characteristics appear similarly in the P1 and P2 periods. However,
compared to the P1, the Gulf Stream was more extended in the central
NA during the P2 period (Fig. 6¢ and d). The P2 pattern is more similar
to the 2022 SWEU-HW SST anomalies. The warm SSTs in the Gulf
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Fig. 5. (a-b) Anomalies of geopotential height (GPH; shaded; unit: m), wind (vector; unit: m/s) at 250 hPa and 850 hPa, (c) mean sea level pressure (SLP), and wind
at 10 m during P1. (d-f) The same as in panels a-c, but for P2. The white dashed patterns indicate above the 90th percentile for the analysis period. The pink
rectangle indicates a SWEU region. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Stream region likely played a crucial role in shaping the atmospheric
circulation patterns that contributed to the 2022 SWEU-HW. These SST
anomalies can enhance atmospheric instability by increasing convection
and latent heat release, which warms the atmosphere and amplifies
stationary Rossby waves, favoring the development and persistence of
stationary high-pressure systems. This mechanism is consistent with the
findings of Mathews et al. (2024), who demonstrated that anomalous
warm SSTs in the Gulf Stream region could drive atmospheric responses
that amplify the atmospheric blocking events and lead to extreme
weather conditions, including HWs. Such interactions suggest the
feedback where warm SSTs in the Gulf Stream enhance atmospheric
blocking and prolong HW conditions. This result implies that the warm
SSTs in the Gulf Stream were amplified in 2022, which may have played
an essential role in causing atmospheric circulation patterns favorable
for developing the 2022 SWEU-HW, as Palter (2015) suggested.

Next, we investigated whether the unusually warm SST of the Gulf
Stream caused the 2022 SWEU-HW through a global climate modeling
experiment using CESM v1.2.2. The results confirmed the difference in
the atmospheric response by prescribing the SST anomaly to the Gulf

Stream in the NA from June to July 2022, when the SST was unusually
high (Fig. 7). When an increased NA-SST was prescribed, stagnant an-
ticyclones over the SWEU region strongly developed in the upper and
lower troposphere (Fig. 8). The cross-section along the line indicates
that anomalous high pressure and air temperature significantly
increased in the SWEU region. These atmospheric circulation patterns,
favorable to the 2022 SWEU-HW, remarkably resembled the reanalysis
data analysis results. Although the modeling experiments revealed at-
mospheric circulation patterns favorable for the 2022 SWEU-HW, there
was no statistically significant increase in the surface temperature. This
may be due to various causes, such as limitations in air-sea heat ex-
change and regional temperature changes, including differences in re-
sponses, model sensitivity, and feedback mechanisms. In particular,
differences in regional temperature responses may have been insuffi-
cient to have a noticeable effect on the surface temperatures in these
regions, even if SST changes affected the atmospheric circulation pat-
terns over the I[P and SWEU. Various regional and global climate factors
and SST can influence local temperatures. Nevertheless, the modeling
experiments demonstrated that abnormal upper troposphere
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Fig. 6. (a) Composite anomaly patterns for sea surface temperature (SST; shaded; unit: °C) in typical SWEU-HWs during June-July. (a) The black dots indicate
statistically significant values at the 90% level. (b) SST anomaly pattern in 2022 SWEU-HW during June-July. (c—d) Same as in Fig. 6(b), but for during P1 and P2,
respectively. The black dashed patterns indicate above the 90th percentile from the analysis period. Pink rectangles indicate the Gulf Stream region. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. (a-b) Prescribed SST anomaly (units: °C) forcings from CESM model experiments for June-July. The black rectangle region (30° N-60° N, 90° W-15° W)

indicates a prescribed SST forcing region.
atmospheric blocking in the atmospheric circulation pattern associated

with the extreme HWs in the SWEU was closely related to the
strengthening of the Gulf Stream warm SST anomalies.

4. Discussion and conclusions

We investigated the physical processes and mechanisms that caused

the HWs in SWEU during the early summer (June to July) in 2022.
According to the analyzed dataset, the 2022 SWEU-HW was the most
extreme HW in the past 43 years, while tree-ring proxy data from
Biintgen et al. (2024) reported it as the most extreme HW in the last 900
years. Importantly, the 2022 SWEU-HW showed a clearly different at-
mospheric circulation pattern from typical SWEU HWs. While typical
SWEU-HWs are affected by wavy atmospheric patterns, the 2022
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Fig. 8. Model responses of the increased SST in the NA (black rectangle) for (a) spatial pattern of geopotential height (GPH) at 250 hPa (unit: m) and (b) the vertical
cross-section of GPH (shaded; unit: m). (b) Vertical cross-section of air temperature (TMP; purple contours; unit: °C) along the line in Fig. 8(a). The model responses
are calculated as a difference between the SSTexp and CTRL. The hatched area denotes statistically significant values at 90%. The blue line connecting points a
through d is the same as shown in Fig. 2b, indicating the pathway of the atmospheric feature being analyzed. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

SWEU-HW was strongly affected by a stagnant high-pressure anomaly.

During the 2022 SWEU-HWs, extreme temperature increases
occurred in June and July, respectively, and anticyclonic anomalies with
barotropic structures and lower troposphere heat domes were evident.
Regarding the physical process, temperatures in SWEU increased mainly
due to a combination of weakened cold air advection from the ocean,
increased warm air advection from the African continent, and adiabatic
heating. This pattern of warm air advection was consistent with findings
by Serrano-Notivoli et al. (2023), who attributed the HW to a blocking
event in the NA region that promoted the northward movement of hot
air masses from Africa towards the IP. In addition, shortwave radiation
at the surface increased due to strong anticyclonic anomalies, and the
increased radiant energy was mainly dissipated via longwave radiation
and sensible heat flux. In addition, there was a significant difference in
specific humidity between P1 and P2, with P1 being relatively warm and
humid and P2 having warm and dry atmospheric conditions. As a result,
the DLW increased during P1, whereas no changes were observed in P2.

Our investigation of the causes of the atmospheric circulation pat-
terns related to the 2022 SWEU-HWs revealed that abnormal atmo-
spheric blocking in the upper troposphere mainly caused the extreme
HWs in P1 and P2. Particularly, the atmospheric blocking in the summer
of 2022 was closely associated with the amplification of the Gulf Stream
SST, which caused an atmospheric circulation pattern favorable for the
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2022 SWEU-HWs, as revealed by modeling experiments.

Our results reveal that anomalous warm SSTs play a crucial role in
driving HWs in SWEU, simliar to findings from the 2003 European HW.
The 2003 HW has been extensively analyzed, with several studies
highlighting the primary role of SSTs in the Mediterranean Sea (Feudale
and Shukla, 2011; Garcia-Herrera et al., 2010b; Xoplaki et al., 2003). In
contrast, the extreme HW in 2022 SWEU exhibited different character-
istics. Our study highlights that the amplification of the Gulf Stream in
the NA primarily drove the 2022 SWEU. This significant finding differ-
entiates the 2022 event from typical HWYs, where Mediterranean SST
anomalies were the primary drivers.

The primary goal of this study is not to attribute the observed 2022
SWEU-HW directly to climate change, although this could be a focus of
future research. Interestingly, most extreme HW events over the past 20
years have been more frequent and intense. In fact, recent research
utilizing tree-ring proxy data indicates that the summer warming over
the western Mediterranean region has been unprecedented since medi-
eval times (Biintgen et al., 2024). This raises the question: why is this
happening? One potential explanation could be the warming of SSTs in
the Atlantic Ocean and Mediterranean Sea, which deserves further
investigation and hypothesis generation based on current data and
trends observed in other studies. This finding is consistent with prior
research, which has shown the extreme nature of recent HWs, including
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the notable 2022 event that appears to surpass the intensity of the
previous HWs.

In this study, we only considered one HWY, i.e., 2022. It is important
to recognize that the extreme nature of such an event makes it highly
challenging to draw definite conclusions from the reanalysis dataset.
Nevertheless, this study demonstrated the physical process and potential
mechanism of the 2022 SWEU-HW through statistical analysis and
model experiments. The results of this study emphasize that a Gulf
Stream SSTs amplification can trigger an atmospheric circulation
pattern favorable for extreme HWs in SWEU. This study advances the
understanding of HW dynamics by improving previous research meth-
odologies. However, it is essential to acknowledge the limitations, such
as the model’s inability to capture these events’ complexity fully. Future
research should focus on refining these models and exploring additional
variables that could enhance predictive accuracy. Studies should
investigate the long-term trends and drivers of HWs, particularly the
influence of SSTs and other climatic factors like the Gulf Stream. Wills
et al. (2016) highlighted that Gulf Stream SST variability significantly
influences North Atlantic atmospheric circulation, affecting long-term
weather patterns. Small et al. (2014) demonstrated that changes in
ocean fronts, including the Gulf Stream, can modify storm track
behavior and intensity, which is essential for future climate scenarios.
Lee et al. (2018) showed that Gulf Stream SST biases can cause shifts in
global atmospheric circulation due to long-term SST changes. Kelly et al.
(2010) suggested that interactions between the Gulf Stream and the
atmosphere could impact mid-latitude storm tracks and atmospheric
blocking under changing climate conditions. Mathews et al. (2024)
found that variations in Gulf Stream latent heat fluxes modulate the
atmospheric blocking frequency, influencing the occurrence and in-
tensity of HWs. These findings emphasize the importance of under-
standing current variability and projected changes in Gulf Stream
dynamics to improve climate models, thereby enhancing the forecasting
of sub-seasonal HWs and projections in global climate models.
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