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Abstract

There is a consensus that a weakened Atlantic Meridional Overturning Circulation (AMOC)
decreases mean surface temperature in the Northern Hemisphere, both over the ocean and the
continents. However, the impacts of a reduced AMOC on cold extreme events have not yet been
examined. We analyse the impacts of a reduced AMOC strength on extreme cold events over
Europe using targeted sensitivity experiments with the EC-Earth3 climate model. Starting from a
fully coupled ocean-atmosphere simulation in which the AMOC was artificially reduced, a set of
atmosphere-only integrations with prescribed sea surface temperature and sea-ice cover was
conducted to evaluate the effects of weakly and strongly reduced AMOC strength. Despite overall
cooling, reduced AMOC leads to fewer winter cold spells in Europe. We find that the weakened
AMOC intensifies near-surface meridional gradient temperature in the North Atlantic and Europe,
thus providing the energy to boost the jet stream. A stronger jet stream leads to less atmospheric
blocking, reducing the frequency of cold spells over Europe. Although limited to the output of one
model, our results indicate that a reduced AMOC strength may play a role in shaping future
climate change cold spells by modulating the strength of the jet stream and the frequency of

atmospheric blocking.

1. Introduction

The atmosphere and the ocean work together to
compensate for the differences in solar radiation
between the low and high latitudes by transport-
ing annually up to 5.7 PW of heat poleward [1].
This way, the anomalies in heat transported indi-
vidually by the atmosphere and ocean should approx-
imately balance one another, a process known as
Bjerknes compensation [2]. In the northern hemi-
sphere (NH), the Atlantic Meridional Overturning
Circulation (AMOC) carries up to 25% of the north-
ward global atmosphere-ocean heat transport [3],
while the atmosphere is especially efficient in trans-
porting heat poleward by storms at mid-latitudes
(around 40° N). Therefore, if the ocean heat trans-
port in the North Atlantic is reduced, for example, by
a reduction of the AMOGC, it could be expected that
the atmosphere would become more efficient to com-
pensate for the deficit in oceanic heat transport. The
European weather and climate would be affected by

© 2023 The Author(s). Published by IOP Publishing Ltd

such a scenario because it is strongly influenced by
the North Atlantic variability. It is in Europe where
the westerly jet stream and the North Atlantic storm
track end, and the North Atlantic is a region prone to
atmospheric blocking [4].

Despite global warming, the North Atlantic sub-
polar gyre presented a relative cooling of sea surface
temperatures (SST) during the last decades, a fea-
ture that is more pronounced in the boreal winter
[5]. The observed spatial pattern of the subpolar
gyre cooling is consistent with a slowdown of the
AMOC, causing a reduced northward ocean heat
transport and a northward shift of the Gulf Stream
[6]. Some studies demonstrate that a cold SST anom-
aly in the North Atlantic can cause changes in the
atmospheric circulation over Europe (e.g. [7]). For
example, such an anomaly can increase the meridi-
onal temperature gradient and, therefore, the baro-
clinic instability [8], from where the wave activity
takes energy and can modify the North Atlantic storm
track.
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Therefore, in the future, we will likely be exposed
to the direct effects of global warming and those of
a reduced AMOC. To disentangle these two drivers,
it is possible to artificially reduce the AMOC by the
so-called water hosing experiments. These experi-
ments consist of a release of freshwater into the North
Atlantic to inhibit deep water formation associated
with AMOC. The freshwater anomaly can be applied
under the pre-industrial climate, so the effects of a
reduced AMOC can be accounted for without con-
sidering global warming. By doing so, some authors
analysed the climate impacts of a reduced AMOC
(e.g. [9-12]), and most works agree that the North
Atlantic cools, thus increasing the meridional tem-
perature gradient. To compensate for this cooling, the
Intertropical Convergence Zone shifts southward to
allow for more heat transport across the equator (e.g.
[9, 11, 13—-15]). Other studies reported an increase
in sea level along the North American Atlantic coast
[16] or an increase in the strength of the boreal winter
North Atlantic storm track penetrating farther into
western Europe [11, 17].

More specifically, some works focus on the cli-
mate impact on Europe [18] reported lower temper-
atures, reduced precipitation, increased snow cover,
and higher albedo. [11] found that the intensified
storm activities increase rainfall locally in winter,
whereas summer precipitation decreases in northern
Europe and increases in southern Europe. [15] found
an increase in the frequency of the North Atlantic
Oscillation positive phase during winter, associated
with more wet days over northern Europe and drier
conditions over southern Europe.

However, the impacts of an AMOC weakening on
extreme weather phenomena in Europe have not been
studied yet. For instance, although it is already known
that a weakening of the AMOC can produce colder
mean temperatures to the North Atlantic, the effects
on the frequency of extreme cold events are unknown.
Indeed, cold spells, defined as prolonged periods of
extremely cold weather, have damaging consequences
for agriculture, power demand, human health, and
infrastructure (e.g. [19-21]). This study aims to fill
this gap by investigating the impacts of a reduced
AMOC on extreme cold events in Europe through tar-
geted sensitivity simulations with the EC-Earth3 cli-
mate model.

The paper is organised as follows. In the next
section, we introduce the climate model and the set of
simulations and describe the methods. We present the
results regarding the extreme cold events and propose
an explaining mechanism in section 3, whereas the
discussion and conclusions are presented in section 4.

2. Methodology

2.1. Model experiments
The experiments were conducted with the CMIP6-
generation EC-Earth3 climate model [22], developed

2
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by a consortium of European research institutes.
EC-Earth3 is constituted by the Integrated Forecast
System (IFS; [23]) cycle 36r4, including the land-
surface scheme H-TESSEL [24], and the Nucleus for
European Modelling of the Ocean (NEMO; [25])
version 3.6, including the Louvain la Neuve (LIM3;
[26]) sea-ice model. Both components communicate
through the OASIS3-MCT version 3.0 coupler [27].
We use the model in its standard configuration: the
T255L91 for IFS, which implies a horizontal resol-
ution of ~80 km and 91 vertical levels in a hybrid
coordinate system, and ORCA1Z75 for NEMO, a tri-
polar grid with an average resolution of 1 degree and
75 vertical levels.

Following the protocol for the North Atlantic
Hosing Model Intercomparison Project [28], a water
hosing strength 0f 0.3 Sv (1 Sv=10° m’ s~!) was uni-
formly distributed poleward of 50° N in the Atlantic
and Arctic Oceans for 140 years to the pre-industrial
climate. As a result, the AMOC reduces (figure S1).
This experiment is documented in [15] where it was
used to investigate the impacts of a weakened AMOC
on precipitation patterns over the Euro-Atlantic sec-
tor. For more details on this experiment, the reader is
thus referred to [15].

We used the above-described fully coupled ocean-
atmosphere simulation to provide the initial con-
ditions (ICs) and boundary conditions (BCs) for a
series of Atmospheric Model Intercomparison Project
(AMIP)-like experiments, in which the SST and sea-
ice cover are prescribed. The purpose of these exper-
iments is to investigate the changes in European
extreme cold events in response to different levels
of AMOC weakening. We selected three periods of
11 year duration in which the mean AMOC strength
is about 17.5 Sv, 14 Sv and 7 Sv, respectively (figure
S1). For each of the three periods, we used the atmo-
spheric ICs and the simulated monthly SST and sea-
ice cover as BCs (figure S2) for the AMIP-like runs.
Thus, the set of experiments consists of a control run
(ctrl; mean AMOC ~17.5 Sv), a weak (—20% with
respect to the control) AMOC reduction (al4; mean
AMOC ~14 Sv), and a strong (—60% with respect
to the control) AMOC reduction (a07, mean AMOC
~7 Sv).

By perturbing the 3D temperature field in the
atmospheric component we generated 20 ensemble
members for each of the 11 year long set of experi-
ments. This strategy allows for a better disentangle-
ment between internal and forced variability when
looking at the ensemble means. In this case, the
forcing is given by the level of AMOC reduction
(0%, —20%, and —60%, approximately). Besides, this
strategy allows to increase the amount of data by a
factor of 20 and the statistical robustness, particu-
larly when studying extreme or rare events. We con-
sidered the first year as a spin-up period to let the
model adjust to the IC. Therefore, all the analysis per-
formed in this study is made using 10 years of each
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Table 1. Acronyms related to the minimum temperature used in
this study.

Acronyms Full name

Tasmin or TN Minimum near-surface air temperature

TNm Mean value of TN

TNn Minimum value of TN
TNstd Standard Deviation of TN
CSDI Cold Spell Duration Index

simulation. We concatenate the monthly and daily
outputs from these 3 experiments, each consisting of
10 year long 20 ensemble members, thus covering
200 years of data.

2.2. Methods

We used daily minimum near-surface air temperature
(tasmin or TN) from model simulations to investigate
changes in the severity and duration of cold-season
cold extremes with the AMOC decline. Specifically,
we analysed changes in the winter mean (TNm) and
minimum (the coldest night TNn) of TN and in the
Cold Spell Duration Index (CSDI, see table 1 for
acronyms). The CSDI is the count of days with at
least six consecutive days when the TN falls below
the 10th percentile in the calendar five day window
[29]. We compute the five day window 10th percent-
ile of TN for each of the three experiments separ-
ately. These values represent the threshold for cal-
culating the CSDI. Then, for the 200 year data of
each experiment, we counted the days belonging to
a cold spell (at least six consecutive days when the
TN is lower than the threshold for that calendar day).
This computation is done for the boreal winter season
(December—January—February, DJF).

Atmospheric blocking, which is characterized by
a stationary anomaly that blocks the prevailing west-
erlies winds, is computed with the tool Mid Latitude
Evaluation System Version v0.51 [30]; using the
daily geopotential height fields at 500 hPa (z¢500)
in a 2.5° x 2.5° grid. The tool calculates the two-
dimensional blocking index or percentage of blocked
days based on the reversal of the meridional gradient
of zg500 in the 30° N to 75° N latitude range [31].

The jet stream daily indices are computed based
on the daily zonal wind at 850 hPa (1a850), accord-
ing to [32]. The method consists of zonally averaging
the zonal wind over the sector 0°-60° W between
15° N and 75° N. Then, the maximum value (west-
erly wind) is identified after applying a ten day low-
pass filter. The latitude and value of this maximum
are used to define the daily jet latitude and speed,
respectively.

When plotting the differences between experi-
ments, we present the results with a measure of agree-
ment. Stippling indicates where more than 75% of the
ensemble members have the same sign of difference
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as the ensemble mean, indicating that the signal is
robust.

3. Results

3.1. Statistics of daily minimum near-surface
temperature

Because the AMOC transports heat northward
towards the high latitudes of the NH, the effect of
a reduced AMOC is a widespread cooling of the NH,
particularly in the North Atlantic sector (figures 1(a)—
(c)), in agreement with previous studies (e.g. [11,
15]). This response is intensified during boreal winter
[33] when the deep convection is inhibited. The
strongest cooling is located around 70° N. As a result,
the mean meridional temperature gradient increases
(i.e., reinforces) south of 70° N and decreases north
of 70° N (figures 1(d)—(f)). Overall, this can be inter-
preted as a southward shift of the maximum meri-
dional gradient with the AMOC weakening. Blue
shading in figure 1(d) indicates that the meridional
temperature gradient is negative (reduction of tem-
perature when latitude increases) in the control. Blue
shading in figures 1(e) and (f) indicates a more neg-
ative meridional temperature gradient or intensifica-
tion of it when the AMOC is reduced with respect to
the control.

We focus now on the daily minimum temper-
ature (tasmin or TN) in Europe (35° N to 70° N
and 10° W to 40° E) over land during DJE The
regional mean minimum temperatures (TNm) show
a decrease of about 2.5 °C and 7.2 °C relative to the
control in the a14 and the a07 experiments, respect-
ively (figures 2(a) and (b)). However, the minimum
values of TN (TNn) decrease faster than the mean
TNm (figures 2(b) and (d)) because of a concurrent
increase in TN standard deviation (TNsd, figure 2(b))
that accelerates the cooling of the coldest nights (see
e.g. [34]). The difference in the standard deviation
is 0.5 and 1.3 °C for the al4 and a07 experiments,
respectively. The spatial patterns of TNsd and the dif-
ferences between TNn and TNm are shown in figure
S3. The increase in variability is widespread (figures
S3(a) and (b)) and largely explains the excess cool-
ing of TNn over much of the NH (figures S3(c) and
(d)). In turn, changes in temperature variability with
the AMOC decline are likely related to changes in the
mean meridional gradient, as their pattern similarit-
ies may suggest (figures 1(e) and (f) vs figures S3(a)
and (b)). Namely, variability tends to increase where
the gradient strengthens, as already found in global
warming projections [34-36].

In summary, from the statistical distributions of
the daily minimum near-surface air temperature over
Europe, an AMOC weakening yields a cooler winter
climate with increased variability in which the coldest
nights are expected to become more extreme. We will
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Figure 1. (a), (b) and (c) boreal winter (DJF) mean near-surface air temperature (fas; °C) in the North Atlantic and Europe. The
ensemble mean for the ctrl is plotted in (a), and the anomalies of a14 and a07 with respect to the control are plotted in (b) and
(), respectively. (d), (e) and (f) Boreal winter mean near-surface air temperature meridional gradient (°C/1000 Km) in the
North Atlantic and Europe. The ensemble mean for the ctrl is plotted in (d), and the anomalies of al14 and a07 with respect to the
control are plotted in (e) and (f), respectively.

now investigate how these extremely cold temperat-
ures aggregate throughout the winter.

3.2. The cold spells in Europe

We computed the CSDI for DJF in each grid point
for the three sets of experiments independently.
Figure 3(a) show the ensemble mean of the mean
CSDI per winter (averaged over the total number of
years) over land for the ctrl run. If the CSDI is less than
6 days, that means that less than one event per winter,
on average, occurs. The differences of the ensemble
mean of CSDI for al4 and a07 with respect to ctrl
are plotted in figure 3(b) and (c), where red shad-
ing indicates more days while blue shading indicates
fewer days belonging to a cold spell with respect to
the control. Similarly, figure S4 shows the mean fre-
quency and duration of cold spells per winter. In
the case of a weak reduction of the AMOC (al4),
the internal variability is larger than the forced sig-
nal, and the results are not robust. Yet, some features
resemble those obtained in the case of a strong AMOC
reduction (a07) in which the ensemble mean signal is
in agreement with more than 75% of the ensemble
members. For instance, although cooler mean win-
ters occur with a reduced AMOC (figures 1(b) and
(c)), there are areas in which the number of days
belonging to cold spells decreases. The latter occurs

in central Europe, Ireland, the southern UK, and
Eastern Europe (figure 3(c)). A moderate (not robust)
increase in the CSDI is found in Scandinavia, the
northern UK, and southern Europe.

We focus now on the two areas enclosed by the
black boxes in figure 3(c), where the CSDI is reduced
due to an AMOC weakening, in central Europe,
Ireland and the southern UK (Al), and Eastern
Europe (A2). We identified the cold spell events in
each grid point of areas Al and A2, separately. By
summing up all the events, we constructed the histo-
grams of the duration in days of cold spells in each
area for the three experiments (figure 4). In both
regions, the frequency of cold spells decreases when
the AMOC is reduced, and this is true for almost
all the durations. The longest cold spell duration in
A2 decreases from 14 to 11 days in the case of a
strong AMOC reduction. In summary, even though
a reduced AMOC leads to cooler mean winters, the
extremely cold days are less aggregated, and con-
sequently, fewer days are associated with cold spell
events.

To explore the atmospheric conditions associ-
ated with extreme cold events in regions Al and A2,
we computed the composites of geopotential height
anomalies at 500 hPa (z¢g500) for the days belonging
to a cold spell in the selected areas. To do so, we first
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a) PDF of daily minimum temperature (TN)
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Figure 2. Statistics for the boreal winter daily tasmin or TN in Europe over land: (a) probability density functions; (b); (c); and
(d) boxplots for the differences in the mean; standard deviation; and minimum, respectively for the experiments with a reduced

AMOC with respect to the control.

recomputed the CSDI for the areal mean TN to obtain
a single index per area to calculate the composites.
The resulting fields for the control experiments are
plotted in figure 5(a) for Al and figure 5(b) for A2.
Results for the experiments with the reduced AMOC
are similar to those of the control (figure S4); the
anomalies are independently computed for each set
of experiments based on the daily climatology. In all
three cases, the zg500 anomaly field associated with
cold spells in both areas Al and A2 resembles the
pattern of the North Atlantic atmospheric blocking
[37-39] in which a positive anomaly develops over
Scandinavia and the Nordic seas and a negative anom-
aly develops over southern Europe. Then, because the
cold spells in Al and A2 are associated with atmo-
spheric blocking in the North Atlantic, we will explore
the response of this phenomenon to a reduction of the
AMOC in the following section.

3.3. The North Atlantic atmospheric blocking

The ensemble mean of the mean frequency of blocked
days in boreal winter for the ctrl run is plotted in
figure 6(a). The differences of the ensemble mean
for al4 and a07 with respect to ctrl are plotted in
figures 6(b) and (c), where red shading indicates
more blocked days and blue shading represents fewer

blocked days with respect to the control. In both
experiments with a reduced AMOC, the number of
blocked days per winter is reduced in the North
Atlantic, Nordic seas, and Greenland. Although this
signal is weak in the al4 experiments, the response is
stronger when the AMOC weakening is stronger, too.
The reduction of the blocked days for the a07 experi-
ments is more intense, robust, and widespread, result-
ing in fewer blocked days also over the mid-latitudes
North Atlantic, Scandinavia and the UK. Blockings
have increased south of 40° N. However, these
blocking-like structures are oscillations in the sub-
tropical high-pressure systems [31] and are unable to
block or divert the atmospheric flow. Therefore they
have a negligible impact on weather patterns.

So far, we have found that the cold spell events
in central and Eastern Europe are associated with
a zg500 blocking pattern. We also found that less
North Atlantic atmospheric blocking occurs in a cli-
mate with a reduced AMOC, which could explain
why counting days belonging to extreme cold events
in Al and A2 is also reduced. Atmospheric blocking
can be described as a weather pattern in which the
prevailing westerly winds are blocked by a persistent
and stationary anomaly, generally an anticyclone.
Therefore, blocking systems often occur in regions
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Figure 3. Cold spell duration index for DJE. (a) shows the ensemble mean of the mean number of days per winter belonging to a
cold spell for the ctrl experiments. (b) and (c) show the difference with respect to the control run. 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.
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of weak flow with a lower wave propagation capacity
[40]. To explain the relation between the frequency of
blocked days in winter and the AMOC strength, we
explore the response of the jet stream to a reduced
AMOC in the next section.

3.4. The jet stream

The zonal mean of the zonal wind in DJF is plot-
ted as a function of latitude and height for the con-
trol experiments in figure 7(a). Results for a14 and

a07 are plotted as differences with respect to the con-
trol in figures 7(b) and (c). In addition, figures 7(d)
and (e) show the daily jet latitude and speed indices
computed as explained in section 2.2. In a climate
with a weaker AMOC, the PDF of the jet latitude
index (figure 7(d)) exhibits an enhanced frequency
in the central peak at around 45° N. This feature
is very noticeable in the case of a strong reduction
of the AMOC and softer, though still present, in
the case of a weak AMOC reduction. In addition,
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Figure 4. Histograms of the cold spell duration in days for the three sets of experiments in (a) Al and (b) A2, as indicated with the
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the jet stream speed is larger in the cases of a
weaker AMOC (figures 7(c) and (e)). Indeed, the
mean value in each distribution is 13.6, 13.9, and
14.7 m s~! for the ctrl, al4, and a07 experiments,
respectively.

Since an AMOC weakening leads to a mean cool-
ing in the high latitudes of the North Atlantic, the
meridional gradient of temperature increases. The
intensified temperature gradient results in a stronger
jet stream, which more easily inhibits the formation
of blocking systems.

4. Discussion and conclusions

We have performed a series of AMIP-like experi-
ments with the EC-Earth3 climate model, intending
to study the relation between the AMOC strength and
the extreme cold events in Europe. With this pur-
pose, we have analysed three sets of experiments, each
one consisting of 10 year long 20 ensemble mem-
bers. The AMOC was artificially weakened by apply-
ing water hosing to the North Atlantic and the Arctic
in a coupled run. Then, we used three time slices of
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a) Mean blocked days in DJF (%) (ctrl)

Figure 6. 2D blocking index for DJE. (a) the ensemble
mean of the frequency of blocked days for the ctrl
experiment, (b) and (c) difference of a14 and a07 with
respect to the ctrl. 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.

this simulation with different levels of AMOC weak-
ening (0%, —20% and —60%) to provide the ICs
and BCs for the AMIP-like experiments. The first set
of experiments (ctrl) uses the IC and BC from the
CMIP6 piControl run and represents a climate with a
mean AMOC strength of ~17.5 Sv. The second (al4)
and third (a07) sets of experiments use the ICs and
BCs reached through the water hosing simulation,
representing an AMOC reduction of 20% and 60%
with respect to the control, respectively. This way,
we could evaluate the impacts of a weak and strong
AMOC reduction.

We have found that, due to a decreased northward
ocean heat transport in the NH, a reduced AMOC
leads to an average cooling over Europe and intens-
ified cold extremes. However, despite the enhanced
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cooling, the frequency of cold spells (i.e. extremes
with a duration of at least 6 days) is reduced. The
mechanism we propose to explain this result is the
following. During the boreal winter, the cooling at
the NH’s high latitudes intensifies the near-surface
temperature meridional gradient. As a consequence,
the jet stream intensifies and tends to stick around
45° N. An intensified jet stream reduces the frequency
of atmospheric blocking systems in the North Atlantic
and northwestern Europe. Since the North Atlantic
blocking during winter is associated with prolonged
periods of extreme cold temperatures in Europe, the
cold spells there are also reduced. Interestingly, we
have found that the change in the meridional tem-
perature gradient due to the AMOC reduction is
responsible for both a larger variability of tasmin, and
therefore more intense extreme values, and a reduc-
tion of the persistent extreme cold events.

We decided to perform AMIP-like simulations to
restrict the differences between the set of experiments
to atmospheric variability only. A remaining question
is to what extent our results are unaltered in coupled
runs. In this sense, we repeated the analysis to the
coupled run, finding very similar results (figure S6).
In this case, the control run consists of 150 years of
piControl (ctrl) to cover a complete multi-centennial
AMOC variability reported by [41] and 60 years in
which the AMOC strength is reduced by more than
50% with respect to the control (hosing). The res-
ults presented in this paper have the limitation of
being extracted from a single model, the EC-Earth3
climate model. In this sense, more targeted experi-
ments should be needed with other models to corrob-
orate our results.

The relationship between atmospheric blocking
in the NH and the occurrence of cold spells in Europe
is widely studied. It has been reported that winters
with increased blocking events are associated with
extremely cold temperatures over central to Eastern
Europe during the boreal winter (e.g. [42, 43]).
Brunner et al [44] studied the relation between tem-
perature extremes and the location of atmospheric
blocking with the second generation of CanESM2,
and they found that up to 70% of the cold spells in
central Europe during winter coincide with a block-
ing anywhere between 60° W and 30° E. The cool-
ing effect of blocking in winter has been explained by
the horizontal advection of cold air from higher lat-
itudes or cold land such as the Arctic and Russia [45,
46]. Besides, the clear sky conditions associated with
blocking anticyclones can enhance the development
of cold anomalies [47]. Finally, the peculiar persist-
ence that characterises the blocking helps prolong the
cold anomalies that are needed for the occurrence of
a cold spell.

With anthropogenic climate change, we expect
enhanced warming both in the tropical upper tropo-
sphere and over the Arctic. The former would increase
the meridional temperature gradient, strengthening
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Figure 7. The jet stream. (a) shows the ensemble mean of the zonal wind as a function of latitude and pressure level for the ctrl
experiments. (b) and (c) show the results for a14 and a07 as 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. (d) The daily jet-stream latitude
index and (e) the daily jet-stream speed index for the three sets of experiments.

the jet stream and making it harder for blocks
to form [48]. The latter, instead, would yield the
opposite effect. Climate models currently suggest
that upper tropospheric warming in the tropics will
prevail. Consistently, CMIP3, CMIP5, and CMIP6
models project a decrease in blocking frequency
in winter for the next decades [49]. In this sense,
the effects of global warming and the impacts of a
reduced AMOC act in the same direction, that is,
a decrease of atmospheric blocking phenomenon in
the North Atlantic. However, there is high uncer-
tainty in current climate models in the amount of
AMOC decline [50], which could have a significant
influence on the cold spells and atmospheric blocking
projections.
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