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Abstract. The Miocene Epoch has emerged as an important paleoclimate model intercomparison target
due to its dynamic nature, global warmth, and reconstructed atmospheric CO> concentrations. Miocene
CO; estimates range from as low as 300—-600 ppmv to as high as 800—1100 ppmv. The formalized
Miocene Model Intercomparison Project (MioMIP2) aims to address questions about the mechanisms
driving the climatic changes and tipping points seen in the geological record and improve confidence in
the ability of climate models to predict future climates and constrain climate sensitivity. Through
alignment with PlioMIP and DeepMIP-Eocene efforts, a coordinated MioMIP (DeepMIP-Miocene)
effort will allow for cross-time-period studies that sample the full range of Shared Socioeconomic
Pathway paleo analogues. Building on the MioMIP1 “MIP of opportunity”, the Miocene community has
been developing the experimental design for MioMIP2. The MioMIP1 effort was an ensemble of
opportunity that leveraged existing Miocene simulations run with different models, boundary
conditions, and reference datasets. MioMIP2 will be the first formal Miocene MIP with common
boundary conditions and will target the Miocene Climatic Optimum (MCO; 16.75-14.5 Ma). We
present the experimental design for coordinated “CORE” MCO simulations and sensitivity studies. This
community effort synthesizes paleogeography, ice sheet, CO, and vegetation boundary conditions
based on the latest available literature and will use geological data from companion proxy synthesis
efforts to evaluate the simulations.

1 Introduction

There is a long history of using climate models to simulate Earth’s paleoclimates (Kutzbach, 1985).
These scientific studies have been motivated by questions on the drivers of deep-time climate, as well as

a desire to assess our confidence in the ability of climate models to predict future climates (Braconnot et
3
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al., 2012; Tierney et al., 2020; Burls and Sagoo, 2022; Zhu et al., 2024), and constrain climate
sensitivity (Hoffert and Covey, 1992; Rohling et al., 2012; Sherwood et al., 2020). With the realization
that climate models can differ significantly in their response to climate forcings, model intercomparison
efforts (MIPs) arose (Gates, 1992; Meehl et al., 1997). Early Paleoclimate Modelling Intercomparison
Project (PMIP) efforts focused on the Holocene and the Last Glacial Maximum (Braconnot et al.,
2007), which are relatively recent with low atmospheric CO; levels. At the same time an effort

developed for investigation of the ‘modern analog’ for CO; levels with close examination of the

Pliocene e.g., Chandler et al., (1994).

If climate models are to be applied to climates for comparison to future elevated atmospheric CO:
scenarios (Riahi et al., 2017), paleoclimate MIPs need to target intervals with high atmospheric CO>
levels and global mean temperatures. To date, coordinated MIPs have been performed for two such
deep-time paleoclimate periods: the Pliocene (PRISM then PlioMIP) (Chandler et al., 2008; Haywood
et al., 2009, 2011, 2013, 2016, 2020) and the Eocene (DeepMIP-Eocene) (Lunt et al., 2012, 2017,
2020). Both efforts have supported a broad range of studies investigating both the response of climate
models to changes in paleoclimate forcings and the comparison of the climate simulations to available
proxy evidence. The Miocene Epoch (23.03-5.33 Ma) falls between the Eocene and Pliocene epochs, in
terms of both age and reconstructed global warmth. Miocene temperatures are estimated to have been 8
to 10°C warmer than pre-industrial (PI) during the peak warmth of the Miocene Climatic Optimum
(MCO; 16.75-14.5 Ma), cooling to an estimated 4-6°C warmer than pre-industrial during the Late
Miocene (11.63-5.33 Ma) (Burls et al., 2021). This long-term Miocene cooling (order of millions of
years) is thought to have been primarily driven by declining atmospheric CO> concentrations (Foster et
al., 2012a), with other factors such as changes in orbital forcing and slow-climate feedbacks (e.g., ice
sheets and vegetation) acting in concert with changes in CO; and other radiative forcings to drive
substantial climate variability on shorter orbital to millennial timescales (Herbert et al., 2022;

Steinthorsdottir et al., 2021b).
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Figure 1: Global mean annual temperature and CO; ranges for the Late Miocene, Middle Miocene and Miocene Climate
Optimum in relation to the global mean annual temperature and CO; timeseries from the Holocene to the end of the century and
calculated temperature thresholds for tipping elements. The Miocene global annual mean temperature estimates are taken from
Burls et al., (2021). The Last Glacial Maximum to Holocene data are taken from (Osman et al., 2021); the current climate data are
taken from HadCRUTS (Morice et al., 2021), and the future climate projection data are taken from (Nicholls et al., 2021). All
temperature timeseries data are the anomaly relative to 1961-1990 and have been smoothed using a rolling mean window of size
20. The Miocene CO2 estimates are taken from (THE CENOZOIC CO2 PROXY INTEGRATION PROJECT (CENCO2PIP)
CONSORTIUM, 2023) and plotted are the means of the 10,000 year intervals smoothed using a rolling mean window of size 100
(line) and the individual datapoints for the boron proxy data (circles). The Last Glacial Maximum to Holocene CO, data are taken
from the Antarctic Ice Core 800,000 year record (Bereiter et al., 2015); the current climate CO; data are taken from the Law
Dome ice core record and the NOAA Global Monitoring Laboratory records from Mauna Loa (Dlugokencky and Tans, n.d.;
Etheridge, D.M., et al., 2010; Keeling et al., 1976; MacFarling Meure et al., 2006) and the future climate projection CO2 data are
taken from (Riahi et al. 2017). Literature-based temperature threshold estimates for the tipping elements are taken from
(Armstrong McKay et al., 2022) and the Global Tipping Points Report (2025): GRIS=Greenland Ice Sheet (collapse), WAIS=West
Antarctic Ice Sheet (collapse), LABC=Labrador-Irminger Seas/Sub-polar Gyre Convection (collapse), EASB=East Antarctic
Subglacial Basins (collapse), AWSI=Arctic Winter Sea Ice (collapse), AMOC=Atlantic Meridional Overturning Circulation
(collapse), AMAZ=Amazon Rainforest (dieback), PFTP=Boreal Permafrost (collapse), EAIS=East Antarctic Ice Sheet (collapse),
REEF=Low-latitude Coral Reefs (die-off), PFAT=Boreal Permafrost (abrupt thaw), BARI=Barents Sea Ice (abrupt loss),
GLCR=Mountain Glaciers (loss), SAHL=Sahel and West African Monsoon (greening), BORF=Boreal Forest (southern dieback),
TUND=Boreal Forest (northern expansion).
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The Miocene has emerged as an important target for a paleoclimate MIP due to its similarity to near-
future projections in terms of global warmth and reconstructed atmospheric CO; concentrations.
Atmospheric CO; estimates for the Miocene range between 300 and 1100 ppmv (Foster et al., 2012b,
2017; Rae et al., 2021a; Sosdian et al., 2018; Steinthorsdottir et al., 2021b; Stoll et al., 2019; Tanner et
al., 2025; THE CENOZOIC CO2 PROXY INTEGRATION PROJECT (CENCO2PIP)
CONSORTIUM, 2023), covering the full range from the 20th century to the worst case future scenario
projected under Shared Socioeconomic Pathways (SSP) 5 (Riahi et al., 2017). Miocene climate
modelling studies paired with proxy reconstructions of Miocene climate can provide insights on the
sensitivity and tipping points of various elements of Earth’s climate system to elevated CO>
concentrations and global warmth, as illustrated in Fig. 1. Furthermore, through alignment with PlioMIP
and DeepMIP Eocene efforts, a coordinated MIP targeted at the Miocene will allow for cross-time-

period studies that sample the full range of paleo analogues to future scenarios in a consistent manner.

The Burls et al. (2021) MioMIP1 study provided a comprehensive quantitative assessment of published
Miocene climate simulations and the range of model-data agreement, highlighting mechanisms common
to all Miocene simulations and regions where differences across experiments result in a large spread in
warming responses. The MIP of opportunity approach offers certain advantages in that it samples the
full range of sensitivity, not only across different climate models but to differing boundary conditions
chosen to be representative of the Miocene. Yet this approach comes with its limitations, specifically
when the question at hand requires an assessment of the robustness of a result across climate models.
Burls et al. (2021) recommends a formalized Miocene MIP (MioMIP2), bringing the community

together under the auspices of DeepMIP-Miocene to write this experimental design paper.

This paper is the result of a coordinated community effort in which both experts from the Miocene
paleoclimate modelling and data communities have worked to design the outlined boundary conditions
and experimental setups. DeepMIP-Miocene’s “MioMIP2” effort will target the MCO and consist of 2
phases. Phase 1 uses the Middle Miocene paleogeography, vegetation, and land-ice boundary conditions

published and described in Burls et al. (2021), hereafter referred to as "updated Herold". Phase 2,
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described herein, uses the state-of-the-art paleogeography, vegetation, and land-ice boundary compiled
by consulting experts, and the literature, to incorporate the latest advances in our understanding of
conditions during the MCO. In accordance with the previous deep-time PlioMIP and DeepMIP-Eocene
efforts, we outline “CORE” experiments that each modelling group participating in MioMIP2 should
complete, as well as suggested sensitivity experiments that will benefit from a multi-model approach to
testing process uncertainty. Additionally, we hope that the boundary conditions published with this
paper will also support a broader range of Miocene sensitivity experiments with individual models that
target scientific questions suited to a single model approach. The Miocene community envisions that the
simulations conducted as part of the MioMIP2 effort outlined in this paper (as well as future MioMIP

efforts targeting other Miocene time intervals) will help address a range of scientific questions.

2 The Chosen Interval

Comprehensive investigations of all recognized climatic events throughout the Miocene are envisaged.
In the present study, as an initial step, the focus is placed on one of the major climatic events of the

Miocene, namely the Miocene Climatic Optimum (MCO; 16.75-14.5 Ma).

3 Experimental Design

The DeepMIP-Miocene, “MioMIP2” experimental protocol has 4 CORE experiments and several
optional sensitivity experiments (Table 1). The CORE experiments consist of a pre-industrial control
simulation (Section 3.1), an abrupt 4xCO; simulation (Section 3.1), a Phase 1 MCO simulation (Section
3.2), and a Phase 2 MCO simulation (Section 3.3). Some modeling groups may choose not to do Phase
1 experiments, in which case they can omit the Phase 1 CORE MCO simulation. Optional sensitivity
experiments are described in Section 3.4 and summarized in Table 1. Of the possible sensitivity
experiments proposed, modelling groups are asked to prioritize the CO; sensitivity experiments,
specifically the 1xCO» experiment, because this sensitivity study allows the non-CO, forcings to be

distinguished from the CO> forcing.
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3.1 Pre-industrial Control and Abrupt 4xCO; Simulations

As in DeepMIP-Eocene (Lunt et al., 2017, 2026), the pre-industrial simulation should be as close as
possible to the piControl run with 1850 forcings that is associated with the Coupled Model
Intercomparison Project (CMIP) version of the model being used to conduct the MioMIP experiments
e.g., Eyring et al., (2015) if a CMIP6 model is being used and Dunne et al., (2025) if a CMIP7 model.
As far as is possible, model physics and parameterization schemes should be consistent between the
pre-industrial simulation and Miocene experiments unless the Miocene experiment is a sensitivity
experiment designed to test the implications of changing a parameterized process such as tidal mixing

(see Section 3.3.5).

The piControl simulation should be initialized from observations or a similar control simulation. The
length of simulation and output saved should be the same as the Miocene control simulation, as outlined

in Sections 3.3.7 and 3.3.8.

To evaluate each model’s equilibrium climate sensitivity under modern boundary conditions, each
modelling group is asked to perform the standard CMIP abrupt 4xCO; simulation run for at least 150
years, ideally 300 years as this is now part of the new CMIP7 protocol (Dunne et al., 2025).

3.2 Phase 1 Middle Miocene Climate Optimum Simulation

MioMIP2 Phase 1 uses the “updated Herold” Middle Miocene paleogeography (Figure 2b), vegetation,
and land-ice boundary conditions described in Burls et al. (2021). The starting point for this
paleogeography is the Miocene dataset described in Herold et al. (2008) with the minor modifications of
Herold et al. (2011). For a full description of the “updated Herold” dataset see the supporting
information of Burls et al. (2021). The “updated Herold” boundary condition files published in Burls et
al. (2021) are available on Zenodo, as outlined in Table 2. Modelling groups participating in MioMIP2
should download these files for their CORE Phase 1 experiment (deepmip-mio-mco-p2-3xCO2), and
any of the three Phase 1 sensitivity experiments (deepmip-mio-mco-p1-XxCO2) they choose to do

(Table 1). For guidance on how to address the applicable experimental setup choices when running their

8
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Phase 1 experiments, modeling groups should follow the Phase 2 instructions outlined in Sections 3.3.3
to 3.3.8. Any required deviations from these guidelines will not necessarily preclude contribution to

245 MioMIP2 but should be documented in the metadata and associated publications.

Table 1: DeepMIP-Miocene MioMIP2 Phase 1 & 2 CORE simulations as well as optional
sensitivity experiments

Experiment Name Experiment Description CO:(ppmv)*  Paleogeography
CORE Experiments
piControl Pre-industrial control 280 Modern
abrupt-4xCO2 Abrupt 4xCOz 1120 Modern
deepmip-mio-mco-p1-3xCO2 MCO best guess 840 “updated Herold” Burls et
al. (2021)
deepmip-mio-mco-p2-3xCO2 MCO best guess 840 This paper
Phase 1 & 2 CO; Sensitivity Experiments
deepmip-mio-mco-p1-1xCO2 Phase 1 PI CO2 280 “updated Herold” Burls et
al. (2021)
deepmip-mio-mco-p1-2xCO2 Phase 1 low CO: 560 “updated Herold” Burls et
al. (2021)
deepmip-mio-mco-p1-4xCO2 Phase 1 high CO: 1120 “updated Herold” Burls et
al. (2021)
deepmip-mio-mco-p2-1xCO2 Phase 2 PI CO2 280 “MioMIP2” This paper
deepmip-mio-mco-p2-2xCO2 Phase 2 low CO: 560 “MioMIP2” This paper
deepmip-mio-mco-p2-4xCO2 Phase 2 high COz 1120 “MioMIP2” This paper
Other Phase 2 Sensitivity Experiments
deepmip-mio-mco-p2-ICE-  Small MCO ice sheet 840 “MioMIP2” This paper
small
deepmip-mio-mco-p2-ICE-  Large MCO ice sheet 560 “MioMIP2” This paper
large
deepmip-mio-mco-p2-ICE-  No MCO ice sheet 840 “MioMIP2” This paper
none
deepmip-mio-mco-p2- Deeper Fram Strait 840 “MioMIP2” This paper
deepFramStrait
deepmip-mio-mco-p2- Deeper Central American Seaway 840 “MioMIP2” This paper
deepCAS
deepmip-mio-mco-p2- Open Tethys 840 “MioMIP2” This paper
OpenTethys
deepmip-mio-mco-p2-HotSpot Hotspot reference frame 840 “MioMIP2” This paper
deepmip-mio-mco-p2-solar  0.14% decrease in solar constant 840 “MioMIP2” This paper
deepmip-mio-mco-p2-ISlo Minimum Northern Hemisphere 840 “MioMIP2” This paper
summer insolation
deepmip-mio-mco-p2-I1Shi Maximum Northern Hemisphere 840 “MioMIP2” This paper

summer insolation
* If a value other than 280 ppmv is used for piControl, then all other COz values in the table should be changed
accordingly. For example, CESM uses 284.7 ppmv
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250
Table 2: DeepMIP-Miocene MioMIP2 boundary conditions
Experiment Name Boundary Location Filename Variable Name
Condition

CORE Experiments and COz Sensitivity Experiments
MioMIP2 Phase 1 Boundary Conditions (“Updated Herold™)
deepmip-mio-mco-  Topography/Bathy “Updated Herold” miocene topo_pollard_antscape_dolantopo

p1-XxCO2 metry in Burls et al. 0.5x0.5.nc
Ice sheets (2021) miocene_veg_ 2x2.nc pft - land ice
Sea level Supplement miocene_veg_2x2.nc landmask
(Land/Sea Mask) https://zenodo.org/
Vegetation® records/4568897 miocene veg_2x2.nc pft
Soils & modern
Lakes https://zenodo.org/No lakes NA
records/8179390
MioMIP2 Phase 2 Boundary Conditions (MioMIP2)
deepmip-mio-mco-  Topography/Bathy https://zenodo.org/ MioMIP2-Phase2-CORE- topo
p2-XxCO2 metry records/20646213 paleogeography.nc
Ice sheets MioMIP2 Phase2 CORE biome.nc mco biome - land
ice
Ice sheet thickness MioMIP2 Phase2 CORE paleogeogr icesheet thickness
aphy.nc
Sea level MioMIP2 Phase2 CORE paleogeogr landmask
(Land/Sea Mask) aphy.nc
Runoff* MioMIP2 Phase2 CORE rivers.nc route
Vegetation® MioMIP2 Phase2 CORE biome.nc mco biome
Soil order MioMIP2 Phase2 CORE soil mco_soil
Soil water holding MioMIP2 Phase2 CORE soil.nc mco_whc_mm
capacity
Soil hydraulic MioMIP2-Phase2-CORE-soil.nc mco_ksat mmbhr-1
conductivity
Lakes No lakes NA

Other Phase 2 Sensitivity Experiments
deepmip-mio-mco-  Topography/Bathyhttps://zenodo.org/ MioMIP2 Phase2 ICE small *nc  Topo, mco_biome —
p2-ICE-small metry, Ice sheets, records/20646213 land ice,
Ice sheet icesheet_thickness,

thickness, Sea MioMIP2_Phase2 ICE large *.nc landmask, route,

deepmip-mio-mco-

>-1CE-laree level, Runoff”, mco_biome,
P g Vegetation, Soil mco_soil,
deepmip-mio-mco-  order, Soil water MioMIP2 Phase2 ICE none *.nc mco_whc_mm,
p2-ICE-none holding capacity, mco_ksat mmhr-1
deepmip-mio-mco- Soil hyd.ra'uhc MioMIP2 Phase2 FramStrait *.nc
p2-deepFramStrait ~ conductivity
deepmip-mio-mco- MioMIP2 Phase2 CentralAmericanSe
p2-deepCAS away_*.nc
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deepmip-mio-mco- MioMIP2 Phase2 TethysSeaway *.n
p2-OpenTethys c

deepmip-mio-mco- MioMIP2 Phase2 HotSpot *.nc
p2-HotSpot

Corresponding 2-degree version of Phase 2 boundary condition file is available with filename ending in “ 2deg.nc”
$ Simulations run with dynamical vegetation should initialize from specified vegetation file

# It is recommended that modelling groups use the 2-degree version (filename ending in “ 2deg.nc”) to help ensure
consistency in river routes across different model resolutions

3.3 Phase 2 Middle Miocene Climate Optimum Simulation

Several studies advancing our understanding of the MCO have been published since the “updated
Herold” Middle Miocene boundary conditions were created (Burls et al., 2021). We therefore review
the latest literature and compile state-of-the-art paleogeography, vegetation, and land-ice boundary
conditions as described in the following two subsections (Sections 3.3.1 & 3.3.2). We refer to these
boundary conditions as the “MioMIP2” Phase 2 paleogeography, vegetation, and land-ice boundary

conditions (Table 2) which are used to carry out the Phase 2 experiments as summarized in Table 1.

3.3.1 Paleogeography and land—sea mask

Since the “updated Herold” paleogeography in Burls et al. (2021) was compiled, new paleogeographic
information and reconstructions for several important regions have been published. Using the “updated
Herold” paleogeography (Figure 2b) as our starting point, topographic/bathymetric updates were
applied to produce the MioMIP2 Phase 2 boundary conditions (Table 2 & Figure 2c¢) as described
below. Note, we do not make any modifications to large parts of eastern North America, Siberia,
Northern Asia, Australia, and New Zealand, and so these regions retain the “updated Herold”
reconstruction; see Figure S1 for a comparison of the Phase 1 “updated Herold” and Phase 2
paleogeography. We create our final MioMIP2 Phase 2 paleogeography at a 0.25° x 0.25° resolution

and additionally make a 2° x 2° version available using conversative regridding (Figure S2).

We update the plate tectonic reconstruction using Zahirovic et al. (2022), but notably depart from the
default mantle-based reference frame of this model and use the paleomagnetic reference frame available
as part of this model (from Merdith et al. (2021); anchored plate ‘701701”) as the basis for our new
paleogeography. This change reflects both an update in the overall plate kinematic reconstruction
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(Miiller et al., 2008a) and its mantle-based (hot spot) reference frame that was used as the basis within
Herold et al. (2008) and its derivations, including Burls et al. (2021), and is consistent with the plate
tectonic model and reference frame used in DeepMIP-Eocene-Phase 2 (Lunt et al., 2026). We note that
many of the following paleogeography advancements described below and subsequently incorporated
into our paleogeography reconstruction were originally published in alternative plate tectonic models;
as such, we ensure prior to any paleogeography modifications and incorporations that all
reconstructions are rotated into the same absolute reference frame and/or plate tectonic reconstruction
model, using software such as pyGPlates (Mather et al., 2024) and Generic Mapping Tools (GMT)
(Wessel et al., 2019a) or GPlately (Mather et al., 2024).

Paleobathymetry

Global paleobathymetry has traditionally been reconstructed based on the oceanic crustal age (‘age
grids’) generated using the underlying plate tectonic model, applying an oceanic thermal subsidence
relationship to determine basement depths, e.g., Stein and Stein, (1992) [‘GDH1’]; Crosby and
McKenzie, (2009); Richards et al. (2018), with the addition of a model of predicted sediment thickness,
e.g., Miiller et al., (2008b); Dutkiewicz et al., (2017); Straume et al., (2020), its isostatic correction
(Sykes, 1996), and a model of oceanic plateau and/or large igneous province emplacement, see Miiller
et al. (2008b) and Wright et al. (2020). This approach was used in the paleobathymetry of Miiller et al.
(2008b), which forms the paleobathymetry in Herold et al. (2008) and its iterations, though refinements

to this approach and its components have since been explored in Wright et al. (2020).

While there will always be some difficulties in reconstructing paleobathymetry, especially for regions
where oceanic crust has been lost due to subduction and therefore requires synthetic reconstruction,
there have been several recent advancements in the reconstruction of regional paleobathymetry in the
Cenozoic. In particular, Hochmuth et al. (2020b) provide a detailed reconstruction of Southern Ocean
paleobathymetry at key time intervals since 34 Ma (including the Middle Miocene; 14 Ma), determined
using backstripping combined with drill core data and seismic stratigraphy. This reconstruction

incorporates the Southern Ocean gateways, i.e., the Drake Passage and Tasman Gateway, which are
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thought to have allowed for deep-water exchange during this time (2020b). Hochmuth et al. (2020a)
merge their reconstructed paleobathymetry with the recent Antarctic bedrock by Paxman et al. (2019).
305

120°W 0° 120°E

-7000 -6000 -5000 -4000 -3000 -2000 1000 O 1000 2000 3000 4000 5000
Elevation (m)

Figure 2: MioMIP2 Paleogeography. a. modern topography; b. MioMIP2 Phase 1 paleogeography (“updated Herold” at 0.5° x
0.5°; ¢. MioMIP2 Phase 2 paleogeography (this study), at 0.25° x 0.25°. See Supplementary Figure S1 for a comparison of
310 MioMIP2 Phase 2 in its high (0.25°x0.25°) and low (2°x2°) resolution.
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In addition, Straume et al. (2020) reconstruct global paleogeography for the Cenozoic, with a specific
focus on the evolution of oceanic gateways. While Straume et al. (2020) use a similar method to Herold
et al. (2008) globally, they reconstruct and modify key regions using additional geological and
geophysical data. Key regions and oceanic gateways include the Fram Strait, Greenland-Scotland
Ridge, the Central American Seaway and the Tethys Seaway, with further refinements to the Tethys
Seaway, Arabia, and Eurasia made in Straume et al. (2024, 2025). Furthermore, a new method to
reconstruct paleobathymetry has been made available using ‘pybacktrack v1.4’ software (Miiller et al.,
2018) which allows for both the reconstruction of presently preserved oceanic crust and continental
crust, where the former is based on an oceanic subsidence relationship, while the latter is based on its
rifting and deformation history, and both methods incorporate the progressive decompaction of
sediments (and other user-optional parameters). As this method can only reconstruct presently preserved
regions, to derive a global paleobathymetry it still requires the integration of paleobathymetry

reconstructed in the more traditional manner for synthetically reconstructed oceanic crust.

There are physiographic uncertainties for several oceanic gateways during the Middle Miocene,
including the Fram Strait, Tethys Seaway Central American Seaway, and Indonesian Seaway. We
review these below and conclude this section with a summary of how we combine these recent

advances to construct the paleobathymetry and oceanic gateways in MioMIP2 Phase 2 (Figure 2c).

The Fram Strait is a key gateway allowing for exchange between the northern Atlantic and Arctic
Oceans and is thought to have had an influence on North Atlantic Deep Water (NADW) and Atlantic
Meridional Overturning Circulation (AMOC). In the present climate, it is the only deep-water
connection between the Arctic and Atlantic, impacting overturning in the Nordic Seas (Arthun et al.,
2023). While there is some uncertainty in the specific timing and the depth evolution of the Fram Strait,
it is thought to have transitioned from a shallow connection to a deep connection around 17.5 Ma
(Jakobsson et al., 2007). Within the “updated Herold” paleogeography, this gateway was a narrow

deepwater (~3500 m) connection. Straume et al. (2020, 2024) however, reconstruct the Fram Strait as
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somewhat shallower (~2500 m) but a wider connection, encompassing more of the surrounding
submerged continental shelves. Additionally, the Faroe-Shetland Channel is much less deep in Straume

et al. (2024) (~500 m), whereas it is ~4500 m in “updated Herold” (Figure S3).

Long standing debates have persisted around the configuration of the Central American Seaway during
the Middle Miocene (Bacon et al., 2015; Jaramillo et al., 2017, 2018; Molnar, 2017; Montes et al.,
2012, 2015; O’Dea et al., 2016; Sepulchre et al., 2014). Herold et al. (2008) and “updated Herold”
depict the Central American Seaway as a wide and deep (~4500 m) seaway (Figure S4). However, most
recent studies suggest that intermediate to deep (~> 2000 m) water connections persisted through the
Middle Miocene in some part of the seaway (O’Dea et al., 2016; Vallejo-Hincapié et al., 2024), but that
its width might have been restricted by the presence of volcanic arcs (Vallejo-Hincapié et al., 2024)
explaining diverging local paleobathymetry evidence (Montes et al., 2012, 2015; Vallejo-Hincapié et
al., 2024). Shoaling is suggested to have occurred during the Late Miocene, around 11-9 Ma (Kirillova
et al., 2019; Osborne et al., 2014).

The Tethys Seaway was shown as a deep connection (~4200 m) in Herold et al. (2008) and modified to
be a shallow seaway (~200 m) in the “updated Herold” (Figure S5). Since then, Straume et al. (2024)
has explored the detailed evolution of the Tethys Seaway based on reconstructions from the Darius
Programme (Barrier et al., 2018), various geologic and biogeographic indicators for seaway
morphology (Bialik et al., 2019; Okay et al., 2010; Segev et al., 2017), and a modified version of the
regional kinematic model of van Hinsbergen et al. (2020). In their reconstruction, the Tethys Seaway
closed by ~19-20 Ma with the drying of the Mesopotamian Trough and emergence of the
Gophotherium Landbridge (Bialik et al., 2019; Harzhauser et al., 2007; Segev et al., 2017; Straume et
al., 2024). Recent studies on faunal assemblages suggest that any substantial oceanic exchange between
the Indian Ocean and Atlantic Ocean ceased by the Early Miocene. At 15 Ma, the Tethys Seaway was
in a transitional stage, likely shallow and narrow or completely closed, where evidence suggests there
may have been a temporary reflooding of the seaway in the Early and Middle Miocene before its final

closure at ~14 Ma (Bialik et al., 2019; Straume et al., 2025). Consequently, a shallower connection
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between the proto-Mediterranean and Indo-Pacific may have been operational at 15 Ma, however, no

deep connections ( > 300 m) were likely at this time (Straume et al., 2024, 2025).

The Indonesian Seaway allows water masses from the tropical Pacific Ocean to be transferred into the
tropical Indian Ocean (Gordon, 2005) and is thought to have had major impact on Neogene climate
evolution (Gallagher et al., 2024; Kuhnt et al., 2004). Paleogeographic evolution of the region during
the Miocene is essentially forced by the northward migration of the Australian continent and its
collision with Papua New Guinea and South-East Asia (Hall et al., 2012). A recent synthesis by
Gallagher et al. (2024) suggests that the seaway was only partially restricted during the Middle
Miocene, with constriction occurring later. We note that reconstructing the paleogeography of such a
complex seaway is far from straightforward, high uncertainty persists due to active tectonic
deformation, the presence of many small islands and narrow straits and a lack of direct quantitative
paleobathymetric evidence. Frigola et al (2018) made some modifications to the Herold et al. (2008)
Middle Miocene reconstruction, including an alternative reconstruction for this region, based on the
more recent work from Hall (2012). However, as Hall (2012) does not provide any absolute elevation
values, Frigola et al. (2018) assigned average elevation and bathymetry values to Hall’s (2012)
geographic feature categories and modified the depth of the gateway so that intermediate depth passages
exist at depths between 600 and 1000 m.

Here, we combine many of these recent advances in paleobathymetry and oceanic gateways
configurations. We create our paleobathymetry using the plate tectonic model (Zahirovic et al., 2022)
based on the combination of pybacktrack 1.4, for presently preserved regions and submerged
continental crust, and we use the workflow described in Wright et al. (2020) for regions requiring
synthetically reconstructed oceanic crust. We use the Stein and Stein oceanic subsidence relationship
within both these workflows. We incorporate the Hochmuth et al. (2020a) reconstruction for the
Southern Ocean, and Straume et al. (2020) for the Fram Strait (Figure S3), Central American Seaway
(Figure S4), and Tethys Seaway and surrounds (including the Paratethys; Figure S5). We additionally

adopt the reconstruction from Frigola et al. (2018) for the Maritime Continent region and Indonesian
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Seaway (Figure S6). Herold et al. (2008) (and consequently “updated Herold”) incorporate a sea-level
adjustment based on Miiller et al. (consistent with their paleobathymetry) and their ice sheet scenario.
Here we adjust sea level in our starting paleogeography (“updated Herold”) for the effects of tectonics
(20 m) based on Wright et al. , as well as the effect of the CORE ice sheet and small ice sheet scenarios
respectively (see Sections 3.3.2, 3.4.3 and Table 6 for further details).

Antarctica and Greenland

The paleotopography of the Antarctic bedrock since 34 Ma was reconstructed in high resolution by
Paxman et al. (2019), including at (~14 Ma). This reconstruction has been combined with the Hochmuth
et al. (2020b) Southern Ocean paleobathymetry reconstruction. Here, we leverage this reconstruction in
our global paleobathymetry, and bedrock topography of Antarctica is isostatically adjusted to account
for the loading effect of the Antarctic Ice Sheet (see Section 3.3.2 for further discussion on the
configuration of the ice sheet). Straume et al. (2020) also provides a new paleogeography reconstruction
for Greenland, where they modify its paleotopography to account for the Eurekan orogeny (Medvedev
et al., 2018). We incorporate this reconstruction for Greenland into our Phase 2 paleogeography, with a
slight adjustment to the paleoelevations of the eastern Greenland margin to better match its conjugate
margin, as well as modifying the Canadian archipelago to ensure no oceanic throughflow (similar to

“updated Herold”).

North America

The western North American cordillera has immense impact on the regional climate, behaving like
water towers interacting with atmospheric rivers and the North American monsoon, while redirecting
atmospheric flow influencing westerly storms in North America (Feng et al., 2013; Spaur et al., 2025;
Wheeler et al., 2016). The western mountain ranges began their development during the Early
Cretaceous as part of the subduction of the Farallon Plate into North America (Bahadori et al., 2022;
Cassel et al., 2018; Licht et al., 2017). Using geodynamic models and terrestrial climate-derived proxies
(water isotopes and paleobotany), the maximum orogenic elevation was estimated to have occurred

during the early Cenozoic where a Nevadaplano and Mogollon highland was present (Bahadori et al.,
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2022; Chamberlain et al., 2012; Liu, 2015). Progressive collapse of the highlands occurred during the
Oligocene-Miocene transition as part of the Basin and Range expansion. Middle-to-Late Miocene
evidence alludes to the subsequent uplift of the Colorado Plateau while the Great Basin and Sierra
Nevada formed further west. We therefore implement the Early-to-Middle Miocene western North
American cordillera generated by Bahadori et al., (2022), with an elevated Nevadaplano, but a lower

Colorado Plateau (Figure S7).

Central America

The Mexican Plateau is bordered by two meridionally oriented cordilleras, an eastern feature the Sierra
Madre Occidental, and a western feature, the Sierra Madre Oriental (Fan et al., 2022). Elevated terrain
primarily resides over the Sierra Madre Occidental and its orogeny have been shown to strongly
influence the Intertropical Convergence Zone (ITCZ) and guide the northward progress of the North
American Monsoon (Adams and Comrie, 1997; Boos and Pascale, 2021). Like the western North
American cordilleras, the uplift of the Mexican Plateau began its development during the Early
Cretaceous as part of the subduction of the Farallon Plate under North America. The majority of the
volcanic activity and uplift of the Sierra Madre Occidental occurred between the Early Oligocene and
Early Miocene, forming prior to the opening of the Gulf of California (Ferrari et al., 2007). For our
work, we implement a modified version of the modern-day Sierra Madre Occidental since much of its
elevation gain occurred prior to the Middle Miocene (Figure S7). However, further work like Bahadori

et al. (2022) should be done to fully ascertain the Mexican Plateau orogeny.

South America

Today, the Andean Mountain range is longest mountain chain in the world, spanning the entire western
border of South America. The orogenic history of the Andes has implications for the development of the
South American Monsoon (Acosta et al., 2022; Jeffery et al., 2012), orientation of the Amazon rivers
(Hoorn et al., 2022; Jaramillo et al., 2017) and ocean circulation in the East Equatorial Pacific (Feng
and Poulsen, 2014; Takahashi and Battisti, 2007). The uplift sequence of the Andes was diachronous

beginning during the Late Cretaceous-Paleocene as part of the Farallon Plate subducted under South
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America (Boschman, 2021). The uplift history of the Andes during the Miocene is still debated. In the
central Andes, the elevation of the eastern cordillera in Boschman (2021) is substantially lower than the
western cordillera (~2 km difference), where paleoaltimetry evidence suggests rapid uplift occurring
between 15 and 5 Ma (Garzione et al., 2017). Using water isotopes, paleobotany, and stratigraphic data
the western cordillera is estimated to have been uplifted above 4 km between the Eocene-Oligocene,
and the eastern cordillera uplifted to 2-3 km elevation between the Late Oligocene and Middle Miocene

(Martinez et al., 2020; Sundell et al., 2025).

A long-lived mega-wetland in western Amazonia known as the Pebas System existed during the Middle
Miocene with a significant influence on biodiversity. However, the spatial extent and its
paleoenvironmental evolution (e.g., lacustrine vs marine influence, as well as extent and timing of
possible marine incursions) have been debated (Bernal et al., 2019; Bicudo et al., 2020; Gross et al.,

2016; Hoorn et al., 2010, 2022; Jaramillo et al., 2017).

Here, we rely on the 15 Ma paleotopography of Boschman (2021), with the following modifications to
account for the Pebas System and the Paranaense Sea. We account for the Pebas System by following
its spatial extent as suggested in Hoorn et al. (2022), adjusting its elevation from 35 m in its center,
gradating to sea level at its mouth where it drains towards the Caribbean. To account for grid resolution
changes (i.e., 0.25° to 2°), we slightly widened the outlet so that it is preserved at the lower 2°
resolution. The Pebas region should be designated by modelling groups as wetland in the land surface
model (see Figure S8 for its incorporated extent). The extent of the marine incursion, known as the
Paranaense Sea, is much less certain. Here, we incorporate the values and extent of the Paranaense Sea

from the “updated Herold” paleogeography, which in turn derives from Markwick, (2007) (Figure S8).

Africa
The East African Rift System extends from the Afar region towards southeastern Africa. The uplift of
these reliefs results from mantle dynamics (plume activity and convective cell processes), which drive

basement uplift, magmatic activity leading to volcanic flow accumulation, and rifting responsible for
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the formation of rift shoulders (Cai et al., 2023; McGregor et al., 2015; Michon et al., 2022; Morley,
2020; Vetel and Le Gall, 2006). The Ethiopian Plateau may have reached an altitude of 2500 m as early
as the Oligocene (Pik et al., 2008; Sembroni et al., 2016). Located south of the Ethiopian Plateau,
previous paleobiology evidence found at 17 Ma (Wichura et al., 2015) estimated the altitude of the East
African Plateau (Kenya Dome) was low enough to have fluvial systems that connected the Indian Ocean

during the Middle Miocene, and only has exceeded 1400 m after 13.5 Ma (Wichura et al., 2010).

In north Africa, large sedimentary basins were marine and connected to the Tethys Ocean during the
Paleocene, persisting until the Middle Eocene for the Taoudenni Basin (Guiraud et al., 2005; Swezey,
2009). Long-wavelength deformation (100-1000 km) induced by mantle upwellings drove the uplift of
the Tibesti, Darfur, and Hoggar-Air massifs from the Middle Eocene onwards (LeMasurier, 2022). The
rise of these landforms was large enough to reshape the drainage patterns from the Early Oligocene

onwards (Chardon et al., 2016).

The Jos Plateau (Nigeria), Cameroon Highlands, and Ubangian Rise (located between the Congo Basin
and the Chad Basin) experienced uplift between the Middle Eocene and the Oligocene (45-23 Ma),
although the elevation did not exceed a few hundred meters (Guillocheau et al., 2015). To the west of
the Congo Basin, the Central African Atlantic Swell began rising during the Middle Miocene
(Guillocheau et al., 2015).

Today, southern Africa is characterized by a high plateau bordered by a prominent escarpment.
Estimates of sediment volumes and accumulation rates in marginal basins off southern Africa (ranging
from the Walvis Basin in the Atlantic Ocean to the Durban Basin in the Indian Ocean) indicate a sharp
increase in sediment accumulation rates during the Late Cretaceous, driven by a peak in erosion (Baby
et al., 2020). This event suggests that the uplift of the South African plateau occurred between 93 and
70 Ma, likely induced by dynamic topography associated with the motion of Africa over the superplume
(Braun et al., 2014). A second uplift, primarily affecting the eastern part of the South African plateau,
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took place during the Neogene between 25 and 15 Ma (Baby et al., 2020). Therefore, by the Middle

Miocene, the South African plateau had likely reached an elevation close to its present height.

In the north-west of the African continent, the uplift of the High Atlas began at the end of the Eocene in
Morocco and progressed eastwards, reaching Tunisia only during the Late Miocene (Missenard et al.,
2007). This orogeny is not directly linked to the Europe-Africa collision but instead results from the
Cenozoic inversion of a rift system that was active during the Triassic and Jurassic (Frizon de Lamotte
et al., 2000). During the Middle Miocene, the Atlas Mountains in Morocco likely exhibited lower relief
than today, as an episode of crustal deformation and exhumation occurred during the Middle to Late

Miocene, driven by dynamic mantle upwelling (Lanari et al., 2023).

Poblete et al. (2021) produced a paleogeographic reconstruction at 20 Ma, in which the topography of
Africa aligns with the main features described above for the Middle Miocene. However, the absence of
any slope in low-lying areas prevents the accurate representation of watersheds. The current bimodal
hypsometry of Africa was likely established around 30 Ma, coinciding with the development of the
modern drainage network. Therefore, we reconstruct the paleogeography of the African and Arabian
plates by integrating the aforementioned features in the paleogeographic reconstruction of Poblete et al.
(2020) combined with the adjusted present day topographic features (rotation and elevation) into the
well-established version in the “updated Herold” (Figure S9).

Europe

Tectonic activity, including throughout the Miocene, has resulted in significant orogenies and played a
large role in influencing the paleogeography of the European region. Key regions include the European
Alps and Anatolia, where their respective elevations may act as water towers capturing a substantial
amount of rain and moisture from atmospheric rivers, and holds significant importance to the regional
land-surface hydrological cycle. The European Alps evolved from the continental collision as the
African plate moved northwards toward Eurasia beginning in the Late Cretaceous, with much of its

heterogenous uplift occurring during the Miocene (Kissling and Schlunegger, 2018). Late Oligocene to
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Early Miocene records suggest elevations of ~2 km and subsequent rapid uplift during Early to Middle
Miocene, when the European Alps reached an elevation of ~4 km (Krsnik et al., 2021). In the “updated
Herold” paleogeography, the European Alps are ~2 km in elevation, thus we raise its elevation to ~4
km. However, since its surrounding mountain range such as the Dinaric Alps are contingent on the
extent of the Tethys Sea (based on the Straume et al., (2024) reconstruction that is adopted in our Phase
2 paleogeography), here we primarily implement changes on the central European Alps and maintain

the continental configuration implemented in the “updated Herold” (Figure S5).

During the Early to Middle Miocene, the Anatolian region experienced intense tectonic activity, which
played a primary role in shaping its topography. The ongoing extensional and strike-slip tectonics in
Western, Central, and Eastern Anatolia led to the formation of grabens, horsts, and elevated plateaus,
generating a highly heterogeneous relief. Geochemical data indicates widespread volcanism occurred
across the Anatolian region, with magmatic intrusions and eruptive centers developing along fault zones
and extensional basins (Ersoy and Helvaci, 2016; Kurum et al., 2008; Ozkul et al., 2022), which likely
played a role in shaping both the morphology and sedimentary environments of Miocene Anatolia. For
Anatolia, we rely on the paleogeography reconstruction from Straume et al. (2024) in our Phase 2
paleogeography. For all other regions of Europe (except as outlined elsewhere, i.e., the Tethys and

surrounds), we rely on the paleogeography reconstruction from “updated Herold”.

Asia

One of the most studied topographic features, the Tibetan-Himalayan complex imposes substantial
forcing on Asia’s climate and is associated with atmospheric teleconnection patterns both in present day
(Molnar et al., 2010) as well as past climates (Farnsworth et al., 2019b; Huber and Goldner, 2012; Sarr
et al., 2022). Its elevation and horizontal extent influences both the Indo-Asian and East Asian
Monsoons and regions of high biodiversity, while far field effects impact the high latitude jet stream
(Acosta and Huber, 2020; Geen et al., 2020). Much of the elevation gain of the Tibetan Plateau and
Himalayan Mountains was due to the northward movement of the Indian subcontinent and single stage

collision into Eurasia which began ~60 Mya (Ding et al., 2022). While Arabia—Eurasia collision
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initiated ~35 Mya (Wang et al., 2025) may have indirectly impacted the western regions west of the
Tibetan-Himalayan orogen, such as the Pamir. During the Miocene, most of the plateau was near its
present-day elevation above 4 km. However, the presence of a substantially higher Himalayan front (>5
km) during the Middle Miocene remains debated (Botsyun et al., 2019; Spicer et al., 2021b, a), while its
elevation and ability to redirect moisture (Acosta and Huber, 2017; White et al., 2017) will impact how
climate models simulate Indo-Asian climate. Although its full impact is resolution dependent, coarse
grid paleo-models still capture first order effects on water vapor transport, wind speed, and precipitation
(Johnson et al., 2016). Water isotope and paleobotanical evidence suggest the Himalayas exceeded 5
km elevation during the Early—Middle Miocene (18—15 Ma). For MioMIP2 Phase 2, we maintain the 4
km elevation of Herold et al. (2008) for the Tibetan Plateau but modify the Himalayan front to be
uniformly at 5 km (Figure S6) in general agreement with Wang et al. (2022). Northern Tibet plays a
crucial role in strengthening the East Asian summer monsoon and biodiversity in the region (Li et al.,
2021), as well aridification of central Asia. The timing of the uplift of northern Tibet is poorly
constrained due to the scarcity of paleo-altimetric data from the region. By the Middle Miocene
conflicting estimates suggest a height of anywhere between 1.4 km to near-present elevations (Wang et
al., 2025). A recent study by Miao et al. (2022) has suggested a later uplift, with elevations at ~ 2-3 km

in the Middle Miocene and only achieving a near-present elevation by the Late Miocene (8§—6 Mya).

The major topographic features found in Mongolia are the Tian Shan and Altai mountains. These
mountain ranges act as barriers to moisture from westerly mid-latitude flow, preventing rainfall from
entering the Gobi Desert. By ~ 15 Mya, across inland eastern Asia (e.g., Chinese Loess Plateau, central
China, and the northeastern Tibetan Plateau) climate proxy-evidence indicate progressive aridification,
marked by a stepwise shift from sub-humid to arid conditions (Barbolini et al., 2020). The orogenic
sequence of the Tian Shan and Altai mountains are controversial, with much of the evidence suggesting
major uplift toward its present-day elevation during the Late Miocene (Caves, 2017; Rugenstein et al.,
2022). To revise the “updated Herold” paleogeography, we lower both Tian Shan and Altai mountains

to be half of the present-day elevation (Figure S6). However, much work is still needed to determine the
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extent of uplift between the Early to Late Miocene, so further revision of the Mongolian mountains

should be done as new evidence becomes available.

The western Eurasian mountains consist of the southwestern Zagros belt and the greater Iranian Plateau.
As part of the northward movement of the Arabian plate toward Eurasia, the western Eurasian
mountains orogeny began during the Late Oligocene to Early Miocene and continued throughout the
Miocene (Mouthereau, 2011). This sequence is inherently tied to the closure of Tethys Seaway
(Straume et al., 2024). The greater Iranian Plateau has immense impact on the Indo-Asian monsoon as it
acts a barrier for northwesterly dry air from entering the Indo-Gangetic plains and disrupting the
monsoon environment as suggest by modeling work (Acosta and Huber, 2020; Farnsworth et al., 2019b;
Sarr et al., 2022; Zuo et al., 2024). Stratigraphic evidence from the Early Miocene suggests the region
was still below sea level, with subsequent rapid uplift of ~2 km occurring between the Early to Middle
Miocene and reaching near present-day elevation during the Late Miocene (Mouthereau, 2011).
However, constrained age and paleo-altimetric elevation estimates are still lacking, however the main
uplift, deformation, and exhumation across the Zagros and the wider Arabia—Eurasia collision zone
likely began later, at ~15—12 Ma (Mouthereau, 2011). Here, we modify the “updated Herold”
paleogeography by implementing the reconstruction of Straume et al. (2024) for the Zagros and Iranian
Plateau (Figure S5). However, uplift rates across the region are complex and most likely require further

refinement as more data becomes available.

3.3.2 Land surface

Ice sheets
A key constraint for the ice sheet boundary conditions to be prescribed in MioMIP2 Phase 2 is that they

should be physically realistic, and so we have therefore considered output from state-of-the-art 3D
thermodynamical ice sheet models. An inventory of recent studies simulating the Antarctic Ice Sheet
during the Miocene is given in Table 3. These studies comprise only of equilibrium simulations,
because transient behavior of the Antarctic Ice Sheet is currently still understudied and under
constrained (Stap et al., 2022). The Antarctic Ice Sheet was dynamic throughout the Middle Miocene

and even during the MCO (Gasson et al., 2016; Levy et al., 2016), so defining one ice sheet extent as
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representative of the MCO is challenging. For the CORE experiment, the ice sheet configuration chosen

attempts to reflect this as we have purposely not selected the minimum ice sheet extent during peak

warmth (McKay et al., 2025). Sensitivity experiments with larger and smaller Antarctic Ice Sheets are

discussed in Section 3.4.3.

Table 3: Inventory of recent studies, using 3D thermodynamical ice sheet modelling studies used
to address the Antarctic Ice sheet during the Miocene

Study Ice sheet model + Setup climate forcing Research goal
forcing climate model
Gasson et al. (2016) PSU-ISM + GENESIS  Climate downscaled through  Sensitivity to bedrock topography,

Paxman et al. (2020) PSU-ISM + GENESIS

Halberstadt et al. (2021) PSU-ISM + GENESIS

Stap et al. (2022) IMAU-ICE +
GENESIS

Segalla et al. Yelmo + IPSLCM5A2

(unpublished)

regional climate model,
asynchronous coupling

Climate downscaled through
regional climate model,
asynchronous coupling, offline
forcing

Climate downscaled through
regional climate model,
asynchronous coupling

Transient interpolation
between warm (high CO2, no
ice cover) and cold (low COz,
large EAIS) climate
simulations

Forcing YELMO with climate
outputs

climate and ocean forcing,
comparison to data (AND-2A)

Sensitivity to bedrock topography

Sensitivity to bedrock topography,
climate and ocean forcing,
comparison to data (AND-2A)

Sensitivity to ice sheet - atmosphere
interactions

Sensitivity to CO2 (420 ppm & 700
ppm), insolation (min max at 75°S)
and ice sheet

For the CORE experiment, the setup used by Halberstadt et al. (2021) has the advantage that, a)

compared to Paxman et al. (2020) and Stap et al. (2022), it consists of a coupled climate-ice sheet model

rather than a stand-alone ice sheet model, and b) compared to Gasson et al., (2016), it uses the Paxman

et al. (2019) reconstruction pertaining to 14 Ma for the bedrock and bathymetry boundary conditions,

which, as described in Section 3.3.1, is used as topography in the MioMIP2 Phase 2 paleogeography.

We consider the Halberstadt et al. (2021) simulation with atmospheric CO> set at 930 ppm and an

“interglacial” astronomical configuration (eccentricity=0.05, obliquity=24.5, precession=270) as best

suited for the CORE experiment (Figure 3). The results of this simulation are broadly in-line with data
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studies suggesting at least a part of the East Antarctic Ice Sheet remained during the MCO (Miller et al.,
2024). It is also consistent with evidence for open marine deposits in the Ross Sea from ANDRILL-2A

635 and IODP Site U1521 between 16.5 and 15.9 Ma (McKay et al., 2019; Pérez et al., 2021), and ice-free
conditions in the Transantarctic Dry Valleys (Chorley et al., 2022; Lewis and Ashworth, 2016; Sugden,
1996). However, the presence of ice-rafted debris (IRD) at ANDRILL-2A throughout the Miocene
suggest that Transantarctic glaciers were present and reached the coast even during the warmest
interglacials (Levy et al., 2016). The CORE ice sheet is consistent with extensive ice-free conditions in

640 the Wilkes Subglacial Basin (Sangiorgi et al., 2018) and periodic ice-free conditions in the Sabrina
Coast (Gulick et al., 2017; Montelli et al., 2020). We note that the CORE ice sheet is larger (21.2
million km?) than that used in the "updated Herold" paleogeography (6 million km®) (Burls et al., 2021).
The small ice sheet sensitivity experiment recommended in Section 3.4.3 is an ice sheet comparable to
the “updated Herold”.

645

a. CORE ice sheet o b. Small ice sheet c. Large ice sheet

Elevation (m)

Figure 3: Ice sheet boundary conditions for MioMIP2 Phase 2. a. CORE experiment; b. the large; and c. small ice sheet sensitivity
experiments described in Section 3.4.3. The purple line indicates the edge of the ice sheet.

650 Constraining the extent of glaciation (if any) on Greenland during the Middle Miocene is equally
challenging. There is evidence for IRD in cores proximal to Greenland since ~18 Ma (Thiede et al.,
2011); however, the temporal resolution of these records is low and individual glacial-interglacial
cycles are not resolved. The extent of glaciation is difficult to determine from these records and

transportation by sea ice cannot be ruled out. For the PlioMIP PRISM4 reconstruction, the Greenland
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Ice Sheet extent is 25% of the present-day area (Dowsett et al., 2016). Given that the Middle Miocene
was warmer than the middle Pliocene, the Greenland Ice Sheet likely had an even smaller extent. Global
cooling and uplift of the Greenland continent since ~10 Ma also means that glaciation was more
favorable during the Late Miocene (Herbert et al., 2016; Jakobsen et al., 2025; Japsen et al., 2014).
Given that any ice sheet would likely have been small in extent and would have limited impact on the
climate system, especially given the resolution of the models typically used to simulate the Miocene,

ice-free conditions on Greenland are used for the CORE experiment.

Vegetation

Whilst some climate models now allow for dynamical vegetation modelling, there is a need for
MioMIP2 to generate a baseline vegetation distribution that can be used by modelling centers without a
dynamical vegetation component, to initialize the models with dynamical vegetation, and to allow for
comparison of simulated vegetation with the data reconstructions. The MioVegl group has updated
previous Middle Miocene vegetation syntheses (Herbert et al., 2016; Jakobsen et al., 2025; Japsen et al.,
2014; Pound et al., 2012) and filled in the gaps regionally using modeled vegetation fields selected
based on paleobotanical expert-opinion (Bradshaw et al., 2025). The modeled vegetation fields were
derived from MioMIP1 climate simulation using the BIOME4 (Kaplan, 2001) vegetation model. The
resulting Middle Miocene vegetation reconstruction (Bradshaw et al., 2025) has been updated to the
MioMIP2 Phase 2 paleogeography as shown in Figure 4 to provide the vegetation boundary conditions
for MioMIP2 (Table 2). A key constraint of the approach taken in MioVegl was that it was more
important for the simulated vegetation to best match proxy-based vegetation reconstructions from the
paleorecord than it was for the same model or the same model boundary conditions to be used in the
model-data synthesis. This means that the vegetation reconstructions are a blend of different models and
CO; concentrations but the overall vegetation distribution reconstructed is as close to the available

paleobotanical data as possible.

While no vegetation-specific sensitivity studies are proposed for MioMIP2 (Table 1), the MioVegl
reconstruction effort highlighted novel uncertainties that could be the target of individual modelling

sensitivity studies and proxy studies. The paleobotanical data that was used to match the modelled
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vegetation may partly have a wet bias as a result of more favorable preservation conditions in wetter
environments, at least for plant macrofossils (Xing et al., 2016). In contrast, pollen records tend to
reflect regional vegetation, thereby also capturing plant communities farther away from lakes and
wetlands (Traverse, 2007). In addition, evidence of plants that preserve in drier facies such as paleosols,
such as phytoliths and n-alkanes (Stromberg et al., 2018; Tweedy et al., 2025), may represent an
opportunity to fill gaps in the paleobotanical record. Fire-vegetation feedbacks may have been a
significant limiting factor to forest expansion in the Middle Miocene. In contemporary ecosystems,
pyrophylic and pyrophobic vegetation can grow in climatically identical conditions and simply be
maintained by promotion or suppression of fire by plant species within those vegetation types, e.g.,
Staver et al., (2011). As BIOME4 is an equilibrium global vegetation model, it does not incorporate a
disturbance regime such as fire and therefore MioVegl may be overrepresenting vegetation types such
as dense forest, and high fire recurrence vegetation types such as grasslands may be underrepresented in
some regions. In addition to differences in primary productivity and carbon storage between grasslands
and forests, underrepresenting grasslands may affect hydrological fluxes, aerosol production and
albedo. In certain areas grassland is expected, but not produced in MioVegl, such as the continental
interior of North America. Likewise, MioVegl features extensive Arctic and sub-Arctic grasslands, but
there is no Middle Miocene paleobotanical data that indicates grasslands in these regions. Sensitivity
tests by individual modelling groups may be desirable to determine the effect of grassland
underrepresentation (or overrepresentation). Future Miocene paleo-data compilations could focus on
amplifying evidence for fire-controlled ecosystems, such as tropical (C4) savannas, by including fire
markers (e.g., charcoal, microfossils PAHs) (Karp et al., 2020; Vachula et al., 2021) and stable carbon

isotopic evidence for C4 biomass (Cerling et al., 1997).

Modelling groups should use lookup Table 4 for prescribing the phenology variables associated with

each biome: leaf area index, stem area index, top and bottom tree heights.
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Figure 4: MioMIP2 Phase 2 CORE experiment biome orders. Biome reconstruction is based on Bradshaw et al. 2025 and updated
to the MioMIP2 Phase 2 paleogeography, including minor updates to proxy locations in Central Asia (due to differences in the
plate tectonic reconstruction) and the addition of land ice as described in the Section 3.3.2.
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720 Table 4. Vegetation model parameters. Values taken from Haywood et al. (2010)
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Key | Biome
Tropical
1 evergreen forest 1.430 | 0.121 | 0.230 | 129 1.140 0.690 5.730 8.58 29.400 | 0.95
Tropical semi-
2 deciduous forest 1.430 | 0.121 | 0.230 | 129 1.140 | 0.690 5.730 8.58 29.400 | 0.95
Tropical
deciduous
3 forest/woodland 0.696 | 0.137 | 0.436 | 98 0.685 0.592 3.060 4.85 12.800 | 0.80
Temperate
4 deciduous forest 1.080 | 0.136 | 0.355 | 96 0.851 0.585 5.280 4.68 13.400 | 0.95
Temperate
5 conifer forest 0.840 | 0.136 | 0.255 | 85 0.901 1.130 5.500 5.79 18.100 | 0.95
Warm-temperate
mixed forest 0.975 ] 0.131 | 0.300 | 91 0.900 | 0.860 5.500 532 16.100 | 0.95

Cool mixed forest | 0.975 | 0.131 | 0.300 | 91 0.900 0.860 5.500 532 16.100 | 0.95

Cool conifer
8 forest 0.840 | 0.136 | 0.255 | 85 0.901 1.130 5.500 5.79 18.100 | 0.95

Cold mixed forest | 0.975 | 0.131 | 0.300 | 91 0.900 0.860 5.500 532 16.100 | 0.95

Evergreen
taiga/montane
10 forest 0.840 | 0.136 | 0.255 | 85 0.901 1.130 5.500 5.79 18.100 | 0.95

Deciduous
taiga/montane
11 forest 0.840 | 0.127 | 0.345 | 85 0.901 0.950 5.500 3.89 9.490 | 0.95

12 Tropical savanna | 0.830 | 0.176 | 0.530 | 91 0.270 0.690 2.730 5.05 6.820 0.95

Tropical
xerophytic
13 shrubland 0.690 | 0.186 | 0.590 | 86 0.164 | 0.730 2.180 4.06 2.690 | 0.85

Temperate
xerophytic
14 shrubland 0.680 | 0.176 | 0.595 | 78 0.243 0.800 2.250 2.71 1.320 0.90

Temperate
sclerophyll
15 woodland 0.910 | 0.148 | 0.460 | 89 0.602 0.675 4.030 3.94 8.820 0.90

Temperate
broadleaved
16 savanna 0.920 | 0.151 | 0.455 | 87 0.623 0.585 4.230 3.95 9.630 0.95

Open conifer
17 woodland 0.700 | 0.157 | 0.410 | 79 0.603 | 0.920 4.100 4.67 12.900 | 0.90
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18 Boreal parkland 0.700 | 0.157 1 0.410 | 79 0.603 0.920 4.100 4.67 12.900 | 0.90
Tropical

19 grassland 0.690 | 0.179 | 0.590 | 86 0.164 0.730 2.180 4.06 2.690 0.85
Temperate

20 grassland 0.478 | 0.189 | 0.699 | 66 0.029 0.531 1.470 2.13 0.488 0.88

21 Desert 0.160 | 0.250 | 0.773 | 98 0.031 0.543 0.725 2.75 1.330 0.10

22 Steppe tundra 0.160 | 0.150 | 0.800 | 76 0.004 0.580 0.700 1.00 1.000 0.40

23 Shrub tundra 0.560 | 0.159 | 0.650 | 66 0.204 0.830 1.950 2.11 1.390 0.90
Dwarf-shrub

24 tundra 0.160 | 0.150 | 0.800 | 76 0.004 0.580 0.700 1.00 1.000 0.40
Prostrate shrub

25 tundra 0.160 | 0.150 | 0.800 | 76 0.004 0.580 0.700 1.00 1.000 0.40
Cushion-forb,
lichen, moss

26 tundra 0.160 | 0.150 | 0.800 | 76 0.004 0.580 0.700 1.00 1.000 0.40

27 Barren (soil) 0.100 | n/a 0.800 | 100 0.000 0.500 0.500 0.00 0.000 0.00

28 Land ice 0.000 | 0.750 | 0.800 | 0 0.000 0.000 0.000 0.00 0.000 0.00

Soils

As part of the MioVegl effort (Bradshaw et al., 2025), a new soil reconstruction for the MCO was
constructed using the available paleosol data for the Middle Miocene (Retallack, 2022). Soil order
725 transformations were applied to MCO biome reconstructions where available, or simulated biomes
where proxy reconstructions were not available, and these were used to fill the gaps in the paleosol

record (Figure 5).

Lakes
730 There are no prescribed lakes in the MioMIP2 boundary conditions (Table 2). As described in Section
3.3.1, the Pebas System in South America should be prescribed as wetland. The Paratethys should be

treated as a marginal sea.
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Figure 5: MioMIP2 Phase 2 CORE experiment soil orders. Soil reconstruction is based on Bradshaw et al. (2025), and updated to
the MioMIP2 Phase 2 paleogeography, including minor updates to proxy locations in Central Asia (due to differences in the plate
tectonic reconstruction) and the addition of land ice.

River runoff
The routing of riverine freshwater fluxes can influence ocean salinity and overturning circulation. This
is particularly important in high CO; climates as the freshwater balance of the Arctic Basin and other
high latitude areas can shift towards too much runoff for deep convection. River routing files are
provided as boundary conditions (Table 2), derived from both the low (2° x 2°; Figure 6) and high
(0.25° x 0.25°; Figure S10) resolution paleogeography files. It is recommended that modelling groups
use the version based on the low (2° x 2°) resolution to help ensure consistency in river routes across
different model resolutions. The river routing model uses the elevation gradient to calculate flow
direction. For runoff purposes, the paleotopography is first adjusted to remove any land-based sink
points (i.e., lakes), using the “FillDepressions” algorithm from the “RichDEM” software package
(Barnes, 2016). This algorithm automatically raises the level of any local minima of topography to the
lowest adjacent saddle point, i.e., it finds an optimal pathway through low-lying topography so that
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rivers drain into the ocean in all cases. The adjusted paleotopographies are then converted into flow
directions using a downslope relocation algorithm. The flow directions are provided as a common river
routing scheme to ensure consistency across the MioMIP2 Phase 2 simulations (Figure 6). Modelling
groups are encouraged to use this common river runoff scheme (low 2° x 2° resolution, so that the
simulated differences in ocean salinity across models are primarily the result of simulated differences in
precipitation minus evaporation fields and the associated runoff rather than differences in the
configuration of drainage basins. If modelling groups implement a different runoff scheme, this should

be clearly explained and documented.

a. Route b. Trip steps

90°W 0° 90°E 180° 90°W 0° 90°E 180°

M [ [ [ [ N
N NE E SE S SW w NW  Dest. 0 4 8 12 16 20

Number of steps

c. River basins (positive) d. River destinations (negative)

90°W 0° 90°E 180° 90°W 0° 90°E 180°
0 200 400 600 800 -800 -600 -400 -200 0
Basin number Basin number

Figure 6: MioMIP2 Phase 2 CORE experiment river routing scheme at 2° x 2° resolution. a. river routes, direction of runoff in
each grid cell where ‘Dest’ refers to the ocean destination; b. river trip steps, demonstrating the number of steps for a river to get
to an ocean (i.e., major drainage pathways are indicated by a higher number of steps); c. river basins and d. river destinations,
showing the source and destination of unique drainage points based on their unique positive value (panel ¢) and corresponding
negative value (panel d), respectively.
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3.3.3 Greenhouse gas concentrations

Reconstructing the concentration of atmospheric CO; during the Miocene has been the subject of
considerable and ongoing research, using a wide range of proxy types. Pioneering early CO»
reconstructions based on boron isotope and alkenone data (Pagani et al., 1999; Pearson and Palmer,
2000) yielded relatively low and invariant values of ~200-300 ppm, which are now considered
unreliable (Rae et al., 2021b; THE CENOZOIC CO2 PROXY INTEGRATION PROJECT
(CENCO2PIP) CONSORTIUM, 2023). Next generation reconstructions using these approaches (Bolton
et al., 2016; Foster et al., 2012b; Greenop et al., 2014; Mejia et al., 2017; Rae et al., 2021b; Sosdian et
al., 2018; Stoll et al., 2019; Super et al., 2018; Witkowski et al., 2024; Zhang et al., 2013), along with
reconstructions from plant leaf stomatal proxies (Beerling et al., 2009; Franks et al., 2014; Grein et al.,
2013; Kiirschner et al., 2008; Londofio et al., 2018; Royer et al., 2001; Steinthorsdottir et al., 2021a;
Wang et al., 2015), plant carbon isotopes (Cui et al., 2020; Steinthorsdottir et al., 2021a), and paleosol
data (Breecker and Retallack, 2014; Ji et al., 2018), have tended to yield higher and more variable CO>
concentrations (~400—-1000 ppm), coupled to changes in Miocene climate; see Steinthorsdottir et al.
(2021Db) for a detailed review of Miocene proxy data. Such CO;-climate coupling is well demonstrated
in the recent CO» proxy compilations (Rae et al., 2021b; THE CENOZOIC CO2 PROXY
INTEGRATION PROJECT (CENCO2PIP) CONSORTIUM, 2023), which have revised earlier studies.

While the structure of relative changes in CO- reconstructions are often relatively robust, significant
uncertainty remains in determining absolute CO; values due to structural uncertainties in calibrations or
other secondary assumptions, including for the boron isotope and phytoplankton §'3C data which make
up the majority of Miocene CO; estimates (Rae et al., 2021b; THE CENOZOIC CO2 PROXY
INTEGRATION PROJECT (CENCO2PIP) CONSORTIUM, 2023).

For boron isotopes, a key uncertainty is the boron isotopic composition of seawater (8''Bsw), required to
convert a foraminiferal §!'B measurement into a reconstruction of paleo pH, from which CO> can be

estimated. As 8!'Bsw varies with a ~10 Myr residence time (Lemarchand et al., 2000), it is likely to have
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been different in the Miocene compared to the present day. Current estimates of Miocene &''Bsy are
provided by Greenop et al., (2017), but the data have substantial uncertainties. Using the original fit to
these data, Sosdian et al., (2018) obtain CO; values of ~300—-800 ppm for the MCO, and these values
are adopted in the Cenozoic CO; Proxy Integration Project (CENCO2PIP) Consortium (2023)
compilation. However, recent studies have noted that the original fit of Greenop et al. (2017)’s has a
rate of change faster than that permitted by the long residence time of boron in seawater, which dictates
a more gradual 8'!'Byw evolution. Using a very simple fit to the 8!!Bqy data consistent with this slow rate
of change, Rae et al. (2021b) obtain lower pH and thus higher CO, values, spanning ~600—-1400 ppm in
the MCO. Whiteford et al. (2024) use a more statistically sophisticated and robust Gaussian process
method to fit the 8!'Bsw data and find still lower pH suggesting central CO; values in the MCO of ~860

For phytoplankton proxies, where 8'3C is measured, the main uncertainties are the assumptions in €p, the
carbon isotope fractionation between dissolved CO; in seawater and phytoplankton organic matter
(often alkenones), needed to convert measurements into a reconstruction of atmospheric CO> (Badger et
al., 2019; Stoll et al., 2019; Zhang et al., 2020). Diffusion model calibrations have typically yielded
MCO values of ~400—-600 ppmv (Super et al., 2018; Zhang et al., 2013). Iterations of this approach have
used cell size and productivity data to better constrain secondary calibration parameters (Bolton et al.,
(Bolton et al., 2016; Zhang et al., 2020), but such data are sparse in the MCO. An alternative approach
is to use empirical relationships between g, and ice core CO> data from the Quaternary, which yields
MCO COz values of ~300-1100 ppm (Rae et al., 2021b). This range of approaches inform the values in
the Cenozoic CO2 Proxy Integration Project (CENCO2PIP) Consortium (2023) reconstruction.
Calibration models have also recently been re-evaluated using an extensive compilation of laboratory
culture data (Stoll et al., 2019), highlighting an important role for active carbon concentration, and
suggesting revision is required to diffusion centric models. Application to published &, data (Bolton et
al., 2016; Zhang et al., 2013) yields much higher MCO CO> estimates, ranging from ~600 to over 2000
ppm (Steinthorsdottir et al., 2021c¢; Stoll et al., 2019). Estimates from tectonic degassing and carbon
budget modelling leads to values of 500—1100 ppm for the MCO (Herbert et al., 2022). Finally, recent
35



825

830

835

840

845

https://doi.org/10.5194/egusphere-2026-3595
Preprint. Discussion started: 3 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

8'3C data in sterane and phytane compounds (Witkowski et al., 2024) suggest MCO CO; concentrations
around ~1100 ppm from ~18-16 Ma, and ~640 ppm at 15 Ma.

Leaf gas-exchange based proxies (Franks et al., 2014; Konrad et al., 2017) use a mechanistic approach
to fossil leaf-based CO; reconstructions. Gas-exchange proxies are increasingly used over the
empirically calibrated stomatal index proxy. This is because stomatal index reconstructions require a
nearest living relative for calibration of SI to CO> (e.g., Kiirschner et al., 2008), but stomatal and other
cell densities are more responsive to light regime than they are to CO» (Poorter et al., 2025) and related
species are less consistent in their carbon assimilation rates, than phylogenetically disparate but
ecologically similar species (Reichgelt and D’ Andrea, 2019). Moreover, gas-exchange models allow the
user to apply an inclusive error range (based for example on the uncertainty inherent in plant metabolic
processes) whereas stomatal index error is entirely based on residuals in calibration. Taken together, the
potential for systemic bias in stomatal index is too great and we therefore recommend that stomatal
index-based reconstructions are omitted when incorporating plant-based CO» proxies for choosing

simulations.

The upshot is that the choice of a single CO; concentration for the MioMIP2 simulations remains
challenging. The original approaches to conversion of boron isotope and phytoplankton data to CO»,
along with some plant-based proxies, fall around the 2x pre-industrial CO2 value of 560 ppmv, close to
the central estimate of ~500 ppm for the MCO reported by the (The Cenozoic CO2 Proxy Integration
Project (CENCO2PIP) Consortium, 2023) compilation. However, application of more recent estimates
of 8''Bgw and updated alkenone calibrations discussed above tends to yield higher values, closer to the
840 ppm (3x pre-industrial). We thus encourage modelling groups to run simulations at both 2x and
3xCO, where possible, with 3xCO» chosen for the CORE experiments. Given that the concentration of
other greenhouse gases, such as methane, are large unknown for the MCO simulations spanning the 2x
to 3x COz range help to address this uncertainty. Additionally, Burls et al., (2021) found that only
MioMIP1 simulations forced with 3xCO> overlapped with proxy-based MCO global mean surface
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temperature estimates, while still underestimating the degree of polar amplified warmth compared to the

surface temperature reconstructions.
3.3.4 Aerosols

Atmospheric aerosol burdens in deep-time paleoclimates such as the Miocene are highly uncertain, and
the representation of aerosols in Earth system models is continuously evolving. As such, we follow the
approach taken for DeepMIP-Eocene Phase 1 and 2 (Lunt et al., 2017) and leave the implementation of
aerosol fields or emissions to the discretion of each modelling group while asking them to document
how they have implemented aerosols. Options include leaving aerosol distributions or emissions
identical to pre-industrial while taking account of the changed land—sea mask, or for models that treat
aerosols prognostically simulating the impact of Miocene boundary on emissions (e.g., dust in CESM).
Modeling groups can also consider the Heavens et al. (2012) method, which computes the zonal mean
aerosols distribution based on the paleogeography. This step is optional since many modeling groups

compute aerosol parameterization differently.
3.3.5 Tidal Dissipation

Tidal energy dissipated in the ocean drives vertical mixing, which in turn sustains primary production
(Tuerena et al., 2019) and can influence the meridional overturning circulation and thus meridional heat
fluxes (Munk, 1966; Wunsch and Ferrari, 2004). Green et al., (2017, 2023), Ladant et al. (2024),
Wilmes et al. (2021) and Huang et al. (2025) show that the representation of physics-based vertical
mixing in Earth system model simulations could materially affected simulated ocean states in deep-
time. Where feasible, modelling groups are therefore encouraged to explore sensitivity experiments
incorporating Miocene tidal effects to account for tidally driven mixing. This can be done in two ways.
First, existing tidal dissipation fields can be used to compute vertical diffusivities following, e.g.,
Schmittner and Egbert (2014). Alternatively, in a manner consistent with pre-industrial simulations, the
approach of Simmons et al. (2004) can be used, where tidal currents are used to drive mixing associated

with energy dissipation from breaking internal gravity waves. Explicit inclusion of tidal processes in the
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CORE MioMIP2 simulations is not required but coordinated sensitivity studies may help to quantify the

role of tidal mixing as a source of structural uncertainty in Miocene climate simulations.
3.3.6 Solar constant and astronomical parameters

The solar constant and orbital forcing parameters (eccentricity, obliquity, and precession) should be the
same as used for the pre-industrial control experiment, except for in the solar constant and orbital

forcing sensitivity experiments described in Table 1, Section 3.4.4 and Table 7.
3.3.7 Initial conditions

We do not make any recommendation on how each modelling group should initialize their atmosphere,
land, and sea ice models given the relatively quick equilibration time of these components. The longer
equilibration time of the ocean, as well as the warmth of the Miocene ocean relative to pre-industrial,
leads us to recommend that modelling groups do not initialize their Miocene simulations from pre-
industrial ocean conditions. Starting from relatively cold pre-industrial oceanic conditions results in a
strong initial stratification of the Ocean due to both greenhouse gas and non-greenhouse gas (e.g.,
paleogeography, ice sheets, vegetation) induced warmth. This tends to slow, or shut off, deep ocean
overturning resulting in simulations taking thousands of years to equilibrate the deep ocean via diffusive
rather than advective processes, e.g., Figure S2 from Zhu et al., (2019). To mitigate this and speed up
equilibration, we build on the knowledge gained by modelling groups during DeepMIP-Eocene Phase 1
(Lunt et al., 2017) and recommend that each modelling group either initialize from a previous Miocene
simulation or apply a warming correction. Each group should use an approach most suitable for their
model. Here we list a few possible approaches.
1) Adding a warming correction to an equilibrated pre-industrial run. Here modelling groups could
apply a global mean (or ideally a zonal mean) temperature anomaly profile at the surface (above
500 m) and a uniform temperature anomaly everywhere below 500 m. Starting from pre-
industrial conditions this warming correction would need to account for the anticipated
equilibrium warmth induced by both the prescribed atmospheric CO; concentrations and the
Miocene boundary conditions (see Table 5 for typical values from select MioMIP1 simulations).
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2)

3)

For the CO; induced warming correction, modelling groups should start from initial temperature
conditions as close to their model’s equilibration state for a given CO; concentration if the
climate sensitivity of the model is known from previous experiments e.g., an abrupt CO»
experiment. For the paleogeography correction, the MioMIP1 ensemble mean warming for
1xCO> was estimated by Burls et al. (2021) to be ~2°C, but modelers should keep in mind that
this will be model and boundary condition dependent. If available, modelling groups should use
their model’s previously equilibrated 1xCO2 Miocene experiment to derive this correction. For
example, for CESM 1.2 which has a climate sensitivity of 4.1°C , for a Miocene experiment
with a prescribed CO; concentration of 560 ppmv, the temperature anomaly applied to a pre-
industrial ocean state would be ~6.1°C (4.1°C + 2°C) in the top 500 m and 5.9°C below this
(Table 5). Alternatively, see Steinig et al. (2026) for a formulation of the initial profile derived
as a function of the estimated equilibrium global mean surface temperature for a given
simulation. After the first few decades of a given simulation, we recommend checking to see if
the global mean temperature (or deep ocean temperature below ~3000 m) is cooling or warming.
If it is warming, check if deep water formation has shut off and consider adding an additional
temperature anomaly. This initialization approach should help reach equilibrium for the deep
ocean faster.

Initialize with a previous Miocene simulation that has been performed with the same model (or a
similar version of the model). One caveat with this approach is if the previous model version had
a lower climate sensitivity, or the Miocene boundary conditions supported less warming, then it
might be necessary to check if deep water formation has shut off and consider adding an
additional temperature anomaly as suggested above.

Initialize with proxy-data informed MCO fields by using the ocean temperature, salinity, and
water isotope fields from Zhu et al. (2025). Zhu et al. (2025) performed water isotope-enabled,
long-run simulations of the MCO using iCESM 1.3 with the “updated Herold” boundary
conditions. Unlike many existing simulations, these iCESM1.3 simulations have been run
sufficiently long for the deep ocean to reach equilibrium. They were initialized from MCO

simulations conducted with an earlier model version (Acosta et al., 2022) and have an
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integration length of 9000 and 5000 years for the 3x and 1.5xCO; simulations, respectively. We
suggest using the maximum likelihood estimation (MLE) of ocean temperature and salinity that
produces the best agreement with both benthic foraminifera records and surface temperature
reconstructions. The MLE fields, iCESM1.3 MLE SALT clim eq.nc and
iCESM1.3 MLE TEMP clim_eq.nc are available at https://doi.org/10.5281/zenodo.15883769
under the data folder.

Following the same rational as Lunt et al. (2017) that long-term geological sources and sinks of NaCl
associated with crustal recycling make whole ocean salinity values for the MCO uncertain we

recommend the modelling groups use the modern mean value of 34.7 psu.

If possible, water-isotope-enabled CORE simulations should be initialized using the MLE 8'8Ogcawater
field of Zhu et al. (2025), iICESM1.3 MLE d180sw_clim_eq.nc, available at
https://doi.org/10.5281/zenodo.15883769 under the data folder. The MLE &'®Oscawater field has a global

mean of -0.55%o based on the mean value of existing proxy-based estimates (Cramer et al., 2011; Lear
et al., 2015; Rohling et al., 2022). This global mean value of -0.55%o for the CORE experiment is more-
or-less consistent with the §'80ic. based estimate of Gasson et al., (2016) for the corresponding CORE

ice sheet volume (Section 3.3.2 and Table 6).

For the ice sheet sensitivity experiments described in Section 3.4.3 (Table 6), global mean §'"®Oscawater
values are estimated to be -0.25%o for the large ice sheet experiment and -0.94%o for the small ice sheet
experiment based on the §'30jcc estimates of Gasson et al., (2016) for the closest corresponding ice
volumes and -1.11%o for the no icesheet experiment based on the ice-free 8'*Oscawater €stimate of
Lhomme et al., (2005). Therefore, to achieve consistency with the ice sheet conditions, a global,
spatially-uniform mean offset should be applied to the MLE 8'®Oscawater values at every grid point such
that the global mean §'8Oseawater value corresponds to the values mentioned above when initializing the

respective sensitivity experiments.
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For modelling groups running with ocean biogeochemistry, initialization should be based on pre-
industrial global budgets of nutrients. Global mean alkalinity can be either kept at pre-industrial levels

or slightly enhanced (Meissner et al., 2014).

Table 5: Miocene deep ocean (> 500 m) temperature (°C) increase relative to the pre-industrial
simulation from MioMIP1 simulations (Burls et al., 2021). The range of temperatures for a single
CO: level indicates the influence of different prescribed paleogeography, ice sheet sizes, model
climate sensitivities and equilibration. These MioMIP1 simulation targeted ages ranging between
~20 and 12 Ma.

Model 1xCO: 2xCO:2 3xCO: 400 ppm Other COz levels Reference
(CO: : temp)

CCSM3-H - 0.89 - - 355-0.45 (Herold et al., 2011)
CCSM3-F - - - 2.58 200-1.18 (Frigola et al., 2018)
CCSM4 - - - 2.99 - (Burls et al., 2021)
CESM1 - - - 3.81 - (Burls et al., 2021)
CESM1.2 3.02 59 6.62 4.60 - (Acosta et al., 2022)
COSMOS 1.13 - - - 450 -4.07 (Stérz et al., 2017a)

GISS-E2.1 - - - - 456 -2.33 (Naik et al., 2025)
HadCM3L-B 0.42-1.26 2.24-2.34 2.83-3.80 1.65-2.61 - (Bradshaw et al., 2021)
HadCM3L-F 1.43 3.53 - 2.17 494 —1.32  (Farnsworth et al., 2019a)

760 — 5.35
IPSLCMS5 - 2.42-2.55 4.27 - 420-1.7 (Pillot et al., 2022)

3.3.8 Length of simulation

We suggest two categories of equilibrium criteria. Category 1 is stricter and for simulations to be used
in model intercomparison studies targeting questions where deep ocean and dynamic ocean (ocean
circulation) equilibration is necessary for drawing robust conclusions. At a minimum, the modelling
groups should aim for their MioMIP2 Phase 2 CORE simulation and pre-industrial control simulation to
fall in this category, and ideally also their MioMIP2 Phase 1 CORE simulation and any CO> sensitivity
experiments. Category 1 is also appropriate for paleogeography sensitivity experiments, as these tend to
focus on changes in ocean circulation. Category 2 is more relaxed and for simulations where thousands
of years of integration are not computationally feasible, and the main purpose of the experiment is a
topic where one might expect that a relatively robust conclusion can be reached even if the ocean

circulation has not reached its final mean ocean circulation state (e.g., the first order effects of Miocene
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boundary conditions on atmospheric circulation, the hydrological cycle, and global mean surface

temperature change).

For Category 1, we suggest applying the criteria recently put forward by de Boer et al. (2025). These
comprise tests for both thermal equilibrium and equilibration of ocean circulation:

- the mean top of atmosphere (TOA) imbalance should be < 0.1 Wm for last 1000 years

- global mean ocean temperature trend at ~3500 m should be <1 °C/1000 years

- trends in the AMOC, PMOC and SOMOC should be < 1 Sv for the last 1000 years of the

simulation

The longer-term trends are to avoid peaks due to multi-decadal and longer internal variability. The
stability in the ocean circulation is evaluated through trends in the basin specific peaks of the Eulerian
Meridional Overturning Circulation Streamfunction (MOC), calculated in the usual way of integrating
the meridional velocities zonally and then from the surface to a variable depth e.g., Naik et al. (2025).
There are various options for reducing this two-dimensional streamfunction field to a single value for
each basin, and to ensure a consistent choice between modelling groups, we suggested that the Atlantic
MOC (AMOC) and the Pacific MOC (PMOC) are defined by the maximum streamfunction values in
their respective basins between 30°N and 60°N and below 500 m, and the Southern Ocean MOC
(SOMOC) is defined as the minimum south of 60°S. The threshold criteria are then to have trends in the
AMOC, PMOC and SOMOC that are < 1 Sv for the last 1000 years of the simulation.

Category 2 aligns with the recommendation for the 2nd phase of DeepMIP-Eocene (Lunt et al., 2026).
- the final 100 years of the simulations has a mean absolute TOA imbalance of less than 0.1 Wm™
(or, for those models for which the TOA energy budget is not closed a similar imbalance to that
of an equilibrated pre-industrial control simulation)

- global mean sea-surface temperatures that are not strongly trending (< 0.1°C per century).
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3.3.9 Output format

To facilitate the planned products described in Section 5, the output and boundary conditions from each
simulation completed should be uploaded to the DeepMIP database (Steinig et al., 2024). Instructions

for uploading data are provided at https://www.deepmip.org/data/ and are similar to those described in

Lunt et al (2026) for DeepMIP-Eocene-Phase2. As with other DeepMIP projects, we encourage groups
to provide means and standard deviations of the last 100 years of their simulations for multiple
variables, and monthly-mean timeseries of the last 100 years of their simulations for selected

variables. Additionally, we ask that modelling groups upload full simulation-length annual time series
of the following oceanic variables to diagnose the degree of equilibration: mean temperature at 3500 m,
mean ocean ideal age tracer at 3500 m (if available), Atlantic MOC: maximum between 45°N and
68°N; Pacific MOC: maximum between 25°N and 58°N; Global GMOC: maximum global MOC north
of 40°S; Southern Ocean MOC: absolute of minimum of the GMOC south of 60°S; Bottom MOC;
absolute of minimum of the GMOC north of 60°S. All metrics should be calculated below 500 m depth
to exclude the wind driven gyres (de Boer et al., 2025). Finally, if possible, modeling groups are asked
to upload daily timeseries of surface temperature and precipitation fields from the last 100 years of their

simulations.

Each output variable is stored in a separate file according to the following structure:

directory = deepmip-miomip2-p1/<Family>/<Model>/<Experiment>/<Version>/<Averaging> for
MioMIP2 Phase 1 and directory = deepmip-miomip2-
p2/<Family>/<Model>/<Experiment>/<Version>/<Averaging> for MioMIP2 Phase 2. filename =
<Variable> <Model> <Experiment> <Version>.<Statistic>.nc

where: <Family> and <Model> describe the model used to carry out the simulations (see Table 1 in
Steinig et al., 2024, for examples from DeepMIP-Eocene Phase 1). The <Experiment> options are listed

in Table 1 of this paper. <Variable> represents the variable name. The variable names that should be

used are listed on https://www.deepmip.org/data/ <Statistic> is either ‘mean’ (1 or 12 timesteps for
annual or monthly means), ‘std’ (1 or 12 timesteps for annual or monthly means), ‘time series’ (100,

1200 or 36500 timesteps) or omitted for the time-independent boundary conditions. The ‘mean’
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and ‘std’ files are stored in the <Averaging>=climatology directory and the larger ‘time series’ files in
the <Averaging>=time_series directory to facilitate efficient download options. Output on an irregular
grid (oceanic or atmospheric) should be conservatively interpolated to a regular lat-lon grid prior to
depositing it in the database, it is important that the global mean of relevant variables is conserved after

interpolation to the regular grid.
3.4 Sensitivity studies

In addition to the CORE experiments, interested modelling groups are asked to perform several
sensitivity experiments that will benefit from a multi-model assessment as documented below. Beyond
the sensitivity experiments outlined here, individual modelling groups are encouraged to use the
boundary conditions provided to perform single model studies that address additional questions of

scientific interest within the modelling and proxy communities.
3.4.1 Sensitivity to CO;

As described in Section 3.3.3, the choice of a single CO; concentration for the CORE experiments is
challenging due to uncertainties in the available reconstructions. Alongside the CORE experiment at
3xCO; (840 ppm), which characterizes some recent data treatments (Rae et al., 2021b; Steinthorsdottir
et al., 2021c; Stoll et al., 2019; Whiteford et al., 2024) groups are encouraged to run 2xCO2 (560 ppm),
as such levels are also commonly reconstructed for the MCO (Steinthorsdottir et al., 2021c; THE
CENOZOIC CO2 PROXY INTEGRATION PROJECT (CENCO2PIP) CONSORTIUM, 2023).
Additional sensitivity experiments include 1xCO; (280 ppm), to allow for the characterization of the
climatic influence of non-CO; boundary conditions at the MCO, and 4xCO; (1120 ppm), bracketing the
upper end of proxy reconstructions. Together, these simulations with multiple levels of atmospheric
CO; levels can be used to evaluate the state dependence of climate and hydroclimate sensitivity

(Caballero and Huber, 2013; Cramwinckel et al., 2023; Farnsworth et al., 2019a; Zhu et al., 2019).
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3.4.2 Sensitivity to paleogeography

During the Miocene, tropical gateways were narrowing, whilst the polar gateways were broadening.
Our current understanding of the impact of these gateway changes on ocean circulation and climate is
dependent on the climate model and the specific background paleogeography in which they are
investigated (Naik et al., 2025). While several single model studies have been performed, our
understanding of the impact of gateways would benefit from more multi-model assessments in which a
standard background paleogeography is used across models. The closure of the Central American
Seaway has been associated with a strengthening of the AMOC (Brierley and Fedorov, 2016; Butzin et
al., 2011; Lunt et al., 2008) but it is not a necessary condition (Krapp and Jungclaus, 2011). Likewise,
the closure of the Tethys has been linked to an AMOC start up (Zhang et al., 2011), but again, other
studies have found the gateway to have a negligible impact on the AMOC (Pillot et al., 2022). Focus
has recently shifted to the Arctic gateways of Fram Strait, the Greenland Scotland Ridge and the
Canadian Arctic Archipelago and their effects on the AMOC, with the results that are similarly
conflicted. In general, the complete closing of the Arctic from the Atlantic is associated with
salinification of the North Atlantic and a start-up of the AMOC (Hossain et al., 2021; Hutchinson et al.,
2019; Roberts et al., 2009; Straume et al., 2022), but the impact of the depth of the Greenland Scotland
Ridge (Stérz et al., 2017b) and the interplay of both gateways are more complex (Hossain et al., 2020).
Some models find that the AMOC convection region shift from the Labrador Seas to the Nordic Seas as
the ridge deepens (Hutchinson et al., 2019), whilst others suggest the deepening of the strait leads
alternatively to a stronger or weaker AMOC (Straume et al. 2022). Lui et al., (2024) find that opening
the Canadian Arctic Archipelago gateway in a sensitivity simulation leads to a strengthened AMOC. All
these gateways would therefore justify a sensitivity experiment in the context of MioMIP2, but given

limited modelling group resources, choices must be made.

Here, we suggest three gateway-related sensitivity studies: the Fram Strait, Central American Seaway,
and the Tethys Seaway (Figure 7, Table 2). Paleogeography and associated files for all these proposed
sensitivity studies are provided (see Table 2). The Fram Strait is depicted as a wider gateway with a

broader shallow shelf and reaching depths of ~2500 m in the Phase 2 paleogeography, however, there
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are uncertainties in the depths and widths of this gateway, and any changes may have happened in a
relatively short time, leading to an impact on ocean circulation. To test the sensitivity of the model
circulation to the deepening and constriction of the Fram Strait, we propose a sensitivity study that
incorporates a relatively narrow and deep (~3000 m) Fram Strait configuration (Figure 7b), similar to

the Phase 1 “updated Herold” Burls et al (2021) paleogeography.

The Central American Seaway forms a crucial tropical connection between the Pacific and Atlantic
Oceans, and there is still uncertainty around the physiography and timing of its closure. The Phase 2
paleogeography implements a shallower (~900 m) and narrow seaway (Figure 7¢), and so here we
suggest a sensitivity experiment that incorporates a wide and deep (~4500 m) seaway (Figure 7d),

similar to the Phase 1 “updated Herold” paleogeography.

For the Tethys Seaway, we wish to isolate the impact of the shallow (~200 m) open Tethys Seaway
used in the Phase 1 “updated Herold” Burls et al (2021) paleogeography and therefore suggest a
sensitivity study where the Tethys Seaway has a similar shallow (~200 m) and open configuration as the
Phase 1 “updated Herold” Burls et al. (2021) paleogeography (Figure 7f), compared to the constricted
and ultimately closed seaway in the Phase 2 paleogeography (Figure 7e).

A further paleogeography-based recommended sensitivity study is to test the impact of the hot spot
reference frame as compared to the paleomagnetic reference frame of the MioMIP2 Phase 2 CORE
simulation (Figure S11). The hot spot reference frame used in this sensitivity study (2008; O’Neill et al.,
2005) is the same as the absolute reference frame used in the Phase 1 paleogeography (i.e., “updated

Herold”).
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a. MioMIP2 Phase 2: CORE b. MioMIP2 Phase 2: Fram Strait sensitivity study
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Figure 7: Comparison of paleogeography for oceanic gateway sensitivity experiments for MioMIP2 Phase 2. a, ¢, e. MioMIP2
Phase 2 CORE experiment; b. Fram Strait sensitivity experiment; d. Central American Seaway (CAS) sensitivity experiment; f.
Tethys Seaway sensitivity experiment.

3.4.3 Sensitivity to ice sheets

1110 The Antarctic Ice Sheet was likely different in configuration than the CORE ice sheet during some

intervals of the Middle Miocene and effects of ice sheet variations have been shown to produce
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feedbacks in the coupled atmosphere-ocean system (Bradshaw et al., 2021; Frigola et al., 2018; Hamon
et al., 2012; Knorr and Lohmann, 2014). To further our understanding of how a larger or smaller ice
sheet may have impacted the climate system, we recommend MioMIP2 Phase 2 ice sheet sensitivity

experiments (Figure 3, Tables 1 & 6).

For the smaller end-member, one possibility would be ice-free conditions in Antarctica; however, we do
not consider this to be a plausible configuration. Although sea-level reconstructions based on 8'3Oscawater
(Miller et al., 2020) and sequence stratigraphy (Kominz et al., 2008) are high enough to suggest ice-free
conditions, more recent sea-level reconstructions suggest a core ice sheet of 10-20 m sea-level
equivalent persisted throughout the peak warmth of the MCO (Miller et al., 2024). This is supported by
evidence for an ice sheet in West Antarctica during the Early Miocene and evidence that ice extended to
at least the mid-shelf in the Ross Sea during the late MCO (Marschalek et al., 2021; McKay et al., 2025;
Pérez et al., 2021). We therefore provide an ice sheet minimum scenario (Figure 3b) with an ice volume
of 6.5 million km? (+42 m ESL, Table 6) that is comparable to that used in the “updated Herold”
paleogeography but based on the Paxman et al. (2019) Antarctic paleotopography. This ice sheet was
produced following the same climate forcing and methodology as Halberstadt et al. (2021) with an
added surface temperature anomaly of +3.0°C. Given the large change in ESL, the paleoshorelines have

been adjusted in deepmip-mio-mco-p2-ICE-small (Figure S12).

There is also evidence for periodic ice advance during the Middle Miocene; an Antarctic Ice Sheet
greater in extent than the CORE experiment is therefore plausible. In the Ross Sea, the ANDRILL-2A
record and mid-shelf record from IODP Site U1521 reveal episodes of large-scale marine ice sheet
advance to at least the mid shelf after 15.8 Ma (McKay et al., 2025; Passchier et al., 2011; Pérez et al.,
2021). On the Sabrina Coast there is evidence for East Antarctic Ice Sheet (EAIS) continental shelf
progradation and erosion happening during the MCO (Gulick et al., 2017; Montelli et al., 2020). Based
on this geophysical evidence, the results of the 460 ppmv glacial simulation by Halberstadt et al. (2021)
is used as a ‘maximum-ice’ configuration for the large ice sheet scenario (Figure 3¢). This simulation

yields a large Antarctic ice sheet with an ice volume of 28.6 million km? (-2.6 m ESL, Table 6), it
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1140 covers almost the entire continent but is not grounded in the Ross and Filchner-Ronne marine
embayments. This larger-than-present ice volume is supported by enhanced precipitation under warmer
air temperatures, leading to a thickening of the ice sheet interior as suggested by Shevenell et al., (2004,
2008), and maintains consistency with geologic records of Miocene ice-free conditions in Antarctic
marine basins (McKay et al., 2025; Sangiorgi et al., 2018). Although this large ice sheet is geologically

1145 and glaciologically feasible, we note that the ice sheet modeling equilibrium technique used by
Halberstadt et al. (2021) could have artificially inflated the simulated ice volumes compared to the
transient evolution of the ice sheet (Stap et al., 2019). Given the small change in ESL, the

paleoshorelines have not been adjusted in deepmip-mio-mco-p2-ICE-large (Figure S12c¢).

1150 The synthesis of Antarctic continental and shelf geologic data indicates episodes of ice advance and
retreat through the Middle Miocene; while we do not attempt to align geologic records to target specific
time periods that correspond to our minimum and maximum configurations, we consider 16.5 Ma as an
interval when the Antarctic Ice Sheet were generally smaller and 14.7 Ma as an interval where there is
dynamic ice advance resembling the large extent sensitivity study chosen. In both sets of ice sheet

1155 sensitivity experiments, Greenland remains as it is in the CORE experiment, ice free.

Finally, while ice-free conditions on Antarctica are not regarded as a plausible MOC configuration, to
allow for an assessment of the impact of the ice sheet on Earth System Sensitivity we include a
sensitivity experiment without an Antarctic Ice Sheet (Tables 1 & 6), while preserving the

1160 paleoshorelines of the CORE (Figure S12d).

Table 6: Antarctic ice volume, the change in Eustatic Sea Level (ESL) relative to modern, and the
orbital parameters used in the ice-sheet model.

Experiment Antarctic Ice volume Antarctic Ice Area ESL Eccentricity Obliquity Precession*
CORE 21.2 million km? 7.67 million km? +5.6 m 0.05 24.5° 90°

Large 28.6 million km?® 13.87 million km? -2.6m 0.05 22.0° 270°

Small 6.5 million km? 4.9 million km? +42.0 m 0.05 24.5° 90°

None 0 km? 0 km2 +56.96 m NA NA NA

*Precession is defined as degrees prograde from perihelion at Northern Hemisphere Vernal Equinox.
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3.4.4 Sensitivity to solar constant and astronomical parameters

Compared to most boundary conditions in deep-time climates, the solar constant is well-constrained and
can be approximated by a standard luminosity model which is described by Gough (1981). The
effectiveness of solar insolation changes in producing a global mean surface temperature change differs
from that of CO- differs (Modak et al., 2016). We therefore suggest conducting a Phase 2 sensitivity
experiment with a solar constant value estimated for the MCO (Table 1). Since climate models might
have different pre-industrial solar constants, we suggest a decrease of 0.14% from the pre-industrial
value, following Gough (1981). Such a decrease should not have a significant impact on global
temperature but has led to polar cooling of around 1°C in recent Miocene simulations (Renoult et al.,

2025).

Astronomical parameters—eccentricity, obliquity, and precession—control the seasonal and spatial
distribution of incoming radiation, pacing periodic climate evolutions throughout Earth history (Berger,
1978; Laskar et al., 2011). These insolation changes trigger feedbacks within the climate system that
yield large variations, including Pleistocene glacial and interglacial cycles. Orbital sensitivity
experiments are therefore fundamental for interpreting proxy signals with limited chronological
precision and for constraining end-member climatic states, ice sheet, biogeochemical responses.
Critically, the magnitude and structure of these feedbacks depend strongly on the background climate
state (Bloch-Johnson et al., 2021), implying that orbital forcing may generate different regional and

global responses under warmer climate conditions.

Recent modelling studies demonstrate that orbital forcing alone can generate summer temperature
anomalies approaching ~8°C over mid- and high-latitude Eurasia (Battisti et al., 2014; Zhang et al.,
2025). Compared to the pre-industrial period, the warm Miocene climate exhibits reduced high-latitude
temperature sensitivity but amplified hydrological response over tropical North Africa (Zhang et al.,
2025). Collectively, these findings highlight the need to quantify how orbital forcing interacts with

warm boundary conditions during the Miocene.
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To address this, we propose orbital sensitivity experiments consisting of two Northern Hemisphere
summer insolation end-members that occurred during the MCO (DeepMIP-MCO-Phase2-IShi &
DeepMIP-MCO-Phase2-IShi in Table 1). We focus on a representative time slice at 15.603 Ma and
14.724 Ma, which capture the largest June-insolation variability at ~65°N near the peak of MCO. The
high- and low insolation end-members (DeepMIP-MCO-Phase2-IShi and DeepMIP-MCO-Phase2-ISlo
at 15.603 Ma and 14.724 Ma, respectively) differ by +87 Wm™ and -53 Wm? at 65°N relative to the
present-day, corresponding to opposite precession phases (longitudes of perihelion at 287° vs. 66°),

respectively. All orbital parameters are summarized in Table 7.

In addition to these MioMIP2 sensitivity experiments (Table 1), for modelling groups that have the
capacity to run additional experiments we proposed optional complementary experiments under pre-
industrial boundary conditions with identical insolation forcing, enabling a clean assessment of Miocene
versus pre-industrial differences in orbital sensitivity (Table 7). A reduced eccentricity experiment (at
15.751 Ma) with all other orbital parameters identical to DeepMIP-MCO-Phase2-IShi, is an additional

optional experiment to further isolate the role of precessional amplitude (Table 7).

Table 7: Orbital parameters setup for orbital sensitivity experiments

Simulation Orbital forcing
Eccentricity Obliquity (rad) Long. Perihelion
DeepMIP-MCO-Phase2-IShi, PI_IShi (0553 24.08° (0.4202) 287.294° (-0.0528)
DeepMIP-MCO-Phase2-ISlo, PI ISlo  0.0490 22.37° (0.3904) 66.105° (0.0448)
MCO _ECCm 0.0019 24.08° (0.4202) 287.294° (-0.0528)

4. Summary of proxy compilation efforts complementing MioMIP2

4.1 Miocene ocean data compilation (MioOcean)

The MioOcean project is compiling Miocene global ocean records from five available temperature
proxies: U¥37, TEXss, Mg/Ca, A47, and oxygen isotope compositions of excellently preserved or ‘glassy’
planktic foraminifera (GF) (Auderset et al., 2024). The resulting database product to date includes
nearly 100 unique sites, with over 24,500 data points from 97 publications. The MioOcean effort is

distinct in that state-of-the-art temperature estimates are made by recalculating ocean temperatures
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using the most up-to-date methods and calibrations. Proxy systematics are revised with consistent
methods, the plate tectonic model is updated to be consistent with the Phase 2 paleogeography i.e.,

Zahirovic et al. (2022), and the age models for a subset of key sites have also been updated.

This standardized, multi-proxy MioOcean database will provide an internally consistent Miocene ocean
temperature dataset and will result in several key additional outcomes. One such outcome includes
determination of spatial and temporal data knowledge gaps, allowing identification of regions and
intervals that could be priorities for additional sampling or improved records if the sediments are

available. To facilitate this, an interactive MioOcean website (https://research.soton.ac.uk/mioocean/),

using the online Streamlit app allows for the visualization and comparison of records. This tool
promotes accessibility without coding steps for specialists and non-specialists to work with the data.
Additionally, the updated age information produced within the MioOcean initiative provides a
framework for age model generation applicable to the wider paleoceanography community. Companion
publications released alongside the database will reflect these key advances in geochronology. The
MioOcean database enables convenient access to the data, facilitating ease of cross-proxy comparisons,
model validation, and analysis of global climate patterns, such as latitudinal temperature gradients and

major climate transitions.

4.2 Miocene terrestrial data compilations

Terrestrial climate records have been compiled by two working groups focused on land temperature and
terrestrial hydroclimate reconstructions, respectively. Major differences between marine and terrestrial
records are the generally greater uncertainties in age control on land, and that terrestrial records more
commonly comprise a single observation (one data point) or a short floating series, rather than multi-
millennial records. For this reason, land data has been grouped into broad time bins: Early Miocene
(23.03-15.97 Ma), Middle Miocene (15.97-11.63 Ma), Late Miocene (11.63-5.33 Ma), as well as a
time bin specifically targeting the MCO (16.75—-14.5 Ma). Dates with uncertainties will also be
provided. These datasets will be deposited in NOAA WDS-Paleo, associated with the Neogene
Terrestrial Climate Synthesis (Fletcher, 2024).
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One working group collated Miocene land temperature records (Pérez-Angel et al., 2024). This
compilation focused on a thorough assessment of five major proxies: pollen assemblages, leaf
physiognomy, A47 of pedogenic carbonate and speleothem, brGDGTs, and other macrofossils. Previous
compilation efforts (Burls et al., 2021; Pound et al., 2012) were updated with standard criteria for each
proxy to assess their temperature estimate reliability, updating age constraints for a subset of the data,
updating uncertainty for each proxy, and recalculating temperature estimates to reflect the state of the
art for each method. When original publications were accessible, temperature uncertainties, age control
method, type of sedimentary environment and specific method for each proxy used to estimate the

temperature were included in the compilation.

The land temperature compilation includes a complete compilation of all data and a subset filtered for
accuracy criteria. For the five major proxies additional relevant metadata is provided. Overall, over 560
data points have been compiled from Miocene terrestrial proxies. The filtered database contains nearly
385 unique sites, of which ~300 come from the Northern Hemisphere and ~80 from the Southern
Hemisphere. Exclusion criteria include data not reported in peer-reviewed articles; inconsistent location
coordinates; unverifiable temperature estimates; superseded or invalidated temperature estimate
methods, or, in some cases, absence of open data required for reproducibility. This dataset reports
temperature estimates that are accurate reconstructions of temperature (i.e., mean annual, months above
freezing, seasonal, etc.) for each proxy and contextualizes them with model outputs (i.e., mean annual
and seasonal surface temperature, monthly minima surface temperature, etc.). This compilation allows

for assessment of proxy-proxy and proxy-model mismatch by proxy experts.

Another working group collated evidence for terrestrial hydroclimate reconstructions for the MCO
(Stiles et al., 2024). This hydroclimate compilation includes geochemical, sedimentological,
paleobotanical, and vertebrate-based proxies. These provide qualitative and quantitative measures that
reflect different aspects of the hydroclimate system, such as mean annual precipitation and lake extent.

To synthesize these proxy records into a coherent dataset for data-model comparison, these data were
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compared to the matching Preindustrial or Holocene variables in that location and scored as wetter, the

same, or drier. Confidence levels have been assigned to the data for age and geographic location.

The hydroclimate compilation includes a compilation of the original publication data, and comparison
of the synthesized dataset relative to modern climate. Currently, the compilation comprises 93 records,
from 93 unique sites, and has been used to define target areas for further research based on the largest
data-model discrepancies. The dataset has been used to test hydroclimate change between the MCO, the
Late Miocene and present, finding the MCO was generally wetter compared with both the Late Miocene

and current climate, but the extent and seasonality of change is regionally variable (Stiles et al., 2024).

Additionally, a recent data compilation of globally distributed leaf fossil sites targeted broad biome
reconstructions in addition to terrestrial primary productivity (Reichgelt and West, 2025). Both the leaf
physiognomy as well as reconstructed BIOCLIM variables were made available, using a single
paleobotanical proxy and a rigorous filtering process. This resulted in 108 unique sites, higher-than-
modern precipitation for >90% of localities and globally enhanced net primary productivity of at least

~250 ¢gC m?2 yrl.

5. Products

Once the model simulations and proxy data synthesis effort are completed, we anticipate a few
overview papers that summarize the large-scale features of the simulations, and the skill of the models
when compared with proxy records. These large-scale features may include, but are not limited to,
global surface temperature and precipitation patterns, sea ice conditions, and ocean circulation. Several
spin-off papers focusing on understanding inter-model differences, regional climate features, and
climate variability will likely follow this. We especially encourage studies that explore the application
of MioMIP2 simulations and data synthesis products to study warming trajectories, tipping points, and

physical processes that are relevant to future climate. Additionally, we expect that participating
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modelling groups will publish individual studies that document their model configuration, parameter

choice, implementation of boundary conditions, and diagnostics of their participating experiments.

Code, data, or code and data availability

The paleogeography reconstruction was facilitated by tools from Python 3, pyGPlates, GPlately (Mather
et al., 2024), Generic Mapping Tools (GMT) (Wessel et al., 2019b) and pyGMT (Tian et al., 2025). The
runoff calculation was facilitated by the “FillDepressions” algorithm from the “RichDEM” software
package (Barnes, 2016). The MioMIP2 boundary condition files listed in Table 2, as well as the Python
notebooks used to created them, have been archived in a Zenodo dataset repository (Burls et al., 2026).
Additionally, this Zenodo dataset repository contains the code used to make the figures and a notebook
for calculating the paleo-coordinates of modern sites using the plate tectonic models associated with the

phase 1 and phase 2 paleogeography respectively.

Supplement link

The link to the supplement will be included by Copernicus, if applicable.
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