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ABSTRACT

Glacial-interglacial cycles increased in length from about 41 to 100 thousand years during the
Middle Pleistocene Transition (MPT) about 1.5 to 0.8 million years ago without major changes
in orbital forcing characteristics, pointing toward explanations in terms of Earth system
properties and feedbacks. This took place in step with strong global cooling after several million
years of weaker cooling. Such strong MPT cooling likely set the stage for longer ice age cycles
by, for example, facilitating Northern Hemisphere ice sheet growth. Here simulations with a
newly-developed Earth System model of Intermediate Complexity together with sea surface

temperature reconstructions were used to evaluate possible causes of the MPT cooling.

First, a new Earth system model of intermediate complexity, DCESS 11, is presented that builds
upon, improves and extends the Danish Center for Earth System Science (DCESS) Earth system
model (DCESS I). DCESS II has considerably greater spatial resolution than DCESS 1 while
retaining the fine, 100 m vertical resolution in the ocean. It contains modules for the atmosphere,
ocean, ocean sediment, land biosphere and lithosphere and is designed to deal with global
change simulations on scales of years to millions of years while using limited computational
resources. Tracers of the atmospheric module are temperature, nitrous oxide, methane (1*!3C
isotopes), carbon dioxide ('*!*!C isotopes) and atmospheric oxygen. For the ocean module,
tracers are conservative temperature, absolute salinity, water 30, phosphate, dissolved inorganic
carbon (12!31%C isotopes), alkalinity and dissolved oxygen. Furthermore, the ocean module
considers simplified dynamical schemes for large-scale meridional circulation and sea ice
dynamics, stratification-dependent vertical diffusion, a gravity current approach to the
formation of Antarctic Bottom Water, and improvements in ocean biogeochemistry. DCESS 11
has two hemispheres with six zonally averaged atmospheric boxes and 12 ocean sectors
distributed across the Indian—Pacific, the Atlantic, the Arctic and the Southern oceans. A new
extended land biosphere scheme is implemented that considers three different vegetation types
whereby net primary production depends on sunlight and atmospheric carbon dioxide (CO»).
The ocean sediment and lithosphere model formulations are adopted from DCESS I but now

applied to the multiple ocean and land regions of the new model.

Model calibration was carried out for the pre-industrial climate, and model steady-state solutions

were compared against available modern-day observations. For the most part, calibration results



agree well with observed data, including excellent agreement with ocean carbon species. This
serves to demonstrate model utility for dealing with the global carbon cycle. Two idealized
experiments were carried out in order to explore model performance. First, the model was forced
by varying Ekman transport out of the model Southern Ocean, mimicking the effect of Southern
Hemisphere westerly wind variations, and second, freshwater melting pulses from the Antarctic
ice sheet on the model Southern Ocean shelf were imposed. Changes in ocean circulation and
in the global carbon cycle found in these experiments are in line with results from much more
complex models. Thus, we find DCESS II to be a useful and computationally friendly tool for

simulations of past climates as well as for future Earth system projections.

When the new Earth system model, DCESS 11, is used to study the Middle Pleistocene Transition
(MPT), four forcings are proposed in order to explain strong observed global cooling across the
MPT: 1. Southern West Wind strength and position, 2. Sea ice and iceberg export from the
Antarctic shelf, 3. Dust fertilization of the Southern Ocean and 4. Northern Hemisphere ice sheet
extent. We find that weakened, equatorward-shifted Southern West Winds in combination with
increased sea ice and iceberg exports from the Antarctic Shelf can explain much of the strong
MPT cooling. Simulations suggest that these changes caused the cooling by decreasing heat and
carbon exchange between the upper and deep Southern Ocean and by increasing recirculation
in the deep ocean, leading to deep ocean isolation and carbon storage together with atmospheric
COzdrawdown. Dust-driven iron fertilization further enhanced this storage and drawdown while
Northern Hemisphere ice sheet growth contributed mainly to regional cooling while promoting

land biomass reduction that releases CO» to the atmosphere.
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RESUMEN

Ciclos glaciales-interglaciales incrementaron duracion de 41 a 100 mil afios durante la
Transicion del Pleistoceno Medio (MPT) alrededor de 1.5 a 0.8 millones de afios atras sin
mayores cambios en el forzamiento orbital caracteristico. apuntando a explicaciones en términos
de propiedades y retroalimentaciones del sistema Tierra. Esto ocurrido junto con un fuerte
enfriamiento global después de varios millones de afos de enfriamiento mas débil. Tal
enfriamiento durante MPT probablemente sent6 las bases para ciclos glaciales més largos, por
ejemplo, favoreciendo el crecimiento de mantos de hielo en el Hemisferio Norte (HN). Aqui, se
usaron simulaciones con un nuevo modelo del Sistema Tierra de complejidad intermedia junto
con reconstrucciones de temperatura superficial del mar para evaluar posibles causas del

enfriamiento durante MPT.

En primer lugar, se presenta un nuevo modelo del Sistema Tierra de complejidad intermedia,
DCESS 11, que se basa, mejora y amplia el modelo llamado Danish Center for Earth System
Science (DCESS I). DCESS I tiene una resolucion espacial considerablemente mayor que
DCESS 1, al tiempo que mantiene la resolucion vertical de 100 m en el océano. Contiene
modulos para la atmdsfera, el océano, los sedimentos marinos, la bidsfera terrestre y la litdsfera,
y esta disefiado para llevar cabo simulaciones de cambio global en escalas de afios a millones
de afios sin la utilizacion de grandes recursos computacionales. Los trazadores del modulo
atmosférico son temperatura, 6xido nitroso, metano (con isétopos '%13C), diéxido de carbono
(con is6topos '21314C) y oxigeno atmosférico. Para el modulo oceanico, los trazadores son
temperatura conservativa, salinidad absoluta, %0 del agua de mar, fosfato, carbono inorganico
disuelto (con isétopos '»!*14C), alcalinidad y oxigeno disuelto. Ademas, el modulo de océano
considera un esquema dindmico simplificado para la circulacién meridional de gran escala y la
dindmica del hielo marino, la difusion vertical es dependiente de la estratificacion, un enfoque
de corriente de gravedad para la formacion del agua de fondo Antartica y mejoras en la
biogeoquimica del océano. DCESS II tiene 2 hemisferios con seis sectores atmosféricos
promediadas zonalmente y 12 sectores oceanicos distribuidos entre el Océano Indico-Pacifico,
Atlantico, Artico y Austral. Se ha implementado un nuevo esquema ampliado de la biosfera
terrestre que considera tres tipos diferentes de vegetacion, en el que la produccion primaria neta

depende de la luz solar y el dioxido de carbono atmosférico (CO;). Las formulaciones del
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modelo de sedimento y litésfera se adoptan de DCESS 1, pero ahora aplicados a las multiples

regiones oceanicas y terrestres del nuevo modelo.

La calibracion del modelo se llevo a cabo para el clima del pre-industrial y se compararon las
soluciones del modelo en estado estacionario con las observaciones modernas disponibles. En
su mayor parte, los resultados de la calibracién concuerdan bien con los datos observados,
incluyendo una excelente concordancia con variables asociadas al ciclo del carbono en el
océano. Se llevaron a cabo 2 experimentos idealizados con el fin de explorar el rendimiento del
modelo. Primero, se forzé el modelo variando el transporte de Ekman en el Océano Austral,
imitando el efecto de las variaciones de los vientos del oeste del Hemisferio Sur (HS), y segundo,
se impusieron pulsos de derretimiento de agua dulce de Antartica sobre la plataforma continental
del Océano Austral. Los cambios en la circulacion oceanica y en el ciclo global del carbono
coinciden con resultados de modelos mucho mas complejos. Por lo tanto, consideramos que
DCESS II es una herramienta 1til y facil de usar para realizar simulaciones de climas pasado,

asi como también para proyecciones del sistema terrestre.

Cuando el nuevo modelo de Sistema Tierra, DCESS I, es usado para estudiar la Transicion del
Pleistoceno Medio (MPT), se proponen cuatro forzamientos de manera de explicar el fuerte
enfriamiento global observado a través de MPT: 1. Intensidad y posicion de los vientos del oeste
en el HS, 2. Exporte de hielo marino y icebergs desde la plataforma Antartica, 3. Fertilizacion
del Océano Austral por polvo y 4. Avance de los mantos de hielo continental en el HN.
Encontramos que el debilitamiento y desplazamiento hacia el ecuador de los vientos del oeste
en el HS y el incremento en el exporte de hielo marino y icebergs desde la plataforma Antartica,
pueden explicar gran parte del fuerte enfriamiento durante MPT. Las simulaciones sugieren que
estos cambios provocaron el enfriamiento al reducir el intercambio de calor y de carbono entre
las capas superiores y profundas del Océano Austral, y por medio del aumento de la
recirculacion en el océano profundo, lo que condujo al aislamiento de éste, al almacenamiento
de carbono y a la disminucion de CO: en la atmosfera. La fertilizacion con hierro impulsada por
el polvo reforz6 alin mas este almacenamiento y reduccion, mientras que el crecimiento de la
capa de hielo en el HN contribuy6 principalmente al enfriamiento regional, al tiempo que

promovio la reduccion de la biomasa terrestre que libera CO; a la atmosfera.
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1. INTRODUCTION

The Earth’s climate system is a complex structure formed by dynamic interactions among the
atmosphere, hydrosphere, cryosphere, biosphere and lithosphere. These components work in
concert to maintain equable climate over large timescales helping to sustain life. In a long-term
view, global climate over the Earth’s history has followed a complex evolution passing through
both extremely warm and cold periods with climate conditions quite different from today
(Pierrehumbert et al., 2011). Some of such periods have had such profound effects on the Earth
System as to lead to extensive mass extinctions (Bambach, 2006). All of these deep-time events
share a common feature: global-scale perturbations of biogeochemical cycles operating on
different time scales and interrelated in complex and subtle ways. One of these global cycles is
the carbon cycle, the backbone of the climate system since it acts as a main regulator of global
mean temperature via the atmospheric concentration of carbon dioxide (Sarmiento and Gruber,

2006).

1.1. The global climate carbon cycle

This cycle may be considered to be composed of two domains. One domain is a fast one with
large exchange fluxes and relatively “rapid” reservoir turnovers (from years to thousands of
years). This domain encompasses carbon in the atmosphere, ocean, superficial (bioturbated)
ocean sediments and on land in vegetation, soil and freshwater. A second, slower domain (from
hundreds of thousands to millions of years) consists of huge carbon stores in rocks and
sediments that exchange carbon with the fast domain through volcanic emissions of carbon
dioxide (COz), chemical weathering, erosion and sediment formation on the sea floor. How this
carbon is partitioned between the different Earth’s reservoirs is what sets the content of CO; in
the atmosphere. In the following, both the short-term and the long-term domains are briefly

explained.

Every year, a fraction of the biomass produced in the sunlit surface ocean sinks into the dark
ocean interior before being decomposed, thereby “pumping” both nutrients and carbon into the
deep ocean where carbon is sequestered away from the atmosphere and the nutrients cannot be
immediately used to fuel new production of biomass. The original definition of the “biological
pump” (Volk and Hoffert, 1985) emphasizes the importance of the biological sinking flux on

1



the distribution of carbon in the ocean. This depletes the surface ocean in carbon relative to the
ocean interior. There are actually two biological pumps, one for soft tissue and the other for
carbonate. The first pump results from the conversion of dissolved inorganic carbon (DIC) to
organic carbon by autotrophic organisms in the lighted surface ocean, while the second pump is
carried out by organisms that synthesize carbonates, primarily calcium carbonate (CaCOj3), to
form hard exoskeletons (e.g., coccolithophores and foraminifera). The summed effect of these
two pumps is to remove DIC from the surface and release it into the deeper water column
(DeVries, 2022). As only the surface ocean can exchange carbon with the atmosphere, the
sequestration of organic carbon at depths results in a lower partial pressure of CO2 (pCOz) of
the surface waters, thus also lowering atmospheric CO>. At any given time, only a small fraction
(~10%) of the carbon in the ocean can be said to be sequestered by the action of the biological
pump. However, given the much greater size of the ocean carbon reservoir, even a small change
in the amount of deeply sequestered carbon can have a substantial impact on the atmospheric

CO> inventory (Hain et al., 2014).

The vast majority of organic matter (OM) exported from near-surface waters is converted back
into its inorganic constituents by heterotrophic organisms within the water column and/or
sediments, a process referred to as remineralization. Similarly, the exoskeletons are subject to
dissolution as they sink into the deep ocean and reach ocean sediments, returning calcium and
carbonate to the water column and/or pore-water sediments. However, this process is controlled
by environmental conditions like pressure and sea-water chemical composition, unlike biotic
OM remineralization. Significant spatial differences exist in the deposition of OM and CaCO3
in marine sediments. While OM burial is highest in coastal environments, CaCOj3 predominantly
accumulates in open-ocean sediments, where about half of the CaCOs3 leaving the surface
reaches the seafloor and about one-third of this is ultimately buried. In contrast, nearly 95% of
exported OM is remineralized within the water column, with only a minor fraction preserved

and buried in open-ocean sediments (Canfield, 1993; Sarmiento and Gruber, 2006).

Sediment pore-water composition can be altered by remineralization of organic matter and
dissolution of CaCOs. These biological and chemical processes create large concentration
gradients between the pore-water and the overlying seawater, resulting in diffusion of solutes to

and from the overlying water column (Berner, 1980). Burial of organic matter and CaCO3



removes carbon from the short-term carbon cycle and incorporates it into the long-term carbon
cycle. Large-scale ocean circulation redistributes carbon (among other elements) and plays a
significant role by adding (removing) carbon to (from) the atmosphere. For example, the upward
flux in upwelling zones brings remineralized inorganic nutrients and carbon to the surface,
thereby helping to close the cycling loop driven by the biological pump and eventually releasing

carbon to the atmosphere.

The land biosphere stores carbon in vegetation and soil and interacts with the atmosphere
through spatially heterogeneous fluxes from daily to multidecadal time-scales. The largest
carbon stocks are held in aboveground biomass and soils in tropical and high latitude forests,
respectively (Chapin III et al., 2011). Changes in environmental conditions can alter land
ecosystems, driving shifts in carbon fluxes (alongside other elements) due to modifications in
primary production and/or soil remineralization rates (Crisp et al., 2022). Primary production
removes CO; from the atmosphere at a rate that increases with atmospheric pCO; itself (Chen
et al., 2022; Saugier et al., 2001), while soil remineralization rates are enhanced by rising
temperatures (Davidson and Janssens, 2006; Frey et al., 2013). Additionally, shifts in climate
conditions can cause certain vegetation types to expand or retreat, altering the terrestrial biomass
budget and, consequently, the amount of carbon stored in vegetation (Ciais et al., 2012).
Furthermore, variations in permafrost extent during glacial-interglacial conditions can
significantly influence atmospheric CO: concentrations, thereby impacting the global carbon

cycle (Jones et al., 2023; Tesi et al., 2013).

The long-term carbon cycle involves the movement of carbon between the Earth’s surface and
its interior, controlled primarily through processes such as continental weathering, ocean
sedimentation and volcanic activity. Carbon dioxide is removed from the atmosphere mainly
from weathering of silicate and carbonate rocks, a process that forms bicarbonate ions which
are transported to the surface ocean by rivers. In the marine environment, these ions combine
with calcium to form CaCOs. In the modern ocean, most of the calcium carbonate is made by
calcifying organisms. After organisms die, they sink to the ocean floor and eventually
accumulate in ocean sediments where, if they are not subject to dissolution, they are buried.
Over geological timescales, carbon-rich, deep-ocean sediments are subducted into the Earth’s

mantle through tectonic processes in subduction zones, during which they are subject to high



temperature and pressure processes. This drives chemical reactions that release some carbon
from the subducting slab, transferring it to buoyant fluids and eventually back to the Earth’s
surface for release at arc volcanoes (Manning, 2014). In this way, carbon, aerosols and other

elements may eventually return to the atmosphere via volcanic eruptions.

The interplay between tectonics, weathering, and volcanic activity has historically maintained a
balance in the carbon cycle, ensuring relatively-stable climate conditions over geological
epochs. An example is the observed long-term global cooling over the whole Cenozoic
(Westerhold et al., 2020; Zachos et al., 2001). However, this balance can be disrupted by
significant geological events when both life and the environment evolved dramatically. One
such example is the Paleocene-Eocene Thermal Maximum (~56 million years ago (Ma))

associated to a rapid and massive, 1*C-depleted carbon inputs to the ocean-atmosphere system

(Pagani et al., 2006; Zachos, 2008).

Figure 1.1 show records of the climate evolution for the last 4.5 million years. Panel A shows
measurements of benthic §'®0 that reflects a combination of local water temperature and 30
content of sea-water, with the latter largely recording land-ice volume and thus sea level (Clark
et al., 2024). During 2.5 million years (from 4 to 1.5 Ma), the Earth experienced a long-term
global cooling (Figure 1.1C,D) accompanied by a slow decrease in the atmospheric content of
COz (Figure 1.1B), probably associated to increased continental weathering rates (Bayon et al.,

2023; Chiang et al., 2024; Martin et al., 2023).
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Figure 1.1: Proxy-records over the past 4.5 Myr. (A) Bentic 5'®0 record in gray with 400 kyr
running average in blue (1 kyr = 1,000 years). (B) Proxy and ice-core CO; data. (C) Global Sea
Surface Temperature (SST) change (light blue with 1o uncertainty and long-term averaged in
dark blue) referenced to the pre-industrial (PI). (D) Global mean surface temperature changes
(red with 16 uncertainty and long-term average in blue) referenced to the P1. Adapted from Clark
et al., (2024).

This slow trend culminates at approximately 1.5 Ma with intensified global cooling, coinciding
with a transition period characterized by significant changes in both the amplitude and
periodicity of temperature and land ice volume oscillations, as evidenced by §'0 records
(Figure 1.1A). This marks the onset of the Middle Pleistocene Transition (MPT), a ~700-kyr
interval (1.5-0.8 Ma) during which Earth’s climate cycles shifted from 40-kyr to dominant 100-
kyr glacial-interglacial cycles (Clark et al., 2006; Elderfield et al., 2012; Lisiecki and Raymo
2005). The pronounced global cooling during this period represents one of the main focuses of

this study.



1.2. The Middle-Pleistocene Transition

The MPT was a period of strong global cooling following million years of weaker cooling
(Lisiecki & Raymo, 2005, Westerhold et al., 2020). Before the MPT, glacial-interglacial cycles
were relatively symmetric and weak, whereas after the MPT cycles were stronger and more
asymmetric with longer glacial and shorter interglacial periods (Medina-Elizalde and Lea, 2005;
von der Heydt et al., 2021). Evidence shows that MPT occurred in absence of any appreciable
astronomical forcing change, pointing toward explanations attributed to feedbacks and internal
changes in the Earth’s climate system (Herbert, 2023; Ruddiman et al., 1986). Proposed
mechanisms include Northern Hemisphere bedrock and regolith erosion beneath the ice sheets,
gradual atmospheric CO, decline, Antarctic Ice Sheet expansion, and deep ocean circulation
reorganization (An et al., 2024; Clark et al., 2006; Raymo et al., 2006; Tziperman and Gildor
2003; Willeit et al., 2019).

A major change across the MPT was the expansion of Northern Hemisphere (NH) ice sheets
(Ao et al., 2023; Lisiecki & Raymo, 2005; Batchelor et al., 2019), which helped merge them
and enable them to survive insolation maxima and reach continental scales (Bintanja & van de
Wal, 2008). Larger ice sheets promoted feedbacks like increased surface albedo and adiabatic
cooling with increasing height, leading to further growth (Berends et al., 2021; Clark and
Pollard, 1998). Furthermore, larger NH ice sheets become more susceptible to mechanisms
favoring longer, asymmetrical ~100 kyr cycles like bedrock depression and calving (Abe-Ouchi
etal., 2013, Clark and Pollard, 1998). Whatever combination of processes are evoked to explain
MPT ice age cycle lengthening, such strong MPT cooling likely preconditioned the system for

such cycle lengthening by, for example, driving NH ice sheet expansion.

1.3. Earth System Models

In order to study complex, multi-scale climate system interactions like those mentioned above,
scientists have developed a new type of climate model known as an Earth System Model (ESM).
The ESMs are advanced computational tools designed to provide a comprehensive
understanding of how the Earth works as a system of interdependent parts. These models
integrate a wide range of physical, chemical, and biological processes across the different Earth

system components, involving, generally, contributions from many scientists and many areas of
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science (Flato 2011). ESMs go beyond the scope of their predecessors, Global Climate Models
(GCMs), as one of the key strengths of ESMs is their ability to incorporate feedback mechanisms
resulting from all its interactions (Heinze et al., 2015; Pan et al., 2025). Depending on their
purpose, these models can vary significantly in complexity and, subsequently, in the time and

the computational resources used to run modelled experiments.

With the recent emergence of the Earth System Science approach (Steffen et al., 2020), ESMs
have become essential tools for projecting climate responses under current global warming
scenarios. Ongoing scientific efforts continue to enhance ESMs accuracy and reliability, and
these models remain the most powerful instruments for both projecting future climate change

and informing policymakers, despite their inherent limitations (Prinn, 2013).

This study investigates the global climate-carbon cycle dynamics driving the observed strong
cooling during the Middle Pleistocene Transition (MPT) using the new Earth System Model
DCESS II (Fernandez and Shaffer, 2025). Chapter 2 presents the hypotheses and objectives,
while Chapter 3 details the model framework and experimental design. Results are presented in

Chapter 4, with findings discussed in Chapter 5 and key conclusions outlined in Chapter 6.



2. HYPHOTESES AND SPECIFIC GOALS

2.1. Hypotheses

Hypothesis 1: Mid- and high-latitude Southern Hemisphere ocean-atmosphere coupled

processes are the main drivers in the evolution of the global climate-carbon cycle during MPT.

Hypothesis 2: Equatorward migration of Southern Hemisphere westerly winds combined with
increased sea ice and iceberg export from Antarctic shelf explains much of the strong MPT
cooling by way of decreased heat and CO> exchange between the upper and deep Southern

Ocean and increased deep ocean isolation and carbon storage.

2.2. Specific Objectives

Objective 1: Develop a new version of the DCESS model (Shaffer et al., 2008) to be known as
the DCESS II model. Key features of the new model include two hemispheres, improved spatial
and temporal resolution, dynamic formulation for large-scale ocean circulation, a realistic
formulation for the Antarctic Bottom Water formation, a new land biosphere module, and

improvements in the treatments of ocean biogeochemical cycles and sea ice.

Objective 2: Model the global climate-carbon cycle change across the MPT using the new Earth
System model DCESS 11, evaluating potential climate forcings in order to explain the observed

global cooling during this transition period.



3. METHODOLOGY

The methodology to address each specific objective proposed above is summarized in the
following subsections. The new model is first briefly described, and then the approach used to

simulate the MPT is presented.

3.1. A new Earth System model

A new Earth System model of intermediate complexity is created, that builds upon, improves
and extends the Danish Center for Earth System Science (DCESS) Earth System model (Shaffer
et al., 2008). As its predecessor (DCESS I), DCESS II contains modules of atmosphere, ocean,
ocean sediment, land biosphere and lithosphere and is designed to deal with global climate
simulations on scales of years to millions of years with no need for large computational

resources. In the following, features of the new model are described.

3.1.1. Model geometry

The model geometry has been extended to include two hemispheres with a present-day

continental distribution and ocean depth distribution as shown in Figure 3.1.
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Figure 3.1: (a) Pre-industrial model land continental distribution and meridional boundaries of
ocean sectors (dashed lines). There are twelve ocean sectors with their respective identifiers:
Arc: Arctic Ocean, Soc: Southern Ocean, hn: high north, mn: mid north and en: equatorial north
for Atlantic (A) and Indian-Pacific (P) Ocean. Sector names in the Southern Hemisphere follow




the same convention. High latitude North Pacific sector (hnP) and the Arctic Ocean are
connected through the Bering Strait. Land south of 70° S is fully ice covered. Meridional sea
ice and snowline extents vary freely. (b) Observed present-day ocean area fraction profile of
each ocean model sector calculated from Amante and Eakins (2009).

The atmosphere module considers three zonally-averaged boxes per hemisphere as low-, mid-,
and high-latitude sectors divided at 35° and 55° north and south latitudes (Figure 3.2a). In the
ocean module an extra division at 65° N is included to allow consideration of four global ocean
basins (Atlantic, Indian-Pacific, Arctic and Southern Ocean). The Southern Ocean is 360° wide
and extends down to 69° S, where it interacts with an ocean shelf extending to 70° S. In total,
there are 12 ocean sectors (compared to only 2 in previous DCESS model version). Each ocean
sector is divided into 55 vertical layers with 100 m vertical resolution reaching 5500 m depth

where each layer has an associated sediment segment (Figure 3.2b). For each sector, ocean layer

and ocean sediment areas are determined from observed ocean depth distributions (Figure 3.1b).
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Figure 3.2: (a) Ocean-atmosphere cross-section view depicting meridional distributions of
ocean and atmospheric boxes. There are six zonal-averaged atmospheric boxes and twelve ocean
sectors (see also Fig. 1a). The shaded vertical bar at 55° S extending from the surface to 2000
m depth is a virtual barrier against meridional geostrophic flow above the Drake Passage sill
depth. The vertical barrier at 65° N extending from the bottom up to 1000 m depth is a physical
barrier associated with Denmark Strait bathymetry. (b) Sketch of an idealized vertical area
profile for an ocean sector (the actual profile for each sector is based on bathymetry
observations; see Fig. 1b). Also shown is an idealized sediment segment contained in a 100 m
thick box layer (the area of each specific segment is again based on bathymetric observations).
The bioturbated layer (BL) is assumed to be 10 cm thick and is divided into seven sublayers as
shown.
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The continental distribution shown In Fig. 3.1a can be relatively straightforward modified as
needed depending on the climate stage to be studied. In the next section, main features of each

model module are described.

3.1.2. Module descriptions

Atmospheric module

The tracers considered in this module are temperature, nitrous oxide, methane (}>!13C isotopes),
carbon dioxide ('*!*!*C isotopes) and atmospheric oxygen. Temperature is modelled using a
zonally integrated energy balance model forced by seasonally varying insolation, heat exchange
with the ocean surface, and meridional heat transport. Atmospheric gases are forced by air-sea
gas exchange, meridional transport between adjacent boxes, and sources/sinks within the
atmosphere or net transports to or from the atmosphere via weathering, volcanism, and
interaction with land biosphere. In combination with simple sea ice and snow parameterizations,
the model includes the ice-snow albedo feedback and the insulating effect of sea ice. Sea ice is
modelled by implementing the simple dynamical formulation according to Olsen et al. (2005)
for the seasonal, equatorward sea ice extent. This approach gives sea ice rates of advance and
retreat taking advantage of meridional profile of atmospheric temperature and sea surface
temperature. Changes in sea ice line position are determined individually for the Arctic-North
Atlantic, North Pacific and Southern Oceans. Snow line responds instantaneously to
atmospheric temperature changes. Furthermore, present-day Northern Hemisphere ice sheets
are prescribed as a constant area with ice albedo throughout the year independent of the snow

line position.
Ocean module

Tracers of the ocean module are conservative temperature, absolute salinity, phosphate (PO4),
dissolved oxygen (02), dissolved inorganic carbon (DIC) in '%!314C species, alkalinity (ALK),
and sea-water oxygen-18 (5'%0y,). Conservation of any ocean tracer is given by an advection-
diffusion equation plus terms associated with air-sea exchange of heat and gases, exchange of
dissolved substances with the ocean sediment, and internal sources and sinks into the water
column. Large-scale ocean circulation is based on a dynamical approach consisting of a balance

between the pressure gradient force and the linear friction acting on the meridional velocity.
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Horizontal mixing is parameterized by a depth-dependent horizontal diffusivity, while vertical
mixing is modelled using a stratification-dependent form. There is a prescribed northward
volume flux in the surface layer at 55° S to account for Ekman transport, forced by prevailing
westerly winds, as well as a prescribed northward flow at 65° N from the North Pacific to the
Arctic Ocean through the Bering Strait. An observation-based, formation process of Antarctic
Bottom Water (AABW) is implemented following a gravity-current approach including
Antarctic shelf water production and mixing by entrainment as an AABW plume flows down
the Antarctic slope (Baines, 2005, 2008; Gordon, 2019; Orsi, 2002). Southern Ocean shelf
tracers are forced by freshwater input from melting, calving and precipitation, export of sea ice
and icebergs out of the shelf, influx from the Southern Ocean, and gas exchange. Shelf

temperature is held constant at its freezing point due to air-sea heat exchanges there.

New (exported) production (NP) of organic matter is modelled using a Michaelis—Menten
approach dependent on surface phosphorus (Maier-Reimer, 1993; Yamanaka and Tajika, 1996)
and solar radiation. A limitation factor for NP is applied to the Arctic and the Southern Ocean to
account for effects like dust fertilization. Surface (export) production of biogenic calcite is
related to the new production by the “rain” ratio according to Maier-Reimer (1993) and Marchal
et al., (1998) but with the addition of a dependence on temperature and the calcite saturation
state of the ocean surface layer following Shaffer et al., (2016). Organic matter remineralization
rate is modelled following an exponential-type law for the vertical fraction of both, particulate
organic matter “nutrient” and “carbon” components plus a local temperature dependence.

Calcite dissolution follows a simple exponential law with a constant e-folding length.
Sediment module

The sediment module is adopted from DCESS I model (Shaffer et al., 2008) but now applied to
the multiple ocean regions. Each ocean layer is assigned a sediment segment composed of
calcite, non-calcite mineral and reactive organic matter. The segment is a bioturbated layer (BL)
of 10 cm thick divided in 7 sublayers. Sediment segment areas are determined by model
topography. This module address calcium carbonate dissolution and (oxic and anoxic) organic
matter remineralization by calculating concentrations of reactive organic carbon, pore-water Oz
and pore-water CO%’ for each sediment sublayer. To account for the role of benthic fauna, the

bioturbation rate is parameterized to depend on organic carbon rates but also to consider
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attenuation associated with very low dissolved oxygen concentrations. From sedimentation
velocity, burial rates of phosphorus, organic carbon and carbonate carbon down and out of the
base of the BL are determined. This module provides fluxes between ocean and sediment layers
of PO4, O, DIC and ALK based on concentrations of these tracers in each respective adjacent
ocean layer and sediment pore-water concentrations from organic matter remineralization and

calcium carbonate dissolution.
Land biosphere module

This module considers three different, dynamically varying vegetation zones per hemisphere. A
grassland-desert zone bordered equatorward and poleward by tropical forest and extratropical
forest zones, respectively. These zones are based on definitions of Eichinger et al., (2017) but
applied to Northern and Southern Hemispheres. Latitudinal boundaries of the zones are defined
as functions of atmospheric temperature alone, encompassing implicit dependency on
precipitation. This three-zone approach captures the way the biosphere influences radiative
forcing, since albedo is higher for grasslands-deserts than for forests (Bonan, 2008). Each
vegetation zone includes carbon (>!>!*C isotopes) reservoirs for leaves, wood, litter and soil.
Net primary production on land takes up atmospheric CO; and is forced by seasonally-varying
solar radiation. Biotic activity in soil is dependent on atmospheric temperature. For each
vegetation zone there are land biosphere-atmosphere fluxes of '>!**CO, and N>O. Emissions

of 121314CH, are assumed to come only from wet areas, i.e. the forest zones.
Lithosphere module

This module follows the approach as in DCESS I model (Shaffer et al., 2008), but extended to
include a global continental configuration, and distributions of river mouths and volcanoes. It
considers carbonate and silicate weathering, lithospheric outgassing and river input of
phosphorus and carbon species. Weathering rates of rocks containing phosphorus, as well as
carbonate and silicate weathering rates are taken to depend on deviations of mean atmospheric
temperature from its pre-industrial value and include a temperature sensitivity factor for
weathering rates (Qio). Silicate and carbonate weathering supply bicarbonate ion by way of
rivers to ocean surface layers, modifying DIC and ALK concentrations there. Rivers also supply
phosphorus, affecting ocean phosphate content. Silicate and carbonate weathering are sinks of

carbon from the atmosphere, while weathering of rocks containing old organic carbon and
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volcanism are sources of carbon to the atmosphere. The total river inputs are distributed among
the 12 ocean sectors according to the river mouth distributions. Model configuration of rivers

and volcanoes follow the present-day distribution but can be easily modified as needed.

3.1.3. Solution, calibration and validation procedure

Prognostic equations for atmosphere, land biosphere, lithosphere and the ocean modules are
solved simultaneously using a fourth order Runge-Kutta algorithm with a two-week time step.
Prognostic equations for the ocean sediment are solved by simple time stepping with a one-year
time step. The complete coupled model is written in Fortran language and runs at a speed of
about 10,000 years of simulation per 30 minutes of computer time on a high-end personal
computer. The calibration procedure consists of six steps, all of them fully described in
Ferndndez and Shaffer (2025), taking the pre-industrial time as the baseline with a climate
sensitivity of 3°C per doubling atmospheric CO». Finally, components of the steady-state model
solution are compared against observed data from the present-day, and two simple experiments

are carried out in order to test the model performance.

3.2. Long-term simulations and the MPT

Using the model briefly described above and fully presented in Ferndndez and Shaffer (2025),
attempts are made in order to reproduce the long-term, slow global cooling from 4 Ma until
about 1.5 Ma followed by a stronger cooling across de MPT until about 0.8 Ma. For this purpose,

some modifications were made in the original DCESS II model version as detailed below.

First, the model is recalibrated with a new pre-industrial steady state with a new equilibrium
climate sensitivity of 5°C per doubling atmospheric CO». This recalibration proved to be
necessary to achieve initial conditions at 4 Ma indicated by observations. Second, inflow from
the Southern Ocean onto the Antarctic continental shelf is now implemented as an inflow at the
shelf edge (500 m depth), rather than as a uniform inflow across the 0 — 500 m depth range.
Third, under non-pre-industrial conditions, the originally fixed total freshwater forcing of the
Southern Ocean shelf from precipitation, calving, and ice melting, is now taken as a time-
dependent function of the annual mean atmospheric freshwater flux crossing 55°S. Fourth, the

factor Q1o (see above) has been now reduced from 2 to 1.5 increase for a 10 °C increase in
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atmospheric temperature. This recalibration proved necessary to capture the long-term, slow

global cooling from 4 Ma until about 1.5 Ma.

From this new PI steady-state, model initial conditions at 4 Ma are derived. For this, estimations
of ocean calcium content and ocean carbon dissociation constants at that time are included
(Zeebe and Tyrrell, 2019), and model weathering rates of carbonate, silicate, old organic carbon
and phosphate are adjusted in order to achieve a long-term steady-state balance with model
ocean sediment burial of calcium carbonate and organic matter for an atmospheric CO»
concentration of 400 ppm, as indicated by proxy reconstructions (Bartoli et al., 2011; Kohler,
2023, LaRiviere et al., 2012; Sosdian et al., 2018). An alternative would have been to increase
lithosphere outgassing as in other, related work (Willeit et al., 2019) but the present approach is
focused on weathering, which is thought to control long-term cooling over the Pliocene-
Pleistocene (Bayon et al., 2023; Chiang et al., 2024; Martin et al., 2023). At this point, model
weathering formulation is expanded to include a time-dependent, weatherability factor
representing non-temperature-dependent weathering changes due to factors like mountain

building.

From this 4 Ma initial steady-state, and using prescribed time evolution of ocean calcium content
and ocean carbon dissociation constants (Zeebe and Tyrrell, 2019), and incorporating the time-
dependent orbital forcing from Berger and Loutre (1991), parameters in the model weathering
formulation are tuned until the simulation reproduces the observed, uniform global mean SST
decrease from 4 to 1.5 Ma (Figure 1c). From this point until 0.8 Ma, additional processes are
included that are thought to have probably contributed to the observed acceleration in global

cooling. The proposed forcings are:

1. Northward Ekman transport in the Southern Ocean, driven by shifts in the strength and
latitudinal position of the Southern Westerly Winds (SWW).

2. Sea ice and iceberg export from the Antarctic shelf, which influences the Antarctic shelf

water and, consequently, Antarctic Bottom Water formation.
3. Dust fertilization of the Southern Ocean, enhancing marine productivity there.
4. Equatorward extent of Northern Hemisphere ice sheets, affecting albedo and land biomass.

Assumptions about these forcings during MPT are:
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1. The pre-existing trend of the weatherability factor is continued across the MPT as the

simplest assumption with no expected, climate-related impact on it.

2. Influence of the SWWs extended to include possible Ekman transport across 35°S.
Weakened and northward shifted SWWs would be expected across cooling intervals like

the MPT (Toggweiler et al., 2006; Anderson et al., 2009; Venugopal et al., 2023).

3. Increased sea ice production and export from the Antarctic shelf as well as increased iceberg
export/less Antarctic meltwater there in connection with MPT cooling (Shin et al., 2003;

Starr et al., 2021).

4. Dust deposition and associated Southern Ocean fertilization are assumed to increase due to
a drier climate and northward-shifted SWWs exposing more continental dust sources

(Shaffer and Lambert, 2018; Martinez-Garcia et al., 2011; Lamy et al., 2014).

5. Northern Hemisphere ice sheets grew and expanded equatorward across the MPT as shown

in geological reconstructions (Ao et al., 2023; Hodell and Channell, 2016).

Finally, based on the structure of the observed SST transition during MPT (Figure 1c), these
forcings are prescribed to evolve linearly in two time-steps: from 1.5 to 1.2 Ma and from 1.2 to
0.8 Ma, accounting for a 10% and 90% of the total forcing respectively. For simplicity, these
four forcings are held constant at their PI values (Ferndndez and Shaffer, 2025) before 1.5 Ma
and at their 0.8 Ma values from 0.8 Ma to the present. Although post-0.8 Ma period is also

simulated, this is only for completeness purposes and is not discussed further in this work.
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4. RESULTS

4.1. Chapter 1: “Presentation, calibration and testing of the DCESS II Earth system model of

intermediate complexity (version 1.0)”. Geoscientific Model Development, DOI:
https://doi.org/10.5194/gmd-18-2161-2025.

Abstract

A new Earth system model of intermediate complexity, DCESS I, is presented that builds
upon, improves and extends the Danish Center for Earth System Science (DCESS) Earth
system model (DCESS I). DCESS II has considerably greater spatial resolution than
DCESS 1 while retaining the fine, 100 m vertical resolution in the ocean. It contains
modules for the atmosphere, ocean, ocean sediment, land biosphere and lithosphere and is
designed to deal with global change simulations on scales of years to millions of years while
using limited computational resources. Tracers of the atmospheric module are temperature,
nitrous oxide, methane (1%!3C isotopes), carbon dioxide ('*!**C isotopes) and atmospheric
oxygen. For the ocean module, tracers are conservative temperature, absolute salinity, water
130, phosphate, dissolved inorganic carbon (!>!3!*C isotopes), alkalinity and dissolved
oxygen. Furthermore, the ocean module considers simplified dynamical schemes for large-
scale meridional circulation and sea ice dynamics, stratification-dependent vertical
diffusion, a gravity current approach to the formation of Antarctic Bottom Water, and
improvements in ocean biogeochemistry. DCESS II has two hemispheres with six zonally
averaged atmospheric boxes and 12 ocean sectors distributed across the Indian—Pacific, the
Atlantic, the Arctic and the Southern oceans. A new extended land biosphere scheme is
implemented that considers three different vegetation types whereby net primary
production depends on sunlight and atmospheric carbon dioxide. The ocean sediment and
lithosphere model formulations are adopted from DCESS I but now applied to the multiple

ocean and land regions of the new model.

Model calibration was carried out for the pre-industrial climate, and model steady-state
solutions were compared against available modern-day observations. For the most part,

calibration results agree well with observed data, including excellent agreement with ocean
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carbon species. This serves to demonstrate model utility for dealing with the global carbon
cycle. Finally, two idealized experiments were carried out in order to explore model
performance. First, we forced the model by varying Ekman transport out of the model
Southern Ocean, mimicking the effect of Southern Hemisphere westerly wind variations,
and second, we imposed freshwater melting pulses from the Antarctic ice sheet on the model
Southern Ocean shelf. Changes in ocean circulation and in the global carbon cycle found in
these experiments are in line with results from much more complex models. Thus, we find
DCESS II to be a useful and computationally friendly tool for simulations of past climates

as well as for future Earth system projections.
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Abstract. A new Eanth system model of imermediate com-
plexity, DCESS 11, is presented that builds upon, improves
and extends the Danish Center for Earth System Science
(DCESS) Earth system model (DCESS ). DCESS 11 has
considerably greater spatial resolution than DCESS 1 while
retaining the fine, 100m vertical resolution in the ocean.
It contains modules for the atmosphere, occan, ocean sedi-
ment, land biosphere and lithosphere and is designed o deal
with global change simulations on scales of years o mil-
lions of years while using limited computational resources.
Tracers of the stmospheric module are temperature, nitrous
oxide, methane ('*"*C isotopes), carbon diexide ('*"1*C
isotopes) and atmospheric oxygen. For the ocean maodule,
tracers are conservative temperature, absolote salinity, wa-
ter "*0), phosphate, dissolved inorganic carbon (1540 jzo-
topes), alkalinity and dissolved oxygen. Furthermore, the
ooecan module considers simplified dynamical schemes for
large-scale meridional circulation and sea ice dynamics,
stratification-dependemt vertical diffusion, a gravity current
approach o the formation of Antarctic Bottom Water, and
improvements in ocean biogeochemistry. DCESS 11 has two
hemispheres with six zonally averaged stmospheric boxes
and 12 ocean sectors distributed across the Indian—Pacific,
the Atlantic, the Arctic and the Southemn oceans. A new ex-
tended land biosphere scheme is implemented that consid-
ers three different vegetation types whereby net primary pro-
duction depends on sunlight and atmospheric carbon dioxide.
The ocean sediment and Lithosphene model formulations are
adopted from DCESS 1 but now applied to the multiple ocean
and land regions of the new model.

Muodiel calibration was carried out for the pee-industrial
climate, and model steady-state solutions were compared
against available modem-day observations. For the most part,
calibratbon results agree well with observed data, including
excellent agreement with ocean carbon species. This serves
o demonstrate mode] utility fior dealing with the global car-
bon cycle. Finally, two idealized experiments were carried
out in order to explore model performance. First, we forced
the model by warying Ekman transpont out of the model
Southern Ocean, mimicking the effect of Southern Hemi-
sphere westerly wind variations, and second, we imposed
freshwater melting pulses from the Antarctic ice sheet on the
model Southern Ocean shelf. Changes in ocean circulation
and in the global carbon cycle found in these experiments
are im line with results from much more complex models.
Thus, we find DCESS 11 1o be a useful and computationally
fricndly tool for simulations of past climates as well as for
futwre Earth system projections.

1 Introdoction

The carbon cycle is the backbone of the Earth's climate gys-
tem since it acts as a main regulator of global mean atmo-
spheric iemperature via atmospheric concentration of carbon
dioxide {pC0k). This cycle may be considered 1o be com-
posed of two domains. One domain is a fast one with large
exchange fluxes and relatively “rapid™ reservolr tumovers
(from years to thousands of years). This domain encom-
passes carbon in the atmosphere, ocean and superficial (bio-
murhated) occan sediments and on land in vegetation, soil and
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freshwater. A second slower domain (from hundreds of thow-
sands to millions of years) consists of huge carbon stores in
rocks and sediments that exchange carbon with the fast do-
main throwgh volcanic emissions of COy, chemical weather-
ing. erosion and sediment formation on the seafloor. How this
carbon is partiioned berween the Eanh’s different reservoirs
is what sets the pCi in the atmosphere.

Earth system models (ESMs) include one or both of these
domains. They are therehy useful tools that can help us gain
understanding of past climates as well as make fuare cli-
maie projections. Depending on their complexity and spatial
resolution, ESMs can take days, weeks or even months to
run model simulations on the range of timescales mentioned
above while using substantial computational resources. The
Dranish Center for Earh System Science (DCESS) model
(DCESS I: Shaffer et al., 2008) iz a low-order ESM with a
simple geometry and ocean physics that deals with baoth do-
mains of the global-scale carbon cycle and is thereby suitable
for imvestigating Earth system changes on scales of years to
millions of years while taking only minutes to days o mn.
The DCESS 1 model has proven to be a useful tool in such
studics as docomented by many stand-alone or intercompar-
ison study publications (e.g.. Eby et al., 20013; Harper et al.,
2020; Joos et al., 2013 MacDoogall et al., 2020; Shaffer,
2000: Shaffer and Lambent, 201 8:; Shaffer et al., 2000 Fick-
feld et al., 2013). Nonetheless, DCESS 1 has serious limita-
tions when it comes to addressing many important Earth sys-
tem problems, like glacial-interglacial cycles, due o its one-
hemisphere, two-sector horizontal resolution; lack of occan
dynamics; lack of seasonal cyeles: and simplified land vege-
tation scheme, among other factors. In order to address those
deficiencies, here we present a new Earth system model,
DCESS 10, that contains great improvements in model ge-
ometry and physical-biogeochemical processes. This new
model iz able not only o capture relevant environmental dif-
ferences betwoen major ocean basins, but also, for exam-
ple, to produce synthetic occan sediment cores from distimnet
ocean pones for more detailed comparison with data, and this
it can do while retaining much of the simplicity and the spiri
of the DCESS T model. Thus, DCESS 11 is a simple, fast
amd highly flexible ESM of intermediate complexity that is
well suited o running long-term experiments in a relatively
simple way with no need for substantial computational re-
SOURCES.

This paper is organized as follows: in Sect. 2 we describe
the modules of atmosphere, ocean, ooean sediment, land hio-
sphere and lithospherne. In Sect. 3, we present the model solu-
tion and calibration procedure and show results for the mode]
steady-state, pre-industrial simulation. In addition, we carry
out two idealized experiments in order to explore and test
model performance. Finally in Sect. 4 we discuss our resulis,
outline future perspectives and present conclusions.
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2 Model deseription

[CESS 10 is an intermediate-complexity Earth gystem maodel
containing atmosphere, ocean, land biosphere, lithosphene
and occan sediment modules designed to deal with global
climate simulations on scales of years to millions of years.
It is an enhancement and extension of the original DCESS
I model (Shaffer et al., 2008) and includes, for example, a
much improved horizontal and time resolution as well as
simplified ocean dynamics. Model geometry consists of two
hemispheres with a land—ocean area distribution and ocean
depth distribution as shown in Fig. 1.

The atmospheric module considers three zonally averaged
baxes per hemisphene as low-, mid-, and high-latitude sec-
tors divided at 35° (dry4) and 55 (ds) north and south lai-
iudes {Fig. 2a). In the oocan module we include an exira
division at 65" N which albows us to consider four ghobal
ocean basing (Atlantic, Indian—Pacific, Arctic and Southern
Oeean; for sirmplicity, hereafier the Indian—Pacific Ocean will
be called only the Pacific Ocean). The Southerm Ocean is
3607 wide and extends up to 69° 5, where it interacts with
an ocean shelf extending to 707 5. In total, there are 12 occan
sectors (compared to only 2 in DCESS [). Each oecan sector
is divided into 55 wvertical layers with 100m vertical reso-
lution reaching 5500m depth. An occan sediment segment
is assigned to each of the layers (Fig. 2b). For each sector,
ocean layer and ocean sediment areas are determined from
observed ocean depth distributions (Fig. 1h).

The land biosphere module considers three different types
of vegetation per hemisphere whose latitodinal limits vary-
ing dynamically according (o climate conditions. All model
madules are described in detail in the following subsections.

L1 Atmosphere exchange, heat balance and ice—snow
extent

Wi use a simple, zonally integrated energy halance model for
the near-surface atmospheric emperatune, T, (°C), forced by
seasonally varying insolation, heat exchange with the occan
and meridional heat transport. In combination with simple
sea ice and spow parameterizations, the model includes the
ice—anow albedio feedback and the insulating effect of seaice.
Prognostic equations for mean T, in the (-35°, 35-55% and
55007 zomes (T"™* ) are obtained by integrating the surface
energy balance over the zones as

L el iy
=
0 gy hes
[(F — FT)cosddgnde £ Fuend, i1

where A = AR bR ith ALY denoging the at-
mospheric box areas, pu the reference density of water. Cp
the specific heat capacity and #™* the thicknesses chosen
to yicld observed seasonal cycles of T (partially based
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Figure 1. (a) Pre-industrial model land continental distribution and merxdional boundaries of ocean sectors (dashed lines). There are 12 ocean
sectors with their respective xlentifiers: Arc, Arctic Ocean; SOc, Southern Ocean; ha, high north; mn, midenorth; and en, equatorial noeth for
the Atlantic (A) and Indsan=Pacific (P) oceans. Sector names in the Southern Hemisphere follow the same convention. High-latitude North
Pacilic sector (hnP) and the Arctic Ocean are cannected through the Bermng Straut. Land south of 707 S is fully xce covered. Mendional sea
ice and snow line extents vary freely. (b) The observed present=day ocean area fraction profile of each ocean model sector calculated from
Amante and Exkins (2009).
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Figure 2. (a) Ocean b tion view d ing meridional distributions of ocean and atmospheric boxes. There are six zonally

av:ngddmsphcbomandl’ocmncm(ualmﬁg 1a). The shaded vertical bar at 55° S extending from the surface o 2000m
depth is 3 virtual barrier against meridicaal geostrophic flow above the Drake Passage sill depth. The vertical barrier at 65°N extending
from the bottom up to 1000 m depth is a physical barmer associted with Denmark Strant bathymetry. (b) Sketch of an idealized vertscal area
profile for an ocean sector (the actual profile for each sector is based on bathymetry observations; see Fig. 1b). Ako shown is an idealized
sediment segment contained in a 100m thick box kayer (the area of each specific segment is again based on bathymetric observations). The
bioturbated Layer (BL) is assumed to be 10 cm thick and is divided into seven sublayers as shown.

on Olsen et al., 2005), and r. ¢ and & are the Earth’s ra-
dius, latitude and longitude, respectively. Furthermore, F'*
and FT are the vertical fluxes of heat through the top of at-
mosphere and the ocean surface, respectively, while Fmend
corresponds to the loss (equatorward box) or gain (poleward
box) of heat due to meridional transport across ¢ns or ¢ss. A
no-flux boundary condition has been applied at the poles. At
cach point in time, we construct atmospheric temperature as
a continuous function of latitude, 7, (¢). using a fourth-order

https://doi.org/10.5194/gmd-18-2161-2025

Legendre polynomial in the sine of latitude ¢,
Tu(@)=) T,P.(sing). n=2.4, 2)

where coefficients Tp, T2 and 73 are determined by matching
the area-weighted zone mean values of 7,(¢) to the prog-
nostic mean sector values of 7, in each hemisphere. Ob-
servations show that eddy heat fluxes in the mid-latitude at-
mosphere are much greater than advective heat fluxes there
(Oort and Peixoto, 1983). By neglecting the advective heat
fluxes, Wang et al. (1999) developed suitable expressions for
Fmeid and the associated moisture flux, E™¢_ in terms of
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T, and 8T, /¢ at ¢ (for clarity we omit the index referenc-
ing low- to mid- and mid- to high-latitude boundaries, ges
amd s, respectively):

pmedd _ [x, +LKgexp( —54201";')]

|67, o™= T, fadg, (3)
Emed - _ Ky exp (5420771 |, a1~ AT, fag,  (4)

where Ky is a sensible heat exchange coefficient, Ky is a la-
tent heat exchange coefficient and L is the latent heat of con-
densation (2.25 = 10° 1 m=*). From observations, m is found
to vary with latitude {Stone and Miller, 1980), and on this
basis wie take m o be 2.5 and 1.7 at ¢y4 and gea, respec-
tively. The wemperatures and temperature gradients entered
in Egs. (34) above are obtained from Eq. (2). The pole-
ward freshwater flux crossing a latitwde o is evaporated from
an equatorward ocean sector and drains into the respective
poleward Atlantic, Pacific, Arctic or Southem Ocean bas-
infsector in accordance with observed land catchment arcas
(Rodriguez et al.. 2001 1). In this way, cach ocean sector re-
ceives a net freshwater flux from precipitation minus evapos-
ratbon. The Arctic Ocean is an exception to this in as much
as a fraction of E™™ rrogsing 55° N also drains there, emu-
lating large nonthward-flowing rivers in Canada and Siberia
Furthermore, an atmospheric zonal ranspont of freshwater
of 0L15 5y (1 5v = 10% m* =) is prescribed from the tropi-
cal North Adlantic sector to the tropical Morth Pacific sector,
emaulating the effects of rade winds there (Dey and Diids,
2020 Lohmann and Lorenz, 20000, All these Auxes foree re-
spective ocean sectors (see Sect. 2.3).

Based on a calibration procedure that makes use of
monthly observed atmospheric temperature, we derived the
following expression for interhemispheric heat transport at
the Equator:

Fo = KT, fag+ L1+ [KPLAT, fap— 1.1]
cxp[-mn(r:""—r:‘ﬁ']]. (5)

wheere K:q and .i:’;'q are sensible and latent heat coefficients

and T2 and T g are the model and observed pre-indusirial

atmospheric mean temperatare at the Equator. For the T?
calculation, Eq. (2} is used and evaluated at 0° latitude for the
Morthern Hemisphere and Southerm Hemisphere. The heat
flux at the top of the atmosphere is taken as the balance be-
twizen shonwave and longwave radiation as follows:

F'™ =l —e}Q—{A+ BT, i)
where o is the planetary albedo, equal o 062 for ice and
smowv-coverad areas and equal 1o ep — o2 [Jsjnlqﬁ— 1) oth-

erwise. This fornmulation includes the effect of mean cloud
cover and lower solar inclination ar higher latitudes (Han-
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mann, 2016}, and (F is the orbitally, scasonally and latitu-
dinally varyving (and if needed, paleo-time-varying) short-
wave radiation (Berger and Loutre, 1991). The albedo of
areas not covercd by snowfice wvaries with vegetation type
since forested areas have lower albedo than non-forested ar-
cas (Bonan, DNE). We adopt the approach in Eichinger et
al. {2017} that includes this effect by relating the ey, factor to
the vegetation type wherehy ag =03 — ¢ (1 — FIET,) /o).
where the factor 0.3 is the present-day value of eg and ¢ is
a multiplier equal o 002, F(8T,) is the ratio between the
area of grassland—savanna—desert zone and the total area nog
covered by snowdfice as a function of 8T, the deviation of
atmoapheric temperature from the present-day value ( fy 15
the ratio at 8T, = 07 see Sect. 2.6 for details abowt vegetation
zones). Finally, @1 is equal o (L0875,

The second term on the right-hand side of Eq. (6) is the
outgoing longwave radiation (Budyko, 1969, where A and
BT, are the flux at T3 = (b and the deviation from this fusx,
respectively. This simple formulation implicitly includes the
radiative effects of changes in cloud cover and in atmospheric
water vapor content. Greenhouse gas forcing is modeled by
taking A to depend on deviations of { prognostic ) atmoespheric
partial pressures of carbon dioxide, methane and nitrous ox-
ide (pC0,, pCHy and pMNa0) from their pre-industrial val-
ucs {PT) such that

A=Ap — (Ago, + AcH, + An,0). i

where expressions for Acp,. Acp, and Ay, are taken from
Byme and Goldblatt (2004) and are valid for atmospheric
concentrations in the range of 200-10 000 ppm for C0: and
0 1-100ppm for CHy and No0. Overlap of the sbsorption
by M0 with OOy and CHy is included in these formula-
tions. We take the year 1765 as our pre-industrial (PI) base-
line, when values of pCOzp, pCHyp and pN2Op were
280, (.72 and 0.27 ppm, respoectively, as indicated by ice-core
data (IPCC, 2021, and citations therein). For simplicity and
fior the consideration of possible paleo-applications, we take
constant valwes of Ap and B for all stmospheric boxes (soe
Table 1). For cach ocean sector, air—sea heat exchange is cal-
culated according 1o Haney {1971) as

FT=—L,—4(Tf-T,), (8)

where L, is the direct (solar) heating of the ocean surface
layer. taken to be 40 20 and 0W m=? for the low-, mid-
and high-latitude sectors, respectively; A is a constant bulk
transfer cocfficient, as a good approximation taken to be
30Wm=*=C=! but set to zero for arcas covered by sea ice
(Haney, 1971y, T is the ice-froe mean atmospheric temper-
ature for cach sector; and Ty is the zone mean ocean surface
temperature of each ocean sector.

LL1 Seaice and snow cover
Sea ice plays a pivotal role in the Earth's climate system, in-
fluencing radiative balance and thus global atmospheric tem-
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Table 1. Almaosphers module parameters.

2165

Parameler Symibal Value
Sensible heal exchange coefficient Kr (begitnpdfgg) 22405 1090420 5 100173.30 5 101 pa=1 sp=23
Latent heat exchange coefficient Ky ifogifnfday) =711 % 10°%1.56 % 10'52.29 101! m¥ y=1 o0 =24

Pre-indusirial, bengwave radiation for T, =070 Apy

20655 W m™2

Temperature sensitivily of longwave rmdialion B

220 W m— =]

Inverse limescale for sea dce sdvance and retret 7

EE S [

lee=water beal exchange coefficaent K

150W m=2 =1

perature through s impact on surface albedo and air—sea
heat exchange processes. For the sea ice cover, we take the
same simple dynamical formualation as in Olsen et al. (2005)
for the seasonal, equatorward sea ice extent. This formu-
lation takes advantage of the meridional profile of T, and
assumes that (ah sea ice advance is proportional to the in-
verse timescale of cooling (1) of the ocean mixed layer to
freczing temperature { Ty) by heat loss to the atmosphere and
(b} that the retreat is proportional to the inverse timescale
of melting {£™") of seasonal sea ice cover. These inverse
timescales are expressed as

A Tig)—Ta
padv — A = ()
Cpdy, To—Th
k kg
= —— T, — Ty + T.—T. {1
Sz.ﬂ'ﬂ-.[ aldy fil &ﬂﬂll a— Tt

where d,, is the mixed-tayer depth { 100 m); T, () is the at-
mospheric emperature at the sea ice edge:; T, is the ocean
surface wemperature; and ki, &, o, Li and xg are the thermal
conductivity of ice (20W m=?2C="), the sea ice thickness
(2 m), the density of ice (917 kg m™=*), the latent heat of fu-
sion of ice (3.34 = 10° Tke="), and the heat transfer coef-
ficicnt between ice and water (150 W m™2 °C="; Bendisen,
2002), respectively. Thus, changes in the sea ioe ling position
are determined individually for the Arctic-MNomh Atlantic,
Morth Pacific and Southern Ocean as
] =—]"{r°m'— r""}.

T (11}

where IT is a free parameter that together with ky has been
chosen vo match the observed seasonal amplitude and the an-
nual mean position of sea ioe cover, respectively. Land arcas
are covered by snow where T, (@) = 0°C and are taken to ne-
spond instantancously to stmospheric temperature changes.
Furthermore, present-day Northem Hemisphere ice sheets
are prescribed as a constant area with bce albedo through-
out the year independent of the spow line position. All of
Amntarctica is covered by ice in the model.

https:ffdoi.org/ 105194 gmd-18-2161-2025

2.1 Atmospheric chemisiry and air-sea gas exchange

For cach atmospheric box we consider partial pressures of
1203400, 1230 y, N20 and Os. The prognestic eguation
fior the partial pressure of a gas y is taken to be

d ] 1
PO _ L [afws o0+ i = w 0], (12)
dr Ug

where v, is an atmospheric mole volume: AY is an ice-free
ocean surface arca; ¥s is an air-sca gas exchange flux; W
denotes sources or sinks within the atmosphere or net trans-
ports to or from the atmosphere via weathering, volcanism,
imteraction with land biosphere and — for recent times — an-
thropogenic activities; and ¥ is the gas transport between
adjacent atmospheric boes.

Air—sea exchange for '*C0y for cach atmospheric box is

written as | for simplicity we omit the atmospheric box index
SUPCrscripl)
Wy = kwipco, {pEDz - }-FCDE,l:l . (13)
where the gas ransfer velocity by is 030w Sef660)="
with u being the long-term annual mean wind speed at 10m
above the oocan surface, Sc the COy Schmidt nomber that
depends on prognostic temperatres of the ocean surface lay-
ers (Wanninkhof, 1992), and goo, the CO2 solubility that is
a function of temperature and salinity of the surface ocean
layer (Weiss, 1974). pC0; 5 Is the progrostic C0; partial
pressure ai the ocean surface layer equal to [C0:] fnen,.
where [C0z] is the prognostic dissolved COr concentration
of the ocean surface layer calculated from ocean carbonate
carbon chemistry (see Sect. 2.4). Wind speeds are not calow-
lated in our simplified atmosphere module, so we use ob-
servied values from the NOAASCIRES/DOE 20th Century
Reanalysis (V3) dataset for cach ocean sector. For extremely
warm climate experiments (annual mean sea-surface temper-
atures over 30°C), we use the Schmidt number forrmulation
from Griger and Mikolajewicz (200 1), who demonstrated
that the Wanninkhof (1992) formulation underestimates S
in such conditions.
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Air—sea exchange for 'C04 (i = 13 and 14) is given by

w;=1w"fc,zm["n..piml—"mpmz...@]. (14)
[DIC)

where ‘o, =0.99912 is the kinetic fractionation factor
{Zhang ct al., 1995}, [DIC] and [DIC] are concenirations of
dissolved inorganic carbon in the surface ocean layer, ‘oo
is the fractionation factor doe to different solubilities in the
equilibration process, and ‘e, is the fractionation factor in
the dissociation reactions associated with ocean carbonate
chemistry. This latter term is expressed as

[C02] 4 “anco, [HCOT] + aco, [ 0037

Fwn = DIC .

f (1)

where Ium_u_, and II'.'![_'U, are individual fractionation factors
for the carbon species [HOOS | and [CD§'| and surface layer
values for these species are obtained from ocean carbon-
ate chemistry calculations. Moreover, FaHL-u, and ‘dq_wu, are
functions of surface layer temperature (Zhang et al., 1995).
As the rate at which different isotopes of a chemical element
take part in a chemical reaction depends on their mass, we as-
sume the "C/'*C fractionation 10 be twice as strong as that
of BC 120, and then Ma = | —2{1-"a).

For air-sea exchange of oxygen for cach ocean surface
SECHor,

s = ke (1poy 02 — [02]) . (16

with &y as before but with Oz Schmidt numbers that de-
pend on progeestic temperatares of the ocean sorface layers
(Keeling etal., 1998). The O solubility (1, ) was converied
from Bunsen solubility coefficients that depend on prognios-
tic temperaiures and salinities (Weiss, 1970) o model units
using the ideal gas mole volume; [O:] is the prognostic dis-
solved oxygen concendration in the ocean surface layer (see
Sect. 2.4). At present we do not include the air-sea exchange
of methane and nitrous oxide in this model version. How-
ever, this could be readily accomplished as needed, as this
has been successfully implemented in the DCESS T model
(Shaffer ¢t al, 2007

With regard 1o sources and sinks (the second term on the
right-hand side of Eg. 12), the model considers the following
sources and sinks for each atmospheric racer.

For carbon dioxide, there is net exchange with the land
binsphere, oxidation of atmospherc methane, volcanic input,
wiathering of “old™ organic carbon in rocks, and weather-
ing of carbonate and silicate rocks. As needed, anthropogenic
Ch sources associated with fossil fuel buming andfor land
use change may be added. All these sources and sinks are
alse considered for atmospheric YC05. For Y005 the same
sources and sinks as shove are included, except for old (and
thus “C-free) carbon sources, which are inputs from val-
canoes, ofganic carbon weathering and fossil fie]l buming.
In addition, " is produced naturally in the atmosphere via
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cosmic ray flux and, in recent times, by atomic bomb test-
ing. For cach atmospheric box, the cosmic ray source of
300; can be expressed as AN PR A where Ay s
the Avogadro number and P:;'E‘I {in atoms m=>s=") is the
magnitude of "C production. chosen here to maich the es-
timated pre-industrial atmospheric '"*C concentration such
that AYC,m ~0%e. A small amount of aimospherc Y
enters the land biosphere and decays there radicactively. A
smaller fraction decays directly in the atmosphere, becom-
ing an atmospheric sink of "*C0; with a decay rate &g of
3.84 x 10=12 g=1_ By far most of the " produced enters the
ocean by air-sea exchange, and by far most of this isotope
decays within the ocean. Finally, a small amount of “C en-
ters the ocean sediment via sinking of hiogenic pamicles and
part of this retums to the ocean dwe to remineralization/dis-
solution in the ocean sediment.

For methane there is prodwction within the land bicspherne
(see Sect. 2.6) and consumption associated with OH radicals
in the troposphere. The latter leads to the net consumpiion of
twin 0z molecules and production of one 0 molecule for
every CHy molecule consumed. Since this reaction depletes
the concentration of these radicals, the atmospheric lifietime
of CHy grows as methane concentration rises. We inclwde
this effect in the model by taking the atmospheric methane
sink to be Aen, pCHs, with Aen, = vafren,, where row, Is
the (variable) atmespheric lifetime of methane, This lifetime
is determined by fitting a function to the results from several
modeling studies that consider a wide range of pCHy values,
This it yiclds a pre-industrial Lfetime of 9.5 vears, increas-
ing for example to 1008 and 15.1 years for 2 and 10 times the
pre-industrial methane level, respectively (see Shaffer et al.,
20017, for details). Potential sources like melting of methane
hydrate in the Arctic tondra and occan sediments and by
human activities may be included in the model as needed.
For Y{H, the same processes are considered bui with their
respective fractionation factors (Sect. 2.6) and adding the
P CH,/ p"*CH, ratio to the above OH-related atmospheric
methane sink formulation.

For nitrous oxide there is production within the land bio-
sphere and consumption in the atmosphere, here mainly due
1o photodissociation in the stratosphere. This is modeled as
’.r;zupmzﬂ. with leﬁu:ll.llffr;zu.. where IN:r_j, the atmo-
spheric lifetime of M20, is taken o be 150 years. Potential
sources like NaOr flux from ocean denitrification and by hu-
man activities may be included in the model as needed.

For oxygen, there is consumption associsted with oxida-
tion of simospheric methane and reaction with OH radicals
(see above) and sinks (sources) from organic matter rem-
ineralization (photosynthesis) on land. Since methane is the
end product of some of the remineralization on land (see
Seet. 2.6), the land bicsphere is a net Oz source in a steady
state. Furthermaore, there are long-term atmospheric oxygen
sinks due w weathering of organic carbon in rocks and oxida-
tion of reduced carbon emitted in lithosphere outgassing. A
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long-term, quasi-steady state of p0y is achieved in the mode]
when these latter sinks balance net O ootgassing from the
ocean from bess Or consumption than production there due to
burial of organic matter in the model ocean sediments. How-
ever, for multi-million-year timescales, the global sulfur cy-
cle would need o be included in the model to achieve “true”
O steady states (Berner, 2006). Additional sinks {sources)
of atmospheric 3 associated with recent land use change
and with burning of fossil fucls may be included in the model
as needed.

The last term in Eg. (12) representing the gas transport
between two adjacent amospheric boxes is modeled as

dp{x}_
g

with ky = 63 107% 5=! hased on dats—model comparisons
wie made using the DCESS 1 model (Shaffer et al., 2008
For simplicity, we take the same value for all gases and for
all atmospheric boundarics.

Evaporation and precipitation modify both salinity and
oxygen isotopic composition in the surface ocean. Fraction-
ation dug to evaporation enriches (depletes) the "0 con-
tent in scawater {water vapor) from net cvaporative model
ocean (atmosphericy zones. Further depletion in water va-
por takes place due to fractionation in the condensation pro-
cess as the air mass cools in its poleward path. Given the
importance of "0 in paleoclimate studies. we incorporaie
atmospheric cycling of oxygen jsulngu:: of water following
Olsen en al. (2003), which gives the "0 content in the well-
known delta notation (§°*0,,) relative 1o Vienna Standard
Mean Ocean Water {VSMOW). This approach takes advan-
tage of meridional atmospheric temperatare profiles estimat-
ing §"*0y, at every atmospheric box division, where the sub-
script *a™ refers 1o isotopic excursion of "0 in the atmo-
sphere.

rixh=—k, (17

13 Deean circulation and mixing

Simplified ocean dynamics in the model consist of a balance
between the pressure gradient force and linear (Rayleigh)
friction acting on the merdional vebocity. Model Aow is de-
fined by this relation and hydrostatic and continuwity equa-
tions:

1 aF
—— e =1 (183
Fig d

1l ap
LI Y (19
a8 g

1 deeosg dw
—_— 4 ==, (20

where ry is a friction coefficient (Table 2); v and w are the
meridional and vertical velocity components, respectively: P
is the pressure; g is gravity: and g is the water density, cal-
culated vsing the non-linear function of emperature, salinity
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and pressure according to the TEOS-10 standard (the inter-
national Thermodynamic Equation of Seawater: 100C ¢t al,
20010y but modified for Boussinesq ocean models (Roguert et
al., 2015).

Since there are no meridional boundaries at the Drake Pas-
sage, a geostrophic Aow cannot be maintained above the sill
depth there. To sccount for this feature in our simplified
maodel, a viriual barrier against meridional fow is placed at
55% 8 from the surface (o 2000 m depth (Fig. 2). Equatoraard
Ekman transport there, forced by prevailing westerly winds,
is included by prescribing a net northward volume fux (£ )
in the surface layer, taken to be a wial of 308v injected
into the South Atlantic and Souwth Pacific sectors (maA and
maP) and distributed according 1o the widths of these sectors.
This transport, which carries Southem Ocean surface water
properties, is injected into the comesponding density levels
of these sectors, forming the model’s Antarctic Intermedi-
ate Waters (AAIWs). Moreover. a northward surface flow of
1 8w at 5% M is prescribed to consider the net ocean exchange
between the Morth Pacific and the Arctic Ocean across the
Bering Strait. This flow carrying surface North Pacific prop-
crties enters at the corresponding density level in the Arctic
Cheean. At all other latitwdes, mendional flow is set to zero in
the surface layer, where exchanges rely entirely on horizontal
and vertical mixing processes (Shaffer and Olsen, 2001 ). The
zonally averaged velocity at cach meridional zone boundary
is related to the density ficld according to

z

L] fﬂ.i:_ & 3

arpey ) B¢ ary dg’
v

viz > du)=— (21}

where  is the sea level and dy is the depth of the mixed Llayer
o, for the Sowthem Ocean, the Drake Passage sill depth and,
for the Arctic Ocean, the Denmark Strain sill depth. Sea lev-
cls of the model ocean zones are adjusted instantaneously o
conserve mass and to form sea level gradients in Eq. (21 ) tha
lead 1o ocean meridional transpors needed o balance the
Ekman transport and atmospheric freshwater forcing at the
ocean surface. Finally, the vertical flow is calculated from a
continuity equation, given meridional flow, Ekman transport,
atmospheric freshwater forcing and shelf exchange (see be-
Ty,

The effect of wind-driven gyre mixing is parameterized by
a depth-dependent, horizontal diffusivity:

Z
K'n{z'p=i:':+l:',:cxp(z—}. (22}
g

where K." and K} denote the deep and surface horizontal dif-
fusivitics and 2 is an e-folding gyre depth (Table 2). At the
Southern Ceean, where wind-driven gyre mixing is not im-
portant, K} is decreased by 90 %. The same approach is mken
at the Morth Pacific sector, where Morth Pacific Intermediate
Water (NPIW) is formed with a reduction of 50% in K’;.
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Table 2. Ocean medule physical and bingeochemical parameters as well as applied Redii=ld ratios.

Farameter Svmbod  Value

Ooean physics

Meridicnal flow friction coellicient ri 1 W45
Deepeocean borzontal diffusivity K: 1% 1P m? 5!
Surface ocean horizontal dilfusivity Kp 25 % 10 m®s=!
e=foldmg depth for horzeontal dilfusivity scale b 2{hm

Total freshwater Qux bo the Southern Ocean shell from meling, calving amd precipitatson Fy 0.07 5%

Sea e export flux from Southemn Ocean shell Fi 0135

Ooean biochemastry

Limatation Factor {5 n OeeanfArctic Ocean) Ly 0,150 30 s="
Upper limal for rain rats e may 035

Sleepness [zcar for cabeile pro<luction u 0,16

Mutrient remmeraliation bength scale £y 233m

Carbin remineralization length scale Ei- TEYm

Calcite dissolution length scale Eral 2500 m
Eedbeld ratmos

Carbom b phosphate g 16

Alkalindty to phosphate raRp 16

Oxygen b phesphate (outrsend companent FONE 12

Oy gen to phosphate (carbon component ) P 118

'With this setting, the model can reproduce glohal-scale inter-
mediate water masses (AATW and NFIW) in a simple way
as reported by other model studies (England, 1993; Siocker
et al., 1994). This is one of the few “regional unings™ in
the model. The vertical diffusivity, K. is modeled using a
stratification-dependent form, such that

N y=F
iz} =min[x:.‘“‘. K::'(E) ] fior ¥ = 0, (23

where N is the Brum—Viisila frequency  equal to
[tz/oonidpfaz)]'?. According to Gargett and Hol-
loway { 1984), we set p 1o 0.5, indicating a relatively weak
dependence on stiratification associated with diapycnal mix-
ing via breaking of internal waves. Furthermore, KE' and Ny
are the respective scale valoes of K, and N, taken as globally
representative thermocline values equal w 3 = 107* m*=~"
and 102 s'l, respectively (Kuonze, 20017). For unstable
stratification, K, is cquated with K™% (8 x 1074 m*s="),
accounting for model convective adjustment.

131 Southern Ocean shelf and Antarctic Bottom
‘Water formation

Amtarctic Bottom Water (AABW ) constinutes a mapor ocean
water mass filling and ventilating the abyssal ocean on a
global scale (Johnson, 20008; Orsi et al., 1999). Additionally,
AMABW plays a crucial role through the global overiurning
circalation in the transpont and redistribation of heat, salt,

Greosci. Model Dev., 18, 2161-2192, 2025

nuirients and carbon {among other tracers) and thus affects
atmospheric COs concentrations and thereby global climate
{Orsi, 2000 Purkey and Johnson, 2003).

AABW originates from dense shelf water, formed by air
cooling and brine rejection during sea ice formation, that can
flow down the slope, reaching abyssal ocean depths {Gor-
don, 2019} To address this process, we include a 300 m deep
Southern Ocean shelf (Heywood et al., 2004) between 6% and
707 5. Furthermore, we assume that there are enough air—sea
heat exchanges on the shelf to maintain iwemperature there at
freczing temperature Tj. Then the prognostic equation for all
shelf tracers but temperastune (W) is

Wi 1
TR E[[Fs—ﬂ}"‘s—ﬁ“'-

+FiWsn — Fa oW + Fye ALL] . (24}
where Vi, is the shelf volume; Fy is the total freshwater flux
o the Southermn Oeean shelf from melting, calving and pre-
cipitation and F; is the iceberg export from the shelf taken as
.07 and 0L02 Sv, respectively. Furthermaore, F is the sea ioe
export o the Southerm Ocean, taken as 0.13 Sv (Haumann
et al., 2016); Fris the replacement flux from the Southern
Ocean to the shelf, and Fy ) is the volume flux leaving the
shelf at the shelf break (see below). Each of these fluxes
carry their own tracer values (g, i, Wso and ). Values
of Wy are zero for salinity, Fmspimt and alkalinity tracers;
tene P 00, for D100 gy 05 for dissolved oxy-
gen; and a constant value of —40%. for 8150 The later isa
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rough estimate for the mean present-day 3130, valoe of ice
exported from Antarctica based on snow input values and ice
sheet Aow (Masson-Delmotte et al., 2008). For 9y, sea ice
takes the shelf water value, except for salinity, which is taken
a5 a constant equal to 5 g kg='. Furthermore, a fraction of the
freshwater flux crossing 557 5 falls directly into the Southermn
Oeean and the rest goes to Antarctica. In a steady state, the
amount going to Antarciica is equal to F;. The last right-hand
term comesponds. to the air-sca gas exchange, where Fge is
the gas flux and ,-1.1 is the ice-free surface shelf area, meant
mainly to represent coastal polynyas. Here we take A'IL to b
200% of the total shelf area

If it is denser than ambicnt Scuthern Ocean water, shelf
water flows down along the continental slope. On a path
to the decp ocean, downslope flow takes up ambient water
via entrainment, typically increasing its volume to more than
twice its value at the shelf break to finally fill the abyssal
ocean as AABW (Orsi et al., 2002; Orsi et al., 2001} In or-
der o include a comparable AABW formation process in our
model, we address this using a simple formulation of en-
trainment following approaches described in Baines {2005,
2008). The governing equations for the downslope fux (Fa)
and the plume height (or thickness, H) normal o the slope

P _gha (25)
ds ~  H
dH

I = 2E+Ca— 5:Ritané, (26)

where 5 is the downslope distance from the shelf break
depth obtained from observed bathymetry (Amante and
Eaking, 2009 and E is the emrainment coefficient equal
o Epil — RifRi;) for < Ri = Ri. and zero otherwise.
Here Ri is the Richardson number, Ki; is a critical value
for Ri, and Ey is an ampliede parameter. B is defined
s GH cos8fF3, where G = pAp(2) /oo is the buoyancy,
Apiz) is the difference between downflow density and the
man local ambient density, and @ is the slope angle. Values
for Ri, and Ey are taken to be (L25 and 020, respectively
(Xu et al., 2006). Finally, Cg and 52 are the drag coefficient
amd a constant, respectively, with values taken from the li-
erature cited above. Initial conditions at the shelf break are
taken o be Hy = 100m and Fy 4 = Hy(GyHa)™, with Gg
calculated as above using the Southern Ocean density at the
shelf break depth. We integrate Egs. (25) and (26) every 2 m
from the shelf break wnil the depth where the plume and the
ambicnt water buoyancy are close cnough as defined by a
threshold. Then this downslope Aow enters Southern Ocean
model layers in accordance with the plume height. Although
other overflow approaches have been propesed (Danabasoglo
etal., 2000; Ku et al_, 2004), we think that this simple and fast
approach is well suited to capturing the formation and inser-
tion of AABW at depth and is a particular strength in our sim-
plificd model. In this context we note that quite a few CMIPG

https:doi.org/10.51%4 gmd-18-2161-2025
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maodels form AABW incorrectly by deep, open-ocean con-
vection and/or by lack of plume entrainment (HeuzE 2021,

With the above physics and for any ocean zone, the general
conservation cquation of any ocean tracer ¥ may be written
a5

ap 1 d(cospug)  A(wy) |
B acosg  ag + dr alcosg
3 agy @ ap
o {cm-pxhﬁj + E(xu¥}+ W ()

S STV UT 27

where Wy is the air—sea exchange of heat and gases, Wig is
the exchange of dissolved substances with the ocean sedi-
ment, and ¥y are internal sowrces and sinks into the water
column. Ocean tracers of termperature, salinity and §'# 0y are
forced only at the oocan swrface via air—sea heatl exchange
and direct solar forcing for temperature and freshwater forc-
ing for salinity and 8180, Pacific Ocean and Atlantic Ccean
model sectors between 35 and 557 § south of Africa are con-
nected via a zonal surface-intensified mixing scheme in or-
der to ernulate the role of the Antarctic Circumpalar Current
there. These specific terms are added to Eq. (27) for tracers
of these sectors (msA and msP).

24 Ocean biogeochemical cycling

The ocean module considers the following hiogeochemical
ocean tracers: phosphate (POy), dissolved oxygen (D), dis-
solved inorganic carbon (DIC) in """ species and al-
kalinity (ALK}, which are all forced by new {export) pro-
duction of organic matter and biogenic calcium carbonate
shells in the lighted ocean surface layers. Furthermaore, POy,
DI and ALK are foreed by river inputs and concen-
tration/dilution of the surface layer by evaporation/precipi-
tation. Moreover, O and DI'%13 4 are forced by air—sea
cxchange. In the ocean interior, all these tracers are influ-
enced by remineralization of organic matter and dissolution
of CaC0y shells in the water column as well as exchange
with the ocean sediment. DIYC is affected by radicactive
decay in all ocean layers. For simplicity, we have neglected
cxplicit nitrogen cycling and have assumed that all biogenic
matter export from the surface layer is in the form of paricu-
late organic matter (POM) and that all Ca0053 is in the form
of calcite.

We take new (export) production of organic matter (MFP)
in each maodel surface layer to be a function of phosphaorus
(Maier-Reimer. 1993; Yamanaka and Tajika, 1996) and solar
radiation as
I [FO4]

NP =AYy, Li[POy] ———————,
] :I'[ I‘II+I|I|'I [Poql"'Plﬂ

(28}

where Ag is the ice-free occan surface area; ey is the cu-
phatic layer depth (100 m); and [P0Oy] and [ are phosphate
content and solar radiation in the surface ocean, respectively.
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Pz and fy gz are their respective half-samration constants
equal i | pmol m™* for phosphate and 100W m™= for light
(Mutshinda et al_, 2007). Ly is an efficiency cocfficient {units
of =1} that estimates iron andfor other limitation factors on
net primary production. We take the valoe of Ly to be equal
to | for most ocean zones but sct bo some bower value for
the Southem and Arctic oceans as determined by the model
fit to ocean data (Sect. 3.1.2). In the surface layer, sources
and sinks due to new production for POy, DI'*C, ALK and
Oz are —MNP, —repNP. raeNP and (roce + rone) NP, re-
spectively, where rep, Fagp. Foep and Foye are the Redficld
ratbos of C: P, ALK : P, (04 ) 0 P and (D4 )y P, respectively.
The subscripts C and N refer to a division of POM into “car-
bon™ and “nutfient” pans, respectively, as explained below.
We adopted the Redfield ratios used in Shaffer et al. {200E)
and shown in Table 2. For DIY-YC) the surface sink due
to new production and associated isotope fractionation is
=13 Vg ([DIP SO [DIEC]) reeNP. W take the frac-
tionation factor ¥ o depend on surface ooean concentra-
tions of dissolved carbon dioxide ([COq,0,]) and phosphate
according to Pagani et al. (1999):

116960 [POs] + 81.42

Papg =25— : (29
o [COuy]

where concentrations are in pmolkg™". As previously,

Biring = 1 — 21 — Parpeg).

The surface (export) production of biogenic caleite is re-
lated to new (exponty production by reyerepMNP, whene rege-
is the “rain” ratio, the ratio between the production of CaCilks
and the production of organic carbon. It is parameterized ac-
cording to Maler-Reimer (1993) and Marchal et al. {199)
but with the addition of a dependence on the calcite satura-
tion state of the ocecan surface layer (125) following Shaffer
etal. {200 &)

explp (T — Tyl Qg—1
4expiu (F— T v+ {25 — 1)’

where Fralmes I8 @ rain ratio wpper limit; g is the steep-
ness factor, T, and Tp are the surface temperature and the
reference wemperature (10 °C), respectively; and v is a half-
saturation constant taken o be 1 (Gangstg et al.. 201 1), Fur-
thermore, Qs = [Ca®*] [CD§'] { K, with caleium concen-
tration given as [Ca™] = [Ca®*+]  (5/5,). where [Ca™]
and Sy are the global ocean mean calcium and salinity val-
ues, taken as 1057 molm™? and 35 for the present day. re-
spectively: 5 is the ocean salinity; and K is the caleite solu-
bility coefficient. There is no biogenic calcite production for
subsaturated conditions (Feae = 0 for 25 < 1), Values for
Fral,max and @ are determined by the model fit to ocean and
ocean sediment data. With this, surface sinks for DIV2C and
ALK due w biogenic calcite production are —reacrepMP
and —2rpgerepMP, respectively. For DY ™C, the surface
sinks dwe to caleite production and associated isotope frac-
tionation are — My ([DIHCDICY)  regerepNE,

Feae = Foal,max (30

Crensci. Model Dev, 18, Z161-2192, 2025

E. Ferndindez Villanueva and G. Shaffer: DCESS 11

where wpy = 1. assuming no carbon fractionation during
biogenic calcite formation in the ocean surface Layer.

Particles are assurmed 1o sink out of the surface layer with
settling speeds high enough o neglect advection and diffu-
sion of them. This particulate Aux decreases significantly
with depth due to subsurface remincralizationfdissolution,
with only @ small fraction reaching the seafloor, as shown
by sediment trap data (Martin et al., 1987). To sddress this,
wi assume an exponential-type law for the vertical fraction
of the particulate organic matter (FOM) nutricnt and carbon
components, cach with a distinct ¢-folding length (£, and
£ ) motivated mainly by resolis of Shaffer et al. {1999, Ad-
ditionally, we also include temperature dependence (Ag) on
remineralization rates as indicated by ocean data (Laufkotter
et al., 2017; Marsay et al., 2005). Therefore, tracer sources
in the water column doe to the remineralization of POM, the
nuirient (@) and carbon component { @), are expressed as
the vertical gradient of POM:

JPOM{2ly ¢ A (Tl
Py elz)= % = POM{z)n e ;h": LI

where g is defined as QU yiih 1, being the
baotic activity increase for a 10°C increase in Ty, Toed a
reference temperatore taken as the present-day global anca-
weighted mean observed temperature from the World Ooean
Atlas 2018 database (Boyer et al., 2018} for the wpper S00m
(Boomar and Feebe, 2021) and Ew ¢ e-folding lengths for
Tolz) = Tapet =93 5C. For the biogenic calciom carbonate
particle flux (PCal), we take a simple exponential law with a
constant e-folding length £y, and. as above, tracer sources
in the water column due to dissolution of CaCOhs produced
in the euphotic zone | dew ) ane expressed as

#PCaliz)  PCal(z)
Bz B

In Egs. (31) and (32), POMy, POMe and PCal at 2=
(v are the respective surface layer export productions, MNP,
repNF and regerepMP. Given the range of (g valses
shown by data and modeling stwdies (Laufkotter et al,
2017, Regaudie-de-Gioux and Duarte, 2012; Bendisen et
al.. 2015) and o maintain model simplicity (see Sect. 2.6
and 2.7, we choose a constant valoe for 'y of 2. Also
for simplicity, Ey. e and Epy are taken to be constants
for all ocean zones, whose valwes (Table 2) have been
chosen to fit ocean data (Sect. 3.1.2). Thus, the vertical
source and sinks in the ocean interior for POy, DIVZC,
ALK and Os are @®wm, ($c+ $owd. (280w —ranrdn)
and (rompds + roce $e). respectively. For DI, the
vertical distribution from remineralization and dissolution
is ([DI S HCDUACY), [P Moo B+ 5 ey Beg |- Al
these vertical distribitions are weighted by the ocean area
fmﬁh: Agiz) for cach zone. In addition, the fluxes of P and
13120 that fall in the form of POM andfor bingenic caleite
particles on the model ocean sediment surface at any depth of

dealzy= (32}

hitps:fdolorg/10.5194/pmd-18-2161-2025

28



E. Ferndindez Villanoneva and (. Shaffer: INCESS 11

cach zone are calculated as the product of dA, (2 fdz there
and the difference between the particulate fluxes falling owt
of the ocean surface laver and the rermineralizat onddissolu-
tion taking place down to the depth of cach zone.

Non-linear ocean carbonate chemisiry is calculated using
the recursive formulation of Antoine and Morel (1995) as
explained in detail in Shaffer et al. (2008) in the context of
a DCESS-model approach. This system yields ocean distri-
butions of COag, CO5 . HOO; and hydrogen ioa con-
centrations needed for calenlations of air-sea exchange of
carbon dioxide, carbon isotopic fractionation during air—sea
exchange and ocean new production, dissolution of calcite
in the oeean sediment, and pH (scawater scale). Profiles of
carbonale saturation with respect o calcite are calculated as
x;m:;{n:a“].us;s.ﬂ). where Ky, is the apparent dis-
sociation constant for calcite as function of T, 5 and pressure
{Mucci, 1983).

1.8 Deean sediment

Faor the sediment maodulbe, we adopt the approach developed
by Shaffer et al. (2008), the main features of which are sum-
marized below.

Each model ocean layer of 100 m thickness is assigned a
sediment segment composed of calcite, non-caleite mineral
(MCM) and reactive organic matter. The segment is a biotur-
bated layer {BL) that is assumed o be 10cm thick divided
into seven sublayers with the highest resolution near the sed-
iment surface such that sublayer boundaries are 0, 0.2, 0.5,
I. L& 3.2, 6 and 10cm. Sediment segment arcas are deter-
mined by model topography from each ocean zone. POM and
PCal rain fluxes and ocean values of T, 8. DIC. ALK, O and
POy are taken from respective layers from ocean and ocean
bingeochemistry modules. NCM fluxes { Fyyeay ) are parame-
terized as
Fyeat = NCF [ 1+ CAFexpl —2 fape ) | (33
where MCF is the open-ocean non-calbeite Aux, CAF is an am-
plification factor at the coast (e, al 2 =10} and Adope is the
e-folding water depth scale representing the effect of distance
from the coast associated with continental slope topography.
For simplicity, we apply the same values of MCF, CAF and
2 ope- taken o be 0.3 gem™ kyr™', 20 and 200 m, respec-
tively, 1o all ocean sectors.

The sediment module is designed to address calciom car-
bonate (CaC0s) dissolution and (oxic and anoxic) organic
matter remineralization by calculating concentrations of re-
active organic carbon (OrgC), porc-water (4 and pore-water
CD§' for cach sediment sublayer. To accomplish this, a key
property is the sediment porosity (gs, not 1o be confused with
the latitude symbaol), which is parameterized as a function of
the calcite dry-weight fraction, (CaC0y ) ge

(L) = g guin =+ (1 = s, i) exp{ =4 fier), i34
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where & s the sedimenti vertical coordinate, g ey =
1 — (0483 + 0.45(Cal0 ) ge) and o = 0.25(CaC03 ) g0y +
301 — (Cal03) gy Following Archer { 1996). From sediment
porosity, the sediment formation factor | Fg =¢5'3] is deter-
mined in order to calculate bulk sediment diffusion coeffi-
cients of pore-water solates,

To account for the role of benthic fauna, the bisturbation
rate (D) is paramcterized not only o depend on organic
carbon rain rates but also to consider attenuation associated
with very low dissolved oxygen concentrations. This is for-
mulated as

{LHS
_ o Foue [0 cesa]
”"‘”{(r{gﬂ) [0 cocaa] + Ozt

where [02,000m] 15 the ocean O concentration at the sed-
iment surface and 4., is taken to be 20 mmol m=3.
Moreover, D) and . are the bioturbation rate scale
and the o ic carbon rain rate scale, whose values are
1.38 = 10~ cm® =" and 1 = 107" mol cm™* 5= based in
part on Archer et al, (2002).

Oxygen remincralization rates in the BL are taken 1o scale
as bioturbation rates {(and thereby as organic carbon rain
rates; Archer et al, 2002), such as hox = A0 Dnj DY Anoxic
remincralization rates in the BL are slower than oxic rates
and will depend upon the specific remineralization reactions
involved (e.g., denitrification is faster than sulfate reduction).
More organic rain would be associated with a more anoxic
BL and a shift toward sulfate reduction. Therefore, we take
Aoanoy = B, where § is taken to decrease for an increasing
organic carbon rain raie such thar § = ,Bg{Fm,r_-fF{L:,’_.}r.
As described in Shaffer et al. (2008), values for .i.gl. Ay and
¥ were constrained by organic carbon burial observations (o
be 1w 107%5=" 0.1 and —0.3, respectively.

Governing equations for OrgC, pore-water Ok, and Cﬂi"
and CalC0y are second-order, non-linear coupled differential
equations which are solved for each sediment segment using
a semi-analytical iterative approach (steady state) or time-
stepping approach (time dependent) by imposing boundary
conditbons at the top and bottorm of the BL and matching
conditions at the sublayer boundaries. For simplicity we also
apply the same calculated sediment remineralization rates (o
organic phosphorus raining on the sediment surface. Using a
mass halance approach, sedimentation velocity is determined
and used to calculate burial rates of phosphores, organic car-
bon and carbonate carbon down and out of the base of the BL.
In this way the model prodwees synthetic sediment cores at
eviery depth for esch of the model ocean baging. Forthermore,
madel solutions provide fluxes between ocean and sediment
layers of POy, Oz, DIC and ALK based on concendrations of
these tracers in each respective adjacent ocean layer and sed-
imend pore-water comcenirations from organic matier rem-
ineralization and calcium carbonate dissolution. A detailed
description of the sediment module is given in Appendix A
of Shaffer et al. (2008

(35)
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24  Land biosphere

Eichinger et al. (2017} defincd three different dynamically
varying vegetation zones to extend and improve the original
DCESS T one-zone land biosphere module. The vegetation
zoncs — a grassland—desert zone bordered cquatorward and
poleward by tropical forest and exiratropical forest mones,
respectively — were formulated by emuolating the behavior
of a complex land bicsphere model (Gerber et al., 2004).
'With this approach, latitudinal boundaries of the zones could
be defined as functions of global mean temperatune abone,
encompassing implicit dependency on precipitation. In this
way, the very different carbon distributions between, say,
aboveground biomass and soil for each zome and the re-
sponses of these carbon reservoirs io changing climate and
atmospheric U0y could be addressed. For example, while
most of the carbon in tropical forests 15 found abowe the
ground, by far most of the carbon in extratropical forests s
in the soil {Chapin et al., 200 1), With this new three-zone
moduale, the size and timing of carbon exchanges between
atmosphere and land were represented much more realis-
tically in cooling and warming cxperiments than with the
original one-zone module (Eichinger et al_, 2007). Forther-
miore, our threc-zone approach allows for changing biosphere
modulation of radiative forcing since albedo is higher for
grasslands—deserts than for foresis (sec albedo formulations
in Sect. 2.1

Here we use the same approach bat now expanded to two
hemispheres. The vegetation zoncs are ropical forest (TF);
grassland, savanna and desert (GSDY): and extratropical for-
st (ET), which includes carbon reservoirs for leaves (M),
woeind (Mg, ), litter (M) and =oil (Mg) (Shaffer et al., 2008).
Latitndinal boundaries of each vegetation zone (¢rr.asp for
the TF-GSD boundary and ¢osnoer for the GSD-ET bound-
ary b are obtained using a Afth-order polynemial dependent on
the deviation of hemispheric annual mean atmospheric tem-
perature from the respective industrial temperatare such
that ${8Ta) = 18T +e2d T +038T,) + b T +038T,) +o5,
with §T, = T, — T, iq. Polynomial cocfficients are obtained
by fitting data from Gerer et al. (2004} for the MNorthem
Hemisphere and Southern Hemisphere separately (Table 3).
Poleward ET limits are the annual mean snow line for the
MNorthern Hemisphere and the fixed position at 55°5 for
Southern Hemisphere (there is no land sowh of 55°5; see
Fig. la). We note that the above approach is only sirictly
valid for —10°C < 4T, < 10°C, the range considered in the
original experiments of Gerber et al. (2004). For warming,
this corresponds to anmeal mean temperatures of less than
about 25°C and corresponding atmospheric pCOsz levels of
less than about 1000-1 500 ppm. For more extreme warming
situations in the distant past or future, a re-evaluation of our
land hiosphere module would be necessary for use in model
sirmulaticns.

Net primary production on land (NPF) takes up atmdo-
spheric OO and is forced by secasonally varying solar ra-
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diation. For cach vegetation type zone, NPP is calculated ac-
cording to

(36}

NPP=NFPPJAII[I}[] + feo; In(g;lj]-

where WPPgy is the pre-industrial net primary production (see
Table 3); Ay is an area factor accounting for vegetation size
change with respect to pre-indusirial size; fro, is the C02
fertilization factor equal to (L37, a suitable value for the wer-
restrial hicsphere (Eby et al, 20013; Fickfeld et al., 20013);
OO0 is the model-calculated partial pressure of atmospheric
carbon dioxide; and F (1= fa +aexp(—i(f — 51 e ) isa
function fitted from model results (Hazarika et al_, 2005) with
coefficients @, & and ¢ chosen 1o represent the seasonal cy-
cle of solar radiation according 1o the specific orbital forcing
parameters and iy chosen so that the anneal mean value of
F (0 for cach zone is equal to 1. Mote that each vegetation
type has it own function f (1) with its respective parame-
ters. With this formulation, MPP responds in a seasonal cy-
cle according to f (1) and to atmospheric carbon dioxide on
longer timescales.

With the descriptions above and the assumptions that KPP
15 distributed between leaves and wood at the fixed ratio of
35 :25, all beaf loss goes to litter, wood loss is divided be-
twieen litter and soil at the fixed ratio of 200 5, and litter loss
is divided between the atmosphere (as O05) and the soil a
the fixed ratio of 45 @ 10 (Sicgenthaler and Oeschger, 1987,
Shaffer et al., 2008), the conservation equations for the land
binsphere reservoirs of "C for leaves (M), wood (Myw). lit-
ter (Mp) and soil (My) for cach of the six vegetation zones
are

M;’?" = %NPP - %NPP}:L Mﬂi;' (38)
dMp 35 Ms 20 M
d.rn TR M:.., + ENPP‘“M;J
_%, *::”H g (39)
@ @ e
- gNPP:PL Mﬂ:; ig, 40)

where My, My, Mp, My and Mp, are the pre-industrial
reservoir sizes (Table 3) and &g = @4~V wiin g, =
2 as above (Sect. 2.4). Atmosphere—land biosphere carbon

dioxide Aux from cach vegetation zone is

F NPP{-\IP‘PH[H Mp 13 Ms ]J. (41}
e = : 60 Mo 60 Mg p -
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Tahble 3. Coellicients lor vegetation meridsonal limats, @ (6750, for the Northern Hemisphers and Southen Hemisphere and the ghobal pre=-
industrial distribution of carbon storage and nel prmary productson for all vegelation zones considered in the maodel.

cp i 10 i 0™ ek 107 o ix 1077 cgix 0™ cy

dpcsp  NH —1.R03 — 5.8 —5 168 4470 10920 11280

SH B413 1339 —K33 —H.T6d —6.965  119.660

dusper  NH 1152 —1.7HS —4.557 4.156 AT 37770

SH —0651 2131 1857 —d.100 —6615  —35.630

Tropacal Forest Girassland, savanma and desert Extratropical forests

Lesves ((iL ) £y sl 20
Wood (CHC) 270 sih 150
Litter (GLC) 1] el 64
Sail (GLC) 20 S0 RO
PP LT =) 25 i} 15

For isotopes "C and ™C, Egs. (3741} are extended con-
sidering fractionation factors for photosynthesis and, for YC,
radioactive decay as described in Shaffer et al. (20608).

Finally, land biosphere methane and nitrous oxide produc-
tions ( Fygg, and Fy, g, respectively) take place in soil and are
proportional o the reservoir size and temperature dependent
according to g, where again Mo =2 for both. In addition,
we assume methane emissions only from wet areas (zones
TF and ET). Thus, for each vegetation zone, fluxes of these
two greenlsouse gases are given as

My
Mepm

Fen, |[MN20 = ren, [N20, PIpCHa | pN2 O)g Ap, (42)
where nopg |[M20, PI is the pre-industrial atmospheric life-
time of CHy and M20 (9.5 and 150 years, respectively).

Fluxes of ' 14CHy are e Fon,. PL( Mg ™"/ Ms ) k.

with Yy, = 0L97 being the fractionation factor for CHy pro-
duction. As above, we assume the "C/'*C fractionation to
be twice as strong as that for “CMC (see Sect. 2.2). Fluxes
to specific atmospheric boxes are egual to the biosphene
fluxes within the latindinal boundaries of the boxes.

27 Lithosphere module (rock weathering, solcanizm
and river input)

We follow the same approach as in the DCESS 1 model
(Sect. 2.7 in Shaffer et al., 2008) by considering river in-
puts of phosphorus and carbon species, climate-dependent
carbonate and silicate weathering rates, and lithosphere out-
gassing. However here we extend this approach to consider
distributions of continents, river mouths (Dai and Trenberth,
2002) and volcanoes (MCEI Violcano Locations Database).
In the following, we restrict ourselves o presenting the main
featares of this module (sec Shaffer et al., 2008, again for
more details).

Wizathering rates of rocks containing phosphorus (We),
as well as carbonate and silicate weathering rates (W, and

https:ifdol.org/10.51%4 gmd- 18-2161-2025

W), are taken to depend on the deviation of mean atmao-
spheric iemperature from its pre-industrial value in the form

Weysigea = g Wysajea,m
- Q!I::;J'Tl.l’l}.l'"“
where Wepsigcalr represents the pre-industrial weathering
rates for phosphorus, silicate and carbonate and o =2 as
fior the other model components. Vegetation affiects weather-
ing rates by modifying surface pH through the production of
Cik or organic acids or by altering the physical propertices
of 20il such as erosion of exposed mineral arcas and by wa-
ter cycling content (Drever, 1994 Berner, 1995y, Our maodel
dives nod explicitly inclode these and other factors like a di-
rect dependency of atmospheric pC0O2 levels (Krissansen-
Toton and Catling, 2017) Such factors would add exira
mneable complexity and be beyvond the scope and balance
of our simplified model. Silicate weathering consumes. 2 mol
of atmospheric OO0 per mole of silicate mineral weathered,
while the carbonate weathering consumes only | mol of at-
muospheric O0; per mole of carbonate mineral weathered.
Both types of weathering supply bicarbonate ion to ocean
surface layers, modifying dissolved inorganic carbon and al-
kalinity concentrations. The phosphorus supply is equal o
Wi Therefore, expressions for total river inputs for POy,
DIC and ALK tracers ane

Wppsajea b1 43}

Rp=Wp=hgWep, [EENT
Ry = 2{Way + Wea) = g (Wai m + Weam) - (45)
Rag =2(Wsa + Weal) — raxeWe

=g [2{Waizr + Weatp1) — Farke We.m)- (46)

Values of Wp g, Weg @ and Wy are obtained from the
assumed pre-indusirial steady state equal to the global ocean
burial rate of phosphate | Bocge) and carbonate { Bea) and the
assurmption that Wy pp can be taken to be a fixed ratio of car-
bonate weathering: Wy pr = o Weg . with gy = 085
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These total river inpwts are distributed among the 12 ocean
sectors according to the fver mouth distributions mentioned
abowe. For example, this leads to no river inpat to the mode]
Southern Ocean sector.

Sources of carbon to the atmosphere are weathering of
rocks containing old organic carbon { Woege ) and lithosphere
ourgassing (Voll As above, Wige = &g Woge pr. and Vol
may cither be taken as a constant and equal to its pre-
industrial value {Volpg) or be prescribed as an external fore-
ing of the Earth system. Given the above together with as-
gigned or caleulated "C content for the different model in-
puts and owtputs (incleding for example for organic carbon
burial), overall steady-state conservation eguations can be
formulated for both '*C and "*C. These conservation equa-
tions can then be used to derive expressions for Wiy m and
Wolpg as given in Shaffer et al. (2008) (their Eqs. 41 and 42).
These total atmospheric carbon inpuis are distributed among
the six atmosphere sectors according o the same meridional
distribution as carbonate and silicate weathering and volcano
distribution mentioned sbove.

From the above, the pre-industrial steady-state equations
for phosphores, "C and "*C are given by

W — Boge = 0. (4T
Fsil
Wisegt: + Vol — B — - =1, (48)
e 1+ 50 = Roge
¥ail
Woeprd ' Corge + Vold' Oy — ==
gl gl wol T+ yn
Brad" Coal — Boged U Coge =0, (49)

Faor the total oxygen content in the ocean—aimosphene sys-
tem, the pre-industrial steady-state equation is

Forp
e Wi — ol
rer [ gt gt — Tolaom ]

+ rone (Bp — Weh =10, (50

where Foup, Foep and rFep are as mentioned in Sect. 2.4 and
Fataoon is the fraction of Yol originating from old organic
miaiter that resulis from the above conservation calculations
for "C and Y.

3 Model solution, calibration and validation
A1 Pre-industrial steady-state solution

311 Solution procedure

The ocean module equations are discretized on a staggered
grid type, with tracer values defined at the center of boxes and
velocities and diffusivities determined at box edges. Centered
differences are used for derivatives, diffusion and verical ad-
vection, whereas an upwind scheme is used for the coarsely
resolved meridional advection. Prognostic eguations for the
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atmosphere (including snow and sea ice cover), land bio-
sphere, lithosphere and oocan modules are solved simulia-
neously using a fourth-order Runge—Kurta algorithm with a
2-wieck time step. Prognostic equations for the ocean sedi-
ment are solved by simple time stepping with a 1-year time
step. The complete coupled model is written in Fortran lan-
guage and runs at a specd of about 10 kyr of simulation per
30 min of computer time on @ high-end personal computer.

312 Calibration procedure

For model calibration we used an approach similar to that in
Shaffer et al. (2008) but here consisting of six steps. For the
first step we considered the amospheric module with atmo-
spheric pC0y, pCHy and pMN20O set to their pre-industrial
values {280, 0.72 and 027 patm, respectively) and a slab
ocean for air-sea heat exchange. We adjusted the free pa-
rameiers listed in Table 1 to give a steady-state global annual
mean atmospheric iemperature of 15°C and a climate sen-
sitivity of 3°C per dowbling of C0) as indicated by several
lines of evidence and model estimates (Mechl et al., 2020;
Zelinka et al., 2020; IPCC, 2021), a poleward iransport of
heat and water vapor consistent with observations, and an-
nual mean latitudes and seasonal-cycle amplitudes of sea ice
lines in accordance with observed data_ In the second step we
couple the physics part of the ocean module o the physics
part of atmosphere module, and physical ocean free parame-
ters | Table 2) were adjusted in order to get the best fit to ob-
served mass and heat transport s wiell as o iemperature and
salinity distributions. In the third step we couple the land bio-
sphere to the previously calibrated “physics model™ version,
and we adjust free parameters of the set of functions (1)
in Eq. (36) o give observed annual mean NFFP values for
cach vegetation zone as well as their annual-cycle amplitdes
from observations. This largely sets the modeled annual cy-
cle of atmospheric carbon dioxide of cach atmospheric box.
In the fourth step we incorporate ocean biogeochemical trac-
ers POy, DI'Me ATK and O2 into the model version of
step three. For calibration we start with homogeneous verti-
cal values of 2.17 = 10=*, 232 and 243 mol m=? for POy,
DIC and ALK, respectively (in the following, for simplicity,
DIC will be uzed to mean DI'YC). Furthermore, in this step
wie use 4 fixed atmospheric (0 equal to 0.2095 atm, an atmo-
spheric 513C equal 10 —6.5 %e and an atmospheric 1*C pro-
duction chosen to keep A™Cam =~ 0% (Sarmiento and Gru-
ber, 2004 Shaffer et al., 2008). At this stage we assume that
all biogenic particles falling to the eeccan bottom remineralize
completely there. We then made initial guesses for the val-
ues of the biogeochemical free parameters of the ocean mod-
ule listed in Table 2. These choices were partially hased on
the DCESS 1 model (Shaffer et al., 2008). The atmosphene—
land biosphere—ocean mode] was spun up with uniform at-
mosphere and ocean tracer distributions to a steady state afier
abour [0 model years, and resulis were compared with
atmosphere, land biosphere and ocean data. Then all param-
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eter values were sdjusted by trial and emor in order to get
steady-state solutions that better satisfed reguirements de-
scribed in the previous steps as well as observed global an-
nual mean distributions of T, 5, POy, DIC, ALK and dis-
golved .

In the fifth calibration step, we coupled the sediment mod-
ule to the step-four calibrated model. For conservation, the
total burial rate of a racer was added 1o the ocean surface
layer of cach sector under consideration of the present-day
river distribution. After solving this new closed system for
a new pre-indostrial steady state, we adjusted all free pa-
rameters in order to obtain steady-state solutions that bet-
ter satisfied the data-based constraints of the previous cal-
ibration steps. In the sixth and final calibration step, we
coupled the lithosphere module o the siep-five calibrated
miodel, whereby river inputs are equated with tracer burial
fluxes from the fifth calibration step (racer burial fluxes are
now leaving the system). In addition, weathering rates and
lithosphere outgassing were calculated from the tracer burial
fluxes and the assumption of the pre-indusirial steady state
for phosphorus and ">"C (Sect. 2.7). A last slight erial-
and-error adjustment is made o satisfy the data-based re-
quirements from all previous calibration steps. For this fi-
nal calibration, we make a long run until a stcady state
is achieved such that all model components vary less than
0000 % during 1000 model years. Resolting global annuwal
mizans for atmospheric iemperature and C0y, CHYy and NoO
atmospheric partial pressures are 1512 °C and 27996, .72
and 0.27 patm, respectively. For atmospheric isotopes, this
final calibration gives a global mean atmespheric §8'°C of
—6.53%e and a " C smespheric production of 166 x 10
atoms m=2 5=!, respectively. Global mean ocean values are
216 and 14507 mmolm™ for POy and dissolved Oz, re-
spectively, and 2.30 and 2.4 1 mol m™? for DIC and ALK, re-
spectively.

513 Atmosphere tracers and transport resulis

The steady-state, pre-industrial solution gives the anmual
mean atmospheric wemperatures of 15.4°C for the Morth-
em Hemisphere and 14.8°C for the Southerm Hemisphere,
whereas anmeal mean sea ice extensions for the Northern
Hemisphere {Arctic and Monh Pacific sectors) and South-
em Hemisphere are 66.2%N, 64.9°N and 63.2° 5, respoc-
tively. While the Sowthern Ocean model result is close to
the observed value (= 647 5), our Arctic Ocean sea ice line
position is about 7% o far south with respect to observa-
tional estimates (Fetterer et al., 2007). This could be -
tributable to ocean and sea ice dynamics that are ot cap-
tured in our simplified, zonally averaged model. The Monh-
cm Hemisphere snow line is found at 58 8% M. Annual mean
poleward atmospheric heat transports across 357 N/S and
55° NS are 4.4/48 and 3.1/3.4 PW, and poleward water
vapor ranspos in the atmosphere at the same latitudes are
0.76,/0.82 and 0.43/0.45 Sv, respeciively. These model re-
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sulis agree well with observational estimates ( Trenberth and
Caron, 2001). The seasonal cycle of sea ice is relatively well
represented in the model, with a maximuam (minimom) ex-
tension at the end of winter (summer) and with amplinsdes of
4.7 and 3.0 for the Arctic and Southern oceans, respectively,
with differences of (L4 and (09° with respect to observed es-
timates (Fetterer et al., 20017). We believe that model-data
disagreement insea ice is not only due (o the simplicity of pa-
rameterization, but also due to the anthropogenic signal inothe
modem-day sea ice data. The annoal mean model difference
inammospheric pO0s between the Monhem Hemisphere and
Southern Hemisphere is only 0.7 patm, a somewhat lower
value than observations. However, much of this difference
could be explained by the effect on the observations of NH
anthrogsogenic OOy emissions. On the other hand, the atmo-
spheric pC0; seasonal-cycle amplitude of 4.6 and 0.9 ppm
for the Morthern Hemisphere and Southern Hemisphere, re-
spectively, agrees rather well with monthly-mean observa-
tions from the Mauna Loa and Cape Grim observatories. This
annual-cycle amplitode responds strongly to the annoal land
vegelation dynamics as well as to the ocean—land distribu-
tion between the Normherm Hemisphere and Southern Hemi-
sphere. The Southern Ocean plays a role here as well by
dampening the Southem Hemisphere cyele amplitude.

3 L4  Ocean circulation and heat transport resalis

The steady-state, pre-industrial mode]l has the large-scale
ocean circulation shown in Fig. 3. There are two meridional
cells in the model Atlantic Ocean. The wpper clockwise cell
is the Atlantic Meridional Overtuming Circulation (AMOC)
with a maximum transport of 195v near 1000m depth in
the northern Morth Atlangic and a maximum depth of about
3500 m. Below 2000m depth the fow retums southward o
the Southern Ocean, where upwelling is below the Drake
Passage sill depth (20000m), largely in response to the sur-
face northward Ekman transport st 55° 8. Both the intensity
and the depth penetration of modeled AMOC are in line with
observied data and complex maode] results (Talley e al., 2003;
Hirschi et al., 2020). The lower counterclockwise cell carries
mainly AABW, which fills the whole sbyssal Atlantic. The
upper southward branch of this cell retumns o the Southern
Orcean and upwells there.

The Pacific Ocean overturming circulation is dominated
by a counterclockwise cell carrying AABW which fills the
whaole deep ocean. The lower branch of the northward flow
in this cell upwells in the North Pacific and retums south-
ward in a near-surface flow. The wpper branch of the north-
ward flow in this cell wpwells and retums southward to the
Southern Ocean below 2000m without crossing the Equa-
tor. There is also a second counterclockwise cell carrving
Antarctic Intermediate Water (AATW) north of the Equator
above 2000 m depth. The wpper southward branch of this cell
joins the southward, near-surface flow of the deep counter-
clockwise cell described above. There is a weak clockwise
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Figure 3. Pre-mdustnial, steady-stabe maodel representatzon of the
mersdicnal overturning ciroubstion (5v) for {a) the Allntic Oeean,
(b} 1be PaciBic Oveam and (e the ghebal ocean. Bed conours (posi-
Live values) represent clockwise circulaison, and blue contours | neg-
ative values) represent counterchockwise circulation, as indicated
schematcally by ammows.

cell confined above S00m depth in the Morth Pacific related
in part to the imposed mode]l outfiow to the Arctic Ocean
through the Bering Strait.

The mediterrancan Arctic Ocean presents an siuarine-
type meridional circulation of 15v intensity entering at
T00m depth and fowing oot at 300 m depth. This counter-
clockwise circulation is maintained mainly by the zonally
averaged geomeiry and freshwater inpuis from precipitation
and runoff. The Southem Ocean shelf produces 5.4 5v of
overflow water, which after entrainment increases its val-
ume o =~ L6 5v upon outflow in the deep Southern Coean.
This agrees quite well with observed estimates (Orsi et al.,
2002; Gordon, 20019). Such realistic entrainment and subse-
quent AABW formation, as achieved in the model with the
prescribed present-day Antarctic continental slope (Amante
and Eakins, 2009}, underline the usefulness of our simplified
gravity current approach to this problem.

Northwand occan heat transport is found throughout the
Atlantic Ocean, peaking at 35° N with 0.83 PW and falling
subsequently to 075 and (L19PW at 535 and 65° N, respec-
tively. The high value at 55°N is related o the maximum
ocean circulation intensity there. The South Atlantic carries
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037 and 034 PW nosthward at 35 and 55° 5, respectively.
The Morth Pacific Ceeean transports heat northwarnd, with val-
ues of (4] and 0029 PW at 35 and 55° N, respectively. The
South Pacific Ocean transports heat southward, peaking at
355 with 1.2] and 084 PW at 55° 5. At the Equator, the
Atlantic and the Pacific oceans transpont heat in opposite di-
rections with 0065 PW northward and 037 PW southward,
respectively. All modeled ocean transpors agree well with
data-based estimates {Trenberth and Caron, 2001 ), except at
55° N, where the modebed value is greater than observations,

3 L5 (Ocean tracer and biological-production resulis

Madel ocean profiles of T, § and ™0y, are plotied together
with obaervational data in Fig. 4 (all observed data shown in
Figs. 4-7 are from the Global Ocean Data Analysis Project
version2 2022 (GLODAPvY; Laovset et al., 2022), exoept
for these of 80y, where daia are from the Global Sea-
water Dxygen-18 Database — v1.22 (Schmidy, 199%; Bigg
and Fohling, 2000} have been used). In general, there is
good model—data agreement, especially at mid-depths and in
the deep and abyssal occan. In the upper ocean, the model
profiles are well within the observed mean range values,
In particular for temperature, the model capiures surface—
deep-ocean transitions quite well in most of the model ocean
sectors. Modeled iemperatures in the Arctic Ocean below
1000 m are about 3.5 °C warmer than observations, likely re-
flecting the extensive ocean area covered by sea ice andfor
the lack of local deepwater formation mechanisms like win-
tertime coastal polynyas in our simplified model. South of
35°5, model temperature falls at the warm end of the ob-
served data

Muodel salinity is quite well represented and capiures
prominent features of the global ocean, such as the salinity
minimum &t 650 and 1050 m depth for the msA and msP sec-
tors representing the AATW: the relative surface minimum in
the maP and hoP sectors associated with Morth Pacific Inter-
mediate Water (NFIW; Sverdrup et al., 1942); and the verti-
cal salinity structure in the Arctic Ocean with a surface salin-
ity minimum, associated with freshwater inpats from runoff,
sea ice melt and snowmelt and the strong halocline as found
in ohservations (Aagaard et al., 1981). The lack of equatorial
upwelling in our simplified model may explain the relatively
warm and salty waters in the northem and southem tropical
sectors. For 8'%0., the model capiures the vertical distribu-
tion as well as the menidional gradient in each model sector
well, reflecting the global evaporation—precipitation distribu-
tion associated with isotopic fractionation of water.

Muodiel ocean profiles of POy and Oz are plotted together
with observational data in Fig. 5. The model achieves a good
fit to the observed values in almost all ocean model sectors.
although the mode] resulis for Oz are slighty bower than ob-
served for the mid-depth Atlantic Ocean. Surface phosphate
is sirongly controlled by ocean new production. Low surface
values are found in all occan sectors, except at the South-
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Figure 4. Presindustrial, Seady-siate model ocean verticad profles (dark=blue lines) of conservative temperature (T, absolute sabinity {5 and
water "0 isotopic excurson (8™ Oy ) compared 1o observed data (light-blue dots) for each ocean model sector shiwn in Fig. 1o, T and § are
compared with data Trom the GLODAPY? database (Lauvset et al., 222} ﬁ':u.- values are compared with data from the Global Seawater
Oxygen=18 Database = v L.22 {Schmadt, 1999 Bigg and Rohling, 2000, hitps:data, sissnasa.govio l8dalaf, last access: 23 November 2023),

em Ocean, where the highest surface values are found due to
intense upwelling and to the low biological-production effi-
ciency. as expected from the low value of Ly in our model.
Furthermore, the model captures differences between the Pa-
cific Ocean and Atlantic Ocean basins well. These differ-
ences are largely a consequence of the large-scale scean cir-
culation s described above. The oldest waters are found at
the MNorth Pacific Ocean (model sectors mnP and hoP; see
AMC mode] profiles in Fig. 6), and consequently, the highest
(lowest) values of phosphate (dissolved oxygen) in the ocean
interior are found there, High dissolved Oy values both at
the surface and in the abyssal ocean are relatively well repre-
sented in the model in response 1o air—sea gas exchange and
AABW ventilatbon, At the ocean interior, O distributions ne-
spond mainly o organic matter remineralization and, for the
msA and msP sectors for example, ventilation from AATW.
Misrepresentation of POy and dissolved O2 above 1000m
depth in the hoP sector 15 related to the way NPIW is ireated
in the model. The POy {dissolved Ok ) excess (deficit) in the
Arctic model sector is related to the overestimation in ocean
temperature there, which influences organic matter reminer-
alization.

The ocean carbon cycle model tracers DIC and ALK are
plotted together with observed DIC and ALK in Fig. 6
The comparison with observational data shows excellent
model—data agreement for both DIC and ALK, Both the
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vertical structure and the spatial differences among ocean
model sectors are well captured by the model. Forthermore,
bath the depths of the DIC maximum and the slightly shal-
lower depths of the POy maximum (Fig. 5) in well-stratified
ocean zones agree well with observations, indicating good -
folding length choices used for model remineralization rafes.
These distributions reflect the interplay between the cycling
of organic matter and calcite as well as the air-sea exchange
of COs.

Wertical distributions of carbonate ion (CO3~ ), CO%~ sat-
uration with calcite {Cﬁl:m} and water CO4 are plogted in
Fig. 7. The crossing point beiween ED:' and Cﬂg:_ is
the calcite saturation depth (CSD, which is found to be at
arcund 4000 m depth for the entire Atlantic Ocean and which
reaches a minimum depth of arcund T00m in the North Pa-
cific sector, where the maximum water OOk concentration
even excecds that afll'_'ﬂi'_ These resulis showing under-
saturation throughowt most of the deep North Pacific Ocean
would imply low valwes of CaC0y in ocean sediments there.
This is confirmed by the resulis for modeled and observed
ocean sediments presented below.

Ocean carbon isotopes (8'7C and A'"C) are plotted to-
gether with observational data in Fig. 8 As with DIC and
ALK, there is excellent maodiel—data agreement in nearly all
model ocean zones. As light carbon is preferentially taken
up during photosynthesis, export of organic matter leaves the

Gzeosci. Model Dev., 18, 2161-2192, 2025
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Figure 5. Pre-industrial, steady-state model ocean vertical profiles (dark-blue lines) of phosphate (PO ) and dissolved oxygen (05 ) compared
1o observed data (light-blue dots) for each ocean model sector shown in Fig. la. Observed values are from the GLODAPV2 datsbase (Lauvset
etal., 2022).
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Figure 6. Pre-industrial, steady-state model ocean vertical profiles (dark-blue lines) of total dissolved inorganic carbon (DIC) and alkalinity
(ALK) compared to observed data (light-blue dots) for each ocean model sector shown in Fig. 1a. Observed values are from the GLODAPY2
database (Lsuvset et al., 2022).
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Figure 7. Pre-industrial, stesdy-state model ocean vertical profiles of carbanate ion (CO37), carbonste ion ssturation with caleite (CO57,0)

and water OO0z lor each ocean model wector shown m Fig. La

cuphotic zone enriched in YC (higher values of 52C)L Upon
remineralization of this organic matter at depth, light carbon
is released into the water column, leaving the water there de-
pleted in C (lower values of 8'3C). As shown by the agree-
ment of model 813C resulis with ocean as well as aimosphere
data, the model deals well with this fractionation process as
well as with the temperature-dependent fractionation asso-
ciated with air-sea exchange of C04. As for POy and O,
meridional gradients and Pacific—Atlantic Ocean differcnces
reflect ocean circulation, as seen clearly in the A™C profiles.
The oldest waters are found in the Morth Pacific and exhibit
the most negative valwes of 33 and AYC in the ocean in-
tervor de o a longer time for receiving light carbon from or-
ganic matter remineralization and a longer time for radioac-
tive decay o act, respectively. Modeled surface ocean §'3C
values are well within the data-based estimates, with a glohal
surface mean model result of 2015 % As before, the model—
data disagreement of §'*C in the upper 1000 m depth in the
hnP sector is related o NFIW formation in the maodel.

With all the above and despite minor model—data disagree-
ment, the model reproduces the main global features of both
physical and kiogeochemical tracers quite well. Better ocean
modeled distributions of 5, §'%0,,. DIC, ALK, §*C and
AWC are key improvements that have been made in compari-
son 1o the much simpler DCESS 1 model, where distribations
of those tracers had shortcomings. in particular for 5, 840,
and &'*C (Shaffer et al.. 2008).

https:fdoi.org/ 105194 gmd-18-2161-2025

Model global occan new (exported) production (MP) is
584 GrCyr=", slightly higher than the 5.4 Gt Cyr™' of the
DCESS 1 musdel (Shaffer et al, 2008). This new esti-
mate is at the lower end of the estimates from Dunne ot
al. (20607 {96 = 3.6GEC yr=!) but almost matches a mod-
em and possibly more robust estimate of Siegel et al. (2014)
of 390Gt Cyr='. The tropical ocean model zones (35 S—
35 M) are by far the most productive model regions, account-
ing fior more than 66'% of global exported prodwction parti-
tioned into 53 % and 13 % for the Pacific and Atlanic oceans,
respectively. The Arctic Ocean and high-latinde northern
zone of the Pacific Ocean have the lowest values of ex-
ported MNP, with 0.2% and 1.1 % of the total, respectively.
The Southern Ocean also has a rather low valoe, with 5% of
total export production. Nonhern and southern mid-latinwde
model sectors (35-557 MfS) show around 22 % of wotal NF,
with 5% and 7% for the mnP and mnA sectors, respectively,
and 8 % and 2 % for the msP and msA sectors, respectively.
This meridional distribution is also observed in the publica-
tions cited above. We believe that the lack of equatorial wp-
welling of nutrient-rich waters in the model probably con-
tributed to the relatively low value of ocean NP in our model.

Global hiogenic calbeite production in the model s
1.25 GeC yr=!, and more than 65 % i produced in tropical
madel zones of the Pacific Ocean. Tropical zones of the At-
lantic Ocean account for only 16% of global calcium car-
bonate production. Extratropical ocean model zones from the
Naorthern Hemisphere and Southern Hemisphere, combining

Geosci. Model Dev., 18, 2161-2192, 2025

37



Z180 E. Ferndindez Villanueva and . Shaffer: DCESS 1T
S ) AV s B3 i) AMEC ) -0 %] AV ) A1 ) &5 [
-1 D 1 2 -MO-0 0O -1 0 1 2 -0~ 0 -1 0 1 2 -0 - O -1 0 1 2 =3O -100 O
[
i . N | |
i : : =
B4 ' :
i " ' | |
5 imsd wsh i “end A ]
0
i
Ee
g3
8 ] |
R anlP
0
1
L 7
gﬂ )
i
a
3 | S0 hrdi A
-1 0 1 2 M0 -0 0 -1 0 1 2 -300 -1 0 -1 6 1 2 -EM - & -1 0 1 2 -3 120 0
GBI e A [Ra) B M) B () EUE ) B ) BIE (%) AYE )

Figure 8. Pre-industnial, sleady-stale mode] ocean vertical profiles (dark-blue lmes) af isstopic excursion of 13 (5130 and isotopic excure
sion of "0 (40 compared 10 ohserved data (light-bue dots) for each ocean model sector shown in Fig. 1o Observed values are from the
GLODAPY2 databose {Lagvset et ol 2022} For .ﬁ.“‘l’.‘, aaly values below 1000 m depth have been plotted as shallower depths are sirongly
affected by the anthropogenic signal including atomicsbomb ¢ inputs. Note that bomb ¢ akso affects deeper levels in the North Atlantic

amd Arctic seclors {mni, haA and Arc)

the Pacific and Atlaniic sectors, represent only 13 % of total
biogenic calcite production. Table 4 shows values for organic
miatter and caleite production for each occan model sector.

Owr estimates are well into the observed range of 0.5
16GHCyr™" of Berelson et al. (2007) but slightly higher
than more Fecent estimates of 0.91 £0.14 Gt C yr~! (Sulpis
etal., 2021). Overall, our mode] result of new {exported ) pro-
duction is well into the range of CMIPG models (Flanchat et
al.. 2023), but our hiogenic calcite production is at the wpper
end of those model estimates. However, we note that CMIPG
ensemble results tend to globally underestimaite the exporied
inorganic carbon compared to observational estimates (Plan-
chat et al., 2023).

The calcite carbon-to-organic carbon flux ratio is simi-
lar for the PacificfAtlantic occans, with ratios of (L6005,
0.9/0.7 and 1.2/1.1 in the tropical model sectors at 100,
20000 and 3000m depth, respectively, and ratios of 0.2, 0.3
and 0.5 for northerm-latinode sectors of these basins at these
depthe. These ratios are somewhat kower than those estimated
from sediment rap data {Berelson et al., 2007). The longer
e-folding scale £oa than ¢ and the temperature effect on or-
ganic matter remineralization and on the Cal0y rain ratio
(see Sect. 2.4) help explain these resulis.

(reosci. Model Dev., 18, Z161-2192, X025

316 Sediment results

In the model pre-industrial sieady state, 0,11 GeC yr=! of or-
ganic carbon is buried in ocean sediments. This represents.
124% of total organic carbon falling on the sediment sur-
face; the remaining 88 % s remineralized to DIC, which
refums o the water colomn. This modeled value is well
within the range of data-based estimations (Bemer, 1982;
Hedges and Keil, 1995; Cartapanis et al., 2018). However,
the higher ends of some of these estimates may include
contributions from estuaries and delta environments that
our model does not consider. Other modeled results are in
the range of 0L02-0.09 th:yr" (Bemer, 1991 ; Munhoven,
20007; Willeit et al., 2023). More than 90% of our modeled
burial takes place at water depths shallower than 1000 m such
that 0,011 GeC yr™=" is buried below this depih, in agrecment
with deep-sea burial estimates (Hayes et al., 2021). The high-
cst modeled burial rates for organic carbon per ocean sector
are found in the tropical Pacific Ocean and the North Atlantic
Oean (3565 M) sectors with over 40 % and 27 %, respec-
tvely, of the total organic carbon burial. The global inventory
of bisturbated-laver (BL) organic carbon is 122 Gt C, some-
what higher than that found in the pre-indusirial DCESS |
muodel simulation (92 Gi C).

For calcite, the global annual mean borial rate is
021 GoC yr=". and mose than 57 % takes place in the wopi-

hitps:/doLorg/10.519%4/gmd- 18-2161-2025

38



E. Ferndmdez Villanneva and €. Shaffer: DCESS 11

Tahble 4. Pre-industrial orgamic matter and hiogenic calcile ocean production estimates. All valoes are givenin GuC ™.
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cal Pacific sectors and 23 % is buricd at the combined north-
cm tropical and mid-latinde Atlantic Occan sectors. Cur
global result compares well with data-based estimations and
model results in the range of 0.13-0.45 Gt C yr=" (Milliman
and Droxler. 1995, Cartapanis et al,, 2018; Hayes et al.,
2021; Willeit et al., 2023). Of the total annual mean burial
rate of CaC0y in the Pacific and Atlantic oceans (014 and
007 GeCyr=", respectively), 49% and 45% of caleite, re-
spectively, is buried at depths greater than 1000 m in these
basins, Ciher estimates also show such a nearly half-and-
half shelf-slope va. deep-ocean division (Milliman, 1993
The modeled global ocean mean caleite dry-weight fraction
(CalC03 ) gy 15 0,349, whereas the Pacific and Atlantic oceans
present mean values of (CaCi0s ewe of 0353 and 0,440, re-
spoectively, where the highest values are found in the tropi-
cal South Pacific and Morth Atlantic sectors, with values of
0459 and 0.553, respectively. The model global inventory of
bioturbated-layer calcite carbon is 767 Gi C, somewhat lower
than the DCESS 1 pre-industrial estimate (10100G0C) but in
good agreement with the 300 Gt C dats-based estimate from
Archer ( 1996, OfF this, 503 Gt C is found in the Pacific Ocean
BL and 249Gt C in the Atlantic Ocean one, eguivalent to
G6 % and 32% of the todal, respectively. The resulis abowve
highlight how the model capiures ocean carbon cycle differ-
ences between the Pacific and Atlantic oceans.

Figure 9 shows the dry-weight fractions of organic mat-
ter {O0M uwe and caleite (CaC 08 )awr as well ag the sediment
velocity out of the bottom of the BL (u.) for each ocean
model sector. In general, relatively high {OM)ggg. relatively
o (CaC05 g and rapid sedimemation rates are found ar
shallow depths. This can be explained mainly by the high
prescribed flux of non-calcite minerals ot such depths that
(17 fill the BL mainly with such minerals and (2) rapidly flush
the BL, thereby promoting high (OM)aws burial since rela-
tively little organic matter is remineralized in the BL on such
shot timescales. At intermediate depths above the model’s
CRD, (CaC0y) gy is higher, (OM) gy is lower and sedimen-
tation rates ane maore maoderate, This resulis not only from en-
hanced CalC0s accumulation in sediments bounded by ocean
layers supersaturated with carbonate ion (see Fig. 7). but

https:fdoi.org’ 1051940 gmd-18-2161-Z025

also from much lower non-calcite mineral and organic mat-
ter rain rates, leading to slower BL flushing that allows moee
complete organic matter remineralization. At those interme-
diate depths, the modeled effect of dissolved oxygen on or-
ganic matter remineralization can be seen in the North Pacific
madel sectors, where this remineralization is slowed down
considerably as ocean layers there become nearly suboxi-
clanoxic. This also leads to a local increase in sediment rates.
In the deep ocean below the model™s CSD, rapid decreases in
CaC0s content, very low organic matter contents and slower
sedimentation rates are the result of calcite dissolwtion com-
bined with low constant non-calcite rain rates and sull lower
organic matter rain rates. The Arctic Ocean model sediment
is almost completely composed of non-calcite mineral be-
canse the sediment flux of biogenic material falling on the
sediment surface is very small due 1o the extremely limited
surface new production. In the Southern Ocean, mode] sed-
iment 15 also composed mainly of non-calcite minerals bat
contains larger fractions of (OMges and (Ca003)gwy than in
the Arctic Ocean. The water depth of the calcite compensa-
tion depth (CCD), defined operationally where {CaC0y )y
equals 0.1, is found at around 4300m for both the tropical
Pacific and the tropical Atlantic Ocean sectors. In contrast,
there are major differences between the North Adlantic and
Maorth Pacific sectors, with OCD depths of around 4400 and

2100 m depih, respectively.

3.L.7T Lithesphere resolts

Table 5 lists model weathering and buorial rates for the
pre-industrial steady state. From weathering—burial steady-
staie balances outlined in Sect. 2.7 and global mean valwes
of "*C isotope excursions for organic carbon (3'30raC =
—22 (i) and carbonate (83 Carb = 2.22 %) obiained from
the fifth calibration step, modeled outgassing from volea-
noes is found 1o be 0140 GEC yr=!, in good agrecment with
maodem-day data-based estimates (TPCC, 2021). Results for
carbonate and silicate weathering rates are similar o those
found with the DCESS 1 model, 0109 and 0.092 Gt C yr=",
respectively (Shaffer et al., 2008 ). Our carbonate weathering

Geosci. Model Dev, 1§, 2161-2192, 2025
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rate is well into the range of other observational and model
estimates, 00880241 Gt Cyr™", but our silicate weather-
ing rates are somewhat lower than other comesponding es-
timates, 0.122-0.236 Gi C yr=" (Gaillardet et al., 1999; Lud-
wig et al., 199% Munhoven, 2002, Hantmann et al., 2009;
Lenton et al., 2008, Willeit et al., 2023). Phosphons weath-
ering rates are higher than those foand in the DCESS T model,
1663 = 1P molPs=!, but are in better agreement with
obscrvational estimates, 2.019 = 10°-3.071 = 10° mol Ps=!
(Filippelli, 2002; Paytan and McLaughlin,d 2007). Organic
carbon weathering rates agree well with necent estimations
of 0L0GE Gt C yr=" (Fondervan et al, 2023). Based on these
results, although simple, our continental weathering—climate
relationship givies reasonable results when compared against
models with more complicated relationships.

The modeled rver input of toal inorganic carbon is
043Gt Cwr=!, a value close to that found in the DCESS [
model (040Gt C vr="} and close to the 041 GeC yr™' from
data-based estimates (Li et al., 2007). More than 51% of
this river input fAux is delivered to the Atlantic Ocean, while
A40% drains into the Pacific Ocean and the rest imo the
Arctic Ocoean. The Southem Ocean does not receive inor-
ganic carbon from rivers. With the resulis above, modeled
steady-state, pre-industrial global ocean outgassing of Clx
is 0_11 Gt Cyr=!. which is balanced by net uptake of atmo-
5F||'|.I:fi|: m] that is me a5 2W5|_|‘|:j+ “r{_'u‘pj—':‘lfﬂlp‘-i-
WMIH}.

Creosci. Model Dev., 18, 2161-2192, 2025

Table 5. Weathering, lithosphere oulgassing and bunal estimates for
pre-mdustrial, slesdy-stale balances.

Praperty Symbal  Estimated vakue
Fhospharus weathering Wi 2507 x 1P mal Ps—!
Organic carbon weathering Wogge,pyn 006 G1Cyr—!
Carbonate weathering Weap LS GCyr—!
Silicate weathering Wait,p1 U098 G C yr=t
Lithosphere outgassing Volps 0140 G yr~"
Crganic carbon burial Bogep  DI0GGICyr!
Carbonate burial Brapr 0203 GICyr"

31 Testing the model

We carry out two simple experments to test model perfior-
mance. In the first experiment (Exp 1), we force the model
with an imposed, ime-dependent function of nonhward Ek-
man transport out of the Souwthern Oocean at 35° 5. We con-
sidered rwo cases for this experiment, doubling (Exp la)
and halving (Exp 1b) this ranspont value on a timescale
of 1500 years. With thiz, we ry to emuolate the role of
Southern Oocean westerly winds in large-scale ocean circu-
lation as it has been hypothesized that intensity and posi-
tion shifts of these winds may drive global-scale climate
changes on glacial-interglacial imescales (Gray et al., 2023;
Lee ct al., 2011 Toggweiler et al.. 2006). In the second

hitps:fdolorg/10.5194/zmd-18-2161-2025
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experiment {Exp 2), we force the model with an imposed,
time-dependent function of freshwater input to the Southemn
Owcean shelf to emuolate 3 melting pulse of the Antarctic ice
shiset. We “melt”™ the equivalent of 2.5 x 109 m=3 of fresh-
water (oguivalent 1o Sm sea level rise) over two different
timescales: a fast pulse o get a sea level rise of | m (Exp 2a)
amd a sbow pulse to get a 001 m rise (Exp 2b) after 250 years
of model simulation. This is consistent with modeled assess-
ments about Antarctic ice sheet redreats inthe present climate
context (Ruckert et al., 2007, DeConte and Pollard, 2016). In
both cxperiments, we focus on changes in large-scale ocean
circulation and their impact on ocean tracer distributions as
well as on the global climate.

321 Southern Ocean Ekman transport forcing

The forcing and model resulis are presented in Fig. 10. With
the increase in northward Ekman transpon (Exp la) across
557 8, there is more upwelling in the Southern Ocean sector
(Fig. 10b). However, this Southern Hemisphere forcing does
not significantly impact AMOC intensity in the North Ad-
lantic Ocean, as shown by the streamnline evolotion at 55°N
at 1000 m depth (Fig. 10e). Rather, this forcing leads o the
appearance of a clockwise recirculation cell berween 55 and
40° 5 confined berween 1000 and 2000 m depth for both the
Atlantic and the Pacific oceans, as indicated by the verical
flux {defined as positive upward) in the msA and msP sectors
at 1500 m depth shown in Fig. 10c—d. In Exp b, a decrease
in northward Ekman transport aceoss 55° 5 canses a decrease
in the Southern Ocean upwelling (Fig. 10b). In this experi-
ment there is an increase in the upward flux above 20000m
depth in msA and a decrease in the downward flux below
1000 m depth in msF, Auxes that subsequently poin the upper-
oocean northward flow and the deep sowthward flow in the At-
landic and Pacific oceans, respectively. The insensitivity of
Maorth Adlantic AMOC intensity as well as of intermediate-
depth Souwthern Hemisphere recinculation o increased west-
erly forcing has also been reported in other modeled exper-
iments (Jochum and Eden, 2015; Rahmstorf and England,
1997).

These ocean interior circulation changes lead 10 a denser
(lighter) water being upwelled in the Southern Ocean for Exp
la and Exp Ib, respectively, leading to less (more) entrain-
ment and consequently decreasing (increasing) amounts of
AABW reaching the abyssal ocean for these experiments
(Fig. 10f). More (less) upwelling together with this Sowth-
em Hemisphere recirculation enhances (reduces) ocean new
production in the Southern Ocean, as more { fewer) noirients
are carried to the surface there (Fig. 10g). These changes in
Southern Oeean NP are not reflected in surface ocean §'°C
values (Fig. 10h, as well as in msA and msP) in this zone of
low model new-production efficiency. Rather, the decrease
(increase) in 5'*C values in Exp la (Exp 1) is associated
with a lighter (heavier) signal of ™C from more (less) up-
welling of deeper water originating from northern latitudes

https:fdol.org/10S194/gmd-18-2161-2025
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of Atlantic and Pacific model zones. Air—sea exchange of
Cix with the Southem Ocean reflects changes in the up-
willing rates there as more or less carbon-rich deeper wa-
ter is carmied 1o surface layers there. More (less) outgassing
there leads bo an increase {decnease ) in atmospheric OO0y con-
centration (Fig. 10i) and a resulting rise (fall) in atmospheric
temperature (Fig. 10). Such a Southerm Hemisphere westery
wind intensity—atmaospheric C0; relationship has also been
reported in another modeled experiment {d’Orgeville et al.,
2010 Changes in atmospheric O02 content are nearly uni-
form in all atmoespheric boxes due to the rapid murnever time
of the atmosphere. The temperature change in the southern
polar atmospheric box is around 2.5 and —LE*C for Exp la
and Exp b, respectively. However, this warming (cooling )
signal decreases rapidly farther northward such that mean
Southern Hemisphere stmospheric temperature changes are
around (L7 and —0.5°C for Exp la and 1b, respectively.
Finally, our Exp la resulis are in line with the importance
of Southern Hemisphers westerly winds for deglacial atrmo-
spheric C0k rse as found in models and proxy-data recon-
structions {Mayr et al., 2003; Menviel et al., 2018).

3.2 Antarctic ice sheet melt freshwater forcing

Forcing and model results for this cxperiment are shown in
Fig. 11. The rapid freshwater pulse to the Southem Occan
shelf (Exp 2a) produces a greater and more abrupt decrease
in AABW fluxes Aowing down off the shelf break (Fy g,
as well as in the abyssal ocean, Fa (Fig. 11h). For Exp 2a,
Fa,o and Fy reach minimom values of 3.5 and 11 5v, re-
spectively, Le, around 30 % less than the pre-industrial val-
ues. In Exp 2b, modest declines of 0.7 and 2 Sv are obtained
for Fap and Fa, representing a decrease of only 13 % com-
pared to modem-day values (Gordon, 2009). Such an ef-
fect on AABW production rates due to Antarctic melmwa-
ter on the Southermn Ocean shelf has been observed in sim-
ilar Antarctic-meltwater experiments using maore complex
models (Fogwill et al., 2005; Silvano et al., 2008; Li et al,
2023). Consequently, the abyssal counterclockwise circala-
tion decreases its intensity by more than 11 and 2 8w for
fast and slow freshwater pulses, respectively, as shown by
the northward streamline evolution at 4500m depth cross-
ing 5578 (Fig. 1lc). Such behavior has been reporied for
numerous model experiments including a mulii-maodel en-
semble of CMIPG model experiments (Park and Latif, 20019;
Mackie ot al., 2020; Chen et al, 2023 ). This comesponds 1o
a T5% decrease compared to only a 14 % decrease for the
fast and slow freshwater pulses, respectively, underlining the
sensitivity of model AABW circulation to not only the size
but also the speed of the Antarctic ice sheet meltwater pulse.
Such lower AABW ventilation rates lead to the decline in
dissolved O content of the abyssal nohem sectors of the
Pacific and Atlantic oceans (Fig. 11d—e). This suggesis ag-
ing of the abyssal ocean, also reported in Li et al. (3023) A
greater AMOC penetration depth, as a consequence of weak-
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in atmespheric 005 and atmespheric lemperatare (solid lines denote Southern Hemisphere mean T, and dasched lines denote T for the

atmespheric southern polar rone, S53=007 ).

ened AABW abyssal circalation, may inhibit a further de-
crease in the abyssal Or content of the North Atlantic Ocean
as more atmospheric oxygen is camied to those depths.
Opposite behaviors are observed in the abyssal ocean
AW content for the northemmost model sectors of the
Morth Atlantic and North Pacific oceans (hnA and hoP, re-
spectively). The increase in the hnA sector (Fig. 11f) is
cansed by deeper AMOC penctration depth as the AABW
cell gets weaker, leading to increased transport of near-
surface C w the abyssal ocean. In the hoP sector, the de-
crease in O content stems from longer residence times due
to the reduced AABW wventilation there, leading to more
radioactive decay. The 0 signature in the abyssal ocean
is quite sensitive o the freshwater forcing 1o the Sowth-
em Ocean shelf as melwater from the Antarctica ice sheet
comes with an isotopic signal of —4#0%e in the model. This
is shown in Fig. 11h—i, where similar changes are observed
in the sectors directly north of the Southern Ocean (msA

Greosci. Model Dev., 18, 2161-2192, 2025

and msF) at 4500 m depth, with changes of around —0.17%.
and —0.0%9 Fe for fast and slow forcing experiments, respec-
tively. This demonstrates the model’s ability o capiure the
580 signal from Antarctic ice sheet melting, shown to be a
betber indicator of such melting than ocean salinity changes
(Kim and Timmermann, 2024). Despite all these ocean inte-
rior changes, Exp 2a and Exp 2b forcings lead only to small
changes in atmospheric O0; of around 1| ppm or less in both
cxperiments. As a consequence, there is nearly no change in
the global stmospheric temperature althoogh small sea-ice-
dynamics-drven oscillations of a 20-year period are found in
the southemn polar atrmospheric emperature (ot shosm). We
stress that this simplified experiment was carried out mainly
o test the mode] performance under isolated freshwater forc-
ing. A comprehensive study of the global climate system re-
sponse 1o Antarctic ice sheet melting would also require con-
sideration of the climatic effects leading to the melting in the

hitpszfdoLorg/10.519%4/pmd-18-2161-2025
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first place, i.e., a coupling of the climate system and the ice
sheet.

4 Discossion and conclusions

We have described and tested a new Eanmh system model
of inermediate complexity, DCESS 11, which has been cal-
ibrated o the pre-industrial Earth system. For this relatively
simple model, efforis were made to limit the number of
model free parameters and to constrain their valwes as much
a5 possible using observations. At the end of this process,
despite mode] limitations, we generally find excellent agree-
ment with available modem observations. When compared
with results from the DCESS [ model, a number of improve-
ments in our new model stand out, as described below.

Some key features of the physical part of the model, like
the: horizontal resolution, a simplificd dynamical scheme for
large-scale ocean circulation, stratification-dependent verti-
cal diffusion, a gravity cument approach 1o the formation
of Antarctic Bottom Water and a dynamical formulation for
sea e, have helped us to achieve good agreement with ob-
served data like atmospheric heat and water vapor transport
and ocean temperature and salinity distnbutions (Lanvset et
al., 2022 with a space and time resolution not possible ws-
ing the original DCESS | model. These improvements, io-
gether with wpdates in ocean biogeochemistry such as a light
dependence on the surface new (exported) produection of or-
ganic matter, dependence on the calcite samration state for
the biogenic carbonate production and local temperature de-
pendence on organic matter remineralization, result in accu-
rate model representations of ocean biogeochemical racers,
highlighted by excellent model-data agreement with regard
to marine carbon cycle species, well beyond that achieved
with the DCESS 1 model, in particular with respect o '¥C
(Shaffer et al., 2008). Furthermoee, the incorporation of a
new land biosphere module with three different vegetation
types and a light—atmospheric OO0z dependence on net pri-
mary production on land, as well as ocean sediment and
lithosphere modules applied 1o multiple ocean and land sec-
tors, makes results of the new model mach more amenable to
comparison with data than is the case for the DCESS T model.
All the above improvements help make the DCESS 1T modiel
an excellent yet economical ool for studying and gaining
short- as well as long-term understanding of the global car-
bon cycle.

Two experiments were conducted in order to explore and
test masde] performance. In the first experiment (Exp 1 we
fiorced the model in a way that emulates the role of the Sowth-
em Hemisphere westerly winds in large-scale ocean cincu-
lation. In the second experiment (Exp 2) we introduced (at
two different rates) a freshwater melt volume equivalent to
a global sea lewel rise of 5m onto the shelf surmounding
Antarctica. In both experiments, mode] resalts show impor-
tant physical and biogeochemical changes in the ocean driv-
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ing perurbations in the global carbon cycle. This is reflected
in responses of atmospheric OOz as well as of abyssal ocean
AMC and dissolved s content. These experiments serve
1o demonstrate how the model capiures the global role that
Southern Hemisphere westerly winds and Antarctic Bottom
Water play in the Earth system. Our Exp | supporns the role
of the Sowthern Hemisphere westerly winds in modulating
past glacial-interglacial atmospheric carbon dioxide varia-
tions, while our Exp 2 points toward the impact that future
Antarctic ice sheet melting would have on the formation of
Antarctic Bottom Water and on the deep global ocean in gen-
cral.

The development and calibration of the DCESS 1T model
as described here have also set the stage for future work.
For exarmple, coupling of the model to an Antarctic ice sheet
(AIS) model will provide a more realistic Earth system sim-
ulation when compared to our idealized experiment 2 de-
scribed above. For this work an extended and improved wver-
sion of the simple, well-tested DATS model (Shaffer, 2004)
will be used. In another example, planned incorporation of
methane, nitrogen and sulfur cycles into the next DCESS 11
upsdate will significantly improve its ability o deal realisti-
cally with deep-time global warming events sssocisted with
massive carbon inpais to the Earth system. Under such con-
ditions, suboxicfanodic ocean conditions may arise, leading,
for example, to denitrification and sulfate reduction that must
be addressed in such an wpdate. Groundwork for this step has
already been done in as much as these global biogeochemical
cycles and suboxicfanoxic processes have been incorporated
into the DCESS I model (Shaffer et al., 2017} In addition,
other potential model applications include the study of dif-
ferent global climatic events like Dansgaard—Oeschger oscil-
lations or longer climatic events like the Eocene—0ligocene
transitbon or even the assessment of deep-time mass extinec-
tion events by taking advantage of the relative simplicity
of the model for setting proper boundary conditions like
orbital forcing and continental distribution. In this regard,
when such deep-time model applications with gquite differ-
ent boundary conditions from today are 1o be made, careful
consideration should be made in choosing the few (only two)
regional nings of the model.

In conclusion, we have presented, validated and tested a
simple and fast new Earth system model of intermediate
complexity intended 1o be a flexible, comprehensive and eco-
nomical Earth system modeling platform. Despite its limita-
tions like relatively low horizontal resolution and multiple
parameterizations, the model represents most Earth system
components quite well, especially the global-scale carbon
cycle. Due w its simplicity, it could be casily modified in
terms of boundary conditions (o address specific past epochs.
Thus, we find DCESS 11 to be a useful tool for sudies of
past, present and future global change on timescales of years
1o millions of years while not needing substantial computa-
tional resources.

Creosci. Model Dev., 18, 2161-2192, 2025
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Coude availability. The code for the DCESS 1T model v1.0 is
archived on Zenodo (hips=Vdoloref10.528 1 zenodo, L3TIEL0E,
Fermdinder Willanueva, 2024) ax well as 21 hiyps:wwowedoes dki
(st acvess: 20 Jume 240

Dt availabifity,. The observed oosan dala used in Figs, 4=6 and
in Frg. B are [rom the Global Ocean Data Analysis Prigect ver-
sion 22022 (GLODAPYII0IZ; Lawvset @ al., 2021) daishase
amd can be accessosd Al the Mational Oceanic and Atmosphernc
Addministiration {MOAA) MNatsonal Centers Tor Environmental In-
formation (NCEI under hiyps:ifdoi.orgf10.2592 171 (w92 Ob.
werved values of wawater "0 shown in Fig. 4 are [rom Lhe
lobal Seawater Oxygen-18 Database = v1.22 and can be ac-
cessed o hips:iidata giss nasa. govio L 3daeyd (Schmide, 199%; Bigg
and Rohling, 20K, Sea jce observabions are from the Sea lee
Imdex, Versom 3, of the National Spow and lce Data Center,
Bouller, Colorado, USA (FeRerer & al., 2017 and can be ac-
ceswed ab Btps:fdoiorgf/ ML T2ESMNSKOT IFE, The World (eean Al-
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Las datsbase (Bover et al., 201E) used for caleulstson of the reference
temperalure for organic matler remineralization can be sccessed 2
MNOAA MNUEL under hipssPawwoneei. noos. povfarchivelscoesion”
MNCEL-WOA LS (last access: 23 August M23), Seuthern Hemisphere
atmispheric 05 data were oblxined from the Cape Crim Baseline
Air Follution Siation beloaging o the Commonwealth Scientific
and Indusirial Rewearch Organisation (CEIROY Oceans amd Almo=
sphere and the Australian Burean of Meteorology. These dala can
be freely downboaded at hups:fHcapegrm. coiro. anfreenhowseCGas’
dalafCapeCmm_CO2_data_download.csv (CSIRD and Bureaw of
Metearology, 2023). Northern Hemisphere atmospheric O02 data
were Oblained [rom the Mauna Loa Observalory belonging
the NOAA Earth System Ressarch Laboratomies (ESELL These
dala can be freely doanboocled ar hitps=fgmil noss. sovicepglirends’
(NOAA and GML, 2021). Present-day volcano distributions were
obtamed From the Voleano Locations Dalabase belonging 1o NOAA
MNCEL These dala can be Ireely downbosded [rom bieps:Dwaw.
ngde.noea. govihazeviewshazardsfvolcanofhoc-dala (last access: 17
November 2023). Relerence wind values lor air=sea exchange are
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fram the NOAANCTEES/DOE Jith Century Reanalysis (V3 ) daset
provided by NOAA PEL, Boulder, Colorxlo, USA, a1 hiops-
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4.2. Chapter 2: “Role of mid- and high-latitude, Southern Hemisphere processes for ushering
in the Middle Pleistocene Transition”. Submitted to Paleoceanography and
Paleoclimatology.

Abstract

Glacial-interglacial cycles increased in length from about 41 to 100 thousand years during the
Middle Pleistocene Transition (MPT) about 1.5 to 0.8 million years ago. This took place in step
with strong global cooling after several million years of weaker cooling. Such strong MPT
cooling likely set the stage for longer ice age cycles by, for example, facilitating Northern
Hemisphere ice sheet growth. Here we use simulations with a newly-developed Earth System
model of Intermediate Complexity together with sea surface temperature reconstructions to
evaluate possible causes of the MPT cooling. In particular, we concentrate on the effects of
changes in 1. Southern West Wind strength and position, 2. Sea ice and iceberg export from the
Antarctic shelf, 3. Dust fertilization of the Southern Ocean and 4. Northern Hemisphere ice sheet
extent. We find that weakened, equatorward-shifted Southern West Winds in combination with
increased sea ice and iceberg export from the Antarctic Shelf can explain much of the strong
MPT cooling. Our simulations suggest that these changes caused the cooling by decreasing heat
and carbon exchange between the upper and deep Southern Ocean and increasing deep
recirculation in the ocean, leading to deep ocean isolation and carbon storage together with
atmospheric CO2 drawdown. Dust-driven iron fertilization further enhanced this storage and
drawdown while Northern Hemisphere ice sheet growth contributed mainly to regional cooling

while promoting land biomass reduction that releases CO2 to the atmosphere.
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Key Points:

e Changes in Southern West Winds and Antarctic shelf sea ice and iceberg export explain
much of the strong cooling across the MPT.

e Strong, MPT deep recirculation from entrainment into AABW on the Antarctic slope
forms a deep, isolated, carbon-rich ocean water mass.

e Increased Southern Ocean dust fertilization draws down atmospheric CO2 but also helps

decrease total ocean new production across the MPT.
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Abstract

Glacial-interglacial cycles increased in length from about 41 to 100 thousand years during the
Middle Pleistocene Transition (MPT) about 1.5 to 0.8 million years ago. This took place in step
with strong global cooling after several million years of weaker cooling. Such strong MPT
cooling likely set the stage for longer ice age cycles by, for example, facilitating Northern
Hemisphere ice sheet growth. Here we use simulations with a newly-developed Earth System
model of Intermediate Complexity together with sea surface temperature reconstructions to
evaluate possible causes of the MPT cooling. In particular, we concentrate on the effects of
changes in 1. Southern West Wind strength and position, 2. Sea ice and iceberg export from the
Antarctic shelf, 3. Dust fertilization of the Southern Ocean and 4. Northern Hemisphere ice sheet
extent. We find that weakened, equatorward-shifted Southern West Winds in combination with
increased sea ice and iceberg export from the Antarctic Shelf can explain much of the strong
MPT cooling. Our simulations suggest that these changes caused the cooling by decreasing heat
and carbon exchange between the upper and deep Southern Ocean and increasing deep
recirculation in the ocean, leading to deep ocean isolation and carbon storage together with
atmospheric CO2 drawdown. Dust-driven iron fertilization further enhanced this storage and
drawdown while Northern Hemisphere ice sheet growth contributed mainly to regional cooling

while promoting land biomass reduction that releases CO- to the atmosphere.

1. Introduction

The Middle Pleistocene Transition (MPT), for present purposes considered to occur between
1.5 and 0.8 million years ago (Ma), was a period of transition from ~41 kyr glacial-interglacial
cycles paced by obliquity to longer ~100 kyr cycles influenced by eccentricity-modulated,
precessional pacing (Clark et al., 2006; Elderfield et al., 2012; Lisiecki & Raymo, 2005). Pre-
MPT cycles were relatively symmetric and weak whereas post-MPT cycles were stronger and
more asymmetric with longer glacials and shorter interglacials (Medina-Elizalde & Lea, 2005;
von der Heydt et al., 2021). This shift occurred without major changes in orbital forcing
characteristics, pointing toward explanations in terms of Earth system properties and feedbacks
(An et al., 2024; Clark et al., 2006; Raymo et al., 2006; Ruddiman et al., 1986; Tziperman &
Gildor, 2003; Willeit et al., 2019).
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A major change across the MPT was the expansion of Northern Hemisphere (NH) ice sheets
(Ao et al., 2023; Lisiecki & Raymo, 2005; Batchelor et al., 2009), which merged together,
enabling ice sheet survival even during insolation maxima (Bintanja & van de Wal, 2008).
Larger ice sheets promoted feedbacks like increased surface albedo and adiabatic cooling with
increasing height, leading to further growth (Berends et al., 2021; Clark and Pollard, 1998).
Furthermore, larger NH ice sheets become more susceptible to mechanisms favoring longer,
asymmetrical ~100 kyr cycles like bedrock depression and calving (Abe-Ouchi et al., 2013,
Clark and Pollard, 1998). A number of other mechanisms like regolith removal and ocean
circulation change have been proposed for explaining glacial cycle evolution across the MPT

(Behrends et al., 2021; Clark et al., 2006; Herbert, 2023).

The MPT was a period of strong global cooling, following more than two million years of
weaker cooling (Lisiecki & Raymo, 2005, Westerhold et al., 2020). Whatever combination of
processes are evoked to explain MPT ice age cycle lengthening, such strong MPT cooling likely
preconditioned the system for such cycle lengthening by, for example, driving NH ice sheet
expansion. Benthic 6'%0 records have been used to infer changes in global ice volume and deep
ocean temperature changes but this requires additional information to separate temperature and
sea water contributions (Lisiecki & Raymo, 2005; Rohling et al., 2021). A more direct approach
involves sea surface temperature (SST) reconstructions based on alkenones, foraminiferal
Mg/Ca and faunal proxies from ocean sediment data (Fedorov et al., 2013; Fedorov et al., 2015;

Snyder 2016).

Figure 1 presents global and regional mean SSTs from 4 Ma to the present from a recent
application of this approach based on 127 published records (Clark et al., 2024) but here adjusted
to present-day SSTs. For running means over 400 kyr, there is uniform, global mean SST cooling
by 2.9°C from 4 to 1.5 Ma. Moderate cooling by 0.6°C is observed from 1.5 to 1.2 Ma, followed
by strong cooling by 1.5°C from 1.2 to 0.8 Ma. Global mean SST remains rather uniform
afterward (Figure la). However, significant trend differences between the hemispheres are
observed (Figure 1 b-d): 1. From 4 to 2 Ma, strong mean Northern Hemisphere (NH) and
extratropical NH cooling by 2.5 and 3.8°C, respectively, contrasted with weaker Southern
Hemisphere (SH) and extratropical SH cooling then by 1.7 and 0.9°C, 2. From 2 to 0.8 Ma,
strong mean SH and extratropical SH cooling by 3.2 and 4.0°C and 3. From 2 to 1.2 Ma,
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moderate mean NH and extratropical NH cooling by 1.0 and 1.5°C, followed by intensified
cooling there from 1.2 to 0.8 Ma by 0.9 and 1.3°C, respectively.

g Figure 1. Sea surface temperature (SST)
4 over the past 4 Myr. A. Global mean, b.
g 1 Northern (blue) and Southern (red)

" : : : : 1 : : hemisphere means, c¢. Extra-tropical,

NI ; ; ; T ; ; 1 Northern (blue) and Southern (red)
s ST hemisphere means and d. Northern-
Southern hemisphere (blue) and extra-
tropical (red) differences. Data from Clark
et al. (2024) adjusted to present-day SSTs
of 17.62,18.14,17.12, 12.40 and 10.53°C,
respectively. (horizontal dashed lines in
a., b. and c¢.). Data for this calculation is
from
https://www.ncei.noaa.gov/products/
extended-reconstructed-sst for the period

_m {1940 to 1970; extra-tropical data is from
i 1 35— 55° Thin lines are 1 kyr resolution
_\/_\\v\’v/_,_/’\ results; thick lines are 400 kyr running

NH,SH SST (°C)

NH,SH ExTrop SST (°C)

NH-SH SST (°C)

5 O = N W B
T

: : ‘ . . : . 1 means. Vertical dashed lines mark the
0 35 30 25 20 15 10 o5 o0 MPT range used here (1.5 to 0.8 Ma).

Age (Ma)

This pattern indicates some global process to force the mean global cooling — likely reduced
greenhouse gas forcing - combined with processes that redistribute heat between the
hemispheres, like changes in Atlantic Meridional Overturning Circulation (AMOC) strength
and/or processes leading to hemispheric cooling, such albedo increases due to ice sheet and sea
ice expansion. Strong, SH cooling from 2 Ma onward has been linked to Antarctic Ice Sheet
growth and associated sea ice expansion (An et al., 2024). However, the temperature patterns
shown in Figure 1b-d would also support an interpretation of AMOC weakening up to 2 Ma
followed by strengthening up to 1.5 Ma as stronger/weaker AMOC leads to more/less SH to NH

heat transfer.

In this study, we compare model simulations with proxy data across the MPT to explore forcing
mechanisms for explaining the observed strong global and regional cooling during this time

period. We also address the period of long, weaker global cooling before the MPT. In Section 2,

55



we describe our model and its application across the Pliocene-Pleistocene-MPT interval. We
identify key forcings to be considered and choose their values for a standard case, MPT solution.
In Section 3, we present standard case model results, compare model outputs with the SST
reconstructions in Figure 1, and interpret modelled Earth system property evolutions before and
during the MPT. We also analyse the relative importance of individual forcings and their
interactions and discuss results of extensive sensitivity studies to varying forcing. Finally,

Section 4 provides a summary and discussion of the findings.

2. Methods
2.1 DCESS II model

We use the new Danish Center for Earth System Science model (DCESS II), a simplified but
comprehensive Earth System model of intermediate complexity containing atmosphere, land
biosphere, ocean, ocean sediment and lithosphere modules (Ferndndez & Shaffer, 2025).
DCESS II represents a substantial advancement over its predecessor, DCESS I (Shaffer et al.,
2008), featuring significantly improved spatial and temporal resolution as well as expanded and
improved representations of Earth system processes. The new model includes 6 atmosphere
sectors spanning both hemispheres with sector limits at 55°S, 35°S, 0°, 35°N and 55°N and 12
ocean sectors encompassing Atlantic, Indo-Pacific (denoted Pacific below), Arctic and Southern
Oceans with sector limits at 70°S, 55°S, 35°S, 0°, 35°N, 55°N and 65°N. It features prescribed
northward Ekman transport across 55°S to mimic effects of the Southern West Winds, an
improved sea ice formulation, a dynamic formulation for large-scale ocean overturning
circulation and stratification-dependent vertical diffusivity. The land biosphere features three
dynamically-varying vegetation types whereby net primary production depends on light and
atmospheric CO;. Ocean new production depends on light and nutrients and the remineralization
rate for ocean organic matter is temperature-dependent.

Ocean sediment and the lithosphere formulations in DCESS II are adopted from DCESS I but
are now applied to the multiple ocean and land regions. As in its predecessor, DCESS II
maintains fine, 100 m vertical resolution in the ocean, but it now incorporates observed ocean
topography for each ocean sector, with corresponding sediment segment areas also resolved at

100-meter intervals. Tracers of the atmospheric module are temperature, nitrous oxide, methane
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(1213C isotopes), carbon dioxide (!%!*“C isotopes) and atmospheric oxygen. Tracers included
in the ocean module are conservative temperature, absolute salinity, water 80, phosphate,
dissolved inorganic carbon ('>!*!“C isotopes), alkalinity and dissolved oxygen. A limitation
factor for ocean new production is applied to the Arctic and the Southern Ocean (south of 35°S)
to account for effects like dust fertilization. Biogenic calcite production in the ocean surface
layer depends on new production, temperature and calcite saturation state. With these expanded
formulations, improved spatial resolution, and modest computational demands, DCESS 1I is
well-suited for simulating the evolution of the global climate—carbon cycle system over
multimillion-year timescales.

Antarctic shelf processes and Antarctic Bottom Water (AABW) formation are features of special
importance for this study. AABW originates mainly from dense Antarctic Shelf Water (ASW)
that flows down the Antarctic slope entraining surrounding water as it descends into the deep
ocean (Gordon, 2019; Orsi, et al., 2002). To address this, the model starts with a 500 m deep,
Southern Ocean shelf between 69° S and 70° S (Heywood et al., 2014), maintained at freezing
temperature by air-sea heat exchanges there. The salinity—and thus the density—of ASW is
controlled by two key processes: (1) brine rejection during sea ice formation, which leaves
behind salt-enriched water, and (2) freshwater input from iceberg calving off the Antarctic Ice
Sheet and ice shelves (Nicholls et al., 2009; Portela et al., 2022; Silva et al., 2006; Tournadre et
al., 2016). Both processes are prescribed in the model using observational data and
reconstructions (Depoorter et al., 2013; Haumann et al., 2016; Rignot et al., 2013). When ASW
becomes denser than adjacent Southern Ocean water, it flows downslope as a gravity current,
entraining ambient water in certain depth ranges to become AABW. This process is addressed
using a simple gravity current, entrainment formulation following Baines (2005, 2008), based
on two coupled governing equations: one for downslope flow rate (F) and another for the height
of the descending plume (H). These equations are numerically integrated downslope, given
initial conditions at the 500 m depth shelf break, with the density difference between the plume
and ambient water (Ap) updated at every time step. Entrainment occurs only when the
Richardson number (Ri) - a measure of buoyancy divided by kinetic energy — is below 0.25, and
increases as Ri values decreases. Ri is formulated as a function of H, Ap, and F and is
proportional to the cosine of the slope angle. As a result, entrainment is centered on the steeper

segments of the Antarctic slope, particularly between 1000 and 3000 m depth (Fig. S1). AABW
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enters the deep Southern Ocean at a depth where its density matches that of the ambient water.
Details can be found in (Fernandez & Shafter, 2025) where a pre-industrial calibration exhibited
ASW and AABW values in agreement with observational estimates (Gordon, 2019; Orsi et al.,
2002). It is worth noting that many, more complex models, including several in CMIP6,
incorrectly simulate AABW formation through deep, open-ocean convection or omit downslope

entrainment processes (Heuzé, 2021).

2.2. Pliocene-Pleistocene-MPT modelling approach

We use the DCESS II model to reproduce long term, global SST changes over the past 4 million
years, characterized by uniform slow cooling up until about 1.5 Ma followed by more rapid
cooling across the MPT until about 0.8 Ma (Figure 1a). The initial slow cooling phase is likely
attributable to slowly decreasing greenhouse gas forcing and associated carbon-climate
feedbacks. After some minor model modifications (Supporting Information), we start by
deriving an initial condition for 4 Ma. We use estimated ocean calcium content and ocean carbon
dissociation constants at that time (Zeebe & Tyrrell, 2019) and set atmospheric CO>
concentration to be 400 ppm then (Bartoli et al., 2011; Koéhler, 2023, LaRiviere et al., 2012;
Sosdian et al., 2018). For this CO; level and pre-industrial (PI) CO2 of 280 ppm, we find that
our model climate sensitivity must be increased to 5°C per CO2 doubling to achieve a observed
mean global ocean SST ~3.0°C higher than its observed PI value (Figure 1a). Finally, for these
conditions, we hold lithosphere outgassing at our model PI value (Fernandez & Shaffer, 2024)
and adjust model weathering of carbonate, silicate, old organic carbon and phosphate such as to
achieve a 4 Ma, steady-state balance with model ocean sediment burial of calcium carbonate
and organic matter. An alternative would have been to change lithosphere outgassing as in other,
related work (Willeit et al., 2019) but we choose to focus on weathering, which is thought to
control long-term cooling over the Pliocene-Pleistocene (Bayon et al., 2018; Chiang et al., 2024;
Martin et al., 2023).

From this 4 Ma initial state, we tune parameters in our weathering formulation until our
simulation reproduces the observed, uniform global mean SST decrease from 4 to 1.5 Ma

(Figure 1a). Weathering is formulated as
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W(E) = fwth(e) x QU@ e/ (1)

where W is the weathering rate, t is time in myr, W, is W at 4 Ma, T, (t) is the mean atmosphere
temperature, T, f 1s T at 4 Ma, Q, is the weathering increase for a 10°C increase in T, and
fwth(t) is a weatherability factor representing non-temperature-dependent weathering changes
due to factors like mountain building. The same formulation was used in Fernandez and Shafter
(2025) for the PI case with Q;, = 2 and fwth(t) = 1. After a number of simulations from our
4 Ma initial condition, using prescribed time evolution of ocean calcium content and ocean
carbon dissociation constants (Zeebe & Tyrrell, 2019) and the incorporation of orbital forcing
with values for eccentricity, obliquity, and longitude of perihelion from Berger and Loutre
(1991), we found an excellent fit to observed, 4 to 1.5 Ma global mean SST cooling (Clark et
al., 2024) using Qo = 1.5 and fwth(t) = 1+ 0.0687 x t.

We then extend the simulation across the MPT with this weathering formulation and orbital
forcing, but now we also account for prescribed changes in four additional processes that likely
contributed to the observed acceleration in global cooling: 1. Northward Ekman transport in the
Southern Ocean, driven by shifts in the strength and latitudinal position of the Southern Westerly
Winds (SWW) and affecting vertical exchange of heat, nutrient and carbon there; 2. Sea ice and
iceberg export from the Antarctic shelf, which influences ASW (and, consequently, AABW
formation) as well as Southern Ocean surface layers; 3. Dust fertilization of the Southern Ocean,
enhancing marine productivity there and; 4. Equatorward extent of Northern Hemisphere ice
sheets, affecting albedo and land biomass. Changes in these four forcings are prescribed to occur
linearly in time over two intervals: from 1.5 to 1.2 Ma (accounting for 10% of the total MPT-
era change) and from 1.2 to 0.8 Ma (90% of the total change). This two-step implementation
reflects the structure of the observed SST transition (Figure 1a). For simplicity, these four
forcings are held constant in the simulations at their PI values (Fernandez & Shaffer, 2025) until
1.5 Ma and at their 0.8 Ma values from 0.8 Ma to the present. The post-0.8 Ma period is

simulated for completeness only and will not be discussed further here.

Specific assumptions made regarding the MPT forcing are: 1. The pre-existing trend of the
weatherability factor is continued across the MPT as the simplest assumption with no expected

climate-related impact on it; 2. Influence of the SWWs is extended to include possible Ekman
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transport across 35°S. Weakened, northward shifted SWWs would be expected across cooling
intervals like the MPT (Toggweiler et al., 2006, PO, Anderson et al., 2009, Science, Vanugopal
et al., 2023), 3. Increased sea ice production and export from the Antarctic shelf as well as
increased Iceberg export/less Antarctic meltwater there in connection with MPT cooling (Shin
& Liu, 2003, GRL; Starr et al., 2021). 4. Dust deposition and associated Southern Ocean
fertilization are assumed to increase due to a drier climate and northward-shifted SWWs,
exposing more continental dust sources (Shaffer & Lambert, 2018; Martinez-Garcia et al., 2011;
Lamy et al., 2014), and 5. Northern Hemisphere ice sheets grew and expanded equatorward
across the MPT as shown in geological reconstructions (Ao et al., 2023; Hodell & Channell,
2016). Table 1 lists the prescribed values and time evolution of the weatherability factor and the

four additional forcings used in the standard Pliocene—Pleistocene-MPT simulation.

(Ekman)

4 to1.5Ma 1.2 Ma 0.8 to 0 Ma
Weatherability factor (fwth) 1to1.172 1.193 1.22
Northward Ekman transport at 55°S, 35°S 30 Sv, 0 Sv 28 Sv, 1 Sv 10 Sv, 10 Sv

Antarctic shelf sea ice export, Iceberg
export (Fice,fSO)

0.13 Sv, 50%

0.143 Sv, 55%

0.26 Sv, 100%

Southern Ocean (35°S - 70°S) new

0.15

0.165

0.3

production limitation factor (LfSO)
Latitude of Northern Hemisphere Ice
sheet extent (fgNH)

Table 1. Applied forcings for the standard case simulation. The weatherability factor increases
linearly from 4 to 0.8 Ma and is taken constant afterwards. For the remaining forcings, changes
were applied linearly in time over two steps: 1.5 to 1.2 Ma and 1.2 to 0.8 Ma whereby 10% and
90% of the total 1.5 - 0.8 Ma changes were applied in the first and second step, respectively.
Iceberg export percentage is defined to encompass the part of atmospheric water vapor transport
southward across 69°S that is transported north of 69°S as icebergs. Abbreviations in italics are
used in Figures 6 and 7. The Southern Ocean new production limitation factor emulates dust
fertilization in the model.

70°N 68.85°N 58.5°N

3. Results
3.1. Standard case simulation
3.1.1. SST model-data comparison

Figure 2 presents results of our standard case simulation over the past 4 million years together

with the SST reconstructions of Clark et al., 2024. There is a somewhat smaller decrease in
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simulated global atmospheric temperature up to 1.5 Ma compared to the Clark et al., 2024 result
(Figure 2a) that, however, is also model-dependent, based on model Ta - SST relationships. On
the other hand, our model reproduces the observed slow, rather uniform global SST decrease
over the 4 — 1.5 Ma range (Figure 1b) that has been our target for model calibration. The model
underestimates NH cooling rates and overestimates SH cooling rates during the pre-MPT period
(Figure 2c—f). This part of the simulation lacks sufficient interhemispheric redistribution
discussed above to explain these observed hemispheric differences. However, from 1.5 to 0.8
Ma across the MPT, the model captures rather well the enhanced global SST cooling seen in the
Clark et al., 2024 reconstruction. Furthermore, the magnitude of this simulated cooling greatly
exceeds that produced by weathering forcing alone (indicated by the red lines in Figure 2). The
simulation also reproduces key features of the observed MPT transition, including 1.1°C
stronger SH SST cooling compared to NH SST cooling as well as amplified cooling in
extratropical regions. We return to this modeled MPT structure in detail below, where we explore

the mechanisms underlying these results.

Figure 2. Comparisons of
standard case model results
with reconstructions of Clark
et al. (2024) High-resolution
(light thin lines) and 400 kyr
running means (dark thick
lines) for model results (blue)
and reconstructions (black).
Also shown are 400 kyr
running means from 1.5 Ma
onwards for changing
weathering  forcing  only
(thick red lines) a. Global
mean temperature deviation
from present day as well as
SST deviations from present
day for b. Global ocean, c.
o Northern Hemisphere (NH),

Age (Ma) Age (Ma) d. Southern Hemisphere
(SH), e. Extra-tropical NH (ExNH) and f. Extra-tropical SH (ExSH). Model extra-tropical zones
are the 35°- 55° model sectors. Also shown are standard deviations of high-resolution, model
results (thin blue lines) and reconstructions (thin black lines). Vertical dashed lines mark the
MPT range used here (1.5 to 0.8 Ma).
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Figure 2 also shows the temporal evolution of standard deviations (SD) between high-resolution,
standard case model results and the high-resolution, Clark et al. (2024) reconstructions (thin
blue and black lines). Prior to 2 Ma, model SDs are comparable to observed SDs for global
mean, NH, and SH SSTs (Fig 2b-d), although observed, extra-tropical SST variability is about
twice model variability in this time range (Figure 2e,f). This suggests that, in the absence of
large ice sheets, the model’s response to orbital forcing broadly resembles the real-world climate
response, albeit with less polar amplification. After 2 Ma, observed high-resolution variability
increases steadily up to and across the MPT. This rise in variability reflects the progressive
growth of'ice sheets in both hemispheres and their interaction with the rest of the climate system.
Our model lacks dynamic ice sheets and thus can not capture the post-2 Ma increase in observed

variability.

3.1.2. Model pre-MPT property evolutions

Figure 3 provides a more comprehensive overview of our standard case, Pliocene-Pleistocene-
MPT simulation. Weathering rates remain fairly constant leading up to the MPT (Figure3a),
reflecting an approximate balance between the effects of the applied increasing weatherability
factor, as discussed in Section 2, and gradual global cooling (Equation 1). Weathering is
ultimately responsible for an atmospheric CO; decline of 400 to 259 ppm from 4 to 1.5 Ma
(Figure 3b), a change that also is influenced by model Earth system feedbacks. Such feedbacks
include temperature-dependent, ocean remineralization and a decline in land biomass mainly
driven by the CO; decline (Figure 3f). The modelled, pre-MPT cooling (Figure 2) is forced by
the combined effect of greenhouse gas reductions in CO2, CHa, and N2O (Figure 3b,d) along
with increased surface albedo from expanding snow and sea ice cover (Figure 3¢) and land
biosphere changes. Less air-sea gas exchange from expanding sea ice cover explains the A*C
decrease in the deep ocean up to 1.5 Ma but this decrease is limited in the deep Atlantic by

slightly increasing AMOC (figure 3g,k).

Despite a mean ocean phosphate increase from 2.025 to 2.185 mmol m™ (not shown), ocean
new production decreases modestly over this interval (Figure 3e). This counterintuitive result is
due to the model's temperature-dependent remineralization scheme, that shifts phosphate farther

down from the lighted ocean surface layer in response to ocean cooling. Deeper remineralization
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also helps explain the modest, pre-MPT decline in deep ocean Oz (Figure 3i). The modelled

deepening of the carbonate compensation depth (CCD) from 4 to 1.5 Ma (Figure 3h) is broadly

consistent with records from the Equatorial Pacific (Pilike et al., 2012,) and global-scale

estimates based on sea water composition reconstructions (Zeebe & Tyrrell, 2019). Finally, our

modelled DIC decrease in the deep ocean (Figure 3j) is representative for the global mean ocean,

pre-MPT decrease of 0.113 mol m™ over this period (not shown), consistent with enhanced

burial of carbonate in ocean sediments (indicated by the CCD deepening) and net removal of

carbon from the ocean.
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Figure 3. Forcing and
property evolutions from 4
to 0 Ma for the standard
case, model simulation. a.

Applied weatherability
factor and ratio of
weathering rate to
weathering at 4Ma, b.
Atmospheric CO,
concentration, ¢. Sea ice line
position in the model

Southern, North Atlantic
and North Pacific Oceans, d.
Atmospheric methane and
nitrous oxide
concentrations, e. Total
ocean, new and calcium
carbonate production, f.
Total land biosphere
biomass, g. A*C at 4000 m
depth of Atlantic and
Pacific, 0 - 35°N model
sectors. Values calculated
with atmospheric A*C held
at 0 %o, h. Carbonate
Compensation Depth for
Atlantic and Pacific, 0 -
35°N  model sectors, Ii.

Dissolved oxygen concentration at 4000 m depth of Atlantic and Pacific, 0 - 35°N model sectors,
j- Dissolved inorganic carbon concentration at 4000 m depth of Atlantic and Pacific, 0 - 35°N
model sectors, k. Atlantic Meridional Overturning Current strength at 35°N in Sverdrup (Sv, 10°
m?/s), and 1. Antarctic Shelf Water (ASW) and Antarctic Bottom Water (AABW) production.
The weatherability factor and the weathering ratio apply to all forms of model weathering:
silicate, carbonate, old organic carbon and phosphorus for which 4 Ma weathering rates are
0.0786 GtC yr'!, 0.0924 GtC yr'!, 0.0228 GtC yr' and 0.00122 GtP yr'!, respectively.
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3.1.3. Model MPT property evolutions

Weathering decreases across the MPT as the effect from more rapid MPT cooling overcomes
that from a continued weatherability factor increase (Figure 3a). The rate of atmospheric CO>
drawdown accelerates then, reflecting the combined influence of weathering and the additional
climate—carbon cycle processes listed in Table 1 and discussed in more detail below. By 0.8 Ma,
atmospheric COz falls to 207.4 ppm, not so far below the updated mean Antarctic ice core value
of 216.4 ppm for the 0.8 - 0.65 Ma interval (Bereiter et al. 2015). Sea ice expands and
methane/nitrous oxide concentrations decrease faster in response to intensified MPT cooling
(Figure 3c,d). The land biosphere loses biomass more rapidly (Figure3f) as CO; fertilization
weakens and biosphere land cover declines due to the prescribed equatorward advance of the

NH ice sheets (Table 1).

Global ocean new production also declines more sharply across the MPT (Figure 3e) despite
enhanced dust fertilization prescribed in the Southern Ocean (Table 1). This apparent paradox
can be reconciled through a closer look at model results and feedbacks. New production in the
Southern Ocean (all of the ocean south of 35°S) indeed increases in response to the enhanced
dust fertilization but this gain is modest, 0.15 GtC yr’! limited in part by more extensive ice
cover there (Figure 3c). This gain outweighed by more substantial declines of 0.75 GtC yr! in
the phosphate-limited ocean zone between 35°S and 35°N (Table S1). Less phosphate is
upwelled into the Southern Ocean surface layer from the applied reduction of Ekman transport
across 55°S (Table 1). At the same time, enhanced uptake from dust-stimulated production
further reduces surface layer phosphate there. As a consequence, water subducted into
northward-flowing Antarctic Intermediate Water is more phosphate-depleted. This leads to less
phosphate at intermediate depths farther northward, less phosphate transport into lighted surface
layers there and less new production. In addition, as discussed above, deeper remineralization
from colder ocean water shifts phosphate farther down from the lighted ocean surface layer. It
should be noted here that decreased new production in macronutrient-limited ocean areas — in
our model everywhere outside the Southern Ocean - has limited effect on atmospheric CO; due
to Redfield coupling of nutrients and carbon in new production and remineralization (Sarmiento

& Toggweiler, 1984; Shaffer, 1993).
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The application of the standard case forcings across the MPT (Table 1) produces major changes
in deep ocean properties. These include significant decreases in A™C and dissolved oxygen,
CCD shoaling, DIC rise and increasing homogenization between the Atlantic and Pacific basins
(Figure 3g—j). Taken together, these trends describe a progressively older, more acidic, and more
uniform deep water mass—despite a pronounced increase in AABW formation (Figure 31). This

apparent contradiction can be explained with the help of simulation results in Figure 4.
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Figure 4. Standard case simulation, overturning circulations and Antarctic Bottom Water details
at the beginning and end of the MPT. a. Depth distribution of AABW transport in the Atlantic
(orange) and Pacific (violet) sectors, b. Atlantic overturning circulation and e¢. Pacific
overturning circulation, all at 1.5 Ma. d.-f. As above but for 0.8 Ma. Total Antarctic Shelf Water,
entrainment and AABW have been partitioned between model Atlantic and Pacific in the ratio
1:3.

The large increase in AABW formation across the MPT is initiated by the production of denser
Antarctic Shelf Water due to brine rejection from the prescribed increase in sea ice and iceberg
export from the shelf (Table 1). However, the bulk of the AABW transport increase arises not
directly from shelf processes but rather from entrainment of ambient waters at ~1000-3000 m
depth. This can be seen by comparing the AABW increases at 500 m from Fig. 4a to Fig. 4d
with increases in the ~1000-3000 m depth range from Fig. 4a to Fig. 4d. This entrainment
increase leads to enhanced deep ocean recirculation, isolated from the atmosphere (Figure
4b,c,e,f), which explains the decline in A*C despite increased AABW flow. When effects of
increased Southern Ocean dust fertilization and deeper remineralization are added, there is also

a large increase in deep ocean remineralization. This further lowers dissolved oxygen and
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acidifies the water mass, enhancing sediment CaCO3 dissolution and, thereby, CCD shoaling.
The associated rise in carbonate ion concentration from dissolution reduces oceanic dissolved
CO-, and through air-sea gas exchange, contributes to atmospheric CO2 drawdown. At the same
time, combined carbon inputs from deep remineralization and CaCOs3 dissolution explain the
modelled DIC rise across the MPT. These changes are consistent with multiple lines of
paleoceanographic evidence for the development of a low-oxygen, carbon-rich deep water mass
across the MPT (Farmer et al., 2019; Lear et al., 2016; Thomas et al., 2022). Importantly, the
development of this isolated, deep water mass stems from strong, deep AABW recirculation and

not, as might be thought, from weaker AABW formation.

Modelled changes in Atlantic overturning circulations across the MPT show that the increase in
deep, AABW circulation leads to AMOC shoaling and weakening (Figure 4b,e; Figure 3k).
Significant changes also occur in the Pacific overturning circulation including the emergence of

a shallow, clockwise overturning cell in the North Pacific forming North Pacific Intermediate
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5a) but also helps to freshen the upper Southern Ocean as this ice melts (Figure 5c). This
freshening is also facilitated by less upwelling there of relatively-salty North Atlantic Deep
Water due to the prescribed decrease in Ekman transport. This leads to increased upper ocean
stratification there and, as a consequence, decreased model vertical diffusivity (Figure 5d). The
associated decline in upward diffusive heat flux helps to warm intermediate waters in the
Southern Ocean (Figure 5b). This decline, when compounded with less upward advective heat
transport from weakened, equatorward-shifted SWWs (Table 1) and less air-sea heat exchange
from more extensive sea ice cover, can explain much of the observed, amplified Southern
Hemisphere cooling across the MPT (Figurelb,c). Likewise, these changes severely narrow the
Southern Ocean “window” to the atmosphere, helping to trap CO- in the ocean and draw down

atmospheric COx.
3.2. Sensitivities to individual MPT forcings
3.2.1. Isolated impacts of standard case forcings

To better understand the drivers of simulated climate changes across the MPT, we examine here
the individual contributions and interactions of the applied forcings. Figures 6 and 7 present

SST and property responses to individual MPT forcing components outlined in Table 1.

0.5

Figure 6. Comparison
of modelled to observed

0.0 4
s I - o | - I - - SST change from 1.5 to
T ] 0.8 Ma including model
-10} 1 results for individual
sl | forcings listed in Table

55T (°C)

1. Ekman, Fice/fSO,
LfSO and fgNH results
are changes relative to

—2.0F

-2.5

| W \Weathering only W fgNH o
Ekman EEEN Sum the Weatherlng Ol’lly

—3.0| e Fice/fSO st 1 simulation for
I Bnlieling , os , , simulations forced by
' Global NHEX NH SH SHEX weathering and each

specific process. Sum is for the five processes (including weathering-only), Std is for the
standard case simulation and Obs are observed changes from Clark et al. (2024). Global, NHEx,
NH, SH and SHEx are as in figure 2. All results are for 400 kyr running means.

Among all forcings, the largest individual contribution to SST cooling during the MPT comes

from weathering. Remember that here we assumed a continued increase in the non-temperature-
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dependent weatherability factor (fwth in Equation 1) at the same rate applied prior to the MPT
(Figure 3a). To isolate the effects of each forcing, we performed four additional MPT
simulations. In each, we include weathering along with one of the other four forcings: 1.
Southern West Wind strength and position (Ekman), 2. sea ice/iceberg export from the Antarctic
shelf (Fice/fSO), 3. Southern Ocean dust fertilization (LfSO) or 4. Northern Hemisphere ice
sheet extent (fgNH).

Figure 6 shows that individual forcings produce distinct magnitudes and patterns of SST
cooling. For example, Southern Ocean dust fertilization leads to moderate, relatively uniform
global cooling, driven by atmospheric CO. drawdown from enhanced new production there
(Figure 7). In contrast, changes in SWWs yield strong cooling in high southern latitudes, falling
off to slight warming in the extra-tropical NH. This pattern arises from reduced upwelling of
warm, COz-rich, subsurface water in the Southern Ocean and a modest AMOC strengthening
(Figure 7). Sea ice and iceberg export from the Antarctic shelf largely accounts for enhanced
ASW and AABW formation, which in turn contributes to a weakened AMOC (Figure 7). SST
cooling from sea ice/iceberg export alone is relatively weak, with slight enhancement at extra-
tropical latitudes in both hemispheres (Figure 6). This modest cooling is linked to reduced heat

and COz exchange in the upper SO, due to enhanced upper ocean stratification and reduced
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vertical diffusivity in the model as discussed above. The cooling structure is further influenced
by the redistribution of heat between hemispheres from the weakened AMOC. Equatorward
extension of NH ice sheets induces cooling through increased surface albedo but also warming
from atmospheric CO> input from a shrinking land biomass. As shown in Figure 6, the albedo

effect dominates in the model with SST cooling decreasing from north to south.

Comparisons between the summed effects of individual forcings and the standard case
simulation results (black and blue bars, respectively; Figures 6 and 7) help show if the forcings
interact to produce the final model results and if so, how they interact. Summed NH SST
decreases match standard case results, suggesting little interaction between forcings. This
outcome is not unexpected, given that our analysis focuses primarily on SH forcing and the only
NH forcing considered does not directly interact with the ocean. In the Southern Hemisphere,
the summed SST changes fall short of the standard case results, indicating that interactions
among forcings are essential for reproducing the standard case cooling. A notable example,
discussed earlier, is the combined effect of surface freshening from sea ice and iceberg melt with
SWW-driven reductions in upwelling. Together, these processes suppress vertical exchange in
the Southern Ocean, enhancing SST cooling. For ASW and AABW formation, the individual
sums align well with the standard case results, as these changes are mainly driven by sea ice and
iceberg export (Figure 7). However, for variables like ocean new production and AMOC
strength, the summed individual contributions fall well short of the standard case results,
underlining the importance of forcing interactions. As discussed earlier, the combined effects of
dust fertilization and reduced upwelling in the Southern Ocean lower phosphate concentrations

at intermediate depths in much of the ocean, thereby decreasing global new production.

3.2.2 Impacts of forcing changes

To further assess model sensitivity to applied MPT forcing we carried out a large number of
additional simulations from 1.5 to 0.8 Ma (Figures S2-S7). These simulations started with
standard case results at 1.5 Ma, used standard case weatherability and maintained the prescribed
time structure of the remaining forcings (10% up to 1.2 Ma and the rest up to 0.8 Ma; Table 1).
For each run, we varied the 0.8 Ma value of one of the forcings/forcings combinations while

maintaining the others at their standard case values (Table 1).
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In the presence of other MPT forcings, there was a particularly strong SH and global SST
cooling, as well as atmospheric CO; lowering, for a reduction in Ekman transport across 55°S
from 15 to 10 Sv (Figure S2a,c,d,f). In contrast, for this case, extra-tropical, Northern
Hemisphere SST increased slightly, which can be attributed to a weaker AMOC (Figures S2e
and S3c¢). Ocean new production drops considerably for a decrease in this Ekman transport from
20 to 10 Sv (Figure S3a). Rates of SH and global cooling as well as atmospheric CO» lowering
are particularly sensitive to standard case, Antarctic shelf, sea ice export of 0.15 to 0.3 Sv; further
increases in this forcing lead to considerably less change (Figure S4a,c,d,f). While the rate of
ASW production increase slows with more ice export, AABW formation continues to accelerate
(Figure S5b, d). This reflects feedbacks from fresher water at SO intermediate depths (Figure 5)
affecting properties of water flowing onto the shelf and rates and locations of entrainment into
the downflowing AABW plume. Dust fertilization contributes to atmospheric CO2 drawdown
but at a rate that diminishes with increasing fertilization intensity (Figure S6b). Enhanced rates
of cooling and CO: increase with the equatorward expansion of NH ice sheets - via associated
changes in albedo and land biosphere biomass - are primarily due to the increasing land area per

degree of latitudinal extension (Figure S7a—d).

Finally, results in Figures S2-S7 can be used to tune the model for an improved fit to observed
SST drops across the MPT (orange bars in Figure 6). For example, extension of the NH ice
sheets to 55°N (from the standard case, 0.8 Ma value of 58.5°N) would enhance model cooling,
particularly for the extra-tropical NH, while raising atmospheric CO> to be more in line with ice

core observations (Bereiter et al. 2015).

4. Discussion

Here we applied the DCESS II Earth System model (Fernandez & Shaffer 2025) to better
understand the strong, observed cooling across the Middle Pleistocene Transition from about
1.5 to 0.8 million years ago. During the MPT, glacial-interglacial cycles became longer, stronger
and more asymmetric. Various underlying causes for this transition have been proposed (An et
al., 2024; Clark et al., 2006; Clark et al., 2024; Raymo et al., 2006; Ruddiman et al., 1986;
Tziperman & Gildor, 2003; Willeit et al., 2019) but it appears clear that the strong cooling laid
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the groundwork this for system change by, for example, forcing Northern Hemisphere ice sheet

growth.

We devised a standard-case simulation that reproduces main features of observed global and
regional SST trends over the last 4 million years (Clark et al., 2024), including relatively uniform
global cooling from 4 to 1.5 Ma, followed by accelerated and regionally variable cooling across
the MPT. To match observed SST and atmospheric CO» at 4 Ma, we needed to use a high-end,
climate-sensitivity of 5°C per CO> doubling (See above and Supporting Information). Then
initial, simulated pre-MPT cooling was ultimately forced by an applied, linearly-increasing
weatherability, representing non-temperature-dependent weathering changes from factors like
mountain building. Since weatherability as so defined would not be expected to be climate-
dependent, we applied this same calibrated rate increase across the MPT, explaining part of the
cooling there. To address the remaining MPT cooling and inspired by recent analyses indicating
the importance of Southern Hemisphere processes then (Clark et al., 2024; An et al., 2024), we
considered three Southern Hemisphere forcings: 1. Southern West Wind strength and position,
2. Sea ice and iceberg export from the Antarctic shelf, 3. Southern Ocean dust fertilization and

add as an additional forcing, 4. Northern Hemisphere ice sheet extent.

In the standard case simulation, CO> declined from 400 ppm at 4 Ma to 259 ppm at 1.5 Ma and
then by 0.8 Ma fell to 207.4 ppm, a value in reasonable agreement with ice core results (Bereiter
et al. 2015). There were significant decreases in deep ocean A™C and dissolved oxygen across
the MPT. When combined with modelled CCD shoaling, DIC rise and increasing
homogenization between the Atlantic and Pacific basins, these trends show the development of
an older, carbon-rich, more acidic and more uniform deep water mass, as in reconstructions
(Farmer et al., 2019; Lear et al., 2016; Thomas et al., 2022). This followed a large increase in
Antarctic Bottom Water (AABW) formation across the MPT, initiated by more formation of
denser Antarctic Shelf Water from greater brine rejection due to the prescribed increase in sea
ice and iceberg export from the shelf (Table 1). However, the most of the AABW transport
increase comes from enhanced entrainment of deeper waters as the AABW plume in our gravity
current approach flows down the Antarctic slope. This leads to enhanced deep ocean

recirculation, isolated from the atmosphere, and explains the deep water mass mentioned above
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and, thereby, much of the atmospheric CO» decrease across the MPT that was not explained by

weathering.

The prescribed increase in sea ice and iceberg export from the Antarctic shelf also freshened the
upper Southern Ocean as this ice melted (Figure 5c). Together with less upwelling of relatively-
salty water carried by the Atlantic Meridional Overturning Circulation, due to the prescribed
weaker, equatorward- displaced Southern West Winds, this led to increased upper ocean
stratification and decreased model vertical diffusivity there. Less upward heat transport from
mixing and advection and less air-sea heat exchange from more extensive Southern Ocean sea
ice cover explained much of the observed, amplified Southern Hemisphere SST cooling across
the MPT. Likewise, this combination further trapped carbon in the deep ocean, helping to draw

down atmospheric COs.

Dust fertilization in the Southern Ocean enhanced ocean new production there, thereby
contributing 6-7 ppm to MPT CO: decline for a fertilization doubling, whether applied alone or
together with the other MPT forcings. Our sensitivity studies showed saturation of CO>
drawdown for still more fertilization. This could be explained by the redistribution of ocean
phosphate to deeper layers, tending to self-limit Southern Ocean new production. In addition,
Southern Ocean dust fertilization led to less phosphate in northward-flowing Antarctic
Intermediate Water and, therefore, at intermediate depths in the global ocean. Together with the
vertical redistribution effect, this led to reduced global new production. These results point
toward a more modest role of dust fertilization in CO2 drawdown and global cooling than found

in other work (Martinez-Garcia et al., 2009; Shaffer & Lambert 2018).

Our standard case simulation is able to explain most of the size and structure of observed SST
cooling across the MPT, but some of the cooling remains unaccounted for. Our sensitivity
studies showed that surface albedo increase from more applied equatorward expansion of
Northern Hemisphere ice sheets could help out. However, some of the remaining cooling is
likely explained by other processes and interactions not considered, nor indeed addressable, by
our simplified model. For example, longer, stronger and more asymmetric glacial-interglacial
cycles developed across the MPT with longer glacial and shorter interglacial periods. Mean

temperatures across such cycles would show more cooling because of this asymmetry alone.
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Our analysis underlines the importance of modelling AABW formation in agreement with
observations that show AABW to originate from dense Antarctic Shelf Water, formed by brine-
rejection, and that this precursor flows down the Antarctic slope entraining surrounding water
as it descends into the deep ocean to become AABW (Gordon, 2019; Orsi, et al., 2002). Our
DCESS II model uses a simplified gravity current - entrainment formulation to capture this chain
of events (Fernandez and Shaffer, 2025). Deep recirculation that follows from this formulation
was a key factor in our modelled atmospheric CO, drawdown across the MPT but such deep
recirculation would be missed, or at least misrepresented, in the bulk of Earth system models,
as they rely on deep convection or omit downslope entrainment processes when forming AABW

(Heuzg, 2021).

While much remains for future work on the Middle Pleistocene Transition, our results here
underline the central role that mid- and high latitude, Southern Hemisphere processes play in

ushering in the MPT by forcing strong global and regional cooling across it.
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Text S1. Minor model modifications

In addition to the modifications and improvements described in the main text, a few additional

refinements were applied to the model setup in this study. These are described in the following.

First, to achieve the new equilibrium climate sensitivity of 5 °C per doubling atmospheric COx,
we recalibrate the model atmospheric longwave radiation parameterization by choosing
appropriate values of B and Apj in equations 6 and 7 in Fernandez & Shaffer (2025). Second,
inflow from the Southern Ocean onto the Antarctic continental shelf is now implemented as an
inflow at the shelf edge (500 m depth), rather than as a uniform inflow across the 0 - 500 m
depth range. Third, under non-pre-industrial conditions, the originally fixed total freshwater
forcing of the Southern Ocean shelf from precipitation, calving, and ice melting (F;) is now
taken as a time-dependent function of the annual mean atmospheric freshwater flux crossing 55°

S such that,

Fy(t) = Fyp1 X Fyys5(t) /Fysspi (D

Where F p; is the pre-industrial (PI) total freshwater flux to the Southern Ocean shelf equal to

0.08 Sv (Depoorter et al., 2013; Rignot et al., 2013), slightly higher than 0.07 Sv used in
Fernandez & Shaffer (2015), and F,,55 and F, 55 p; are the time-dependent and the PI model

annual mean atmospheric freshwater fluxes crossing 55° S, respectively.
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Figure S1. Observed depth profile for the Antarctic slope as projected to an axi-symmetric
framework. The profile is used in DCESS II for the Antarctic Bottom Water formation (AABW)
scheme and was calculated using the ETOPOI1 database (Amante & Eakins 2009).
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Figure S2. Sensitivity analysis showing the model response for specific combinations of
northward Ekman transport at 55°S and 35°S (small gray dots), while all other forcings are
applied using their standard case values (Table 1 in the main text). a. Global mean sea surface
temperature (SST), b. Northern Hemisphere (NH) SST, ¢. Southern Hemisphere (SH) SST, d.
Atmospheric CO3, e. and f. Extratropical (35° -55°) SST for NH and SH, respectively. Contour
lines indicate the change in a given property from 1.5 Ma to 0.8 Ma as described in the main
text. 1.5 Ma forcing values are in the lower, left-hand corner. The red dot marks the combination
for the standard MPT simulation at 0.8 Ma. We did not carry out simulations where the forcing
combination exceeds 30 Sv (filled gray area).
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Figure S3. As in Figure S2 but for a. Ocean new production, b. Antarctic Shelf Water (ASW)
production, c. Atlantic Meridional Overturning Circulation (AMOC) strength at 35 °N and d.
AABW production.

86



Global mean SST (°C) Lo NH SST SH SST( C)

TR T

0.8 - 0.8 -

y

. @ T
0.9+

0.8 ]
0.7} 1
0.6

AL RS f' . \\\\

0.7 - 0.7 -

Iceberg export fraction
Iceberg export fraction
Iceberg export fraction

0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.5
Sea-ice export (Sv) Sea-ice export (Sv) Sea ice export (Sv]
Atmospherlc CO; ppm) NH Ex SST (°C) SH Ex SST (°C)
1.0 1.0 — T T T U T T 1.0 rr T T T T
A \ \ {e) \ 3 \
S ool J S ool . . . . . _ £ 09 -
@ - @ . . cL e 8 . . [}
o s osp _ : \ s o8 Cy
g A\ . _-1 g s g AV s
= . B = - = L2 .
Lh) L - U n7F i 1] : & &
o L o o L=
s A . . g . . . . g ool .
E=1 . i=1 o \
g 0-6\ \\\ A\ g gosr L. ) 7 Bosr U \\\\ .
0.5 A \|\ " L L L 1 0.5 L L L 1 s 1 L 1 0.5 LA \I\
0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.5 0.2 0.3

Sea-ice export (Sv) Sea-ice export (Sv) Sea-ice export (Sv)

Figure S4. Sensitivity analysis showing the model response for specific combinations of sea ice
and iceberg export out of the Southern Ocean shelf (small gray dots), while all other forcings
are applied using their standard case values (Table 1 in the main text). a. Global mean sea surface
temperature (SST), b. Northern Hemisphere (NH) SST, ¢. Southern Hemisphere (SH) SST, d.
Atmospheric CO3, e. and f. Extratropical (35° -55°) SST for NH and SH, respectively. Contour
lines indicate the difference in a given property between at 0.8 Ma and 1.5 Ma as described in
the main text. 1.5 Ma forcing values are in the lower, left-hand corner. The red dot marks the
combination for the standard MPT simulation at 0.8 Ma.
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Figure S6. Model property differences from 1.5 Ma to 0.8 Ma as functions of different Southern
Hemisphere new production (NP) efficiency factors, while all other forcings are applied using
their standard case values (Table 1 in the main text). a. Global mean sea surface temperature
(SST), b. atmospheric COz, ¢. - d. Northern and Southern Hemisphere SST, respectively, e. - f.
Northern and Southern Hemisphere Extratropical (35°-55°) SST, respectively, g. Ocean new
production (NP), h. Antarctic Shelf Water (ASW) production, i. Atlantic Meridional
Overturning Circulation (AMOC) strength at 35 °N and j. Antarctic Bottom Water (AABW)
production. The left-hand blue dot is for the 1.5 Ma efficiency factor (0.15). The red dot marks
the value used for the standard MPT simulation at 0.8 Ma, as described in the main text.
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Figure S7. Model property differences between 0.8 Ma and 1.5 Ma as functions of the
equatorward expansion of Northern Hemisphere ice sheets, while all other forcings are applied
using their standard case values (Table 1 in the main text). a. Global mean sea surface
temperature (SST), b. Atmospheric CO2, ¢. - d. Northern and Southern Hemisphere SST,
respectively, e. - f. Northern and Southern Hemisphere Extratropical (35°-55°) SST,
respectively, g. Ocean new production (NP), h. Antarctic Shelf Water (ASW) production, i.
Atlantic Meridional Overturning Circulation (AMOC) strength at 35 °N and j. Antarctic Bottom
Water (AABW) production. The left-hand blue dot is for the 1.5 Ma ice sheet latitude (70°N).
The red dot marks the value used for the standard MPT simulation at 0.8 Ma, as described in
the main text.
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Ocean sector Atlantic Ocean Pacific Ocean

1.5 Ma 0.8 Ma 1.5 Ma 0.8 Ma
65°N-55°N 0.170 0.124 0.045 0.037
55°N-35°N 0.437 0.469 0.301 0.273
35°N-0° 0.430 0.395 1.351 1.084
0°-35°S 0.341 0.300 1.798 1.394
35°S-55°S 0.155 0.196 0.531 0.639

Southern Ocean 55°S-69°S Arctic Ocean 65°N-90°N

0.277 0.251 0.007 0.003

Table S1. Standard case, ocean new ocean production (Gt C yr!) for each ocean sector, 1.5 and
0.8 million years ago (Ma). Enhanced dust fertilization was applied to all ocean sectors south of
35°S (the entire model Southern Ocean) over this period.
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5. DISCUSSION

5.1. A new Earth System Model

A new Earth System model of intermediate complexity, DCESS II (Fernandez and Shaffer,
2025), has been described and tested which was calibrated to pre-industrial time. For this
relatively simple model, efforts were made to limit the number of free parameters and to
constrain their values as much as possible using observations. At the end of this process, despite
model limitations, an excellent agreement with available modern observation was found. When
compared with results from its predecessor (DCESS I, Shaffer et al., 2008), a number of

improvements in this new model stand out, as described below.

The implementation of key features of the physical components of the model, like improved
horizontal resolution, a simplified dynamical scheme for large-scale ocean circulation,
stratification-dependent vertical diffusion, a gravity current approach to the formation of
Antarctic Bottom Water (AABW) and a dynamical formulation for sea ice, have helped to
achieve a good agreement with observed data like atmospheric heat and water vapor transport
and ocean temperature and salinity distributions, not possible using the previous version of the
model. These improvements, together with updates in ocean biogeochemistry such as light
dependence of the surface new (export) production of organic matter, dependence on the calcite
saturation state for the biogenic carbonate production and local temperature dependence on
organic matter remineralization, resulted in accurate model representations of ocean
biogeochemical tracers, highlighted by excellent model-data agreement with regard to marine
carbon cycle species. This agreement was well beyond that achieved with DCESS 1, in particular
with respect to *C. Furthermore, the incorporation of a new land biosphere module including
three different vegetation types and a light-atmospheric CO2 dependence on net primary
production on land, as well as ocean sediment and lithosphere modules applied to multiple ocean
and land sectors, makes results of the new model much more amenable to comparison with data
than is the case for its predecessor. All the above improvements help make the DCESS II model
an excellent yet economical tool for studying and gaining short- as well as long-term

understanding of the global carbon cycle.
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In order to explore and test the model performance, two simple experiments were conducted. In
the first experiment the model was forced in a way that emulates the role of the Southern
Hemisphere Westerly Winds (SWW) in large-scale ocean circulation. In the second experiment,
a freshwater pulse onto the shelf surrounding Antarctica was introduced to mimic the effect of
Antarctic ice sheet melt. In both experiments, model results showed important physical and
biogeochemical changes in the ocean, driving perturbations in the global carbon cycle. These
experiments served to demonstrate how the model captures the global role that SWW and
AABW play in the Earth system. Furthermore, the first experiment supports the role of Southern
Hemisphere westerly winds in modulating glacial-interglacial atmospheric carbon dioxide
variations, while the second experiment points to the impact that future Antarctic ice sheet

melting would have on the formation of AABW and on the deep global ocean in general.

The development and calibration of the DCESS II model, as described in Ferndndez and Shaffer
(2025), have also set the stage for future work. For example, coupling of the model to an
Antarctic ice sheet (AIS) model will provide a more realistic Earth system simulations,
especially when compared to the idealized second experiment. For this work, an extended and
improved version of the simple, well-tested DAIS model (Shaffer, 2014) would be used. In
another example, planned incorporation of methane, nitrogen and sulfur cycles into a next
DCESS II update will significantly improve its ability to deal realistically with deep-time global
warming events associated with massive carbon inputs to the Earth system. Under such
conditions, suboxic/anoxic ocean conditions may arise, leading, for example, to denitrification
and sulfate reduction that must be addressed in such an update. Groundwork for this step has
already been done in as much as these global biogeochemical cycles and suboxic/anoxic
processes have been incorporated into the DCESS I model (Shaffer et al., 2017). Finally, other
potential model applications include the study of different global climatic events like
Dansgaard-Oeschger oscillations or longer climatic events like the Eocene-Oligocene transition
or even the assessment of deep-time mass extinction events by taking advantage of the relatively
simplicity of the model for setting proper boundary conditions like orbital forcing and

continental distribution.
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5.2.The Middle Pleistocene Transition

The newly-developed Earth System model of intermediate complexity DCESS II (Fernandez et
al., 2025), was applied to better understand the strong, observed cooling across the Middle
Pleistocene Transition (MPT) from about 1.5 to 0.8 million years ago (Ma). During the MPT,
glacial-interglacial cycles became longer, stronger and more asymmetric. Various underlying
causes for this transition have been proposed (An et al., 2024; Clark et al., 2006; Clark et al.,
2024; Raymo et al., 2006; Ruddiman et al., 1986; Tziperman and Gildor, 2004; Willeit et al.,
2019) but it appears clear that the strong cooling laid the groundwork this for system change by,

for example, forcing Northern Hemisphere ice sheet growth.

In order to explain the cooling across the MPT and inspired by recent analyses indicating the
importance of Southern Hemisphere processes then (Clark et al., 2024; An et al., 2024), three
Southern Hemisphere forcings were proposed: F1. Southern West Wind strength and position,
F2. Sea ice and iceberg export from the Antarctic shelf, F3. Southern Ocean dust fertilization,

to which an additional forcing was added: F4. Northern Hemisphere ice sheet extent.

To match observed SST and atmospheric CO> at 4 Ma, a high-end, climate-sensitivity of 5°C
per doubling CO> was needed. Then initial, simulated pre-MPT cooling was ultimately forced
by an applied, linearly-increasing weatherability, representing non-temperature-dependent
weathering changes from factors like mountain building. Since weatherability as so defined
would not be expected to be climate-dependent, we applied this same calibrated rate increase
across the MPT, explaining part of the cooling there. The remaining MPT cooling was addressed

by the proposed forcings F1, F2, F3 and F4.

The standard-case simulation reproduced main features of observed global and regional SST
trends over the last 4 million years (Clark et al., 2024), including relatively uniform global
cooling from 4 to 1.5 Ma, followed by accelerated and regionally variable cooling across the
MPT. Furthermore, model results indicated that by the end of the MPT (0.8 Ma), the CO- decline
was consistent with ice core records (Bereiter et al., 2015). Moreover, considering several
carbon-related ocean model properties, modelled results indicated the development of an older,
carbon-rich, more acidic and more uniform deep-water mass, as in reconstructions (Farmer et

al., 2019; Lear et al., 2016; Thomas et al., 2022). This followed a large increase in AABW
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formation across the MPT, initiated by more formation of denser Antarctic Shelf Water from
greater brine rejection due to the prescribed increase in sea ice and iceberg export from the shelf.
However, the most of the AABW transport increase came from the enhanced entrainment of
deeper waters as the AABW plume in the model’s gravity current approach flows down the
Antarctic slope. This led to enhanced deep ocean recirculation, isolated from the atmosphere,
and explained the deep-water mass mentioned above and, thereby, much of the atmospheric CO>

decrease across the MPT that was not explained by weathering.

The prescribed increase in sea ice and iceberg export from the Antarctic shelf also freshened the
upper Southern Ocean as this ice melted. Together with less upwelling of relatively-salty water
carried by the Atlantic Meridional Overturning Circulation, due to the prescribed weaker,
equatorward-displaced Southern West Winds, this led to increased upper ocean stratification and
decreased model vertical diffusivity there. Less upward heat transport from mixing and
advection and less air-sea heat exchange from more extensive Southern Ocean sea ice cover
explained much of the observed, amplified Southern Hemisphere SST cooling across the MPT.
Likewise, this combination further trapped carbon in the deep ocean, helping to draw down

atmospheric CO».

In order to isolate the effects of each forcing, additional MPT simulations were carried out.
Although each forcing produced distinct magnitudes and patterns of SST cooling, interactions
among them are essential for reproducing the standard case cooling. Moreover, sensitivity
studies varying each forcing in plausible ranges, showed interesting Earth System property
responses and would allow tuning of the model for an improved fit to observed SST drops across

the MPT.

The standard case simulation was able to explain most of the size and structure of observed SST
cooling across the MPT, however, some of the remaining cooling is likely explained by other
processes and interactions not considered, nor indeed addressable, by the new simplified model.
For example, longer, stronger and more asymmetric glacial-interglacial cycles developed across
the MPT with longer glacial and shorter interglacial periods. Mean temperatures across such

cycles would show more cooling because of this asymmetry alone.

The results shown in section 4.2 underline the importance of modelling AABW formation in

agreement with observations. The new DCESS II model uses a simplified gravity current-
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entrainment formulation to capture in a realistic way how AABW is formed. Deep recirculation
that follows from this formulation was a key factor in the modelled atmospheric CO2 drawdown
across the MPT, but such deep recirculation would be missed, or at least misrepresented, in the
bulk of Earth system models, as they rely on deep convection or omit downslope entrainment

processes when forming AABW (Heuzg, 2021).

While much remains for future work on the Middle Pleistocene Transition, the results here
underline the central role that mid- and high latitude, Southern Hemisphere processes play in

ushering in the MPT by forcing strong global and regional cooling across it.
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6. CONCLUSIONS

Based on the results presented in Sections 4.1 and 4.2, it can be concluded that:

e A simple and fast new Earth system model of intermediate complexity has been presented,
validated and tested intended to be a flexible, comprehensive and economical Earth system
modelling platform. Despite its limitations, the model represents most Earth system
components quite well, especially the global-scale carbon cycle. Due to its simplicity, it
could be easily modified in terms of boundary conditions to address specific past epochs.
Thus, DCESS II has proven to be a useful tool for studies of past, present and future global
change on timescales of years to millions of years while not needing substantial

computational resources.

e  When DCESS II model was applied to study the period from 4 Ma to 0.8 Ma, the model
was able to reproduce the long-term cooling trend from 4 Ma to 1.5 Ma, as well as the
stronger cooling associated to the Middle Pleistocene Transition occurring between 1.5 Ma
and 0.8 Ma. The first mechanism involved a non-climate-dependent factor, such as
enhanced weathering rates, particularly from orogenic activity (e.g., mountain building).
For the latter, proposed mid- and high-latitude Southern Hemisphere forcings explained
much of the cooling across de MPT. However, the results highlight the importance of the

combined interactions among the forcings for producing the observed cooling.
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