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Abstract

The mid-Cretaceous was a warm greenhouse interval characterised by the absence of large
ice sheets, weak latitudinal temperature gradients, high atmospheric CO2 and recurrent
Oceanic Anoxic Events (OAEs). This thesis evaluates the ocean circulation and climate
of three mid-Cretaceous stages, the Barremian (∼127 Ma), the Albian (∼106 Ma) and5

the Cenomanian (∼96 Ma), through coupled ocean-atmosphere simulations performed
with the CESM1.2 model and compared against a pre-industrial control. Atmospheric
CO2 is fixed at 854 ppm across the three Cretaceous runs, so that inter-stage differences
arise from non-CO2 forcings, primarily palaeogeography. The simulations reproduce a
warming from the Barremian to the Cenomanian despite constant CO2, indicating a10

palaeogeographic contribution to the mid-Cretaceous warming trend. The simulated mid-
Cretaceous ocean operates in a circulation regime considerably different from the pre-
industrial: deep water forms along the Antarctic coast rather than in the North Atlantic,
no Antarctic Circumpolar Current develops in the absence of a continuous circumpolar
band, and a broad equatorial current connects the Tethys and Pacific Oceans. The deep15

ocean is globally older and less ventilated, with a saline, poorly ventilated proto-North
Atlantic providing conditions favourable to the development of OAEs. Over the wide
equatorial Pacific, stronger easterlies drive enhanced upwelling, a dip in equatorial sea
surface temperature and a low-level anti-Hadley cell. The simulated poles nevertheless
retain snow and sea ice, contradicting proxy evidence for ice-free poles. These results20

identify continental configuration as the primary control on inter-stage climate differences
during the mid-Cretaceous.
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Introduction

1 Introduction

Spanning 143.1 to 66.0 million years ago (“International Chronostratigraphic Chart”,
2026), the Cretaceous was the longest period of the Phanerozoic Eon. It was a time
of considerably warmer climate than the present day, characterised by recurrent green-
house conditions (Lunt et al., 2016; O’Brien et al., 2017; Scotese et al., 2021), and ended90

with one of the great mass extinctions: the Cretaceous-Palaeogene (K-Pg) extinction
event (Scotese et al., 2021). The climate of this period was greatly different from today’s,
with, for instance, the presence of tropical plants and dinosaurs on Antarctica (Cantrill &
Poole, 2012). The mid-Cretaceous witnessed the formation of the Atlantic Ocean as the
break-up of Pangaea continued. At the same time, the Pacific Ocean was connected to the95

Tethys, and Australia was still linked to Antarctica. Changes in ocean circulation, such as
variations in mixed-layer depth or overturning stream function, have been linked to large
regional temperature anomalies across stages (Lunt et al., 2016). The mid-Cretaceous
deep-water production differed greatly from today (Ladant et al., 2020), affecting the
whole ocean circulation. Different models show different locations for deep-water forma-100

tion that can be explained by different factors, such as the model palaeogeography (Lunt
et al., 2016). This thesis presents a comparison of the inter-stage evolutions and differ-
ences between the Barremian (∼127 Ma), the Albian (∼106 Ma), the Cenomanian (∼96
Ma) and a pre-industrial control (1850 CE). This analysis is guided by three questions:
why is the mid-Cretaceous a period of interest, how does its climate compare with that of105

the present day, and how do the simulations compare with the existing literature? To the
author’s knowledge, this is among the highest resolution ocean-atmosphere coupled sim-
ulations of the stages of interest to date, which may provide insights into the mechanisms
of the mid-Cretaceous climate, the interactions between the atmosphere and the oceans,
and a foundation for future studies. Understanding those dynamics is an important part110

of evaluating the climate response to changes in ocean and atmospheric behaviours. In
this thesis, we will first explore the results of the atmosphere, with its thermal (Section
4.1) and wind patterns (Section 4.2). We then proceed with an analysis of the ocean state
in Section 5. In Section 5.1 we evaluate oceanic temperature patterns, then examine pre-
cipitation, evaporation, and salinity of the oceans in Section 5.2. Section 5.3 investigates115

the mixed layer depth, and oceanic gyres are evaluated in Section 5.4, followed by the
ideal age of the oceans in Section 5.5. Finally, the thesis completes the analysis with a
summary and interpretation of the main insights in Section 6.
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Methods

2 Methods

2.1 The CESM simulations120

The simulations were provided by Martin Renoult (Department of Geological Sciences,
Stockholm University, Stockholm, Sweden), and they were produced following a protocol
described for Miocene simulations in Renoult et al. (Accepted). The land-sea mask is pro-
vided by Getech Plc. The climate of the four periods of interest were simulated using the
Community Earth System Model version 1.2 (CESM1.2) climate model, a model combin-125

ing the ocean POP2 model with a 1° horizontal grid and 60 vertical levels, the atmosphere
CAM4 model with a horizontal grid of 1.9° by 2.5° with 26 vertical layers, the CICE4 sea-
ice model, the RTM river run-off model and the CLM2 land model. The CESM1.2 model
allows for easier geographical adaptations of land and sea distribution, allowing the sim-
ulations to represent the continental layout of the Barremian, Albian, Cenomanian and130

pre-industrial. The three mid-Cretaceous simulation’s CO2 levels are set to a greenhouse
concentration of 854 parts per million (ppm), three times the estimated concentration
for the pre-industrial reference simulation. The solar forcing is 1346.32, 1348.28, 1349.4,
and 1360.9 W/m² for the Barremian, Albian, Cenomanian and pre-industrial respectively.
Setting the CO2 concentration at the same level for the mid-Cretaceous simulations high-135

lights the non-CO2 forcings of the climate. Each of the mid-Cretaceous simulations was
run for 3000 simulated years to reach a state of near equilibrium. The time slices have two
output files in the NetCDF format, which is “commonly used to store and access multi-
dimensional gridded data” (Loeb & Gnegy, 2024): one containing atmospheric variables
and the other containing oceanic variables. These variables are averages over the last 100140

years of the simulation in order to get a climatological mean state.

2.2 Data plotting

All data processing and visualisation were carried out in Python 3 within Jupyter note-
books, using a dedicated Conda environment. The core libraries used were Xarray for
loading and handling the NetCDF datasets, NumPy for numerical operations, Matplotlib145

and CartoPy for map projections and spatial plots, Cmocean for colourmaps, and Pandas

for statistics. Spatial distributions of ocean variables were visualized using a custom
Python function, designed to produce standardized four-panel figures for cross-simulation
comparison. Each panel corresponds to one of the four time slices: the Barremian (∼127
Ma), Albian (∼106 Ma), and Cenomanian (∼96 Ma) simulations, and the pre-industrial150

control (PI Control, 1850 CE). For each simulation, the target variable is extracted from
its ocean dataset, optionally sliced at a specified depth level for three-dimensional fields,
and converted to physically meaningful units if required (for example, mixed-layer depth
variables are scaled from centimetres to metres). A cyclic point is appended to both the
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Background

ocean variable and the corresponding atmospheric land fraction field to avoid longitudinal155

errors caused by global projections. Fields are rendered in an adapted projection centred
on 180° or 0° longitude using either contourf or pcolormesh. The coastline geometry is
derived from each simulation’s land fraction field (LANDFRAC), ensuring that the displayed
coastlines reflect the palaeogeographic configuration of the corresponding period. A single
shared colorbar is placed with all panels to facilitate direct visual comparison across simu-160

lations. An adapted version of this function was made to show the atmospheric variables,
based on the same principle.

3 Background

3.1 The Mid-Cretaceous

Barremian Albian Cenomanian

∼19.5 °C ∼21 °C ∼24 °C

Table 1: Global average temperature from proxy data, adapted from Scotese et al. (2021). The author
obtained these values by combining estimates of the changes in pole-to-Equator temperature from litho-
logic indicators of climate and estimates of tropical changes in temperature from oxygen isotopes

Our period of interest, the mid-Cretaceous, is globally described by its warm green-165

house climate, the absence of large ice sheets, weak latitudinal temperature gradients,
high CO2 concentrations (with the highest values during the mid-Cretaceous, ranging
from 1000 to 2000 ppm) and was characterised by warm deep oceans (Huber et al., 1995;
O’Brien et al., 2017; Scotese et al., 2021). The first Cretaceous time slice of interest
is the Barremian, ranging from 125 to 121 million years ago (“International Chronos-170

tratigraphic Chart”, 2026). Estimates of sea surface temperature from proxy records,
reconstructed from δ18O and TEX86, a geochemical proxy based on the response of the
membrane lipids of marine pelagic prokaryotes preserved in sediments, ranges from 35-40
°C for lower latitudes (<30°) to 25-30 °C for higher latitudes (>48°), and estimations of
∼35 °C for the proto-North Atlantic for the Barremian (O’Brien et al., 2017). During175

the second interval of this study, the Albian (113 to 100 million years ago) (“Interna-
tional Chronostratigraphic Chart”, 2026) sea surface temperatures are estimated to have
peaked at approximately 32-33 °C. The early Albian was characterized by at least three
Oceanic Anoxic Events (OAEs): the North Atlantic to Western Tethys “Paquier” anoxic
event (OAE1b) (∼111 Ma), the “Amadeus” event (OAE1c) and, later, the “Breistroffer”180

global anoxic event (OAE1d) (∼99 Ma) (Scotese et al., 2021; Wilson & Norris, 2001).
These events reflect episodes of widespread low levels of oxygen in the ocean, leading to
the deposition of organic-rich black shales in the sedimentary record, and are thought
to result from a combination of high temperatures, enhanced nutrient levels and reduced
ventilation of deeper water masses (Donnadieu et al., 2016). At higher latitudes (48°185
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and above), proxy data indicates a minimum sea surface temperature of over 13 °C, with
average estimates of approximately 15-20 °C for these higher latitudes and approximately
25 °C for latitudes below 30° (O’Brien et al., 2017). Finally, the Cenomanian, an age
spanning 100 to 93 million years ago (“International Chronostratigraphic Chart”, 2026),
was the warmest Cretaceous interval and formed part of the Cenomanian-Turonian Ther-190

mal Maximum (∼94-93 Ma), with global atmospheric temperature peaking at 28 °C, a
minimal pole-to-equator gradient, and no ice sheets (Scotese et al., 2021). The warmest
sea surface temperatures also occur during the late Cenomanian, with maximum SSTs
over 35 °C and proxy data indicating low latitude temperatures of 30-35 °C and high lati-
tude temperatures of 20-25 °C (O’Brien et al., 2017). The Cenomanian was characterized195

by the Cenomanian-Turonian OAE (OAE 2) (approximately 93 Ma) (Wilson & Norris,
2001), one of the most significant disruptions in the carbon cycle in Earth’s history, with
proxies suggesting anoxia in the Tethys and the Atlantic Ocean (Takashima et al., 2011).

3.2 Continental configuration

Figure 1: Simulated continental configuration of the Barremian (∼127 Ma), Albian (∼106 Ma), Ceno-
manian (∼96 Ma) and PI control (1850 CE). The dashed red lines show the coastlines of the next period.

The Barremian, the Albian and the Cenomanian span approximately 30 million years200

of mid-Cretaceous history, during which continental configuration underwent significant
change. All three stages occur during the later stages of Pangaea’s break-up, with Gond-
wana, North America, Eurasia, and Antarctica representing the principal land masses
of the Barremian as shown in (Figure 1). Across the studied interval, Gondwana pro-
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gressively fragmented as South America and Africa separated, while North America was205

divided by the Western Interior Seaway (Miall & Catuneanu, 2019). Throughout all
three intervals, substantial Gondwana landmasses occupied the southern mid-latitudes,
preventing the formation of a continuous circumpolar seaway, one of the most significant
differences in longitudinal ocean distribution compared to PI. The Tethys maintained a
broad equatorial connection with the Pacific Ocean, though the geometry of this seaway210

changed as Laurasia continued to fragment and the proto-Atlantic widened, progressively
reducing the northern latitudes land fraction from the Barremian to the Cenomanian,
around 40°N (Figure 2). Proto-Australia was attached to Antarctica throughout this pe-
riod, although it slowly started to migrate northward. India and Madagascar were still
connected and located to the south-east of Gondwana (later Africa).

Figure 2: Simulated zonal-mean land fraction for the Barremian (∼127 Ma), Albian (∼106 Ma), Ceno-
manian (∼96 Ma) and PI control (1850 CE).

215

4 Global atmospheric and climatic state

4.1 Atmospheric temperatures

Barremian Albian Cenomanian pre-industrial

16 °C 17.5 °C 17.8 °C 13.4 °C

Table 2: Simulated global mean atmospheric temperature at 992 hPa

The global mean atmospheric temperatures at 992 hPa are used here for the near sur-
face air temperature and are shown in Table 2. The simulations show a 1.5 °C warming
from the Barremian to the Albian and a 0.3 °C warming from the Albian to the Ceno-220

manian, reflecting the general warming trend of the mid-Cretaceous greenhouse state.

5



Global atmospheric and climatic state

Atmospheric CO2 concentrations differ between the pre-industrial and mid-Cretaceous
runs, but there is still warming across the constant CO2 mid-Cretaceous slices, that
cannot therefore be explained by the CO2 nor the small solar changes. The simulated
atmospheric temperatures at 992 hPa are shown in Figure 3. Notably, there still are225

differences between the mid-Cretaceous time slices, even though CO2 is held constant
across the three stages, implying that other factors, such as ocean circulation or changes
in palaeogeography (Lunt et al., 2016), may drive changes in the climate that we are go-
ing to explore later. The zonal-mean per latitude shows the equator-to-pole temperature

Figure 3: Simulated atmospheric temperature at 992 hPa (surface equivalent) for the Barremian (∼127
Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

profile (Figure 4), an important component of the global climate state, also allowing us230

to rapidly evaluate the global model’s response to warming. Proxy evidence suggests the
Cretaceous was characterised by a lower meridional temperature gradient compared to
today, with polar latitudes being significantly warmer (Barron & Washington, 1985; Hu-
ber et al., 1995). The simulations show negative temperatures at the poles, especially the
South high latitudes, for the mid-Cretaceous time slices. We still observe some warming235

across the stages at 90°S, with the Barremian roughly at -28 °C, the Albian about -21 °C
and the Cenomanian around -15 °C. Overall, the 0 °C crossing migrates polewards in the
Southern Hemisphere, consistent with the global warming trend of the mid-Cretaceous.
The higher temperatures can be found in the tropics for the three simulated periods. The
zonal-mean maxima are located around 15°S and 15°N for the mid-Cretaceous stages.240

The Barremian zonal-mean maximum is approximately 26 °C, the Albian peaks near 28
°C and the Cenomanian around 27 °C. Notably, the equator-to-pole gradient temperature
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Global atmospheric and climatic state

Figure 4: Simulated zonal-mean atmospheric temperature at 992 hPa for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

profile has a “moustache-like” shape, maxing at the tropics and dipping at the equator,
where the Cenomanian and the Barremian drop close to the PI level. The higher northern
latitudes show less change between the stages than the southern ones, with PI still being245

the coldest at around -22 °C. However, high latitude warming during the mid-Cretaceous
stages is limited, with the Barremian and the Albian being very similar at around -18 °C,
and the Cenomanian being the coldest of the mid-Cretaceous periods in the northern high
latitudes. Overall, the simulated stages show warmer global temperatures and rising from
the Barremian to the Cenomanian, but the simulated polar temperatures are still strongly250

negative and show a stronger pole-to-equator temperature gradient response than what
the proxy suggest (O’Brien et al., 2017; Scotese et al., 2021)

Temperature extremes are situated over land (Figure 5) and differences in temperature
at high latitudes between the simulations are tightly coupled to land fraction, specifically,
the air is much colder over land than over ocean. This continentality is pronounced at255

high latitudes with the coldest temperatures, and at the tropics, with high-temperature
peaks. The simulations show warm extremes over Africa, South America and South Asia,
and extreme colds mainly over Antarctica. There is a high positive signal for the mid-
Cretaceous and the pre-industrial periods only for the high southern latitudes, which can
be explained by the presence of Antarctica covering the whole South Pole, while the other260

latitudes show a weaker, less significant signal. The PI shows much colder mid southern
latitudes to the South Pole.
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Global atmospheric and climatic state

Figure 5: Atmospheric surface temperature for latitudes, categorized by land fraction (0 = ocean, 1 =
land) for the Barremian (∼127 Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850
CE). Each point represents a single grid cell.

Figure 6: Simulated atmospheric zonal wind averaged by latitude for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

8
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4.2 Atmospheric circulation

Simulated zonal winds (Figure 6) are generally stronger than meridional winds (Figure 9)
because of strong meridional temperature gradients (Figure 4). The equatorial easterlies265

and mid-latitudes westerlies are reproduced in the Cretaceous runs. The most distinctive
inter-stage signal in the surface zonal wind is found in the Southern Hemisphere mid-
latitude westerly belt (Figure 6), where the PI shows a strong asymmetry between the
Northern Hemisphere, with weaker westerlies (∼3 m/s), and the Southern Hemisphere,
with much stronger westerlies (∼10 m/s). The Cretaceous time slices have a weaker270

gradient. The PI control reaches a strong westerly peak at near 10 m/s, at around -50°S,
whereas the Barremian peaks at ∼7.5 m/s, the Albian at ∼6.5 m/s and the Cenomanian
at ∼6m/s.

At the southern high latitudes, the Barremian and Cenomanian both show predomi-
nantly westerlies, though the Cenomanian westerlies extend to higher latitudes, while the275

Albian and PI follow a similar curve shape to each other. Between roughly 35°S and 35°N,
all four runs share a broad band of easterly dominated zonal winds. Within this band, the
Cretaceous maps (Figure 7) show two weak equatorial westerly patches, one to the west
of Gondwana and one to the east over the ocean between Gondwana and Southern Asia.
The PI has similar weak westerlies, west of South America, Africa, and India. Winds are

Figure 7: Simulated atmospheric zonal wind at 992 hPa for the Barremian (∼127 Ma), Albian (∼106
Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

280

strongly influenced by temperature and land–sea distribution. By comparing the wind
distribution with the continental configuration (Figure 7), the less uniform distribution of
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westerlies and easterlies is observed over continents, as illustrated with the proto-Rocky
Mountains formation and the north China orogenic belt that, which, during the Creta-
ceous periods, were greatly dominated by strong westerlies. Continental drift also changes285

wind distribution as a main driver for climate change (Lunt et al., 2016; Ruddiman, 2014).
The wide Pacific of the mid-Cretaceous show a stronger and wider easterly pattern (Fig-

Figure 8: Simulated atmospheric zonal wind at 992 hPa between 40°S and 40°N for the Barremian
(∼127 Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

ure 8), that is particularly wide in the Barremian and in the Cenomanian (ranging from
120°E eastward across the dateline to 60°W). This equatorial strong zonal wind implica-
tions are addressed in Section 5.4. A counter-cell at the equator (Figure 9), between the290

Southern and Northern Hemisphere Hadley cells, running opposite to the Hadley cell is
observed in the mid-Cretaceous and not present in the pre-industrial. Meridional winds
also differ between the mid-Cretaceous and the pre-industrial, with weaker South Polar
cells in the Barremian, Albian and Cenomanian.

4.3 Land snow cover and sea ice distribution295

The snow cover (Figure 10) is a major component of the surface albedo and has strong
effect on temperatures (Ruddiman, 2014). In the Southern high latitudes, the Antarctic
continent was largely covered in snow in our simulations, until ∼70°S, during the Bar-
remian. The Albian shows less snow coverage than the Barremian, although it is still
notably present. The Cenomanian is the Cretaceous stage that stands out, with consider-300

ably less snow coverage on Antarctica. The general pattern is a Southern snow decrease
across the Cretaceous runs. In the Northern high latitudes, the Barremian shows snow
coverage on the West coast of North America, on the proto-Rocky Mountains range, north
of Eurasia and at the pole. The Albian simulation has similar snow coverage, and the
Cenomanian, although being the warmest period of the three, has the most snow cover-305

age at high latitudes. This, however, is due to the southward shifting of the Northern
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Global atmospheric and climatic state

Figure 9: Meridional wind cells derived from simulated atmospheric meridional wind averaged per
latitude, for the Barremian (∼127 Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850
CE).

Hemisphere landmasses observed on the continental layout. Across all three Cretaceous
runs, northern snow persists on the northern most land. In the PI, however, the main
snow cover is on Greenland and northern Canada. The Cretaceous snow-covered land has
shifted southward. The sea ice field (Figure 11) shows a comparable hemispheric pattern310

to the land snow cover, although it is less extensive. In the Southern high latitudes, sea ice
also decreases across the Cretaceous runs. In the Barremian, we find notable discontin-
uous sea ice fraction around the coast of Antarctica, more precisely near proto-Australia
and at the 60°W longitude. The Albian shows less ice than the Barremian, though some
patches are observable around proto-Australia and 60°W, and the Cenomanian shows315

close to no Southern sea ice, with only a small amount remaining near the same land-
mass. The PI control shows a strong band of Southern sea ice from 60°S and southward.
Below 80°S the surface is the Antarctic continent and therefore carries no sea ice but has
a high snow depth as shown earlier. In the Northern high latitudes, the Cretaceous stages
show significant amount of sea ice fraction, with the Barremian having a lower peak than320

the other, due to the presence of more land in the pole (See appendix, Figure A.2).

11



Global atmospheric and climatic state

Figure 10: Simulated land snow coverage as water equivalent depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure 11: Simulated sea ice coverage for the Barremian (∼127 Ma), Albian (∼106 Ma), Cenomanian
(∼96 Ma) and PI control (1850 CE).

12



Ocean circulation

Figure 12: Simulated global mean oceanic temperature profile for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

5 Ocean circulation

5.1 Oceanic temperatures

The global mean oceanic temperature profile (Figure 12) shows similar curves for the
Barremian, the Albian and the pre-industrial simulations, whereas the Cenomanian curve325

shows a rapid decrease in temperature until 1000 metres deep at 6.2 °C, and temperatures
decreasing only to 4.2 °C at the bottom. At the surface, the four runs share similar
global distribution (Figure 13), with the Cretaceous stages showing higher mean oceanic
temperature: 17.3 °C for the Barremian, 18.2 °C for the Albian and 18.8 °C for the
Cenomanian, contrasting with the 13.7 °C of the pre-industrial (Table 3a).330

Here we focus on the temperature of the surface ocean, the intermediate depth ocean
(1000 metres) and the deeper ocean (3000 metres). In the Southern high latitudes, the
Barremian shows cold oceanic surface temperatures around the coast of Antarctica, with
the coldest patches around proto-Australia and at the 60°S latitude, where landmasses
seem to have a high impact on the oceanic temperature. A gradual warming up toward335

the tropics is observed, and follows a similar “moustache-like” curve as the Atmospheric
temperature, with a dip of ∼6 °C for the Barremian at the equator, going under the
pre-industrial curve (Figure 14). The Albian shows a similar pattern overall, but has the
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Figure 13: Simulated oceanic surface temperature for the Barremian (∼127 Ma), Albian (∼106 Ma),
Cenomanian (∼96 Ma) and PI control (1850 CE).

(a) Global mean oceanic temperature (°C) by depth.

Surface 1000 m 3000 m

Barremian 17.3 6.2 3.4
Albian 18.2 7.2 4.6
Cenomanian 18.8 6.2 4.2
pre-industrial 13.7 3.5 1.2

(b) Global oceanic temperature minimum and maximum (°C) by depth.

Surface 1000 m 3000 m

Min Max Min Max Min Max

Barremian -1.8 31.2 -1.2 19.3 2.0 19.0
Albian -1.9 32.3 3.3 27.6 3.4 21.7
Cenomanian -1.9 32.0 -1.6 20.0 3.4 18.9
pre-industrial -1.8 29.6 -1.2 16.0 -0.4 13.5

Table 3: Simulated global oceanic temperatures (°C) at surface, 1000 metres and 3000 metres depth
levels. (a) Global mean values. (b) Global minimum and maximum values.
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warmest peak at the equator, whereas the Cenomanian exhibits warmer Southern high
latitudes oceanic temperatures. The PI, in contrast, has a much colder south circumpolar340

ocean. The Northern Hemisphere higher latitudes show similar characteristics for the four
time slices. At 1000 metres deep, the temperature distribution is more uniform than at

Figure 14: Simulated zonal-mean oceanic surface temperature for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

the surface (Figure 15) with the highest global mean at the Albian (7.3 °C), the lowest for
the PI (4.1 °C) and the Barremian and Cenomanian close to each other (around 6.3 °C).
The Albian minimum is 3.3 °C, while the Barremian, Cenomanian and PI have sub-zero345

minima. The high latitudes for the Cretaceous stages show fairly similar temperature
levels. The Barremian has a warmer band between Gondwana and Antarctica at 60°S
that disappears with the continent’s break-up in the Albian and Cenomanian. There
is a patch of distinctively high-temperature water between Laurasia and Gondwana in
the Barremian, that reaches temperatures of 20 °C and higher. The Albian has the350

warmest intermediate ocean between 45°S and 45°N, with what seems to be a “leak” of
the warm proto-North Atlantic waters into the Pacific and the Tethys. The Cenomanian
shows a more equilibrated temperature distribution, but still has a patch of warm water
at the south of the Western Interior Seaway splitting North America. The PI has a
much colder ocean overall, apart from the North Atlantic warm waters caused by the355

North Atlantic Current (Ruddiman, 2014) and the Mediterranean Sea. At 3000 metres
deep, the Cretaceous time slices are far more equilibrated with a mean of 3.4 °C for
the Barremian, 4.6 °C for the Albian, 4.2 °C for the Cenomanian, and 1.3 °C for the pre-
industrial. The Barremian Pacific and Tethys show uniform temperatures between 3-4 °C,
with warmer waters found between Gondwana and Antarctica, and between Gondwana360

and Laurasia, similar to temperatures at 1000 metres depth (Figure 16). The Albian, with
its warmer mean temperature, shows colder warm waters in the proto-North Atlantic than
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Figure 15: Simulated oceanic temperature at 1000 metres depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

the Barremian, apart from the patch in the Southern Western Interior Seaway, but shows
warmer temperatures in the eastern Pacific Ocean in the Northern Hemisphere. Just
south of the southern Asia tip, there is a warm-water patch at both 1000 metres and 3000365

metres depth as well. The Cenomanian has equilibrated globally, apart from the same
patch in the Southern Western Interior Seaway. The pre-industrial is colder globally, with
a cold Antarctic circumpolar band, a cold Pacific, and a warmer Atlantic.

5.2 Precipitation, evaporation, and salinity of the oceans

At the equator, there is a wide precipitation band at the intertropical convergence zone,370

due to the convergence of the Northern and Southern trade winds, causing the air to
rise and high precipitations (Fallot, 2021). The Cretaceous stages show a much stronger
ITCZ precipitation area than the pre-industrial does (Figure 17). The Barremian shows
strong evaporation in the subtropics (around 30°S and 30°N) with an asymmetry in favour
of the Northern subtropic, present in the Cenomanian as well (Figure 18). A notable375

difference between the mid-Cretaceous and the pre-industrial is the presence of a large
evaporation patch over the Tethys, that seems to be equilibrated in the zonal average
of the PI. Moreover, the Cretaceous time slices have a precipitation-dominated band
traversing the Pacific from eastern Asia at 30°N to North America at 60°N. This North
Pacific precipitation band is smaller during the PI, where instead we have the subtropic380

evaporation band ranging from Western America to China.
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Figure 16: Simulated oceanic temperature at 3000 metres depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure 17: Simulated evaporation-minus-precipitation flux for the Barremian (∼127 Ma), Albian (∼106
Ma), Cenomanian (∼96 Ma) and PI control (1850 CE). Red is net evaporation (E > P) and blue is net
precipitation (E < P).
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Figure 18: Simulated oceanic zonal average evaporation minus precipitation and oceanic surface salinity
for the Barremian (∼127 Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
Salinity clipped at 28 g/kg.

Evaporation and Precipitation have a high impact on ocean salinity, with net evapo-
ration accompanied by a rise in salinity and precipitation accompanied by a decrease in
salinity (Figure 18). However, the Albian and the Cenomanian Northern high latitudes
do not follow this pattern, with the Albian dropping at around 50°N and the Cenomanian385

with a small zonal average dropping to a low 5 g/kg at the pole (Figure 19). These low
salinity values are in enclosed areas of the ocean, such as the enclosed Arctic Ocean and
the Western Interior Seaway (Figure 20). These extreme values show little concordance
with precipitation nor evaporation, however. Another strong influence on Salinity is
the continental run-off freshwater delivery to coastal regions. Here we see a strong link390

between regions of low salinity and freshwater run-off into the ocean (Figure 21), for ex-
ample at the western tip of South Asia, or along the Coast of Antarctica at 60°S 60°E,
for the Albian and the Cenomanian. The Cenomanian has a much stronger run-off in the
Arctic Ocean (See appendix, Figure B.8). Overall, salinity is controlled by freshwater in-
put, such as precipitation and continental run-off, as well as by evaporation and ice cover395

(Fallot, 2021). As depth increases, the range of salinity decreases. At 1000 metres depth,
high-salinity waters are mainly confined between Gondwana and North America (Fig-
ure 22), with some flow into the Pacific during the Barremian, Albian and Cenomanian.
This “leakage” in the Pacific follows the same pattern as the temperature outflow (Fig-
ure 15). The Cretaceous stages have a higher 1000 metres salinity overall in the Pacific:400
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Figure 19: Simulated surface oceanic zonal-mean salinity for the Barremian (∼127 Ma), Albian (∼106
Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure 20: North Pole orthographic view of the surface salinity of the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

19



Ocean circulation

Figure 21: Simulated oceanic run-off freshwater flux for the Barremian (∼127 Ma), Albian (∼106 Ma),
Cenomanian (∼96 Ma) and PI control (1850 CE).

the Barremian have the least extensive “leakage” of salty waters from the proto-Atlantic
and the Tethys, and displays a band of salty Pacific water between 30°N and 45°S. Low
salinity waters are mostly located in the Northern Pacific and in the Southern Pacific, east
of proto-Australia. The Albian has the strongest discharge of high salinity waters from
the proto-Atlantic, with a lobe ranging nearly up to 180° longitude. The North Pacific405

has less salt than the Barremian, but there are more freshwater sources in the Southern
Hemisphere, mainly between at 60°S, between 120°E and 60°W, between Antarctica and
Gondwana. The Cenomanian has a less intensive saltwater outflow than the Albian, but
displays saltier waters north-east of proto-Australia. Northern Pacific has fresher water
than Albian, and the enclosed ocean between proto-Australia, Africa and South America410

have low salinity. The pre-industrial follows globally similar high salinity areas, where
the highest salinity is in the North Atlantic and in the Mediterranean. The PI is gener-
ally less saline than the mid-Cretaceous simulated oceans at those depths, specifically in
the Pacific and Indian Ocean. At a depth of 3000 metres, the distribution changes once
more, showing a generally reduced salinity globally during the Cretaceous time slices and415

the pre-industrial period (Figure 23). There are still the high salinity patches between
Gondwana and North America in the Barremian and the Albian. The Barremian shows
lower salinity in southern high latitudes and northern high latitudes, with intermediate
salinity from the subtropics to the equator. The Albian does not show this same distri-
bution, but shows a stronger influence of high salinity “leakage” from the proto-Atlantic420

into the eastern Pacific. The Cenomanian has an overall uniform range, with a notable
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Figure 22: Simulated oceanic salinity at 1000 metres depth for the Barremian (∼127 Ma), Albian (∼106
Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

high salinity patch south of the Western Interior Seaway. The pre-industrial simulation
has a much less saline Pacific Ocean, and intermediate salinity in the Atlantic and the
Arctic Ocean.

Figure 23: Simulated oceanic salinity at 3000 metres depth for the Barremian (∼127 Ma), Albian (∼106
Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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5.3 The Mixed layer depth of the oceans425

Figure 24: Simulated oceanic mixed layer depth for the Barremian (∼127 Ma), Albian (∼106 Ma),
Cenomanian (∼96 Ma) and PI control (1850 CE).

The mixed layer depth (MLD) shows the base of the ocean’s mixed surface layer.
Deep values indicate strong vertical mixing and are generally associated with deep-water
formation. In the Cretaceous stages, there is an important deep mixed layer patch in
the Southern Hemisphere, at the coast of Antarctica, 180° in longitude (Figure 24). This
patch is the strongest in the Cenomanian and in the Barremian, and slightly weaker in430

the Albian. Another important deep mixed layer is found at the equator, particularly
strong in the Barremian, weaker in the Albian and stronger again in the Cenomanian.
The Barremian shows some smaller patches of MLD in the Northern Pacific, North of
the Tethys and East of proto-India, although the most important one being on the coast
of Antarctica. The Albian displays a weaker equatorial and Antarctic MLD (Figure 25),435

but has a strong MLD south of proto-India (60°S 60°E) and a notable patch at the south
of North America. The Cenomanian shows a deep MLD at the equator again, although
weaker than the Barremian. It also displays some patches south of proto-India (60°S 60°E)
and, again, a patch at the south of North America. The most important mixed layer depth
of the Cenomanian is on the coast of Antarctica, at the south of the Pacific Ocean. This440

deep MLD is not present in the pre-industrial simulation, where the deepest mixed layer
is located in the North Atlantic, where there is the formation of the North Atlantic Deep
Waters (Fallot, 2021). There are deep MLD patches south of Australia, at 180° at the
coast of Antarctica and West of the southern tip of South America. The equatorial MLD
observed in the Cretaceous stages is shallower during the pre-industrial. The Barremian,445
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Figure 25: Zonal-mean oceanic mixed layer depth for the Barremian (∼127 Ma), Albian (∼106 Ma),
Cenomanian (∼96 Ma) and PI control (1850 CE).

the Albian and the Cenomanian show northward deepwater (∼2000 metres and deeper)
transport (Figure 26), consistent with the deep water being formed in the high latitudes
of the Southern Hemisphere. This north travelling water rises at 30°N, at the same
latitude where the zonal winds switch from eastern winds to western winds. The pre-
industrial shows a stronger southward velocity band between 1000-4000 metres, with a450

northward velocity band at 4000 metres, from 50°S northward. The four simulations show
an equatorial upwelling, consistently represented in the equatorial MLD (Figure 25), but
the meridional velocity of these equatorial upwelling cells is higher for the Cretaceous
stages (See appendix: Figure B.13). Between 30°N and 40°N, there is another upwelling
band, showing stronger and deeper water reworking for the Cretaceous than the pre-455

industrial. The Cretaceous stages show a strong northward signal in the high northern
latitudes, reaching deep ocean in the Barremian, and diminishing from the Albian to the
Cenomanian.

5.4 Oceanic gyres

The barotropic stream function variable represents the pattern and intensity of horizontal460

oceanic circulation, isolating main gyres and showing the direction of the water flow. The
main difference between the pre-industrial and the Cretaceous stages is the absence of
the strong eastward Antarctic Circumpolar Current in the Cretaceous (Figure 27). The
Cretaceous stages show similar global distribution between them, with a wide counter-
clockwise North Pacific subpolar gyre, a North Pacific clockwise gyre (similar to the PI)465

and a strong counterclockwise Southern Pacific gyre, ranging from 60°E to 60°W in the
Barremian. The Equator has alternating currents and countercurrents that extend from
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Figure 26: Zonal-mean oceanic meridional velocity per depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

the Western Tethys to the Eastern Pacific, whereas the PI equatorial currents are closed
off to the West by Australia.

The North Pacific Subpolar Gyre shows diminishing strength from the Barremian to470

the Cenomanian (Figure 28). The South Subpolar gyre weakens from the Barremian to
the Albian (from ∼100 Sv to a bit less than ∼50 Sv), but gets stronger in the Cenomanian
again (up to ∼60 Sv). The effect of the north movement of proto-Australia that gradually
blocks off the South Pacific, can clearly be observed around 30°S, with a reduction of the
gyre’s intensity. The PI doesn’t display as strong of a North Pacific Subpolar gyre, but475

instead shows a strong North Atlantic gyre, and, overall, has gyres in the Atlantic that
are nonexistent in the Cretaceous.

5.5 Oceanic ideal age

The ideal age represents how long water has been isolated from the surface and informs
on the deep-water ventilation and circulation, where old water indicates poorly ventilated480

water. The Cretaceous stages appear to have a much older ideal age globally (Figure 29),
with the Albian having the oldest and the Cenomanian the youngest average at depth. All
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Figure 27: Simulated oceanic barotropic stream function with a contour interval of 10 Sv, for the
Barremian (∼127 Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE). The positive
values (red) indicate a clockwise rotation, where the negative values (blue) suggest counterclockwise
rotation.

four simulations show an inverted “S-curve” depth profile, although the intensity changes.
In the Cretaceous at 4000 metres deep, an important feature at this depth is the presence
of Oceanic Ridges, in the Pacific and the Tethys, dividing what can be called “reservoirs”485

of different aged waters (Figure 30). Moreover, there is a South to North gradient, with
southern deep ocean younger, and ideal age increasing towards higher latitudes (Fig-
ure 31). Within this gradient, the youngest waters at 4000 metres are in the South Pacific
and the Antarctic coast, from 60°S and southward (< 250 years), while the rest of the
Pacific sits at around 800 to 1500 years and ages towards higher latitudes. The Barremian490

holds the oldest water in the Northern Hemisphere, from roughly 40°N to the pole, reach-
ing up to a zonal average of 1600 years. In the Albian, the eastern Pacific (between about
120°W and 60°W) is older across all latitudes, and the proto-North Atlantic shows the
oldest water. The Cenomanian broadly resembles the Albian, but with younger water in
the Southern Hemisphere and a comparable pattern in the north; the proto-North At-495

lantic remains old, though slightly less so than in the Albian. The pre-industrial control
shows much weaker north-south contrast, with ideal ages generally below 750 years.
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Figure 28: Simulated oceanic barotropic streamfunction as a function of latitude and longitude for the
Barremian (∼127 Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE). Each point
represents a single grid cell
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Figure 29: Simulated global mean oceanic ideal age profile for the Barremian (∼127 Ma), Albian (∼106
Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure 30: Simulated oceanic ideal age at 4000 metres depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Figure 31: Simulated zonal-mean oceanic ideal age at 4000 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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6 Discussion

The three Cretaceous stages simulated in this study, the Barremian, the Albian and the
Cenomanian, share a fixed CO2 concentration of 854 ppm. Because CO2 is identical across500

these three runs, the variations in the simulated climate, such as surface air temperature
or ocean circulation patterns, is due to the difference in palaeogeography and its feedbacks
on the ocean and atmosphere. The inter-stage signal is therefore the cleanest basis for
interpretation. As the PI run differs greatly from the Cretaceous stages not only in
palaeogeography but also in CO2 (854 versus 280 ppm), observed differences in simulated505

climate between these runs are therefore due to palaeogeography and greenhouse warming
forcing on the atmosphere, ocean, and land cover feedbacks. The discussion below draws
the atmospheric and oceanic results together along several connected threads. Three
variables strongly influence the Cretaceous climate: palaeogeography distribution, CO2

forcing and oceanic circulation (Barron et al., 1995; Lunt et al., 2016). The fixed CO2510

means that changes in the three Cretaceous time slices are palaeogeographical and oceanic.
For the simulated periods, the continental configuration is an important driver of inter-
stage changes. The break-up of Gondwana, the evolution of North America and Eurasia
and even the northward migration of proto-Australia show strong impact on the global
distribution of the climate. For instance, with the opening of the Western Interior Seaway,515

warm temperatures are seen in higher latitudes in the Albian (Figure 3), a result also found
in other studies (Donnadieu et al., 2006). The reworking of oceanic seaways across the
Barremian, Albian and Cenomanian, with North America shifting westwards, isolates the
Arctic Ocean in our simulations, impacting its salinity and temperatures, while the broad
Pacific Ocean of the Cretaceous stages allows wide oceanic circulation at the equator. The520

Cretaceous Arctic Ocean illustrates a perfect example of the palaeogeographic controls on
a more enclosed level. During the Cretaceous, the Arctic Ocean is largely isolated, and the
simulations show low-level salinity, dropping to ∼ 5 g/kg at the pole in the Cenomanian
(Figure 19). These low values are not explained by the local evaporation and precipitation
relationship, suggesting that another process comes into action here, such as the limited525

exchange with the open ocean that may let freshwater from precipitation and continental
run-off (stronger during the Cenomanian) accumulate rather than being diluted away.

One main mismatch of the model with the proxies is the simulated temperatures at
the poles. Proxies estimate much warmer temperatures for the Barremian, Albian and
Cenomanian and the absence of sea ice, and this is not supported by the simulations.530

Furthermore, the simulated pole-to-equator temperature gradient is much stronger than
the proxies suggest, with the models not being able to warm the poles sufficiently. In this
case, it is likely due to CO2 levels not being sufficiently high to warm the poles. There is,
however, a known behaviour in climatic models that tends not to produce high enough
poles, hypothesised to result from polar land-cover configuration (as darker vegetation535
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strongly affects albedo), high-altitude cloud parametrisation, or a model underestimation
of polar warming in response to CO2 concentration(Ladant et al., 2020; O’Brien et al.,
2017; Scotese et al., 2021). The analysis run in this thesis, however, cannot distinguish
them. Despite these temperature divergences with the proxy data, the simulations still
show a warming trend from the Barremian to the Cenomanian, suggesting that palaeo-540

geographical controls are, at least in part, responsible for the mid-Cretaceous warming,
even though the biggest factor would be CO2 (Ladant et al., 2020; Lunt et al., 2016). The
sea ice and cold poles at 854 ppm CO2 concentration are therefore due to a simulation
limitation, producing polar sea ice and snow coverage that contradicts proxy evidence
for ice-free poles (Barron & Washington, 1985; O’Brien et al., 2017). The global mean545

temperatures from Scotese et al. (2021) indicates temperatures of ∼19.5 °C, ∼21 °C and
∼24 °C for the Barremian, Albian and Cenomanian respectively, whereas the simulated
temperatures tend to be colder: 16 °C, 17.5 °C and 17.8 °C. Those considerably lower
global atmospheric temperatures are a result of processes discusses above: colder polar
temperatures and CO2 levels.550

The Cretaceous stages show intriguing equatorial differences with the pre-industrial:
the meridional wind circulation in the Barremian, the Albian and the Cenomanian show
a small anti-Hadley at the equator (Figure 9), flowing in the opposite direction to the sur-
rounding Hadley cells. The wide Pacific has a long uninterrupted equatorial band with
no continental barriers to decelerate the trade winds, meaning the equatorial easterlies555

are stronger over the Pacific than the pre-industrial (Figure 7). Those stronger winds
in the mid-Cretaceous equatorial latitudes drive Ekman transport poleward, producing
stronger upwelling at the equator, consistent with the surface meridional velocities of
the oceans and the dip in sea surface temperature at the equator (Figure 14). This low
altitude reversed cell at the equator, consistent with by the temperature dip, suggests560

an arid equator belt over the Pacific with positive E-P during the mid-Cretaceous (Fig-
ure 18). This is consistent with Adam et al. (2023), who show that equatorial precipitation
diminution and anti-Hadley circulation are features of wide ocean climates with reduced
tropics-to-poles temperature gradients. The authors observed that such conditions were
characteristic of the Cretaceous in their HadCM3L simulations.565

In the pre-industrial, the deepest mixed layers, and therefore the main sites of deep-
water formation, sit in the North Atlantic, consistent with the formation of North Atlantic
Deep Water, while a closed Antarctic Circumpolar Current isolates the Southern Ocean
(Figure 27). In the three mid-Cretaceous time slices, this pattern is displaced southward:
the deepest mixed layers are found along the Antarctic coast (Figure 24), meaning that570

deep water formation shifted to the southern high latitudes, highly supported by the
simulated ideal age. The absence of the circumpolar current is likely due to the continental
configuration, as the proto-Australia landmass leaves no continuous circumpolar oceanic
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band. In contrast, the broad Tethys-Pacific connection allows the equatorial waters to flow
across the wide equatorial palaeocurrent, a circulation closed off to the west by Australia575

in the pre-industrial. The decrease in the Northern Hemisphere Subpolar Gyre intensity
across the mid-Cretaceous is thought to cause a decrease in poleward ocean heat transport
(Gianchandani et al., 2023). An interesting feature found across multiple components,
such as oceanic temperatures at depth, evaporation and salinity, is the flow of the proto-
North Atlantic warm, salty waters into the Eastern Pacific in the Barremian, the Albian580

and the Cenomanian. In the pre-industrial, the Pacific Ocean is much more enclosed and
the circulation with the Northern Atlantic is cut off.

The ideal age variable is consistent with this circulation change in deep waters. The
globally older mid-Cretaceous deep oceans contrast with the pre-industrial, indicating
reduced ventilation of the deep ocean circulation overall. It should be noted that the pre-585

industrial simulation may have been run for a shorter duration, possibly around 800 years,
explaining the difference in ideal age. However, as CESM1.2 is a legacy model, much of
the associated documentation is difficult to find, and the exact spin-up length could not
be confirmed, meaning that the inter-stage comparison is the clean signal. At 4000 me-
tres, the youngest waters of the mid-Cretaceous stages are found in the South Pacific and590

along the Antarctic coast, while the proto-North Atlantic produces the oldest water (Fig-
ure 30). This south-north age gradient explains the ventilation pattern associated with
the shift in deep water formation, discussed above, where the southern high latitudes are
well ventilated, and the northern waters are poorly ventilated in the mid-Cretaceous. A
poorly ventilated deep ocean is more favourable to low oxygen levels, and the older deep595

mid-Cretaceous ocean shows settings favourable to the development of Oceanic Anoxic
Events, which is consistent with the recurrent OAE of the mid-Cretaceous (Bottini &
Erba, 2018; Wilson & Norris, 2001). Our mid-Cretaceous simulations show similar high
salinity and isolated proto-Atlantic. Other studies have found that the continental re-
working of the late Cretaceous, more precisely the opening of the Caribbean gateway and600

the development of a westward flow, is believed to explain the shift to a better ventilated
ocean, less prone to OAEs (Donnadieu et al., 2016). Friedrich et al. (2008) identified
high-salinity proto-Atlantic waters and the relative isolation of mid-Cretaceous basins as
significant drivers of anoxia and black-shale deposition in the proto-North Atlantic. Our
simulations are broadly consistent with this interpretation: the mid-Cretaceous stages605

show high salinity, restricted exchange in the proto-Atlantic (Figure 23) and reduced
ventilation (Figure 30), conditions that would have favoured oxygen depletion. The sub-
sequent shift toward a better-ventilated ocean, less prone to OAEs, has been attributed
to the opening of the Caribbean gateway and the establishment of a westward flow during
the late Cretaceous (Donnadieu et al., 2016).610

Taken together, these results point to continental configuration as the primary control
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on the differences between the three mid-Cretaceous stages, and largely on the differ-
ences between the mid-Cretaceous and the pre-industrial period. Across the three mid-
Cretaceous runs, the warming from the Barremian to the Cenomanian, the southward
displacement of deep-water formation, the broad equatorial Tethys-Pacific circulation and615

the isolation of the Arctic all follow from the position of the continents and the configu-
ration of ocean gateways rather than from a change in CO2 forcing. The largest of these
climate reorganisations thus involve the ocean, mirroring the hypothesis that stage-to-
stage changes in the Cretaceous greenhouse are closely tied to shifts in ocean circulation
(Lunt et al., 2016).620

7 Conclusion

The thesis set out to evaluate the ocean circulation and climate of the mid-Cretaceous,
asking why the period is of interest, how the climate compares with the present day, and
how the simulations relate to the existing literature. These questions were investigated
through a model-based comparison of three geological stages, the Barremian (∼127 Ma),625

the Albian (∼106 Ma) and the Cenomanian (∼96 Ma), against a pre-industrial control by
using the CESM1.2 model (Renoult et al., Accepted), with the CO2 concentration fixed
at 854 ppm across the three Cretaceous runs. Because the greenhouse concentration is
identical across these runs, the inter-stage differences result from non-CO2 forcings.

The central finding is that the simulated mid-Cretaceous ocean operated with a cir-630

culation structure considerably different from the pre-industrial. Deep water formed at
the southern high latitudes along the Antarctic coast rather than in the North Atlantic,
no Antarctic Circumpolar Current developed in the absence of a continuous circumpolar
band, and a broad equatorial flow connected the Tethys and the Pacific. This regime
results from the position of the continents and the geometry of the ocean gateways, and it635

is consistent across the mixed layer depth, meridional velocity, barotropic stream function
and ideal age fields, which all describe the same southern-sourced and wide-ocean circula-
tion. The simulated mid-Cretaceous deep ocean is globally older and less ventilated than
the pre-industrial, with a south-to-north age gradient. The saline and weakly ventilated
proto-North Atlantic contrasts with well-ventilated southern waters. This suggests con-640

ditions favourable for the recurrent Oceanic Anoxic Events of the Cretaceous, since a re-
stricted, poorly ventilated and saline basin is optimal for oxygen depletion and black-shale
deposition (Donnadieu et al., 2016; Friedrich et al., 2008). The mid-Cretaceous stages
wide equatorial Pacific show a low-altitude anti-Hadley cell between the two Hadley cells,
with stronger equatorial easterlies, increased upwelling and a dip in equatorial sea surface645

temperature. Across the three mid-Cretaceous stages, the simulations also reproduce a
warming from the Barremian to the Cenomanian that is consistent with the trend indi-
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cated by proxy reconstructions (O’Brien et al., 2017) despite the constant CO2. However,
the simulated poles remain too cold, retaining snow and sea ice at 854 ppm, which show
the principal limit of the model’s consistency with the proxy record.650

The simulations presented here provide a foundation for several directions of further
investigation. A first step would be to repeat the Cretaceous runs at a higher CO2 con-
centration to test whether the polar temperature difference persists, which would help
distinguish a genuine model limitation from an insufficiently strong greenhouse forcing.
Extending the spin-up time, particularly for the pre-industrial control, would improve655

deep-ocean equilibration and allow a better comparison of the ideal age of the ocean. The
ocean circulation could be evaluated more directly by computing the meridional overturn-
ing streamfunction, allowing a more complete analysis of the oceanic circulation. The link
between the reduced deep-ocean ventilation found in these simulations and the occurrence
of Oceanic Anoxic Events could be tested directly using a coupled biogeochemical model,660

rather than deduced from ideal age, salinity, and isolation. Finally, a more focused analy-
sis of the observed equatorial anti-Hadley cell would help establish the mechanism linking
the wide Pacific, equatorial upwelling and the simulated sea surface temperature dip.
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Use of AI

A generative AI model was used for Python debugging, particularly with issues about665

subplot layout. LanguageTool was used as a grammar and spell checker.
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Supplementary Atmospheric Figures

A Supplementary Atmospheric Figures

Figure A.1: Simulated land zonal mean snow coverage as water equivalent depth for the Barremian
(∼127 Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure A.2: Simulated zonal mean sea ice coverage for the Barremian (∼127 Ma), Albian (∼106 Ma),
Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Atmospheric Figures

Figure A.3: Simulated atmospheric meridional winds for the Barremian (∼127 Ma), Albian (∼106 Ma),
Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure A.4: Simulated atmospheric surface specific humidity for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Atmospheric Figures

Figure A.5: Simulated atmospheric global temperatures profile by pressure for the Barremian (∼127
Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE)
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Supplementary Ocean Figures

B Supplementary Ocean Figures740

Figure B.1: Simulated oceanic zonal mean temperature as a function of latitude and depth for the
Barremian (∼127 Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.2: Simulated oceanic temperature at 500 metres depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.3: Simulated oceanic temperature at 5000 metres depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.4: Simulated oceanic zonal mean precipitation for the Barremian (∼127 Ma), Albian (∼106
Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.5: Simulated oceanic precipitation for the Barremian (∼127 Ma), Albian (∼106 Ma), Ceno-
manian (∼96 Ma) and PI control (1850 CE)

.

Figure B.6: Simulated oceanic zonal mean evaporation for the Barremian (∼127 Ma), Albian (∼106
Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.7: Simulated oceanic evaporation for the Barremian (∼127 Ma), Albian (∼106 Ma), Cenoma-
nian (∼96 Ma) and PI control (1850 CE).

Figure B.8: Simulated oceanic zonal mean run-off for the Barremian (∼127 Ma), Albian (∼106 Ma),
Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.9: Simulated oceanic surface salinity for the Barremian (∼127 Ma), Albian (∼106 Ma),
Cenomanian (∼96 Ma) and PI control (1850 CE)

Figure B.10: Simulated oceanic salinity at 500 metres depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE)
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Supplementary Ocean Figures

Figure B.11: Simulated oceanic salinity at 4000 metres depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.12: Simulated oceanic zonal mean salinity at 3000 metres depth for the Barremian (∼127
Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.13: Simulated oceanic surface zonal velocity for the Barremian (∼127 Ma), Albian (∼106
Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.14: Simulated oceanic zonal velocity at 100 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.15: Simulated oceanic zonal velocity at 200 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.16: Simulated oceanic zonal velocity at 500 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.17: Simulated oceanic zonal velocity at 1000 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.18: Simulated oceanic zonal velocity at 3000 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.19: Simulated oceanic surface meridional velocity for the Barremian (∼127 Ma), Albian (∼106
Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.20: Simulated oceanic meridional velocity at 100 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.21: Simulated oceanic meridional velocity at 200 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.22: Simulated oceanic meridional velocity at 500 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.23: Simulated oceanic meridional velocity at 1000 metres depth for the Barremian (∼127
Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.24: Simulated oceanic meridional velocity at 3000 metres depth for the Barremian (∼127
Ma), Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.25: Simulated oceanic vertical velocity at 500 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.26: Simulated oceanic vertical velocity at 1000 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.27: Simulated oceanic vertical velocity at 3000 metres depth for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.28: Simulated oceanic maximum mixed layer depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.29: Simulated oceanic zonal mean barotropic streamfunction for the Barremian (∼127 Ma),
Albian (∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.30: Simulated oceanic ideal age at 500 metres depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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Supplementary Ocean Figures

Figure B.31: Simulated oceanic ideal age at 1000 metres depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).

Figure B.32: Simulated oceanic ideal age at 3000 metres depth for the Barremian (∼127 Ma), Albian
(∼106 Ma), Cenomanian (∼96 Ma) and PI control (1850 CE).
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