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Abstract

Atlantic multidecadal variability (AMV) is a well-known mode of climate variability with well-
understood impacts on several aspects of Northern Hemisphere climate. However, its impact

on heatwaves, a type of heat extremes that is increasingly affecting human societies, remains less
well understood. The influence of AMV on extratropical summer heatwaves in the Northern
Hemisphere is analyzed with a suite of coupled climate model experiments from the Decadal
Climate Prediction Project. Our analysis suggests that AMV exerts substantial influence on the
heatwave frequency (HWF) and heatwave number (HWN) of heatwaves over subtropics and
midlatitudes in the Northern Hemisphere. Compared to the widespread seasonal mean warm-

ing response, these heatwave hotspots are less expansive geographically. The warm AMV phase
(AMV+) as opposed to the cold phase (AMV—) drives a global stationary wave anomaly that links
hotspots of HWF and HWN increases over North America, North Africa, central/western Asia, and
parts of East Asia. Such dynamic impacts of AMV on heatwaves are more significant than the ther-
modynamic impacts of a warmer ocean surface. Hence, mean surface warming alone due to the
warming effects of AMV+ versus AMV— does not necessarily equate to more frequent heatwaves.
Furthermore, precipitation and surface heat fluxe responses further amplify the HWF increases.
By further comparing the tropical and extratropical portions of AMV imposed in model simu-
lations, we emphasize that linear and nonlinear interactions of these features strongly shape the
impacts of AMV. We further discuss the mechanisms for and causes of model-observation dis-
crepancies and inter-model uncertainties in the influence of AMV on atmospheric circulation

and summer heatwaves, in terms of atmospheric circulation response in North Atlantic-Europe
and jet waveguide effects. This highlights some challenges in pinpointing the influence of AMV

on heatwaves, and improved understanding of it is necessary for more accurate predictions and
projections of heatwaves.
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1. Introduction

Atlantic multidecadal variability (AMV) is a major
mode of multidecadal variations in sea surface tem-
peratures (SSTs) over the North Atlantic [1]. AMV
thus is important for climate variability on decadal-
multidecadal timescales. While the underlying mech-
anisms for AMV remain debated [2-8], it has been
linked to climate and weather variability within and
beyond the North Atlantic-European sector with
both thermodynamic and dynamic effects [9-18].

© 2026 The Author(s). Published by IOP Publishing Ltd

Overall, the impacts of AMV on climate variability
are well documented and studied. However, the
impacts of AMV on weather extremes such as sum-
mer heatwaves are less well understood. Heatwaves
have become more frequent and intense in a warm-
ing climate [19]. Understanding the multidecadal
modulation of these heatwaves by AMV can help to
predict and understand their multidecadal variab-
ility. Both decadal variability and external forcings
will shape temperatures over the coming decades
and the former is underestimated by models [20]. A
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deeper understanding of how decadal-multidecadal
variability affects heatwaves is needed to under-
stand the range of possible heatwave occurrences.
The phase transition of AMV has been shown to
drive decadal-multidecadal variations of extreme
high temperature [21] and heatwaves [22, 23] in the
Northern Hemisphere (NH). AMV is linked to many
hotspots of extreme high temperature variations in
summer via a barotropic circumglobal teleconnection
[21]. AMYV is also found to modulate the occurrence
of heatwaves in the Euro-Mediterranean region [24].
The influence of AMV on European summer heat-
waves is limited to regions around the Mediterranean
Basin [25]. AMV is found to drive changes in sum-
mer heatwave days in North America [26], which is
mostly attributed to the tropical North Atlantic SST
anomalies. It is not clear whether the tropical SST
anomalies of AMV also dominates for other regions
in terms of impacting decadal-multidecadal heatwave
variations. However, it is challenging to isolate the
impacts of AMV using observational analysis own-
ing to limited historical records of AMYV, presence of
other modes of climate variability and the impacts of
external forcings.

The Decadal Climate Prediction Project (DCPP)
[27], contributing to the sixth Coupled Model
Intercomparison Project, has coordinated a dedic-
ated set of coupled climate simulations to address the
impacts of AMV. Coupled model simulations from
DCPP suggest that the positive phase of the AMV
(AMV+ hereafter) compared to the negative phase
of the AMV (AMV—) excites a prominent stationary
wave anomaly during wintertime over the extratrop-
ics in the NH [28]. This has driven significant climate
variability over the NH including precipitation and
temperature. These DCPP experiments and similar
model experiments have been analyzed for the impact
of AMV+ versus AMV — on regional heatwaves [24—
26]. In this study, we analyze a set of the latest
DCPP large-ensemble coupled model experiments
available from two climate models (CNRM-CM6-1
and HadGEM3-GC31-MM) to study the impacts of
AMV on five metrics of heatwaves during the exten-
ded NH summer (May—September) for the extratrop-
ics of the NH. In addition, we explicitly compare the
relative contributions of the tropical and extratrop-
ical SST anomalies of AMV in driving the changes
in heatwaves. We compare the link of heatwaves to
AMV phase change between observations and model
outputs to discuss agreements and discrepancies, and
their implications. Note that our study focuses on the
internal component of AMV as outlined in the next
section. This paper is organized as follows. Section 2
provides descriptions of the data and DCPP coupled
model experiments. Major results are discussed in
section 3, which is followed by a Summary and
discussion.
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2. Data and methodology

2.1. ERA5, CRU, HadEX3 data and heatwave indices
Geopotential height at 500 hPa (Z500), converted
by dividing geopotential by 9.8, and zonal wind
at 200 hPa (U200) with a resolution of 0.25° from
the fifth generation of atmospheric reanalysis by
the European Centre for Medium-Range Weather
Forecasts [29] are used. Surface air temperature
(SAT) is from the Climatic Research Unit gridded
Time Series (CRU TS v. 4.09). HadEX3 data from
the Met Office Hadley Centre provides five charac-
teristic aspects of heatwaves including heatwave fre-
quency (HWF), heatwave number (HWN), heatwave
amplitude (HWA), heatwave duration (HWD) and
heatwave magnitude (HWM) for extended summers
(May-September for the NH) [30]. These indices
are computed following the World Meteorological
Organization’s Expert Team on Sector-Specific
Climate Indices (ET-SCI). Heatwaves are defined
as having at least three consecutive days that exceed
the 90th percentile thresholds of the daily maximum
temperature (TX). The 90th percentile thresholds
are computed for each calendar day using a 15-day
moving window over the chosen reference period
(1981-2010). HWF is the sum of days that contrib-
ute to heatwave events in the extended summers.
HWN is the number of heatwave events. HWA is
the peak daily temperature of the hottest heatwave
that has the highest mean temperature. HWD is the
length in days of the longest heatwave. HWM is the
mean temperature of heatwave events. Therefore,
HWN/HWF describes the occurrence of heatwaves
while HWM/HWA describes the strength of heat-
waves. In this study, we focus on extratropical sum-
mer heatwaves (north of 20° N) as the percentile-
based heatwave definition is more applicable to
extratropical regions [19].

2.2. AMV index and DCPP idealized AMV
experiments

The component C experiments of DCPP project
provide idealized coupled climate simulations by
restoring SSTs over the North Atlantic to study the
impacts of AMV+/—. For full AMV+/— SST restor-
ing, the region is between 10°-65° N; for trop-
ical or extratropical AMV+/— SST restoring, the
region is shown in the paper by Boer et al [27].
A buffer zone of 8° outside the boundaries of the
region is applied with decreasing restoring strength
to smooth the boundaries and minimize shocks. A
restoring coefficient of 40 W m~2 K1, equivalent to
a time scale of about 2 months for a 50m deep
mixed layer, is used. The AMV index (figure 1(a))
and its associated SST anomaly patterns are shown
in Boer et al [27]. The AMV SST anomaly patterns
correspond to one standard deviation of the AMV
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Figure 1. (a) Normalized index of Atlantic Multidecadal Variability from 1900 to 2013 from the DCPP project. Composited dif-
ferences in (b) geopotential height at 500 hPa, (c) surface air temperature, (d) heatwave frequency between warm and cold phases
of AMV . Hatching indicates differences significant at the 5% level according to the bootstrap method. Units: gpm for geopo-
tential height, °C for temperature and days for heatwave frequency. Geopotential height is taken from the ERA5 data. Surface

air temperature and heatwave frequency are from the Climatic Research Unit gridded Time Series (CRU TS v. 4.09) and from
HadEX3 data provided by the Met Office Hadley Centre respectively.

index relative to the 12 month model climatology.
These SST anomaly patterns are superimposed on the
model climatology to minimize drift. Global warm-
ing trends are removed when computing the AMV
index [3]. Preindustrial control values are prescribed
for all the external forcings. To ensure a fair com-
parison between these experiments and observation-
s/ERAS5, linear detrending is applied to observation-
s/ERA5 data for the composite analysis as described
in the next subsection. However, the jets and sta-
tionary waves are still highly similar between the
ERAS5 and model control experiment, suggesting that

the prescription of preindustrial external forcing may
not affect interpretation of the results. We note that
active SST-restoring in the tropical North Atlantic
may cause unrealistic local SST-surface heat flux
relationships and exaggerate the subsequent climatic
impacts [31]. However, the conclusion from the study
is qualitative and is subject to further discussions.
Quantifying such local SST-surface heat flux rela-
tionships and obtaining a ‘pure’ SST pattern for-
cing are difficult given the coupling nature of air-
sea interactions. The use of one standard deviation
of anomaly, rather than larger than this, in the
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AMV SST pattern may potentially compensate for
any exaggeration of the impacts. Nonetheless, these
model experiments provide important insights into
the impacts of AMV on climate variability. They
offer important large-ensemble data for mechan-
istic understanding that observations are not able to
provide.

TX data from two models (CNRM-CM6-1 and
HadGEM3-GC31-MM) were available at the time
of analysis for identifying heatwaves in the idealized
AMV experiments. Seven coupled experiments from
the DCPP project are analyzed for the two models.
These experiments are dcppC-atl-control, dcppC-
amv-pos/neg, dcppC-amv-Trop-pos/neg and dcppC-
amv-ExTrop-pos/neg, representing restoring SST
towards model control run climatology, restoring SST
towards AMV+/—, restoring SST towards tropical
AMV+/—, and restoring SST towards extratropical
AMV+/—, respectively. These experiments are run
for 10 years with 40 ensemble members for CNRM-
CM6-1 and 25 ensemble members for HadGEM3-
GC31-MM, which differ in oceanic initial conditions
[28]. Some variables however have fewer ensemble
members due to data availability. The last 9years
are used in the analysis with the first year discarded.
More details of the DCPP project can be found in
[27, 28]. To compute the five heatwave aspects, we
use the Climpact software package, following the ET-
SCI methodology as in the HadEX3 data. For each
ensemble member, the 90th percentile thresholds
are computed from the dcppC-atl-control experi-
ments over the last 9 years of simulations before heat-
wave aspects are determined for other experiments.
Daily TX is not available in dcppC-amv-Trop-pos/neg
and dcppC-amv-ExTrop-pos/neg experiments for
CNRM-CM6-1; results on heatwaves are thus not
available for these experiments for CNRM-CM6-1.

2.3. Composite analysis and bootstrap method for
significance test

For the composite analysis based on the AMV index
(figure 1), ERA5 and HadEX3 data are first linearly
detrended by removing the least squares linear trend.
Warm and cold AMYV vyears are determined from an
overlapping period 1940-2013. For the models, all
available ensemble members are used in the compos-
ite analysis. Statistical significance for all the compos-
ite analyses is assessed using the bootstrap method
with 1000 resampling times. The bootstrap method
randomly selects two groups of samples respect-
ively from AMV+/— years for ERA5/HadEX3 with
replacement and then performs the composite ana-
lysis. For model experiments, the bootstrap method
randomly selects two groups of samples respectively
from AMV+/— model experiments with replace-
ment. Composited differences are statistically signi-
ficant if they fall within the 95% confidence level
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of the bootstrapped values and the confidence level
range does not straddle zero. The bootstrap method
does not assume an underlying distribution of the
data and offers a reliable way to quantify sampling
uncertainty.

2.4. Jet stream and stationary wave in
dcppC-atl-control model experiment and ERA5

To understand the potential underlying mechanisms
for model differences and model-ERA5 discrepan-
cies, we compare the extratropical jets, distribution
of zonal wave number (Ks) [32] and stationary wave
pattern between Atlantic control experiments from
the models and ERA5 (figure S1). Here, we apply
unsmoothed longitudionally varying U200 to com-
puting Ks. The results suggest that the jet is weaker in
CNRM-CM6-1 (figure S1(d)) than in ERAS (figure
S1(a)) while HadGEM3-GC31-MM (figure S1(g))
shows a comparable one. The discrepancy is partic-
ularly noticeable for the Asian jet. The jets are long
considered as waveguides for Rossby waves under-
pinned by large Ks magnitude. Comparing the Ks
distributions suggests that CNRM-CM6-1 model has
some discontinuity in Ks (without valid Ks) over
Europe and Asia along the jet waveguide, largely not
seen in both HadGEM3-GC31-MM and ERAS5. This
potentially leads to a breakdown or weakening in the
Asian jet waveguide in CNRM-CM6-1. We further
note that the stationary wave pattern computed for
7500 is more consistent between HadGEM3-GC31-
MM and ERA5. For example, CNRM-CM6-1 has a
weaker negative anomaly over western Canada and
North Atlantic, and a positive anomaly stretching
too far east. Overall, CNRM-CM6-1 has less real-
istic jets, waveguide and stationary wave compared
to HadGEM3-GC31-MM when using ERA5 as a
reference.

3. Results

3.1. Decadal-multidecadal modulation of summer
heatwaves by AMV phase change

AMV exhibited roughly two cycles throughout the
period 1900-2013 and was in a warm phase in recent
decades (figure 1(a)). A prominent stationary-wave
circulation anomaly pattern over mid-high latitudes
is seen to accompany AMV+ as opposed to AMV —,
with notable high pressure anomaly centers across
the midlatitudes (figure 1(b)). The atmospheric cir-
culation anomaly shows a negative summer North
Atlantic Oscillation (SNAO). A similar atmospheric
circulation pattern is seen for the NCEP-NCAR
Reanalysis 1 data [33] (not shown). Widespread
warming anomalies are seen in the extratropical
regions, particularly over western North America,
Greenland, Europe, North Africa, Mideast and East
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Figure 2. Composited differences in heatwave frequency between warm and cold phases of AMV for the DCPP idealized coupled
climate model simulations. The meaning of hatching is as in figure 1. Units: days for heatwave frequency. Numbers in the titles of
panels (c) and (d) show the spatial correlation between the panels and the full-AMV experiment in panel (b).

Eurasia (figure 1(c)). AMV is linked to summer mul-
tidecadal SAT variability over Eurasia via wave-train-
like atmospheric circulation [34]. The high-pressure
anomalies may enhance the warming by suppressing
cloud formation, increasing shortwave radiation and
by favoring descent and adiabatic warming [19, 35].
Significant increases in HWF over many regions
are observed, but are evidently less widespread com-
pared to SAT (figure 1(d)). The HWN shows similar
anomalies to HWF (figure S2(a)) and less so for HWD
(figure S2(b)). For both HWM and HWA (figures
S2(c) and (d)), the anomalies are mostly not statist-
ically significant. The increases in HWF are mostly
dominated by the change in HWN in the subtropics
and midlatitudes, for example the European region.
Quantitatively, the largest mean HWF increase is

as large as 5-6 days per summer, corresponding to
an increase of about 1 heatwave event per summer.
Comparing figures 1(b)—(d) suggests that the pres-
ence of high height anomalies generally explains the
distribution of HWF anomalies, while in contrast the
mean SAT distribution is not always consistent with
HWF anomalies. For example, significant warming
in western Europe is paired with weak HWF anom-
aly accompanied by a cyclonic anomaly to the west
of Europe. This suggests a dominant role of dynamic
effects over thermodynamic warming linked to the
AMV influence.

The DCPP experiments are analyzed to provide
modeling evidence for quantifying the influ-
ence of AMV on summer heatwaves (figure 2).
Significant increases in HWF are seen in both models
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Figure 3. Similar to figure 2 but for composited differences in surface air temperature. The meaning of hatching is as in figure 1.
Units: °C. Panels (g) and (h) are the sum of panels (c) and (e), and of (d) and (f), respectively.

(figures 2(a) and (b)), mostly south of 50° N and with
the HadGEM3-GC31-MM model having stronger
responses. The HWN response (figures S3(a) and
(b)) is similar to that of HWE, consistent with the
observations. The impacts on HWD (figures S3(c)
and (d)) are still relatively strong for the HadGEM3-
GC31-MM model but are mostly weak on HWM
and HWA (figures S3(e)—(h)), consistent with the
observations/reanalysis. Thus, AMV+ compared to
AMV— increases the number and frequency of sum-
mer heatwaves but does not affect much the strength
of heatwaves. Comparing models and observations,
the common hotspots of significant increases in HWF
are North America, North Africa, central/western
Asia, and parts of East Asia. In the models, the largest
mean HWF increase is about 4-5days (about 0.8
heatwave events) per summer, similar to observa-
tions. On the other hand, significant HWF increases
over southern and eastern Europe and China as
observed in the HadEX3 data (figure 1(d)) are not
seen in the models. These discrepancies are linked to
the atmospheric circulation anomalies as discussed
below.

As in observations/reanalysis, the modeled SAT
response to AMV impacts is more widespread than
the HWF (figures 3(a) and (b)). For example, there
are virtually no significant HWF increases while
there are significant warming anomalies in Europe.
Therefore, the mean warming effects of AMV do
not necessarily mean increasing HWE. Heatwave
events are by definition extremes within seasons, and

6

seasonal-mean warming does not necessarily suggest
an increase in their frequency. However, comparing
figures 2 and 3 suggests that regions with relatively
larger increases in mean SAT tend to have increases
in HWE, largely reflecting the extreme temperature
impacts on mean temperature. This can be further
explained by the Z500 response (figures 4(a) and
(b)), which resembles a global stationary wave pattern
superimposed on a general increase in height, par-
ticularly in the tropics and subtropics. The modeled
stationary wave pattern is similar in character to the
reanalysis-based Z500 anomaly, albeit with an east-
ward phase shift for the CNRM-CM6-1 model in par-
ticular. This may be related to the underestimated
SNAO response in the models, leading to less strong
wave source, and weakened waveguide effects over
Europe and Central Asia in CNRM-CM6-1 model
(see section 2.4).

The model discrepancy is largely explained by
their differences in the jets and waveguide in the
control experiment (see section 2.4). The model-
ERAS5 discrepancy is likely related to the circulation
response in the North Atlantic-European sector, for
example a weaker SNAO response in the models.
The modeled Z500 anomaly captures the low height
anomaly over Europe and the high height anomaly
over the North America, North Africa-eastern Europe
and eastern Asia. As in observations/reanalysis, the
circulation pattern response strongly shapes the HWF
anomaly in response to an AMV phase change. The
position and phase of the excited stationary wave
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Figure 4. As in figure 3 but for geopotential height at 500 hPa. Units: gpm.

pattern plays a significant role in driving changes
in HWF in the subtropics and midlatitudes. To fur-
ther support this, we select those ensembles better
capturing the reanalysis-based Z500 circulation pat-
terns (spatial pattern correlation >=0.3) and find
stronger heatwave response compared to the response
based on all ensembles (figure S4). The spatial pat-
tern of HWF response is also more consistent with
observations and the SNAO response is stronger, bet-
ter resembling that in ERA5 (not shown). This sup-
ports the dominant role of atmospheric circulation
in linking AMV phase change to heatwaves in the
extratropics of the NH. It also suggests that captur-
ing the SNAO-like response is important for captur-
ing the global stationary wave train associated with
AMV phase change and the relevant impacts on HWE.
In the next subsection, we further demonstrate the
role of land surface feedback in inter-model discrep-
ancy in terms of HWF response. Further contributing
factors such as internal variability, model uncertain-
ties/biases and background states are discussed in the
discussion section.

3.2. Precipitation, turbulent and radiation fluxes
associated with AMV impacts

Land surface feedbacks in terms of soil moisture and
associated heat fluxes have been considered to play an
importantrole in driving heatwaves in North America
[19, 26]. Precipitation affects surface radiation to
modulate surface energy balance, thus affecting sur-
face temperature and heatwaves. It also affects sur-
face soil moisture, which is an important contributor

7

to heatwaves [25]. In addition, upward sensible heat
flux towards the underlying atmosphere also affects
heatwaves by affecting surface heat budget. To better
understand how AMV drives large-scale changes to
modulate heatwaves in the extratropics, the responses
of precipitation, turbulent heat fluxes and downward
shortwave radiation are given in figure 5. Downward
(upward) heat flux is positive (negative). Note that
the downward shortwave radiation dominates the net
shortwave radiation change. AMV+ increases precip-
itation over the tropical North Atlantic (figures 5(a)
and (b)), driven by a significant increase in turbulent
heat fluxes (figures 5(e)—(h)). The enhanced precipit-
ation in the tropical North Atlantic has been linked to
high pressure anomalies over western North America
[10], leading to an increase in heatwave occur-
rence in the region [26]. This is related to enhanced
tropical Atlantic upward motion by SST warm-
ing, potential northward shift of the Intertropical
Convergence Zone and a Matsuno—Gill atmospheric
response [10,26]. The high-pressure anomaly in
western North America leads to less precipitation,
more downward shortwave radiation (figures 5(c)
and (d)), less soil moisture (not shown, only avail-
able for the CNRM-CM6-1 model), less latent heat
flux and more sensible heat flux in the region, fur-
ther amplifying the heatwave anomaly. This is more
pronounced for the HadGEM3-GC31-MM model.
These effects are also notable over central Asia and to
some extent the regions around the Lake Baikal in the
HadGEM3-GC31-MM model. In contrast, more pre-
cipitation and less shortwave radiation correspond to
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Figure 5. As in figure 3 but for (a), (b) precipitation, (c), (d) downward shortwave radiation, (e), (f) surface latent heat flux and

(g), (h) surface sensible heat flux. Units: mm for precipitation and

reduced HWF in Europe, offsetting and potentially
cancelling the effects of increased mean temperature.
This is further modulated by more latent heat flux and
less sensible heat flux.

To further understand modulation of AMV on the
radiative and turbulent heat fluxes, we compare the
monthly area-mean anomalies for Southwest North
America, Central Asia and East Eurasia in the two
models (figure 6). In both models, the sensible heat
flux shows consistently negative anomaly while the
latent heat flux shows consistently positive values
from May to September in Southwest North America
(figures 6(a) and (b)). This is coupled with some
reduction in precipitation in both models and, in
HadGEM3-GC31-MM,, increased net shortwave and
reduced net longwave radiation. These changes sug-
gest that AMV drives persistent anomalies in land
surface process and downward radiation to impact
summer heatwaves. These climatic anomalies favor
the occurrence of heatwaves (figures 2(a) and (b)),
consistent with the decadal modulation of heatwaves
by AMV. A similar situation is seen in Central Asia
for HadGEM3-GC31-MM (figure 6(d)), correspond-
ing to large HWF increase. The monthly anom-
alies are less persistent throughout the season for
CNRM-CM6-1 (figure 6(c)). In East Eurasia, less heat
flux towards the underlying atmosphere and cool-
ing effect of increasing latent heat flux throughout
the season are less conducive to HWF increase in
CNRM-CM6-1 (figure 6(e)). No persistent anom-
alies are seen for other variables. Net shortwave radi-
ation shows a persistent positive anomaly, which may

W m~? for heat fluxes.

be partly offset by the persistent negative latent heat
flux in HadGEM3-GC31-MM (figure 6(f)). The sens-
ible heat flux anomaly is weak throughout the sea-
son. Land surface feedbacks may dampen the effects
of increasing net shortwave radiation associated with
the high pressure anomaly (figures 4(a) and (b)) on
heatwaves in Fast Eurasia. Overall, land surface feed-
backs do seem to amplify HWF anomaly in Southwest
North America in both models with a larger effect
in HadGEM3-GC31-MM, and in Central Asia for
HadGEM3-GC31-MM. Therefore, the land surface
feedback is also a contributing factor to more signi-
ficant HWF increase in HadGEM3-GC31-MM than
in CNRM-CM6-1.

3.3. Contributions of tropical and extratropical
portions of AMV

Coupled model experiments with the tropical and
extratropical parts of the AMV SST pattern restored
separately [27] are analyzed to compare their relat-
ive contributions to the heatwave response. While
restoring one part of the AMV SST pattern, SST
of the other regions is still free to evolve. However,
assuming the overlying atmospheric temperature is
closely related to SST, this experiment protocol is
still reasonable given that SAT anomalies in the other
regions are either not significant or weakly warmer
for these experiments (figures 3(c)—(f)). Further, ana-
lysis of turbulent heat fluxes response suggests pass-
ive SST response in the free SST-evolving regions (not
shown). In terms of HWF response pattern, the trop-
ical portion of AMYV has a larger spatial correlation
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Figure 6. Monthly evolutions of the area-mean composited differences for Southwest North America (a), (b), Central Asia (c),
(d) and East Eurasia (e), (f) for precipitation (red), surface latent heat flux (solid blue) surface sensible heat flux (dashed blue),
net shortwave radiation (solid black) and longwave radiation (dashed black). Reference line of zero is in green. Left (right) panels
are for CNRM-CM6-1 (HadGEM3-GC31-MM). Units are mm for precipitation and W m =2 for heat fluxes.

of 0.43 than the extratropical portion (0.26) with
the full AMV (figures 2(c) and (d)). The former
has stronger impacts on HWF in North America
while the latter seems to have stronger impacts in
the Eurasian region. We define linear interactions
as a simple addition of the two experiments with
tropical or extratropical AMV SST pattern restored.
Nonlinear interactions are inferred by comparing the
full AMV pattern experiment with the addition of
these experiments with tropical or extratropical AMV
SST pattern restored. The linear addition of tropical
and extratropical AMV SST pattern experiments (not
shown) gives a spatial correlation of 0.47, explaining
less than 25% of the total spatial variance of the HWF
anomaly from the full-AMV response. This suggests
that the tropical and extratropical portions interact
both linearly and nonlinearly to produce the full-
AMV impacts.

Such linear and nonlinear interactions are further
understood by comparing their respective impacts on

SAT and Z500 in figures 3 and 4. Significant sur-
face warming induced by the tropical AMV portion is
mostly located in the lower latitudes while that by the
extratropical AMV portion obviously extends further
north but does also include some tropical warming
(figures 3(c)—(f)) [36]. The extratropical AMV por-
tion equally better captures the full-AMV response
for both models. However, for the CNRM-CM6-1
model, the tropical AMV portion poorly captures
the full-AMYV response. Their linear addition gives a
higher spatial correlation for HadGEM3-GC31-MM
than for CNRM-CM6-1.

Nonlinear interactions between the tropical and
extratropical components of AMV are also significant
for the Z500 response in particular over the extratrop-
ics (see figure 4). The linear addition explains much
less of the spatial variance of the full-AMV response
for both models, particularly for the CNRM-CM6-
1 model. The tropical portion of AMV does not
well reproduce the stationary wave structure for the
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CNRM-CM6-1 model compared to the HadGEM3-
GC31-MM model. This is an important reason why
the linearly-added AMYV response explains less spa-
tial variance of the full-AMV response in the CNRM-
CM6-1 model. In this regard, atmospheric circulation
response to tropical SST forcing may be an import-
ant source for model uncertainty in the impact of
AMV on climate variability and extremes. Without
the nonlinear interactions, both the modeled trop-
ical and extratropical portions of AMV have rel-
atively weak contributions to the HWF change
(figures 2(e)—(f)).

We note that tropical AMV SST forcing pro-
duces more localized SAT response than extratrop-
ical AMV SST forcing in both models. As discussed
in section 2.4, there are two major waveguides linked
to the North Atlantic and Asian jets. A subtropical
perturbation in North Africa is found to excite a
wave train propagating along the Asian jet waveguide,
while that over the midlatitude North Atlantic is seen
to excite two wave trains propagating along the Asian
jet waveguide and the North Atlantic jet waveguide
over Northern Eurasia [32]. This largely explains the
7500 response to tropical and extratropical AMV SST
forcing (figures 4(c)—(f)) and the subsequent impacts
on SAT. For the extratropical AMV SST forcing, the
SAT response is stronger in HadGEM3-GC31-MM
than in CNRM-CM6-1. This is related to better jet
representation and waveguides in HadGEM3-GC31-
MM (see section 2.4 for details). Therefore, we sug-
gest that the teleconnection patterns in HadGEM3-
GC31-MM better represent observed AMV telecon-
nections, consistent with the above discussion.

4. Discussions and conclusions

While our analysis focuses on the role of AMV in mul-
tidecadal summer heatwaves variability, other drivers
are also important for understanding their variab-
ility on both interannual and multidecadal times-
cales. These include cryospheric changes [37] , mid-
latitude atmospheric blocking [38, 39], the Western
Pacific subtropical high [40], land-air coupling [41],
El Nino-Southern Oscillation [22], Indian Ocean
Dipole [42],and Pacific Decadal Oscillation [43].
Future comprehensive studies addressing the interac-
tions of multiple drivers will clearly be beneficial for
understanding summer heatwave variability.

We analyze HadEX3 data, ERAS5 reanalysis and
seven coupled model experiments from the DCPP
project to investigate the impacts of AMV on sum-
mer HWF in the extratropics in the NH. Our ana-
lysis suggests that AMV+ significantly increases sum-
mer heatwaves in terms of frequency and number of
events over some hotspot regions in the extratropics
compared to AMV—. On the other hand, its influence
on heatwave strength characterized by HWM/HWA
is minimal. We also identify a global stationary wave
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anomaly that dominates the heatwave responses com-
pared to the general warming effects of AMV+ versus
AMV-. Comparisons of the two models available
for analysis indicate that details of the global sta-
tionary wave anomaly have significant influences on
the magnitude and location of the HWF increase.
Apart from these, precipitation, radiative and turbu-
lent heat fluxes also play a role in amplifying the sum-
mer heatwave anomalies. We also compare the rel-
ative contributions of the tropical and extratropical
AMV portions and find that nonlinear interactions
between them are important for capturing the full
AMV responses. This means that considering the full
AMV pattern and its representation in both observa-
tional analysis and climate modeling is important to
assess the full impacts of AMV.

The modeled responses confirm several hotspots
of the summer heatwaves in extratropics as seen in
observations/reanalysis in response to AMV phase
change. This suggests that decadal-multidecadal vari-
ability of summer heatwaves is modulated by AMV
phase change. AMYV is thus important for future pro-
jections of summer heatwaves in the NH as a source
of natural variations for heatwave change. However,
we note that the modeled responses of summer heat-
waves to AMV phase change are generally weaker
than those linkages based on observations/reanalysis.
For example, the linkages between AMV and sum-
mer heatwaves are notable over China in observation-
s/reanalysis but their links are weak and mostly absent
in models. We compare the atmospheric circulation
anomaly and find that the modeled Z500 global sta-
tionary wave anomaly pattern exhibits weaker mag-
nitude and a phase shift compared to the ERA5 reana-
lysis. The discrepancies in these global stationary
wave responses can largely account for the model-
observations differences. Differences in the back-
ground state, for example due to the use of preindus-
trial external forcings in model experiments as well
as model biases, may be one plausible reason con-
tributing to the discrepancies. Internal variability is
another plausible reason for such discrepancies. The
two models available for analysis exhibit considerable
differences in the circulation and heatwave responses,
highlighting model-dependent uncertainties in the
impacts of AMV on summer heatwaves.

The inter-model and model-observation/ERA5
discrepancies are largely explained by the models’
simulations of the extratropical jets and their wave-
guide effects. This suggests that further understand-
ing of the large-scale atmospheric circulation rep-
resentation in models is important for interpreting
the responses to AMV forcing. Model uncertainties
in the atmospheric circulation response have been
noted in previous studies [17, 18, 28]. As the climate
state changes, the interaction of regional AMV with
global warming could significantly modify the sum-
mer stationary waves and heatwave distributions [44,
45], and the amplified warming in the Arctic may
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modulate large-scale planetary wave activity [46]. An
AMV-like phase change is found to account for a
substantial fraction of European heatwave trend dur-
ing 1980-2021 [39]. Understanding and constrain-
ing model differences in the atmospheric circula-
tion response to AMV is important for prediction
and projection of summer heatwaves changes in the
extratropics of the NH.
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