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Abstract. The North Atlantic Oscillation (NAO) heavily influences European climate and weather and is projected to change
with future warming. Despite it’s strong links to climate, there has not yet been an analysis of the NAO using the most
recent climate model simulations of the Late Pliocene. Using data from the Pliocene Model Intercomparison Project Phase
2 (PlioMIP2), the NAO and North Atlantic atmospheric circulation are analysed. In winter an increased meridional sea level
pressure gradient contributes to an increase in the multi-model mean NAO index. However, this is model dependent with only a
few models displaying changes in the NAO index. Using forcing factorisation simulations, the differences in sea level pressure
are found to be driven by non-CO; boundary conditions such as ice sheets and orography. These changes in the NAO also relate
to shifts in the zonal winds, with North Atlantic Westerlies being more poleward in winter, and more equatorward in summer.
When examining European climate, Northern Europe is on average wetter in the Late Pliocene compared to the pre-industrial,
but this is not linked to a difference in NAO behaviour. The simulations examined all show increased mean precipitation over
Northern Europe in the Late Pliocene compared to the pre-industrial. Shifts in the distribution of wettest month rainfall are not
linked to any change in the NAO index. This could imply changes in Northern European Late Pliocene precipitation extremes,
but that these differences are may not be related to differences in the NAO. These shifts in rainfall distributions demonstrate

the importance of considering multiple models when examining variability, especially in a palaeoclimate context.

1 Introduction

1.1 The Late Pliocene

The Late Pliocene (specifically Marine Isotope Stage KM5c, 3.205 Ma) climate has been the focus of the second phase of
the Pliocene Model Intercomparison Project (PlioMIP2) (Haywood et al., 2020, 2024), and palacoenvironmental reconstruc-
tions using proxy data (e.g. Foley and Dowsett, 2019; McClymont et al., 2020). PlioMIP2 comprises of outputs from of 17
atmosphere-ocean coupled climate models that aim to simulate the Late Pliocene climate in a consistent manner. In the core
Late Pliocene experiment, CO, concentrations were set to 400 ppmv and the Antarctic and Greenland ice sheets were reduced
in size compared to modern. Palaeogeography was similar to the modern, however key differences such as the closures of

some Northern Hemisphere ocean gateways (Baring Strait, Hudson Bay and Canadian Archipelago) and changes to vegetation
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cover also drive the change in the climate. The PlioMIP2 multi-model mean (MMM) simulates global annual mean surface
air temperatures of 3.2°C above pre-industrial and a global annual precipitation 7% above than pre-industrial (Haywood et al.,
2020).

Studies of the Late Pliocene climate have improved our understanding of the climate system and how it responds to a range
of forcings. The majority of Late Pliocene modelling studies focus on the long-term mean state. However, changes to large-
scale circulation such as the westerly winds (Li et al., 2015), the Intertropical Convergence Zone (Han et al., 2021), Hadley cell
circulation (Pontes et al., 2022), sea ice (de Nooijer et al., 2020) and the Atlantic Meridional Overturning Circulation (AMOC)
(Zhang et al., 2021; Weiffenbach et al., 2023) may impact modes of variability and the occurrence of extreme events. This
change in simulated variability by climate models may have implications for the way that models are compared to each other
and to proxy reconstructions.

Some studies have examined higher frequency (monthly or daily) variability in the Late Pliocene. Pontes et al. (2022) and
Oldeman et al. (2021) report a reduction in El-Nifio Southern Oscillation (ENSO) variability across the PlioMIP2 ensemble.
Changes in circulation patterns have been linked to alterations in extreme precipitation in the American North Pacific Coast
(Menemenlis et al., 2021). Considering the North Pacific mid-latitudes, Oldeman et al. (2024) report a reduction in the variabil-
ity of sea level pressure (SLP) in response to an implementation of Late Pliocene non-CO, boundary conditions in CCSM4-Utr.
However, despite changes to the tropical Pacific, the Pacific Decadal Oscillation remains similar to pre-industrial conditions in
the Late Pliocene (Canal-Solis et al., 2025). Examining these differences in variability, and the drivers of them is key to un-
derstanding climate extremes in the Late Pliocene which may have implications for the way the Late Pliocene is considered or
viewed as an analogue for future climate states. Previous studies have focused on the Pacific basin but there has been less study
of North Atlantic variability in the Late Pliocene from the latest phase of PlioMIP, and its possible implications for circulation

and climate patterns in Europe.

1.2 North Atlantic variability

The leading mode of variability in the North Atlantic is the North Atlantic Oscillation (NAO), which characterises the variability
in surface pressure gradients over the North Atlantic (Hurrell, 1995). In a positive phase, there is an enhanced pressure gradient
over the North Atlantic associated with a stronger North Atlantic jet stream (Woollings et al., 2010). In winter, this creates
warmer, wetter conditions over northwestern Europe and cooler drier conditions to Southern Europe. During a negative phase,
the pressure gradient weakens displaying an equatorward jet stream, cooler and drier conditions in northwestern Europe and
wetter, warmer conditions in southern Europe (Hurrell et al., 2003). In the Northern Hemisphere summer, the location of the
high pressure centre shifts northeast, closer to Ireland. Like the winter NAO, in summer the westerly winds sit equatorward
during a negative phase (Dong et al., 2013).

The NAO exerts a strong influence on European climate and hence on agriculture (Kim and McCarl, 2005) and energy
supply (Francois, 2016; Jerez et al., 2013). Therefore, predicting the behaviour of the NAO has many potential socio-economic
benefits. Recent advancements have been made in the long-range prediction of the NAO (Riddle et al., 2013; Scaife et al.,
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2014), however there is still uncertainty regarding how the NAO will respond to a warming climate with potentially large
consequences for impacts on European weather (Smith et al., 2025).

From observations of present day climate (1950-2020), the wintertime jet stream has been strengthening along with a trend
in sea level pressure that resembles a more positive NAO (Blackport and Fyfe, 2022). This impacts trends in European precipi-
tation, with reanalysis data showing a stronger relation to jet stream speed compared with climate model simulations (from the
Climate Model Intercomparison Project Phase 6 (CMIP6) (Blackport and Fyfe, 2022)).

Models representation of the NAO creates a challenge in understanding how it may behave in the future. Currently models
underestimate variability in the North Atlantic region (Kravtsov, 2017; Schurer et al., 2023), which has been attributed to
model representation of stratosphere-troposphere interactions (O’Reilly et al., 2019). This also extends to future projections
where climate models are likely underestimating internal variability (O’Reilly et al., 2021), which has implications for climate
extremes. Due to high levels of internal variability in models, is it difficult to identity a robust change in the future NAO due
to internal variability being larger then forced response (McKenna and Maycock, 2021). Despite this, studies have suggested
that the NAO will become more positive under high-emission scenarios (Mitevski et al., 2025; Smith et al., 2025). This has
been shown to account for some of the projected differences in winter precipitation in Southern Europe, but is not significant
for projected northern European precipitation (McKenna and Maycock, 2022).

The NAO is a key driver of extreme events such as heatwaves, storms and cold spells (Li et al., 2020a; Horton et al., 2015;
Zanardo et al., 2019). Therefore, understanding how the NAO might change in response to external forcing is important both

for future climate, but also for understanding the occurrence of extreme events of the Late Pliocene in the European region.

1.3 Late Pliocene North Atlantic Oscillation

The NAO began to operate 60 Myr ago with the expansion of the North Atlantic Ocean (Song et al., 2025), and so has
existed across a range of climate states. Examining the NAQO, the jet stream and their impacts on European hydroclimate in
the Late Pliocene may provide insight into how longer term forcings might impact North Atlantic variability and European
hydroclimate. By using the Late Pliocene, we can assess the behaviour of the NAO in a warm climate state that has been
validated against proxy data.

Previous studies of the Pliocene have noted changes to the North Atlantic circulation. Haywood et al. (2000) noted a strength-
ening of the North Atlantic pressure centres along with increased precipitation over North West Europe, indicative of a more
positive NAO. Hill et al. (2011) examined the NAO in the Pliocene using the HadCM3 model and found an increased strength
in the Iceland Low in the Pliocene compared to the pre-industrial control simulation, which would create a more positive NAO.
This strong Iceland low was related to reduced variability in the North Atlantic (Hill et al., 2011). However, the majority of
these changes were due to Pliocene orography, particularity the lowering of the Rocky Mountains, which is not included in the
PlioMIP2 boundary conditions (Haywood et al., 2016). The NAO can also impact sea ice (Wang et al., 2025). However, studies
with PlioMIP1 models do not show a relationship between decadal NAO patterns and sea ice extent (Howell et al., 2016).

There are proxy records of the NAO during the wider Pliocene Epoch. From analysis of annual sedimentary layers Mufioz

et al. (2002) find NAO-like periodicity around 2.8 Ma. Tree rings also provide an opportunity to study annually resolved
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temperature variability based on isotope analysis (Csank et al., 2013). Tree ring data from the Canadian Arctic indicates that
the NAO was present during the Pliocene (Hill et al., 2011).

The NAO has also been examined in other palaeo periods. This generally reveals that in warmer climates the NAO has a
larger amplitude compared to cooler climates where the NAO amplitude is weakened (Zhao et al., 2026). Likewise in climate
model simulations of the Last Glacial Maximum, the majority of models simulate reduced winter NAO variability (Rehfeld
et al., 2020).

Late Pliocene NAO has not been examined using the PlioMIP2 ensemble which includes an updated palaecogeography from
previous studies leading to a better match between modelled and reconstructed sea surface temperatures (SSTs) in the North
Atlantic (Haywood et al., 2020). This difference in simulated SSTs and signifiant changes to boundary conditions in this region
such as the Canadian Archipelago, Baltic sea and Greenland Ice sheet could have large impacts on North Atlantic Circulation.
There are indications of a stronger wintertime North Atlantic jet during the Late Pliocene (Buchan et al., 2026), which is likley
related to NAO behaviour. From PlioMIP2 outputs, the mean change in precipitation displays a wettening of northern Europe
and a drying of Southern Europe compared to pre-industrial control simulation (Haywood et al., 2020). This resembles a more
positive NAO pattern.

This study aims to examine the NAO in the Late Pliocene, what boundary conditions are responsible for any differences and
if there is any impact of the NAO on European climate. Understanding these changes may provide an enhanced understanding
of the behaviour of the North Atlantic Oscillation in a warmer climate and also provide a perspective on the drivers of European
climate. To achieve this data from the PlioMIP2 ensemble is used. The data and analysis methods are described in section 2.
Section 3 discusses the changes and drivers of sea level pressure, changes to zonal wind patterns and the NAO in the Late
Pliocene. An initial assessment of shifts in the distribution of precipitation over Europe is also presented. The significance of

the results and suggestions for future research are presented in Section 4.

2 Data and Methodology

2.1 PlioMIP2 data

We use outputs from the 17 models run as part of PlioMIP2 which are listed in Table 1. We follow the PlioMIP2 naming
convention of Ex°, where c is the CO, concentration and x is a combination of o (Late Pliocene orography, including land
sea mask and vegetation changes) and i (Late Pliocene ice sheets). This means E*®, is a simulation with pre-industrial CO,
(280 ppmv), orography and ice sheets (the PlioMIP2 pre-industrial experiment) and Eoi*?® is a simulation with Late Pliocene
CO, (400 ppmv), orography and ice sheets (the PlioMIP2 Late Pliocene experiment).

The Late Pliocene experiments feature a reduced extent of the Greenland and Antarctic ice sheets as well as the closure of
some key ocean gateways (Bering Strait, Canadian Archipelago and the Torres Strait) (Dowsett et al., 2016). CO; levels are set
to 400 ppmv, but all other greenhouse gases are kept as the pre-industrial value (Haywood et al., 2016). The large scale changes

in response to these boundary conditions are reported in Haywood et al. (2020).



125

130

https://doi.org/10.5194/egusphere-2026-4616
Preprint. Discussion started: 12 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Table 1. Models from PlioMIP2 used in this study and their atmospheric resolution. The models marked with a star (*) use the pre-industrial

control simulation (E**°) land sea mask for the Late Pliocene (Eoi*™) experiments.

Model ID Atmosphere Resolution ~ Reference

CCSM4 09x1.25 Feng et al. (2020)
CCSM4-UoT 0.9 x1.25 Chandan and Peltier (2017)
CCSM4-Utr 25x%x1.9 Baatsen et al. (2022)
CESM1.2 09x1.25 Feng et al. (2020)

CESM2 09x1.25 Feng et al. (2020)
COSMOS 3.75x3.75 Stepanek et al. (2020)
EC-Earth3.3 1.125 x 1.125 Zheng et al. (2019)
GISS2.1G 20x%x2.5 -

HadCM3 2.5%x3.75 Hunter et al. (2019)
HadGEM3* 1.875 % 1.25 Williams et al. (2021)
IPSLCM6A 2.5%x1.26 Lurton et al. (2020)
IPSLCM5A2 3.75 x 1.875 Tan et al. (2020)
IPSLCMSA 3.75 x 1.875 Tan et al. (2020)
MIROC4m ~28x%x28 Chan and Abe-Ouchi (2020)
MRI-CGCM2.3* ~2.8x2.8 Kamae et al. (2016)
NorESM1-F 1.9%x2.5 Li et al. (2020b)
NorESM-L ~3.75x3.75 Li et al. (2020b)

We also use data from forcing factorisation experiments [Eo?®°, Ei*®, Eo*® and Ei**’] from the models CCSM4-UoT,
COSMOS and HadCM3 to understand how boundary conditions drive simulated changes. The recommended set up of these
experiments are provided in Haywood et al. (2016). To assess the models performance in simulating sea-level pressure, we
refer to data from NOAA-CIRES-DOE Twentieth Century Reanalysis version 3 (NOAA CR20). 100 years of data (1900-
1999) were used, and linearly detrended to remove longer term forced trends to be more comparable with the stationary

E280

climate simulations. There are uncertainties arising in reanalysis data from sparse measurements and fewer observations

in the earlier part of the sample period meaning it is not a perfect comparison to the control simulations included here.

2.2 Analysis

For the analysis, we take the final 100 years of each simulation regridded to 1° by 1° to allow for comparison between models
and to construct a MMM. To define the NAO, we take a station based approach and use the difference in sea-level pressure
(SLP) between two boxes, a lower pressure northern box, and a higher pressure southern box. Following Mitevski et al. (2025),

the winter (December, January February (DJF)) NAO is defined as the difference in SLP between the Azores (35°N - 40°N,
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30°W - 20°W) and Iceland (60°N - 70°N, 25°W - 10°W). Due to the shift in the high pressure system in summer (June, July,
August (JJA)), the southern box is taken as 45°N - 55°N, 25°W - 10°E, and the Northern box remains the same as the winter
(60°N - 70°N, 25°W - 10°W). This station based metric provided a similar result to using the leading empirical orthogonal
function (EOF1) (Figs. S1 and S2). To understand the drivers of the change in SLP we follow the Lunt et al. (2021) linear-sum
factorisation to separate out the influence of CO,, ice sheets and orography. Due to the nature of the PlioMIP2 experimental
design (Haywood et al., 2016), it is not possible to fully separate out the orography and ice sheets as changing the ice sheet
will impact the orography.

To examine changes to North Atlantic circulation we use the the zonally averaged zonal wind speed in the North Atlantic
region (15°N — 75°N, 60°W — 0°E, defined by Woollings et al. (2010)). Three pressure levels (200, 500 and 850 hPa) are used
as these levels are common to all the models examined. The latitude of the jet stream is defined as the latitude of maximum
zonal wind speed, and the speed is taken as the maximum zonally averaged zonal wind speed. A cubic spline interpolation is
used around the maximum to achieve a latitude precision of 0.1°.

To understand the impact of the NAO on European climate, we examine how temperature and precipitation vary in the
strongest and weakest NAO years. This is done by taking the years with the 10 highest and 10 lowest NAO indexes for all
models and then constructing a MMM. Following McKenna and Maycock (2022) the change in European precipitation and
temperature, and the contribution to the change, is found. This is done by regressing the temperature/precipitation data onto
the NAO index in the pre-industrial control simulation to understand how the temperature/precipitation varies in response to
the NAO. These correlations are shown in Figs S4 and SS5. These relationships are then multiplied by the difference in the NAO
index to understand how much of the simulated change is driven by the NAO. There are some limitations with this method
given that the data used features single runs rather than ensembles of the same models, so there is less data to construct the
regression.

Finally to assess the shift in the distribution of precipitation over Europe, a northern (45°N - 72°N, 10°W - 30°E) and
southern region (32°N - 45°N, 10°W - 30°E) are defined based on the pattern of change in precipitation between the Late
Pliocene and the pre-industrial. Here only the climatologically wettest month in the pre-industrial simulation for each region is

examined. The area-weighted precipitation values are then taken and compared between periods.

3 Results and interpretation

3.1 Changes to North Atlantic Sea level Pressure

Over the North Atlantic, the pre-industrial MMM is in general agreement with the reanalysis data (Fig. 1) although differs
in detail. In the winter months, the MMM simulates a pressure that is too high over North Africa and too low over Northern
Europe. This leads to a stronger simulated pressure gradient than in the reanalysis data. In the summer months, the MMM is
higher than the reanalysis over the northern North Atlantic region. There is a spread among the models with regards to the

representation of modern day climate, with the individual difference between the models and the reanalysis data shown in Figs.
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Figure 1. Multi-model mean sea level pressure (SLP) in the pre-industrial simulation (E®"), Late Pliocene Simulation (Eoi*”) and the

400_E280) The contours in a and e show the difference between E** and the NOAA CR20 reanalysis data following the colour

difference (Eoi
scheme of pannels ¢ and g. The arrows note the strength and direction of the 850 hPa wind field. Panels d and h show the multi-model mean
zonal pressure for E*** (blue), Eoi*” (red) and NOAA CR20 reanalysis (dashed grey). Panel a-d show data for December, January, February
(DJF) mean and panels e-h show the June, July, August (JJA) mean. The areas used to define the NAO index are shown by the black boxes

in panels b and f.

6 and 7. Differences may be due to the models representation of the North Atlantic or uncertainties in the reanalysis data,
particularly from the earlier part of the reanalysis period, or changes to the reanalysis data through time not accounted for by
the linear detrending.

1400

In winter months, the largest differences between Eoi E280

and are seen in the western part of the North Atlantic Basin
(Fig 1c) with weaker changes seen in the regions used to calculate the NAO index. In the summer months there is a large
decrease in sea level pressure to the west of Ireland consistent with the region used to define the summer time NAQO. This
summer pattern is opposite to that projected by higher (abrupt 2x,4x and 8x CO,) CO, simulations (Mitevski et al., 2025).
Comparing the zonal pressure gradients across the two time periods, in the winter months, the pressure gradient is stronger
in the Late Pliocene than the pre-industrial simulations with both a strengthening of the Azores high and a deepening of the
Icelandic low, although the largest differences in pressure are seen in the western North Atlantic. This increase in the pressure
gradient in winter is consistent with a more positive NAO index. There is a less pronounced gradient change in the summer

months, but comparing the spatial pattern and the position of the boxes used to calculate the NAO index (Fig 1f), the deepening

of the high pressure system would suggest a more negative NAO index in the mean state.



180

185

190

https://doi.org/10.5194/egusphere-2026-4616
Preprint. Discussion started: 12 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

CCSM4-UoT
Total CO2 Ice Sheet Orography
4 " 4 ‘t 7 0
© % © %
N N N
COSMOS
Total CO2 Ice Sheet Orography

&

t

‘- 4 ‘- 4
© © %
\

N N

HadCM3
Total CO2 a Ice Sheet Orography
4 D 4 ‘- 4 ‘A 4
© % © % © & &

[/

N N N

10 -8 =6 -4 -2 0 2 4 6 8 10
SLP (hPa)

Figure 2. Change in the December, January, February sea level pressure (SLP) between the Late Pliocene and pre-industrial along with the

contribution from CO,, ice sheets and orography from three PlioMIP2 models.

Following the linear sum forcing factorisation method (Lunt et al., 2021), the contribution of different Late Pliocene bound-
ary conditions on SLP can be found. As the full suite of forcing factorisation experiments is needed to achieve this, this analysis
is carried out with CCSM4-UoT, COSMOS and HadCM3 where the required simulations are available. In the winter months,
the total change in SLP is diverse across the three models used, with CCSM4-UoT and COSMOS having opposite responses
(Fig 2). One consistency across these models is the small contribution from CO, forcing, with the majority of the change being
forced by the ice sheet and orography boundary conditions. This is similar in the summer (Fig 3), with the ice sheet forcing
contribution lowering pressure over the North Atlantic across the three models, but orography having a different influence
depending on the model. In both summer and winter months, the majority of model differences are created by the orography
boundary conditions, which suggests that changes to the land sea mask and vegetation patterns have a large impact on North
Atlantic circulation. The small contribution from CO, also indicates that the Late Pliocene is not a suitable analogue for future
shifts in the NAO under CO, driven warming. Nevertheless, it highlights the importance of considering the drivers of change,
and how experimental setup and model uncertainties contribute towards uncertainty in understanding circulation in the North

Atlantic region.
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Figure 3. Change in the June, July, August sea level pressure (SLP) between the Late Pliocene and pre-industrial along with the contribution

from COs», ice sheets and orography from three PlioMIP2 models.

As COSMOS includes dynamic vegetation in each of the runs (Stepanek et al., 2020), it is also not directly comparable
to the other models that use static vegetation as feedbacks between climate and vegetation can lead to larger changes in
surface temperature (O’ishi et al., 2021). This may also be influenced by feedbacks between altered circulation and changes in
vegetation, which are not captured when using prescribed vegetation.

Changing the Greenland ice sheet impacts North Atlantic circulation. By implementing Late Pliocene ice sheets, the orogra-
phy of Greenland is changed. Greenland orography has been noted as being important for the position of the North Atlantic jet
(White et al., 2019). The large response to orography is expected given that orography is one of the main drivers in increasing
AMOC strength in the Late Pliocene (Weiffenbach et al., 2023), which leads to increased sea surface temperatures in the North
Atlantic. Hill et al. (2011) also note that the NAO responds most strongly to changes in orography, with the height of the Rocky

Mountains being noted as being particularly important.
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Figure 4. Mean North Atlantic Oscillation (NAO) (left) and standard deviation (right) for pre-industrial (E2**), Late Pliocene (Eoi*") and the

difference (Eoi*® - E*"). The black bars represent the multi-model mean with each model labelled. The horizontal position of the models

has no meaning, they are shown alphabetically left to right. The star shows the value in NOAA CR20. The top panels indicate December,

January, February (DJF) and the bottom panels are for June, July, August (JJA).

3.2 NAO behaviour in the Late Pliocene

Considering the change in the meridional gradient of the zonal pressure over the North Atlantic in winter, a more positive

mean NAO index would be expected. When examining the MMM mean NAO index from the PlioMIP2 models, the NAO is

more positive on average (Fig 4). However, there is large model spread in this value. Six of the models examined show little
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difference in the NAO index. Five models show larger positive changes (COSMOS, MRI-CGCM2.3, MIROC4m, NorESM-
L and CESM2) and CCSM4-UoT and GISS2.1G display a more negative mean NAO index in the Late Pliocene simulation
compared to the pre-industrial control. These changes are expected when compared to the spatial pattern of SLP differences
in each model (Fig. S8). Previous studies have linked increasing CO, to a more positive NAO index (Mitevski et al., 2025),
although as mentioned in section 3.1, the main driver of Late Pliocene SLP is not CO,.

In the summer months, the Late Pliocene has a weaker mean NAO index than the pre-industrial, which is consistent across
the majority of the PlioMIP2 models examined. This is likely due to the deepening of SLP off the coast of Ireland, where the
summer NAO region is defined, caused by changes to ice sheets and orography. This is not consistent with future projections,
which also suggest a more positive summer NAO under higher CO, conditions (Mitevski et al., 2025). But again, the majority
of the SLP differences are driven by non-CO, boundary conditions.

As there is only one ensemble member per model within the PlioMIP2 ensemble, it is difficult to calculate the internal
variability of the model to assess if these changes in the mean state are robust, or if they sit within the bounds of the internal
variability of the model. As noted for future NAO, only some models simulate a change that is outwith its range of internal
variability (McKenna and Maycock, 2021). There may also be other, longer-period modes of variability, such as the Atlantic
Multi-decadal Oscillation that could be modulating the results seen here.

There is little agreement amongst models in regards to changes in the variability of the NAO in winter. However, most
models show a small reduction in variability in summer. This range in response across models highlights the importance of
examining multiple models when examining variability, as even under a climate with strong forcings, there are still inconsistent
model responses. It also shows why it is important to consider variability as the change in variability may impact European

climate, which in turn could influence how the climate is recorded in proxy data.

3.3 North Atlantic circulation changes

Following the relationship between the NAO and the jet stream over the North Atlantic (Woollings et al., 2010), with a positive
NAO being related to stronger wind speeds over the North Atlantic, changes to zonal wind speeds are included here.

In the winter months at all three pressure levels (200, 500 and 850 hPa) the majority of models show poleward shifted
westerlies (Fig. 5. At 200 hPa, due to strong wave breaking patterns in the North Atlantic, CCSM4-UoT and CESM1.2 show
large jumps in the latitude of maximum zonal wind speed. To improve understanding of changes in North Atlantic circulation,
daily data could be used to improve the definition of the jet stream including tilt and allow for the eddy driven jet to be identified.
However, this is not currently possible with the available simulations of the Late Pliocene at a multi-model ensemble level.
Similarly, the majority of models show faster westerly winds at 200 and 850 hPa. This poleward, faster jet is consistent with
a more positive NAO. At 850 hPa, CCSM4-UoT and GISS2.1G displays slower westerly winds, differing from the rest of the
ensemble, and this is consistent with the opposite response also shown in the NAO index change (Fig. 4) and SLP pattern
(Fig. S8). Comparing the changes in the westerly winds to the NAO index we see that in winter months, the models that
show a positive change in the mean NAO index also display poleward (Fig. S10) and faster (Fig. S11) westerly winds. This

is expected, as during a positive phase of the NAO, the jet stream and storm tracks are intensified and shifted poleward, often
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Figure 5. Change to the North Atlantic zonal wind speed and position in December, January February (DJF) and June, July, August (JJA) at
three pressure levels (200 hPa, 500 hPa and 850 hPa). The dashed lines indicate position of zero change.

bringing wetter weather to Northern Europe. The models that display the stronger relationship between the latitude of the
westerly winds and the NAO (COSMOS, MRI-CGCM2.4 and MIROC4m) are also some of the lowest-resolution models in
the ensemble, indicating that model resolution may play a significant role in the representation of North Atlantic circulation in
climate models, as found in previous studies (Roberts et al., 2020; Athanasiadis et al., 2022; Haarsma et al., 2019).

Consistent with changes to the summertime NAO (Fig. 4), the zonal wind speeds are more equatorward in the Late Pliocene
compared to the pre-industrial simulations, although there is less model agreement in the change of zonal wind speed (Fig
5). In summer the models that show a decrease in the mean NAO index also show a southward shifted jet (Fig. S10), but the
relationship with speed is less clear (Fig. S11). The East Atlantic pattern (EA) has also been noted as having an important role
in controlling the position of the jet stream (Woollings et al., 2010). However, we do not include that here. When examining

the amount of variance explained by the EA there are no significant differences between the Late Pliocene and pre-industrial

(Fig. S3).
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3.4 Impact of NAO on European climate in the Late Pliocene

As the NAO and westerly winds impact European climate (Hurrell et al., 2003), any change to these circulation patterns could
lead to differences in the climate over Europe. Here we consider changes to European winter time climate as the NAO is

strongest during this time.
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Figure 6. Multi model mean, December, January, February precipitation for the (a) pre-industrial simulation (E?*°), (b) Late Pliocene simu-

lation (Eoi400) and (g) the difference between them (E0i400-E280. Panels (b) and (e) show the difference between the 10 strongest NAO years

and the mean, and Panels (c) and (f) show the difference between the 10 weakest NAO years. Panels (h) and (i) show the difference between

the Eoi*® and E* extreme NAO years.

Under future climate projections, it is expected that in winter months, northern Europe will see increased precipitation with
southern Europe seeing a decrease (Zappa et al., 2015; McKenna and Maycock, 2022). This is also consistent with the future
changes in the projected NAO. Considering the change to the mean state precipitation over the North Atlantic and Europe in the
Late Pliocene (Fig 6g), Northern Europe has increased precipitation whereas Southern Europe has little change when compared
to the pre-industrial simulation. Examining the impact of the ten most extreme NAO years, the pre industrial simulation shows
the expected pattern associated with positive and negative phases of the NAO (Fig 6b and c¢). The mean state change also
resembles the rainfall pattern seen in the more positive NAO years. This relationship between the extremes of the NAO index

are similar in the Late Pliocene suggesting that the relationship between European precipitation and the NAO remains in the
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Figure 7. Multi model mean, December, January, February near-surface air-temperature for the (a) pre-industrial simulation (E®%), (b) Late

Pliocene simulation (Eoi**®) and (g) the difference between them (Eoi*®-E?*. Panels (b) and (e) show the difference between the 10 strongest

NAO years and the mean, and Panels (c) and (f) show the difference between the 10 weakest NAO years. Panels (h) and (i) show the difference

between the Eoi*® and E** extreme NAO years.

Late Pliocene. A similar pattern is seen with winter temperatures, but the mean state change shows a general warming and does
not follow a classical pattern of NAO influence (Fig 7).

As the NAO still exerts an influence on European climate it highlights the importance of considering differences in the mean
state, and variability from a multi-model perspective as changes in the NAO may impact European climate. This also shows
how likely it may be to see an expression of NAO when comparing modelled change to palaeoenvironmental reconstructions
like those presented in Salzmann et al. (2008) and Salzmann et al. (2013).

Following the method by McKenna and Maycock (2022), the impact of the change in the NAO on temperature and precip-
itation can be evaluated. For both winter time precipitation and temperature, the change in the NAO has little impact on the
simulated differences (Fig 8). This is expected in the MMM as less than half of the models show a large shift in the NAO index
(Fig 4). However, even the models with a larger change in the NAO index (CESM2, COSMOS, MIROC4m, MRI-CGCM2.3
and NorESM-L) still show that the majority of precipitation differences are driven by non-NAO related factors (Fig S12).
These results are expected as this method only considers the relationship between the NAO in the pre-industrial control and

many other factors such as altered land cover will affect the precipitation pattern over the European region. To fully understand
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Figure 8. Multi-model mean, December, January, February precipitation (top row) and temperature (bottom row) change between the Late

Pliocene and the pre-industrial simulations (Eoi*®-E?**) showing the total change, the change due to a shift in the North Atlantic Oscillation

(NAO) and the residual changes. The NAO contribution is calculated by multiplying the relationships been the NAO and precipitation/tem-
perature (Figs. S4 and S5) by the change in the NAO index. Individual model responses are in Figs S12 and S13.

the role of the NAO on European climate, and the impact of wider changes, more analysis including dynamical vegetation
simulations and daily outputs would be required.

Despite these uncertainties, it is clear that there are mean state changes in precipitation and temperature over the European
region which may be visible in vegetation proxy data. By comparing model outputs to geological vegetation reconstructions it
may be possible to see the implications of longer term changes on the climate in terms of altered distributions of biomes.

An important element to consider when comparing models to proxy data is that there may be shifts in the distribution of
the variables, such as precipitation and temperature, which may affect the mean state. Here we examine the distribution of
precipitation values in the climatologically wettest month over Northern and Southern Europe (Fig 9). In Northern Europe all
the models show increased precipitation in northern Europe although the magnitude of this change varies across the ensemble. It
is clear that there are more instances of extreme precipitation in the Late Pliocene as this distribution shifts higher, with the mean
of some models being higher than the most extreme values in the pre-industrial simulation (e.g. COSMOS, MRI-CGCM2.3 and
EC-Earth3.3). Similarly there are less dry extremes in northern Europe compared to the pre-industrial. This result is limited
by the amount of data used, and longer runs, or ensemble runs, would allow for this result to be more robust. In Southern
Europe, there is less change in the mean state. Although negative on average there are no significant shifts towards more or
less precipitation extremes. In order to fully understand the reasons behind these shifts, it may be necessary to consider daily

model output.
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Figure 9. Precipitation distributions during the climatologically wettest months for each model in the pre-industrial (E**) and Late Pliocene

(Eo0i*?) simulations. The change in the mean precipitation is noted above each model and the change in the NAO index for each model is

noted.

3.5 Potential for data model comparison

One motivation to examine past climates is the availability of data to compare to climate models. It may therefore be possible
to examine the proxy record to further our understanding of circulation and variability in the Late Pliocene. Palaeoenvironmen-
tal reconstructions of vegetation may provide opportunities to examine mean state changes, such as the more positive NAO
observed in some PlioMIP2 models. Vegetation reconstitutions are relativity abundant in Europe (Salzmann et al., 2008). How-
ever, they are from a large window of time in the Pliocene and may not reflect the specific conditions during KMS5c. Changes
to vegetation are also controlled by many factors beyond temperature and precipitation. Therefore, disentangling the drivers of
the change to relate to the climate simulations is challenging. It is also likely that the magnitude of the differences here may

not be large enough to drive variations in biome distribution.
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High temporal resolution proxy data would provide an opportunity to assess the performance of climate models at seasonal
time scales. Gaining such well-dated high resolution data is challenging, although some records have been used to assess
changes in North Atlantic circulation. Tree ring data, varves and bivalves have all been used as records of seasonal changes in
the Pliocene and have been related to changes in North Atlantic circulation (Hill et al., 2011; de Winter et al., 2024; Mufioz
et al., 2002). Expanding on this data set to produce more annual records would deepen our understanding of seasonal scale
variability in the Pliocene. For any differences to be robustly identified, multiple records that are dated to specific orbital
windows would be needed so that the results could be compared to climate simulations.

Even if well dated high temporal resolution data sets are created, it would be challenging determine what the causes of
change to variability. Although it may be possible to see NAO signals in the data and compare to the range of models presented
here to understand what, if any, models are able to reproduce the change in recorded variability and why. This would provide

an opportunity to assess Pliocene climate simulations to allow for a more robust understanding of variability.

4 Conclusions and future directions

From examining outputs from the PlioMIP2 ensemble it is determined that differences in North Atlantic SLP between the Late
Pliocene and the pre-industrial simulations are driven by non-CO, boundary conditions. These differences in the SLP gradient
lead to changes in the NAO index. In winter months, on average the, NAO is more positive in the Late Pliocene. However, the
majority of models do not show a shift in the NAO index. In the summer months there is more agreement between the models
with a less positive NAO index being displayed across the ensemble. This is mainly driven by the influences of the orography
boundary condition (including land sea mask and vegetation) to the high pressure centre off the coast of Ireland. There is no
large difference seen in the variability between the Late Pliocene and the pre-industiral. In order to further understand if the
variability changes are significant, longer or multiple ensemble runs would be needed as the changes observed in the PlioMIP2
data set are likely within the range of internal variability of the models.

The change in the NAO index is likely to impact the way the westerly winds behave in the Late Pliocene with a more
positive NAO index being related to a poleward and faster jet stream. This is expected under future climate, but the drivers of
these changes are different from the future which limits the use of the Late Pliocene as an analogue for future North Atlantic
circulation. This is also the case for differences in precipitation distribution over Europe and this may be heavily influenced by
changes in vegetation patterns.

To fully understand how the climate of Europe is changing in response to larger scale features, it may be necessary to
consider daily data. This would also provide a better explanation of changes to and drivers of extreme events over the region

which has implications for model intercomparisons and data model comparisons.
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