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ARTICLE INFO ABSTRACT

Editor: Alan Haywood The Late Pliocene, particularly the Marine Isotope Stage KM5c (3.205 Ma BP) has been increasingly proposed
as an analog to future climate change, especially considering changes in the hydrological cycle, monsoon
systems, and atmospheric and ocean warming above Pre-Industrial (1850 CE) and historical levels. The Pliocene
Late Pliocene Modeling Intercomparison Project (PlioMIP), now in its third phase (PlioMIP3), seeks to explore climate of
Past warm climates the Pliocene based on a combination of climate model simulations and proxy data reconstructions. One of
PlioMIP3 its goals is also to assess the analogy between past and future climates and to quantify climate sensitivity
AWI-CM3 to Pliocene boundary conditions. This work shall help to improve climate models and their application for
both past and future warm climates and to provide a paleoclimate-informed assessment of uncertainties in
modeled warm climates. With this manuscript we present the PlioMIP3 core simulations for the pre-industrial
control (PI) and the Late Pliocene (LP) based on the AWI Climate Model, Version 3 (AWI-CM3). This represents
the first application of AWI-CM3 at tectonic timescales which necessitates more extensive adjustment of
model setups than the application for recent climate. We therefore take advantage of the opportunity to also
document more generally the methods we devised to generate AWI-CM3 model setups for paleoclimate research
under geographies that differ from the modern reference state. AWI-CM3 simulates a Late Pliocene climate
that is about 4°C warmer than the pre-industrial reference, with land warming exceeding ocean warming
by a factor of 1.2. Polar amplification is particularly pronounced, with Antarctic surface air temperature
anomalies exceeding 6 °C while Arctic anomalies reach 4°C to 5°C. In comparison to the previous PlioMIP2,
this places AWI-CM3 among the warmer ensemble members, consistent with a relatively high equilibrium
climate sensitivity of ~ 4°C. Our simulations also display an intensified hydrological cycle, with global mean
precipitation increasing by 0.31 mmd~!. The ocean surface warms globally to about 3.06 °C, accompanied by
contrasting salinity trends, with salinization of the North Atlantic (+3 PSU) and freshening of the Arctic (-2.5
PSU) and Indian (-1 PSU) Oceans. Additionally, the meridional overturning circulation (MOC) reorganizes,
with the Atlantic MOC strengthening by about 8Sv, the Pacific MOC remaining inactive, and the global
Antarctic Bottom Water cell being substantially reduced (11 Sv weaker relative to PI). We find reduced global
sea-ice extent, that is halved with respect to PI in the Southern Hemisphere, and enhanced northward ocean
heat transport in the North Atlantic. Overall, AWI-CM3 reproduces the large-scale climate features of the Late
Pliocene inferred from proxy records and the PlioMIP2 ensemble, while highlighting key ocean-atmosphere
feedbacks shaping this warm climate.
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1. Introduction

The Pliocene epoch (5.332-2.588 Ma Before Present (BP)), repre-
sents the most recent example of a globally warmer climate in compar-
ison to the relatively cooler background of the Pleistocene (Haywood
et al., 2008). It is commonly subdivided into 2 stages: (1) Early Pliocene
(or Zanclean), from 5.332 — 3.60 Ma BP, and (2) Late Pliocene, (or
Piacenzian), from 3.60 — 2.588 Ma BP (Dowsett et al., 2023; Raffi et al.,
2020). The Pliocene has become the focus of significant efforts to study
a potential time-slice past analog for future climate change and to un-
derstand model-skill and model uncertainty in warm climates (Zubakov
and Borzenkova, 1988; Burke et al., 2018; Tierney et al., 2020; Bur-
ton et al.,, 2024). However, many questions about the climate of the
Pliocene remain to be further explored. This includes, in particular, the
impact of gateway configurations on tectonic-scale climate variability,
an area not yet explored in a multi-model ensemble. On the side
of climate reconstructions, geological records of this epoch are still
scarce and demand further investment in the drilling of new cores
(either ice or sediment), and capacity building for analyses of proxy
data (Salzmann et al., 2013; Pound et al., 2014; Dowsett et al., 2013;
Foley and Dowsett, 2019; McClymont et al., 2020a,b, 2023b,a; Feng
et al., 2022; Sun et al., 2024). Climate models provide the opportunity
for simulating past climates, thereby supporting the interpretation of
the limited proxy record and quantitative assessment of mechanisms
driving Pliocene climate patterns (Haywood et al., 2019).

In this context, the Pliocene Model Intercomparison Project
(PlioMIP) has arisen in the frameworks of the Coupled Model Intercom-
parison Project (CMIP; Eyring et al., 2016) and the Paleoclimate Mod-
eling Intercomparison Project (PMIP; Kageyama et al., 2018). Over the
past decade, the PlioMIP project has evolved through two phases. The
shift from a time-slab approach in PlioMIP1 to a time-slice approach
in PlioMIP2 has significantly improved the simulation of the Pliocene
climate and its comparison with geological evidence (Haywood et al.,
2013, 2016). Since PlioMIP2, the community has focused on the KM5c
time slice (3.205 Ma BP), situated within the mid-Piacenzian Warm
Period (in PlioMIP1: mid-Pliocene Warm Period) (Haywood et al.,
2010, 2011, 2013, 2016). The reasons to favor this particular interval
in PlioMIP2 are not only centered around the availability of proxy
records for this period, but also because its boundary conditions closely
resemble those of the present day. In particular, atmospheric CO,
levels and orbital configuration during KM5c are similar to modern
values (Haywood et al.,, 2016), which facilitates the application of
paleoclimate insights to future climate change research. Indeed, several
recent studies have already compared Pliocene to future climate, taking
advantage of the Tier 1 and Tier 2 experiments from PlioMIP2. These
studies highlight common large-scale features such as polar amplifica-
tion, stronger monsoons, and shifts in tropical circulation, while also
emphasizing important regional differences in jet stream behavior and
rainfall distribution (e.g. Sun et al., 2013, 2018; Burton et al., 2025;
Zhang et al., 2025).

The current phase of the PlioMIP project, PlioMIP3, (Haywood
et al., 2024), designates the mid-Piacenzian reference time-slice (KM5c)
of PlioMIP2 (Haywood et al., 2016) as Late Pliocene (LP), still main-
taining the KM5c as the selected time-slice to enable intercompar-
ison with previous model results. Building on the effort of previ-
ous PlioMIP phases, PlioMIP3 aims to enhance understanding and
reduce model-data discrepancies observed in the representation of Late
Pliocene climate. For instance, comparison with reconstructions from
the geological record indicate systematic disagreements between simu-
lations and proxy reconstructions, with models reproducing less high-
latitude warming and greater tropical warming than suggested by proxy
records, resulting in a steeper simulated meridional temperature gradi-
ent than most reconstructions imply (Salzmann et al., 2013; Dowsett
et al.,, 2013; McClymont et al., 2020a). However, such mismatches
highlight uncertainties not only in model sensitivity and parameteriza-
tions but also in the proxy record itself, which is highly influenced by
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seasonality, habitat depth, and proxy-specific biases (Lohmann et al.,
2013; McClymont et al., 2020b; Tindall et al., 2022).

PlioMIP3 also aims at addressing further outstanding scientific ques-
tions from PlioMIP1 and PlioMIP2. The community will pursue im-
proved understanding of differences in large scale patterns of ocean
circulation and of their link to ocean gateway states, as well as the
climate sensitivity to different orbital configurations and CO, forc-
ing (Haywood et al., 2024). Such extended experiment design will
help to better evaluate Pliocene as a potential analog of future climate
change, fostering even more comparative studies, and to understand the
importance of uncertainties in Pliocene climate forcing on model-data
discord. In this respect, while introducing new simulations, PlioMIP3
retains PlioMIP2 core experiments, Pre-Industrial and Late Pliocene
(formerly simulation Eoi400 in PlioMIP2), along with sensitivity ex-
periments with varying CO, concentrations, modifications to ice sheets
and paleogeography comprised in the Tier 1 and Tier 2 PlioMIP3
experiments.

In this study, we describe the methodology applied to AWI-CM3 to
set up the Late Pliocene (LP) and Pre-Industrial (PI; 1850 Common Era
(CE)) core experiments. We analyze LP large-scale climate patterns in
comparison to the PI. While our broader objective is to perform all
designated PlioMIP3 experiments, the PlioMIP3 extended, optional, and
legacy experiments will be discussed in forthcoming publications.

2. Model description

The third generation of the Alfred-Wegener-Institute Coupled Cli-
mate Model (AWI-CM3; Streffing et al., 2022) is utilized in this study.
AWI-CM3 comprises the Finite volumE Sea-ice Ocean Model version
2.5 (FESOM2.5; Danilov et al., 2017; Koldunov et al., 2019; Scholz
et al.,, 2019, 2022) as its ocean component, and the open-source ver-
sion of the European Center for Medium Range Weather Forecast’s
(ECMWF) Integrated Forecast System (OpenlFS; Buizza et al., 2017)
as its atmospheric component. Both models are coupled using the
Ocean, Atmosphere, Sea Ice, Soil Model Coupling Toolkit, version
4 (OASIS-MCT4; Craig et al., 2017; Valcke, 2013), with atmosphere-
ocean coupling, ocean model, and atmospheric model time steps of 120,
60, and 30 min, respectively. The model suite also includes the Runoff
Mapper and the XML Input/Output Server (XIOS) as auxiliary modules
to redistribute continental runoff to manage OpenlIFS output (Streffing
et al., 2022). The ESM-tools software package (Barbi et al., 2021, https:
//esm-tools.github.io/) facilitates modeling infrastructure, including
model compilation, coupling, execution of the simulations, and data
postprocessing.

A full documentation of AWI-CM3 in its first version (AWI-CM3.0)
is provided in Streffing et al. (2022). The model employed here is
the third version of AWI-CM3 (version 3.2) that, for the first time,
is used for paleoclimate applications. Furthermore, the implementa-
tion of FESOM2.5 in AWI-CM3 includes many improvements rela-
tive to its predecessor, version 2.1, that is the ocean component in
AWI-CM3.0. A comprehensive description of AWI-CM3.2 model im-
provements in comparison to AWI-CM3.0 is available in the AWI-CM3
documentation (Streffing, 2020).

In comparison to the CMIP6 ensemble (Scafetta, 2022), AWI-CM3
can be classified as a model of medium Equilibrium Climate Sensitivity
(ECS), with an ECS of 4.04 °C (Fig. 1). Additionally, if AWI-CM3 would
have been included in the PlioMIP2 ensemble, it would be classified as
a high ECS model, ranking 7th highest and exceeding the multi-model
ensemble mean of 3.7°C (Haywood et al., 2020).

2.1. FESOM2

FESOM2.5 (FESOM2 thereafter), developed at AWI, is mainly char-
acterized by its triangular unstructured mesh and finite-volume dy-
namical core that enable performance and throughput similar to tra-
ditional structured-mesh models. This advancement facilitates routine
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Fig. 1. Quantification of Equilibrium Climate Sensitivity (ECS) in AWI-CM3.2
derived via a Gregory plot (Gregory et al., 2004) representing the linear
regression between the annual means of top-of-atmosphere (TOA) net-radiative
imbalance and the change in global average surface air temperature (4SAT)
under quadrupled PI CO, concentration. Each colored dot corresponds to an
annual mean value of the sample size of 150 simulation years. Colors represent
the integration length of the simulation elapsed, meaning the bluer the colors,
the earlier the year within the simulation and the further the model from a
quasi-equilibrium. The ECS is estimated by reading ASAT where the trend-line
meets the x-axis, which extrapolates global SAT anomaly to equilibrated net
radiative balance, and halving that value. Uncertainty is denoted by a darker
gray shade representing one standard deviation (1¢) and a lighter gray shade
representing two standard deviations (2¢). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

application of unstructured meshes in long-term integrations required
for paleoclimate research across orbital to tectonic time scales. The
unstructured mesh design enables local grid refinement without nest-
ing and allows flexible adaptation of spatial detail to accommodate
boundary condition changes across timescales. The second aspect is
particularly advantageous for paleoclimate simulations requiring mod-
ifications to land and sea configurations. For interpreting the results
presented in this manuscript, it should be noted that the unstructured
mesh approach also comes with a trade-off: the necessity of interpola-
tion of FESOM2 model output to a common resolution when computing
anomalies between simulations with differing land-sea masks (i.e., LP
and PI) and therefore mesh geometries.

FESOM2 incorporates Arbitrary-Lagrangian-Eulerian (ALE) scheme,
enabling the implementation of multiple vertical coordinate systems.
In this sense, AWI-CM3 utilizes the z* vertical coordinate, allowing
vertical layers to move dynamically, thereby reducing spurious vertical
mixing by scaling layers proportionally to sea surface height (Scholz
et al.,, 2019). Sea-ice dynamics and thermodynamics are in FESOM2
modeled using the embedded Finite volumE Sea-Ice Model (FESIM;
Danilov et al., 2015). In AWI-CM3 it prognostically calculates sea-ice
surface temperature, eliminating the computation of this process in the
atmospheric model (Streffing et al., 2022).

Here we employ FESOM2’s standard coarse resolution ocean mesh
for global applications. The PI simulation utilizes the COREII-mesh,
stemming from a model setup that has been prepared for the Coordi-
nated Ocean-ice Reference Experiments - Phase II (COREII; Large and
Yeager, 2009). It consists of approximately 127,000 surface nodes and
47 vertical levels in its default PI configuration. The mesh features a
nominal 1° horizontal resolution in most of the ocean interior, with
higher resolution where spatial detail is key for resolving important
aspects of ocean dynamics. The COREII mesh has a target resolution of

Global and Planetary Change 257 (2026) 105196

Fig. 2. River catchment map applied to OpenlIFS PI control and Late Pliocene
simulations. Color shading to the landside of coastlines represents catchment
areas considered in the runoff mapper, whereas corresponding color shadings
outside coastlines indicate the arrival and calving points of continental runoff
from a specific catchment. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

1/3° near the Equator, 24 km resolution north of 50°N, and a generally
higher spatial resolution near coastlines. For the LP simulation, we
use a mesh generated based on the PRISM4 reconstructed Pliocene
land sea mask (Dowsett et al., 2016; Haywood et al., 2016), adher-
ing to the same resolution rules as for the standard COREII mesh.
While these meshes offer a high spatial resolution in many regions,
mesoscale eddies are still not dynamically resolved but parameterized
via Gent-McWilliams (GM) parameterization (Gent and McWilliams,
1990). Vertical levels are discretized in increments of 5m in the first
two layers and 10m down to 100 m depth. Below 100 m, vertical reso-
lution decreases monotonically and inhomogeneously, reaching 350 m
thickness at 6000 m depth.

2.2. OpenIFS

OpenlFS in the version 43r3v2 is employed in this study in its
cubic octahedral truncation TCo at wavenumber 95, corresponding to
a 100km horizontal resolution, and with 91 vertical layers (TCo95L91)
(ECMWF, 2017a,b,c,d,e). An OpenlFS grid with TCo truncation was
chosen as it is deemed the best choice for coupled climate and Earth
System model applications (Streffing et al., 2022). OpenlIFS incorpo-
rates the same physical parameterizations and dynamical core as the
IFS suite, alongside the WAM (Komen et al., 1994) and H-TESSEL (Bal-
samo et al.,, 2009) models to account for atmospheric waves and
land hydrology representation. The model output is handled by XIOS,
accounting for interpolation and averaging of climate variables in
accordance to pre-defined tables. In coupled atmosphere-ocean simu-
lations, such as those of AWI-CM3, the global water balance is usually
closed by rerouting overland excess precipitation to the ocean model.
This is performed in AWI-CM3 by a runoff mapper that connects
drainage and arrival points. The reference configuration divides the
land surface into 66 catchments, each with catchment designated calv-
ing and arrival points (Fig. 2). To account for mass and heat flux
coupling from snow falling onto ice sheets, snow that is in excess of
10 m of water column depth is routed to the runoff mapper as a separate
solid water flux, subsequently distributed within iceberg melt regions.
The heat flux needed for melting is incorporated into the simulation’s
heat budget. The resulting runoff sent as a freshwater forcing to the
ocean model is the sum of the solid and liquid runoffs.

The implementation of OpenIFS in AWI-CM3, contrasting with the
ECHAM6 atmosphere model (Stevens et al., 2013) used in previous
AWI Climate Models and Earth System Models (i.e., COSMOS, AWI-
CM1.1, AWI-ESM2), enhances computational efficiency in simulating
atmosphere dynamics and allows for the application of a wider range
of grid resolutions, including both full and reduced Gaussian grids.
This enables AWI-CM3 to employ much higher standard resolution
in the atmosphere than its predecessors, and enables computation-
ally efficient simulations at even higher spatial resolutions. Similar to
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Table 1
Centennial trends (calculated via a linear regression) and climatology over the
last 200 years of the simulations.

Variable PI LP

2m air temperature trends (°C per century) 0.012 0.022
TOA radiation trends (Wm™2 per century) 0.002 0.036
Mean TOA radiation (W m™2) 0.127 0.443
Global ocean temperature trends (°C per century) 0.019 0.071
Upper 500 m ocean temperature trends (°C per century) 0.021 0.029
Global ocean salinity trends (psu per century) 0.001 0.001
Upper 500m ocean salinity trends (°C per century) 0.002 0.002

ECHAMS6, OpenlFS features a spectral dynamic core and solutions in the
grid space are derived by truncating spherical harmonics at a specific
wavenumber.

3. Modeling the late pliocene with AWI-CM3 according to
PlioMIP3 framework

3.1. Experimental design

The simulations performed are named in accordance to Haywood
et al. (2024) to facilitate model intercomparison within the PlioMIP3
framework. For this study, we performed two experiments spanning
700 years and 2000 years corresponding to the Pre-Industrial (PI) and
Late Pliocene (LP) control, respectively. Both simulations were run
until quasi-equilibrium was reached (Fig. 3), which we define as a top-
of-atmosphere (TOA) radiative imbalance trend below 0.05W m~2 per
century; in our case, the trend is 0.036Wm=2 per century. The final
200 years of model output were used for analyses of mean large-scale
climate patterns. The TOA radiative imbalance during this averaging
period is ~ 0.443 W m~2, and global mean ocean temperature trends are
0.071 °C per century for the full depth and 0.029 °C per century for the
upper 500 m (Table 1). These values are comparable to, or lower than,
those reported for several PlioMIP2 models (e.g. Stepanek et al., 2020;
Tan et al., 2020; Zhang et al., 2021a; Williams et al., 2021).

Our PI state adheres to the PMIP4/CMIP6 piControl protocol (Eyring
et al., 2016; Otto-Bliesner et al., 2017a). The PlioMIP3 LP simulation
follows the protocol outlined by Haywood et al. (2024) and is consis-
tent with the framework described for the mid-Pliocene Warm Period
simulation in Haywood et al. (2016), formerly named E0i400. While
the PI simulation was branched off from an existing 500-year spinup,
the LP simulation started without any preconditioning from a previous
model state. Both the PI spinup and LP were initialized from climato-
logical temperature and salinity fields provided by Polar Hydrographic
Climatology, version 3.0 (PHC3.0; Steele et al., 2001), while sea ice
was set to an ice-free state at the beginning of the integration, evolving
dynamically under the imposed boundary conditions.

The primary difference in greenhouse gas forcing between PI and
LP lies in their atmospheric CO, concentrations of 284.4 and 400
ppmv, respectively. A secondary difference is the application of PRISM4
Pliocene paleoenvironmental reconstruction enhanced boundary condi-
tions (Dowsett et al., 2016; Haywood et al., 2016, 2024) to AWI-CM3
geography and other climatic parameters in the LP simulation. The 400
ppmv atmospheric CO, concentration chosen for the LP experiment
is informed by proxy evidence and represents a best guess for the
LP in PlioMIP3 and PlioMIP2 (Haywood et al., 2016). The impact of
CO, concentration uncertainty on simulated LP climate is the focus of
optional PlioMIP3 experiments (Haywood et al., 2016, 2024), results
of which we will present in a subsequent publication. A detailed
description of orbital parameters, greenhouse gas concentrations, and
boundary conditions applied to each simulation is provided in Table 2.
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Fig. 3. Time series of the globally averaged net top-of-atmosphere (TOA), net
surface (SFC) and radiative imbalance (4(SFC-TOA)) for the experiments (a)
PI (Pre-Industrial), and (b) LP (Late Pliocene).

Table 2
Implementation of the PlioMIP3 protocol towards derivation of AWI-CM3 PI
and LP simulations.

PI LP
Eccentricity 0.016764 Same as PI
Obliquity (degrees) 23.549 Same as PI
Perihelion -180 100.33 Same as PI
CO, (ppmv) 284.3 400
CH, (ppbv) 808.2 Same as PI
N,O (ppbv) 273.0 Same as PI

Unmodified from model Same as PI
modern conditions
Unmodified from model

modern conditions

Aerosols

Land Elevation and
Land Sea Mask

Anomaly as per
Haywood et al.
(2016)

Ice sheets Unmodified from model Prescribed as per
modern conditions Haywood et al.
(2016)
Vegetation Unmodified from model Prescribed as per
modern conditions Haywood et al.
(2016)
Soils Unmodified from model Prescribed as per
modern conditions Haywood et al.
(2016)
Lakes Unmodified from model Anomaly as per
modern conditions Haywood et al.
(2016)
Ocean PHC3 climatology Same as PI

3.2. AWI-CM3 adaptation to PlioMIP3 Late Pliocene boundary conditions

Haywood et al. (2016, 2024) provide guidelines for adapting pre-
industrial climate model configurations for the PlioMIP3 LP experi-
ment. These guidelines were implemented in AWI-CM3 utilizing the ex-
tended boundary conditions provided in the PRISM4 dataset (Dowsett
et al., 2016; Haywood et al., 2016). Paleogeographic changes relevant
to the LP relative to PI conditions include significant alterations in
bathymetry, land elevation, ice sheet configuration, lake, soils and
vegetation. The land-sea geography displays a closed Bering Strait and
Canadian Arctic Archipelago, considers opening of a West Antarctic



F.D.A.O. Matos et al.

Isthere a
PRISM4 reconstruction
available for this variable?

Yés No
v ; +

Is this variable the

Is this variable

land-sea mask, lake related to
cover, bathymetry subgridscale
or topography? orography?
Yes No Yes No
Anomaly Is this variable\ CALNORO Distance-
method related to weighted
vegetation or average
soil types?
Yes No
Develop Replace
lookup method
table

Fig. 4. Schematic of the workflow for adapting the AWI-CM3 model boundary
conditions to the LP experiment. The decision tree outlines the methods used to
modify variables based on their availability in the PRISM4 dataset. Blue boxes
document the questions that guide the decision-making process, while boxes
in green document the methods applied. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Seaway, and modifications to the Kara Strait, South China Sea, Torres
Strait and Java Sea ( Fig. 5; Haywood et al., 2016). Land elevation
and bathymetry adjustments account for glacial-isostatic response and
mantle flow of the LP, influencing land-sea and ice sheet configura-
tions (Raymo et al., 2011; Rowley et al., 2013). The paleo ice sheet
configuration was developed based on ice sheet modeling and proxy
records ( Fig. 5; Koenig et al., 2015; Naish et al., 2009; Pollard and
DeConto, 2009; Dowsett et al., 2010), with the Greenland Ice Sheet
(GrIS) exhibiting a substantially reduced extent, particularly in its west-
ern and southern regions, according to PRISM4. The Antarctic Ice Sheet
(AIS), on the other hand, is almost completely absent in its western
sector (West AIS or WAIS), including the loss of the Ronne and Ross ice
shelves. The eastern sector (East AIS or EAIS), however, is only reduced
to reflect the loss of the Amery ice shelf and coastal glaciers, with
some regions exhibiting higher elevations than present (Fig. 6). The LP
vegetation distribution is derived from the PRISM3 mega-biome recon-
struction (Salzmann et al., 2008), and soil and lake distributions are
based on the compilation of geological evidence summarized in Pound
et al. (2014).

The adaptation of AWI-CM3 boundary conditions to derive our LP
simulations was conducted in five distinct phases, determined by the
availability of PRISM4 reconstruction variables provided for PlioMIP
(see Fig. 4). Variables considered as boundary condition in AWI-CM3
include land-sea mask (LSM), ice sheet mask, vegetation distribution
(categorized in both high and low vegetation), soil types, lake cover,
land elevation, and bathymetry. OpenlIFS in version 43r4v2 requires a
total of 56 variables, many of which are not included in the datasets
provided for PlioMIP and are regarded as model initial conditions
instead of boundary conditions. Fig. 4 presents a schematic representa-
tion of the decision-making process used to determine the appropriate
methodology for each variable (see Sections 3.2.1 to 3.2.6).

The initial assessment involves verifying the availability of variables
required as AWI-CM3 boundary conditions within the PRISM4 dataset.
If available and identified as land-sea mask, lake cover, bathymetry,
or land elevation, the anomaly method (see Section 3.2.1) described
in Haywood et al. (2016) is implemented:

Model?™ = (PRISMA4%% — PRISMA4%" )+ Models® =
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If the variable required as AWI-CM3 boundary conditions does not
fall into this category, the next step is to determine whether it is related
to one of the other characteristics of paleogeography for which PRISM4
provides reconstructions, specifically vegetation or soil types. For this
purpose, a lookup table was developed to translate vegetation and soil
types described in Pound et al. (2014) into corresponding OpenIFS
boundary conditions, or simulation parameters (see Sections 3.2.3 and
3.2.4). These include the type of vegetation (low vs. high), leaf area
index (LAI), vegetation cover, soil cover, and volumetric soil water
content.

The ice sheet mask is prescribed directly by replacing the mod-
ern snow depth mask in OpenIFS with the interpolated PRISM4 ice
sheet mask (see Section 3.2.2). For the remaining boundary conditions
not directly available from the PRISM4 reconstruction, two additional
methodologies are applied: variables related to sub-grid scale orogra-
phy are adapted using a routine developed for the ECHAM6 atmo-
spheric model (see Section 3.2.5). All remaining variables are corrected
for LP land-sea and ice mask anomalies relative to PI using the distance-
weighted average (DWA) interpolation method. Details on these meth-
ods are provided in subsequent sections, with specifics on AWI-CM3
initial and boundary conditions and adaptation methodologies for LP
documented in Table A.6.

3.2.1. Adaptation of land elevation, bathymetry and lake cover with ano-
maly method

Setting up AWI-CM3 boundary conditions for the LP experiment
involves a two-stage process: adapting the ocean mesh to LP conditions
and configuring the atmosphere model based on the resulting ocean
model land-sea mask. Implementing the LP land-sea mask modifications
to the ocean model first is key to take benefit from the comparably
high spatial resolution of FESOM2, facilitating detailed implementation
of reconstructed LP coastlines. The anomaly method (Haywood et al.,
2016, 2024) was applied to the bathymetry, land elevation, and lake
cover, with bathymetry exclusively modified within FESOM2 utilizing
an in-house developed mesh generation routine. The application of the
anomaly method ensures that differences between Pliocene and modern
geography are emphasized, while minimizing discrepancies between
modern geographies across models/reconstructions (Haywood et al.,
2016, 2024). Bathymetry anomalies, derived from PRISM4 bound-
ary conditions, were incorporated into the FESOM2 mesh generation
dataset, followed by interpolation and adjustment of ocean and land
grid points. This procedure prevents the occurrence of both land and
ocean nodes in a singular triangular mesh element, and ensures that the
updated bathymetry is restricted to depths below sea level, and that the
resulting LSM accurately reflects the LP reconstructed gateway changes.
The LP FESOM2 ocean mesh generated with the anomaly method has
a higher number of surface nodes compared to the modern COREII
reference mesh (increased from approximately 127,000 to 134,288),
consistent with reduced ice sheet volume and elevated sea level of
approximately 24 m during the LP target time slice (Dowsett et al.,
2016).

Following ocean mesh adaptation, the atmospheric model’s LSM
was derived by interpolating the updated FESOM2 LSM onto a regular
grid. This regular grid was then interpolated onto the cubic octahedral
grid of OpenlFS, replacing the existing modern land-sea mask. The
transfer of the LP land-sea mask from FESOM2 to OpenIFS was facil-
itated by the OCP-Tool2 (OpenlFS Coupling Preparation Tool version
2; Streffing, 2021). In addition to generating a consistent LSM for
OpenlFS, this tool also generates OASIS3-MCT4 input files that enable
seamless coupling between AWI-CM3’s ocean and atmosphere compo-
nents. The AWI-CM3 LP land-sea configuration and lake distribution
are shown in Fig. 5 for the LP and PI experiments, respectively. Their
anomaly is also displayed in Fig. A.23 for further reference.

Similarly to the generation of new bathymetry for the ocean mesh,
the PRISM4 land elevation anomalies (as elevation above sea level; Fig.
6) and lake cover were added into the modern land elevation and lake
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Ice Sheet Lakes

Ocean Land

Fig. 5. Land-sea, ice, and lake masks of the (a) LP adapted from Dowsett et al.
(2016), Haywood et al. (2016) and (b) PI native to the modern geography in
AWI-CM3. The ocean is represented in light blue, the land in green, the ice
sheet in white, and the lakes in dark cyan. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

fields of OpenlFS. Additionally, we ensured that the updated variables
were physically consistent. Bathymetry (land elevation) values were
adjusted to represent only elevation above and (below) sea level, while
lake distribution was converted from a percentage-based representation
in PRISM4 to a binary mask (0 and 1). Relative to the PI (Fig. 6b) state,
the remaining areas of the EAIS exhibits elevations 250-500 m higher
in LP (Figs. 6a and c), alongside a general increase in height across
existing mountain ranges.

3.2.2. Adaptation of ice sheet mask with field replacement

In OpenlFS, the ice sheets are implicitly defined as snow depth
below 10 m and are fixed. Therefore, the snow depth mask (ice sheet
mask thereafter) is fully prescribed and, as in other models without
ice sheet dynamics, remains fixed in both elevation and spatial extent
during model runtime.

For these experiments, the standard snow depth mask was re-
placed with a mask derived from the PRISM4 dataset, interpolated to
the model’s native resolution (Fig. 5). Resultant ice sheet orography
changes were incorporated through modifications to land elevation and
sub-grid scale orography fields, as detailed in Sections 3.2.1 and 3.2.5.

3.2.3. Adaptation of vegetation type, vegetation cover and leaf area index
using a lookup table

Vegetation within our experimental setup is fully prescribed. The
land component of OpenlIFS classifies vegetation into 20 types accord-
ing to the Biosphere-Atmosphere Transfer Scheme (BATS) model (Yang
and Dickinson, 1996): ten low vegetation types, six high vegetation,
and four non-vegetated land surface types (deserts, ice caps and glaciers,
inland water and ocean). For our LP simulation, we followed the
translation of vegetation types from the paleoenvironmental recon-
struction Salzmann et al. (2008) to OpenlIFS as described in Zhang et al.
(2021a), considering deserts as semideserts (Table 3). A comparison of
the resulting LP vegetation in AWI-CM3 with pre-industrial vegetation
distribution reveals notable differences (Fig. 7). Seven vegetation types
present in the pre-industrial climate are absent in our translated LP
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Fig. 6. Bathymetry and land elevation (km) of the model AWI-CM3 configured
for PlioMIP3 (a) LP and (b) PI simulations. In (c) is the global anomaly
between the LP and PI boundary conditions after adjustments and corrections.
Positive values (red) indicate higher elevation or shallower bathymetry in the
LP, and negative values (blue) indicate lower elevation or deeper bathymetry.
(For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

version of the PRISM4 vegetation mask: Desert, Irrigated Crops, Bogs
and Marshes, Evergreen Shrubs, Mixed Forest, Interrupted Forrest, and
Deciduous Shrubs. Direct comparison shows an extensive expansion
of needleleaf trees at high latitudes and eastern Europe, alongside
deciduous broadleaf trees in temperate regions (Figs. 7a and b). To-
gether, these two types dominate areas largely occupied by mixed
and interrupted forests in the PI period. Evergreen broadleaf trees
are predominant in the LP tropics and subtropics. In contrast, the
distribution of low vegetation types during the LP is more scattered
around the globe (Figs. 7c and d). Semidesert is widespread, while short
grasses are predominant in the tropics and arid to semi-arid regions.
Tall grasses, conversely, occupy regions characterized in the PI period
by savannahs, shrubs, and bogs and marshes. Finally, tundra vegetation
retreats northward, staying confined to the coastlines.

OpenlFS also accounts for the fraction of vegetation cover and Leaf
Area Index (LAI). In our setup, we adopted the vegetation fractions
outlined in Haywood et al. (2010). Unlike the standard OpenIFS con-
figuration, where vegetation cover is expressed as a fractional value
ranging from O to 1, our vegetation cover is defined using absolute
values (Fig. A.24). LAI values from Haywood et al. (2010) were not
adopted, based on the observation that LAI values are relatively con-
sistent within each vegetation type. LAI values were extracted for all
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Fig. 7. Prescribed vegetation types for the PlioMIP3 LP and PI experiments with AWI-CM3, following the model original naming convention after translation
using the lookup table from Zhang et al. (2021a). (a, b) High vegetation and (b, c) low vegetation. (a, ¢) LP and (b, d) PIL

Table 3

Translation of the PRISM4 reconstructed mega-biomes (Salzmann et al., 2008) to OpenlFS vegetation type, cover and Leaf Area Index.

PRISM4 reconstructed PRISM4 OpenlFS translation Vegetation cover Leaf area index
mega-biome vegetation type (Zhang et al., 2021a) (Haywood et al., 2010)

Tropical Forest High Evergreen broadleaf trees 0.95 6.44
Warm-Temperate Forest High Evergreen needleleaf trees 0.95 5.90
Savanna and Dry Woodland Low Tall grass 0.90 3.79
Grassland and Dry Shrubland Low Short grass 0.87 2.92
Desert Low Semidesert 0.10 3.11
Temperate Forest High Deciduous broadleaf trees 0.95 5.97
Boreal Forest High Deciduous needleleaf trees 0.925 4.89
Tundra Low Tundra 0.40 2.95
Dry Tundra Low Tundra 0.40 2.95
Marine Core None Not vegetation 0

Land Ice None Not vegetation 0

No Biome Reconstruction None Not Vegetation 0

grid cells associated with each vegetation type from the translation
lookup table, with the maximum value assigned as the characteristic
LAI (Fig. A.25). Table 3 provides a complete translation of vegetation
types, vegetation cover and LAI adopted in the adaptation of AWI-CM3
for simulating the LP climate.

3.2.4. Adaptation of soil types and soil moisture within soil layers using a
lookup table

Soil types within the PRISM4 dataset are derived from the Pound
et al. (2014) reconstruction. However, implementing the paleoenviron-
mental reconstruction for soil types as a boundary condition is not
straight-forward as the paleosol classifications in the PRISM4 do not
directly align with the OpenlFS soil types. Furthermore, soil albedo
is not considered by AWI-CM3 as a boundary condition. To enable
translation of PRISM4 soil types to OpenlFS soil types in our simula-
tions, PRISM4 soil textures were analyzed and compared with modern
OpenlFS soil type field textures. Correspondences between PRISM4
textures and their nearest OpenlFS equivalents were established by
evaluating texture ranges at each OpenlFS model grid point. This

resulted in the definition of four representative soil types for the LP
simulation (Table 4). Fig. 8 displays the resulting spatial distribution of
soil types for both the LP and PI simulations. Notably, the “very fine”
and “organic” soil types appear exclusively in the PI configuration.

Overall, our translation captures the main shifts in soil distribu-
tion described by Pound et al. (2014), correlating with LP vegetation
changes. Medium-type soil predominates across high latitudes of the
Northern Hemisphere, consistent with the northward displacement of
boreal temperate forests and tundra (Salzmann et al., 2008), likely
representing a mixture of Gelisols and Alfisols. A confined area of
coarse soil in the Kara Sea region aligns with Spodosols. Although
medium-type soils are also predominant in temperate North America
and Asia, terrestrial records primarily associate these with Mollisols,
rather than Gelisols and Alfisols (Pound et al., 2014).

In central North America, North Africa, western Australia, and
other smaller regions, our translation suggests the presence of coarse-
type soil. We hypothesize these represent only Aridisols, supported
by climatic evidence of a drier LP in these regions that favored the
development of semi-arid and arid conditions (Zhang et al., 2024).



F.D.A.O. Matos et al.

Table 4
Translation of the PRISM4 reconstructed soil types (Pound et al.,
2014) to OpenlFS soil types.

Soil type PRISM4 texture Translation
Gelisol Medium Medium
Histosol Fine Medium Fine
Spodosol Medium/Coarse Coarse
Oxisol Fine/Medium Medium Fine
Vertisol Fine Fine

Aridisol Coarse Coarse
Ultisol Fine/Medium Medium Fine
Mollisol Medium Medium
Alfisol Medium Medium

Ice Coarse Coarse
Ocean Not soil Not Soil

[ ] [
Fine Very Fine Organic
[ 1 T 1 [

Coarse Medium Medium Fine

Fig. 8. Prescribed soil types for the PlioMIP3 (a) LP and (b) PI experiments
with AWI-CM3, following OpenlIFS conventions.

Medium-fine-type soils are predominant in central to northern South
America, eastern Europe, central to western Africa, and southeast Asia.
This spatial pattern aligns with records showing extensive distribution
of Ultisols in southeast China, a mixture of Ultisols and Oxisols in South
America, Ultisols and Histosols combinations in eastern Europe, and
Oxisols in western Africa. Fine-type soils occur sparingly, primarily in
central North America, Australia, and eastern Africa, mostly associated
with Vertisols.

Compared to our PI soil distribution, LP soils are coarser in re-
gions that later became agricultural centers during the Common Era
(e.g., central South America, Europe, and central to southeast Asia) and
those dominated by boreal forest at middle to high latitudes.

In addition to soil type, we also translated the volumetric water
moisture, in units of m>m™3 (ratio of the volume of water in cubic
meters to the volume of soil in cubic meters) for each soil layer. This
variable is dependent on the associated soil texture and calculated
in OpenlFS as the difference between the soil field capacity and the
permanent wilting point (ECMWF, 2017c¢). Using our lookup table, we
extracted values from all grid cells within each soil texture category
and computed the average soil moisture per layer. The final translation
table, detailing the soil textures and corresponding layer-averaged
water content, is provided in Table A.7.
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Fig. 9. Angles of sub-grid scale orography in (a) the LP and (b) the PI
experiments, generated with CALNORO.

3.2.5. Adaptation of subgrid-scale orography with CALNORO

The sub-grid scale orography parameters included in OpenIFS were
updated from their modern field using the Subgrid Scale Orographic
Parameterization (SSOP) implemented to the model ECHAMG6 via the
CALNORO routine, based on methods used in earlier ECHAM ver-
sions (Roeckner et al., 2003; Lott and Miller, 2013; Lott, 1999). These
parameters are of highlighted importance when performing LP exper-
iments, as their adaptation significantly impact momentum transfer
from the surface to the troposphere via orographic gravity waves and
low-level airflow drag over sub-grid scale mountains (Miller et al.,
1989).

The updated land elevation field (as elevation above the sea level)
derived using the anomaly method (Section 3.2.1), was used to derive
the subgrid scale parameters including standard deviation y, anisotropy
v, slope o, angle (or orientation) 6, and mean orography elevation.
Due to ECHAMG6’s lower horizontal resolution (T63L47) compared
to OpenlFS (TCo95L91), these parameters were derived at a coarser
resolution (approximately 1.9°) and subsequently interpolated to the
OpenlFS native grid for the LP experiment.

Fig. 9 illustrates the LP (Fig. 9a) and PI (Fig. 9b) angles of the sub-
grid scale orography, representing the angle between the main land ele-
vation axis and the low-level wind direction (Baines and Palmer, 1990),
demonstrating the loss of spatial detail inherent to this adaptation.

3.2.6. Adaptation of remaining AWI-CM3 boundary conditions with DWA

The remaining variables that require adaptation to LP conditions
(Table A.6) were adapted using inverse distance weighting interpola-
tion (Shepard, 1968) via the remapdis function in CD02.4.0 (Climate
Data Operators; Schulzweida, 2023), employing 50-neighbor radius.
For our adaptation, we derived three masks consisting of (1) added
points (ocean to land); (2) drowned points (land to ocean); and (3)
reduced ice points (land/ocean). Interpolation was applied selectively
based on these masks, ensuring that new land (ocean) points were
interpolated only from surrounding land (ocean) points.

Please note that we have decided to perform the DWA methodology
to the remaining variables of the OpenlFS initial and boundary condi-
tions, regardless of them being activated during the simulation to avoid
numerical instabilities arising from land-sea mask discrepancies.
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4. Large-scale climate patterns of the LP

Unless otherwise stated, all climatological averages and variability
discussed in this section are based on the final 200 years of each
simulation.

4.1. Atmosphere

The temporal evolution of the LP Surface Air Temperature (SAT)
during model integration illustrates adjustment of the model to im-
posed boundary conditions and is shown in Fig. 10a. In AWI-CM3, the
LP is approximately 4°C warmer than the PI global average, with land
warming exceeding ocean warming by a factor of 1.2 (Table 5). This
global warming signal lies at the upper end of the PlioMIP2 ensem-
ble range of 1.7°C to 5.2°C (multi-model mean of 3.2 °C; Haywood
et al., 2020), indicating that AWI-CM3 produces a comparatively strong
but still consistent LP warming. Polar amplification is a prominent
feature, particularly in the polar Southern Hemisphere, where near-
surface warming surpasses global warming by 5.6 °C (see the columns
for Antarctica in Table 5). Comparatively, the polar Northern Hemi-
sphere exhibit warming 3.6°C greater than the global average (see
the columns for the Arctic in Table 5). Such amplification is also
in agreement with the PlioMIP2 ensemble (Haywood et al., 2020).
Interannual to multi-centennial variability is evident across all regions.
The amplitude of variability, expressed as the standard deviation of the
SAT anomalies over time, exhibits distinct latitudinal dependency and
similar LP variability (darker colors) compared to PI (lighter colors)
(Fig. 10b). Generally, our LP simulation exhibits a significantly reduced
equator-to-pole temperature gradient relative to the PI as visible from
the increased vertical distance between LP and PI mean SATs with
increasing latitude in the Southern Hemisphere 10b.

The analysis of the average SAT over the final 200 simulation
years reveals an asymmetry in high-latitude LP warming. Fig. 11 de-
picts a systematically warmer LP compared to the PI period. We find
substantial polar amplification, but also note that warming in the
polar Southern Hemisphere is amplified in comparison to the polar
Northern Hemisphere, particular for regions over the ocean up to 75°S.
South of this latitude, a substantial decrease of approximately 15°C
of warming to about 8 °C cooling is observed over land. This gradient
in temperature arises due to the updated LP ice-sheet configuration,
characterized by a reduced WAIS and increased elevation in areas of the
remaining AIS. Consequently, amplified surface warming in the polar
Southern Hemisphere is largely confined to the regions below sea level.
In the Northern Hemisphere, amplified land warming is particularly
pronounced north of 75°N, driven by the reduced GrIS and subsequent
positive feedbacks associated with sea-ice loss, prescribed vegetation
shifts, and albedo reduction in this region.

Previous research on Pliocene climate highlights that only some of
the PlioMIP2 models simulating the LP exhibit amplified seasonality
compared to PI period whereas the ensemble mean reveal a relatively
flat seasonality that might conceal regional and seasonal variability,
particularly in the Northern Hemisphere (Haywood et al., 2020). Fig.
12 illustrates the annual mean (panels a and b), the boreal summer
(June-July-August (JJA)), and the boreal winter (December-January-
February (DJF)) anomalies in LP SATs and precipitation compared
to PI. Fig. 12a confirms the strong polar amplification revealed by
Figs. 10 and 11 and uncovers a substantial spatial heterogeneity in
the distribution of warming. Enhanced LP warmth is evident in the
Northern Hemisphere north of 30°N, in regions with modified land-sea
configurations (e.g., the Canadian Arctic Archipelago, Bering Strait),
and in the Arctic. In the Southern Hemisphere, amplified warming
occurs in the Southern Ocean around the Sea Ice Zone (SIZ) and in
regions with updated Antarctic Ice Sheet configuration, in particular
in western Antarctica. Additionally, mountain ranges exhibit dispro-
portionate warming attributed to topographic changes in the PRISM4
reconstruction (Fig. 6).
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Fig. 10. Global and latitudinal characteristics of surface air temperature
(SAT). (a) Evolution of SAT over different latitude bands and for the global
mean in the LP simulation. (b) Global and latitudinal mean and variability
of the SAT across different latitudinal bands of the LP (darker colors) and PI
(lighter colors). In (a), a 15-year rolling mean (thicker lines) is superimposed
on the annual means (thinner lines). In (a), the left y-axis corresponds
to global (black), 30° to 60°N (orange), 30°N-30°S (dark blue) and 30° to
60°S (dark cyan) regions, while the right y-axis (gray) represents the polar
Southern (purple) and Northern (green) hemispheres. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

Global annual precipitation anomalies (Fig. 12b) indicate a general
increase in tropical and mid-latitude precipitation. Please note that we
have applied a 3x 3° spatial smoothing to the Figs. 12b, d, and f to
remove the wiggles near steeper topography (i.e. the Andes) arising
due the spectral truncation of OpenlIFS. Such smoothing was also done
in Savita et al. (2024), where it was shown to not introduce any
further biases to their findings. Enhanced rainfall is found particularly
in monsoonal regions, consistent with an intensified hydrological cycle.
Nevertheless, drier conditions are observed in southern Africa, North-
east Brazil, northwestern South America to southern North America,
the Sea of Japan, and where land is exposed around Southeast Asia
and the Indonesian Archipelago. Precipitation anomalies close to the
equator resemble a northward shift of the Intertropical Convergence
Zone (ITCZ) that has been previously described for PlioMIP2 (Han
et al.,, 2021). Furthermore, we find a strong link between increased
SAT and precipitation in the western North Atlantic, mostly during
boreal winter, and enhanced precipitation over Greenland that is most
pronounced in boreal summer.

Seasonally, boreal summer (JJA) exhibits stronger land surface
warming in the Northern Hemisphere compared to the Southern Hemi-
sphere (Fig. 12c¢), with an overall enhanced precipitation except in
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Fig. 11. Dependency of surface air temperature (SAT) on land vs. ocean and on latitude for LP and PI. Global (dark blue), land (orange), and ocean (green)
zonal mean surface air temperatures shown for (a) LP and (b) PI. Substantial reduction of the meridional temperature gradient is illustrated via the anomaly
between both experiments that is shown in (c). Shaded areas denote the interannual standard deviation over the final 200 simulation years. Circle markers
indicate latitudes where anomalies are statistically significant at the 95% confidence level. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Table 5

Dependency of surface air temperature (SAT) on realm (land vs. ocean) and region (global, Arctic
(60° to 90°N), Antarctic (60° to 90°S)) for PI and LP, and the LP anomaly with respect to PI, in

units of °C.
Experiment SAT ASAT wrt. PI
ID Global Land Ocean Arctic Antarctica Global Land Ocean Arctic Antarctica
PI 13.1 8.0 15.8 -11.9 -16.6 - - - - -
LP 17.1 12.5 19.5 -43 -7.0 4.0 4.4 3.8 7.6 9.6

western ocean basins, and south and north of the ITCZ (Fig. 12d).
During boreal winter (DJF), warming shifts northward in the Arctic,
amplifies over central Asia and reduces considerably in the Southern
Ocean (Fig. 12e). Precipitation patterns enhances over the central
and south America, Europe, and Africa, bringing wetter conditions to
the Amazon region, African savannah, and North Atlantic subtropical
gyre (Fig. 12f) that were otherwise experiencing drier conditions in
boreal summer (Fig. 12d). South Asia and North America, however,
do not exhibit this shift, experiencing a weakened hydrological cycle
from boreal summer to winter. South America is the region showing
the most contrasting seasonality, with the Amazon Region and South
Brazil drier during boreal summer, while being wetter during boreal
winter. Additionally, Northeast Brazil and central Argentina, which did
not display a significant pattern precipitation anomaly during boreal
summer, become substantially drier during boreal winter.

Fig. 13 highlights regional Arctic and Antarctic warming/cooling
patterns of Fig. 12 that are critical for understanding the climatic
response to LP boundary conditions. As evinced by Figs. 13c, d and
e, East Antarctica exhibits cooling, attributable to the elevated por-
tions of the EAIS, which then conceals surface atmospheric warming
attributed to amplified greenhouse gas forcing in the LP relative to the
PI simulation in Fig. 11. This yields a multipole of warming and cooling
over Antarctica, with warming focused on western Antarctica, Antarctic
Peninsula, and East Antarctica north of 80°S in a region spanning Oates
Land to Wilkes Land and into Queen Mary Land. Other regions east
of the Transantarctic Mountains, and in particular the South Pole, are
predominantly colder than PI.

In comparison, in the Arctic we find a much more homogeneous
picture of LP warmth. Strongest warming is found in a south-north ori-
ented band across the center of Greenland, influenced by reduced GrIS
extent and by prescribed boreal forest (i.e. deciduous needle/broadleaf
trees in Fig. 7) and tundra during the LP, with a strong seasonal amplifi-
cation in boreal summer. Further regions of pronounced boreal summer

10

warmth are Hudson Bay and Bering Strait, where the land is exposed
in simulation LP. Strong warming in boreal winter is found across the
Central Arctic and in particular between Iceland and Svalbard and as
well in the Labrador Sea and Baffin Bay. Below we will show that
these changes towards increased Arctic SAT occur in combination with
reduced Arctic sea-ice in the LP simulation, which suggests a complex
interplay of different LP forcing agents related to geography and at-
mospheric greenhouse gas concentrations. Quantifying their individual
contribution to LP high latitude SAT anomaly patterns necessitates
analysis of additional LP sensitivity experiments simulated by AWI-
CM3. These simulations and resulting analysis will be presented in a
forthcoming publication. Overall, the global warming pattern observed
in the LP simulation is generally consistent with PlioMIP2 models, with
the exception of some models exhibiting regional cooling outside of
Antarctica (Haywood et al., 2020).

Large-scale warming patterns (Figs. 12a, ¢ and e, and 13) indicate
substantial positive feedbacks that regionally amplify a global climate
response to LP forcing, like the ice-land-albedo feedback. For instance,
Fig. 14 indicates a correlation between temperature and surface albedo
across diverse geographical areas. Surface albedo is predominantly
lowered in LP, particularly at middle to high latitudes where we find
strong boreal/austral winter warming (Figs. 12 and 13), and over
regions of reduced ice sheets. Hudson Bay, that is changed to land
in LP, shows reduced albedo in response to the predominance of
needleleaf trees that have lower albedo in comparison to other less
absorptive vegetation types. Similarly, albedo is reduced in regions
of the Labrador Sea and Baffin Bay that are strongly sea-ice covered
during PI. Increased albedo, that would counteract increased SAT in
simulation LP, is present over the remaining land area of North and
South America, Africa, and Australia (albeit at rather small amplitude).
On the other hand, albedo is substantially increased in regions of the
Maritime Continent, including a part of northwestern to central North
America, and a substantial part of eastern to northeastern Siberia west
of the river-mouth of the Amur and the Kolyma Range.
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Fig. 12. Annual and seasonal mean (a, c, €) surface air temperature (SAT) and (b, d, f) precipitation anomalies for LP in relation to PI for the last 200 simulation
years. Annual means shown in (a, b), while (c, d) shows the boreal summer (June, July, August) average, and (e, f) shows the boral winter (December, January,
February) average. The overlaid black dots indicates regions the anomalies are not statistically significant (p < 0.05). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Similar to Figs. 12 a, ¢, and e, but focusing on the two polar regions,
featuring North Polar stereographic projection in (a, b, ¢), and South Polar
stereographic projection in (d, e, f).

A comparison of Fig. 14 with Figs. 5, 7, and 8 shows that in the
LP simulation surface albedo is altered in response to changes in ice-
sheet configuration, soil composition, lake distribution, and vegetation
cover. Lowered albedo amplifies warming in regions with the most
pronounced boundary condition changes, like the Bering Strait, Cana-
dian Arctic Archipelago, and the Southern Ocean. It is evident that
much of the change in albedo patterns aligns well with land mass
addition/removal and soil/vegetation updates from the PRISM4 recon-
struction. Enhanced albedo over northeast Asia and northwest North
America corresponds in part with expanded short grass coverage in the
LP, contrasting with more absorptive forests in the PI climate. Reduced
albedo in other areas is consistent with boreal deciduous forest expan-
sion during the LP. Over the Southern Ocean, the albedo is significantly
reduced at the SIZ boundary, indicating the loss of seasonal sea-ice
in this region. The widespread decrease in surface reflectivity at high
latitudes, induced by LP boundary conditions, results in increased net
surface shortwave absorption, reinforcing warming from imposed CO,
forcing. Additionally, the close spatial resemblance between albedo
anomalies and intense warming regions strongly supports the polar
amplification pattern observed in Fig. 12a.
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is referred to the web version of this article.)

4.2. Sea-ice

The pronounced warming and reduced surface albedo at boreal high
latitudes observed in the LP simulation with respect to PI (Figs. 12, 13,
and 14) are closely linked to substantial sea-ice losses in the Arctic (Fig.
15). The PI simulation is characterized by >90% of sea-ice coverage
across most of the central Arctic Ocean in March (Fig. 15a) and towards
the Pacific and Atlantic Oceans via open Arctic gateways. In September,
the sea-ice margin becomes thinner (Fig. 15c), and extensive sea-ice
(>90%) is concentrated in the Amerasian Basin, whereas shallower re-
gions, such as the Barents, Kara, and Laptev Seas, experience 40%-60%
sea-ice loss relative to the PI sea-ice maximum margin. Conversely,
under LP conditions, and with alterations to land cover in the Bering
Strait, Canadian Arctic Archipelago, and Eurasia, sea-ice is strongly
reduced and primarily confined within the central Arctic Ocean, with a
clear retreat in the Greenland-Iceland-Norwegian (GIN) Seas compared
to pre-industrial levels. Additionally, AWI-CM3 simulates a nearly ice-
free Arctic Ocean during boreal summer, characterized by a residual ice
cap near the North Pole and concentrations below 30% in most sectors.
This represents a 60%-80% reduction in sea-ice minimum compared to
PI conditions. The seasonal pattern of Arctic sea-ice loss aligns with the
10%-15% reduction in surface albedo displayed in Fig. 14.

The LP sea-ice concentration in the Southern Hemisphere exhibits
a substantial reduction relative to PI (Fig. 16). While residual sea-ice
persists along the Weddell Sea and western Ross Sea coastlines during
austral summer in the PI simulation (Fig. 16a), corresponding to the
austral summer sea-ice minimum. However, the LP simulation indicates
a near absence of austral summer sea-ice (Fig. 16b), limited primarily
to the eastern Ross Sea. The removal of a significant portion of the
WAIS in the LP experiment likely contributes to this extreme sea-ice re-
duction, as the opened West Antarctic seaway as the exposed/drowned
and ice-sheet-free land masses of the opened West Antarctic seaway
in LP are more absorptive than in PI. Thus, sea-ice formation is likely
hampered around Antarctica through amplified local surface warming
(Fig. 13). This local surface warming is supported by the approximately
90% reduction surface albedo within the SIZ surrounding the Antarctic
continent (Fig. 14).

The winter sea-ice maximum also demonstrates a marked response
to altered boundary conditions. The PI simulation (Fig. 16¢) depicts
sea-ice extending northward to approximately 60°S, covering the Ross,
Weddell, and Amundsen-Bellinghausen Seas with concentrations ex-
ceeding 90%. During the LP, the SIZ retreats poleward, reaching north-
ward of 70°S only in the Pacific Sector of the Southern Ocean, where
sea-ice concentration increases by 20%. Beyond the Pacific sector, LP
winter sea-ice is largely absent in the Atlantic and Indian Sectors of the
Southern Ocean, restricted to the Weddell and Scotia Seas, and Prydz
Bay.
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The analysis of seasonal sea-ice area throughout the model run-
time (Fig. 17) contextualizes spatial patterns of sea-ice concentration
(Figs. 15 and 16). The time series depict the evolution of March and
September sea-ice area in both hemispheres and globally for the LP
experiment, as well as globally for the PI experiment. Please note that
our PI simulation only spans 700 years. Consistent with Figs. 15 and
16, Fig. 17 reveals a substantial reduction in summer sea-ice area in
both hemispheres under LP conditions. Near Antarctica, summer sea-ice
nearly disappears by the end of the simulation, confirming the localized
sea-ice loss seen in Fig. 16b. Thus, LP March sea-ice is represented
almost exclusively by the Arctic, which shows substantial decline of
45% from the beginning to the end of the model simulation. The
PI global sea-ice area time series (black lines) further underscore LP
sea-ice loss in March and reveal weakened variability.

The LP September sea-ice area reflects contributions from both Arc-
tic and Antarctic regions. Arctic winter maximum sea-ice area remains
stable throughout the simulation. Antarctic sea-ice extent decreases
from 20 million km? to approximately 6 million km?, primarily due to
the substantial reduction in sea-ice cover within the Atlantic and Indian
sectors of the Southern Ocean. This decline is not offset by increased
sea-ice presence around 60°S in the Pacific Sector of the Southern
Ocean (Fig. 16d).

4.3. Ocean

4.3.1. Sensitivity of oceanic thermohaline properties to modified boundary
conditions

The LP experiment reveals a surface ocean response to modified
boundary conditions consistent with properties of the large-scale atmo-
spheric changes (Fig. 12). The sea surface temperature (SST) exhibit an
overall positive temperature anomaly (Fig. 18a), except in the Sea of
Japan. The global mean ocean surface warming with respect to PI of
3.06 °C, as in the atmosphere, falls within the upper end of the PlioMIP2
ensemble (mean of 2.6 °C Weiffenbach et al., 2024), particularly due to
an amplified warming in the North Atlantic, Nordic Seas, North Pacific,
and the Atlantic and Indian Ocean sectors of the Southern Ocean,
with temperature anomalies exceeding 4°C. These regions correlate
with regions of maximal atmospheric warming and surface albedo
reduction over adjacent continents and sea-ice zones (Figs. 12a and
14), indicating robust ocean-atmosphere coupling. Specifically, in the
North Atlantic, diminished snow and sea-ice cover (Fig. 15) are linked
to enhanced surface heat absorption, which is reflected in intense SST
warming within the Labrador Sea, Barents Sea, Baffin Bay and along
the eastern North American coastline.

In the Southern Hemisphere, SST increases around Antarctica, align-
ing with pronounced atmospheric warming over the Southern Ocean
(Fig. 12a), particularly in the Atlantic and Indian sectors, where sea-ice
loss is also most pronounced (Fig. 16d). The Sea Surface Salinity (SSS)
anomalies (Fig. 18b) suggest a response of regional hydrological and
cryosphere dynamics to imposed boundary conditions. Extensive sur-
face freshening is observed across the northernmost part of the Central
Arctic Ocean, in the subtropical gyre of the Indian Ocean, and tropical
western Africa at the Niger river mouth. We find pronounced regional
extrema of reduced SSS across the Mediterranean Sea and in the Sea
of Japan, indicative of increased freshwater input from precipitation,
river runoff, and potential sea-ice and glacier melt, depending on the
region. The presence of LP megalakes in central Africa inferred from
the proxy record (Pound et al., 2014), coupled with wetter austral
summer conditions, results in enhanced river runoff in western Africa.
Conversely, salinization of the North Atlantic subpolar gyre and the
Laptev, East Siberian, and Chukchi Seas can be partially attributed to
the elimination of flow through the Bering Strait and Canadian Arctic
Archipelago and restricted transport through the Kara Strait.

The restricted flow that supports salinization then counteracts buoy-
ancy gain due to extensive warming in the North Atlantic, which
sustains deep convection, albeit more confined to the Labrador and
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Fig. 15. Arctic March (a, b) and September (c, d) sea-ice concentration for the PI (a, ¢) and LP (b, d) averaged over the last 200 simulation years.

a) PI: March b) LP: March c) Pl: September d) LP: September

80 90 100

Fig. 16. Antarctic March (a, b) and September (c, d) sea-ice concentration for the PI (a, c¢) and LP (b, d) averaged over the last 200 simulation years.
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Fig. 17. Temporal evolution of the Sea Ice Area for LP and PI simulations.
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for both LP and PI. September (March) relates to the minimum (maximum)
Arctic (Antarctic) Sea Ice Area. Baseline levels of the PI Global March and
September Sea Ice Area are represented in black and gray, respectively, for
direct comparison. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Greenland-Iceland-Norwegian (GIN) Seas (Fig. B.26b). This shift in
deep convection sites is consistent with multiple studies that indicate
their reorganization in warmer climates (Lique and Thomas, 2018;
Gou et al., 2024; Chafik and Rossby, 2019; Arthun et al., 2023). A
similar pattern of salinization despite the overall ocean warming is
seen in the Southern Ocean, especially in the Ross and Weddell Seas,
where deep convection typically occurs (Orsi et al., 1999), although
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the magnitude of warming surpasses the salinization and inhibits deep
convection (Fig. B.26d). These surface anomalies (Fig. 18) indicates
that the paleogeography of the LP likely modulates and sustains LP
warmth via maintenance of a strong thermohaline circulation and
ocean heat transport in the North Atlantic (Otto-Bliesner et al., 2017b;
Weiffenbach et al., 2023).

Our LP simulation demonstrates rapid surface ocean temperature
increase within the first 500 years (Fig. 19a) followed by gradual equi-
libration. Surface warming exceeds 3 °C relative to PI levels, consistent
with amplified SST patterns (Fig. 18a) and the associated feedbacks
driven by reduced sea-ice cover (Figs. 15 and 16). However, while
the surface ocean of the LP simulation reaches quasi-equilibrium, the
deeper ocean continues to warm (Fig. 19a), indicating ongoing deep
ocean heat uptake despite surface stabilization. Salinity evolution dis-
plays non-linear behavior (Fig. 19b). Surface freshening, consistent
with intensified Arctic and continental marginal sea freshening (Fig.
18b), does not penetrate to subsurface and deeper levels, where salinity
gradually increases. Therefore, deep ocean salinization, contrasting
with surface freshening and warming, implies increased water col-
umn stratification. Note that Fig. 19 displays global averages, and
upon inspecting Fig. 18b, it is likely that the surface Atlantic Ocean
time evolution shows an upper ocean salinization trend, rather than
freshening.

4.3.2. Overturning circulation in the LP

The large-scale adjustments in temperature, salinity, and sea-ice,
as detailed in Sections 4.2 and 4.3, culminate in a substantial reor-
ganization of the global overturning circulation under LP boundary
conditions. Fig. 20 illustrates the meridional overturning streamfunc-
tion for the global, Atlantic, and Pacific basins under PI (Figs. 20a, b
and c) and LP (Figs. 20d, e, and f) climates, respectively.

In the Atlantic basin, the PI simulation’s (Fig. 20b) Atlantic Merid-
ional Overturning Circulation (AMOC; Fig. 20b) reaches a maximum
strength of approximately 17Sv at around 39°N and 1000m depth.
The LP simulation (Fig. 20e) displays a significant strengthening and
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Fig. 18. Change in SST and SSS in simulation LP in relation to the reference state PI. Annual mean (a) SST and (b) SSS shown as an average for the last 200
simulation years. The overlaid black dots indicates regions the anomalies are not statistically significant (p < 0.05).
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Fig. 19. Surface to deep ocean differences in the LP in comparison to PIL
Shown is temporal and vertical evolution of the LP global mean seawater (a)
temperature and (b) salinity. For both quantities we show conditions in the
surface to subsurface ocean (uppermost 500 m) and in the deep ocean (500 m
to 6000 m) separately.

deepening of the AMOC (from a maximum strength of 15 Sv to 24 Sv and
depth of 2500 m to 3500 m), and intensification of the upper overturning
cell, congruent with the relative salinization of the North Atlantic (Fig.
18b). Unlike the behavior for transient and quasi-equilibrium warming
and freshwater hosing scenarios under modern geography, where sur-
face freshening tend to weaken the AMOC (Stommel, 1961; Broecker,
1991; Rahmstorf, 1995; Jackson and Wood, 2018; Fox-Kemper et al.,
2021; Max et al., 2022; Jackson et al., 2023; Baker et al., 2025), the LP
paleogeography supports a more vigorous overturning. As discussed in
Section 4.3, the stronger LP AMOC likely stems from to the closure of

14

the Bering Strait and the Canadian Archipelago, which limits the inflow
of fresh Arctic water into the North Atlantic (Otto-Bliesner et al., 2017b;
Zhang et al.,, 2021b; Weiffenbach et al., 2023). Consequently, the
North Atlantic maintains higher salinity, sustaining surface buoyancy
fluxes and interior mixing towards deep water formation at convection
sites, despite overall warming and reduced sea-ice cover (Figs. 18, 15,
16, and B.26). These dynamics emphasize the need to interpret past
warm periods in the context of their unique boundary conditions. As
a comparison, the AMOC simulated by AWI-CM3 under the CMIP6
abrupt-4xCO2 framework shows substantially weakened and shoaled
AMOC in comparison to the LP experiment (Fig. B.28), highlighting the
effect of gateway changes to ocean circulation in the Atlantic.

The overturning time series (Fig. 21) confirms the robust North
Atlantic deep water formation regime suggested in Fig. 20b, showing a
stable and intensified AMOC throughout the LP simulation. The depth-
dependent temporal evolution of the overturning circulation (Fig. B.27)
further illustrates the consistently strong AMOC in the LP, with no
indication of collapse.

In the Pacific basin, the PI upper overturning cell is dominated by
the North Pacific Intermediate Water (NPIW) from 40° to 45°N and
at around 900 m depth, while the lower overturning cell comprises
the Antarctic Bottom Water (AABW), the Pacific Deep Water (PDW),
and the Antarctic Intermediate Water (AAIW) (Fig. 20c and Graphi-
cal Abstract). Under LP conditions the PMOC’s deep overturning cell
weakens (Fig. 20f), resulting in AABW reversal and its formation at
shallower depths in the Pacific Sector of the Southern Ocean. The
less dense, and likely warmer and fresher, AABW subsequently enters
the Pacific, promoting clockwise convection. The subtropical North At-
lantic overturning that contributes to AAIW formation in the Southern
Hemisphere, maintains a similar structure, consistent with widespread
surface warming (Fig. 18a) resulting from increased stratification in
the warmer and fresher surface ocean (Fig. 19). The expansion of the
clockwise cell in the North Pacific could also suggest an active PMOC
during the LP with the formation of the North Pacific Deep Water
(NPDW). However, as Figs. 20b and B.27 show, the upper PMOC cell
exhibits no increasing trend during model runtime and its expansion
can be attributed to the upper ocean salinization in the LP North Pacific
(Fig. 18b). Therefore, our model does not indicate an active PMOC
during the LP.

The Global Meridional Overturning Circulation (GMOC; Fig. 20a
and d) exhibits a net weakening of deep water formation and export,
particularly in the Southern Hemisphere. The PI simulation shows a
strong anticlockwise cell representing the formation of AABW in the
Southern Ocean, extending northward along the seafloor. During the
LP, this AABW cell is significantly reduced, with the lower overturning
streamfunction nearly disappearing. Taken together, the LP overturning
structure reflects a more stratified ocean, with weaker AABW formation
and a relatively stronger AMOC, consistent with large-scale changes in
ocean circulation under Late Pliocene boundary conditions, indicated
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Fig. 20. Meridional Overturning Circulation (MOC) stream functions in different ocean domains (a, b, c) for the PI and (d, e, f) for the LP experiments. We
show in (a, d) global MOC (GMOC) that is derived integrating over all ocean basins, (b, e) Atlantic MOC (AMOC) for the Atlantic Ocean only, (c, f) Pacific MOC
(PMOC) for the Pacific Ocean only. Positive values (orange) indicate clockwise overturning cells, while negative values (purple) represent anticlockwise transport.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

by the PlioMIP2 model ensemble (Zhang et al., 2021b; Weiffenbach
et al., 2023).

During model runtime, the PI GMOC maintains relative stability,
with the AABW cell contributing approximately 18 Sv globally (Fig.
21a). A stagnant PMOC of about 2 Sv remaining secondary to the AMOC
contribution to GMOC. The PMOC remains nearly absent during the LP
simulation, corroborating the lack of deep water formation in the North
Pacific. In LP simulation, surface freshening in the Pacific Ocean (Fig.
18b), and enhanced global upper-ocean stratification (Fig. 19) indicates
inhibited development of the density gradients required for deep water
formation in the North Pacific.

The overall strength of the global Antarctic Bottom Water (AABW)
cell is notably reduced in LP (Fig. 21b), from 17.2Sv in PI to 6 Sv, as
the Pacific branch significantly weakens relative to the PI state (from
8.1 to 2.3Sv in absolute values), while the Atlantic branch initially
weakens (from 6.8 Sv in PI to 3.5Sv in the first 50 years of LP) and
then recovers towards the end of the simulation to about 6.4 Sv. This
reduction likely reflects the widespread retreat of Antarctic sea-ice in
both summer and winter (Fig. 17), but especially in the Pacific sector
of the Southern Ocean, which limits brine rejection, ultimately sup-
pressing bottom water formation. The resulting weakening of abyssal
ventilation contributes to the ongoing deep ocean warming of about
5°C, observed in the LP (Fig. 19), as heat becomes trapped in the poorly
ventilated interior. Together, these overturning diagnostics reveal that
the LP climate simulated in AWI-CM3 is characterized by a stronger
AMOC (from 16.6Sv to 25.2Sv), a stagnant PMOC remaining near
1.3 Sv, and a substantially weakened AABW globally that is reversed in
the Pacific. This reorganization results in a more hemispherically asym-
metric overturning structure dominated by North Atlantic deep water
formation, represented by the strong AMOC, and with a diminished role
of the Southern Ocean, represented by the weaker global AABW. These
changes reinforce broader climate patterns across the LP simulation,
linking ocean circulation to sea-ice loss, albedo feedbacks, and regional
salinity contrasts within the ocean-atmosphere system.
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4.3.3. Ocean meridional heat transport

To assess the impact of changes in large-scale ocean circulation on
energy redistribution in major ocean basins, we analyze the average
Meridional Ocean Heat Transport (OHT; Fig. 22). The top panel (Fig.
22a) shows total northward OHT in the PI and LP simulations for the
global ocean, Atlantic, and Pacific basins. Zonal anomalies (LP minus
PI) are presented to highlight shifts in the location and magnitude of
poleward heat flux.

Across the tropics and temperate zones (approximately 60°S—-60°N),
the LP simulation exhibits a global reduction in southward heat trans-
port and enhancement in northward heat transport. While southward
heat transport is reduced in the Pacific and Atlantic basins, enhanced
northward heat transport is primarily confined to the Atlantic basin.
This pattern likely reflects a hemispheric energy imbalance resulting
from salinization of the upper Atlantic Ocean driven by a strengthened
AMOC (Figs. 20 and 21). Further investigation into the drivers of this
strengthening is addressed in forthcoming publications. The Pacific
basin displays similar anomalies to the Atlantic basin until 10°S. South
of this latitude until 50°S, however, both exhibit opposite anoma-
lies, with the Pacific (Atlantic) basin displaying reduced (increased)
northward heat transport.

Between 30° to 40°N, the Pacific basin shows a slight increase in
poleward heat transport that could suggest the development of an
active PMOC in the LP. However, this increase is rather small and,
together with our findings in Section 4.3.2, does not support an active
PMOC. Additionally, an active PMOC in the Late Pliocene is a highly
controversial feature, with limited supporting evidence from proxy-
based (Burls et al., 2017; Shankle et al., 2021; Ford et al., 2022; Fu
and Fedorov, 2024) and modeling (Fu and Fedorov, 2024) studies.
Conversely, global poleward heat transport in the Southern Hemisphere
is enhanced south of 60°S in the LP, potentially indicating intensified
Southern Ocean overturning or zonal asymmetries in eddy compensa-
tion. This enhancement correlates with extensive sea-ice formation in
the Pacific sector of the Southern Ocean during the austral summer (Fig.
16b), driven by changes in Antarctic land-sea configuration (Fig. 5).
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Fig. 21. Time evolution of the strength of the meridional overturning circu-
lation (MOC) in the PI (a) and LP (b) simulations. The Atlantic Meridional
Overturning Circulation (AMOC; blue), Pacific Meridional Overturning Cir-
culation (PMOC; orange), and Global Mean Overturning Circulation (GMOC;
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(light green). The MOC strengths are calculated with maximum strength of
the upper overturning cell (from 500m to 2000m) calculated between 30°
to 65°N, while AABW is calculated as the minimum strength of the lower
overturning cell (from 2000m to 6000 m) computed between 34°S and 35°N.
(For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

These basin-scale differences emphasize the influence of basin geome-
try and surface buoyancy fluxes on regional ocean heat transport, and
highlight the increased relevance of the Atlantic Ocean in providing
interhemispheric and northward ocean heat transport in the LP.

5. Summary and conclusions

We have presented here the first application of the AWI-CM3
coupled climate model to simulate the Late Pliocene climate under
PlioMIP3 boundary conditions (LP simulation), with an extensive de-
scription of the methodology implemented. Additionally, we have
illustrated various large-scale climate features in comparison to the Pre-
Industrial (PI) reference state, including discussions that positions our
findings in perspective with respect to the PlioMIP2 model ensemble
and existing literature. Please note that a comprehensive comparison
of our results with proxy records, as well as description of PlioMIP3
extension, optional and legacy experiments is beyond the scope of this
study and will be addressed in forthcoming publications.

Our AWI-CM3 LP simulation features substantial polar warming, a
restructured hydrological cycle, intensified monsoons, reduced merid-
ional temperature gradients, extensive summer sea-ice loss, and an
increased global mean surface temperature. Therefore, with AWI-CM3
we reproduce key features of the Marine Isotope Stage KM5c that
closely align with proxy data compilations and other similar modeling
studies (McClymont et al., 2020b, 2023a; Salzmann et al., 2008; Feng
et al., 2022; Tierney et al., 2025; Haywood et al., 2020). Ocean and
atmosphere exhibit strong coupling of heat, with pronounced atmo-
spheric warming coinciding with amplified SSTs and generally leading
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to various similarities in LP SST and SAT patterns. However, hydrocli-
mate and salinity at the near surface induce heterogeneity in the overall
climate response to LP forcing, as regions where warming in the ocean
and atmosphere occur are not necessarily regions that become wetter
and more saline (Figs. 12 and 18). Subtropical gyres and regions that
are arid today, like the Sahel and Northeast Brazil, become warmer and
drier, while high latitudes and the tropics experience both warmer and
wetter conditions. Glacial-isostatic adjustments in Antarctica, resulting
from reduced ice sheets, induce distinct atmospheric temperature and
precipitation patterns in the polar Southern Hemisphere, with increased
surface height of the ice sheet in central Antarctica inducing colder
and drier conditions, contrasted by warmer and wetter conditions in
adjacent areas (see Graphical Abstract). Conversely, warmer and wetter
atmospheric conditions develop over vast parts of Antarctica, particu-
larly where the AIS was reduced in the LP simulation with respect to
PIL

We find a picture of generally warmer and fresher ocean surface.
In particular the North Atlantic Ocean, Arctic Ocean marginal seas,
north-western Pacific Ocean, and Atlantic and Indian Ocean sectors of
the Southern Ocean show a LP SST pronounced anomaly. On the other
hand, the North Atlantic, Arctic marginal seas (in particular Baffin Bay
and Laptev Sea), and localized regions within the Atlantic and Indian
sectors of the Southern Ocean show saltier upper ocean conditions,
corroborated by the PlioMIP2 ensemble (Haywood et al., 2020) and
by a recent data assimilation study (Tierney et al., 2025). The Pacific
sector exhibits colder and fresher conditions within the Circumpolar
Deep Water (CDW) outcrop region. Various enclosed or marginal seas,
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including the Sea of Japan, the Yellow Sea, the Mediterranean Sea, the
Red Sea, and the central Arctic Ocean, become fresher in the LP, a
feature that appears in line with an overall enhanced hydrological cycle
with increased continental runoff.

Simulated LP precipitation patterns reflect a global hydrological cy-
cle reorganization driven by surface warming and polar amplification.
Increased annual mean precipitation is observed in the tropics and
mid-latitudes, with pronounced seasonal intensification during boreal
summer. Monsoonal regions (South Asia, West Africa, and Central
America) exhibit significant wet anomalies, indicative of amplified
monsoon regimes, congruent with a wetter Pliocene and other warm
climate analogs (Berntell et al., 2021; Han et al., 2021; Feng et al.,
2022; Brierley et al., 2020; Otto-Bliesner et al., 2021; Ren et al., 2023;
Sun et al., 2024), and supported by reconstructed wetland expansion
and tropical forest distribution data (Salzmann et al., 2008). Addi-
tionally, increased high-latitude precipitation, particularly over Eurasia
and coastal Antarctica, corresponds with reduced sea-ice and enhanced
poleward heat transport. Hemispheric asymmetry is evident in tropical
and subtropical regions, with the Southern Hemisphere exhibiting drier
conditions, likely associated with a northward shift of the ITCZ that is
consistent with findings by Pontes et al. (2020).

Our model shows substantial reductions in Arctic and Antarctic
sea-ice in the LP due to the simulated surface warming (Figs. 15
and 16), leading to heavily reduced sea-ice concentration during sum-
mers in both hemispheres. Decreased surface albedo (Fig. 14) and
altered Arctic and Antarctic continental outlines and ocean gateways
(Fig. 5) contribute to high latitude amplified warming (Hill et al.,
2014; Otto-Bliesner et al., 2017b), consistent with other PlioMIP2
models (Chandan and Peltier, 2018; Zheng et al., 2019; de Nooijer
et al., 2020). Additionally, Antarctic sea-ice is primarily confined to
the Pacific Sector, correlating with regional variations in atmospheric
warming, precipitation, and Southern Ocean stratification (Weiffen-
bach et al., 2024).

An important question is after the degree of analogy between the
Pliocene and future warm climates that arise from anthropogenic ac-
tivity. One aspect of the research of paleoclimates is the idea that we
can learn from past warm climates about potential climate patterns of
the future. A key divergence between our simulation and typical results
from future projections refers to the strength of the Atlantic Meridional
Overturning Circulation (AMOC). In contrast to expected AMOC weak-
ening under future global warming scenarios (Fox-Kemper et al., 2021),
our LP simulation features a strengthened AMOC (Fig. 22e), aligning
with PlioMIP2 models that employ similar paleogeographic boundary
conditions in a quasi-equilibrium modeling framework (Weiffenbach
et al.,, 2023; Zhang et al., 2021b). Intensification of the AMOC in
simulation LP is, at least partly, attributed to increased salinity in the
North Atlantic (Fig. 18b) resulting from the closure of the Bering Strait
and Canadian Archipelago, restricting Arctic freshwater inflow (e.g.,
Otto-Bliesner et al., 2017b). The resulting dense North Atlantic surface
waters promote deep convection and a more vigorous AMOC (Fig.
20e). Enhanced northward ocean heat transport in the Atlantic Ocean
basin (Fig. 22), the maintenance of a deep winter mixed layer depth
(Fig. B.26), and temporal evolution of overturning strength (Figs. 21
and B.27) further support this finding. However, in the context of
AMOC, the latitudinal shift in the convection sites (Fig. B.26) align
with the findings of multiple studies tackling warm climates (e.g.,
Lique and Thomas, 2018; Gou et al., 2024; Chafik and Rossby, 2019;
Arthun et al., 2023), which further underscores the complexity of an
analogy approach from Pliocene to future climate at least with regard
to large-scale ocean circulation. Overall, the simulated strengthening of
the AMOGC, in contrast to its projected weakening under future global
warming, highlights the pivotal role of tectonic boundary conditions,
like the closure (opening) of Arctic (Antarctic) gateways, in shaping
ocean circulation.

Conversely, our LP simulation indicates an inactive Pacific Merid-
ional Overturning Circulation (PMOC), contrasting with some other
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modeling studies and reconstructions (Shankle et al., 2021; Ford et al.,
2022; Fu and Fedorov, 2024; Burls et al., 2017), but consistent with
the PlioMIP2 ensemble (Zhang et al., 2021b). The absence of an active
Pacific Meridional Overturning Circulation (PMOC) further reduces
global overturning complexity, emphasizing the dominant role of the
Atlantic in the global surface heat distribution and in deep ocean
ventilation during the Pliocene. Figs. 20 and B.27 corroborate strong
AMOC and weak PMOC throughout the LP simulation. These factors
likely contribute to increased ocean stratification, evidenced by tempo-
ral trends in deep ocean temperature and salinity (Fig. 19), indicating
warming and freshening, and reduced vertical mixing.

Overall, while the Late Pliocene shares some climatic features with
future warming scenarios, our findings caution against overly simplistic
analogies. The distinct boundary conditions of the Pliocene climate
system, particularly ocean gateway configurations and ice sheet extent,
substantially alter ocean and atmospheric circulation and associated
feedbacks and need to be further explored to assess degrees of climate
analogy or rather analogous processes with respect to warm climates
across timescales. However, the ocean’s role in modulating heat trans-
port in our LP simulation provides a robust background for evaluating
Earth system sensitivity and long-term equilibrium responses to various
forcings. As a logical next step, sensitivity experiments within the
PlioMIP3 framework will be addressed and are essential to disentangle
the relative roles of geographic, orbital, and atmospheric forcings in
shaping Pliocene climate dynamics, thus mitigating data-model discrep-
ancies, and improving the relevance of warm-period analogs for future
climate projections.
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Table A.6
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Overview on model variables in OpenIFS and FESOM2.5 and the choice of method/treatment to adapt them for the LP simulation.

Method OpenlFS variables in Gaussian grid

FESOM2.5
variables

OpenlFS variables
in spectral grid

Anomaly Land-sea mask, Lake cover

Replacement
Lookup table

Snow depth (ice sheet)

Volumetric soil water layer 1 [1-4]
CALNORO

Geopotential (land
elevation)

Bathymetry

Leaf Area Index (high and low vegetation), Soil type, - -
Type of Vegetation (high and low vegetation),
Vegetation cover (high and low vegetation),

Angle of subgridscale orography, Anisotropy of - -
subgridscale orography, Slope of subgridscale
orography, Standard deviation of orography

DWA Albedo, Charnock Parameter, Ice temperature layer - -
[1-4], Lake depth, Lake ice depth, Lake mix-layer
depth, Lake mix-layer temperature, Lake shape factor,
Near IR albedo for direct radiation, Near IR albedo
for diffuse radiation, Sea ice fraction, Sea surface
temperature, Skin reservoir, Skin temperature, Soil
temperature level [1-4], Snow albedo, Snow density,
Standard deviation of filtered subgridscale orography,
Temperature of snow layer, UV visible albedo for
direct radiation, UV visible albedo for diffuse radiation

No change
Surface roughness

Logarithm of surface roughness length for heat,

Divergence, -
Logarithm of

surface pressure,

Temperature,

Vorticity

Table A.7

-3.

Translation of the OpenlFS soil texture and volumetric soil water layer fields (in units of m>m~>; volume of water to the volume

of soil).

Volumetric soil water
layer 1 (0 — 7 cm)

Translated soil types

Volumetric soil water
layer 2 (7 — 28 cm)

Volumetric soil water
layer 4 (100 — 289 cm)

Volumetric soil water
layer 3 (28 — 100 cm)

Coarse 0.210 0.212
Medium 0.283 0.279
Medium Fine 0.373 0.374
Fine 0.209 0.248

0.208 0.188
0.270 0.300
0.375 0.399
0.262 0.255
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Appendix A. OpenlFS initial and boundary conditions
See Figs. A.23-A.25 and Tables A.6 and A.7.
Appendix B. MOC supporting figures
See Figs. B.26-B.28.
Data availability
For data access requests and analyses codes, please refer initially to

F.D.A.O.M. (fernanda.matos@awi.de). However, the model output will
be later uploaded to the PlioMIP3 data repository.

No Cﬁange Adclled Lake Difference

Removed

Fig. A.23. Differences in OpenlFS land-sea and lake masks between the LP
and PI boundary conditions after adjustments and corrections. Colored areas
indicate regions that underwent a transition in surface type between LP and
PL: light red marked regions changed from ocean to land from PI to LP
(e.g., exposed continental shelves), dark red represent regions of change in
lake cover, and blue tones indicate areas that became submerged or converted
from ice-sheets into land from PI to LP. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. A.24. Prescribed vegetation cover for the PlioMIP3 LP and PI experiments with AWI-CM3. (a, b) High vegetation and (b, c) low vegetation. (a, ¢) LP and
(b, d) PL.

b) Pl High Vegetation LAl
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Fig. A.25. Prescribed Leaf Area Index (LAI) for the PlioMIP3 LP and PI experiments with AWI-CM3. (a, b) High vegetation and (b, c) low vegetation. (a, ¢) LP
and (b, d) PIL

a) Pl Northern Hemisphere b) LP Northern Hemisphere

d) LP Southern Hemisphere

ywg

500 900 1300 1700 2100 2500 2900 3300 3700
Mixed Layer Depth (m)

Fig. B.26. Mixed Layer Depth over 500 m in (a, c¢) the PI and (b, d) LP for the (a, b) Northern Hemisphere and (c, d) Southern Hemisphere. Superimposed in
green is the sea-ice edge corresponding to the 15% sea-ice concentration contour. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. B.27. Hovmoller diagrams of the Meridional Overturning Circulation (MOC) streamfunction (Sv) as a function of latitude and model year for the Global (a,
d), Atlantic (b, e), and Pacific (c, f) sectors. The upper panels display the maximum strength of the upper overturning cell (clockwise, in red) calculated between
30° to 65°N, while the lower panels show the minimum strength of the lower overturning cell (anticlockwise, in blue) computed between 34°S and 35°N. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. B.28. Atlantic Meridional Overturning Circulation (AMOC) stream functions (a) LP and (b) 4xCO,experiments. Positive values (orange) indicate clockwise
overturning cells, while negative values (purple) represent anticlockwise transport. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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