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Abstract. The North Atlantic Oscillation (NAO) is one of the main modes of climate variability and the dominant mode of

large-scale atmospheric variability in the North Atlantic basin and has large impacts on the European climate, whose future

behaviour
::
yet

:::
the

:::::::::
behaviour

::
of

:::::
NAO

::
in

:::
the

::::::
future

:
remains uncertain. Here we assess the NAO response in past and future

climates
:::
the

:::
past

::::
and

::
in

:
a
::::::::
warming

::::::
climate

:
by looking at a comprehensive set of coupled model simulations performed by the

Paleoclimate Model Intercomparison Project (PMIP) and the Coupled Model Intercomparison Project (CMIP) for four exper-5

iments: the mid-Holocene (6 ka; midHolocene), the Last Glacial Maximum (21 ka; lgm), the last interglacial
:::
Last

::::::::::
Interglacial

(127 ka; lig127k) and an idealised future warming scenario
:::::::::
greenhouse

:::
gas

::::::::::::
(GHG)-forced

::::::::::
experiment

::::
from

:::
the

::::::
CMIP

::::::
DECK

with abrupt quadrupled CO2 :
(
:::::::::::
abrupt4xCO2

:
). Although there are various setups across experiments, the midHolocene and

lig127k are mainly characterised by altered orbital configurations, inducing variations in the seasonal cycle , and the
:::
and

:::::::::::
redistributing

::::::
energy

:::::
across

::::::::
latitudes.

:::
The

:
lgm and abrupt4xCO2 are mainly characterised by various GHG forcing that induces10

great
::::::::::
characterised

:::
by

:::::
GHG

:::::::
forcings

:::
that

::::::
induce

:::::::::
substantial

:
global temperature change

:
,
:::
and

:::
the

::::
lgm

:::::::
includes

::::
large

:::
ice

::::::
sheets

:::
that

::::
alter

:::
the

:::::::::::
storm-tracks. Our results show that the NAO is sensitive to GHG-forcing-induced temperature changes but not

::::
alters

:::
in

::::
these

:::::
latter

::::
two

::::::::::
experiments,

::::
but

::
is

:::
not

:::::::
sensitive

::
to
:

the orbital configurations. NAO weakens in response to cooling

and strengthens to warming. The associated teleconnections change consistently with the theory and are sensitive to the change

in NAO amplitude. The two orbital experiments do not show a clear change in associated temperature and precipitation. The15

weakened NAO in the lgm is associated with a cooler and drier northern Europe, while the enhanced NAO in the abrupt4xCO2

causes a warmer and wetter northern Europe as compared to the piControl. No clear relationship is found in the ENSO-NAO

teleconnection.

1 Introduction

The North Atlantic Oscillation (NAO) , characterised by seesaw sea level pressure anomalies between the Icelandic Low and20

the Azores High, represents one of the main modes of climate variability and the dominant mode of large-scale atmospheric

variability in the North Atlantic basin (Hurrell et al., 2003). It affects climate throughout all seasons, most ,
::::::
which

::::::
affects

:::::::
regional

::::::
climate

::::::::::::::::::::::::
(Woollings et al., 2015)-most

:
pronounced during boreal winter (Walker and Bliss, 1932). There is ongoing

debate on the relationship between the NAO and the North Annular Mode (NAM, also known as the Arctic Oscillation) : some
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studies interpret the NAM as a statistical artefact of two independent regional modes (NAO and the Pacific-North American25

pattern), and thus viewing the NAO as a stand-alone mode (Ambaum et al., 2001); while others view the NAO as a regional

expression of
::::
NAO

::
is

::::::
defined

:::
by

::::
two

:::::::::
commonly

::::
used

:::::::::::
frameworks:

:::
the

::::::::
principal

::::::::::
component

::::
(PC)

:::
as

:::
the

::::::
leading

:::::::::
empirical

:::::::::
orthogonal

:::::::
function

::::::
(EOF)

::
of

::::
SLP

::::::::
variance

::::::
during

::::::
boreal

:::::
winter

:::::
over

:::
the

:::::
North

::::::::::::::
Atlantic-Europe

:::::
sector

:::::::::::::
(IPCC, 2021b),

:::
or

:::::
based

::
on

:::::::::::
observations

::::
from

:::::
fixed

:::::::
locations

:::::
such

::
as

:
the NAM (e.g. Thompson and Wallace, 1998; Kimoto et al., 2001) and do

not distinguish between
::::::::
difference

::
of

::::::::::
normalised

::::
SLP

:::::::::
anomalies

:::::::
between

:::::::
stations

::::::
located

::
in

:::
the

::::::::::::
Azores-Ponta

:::::::
Delgada

::::
and30

::::::
Iceland

::::::::::::::::::
(Jones et al., 1997) or

:::
the

::::::::
difference

::::::::
between

::::::
London

::::
and

::::
Paris

::::::::::::::::::
(Cornes et al., 2013).

::::
This

:::::
study

::::::
adopts

:::
the

::::::::
PC-based

::::::::
definition

::
to

::::::
ensure

::::::::::
consistency

::::
with

:::::::::
large-scale

:::::::::
circulation

::::::::
analyses.

::::::::::::
Characterised

:::
by

::::::
seesaw

:::
sea

:::::
level

:::::::
pressure

:::::::::
anomalies

:::::::
between

:::
the

:::::::
Icelandic

:::::
Low

:::
and

:::
the

::::::
Azores

:::::
High,

:
the two. The latest phase of the Intergovernmental Panel on Climate Change

(IPCC AR6) often considers the NAM and the NAO as the same entity, as the NAO can explain most of the variance in

zonally-averaged hemispheric circulation and exhibits a high correlation in associated time-series (IPCC, 2021b).35

NAO is predominantly driven by the internal atmospheric variability of mid-latitude dynamics (Lorenz and Hartmann, 2003) related

to the interaction between eddy-mean flow (Feldstein and Franzke, 2017; Kimoto et al., 2001) and the coupling between troposphere

and stratosphere (Wang and Ting, 2022; Omrani et al., 2022), and the coupling among atmosphere, land, and ocean (Marshall et al., 2001).

Various mechanisms play important roles in shorter to longer-term NAO variability (Stephenson et al., 2006), including sea

surface temperature (SST) (Mosedale et al., 2006; Hurrell et al., 2004), greenhouse gas (GHG) forcing (Stephenson et al., 2006; Barnes and Polvani, 2013),40

sea ice (Pedersen et al., 2016; Smith et al., 2017), and snow cover changes (Henderson et al., 2018; Spencer and Essery, 2016).

The NAO strongly impacts regional surface climate variables (Woollings et al., 2015), notably modulating surface air temperature

over Europe (Hurrell, 1995). The
:::::
relative

::::::::
strength

:::
and

::::::
spatial

:::::::::::
configuration

:::
of

:::
the

:::
two

::::::::
pressure

::::::
centres

::::::::
determine

::::
the

:::::
phase

:::
and

:::::::
intensity

::
of

:::
the

:::::
NAO.

::::
The

:::::::
positive

:::::
phase

::
of

:::
the

:::::
NAO

:
is
:::::::
formed

::
by

::::::::
relatively

:::::::
stronger

::::
low

:::::::
pressure

::::
over

::::::
Iceland

::
in

:::
the

::::
mid

::
to

::::
high

:::::::
latitudes

:::
and

:::::::
stronger

::::
high

::::::::
pressure

::::
over

::
the

:::::::
Azores

::
in

:::
the

:::::::::
subtropics,

:::::
while

::
its

:::::::
negative

:::::
phase

::::::
shows

:::
the

::::::::
opposite.45

:::
The

:
interplay between the two pressure systems creates a pressure gradient that influences the strength and direction of

westerly winds and storm tracks across the North Atlantic. The phases of NAO significantly influence the temperature and

precipitation variability over the North Atlantic and Eurasia, as well as related
:::
and

:::
the

:::::::
strength

::::
and

:::::::
direction

::
of

:
westerly winds

and storm tracks (Woollings et al., 2014). In its positive phase , the NAOis formed by relatively stronger low pressure over

Iceland in the mid to high latitudes and stronger high pressure over the Azores in the subtropics, leading
:::::
across

:::
the

::::::
North50

::::::
Atlantic

::::::::::::::::::::
(Woollings et al., 2014).

::::
The

:::::::
positive

:::::
phase

::
of

:::
the

::::::
NAO,

::::
with

::::::::
enhanced

:::::::
pressure

::::::::
gradient,

::::
leads

:
to an enhanced and

northward shift of the jet stream, strengthened trade winds, and a northward shift of extra-tropical storms. The positive NAO
:
,

:::::
which typically results in a warmer and wetter northern Europe and a colder and drier Mediterranean. Conversely, the negative

phase of the NAO shows the reverse change in pressure systems, leading to a wavier jet stream that extends southward and a

southward shift of storms, resulting in a colder northern Europe and a warmer southern Europe.55

Research around changes in the NAO involves some awkward terminology. Here we consider the NAO to be a mode

of variability
::::
NAO

:::::::::
variability

::
is
::::::

driven
:::
by

:::::::::
multi-scale

:::::::::::
mechanisms, which can be described by the interannual changes in

the NAO index. Changes in the mean state of
::::::::::
categorized

:::
into

:::::::
internal

:::::::::
dynamics

:::
and

:::::::
external

::::::::
forcings.

:::::::::
Internally,

:::::
NAO

::
is

::::::::::::
predominantly

:::::
driven

:::
by

:::
the

::::::
internal

::::::::::
atmospheric

:::::::::
variability

::
of

::::::::::
mid-latitude

::::::::
dynamics

:::::::::::::::::::::::::::::::
(Lorenz and Hartmann, 2003) related

::
to
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::
the

:::::::::
interaction

::::::::
between

:::::::::
eddy-mean

::::
flow

::::::::::::::::::::::::::::::::::::::::::::
(Feldstein and Franzke, 2017; Kimoto et al., 2001) and

:
the Icelandic Low and Azores60

High will also project onto the pattern of that mode of variability - leading to secular shifts in the NAO index (i. e
:::::::
coupling

:::::::
between

::::::::::
troposphere

:::
and

::::::::::
stratosphere

::::::::::::::::::::::::::::::::::::
(Wang and Ting, 2022; Omrani et al., 2022),

::::
and

:::
the

:::::::
coupling

::::::
among

::::::::::
atmosphere,

:::::
land,

:::
and

:::::
ocean

:::::::::::::::::::
(Marshall et al., 2001).

:::::::
External

:::::::
forcings

::::::
include

:::
sea

::::::
surface

::::::::::
temperature

:::::
(SST)

::::::::::::::::::::::::::::::::::::
(Mosedale et al., 2006; Hurrell et al., 2004),

:::::::::
greenhouse

:::
gas

::::::
(GHG)

::::::
forcing

:::::::::::::::::::::::::::::::::::::::::::
(Stephenson et al., 2006; Barnes and Polvani, 2013),

:::
sea

::
ice

::::::::::::::::::::::::::::::::::
(Pedersen et al., 2016; Smith et al., 2017),

:::
and

::::
snow

:::::
cover

:::::::
changes

::::::::::::::::::::::::::::::::::::::::::
(Henderson et al., 2018; Spencer and Essery, 2016).

::
In

:::::::::::
paleoclimate

:::::::
contexts,

:::::::::
additional

:::::::
forcings

::::
such65

::
as

::::::
altered

:::::
orbital

:::::::::::
configuration

:::::
(e.g.,

:::::
during

:::
the

::::::::::::
mid-Holocene

:::::
(MH;

:
6
:::
ka)

::::
and

:::
the

::::
Last

:::::::::
Interglacial

:::::
(LIG;

:::
127

::::
ka))

:::
and

:::
ice

:::::
sheet

:::::::::
topography

:::::
(e.g.,

:::::
during

:::
the

::::
Last

::::::
Glacial

:::::::::
Maximum

::::::
(LGM;

::
21

::::
ka))

:::
also

:::::
affect

:::::
NAO

:::::::::
behaviours

:::::::::::::::::::::::::::::::::::
(Lü et al., 2010; Otto-Bliesner et al., 2006).

::::::::::
Specifically,

:::::::::::::::::::::::::::::::::
Justino and Peltier (2005) demonstrated

:::
that

:::::::::::
topographic

::::::
forcing

::::
and

:::::::::
ice-albedo

::::::::
feedback

:::::::::
associated

::::
with

::::
the

:::::::::
Laurentide

:::
and

::::::::::::
Scandinavian

:::
ice

:::::
sheets

::::::
during

:::
the

:::::
LGM

:::
are

::::::
crucial

:::
for

:::::::::
generating

:::::::
distinct

::::::::::
atmospheric

:::::::::
variability

:::::::
patterns.

shift in the mean state of the NAO) , even if the oscillation itself remains the same.These are easy to distinguish in equilibrated70

climate model experiments, such as those used here.However, it is harder when looking at continuous NAO indices that capture

a large range of frequencies, such as from palaeoclimate reconstructions or long transient simulations.

Several studies have carried out proxy-based reconstructed NAO (e.g. Vinther et al., 2003; Cook et al., 2019), though the

reconstructions are limited by significant uncertainties arising from the limitations of archives and chronologies (Hernández

et al., 2020), diverse methodologies (Michel et al., 2020), or the time scale effect on NAO variability (Woollings et al., 2015).75

For example, a positive NAO-like configuration was suggested during the mid-Holocene (
::::
MH; 6 ka) based on reconstructed

terrestrial temperature over Europe (Mauri et al., 2014) and SSTs (Rimbu et al., 2003).

Earlier studies have explored the NAO in paleoclimate
:::::
model

:
simulations; however, the exact behaviour of NAO remains

uncertain. The mid-Holocene
::::
MH simulations of the Palaeoclimate Modeling Intercomparison Project 2 (PMIP2) show var-

ious changes in NAO variability as compared to the pre-industrial condition, as
:::
(PI)

::::::::
condition,

::::::
having

:::::
been

:::::
linked

:::::
with

:::
the80

:::::::
attributes

:::
of reduced (Lü et al., 2010), no change (Otto-Bliesner et al., 2006), or enhanced (Gladstone et al., 2005), the .

::::
The

results of the PMIP3 are also model-dependent (Găinuşă-Bogdan et al., 2020). Under the cooler-than-present condition of

the Last Glacial Maximum (LGM; 21 ka)
::::
LGM, simulations show that the NAO pattern and variability weaken drastically in

simulations, and the centres of the NAO pattern shift southward compared to both the pre-industrial and the mid-Holocene

(Lü et al., 2010; Otto-Bliesner et al., 2006).85

::
PI

:::
and

::::
the

::::
MH

:::::::::::::::::::::::::::::::::::
(Lü et al., 2010; Otto-Bliesner et al., 2006).

:
Future simulations predict a more positive mean state of the

NAO index, although the response is highly model dependent (Miller et al., 2006; Osborn, 2004; Bader et al., 2011). The

::
As

:::::::::
compared

::
to

::::::::
averages

::::
from

::::::::::
1995–2014,

::::
the mean state of the NAO index is projected to shift positively

:::::::
towards

:::::
being

::::
more

::::::::::::
predominantly

::
in
:::
its

:::::::
positive

:::::
phase under high-emission scenarios while showing

:::
and

:::
has

:
less robust change under low-

emission scenarios by the end of the 21st century, with a large diversity across the Coupled Model Intercomparison Project90

(CMIP) simulations (Lee et al., 2021). The large spread is partly due to the contrasting influences of the negative phase of the

NAO induced by Arctic amplification (Harvey et al., 2015; Peings et al., 2017; Screen et al., 2018) and the positive phase asso-

ciated with enhanced warming in the tropical upper-troposphere (Vallis et al., 2015) in particular models in response to anthro-

pogenic forcing (Harvey et al., 2014, 2015; Vallis et al., 2015; Oudar et al., 2017).
::::::::::::::::::::::::::::::::::
McKenna and Maycock (2021) suggested
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:::
that

::::::
model

::::::::
structural

::::::::::
differences

:::::::::
contribute

::
to

:::::::::
two-thirds

:::
of

:::
the

::::::
spread

::::
and

::::::
internal

:::::::::
variability

:::
to

:::
the

::::
rest

::
in

::::::
future

:::::
NAO95

:::::::::
projections.

:

In this study, we look at simulated NAO change by the new generation of climate models for three PMIP experimentsand a

CMIP CO2 scenario experiment to
:::::::
Research

::::::
around

:::::::
changes

::
in

::
the

:::::
NAO

:::::::
involves

:::::
some

:::::::
awkward

:::::::::::
terminology,

::::
e.g.,

:::::::::::
distinguishing

::::
NAO

::::::
indices

:::::
from

:::::
mean

::::
state

:::::
shifts

:::
vs.

::::::::
variability

::::::::
changes.

:::::
Here,

:::
we

:::::
adopt

:::
the

::::::::
definition

::
of

:::::
NAO

::
as

:::
the

::::::
leading

:::::
EOF

::
of

::::
DJF

:::
SLP

:::::::::
anomalies

::::
and

:::::::
consider

:::
the

:::::
NAO

::
to

:::
be

:
a
:::::
mode

::
of

::::::::::
variability,

:::::
which

:::
can

:::
be

::::::::
described

:::
by

:::
the

:::::::::
interannual

::::::::
changes

::
in

:::
the100

::::
NAO

:::::
index

::::
(see

::::::
Section

::
2
:::
for

:::::::
details).

:::::::
Changes

::
in

:::
the

:::::
mean

::::
state

::
of

:::
the

::::::::
Icelandic

::::
Low

::::
and

::::::
Azores

::::
High

::::
will

::::
also

::::::
project

::::
onto

::
the

:::::::
pattern

::
of

:::
that

::::::
mode

::
of

:::::::::
variability

:
-
::::::
leading

::
to
:::::::

secular
:::::
shifts

::
in

:::
the

:::::
NAO

:::::
index

::::
(i.e.,

::::
shift

::
in

:::
the

:::::
mean

::::
state

:::
of

:::
the

::::::
NAO),

::::
even

:
if
:::
the

:::::::::
oscillation

:::::
itself

::::::
remains

:::
the

:::::
same.

::::::
These

:::
are

::::
easy

::
to

:::::::::
distinguish

::
in

::::::::::
equilibrated

::::::
climate

::::::
model

::::::::::
experiments,

:::::
such

::
as

::::
those

::::
used

:::::
here.

::::::::
However,

::
it

:
is
::::::
harder

:::::
when

::::::
looking

::
at
::::::::::
continuous

::::
NAO

::::::
indices

::::
that

::::::
capture

::
a
::::
large

:::::
range

::
of

:::::::::::
frequencies,

::::
such

::
as

::::
from

::::::::::::
palaeoclimate

::::::::::::
reconstructions

:::
or

::::
long

:::::::
transient

::::::::::
simulations.

::::::
Issues

::::::
around

:::::
lining

::
up

:::::::::::
chronologies

:::::
mean

::::
that

::::::::
capturing105

::::::::::
synchronous

::::::::::
year-to-year

::::::
spatial

::::::::
variations

::
in
:::::
NAO

::::
from

::::::::::::
reconstruction

:::::::::::
compilations

::
is

:
a
::::::::::
substantial

::::::::
challenge.

:

::
In

:::
this

:::::
study,

:::
we

:
assess NAO change through time . The PMIP experiments represent a colder LGM and two past climates

with altered orbital configurations, the last interglacial (LIG; 127 ka) and the mid-Holocene. The CMIP CO2 scenario experiment

is an idealised warming projection designed with abrupt
:::
and

::::::
NAO’s

::::::::
response

:::
to

::::::
distinct

::::::::
forcings

:::::
based

:::
on

:::
the

::::::::
analysis

::
on

:::
the

::::::
PMIP

::::::::::
simulations.

:::::
Four

::::::::::
experiments

::::
are

::::::::
analyzed:

::::::::
orbitally

:::::::::
dominated

::::::::::::
midHolocene

:::
for

:::
the

::::
MH

::::
and

:::::::
lig127k

:::
for110

::
the

:::::::::::::::::
LIG—characterized

:::
by

::::::
altered

:::::::
seasonal

:::::::::
insolation

::::
with

:::::
minor

:::::
GHG

:::::::::::
adjustments;

:::::::::::::
GHG/ice-sheet

:::::::::
dominated

::::
lgm

:::
for

:::
the

::::::::::::::::
LGM-characterised

::
by

::::
low

::::
GHG

:::::::::::::
concentrations

:::
and

::::
large

:::
ice

::::::
sheets;

:::
and

:::
an

::::::::
idealized

:::::
warm

:::::::::
experiment

::::
with

:
quadrupled CO2

. Sect.
::::
from

:::::
CMIP

::::::
DECK

:
(
:::::::::::
abrupt4xCO2

::
).

::::::
Section 2 introduces the models, experimental design, and analysis methods. A com-

parison between the piControl experiment with observation is provided in Sect.
::::::
Section

:
3 for model evaluation. Sect.

::::::
Section

4 describes changes in the mean state relative to the piControl. Sect.
::::::
Section

:
5 presents the description of the change in NAO115

and the associated discussion. NAO teleconnections change, and discussion is given in Sect.
::::::
Section

:
6. A brief conclusion is

provided at the end as Sect.
::::::
Section

:
7. Comparison between PMIP simulations with proxy data is not the aim of this study, and

it has been done in assessing single experiments (see Brierley et al., 2020; Otto-Bliesner et al., 2021; Kageyama et al., 2021),

so it will not be discussed in detail below.

2 Methods120

This study involves a bunch
::::
group

:
of simulations across 2 CMIP/PMIP generations, 5 experiments

:
, and 34 climate models

(Table 1). Studies on individual experiments (Brierley et al., 2020; Otto-Bliesner et al., 2021; Kageyama et al., 2021) and single-

model evaluations have been done by model groups (e.g. Otto-Bliesner et al., 2020). Therefore, we will keep the description

of models and experimental design brief here, whilst references will be provided to find details.

2.1 Models125
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State-of-the-art coupled global climate models represent the climate system through physical equations based on the physical,

chemical and biological properties of the system’s components, their interactions and feedback, and other known properties.

Climate models are tools to investigate how the climate responds to various climate forcings and project future climate change

in different scenarios. The CMIP has become a significant international multi-model research activity to investigate the Earth

system response to forcing, evaluating the state-of-the-art coupled global climate models and assessing future climate changes130

and their uncertainties in scenarios (Eyring et al., 2016; Taylor et al., 2012). Simulations from the PMIP look at the past and

serve as out-of-sample tests to study the roles of forcings and their feedbacks that establish the palaeoclimate and to evaluate the

performance of models that are used to project future climate changes (Kageyama et al., 2018). Here, we choose the models that

have completed the piControl simulations and at least one of the PMIP simulations (see Sect.
::::::
Section 2.2) and have provided

monthly surface temperature, precipitation and sea level pressure (SLP) for at least 30 years for all the simulations. Table 1135

lists the 34 chosen models and their participation in the six experiments (see Sect.
::::::
Section

:
2.2). Further details of the model

design can be found in the listed references in Table 1 here and Table 9.A.1 of Flato et al. (2013) for the CMIP5 models and

Table AII.5 of IPCC (2021a) for the CMIP6 models.

2.2 Experimental design

This study uses simulations from six experiments with the protocols defined under the CMIP (Taylor et al., 2012; Eyring et al.,140

2016) or the PMIP (Kageyama et al., 2018): a pre-industrial
::
PI

:
control, one idealised CO2-forced future warming scenario

:::::::::
experiment and three past climate experiments,

:
which include a colder lgm and two altered orbital configurations midHolocene

and lig127k. Model participation in each experiment is detailed in Table 1.

The DECK piControl was performed by all selected models, employing coupled atmosphere-ocean and boundary conditions

approximately constant to 1850CE (Eyring et al., 2016). Depending on the individual model design, aerosol, vegetation, and ice145

sheet configurations are either interactive or prescribed as modern conditions. The CMIP6 piControl uses more realistic GHG

concentrations and a lower solar constant compared to its earlier generation, the CMIP5. The piControl serves as a baseline

for assessing changes in other experiments. Model groups run their piControl simulations for a few hundred to a few thousand

model years to reach an equilibrium state.

The idealised CO2-forced experiment, abrupt4xCO2, is also a requirement of the DECK CMIP experiments (Eyring et al.,150

2016). It is designed to reveal the basic feedback response of a model to high GHG forcing (Eyring et al., 2016) , by having

the atmospheric CO2 concentration suddenly and immediately quadruple relative to the 1850 CE condition prescribed in the

piControl at the beginning and then maintaining constant (Eyring et al., 2016). The abrupt4xCO2 simulations enable the

estimation of a model’s equilibrium climate sensitivity (Zelinka et al., 2020). Its protocol remains unchanged as in the CMIP5,

facilitating comparisons across CMIP generations.155

The lgm experiment is designed to examine the effect of altered ice sheets, continental extent due to reduction in sea level,

and lower GHG forcings (Kageyama et al., 2018). The major difference between the PMIP3 and PMIP4 lgm simulations is

the choice of the prescribed ice sheets. While the PMIP3 simulations all used the same composite ice-sheet reconstructions

(Abe-Ouchi et al., 2015), the PMIP4 simulations chose one of the three as summarised in Kageyama et al. (2021): the original
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PMIP3-CMIP5 ice sheet (Abe-Ouchi et al., 2015), GLAC-1D (Ivanovic et al., 2016) and ICE-6G_C (Peltier et al., 2015;160

Argus et al., 2014). Although these reconstructions have similar ice sheet extent, they differ in the heights of the Laurentide,

Fennoscandian, and West Antarctica ice sheets.

The midHolocene and lig127k experiments are designed to examine the climate system responses to orbital forcings that

differ from the pre-industrial
:
PI

:
(Kageyama et al., 2018). The experimental designs for the two experiments are outlined

by Otto-Bliesner et al. (2017). The midHolocene, included since the beginning of the PMIP (Joussaume and Taylor, 1995;165

Braconnot et al., 2000), set to an orbital configuration at 6 ka following Berger (1978) and Berger and Loutre (1991). The

orbit at 6 ka was characterised by larger obliquity, and its perihelion occurred near the boreal autumn equinox. The prescribed

GHG concentrations in the PMIP4 midHolocene use more realistic concentrations derived from ice cores and observations

(Otto-Bliesner et al., 2017) than the PMIP3, which contributes to a decrease of 0.3 W m−2 in effective radiative forcing (Otto-

Bliesner et al., 2017). The lig127k uses the orbital configuration at 127 ka (Berger and Loutre, 1991), characterised by a larger170

eccentricity than the pre-industrial
::
PI

:
and its perihelion close to the boreal summer solstice. Both periods were characterised

by receiving more insolation at the top of the atmosphere (TOA) in the Northern Hemisphere during JJA and less incoming

solar radiation in both hemispheres during DJF compared to 1850 CE, with the LIG having stronger orbital forcing than the

mid-Holocene
::::
MH.

2.3 Analysis and definitions175

The analysis in this work follows the workflow described by Zhao et al. (2022). We create a curated replica of the relevant

simulation outputs available on the System Grid Federation (ESGF; Balaji et al., 2018), which stores the CMIP6 outputs in a

standardised format (Juckes et al., 2020). Digital Object Identifier (doi) for each simulation downloaded from the ESGF can

be found in the Supplement. We also require some simulations from the model groups if they are not available on the ESGF.

Then we apply calendar adjustment on the midHolocene, lig127k and lgm monthly output that re-aggregate the monthly output180

from a present-day calendar to those representing the past via the PaleoCalAdjust software by Bartlein and Shafer (2019).

:::
The

:::::
PMIP

::::::::::
simulations

:::
do

:::
not

:::::
have

:
a
:::::
fixed

::::::
length.

::::
The

:::::
length

::::::::
depends

::
on

:::::
when

:::
the

::::::::::
simulations

:::::
meet

:::
the

:::::::
criteria:

:::
(a)

:::
the

:::::::
absolute

::::
trend

::
in

:::::
global

:::::
mean

:::
sea

::::::
surface

::::::::::
temperature

::
is

:::
less

::::
than

::::
0.05

:::::::::
K/century,

:::
and

:::
(b)

:::
the

::::::
AMOC

::
is

:::::
stable

::::::::::::::::::::
(Kageyama et al., 2018).

:::
For

:::
the

::::::::
piControl

::::::::::
experiment,

:::::::
CMIP6

:::::::
requires

:
a
:::::::::

minimum
::
of

::::
500

:::::
years

::
to

::::::
ensure

::
an

::::::::::
equilibrium

::::
state

::::::::::::::::::
(Eyring et al., 2016).

:::
For

:::::
these

::::::::::
equilibrium

::::::::::
simulations,

::::
we

::::
take

:::
the

:::::::
average

::
of

::::
the

::::::::::
simulations

::::
(see

:::::
Table

::
1

:::
for

:::
the

::::::
length

::
of

::::::
model

:::::
years

:::
of185

::::
each

::::::::::
simulation).

::::
The

:::::
CMIP

::::::::
protocol

:::::::
specifies

::
a
:::::::::
minimum

:::::
length

:::
of

:::
150

:::::
years

::::
for

:::
the

:::::::::::
abrupt4xCO2

:::::::::
simulations

:::
to

:::::
reach

:::::::::::::
near-equilibrium

::::::::::::::::::
(Eyring et al., 2016). In order to compare with equilibrium simulations, we take the last 50 model years of

the abrupt4xCO2 simulations in analysis.
::
to

::::::
ensure

:::::
results

::::::
reflect

::::::::::::::
near-equilibrium

:::::::::
conditions,

::::::::::
facilitating

:::::
direct

::::::::::
comparison

::::
with

::::
other

::::::::::
equilibrium

::::::::::
experiments

::
in

:::
our

::::::
study.

The Climate Variability Diagnostics Package (CVDP; Brierley and Wainer, 2018) had been modified for palaeoclimate190

purposes (Brierley and Wainer, 2018). We run the modified CVDP on each simulation to calculate multiple pertinent time series

and spatial fields. The CVDP outputs have been regridded to 1° by 1° before analysing to eliminate the effects of different initial

resolutions across all the models. Multi-model mean anomalies take the average of regridded anomaly (experiment - piControl)
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across the ensemble members (Brierley and Wainer, 2018). Please see Zhao et al. (2022) for more details. We evaluate ensemble

consistency as at
::
via

:::
the

::::::::
threshold

::
at

:::::
which

::
at least two-thirds of the models agree on the sign of the multi-model mean. Results195

of the PMIP4 and PMIP3 have not shown fundamental differences in statistics (Brierley et al., 2020; Kageyama et al., 2021),

so we, therefore, combine the two indistinguishable phases in the purpose of enlarging
::
to

::::::
enlarge

:
the size of ensembles, which

have been adopted in analysing ENSO (Brown et al., 2020) and Indian dipole (Brierley et al., 2023) across experiments.

NAO can be defined based on the principal component (PC-based) as the leading empirical orthogonal function (EOF) of

SLP variance during boreal winter over the North Atlantic-Europe sector (IPCC, 2021b), or based on observations from fixed200

locations as the difference of normalised SLP anomalies between stations located in the Azores-Ponta Delgada and Iceland

(Jones et al., 1997) or the difference between London and Paris (Cornes et al., 2013). Here, we adopt the definition of NAO as

the leading empirical orthogonal function (EOF )
::::
EOF of DJF SLP anomalies over the Northern Hemisphere north of 20°N to

80°N and 90°W to 40°E (hereafter referred to as the NAO pattern). The NAO index is the normalised PC time series of the EOF.

Instead of using the NAO index, we use the amplitude of NAO to show its strength, which is measured as the standard deviation205

of the renormalised PC time series (i.e. the NAO index times the standard deviation of the spatial NAO pattern over the region).

We also present spatial patterns associated with the NAO by linearly regressing the monthly temperature and precipitation onto

the NAO index to evaluate the association between the NAO and surface climate variables (Brierley and Wainer, 2018). We

also examine the similarity between the NAO and the NAM in the PMIP experiments. All the experiments show that NAM

and NAO are strongly correlated in the time series of the NAO indices, explained by variance and amplitude (not shown).210

Therefore, the following sections do not distinguish the NAO from the NAM.

3 Comparison with observations

Before looking at the response in experiments, we first evaluate the ability of the CMIP models used in this study to reproduce

climate states during the pre-industrial period
::
PI

:
by comparing the piControl simulations with the C20 Reanalysis dataset

(Compo et al., 2011), as shown in Figure 1. Models generally capture the spatial pattern of observed mean DJF temperature, but215

bias
:::::
surface

:::
air

::::::::::
temperature

::::::
(SAT),

:::
but

:::
are

:::::
biased

:
in producing too cold Arctic, especially over Greenland and Nunavut (Figure

1a, b). The cold bias has been detected by earlier PMIP analyses on a single experiment (Brierley et al., 2020; Otto-Bliesner

et al., 2021), both showing a large spread across the models in Arctic regions between 60°N and 90°N. The bias is partly

associated with the model’s representation of cloud radiative processes (Zhang et al., 2023) and atmospheric dynamics (Hall

et al., 2021) and may also be affected by Arctic hydrography (Khosravi et al., 2022). Figure 1c and d show that models capture220

the DJF mean precipitation pattern over the North Atlantic Ocean, though they underestimate the amount of precipitation and

shift the maximum location westward slightly as compared to the observation. The simulated SLP generally agrees with the

observation (Figure 1 eand ,
:
f), although it produces lower pressure along the coast of Greenland.

The NAO is the leading EOF of DJF SLP over the North Atlantic-Europe sector,
::::::::
showing

:
a
:::::
dipole

::::::::
structure

::::
with

:::
the

:::::::
negative

:::::::
anomaly

::::
over

:::
the

:::::::
northern

:::::
centre

:::
and

:::
the

:::::::
positive

:::::::
anomaly

::::
over

:::
the

:::::::
southern

:::::
centre

::::
(see

::::::
Section

:::::
2.3).

:::
The

::::::::
piControl

::::::::::
simulations225

::::
show

::
a

::::::::::::
distinguishable

:::::::
positive

:::::
phase

::::
with

:
a
::::::
strong

:::::::
negative

::::
SLP

:::::
centre

::::
over

:::
the

::::::::
northeast

::
of

::::::
Iceland

:::
and

::
a
::::::
positive

::::::
centre

::::
over
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::
the

::::::::
northeast

:::
of

:::
the

::::::
Azores

:
(see Sect. 2.3), whose simulated pattern shows a positive phase during the pre-industrial (Figure

1g, h),
:
.
:::
The

:::::::::
simulated

::::::
pattern

::::::
shows

::::
such

::
a
::::::
dipole

:::::::
structure

::::::
during

:::
the

:::
PI,

::::::
which

::
is
:
consistent with observationsbut with

significant negative anomalies extended
:
,
:::
but

:::
the

::::::::
simulated

:::::::
negative

:::::::::
anomalies

::::::
extend further into the centre of Greenlandand

an underestimation of
:
,
:::
and

:::
the positive anomalies around 30-40°N North Atlantic Ocean .

:::
are

:::::::::::::
underestimated.

:::::::
Notably,

::
9

:::
out230

::
of

:::
the

::
34

:::::::
models

::::::
display

::
an

::::::::
eastward

::::::
shifted

:::::::
positive

:::::
centre

:::::
over

::::::
Europe

:::::
along

::::
with

:::::::
varying

::::::
degrees

:::
of

::::::
pattern

:::::::
strength,

::::
and

::::::::::::
UofT-CCSM-4

::::::::
produces

::::::
dipole

:::::::
positive

::::::
centres

::::
over

:::
the

:::::::::::::
Mediterranean

:::
and

:::
the

::::::
central

:::::
USA

::::
(not

:::::::
shown).

:
In the piControl

simulations, the NAO explains
:::::::
accounts

:::
for 41.5%

:
of

:::
the

::::
total

::::::::
variance (34.3%-52.0%) of the total variance

:
;
::::::::::::
corresponding

::
to

::
the

:::
PI

::::::::
explained

:::::::
variance

::::::
shown

::
by

:::
the

:::::::
vertical

:::::
range

::
of

:::::
black

:::
dots

::
in
::::::
Figure

:::
2a

:::
and

:::
the

::::::::
horizontal

:::::
range

:::
of

:::
dots

::
in
::::::
Figure

:::
2b),

slightly less than
::
the

:
42.3% from observation.

:::::::
observed

::
in
::::::::::::
observational

::::
data

::::
(pink

::::::
dashed

:::::
lines

::
in

:::::
Figure

:::
2).

:
235

The piControl surface air temperature
:::
SAT

:
imprint of the NAO shows a pattern of warmer mid-latitudes and colder subpolar

and subtropical regions than the observation (Figure 1iand
:
, j), with the effect of a stronger jet stream located further north,

stronger trade winds and northward shift of extratropical storms associated with a positive phase of NAO IPCC (2021b)
:::::::::::
(IPCC, 2021b).

The related northward shift of storm tracks with positive NAO phases results in a wetter northern Europe, a drier southern Eu-

rope and a northward shift of precipitation over the ocean. Both observations and models capture the pattern (Figure 1k, l), but240

the simulated pattern is smoother than the observation with underestimated change magnitudes.

4 Change in mean state

First the changes in mean climate over the North Atlantic are evaluated for each experiment, relative to the piControl simulations.

Figure 3 summarises the DJF response of the experiments to the two forcings for SAT (left column), precipitation (middle

column), and SLP (right column). We present and discuss the response of midHolocene and lig127k experiments together245

firstly to show the climate response to orbital forcing, and then present those of the lgm and abrupt4xCO2 experiments for

response to GHG forcing, though the lgm experiment also involves the response to the ice sheet.

The orbit configuration was characterised by larger obliquity at 6 ka and larger eccentricity at 127 ka than pre-industrial

ones. The perihelion at 6 ka occurred near the boreal autumn equinox. At 127 ka, it occurred close to the boreal summer

solstice rather than near the boreal winter solstice during the pre-industrial (Berger and Loutre, 1991). Both periods
::::
Both

:::
the250

:::
MH

::::
and

::
the

::::
LIG

:
were characterised by receiving less incoming solar radiation globally during DJF compared to 1850 CE, with

a stronger reduction at 127 ka, suggesting an expectation of cooling in both experiments. The meridional SAT gradients of the

midHolocene and lig127k experiments are weaker than the piControl, and the lig127k displays a stronger signal (Figure 3a, d).

The DJF mean temperature change averaged over the N. Atlantic sector in the midHolocene experiment is 0.07°C cooler than

the piControl. The cooling is stronger in the lig127k experiment at -0.52°C. Both experiments produce polar amplification,255

though the signal is inconsistent across the ensembles. The lig127k simulations show a large spread across the models in

producing Arctic warming, and the midHolocene simulations show a larger ensemble spread over the whole region of the

North Atlantic sector .
::::::
(Figure

:::
3a,

::
d).

::::
The

::::::::::::
Euro-Atlantic

:::::::::::
precipitation

::::
fields

:::::
show

::
a
::::
drier

:::::::
Europe

:::
and

:::
an

:::::::
apparent

::::::
drying

:::
off

::
of

:::
the

:::::
North

:::::::::
American

:::
east

:::::
coast

::
in
:::::

both
::::::::::
experiments

::
as

:::::::::
compared

::
to

:::
the

:::::::::
piControl

::::::
(Figure

:::
3b,

:::
e).

:::::
There

::
is
::

a
:::::::
wetting

::::
over
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::
the

::::
rest

::
of

:::
the

:::::::
Atlantic

:::
in

:::
the

::::::::
ensemble

:::::::
average,

::::::::
although

:::
the

::::::
models

:::
do

:::
not

:::
all

:::::
agree

::
on

:::
the

::::
sign

:::
of

:::
the

:::::::
change.

:::
The

::::::
signal260

::
of

::::::::::
multi-model

:::::
mean

:::::::::::
precipitation

::::::
change

::
is

:::::::
affected

::
by

:::::::::::::
NorESM2-LM,

::::::
which

:::::::
produces

::
a
:::::
much

:::::
larger

:::::::::::
precipitation

:::::::
increase

::::
north

::
of

:::::
40°N

::::
than

:::::
other

::::::
models

::
in

::::
both

:::::::::::
experiments.

:::::
Figure

:::
3c,

:
f
::::::
shows

:::
that

::::
SLP

::::::::
increases

::::
over

:::::
lower

:::::::
latitudes

::::
and

::::::::
decreases

:::
over

:::::
high

:::::::
latitudes.

:

The Arctic warming during the boreal winter suggests other important processes, e.g.,
:
polar amplification with smaller and

thinner sea ice in the Arctic (Serreze and Barry, 2011) and ocean memory (Marino et al., 2015; Govin et al., 2012).265

Meanwhile, both experiments do not
:::::::::
Meanwhile,

::::::
neither

:::::::::::
experiments incorporate some regional processes that can cause

regional coolings, e.g.,
:
the lig127k simulations did not include meltwater from ice sheets over Scandinavia and Canada related

to the cooling in the Nordic Seas and south of Greenland shown by LIG reconstruction (Barlow et al., 2018; Otto-Bliesner

et al., 2021). Earlier studies have compared the experiments with reconstruction and have confirmed that both experiments

underestimate the Arctic warming (Brierley et al., 2020; Otto-Bliesner et al., 2021). The underestimated mid-Holocene
:::
MH270

Arctic warming has existed since the PMIP3-CMIP5 (Harrison et al., 2015; Yoshimori and Suzuki, 2019). The regional tem-

perature bias in the CMIP5 midHolocene, piControl and historical are similar (Ackerley et al., 2017; Harrison et al., 2015),

which indicates the persistent errors in representing the climate system. The Euro-Atlantic precipitation fields show a drier

Europe and an apparent drying off of the North American east coast in both experiments as compared to the piControl (Figure

3b, e). There is a wetting over the rest of the Atlantic in the ensemble average, although the models do not all agree on the275

sign of the change. The signal of multi-model mean precipitation change is affected by NorESM2-LM, which produces a much

larger precipitation increase north of 40°N than other models in both experiments. Figure 3c, f shows that SLP increases over

lower latitudes and decreases over high latitudes.

The LGM was characterised by a colder climate with a global mean cooling of 5–7°C (Gulev et al., 2021) and large ice

sheets covering the mid- to high-latitudes in the Northern Hemisphere (Clark and Mix, 2002; Clark et al., 2009). The averaged280

DJF cooling over the North Atlantic sector is -9.86°C in the lgm simulations compared to the piControl. The lgm simulations

show consistent cooling over the sector with a greater temperature decrease over land than over sea (Figure 3g). The greatest

cooling is found over the Norwegian and Barents Seas and parts of Scandinavia and North America, which reflects the change

in surface height and albedo related to ice sheet change (Kageyama et al., 2021). The cooling is also partly affected by the

advection of the cold temperature anomalies downwind of the ice sheets (Kageyama et al., 2021) and is partly related to a285

weakened Atlantic meridional overturning circulation (AMOC) (Jonkers et al., 2023). Though the cooling signal is consistent,

the ensemble shows a large spread in simulating the magnitude of cooling affected by the choice of ice sheets of the PMIP3

simulations shown in Kageyama et al. (2021). Shi et al. (2023) decomposed the contribution of individual boundary conditions

and forcings to the LGM cooling and found that the cooling over the sea within the region is mainly due to the GHG forcings

and that over the continent is due to changes in ice sheets. The abrupt4xCO2
:::
lgm simulations show a contrasting signal to the290

LGM by
::::::::
enhanced

::::::::::
precipitation

::::
over

:::
the

:::::::::::
mid-latitudes

::
of

:::
the

:::::
North

:::::::
Atlantic

::::::
Ocean

::
as

::::::::
compared

::
to

:::
the

::::::::
piControl

:
,
:::
but

:::
the

:::::
signal

:
is
:::
not

:::::::::
consistent

::::::
across

:::
the

::::::::
ensemble

::::::
(Figure

::::
3h).

::::
The

::::
SLP

:::::::
increases

:::::::::
uniformly

::
in

:::
the

::::
lgm

:::::::::
simulations

:::::::
(Figure

:::
3i),

:::::::::
consistent

::::
with

::
the

:::::::::
enhanced

::::
SAT

::::::
cooling

::::::
(Figure

::::
3g).

::::
The

:::::
higher

::::
SLP

::::
over

:::
the

:::::
polar

:::::::
regions,

::::::
coupled

:::::
with

:
a
:::::
cooler

::::
and

::::
drier

:::::::
climate,

::
is

:::::
related

::
to
:::
the

:::::
large

:::::::::
Laurentide

:::
ice

:::::
sheet

::::::::::::::::::::::
(Otto-Bliesner et al., 2006).

:
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:::
The

::::::::::::
abrupt4xCO2

:::::::::
simulations

:::::::
contrast

::::
with

:::
the

::::
lgm,

:
showing consistent warming over

:::::
across

:
the whole North Atlantic re-295

gion,
:
with greater warming over land (Figure 3j). The abrupt4xCO2 experiment shows a warming of 6.41

:
,
:::::::::
amounting

::
to

:::
6.4°C

over the sector. The weakest warming appears over the ocean south of Iceland, where the AMOC condenses
:::::
surface

:::::::
current

::
of

:::
the

::::::
AMOC

:::::::::
condenses

::::
and

:::::
sinks

::
to

:::::
form

::::
deep

:::::
water. Earlier studies suggest the AMOC weakening in the abrupt4xCO2

experiment in response to warming (Zhu et al., 2023; Madan et al., 2024). The lgm simulations show enhanced precipitation

over mid-latitudes North Atlantic Ocean as compared to the piControl, but the signal is not consistent across the ensemble300

(Figure 3h). The switch of precipitation change signal represents a northward shift of the jet stream (Figure 3i
:
k) relative to

the piControl, whereas the inconsistency shows the uncertainty in producing the location of the jet stream,
::::::
arising

:::::
from

::::
both

:::::
model

::::
bias

::::
and

::::::
internal

:::::::::
variability. Though the increase in the multi-model mean of abrupt4xCO2 precipitation change is

consistent
:::::
(Figure

::::
3k), the spatial pattern of the change by individual models is complex

:::
(not

:::::::
shown). The weakened precip-

itation south of Iceland is inconsistent across the abrupt4xCO2 ensemble (Figure 3i
:
k), as about half of the models produce305

such a reduction. The SLP increases uniformly in the lgm simulations, consistent with the enhanced SAT cooling (Figure 3g).

The higher SLP over the polar regions, coupled with a cooler and dryer climate, is related to the large Laurentide ice sheet

(Otto-Bliesner et al., 2006). The pattern of abrupt4xCO2 SLP change (Figure 3l) is not consistent with temperature change.

The inactive prescribed Greenland ice sheets in simulations (Eyring et al., 2016) cause the SLP
:
to

:
increase over the region.

5 Change in NAO310

In the piControl simulations, the NAO explains 41.5% of DJF SLP variance and shows a distinguishable positive phase with

a strong negative SLP centre over the northeast of Iceland and a positive centre over the northeast of the Azores (Sect. 3).

Notably, 9 out of the 34 models display an eastward shifted positive centre over Europe along with varying degrees of pattern

strength, and UofT-CCSM-4 produces dipole positive centres over the Mediterranean and the central USA. The DJF NAO time

series has an average amplitude of 2.27 hPa in the piControl simulations, ranging from 0.93 hPa (CSIRO-Mk3-6-0) to 2.99 hPa315

(CCSM4).

The NAO
::::
The

::::
NAO

:
patterns of the two orbital experiments are not distinguishable from the piControl (Figure 4a, c). The

similarity in the NAO pattern between the midHolocene and the piControl agrees with the findings of earlier modelling studies

(Otto-Bliesner et al., 2006; Gladstone et al., 2005; Stephenson et al., 2006). It is also consistent with the PMIP2 simulations

(Lü et al., 2010) that found the mid-Holocene
::::
MH leading EOF of DJF SLP is similar to the PI. Models produce complex320

changes in the NAO pattern in both experiments and show a spread south of Greenland and Iceland near 50°N (Figure 4b, d).

Of the 32 models, 11 display a clear weakening
::::::::
weakened

:
and 7 show an enhanced positive NAO phase in the midHolocene,

respectively, as compared to the piControl; a similar result of spatial change occurs for the lig127k experiment, as 6 (5) out of

the 14 models display weakness (enhancement) in the lig127k as compared to the piControl (not shown).

The average percentage of explained variance during the midHolocene is 42.4% (33.2-51.8%), whose range is close to the325

piControl (Figure 2). No
::
a).

:::
The

:::::::
absence

::
of

:
clear changes in explained variance stay

:::::::
between

:::::::::::
midHolocene

:::
and

::::::::
piControl

::
is

consistent with Gladstone et al. (2005), which, in conjunction with inter-model inconsistencies, leads to uncertainties about
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the mid-Holocene
:::
MH

:
NAO behaviour. Changes in explained variance vary across the ensemble (Figure 2b), ranging from -

7.1% by EC-Earth-2-2 to 10.1% by UofT-CCSM-4. In the lig127k simulations, models display an averaged explained variance

at 43.4% (38.3% to 47.7%), different from the 42.7% (35.7-52.0%) in the corresponding piControl simulations
::::::
(Figure

:::
2a).330

Changes in explained variance by individual models vary across the ensemble and do not show a trend (Figure 2b). The

:::::
Figure

::
5

:::::
shows

::::
that

:::
the NAO amplitude in the midHolocene simulations is 2.31 hPa (0.77-3.15 hPa). The range and distri-

bution of the midHolocene NAO amplitude are
::
is similar to those of the piControl (Figure 5), though the differences between

midHolocene and piControl by individual models range from -0.30 hPa (EC-Earth3-LR) to 0.79 hPa (CSIRO-MK3-6-0).

Though 19 out of 32 models present increased NAO amplitude, the ensemble mean change in the NAO amplitude is 0.06 hPa335

::::::
(Figure

::
5). The slight increase is largely affected by CSIRO-MK3-6-0, UofT-CCSM4 and HadGEM2-CC, which contribute an

intensification at 0.79 hPa, 0.50 hPa and 0.43 hPa, respectively. The lig127k NAO amplitude is 2.18 hPa, similar to the piCon-

trol at 2.28 hPa with a more concentrated distribution (Figure 5). The results of the two orbital-driven experiments suggest that

the NAO response is unaffected by the seasonal variation induced by altered orbital configurations.

In the lgm experiment, the NAO weakens than
:
is

::::::
weaker

:::
as

::::::::
compared

::
to

:
the piControl (Figure 4e). There is a southward340

shift of both the negative and positive centres of the NAO as compared to the piControl (Figure 4e), though with a large model

spread over the N. Atlantic Ocean between 40°N and 65°N (Figure 4f). The weakened NAO and centre shifts in the lgm are

consistent with the results of Lü et al. (2010) and Otto-Bliesner et al. (2006). Models show large variations in producing the

location of positive and negative centres of the NAO. 8 out of the 13 models display the switch of signal between 50°N and

60°N, where IPSL-CM5A-LR displays its negative centre while COSMOS-ASO shows its positive centre
:::
(not

::::::
shown). The345

NAO explains 39.6% (33-48.5%) of SLP variability in the lgm (Figure2a) that is -1.6% less than the corresponding piControl

simulations
::::::
(Figure

:::
2a). The majority of the models show a reduction in explained variance (Figure 2b), except FGOALS-g2

(9.2%), MIROC-ES2L (8.7%)
:
, and INM-CM4-8 (3.3%). The lgm NAO amplitude is 1.58 (1.02-2.55) hPa, which is 0.59 hPa

weaker than the piControl (Figure 5). ,
:::
and

:
UofT-CCSM-4 contributes to the largest weakness

:::::::
reduction

:
in amplitude at -1.61

hPa. Only INM-CM4-8, MIROC-ES2L and MIROC-ESM contribute to enhanced amplitude in the lgm simulations. Quartiles350

and median in Figure 5 show a general reduction in lgm amplitude than the piControl, which implies a weaker NAO in the

lgm. The weakness
:::::::
reduction

:
is partly related to the presence of the Laurentide and Scandinavian ice sheets (Braconnot et al.,

2007).
:::::::::::::::::::::::::::::
Justino and Peltier (2005) suggested

:::
that

:::::
these

:::
two

:::
ice

:::::
sheets

::::::
induce

:::::::
changes

::
in

:::
the

::::::::
stationary

::::::
waves,

::::::
sea-ice

:::::
extent

::::
and

::
the

:::::::
oceanic

:::::::::
meridional

::::::::::
overturning

::::::::::
circulation,

:::::
which

:::::::
provides

::::
key

::::::
context

:::
for

:::
the

:::::
LGM

::::
NAO

:::::::::
responses

::
in

:::
this

:::::
study.

:

The abrupt4xCO2 experiment shows the opposite change in the NAO
:::::
pattern

:
by showing enhancement and a slight north-355

ward shift in centres than the piControl (Figs 4g, h). Models produce increased explained variance (Figure 2) and stronger

amplitude (Figure 5) than the piControl. The abrupt4xCO2 simulations explain 43.2% (32.9-52.6%) of the SLP anomalies,

which are 2.4% (-12.9% to 12.5%) larger than the corresponding piControl simulations. Only 6 out of 25 models produce

a reduction in explained variance, in which MIROC-ESM presents the largest reduction by -12.9%, even larger than that in

the lgm simulation at -4.7% as compared to the piControl. The NAO amplitude in the abrupt4xCO2 experiment is 2.28 hPa360

on average (ranging from 1.12 to 3.00 Pa
:::
hPa). Though it

:::
the

:::::
mean

:::::
NAO

::::::::
amplitude

::
of
::::

the
:::::::::::
abrupt4xCO2 is 0.11 hPa higher

than the corresponding piControl, the median of abrupt4xCO2 NAO amplitude is slightly lower than that of the corresponding

11



piControl (Figure 5). Overall, the NAO is sensitive to GHG forcing and temperature change, as the cooling weakens the NAO

and the warming strengthens it
:::::::
warming

:::::::::
strengthens

:::
the

:::::
NAO, which implies that GHG changes in the future might play a role

in modulating NAO behaviour.365

The NAO is a variation in the atmospheric pressure differences between the Icelandic Low and the Azores High. As described

in Sect.
::::::
Section

:
1, the NAO variability is primarily driven by the internal variability of mid-latitude atmospheric dynamics

(Lorenz and Hartmann, 2003). The findings of Rind et al. (2005a, b) show that
:::
both

:
tropospheric and stratospheric climate

changes influence the NAO response via altering propagating wavesand
:
, angular momentum transportand changes in ,

::::
and

planetary wave energy. SST (Mosedale et al., 2006; Hurrell et al., 2004), GHG forcing (Stephenson et al., 2006; Barnes and370

Polvani, 2013), sea ice (Pedersen et al., 2016; Smith et al., 2017) and snow cover changes (Henderson et al., 2018; Spencer

and Essery, 2016) could also be potential drivers. Rind et al. (2005b) stated that the AO
:::::
Arctic

:::::::::
Oscillation

:
response during

the Ice Age was dominated by changes in the eddy transport of sensible heat and local high-latitude forcing. Lü et al. (2010)

examined the drivers of the NAO variability in the PMIP2 midHolocene and lgm experiments and found that the upward-

propagating stationary Rossby waves might lead to NAO amplitude weakening. Based on four simulations, their midHolocene375

experiment presented a slight reduction in the AO
:::::
Arctic

:::::::::
Oscillation

:
intensity. Our results show the opposite change as the

NAO amplitude is slightly strengthened, but it is affected by a few models that produce a large enhancement. Our results of

the lgm and abrupt4xCO2 experiments agree with the findings of Rind et al. (2005a, b)
:
, as the NAO changes positively in

global warming experiments and changes negatively in cooling experiments
::::::::
increases

:::::
under

::::::
warmer

:::::
states

::::
and

::::::::
decreases

:::::
under

:::::
colder

:::::
states. They stated that the NAO index change is related to the eddy angular momentum transport change. The weakened380

lgm NAO amplitude is possibly due to cooler SST and reduced atmospheric moisture content as well as a shift of stationary

waves and a weakened polar vortex linked to wave-mean flow interaction, and thus a reduction in polar westerlies (Lü et al.,

2010).
:::
The

:::::::
internal

::::::::
variability

::
is
::::
less

::::::::
important

::
in

:::::::::::
contributing

::
to

:::::
model

::::::
spread

::
in

::::
this

:::::
study,

::
as

:::
the

::::::
results

:::
are

::::::::
averaged

::::
over

::::::::::
substantially

::::::
longer

::::::
periods

:::::::
(Section

:::
2).

::::
The

::::
large

::::::
model

:::::
spread

::::
here

::
is

::::::
mainly

::::::::
attributed

::
to

:::
the

::::::::::
differences

::
in

:::::
model

::::::::
structure

::::::::::::::::::::::::::
(McKenna and Maycock, 2021).385

6 Remote effects
:::::
NAO

:::::::::
Amplitude

::::::::
Changes

::::
and

::::::::::
Associated

:::::::
Climate

::::::::::::::
Teleconnections

A positive NAO in the piControl is associated with warmer and wetter northern Europe and central North America and colder

and drier Mediterranean and northern North America (Figure 1j, l). Compared with the piControl, the midHolocene experiment

shows a warmer continent associated with the NAO (Figure 6a), with the warming extending farther into central Eurasia and

central North America (not shown). Differently, the lig127k shows cooling
:::::
cooler

:::::::::
conditions over northern North America and390

central Europe than the piControl (Figure 6c). The DJF mean precipitation associated with the NAO increases over the North

Atlantic Ocean north of 30°N and over northern Europe, while
:
it decreases over central Europe and North America in the

midHolocene (Figure 7a). The lig127k experiment shows a similar pattern but with less precipitation over east of 20°W and

north of 50°N relative to the piControl (Figure 7c)
:
. However, mean changes in the DJF mean temperature and precipitation

associated with the NAO are not robust in the midHolocene and lig127k as compared to the piControl, and the changes are not395
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consistent across the ensembles (Figure 6a-d and 7a-d). The mid-Holocene
:::
MH

:
models capture changes in the mean state (Fig.

3a) that project onto the positive phase of the NAO (Fig. 1h), as reconstructed by Funder et al. (2011). Proxy reconstructions

also suggest that regional temperature patterns over Europe were primarily forced by a positive NAO-like phase during the

mid-Holocene
:::
MH

:
as opposed to radiative responses forced by changes in the seasonal insolation cycle (Rimbu et al., 2003;

Mauri et al., 2014). However, none of these papers include archives with sufficiently high temporal resolution to compare with400

the inter-annual variability being investigated here.

The temperature and precipitation patterns associated with the NAO shift southward in the lgm experiment (Figures 6e and

7e), which suggests a weakness
::::::::
reduction

:
of features of the positive boreal winter NAO. Associated with the NAO, the lgm

experiment presents colder and drier central North America and northern Europe and warmer and wetter Mediterranean and

northern North America in the lgm than the piControl, with the patterns extending to central continents (not shown). As the405

strengthened precipitation teleconnection pattern over the western Iberian Peninsula is also present in the mean-state change

(Figure 3h), it suggests that the strengthened Mediterranean precipitation pattern is not necessarily directly forced by the NAO.

In the abrupt4xCO2 experiment, opposite to the lgm, features of the positive boreal winter NAO are enhanced than
::::::::
compared

::
to the piControl (Figures 6g and 7g). The associated changes in temperature and precipitation do not match the pattern and

magnitude of robust change in mean state temperature and precipitation (Figure 3), which implies that changes less influence410

::::
have

:::
less

::::::::
influence

:::
on

:
change in mean state climatology in the NAO and have other attributions. For example, the large ice

sheets during the LGM limited turbulent air-sea heat fluxes in the high-latitude North Atlantic that influenced the NAO and

cooled the temperature (Sect.
::::::
Section 4). The warming in the abrupt4xCO2 can be explained by the thermodynamic processes

affecting heat and moisture transport without changing the large-scale atmospheric circulation patterns (Stephenson et al.,

2006). The enhanced warming of the surface boundary layer enhances vertical latent heating, which in turn influences the415

atmospheric moisture content and baroclinic stability (Lorenz and DeWeaver, 2007).

NAO greatly impacts the European climate (Sect.
::::::
Section

:
1). Figure 8 shows the relationships between the changes in NAO

amplitude and changes in DJF mean precipitation and surface temperature over northern Europe, central Europe, and the

Mediterranean relative to the piControl. The change in NAO amplitude is found to have positive correlations with the change

in DJF mean precipitation over northern and central Europe (Figure 8a, b) and a negative correlation over the Mediterranean420

(Figure 8c). There is no clear relationship between the change in NAO amplitude and the temperature change (Figure 8d to

f). The lgm experiment displays a weakened NAO amplitude along with colder mean temperatures , and the abrupt4xCO2

experiment shows enhanced NAO amplitude and warmer temperature conversely. The European temperature change overall

displays a positive correlation with
::::::
(Figure

::::
8d).

::::::::
However, the

::::
other

:::::
three

::::::::::
experiments

::
do

:::
not

:::::
show

:
a
:::::
clear

::::::::::
relationship

:::::::
between

::
the

:
change in the NAO amplitude

::::
NAO

:::::::::
amplitude

::::
and

:::
the

::::::::::
temperature

:::::::
change

:
(Figure 8d to

:
e,

:
f). Both the pattern and425

amplitude of the NAO weaken in the cold lgm experiment and strengthen in the warm abrupt4xCO2 experiment. It suggests

that the NAO is sensitive to change in the mean state. Terrestrial proxy data suggest a warmer winter in Europe during the

mid-Holocene
:::
MH

:
(Bartlein et al., 2011) and the last interglacial

:::
LIG

:
(Brewer et al., 2008). However, models do not capture

this warming in Europe in both experiments and even present a uniform cooling in the lig127k. Mauri et al. (2014) suggest

that models fail to
::::::::
suggested

::::
that

::::::
models

:::
do

:::
not

:::::::
capture

:
a
:::::::
positive

::::::::
NAO-like

:::::::
pattern

:::
due

::
to

::::::
failing

::
to

:
capture the full extent430
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of high-latitude warming over Northern Europe and underestimate the cold Mediterranean temperatures, because they do not

capture a positive NAO-like pattern. This might indicate that the changes in climatological sea level pressure (Fig. 3 a
:::::
Figure

::
3

::::
right

::::::
column) are underestimated in the ensemble.

:::::::
Notably,

:::
our

:::::::
findings

::::::
should

::
be

::::::::::
interpreted

::::::::
alongside

:::
the

:::::::::
perspective

:::::
from

:::::::::::::::::
Hurrell et al. (2003):

:::::::
although

:::::
NAO

::
is

:::
the

:::::::::
dominant

:::::
mode

::
of

::::::::::
atmospheric

::::::::::
circulation

:::::::::
variability

::::
over

:::
the

:::::
North

::::::::
Atlantic,

::
it

:::::::
explains

::::
only

:
a
:::::::
fraction

:::
of

:::
the

::::
total

::::::::
variance,

:::
and

:::::
most

::::::
winters

::::::
cannot

:::
be

:::::::::::
characterized

:::
by

:::
the

::::::::
canonical

:::::
NAO

:::::::
pattern.

::::
This435

::::::
implies

:::
that

:::::
while

::::
our

:::::
results

::::::::
highlight

::::::
NAO’s

:::::::::
sensitivity

::
to

:::::
GHG

::::::
forcing

:::
and

:::::::::::
temperature

:::::::
changes,

:::
the

:::::
actual

:::::::::::
contribution

::
of

::::
NAO

:::::::::
variability

::
to

::::::::
European

::::::
climate

::::
may

:::
be

:::::::::
constrained

:::
by

::
its

:::::::
limited

:::::::::
explanatory

::::::
power

::
of

::::
total

:::::::::
circulation

::::::::
variance.

Earlier studies have noticed a teleconnection existing between ENSO and NAO (Geng et al., 2024; Toniazzo and Scaife,

2006; Hardiman et al., 2019; Zhang et al., 2015; Joshi et al., 2021), though it remains controversial with large uncertainty

(López-Parages et al., 2015; Zhang et al., 2019). The ENSO signals reach the North Atlantic region via the stratosphere440

(Ineson and Scaife, 2009) and tropospheric pathways (Jiménez-Esteve and Domeisen, 2018). Here we investigate whether a

weakened/strengthened ENSO could remotely influence the NAO amplitude. The NAO-ENSO relationship responds nonlin-

early to changes in ENSO strength (Hardiman et al., 2019). Enhanced ENSO events affect NAO variability by exciting Rossby

waves reaching the North Atlantic through strengthened convection anomalies in the Gulf of Mexico and the Caribbean Sea

(Ayarzagüena et al., 2018) and in the tropical Indian and Pacific Ocean (Abid et al., 2021; Joshi et al., 2021). Here, we examine445

the relationship between change in the strength of ENSO, measured as the standard deviation of nino3.4 index, and change

in NAO amplitude (Figure 9). Consistent with Brown et al. (2020), ENSO strengths in the two orbital-forced experiments are

weakened (more obviously in the lig127k experiment), while they are ambiguous in the lgm and abrupt4xCO2 Figure 9
::::::
(Figure

::
9). In contrast, the NAO amplitude weakens in the lgm and its changes are ambiguous in the abrupt4xCO2, midHolocene and

lig127k experiments (Figure 9). There is no clear relationship between the amplitude changes of ENSO and NAO (Figure 9). It450

implies that changes in ENSO strength do not remotely influence the NAO amplitude and, therefore, suggest a more nuanced

teleconnection then
::::
than posited by earlier studies.

7 Conclusions

We assessed changes in NAO amplitude and teleconnections in a combination of CMIP5 and CMIP6 models. The simulations

for past climates include two altered orbital configurations at the mid-Holocene
:::
MH

:
(midHolocene) and LIG (lig127k) and a455

colder-than-present LGM (lgm), and one for the future as an idealised warming projection
::
an

:::::::
idealised

:::::::::::
GHG-forced

::::::::
warming

:::::::::
experiment of abrupt quadrupling of CO2 (abrupt4xCO2). The lgm and abrupt4xCO2 are analysed for NAO response to CO2

forcing. For model evaluation, we compared the piControl simulation with the C20 Reanalysis dataset (Compo et al., 2011),

as shown in Sect.
::::::
Section

:
3. The piControl ensemble reproduces the observed mean state but with biases. The patterns of

the positive phase of the NAO and associated teleconnections are consistent between observation and the piControl but with460

variations across the simulations. We explored changes in NAO spatial patterns and explained variance and amplitude. Our

results suggest that the NAO change is sensitive to GHG-forcing-induced temperature change but not the orbital configurations.

NAO
::::
NAO

:
weakens in response to cooling and strengthens to warming. Some of our results are inconsistent with earlier
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studies, but the inconsistencies are likely affected by the outputs of a few models. The underlying mechanisms are unclear,

but previous
::::::
studies have highlighted the influence of tropospheric and stratospheric climate changes on NAO behaviour (Rind465

et al., 2005a, b; Lü et al., 2010). We also discussed changes in NAO teleconnections. The simulated spatial teleconnection

patterns associated with the NAO are generally consistent with the theory (see Sect.
::::::
Section 1) and are sensitive to the change

in NAO amplitude. The midHolocene and lig127k experiments do not show a clear change in temperature and precipitation

associated with the NAO. The weakened NAO in the lgm is associated with a cooler and drier northern Europe, while the

enhanced NAO in the abrupt4xCO2 causes a warmer and wetter northern Europe as compared to the piControl. We did not470

find the ENSO-NAO teleconnection suggested by other studies. Further work is required to fully understand the underlying

mechanisms driving the NAO change and the associated teleconnections.
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Găinuşă-Bogdan, A., Swingedouw, D., Yiou, P., Cattiaux, J., Codron, F., and Michel, S.: AMOC and summer sea ice as key drivers of

the spread in mid-holocene winter temperature patterns over Europe in PMIP3 models, Global and Planetary Change, 184, 103 055,

https://doi.org/10.1016/j.gloplacha.2019.103055, 2020.

Hajima, T., Watanabe, M., Yamamoto, A., Tatebe, H., Noguchi, M. A., Abe, M., Ohgaito, R., Ito, A., Yamazaki, D., Okajima, H., Ito, A.,

Takata, K., Ogochi, K., Watanabe, S., and Kawamiya, M.: Description of the MIROC-ES2L Earth system model and evaluation of its650

climate–biogeochemical processes and feedbacks, Geoscientific Model Development, 13, 2197–2244, https://doi.org/10.5194/gmd-13-

2197-2020, 2020.

Hall, R. J., Mitchell, D. M., Seviour, W. J. M., and Wright, C. J.: Persistent Model Biases in the CMIP6 Representation of Stratospheric Polar

Vortex Variability, Journal of Geophysical Research: Atmospheres, 126, e2021JD034 759, https://doi.org/10.1029/2021JD034759, 2021.

Hardiman, S. C., Dunstone, N. J., Scaife, A. A., Smith, D. M., Ineson, S., Lim, J., and Fereday, D.: The Impact of Strong El Niño and La655

Niña Events on the North Atlantic, Geophysical Research Letters, 46, 2874–2883, https://doi.org/10.1029/2018GL081776, 2019.

Harrison, S. P., Bartlein, P., Izumi, K., Li, G., Annan, J., Hargreaves, J., Braconnot, P., and Kageyama, M.: Evaluation of CMIP5 palaeo-

simulations to improve climate projections, Nature Climate Change, 5, 735–743, https://doi.org/10.1038/nclimate2649, 2015.

Harvey, B. J., Shaffrey, L. C., and Woollings, T. J.: Equator-to-pole temperature differences and the extra-tropical storm track responses of

the CMIP5 climate models, Climate Dynamics, 43, 1171–1182, https://doi.org/10.1007/s00382-013-1883-9, 2014.660

Harvey, B. J., Shaffrey, L. C., and Woollings, T. J.: Deconstructing the climate change response of the Northern Hemisphere wintertime

storm tracks, Climate Dynamics, 45, 2847–2860, https://doi.org/10.1007/s00382-015-2510-8, 2015.

Hazeleger, W., Wang, X., Severijns, C., Stefanescu, S., Bintanja, R., Sterl, A., Wyser, K., Semmler, T., Yang, S., Van den Hurk, B., van Noije,

T., van der Linden, E., and van der Wiel, K.: EC-Earth V2. 2: description and validation of a new seamless earth system prediction model,

Climate dynamics, 39, 2611–2629, https://doi.org/10.1007/s00382-011-1228-5, 2012.665

He, B., Yu, Y., Bao, Q., Lin, P., Liu, H., Li, J., Wang, L., Liu, Y., Wu, G., Chen, K., Guo, Y., Zhao, S., Zhang, X., Song, M., and Xie, J.: CAS

FGOALS-f3-L Model dataset descriptions for CMIP6 DECK experiments, Atmospheric and Oceanic Science Letters, ahead-of-print, 1–7,

https://doi.org/10.1080/16742834.2020.1778419, 2020.

20

https://doi.org/10.1029/2005GL023596
https://doi.org/10.5194/cp-8-483-2012
https://doi.org/10.5194/gmd-12-343-2019
https://doi.org/10.1016/j.gloplacha.2019.103055
https://doi.org/10.5194/gmd-13-2197-2020
https://doi.org/10.5194/gmd-13-2197-2020
https://doi.org/10.5194/gmd-13-2197-2020
https://doi.org/10.1029/2021JD034759
https://doi.org/10.1029/2018GL081776
https://doi.org/10.1038/nclimate2649
https://doi.org/10.1007/s00382-013-1883-9
https://doi.org/10.1007/s00382-015-2510-8
https://doi.org/10.1007/s00382-011-1228-5
https://doi.org/10.1080/16742834.2020.1778419


Henderson, G. R., Peings, Y., Furtado, J. C., and Kushner, P. J.: Snow–atmosphere coupling in the Northern Hemisphere, Nature Climate

Change, 8, 954–963, https://doi.org/10.1038/s41558-018-0295-6, 2018.670

Hernández, A., Martin-Puertas, C., Moffa-Sánchez, P., Moreno-Chamarro, E., Ortega, P., Blockley, S., Cobb, K. M., Comas-Bru, L., Giralt,

S., Goosse, H., Luterbacher, J., Martrat, B., Muscheler, R., Parnell, A., Pla-Rabes, S., Sjolte, J., Scaife, A. A., Swingedouw, D., Wise,

E., and Xu, G.: Modes of climate variability: Synthesis and review of proxy-based reconstructions through the Holocene, Earth-Science

Reviews, 209, 103 286, https://doi.org/10.1016/j.earscirev.2020.103286, 2020.

Hurrell, J. W.: Decadal Trends in the North Atlantic Oscillation: Regional Temperatures and Precipitation, Science, 269, 676–679,675

https://doi.org/10.1126/science.269.5224.676, 1995.

Hurrell, J. W., Kushnir, Y., Ottersen, G., and Visbeck, M.: An Overview of the North Atlantic Oscillation, pp. 1–35, American Geophysical

Union (AGU), https://doi.org/10.1029/134GM01, 2003.

Hurrell, J. W., Hoerling, M. P., Phillips, A. S., and Xu, T.: Twentieth century north atlantic climate change. Part I: assessing determinism,

Climate Dynamics, 23, 371–389, https://doi.org/10.1007/s00382-004-0432-y, 2004.680

Ineson, S. and Scaife, A. A.: The role of the stratosphere in the European climate response to El Niño, Nature Geoscience, 2, 32–36,

https://doi.org/10.1038/ngeo381, 2009.

IPCC: Annex II: Models [Gutiérrez, J M., A.-M. Tréguier (eds.)], in: Climate Change 2021: The Physical Science Basis. Contribution of

Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change, edited by Masson-Delmotte, V.,

Zhai, P., Pirani, A., Connors, S. L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M. I., Huang, M., Leitzell, K., Lonnoy,685

E., Matthews, J., Maycock, T. K., Waterfield, T., Yelekçi, O., Yu, R., , and Zhou, B., Cambridge University Press, Cambridge, United

Kingdom and New York, U.S.A., https://doi.org/10.1017/9781009157896.016, 2021a.

IPCC: Annex IV: Modes of Variability [Cassou, C., A. Cherchi, Y. Kosaka (eds.)]., in: Climate Change 2021: The Physical Science Basis.

Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change, edited by Masson-

Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M. I., Huang, M., Leitzell,690

K., Lonnoy, E., Matthews, J., Maycock, T. K., Waterfield, T., Yelekçi, O., Yu, R., , and Zhou, B., Cambridge University Press, Cambridge,

United Kingdom and New York, U.S.A., https://doi.org/10.1017/9781009157896.018, 2021b.

Ivanovic, R. F., Gregoire, L. J., Kageyama, M., Roche, D. M., Valdes, P. J., Burke, A., Drummond, R., Peltier, W. R., and Tarasov, L.:

Transient climate simulations of the deglaciation 21–9 thousand years before present (version 1) – PMIP4 Core experiment design and

boundary conditions, Geoscientific Model Development, 9, 2563–2587, https://doi.org/10.5194/gmd-9-2563-2016, 2016.695

Jiménez-Esteve, B. and Domeisen, D. I. V.: The Tropospheric Pathway of the ENSO–North Atlantic Teleconnection, Journal of Climate, 31,

4563–4584, https://doi.org/10.1175/JCLI-D-17-0716.1, 2018.

Jones, P. D., Jonsson, T., and Wheeler, D.: Extension to the North Atlantic oscillation using early instrumental pressure observa-

tions from Gibraltar and south-west Iceland, International Journal of Climatology, 17, 1433–1450, https://doi.org/10.1002/(SICI)1097-

0088(19971115)17:13<1433::AID-JOC203>3.0.CO;2-P, 1997.700

Jonkers, L., Laepple, T., Rillo, M. C., Shi, X., Dolman, A. M., Lohmann, G., Paul, A., Mix, A., and Kucera, M.: Strong tem-

perature gradients in the ice age North Atlantic Ocean revealed by plankton biogeography, Nature Geoscience, 16, 1114–1119,

https://doi.org/10.1038/s41561-023-01328-7, 2023.

Joshi, M. K., Abid, M. A., and Kucharski, F.: The Role of an Indian Ocean Heating Dipole in the ENSO Teleconnection to the North Atlantic

European Region in Early Winter during the Twentieth Century in Reanalysis and CMIP5 Simulations, Journal of Climate, 34, 1047–1060,705

https://doi.org/10.1175/JCLI-D-20-0269.1, 2021.

21

https://doi.org/10.1038/s41558-018-0295-6
https://doi.org/10.1016/j.earscirev.2020.103286
https://doi.org/10.1126/science.269.5224.676
https://doi.org/10.1029/134GM01
https://doi.org/10.1007/s00382-004-0432-y
https://doi.org/10.1038/ngeo381
https://doi.org/10.1017/9781009157896.016
https://doi.org/10.1017/9781009157896.018
https://doi.org/10.5194/gmd-9-2563-2016
https://doi.org/10.1175/JCLI-D-17-0716.1
https://doi.org/10.1002/(SICI)1097-0088(19971115)17:13%3C1433::AID-JOC203%3E3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-0088(19971115)17:13%3C1433::AID-JOC203%3E3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-0088(19971115)17:13%3C1433::AID-JOC203%3E3.0.CO;2-P
https://doi.org/10.1038/s41561-023-01328-7
https://doi.org/10.1175/JCLI-D-20-0269.1


Joussaume, S. and Taylor, K. E.: Status of the Paleoclimate Modelling Intercomparison Project (PMIP).Proceedings of the first international

AMIP scientific conference., pp. 425–430, 1995.

Juckes, M., Taylor, K. E., Durack, P. J., Lawrence, B., Mizielinski, M. S., Pamment, A., Peterschmitt, J.-Y., Rien, M., and Sénési, S.: The

CMIP6 Data Request (DREQ, version 01.00.31), Geoscientific Model Development, 13, 201–224, https://doi.org/10.5194/gmd-13-201-710

2020, 2020.

Justino, F. and Peltier, W. R.: The glacial North Atlantic Oscillation, Geophysical Research Letters, 32,

https://doi.org/10.1029/2005GL023822, 2005.

Kageyama, M., Braconnot, P., Harrison, S. P., Haywood, A. M., Jungclaus, J. H., Otto-Bliesner, B. L., Abe-Ouchi, A., Albani, S., Bartlein,

P. J., and Brierley, C.: The PMIP4 contribution to CMIP6-Part 1: Overview and over-arching analysis plan, Geoscientific Model Develop-715

ment, 11, 1033–1057, https://doi.org/10.5194/gmd-11-1033-2018, 2018.

Kageyama, M., Harrison, S. P., Kapsch, M.-L., Lofverstrom, M., Lora, J. M., Mikolajewicz, U., Sherriff-Tadano, S., Vadsaria, T., Abe-Ouchi,

A., Bouttes, N., Chandan, D., Gregoire, L. J., Ivanovic, R. F., Izumi, K., LeGrande, A. N., Lhardy, F., Lohmann, G., Morozova, P. A.,

Ohgaito, R., Paul, A., Peltier, W. R., Poulsen, C. J., Quiquet, A., Roche, D. M., Shi, X., Tierney, J. E., Valdes, P. J., Volodin, E., and Zhu,

J.: The PMIP4 Last Glacial Maximum experiments: preliminary results and comparison with the PMIP3 simulations, Climate of the Past,720

17, 1065–1089, https://doi.org/10.5194/cp-17-1065-2021, 2021.

Kelley, M., Schmidt, G. A., Nazarenko, L., Bauer, S. E., Ruedy, R., Russell, G. L., Ackerman, A. S., Aleinov, I., Bauer, M., Bleck, R.,

Canuto, V., Cesana, G., Cheng, Y., Clune, T. L., Cook, B. I., Cruz, C. A., Del Genio, A. D., Elsaesser, G. S., Faluvegi, G., Kiang, N. Y.,

Kim, D., Lacis, A. A., Leboissetier, A., LeGrande, A. N., Lo, K. K., Marshall, J., Matthews, E. E., McDermid, S., Mezuman, K., Miller,

R. L., Murray, L. T., Oinas, V., Orbe, C., Pérez García-Pando, C., Perlwitz, J. P., Puma, M. J., Rind, D., Romanou, A., Shindell, D. T.,725

Sun, S., Tausnev, N., Tsigaridis, K., Tselioudis, G., Weng, E., Wu, J., and Yao, M.-S.: GISS-E2.1: Configurations and climatology, J. Adv.

Model. Earth Syst., 12, e2019MS002 025, https://doi.org/10.1029/2019MS002025, 2020.

Khosravi, N., Wang, Q., Koldunov, N., Hinrichs, C., Semmler, T., Danilov, S., and Jung, T.: The Arctic Ocean in CMIP6 Models: Biases and

Projected Changes in Temperature and Salinity, Earth’s Future, 10, e2021EF002 282, https://doi.org/10.1029/2021EF002282, 2022.

Kimoto, M., Jin, F.-F., Watanabe, M., and Yasutomi, N.: Zonal—eddy coupling and a neutral mode theory for the Arctic Oscillation, Geo-730

physical Research Letters, 28, 737–740, https://doi.org/10.1029/2000GL012377, 2001.

Lee, J. Y., Marotzke, J., Bala, G., Cao, L., Corti, S., Dunne, J., Engelbrecht, F., Fischer, E., Fyfe, J., Jones, C., Maycock, A., Mutemi,

J., Ndiaye, O., Panickal, S., and Zhou, T.: Future Global Climate: Scenario-Based Projections and Near-Term Information., in: Climate

Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental

Panel on Climate Change, edited by Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan, C., Berger, S., Caud, N., Chen, Y.,735

Goldfarb, L., Gomis, M. I., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J., Maycock, T. K., Waterfield, T., Yelekçi, O., Yu, R., , and

Zhou, B., Cambridge University Press, 2021.

Li, L., Lin, P., Yu, Y., Wang, B., Zhou, T., Liu, L., Liu, J., Bao, Q., Xu, S., Huang, W., Xia, K., Pu, Y., Dong, L., Shen, S., Liu, Y., Hu, N.,

Liu, M., Sun, W., Shi, X., Zheng, W., Wu, B., Song, M., Liu, H., Zhang, X., Wu, G., Xue, W., Huang, X., Yang, G., Song, Z., and Qiao,

F.: The flexible global ocean-atmosphere-land system model, Grid-point Version 2: FGOALS-g2, Advances in Atmospheric Sciences, 30,740

543–560, https://doi.org/10.1007/s00376-012-2140-6, 2013.

Li, L., Yu, Y., Tang, Y., Lin, P., Xie, J., Song, M., Dong, L., Zhou, T., Liu, L., Wang, L., Pu, Y., Chen, X., Chen, L., Xie, Z., Liu, H., Zhang,

L., Huang, X., Feng, T., Zheng, W., Xia, K., Liu, H., Liu, J., Wang, Y., Wang, L., Jia, B., Xie, F., Wang, B., Zhao, S., Yu, Z., Zhao, B., and

22

https://doi.org/10.5194/gmd-13-201-2020
https://doi.org/10.5194/gmd-13-201-2020
https://doi.org/10.5194/gmd-13-201-2020
https://doi.org/10.1029/2005GL023822
https://doi.org/10.5194/gmd-11-1033-2018
https://doi.org/10.5194/cp-17-1065-2021
https://doi.org/10.1029/2019MS002025
https://doi.org/10.1029/2021EF002282
https://doi.org/10.1029/2000GL012377
https://doi.org/10.1007/s00376-012-2140-6


Wei, J.: The Flexible Global Ocean-Atmosphere-Land System Model Grid-Point Version 3 (FGOALS-g3): Description and Evaluation,

Journal of Advances in Modeling Earth Systems, 12, e2019MS002 012, https://doi.org/10.1029/2019MS002012, 2020.745

López-Parages, J., Rodríguez-Fonseca, B., and Terray, L.: A mechanism for the multidecadal modulation of ENSO teleconnection with

Europe, Climate Dynamics, 45, 867–880, https://doi.org/10.1007/s00382-014-2319-x, 2015.

Lorenz, D. J. and DeWeaver, E. T.: Tropopause height and zonal wind response to global warming in the IPCC scenario integrations, Journal

of Geophysical Research: Atmospheres, 112, https://doi.org/10.1029/2006JD008087, 2007.

Lorenz, D. J. and Hartmann, D. L.: Eddy–Zonal Flow Feedback in the Northern Hemisphere Winter, Journal of Climate, 16, 1212–1227,750

https://doi.org/10.1175/1520-0442(2003)16<1212:EFFITN>2.0.CO;2, 2003.

Lü, J.-M., Kim, S.-J., Abe-Ouchi, A., Yu, Y., and Ohgaito, R.: Arctic Oscillation during the Mid-Holocene and Last Glacial Maximum from

PMIP2 Coupled Model Simulations, Journal of Climate, 23, 3792–3813, https://doi.org/10.1175/2010JCLI3331.1, 2010.

Madan, G., Gjermundsen, A., Iversen, S. C., and LaCasce, J. H.: The weakening AMOC under extreme climate change, Climate Dynamics,

62, 1291–1309, https://doi.org/10.1007/s00382-023-06957-7, 2024.755

Marino, G., Rohling, E. J., Rodríguez-Sanz, L., Grant, K. M., Heslop, D., Roberts, A. P., Stanford, J. D., and Yu, J.: Bipolar seesaw control

on last interglacial sea level, Nature, 522, 197–201, https://doi.org/10.1038/nature14499, 2015.

Marshall, J., Johnson, H., and Goodman, J.: A Study of the Interaction of the North Atlantic Oscillation with Ocean Circulation, Journal of

Climate, 14, 1399–1421, https://doi.org/10.1175/1520-0442(2001)014<1399:ASOTIO>2.0.CO;2, 2001.

Mauri, A., Davis, B. A. S., Collins, P. M., and Kaplan, J. O.: The influence of atmospheric circulation on the mid-Holocene climate of760

Europe: a data–model comparison, Climate of the Past, 10, 1925–1938, https://doi.org/10.5194/cp-10-1925-2014, 2014.

Mauritsen, T., Bader, J., Becker, T., Behrens, J., Bittner, M., Brokopf, R., Brovkin, V., Claussen, M., Crueger, T., Esch, M., Fast, I., Fiedler,

S., Fläschner, D., Gayler, V., Giorgetta, M., Goll, D. S., Haak, H., Hagemann, S., Hedemann, C., Hohenegger, C., Ilyina, T., Jahns,

T., Jimenéz-de-la Cuesta, D., Jungclaus, J., Kleinen, T., Kloster, S., Kracher, D., Kinne, S., Kleberg, D., Lasslop, G., Kornblueh, L.,

Marotzke, J., Matei, D., Meraner, K., Mikolajewicz, U., Modali, K., Möbis, B., Müller, W. A., Nabel, J. E. M. S., Nam, C. C. W., Notz,765

D., Nyawira, S.-S., Paulsen, H., Peters, K., Pincus, R., Pohlmann, H., Pongratz, J., Popp, M., Raddatz, T. J., Rast, S., Redler, R., Reick,

C. H., Rohrschneider, T., Schemann, V., Schmidt, H., Schnur, R., Schulzweida, U., Six, K. D., Stein, L., Stemmler, I., Stevens, B., von

Storch, J.-S., Tian, F., Voigt, A., Vrese, P., Wieners, K.-H., Wilkenskjeld, S., Winkler, A., and Roeckner, E.: Developments in the MPI-M

Earth System Model version 1.2 (MPI-ESM1.2) and Its Response to Increasing CO2, Journal of Advances in Modeling Earth Systems,

11, 998–1038, https://doi.org/10.1029/2018MS001400, 2019.770

McKenna, C. M. and Maycock, A. C.: Sources of Uncertainty in Multimodel Large Ensemble Projections of the Winter North Atlantic Os-

cillation, Geophysical Research Letters, 48, e2021GL093 258, https://doi.org/10.1029/2021GL093258, e2021GL093258 2021GL093258,

2021.

Michel, S., Swingedouw, D., Chavent, M., Ortega, P., Mignot, J., and Khodri, M.: Reconstructing climatic modes of variability from proxy

records using ClimIndRec version 1.0, Geoscientific Model Development, 13, 841–858, https://doi.org/10.5194/gmd-13-841-2020, 2020.775

Miller, R. L., Schmidt, G. A., and Shindell, D. T.: Forced annular variations in the 20th century Intergovernmental Panel on Climate Change

Fourth Assessment Report models, Journal of Geophysical Research: Atmospheres, 111, https://doi.org/10.1029/2005JD006323, 2006.

Mosedale, T. J., Stephenson, D. B., Collins, M., and Mills, T. C.: Granger Causality of Coupled Climate Processes: Ocean Feedback on the

North Atlantic Oscillation, Journal of Climate, 19, 1182 – 1194, https://doi.org/10.1175/JCLI3653.1, 2006.

23

https://doi.org/10.1029/2019MS002012
https://doi.org/10.1007/s00382-014-2319-x
https://doi.org/10.1029/2006JD008087
https://doi.org/10.1175/1520-0442(2003)16%3C1212:EFFITN%3E2.0.CO;2
https://doi.org/10.1175/2010JCLI3331.1
https://doi.org/10.1007/s00382-023-06957-7
https://doi.org/10.1038/nature14499
https://doi.org/10.1175/1520-0442(2001)014%3C1399:ASOTIO%3E2.0.CO;2
https://doi.org/10.5194/cp-10-1925-2014
https://doi.org/10.1029/2018MS001400
https://doi.org/10.1029/2021GL093258
https://doi.org/10.5194/gmd-13-841-2020
https://doi.org/10.1029/2005JD006323
https://doi.org/10.1175/JCLI3653.1


Omrani, N.-E., Keenlyside, N., Matthes, K., Boljka, L., Zanchettin, D., Jungclaus, J. H., and Lubis, S. W.: Coupled stratosphere-troposphere-780

Atlantic multidecadal oscillation and its importance for near-future climate projection, npj Climate and Atmospheric Science, 5, 59,

https://doi.org/10.1038/s41612-022-00275-1, 2022.

Osborn, T. J.: Simulating the winter North Atlantic Oscillation: the roles of internal variability and greenhouse gas forcing, Climate Dynam-

ics, 22, 605–623, https://doi.org/10.1007/s00382-004-0405-1, 2004.

Otto-Bliesner, B. L., Brady, E. C., Clauzet, G., Tomas, R., Levis, S., and Kothavala, Z.: Last Glacial Maximum and Holocene Climate in785

CCSM3, Journal of Climate, 19, 2526–2544, https://doi.org/10.1175/JCLI3748.1, 2006.

Otto-Bliesner, B. L., Braconnot, P., Harrison, S. P., Lunt, D. J., Abe-Ouchi, A., Albani, S., Bartlein, P. J., Capron, E., Carlson, A. E., Dutton,

A., et al.: The PMIP4 contribution to CMIP6–Part 2: Two interglacials, scientific objective and experimental design for Holocene and Last

Interglacial simulations, Geoscientific Model Development, 10, 3979–4003, https://doi.org/10.5194/gmd-10-3979-2017, 2017.

Otto-Bliesner, B. L., Brady, E. C., Tomas, R. A., Albani, S., Bartlein, P. J., Mahowald, N. M., Shafer, S. L., Kluzek, E., Lawrence, P. J., Leguy,790

G., Rothstein, M., and Sommers, A.: A Comparison of the CMIP6 midHolocene and lig127k Simulations in CESM2, Paleoceanography

and Paleoclimatology, 35, e2020PA003 957, https://doi.org/10.1029/2020PA003957, 2020.

Otto-Bliesner, B. L., Brady, E. C., Zhao, A., Brierley, C. M., Axford, Y., Capron, E., Govin, A., Hoffman, J. S., Isaacs, E., Kageyama, M.,

Scussolini, P., Tzedakis, P. C., Williams, C. J. R., Wolff, E., Abe-Ouchi, A., Braconnot, P., Ramos Buarque, S., Cao, J., de Vernal, A., Guar-

ino, M. V., Guo, C., LeGrande, A. N., Lohmann, G., Meissner, K. J., Menviel, L., Morozova, P. A., Nisancioglu, K. H., O’ishi, R., Salas y795

Mélia, D., Shi, X., Sicard, M., Sime, L., Stepanek, C., Tomas, R., Volodin, E., Yeung, N. K. H., Zhang, Q., Zhang, Z., and Zheng, W.:

Large-scale features of Last Interglacial climate: results from evaluating the lig127k simulations for the Coupled Model Intercomparison

Project (CMIP6)–Paleoclimate Modeling Intercomparison Project (PMIP4), Climate of the Past, 17, 63–94, https://doi.org/10.5194/cp-

17-63-2021, 2021.

Oudar, T., Sanchez-Gomez, E., Chauvin, F., Cattiaux, J., Terray, L., and Cassou, C.: Respective roles of direct GHG radiative forc-800

ing and induced Arctic sea ice loss on the Northern Hemisphere atmospheric circulation, Climate Dynamics, 49, 3693–3713,

https://doi.org/10.1007/s00382-017-3541-0, 2017.

Park, W., Keenlyside, N., Latif, M., Ströh, A., Redler, R., Roeckner, E., and Madec, G.: Tropical Pacific Climate and Its Response to Global

Warming in the Kiel Climate Model, Journal of Climate, 22, 71 – 92, https://doi.org/10.1175/2008JCLI2261.1, 2009.

Pedersen, R. A., Cvijanovic, I., Langen, P. L., and Vinther, B. M.: The Impact of Regional Arctic Sea Ice Loss on Atmospheric Circulation805

and the NAO, Journal of Climate, 29, 889–902, https://doi.org/10.1175/JCLI-D-15-0315.1, 2016.

Peings, Y., Cattiaux, J., Vavrus, S., and Magnusdottir, G.: Late Twenty-First-Century Changes in the Midlatitude Atmospheric Circulation in

the CESM Large Ensemble, Journal of Climate, 30, 5943–5960, https://doi.org/10.1175/JCLI-D-16-0340.1, 2017.

Peltier, W. R. and Vettoretti, G.: Dansgaard-Oeschger oscillations predicted in a comprehensive model of glacial climate: A “kicked” salt

oscillator in the Atlantic, Geophysical Research Letters, 41, 7306–7313, https://doi.org/10.1002/2014GL061413, 2014.810

Peltier, W. R., Argus, D. F., and Drummond, R.: Space geodesy constrains ice age terminal deglaciation: The global ICE-6G_C (VM5a)

model, Journal of Geophysical Research: Solid Earth, 120, 450–487, https://doi.org/10.1002/2014JB011176, 2015.

Phipps, S., Rotstayn, L., Gordon, H., Roberts, J., Hirst, A., and Budd, W.: The CSIRO Mk3L climate system model version 1.0–Part 2:

Response to external forcings, Geoscientific Model Development, 5, 649–682, https://doi.org/10.5194/gmd-5-649-2012, 2012.

Rimbu, N., Lohmann, G., Kim, J. H., Arz, H. W., and Schneider, R.: Arctic/North Atlantic Oscillation signature in Holocene sea surface815

temperature trends as obtained from alkenone data, Geophysical Research Letters, 30, https://doi.org/10.1029/2002GL016570, 2003.

24

https://doi.org/10.1038/s41612-022-00275-1
https://doi.org/10.1007/s00382-004-0405-1
https://doi.org/10.1175/JCLI3748.1
https://doi.org/10.5194/gmd-10-3979-2017
https://doi.org/10.1029/2020PA003957
https://doi.org/10.5194/cp-17-63-2021
https://doi.org/10.5194/cp-17-63-2021
https://doi.org/10.5194/cp-17-63-2021
https://doi.org/10.1007/s00382-017-3541-0
https://doi.org/10.1175/2008JCLI2261.1
https://doi.org/10.1175/JCLI-D-15-0315.1
https://doi.org/10.1175/JCLI-D-16-0340.1
https://doi.org/10.1002/2014GL061413
https://doi.org/10.1002/2014JB011176
https://doi.org/10.5194/gmd-5-649-2012
https://doi.org/10.1029/2002GL016570


Rind, D., Perlwitz, J., and Lonergan, P.: AO/NAO response to climate change: 1. Respective influences of stratospheric and tropospheric

climate changes, Journal of Geophysical Research: Atmospheres, 110, https://doi.org/10.1029/2004JD005103, 2005a.

Rind, D., Perlwitz, J., Lonergan, P., and Lerner, J.: AO/NAO response to climate change: 2. Relative importance of low- and high-latitude

temperature changes, Journal of Geophysical Research: Atmospheres, 110, https://doi.org/10.1029/2004JD005686, 2005b.820

Rotstayn, L. D., Collier, M. A., Mitchell, R. M., Qin, Y., Campbell, S. K., and Dravitzki, S. M.: Simulated enhancement of ENSO-related

rainfall variability due to Australian dust, Atmospheric Chemistry and Physics, 11, 6575–6592, https://doi.org/10.5194/acp-11-6575-2011,

2011.

Schmidt, G. A., Kelley, M., Nazarenko, L., Ruedy, R., Russell, G. L., Aleinov, I., Bauer, M., Bauer, S. E., Bhat, M. K., Bleck, R., Canuto,

V., Chen, Y.-H., Cheng, Y., Clune, T. L., Del Genio, A., de Fainchtein, R., Faluvegi, G., Hansen, J. E., Healy, R. J., Kiang, N. Y., Koch,825

D., Lacis, A. A., LeGrande, A. N., Lerner, J., Lo, K. K., Matthews, E. E., Menon, S., Miller, R. L., Oinas, V., Oloso, A. O., Perlwitz, J. P.,

Puma, M. J., Putman, W. M., Rind, D., Romanou, A., Sato, M., Shindell, D. T., Sun, S., Syed, R. A., Tausnev, N., Tsigaridis, K., Unger,

N., Voulgarakis, A., Yao, M.-S., and Zhang, J.: Configuration and assessment of the GISS ModelE2 contributions to the CMIP5 archive,

Journal of Advances in Modeling Earth Systems, 6, 141–184, https://doi.org/10.1002/2013MS000265, 2014.

Screen, J. A., Bracegirdle, T. J., and Simmonds, I.: Polar Climate Change as Manifest in Atmospheric Circulation, Current Climate Change830

Reports, 4, 383–395, https://doi.org/10.1007/s40641-018-0111-4, 2018.

Seland, O., Bentsen, M., Seland Graff, L., Olivié, D., Toniazzo, T., Gjermundsen, A., Debernard, J. B., Gupta, A. K., He, Y., Kirkevåg,

A., Schwinger, J., Tjiputra, J., Schancke Aas, K., Bethke, I., Fan, Y., Griesfeller, J., Grini, A., Guo, C., Ilicak, M., Hafsahl Karset, I. H.,

Landgren, O., Liakka, J., Onsum Moseid, K., Nummelin, A., Spensberger, C., Tang, H., Zhang, Z., Heinze, C., Iverson, T., and Schulz,

M.: The Norwegian Earth System Model, NorESM2 – Evaluation of theCMIP6 DECK and historical simulations, Geoscientific Model835

Development Discussions, 2020, 1–68, https://doi.org/10.5194/gmd-2019-378, 2020.

Serreze, M. C. and Barry, R. G.: Processes and impacts of Arctic amplification: A research synthesis, Global and Planetary Change, 77,

85–96, https://doi.org/10.1016/j.gloplacha.2011.03.004, 2011.

Shi, X., Werner, M., Yang, H., D’Agostino, R., Liu, J., Yang, C., and Lohmann, G.: Unraveling the complexities of the Last Glacial Maximum

climate: the role of individual boundary conditions and forcings, Climate of the Past, 19, 2157–2175, https://doi.org/10.5194/cp-19-2157-840

2023, 2023.

Sidorenko, D., Rackow, T., Jung, T., Semmler, T., Barbi, D., Danilov, S., Dethloff, K., Dorn, W., Fieg, K., Goessling, H. F., Handorf, D.,

Harig, S., Hiller, W., Juricke, S., Losch, M., Schröter, J., Sein, D. V., and Wang, Q.: Towards multi-resolution global climate modeling

with ECHAM6?FESOM. Part I: model formulation and mean climate, Climate Dynamics, 44, 757–780, https://doi.org/10.1007/s00382-

014-2290-6, 2015.845

Slivinski, L. C., Compo, G. P., Whitaker, J. S., Sardeshmukh, P. D., Giese, B. S., McColl, C., Allan, R., Yin, X., Vose, R., Titchner, H.,

Kennedy, J., Spencer, L. J., Ashcroft, L., Brönnimann, S., Brunet, M., Camuffo, D., Cornes, R., Cram, T. A., Crouthamel, R., Domínguez-

Castro, F., Freeman, J. E., Gergis, J., Hawkins, E., Jones, P. D., Jourdain, S., Kaplan, A., Kubota, H., Blancq, F. L., Lee, T.-C., Lorrey, A.,

Luterbacher, J., Maugeri, M., Mock, C. J., Moore, G. K., Przybylak, R., Pudmenzky, C., Reason, C., Slonosky, V. C., Smith, C. A., Tinz,

B., Trewin, B., Valente, M. A., Wang, X. L., Wilkinson, C., Wood, K., and Wyszyński, P.: Towards a more reliable historical reanalysis:850
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Figure 1. Comparison between observations (left column) taken from the 20th-Century Reanalysis

(Slivinski et al., 2019)
::::::::::::::::
(Compo et al., 2011) and the ensemble

::::::::
multi-model

::
mean of the piControl (right column)

:::::::::
simulations. Panels

show DJF mean variables over the North Atlantic sector (see Sect.
:::::
Section

:
2.3 for region definition). The rows

:::::
Panels

:
present the sea surface

temperatures (a, b)
:::::
surface

:::
air

:::::::::
temperatures

::
in

:::
°C

::::
(SAT), precipitation (c, d)

:::::::::
precipitation

::
in

:::
mm

::::
d−1

::::
(PR), sea level pressure (e, f)

::
sea

::::
level

::::::
pressure

::
in

:::
hPa

:::::
(SLP), NAO pattern (g, h)

::::
NAO

:::::
pattern

::
in
:::
hPa, and teleconnections between NAO and temperature (i, j)

:::
SAT

::
in

:::
°C and

precipitation (k, l)
:::
PR

::
in

:::
mm

:::
d−1

:
computed by regression against the NAO.
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Figure 2. (old Figure 4)Total variance
:::
(%)explained by the NAO for (a) the experiments and (b) comparison with the

::::::
models.

::::::::::
Experimental

:::::
names

::
are

:::::::::
abbreviated

::
to
::::

MH
:::
for

::
the

:::::::::::
midHolocene,

::::
LIG

::
for

:::
the

::::::
lig127k

:
,
::::
LGM

:::
for

:::
the

:::
lgm,

::::::
4xCO2

:::
for

:::
the

::::::::::
Abrupt4xCO2

:
,
:::
and

::
PI

:::
for

:::
the

piControl,
:::::::::
respectively. (a) For each column, the dots (corresponding to the left y-axis) show the explained variance by models. The distribu-

tions are computed via a kernel density estimation (Waskom, 2021): The curves
::

and
::::::
shading

:
show the distributions of the explained variance

by models for each experiment (left
:
,
::::::
shading

::
in

:::
light

::::
grey) and the

::::::::::
corresponding

:
piControl (right

:
,
::::::
shading

::
in

::::
dark

:::
grey); horizontal

::::
black

dashed and dotted lines
:::::
within

::::
each

::::
curve

:
represent the median and 75% and 25% quartiles, respectively;

::::
pink

:::::
dashed

::::
line

:::::
across

::
the

:::::
panel

:::::::
represents

:::
the

::::::::
explained

::::::
variance

::::
from

:::
the

:::::::::
observation. The horizontal location of dots within each column does not have any meaning

:::
has

:::
been

:::::
offset

:::
for

::::
better

:::::::
visibility.

::
(b)

::::
Each

:::
dot

:::::
shows

:::
the

:::::::::
comparison

::
of

:::
the

:::::::
explained

:::::::
variance

::::::
between

:::
the

::::::::::
experimental

::::::::
simulation
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and
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the

:::::::
piControl

::
by
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the

:::::
model;

::::
pink
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dashed

::::
lines
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represent
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the

:::::::
explained

:::::::
variance

::::
from

::
the

::::::::::
observation.
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Figure 3. (old Figure2)Ensemble
:::::::::
Multi-model mean change in mean states

::::::
between

:::::::::
experiments

:::
and

:::
the

:::::::
piControl. The columns from left

to right show the DJF mean surface air temperature (
::
in °C

:::
(SAT;a, d, g, j), precipitation (

:
in

:
mm d−1

:::
(PR; b, e, h, k),

:
and sea level pressure

(
:
in

:
hPa

::::
(SLP; c, f, i,

:
l). The rows show

::::
from

:::
top

::
to

:::::
bottom

::::::::
represent the ensemble mean difference from the piControl simulations for

the midHolocene (a, b, c)
::::::::::
midHolocene

::::
(MH), lig127k (

::::
LIG; d, e, f), lgm (

:::::
LGM;

:
g, h, i), and abrupt4xCO2 simulations (

::::::
4xCO2; j, k, l)

:::::::::
experiments. Stippling indicates where the ensemble is inconsistent in the direction of change

:
,
:
i.
::
e.,

::
at

:::
least

::::::::
two-thirds

::::::
disagree

:::
on

::
the

::::
sign

::
of

::
the

::::::::::
multi-model

::::
mean.

30



80°W 40°W 0° 40°E
20°N

50°N

80°N
(a)

4

3
2

1

0

0

0

00

0

0

1

1

1

2
3

80°W 40°W 0° 40°E
20°N

50°N

80°N
(b)

80°W 40°W 0° 40°E
20°N

50°N

80°N
(c)

4

3
2

1

0

0

0

00

0

0

1

1

1

2
3

80°W 40°W 0° 40°E
20°N

50°N

80°N
(d)

80°W 40°W 0° 40°E
20°N

50°N

80°N
(e)

4

3
2

1

0

0

0

00

0

0

1

1

1

2
3

80°W 40°W 0° 40°E
20°N

50°N

80°N
(f)

80°W 40°W 0° 40°E
20°N

50°N

80°N
(g)

4

3
2

1

0

0

0

00

0

0

1

1

1

2
3

80°W 40°W 0° 40°E
20°N

50°N

80°N
(h)

3 1 0 1 3
hPa

0.0 0.4 0.8 1.2 1.6 2.0
hPa

M
H

LI
G

LG
M

4x
CO

2

Figure 4. (old Figure 3)
:::::::::
Multi-model

::::
mean

::::
DJF SLP spatial pattern for NAO in DJF (hPa) in each experiment

:::
(left

::::::
column)

:::
and

::::::::
ensemble

::::::
variation

:::::
(right

::::::
column), including the midHolocene (

:::
MH;

:
a), lig127k (

:::
LIG;

:
c), lgm (

::::
LGM;

:
e) and abrupt4xCO2 (

:::::
4xCO2;

:
g). Red contours

represent the pattern of the piControl, and stippling indicates where the ensemble is inconsistent in the direction of change. Ensemble

variation is presented as the standard deviation across the ensemble (b, d, f, h).
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Figure 5. The
::::

Same
:
as
::::::

Figure
::
2a

::
but

:::
for

:::
the NAO amplitude (hPa) for the experiments. The amplitude is measured as the standard deviation

of the renormalised NAO PC time series (Sect.
:::::
Section

:
2.3.).
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Figure 6. Same as Figure 4 but for ensemble
:::::::::
Multi-model mean change in DJF surface mean

::
air temperature (°C) associated with the NAO

:
as
::::::::
compared

::
to

::
the

::::::::
piControl

:::
(left

::::::
column)

:::
and

::::::::
ensemble

::::::
variation

:::::
(right

::::::
column).

:::::::::
Experiments

::::::
include

::::::::::
midHolocene

::::
(MH;

::
a),

::::::
lig127k

::::
(LIG;

::
c),

:::
lgm

:::::
(LGM;

::
e)
:::
and

:::::::::::
abrupt4xCO2

::::::
(4xCO2;

:::
g).

::::
Black

:::::::
contours

::::
show

:::
the

:::::
pattern

::
of

:::
the

:::::::
piControl

:
. Stippling indicates where the ensemble is

inconsistent in the direction of change.
:::::::
Ensemble

:::::::
variation

::
is

:::::::
presented

::
as

:::
the

::::::
standard

:::::::
deviation

:::::
across

:::
the

:::::::
ensemble

:::
(b,

::
d,

:
f,
::
h).
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Figure 7. Same as Figure 4
:
6
:
but for ensemble

:::::::::
muti-model mean change in DJF precipitation (mm d−1)

:
associated with the NAO.

:::::::
Magenta

::::::
contours

::::
show

:::
the

::::::
pattern

:
of
:::

the
:::::::
piControl

:
. Stippling indicates where the ensemble is inconsistent in the direction of change.

34



1.0 0.5 0.0 0.5
NAO amplitude change (hPa)

1.0

0.5

0.0

0.5

1.0

N
EU

 P
R
 c

ha
ng

e 
(m

m
 d

1
)

(a)

1.0 0.5 0.0 0.5
NAO amplitude change (hPa)

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00

W
C
E 

PR
 c

ha
ng

e 
(m

m
 d

1
)

(b)

1.0 0.5 0.0 0.5
NAO amplitude change (hPa)

0.6

0.4

0.2

0.0

0.2

M
ED

 P
R
 c

ha
ng

e 
(m

m
 d

1
)

(c)

1.5 1.0 0.5 0.0 0.5
NAO amplitude change (hPa)

25

20

15

10

5

0

5

10

N
EU

 S
AT

 c
ha

ng
e 

(°
C
)

(d)

1.5 1.0 0.5 0.0 0.5
NAO amplitude change (hPa)

15

10

5

0

5

10

W
C
E 

S
AT

 c
ha

ng
e 

(°
C
)

(e)

1.5 1.0 0.5 0.0 0.5
NAO amplitude change (hPa)

6

4

2

0

2

4

6

M
ED

 S
AT

 c
ha

ng
e 

(°
C
)

(f)

MH - PI
LIG - PI
LGM - PI
4xCO2 - PI

Figure 8. Relationships across all experiments and all models between the changes in NAO amplitude and the changes in European mean

state of DJF mean precipitation (mm d−1; labelled as pr
::
PR

:
in panels a to c) and surface

::
air temperature (°C; labelled as tas

:::
SAT in panels

d to f). Regions follow the definition of IPCC AR6: northern Europe is referred to as (NEU
:
), west and central Europe as (WCE

:
),
:

and

Mediterranean
:
(MED). All changes are relative to the piControl.
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Figure 9. Relationship between the change in ENSO strength and NAO amplitude across all models and all experiments relative to the

piControl. The ENSO strength is measured as the standard deviation of the nino3.4 index of each simulation.
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Table 1. Models contributing to the control experiment (piControl), the PMIP experiments (midHolocene (MH); lig127k (LIG); lgm (LGM))

and an idealised CO2 experiments (abrupt4xCO2 (4xCO2)) under the CMIP5 and the CMIP6. Numbers in Participation represent the length

of model years of each simulation.

Model PMIP ECS∗ Participation REF.

(K) PI MH LIG LGM abrupt4xCO2

AWI-ESM-1-1-LR 4 3.6 100 100 100 100 Sidorenko et al. (2015)

BCC-CSM1-1 3 3.1 500 100 50 Xin et al. (2013)

CCSM4 3 2.9 1051 301 101 50 Gent et al. (2011)

CESM2 4 5.3 500 700 50 Gettelman et al. (2019)

CNRM-CM5 3 3.3 850 200 200 50 Voldoire et al. (2013)

CNRM-CM6-1 4 5.1 500 301 50 Craig et al. (2017)
:::::::::::::::
Voldoire et al. (2019)

COSMOS-ASO 3 399 600 Wetzel et al. (2010)
::::::::::::::

Budich et al. (2010)

CSIRO-Mk3-6-0 3 4.1 500 100 50 Rotstayn et al. (2011)

CSIRO-Mk3L-1-2 3 3.1 1000 500 Phipps et al. (2012)

EC-EARTH-2-2 3 4.2 40 40 Hazeleger et al. (2012)

EC-Earth3-LR 4 4.3 201 203 210 Döscher et al. (2021)

FGOALS-f3-L 4 3 561 500 500 50 He et al. (2020)

FGOALS-g2 3 3.7 700 680 100 50 Li et al. (2013)

FGOALS-g3 4 2.9 700 500 500 Li et al. (2020)

FGOALS-s2 3 4.5 501 100 50 Bao et al. (2013)

GISS-E2-1-G 4 2.7 851 100 100 50 Kelley et al. (2020)

GISS-E2-R 3 2.1 500 100 100 50 Schmidt et al. (2014)

HadGEM2-CC 3 4.5 240 35 Collins et al. (2011)

HadGEM2-ES 3 4.6 336 101 50 Collins et al. (2011)

HadGEM3-GC31-LL 4 5.4 100 100 200 Williams et al. (2018)

INM-CM4-8 4 2.1 531 200 100 200 50 Volodin et al. (2018)

IPSL-CM5A-LR 3 4.1 1000 500 200 50 Dufresne et al. (2013)

IPSL-CM6A-LR 4 4.5 1200 550 550 50 Boucher et al. (2020)

KCM1-2-2 3 200 100 Park et al. (2009)

MIROC-ES2L 4 2.7 500 100 100 100 50 Hajima et al. (2020)

MIROC-ESM 3 4.7 630 100 100 50 Sueyoshi et al. (2013)

MPI-ESM-P 3 3.5 1156 100 100 50 Giorgetta et al. (2013)

MPI-ESM1-2-LR 4 2.8 1000 500 300 50 Mauritsen et al. (2019)

MRI-CGCM3 3 2.6 500 100 100 50 Yukimoto et al. (2012)

MRI-ESM2-0 4 3.1 701 200 50 Yukimoto et al. (2019)

NESM3 4 3.7 100 100 100 50 Cao et al. (2018)

NorESM1-F 4 2.3 200 200 200 Guo et al. (2019)

NorESM2-LM 4 2.5 391 100 100 50 Seland et al. (2020)

UofT-CCSM-4 4 3.2 100 100 100 Chandan and Peltier (2017)
:::::::::::::::::::::
Peltier and Vettoretti (2014)

Ensemble size 34 32 14 13 2337


