
Environ. Res. Lett. 20 (2025) 024005 https://doi.org/10.1088/1748-9326/ada3e7

OPEN ACCESS

RECEIVED

31 October 2024

REVISED

20 December 2024

ACCEPTED FOR PUBLICATION

30 December 2024

PUBLISHED

10 January 2025

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

LETTER

The impact of a weakened AMOC on European heatwaves
Virna L Meccia1,∗, Claudia Simolo1, Katinka Bellomo2,3 and Susanna Corti1
1 National Research Council, Institute of Atmospheric Sciences and Climate, Bologna, Italy
2 Department of Environment, Land and Infrastructure Engineering, Polytechnic University of Turin, Turin, Italy
3 National Research Council, Institute of Atmospheric Sciences and Climate, Turin, Italy
∗ Author to whom any correspondence should be addressed.

E-mail: v.meccia@isac.cnr.it

Keywords: EC-Earth3, AMOC, heatwaves, Europe, atmospheric blocking

Supplementary material for this article is available online

Abstract
In our changing climate we expect an increase in the frequency of heatwaves, which are extreme
events that can have severe consequences for human health, ecosystems, and economies. In this
study, we examine how the weakening of the atlantic meridional overturning circulation (AMOC)
may influence the occurrence of extreme warm events in Europe. Our analysis is based on a series
of numerical experiments conducted using the EC-Earth3 climate model, which includes three
ensembles of 20 Atmospheric Model Intercomparison Project-like members. The large ensemble
size makes these simulations well-suited to studying rare extreme events. Our findings reveal that
during boreal summer, the Northern hemisphere (NH) experiences overall mean cooling, most
pronounced in the North Atlantic region. Therefore, the extreme warm events in Europe identified
by using a fixed threshold tend to be less frequent. However, the cooling pattern reduces the
meridional gradient of near-surface air temperature at high latitudes of the NH. As a result, the
speed of the summer jet stream decreases, while the frequency of Ural atmospheric blocking events
increases. Atmospheric blocking in summer is closely linked to heatwaves, primarily through
subsidence warming and enhanced downward shortwave radiation under clear sky conditions.
Consequently, the weakening of the AMOC leads to an increased frequency of heatwaves in Eastern
Europe, the only region that presents this opposite trend. This study highlights the significant role
that three-dimensional ocean circulation plays in shaping weather patterns, including extreme
events such as heatwaves in Europe. These findings have important implications for future climate
projections, as the AMOC is expected to weaken by the end of this century. Thus, as the Earth
continues to warm, we may face an increased risk of heatwaves due to the combined effects of
global warming and a weakening AMOC.

1. Introduction

A heatwave occurs when excessive heat builds up loc-
ally over unusually hot days and nights. Heat stress
is the leading cause of weather-related fatalities and
can worsen pre-existing conditions such as cardiovas-
cular disease, diabetes, mental health disorders, and
asthma. It can also heighten the risk of accidents
and facilitate the spread of certain infectious diseases.
Beyond posing significant dangers to humans, heat-
waves also have a profound impact on regional eco-
nomies and ecosystems [1, 2].

Hot extremes are expected to become more fre-
quent and intense as a result of global warming

[3, 4]. This increase can be attributed to both ther-
modynamic and dynamic changes in the atmosphere
[5]. Heatwaves, for example, are often linked to
semi-stationary high-pressure systems, which are fea-
tures of atmospheric blocking. While the relationship
between atmospheric blocking and winter temperat-
ure extremes is well-established, less is understood
about this phenomenon in the summertime, as atmo-
spheric blocking is less common during this season.
Atmospheric blocking occurs when a persistent high-
pressure system disrupts the typical westerly flow
at mid-latitudes, lasting anywhere from a few days
to several weeks [6]. During summer, this anticyc-
lonic pattern promotes adiabatic warming through
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subsidence, leading to heat accumulation near the
surface. Clear-sky conditions further enhance this
effect by allowing more solar radiation to reach the
ground [7, 8]. Such conditions contributed to not-
able heatwaves, including the 2003 event in Paris [3,
8], the 2010 heatwave in Russia [9, 10] and the 2018
heatwave in central Europe [11, 12]. In addition [13],
found a significant correlation between the frequency
of atmospheric blocking events and the intensity of
heat waves in Northern Europe and Western Russia
and noted that this relationship is expected to per-
sist in the future. Based on satellite data from 1979
to 2013 [14], identified increasing trends in extreme
heat events, along with positive trends in the fre-
quency, persistence, and maximum duration of mid-
atmospheric anticyclonic patterns over Europe dur-
ing the summer. They attributed this rise in extreme
summer heat to more frequent atmospheric blocking
and alterations in the surface energy balance.

However, there are still uncertainties regarding
the future projections of blocking activity. In the sum-
mertime, the Urals stand out as one of the few regions
where blocking may increase under a future climate
[15–17], though this is not consistently supported
across models, studies, or scenarios [18]. The reason
for this can be that different aspects of global warm-
ing may exert opposing influences. On the one hand,
upper-level tropical warming tends to reduce block-
ing activity by strengthening zonal winds [19]. On the
other hand, near-surface Arctic warming may have
the opposite effect [20, 21] because it weakens the
meridional temperature gradient, leading to a corres-
ponding weakening of the jet stream.

The atlantic meridional overturning circulation
(AMOC) strength is projected to decrease by the
end of this Century under all the future scenarios
considered by the IPCC sixth assessment report [2].
Observations agree that the AMOC is already exper-
iencing a reduction compared to the pre-industrial
value [22]. The weakening of the AMOC also changes
the meridional temperature gradient affecting the
occurrence of atmospheric blocking and therefore
the frequency of extreme temperature events. For
instance [23], explored the relationship between
AMOC strength and the occurrence of extreme cold
events in Europe. By analysing a series of AMIP-
like simulations with boundary conditions reflect-
ing varying AMOC intensities, the authors observed
a decrease in the number of extreme cold events in
Europe under a weakened AMOC. A reduced AMOC
leads to an increased meridional temperature gradi-
ent in the Northern hemisphere (NH) during boreal
winter, which strengthens the jet stream and reduces
the frequency of atmospheric blocking over theNorth
Atlantic and Greenland. This blocking, characterised
by an anticyclonic pattern, typically drives cold air
from high latitudes and Siberia into Europe, causing
cold spells. Consequently, fewer extreme cold events
occur in Europe when the AMOC weakens.

Building on the work of [23], this study aims to
explore the relationship between AMOC strength and
the frequency of extreme warm events, such as heat-
waves, in Europe. To address this, we will analyse the
same set of numerical experiments from [23]. The
experiments were run with the EC-Earth3 climate
model. They consist of three AMIP-like ensembles of
20 members each and 11 years long. Each of the 3
ensembles has boundary conditions (sea surface tem-
perature and sea-ice cover) that are representative of
climates with different intensities of AMOC strength.
The design of these experiments allows us to invest-
igate the response of extreme events under differ-
ent conditions of AMOC strength. We focus here on
the maximum daily temperatures during boreal sum-
mer. Section 2 outlines the simulations and methods
employed, while section 3 presents the results. Finally,
section 4 is devoted to discussion and conclusions.

2. Methodology

2.1. Model and simulations
The simulations analysed in this study were specific-
ally designed to examine the response of extreme
events to changes in the AMOC and are described
in detail in [23]. These simulations were carried out
using the EC-Earth3 climate model [24]. Initially,
a coupled experiment was conducted following
the North Atlantic Hosing Model Intercomparison
Project (NAHosMIP [25]) protocol, in which a vir-
tual salinity flux equivalent to 0.3 Sv is applied to the
North Atlantic and Arctic Ocean under pre-industrial
climate conditions. This forcing was applied for
140 years, then it was removed and the system
was allowed to evolve freely. The AMOC strength
reduces while the water hosing is applied (figure S1
in [23]) and it tends to recover when the forcing is
removed. This experiment is then used to generate
the boundary conditions for a set of Atmospheric
Model Intercomparison Project (AMIP)-like simu-
lations. The choice of performing AMIP-like simu-
lations allows us to limit the differences between the
experiments to atmospheric variability only and to
perform several ensemble members.

From the fully coupled model freshwater hos-
ing run, we looked for periods in which the AMOC
strength resulted lower than the pre-industrial value
but did not largely change within that period. We
refer to AMOC strength as the maximum Atlantic
meridional streamfunction at ∼26.5◦N and between
500 and 2000 m depth. Satisfying those conditions,
we selected three 11 year periods, each character-
ised by different mean AMOC strengths. We used the
associated sea surface temperature (SST) and sea ice
cover to force the set of AMIP-like simulations. For
each set of boundary conditions, we ran 20 ensemble
members by perturbing the atmospheric initial con-
ditions. Our set of simulations thus consists of three
ensembles, each with 20members. The first ensemble
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is the control experiment (ctrl), which includes 20
AMIP-like members with boundary conditions based
on the pre-industrial run, without water hosing, with
a mean AMOC index at 26◦N of 17.5 Sv. The second
ensemble consists of 20 AMIP-like members with
boundary conditions representing a climate with an
AMOC index of 14 Sv (a14), reflecting a reduction of
∼20% with respect to the pre-industrial value. The
third ensemble consists of 20 AMIP-like members
with boundary conditions corresponding to a climate
with an AMOC intensity of 7 Sv (a07), representing a
reduction of∼60% with respect to the control value.
For more details on the experiments, the reader is
referred to [23].

The first year of each simulation is excluded from
the analysis to allow the atmospheric model to reach
equilibrium. In total, we have 200 years of monthly
and daily data for three different climate states: the
control (ctrl) with amean AMOC of 17.5 Sv, a14 with
a mean AMOC of 14 Sv, and a07 with a mean AMOC
of 7 Sv.

Finally, to evaluate the sensitivity of the results to
the experimental design, we replicated some of the
analysis performed here in the original coupled run
using the period in which the AMOC was reduced
by more than 50% with respect to the pre-industrial
value. That period covers 60 years and it was analyzed
by [26] who studied the response of precipitation pat-
terns in the Euro-Atlantic sector to an AMOC weak-
ening (figure 2 of [26]). This way, the AMOC reduc-
tion (larger than 50%) is comparable to the AMOC
reduction in our a07 experiments (∼60%).

2.2. Analysis and indices
In this paper, we analyse the daily maximum near-
surface (at 2m) temperature (tasmax or TX) in boreal
summer (June–July–August; JJA). Heatwaves can be
defined as events that occur when weather condi-
tions exceed a particular threshold for a prolonged
period. We here use the diagnostic warm spell dur-
ation index (WSDI). As outlined by the Expert team
on climate change detection and indices, WSDI rep-
resents the annual count of days with at least 6 con-
secutive days where the daily maximum temperature
exceeds the 90th percentile of maximum daily tem-
perature, centred on a 5 day sliding window. Detailed
methodology can be found in [27].

To investigate the jet stream’s response, we util-
ize the monthly mean of zonal wind. For jet stream
indices, we averaged the daily zonal wind values at
850 hPa longitudinally between 0◦ and 60◦E, covering
latitudes from 15 to 75◦N.A 10 day low-pass filter was
applied, and the daily jet speed and jet latitude indices
were determined based on themaximumvalue and its
corresponding latitude [28].

For analysing atmospheric blocking events,
we employed the Mid-Latitude Evaluation System
Version v0.51 tool [29] to compute two-dimensional

fields of the number of blocked days in percent-
age. This tool uses daily geopotential height fields
at 500 hPa re-gridded to a 2.5-degree resolution to
detect reversals of the meridional gradient between
30 and 75◦N. Additionally, we calculated the one-
dimensional blocking index following [6].

Daily fields of geopotential height at 500 hPa, total
cloud cover (clt), and downward shortwave radiation
(rsds) were also used to construct composites for days
associated with heatwave events.

3. Results

3.1. The response of near-surface air temperature
during summertime
It is well-established that the NH cools in response
to AMOC weakening (e.g [26, 30]). This cooling
effect is most pronounced during boreal winter but
is present throughout the year. The upper row of
figure 1 displays the mean near-surface air temper-
ature (tas) in JJA for the control experiment (ctrl)
and the experiments with reduced AMOC (a14 and
a07), shown as anomalies relative to the control. The
lower row of figure 1 illustrates the meridional tem-
perature gradients. Since, in general, the temperat-
ure gradient in the control experiment is negative in
the NH, positive anomalies indicate a reduction in
the temperature gradient, whereas negative anomalies
signal an intensification. The greatest cooling occurs
over the North Atlantic, around 55◦N (figures 1(b)
and (c)). As a result, the meridional temperature
gradient decreases over the ocean north of 60◦N
(figures 1(e) and (f)) while experiencing some slight
increase southward.

Since our focus is on extreme temperature events
over Europe, we now turn our attention to the daily
maximum temperature during JJA across the region.
Figure 2(a) presents the probability density functions
of the daily maximum temperature (tasmax or TX)
over land in Europe (35◦–70◦N; 10◦W–40◦E) for
the three experiments. Following an AMOC reduc-
tion, the temperature distributions shift toward lower
values (cooler maximum temperatures), but with
increased variability (e.g. ∼0.5 ◦C for the difference
between a07 and ctrl experiments). This result is also
represented in the box plots of the differences in the
mean value (figure 2(b)) and the standard deviation
(figure 2(c)). As seen in figure S1, which shows the
standard deviation of tasmax, the largest increases
in variability are observed in the a07 experiment
over North Eastern Europe, where they oppose the
decrease of warm extremes in a cooler climate.

Changes in near-surface temperatures, particu-
larly the meridional temperature gradients between
subpolar and subtropical regions (figure 1), serve as
the energy source for the jet stream. Thus, in the next
section, we will examine the jet stream’s response.
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Figure 1. The near-surface air temperature (tas; ◦C) in JJA. (a) Mean tas in the North Atlantic and Europe in the ctrl runs and (b)
and (c) results for the experiments with the reduced AMOC as anomalies with respect to the control. (d) Mean meridional
temperature gradient of tas in the ctrl experiment and (e) and (f) results for a14 and a07 experiments with respect to the control.

Figure 2. The daily maximum near-surface air temperature (tasmax or TX; ◦C) in JJA. (a) Probability density functions (PDFs) of
TX in Europe over land; (b) boxplot of the mean TX in Europe over land for a14 and a07 as differences with respect to the ctrl;
and (c) as (b) but for standard deviation. The blue line corresponds to the ctrl experiments, the brown to the a14 and the pink
line to the a07 experiment. Boxplots in (b) and (c) denote the interquartile range of the differences across the model runs, the
inside bars denote the median, and whiskers the total spread.

3.2. The response of the jet stream
Figure 3 presents the zonal mean of the zonal wind
during JJA as a function of latitude and pressure levels
in the NH. In the ctrl experiment (figure 3(a)), the
ensemble mean shows maximum zonal wind values
of approximately 18 m s−1 around 42◦N at 200 hPa.
In contrast, the experiment with a strong AMOC
reduction (a07, figure 3(c)) demonstrates a strength-
ening of the mean zonal winds south of 42◦N and a
weakening to the north, suggesting an equatorward
shift of the maximum wind. This pattern is robust
in the a07 experiment but it is not present in the
experiment with a milder AMOC reduction (a14;
figure 3(b)). Similarly, the probability density func-
tion (PDF) of the jet latitude index (figure S2(a))
shows an equatorward shift in the a07 experiment
but not in a14. However, the PDF of the jet speed

index (figure S2(b)) indicates a progressive decrease
in jet intensity as the AMOCweakens. It is worth not-
ing that the jet latitude and speed indices are derived
from daily zonal wind at 850 hPa, in contrast to the
monthly means used in figure 3, which suggest that
the larger changes occur in the thermally driven jet at
∼200 hPa.

Therefore, the reduction of the jet stream intens-
ity is consistent with the reduction of the meridi-
onal temperature gradient over northern high latit-
udes (figures 1(e) and (f)). The characteristics of the
jet stream may impact the frequency of atmospheric
blocking, as atmospheric blocking is marked by the
presence of an anticyclone that disrupts the flow
of the jet stream. Accordingly, we will examine the
response of the atmospheric blocking in the following
section.
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Figure 3. The zonal mean of the zonal wind (m s−1) in JJA. (a) Ensemble mean of the zonal wind as a function of the latitude in
the NH and pressure level for the ctrl experiment. (b) and (c) show the results for the a14 and a07 experiments as the differences
with respect to the control run. Dots are plotted when more than 75% of the ensemble members have the same sign of difference
as the ensemble mean.

3.3. The response of the atmospheric blocking
By analysing daily geopotential height at 500 hPa, we
calculate the two-dimensional field of the number of
blocked days in percentage during JJA for the NH
(figure 4). In the control run, there is a notable max-
imumof number of blocked days over Eastern Europe
andwesternRussia (figure 4(a)), corresponding to the
well-known Ural blocking region. This area is signi-
ficantly impacted by a weakened AMOC, showing an
increase in the number of blocked days per summer
as the AMOCweakens (figures 4(b) and (c)). The rise
in atmospheric blocking frequency over the Urals is
further supported by the one-dimensional blocking
index from [6]. The blocking frequency around 27◦E
longitude in the NH increases as the AMOC declines
(figure S3).

As mentioned in the introduction, atmospheric
blocking is linked to extreme temperature events,
occurring both in winter and summer. In the next
section, we explore the implications of the increased
frequency of atmospheric blocking in the Ural region
on extreme warm events.

3.4. The response of the heatwaves in Europe
To analyse extreme warm events, such as warm spells
or heatwaves, we utilise the WSDI as defined in
section 2. The WSDI counts the number of days that
belong to a warm spell, defined as an event in which
the daily maximum temperature exceeds a threshold
for at least six consecutive days. In this study, we
use the 90th percentile of the maximum daily tem-
peratures, centred on a 5 day sliding window, as the
threshold. This quantity varies with the calendar day,
and the average values for the JJA period are shown in
figure S4. As the AMOC weakens, the 90th percent-
ile of daily maximum temperatures decreases, with
differences exceeding 3 degrees. However, the Ural
region, which exhibits increased atmospheric block-
ing as noted in the previous section, shows a milder
maximum temperature decrease, which is not every-
where statistically different from the control (figures
S4(b) and (c)).

Since we are interested in understanding differ-
ences compared to the control climate, we apply
a fixed threshold using the 90th percentile of the

control experiment’s maximum daily temperature,
to define warm spells or heatwaves across the three
sets of experiments. Overall, the WSDI decreases as
the AMOC weakens (figures 5(b) and (c)), which is
expected since maintaining a fixed threshold relative
to the control experiment (representing a warmer cli-
mate, figure 2) makes the occurrence of heatwaves
more difficult to achieve. However, in Eastern Europe
and Western Russia, the occurrence of heatwaves
increases in the experiments with a reduced AMOC.
This result is subject to large internal variability and
is not everywhere robust (with 75% of ensemble
members showing the same change as the ensemble
mean).

To corroborate this result, we replicated the pre-
vious analysis with the fully coupled model run (see
section 2.1). The hosing run, in this case, includes
60 years during which the mean AMOC index is
7.55 Sv, a value comparable to the one in the exper-
iment a07. The control run consists of 150 years
under pre-industrial conditions to capture a com-
plete multi-centennial AMOC variability present in
EC-Earth3 [31]. We found similar results (figure S5),
indicating that the signal is not an artefact of the
experiment design but is also present in the coupled
system.

We focus now on the region where we found an
increase in warm spells to investigate the changes in
intensity and duration of those events. In a qualitat-
ive way, we selected the region marked with a black
square in figure 5(c), and identified the heatwaves
using the mean values of daily maximum temper-
ature in that region. Then, for each event we com-
puted the mean intensity (mean temperature) and
its duration in days. Figure 6 shows the PDFs of the
intensity and duration of the heatwaves in Eastern
Europe for all the experiments. The intensity of heat-
waves tends to increase when the AMOC is reduced
since more cases occur for higher values of mean
temperature. For instance, the experiments a07 and
a14 present more cases for the temperature range
between 32 ◦C and 33.5 ◦C. In contrast, the con-
trol experiment presents more cases at lower tem-
peratures, between 31 ◦C and 32.5 ◦C (figure 6(a)).
The duration of the events tends to increase when

5



Environ. Res. Lett. 20 (2025) 024005 V L Meccia et al

Figure 4. The atmospheric blocking in JJA. (a) Ensemble mean of the frequency of blocked days for the ctrl experiments. (b) and
(c) Results for the a14 and a07 experiments as the differences with respect to the control run. Dots are plotted when more than
75% of the ensemble members have the same sign of difference as the ensemble mean.

Figure 5.Warm spell duration index for JJA. (a) Ensemble mean of the mean number of days per boreal summer belonging to a
warm spell or heatwave for the ctrl experiment. (b) and (c) Results for the a14 and a07 experiments as the differences with respect
to the control run. The 90th percentile of boreal summer daily maximum temperatures of the control experiments is used as the
threshold for defining a warm spell or heatwave. Dots in (b) and (c) are plotted when more than 75% of the ensemble members
have the same sign of difference as the ensemble mean.

Figure 6. Probability density functions (PDFs) of (a) the mean intensity (◦C) and (b) duration (days) of heatwaves in the area
marked with a black square in figure 5(c).

the AMOC is strongly reduced: whereas most of the
events last 6 days in the control run, they last between
7 and 8 days in the a07 experiments.

To investigate processes associated with this
increase in warm spells, we compute the compos-
ites of geopotential height anomalies at 500 hPa, total
cloud cover and downward shortwave radiation for
the days associated with a heatwave in that region.
Figure 7 displays the results for the control run, the
other two experiments are not shown because they

are nearly identical. The synoptic conditions associ-
ated with these warm spells are marked by the pres-
ence of an anticyclone over the region (figure 7(a)),
indicative of atmospheric blocking. Consequently, the
increase in warm spells in Eastern Europe is linked
to an increase in the frequency of atmospheric block-
ing. This pattern is further accompanied by clear skies
(figure 7(b)), which enhance downward shortwave
radiation (figure 7(c)), contributing to the develop-
ment of a heatwave.
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Figure 7. Synoptic conditions associated with the heatwaves in Eastern Europe. Composites of anomalies of (a) geopotential
height at 500 hPa (m; zg500); (b) total cloud cover (%; clt); and (c) downward shortwave radiation at the surface (W m−2; rsds)
for days belonging to heatwaves events in the mean areal delimited in figure 5(c) for the ctrl experiment.

4. Discussion and conclusion

We investigated the response of extreme warm events,
or heatwaves, in Europe to a reduction in the AMOC
using targeted numerical simulations with the EC-
Earth3 climate model. Our experiments simulated
atmospheric climate conditions forced by different
AMOC strengths. To create these different bound-
ary conditions, we first applied freshwater hosing to
the North Atlantic and the Arctic in the fully coupled
EC-Earth3 model, artificially weakening the AMOC.
The resulting atmospheric states were derived from
ensembles of 20 AMIP-likemembers forced with SSTs
and sea-ice cover associated with different strengths
of AMOC taken from the fully coupled model, allow-
ing us to analyse rare extreme events.

By identifying extreme warm events using a fixed
threshold across experiments, we found that AMOC
weakening generally led to a decrease in the frequency
of heatwaves in Europe. This is not surprising because
as a result of an overall cooling, the conditions for
the occurrence of heatwaves becomemore difficult to
achieve. However, Eastern Europe and western Russia
is an exception where the frequency of heatwaves
increases. This increase is associatedwith a rise inUral
atmospheric blocking, a response consistent across
both experiments (a14 and a07) with moderate and
strong AMOC reductions. We hypothesise that the
increase in atmospheric blocking is linked to changes
in the jet stream, driven by shifts in the meridional
temperature gradient. As the AMOC weakens, max-
imum cooling during summer (JJA) occurs over the
North Atlantic, reducing the temperature gradient at
higher latitudes. Consequently, due to reduced energy
input, the jet stream weakens which facilitates the
development of atmospheric blocking patterns.

There is existing evidence of a relationship
between cold SST anomalies in theNorthAtlantic and
the occurrence of heatwaves in Europe. For instance
[32], analysed a cold SST event in the North Atlantic
that occurred in 2015, finding that it preceded the
development of a heatwave in Europe ranked in
the top ten over the previous 65 years. This ocean
anomaly was associated with a stationary jet stream,
which contributed to sustained high surface temper-
atures over Central Europe. Similarly [33], investig-
ated warm summers during the Younger Dryas cold
period and discovered that cold North Atlantic SSTs

triggered warmer summers in Central Europe. This
was attributed to shifts in atmospheric circulation,
where mean sea-level pressure showed a pronounced
ridge over the easternAtlantic, leading to atmospheric
blocking that prevented cold westerly winds from
reaching continental Europe.

In [23], the authors examined the response of
cold spells in Europe to a reduction in the AMOC
using the same set of experiments as in this study.
The authors used the definition of the cold spell as
an event in which for at least six consecutive days, the
daily minimum temperature falls below the 10th per-
centile in the calendar five-day window. Their find-
ings revealed that the spatial cooling pattern dur-
ing boreal winter increases the meridional temperat-
ure gradient at high latitudes in the NH. This leads
to an intensification of the jet stream and a cor-
responding reduction in North Atlantic atmospheric
blocking. Wintertime atmospheric blocking is typ-
ically linked to cold spells downstream of the high-
pressure system, as it advects cold air from higher
latitudes for several days. Therefore [23], observed a
decrease in cold spells as the AMOC weakens, des-
pite the reduction in mean temperature. In contrast,
in this study, we found that during summer, the pat-
tern of changes in the meridional temperature gradi-
ent leads to a reduction and southward shift of the
jet stream and increment of the Ural atmospheric
blocking. By clear sky conditions and consequently
increased downward shortwave radiation associated
with blocking systems during summer, the heatwaves
in Eastern Europe increase, again despite the reduc-
tion in mean temperature.

In conclusion, while an overall cooling of the NH
is expected year-round in response to AMOC weak-
ening, there exists areas in Europe where the cold
spells tend to decrease and areas where the heatwaves
become more frequent. These exceptions are dynam-
ically explained by changes in the frequency of atmo-
spheric blocking.

There are still uncertainties regarding the projec-
ted changes in atmospheric circulation, particularly
in relation to the frequency of atmospheric blocking.
[16] analysed NH atmospheric blocking across three
generations of the Coupled Model Intercomparison
Project (CMIP3, CMIP5, and CMIP6). They found
that, while biases decrease with each new model gen-
eration, even the latest models struggle to reproduce
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observed blocking frequencies accurately. In terms
of future projections, climate models generally sim-
ulate a decrease in blocking frequency during both
winter and summer. However, there are two notable
exceptions: an increase in winter blocking over North
America and an increase in summer blocking over the
Ural region [16]. Based on our findings, it remains the
question of howmuch of the projected changes in the
frequency of Ural atmospheric blocking can be attrib-
uted to the projected AMOC weakening.

It is worth noting that an AMOC collapse is not
included in our scenarios. Although an AMOC col-
lapse is considered a high-impact event, the likeli-
hood of its occurrence before 2100 is low or very
unlikely (medium confidence [2]). However, a sub-
stantial AMOC reduction remains a very plausible
scenario. In this paper, we addressed the impact of
a reduced AMOC strength, which is more likely on
the time scales considered in the experiments run
in this study. Our study demonstrates that by alter-
ing themeridional temperature gradient, a weakening
of the AMOC significantly impacts atmospheric cir-
culation, with consequential effects on weather pat-
terns, particularly extreme temperature events. Thus,
improving the representation of three-dimensional
ocean circulation in state-of-the-art climate models
is crucial for more accurate climate projections.
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