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Abstract

This study investigates fluctuations in the spatial pattern of the North Atlantic
Oscillation (NAO) during the Industrial Era. NAO variability was analyzed over
successive 30-year periods, clustering its spatial patterns using two metrics:
the gradient (g) between its action centres and flux direction (fd). Three dis-
tinct NAO patterns were identified, each exhibiting significant implications for
NAO-precipitation modulation in the North Atlantic region. Coupled Model
Intercomparison Project (CMIP6) climate models were evaluated for their ability
to replicate these observed patterns. While many models accurately reproduce
all three patterns, they frequently misinterpret their frequencies, favouring a dis-
proportionately stable NAO. This bias, consistent across historical, natural-only,
and greenhouse gas forcings (GHG only), as well as piControl simulations,
appears intrinsic to the models. This misinterpretation is significantly reduced
in ssp585 scenarios, suggesting a potential link between forcing levels and
improved multidecadal NAO variability in models. The occurrence of those
different NAO patterns introduces uncertainty in precipitation projections, as
this bias can persist in future scenarios. These findings highlight the need
for improved model representation of NAO spatial variability to enhance the
reliability of precipitation projections, particularly for Europe.
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1 | INTRODUCTION

Winter climate variability in the North Atlantic sector is
predominantly driven by the North Atlantic Oscillation
(NAO). The NAO is characterized by alternating (seesaw)
changes in sea level pressure (SLP) between, for example,
the Azores (subtropical North Atlantic region) and Ice-
land (Arctic North Atlantic). Its influence on the Northern
Hemisphere’s climate is derived by two NAO phases (Hur-
rell et al., 2003). The positive phase (NAO+) features an
intensified jet stream and a northward-shifted storm track,
resulting in mild, wet winters in northern Europe and cold,
dry conditions in southern Europe. In contrast, NAO—
exhibits inverse dynamics and synoptic patterns, albeit
with some asymmetries.

This description reflects the canonical characteristics
of the NAO commonly recognized in the literature. How-
ever, several studies have revealed significant temporal and
spatial variability in the NAO (e.g., Borgel et al., 2020;
Moore et al., 2013; Wang et al., 2012). The NAO’s spa-
tial pattern is non-stationary, exhibiting substantial multi-
decadal and centennial fluctuations. These changes man-
ifest as mobility in the latitude and longitude of its action
centres — regions with dominant SLP anomalies display-
ing opposite behaviour. This spatial variability is par-
ticularly relevant because different NAO patterns result
in significant variations in associated climate conditions
across Europe (e.g., Comas-Bru & McDermott, 2014; Hu
etal., 2022; Vicente-Serrano & Lépez-Moreno, 2008). Such
variability may contribute to extreme events, including
droughts, floods, heatwaves, cold spells, and winter storms
(Fuentes-Franco et al., 2023; Lehmann & Coumou, 2015;
Oltmanns et al., 2020; Tsanis & Tapoglou, 2019).

Despite advancements in understanding the mecha-
nisms driving the NAO (e.g., Omrani et al., 2022; Singh
etal.,2018; Woollings et al., 2015), a comprehensive frame-
work for identifying the factors that trigger and mod-
ulate its long-term variability remains elusive. This gap
hampers predictive capabilities (Christiansen et al., 2022;
Eade et al., 2022). Moreover, the non-stationary nature of
the NAO complicates the interpretation of historical cli-
mate records and challenges efforts to disentangle natural
variability from anthropogenic influences on observed cli-
mate changes (Hu et al., 2022; Schurer et al., 2023; Smith
et al., 2020). Discrepancies among historical NAO recon-
structions further highlight these challenges (Hernidndez
et al., 2020).

The IPCC Sixth Assessment Report (AR6) (Eyring
et al., 2021; Gulev et al., 2021, and references therein)
acknowledges that uncertainties in the long-term vari-
ability of the NAO persist in the latest generation of
the Coupled Model Intercomparison Project (CMIP6).
While CMIP6 models reliably reproduce the canonical

spatial pattern, explained variance, and teleconnections
of the NAO with high confidence, they fail to capture
its long-term variability. This limitation persists despite
incremental improvements across model generations
since CMIP3 (Fasullo et al., 2020).

State-of-the-art literature thus suggests that while most
models can interpret the full range of NAO variability,
they do not fully replicate shifts of its action centres and
trend, which still represents a significant achievement in
climate simulations. This limitation raises the hypothesis
that simulations may inadequately represent NAO spa-
tial patterns, their frequencies and persistence. Given that
NAO-induced climate impacts are closely tied to its spa-
tial configurations, the inability to accurately capture its
long-term variability could introduce substantial uncer-
tainties in European precipitation projections. In response
to the challenge posed by AR6 to improve understanding
of the NAO’s long-term variability and to differentiate its
response to anthropogenic warming from natural variabil-
ity, this study aims to:

1. Characterize the observed structures of the NAO pat-
tern and evaluate their implications for winter precipi-
tation in Europe.

2. Assess the ability of CMIP6 datasets to capture the spa-
tial configurations of the NAO, including their observed
magnitude and persistence.

3. Attribute the spatial patterns of the NAO to natural
forcing or greenhouse gas (GHG) forcing.

4. Examine how accurately simulating changes in the
NAO’s spatial patterns influences precipitation projec-
tions over Europe.

Therefore, this work addresses the variability and shifts
in the NAO pattern while evaluating the performance of
CMIP6 simulations in representing these dynamics.

2 | DATA AND METHODS

2.1 | Sources of climate data

2.1.1 | Reanalysis and observations

Monthly SLP and precipitation rate fields were sourced
from the 20CRv3 reanalysis (80-member; Slivinski
et al., 2021) for the period 1851-2014. This dataset rep-
resents the most temporally extensive surface-input
reanalysis, incorporating more and higher-quality obser-
vations and offering enhanced spatial resolution (T254;
1°x1° grid). The ECMWF ERA20C (Poli et al, 2016)
and ERAS5 (Hersbach et al, 2020) reanalyses, as well
as the NCEP reanalysis (Kalnay et al., 1996), were also
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used to assess differences between datasets. Additionally,
observed monthly precipitation data were included
using a European dataset of rain gauges comprising 199
series. This dataset exhibits minimal missing data for
the period 1851-1870 and provides complete time series
from 1871 to 2014 (Vicente-Serrano et al. Vicente-Serrano
et al., 2021). These observational series are also employed
to evaluate the reliability of the monthly precipitation
data generated by the 20CRv3 reanalysis. Addition-
ally, it used the Greenland Blocking (GB) Index based
on Geopotential Height at 500 hPa from 20CRv2c and
NCEP reanalyses, following Hanna et al. (2016), and the
Atlantic Multidecadal Oscillation Index (AMO) based on
Sea Surface Temperature (SST) from the ERSST dataset
(Huang et al, 2017), according to the Trenberth and
Shea (2006) methods.

2.1.2 | Climate models

Simulated monthly data of SLP and precipitation were
retrieved from the Multi-Model Large Ensemble Archive
(MMLEA) version 1, which provides a large number
of CMIP6 simulations for the historical, ssp245, and
ssp585 scenarios (Deser et al., 2020). This selection also
includes high-resolution realizations from CNRM-CM6-1
and MPI-ESM1-2, as well as ACCESS-ESM1-5 and
MIROC-ES2L. A total of 462 historical simulations were
provided by 11 models, incorporating all the observed
natural and anthropogenic forcings. A total of 287 simula-
tions were analyzed for the ssp245 scenario and 262 for the
ssp585 scenario, which features greater incremental forc-
ing. Additionally, 173 historical natural-only (hist-nat) and
159 historical greenhouse gas only (hist-GHG) simulations
were analyzed to examine climate variability sensitivity
to natural and anthropogenic forcings. The hist-nat sim-
ulations are forced solely by solar and volcanic activity,
while hist-GHG simulations include only increased GHG.
Echoing the IPCC ARG6 conclusions (Eyring et al., 2021),
29 amip-hist simulations were evaluated to assess whether
the atmosphere-ocean coupling modulates the long-term
variability of the NAO in climate models. These historical
simulations assume all forcings but prescribe SST by ocean
nudging using the HadISST dataset (Rayner et al., 2003).
The last 165 years of a piControl simulation for each mod-
el/realization were analyzed (18), covering a duration
like the historical period (1850-2014). Those simulations
serve as a baseline against which perturbation experi-
ments are evaluated. Table 1 clarifies all the CMIP6 runs
used in the study. More technical details about the utilized
CMIP6 runs are presented in the implemented protocol
documentation (CMIP, 2024). Finally, a small set of his-
torical CMIP5 simulations (26, see Table S1) grouped in
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the MMLEA (Deser et al., 2020), was also used to compare
variations between the two most recent CMIP projects.

2.2 | Analysis and statistical methods

2.2.1 | Data preparation

All gridded data were interpolated onto a grid with a spa-
tial resolution of 1° X 1°, adopted from the 20CRv3 reanal-
ysis. Average or accumulation for the canonical winter
(December-February) were computed. Comparative anal-
yses between piControl, historical, hist-nat, and hist-GHG
simulations with 20CRv3 were carried out for the com-
mon period (1851-2014; year is for January). Conversely,
the analysis comparing amip-hist with 20CRv3 is con-
strained by the temporal coverage of the HasISST dataset
(1871-2014). Similarly, comparisons between future sce-
narios (2016-2100) and 20CRv3 involve periods of differ-
ent lengths.

2.2.2 | Computation of the NAO features
in numerous periods

The NAO is defined as the leading empirical orthogo-
nal mode (EOF) by applying Singular Value Decompo-
sition (SVD) to spatially weighted (i.e., square root of
the cosine of latitude) winter SLP anomalies by sub-
tracting the full-period average (step 1 in Figure 1,
see Equations S1-S4). This statistical method follows
the procedures outlined in Campitelli et al. (2022) and
its R code (Campitelli, 2021) for detection of leading
modes of climate variability, which provides the spa-
tial pattern and temporal variations of principal com-
ponents (PC), as well as their relative importance in
the decomposition (explained variance; EV). The SVD is
applied on the spatial domain framed in 90° W-40° E,
20-80° N, following Hurrell et al’s (2003) definition
for NAO.

We identified the mode of variability corresponding
to NAO in as many 30-year running periods as possi-
ble (1851-1880, 1852-1881 so through 1985-2014; 135
windows in the historical period). A 30-year period was
adopted, aligning with the standard for climatological nor-
mals defined by the World Meteorological Organization
(WMO). NAO is typically identified as the first mode
(Wanget al., 2012). However, consistent with Halifa-Marin
et al’s (2025) conclusions, we examined whether it can
also appear as the second or third mode. To address
this, we associated the leading three modes computed
in each 30-year window with their canonical computa-
tion over the full period (e.g., 1851-2014) using Pearson
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TABLE 1
forcings (f) or physics parameterization (p).

All available simulations for each CMIP6 dataset analyzed in this study. Some models provide realizations with different

Model Reference Historical Hist-nat Hist-GHG Amip-hist ssp245 ssp585
ACCESS-ESM1-5 Ziehn et al. (2020) 40 3 0 0 40 40
CNRM-CMé6-1 Voldoire et al. (2019) 29 10 9 9 6 6
CNRM-CM6-1-HR Voldoire et al. (2019) 1 0 0 0 1 1
CanESM5 Swart et al. (2019) 65 50 50 50 50 50
CanESM5-1 Sigmond et al. (2023) 72 0 0 0 20 20
EC-Earth3 Doscher et al. (2022) 23 0 0 0 17 7
GISS-E2-1-G Miller et al. (2021) 40 20 10 10 23 15
IPSL-CM6A-LR Boucher et al. (2020) 33 10 10 10 11 7
MIROC-ES2L Hajima et al. (2020) 30 0 0 0 30 10
MIROC6 Tatebe et al. (2019) 50 50 50 50 50 50
MPI-ESM1-2-LR Miiller et al. (2018) 50 30 30 30 30 50
MPI-ESM1-2-HR Mauritsen et al. (2019) 10 0 0 0 2 1
UKESM1-0-LL Sellar et al. (2020) 19 0 0 0 5 5

correlation of their spatial patterns (step 2 in Figure 1).
In climate models, the NAO’s identification during the
running 30-year windows was similarly based on its
canonical pattern in 20CRv3. This approach ensures that
all NAO spatial patterns are identified using consistent
reference characteristics, avoiding intermodel or intersim-
ulation differences.

2.2.3 | Disentangling the variations of the
NAO pattern

The comparison of the NAO spatial pattern across datasets
and time periods was based on the movement of its action
centres, identified by the location of the highest and low-
est values in the EOF loadings as Halifa-Marin et al. (2025)
described. For that purpose, two metrics are evaluated.
The gradient (g) is quantified by the dimensionless range
between the NAO centres in relation to their distance,
which is computed by the Haversine formula (step 3 in
Figure 1; Equations S5-S7). Additionally, the flux direction
(fd, expressed in degrees) was determined by the arc/in-
verse tangent of the distance between centres (Alon and
Alat, see Equations S8 and S9), converting the units from
radians to degrees (180/x +180°), and adding 90° to cap-
ture the origin of fd, which is perpendicular to the gradient
line connecting the action centres (Equation S10, step 3 in
Figure 1). We obtained a single value of g and fd for each
period (step 3, Figure 1). Although we detected the centres
of action in the EOF field, whose values may not be physi-
cally representative, Halifa-Marin et al. (2025) proved that

those locations resemble where NAO/PC1 captures more
SLP variability.

The variables g and fd were clustered using the
k-means algorithm to differentiate NAO patterns in the
20CRv3 and CMIP5/CMIP6 datasets. Both series were nor-
malized to a range of 0-1 by subtracting their minimum
value and dividing by their range (Figure 2b, Equations S11
and S12). For climate models, normalization was based
on the value ranges observed in the 20CRv3, meaning
g and fd may exceed the 0-1 range. Also, clustering in
CMIP5/CMIP6 datasets used the centroids derived from
20CRv3, ensuring that all simulated NAO patterns were
classified to observed NAO patterns in 20CRv3.

2.2.4 | Precipitation changes driven by NAO
pattern shifts

The relationship between NAO pattern and precipitation,
with a focus on Europe, was analyzed across different NAO
clusters. These analyses used the canonical NAO index cal-
culated over the entire period provided by each dataset.
Correlations between precipitation and NAO index were
quantified using Pearson’s method and assessed for sig-
nificance (p <0.05) with a t-test. Cluster-specific correla-
tion composites represent the average correlation in their
30-year windows and were deemed significant if observed
in at least 90% of those periods.

Relative winter precipitation changes were calculated
as anomalies normalized by the average (Equation S13).
The significance of precipitation changes was evaluated
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FIGURE 1

Graphical abstract showing the procedures to obtain the metrics of gradient (g) and coming-from flux direction (fd),

exemplified by the 30-year window from 1861 to 1890. Step 1 prepares the matrix of spatially weighted anomalies of winter sea level pressure

(SLP). Step 2 computes the empirical orthogonal modes (EOFs) 1-3 for the complete period (canonical characteristics, e.g., 1851-2014) and

for 1861-1890. Those groups of EOFs are associated by highest correlation of their spatial pattern (EOF fields). Once we have identified the

North Atlantic Oscillation (NAO) pattern during all periods, Step 3 obtains the metrics g and fd based on the two action centres defined in

1861-1890. Red arrows illustrate the flux direction in the panel of fd computation. [Colour figure can be viewed at wileyonlinelibrary.com]

using the Mann-Whitney test, comparing NAO+ (above
the 70th percentile) and NAO—- (below the 30th per-
centile) phases between each cluster and the full period.
Trends and their significance in precipitation changes
were quantified using Sen’s slope method and the
Mann-Kendall test.

2.2.5 | Observed-like long-term NAO
variability in climate models

This analysis aims to determine whether, given the same
NAO pattern, the implications for its teleconnection with
European precipitation are consistent across reanalyses
and climate models. The method identifies 30-year periods
in simulations that yield the same g and fd values for each
period in 20CRv3, considered its analogue (Figure S1).
Additionally, the coordinates of both action centres must
fall within their range observed for each cluster in 20CRv3,

as well as the intensity of the centres (loadings in the EOF
spatial pattern). These criteria ensure that similar g and
fd values are not due to differing positions of the action
centres but rather that the simulated NAO pattern accu-
rately reflects the observed one (Figure S1). The position
of the action centres is a crucial step, as the initial hypoth-
esis suggests that their variability influences changes in
the direction of the westerlies, thereby modifying NAO’s
impact on precipitation regimes, as also proposed in the
literature (Hu et al., 2022).

Consequently, this ‘idealized’ simulation includes the
same number of clusters as those identified in 20CRv3,
with each cluster containing no more than the corre-
sponding number of periods observed in 20CRv3. Once
a period with an analogue NAO is assigned to the ide-
alized simulation, it is removed from the pool of poten-
tial candidates for subsequent target periods to ensure it
is not reused. Selecting the same number of periods as
observed in 20CRv3 clusters, even for future scenarios with
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fewer available years, is applied to maintain comparable
statistics.

3 | RESULTS

3.1 | Types of NAO pattern observed
in the Industrial Era

Three NAO patterns were identified using k-means cluster-
ing in the 80-member ensemble of 20CRv3 (Figures 2-5).
A total of 33 periods (24%) were classified in Cluster
1 (NAO-C1), spanning the late 19th to early 20th cen-
tury (Figure 5a). NAO-C1 is characterized by SW-W fd
(mean 207°, ranging from 201° to 243°, Figure 3c), and a
weak g (Figure 2a). The northern action centre is located
between Iceland and Greenland (typical for the canonical
NAO pattern), while the southern centre shifts unusu-
ally to northern Italy. NAO-C1 explains an average of
44% of variance (ranging from 36% to 48%). The NAO-C2
includes 74 periods (55%), primarily detected from the
20th century before the 1970s. The pattern aligns with
canonical NAO descriptions, with northern and south-
ern centres located between Iceland-Greenland and the

1980 2000

Azores-Iberian Peninsula, respectively. It features a W
flux direction (mean 231°, ranging from 209° to 274°)
and canonical-like g values. NAO-C2 explains an aver-
age of 41% of the variance (ranging from 34% to 55%).
NAO-C3 includes 24 periods (18%), mainly found from
1969 to 1984 onwards. NAO-C3 is characterized by a NW
fd (mean 311°, ranging from 287° to 328°) and a weakened
g. The northern centre shifts eastward (unusual), while
the southern centre remains over the Azores (typical).
NAO-C3 explains higher variance, averaging 50% (rang-
ing from 32% to 56%). Additionally, 30-year periods from
1903-1932 to 1906-1935 (3%) in which the EOF1 reflects
an EA pattern were excluded from the clustering (referred
to as the ‘Out’ group).

These patterns feature a northern centre over Sval-
bard (similar to NAO-C3) and a southern centre resem-
bling the broader EA centre, as described by Halifa-Marin
et al. (2025). This multidecadal variability of the NAO has
been analyzed across periods covered by ERA-20C, ERAS,
NCEP-R1, and the ensemble of individual members from
20CRv3 (Figure 2). Although the greatest uncertainties are
associated with periods where only 20CRv3 extends (sec-
ond half of the 19th century), ERA-20C successfully repro-
duces the four clusters identified in 20CRv3 (Figure S2).
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(a) Clustering by k-means algorithm for normalized gradient (g, x-axis) and flux direction (fd, y-axis). The triangles (C1),

circles (C2), and diamonds (C3) identify those variables for each 30-year period. Colour of the symbols represents the central year of the

periods by intervals of 25 years from 1850 to 2000. The limits for each cluster in the g-fd space is marked with grey squares. Number of

periods clustered in each group is noted in parentheses. (b) The mean EOF loadings pattern for periods grouped in each cluster (rows),

indicating the averaged explained variance (EV) in the title. [Colour figure can be viewed at wileyonlinelibrary.com]

Meanwhile, ERA5 (Figure S3) and NCEP-R1 (Figure S4)
consistently detect the emergence of NAO-C3 from the
late 20th century onward. The ‘Out’ cluster is identified
in ERA-20C during the same periods as in 20CRv3, a
result previously noted in Halifa-Marin et al. (2025). Given
these findings, this study focuses on the 20CRv3 ensem-
ble, assuming it represents the most reliable source for
understanding NAO variability during the Industrial Era.

3.2 | Observed NAO-precipitation links
among clusters

In NAO-C1, two regions with strong negative correlations
(below —0.8) were observed in the Iberian and Balkan
Peninsula (Figure 4a). In NAO-C2, negative correlation
generally weakened, except over the Iberian Peninsula. In
NAO-C3, negative correlations further diminished in the
Balkan Peninsula, while showing slight intensification in
the Iberian Peninsula. Positive correlations were higher
(above 0.85) over Iceland by NAO-C1 but progressively
weakened for subsequent clusters. In contrast, positive
correlation strengthened from NAO-C1 to NAO-C3 in

northern Europe (e.g., Scandinavia). A notable shift in cen-
tral Europe (e.g., Germany) was observed, where negative
correlations in NAO-C1 transitioned to positive correla-
tions in later clusters, particularly NAO-C3. These findings
indicate significant changes in NAO-driven precipitation
patterns across clusters (Figure 4b), consistent with anal-
yses from an observation network in southern and central
Europe (Figure S5).

Four European regions emerge as key areas of inter-
est: the western Iberian Peninsula (12° W-2° E, 35-43° N)
and Scotland (9-4°W, 55-60°N), due to their strong
NAO influence and evident multidecadal variability in
precipitation modulation, as well as central Europe
(5-15° E, 49-55° N) and the Balkan Peninsula (16-24° E,
42-46° N), where substantial intensification or weakening
of NAO-precipitation correlations was observed among
clusters (Figures 5a and S5a).

Other regions may also be relevant (e.g., eastern
Canada, northern Europe) but were not covered by the
observation network used. It is noteworthy that NAO-C1
(late 19th to early 20th century) and NAO-C2 (mid-20th
century) coincided with dominant NAO- conditions,
whereas NAO-C3 aligns with dominant NAO+ phases
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FIGURE 4 For each cluster identified in Figure 3, panel (a) shows the average correlation between NAO index (30-year averaged from
NAO index computed in the full period) and winter precipitation. (b) The mean relative change (RC) of WP under NAO+ and NAO— phases
(related to their magnitude in the full period 1851-2014). Significant estimates are strongly coloured and highlighted with contours. (c)

Histogram (absolute frequency) of fd detections in each cluster (yellow =

C1, grey = C2, orange = C3), identified by k-means clustering.

Dashed lines note the mean fd for each group. [Colour figure can be viewed at wileyonlinelibrary.com]

(Figure 5a). Observations recorded very wet conditions
in the Balkan Peninsula during NAO-C1 (Figure 5b),
while near-neutral precipitation changes were observed in
NAO-C2, despite sharing NAO— dominance. This dispar-
ity may reflect the expansion of the North Atlantic subtrop-
ical ridge toward the western Mediterranean and Central
Europe during NAO+ in NAO-C1 (Figure 3b), compared
to the deepening of low-pressure systems promoting moist
winds toward the western Balkan coast (Figures 3 and 4).

However, NAO-C2 shows increased precipitation in this
region in the 20CRv3 (Figure 5c), likely due to differences
in data sources, as this dataset includes interior areas of
the peninsula beyond the two rain gauges analyzed.
Similarly, central Europe experienced significant pre-
cipitation decreases during NAO-C1, weak increases dur-
ing NAO-C2, and significant increases during NAO-C3,
driven by a NAO+ phase (Figures 4, 5 and S2). This tran-
sition corresponds with a prevailing NW fd in NAO-C3
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FIGURE 5 (a)The 30-year averaged moving NAO index (black line) from PC1 computed in the full period of 20CRv3 (1851-2014).

Greenland Blocking (blue line, GB) and Atlantic Multidecadal Oscillation (red, AMO) are also displayed. (b) The 30-year averaged RC of
winter precipitation seen in the 20CRv3 and observations (black lines) for selected European regions: Western Balkan Peninsula (BAL,
framed in 16-24° E, 42-46° N); central Europe (CEU, 5-15° E, 49-55° N); western Iberian Peninsula (WIB, 12° W-2° E, 35-43° N); and
western United Kingdom (WUK, 9-4° W, 55-60° N). The grey-shaded area denotes the range of the RC obtained within all grids (20CRv3) or
rain gauges (observations). The number of grids/gauges is noted in the plots. Plots in (b) clarify the average precipitation and standard
deviation by region. [Colour figure can be viewed at wileyonlinelibrary.com]

(Figure 3b), driven by the northward expansion of the
Azores High. Similarly, this aligns with the presence
of Scandinavian Blocking (SB), coupled with GB affect-
ing Northern Europe during NAO- (Figure 3b). The

recent rise in winter precipitation over this region,
captured more strongly by rain gauges, contrasts with
the wet periods recorded during NAO-C1 in 20CRv3
(Figure 5c).
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Box plot (x-axis) of the gradient (g [a], whose units are defined in Section 2.2.3) and flux direction (fd [b], in degrees) for all

analyzed historical simulations (462) grouped by model (11 models, y-axis) and the 20CRv3 reanalysis (at the bottom). The box for the
reanalysis is coloured in light blue, and the boxes for the models are in grey. The 5th to 95th percentage range (very light blue area) and the

25th to 75th percentage range limits (light blue area) in 20CRv3 are illustrated. In addition, a solid black line marks the median in 20CRv3,
and a dashed red line marks the median for simulations. Outliers are not presented for boxes. [Colour figure can be viewed at

wileyonlinelibrary.com]

The western Iberian Peninsula and Scotland dis-
played consistent NAO modulation across all clusters,
though more pronounced in NAO-C3 (Figure 4a). Dur-
ing NAO-C3, more NAO+ activity and a broader south-
ern action centre in the EOF field (Figure 3b) indicate
more frequent Azores Highs (NAO+), resulting in wet-
ter winters in the UK and drier conditions in the Iberian
Peninsula. Conversely, NAO— phases bring more intense
low-pressure systems to the Iberian Peninsula (Figure 4b).

Overall, the temporal sequence of clusters identified
in 20CRv3 (our chronology for multidecadal changes in

NAO) appears to be linked to the intensity of GB and
the AMO sea surface temperature variability (Figure 5).
NAO-C3 aligns with a period of high GB intensity, which
itself is associated with a positive AMO phase. Differ-
ences in GB intensity during the two NAO- periods
(NAO-C1 and NAO-C2) may explain the distinctions
between its spatial pattern in these clusters. The stronger
AMO- phases observed since the late 20th century could
account for the persistence of NAO-C3, which contrasts
with the less robust NAO+ dominance during the early
20th century.
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(a) Relative frequency of 30-year periods classified by NAO clusters in the historical simulations and the 20CRv3 reanalysis

(y-axis). The number of simulations is indicated in the y-axis labels. The labels for the x-axis indicate the average by clusters. (b) Similar to

(a), the absolute difference between the relative frequency of clusters in relation with 20CRv3. [Colour figure can be viewed at

wileyonlinelibrary.com]

3.3 | Skill of climate simulations
capturing the long-term variability of NAO

Most historical simulations exhibit g values within the
observed range in 20CRv3, although their medians dif-
fer significantly (Figure 6a). Most models underestimate
g, with the exception of MIROC simulations. Conversely,
the overestimation of the fd is very noticeable, often show-
ing interquartile ranges outside the limits of 20CRv3 (e.g.,
CanESMS5, Figure 6b). The most frequent fd shifts from
227° (SW) to 269° (W), with CanESM5 displaying a distinct
NW direction.

For both metrics, high-resolution simulations
(MPI-ESM1-2-HR and CNRM-CM6-1-HR) do not
show improved performance compared to their
coarser-resolution counterparts. Similarly, we found no
improvement between CanESM5 and its upgraded version
CanESM35-1. We also found no differences between their
simulations with different physics parameterization p1 or

p2 (e.g., CanESM5), nor between UKESM-1-0-LL simula-
tions with different forcing (f2 or f3). Only GISS-E2-1-G
seems to be sensitive to changes in physics and forcing,
capturing fd as observed.

That poor reproduction of g and, particularly, fd by
historical runs leads to noticeable differences in NAO
clustering (Figure 7). Overall, the simulations underesti-
mate the frequency of NAO-C2 periods (—23% compared
to 20CRv3, Figure 7b), while the frequency of NAO-C3
is largely overestimated (4+24%), and NAO-C1 also
slightly underestimated (—2%). For instance, CanESM5
and CanESM5-1 simulations (with runs using differ-
ent parameterization of physics) overestimate NAO-C3
above 57%. MPI-ESM1-2-LR shows the best fit captur-
ing the frequencies of the clusters observed in 20CRv3.
The CNRM-CM6-1-HR simulation does improve signif-
icantly the results of its low-resolution simulations, but
one simulation is assessed, so it does not allow com-
parable statistics. To ensure a proper comparison with
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Similar to Figure 7b, for 287 runs and 262 runs of experiment ssp245 and ssp585, respectively, by 11 models. Y-axis labels

indicate the number of runs by model used in both datasets. [Colour figure can be viewed at wileyonlinelibrary.com]

20CRv3 clustering, the ‘Out’ group (EOF1 resembling
an EA-like pattern) was also analyzed in historical runs.
Two models failed to reproduce those periods, though
ACCESS-ESM1-5 substantially overestimated (+17%). On
average, no significant bias was detected for this cluster
(—0.2%). It is important to clarify that the ‘Out’ cluster in
the models represents those NAO patterns that are not the
EOF1. These patterns may exhibit EA-like structures (as
we noted in 20CRv3) or others, which are not analyzed in
this study.

These findings suggest that a zonal arrangement of
both action centres (NAO-C2 pattern) is less frequently
reproduced in climate simulations, while NAO-C3 (mostly
observed in recent periods) appears more often.

The biases found in historical simulations for g and
fd are also evident in hist-nat, hist-GHG, amip-hist
and piControl simulations. In hist-nat runs (Figure S6),
NAO-C1 is slightly overestimated (1%), NAO-C2 is
significantly underestimated (—25%), and NAO-C3
overestimated (+23%). The ‘Out’ cluster is slightly overesti-
mated (Figure S6). Similarly, hist-GHG outputs (Figure S7)
underestimate NAO-C1 (-1%), NAO-C2 is severely
underestimated (—20%), and NAO-C3 overestimated
(+21%). The ‘Out’ cluster is underestimated by —0.5%.

The skill improves in amip-hist simulations
(Figure S8), where NAO-C1 (—6%) and NAO-C2 (—15%)
is underestimated, and NAO-C3 is overestimated (+22%).
The ‘Out’ cluster does not vary related to 20CRv3(—1%).
Lastly, piControl simulations exhibit biases similar to his-
torical simulations (Figure S9): NAO-C1 is underestimated
on average (—3%), NAO-C2 is generally underestimated
(—26%), and NAO-C3 is overestimated (27%).

The results reveal two contradictory signals. On the
one hand, the nature of the forcing appears to have limited
impacts on improving the model’s ability to accurately cap-
ture the three observed NAO patterns. When comparing
the estimates of NAO clusters across attribution simula-
tions, no significant differences emerge between applying
only natural forcing or only anthropogenic forcing. On
the contrary, the historical, hist-nat, and hist-GHG simu-
lations display biases in the NAO clusters similar to those
observed in the piControl simulations. Interestingly, in
those simulations without any forcing, the bias relative to
20CRv3 is even greater, although this should be interpreted
with caution due to the smaller number of realizations.

On the other hand, under the higher-emissions sce-
nario (ssp585), the frequency of NAO clusters aligns more
closely with 20CRv3 (Figure 8). Biases in the ssp585
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Similar to Figure 4 but for an ‘idealized’ simulation detected in MPI-ESM1-2-LR simulations under ssp585 experiment (50

runs). The number of analogous periods identified within each cluster is indicated in the titles of (a). [Colour figure can be viewed at

wileyonlinelibrary.com]

simulations displayed are reduced for NAO-C2 (—14%) and
NAO-C3 (+13%), while NAO-C1 (—0.2%) and Out (+1%)
show similar biases to historical runs.

These findings indicate a more zonal NAO perfor-
mance in future scenarios, bringing NAO-C2 occurrence
closer to its observed relative frequency in 20CRv3.
Nevertheless, the overestimation of NAO-C3 persists in the
future scenario.

Consistently, ssp245 experiments exhibit greater
biases relative to 20CRv3 (Figure 8). In this dataset,
the overestimation of NAO-C3 reaches +19%, while
the underestimation of NAO-C2 is —20%. Focusing on
MPI-ESM1-2-LR, whose historical simulations show the

lowest total absolute bias, a notable decline is also observed
applying higher levels of future forcings. CanESMS5,
another model with numerous realizations in histori-
cal and ssp245/585, shows smaller differences between
future scenarios, although in both cases, the excessive
bias in NAO-C3 seen in historical runs is significantly
reduced.

Finally, analyzing CMIP5 historical simulations
(Figure S10), the same general pattern of overestimated
NAO-C3 observed in CMIP6 models is shown (+32%),
although the historical CMIP6 simulations significantly
reduce this overestimation. In historical CMIP5 simu-
lations, the larger bias in NAO-C3 relative to 20CRv3

85UB017 SUOWWOD BAIIE8.D 8|ceoljdde ay) Aq peusenob a.1e s9oile VO ‘88N JO S8|nJ o} AkeiqiauljuQ 3|1 UO (SUOTIIPUOO-PUE-SWIBIWOD" AB | 1WA Jeiq U [Uo//Sdny) SUDNIPUOD pue swie 1 8y} 89S *[6202/50/62] Uo Akeidiaulluo A8|im ‘(-ouleAnge 1) sqnopesy Aq 6661 /00T 0T/I0P/W00 A8 |1 Ake.q 1 jpul U0 SIBWLY//SdNY W01} pepeojumod ‘0 ‘X0/8227T


http://wileyonlinelibrary.com

14 of 20 Quarterly Journal of the EIRMetS HALIFA-MARIN ET AL.
Royal Meteorological Society
C1NAO+
Z |
2
£ |
=]
z
‘;‘O -
w
z
23 -
=
-40°W -20°W  0° 20°E —40°W -20°W  0° 20°E -40°W -20°W  0° 20°E
-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 -40-30-20-10 0 10 20 30 40
Cor RC (%)
(c) . ﬁ '
0] ; NAO C2 NAOC3 !
w T - — |
g ] ! :
Gé 95 ....... : o |
o - i |
foh] . I |
T - — |
o 0 e 1 i
m -1 I ]
1 WO |
(=] T T " T T T T " T
200° 220° 240° 260° 280° 300° 320°
Coming-from flux direction
FIGURE 10 Similar to Figure 9 but for CanESM5 simulations. [Colour figure can be viewed at wileyonlinelibrary.com]

is balanced by a greater underestimation of NAO-C1
compared to the homologous CMIP6 simulations.

3.4 | Misinterpreted NAO variability
amplifies uncertainties in projected
precipitation

Following the procedures described in Section 2.2.5,
we searched for periods analogous to those observed
in 20CRv3 across two extensive simulation sets (50
members each) for the ssp585 experiment, provided by
the MPI-ESM1-2-LR and CanESM5 models. This resulted
in two sets of future NAO patterns replicating the NAO
clusters from 20CRv3. For MPI-ESM1-2-LR, 130 periods
were identified (Figure S11), with all observed periods
finding an analogous NAO pattern except for one NAO-C1

window. Interestingly, Figure 9a shows that the correla-
tion patterns between the NAO index and precipitation
vary among clusters similarly to what is observed in
20CRv3. Specifically, the pattern of negative correlations
shifts and intensifies towards the western Mediterranean
and the subtropical North Atlantic, losing influence in
the Balkan Peninsula in NAO-C3. Similarly, positive
correlations intensify in NAO-C3 over northern Europe.
These findings demonstrate that once the NAO pat-
terns and their multidecadal variability (as observed in
20CRv3) are reproduced, the influence of this mode of
variability on Europe changes. In the case of CanESM5
(Figure 10a), finding analogous periods for NAO-C1
was more challenging, with only six windows identified
(Figure S12). Nevertheless, the NAO-precipitation corre-
lation pattern again shows a westward shift as the analysis
transitions from NAO-C1 to NAO-C3. However, in this
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case, the NAO does not lose influence over the Balkan
Peninsula. The analysis of relative precipitation changes
under different NAO phases across clusters also reveals
significant differences, albeit with more noise. These vari-
ations underscore the distinct impact of the NAO on
regional precipitation, reinforcing the notion that its mul-
tidecadal variability also influences precipitation variabil-
ity in climate models. Additionally, both sets of analogue
periods are able to associate flow directions of the same
magnitude as those observed in 20CRv3.

4 | DISCUSSION

4.1 | Atmosphere-ocean feedback
promoting the long-term variability of NAO

The observed long-term variability of the NAO has been
thoroughly addressed in this study, highlighting several
key aspects. First, the analysis identifies three distinct
NAO patterns that exhibit a coherent spatial and temporal
evolution. These patterns reveal pendular (W-E) displace-
ments of the action centres, constrained between Iceland
and Scandinavia (northern centre) and the Azores and
Italy (southern centre). This clustering enables a detailed
analysis of the frequency of each NAO pattern and illus-
trates abrupt shifts in the location of both action cen-
tres across different periods. This represents a significant
improvement over earlier studies, which often focused
on specific intervals (Halifa-Marin et al., 2025; Moore
et al,, 2013), or solely analyzed the uniqueness of the
post-1980s shift (Wang et al., 2012). It also complements
findings from studies of the Common Era (Hernandez
et al.,, 2020), the last millennium (Borgel et al., 2020),
and the Instrumental Period (Mellado-Cano et al., 2019),
which were based on sparser observational data.

Second, the modulation by NAO on the Euro-
pean climate is shown to differ significantly among
the identified clusters. This extends the under-
standing of the non-stationary nature of NAO’s
influence on European climate previously described
(Comas-Bru & McDermott, 2014; Vicente-Serrano &
Lopez-Moreno, 2008). This study links variations in
mean flow direction (fd) to physically consistent changes
in NAO-precipitation relationships across different
European regions. For instance, during NAO-C3, the NW
flow is blocked by the Alps, limiting the areas in Central
Europe affected by NAO+ (Figure S5).

Additionally, these results support recent work by
Hu et al. (2022), who attributed the loss of connection
between precipitation proxies in northern Italy and NAO
due to westerly splits affecting western Europe. Our
findings demonstrate that similar mechanisms driving
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abrupt changes in precipitation records during the Middle
Holocene can also be found in observations.

This study has not extensively explored the physical
mechanisms underlying the multidecadal variability of
the NAO. However, the analyses suggest that Atlantic SST
variability may influence GB activity, potentially induc-
ing shifts in NAO patterns (observed transitions between
clusters). Figure 4 examines the multidecadal variability
of the AMO and GB indices, revealing that GB weak-
ens following an AMO+ phase, and vice versa, without
establishing a clear causal relationship between the two
phenomena. Periods of dominant NAO+ coincide with
NAO-C3, although the intensification during the first
half of the 20th century exhibits distinct characteristics
(e.g., EOF1 resembling an EA-like pattern; Halifa-Marin
et al., 2025). Notably, NAO-C3 has dominated recent
periods, a trend also observed in ERA5 (Figure S3). This
coincides with a phase of strong AMO- but without the
extreme weakening of GB observed in earlier phases.
These findings suggest that the SST gradient in the
Atlantic could play a primary role in the recent dynamic
of the NAO, influencing GB variability. This hypothesis
aligns with the observed interplay between SST anoma-
lies, atmospheric blocking variability, and NAO pattern
(Kwon et al., 2020; Omrani et al., 2022; Rimbu et al., 2014;
Woollings et al., 2015), warranting further investigation
into the underlying processes driving these interactions.

Numerous studies have emphasized the role of natu-
ral atmosphere-ocean interactions in driving changes for
the NAO spatial pattern. Borgel et al. (2020) proposed that
shifts in NAO action centres are linked to variations in
North Atlantic SST, influenced by different phases of the
AMO. Similarly, Hu et al. (2022) identified interactions
between AMO and NAO, particularly through modifi-
cations in the SLP dipole over the Icelandic Low and
Azores High.

Also, these interactions are present in the formation
and persistence of atmospheric blockings. The literature
has further explored the connections between the GB,
the Atlantic Ridge (AR), and the SB variability, revealing
alternating dominance of these phenomena over different
periods (e.g., Rimbu et al., 2014). Long-term SST variabil-
ity, characterized by the AMO, has been proposed as a
key driver for North Atlantic atmospheric blocking. This
mechanism aligns with the ocean-atmosphere feedback
described by Kwon et al. (2020). AMO itself is influenced
by natural forcings such as solar cycles, volcanic activ-
ity (e.g., Birkel et al., 2018; Knudsen et al., 2014; Mann
etal., 2021), and interactions with the Atlantic Meridional
Overturning Circulation (AMOC) (Borgel et al., 2022; Kim
et al., 2021). These factors result in SST anomalies across
diverse regions and timescales, transcending the com-
monly recognized north-south thermal gradient and the
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60-70-year warm-cold oscillations of AMO phases (Birkel
etal., 2018).

This interplay contributes to the nonsimultaneous
occurrence and persistence of GB, SB, and AR, potentially
serving as a critical modulator of NAO fluctuations (Kwon
et al., 2020; Rimbu et al., 2014). Despite the natural vari-
ability of AMO, evidence suggests anthropogenic radiative
forcing has influenced North Atlantic SSTs, consistent
with global ocean warming since the 1800s (McGregor
et al., 2015; Walker et al., 2022). The observed North
Atlantic warming during the Common Era contrasts
with the recent cooling observed in the Subpolar Gyre
(Oltmanns et al., 2020; Singh et al., 2018). This cooling,
likely linked to Greenland ice melt, has been identified as
a trigger for the absence of GB and the northward shift
of winter storm tracks over northern Europe since the
1980s (Oltmanns et al., 2020). However, it may also mask
the impact of the increased thermal gradient between
the Arctic and subtropical North Atlantic, as identified
by Hu et al. (2022) in this context. Despite uncertain-
ties in AMO-NAO relationships (Smith et al., 2020), the
ocean—-atmosphere feedback and anthropogenic SST forc-
ing can suggest that recent NAO behaviour is likely a
combination of natural variability and signals of a warm-
ing climate. Furthermore, the ocean’s response to global
warming also remains debated. Some studies warn of
drastic AMOC changes already underway (Ditlevsen &
Ditlevsen, 2023), while others argue that the AMOC has
shown no forced changes (Latif et al., 2022).

Additionally, the NAO variability could also be driven
by the thermodynamic strengthening of the Azores High
(Cresswell-Clay et al., 2022) and the expansion of the
Hadley cell (Grise & Davis, 2020) due to warming in the
northern tropics. However, this matter remains under
debate, as recent studies notice that projections of Hadley
cell expansion are not conclusive, particularly for the
Northern Hemisphere (Lionello et al, 2024; Wu et al,
2024).

4.2 | Misinterpreted North Atlantic
climate system by CMIP6 datasets

This study evaluates whether the observed long-term
variability of NAO spatial patterns is adequately
reproduced by CMIP6 models. While the gradient (g)
is generally well captured-albeit slightly underesti-
mated - this aligns with AR6-IPCC findings, which noted
that the slight underestimation of SLP anomalies related to
NAO action centres remains unresolved between CMIP5
and CMIP6 (Gulev et al., 2021, and references therein).
Conversely, the fd is significantly underestimated, a short-
coming unproven in IPCC AR6, which demonstrates the

misrepresentation of action centre mobility in climate
models. This limitation has critical implications for accu-
rately simulating the climate system and is likely linked
to persistent issues in reproducing long-term variability
in the Polar Jet and blocking events, as noted in previ-
ous studies (Bracegirdle, 2022; Dorrington et al., 2022;
Schiemann et al., 2020).

Our results indicate that, while the models can cap-
ture all the NAO clusters identified in 20CRv3, they
poorly reproduce their frequency. NAO-C3 is notably
overestimated across simulation sets. The positive bias is
found in historical (Figure 7), hist-nat (Figure S6), and
hist-GHG (Figure S7). In future scenarios, the overestima-
tion of NAO-C3 persists but is reduced by half in SSP585
compared to the historical period (Figure 8). This over-
estimation also is not removed in amip-hist simulations
(Figure S8), where SST is prescribed with HadISST dataset
(Rayner et al., 2003). The piControl simulations reveal
similar bias for NAO-C3, even compared to runs with
altered forcings (Figure S10). Furthermore, this overesti-
mation was more pronounced in CMIPS5 historical runs
(Figure S9).

Given the recent observational prevalence of NAO-C3,
this raises questions: are models tuned to recent atmo-
spheric dynamics? Does excessive sensitivity to forcing in
the simulations contribute to this bias? Or does this over-
estimation of NAO-C3 reflect a singular behaviour of the
NAO driven by global warming? Christiansen et al. (2022)
addressed similar questions, demonstrating that CMIP6
datasets perform better in reproducing observed NAO
index variability post 1970. Specifically, the correlation
between observed and simulated NAO index (across
historical, hist-nat, hist-GHG, and hist-aer ensembles)
shifted from neutral or negative before 1970 to positive
and significant afterwards.

Our approach corroborates these findings, suggesting
CMIP6 models are better at reproducing recent NAO pat-
terns, even in piControl runs. This indicates that the bias
originates from intrinsic model variability. However, the
NAO-C3 overestimation decreases as higher levels of GHG
forcing are applied in future scenarios (Figure 8). Between
historical and ssp585, the NAO-C3 bias is halved, suggest-
ing that anthropogenic forcing could improve the skill of
models in capturing NAO shifts. This signal also appears
when comparing the results for hist-nat and hist-GHG,
although it is weaker.

A critical issue is how these biases impact precipi-
tation projections in Europe. Our analysis confirms that
CMIP6 datasets can replicate observed NAO variations
and their precipitation effects (Figures 9 and 10). How-
ever, the overestimation of NAO-C3 suggests an overrep-
resentation of associated atmospheric dynamics, inten-
sifying the modulation of NAO over northwestern and
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southwestern Europe. Beyond the potential consequences
for the total projected precipitation, which are complex to
conclude due to the many sources of uncertainty in cli-
mate models, the most important point is that when work-
ing with the NAO in future projections, it is not always
assumed that its modulation may vary across different
time periods. This calls into question studies that evalu-
ate future precipitation changes solely based on NAO state
or compare historical and future periods without account-
ing for NAO’s long-term variability. Promisingly, exper-
iments forcing NAO’s multidecadal variability to match
observations (Schurer et al, 2023) offer a pathway to
improve model assimilation of NAO fluctuations. These
could enhance understanding of ocean-atmosphere link-
ages and enable assessments of NAO dynamics under
projected 21st-century forcings.

5 | CONCLUSIONS

This study analyzed long-term NAO fluctuations dur-
ing the Industrial Era, addressing the AR6 IPCC call to
enhance understanding of NAO multidecadal variability.
Using a clustering method based on gradient (g) and mean
flux direction (fd) implicit in NAO, 135 consecutive 30-year
periods were evaluated. The study also assessed the influ-
ence of these fluctuations on European precipitation and
compared observations with CMIP6 simulations. Key find-
ings include:

1. Three distinct NAO patterns were identified: NAO-C1
(Iceland-Ttaly), NAO-C2 (Iceland-Azores), and
NAO-C3 (Scandinavia-Azores), each with unique tem-
poral behaviours. These clusters exhibit significant
differences in precipitation modulation.

2. Historical CMIP6 simulations replicate all observed
NAO clusters, confirming consistency despite lim-
ited past observational data. However, the models
misinterpret cluster frequencies due to overestimation
of the fd metric.

3. These biases, affecting the weighting of NAO pat-
terns, significantly contribute to uncertainties in pre-
cipitation projections, particularly for Europe. Accu-
rate reproduction of NAO patterns, as observed in
20CRv3, is critical for reliable regional precipitation
assessments. The analysis demonstrates that if the
NAO pattern is simulated similarly to the 20CRv3
clusters, its influence on precipitation also varies sig-
nificantly in climate models. Furthermore, these errors
propagate into regional simulations driven by global
models.

This study confirms that global climate simulations
still fall short in accurately reproducing observed NAO
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shifts. While they capture large-scale circulation vari-
ability and synoptic patterns, their representation is dis-
organized compared to reanalysis and exhibits random
frequency biases. Key ocean-atmosphere feedback, cru-
cial for blocking activity in Greenland, Scandinavia, and
the Atlantic Ridge, remains unresolved or misrepre-
sented, raising concerns about the models’ capacity to
project future NAO-anthropogenic forcing interactions.
To address these gaps, ocean-nudging experiments or
approaches replicating observed NAO trends should be
prioritized to clarify ocean-NAO mechanisms. Addition-
ally, the spatial resolution with which the physical config-
urations are resolved does not appear to be a key element
in the model’s skill.

The NAO-C3 pattern observed in recent decades is gen-
erally overestimated in simulations, unravelling an intrin-
sic model configuration bias. Although this study cannot
confirm that hypothesis, our findings strongly indicate
that the spatiotemporal variability of NAO, as represented
in 20CRv3, is better captured in ssp585 simulations with
stronger GHG forcing. This suggests that historical runs
may fail to alter the state of the atmosphere and ocean as
observed in 20CRv3, whereas ssp585 does when GHG con-
centrations become severe. This does not imply a direct
attribution of NAO-C3 characteristics to GHG forcing but
rather highlights multiple uncertainties related to the abil-
ity of climate models to reproduce NAO. These uncer-
tainties stem from factors ranging from the fundamental
physical configuration of the models to the assimilation of
forcings.

Given the established influence of ocean dynamics
on NAO variability - through mechanisms such as atmo-
spheric blocking, jet stream circulation, and others —it is
possible that the underestimation of GHG forcing primar-
ily affects the ocean rather than the atmosphere. These
open questions highlight several promising directions for
future research with potential high impact on the scientific
community and could significantly enhance future CMIP7
global models.
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