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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 II, 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 I 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 (12,13C 

isotopes), carbon dioxide (12,13,14C isotopes) and atmospheric oxygen. For the ocean module, 

tracers are conservative temperature, absolute salinity, water 18O, phosphate, dissolved inorganic 

carbon (12,13,14C 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 (CO2). 

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 



xi 
 

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 II, 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 

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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RESUMEN 

Ciclos glaciales-interglaciales incrementaron duración de 41 a 100 mil años durante la 

Transición del Pleistoceno Medio (MPT) alrededor de 1.5 a 0.8 millones de años atrás sin 

mayores cambios en el forzamiento orbital característico. apuntando a explicaciones en términos 

de propiedades y retroalimentaciones del sistema Tierra. Esto ocurrió junto con un fuerte 

enfriamiento global después de varios millones de años de enfriamiento más débil. Tal 

enfriamiento durante MPT probablemente sentó las bases para ciclos glaciales más largos, por 

ejemplo, favoreciendo el crecimiento de mantos de hielo en el Hemisferio Norte (HN). Aquí, 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 II, que se basa, mejora y amplía el modelo llamado Danish Center for Earth System 

Science (DCESS I). DCESS II tiene una resolución espacial considerablemente mayor que 

DCESS I, al tiempo que mantiene la resolución vertical de 100 m en el océano. Contiene 

módulos para la atmósfera, el océano, los sedimentos marinos, la biósfera terrestre y la litósfera, 

y está diseñado para llevar cabo simulaciones de cambio global en escalas de años a millones 

de años sin la utilización de grandes recursos computacionales. Los trazadores del módulo 

atmosférico son temperatura, óxido nitroso, metano (con isótopos 12,13C), dióxido de carbono 

(con isótopos 12,13,14C) y oxígeno atmosférico. Para el módulo oceánico, los trazadores son 

temperatura conservativa, salinidad absoluta, 18O del agua de mar, fosfato, carbono inorgánico 

disuelto (con isótopos 12,13,14C), alcalinidad y oxígeno disuelto. Además, el módulo de océano 

considera un esquema dinámico simplificado para la circulación meridional de gran escala y la 

dinámica del hielo marino, la difusión vertical es dependiente de la estratificación, un enfoque 

de corriente de gravedad para la formación del agua de fondo Antártica y mejoras en la 

biogeoquímica del océano. DCESS II tiene 2 hemisferios con seis sectores atmosféricos 

promediadas zonalmente y 12 sectores oceánicos distribuidos entre el Océano Índico-Pacífico, 

Atlántico, Ártico y Austral. Se ha implementado un nuevo esquema ampliado de la biósfera 

terrestre que considera tres tipos diferentes de vegetación, en el que la producción primaria neta 

depende de la luz solar y el dióxido de carbono atmosférico (CO2). Las formulaciones del 
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modelo de sedimento y litósfera se adoptan de DCESS I, pero ahora aplicados a las múltiples 

regiones oceánicas y terrestres del nuevo modelo. 

La calibración del modelo se llevó 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 calibración 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 forzó 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 Antártica sobre la plataforma continental 

del Océano Austral. Los cambios en la circulación oceánica y en el ciclo global del carbono 

coinciden con resultados de modelos mucho más complejos. Por lo tanto, consideramos que 

DCESS II es una herramienta útil y fácil de usar para realizar simulaciones de climas pasado, 

así como también para proyecciones del sistema terrestre. 

Cuando el nuevo modelo de Sistema Tierra, DCESS II, es usado para estudiar la Transición del 

Pleistoceno Medio (MPT), se proponen cuatro forzamientos de manera de explicar el fuerte 

enfriamiento global observado a través de MPT: 1. Intensidad y posición de los vientos del oeste 

en el HS, 2. Exporte de hielo marino y icebergs desde la plataforma Antártica, 3. Fertilización 

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 Antártica, 

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 

recirculación en el océano profundo, lo que condujo al aislamiento de éste, al almacenamiento 

de carbono y a la disminución de CO2 en la atmósfera. La fertilización con hierro impulsada por 

el polvo reforzó aún más este almacenamiento y reducción, mientras que el crecimiento de la 

capa de hielo en el HN contribuyó principalmente al enfriamiento regional, al tiempo que 

promovió la reducción de la biomasa terrestre que libera CO2 a la atmósfera.
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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 (CO2), 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 CO2 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 
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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 (CaCO3), 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 (pCO2) of 

the surface waters, thus also lowering atmospheric CO2. 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 

CO2 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, CaCO3 predominantly 

accumulates in open-ocean sediments, where about half of the CaCO3 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 CaCO3. 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 
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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 CO2 from the atmosphere at a rate that increases with atmospheric pCO2 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 CO₂ 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 CaCO3. 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 
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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, 13C-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 δ18O that reflects a combination of local water temperature and 18O 

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 

CO2 (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 δ18O record in gray with 400 kyr 

running average in blue (1 kyr = 1,000 years). (B) Proxy and ice-core CO2 data. (C) Global Sea 

Surface Temperature (SST) change (light blue with 1σ uncertainty and long-term averaged in 

dark blue) referenced to the pre-industrial (PI). (D) Global mean surface temperature changes 

(red with 1σ uncertainty and long-term average in blue) referenced to the PI. 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 δ18O 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. 
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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 CO2 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 

et al., 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 (Fernández 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. 
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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 CO2 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 II, evaluating potential climate forcings in order to explain the observed 

global cooling during this transition period. 
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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. 

 

 

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 
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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). 

 

 

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 (12,13C isotopes), 

carbon dioxide (12,13,14C 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 (O2), dissolved inorganic carbon (DIC) in 12,13,14C species, alkalinity (ALK), 

and sea-water oxygen-18 (δ18Ow). 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 O2 

and pore-water CO3
2-

 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, O2, 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 (12,13,14C isotopes) reservoirs for leaves, wood, litter and soil. 

Net primary production on land takes up atmospheric CO2 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 12,13,14CO2 and N2O. Emissions 

of 12,13,14CH4 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 (Q10). 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 

Fernández and Shaffer (2025), taking the pre-industrial time as the baseline with a climate 

sensitivity of 3°C per doubling atmospheric CO2. 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 Fernández 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 CO2. 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 Q10 (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 CO2 

concentration of 400 ppm, as indicated by proxy reconstructions (Bartoli et al., 2011; Köhler, 

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 (Fernández 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 II, 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 I 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 (12,13C isotopes), carbon dioxide (12,13,14C isotopes) and atmospheric 

oxygen. For the ocean module, tracers are conservative temperature, absolute salinity, water 

18O, phosphate, dissolved inorganic carbon (12,13,14C 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 

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

• Changes in Southern West Winds and Antarctic shelf sea ice and iceberg export explain 

much of the strong cooling across the MPT.  

• Strong, MPT deep recirculation from entrainment into AABW on the Antarctic slope 

forms a deep, isolated, carbon-rich ocean water mass. 

• 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 CO2 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 δ¹⁸O 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 1a). 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. 

 

Figure 1. Sea surface temperature (SST) 

over the past 4 Myr. A. Global mean, b. 

Northern (blue) and Southern (red) 

hemisphere means, c. Extra-tropical, 

Northern (blue) and Southern (red) 

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 

1940 to 1970; extra-tropical data is from 

35 – 55°. Thin lines are 1 kyr resolution 

results; thick lines are 400 kyr running 

means. Vertical dashed lines mark the 

MPT range used here (1.5 to 0.8 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, 
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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 (Fernández & 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 CO2. 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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(12,13C isotopes), carbon dioxide (12,13,14C isotopes) and atmospheric oxygen. Tracers included 

in the ocean module are conservative temperature, absolute salinity, water 18O, phosphate, 

dissolved inorganic carbon (12,13,14C 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 II 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 (Δρ) 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, Δρ, 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 (Fernández & Shaffer, 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 CO2 

concentration to be 400 ppm then (Bartoli et al., 2011; Köhler, 2023, LaRiviere et al., 2012; 

Sosdian et al., 2018). For this CO2 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 (Fernández & 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(𝑡) = fwth(𝑡) × 𝑄10

(𝑇𝑎(𝑡)−𝑇𝑎,ref)/10
× 𝑊0                                                                                     (1) 

 

where W is the weathering rate, t is time in myr, 𝑊0 is W at 4 Ma, 𝑇𝑎(𝑡) is the mean atmosphere 

temperature, 𝑇𝑎,ref is 𝑇𝑎 at 4 Ma, 𝑄10 is the weathering increase for a 10°C increase in 𝑇𝑎, 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 Fernández and Shaffer 

(2025) for the PI case with 𝑄10 = 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 𝑄10 = 1.5 and fwth(𝑡)  =  1 + 0.0687 × 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 (Fernández & 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. 

 
4 to 1.5 Ma 1.2 Ma 0.8 to 0 Ma 

Weatherability factor (fwth) 1 to 1.172 1.193 1.22 

Northward Ekman transport at 55°S, 35°S 

(Ekman) 
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 

production limitation factor (LfSO) 
0.15 0.165 0.3 

Latitude of Northern Hemisphere Ice 

sheet extent (fgNH) 
70°N 68.85°N 58.5°N 

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. 

 

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 



61 
 

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. 

Northern Hemisphere (NH), 

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 CO2 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 CO2 decline (Figure 3f). The modelled, pre-MPT cooling (Figure 2) is forced by 

the combined effect of greenhouse gas reductions in CO₂, CH₄, and N₂O (Figure 3b,d) along 

with increased surface albedo from expanding snow and sea ice cover (Figure 3c) and land 

biosphere changes. Less air-sea gas exchange from expanding sea ice cover explains the Δ14C 

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-3 (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 O2 (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 (Pälike 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-3 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.  

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 CO2 

concentration, c. 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. Δ14C at 4000 m 

depth of Atlantic and 

Pacific, 0 - 35°N model 

sectors. Values calculated 

with atmospheric Δ14C held 

at 0 ‰, h. Carbonate 

Compensation Depth for 

Atlantic and Pacific, 0 - 

35°N model sectors, i. 

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, 106 

m3/s), and l. 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-1, 0.0924 GtC yr-1, 0.0228 GtC yr-1 and 0.00122 GtP yr-1, 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 CO2 

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 CO2 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 CO2 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-1
, limited in part by more extensive ice 

cover there (Figure 3c). This gain outweighed by more substantial declines of 0.75 GtC yr-1 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 CO2 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 Δ¹⁴C 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 3l). This 

apparent contradiction can be explained with the help of simulation results in Figure 4. 

 

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 c. 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 Δ¹⁴C 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 

CO₂, and through air-sea gas exchange, contributes to atmospheric CO₂ drawdown. At the same 

time, combined carbon inputs from deep remineralization and CaCO3 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 

Figure 5. Standard case model property 

changes in the high southern latitude 

ocean from 2 to 0.5 Ma. a. Antarctic 

shelf salinity as well as b. Temperature 

(°C), c. Salinity and d. Vertical 

diffusivity (10-5 m2/s) changes in the 

upper 1000 m of the 55° - 69°S model 

sector. 

 

water, as has been inferred for the MPT 

from benthic δ18O data (Kender et al., 

2018). Northward, near surface heat 

transport associated with this cell likely 

explains the simulated northward retreat 

of the North Pacific sea ice edge at the 

end of the MPT (Figure 3c).  

Our prescribed increase in sea ice and 

iceberg export from the Antarctic shelf 

across the MPT not only raises shelf 

salinity by way of brine rejection (Figure 
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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 (Figure1b,c). Likewise, these changes severely narrow the 

Southern Ocean “window” to the atmosphere, helping to trap CO2 in the ocean and draw down 

atmospheric CO2. 

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.  

 

Figure 6. Comparison 

of modelled to observed 

SST change from 1.5 to 

0.8 Ma including model 

results for individual 

forcings listed in Table 

1. Ekman, Fice/fSO, 

LfSO and fgNH results 

are changes relative to 

the weathering-only 

simulation for 

simulations forced by 

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 CO₂ 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, CO₂-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 CO2 exchange in the upper SO, due to enhanced upper ocean stratification and reduced  

Figure 7. Comparison 

of modelled to 

observed property 

change from 1.5 to 0.8 

Ma including model 

results for individual 

processes (listed in 

Table 1). Properties 

considered are 

atmospheric CO2, 

ocean new production 

(NP), Atlantic 

Meridional 

Overturning Current (AMOC) strength at 35°N, northward sea ice extent in the Southern Ocean, 

Antarctic Shelf Water (ASW) production and Antarctic Bottom Water (AABW) production. The 

results are changes relative to the weathering-only simulation for simulations forced by 

weathering and each specific process. Sum and Std as in Figure 6. All results are for 400 kyr 

running means, here normalized to a value of 1 for Std results (Std property values are also 

shown). 
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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 CO2 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 CO2 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 CO2 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 CO₂ 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 CO2 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 CO2 at 4 Ma, we needed to use a high-end, 

climate-sensitivity of 5°C per CO2 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, CO2 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 Δ¹⁴C 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 CO2 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 CO2. 

Dust fertilization in the Southern Ocean enhanced ocean new production there, thereby 

contributing 6-7 ppm to MPT CO₂ decline for a fertilization doubling, whether applied alone or 

together with the other MPT forcings. Our sensitivity studies showed saturation of CO2 

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 (Fernández and Shaffer, 2025). Deep recirculation that follows from this formulation 

was a key factor in our 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 

(Heuzé, 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. 

 

Acknowledgments 

This research was supported by Fondecyt grant 1230534 from the Chilean Agencia Nacional de 

Investigación y Desarrollo (ANID). There are no conflicts of interest. 

Open Research 

The DCESS II model code used in this study is available at 

https://doi.org/10.5281/zenodo.16573050. This version reproduces our standard MPT 

simulation. For the additional experiments (e.g., sensitivity tests), see the accompanying 

README.txt at this site for configuration instructions. 

 

References 

Abe-Ouchi, A., Saito, F., Kawamura, K., Raymo, M. E., Okuno, J. I., Takahashi, K., & Blatter, 

H. (2013). Insolation-driven 100,000-year glacial cycles and hysteresis of ice-sheet volume. 

Nature, 500(7461), 190-193. https://doi.org/10.1038/nature12374. 



74 
 

Amante, C., & Eakins, B. W. (2009). ETOPO1 arc-minute global relief model: : Procedures, 

Data Sources and Analysis. NOAA Technical Memorandum NESDIS NGDC-24 [dataset]. 

National Geophysical Data Center, NOAA. https://doi.org/10.7289/V5C8276M. 

An, Z., Zhou, W., Zhang, Z., Zhang, X., Liu, Z., Sun, Y., et al. (2024). Mid-Pleistocene climate 

transition triggered by Antarctic Ice Sheet growth. Science, 385(6708), 560-565. 

https://doi.org/10.1126/science.abn4861.  

Ao, H., Rohling, E. J., Li, X., Song, Y., Roberts, A. P., Han, Y., et al. (2023). Northern 

hemisphere ice sheet expansion intensified Asian aridification and the winter monsoon across 

the mid-Pleistocene transition. Communications Earth & Environment, 4(36). 

https://doi.org/10.1038/s43247-023-00686-9. 

Anderson, R. F., Ali, S., Bradtmiller, L. I., Nielsen, S. H. H., Fleisher, M. Q., Anderson, B. E., 

& Burckle, L. H. (2009). Wind-Driven upwelling in the Southern Ocean and the deglacial rise 

in atmospheric CO2. Science, 323(5920), 1443-1448. https://doi.org/10.1126/science.1167441. 

Baines, P. G. (2005). Mixing regimes for the flow of dense fluid down slopes into stratified 

environments. Journal of Fluid Mechanics, 538, 245-267. 

https://doi.org/10.1017/S0022112005005434. 

Baines, P. G. (2008). Mixing in downslope flows in the ocean - plumes versus gravity currents. 

Atmosphere-Ocean, 46(4), 405-419. https://doi.org/10.3137/ao.460402. 

Bartoli, G., Hönisch, B., & Zeebe, R. E. (2011). Atmospheric CO2 decline during the Pliocene 

intensification of Northern Hemisphere glaciations. Paleoceanography, 26(4), PA4213. 

https://doi.org/10.1029/2010PA002055. 

Batchelor, C. L., Margold, M., Krapp, M., Murton, D. K., Dalton, A. S., Gibbard, P. L., et al. 

(2019). The configuration of Northern Hemisphere ice sheets through the Quaternary. Nature 

Communications, 10(3713). https://doi.org/10.1038/s41467-019-11601-2. 

Bayon, G., Patriat, M., Godderis, Y., Trinquier, A., De Deckker, P., Kulhanek, D. K., et al. 

(2023). Accelerated mafic weathering in Southeast Asia linked to late Neogene cooling. Science 

Advances, 9(13), eadf3141. https://doi.org/10.1126/sciadv.adf3141. 

https://doi.org/10.7289/V5C8276M
https://doi.org/10.1126/science.abn4861
https://doi.org/10.1038/s43247-023-00686-9
https://doi.org/10.1126/science.1167441
https://doi.org/10.1017/S0022112005005434
https://doi.org/10.3137/ao.460402
https://doi.org/10.1029/2010PA002055
https://doi.org/10.1038/s41467-019-11601-2
https://doi.org/10.1126/sciadv.adf3141


75 
 

Bereiter, B., Eggleston, S., Schmitt, J., Nehrbass-Ahles, C., Stocker, T. F., Fischer, H., et al. 

(2015). Revision of the EPICA Dome C CO2 record from 800 to 600 kyr before present. 

Geophysical Research Letters, 42(2), 542-549. https://doi.org/10.1002/2014GL061957. 

Berends, C. J., Köhler, P., Lourens, L. J., & Van De Wal, R. S. W. (2021). On the Cause of the 

Mid‐Pleistocene Transition. Reviews of Geophysics, 59, e2020RG000727. 

https://doi.org/10.1029/2020RG000727. 

Berger, A., & Loutre, M. F. (1991). Insolation values for the climate of the last 10 million years. 

Quaternary Science Reviews, 10(4), 297-317. https://doi.org/10.1016/0277-3791(91)90033-Q. 

Bintanja, R., & Van De Wal, R. S. W. (2008). North American ice-sheet dynamics and the onset 

of 100,000-year glacial cycles. Nature, 454(7206), 869-872. 

https://doi.org/10.1038/nature07158. 

Clark, P. U., Archer, D., Pollard, D., Blum, J. D., Rial, J. A., Brovkin, V., et al. (2006). The 

middle Pleistocene transition: characteristics, mechanisms, and implications for long-term 

changes in atmospheric pCO2. Quaternary Science Reviews, 25(23), 3150-3184. 

https://doi.org/10.1016/j.quascirev.2006.07.008. 

Clark, P. U., & Pollard, D. (1998). Origin of the Middle Pleistocene Transition by ice sheet 

erosion of regolith. Paleoceanography, 13(1), 1-9. https://doi.org/10.1029/97PA02660. 

Clark, P. U., Shakun, J. D., Rosenthal, Y., Köhler, P., & Bartlein, P. J. (2024). Global and regional 

temperature change over the past 4.5 million years. Science, 383(6685), 884-890. 

https://doi.org/10.1126/science.adi1908. 

Depoorter, M. A., Bamber, J. L., Griggs, J. A., Lenaerts, J. T. M., Ligtenberg, S. R. M., Van Den 

Broeke, M. R., & Moholdt, G. (2013). Calving fluxes and basal melt rates of Antarctic ice 

shelves. Nature, 502(7469), 89-92. https://doi.org/10.1038/nature12567. 

Elderfield, H., Ferretti, P., Greaves, M., Crowhurst, S., McCave, I. N., Hodell, D., & Piotrowski, 

A. M. (2012). Evolution of ocean temperature and Ice volume through the Mid-Pleistocene 

Climate Transition. Science, 337(6095), 704-709. https://doi.org/10.1126/science.1221294. 

https://doi.org/10.1002/2014GL061957
https://doi.org/10.1029/2020RG000727
https://doi.org/10.1016/0277-3791(91)90033-Q
https://doi.org/10.1038/nature07158
https://doi.org/10.1016/j.quascirev.2006.07.008
https://doi.org/10.1029/97PA02660
https://doi.org/10.1126/science.adi1908
https://doi.org/10.1038/nature12567
https://doi.org/10.1126/science.1221294


76 
 

Farmer, J. R., Hönisch, B., Haynes, L. L., Kroon, D., Jung, S., Ford, H. L., et al. (2019). Deep 

Atlantic ocean carbon storage and the rise of 100,000-year glacial cycles. Nature Geoscience, 

12(5), 355-360. https://doi.org/10.1038/s41561-019-0334-6. 

Fedorov, A. V., Brierley, C. M., Lawrence, K. T., Liu, Z., Dekens, P. S., & Ravelo, A. C. (2013). 

Patterns and mechanisms of early Pliocene warmth. Nature, 496(7443), 43-49. 

https://doi.org/10.1038/nature12003.  

Fedorov, A. V., Burls, N. J., Lawrence, K. T., & Peterson, L. C. (2015). Tightly linked zonal and 

meridional sea surface temperature gradients over the past five million years. Nature 

Geoscience, 8(12), 975-980. https://doi.org/10.1038/ngeo2577. 

Fernández Villanueva, E., & Shaffer, G. (2025). Presentation, calibration and testing of the 

DCESS II Earth system model of intermediate complexity (version 1.0). Geoscientific Model 

Development, 18(7), 2161-2192. https://doi.org/10.5194/gmd-18-2161-2025. 

Gordon, A. L. (2019). Bottom Water Formation. In J. K. Cochran, H. J. Bokuniewicz, & P. L. 

Yager (Eds.), Encyclopedia of Ocean Sciences (Third Edition) (pp. 120-126). Oxford: Academic 

Press. https://doi.org/10.1016/B978-0-12-409548-9.04019-7. 

Haumann, F. A., Gruber, N., Münnich, M., Frenger, I., & Kern, S. (2016). Sea-ice transport 

driving Southern Ocean salinity and its recent trends. Nature, 537(7618), 89-92. 

https://doi.org/10.1038/nature19101. 

Herbert, T. D. (2023). The Mid-Pleistocene Climate Transition. Annual Review of Earth and 

Planetary Sciences, 51, 389-418. https://doi.org/10.1146/annurev-earth-032320-104209. 

Heuzé, C. (2021). Antarctic Bottom Water and North Atlantic Deep Water in CMIP6 models. 

Ocean Science, 17(1), 59-90. https://doi.org/10.5194/os-17-59-2021. 

Heywood, K. J., Schmidtko, S., Heuzé, C., Kaiser, J., Jickells, T. D., Queste, B. Y., et al. (2014). 

Ocean processes at the Antarctic continental slope. Philosophical Transactions of the Royal 

Society A: Mathematical, Physical and Engineering Sciences, 372, 20130047. 

https://doi.org/10.1098/rsta.2013.0047. 

https://doi.org/10.1038/s41561-019-0334-6
https://doi.org/10.1038/nature12003
https://doi.org/10.1038/ngeo2577
https://doi.org/10.5194/gmd-18-2161-2025
https://doi.org/10.1016/B978-0-12-409548-9.04019-7
https://doi.org/10.1038/nature19101
https://doi.org/10.1146/annurev-earth-032320-104209
https://doi.org/10.5194/os-17-59-2021
https://doi.org/10.1098/rsta.2013.0047


77 
 

Hodell, D. A., & Channell, J. E. T. (2016). Mode transitions in Northern Hemisphere glaciation: 

co-evolution of millennial and orbital variability in Quaternary climate. Climate of the Past, 

12(9), 1805-1828. https://doi.org/10.5194/cp-12-1805-2016. 

Köhler, P. (2023). Atmospheric CO2 concentration based on boron isotopes versus simulations 

of the global carbon cycle during the Plio‐Pleistocene. Paleoceanography and 

Paleoclimatology, 38(2), e2022PA004439. https://doi.org/10.1029/2022PA004439. 

Lamy, F., Gersonde, R., Winckler, G., Esper, O., Jaeschke, A., Kuhn, G., et al. (2014). Increased 

dust deposition in the Pacific Southern Ocean during glacial periods. Science, 343(6169), 403-

407. https://doi.org/10.1126/science.1245424. 

LaRiviere, J. P., Ravelo, A. C., Crimmins, A., Dekens, P. S., Ford, H. L., Lyle, M., & Wara, M. 

W. (2012). Late Miocene decoupling of oceanic warmth and atmospheric carbon dioxide 

forcing. Nature, 486(7401), 97-100. https://doi.org/10.1038/nature11200. 

Lear, C. H., Billups, K., Rickaby, R. E. M., Diester-Haass, L., Mawbey, E. M., & Sosdian, S. 

M. (2016). Breathing more deeply: Deep ocean carbon storage during the mid-Pleistocene 

climate transition. Geology, 44(12), 1035-1038. https://doi.org/10.1130/G38636.1 

Lisiecki, L. E., & Raymo, M. E. (2005). A Pliocene‐Pleistocene stack of 57 globally distributed 

benthic δ18O records. Paleoceanography, 20, PA1003. https://doi.org/10.1029/2004PA001071. 

Martin, P. E., Macdonald, F. A., Mcquarrie, N., Flowers, R. M., & Maffre, P. J. Y. (2023). The 

rise of New Guinea and the fall of Neogene global temperatures. Proceedings of the National 

Academy of Sciences, 120(40), e2306492120. https://doi.org/10.1073/pnas.2306492120. 

Martínez‐Garcia, A., Rosell‐Melé, A., Geibert, W., Gersonde, R., Masqué, P., Gaspari, V., & 

Barbante, C. (2009). Links between iron supply, marine productivity, sea surface temperature, 

and CO2 over the last 1.1 Ma. Paleoceanography, 24, PA1207. 

https://doi.org/10.1029/2008PA001657. 

Martinez-Grcia, A., Rosell‐Melé, A., Jaccard, S. L., Sigman, D. M. & Haug, G. H. (2011). 

Southern Ocean dust-climate coupling over the past four million years. Nature, 476, 312-315. 

https://doi.org/10.1038/nature10310. 

https://doi.org/10.5194/cp-12-1805-2016
https://doi.org/10.1029/2022PA004439
https://doi.org/10.1038/nature11200
https://doi.org/10.1130/G38636.1
https://doi.org/10.1029/2004PA001071
https://doi.org/10.1073/pnas.2306492120
https://doi.org/10.1029/2008PA001657
https://doi.org/10.1038/nature10310


78 
 

Medina-Elizalde, M., & Lea, D. W. (2005). The Mid-Pleistocene Transition in the Tropical 

Pacific. Science, 310(5750), 1009-1012. https://doi.org/10.1126/science.1115933. 

Nicholls, K. W., Østerhus, S., Makinson, K., Gammelsrød, T., & Fahrbach, E. (2009). Ice‐ocean 

processes over the continental shelf of the southern Weddell Sea, Antarctica: A review. Reviews 

of Geophysics, 47(3), RG3003. https://doi.org/10.1029/2007RG000250. 

Orsi, A. H., Smethie Jr., W. M., & Bullister, J. L. (2002). On the total input of Antarctic waters 

to the deep ocean: A preliminary estimate from chlorofluorocarbon measurements. Journal of 

Geophysical Research, 107(C8). https://doi.org/10.1029/2001JC000976. 

Pälike, H., Lyle, M. W., Nishi, H., Raffi, I., Ridgwell, A., Gamage, K., et al. (2012). A Cenozoic 

record of the equatorial Pacific carbonate compensation depth. Nature, 488(7413), 609-614. 

https://doi.org/10.1038/nature11360. 

Raymo, M. E., Lisiecki, L. E., & Nisancioglu, K. H. (2006). Plio-Pleistocene ice volume, 

Antarctic climate, and the global δ18O record. Science, 313(5786), 492-495. 

https://doi.org/10.1126/science.1123296. 

Rignot, E., Jacobs, S., Mouginot, J., & Scheuchl, B. (2013). Ice-shelf melting around Antarctica. 

Science, 341(6143), 266-270. https://doi.org/10.1126/science.1235798. 

Rohling, E. J., Yu, J., Heslop, D., Foster, G. L., Opdyke, B., & Roberts, A. P. (2021). Sea level 

and deep-sea temperature reconstructions suggest quasi-stable states and critical transitions over 

the past 40 million years. Science Advances, 7(26), eabf5326. 

https://doi.org/10.1126/sciadv.abf5326. 

Ruddiman, W. F., Raymo, M., & McIntyre, A. (1986). Matuyama 41,000-year cycles: North 

Atlantic Ocean and northern hemisphere ice sheets. Earth and Planetary Science Letters, 80(1), 

117-129. https://doi.org/10.1016/0012-821X(86)90024-5. 

Sarmiento, J. & Toggweiler, J. (1984) A new model for the role of the oceans in determining 

atmospheric P CO2. Nature, 308, 621–624. https://doi.org/10.1038/308621a0 

Shaffer, G. (1993). Effects of the Marine Biota on Global Carbon Cycling. In Heimann, M. 

(Eds.), The Global Carbon Cycle. NATO ASI Series, vol 15 (pp. 431-455). Springer, Berlin, 

Heidelberg. https://doi.org/10.1007/978-3-642-84608-3_18. 

https://doi.org/10.1126/science.1115933
https://doi.org/10.1029/2007RG000250
https://doi.org/10.1029/2001JC000976
https://doi.org/10.1038/nature11360
https://doi.org/10.1126/science.1123296
https://doi.org/10.1126/science.1235798
https://doi.org/10.1126/sciadv.abf5326
https://doi.org/10.1016/0012-821X(86)90024-5
https://doi.org/10.1038/308621a0
https://doi.org/10.1007/978-3-642-84608-3_18


79 
 

Shaffer, G., & Lambert, F. (2018). In and out of glacial extremes by way of dust−climate 

feedbacks. Proceedings of the National Academy of Sciences, 115(9), 2026-2031. 

https://doi.org/10.1073/pnas.1708174115. 

Shaffer, G., Malskær Olsen, S., & Pepke Pedersen, J. O. (2008). Presentation, calibration and 

validation of the low-order, DCESS Earth System Model (Version 1). Geoscientific Model 

Development, 1, 17-51. https://doi.org/10.5194/gmd-1-17-2008. 

Shin, S. I., Liu, Z., Otto‐Bliesner, B. L., Kutzbach, J. E., & Vavrus, S. J. (2003). Southern Ocean 

sea‐ice control of the glacial North Atlantic thermohaline circulation. Geophysical Research 

Letters, 30(2), 1096. https://doi.org/10.1029/2002GL015513. 

Silva, T. A. M., Bigg, G. R., & Nicholls, K. W. (2006). Contribution of giant icebergs to the 

Southern Ocean freshwater flux. Journal of Geophysical Research: Oceans, 111(C3), C03004. 

https://doi.org/10.1029/2004JC002843. 

Snyder, C. W. (2016). Evolution of global temperature over the past two million years. Nature, 

538(7624), 226-228. https://doi.org/10.1038/nature19798. 

Sosdian, S. M., Greenop, R., Hain, M. P., Foster, G. L., Pearson, P. N., & Lear, C. H. (2018). 

Constraining the evolution of Neogene ocean carbonate chemistry using the boron isotope pH 

proxy. Earth and Planetary Science Letters, 498, 362-376. 

https://doi.org/10.1016/j.epsl.2018.06.017. 

Starr, A., Hall, I. R., Barker, S., Rackow, T., Zhang, X., Hemming, S. R., et al. (2021). Antarctic 

icebergs reorganize ocean circulation during Pleistocene glacials. Nature, 589(7841), 236-241. 

https://doi.org/10.1038/s41586-020-03094-7. 

Thomas, N. C., Bradbury, H. J., & Hodell, D. A. (2022). Changes in North Atlantic deep-water 

oxygenation across the Middle Pleistocene Transition. Science, 377(6606), 654-659. 

https://doi.org/10.1126/science.abj7761. 

Toggweiler, J. R., Russell, J. L., & Carson, S. R. (2006). Midlatitude westerlies, atmospheric 

CO2, and climate change during the ice ages. Paleoceanography, 21(2), PA2005. 

https://doi.org/10.1029/2005PA001154. 

https://doi.org/10.1073/pnas.1708174115
https://doi.org/10.5194/gmd-1-17-2008
https://doi.org/10.1029/2002GL015513
https://doi.org/10.1029/2004JC002843
https://doi.org/10.1038/nature19798
https://doi.org/10.1016/j.epsl.2018.06.017
https://doi.org/10.1038/s41586-020-03094-7
https://doi.org/10.1126/science.abj7761
https://doi.org/10.1029/2005PA001154


80 
 

Tziperman, E., & Gildor, H. (2003). On the mid‐Pleistocene transition to 100‐kyr glacial cycles 

and the asymmetry between glaciation and deglaciation times. Paleoceanography, 18(1), 1001. 

https://doi.org/10.1029/2001PA000627. 

 Venugopal, A. U., Bertler, N. A. N., Severinghaus, J. P., Brook, E. J., Cortese, G., Lee, J. E., et 

al. (2023). Antarctic evidence for an abrupt northward shift of the Southern Hemisphere 

westerlies at 32 ka BP. Nature Communications, 14, 5432. https://doi.org/10.1038/s41467-023-

40951-1. 

von der Heydt, A. S., Ashwin, P., Camp, C. D., Crucifix, M., Dijkstra, H. A., Ditlevsen, P., & 

Lenton, T. M. (2021). Quantification and interpretation of the climate variability record. Global 

and Planetary Change, 197, 103399. https://doi.org/10.1016/j.gloplacha.2020.103399. 

Westerhold, T., Marwan, N., Drury, A. J., Liebrand, D., Agnini, C., Anagnostou, E., et al. (2020). 

An astronomically dated record of Earth’s climate and its predictability over the last 66 million 

years. Science, 369(6509), 1383-1387. https://doi.org/10.1126/science.aba6853. 

Willeit, M., Ganopolski, A., Calov, R., & Brovkin, V. (2019). Mid-Pleistocene transition in 

glacial cycles explained by declining CO2 and regolith removal. Science Advances, 5(4), 

eaav7337. https://doi.org/10.1126/sciadv.aav7337. 

Zeebe, R. E., & Tyrrell, T. (2019). History of carbonate ion concentration over the last 100 

million years II: Revised calculations and new data. Geochimica et Cosmochimica Acta, 257, 

373-392. https://doi.org/10.1016/j.gca.2019.02.041. 

  

https://doi.org/10.1029/2001PA000627
https://doi.org/10.1038/s41467-023-40951-1
https://doi.org/10.1038/s41467-023-40951-1
https://doi.org/10.1016/j.gloplacha.2020.103399
https://doi.org/10.1126/science.aba6853
https://doi.org/10.1126/sciadv.aav7337
https://doi.org/10.1016/j.gca.2019.02.041


81 
 

Paleoceanography and Paleoclimatology 

Supporting Information for 

 

Role of mid- and high-latitude, Southern Hemisphere processes for ushering in the Middle 

Pleistocene Transition 

Gary Shaffer1, Esteban Fernández Villanueva2 and Cyrus Karas3 

1Niels Bohr Institute, University of Copenhagen, 2100 Copenhagen Ø, Denmark 

2Graduate Program in Oceanography, Department of Oceanography, Faculty of Natural 

Sciences and Oceanography, University of Concepción, P.O. Box 160-C, Concepción, Chile 

3Universidad de Santiago de Chile, Av. Bernardo O’Higgins 3363, Santiago, Chile 

 

Contents of this file  

 

Text S1 

Figures S1 to S7 

Table S1 

 

 

Introduction  

The supporting information consists of a text file (Text S1) with a description of the minor 
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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 CO₂, 

we recalibrate the model atmospheric longwave radiation parameterization by choosing 

appropriate values of B and API in equations 6 and 7 in Fernández & 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 (𝐹𝑔) is now 

taken as a time-dependent function of the annual mean atmospheric freshwater flux crossing 55° 

S such that,  

 

𝐹𝑔(𝑡) = 𝐹𝑔,PI × 𝐹𝑤55(𝑡)/𝐹𝑤55,PI                                                                                                  (1) 

 

Where 𝐹𝑔,PI 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 

Fernández & Shaffer (2015), and 𝐹𝑤55 and 𝐹𝑤55,PI 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 ETOPO1 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, c. Southern Hemisphere (SH) SST, d. 

Atmospheric CO2, 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.  
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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, c. Southern Hemisphere (SH) SST, d. 

Atmospheric CO2, 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.  

 

 

 



88 
 

 

Figure S5. As in Figure S4 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.  
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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 CO2, c. - 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, c. - 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-1) 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 (Fernández 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 I, in particular 

with respect to 13C. 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 Fernández 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 (Fernández 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 CO2 at 4 Ma, a high-end, climate-sensitivity of 5°C 

per doubling CO2 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 CO₂ 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 CO2 

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 CO2. 

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 (Heuzé, 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: 

• 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. 

• 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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