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Origin and evolution of the North Atlantic
Oscillation

Zhihong Song 1, Ji Nie 1,2,3 , Panxi Dai4, Zhongxi Lin1, Jiaqi Guo 1,
Jiawenjing Lan 1, Xiang Li 1, Qifan Lin1, Zihan Yin1, Jun Yang 1,2,3,
Yonggang Liu 1,2,3, Haijun Yang5 & Yongyun Hu 1,2,3

The North Atlantic Oscillation (NAO), the dominant mode of atmospheric
variability in the North Atlantic region, plays a crucial role in weather and
climate. Here, to investigate when the NAO emerged and how it evolved over
geological timescales, we analyzed time-slice paleoclimate simulations during
the breakup of the supercontinent Pangea, starting 160million years ago (Ma).
Our findings indicate that a present-day-like NAO mode gradually formed
between 80Ma and 60Ma, driven by the expansion of the North Atlantic
Ocean and the enhanced land-ocean contrast. This expansion led to a regime
transition in Northern Hemisphere winter circulation, characterized by a
westward shift of the North Atlantic jet, a strengthening of the North Atlantic
high pressure and storm track, and the emergence of NAO-like variability. The
confluence of orographic effects of the Rocky Mountains also contributed to
the strengthening of the NAO. This study depicts the evolutionary history of
the NAO over geological time and reveals its coherent relationship with the
evolution of continents and orography.

The North Atlantic Oscillation (NAO), characterized by a dipole pres-
sure anomaly over the North Atlantic1, is the dominant atmospheric
variability mode in the Northern Hemisphere (NH) mid-high latitudes
during winter time and has profound impacts on weather and climate.
The phases of the NAO modulate the strength and position of the jet,
resulting in significant weather anomalies over Europe and the
Mediterranean2–4. The NAO also can impact remote regions such as
East Asia5,6. Additionally, the NAO plays important roles in the climate
system, affecting phenomena like the AtlanticMultidecadalOscillation
and Arctic sea ice7–13.

The NAO dominates atmospheric variability in the North Atlantic
sector across various time scales1,14. The NAO index, based on instru-
mental station records, dates back to the 19th century15 and can explain
a significant portion of the variability in NH surface temperatures2.
Over thepastmillennium, thephase shift of theNAOhasbeen linked to
the European climate transition from theMedieval ClimateAnomaly to

the Little Ice Age16. Proxy reconstructions indicate the existence of the
NAOsince the earlyHolocene17,18.While theNAO is primarily controlled
by atmospheric internal dynamics19, its spatial-temporal variation can
be influenced by external forcings such as volcanic eruptions20, solar
cycles21, and changes in surface boundary conditions22,23.

Previous studies have shown that surface boundary conditions,
particularly the land-ocean contrasts and large-scale mountains, play a
crucial role in shaping the NAO23–25. The land-ocean thermal contrasts
and orographic features like the Rocky Mountains (RM) can force
atmospheric stationary waves26,27 and increase baroclinicity and eddy
activity in the North Atlantic sector25,28,29. Idealized simulations suggest
that both factors are pivotal in localizing storm tracks and the NAO23,30.
Glaciers are also possible orographic factors; for example, continental
ice sheetsmay have affected theNAOduring the LastGlacialMaximum31.

Over geological time scales, continental distribution underwent
drastic changes due to plate tectonics. When did the NAO first

Received: 18 January 2024

Accepted: 21 February 2025

Check for updates

1Laboratory for Climate and Ocean-Atmosphere Studies, Department of Atmospheric and Oceanic Sciences, School of Physics, Peking University,
Beijing, China. 2InstituteofOcean Research, PekingUniversity, Beijing,China. 3Institute of CarbonNeutrality, PekingUniversity, Beijing, China. 4Department of
Atmospheric Sciences, School of Earth Sciences, Zhejiang University, Hangzhou, China. 5Department of Atmospheric and Oceanic Sciences and Institute of
Atmospheric Sciences, Fudan University, Shanghai, China. e-mail: jinie@pku.edu.cn; yyhu@pku.edu.cn

Nature Communications |         (2025) 16:2142 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0009-0009-6168-055X
http://orcid.org/0009-0009-6168-055X
http://orcid.org/0009-0009-6168-055X
http://orcid.org/0009-0009-6168-055X
http://orcid.org/0009-0009-6168-055X
http://orcid.org/0000-0002-9829-8604
http://orcid.org/0000-0002-9829-8604
http://orcid.org/0000-0002-9829-8604
http://orcid.org/0000-0002-9829-8604
http://orcid.org/0000-0002-9829-8604
http://orcid.org/0000-0002-0140-6550
http://orcid.org/0000-0002-0140-6550
http://orcid.org/0000-0002-0140-6550
http://orcid.org/0000-0002-0140-6550
http://orcid.org/0000-0002-0140-6550
http://orcid.org/0000-0001-5206-9198
http://orcid.org/0000-0001-5206-9198
http://orcid.org/0000-0001-5206-9198
http://orcid.org/0000-0001-5206-9198
http://orcid.org/0000-0001-5206-9198
http://orcid.org/0000-0001-8670-9499
http://orcid.org/0000-0001-8670-9499
http://orcid.org/0000-0001-8670-9499
http://orcid.org/0000-0001-8670-9499
http://orcid.org/0000-0001-8670-9499
http://orcid.org/0000-0001-6031-2485
http://orcid.org/0000-0001-6031-2485
http://orcid.org/0000-0001-6031-2485
http://orcid.org/0000-0001-6031-2485
http://orcid.org/0000-0001-6031-2485
http://orcid.org/0000-0001-8844-2185
http://orcid.org/0000-0001-8844-2185
http://orcid.org/0000-0001-8844-2185
http://orcid.org/0000-0001-8844-2185
http://orcid.org/0000-0001-8844-2185
http://orcid.org/0000-0002-4003-4630
http://orcid.org/0000-0002-4003-4630
http://orcid.org/0000-0002-4003-4630
http://orcid.org/0000-0002-4003-4630
http://orcid.org/0000-0002-4003-4630
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57395-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57395-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57395-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57395-4&domain=pdf
mailto:jinie@pku.edu.cn
mailto:yyhu@pku.edu.cn
www.nature.com/naturecommunications


emerge in geological timescales? How did the evolution of con-
tinental distribution alter the NAO in the past, and what is the key
mechanism? These unexplored questions are the focus of this study.
Here, with a set of time-slice paleoclimate simulations (Methods),
we examine the origin and evolution of the NAO over geological
timescales, specifically during the breakup of the supercontinent
Pangea and the expansion of the North Atlantic Ocean since 160
million years ago (Ma). By answering the abovementioned ques-
tions, this study establishes a coherent relationship between con-
tinental configurations and the characteristics of the NAO over
geological time.

Results
Origin and evolution of the NAO
We first obtain the leading empirical orthogonal function (EOF) of
wintertime surface geopotential height anomalies over the North
Atlantic sector in both the reanalysis data and paleoclimate simula-
tions (Methods). The EOFs are normalized to ensure the standard
deviation of the principal components is one. The leading EOF of the
pre-industrial (PI) simulation exhibits a typical NAO pattern, closely
matching the results from the reanalysis data (Fig. S1). This alignment,

consistent with previous studies32,33, validates the CESM’s capability in
simulating the NAO.

The leading EOFs in the paleoclimate simulations display notable
variabilities. Fig. 1a, b shows two examples of the 150Ma and 40Ma, and
Fig. S1 shows all the cases. As time period approaches PI, the spatial
patterns of the EOFs increasingly resemble the meridional dipole of the
modern NAO (Fig. S1). Before 80Ma (except 130Ma and 160Ma), the
midlatitude positive centers of the EOFs are too weak to be called NAO-
like. An important feature of the modern NAO is its barotropic
structure1. At 130Ma and 160Ma, the leading EOFs at the middle tro-
posphere (Fig. S2) do not show meridional dipole patterns, thus, they
failed to pass the criterion of barotropicity. On the other hand, after
80Ma, the leading EOFs exhibit similar meridional dipoles in themiddle
troposphere (Fig. S2). Given the lack of a strict threshold for paleocli-
mate NAO in the literature and the gradual change of the EOFs, we
propose that a NAO-like mode emerges between 80Ma and 60Ma.

The evolution of the leading EOFs from a non-NAO-like pattern at
160Ma to the modern NAO may be better demonstrated in a zonally
averaged plot (Fig. 1c). Since all the EOFs have strong negative centers
in high latitudes, themain difference among the EOFs is whether there
is a localized and strong positive center in the midlatitudes (Fig. S1).
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Fig. 1 | The evolution of the leading empirical orthogonal function (EOF) pat-
tern. The leading EOF (EOF1) of wintertime geopotential height at the 1000 hPa
level (Z1000) of (a) the 150Ma and (b) the 40Ma cases. The color indicates the
zonally averaged EOF1 pattern for the paleoclimate simulations of (c) the default
simulations and (d) the flatten-Rocky-Mountain simulations (NRM). The black solid

line is the average width (in units of longitude, corresponding to the upper x-axes)
of the North Atlantic Ocean between 40°N and 60°N. In (c), the white diagonal
denotes EOFs (160Ma and 130Ma) that failed to pass the criterion of barotropicity.
In (d), we simulated only the periods from the pre-industrial to 100Ma at intervals
of 20Ma, and the periods not simulated are masked in grey.
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In Fig. 1c, for each paleoclimate EOF, we first identify the maximum of
the midlatitude positive anomalies, then zonally average the EOF over
a 20° band to the east and west (e.g., the cyan lines in Fig. 1b). Con-
sistent with Fig. S1, Fig. 1c shows the gradual emergence of the NAO. In
the following, we refer to an EOF with larger positive midlatitude
anomalies as a stronger NAO to represent its resemblance to the
modern NAO.

Toobtain a causal explanation for the emergenceand evolutionof
the NAO, we link them to the variations of external parameters of the
climate system. Themaindifferences in the external parameters across
the simulated time periods are the CO2 concentrations, continental
distribution, and orography (i.e., large-scale mountains). The CO2

concentrations largely determine the global mean temperature,
while continental distribution and orography break the zonal sym-
metry of general circulation by introducing background stationary
waves23,25,26,34. To examine the effects of climate, we conducted a set of
simulations with fixed CO2 at 10 times the PI level (FixCO2, Methods),
which exhibit much weaker climate variation than the default simula-
tions (Fig. S3a). The evolution of the leading EOFs over the North
Atlantic in FixCO2 shows a gradual emergence of an NAO-like pattern
mode (Fig. S3b), similar to that in Fig. 1c. The cooling of the climate
since 40Ma seems to have greatly enhanced the NAO-like mode,
consistent with results from current global warming studies35. It indi-
cates that climatemaymodify the characteristics of the NAO35,36, but is
unlikely to form theNAO itself. The impact of climatewill be addressed
in detail in a separate study. Here, we focus on the effects of con-
tinental distribution and orography on the evolution of the NAOunder
realistic paleoclimate history. In the following two sections, we
demonstrate that the expansion of the North Atlantic Ocean was the
main driver of the NAO’s origination and that the presence of the RM
likely enhanced the NAO substantially.

Origination of the NAO by the expansion of the Atlantic Ocean
As an internal variability mode, the NAO is closely related to storm
tracks, jet streams, and stationary waves23,24, whose regional features

are heavily influenced by continental configurations. Here, we show
that the expansion of the North Atlantic Ocean leads to a regime
transition in the NH winter circulation: the dominant region of tran-
sient eddy energy dissipation (represented by the storm track) shifts
from the North Pacific to the North Atlantic, accompanied by the
emergence of an NAO-like variability mode.

We first examine the NH winter stationary waves and their co-
evolution with continental drift (Fig. S4). Throughout all periods, the
NH exhibits a dominant wavenumber-2 pattern, corresponding to the
two major continents. Beginning at 110Ma, the North Atlantic Ocean
expands. The west coast of Eurasia remains near 0°E, while the east
coast of North America shifts westward. Prior to the expansion, the
North Pacific high pressure is significantly stronger than the North
Atlantic high pressure (Fig. S4a–e). As the North Atlantic Ocean
expands, the land-ocean contrasts over the North Atlantic sector
increase, and the North Atlantic high pressure strengthens and shifts
westward (Figs. 2a, S4). At the same time, the North Pacific high
pressure weakens relatively. The area ratio of the North Pacific high to
the North Atlantic high (Fig. 2b, with examples of the calculation
method in Fig. S6) clearly illustrates the shift of high-pressure centers
from the Western Hemisphere to the Eastern Hemisphere with the
expansion of the North Atlantic Ocean.

The jets and storm tracks undergo a similar transition (Fig. S5).
Prior to the expansion of the North Atlantic Ocean (Fig. S5a–e), in line
with the weak North Atlantic high pressure, the North Atlantic jet
extends eastward to Eurasia, close to the entrance of the Eurasian jet.
On the other hand, the strong North Pacific high leads to a wide jet
gap over the North Pacific, where transient eddy energy dissipates
and a strong North Pacific storm track forms. As time progresses, the
westward expansion of the North Atlantic high pressure pushes the
North Atlantic jet westward. Consequently, the jet gap over the North
Atlantic widens, while it narrows over the North Pacific. This results
in the weakening of the North Pacific storm track and strengthening
of the North Atlantic storm track (Fig. 2b). A strong North Atlantic
storm track corresponds to significant transient eddy energy
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Fig. 2 | The evolution of features of Northern Hemispheric winter circulation.
a the longitude of themidlatitude positive centers of the North Atlantic Oscillation
(NAO)-like patterns (red dots), the centers of the 250 hPa North Atlantic high
pressures (blue dots, with the size indicating the amplitude), and the mean long-
itudes of the east coastlines of the North America between 40°N and 60°N (black
dots). b The area ratio of the North Pacific high pressure to the North Atlantic high

pressure and the North Pacific storm track to the North Atlantic storm track. In (b),
we first find the 80%percentile contour of the pressure anomalies from 20°N to the
North Pole in each time period. Then, we calculate the ratio of the area enclosed by
the 80% percentile contour over the North Pacific and North Atlantic region. The
area ratio of the storm track is calculated in a similar way. Examples of the area
calculations are in Fig. S6.
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dissipation and increased jet meandering23,37,38, thus the emergence
of the NAO.

The shift of the North Atlantic jet over time is shown in Fig. 3. It
should be noted that the above discussion pertains tomidlatitude jets.
During 100Ma to 60Ma, a subtropical jet develops over the North
Pacific and merges with the North Atlantic jet, eliminating a distinct
North Atlantic jet core. However, since the subtropical jet is less
associated with storm tracks, the argument regarding the westward
shift of the North Atlantic jet remains unaffected.

A set of aquaplanet simulations with two rectangular lands
(Methods) is conducted to test the proposed mechanism in an idea-
lizedworld. In these simulations (Fig. S7), thedistancebetween the two
lands increases, analogous to the expansion of the North Atlantic
Ocean. As examples, the leading EOF shows a NAO-like pattern for an
ocean width of 60° (analogous to the PI), but not for 20° width
(Fig. 4a, b). Figure 4c shows a summary of the idealized simulations.
The NAO-like EOF emerges as the ocean between the two lands
becomes wide enough (approximately greater than 40°), consistent
with the results of paleoclimate simulations. The aquaplanet simula-
tions shows a regime transition of circulation qualitatively similar with
that in the paleoclimate simulation. As the two lands move away from
each other, a warm and high-pressure anomaly emerges and gradually
strengthens over the expanding ocean basin (Fig. S8). During the same
time, a strong storm track develops (Fig. S9), and a NAO-like variability
mode emerges (Fig. S7). The consistency between the idealized
simulations and the paleoclimate simulations confirms that a suffi-
ciently wide North Atlantic Ocean forms the NAO due to stationary
waves induced by the thermal contrasts between the ocean and land.

Strengthening of the NAO by the Rocky Mountains
Large orographic barriers, such as the Rocky Mountains, forms sta-
tionary waves by blocking the westerlies and inducing diabatic heating
anomalies26,39,40. Modifying the orography of the RM in numerical
simulations can substantially alter stationary wave, jet, and storm
track25,41. The modern RM formed through complex geological

processes of mountain building and erosion42–44. Based on the paleo-
geography used in our simulations45 (Fig. S10), the average height of
the RM has gradually increased since 100Ma (method, Fig. S10). To
evaluate the effects of the RM on the NAO, we conducted sensitivity
experiments with modified orography in both the idealized and rea-
listic setups.

In the idealized simulations, we added a two-dimensional Gaus-
sian-shaped mountain mimicking the RM, with average heights of
412m, 620m, 825m, and 1237m in the cases of TL0, TL20, and TL60,
respectively. The leading EOFs of these simulations are shown in Fig.
S11 and summarized in Fig. 4d. With a single continent (TL0), even the
tallest mountain does not lead to an NAO-like mode. In TL20, a
mountain with a height of 1237m is able to form an NAO-like mode. In
TL60, the NAO-like mode is strengthened when the mountain height
exceeds 825m. The mountain induces an orographic stationary wave
that superimposes on the land-ocean-induced stationary wave (Fig.
S12). The higher the mountain, the stronger the orographic wave.
Another important factor is the phase match between the orographic
and land-ocean-contrast stationary waves. In TL0, the two waves are
nearly out of phase, while in TL20 andTL60, their phases largelymatch
(Fig. S13). Despite differences in experimental design, our results agree
with those of Gerber and Vallis (2009)23, highlighting the importance
of the confluence of orographic and land-ocean-contrast waves in
strengthening the NAO.

We also performed a set of high-resolution simulations in which
the RM are flattened (NRM, method). Due to the limitation of com-
putational resources, these simulations cover the period from the PI to
100Ma with an interval of 20Ma. The simulation results are shown in
Fig. S14 and summarized in Fig. 1d. Comparing Fig. 1c and Fig. 1d, the
removal of the RM leads to a notable weakening of the NAO-like mode
from 40Ma to PI. The effect of the RM is less significant from 60Ma to
100Ma, presumably because the NAO-likemode wasweak and the RM
were lower and narrower during these times. The orographic waves of
RM are shown in Fig. S15. The results of the PI case are very similar to
previous studies (e.g., Fig. 9 in Brayshaw et al. 200925, Fig. 11 in Jiang
and Yang 201141). Throughout the examined time periods, the phases
of the orographicwaves approximatelymatch thoseof the land-ocean-
contrast stationary waves over the North Atlantic sector, indicating
that the presence of the RM helps localize and strengthen the NAO.
Compared with the idealized simulations, the results in the realistic
setup are much noisier and more complex. Many factors may con-
tribute to the complexity, such as the varying background flow and
orographic features of the real RM. Still, the conclusions from the
realistic and idealized sensitivity experiments agree that the RM may
have strengthened theNAO since 40Maby inducing orographicwaves
that enhance the land-ocean-contrast wave.

Discussion
This study simulates and examines the origin and evolutionof theNAO
on a geological timescale, spanning from the breakup of the super-
continent Pangea at 160Ma to the present. By combining time-slice
paleoclimate simulations and aquaplanet simulations, we demonstrate
that the robust NAO-like variability mode emerges as the North
Atlantic Ocean expands around 80Ma to 60Ma, associated with a
regime transition of the NH winter circulation. The expansion of the
North Atlantic Ocean enhances the land-ocean contrasts over the
North Atlantic region. As a result, the North Atlantic high pressure
strengthens, the North Atlantic jet moves westward, and the North
Atlantic storm track enhances, leading to the emergence of the NAO-
like mode. The presence of the Rocky Mountains also contributes to
the strengthening of theNAOby inducing orographic stationarywaves
that superimposed on the land-ocean-contrast stationary waves. A
schematic (Fig. 5) summarized the key circulation features associated
with the NAO before and after the expansion of the North Atlan-
tic Ocean.

Fig. 3 | The evolution of Northern Hemispheric winter jet cores. The longitudes
of 250 hPa jet cores (local maxima of zonal winds) of the Eurasian jet (black), North
Atlantic jet (blue), and subtropical Pacific jet (red). From outer to inner, the circles
denote time periods from 160Ma to pre-industrial.
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This study systematically examined the co-evolution of the NH
winter circulation with the continental configuration. The results have
important implications on the fundamental question of how the geo-
graphic features of solid earth shape the regional atmospheric circu-
lation and variability46. The regime transition of the NH winter
circulation associated with the expansion of the North Atlantic Ocean
may affect other atmospheric systems, such as the Pacific-North
American teleconnection47 and East Asia winter monsoon48. Here we
only examined themonthly outputs, it is likely that our conclusions are
also applicable to North Atlantic variability over other timescales, such
as daily or interannual24,49, thus having implications on regional
weather and climate.

Our results have some limitations that require further investiga-
tion. Itwouldbe interesting to explore the evolution of the leading EOF
of extratropical geopotential variation across the entire NH extra-
tropics, i.e., the Northern Annular Mode50. Some finer geographic
features, such as ocean gateways thatmay affect ocean circulation and

sea surface temperature distribution, were not considered here. Our
results show an enhancement of the NAO around 40Ma, coinciding
with the climate cooling and uplift of the RM. The uplift of the Tibetan
Plateau also occurred around 40 Ma51, and studies have suggested
nonlinear interactions between the orographic effects of the Tibetan
Plateau and the RM26,41. The effects of the Tibetan Plateau and other
nonlocal influences on the North Atlantic storm track52 and the NAO
are not explored in this study. Further investigations are needed to
disentangle the roles of climate, the Tibetan Plateau, and the RM in
shaping NH atmospheric circulation.

Methods
Reanalysis data and definition of the NAO
The reanalysis data from NCEP-253 are utilized. These data cover the
period from 1979 to 2020 and are gridded at a 2.5° × 2.5° resolution
with 17 vertical pressure levels. In this study, our focus is on the win-
tertime (December to February). TheNAO is defined1,50,54 by calculating
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Fig. 4 | The results of aquaplanet simulations.The regression of wintertime Z1000
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TL60 and (b) the TL20 cases. The black lines indicate the two rectangle continents.
(c) The zonal averaged leading EOF pattern, similar with Fig. 1(c, d), for all the

aquaplanet simulations with flat surface. d The zonal averaged leading EOF pattern
for the three sets of simulations with large-scale mountains. In (d), from top to the
bottom are the results when the two continents are connected (TL0), 20° apart
(TL20), and 60° apart (TL60), respectively.
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the leadingmodeof theEOF for thewintermonthly Z1000 (geopotential
height at the 1000 hPa level) over the North Atlantic region (20°N to
80°N, 70°W to 40°E for PI). For the paleoclimate period, we maintain
the size of the regional box but shift its location so that it always
centers on the North Atlantic Ocean. Our results are not sensitive to
reasonable perturbations in the choices of the regional box. The
modern NAO exhibits a robust equivalent barotropic structure1. With
this in mind, we posed a barotropic requirement for the NAO, stating
that both the leading EOFs of Z1000 andZ500 (geopotential height at the
500 hPa level) shall exhibit similar meridional dipole patterns. The
EOFs at 160Ma and 130Ma do not pass this criterion and are not
considered NAO-like modes (marked by the white diagonal in Fig. 1c).

Paleoclimate simulations
Our main results are derived from a series of time-slice paleoclimate
simulations using the Community Earth System Model 1.2.255

(CESM1.2.2). These time-slice simulations56 cover the period from
160Ma, predating the formation of the North Atlantic Ocean, to pre-
industrial (PI), with a 10-million-year interval. The PI simulation’s cli-
matology reasonably aligns with observations56. Key differences
between simulations lie in continental configurations and global mean
temperature. Globalmean surface temperatures for each era are tuned
to match proxy reconstructions57 by setting CO2 concentrations. Solar
radiation increases linearly from 1344Wm2 at 160Ma to 1361Wm−2 at
present. Paleogeographic maps are sourced from the paleo-digital
elevation model45, which provides the continental distribution,
bathymetric and topographymaps on the simulated time periods. The
evolution of the large topographic features, such as the Tibetan Pla-
teau and the Rocky Mountains, and oceanic gateways, such as the
Drake Passage and Tasmanian Passage, are included in the paleogeo-
graphic maps used in the paleoclimate simulations. The paleogeo-
graphic map is available at https://zenodo.org/records/5460860.

Each paleo period includes both low- and high-resolution simula-
tions. The low-resolution simulations consist of atmosphere (CAM4,
with a horizontal 3.75° × 3.75°), ocean (POP2, with a horizontal resolu-
tion of g37), land (CLM4), sea-ice (CICE4) and river components (RTM),
which are linked through a coupler. Since the paleogeographicmaps of
Scotese and Wright (2018) do not include information of ice sheets,
there are no prescribed ice sheets in our simulation except the PI
simulation that uses the CESM1.2.2’s default ice sheets. The impact of

the lack of ice-sheets shall be small for this study, since the Greenland
ice sheet emerges from 2.5 Ma58. The Antarctic ice-sheet emerges from
40Ma59, however, it is too far away from the North Atlantic region. The
low-resolution simulations are run to equilibrium (for several thousand
model years) to obtain the climatological states. Then, the high-
resolution simulations using an atmospheric model with a horizontal
resolution of f09 (0.9375° × 1.25°) are driven by the prescribed clima-
tological monthly mean sea surface temperatures (SSTs), sea-ice, and
annual mean land vegetation, which are derived from the correspond-
ing low-resolution simulations. Each high-resolution simulation also run
to equilibrium, and we analyze the outputs of the last 60 years. The
results of the low- and high-resolution simulations are similar. Here, we
present the high-resolution simulations as the default simulations.

A set of simulations with fixed CO2 (short for FixCO2) is per-
formed to examine the effect of background climate on the evolution
of the NAO. These simulations follow the same setup as the default
runs, except the CO2 concentration in all the time periods is fixed at 10
times the PI value. For each paleo time period, we also first run an
atmosphere-ocean-coupled low-resolution simulation to obtain the
climatological SSTs. Then, a high-resolution atmosphere model is
driven by the climatology from the low-resolution simulations. The
results of the FixCO2 high-resolution simulations are summarized in
Fig. S3. Note that the global mean surface temperature in FixCO2
fluctuates with a standard deviation of 1.3 K, due to surface albedo
changes associated with the evolution of continental configuration60.

A set of simulations with flattened Rocky Mountains (short for
NRM) is performed to examine the effects of the RM on the evolution
of the NAO. These simulations are the same with the default high-
resolution simulations (driven by low-resolution simulations with
various CO2), except we set the areas over the RM with a surface ele-
vation above 300meters to 300meters. The other surface properties,
such as vegetation, are unchanged. The NRM simulations are per-
formed for the timeperiod fromPI to 100Mawith an interval of 20Ma.
The results of the NRM simulations are summarized in Fig. 1d.

Aquaplanet simulations
We conducted a series of aquaplanet simulations with CESM1.2.2 to
explore the relationship between the width of the ocean basin and the
NAO. Initially, we performed a slab ocean simulation (with a depth of
50 meters) with a prescribed ocean heat flux61. The seasonal cycle is

160 Ma Modern

RM

NAO

a b

Fig. 5 | A schematic of the circulation features. a Is before and (b) is after the
expansion of the North Atlantic Ocean. The thick black contour denotes upper
tropospheric westerly jet, the yellow color denotes high-pressure anomalies, and
the red color denotes storm track. The grey line denotes thewaveguide of transient

eddy propagation. The continental distribution, westerly, and high-pressure
anomalies in (a) are from the results of 160Ma case, and in (b) are from themodern
case. In (b), the meridional diploe of NAO and the Rock Mountains (grey shading)
are also plotted.
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driven by an obliquity of 23.5°. Subsequently, a set of atmosphere-only
simulations was run with SST prescribed as the monthly-mean SST
obtained from the slab ocean simulation. Given the 50m ocean depth,
the seasonal cycle of SST in the slab ocean simulation lags behind
observations by about 2months61,62. This SST lag is adjusted in thefixed
SST simulations. ThefixedSST simulations also feature two rectangular
continents covering 20°N-70°N with a width of 60° and 120°, respec-
tively. These continents may analogously represent the North Amer-
ican and Eurasian continents. The land elevation is set at 50m, and the
surface vegetation is grassland. In each simulation, the distance
between the twocontinents varies from0° to 160°with intervals of 20°.
These simulations are named Two-Lands-simulations (TL*, where *
refers to the distance between the two lands). Each simulation runs for
210 years, with the monthly outputs of the last 150 years analyzed.

To examine the effect of the RM on the NAO, we performed
additional experiments with RM-like mountains in the TL0, TL20, and
TL60 cases. Themountains are two-dimensional gaussian shaped with
a half width at half maximum of 5° in the zonal direction and 15° in the
meridional direction. The latitude of the mountain peak is 45°N, and
the longitude is 15° west to the coast line of the smaller continent. In
TL0, we run four simulations with the mountain peak of 523m, 786m,
1050m, and 1500m. The corresponding average heights (following
the calculation below) are 412m, 620m, 825m, and 1237m, respec-
tively. The same is done for the TL20 and TL60 cases. Thus, there are
12 simulations in total with idealized mountains. The results of the
NRM simulations are summarized in Fig. 4d.

Calculation of the average height of the Rocky Mountains
Over geological time, the evolution of the orographic features of the
RM is quite complicated (the gray dotted contours in Fig. S5). For
simplicity, we calculate the average height of the RM as follows: first,
we identify the peak of the RM between 30°N and 50°N. Next, we
determine the highest grids at each latitudewithin a latitudinal band 5°
north and south of the peak. Finally, we average the height across a
meridional band 5° west and east of the peak at each latitude. The
evolutionof the averageheight of theRM is shown in Fig. S10.Different
metrics of the RM height may yield different values, but the overall
trends are similar.

Data availability
The NCEP Reanalysis-2 data are available at (https://psl.noaa.gov/data/
gridded/data.ncep.reanalysis2.html). The paleoclimate simulation data
in this study are reported in and available at Li et al. (2022)56. The ana-
lyses data are available at https://doi.org/10.5281/zenodo.1450702263.

Code availability
The codes for the analyses are available at https://doi.org/10.5281/
zenodo.1450702263.
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