
Contrasting the synoptic drivers of the UK 
heatwaves of 1976, 2003, 2018 and 2022 
Article 

Published Version 

Creative Commons: Attribution 4.0 (CC-BY) 

Open Access 

Sladić, N. ORCID: https://orcid.org/0000-0001-5170-1374, 
Allan, R. P. ORCID: https://orcid.org/0000-0003-0264-9447, 
Trent, T. ORCID: https://orcid.org/0000-0001-9215-5808, 
Povey, A. C. ORCID: https://orcid.org/0000-0002-4109-9639 
and Suri, D. ORCID: https://orcid.org/0009-0003-1354-7873 
(2026) Contrasting the synoptic drivers of the UK heatwaves of
1976, 2003, 2018 and 2022. Weather. ISSN 1477-8696 doi: 
10.1002/wea.70075 Available at 
https://centaur.reading.ac.uk/129705/ 

It is advisable to refer to the publisher’s version if you intend to cite from the 
work.  See Guidance on citing  .

To link to this article DOI: http://dx.doi.org/10.1002/wea.70075 

Publisher: Wiley 

All outputs in CentAUR are protected by Intellectual Property Rights law, 
including copyright law. Copyright and IPR is retained by the creators or other 
copyright holders. Terms and conditions for use of this material are defined in 
the End User Agreement  . 

www.reading.ac.uk/centaur   

http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://www.reading.ac.uk/centaur
http://centaur.reading.ac.uk/licence


CentAUR 

Central Archive at the University of Reading 
Reading’s research outputs online



1

W
eather – 9999, Vol. 99, No. 9

Contrasting the synoptic drivers 
of the UK heatwaves of 1976, 

2003, 2018 and 2022
Nedim Sladić1,2 , Richard 
P. Allan2 , Tim Trent1 , 
Adam C. Povey1  and 
Dan Suri3

1School of Physics and Astronomy/
National Centre for Earth Observation, 
University of Leicester, UK

2Department of Meteorology, National 
Centre for Earth Observation, 
University of Reading, UK

3Met Office, Exeter, UK

Introduction
In a warming climate, heatwaves are 
becoming one of the most overlooked 
issues for global societies, posing signifi-
cant health risks to all population groups 
(Stott et al.,  2004; Brimicombe et al.,  2021). 
With rising temperatures, the window for 
more frequent and intense heatwaves wid-
ens, and events such as in the UK in 2018 
are now estimated to be 30 times more 
likely under human-induced climate change 
(Lowe et al.,  2019; Christidis et al.,  2020). 
Heat-related deaths also increase with 
the higher number of hot days; heat-
waves in 2003 and 2022 (Black et al.,  2004; 
Luterbacher et al.,  2004; Schär et al.,  2004; 

Stott et al.,  2004; Ballester et al.,  2023) led 
to the loss of 2139 and 4508 lives, respec-
tively (Johnson et al.,  2005; Office for 
National Statistics and UK Health Security 
Agency, 2023). With mean UK summer tem-
peratures set to be 5°C higher by 2070 (Sahani 
et al., 2022), projections estimate up to 7000 
heat-related deaths in the UK annually by 
2050 (Howarth et al.,  2019; Brimicombe 
et al.,  2021; Dickinson et al.,  2025), stress-
ing the need for the UK’s National Health 
Service to protect vulnerable population 
groups from the adverse heat-related risks.

However, not all heatwaves result in 
excess mortality or infrastructural damage; 
each possess distinct patterns and spati-
otemporal characteristics influenced by 
feedback mechanisms (Fischer et al.,  2007; 
Pfahl and Wernli,  2012). Across the mid-
latitudes, summer heatwaves often arise 
from persistent, slow-moving (or blocked) 
high-pressure systems weakening the zonal 
flow and enhancing subsidence and adiaba-
tic air compression, heating the air within 
the planetary boundary layer (Stefanon et al. 
2012; Zschenderlein et al.,  2019). Such sink-
ing motion suppresses cloud development, 
reduces precipitation and depletes soil 
moisture, resulting in solar radiation largely 
heating the ground rather than evaporat-
ing water (e.g. Tyrlis and Hoskins,  2008; 
Stefanon et al. 2012; Mann et al.,  2017; 

Rouges et al.,  2023). A stalling blocking 
weather regime over Fennoscandia can lead 
to easterly and southeasterly air streams 
transporting hot, dry continental air from 
mainland Europe to the UK with a limited 
moistening source. While the central Atlantic 
low-pressure system imports hot tropical 
continental air mass from Iberia, forcing 
southerly and southwesterly flow that arches 
the jet stream poleward (Cassou et al., 2005; 
Zschenderlein et al.,  2019). Both blocking 
and the Atlantic low regime are associated 
with positive zonal wind anomalies and 
sharper upper-level potential vorticity gra-
dients. This forces upper-level ageostrophic 
divergence and ascent, favouring more 
intense weather systems. Both regimes are 
associated with a higher number of hot days, 
especially if preceded by three dry months 
(Quesada et al., 2012). However, the mecha-
nisms remain unclear due to their thermody-
namic complexity (Strigunova et al., 2022).

The double jet stream has also been 
linked to enhanced heatwaves in western 
Europe, notably in 1976, 2003 and 2018, due 
to an anomalous decrease in zonal winds 
at 200hPa (Rousi et al.,  2022). This change 
reinforces the easterly flow and persistent 
blocking signals, where behaviour of Rossby 
waves alters atmospheric flow variance in 
mid-latitudes and the Arctic (Rudeva and 
Simmonds, 2021; Luo et al., 2024). The slow 

Figure 1.  Illustration of the positive (left) and negative (right) SNAO phases, computed as the composite of all filtered summers (i.e. JJA) between 1940 
and 2024 from the NCEP/NCAR dataset: mean JJA values greater or below 0.1 are ascribed to positive and negative indices, respectively, without any 
classification performed. Then, the 1940–2024 ERA5 reanalysis JJA mean sea-level pressure climatology provides the pressure anomalies (contours 
and shading at 0.3 interval), with the dominant weather conditions and mean jet stream position indicated by the corresponding icons and arrows, 
respectively.
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es propagation and persistence of these plan-
etary waves contribute to extreme weather 
conditions (Coumou et al., 2018). Recent hot 
summers (i.e. 2003, 2006, 2018) have addi-
tionally been attributed to an amplification 
of planetary wavenumber 7, corresponding 
to recurrent heatwave patterns across west-
ern Europe (Kornhuber et al., 2019).

Positive land-atmosphere feedback, particu-
larly in soil moisture, can also play a significant 
role in heatwave amplification, especially after 
dry periods (Black et al., 2004; Fischer et al., 2007; 
Alexander,  2011; Hirschi et al.,  2011; Miralles 
et al.,  2014, 2019; Zschenderlein et al.,  2019). 
Additionally, the warmer sea surface tem-
peratures (SSTs) in the Mediterranean during 
summer 2022 contributed to precipitation 

suppression in western Europe and increased 
surface heating, driven by atmospheric forc-
ing (Guinaldo et al.,  2023). The occurrence of 
the tripole pattern in the North Atlantic, with 
warmer-than-normal SSTs in the central por-
tion, and cooler temperatures towards the 
Azores to the south and Newfoundland to 
the north, can also coincide with the polar jet 
being north of the UK (Dunstone et al., 2019; 
McCarthy et al.,  2019), and reflects behaviour 
typical of a positive Summer North Atlantic 
Oscillation (SNAO+) index (Figure 1).

In this study, the summers of 1976, 2003, 
2018 and 2022 are analysed to understand 
the key factors behind heatwaves in the UK. 
The 1976 and 2018 cases focus on high-
pressure system blocking signatures influ-

enced by the SNAO+ phase (e.g. Dunstone 
et al.,  2019; McCarthy et al.,  2019), while 
2003 and 2022 are identified for their 
record-breaking temperatures (e.g. Black 
et al.,  2004; Yule et al.,  2023). The research 
aims to address the following questions:

1.	 How do atmospheric teleconnection 
patterns influence temperatures and 
precipitation in the UK?

2.	 What synoptic conditions favour heat-
wave development in the UK?

3.	 How can heatwaves be enhanced 
through land-atmosphere and ocean–
atmosphere coupling?

4.	 Which weather regimes support UK 
heatwaves?

Table 1 

Summary of all datasets leveraged to conduct the research (Barnston and Livezey, 1987; Parker et al.,  1992; Alexander and Jones, 2000; Neal 
et al.,  2016; Hersbach et al., 2020; Neal,  2022).

Dataset Dataset type Variables considered Identified strengths Identified weaknesses

ERA5 Reanalysis Zonal wind at 200hPa, geo-
potential height at 500hPa, 
mean sea-level pressure, soil 
moisture at 0–7cm level, sea 
surface temperatures

On par with the observational 
E-OBS surface dataset for the 
extremely high temperatures 
(r = 0.995), low RMSE (0.52°C), 
statistical and standard deviation 
biases (0.23°C and 0.47°C, respec-
tively) (Mistry et al., 2022; Velikou 
et al., 2022). Compensates for the 
lack of surface variables (e.g. soil 
moisture) and upper-tropospheric 
(vertical profile) variables (e.g. geo-
potential height, mean wind speed, 
temperature, etc.)

Influenced by the data 
availability from the past, 
affecting the reanal-
ysis constancy (Bell et 
al., 2021), model biases 
(Cucchi et al., 2020) and 
changing observing sys-
tems through time related 
to the data incorporation 
from the buoys, satellites 
and weather stations used 
for the data assimilation 
(Hersbach et al.,  2020; Bell 
et al., 2021)

NCEP/NCAR Instrumental 
and precom-
puted

Gyre differences between 
Reykjavik and Gibraltar 
– SNAO index; difference 
between the high-pressure 
gyre over Fennoscandia and 
an attenuated low-pressure 
gyre over Western Mongolia 
or Eastern Russia (Barnston 
and Livezey,  1987) – SCAN 
index

Strict and robust measurement 
control; reliance on the principal 
component indices data recalcu-
lation of the empirical orthogonal 
function and its spatial patterns 
representation

Loss of data (Jones et 
al., 1997) and limited 
timespan

HadCET Observational Central England Temperature 
(CET)

Rigorous observed data control 
and 99% diagnosed accuracy, up to 
0.1°C (Parker and Horton,  2005), and 
correction to the urban warming 
(1974 onwards) with an adjustment 
of up to 0.2°C applied to mean tem-
perature

Triangular extent (i.e. 
London–Bristol–Lancashire 
triangular area) of the 
HadCET does not consider 
the surface observations 
outside the region

HadUKP Observational Central England Precipitation 
(CEP)

The longest (1766–present) and, to 
date, the most accurate regional 
dataset available for England 
and Wales/Cymru (Alexander and 
Jones, 2000)

–

MO-30 Climatology UK Met Office weather 
regimes

Provides frequency with which 
common specific weather pat-
terns occur across the UK (Ansell 
et al., 2006; Neal et al., 2016; 
Neal, 2022); links to the potential 
relationship to large-scale drivers 
and fortifies the findings in the 
heatwave development across the 
British Isles

–
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Datasets
Reanalysis dataset
The key prognostic variables (zonal winds 
at 200hPa, geopotential height at 500hPa, 
mean sea-level pressure, soil moisture 
at 0–7cm level and SSTs) are leveraged 
to evaluate the heatwave evolution and 
amplification factors for the selected test 
cases across the British Isles using ERA5 
reanalysis data (Hersbach et al.,  2020). The 
anomalies are calculated relative to the 
1961–1990 reference period, spanning 
meteorological summer (i.e. June–July–
August, JJA) and highlighting more the 
weather pattern signature rather than cli-
mate warming signals.

Precomputed and instrumental 
datasets
The NCEP/NCAR instrumental and precom-
puted datasets are selected for the large-
scale atmospheric drivers – the SNAO 
(Hurrell,  1995; Jones et al.,  1997) and 
Fennoscandian index (SCAN), previously 
known as Eurasia-1 pattern (Barnston and 
Livezey, 1987) – spanning the meteorologi-
cal summer season.

The SNAO explains the spatial strength 
variability during the boreal summer 
between the low-pressure system near 
Iceland and high-pressure system north of 
the Azores. It is responsible for determin-
ing the storm tracks across northwestern 
Europe, modulating the precipitation, tem-
perature and cloudiness over the region 
(Folland et al., 2009).

The SCAN describes the primary air cir-
culation over Fennoscandia, while the com-
pensatory attenuated low-pressure centres 
are situated either across Eastern Russia or 
Western Mongolia, or over western Europe 
(Barnston and Livezey,  1987).

Observational datasets
The mean monthly air temperature and accu-
mulated precipitation are taken from the 
UK Met Office HadCET (Parker et al.,  1992) 
and HadUKP datasets (Alexander and 
Jones,  2000). HadCET is the longest avail-
able temperature time series dataset (1659–
present) and comprises the observational 
data collected in a roughly triangular area 
between London, Bristol and Lancashire. 
The HadUKP (Alexander and Jones,  2000) 
incorporates the longest (1766–present) and 
most accurate regional dataset representa-

tion available for England and Wales (Cymru) 
to-date.

Climatology dataset
Furthermore, to link the potential relation-
ship to large-scale drivers and fortify the 
findings in the heatwave development 
across the British Isles, the 30 weather 
patterns defined for the UK are consid-
ered using MO-30 (Ansell et al.,  2006; Neal 
et al.,  2016; Neal,  2022). These regimes are 
based on the classification frequency of spe-
cific localised weather regimes in the UK 
throughout the year.

Table 1 summarises the each of the data-
sets, highlighting their strengths and weak-
nesses.

Methods
The antecedent and synoptic conditions 
are averaged, with anomalies calculated 
with respect to the 1961–1990 reference 
period to highlight the warming signal. 
Similarly, the HadCET and HadCEP datasets 
are summed and averaged over the JJA 
period, then compared with the reference 
climatology to establish the trend across 
the UK and tested against the SNAO and 

Figure 2. Time series and anomaly trends of all observations and teleconnections analysed (shown as diverging bar plots) – observations: (a) 
Central England Temperature (CET), (b) Central England Precipitation (CEP); teleconnections: (c) Summer North Atlantic Oscillation (SNAO), (d) 
Fennoscandian/Scandinavian Index (SCAN). The anomalies are calculated with respect to the 1961–1990 reference period. The solid purple line repre-
sents the JJA 1950–2022 linear trend (longer-term variability), while the dark blue line reveals the decadal moving average (shorter-term variability). 
The vertical dashed lines identify the analysed test cases. The grey and dark grey shading corresponds to the 2nd–98th and 25th–75th percentile 
rankings, respectively, based on the calculated 1950–2022 observed summer climatology.
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es SCAN to determine their relationship for the 
1950–2022 observed period.

Pearson’s correlation and ordinary 
least square linear regression are used 
to examine the linear association and 
relationship between the teleconnection 
indices (i.e. SNAO and SCAN) and the 
CET and CEP anomalies. Calculations are 
performed using pre-built Python scipy.
stats package and linregress method that 
returns the p-value from the two-sided 
t-test of the goodness of fit, evaluated 
at 0.05 significance level. Furthermore, 
the same test is conducted to examine 
the exceedance for the prescribed 95th 
percentile threshold.

Results
We conduct a thorough meteorological 
and climatological analysis to develop the 
broader picture between the atmospheric 
parameters and large-scale drivers (i.e. 
teleconnections) conducive to heatwave 
development and amplification. Firstly, the 
simple statistical analysis estimates the 
linear relationships between the analysed 
teleconnections and their relation to the 
synoptic analysis between the telecon-
nections and the synoptic analysis (sepa-
rately evaluating different levels within 
the atmosphere), unfolding from 200hPa 
to near-surface level (1000hPa). Later, we 
associate the weather regimes for the UK 
with the analysed synoptics. The obtained 
results provide a quantitative rationale for 

the case studies’ significance and fortify the 
qualitative findings.

Long-term variability
Building on the qualitative assessment, we 
statistically examine the role of large-scale 
drivers of variability. These features interact 
with the weather systems and influence the 
strength of the summer heatwaves across 
the UK.

The CET has a moderate positive correla-
tion with the SNAO+ phase (r = 0.32), and 
its peaks coincide with the warmest British 
summers in the available time series (i.e. 
1976, 1983, 1995, 2018, 2022) (Figures  2a, 
c). De facto, the SNAO+ during the summer 
of 2018 was the highest within the analysed 
period (see shaded grey confidence regions 
in Figure  2c), while in the series extending 
to 1850 was the fourth strongest (McCarthy 
et al.,  2019). Three of the four heatwaves 
considered exhibit highly positive SNAO 
and CET, but none of them demonstrate a 
relationship with SCAN (r = −0.02, p = 0.85).

The CEP shows a strong negative correlation 
(r = −0.63) with the SNAO+ for the analysed 
test cases and concurs with the precipitation 
reduction observed during one of the driest 
summers (Figures 2b, c). However, the dryness 
signal is less pronounced with the lower corre-
lation magnitude for SCAN+ (r = −0.14) due to 
the Fennoscandian high-pressure magnitude, 
tilt, and compensatory low-pressure system 
in the Atlantic, implying that SCAN is not the 
main driver of the CEP (p = 0.24).

The calculated p-values support the find-
ings, with statistical significance found 
between the SNAO and CET and SNAO and 
CEP (p = 0.00), implying that the CET and 
CEP are mainly explained by the SNAO vari-
ability (Figure  3).

Synoptics
We now delve into the detailed synoptic 
conditions of various prognostic upper and 
lower tropospheric variables to relate them 
to the distinctive properties of the SNAO 
and their relationship with the CET and CEP. 
These findings underpin the identification 
of the local weather regimes conducive to 
heatwave developments and amplification.

Jet stream
The summer heatwaves of 1976, 2003, 2018 
and 2022 all exhibit a ‘double jet stream’ 
(Rousi et al.,  2022, 2023), characterised by 
two bands of zonal wind maxima at 200hPa 
(Figure  4). Anomalously weak westerly 
winds at 200hPa are observed across the 
northern Atlantic for the 1976 and 2018 
cases (anomalies up to −10ms−1), with two 
compensating bands of strong zonal wind 
across the Mediterranean Sea and north of 
the UK (Figures  4a, c). Similarities between 
1976 and 2018 are also found in the regions 
where zonal wind exceeds two standard 
deviations: near Iceland and south of the 
Azores, closer to the northwestern African 
shores. However, the subtropical jet branch 
is weaker across the Mediterranean Sea dur-

Figure 3.  Inferential statistical analysis of the large-scale atmospheric drivers and observations across the 1950–2022 observed period: Pearson cor-
relation (top) and p-value (bottom) obtained as a measure of the two-tailed t-test for goodness of fit at the 0.05 significance level. p-values above 
0.05 are considered insignificant. (Source: ERA5, NCEP/NCAR, UK Met Office HadCET and HadUKP (Barnston and Livezey, 1987; Parker et al.,  1992; 
Alexander and Jones, 2000; Hersbach et al., 2020).)
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ing the summer of 2018 than in 1976, espe-
cially across the eastern Mediterranean Sea, 
counterbalanced by the stronger easterly 
air stream across eastern Europe, tilting the 
high-pressure system to emerge to the east.

In contrast, summer 2003 reveals mark-
edly opposite large-scale atmospheric 
circulations to the other test cases. The east-
erly flow is positioned across the western 
Mediterranean Sea and mainland Europe 
to the east, and closer to Greenland to the 
west, with the westerly bands pushed in 
the central Atlantic and across northern and 
eastern Europe, elongating the jet stream 
(Figure  4b). The summer of 2022, mean-
while, blends the influences of the pat-
terns from 1976 and 2018, especially for 
the anomalously strong easterlies in the 
northern Atlantic, while the subtropical jet 
branch shares some similarities with 2003 
(Figure 4d).

Geopotential height and mean  
sea-level pressure
The anomalously strong easterly winds in 
the upper troposphere during the sum-
mer of 1976 and 2018 were conducive to 
anticyclonic circulation developing, with 
a robust, persistent high-pressure influ-
ence resembling the SNAO+ signature 
(Figures  5a, c). A stark contrast between 
these summers is the dominant subtropical 
ridge extending from north Africa towards 
central and northern Europe, edging across 
the southeastern and eastern parts of the 
UK on the rear flank (Figure  5b). Summer 
2018 was dominated by a high-pressure 
ridge stretching across the North Atlantic 
towards the British Isles and large parts of 
northern and central Europe (Figure  5c). 
However, the anticyclonic tilt in 2018 was 
closer to Fennoscandia, introducing a more 
northerly airflow component. This indicates 
more localised and stronger heatwave influ-
ences for the UK in 1976 than in 2018, as 
the upper-level troughs extended from 
Greenland to the Azores, and to the east 
from Eurasia and the Mediterranean, exhib-
iting the blocking pattern under prevalent 
dry and hot continental easterly air stream.

Some spatial similarities are also found 
between 1976 and 2003 in the upper-level 
troughs to the east and west across the same 

Figure 4. The mean zonal wind anomaly at 200hPa (approximately 10km above the surface) 
across Europe and the North Atlantic during meteorological summer for the 1961–1990 refer-
ence period (in ms−1). Vectors show the zonal wind speed that year while the anomaly is shown 
with colour shades (from dark reds to dark blues indicating westerlies and easterlies, respectively). 
Stippling indicates where anomalies for the easterly wind component exceeds the two standard 
deviations (the 98th percentile category). (a) 1976, (b) 2003, (c) 2018, (d) 2022. (Source: ERA5)

Figure 5. The geopotential height anomalies at 
500hPa (approximately 5.5km above the sur-
face, left column) and mean sea-level pressure 
anomalies (right column) across Europe and 
North Atlantic during meteorological summer 
with respect to the 1961–1990 reference period. 
Line contours show the geopotential height 
anomalies at 20m intervals and mean sea-level 
pressure on 2hPa intervals, respectively. Colour 
contours (from dark blues to dark reds) indicate 
the systems’ strength. Stipples indicate where 
anomalies exceed the two standard deviations 
(i.e. the 95th percentile category). (a) 1976, (b) 
2003, (c) 2018, (d) 2022. (Source: ERA5)

 14778696, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/w
ea.70075 by A

nne-M
arie van D

odew
eerd - <

Shibboleth>
-m

em
ber@

reading.ac.uk , W
iley O

nline L
ibrary on [15/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6

W
ea

th
er

 –
 9

99
9,

 V
ol

. 9
9,

 N
o.

 9
  


 

Co
nt

ra
st

in
g 

th
e 

sy
no

pt
ic 

dr
ive

rs
 o

f U
K 

he
at

w
av

es

regions. Compared to 1976, the Eurasian 
low position is similar, while the unseason-
ably deep low-pressure system (anomalies 
up to −4hPa) was slightly displaced from 
the Azores to the central Atlantic. It was bal-
anced by a robust upper-level ridge extend-
ing northeastwards from North Africa across 
mainland Europe, merging with the high-
pressure system north of Fennoscandia and 
extending towards Greenland. This allowed 
a stagnant, blocked pattern throughout 
the southerly air stream-dominated sum-
mer, induced on the rear flank of the high-
pressure system across mainland Europe 
(Figure  5b).

The summer of 2022 blends the influ-
ence of the ridge extending from Eurasia 
eastwards with the mid-Atlantic ridge close 
to the Portuguese coast. This reinforced 
prevalent south-southeasterly airflow and 

a mixture of tropical continental flow 
from the south, driven by the trough on 
the front flank and mainland continental 
air masses from the ridge from the east. 
It contributed to persistent periods of 
anomalously hot and dry conditions across 
the UK, especially during July and August, 
indicated through the geopotential height 
anomalies (>50m), resembling the 2003 
case (Figures  5b, d).

Note that the 500hPa geopotential height 
and mean sea-level pressure anomalies in 
1976 and 2018 exceed two standard devia-
tions, indicating unusual synoptic condi-
tions over the British Isles and coinciding 
with the SNAO+ phase, while in 2003 and 
2022, mean sea-level pressure anomalies 
remained within the climatology. This indi-
cates that the heatwave events in 1976 and 
2018 were more prolonged than those in 

2003 and 2022, which were short but rather 
intense.

Hence, the most pivotal synoptic condi-
tions coinciding with heatwave develop-
ments are upper-level strong easterly wind 
anomalies in the North Atlantic, which slow 
down atmospheric dynamics and induce 
the atmospheric blocking conditions, with a 
locked-in high-pressure system near the sur-
face. This aligns with the SNAO+-like pattern 
observed in 1976 and 2018. Furthermore, 
the ridge-axis tilt (north Africa-Europe in 
1976 vs North Atlantic-Fennoscandia in 
2018) sets the dominant air stream direc-
tion and determines the heat localisation, 
clearly distinguishing the summers with 
long-lasting heat from shorter, more intense 
heat episodes.

Antecedent conditions
Soil moisture
In the springs of 1976, 2003, and 2022, soil 
moisture levels in the uppermost layer of the 
surface were notably drier than average (i.e. 
−5 to −10mm) across much of western and 
northwestern Europe, including the south-
ern parts of the British Isles (Figures  6a, 
b, and d). In contrast, the spring of 2018 
experienced average to slightly wet condi-
tions (Figure 6c). The persistent anticyclonic 
conditions across northwestern Europe dur-
ing such summers, especially in 1976, cor-
responded with long-lasting heatwaves. 
The Azores high-pressure system during 
late June and early July 1976 resulted from 
daily heating and stronger air compression, 
amplifying the drought effects.

During the spring of 2003, the moisture 
content at the surface was reduced and 
drier-than-normal conditions prevailed 
(Figure  6b). The unseasonably strong low-
pressure system and zonal winds in the 
North Atlantic during summer coincided 
with the southward-shifted jet stream 
towards the coast of northwestern Africa, 
importing a hot and mainly dry air mass 
across central and northwestern Europe 
(Figures 4b and 5b). The reduced cloudiness 
contributed to the diabatic surface heat-
ing, with soil moisture substantially below 
normal (Figure  6b).

The summer of 2018 replicated the anom-
alies found in 1976, but saw the British Isles 
experience wetter soils (Figures  5a, 6a and 
5c, 6c). However, the enhanced surface heat-
ing and prevalently clear skies in late spring 
set the stage for persistent heatwaves.

In spring 2022, conditions resembled 
those of 2003, but the negative soil mois-
ture anomalies were more pronounced 
during summer (Figures  6b, d). A weaker 
low-pressure system in the North Atlantic 
and a northward displacement of the Azores 
high contributed to higher temperatures 
across the British Isles, marked by continu-
ous adiabatic air compression, warmer SSTs 

Figure 6. The soil moisture in the first level (i.e. the 0–7cm depth) across Europe and the North 
Atlantic during meteorological spring and summer (i.e. MAM and JJA seasons) for the 1961–1990 
reference period, with stipples indicating anomalies below the two standard deviations (the 95th 
percentile category). (a) 1976, (b) 2003, (c) 2018, (d) 2022. (Source: ERA5)
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and limited moisture availability, which set 
the stage for record-breaking heat.

Sea surface temperature
A cool–warm–cool tripole pattern observed 
during spring is notable in 1976 and 2018 
(Figures 7a, c), with cooler-than-normal tem-
peratures across the North Atlantic, while 
slightly warmer SSTs near Newfoundland 
indicate weak zonal winds and a northward 
jet stream (Figure  4a). The anomalies were 
more pronounced in 2018, likely reflecting 
an ongoing warming climate and improved 
satellite data assimilation.

In 1976, stronger anticyclonic influence over 
the British Isles and its circulation amplified the 
meridional heat transport, causing stronger 
sea surface heating and displacing the jet 
stream poleward (Figures 4a, 5a, and 7a). This 
phenomenon resulted in reduced soil mois-
ture and lower evaporation rates, thus aiding 
the formation of a heat dome (Figure 6a).

In contrast, spring 2003 saw a reversed 
tripole pattern (warm–cool–warm, WCW), 
with a cold bubble in the central Atlantic 
and warm temperatures near Greenland, 
indicating a warm phase of the Atlantic 
multidecadal variability (Figure  7b). This 
configuration elongated the jet stream, 
allowing frequent heat plumes from the 
south to elevate SSTs towards Greenland 
(Figures 4b, 5b, and 7b).

The 2022 heatwave exhibited character-
istics of both 2003 and 2018, with linger-
ing warm SSTs near UK shores and strong 
zonal winds similar to 2003 (Figures 4b, d).  
Cooler temperatures around Greenland 
corresponded with lower pressure, facili-
tating heat plumes from north Africa, 
paralleling the patterns of 2003 while 
retaining the ridge observed in 2018 
(Figure  5b, d). Enhanced marine heat-
waves, such as in 2022, have similarly 
gained recent research interest due to 
their role in increasing temperatures and 

altering ocean–atmosphere–land interac-
tions (Guinaldo et al.,  2023).

UK Met Office weather regimes
We also analyse the case studies in relation 
to the UK Met Office 30 weather regimes 
(Ansell et al.,  2006; Neal et al.,  2016; 
Neal,  2022) to assess the leading patterns 
influencing heatwaves in the UK. For the 
summers of 1976 and 2018, the primary 
weather pattern was pattern 6 (i.e. the anti-
cyclonic Azores high extending towards the 
UK), observed on 18.5% and 17.4% of total 
summer days, respectively (Figure  8a, c).  
This pattern resulted in reduced zonal 
wind flow, leading to positive anomalies 
in geopotential height and mean sea-
level pressure across northwestern Europe 
with notable easterly to southeasterly air 
streams. While both summers were dry, 
1976 experienced more extreme condi-
tions due to persistent drought that began 
in spring 1975 (Rodda and Marsh,  2011), 
alongside the influence of additional pat-
terns (i.e. patterns 12 and 16), which were 
less prevalent in 2018.

In contrast, summer 2003 saw a sig-
nificant displacement of the Azores high 
southward due to stronger zonal winds, 
which affected heat distribution and led 
to a cyclonic southwesterly pattern with 
a returning polar maritime air mass (i.e. 
pattern 2). In 2022, conditions were simi-
lar to 2003, characterised by a northward-
displaced Azores high- and a low-pressure 
system near Portugal, both summers sharing 
drier-than-average soils (Figure  6b, d) and 
warmer-than-average SSTs (Figure  7b, d).  
The summer of 2022 recorded the first 40°C 
temperature in the UK on the 19 July, attrib-
uted to pattern 2 (figure not shown).

Conclusion
A strong negative correlation (r = −0.63) 
exists between the SNAO and the CEP, indi-
cating a robust linear relationship between 
observed variables. In contrast, weaker 
positive correlations are observed for SCAN 
(r = 0.26) and CET (r = 0.32). Regression anal-
ysis confirms significant differences among 
the groups, attributed to the positions of the 
Azores high and Icelandic low, which influ-
ence the jet stream position. This indicates 
that the CET and CEP variability is largely 
influenced by the SNAO index, and broadly 
consistent with the findings of Rehman 
et al.  (2023) on the Azores high influence 
and its position. The northward shift of the 
subpolar gyre and the extension of the sub-
tropical high polewards favour the develop-
ment of a blocking high over Fennoscandia. 
The block enables a high-pressure system to 
prevail across the UK, with predominantly 
dry and sunny conditions associated with 

Figure 7. The SST anomalies across Europe and the North Atlantic during meteorological spring 
and summer for the 1961–1990 reference period. Colour shades (from dark blues to dark reds) 
show the anomalies, while the stipples indicate where the anomalies exceed the two standard 
deviations (the 95th percentile category). (a) 1976, (b) 2003, (c) 2018, (d) 2022. (Source: ERA5)
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the pattern 6 of the MO-30 – or anticyclonic 
Azores high extension towards the UK (‘UK 
Met Office weather regimes’ section). This 
concurs with the observed lowest CEP cli-
matology values in 1976 and 2018, although 
the CET experiences variability due to the 
dominant air stream being influenced by 
an anticyclonic tilt.

Most analysed summers align with the 
SNAO+ phase. However, in 2003, an SNAO− 
summer featured intensely heat-loaded 
plumes, yielding a CET comparable to SNAO+ 
summers like 2018 and 2022. Advective pro-
cesses, in general, play a fundamental role 
in heatwave developments, with two nota-
ble synoptic patterns characterised by the 
presence of a double jet stream. A block-
ing signature across Fennoscandia acts as 
a precursor for prolonged UK heatwaves 
due to a quasi-stationary high-pressure sys-
tem drawing warm, dry air from mainland 
Europe, pushing the jet stream northward, 
as observed in 1976 and 2018. The differ-
ence between these summers lies in the 
high-pressure system’s positioning – over 
the UK in 1976 versus more northeasterly in 
2018 – yet both were marked by SNAO+ and 
anomalously sunny, dry weather conditions.

Alternatively, heatwave developments 
can result from stronger baroclinicity and 
deep depressions in the North Atlantic, 
as seen in 2003 and 2022, which produce 
intense but short-lived heat plumes mov-
ing northward from Iberia and France, 
contributing to record temperatures. Dry 

soils amplify heatwave intensities by limit-
ing the energy expended for evaporation, 
although drought is not found to be a pri-
mary precursor. Although sharing similar 
synoptics with 1976 and 2022, in which 
coupling effects between land, ocean and 
atmosphere enhanced heatwave duration, 
the wetter soils of spring 2018 suppressed 
this effect. Clear-sky conditions enhance 
shortwave heating at both the land and 
ocean surface. At a moisture-limited land 
interface, the additional daytime energy 
is increasingly partitioned into sensible 
rather than latent heat flux, which raises 
near-surface air temperatures and further 
dries the land surface, thereby reinforcing 
the heatwave. Such a feedback mecha-
nism increases solar radiation absorption 
and atmospheric heating, sustaining hot-
ter and drier near-surface conditions and 
can amplify heatwave intensity and dura-
tion. Over the ocean, weak near-surface 
winds favour the development of a shallow 
diurnal warm layer that accumulates heat 
during the day. This raises the uppermost 
ocean layer temperature by 3–4°C (Börner 
et al., 2025) and releases it at night, limiting 
nocturnal cooling of the overlying air. It is 
analogous to what was observed in 2003 
and 2022, both of which featured marine 
heatwaves (Guinaldo et al.,  2023). The 
WCW tripole pattern – warmer SSTs near 
Newfoundland and south of Greenland, and 
a colder mid-Atlantic belt – also supports 
hot, dry summers across the UK by alter-

ing jet stream dynamics and meridional 
transport.

This study demonstrates that no sin-
gle teleconnection or variable results in 
extreme heatwaves, but a careful consid-
eration of the general weather regime in 
winter and spring can aid predictive power. 
The scheme would be refined by examin-
ing more marginal heatwaves, and the soil 
moisture analysis may provide context for 
small-scale heat events. These heatwaves, 
such as 1975 (particularly over Denmark 
and Sweden), 1983, 1995 and 2013 (UK 
focussed), are thereby limited to specific 
locations and may differ in spatiotemporal 
magnitude and extent. Future work follow-
ing this paper will consider expanding the 
qualitative findings and applying quantita-
tive methods focussing on the statistical 
analyses of the interannual variability (e.g. 
Simmonds and Li,  2021) and trends of the 
synoptic variables conducive to the heat-
wave developments and amplification.
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