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Abstract

Greenhouse climates with global mean temperatures significantly higher than today prevailed dur-
ing large parts of the geological history. They provide direct evidence for the adaptation of the cli-
mate system to enhanced greenhouse gas forcing during the past and represent the only possibility
to constrain model-derived projections of future anthropogenic warming. The Early Cretaceous
(~145-100.5 Ma) provides a special opportunity to test our understanding of past greenhouse dy-
namics, as the long-term warmth was punctuated by severe perturbations of the global carbon cycle
and episodes of transient cooling. Young and restricted ocean basins, emerging from the break-up
of Gondwana, are a possible driver of both short- and long-term carbon cycle dynamics due to their
enhanced organic carbon burial potential.

This thesis aims to better constrain the main drivers of the Early Cretaceous greenhouse climate
and to assess how they differed from the present-day dynamics. Dedicated climate model simula-
tions of the Early Cretaceous were integrated with paleoceanographic records of water mass mixing,
surface temperatures and organic carbon burial to assess both the causes for the mean state warm-
ing, as well as to reconstruct the tectonically driven ocean circulation and carbon cycle changes.
In a first step, the individual processes that controlled the simulated global mean warming and
the meridional temperature gradient (MTG) response to the increased greenhouse gas forcing
and changed paleogeography were quantified. The Early Aptian (~125 Ma) surface warming was
driven by higher atmospheric greenhouse gas levels (70%) and surface albedo changes (30%). The
lower elevation and surface albedo of ice-free Antarctica formed the largest contribution to the up
to 38% reduction of the MTG. Cloud cover changes did not influence the global mean temperature
change, but their latitudinal variations were the only feedback strengthening the MTG. A compar-
ison with a model ensemble forced under the present-day geography confirms the stabilising cloud
influence as a robust response across the two time periods.

In a second step, the model results were used to test the internal consistency of the Cretaceous
upper-ocean temperature record. It is demonstrated that the restricted circulation of the evolving
North and South Atlantic led to a systematic overestimation of local Early Cretaceous tempera-
tures in the TEXgq proxy. Applying an adjusted calibration significantly improves the model-data
fitand the overall comparison with other temperature proxies for the Early Cretaceous. The combi-
nation of both studies implies that the MTG during the Early Aptian was significantly lower than
today, but can be reproduced with the current generation of climate models.

A third study simulated the Aptian to Albian progressive opening of two marine gateways between
the emerging South Atlantic and Southern Ocean to assess their influence on the water mass ex-

change between both basins and to derive possible implications for the organic carbon burial. A
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large model ensemble demonstrates the enhanced influence of boundary condition uncertainties
on the simulated regional circulation. The test against geochemical data allowed to constrain the
most likely depth of the proto-Drake Passage to ~200 m and therefore improves our understand-
ing of the large-scale oceanographic setting of the Early Cretaceous Southern Ocean. The results
show a dominant geographic control on the reconstructed circulation changes. The opening of
the Falkland Plateau initially started convection and ventilation in the Weddell Sea, while the sub-
sequent opening of the Georgia Basin Gateway enabled deep water exchange between the South
Atlantic and Southern Ocean that ultimately terminated enhanced organic carbon burial in the
Cape Basin. The results provide the basis for future biogeochemical modelling to quantify the in-
fluence of the regional carbon burial changes on the global carbon cycle and the transient climate

evolution of the Early Cretaceous.



Zusammenfassung

Treibhausklimata mit deutlich héheren globalen Durchschnittstemperaturen als heutzutage do-
minierten weite Teile der geologischen Geschichte. Sie liefern direkte Hinweise auf die Anpassung
des Klimasystems an erhohte Treibhausgaskonzentrationen in der Vergangenheit und stellen die
einzige Moglichkeit dar, die Spanne modellbasierter Prognosen der zukiinftigen anthropogenen
Erwirmung zu begrenzen. Die frithe Kreide (~145-100.5 Ma) bietet eine besondere Moglichkeit
unser Verstindnis vergangener Treibhausdynamiken zu testen, da die langfristige Wirme durch
starke Stérungen des globalen Kohlenstoftkreislaufes und Episoden vortibergehender Abkiihlung
unterbrochen wurde. Junge Ozeanbecken mit eingeschrinkter Zirkulation, die durch den Zerfall
Gondwanas entstanden, sind aufgrund ihres erhéhten Potenzials fiir die Ablagerung von organi-
schem Kohlenstoft ein méglicher Antrieb fiir sowohl kurz- als auch langfristige Schwankungen des
Kohlenstoffkreislaufes.

Diese Arbeit zielt darauf ab die primiren Antriebe des Treibhausklimas der frithen Kreide besser
einzugrenzen und zu beurteilen, inwiefern sie sich von den heutigen Dynamiken unterschieden.
Klimamodellsimulationen der frithen Kreidezeit wurden mit paldozeanographischen Rekonstruk-
tionen der Wassermassenmischung, Oberflichentemperaturen und organischer Kohlenstoftabla-
gerung zusammengefiihrt, um sowohl die Ursachen fiir die mittlere Erwirmung als auch die tek-
tonisch bedingten Verinderungen der Ozeanzirkulation und des Kohlenstoftkreislaufes zu rekon-
struieren.

In einem ersten Schritt wurden die einzelnen Prozesse quantifiziert, die die simulierte mittlere glo-
bale Erwirmung und die Anderungen des meridionalen Temperaturgradienten (MTG) in Folge
des erhohten Treibhauseftektes und der verinderten Paliogeographie kontrollierten. Die Oberfli-
chenerwirmung im frithen Apt (~125 Ma) wurde durch die erhohten Treibhausgaskonzentratio-
nen (70%) und Anderungen der Oberflichenalbedo (30%) angetrieben. Die reduzierte Hohe und
Oberflichenalbedo der eisfreien Antarktis trugen den Grof3teil zur bis zu 38-prozentigen Abnah-
me des MTG bei. Anderungen der Wolkenbedeckung hatten keinen Einfluss auf die Anderung der
globalen Mitteltemperatur, aber ihre latitudinalen Verinderungen bildeten den einzigen Prozess,
der den MTG verstirkte. Der Vergleich mit einem Modellensemble, angetrieben unter der heuti-
gen Geographie, bestitigt, dass der stabilisierende Wolkeneinfluss eine robuste Modellantwort fiir
beide Zeitperioden darstellt.

In einem zweiten Schritt wurden die Modellergebnisse genutzt, um die interne Konsistenz der re-
konstruierten Kreidetemperaturen des oberen Ozeans zu testen. Es wird gezeigt, dass die limitierte
Zirkulation im gerade entstehenden Nord- und Stidatlantik dazu gefiihrt hat, dass die lokalen Tem-

peraturen der frithen Kreide im TEXgs-Proxy tiberschitzt werden. Das Verwenden einer angepass-
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ten Kalibration fithrte dazu, dass sowohl die Ubereinstimmung von Modell und Daten als auch die
allgemeine Ubereinstimmung mit anderen Proxies fiir die frithe Kreide zunahm. Die Kombination
beider Studien impliziert, dass der MTG im frithen Apt zwar deutlich geringer war als heutzutage,
er jedoch mit der aktuellen Generation von Klimamodellen reproduzierbar ist.

Eine dritte Studie simulierte die schrittweise Offnung zweier Meeresverbindungen zwischen dem
Sudatlantik und dem Stidozean im Zeitraum vom Abt bis zum Alb, um ihren Einfluss auf den
Wassermassenaustausches zwischen beiden Becken zu rekonstruieren und um mégliche Auswir-
kungen auf die organische Kohlenstoffablagerung abzuleiten. Ein grofies Modellensemble verdeut-
licht den verstirkten Einfluss von Unsicherheiten in den verftigbaren Randbedingungen auf die si-
mulierte regionale Zirkulation. Ein Abgleich mit geochemischen Daten erméglichte eine Eingren-
zung der wahrscheinlichsten Tiefe der frithen Drake-Passage auf ~200 m und verbessert damit
unser Verstindnis der grofirdumigen ozeanographischen Begebenheiten des Stidozeans wihrend
der frithen Kreide. Die Ergebnisse unterstiitzen die Annahme einer besonders wichtigen Rolle
der Paliogeographie bei den rekonstruierten Zirkulationsinderungen. Die Offnung des Falkland
Plateaus ermdglichte das Einsetzen von Konvektion und Beliftung im Weddell-Meer, wihrend
die darauffolgende Offnung einer Tiefenwasserverbindung den Wassermassenaustausch zwischen
dem Siidatlantik und Siidozean erméglichte und schliefSlich zum Ende der erhéhten Kohlenstoff-
ablagerungen fuhrte. Die Ergebnisse liefern die Grundlagen fur zuktinftige biogeochemische Mo-
dellierungen um den Einfluss der regionalen Anderungen der Kohlenstoffablagerungen auf den
globalen Kohlenstoftkreislauf und damit den zeitlichen Verlauf der Klimaentwicklung der frithen

Kreide zu quantifizieren.
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1 Introduction

1.1 Motivation

Children born in the year 2018 will most likely experience climatic conditions unprecedented for
the past 3 million years within their lifetime (Burke et al., 2018). If the current rate of unmitigated
global warming continues, a SO million-year-long cooling trend could be reversed by the end of the
next century (Burke et al., 2018). The only direct evidence of how the near-future climate system
will adapt to the ongoing emissions of atmospheric greenhouse gases come from the geologic past.
In fact, most of the Phanerozoic, i.e. the last 514 million years (Ma), were characterised by atmo-
spheric CO; concentrations and global mean surface temperatures above present-day levels (e.g.,
Huber and Thomas, 2010; Veizer and Prokoph, 2015; Song et al., 2019). One of the longest and
best-documented examples of these past "greenhouse” climates was the Cretaceous, lasting from
~145 to 66 Ma. The Cretaceous gained particular interest due to its prolonged greenhouse condi-
tions with peak global mean temperatures of more than 10 °C above modern (Huber and Thomas,
2010). Furthermore, as most parts of the Earth’s ocean floor older than 180 Ma have been sub-
ducted (Hay, 2017), the Cretaceous provides the first example of a greenhouse interval for which
reliable reconstructions of the plate tectonic history and age of the ocean floor are available (Miiller
etal., 2008).

No past warm period is a perfect analogue for a future anthropogenic warming (Haywood et
al., 2011). One fundamental limitation for the comparability is that the climate sensitivity itself, i.e.
how the temperature changes with increasing CO», will be modulated by the respective paleoto-
pography and potentially changes on geological time scales (Haywood et al., 2011). Therefore, a
profound understanding of the processes that characterise the climatic response of individual time
periods to enhanced greenhouse forcing is essential to separate them from the more invariant con-
trols on greenhouse dynamics. This will ultimately help to assess which mechanisms of past warm
periods might also be the potential drivers of any future anthropogenic warming. This thesis aims
to identify and better constrain these main time-slice characteristics for the Early Cretaceous (~145
t0 100.5 Ma) and to assess how comparable they were to the present-day dynamics. The following
section will give a brief introduction on some of the specific features of the Early Cretaceous cli-

mate system and how they lead to the main research questions addressed in this thesis.
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1.2 What was special about the Cretaceous?

1.2.1 Greenhouse climate

The Cretaceous is classically described as a prime example of a greenhouse climate with long-term
maxima in global temperatures (Barron, 1983; Huber and Thomas, 2010; Price et al., 2013). Low-
latitude sea surface temperatures exceeded 30 °C for most of the time (see review in O’Brien et al.,
2017) and bottom water temperatures ranged between 10 and at times more than 20 °C (Friedrich
et al., 2012). Although the whole of the Cretaceous is considered a greenhouse climate (Huber
and Thomas, 2010), global temperatures peaked around the mid-Cretaceous Cenomanian to Tur-
onian (Voigt et al., 2004; Friedrich et al., 2012; MacLeod et al., 2013; Huber et al., 2018). While
there is a general consensus that the polar regions during this Cretaceous Thermal Maximum were
ice-free (Moriya et al., 2007; Ando et al., 2009; Huber et al., 2018), the possibility of at least tem-
porary continental ice sheets during cooler episodes of the Early and Late Cretaceous can not be
ruled out (Alley and Frakes, 2003; Price and Nunn, 2010; Alley et al., 2019). The overall reduced
amount of land ice in combination with tectonically driven changes in the ocean basin volume led

to an eustatic sea level highstand of ~75-250 m above the present-day level (Haq, 2014).

High concentrations of atmospheric CO5 are commonly considered as the main driver of the
sustained warmth (Berner, 2001; Huber and Thomas, 20105 Price et al., 2013) with values above
~500 ppmv throughout the Cretaceous (Wang et al., 2014). In accordance with the temperature
maximum, generally higher CO; levels in the range of 1000-2000 ppmv were reconstructed for the
mid-Cretaceous (Caldeira and Rampino, 1991; Berner, 1990; Bice et al., 2006; Wang et al., 2014),
but also for parts of the Aptian (Wallmann, 2001; Naafs et al., 2016). Most studies indicate that
the high CO;, levels were maintained by enhanced tectonic and volcanic activity (e.g., Arthur et al.,
1985; Wallmann, 2001; Van Der Meer et al., 2014) expressed as increased oceanic crust production
(Larson, 19915 Seton et al., 2009) and the emplacement of large igneous provinces (Coffin and
Eldholm, 1994).

A characteristic feature of the Cretaceous greenhouse climate is that the reconstructed warm-
ing was particularly pronounced in the high latitudes of both hemispheres. The associated strong
reduction of the meridional temperature gradient (Barron, 1983; Huber et al., 1995; Littler et al.,
2011) led to the idea that an "equable” climate characterised large parts of the Cretaceous (Barron,
1983). Evidence for mean annual temperatures in excess of 10 °C and above-freezing winter tem-
peratures in the polar regions mainly come from the presence of crocodile-like reptiles (Tarduno
etal.,, 1998) and plant fossils from the Arctic (Parrish and Spicer, 1988; Spicer and Herman, 2010)
and the Antarctic Peninsula (Francis and Poole, 2002). Reproducing this polar amplification and
reduced seasonality in continental interiors without the need of unrealistically high CO, levels has

been a serious problem for global climate models for decades (Sloan and Barron, 1990; DeConto
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et al., 1999; DeConto et al., 2000; Sellwood and Valdes, 2006; Spicer et al., 2008; Niezgodzki
et al., 2017). This long-lasting model-proxy mismatch could either indicate that the high-latitude
warming is overestimated in the proxy reconstructions or that our knowledge about the deep-time
boundary conditions used to force the models is insufficient. A third explanation, arguably with
the more serious implications for our understanding of future climates, is that our current climate
models are lacking fundamental dynamical feedbacks active in greenhouse climates (Spicer et al.,
2008). This would genuinely question the robustness of our current projections of future anthro-
pogenic warming. Furthermore, a reliable simulation of the mean state of past warm periods is
essential to unravel the causes of any recorded climate variability. One of the fundamental advan-
tages of coupled climate models is the ability to study the response of the climate system to a defined
forcing on a global, physically consistent scale. In a first step, this thesis aims to assess the physical
processes that caused the Early Cretaceous surface warming. Implementing our current knowledge
about the Early Cretaceous boundary conditions in a state-of-the-art climate model will address the
question: (1) What controlled the simulated surface temperature distribution during the

Early Cretaceous greenhouse?

While it is certainly of interest to better understand the simulated physical changes of green-
house climates, only a direct validation against the available proxy record will allow to constrain
the numerical results and ultimately improve our understanding of past dynamics and enhance
the credibility of future projections. Three main problems limit the model-proxy comparability
for the Early Cretaceous. First, much of the Early Cretaceous falls within a period of a long-term
stability of the geomagnetic field polarity, called the Cretaceous Normal Superchron (Granot et
al., 2012). This severely reduces the accuracy and robustness of available plate tectonic models and
therefore also limits the quality of paleogeographic reconstructions and stratigraphic controls for
proxy records. Second, the reduced abundance of planktonic foraminifera in combination with
poor preservation and diagenetic alteration of many samples (Pearson et al., 2001) limit the appli-
cability of the classic oxygen isotope temperature proxy. This makes the organic paleothermometer
TEXgs the only widely used proxy for quantitative reconstructions of marine surface temperatures
for large parts of the Early Cretaceous (O’Brien et al., 2017). Consequently, this also ties much of
our understanding of the Early Cretaceous temperature evolution to the uncertainties and limi-
tations associated with a single proxy technique. The third and closely related problem is that all
temperature proxy methods rely on assumptions about the prevailing paleoenvironmental condi-
tions during the actual signal formation. In the case of the TEXgg proxy, the mechanism itself that
relates the measured sedimentary signal to the actual surface temperatures is still not completely un-
derstood (see review in O’Brien etal., 2017). Uncertainties arise in part from different assumptions
about the export depth of the signal (Kim et al., 2012; Taylor etal., 2013; Herndndez-Sdnchezetal.,
2014; Ho and Laepple, 2016; Zhang and Liu, 2018) and demonstrated regional differences even
in the present-day core-top sediments (Tierney and Tingley, 2014). Areas with known deviations

from the global TEXgg-temperature relation are the (sub)polar oceans (Kim et al., 2010; Tierney
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Figure 1.1: OAE 2 (~ 94 Ma) organic-rich shales (dark gray, ~1 m layer thickness) inbetween light-coloured carbon-
ates at the Furlo section, Italy. Photo by S. Steinig.

and Tingley, 2014) and the Mediterranean and Red Sea (Trommer et al., 2009; Kim et al., 2015;
Kim et al., 2016) and led to the formulation of spatially varying calibrations for the present-day
continental configuration (Tierney and Tingley, 2014; Tierney and Tingley, 2015). For deep-time
applications, on the other hand, the definition of these best modern analogue environments is dif-
ficult and depends on a priori assumptions. In consequence, only global core-top calibrations are
commonly applied, even though the direct comparison with other temperature proxies reveals sys-
tematic offsets of the TEXgg-derived temperatures (Hollis et al., 2012; Taylor et al., 2013; Polik
et al., 2018). Climate models could bridge this gap and evaluate the regional oceanographic set-
ting of individual study sites to find the respective best present-day analogue and therefore TEXgg-
temperature relation. Given the important role of the TEXgg proxy for Early Cretaceous tempera-
ture reconstructions, this leads to the question: (2) Can climate models reveal systematic biases

in the Early Cretaceous temperature record?

1.2.2 Evolving ocean basins and carbon cycle perturbations

The traditional view of a warm and equable Cretaceous climate is challenged by an increasing
amount of evidence for a rather complex succession of dynamic transitions between cooler inter-
vals and hothouse states around the mean greenhouse climate (Price, 1999; Price and Nunn, 2010
Bodin et al., 2015; Herrle et al., 2015; Jenkyns, 2018). Changes in the global carbon cycle are com-
monly viewed as drivers of both short-term and long-term variations of the Cretaceous climate sys-
tem (Weissert and Erba, 2004; Huber and Thomas, 20105 Price et al., 2013; Bodin et al., 2015).

4
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Two of the most significant perturbations with estimated durations of close to 1 Ma (Jenkyns,
2018) were the Early Aptian Oceanic Anoxic Event (OAE) 1a and OAE 2 during the Cenoma-
nian—Turonian boundary. Both were characterised by long-term maxima in global temperatures
(O’Brien et al., 2017; Jenkyns, 2018), widespread oxygen depleted water masses (Schlanger and
Jenkyns, 1976; Bralower et al., 1994; Jenkyns, 2010) and large-scale deposition of marine organic-
rich black shales (Fig. 1.1; Schlanger and Jenkyns, 1976; Jenkyns, 1980; Arthur et al., 1988). The
rapid surface temperature increase accompanying the onset of OAE 1a was most likely related to
CO; degassing during the emplacement of the Ontong Java Plateau (Larson and Erba, 1999; Bot-
tini et al., 2012; Charbonnier and Follmi, 2017), the largest magmatic event on record (Fitton et
al., 2004). The initial warming was followed by increased organic carbon burial and potentially re-
lated multiple episodes of transient global cooling (Bodin et al., 2015; Bottini et al., 2015; Jenkyns,
2018).

In addition to the global occurrence of OAEs, widespread deposition of organic-carbon-rich
sediments during the Early Cretaceous occurred predominantly in the young North and South
Atlantic (Arthur and Natland, 1979; Weissert, 1981; Stein et al., 1986; Zimmerman et al., 1987;
Wagner et al., 2013). The South Atlantic emerged in the first stages of seafloor spreading between
Africa and South America (Fig. 1.2) that started in the Late Jurassic in the course of the breakup
of Pangea (Torsvik et al., 2009). Initial water mass exchange with the Southern Ocean was severely
limited by the presence of the Falkland Plateau (Fig. 1.2b, Pérez-Diaz and Eagles, 2017). Simulta-
neously, hotspot volcanism led to the formation of the Walvis Ridge that separated the southern
Cape-Argentine Basin from the northern Angola Basin (Dingle, 1999; Hoernle et al., 2015). The
restricted circulation and large shelf areas of these young ocean basins formed ideal environments
for enhanced biogeochemical turnover rates, the formation of oxygen-deficient water masses and
increased organic carbon burial (Trabucho-Alexandre et al., 2012). This turned the evolving ocean
basins into efficient carbon sinks with the potential to influence or even trigger global climate trends
(McAnenaetal., 2013). Besides OAE 1a, the Aptian (~125 to 113 Ma) was characterised by at least
one other global carbon cycle perturbation—the so-called Late Aptian Cold Spell (LACS). This
period of enhanced carbon burial and global cooling was also associated with a marine biotic crisis
(Mutterlose et al., 2009; McAnena et al., 2013; Bottini et al., 2015). Biogeochemical modelling
indicates a dominant role of the emerging South Atlantic and Southern Ocean basins in the ex-
cessive sequestration of atmospheric carbon and therefore in driving the ~2.5 Ma long cooling
trend (McAnena et al., 2013). Nevertheless, the underlying processes that caused the transient
oceanographic and biogeochemical changes are poorly understood. The potential influence of the
emerging South Atlantic on global-scale climate perturbations leads to the question: (3) What
controlled the circulation and carbon burial in the Early Cretaceous South Atlantic and

Southern Ocean?
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(b)
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Figure 1.2: Paleogeographic maps for four time slices of the Cretaceous. Paleobathymetry and paleotopography re-
constructions are from Scotese and Wright (2018) with highlighted positions of the Falkland Plateau (FP) and Walvis
Ridge (WR). Contour interval is SO0 m.
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1.3 Strategy and outline of the thesis

The three questions raised in section 1.2 will be addressed in three individual studies presented in
chapters 2 to 4. While climate model simulations with the Kiel Climate Model (KCM, Park et al.,
2009), adapted to the Early Cretaceous boundary conditions, form the backbone of each study,
they are complemented by different data sets to increase the validity of the presented results. In
particular, this thesis is integrated in a joint project to assess the influence of the transient carbon
burial changes in the South Atlantic and Southern Ocean on the global carbon cycle and Early
Cretaceous climate evolution. New geochemical data generated within this project are directly
integrated in chapters 3 and 4. The following will give a brief overview of the different approaches

used to answer the three main research questions of this thesis.

(1) What controlled the simulated surface temperature distribution
during the Early Cretaceous greenhouse?

Chapter 2 introduces a suite of new KCM simulations for Early Aptian (~125 Ma) boundary
conditions to assess the model-predicted peak warming during OAE 1a. An energy balance model
analysis is applied to quantify the contribution of individual processes both to the global mean
warming and to the changes of the meridional temperature gradient. Furthermore, a separation of
the respective warming into a part caused by the changed paleogeography and one solely induced by
the increased atmospheric CO3 concentrations allows the comparison of the Cretaceous climate
sensitivity to other time periods. In particular, the robustness of the results is tested against models

participating in the Coupled Model Intercomparison Project phase 5 (CMIP5).

(2) Can climate models reveal systematic biases in the Early Creta-
ceous temperature record?

Chapter 3 compares the simulated surface temperatures against the available TEXgg proxy record
for OAE la. The proxy data includes a recent compilation of published records and new data
generated within the project. A particular focus lies on the internal consistency of the available
TEXgs data that can be tested against the regional temperature distribution in the simulations.
Systematic differences in the TEXgg ratios are explained by the simulated oceanographic setting of
individual study sites. Finally, the refined absolute temperatures are discussed in the context of the

long-term Cretaceous temperature evolution.
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(3) What controlled the circulation and carbon burial in the Early Cre-
taceous South Atlantic and Southern Ocean?

Chapter 4 builds on the previously described global model, but refines the regional bathymetry
of the South Atlantic and Southern Ocean. Three pseudo-transient stages are designed to repre-
sent the hypothesised opening history of the Falkland Plateau in the KCM. An ensemble of sim-
ulations for each stage is used to account for the large range in the available boundary conditions
for key oceanic gateways and atmospheric CO3 levels. The results are discussed in the context of
reconstructed water mass mixing and carbon burial across the region to constrain the simulated
circulation and to test hypotheses generated from the proxy data. Finally, the results are combined
with a regional stratigraphic framework to derive an integrated ocean circulation and carbon burial

history for the Early Cretaceous South Atlantic and Southern Ocean.

Chapter 5 presents a summary of the results in the form of answers to the three main research

questions and derives an outlook for future work.
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Chapter 2. Quantifying the surface warming

2.1 Abstract

Greenhouse climates with global mean temperatures significantly above the present day prevailed
during large parts of the Phanerozoic and are especially well documented for the Cretaceous Period
(~145-66 Ma). Paleoclimate records indicate that the overall warming was, at least temporarily, am-
plified at higher latitudes and associated with ice-free polar regions and warm continental interiors
during winter. Reproducing and explaining this polar warmth is still a challenging task for state-
of-the-art climate models. Here we quantify individual processes that influence the meridional
temperature gradient (MTG) response to increased greenhouse gas forcing and therefore deter-
mine the simulated large-scale atmospheric and oceanic circulation during the Early Cretaceous.
We employ the Kiel Climate Model, a coupled atmosphere-ocean-sea ice general circulation model,
under Early Aptian (~125 Ma) boundary conditions. We perform equilibrium integrations with
different atmospheric CO levels and a pre-industrial reference run to distinguish between changes
induced by the increased greenhouse gas concentrations and the changed paleogeography. An en-
ergy balance model analysis is applied to enable a comparison of the Early Cretaceous results with
models participating in the Coupled Model Intercomparison Project phase 5 (CMIPS). We thereby
identify similarities and differences in the climatic response to enhanced greenhouse gas forcing for
the Cretaceous and present-day geography. Global mean surface temperatures at peak CO5 con-
centrations of 1200 ppmv are elevated by 9.6 °C compared to pre-industrial. The surface warming
is mainly radiatively driven by the higher atmospheric greenhouse gas levels (~70% of the warm-
ing) and surface albedo changes (~30% of the warming). The lower elevation and surface albedo
of ice-free Antarctica forms the largest contribution to the 38% reduction of the MTG. In fact, the
MTG at the same pre-industrial CO level was already 24% lower during the Cretaceous than for
the present-day geography. Adjustments of the meridional heat transport influence local tempera-
tures in the restricted Arctic Ocean, but are negligible on the global scale. Cloud feedbacks show
little influence on the global mean temperature change, but their pronounced latitudinal varia-
tions significantly influence the strength of the MTG. Weaker tropical deep convection reduces
low-latitude cloud cover and leads to a net cloud-induced warming in the tropics. The absence of
polar ice caps prevents high-latitude atmospheric subsidence resulting in thicker, low-level clouds
that reflect incoming shortwave radiation and consequently cool the surface. These cloud radiative
feedbacks partly compensate the geographically driven reduction of the MTG and reduce its sensi-
tivity to CO; changes. Additionally, the seasonality of the cloud feedbacks increases for the ice-free
Early Cretaceous which in turn enhances the interhemispheric differences in the annual tempera-
ture cycle between the Arctic Ocean and continental Antarctica. The strength of the radiatively
driven changes of the global MTG, including the stabilising cloud influence, is similar both for the
Early Cretaceous and the present-day CMIP5 model ensemble. They therefore represent robust
features of the simulated response to enhanced greenhouse gas forcing that are less sensitive to the
applied model geography. Additionally, the regional climatic response can be modulated by the
paleogeography and can therefore potentially differ from the present-day dynamics.
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2.2 Introduction

The geologic past provides examples of multiple time periods where global mean temperatures
were significantly higher than today (e.g., Song et al., 2019). The Cretaceous Period (~145-66 Ma)
represents one of the warmest and best-documented greenhouse periods of the whole Phanerozoic
(Huber and Thomas, 2010). Global mean temperatures were about 6-12 °C higher than today (Bar-
ron et al., 1995) and are commonly associated with the predominant absence of larger continental
ice sheets (e.g., Huber et al., 2002; MacLeod et al., 2013) and an eustatic sea level highstand (Haq
et al., 1987; Miller et al., 2005). Elevated concentrations of atmospheric CO; are widely accepted
as the main driver of Cretaceous warmth (e.g., Royer, 2006; Fletcher et al., 2008; Price et al., 2013),
even though this causal relation might have changed over the course of the Phanerozoic (Veizer et
al., 2000). Estimates of Cretaceous CO4 concentrations typically range between 500-2000 ppmv
(Wang et al., 2014) with the highest levels during the mid-Cretaceous Cenomanian to Turonian
(Hong and Lee, 2012). The high CO; levels were most likely maintained and controlled by in-
creased volcanic activity in the form of enhanced oceanic crust production and the formation of

large igneous provinces (Arthur et al., 1985; Larson, 1991; Van Der Meer et al., 2014).

Several lines of evidence suggest a particular strong warming in the polar regions of both hemi-
spheres leading to the assumption of an equable Cretaceous climate with a strongly reduced merid-
ional temperature gradient (MTG; Barron, 1983; Huber et al., 2002; Littler et al., 2011). Mean
annual temperatures of > 14 °C for the mid-Cretaceous Arctic Ocean have been reconstructed on
the basis of vertebrate assemblages (Tarduno et al., 1998) and are supported by paleofloral evidence
(Spicer and Herman, 2010). MTGs (latitudes < 30° minus latitudes > 48°) reconstructed from
the oxygen isotope and TEXgg paleothermometers vary considerably throughout the Cretaceous
and range from 19-21 °C in the Campanian to Maastrichtian to a minimum of only 3-5 °C in the
Aptian (O’Brien et al., 2017). This is a remarkable result, as the lowest MTG during the Early Cre-
taceous would also imply a decoupling of the MTG strength from the global mean temperatures
that peaked during the mid-Cretaceous (O’Brien et al., 2017). On the other hand, 6'%0O values of
phosphate from vertebrates and fish teeth from the Late Cretaceous indicate only a small MTG
reduction (Amiotetal., 2004) or even a low- to mid-latitude thermal gradient that was very similar

to the present day (Pucéat et al., 2007).

The apparent strength and duration of the Cretaceous greenhouse conditions and the overall
evidence for a, at least intermittent, polar amplification of the warming has motivated extensive
research on the dominant influences on the Cretaceous surface temperature distribution. Pioneer-
ing numerical modelling, starting in the 1980s, identified changes in atmospheric CO», geography
and oceanic heat transport as the major controls on mid-Cretaceous climate (Barron et al., 1981;
Barron and Washington, 1984; Barron and Washington, 1985; Barron and Peterson, 1989) . A com-

bination of these three factors produced the best model-data fit for mid-Cretaceous surface temper-
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atures (Barron et al., 1995). Other proposed mechanisms for an enhanced high-latitude warming
include atmosphere-vegetation feedbacks (Otto-Bliesner and Upchurch, 1997; Upchurch et al.,
1998; DeConto et al., 2000) and local cloud radiative feedbacks (Sloan and Pollard, 1998; Abbot
and Tziperman, 2008; Kump and Pollard, 2008).

The relative importance of these individual variables is still not clear and probably changed
throughout the Cretaceous (Barron et al., 1993; Poulsen et al., 1999; Poulsen et al., 2003; Don-
nadieu et al., 2006). Uncertainties arise in part from the simultaneous occurrence of the long-
term maxima in atmospheric CO; concentrations with the continuing breakup of Pangea (Blakey,
2008). The large-scale reorganisation of the land-sea distribution had a profound influence on the
temporal evolution of the atmospheric circulation, the seasonal temperature cycle and monsoon
precipitation (Kutzbach and Gallimore, 1989; Donnadieu et al., 2006; Fluteau et al., 2007; Ohba
and Ueda, 2010), as well as on the ocean circulation (Poulsen et al., 1999; Poulsen et al., 2001;
Otto-Bliesner, 2002; Poulsen et al., 2003) and deep water ventilation (Donnadieu et al., 2016).
This highlights the need for a precise assessment of the mechanisms that controlled the surface
temperatures during individual time periods and how they changed over time. Ultimately, this
provides the basis to separate the common climatic responses of past warm periods from the time-

slice-dependent modulation of the temperature distribution.

This becomes even more important as the global MTG ultimately controls the strength and
position of the large-scale circulation features in the ocean and atmosphere. Shifts in the latitudi-
nal positions of the Hadley cells or the jet streams in response to increased atmospheric CO; are
proposed for the present-day climate (e.g., Kushner et al., 2001; Lu et al., 2007; Son et al., 2018)
and also commonly invoked in explaining orbitally induced changes in Cretaceous depositional
environments (Flogel et al., 2008; Hofmann and Wagner, 2011; Wagner et al., 2013; Behrooz et al.,
2018). Furthermore, estimates of the Cretaceous Hadley cell location based on desert distribution
reconstructions indicate a potential drastic, non-linear shrinking of its width for a certain CO,

threshold that was possibly reached during the mid-Cretaceous (Hasegawa et al., 2012).

The interpretation of reconstructed changes in the paleorecord rely on robust estimates of
surface temperatures, the position of large-scale atmospheric features and their sensitivity to geo-
graphical and radiative changes. The proposed weak M TG, especially during the Early Cretaceous
(O’Brien et al., 2017), still challenges our understanding of the physical mechanisms that govern
the climate dynamics during past greenhouse climates. The aim of this study is to quantify the
processes that drove the Early Cretaceous surface warming and shaped the global MTG and at-
mospheric circulation with the help of numerical modelling. We choose the Early Aptian (~125
Ma) as a modelling target due to two reasons. First, a recent review of available proxy temperature
data concludes that the low-to-higher mid-latitudinal temperature gradient of 3-5 °C during the
Aptian was the lowest of the whole Cretaceous, even though mean surface temperatures peaked

during the mid-Cretaceous (O’Brien et al., 2017). Second, the Early Aptian is characterised by
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o

Figure 2.1: Early Aptian (~125 Ma) model topography and bathymetry. Values are in meters.

the widespread deposition of organic-rich black shales during the Oceanic Anoxic Event 1a (OAE
la; Jenkyns, 2010). This large disturbance of the global carbon cycle stimulated wide-ranging re-
search on the causes and consequences for the the intermittent occurrence of widespread bottom
water anoxia. Changes in surface temperatures and resulting upper ocean stratification possibly
contributed to the development of OAEs (Schlanger and Jenkyns, 1976; Bralower, 2008; Bentum
etal., 2009). An improved understanding of the controls on Early Aptian temperatures will there-

fore provide a new framework to evaluate the extensive OAE 1a literature.

We use a global climate model, the Kiel Climate Model, both in an Aptian and present-day con-
figuration at a range of atmospheric CO; concentrations to separate the influence of geographical
and radiative changes on the simulated temperature distribution. This increases the comparability
of our Early Cretaceous results to other geological time periods and to the present-day and near-
future climate. We are thereby able to use model output of the Coupled Model Intercomparison
Project Phase S (Taylor et al., 2012) to validate the proposed changes of the MTG and large-scale
atmospheric circulation and to identify common features and discrepancies between the Early Cre-

taceous and present-day climatic response to increased CO; concentrations..

2.3 Methods

2.3.1 Model description and experimental design

All experiments use the Kiel Climate Model (KCM; Park et al., 2009), consisting of the ECHAMS
atmosphere general circulation model (Roeckner et al., 2003) coupled to the ocean-sea ice compo-
nent NEMO (Madec, 2008). The atmospheric model uses a spectral T42 horizontal grid (i.e. ~2.8°
x 2.8°) with 19 vertical levels. The ocean is discretised on a 2° Mercator mesh with an increased

meridional resolution of 0.5° around the equator (ORCAZ2). Experiments with this configuration
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Figure 2.2: Comparison of zonal mean (a) land cover and (b) mean elevation between the present-day and Cretaceous

model geography.

under present-day boundary conditions are described in Park and Latif (2019). Land topography
and ocean bathymetry for the Early Aptian configuration (Fig. 2.1) are adapted from Miiller et al.
(2008) and Blakey (2008) and are described in Blohdorn (2013). Main features include an increased
interhemispheric symmetry of the continental land masses (Fig. 2.2a) and significantly reduced
mean elevations, especially over Antarctica (Fig. 2.2b). Freshwater routing from the continents to
the ocean is determined from the orography (Hagemann and Diimenil, 1998). The continents are
assumed ice-free to represent evidence from oxygen isotopic records (Moriya et al., 2007; Ando et
al., 2009; MacLeod et al., 2013), even though this is still under debate for some cooler intervals of
the Cretaceous (Alley and Frakes, 2003; Bowman etal., 2013; Alley etal., 2019). Surface vegetation
is prescribed as simplified climate-zone dependent properties with no zonal variations (Bléhdorn,
2013).

We perform Early Aptian integrations with three different atmospheric CO; concentrations.
Two simulations with 600 and 1200 ppmv (hereafter CRET 09 and CRET 290) are used to cover
the range of the reported Aptian COj reconstructions (Wang et al., 2014; Jing and Bainian, 2018),
while we isolate the changes solely induced by the changed paleogeography in a third experiment
with the pre-industrial CO; concentration of 286 ppmv (hereafter CRETg6). Remaining atmo-
spheric trace gases are set to pre-industrial values. The solar constant for all Cretaceous experiments
is lowered from 1365 to 1350 W/m? to account for a gradual increase in solar luminosity (Gough,
1981; Caldeira and Kasting, 1992). Additionally, we use a KCM reference simulation with the mod-
ern geography at a pre-industrial CO; concentration (hereafter PDygg). Throughout this study we

differentiate between the geographically and radiatively induced temperature changes defined as:
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* AGEO: Temperature difference due to changed geographical boundary conditions (differ-
ent land-sea distribution, no continental ice sheets, reduced land elevation and changed land

surface),

ie. AGEO = CRET286 - PD286

* ARAD: Temperature difference due to an approximate quadrupling of the atmospheric

COs; concentration,

ie. ARAD = CRET1200 - CRET286

2.3.2 Energy balance analysis

By design, climate models simulate the complex interactions of multiple components of the radia-
tion balance in response to changes of the external forcing. This makes a direct assessment of the
main controls on the simulated warming and a comparison to other models difficult. We there-
fore use a 1-D energy balance analysis to quantify the contributions of individual processes to the
global mean warming and the changes of the MTG. We closely follow the methodology proposed
by Heinemann et al. (2009) and refined by Lunt et al. (2012) and recall the main equations in the
following. The zonal mean radiative fluxes from the KCM are used to formulate a simple Energy
Balance Model (EBM) in which the incoming shortwave solar radiation is balanced by the outgo-
ing longwave radiation. Local meridional heat transport is assumed to close any difference between

the two terms leading to:

SWH1—a)+ H =eor? (2.1)

where S VVti is the incoming solar radiation at the top of the atmosphere, « is the planetary albedo,
H s the net meridional heat transport convergence, € is the longwave emissivity, o is the Stefan—-Boltzmann
constant and 7 is the EBM surface temperature. The planetary albedo and longwave emissivity for

each experiment are calculated with zonal mean radiative fluxes from the KCM as:

R
a= SWZ (2.2)
SW;
and 1
LW,
- 2.3
T Iwl 23)

where S W: and S Wf are the upward and downward shortwave fluxes at the top of the atmosphere
and LW, and LW are the upward longwave fluxes at the top of the atmosphere and the surface,

respectively. Assuming a black-body radiation of the surface, i.c. LVVST =07, the respective terms
in equation 2.1 can be substituted. The use of SW;* = S W# - SW; and Lwpet = LW, leads

to the convergence of the total meridional heat transport as:
H = —(Sthet + LWt”et) (2.4)
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Following the definition from Luntetal. (2012), the EBM surface temperature for each experiment

and latitude can therefore be defined as:

1
7= (=(SW/(1 = a)+ H)*®) = E(e,a, H,SW}) (2.5)

€0
By comparison of the EBM derived temperatures for the Cretaceous, E(€, o, H, S Wti), with those
of the present-day configuration, E (€', o/, H', S Wtu), we can quantify the difference associated

with individual EBM input parameters as:

AT = E(e, 0, H SW}) — E(¢', o, H, SW}) (2.6)
AT, = E(e, o, H SW)) — E(e, o/, H, SW}) (2.7)
ATyan = E(e,a, H SW) — E(e, a, H', SW}) (2.8)
AT, = E(e, o, H, SW}) — E(e, v, H, SW}) (2.9)

where AT, AT yip, AThyan and AT are the temperature differences between the Early Creta-
ceous and present-day EBM solely caused by changes in the atmospheric emissivity, the planetary
albedo, the meridional heat transport and the solar constant, respectively. The atmospheric emis-
sivity changes are caused by a combination of greenhouse gas changes (AT},), longwave cloud

radiative effects (A7},,.) and surface elevation difterences (AT}p0):
ATpm = AT gy + ATy + ATopo (2.10)

To derive AT, we first extrapolate the surface temperatures to the potential temperatures at the
global mean surface pressure using a dry adiabatic lapse rate of 9.8 °C/km (as proposed in Heine-
mann et al., 2009). AT}, is then defined as the difference between the surface and potential tem-
perature change between two experiments. Furthermore, we use the clear-sky (cs) radiative fluxes
from the KCM to exclude the influence of cloud radiative effects (CRE). Emissivity changes un-
der clear-sky conditions are only caused by the topographic and greenhouse gas changes. Clear-sky

albedo changes can be attributed to surface albedo changes AT, leading to:

AT,y = E(€es, Vos, Heg, SWY,.) — E(€.y, sy, Hes, SWi ) — ATopo (2.11)
AT’salb = E<€csa Qs HCS? SWtJ,cs> E(Ecsa Oécs, Hcsa SWtics) (2'12)

Finally, the remaining changes are caused by longwave (ATj,,.) and shortwave (ATj,,.) cloud ef-

fects:

AT‘lwc = AT‘emm - AT‘gg - AT;fopo (213)
AT’swc = AT‘alb - AT‘salb (2‘14)
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The total, zonal mean surface temperature change between the Cretaceous and present-day exper-

iments can therefore be expressed as the sum of 7 individual components:

AT = AT‘gg + AT'salb + ATstc + AT‘lwc + AT;fopo + AT;fran + AT:sol (215)

2.3.3 CMIP5 data

Our analysis aims to separate the Early Cretaceous surface warming into geographically and radia-
tively driven changes. Some of these, e.g. cloud radiative processes, might be particular sensitive to
the choice of the applied model and parameterisation scheme, thereby questioning the robustness
of our results. We therefore use a large ensemble of 22 CMIP5 climate models for comparison.
We include all models that provide data for the "abrupt4xCO," experiment, imposing an instan-
taneous quadrupling of atmospheric CO2, and the corresponding pre-industrial control run "pi-
Control" (Taylor et al., 2012). We use the difference between model years 121-140 of the 4xCO,
experiment and the control run climatology as an estimate of the fast response of the models to
enhanced greenhouse gas forcing. We apply the same EBM flux analysis as described in Section
2.3.2 to compare the KCM and CMIPS5 results.

2.4 Results

2.4.1 A note on the choice of initial conditions

To investigate the simulated Early Cretaceous mean state, CRET 999 has been initialised with a
homogeneous ocean salinity of 35 and temperature of 10 °C and integrated for 6000 model years.
Experiments CRET 09 and CRET g6 are branched off from CRET 209 at model year 1000 and
integrated for a further 5000 model years. During the spin-up we noticed a sensitivity of the atmo-
spheric temperatures to the applied numerical time step in ECHAMS at high CO; concentrations.
We therefore reduced the time step in ECHAMS from 1800 s to 1200 s for the last 3000 years for
all integrations. Results are averaged over the last SO0 simulation years. Defining the model steady
state is a rather subjective process, but of uttermost importance especially for deep-time simulations
where the adjustments from the initial conditions are substantial and take an increased amount of
computation time. Commonly used criteria are based on globally averaged surface or deep ocean
temperature trends falling below a certain threshold value. Even if we assume that different ini-
tial conditions will eventually converge to the same steady state, the needed simulation years to
reach this point potentially depend on our choice of initial values and therefore on the initial wa-
ter column stratification. To test this hypothesis we compare two separate, multi-millennia spin-up
realisations of CRET'909. Both experiments difter only in the initial temperature and salinity dis-

tribution, the applied boundary conditions are the same. One experiment is started from a homo-
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Figure 2.3: Evolution of the global meridional overturning streamfunctions for two different CRET 120 spin-ups.
Both simulations use the same boundary conditions, but different initial conditions. The model is started from either
(left) a stratified ocean as used in Blhdorn (2013) or (right) from a homogeneous temperature and salinity distribution.
For comparability, both integrations used the same atmospheric model time step of 1800 s. Fields are averaged for the
respective 100 years before the shown date and expressed in Sv (1 Sv = 10° m?/s). Shading interval is 2 Sv, with black

contour lines every 4 Sv.
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Figure 2.4: Evolution of global mean temperature trends and meridional overturning circulation (MOC) for two
different CRET 209 spin-ups. Simulations are the same as in Figure 2.3. Panels show (a-b) the absolute values of the
maximum strength of the MOC at 70°S and 70°N and the global mean ocean temperature trend per 1000 years at 5
m and 4000 m and (c-d) Hovméller diagrams of the zonal mean surface air temperature expressed as an anomaly to
the long-term mean value at each latitude. Globally averaged temperature trends are calculated for a sliding window
0f 500 years before and after the respective year.

geneous temperature of 10 °C and homogeneous salinity of 35. The second version is a restart from
the experiment presented in Blohdorn (2013). It was initialised with the zonal mean output of a
1000 year-long spin-up with a modern land-sea mask and present-day initial conditions, but forced
with the Cretaceous CO; concentration of 1200 ppmv. High surface freshwater inputs acted to
significantly enhance the initial vertical water column stratification. We increased the minimum

ocean temperature to 8 °C to accelerate the dCCp ocean adjustment.

The fundamentally different evolution of the global meridional overturning circulation (MOC)
for both spin-up procedures is shown in Fig. 2.3, with the time series of Northern and Southern
Hemisphere overturning shown in Fig. 2.4. The ocean surface and bottom water temperature
trends for both simulations are close to zero after about 3000 model years and therefore fulfil the
commonly applied criteria to define a model equilibrium. In contrast, the comparison of the MOC
strength shows that the overturning is still building up for the initially stratified experiment (Fig.
2.4a), while it is already fully developed in the homogeneous spin-up (Fig. 2.4b). The stronger
initial stratification, together with the higher surface freshwater forcing caused by the enhanced
hydrological cycle, leads to a drastic reduction in global deep water formation (Fig. 2.3a). The

steep salinity gradient is only slowly reduced, allowing for a gradual intensification of the MOC in
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both hemispheres (Fig. 2.3c,e). This process is especially important in the restricted Arctic Ocean
which shows a sudden switch from a thermodynamically fresh water system to the onset of deep
convection after about 6000 model years (Fig. 2.4a). Resulting deep water export into the proto-
Pacific Ocean increases heat advection in the surface layer via mass conservation and warms the
high latitudes of the Northern Hemisphere by as much as 3-4 °C (Fig. 2.4c). The resulting ocean
temperature adjustments require a total integration time of nearly 10000 model years (Fig. 2.4a),
while temperatures in the homogeneous spin-up are already constant after ~3000 years. The re-
sulting mean state MOC is in both cases dominated by high-latitude deep water formation in both
hemispheres. Apart from that, the different initial conditions still lead to a slightly different mean
state overturning. Mainly, the homogeneous initial conditions cause to a stronger Northern Hemi-
sphere cell, while the Southern Hemisphere deep cell dominates in the stratified spin-up. Together
with the small remaining model drift in the MOC indices (Fig. 2.4a-b), this indicates that even
10000 years of spin-up are not sufficient to completely eliminate differences in the initial condi-
tions, at least not for the deep ocean. The results highlight, that due to the tight coupling between
high-latitude deep water formation and the meridional heat transport, a sufficient spin-up of the

ocean dynamics is essential for a meaningful analysis of the MTG.

2.4.2 Quantifying the surface warming

The simulated annual mean surface temperatures for the pre-industrial and Early Cretaceous sim-
ulations are shown in Fig. 2.5. Low-latitude temperatures in CRET g4 are slightly lower than in
PDygg due to the reduced solar constant. In contrast, polar regions are significantly warmer. The
largest differences are simulated for Antarctica, where the reduced surface elevations (Fig. 2.2b) and
the removal of land ice already increase the surface temperatures by more than 20 °C (Fig. 2.6a).
The resulting global mean temperature is increased by 0.9 °C, while the geographically driven high-
latitude warming reduces the MTG (difference of surface temperatures averaged between 30°S to
30°N and those poleward of 60°S and 60°N) by 24% (Table 2.1). At the low COsgg levels, annual
mean temperatures fall below 0 °C poleward of ~55-60°S/N. This latitude range is roughly the
same for the modern and Early Cretaceous geography. The 0 °C isotherm is shifted polewards by

Table 2.1: Simulated annual mean global mean surface temperatures (GMST) and meridional temperature gradients
(MTG). The gradient is defined as the difference between temperatures averaged between 30°S and 30°N and those
poleward of 60 °S and 60°N (Fig. 2.6a). Results are shown for the present-day (PD) and Cretaceous (CRET) geogra-
phies and reported in °C. Subscripts indicate atmospheric CO3 for the respective simulation.

Experiment GMST MTG land MTG ocean MTG land & ocean

PDosg 13.3 44.9 25.3 38.9
CRETsgs  14.2(+0.9) 32.6(-27.4%) 23.1(-8.9%)  29.5(-24.2%)
CRETgp0  17.7 (+4.4) 313(-30.3%) 23.0(-9.1%) 26.8(-31.2%)
CRET1o00 22.9(+9.6) 29.8(-33.8%) 21.6(-14.4%) 24.1(-38.0%)
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Figure 2.5: Simulated annual mean 2 m temperatures for experiments (a) PDagg, (b) CRET 256, (¢) CRET 600 and
(d) CRET1200. Shading interval is 2.5 °C and black contours are shown every 5 °C. Thick pink line indicates the 0 °C
isotherm.

~10°in CRETgq (Fig. 2.6a). Global mean temperatures are 4.4 °C higher than in PDsgg and
the MTG is reduced by 31%. Strongest surface warming of 9.6 °C is simulated for CRET 2, as-
sociated with a MTG reduction of 38%. The relative MTG decrease in CRET 299 compared to
CRETg is higher over the ocean than over the land (Table 2.1). Together with the reduced global
land fraction in the Aptian land-sea mask (Fig. 2.2a) this increases the oceanic contribution to the
MTG reduction compared to CRET¢g. This explains the strong reduction of the overall MTG
of 38%, while the individual decreases over the land (34%) and ocean (14%) are smaller. Overall,

annual mean surface temperatures are above freezing for the whole globe in CRET 99 (Fig. 2.5d).

The highest global mean temperatures and weakest MTG are simulated for CRET200. The
EBM analysis (see Section 2.3.2) allows a direct quantification of the individual processes influenc-
ing the surface temperature distribution (Fig. 2.6b). Over 70% of the total global mean warming
(7.3 0f 9.6 °C) is caused by a greenhouse-gas-induced reduction of the atmospheric emissivity. This
includes the direct contribution from the elevated CO; concentrations and a second, even stronger
component, induced by the positive feedback due to the increased atmospheric water vapour con-
tent in the warmer atmosphere. Largest greenhouse gas warming is simulated for the Arctic Ocean,
in accordance to an enhanced contribution of the lapse-rate feedback. This leads to an overall small
reduction of the MTG of 2.5 °C that increases with atmospheric CO; (Fig. 2.7). The effect of the
lapse-rate feedback is masked over Antarctica due to the substantial reduction in surface elevation,

quantified as the topographic influence on the surface temperature. While the reduced global mean
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Figure 2.6: Simulated zonal mean surface temperatures for the Cretaceous and present-day configurations. Panels
show (a) zonal mean 2 m temperatures as simulated by the KCM and approximated by the EBM, (b) the difference in
zonal mean temperatures between CRET 1200 and PD2gg split into the individual contributions described in Section
2.3.2 and (c) the temperature changes due to clouds. Shading in (a) represent the (red) low-latitude and (blue) high-
latitude areas used to define the MTG. Numbers in (b) indicate the global mean temperature change in °C caused by
individual processes.
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Figure 2.7: Changes of the Early Cretaceous annual mean MTG with respect to PD2gg. The total difference is split
into the individual processes described in Section 2.3.2. The net cloud eftect is the sum of the shortwave and longwave
CRE. The MTG is defined as the difference between surface temperatures averaged between 30°S and 30°N and those
poleward of 60°S and 60°N.

elevation in the Cretaceous experiments does not change the global mean temperature (Heine-
mann etal., 2009), local temperatures are increased by up to 20 °C over Antarcticaand by 4 °C over
the present-day Himalaya. The predominant high-latitude influence reduces the Cretaccous MTG
by 3 °C, independent of the COs level. The overall largest decrease of the MTG is caused by surface
albedo changes. More than half of the 12 °C change of the MTG in CRET 9 is already simulated
for CRET g6, highlighting the influence of the prescribed absence of polar ice caps. We attribute
the remaining COs-sensitive ~5°C reduction to the stronger snow and ice-albedo feedbacks. Glob-
ally, the reduced surface albedo during the Early Aptian increased the surface temperature by 2.8 °C.
Changes of the atmospheric and oceanic meridional heat transport have only a minor influence on
MTG changes. While the eftect is positive for CRET g, .i.e. a reduced heat transport compared to
PDogg, enhanced deep water formation and associated oceanic heat advection in the Arctic Ocean
in CRET 200 slightly decrease the resulting MTG. The reduced solar constant during the Early
Cretaceous leads to a global mean cooling of 0.8 °C. As the effect scales with the amount of the an-
nual mean insolation, the change atlow latitudes is larger than in polar regions. Consequently, the
MTG is slightly reduced for all Cretaceous experiments. Cloud radiative effects (CREs) show only
a very small influence on the global mean temperature that is dominated by a weak cooling of 0.2
°C due to changes in the simulated longwave radiation. Nevertheless, the pronounced latitudinal
differences introduce an important modulation of the MTG (Fig. 2.6c). In general, cloud cover
changes influence both the longwave and shortwave radiative fluxes, but their respective height and
optical depth determine the relative ratio between both terms. The net cloud eftect in CRET 99 is

dominated by the shortwave CRE leading to small net warming at low latitudes and strong cooling
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Figure 2.8: As in Fig. 2.7, but calculated for the respective seasonal mean temperatures. Panels show months (a)
December to February, (b) March to May, (c) June to August and (d) September to November.

at high latitudes. Therefore, the net cloud-induced temperature change is the only process that acts
to strengthen the MTG by up to 4 °C. CRE:s also partly compensate the geographically induced
high-latitude warming in CRETgs.

The change of the simulated MTG shows pronounced seasonal difterences (Fig. 2.8). The
MTG reduction in CRET ¢ varies between a minimum of 10 °C in the boreal summer months
June to August (Fig. 2.8c) and a maximum of nearly 20 °C in the winter months December to
February (Fig. 2.8a). The large MTG reduction during the DJF season is mainly caused by sur-
face albedo changes. Maximum solar insolation in the austral summer combined with the reduced
albedo of the ice-free Antarctic continent strongly increases polar temperatures, even in CRETge.
The stabilising influence of the net cloud effect, visible for all other seasons, diminishes and even
slightly contributes to the MTG reduction in CRET999. High local temperatures reduce the pole-
ward atmospheric heat transport, forming the only stabilising influence on the MTG. The situa-
tion reverses of the JJA season. The Southern Hemisphere polar night eliminates the surface albedo
influence of Antarctica. The smaller reduction of the MTG is rather caused by the COs-sensitive
ice-albedo feedback in the Arctic Ocean and increased oceanic heat transport. The net cloud ef-
fects counteract the high-latitude warming. Overall strength and individual contributions from
the individual processes are very similar for the seasons March to May (Fig. 2.8b) and September

to November (Fig. 2.8d) and closely resemble the annual mean pattern (Fig. 2.7).
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2.4.3 Cloud radiative changes

The previous results indicate an important role of CREs in modulating the MTG response to the
surface albedo changes. Cloud cover changes are intimately tied to the adjustments of the large-
scale atmospheric circulation. We will therefore now turn to the physical causes that drive the Cre-
taceous atmospheric circulation changes and ultimately control the cloud cover distribution. We
separate the geographically forced changes (AGEO) from the CO; effect (ARAD) in Fig. 2.9. The
results are discussed with focus on three fundamental pathways over which clouds can influence
surface temperatures, which are changes in the amount of clouds, their height and their optical
thickness. A higher cloud cover will both increase the amount of reflected solar radiation and re-
duce the outgoing longwave radiation. The shortwave CRE is mainly sensitive to an increase in
the optical thickness of low-level (> 680 hPa) clouds, while the longwave CRE increases primarily
with the height of the clouds (e.g., Zelinka et al., 2013; Ceppi et al., 2017).

Changes in cloud cover and thickness (expressed as their liquid water content) for AGEO are
mainly confined to the high latitudes of both hemispheres (Fig. 2.9a,e) and are expressed as an
increase of low-level, optically thick clouds that lead to a strong shortwave cooling poleward of
60°S and 60°N (Fig. 2.9g). The cloud cover increase is caused by a drastic reduction of the polar
subsidence normally associated with the present-day polar high pressure system, indicated by the
positive contours in the reference climatology in Fig. 2.9¢c. The strongly reduced surface albedo,
especially over the ice-free Antarctic continent, increases local surface temperatures during sum-
mer and leads to the absence of the polar cell in all Cretaceous simulations. The effect is smaller in
the polar regions of the Northern Hemisphere, but also driven by the lower surface albedo result-
ing from reduced sea-ice cover in CRET g5 compared to PDogs. Low latitude changes of vertical
atmospheric motions (Fig. 2.9¢c) are related to the different land-sea distribution and expressed as
poleward displacements of the ascending branches of the Hadley cells in both hemispheres. Re-

sulting cloud cover changes and net CRE are overall small.

The COy increase in CRET 50 leads to a global upward shift of upper tropospheric clouds
(Fig. 2.9b) consistent with the vertical displacement of the tropopause in the warmer system. There
is an overall tendency of reduced tropical and mid-latitude cloud cover, especially pronounced
around the weakened upward branches of the Hadley and Ferrel cell (positive anomalies at neg-
ative mean climatology). The reduced, thinner clouds (Fig. 2.9f) lead to a net positive CRE in the
low- and mid-latitudes (Fig. 2.9h). The higher latitudes show a different sign of CRE in response to
the COy increase. The negative shortwave effect due to thicker low-level clouds over the now com-
pletely ice-free Arctic leads to a strong net cooling polewards of S0°N. Additionally, the reduction
in near-surface clouds and increase at the 800 hPa level indicates an upward displacement of clouds
over the Northern Hemisphere polar regions. Even though the temperature-driven increase of lig-
uid cloud water content is also simulated for the higher latitudes of the Southern Hemisphere, the

strong negative shortwave is missing over Antarctica, leading to a net cloud induced warmin
trong negative short CRE g over Antarctica, leading t tcloud induced g
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Figure 2.9: Atmospheric adjustment to Early Cretaceous geographical and radiative forcing. Panels show zonal mean
differences for atmospheric variables for (left) CRET 2g6-PD2gg and (right) CRET 1 200-CRET2g6. Black contour lines
show mean climatological fields for (left) PD2ge and (right) CRET2g¢ with dashed contours indicating negative values.
Variables shown are (a-b) cloud cover in% of the grid cell, (c-d) vertical pressure velocity in hPa/day, where negative
values indicate rising motion, (e-f) cloud liquid water content in mg/kg and (g-h) cloud radiative effects (CRE) for
shortwave (SW), longwave (LW) and the net effect of SW+LW in W/m?.
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of the polar surface.

The net CRE for ARAD changes its sign at around 75°S. This latitude coincides with the
transition from the Southern Ocean to the Antarctic continent (Fig. 2.2a) and implies a sensitivity
of the cloud response to the surface conditions. The difference in the seasonal cycle of the CREs
for the continental Southern Hemisphere and the predominantly marine Northern Hemisphere
is shown in Fig. 2.10. The net CRE warms the surface of both poles during the respective po-
lar winter months (Fig. 2.10i-j) due to the missing shortwave radiation and associated CREs (Fig.
2.10g-h). This effect is also simulated for the present-day configuration, but its strength increases
for the Early Cretaceous and in response to elevated CO3 due to higher upper-level cloud cover
(Fig. 2.10a-b and Fig. 2.9a-b). The cooling shortwave CRE starts with the onset of solar insola-
tion in the respective spring months and quickly outweighs the longwave effects. Low-level cloud
cover over both poles during these months is very similar for all 4 simulations (Fig. 2.10c-d). The
simultaneous drop in low-level cloud cover and increase at higher altitudes over Antarctica changes
the relative influence of shortwave and longwave CREs and decreases the net cloud cooling effect
during the peak summer months. In contrast, low-level cloud cover over the Arctic is constant
throughout the year and upper-level cloud cover even reduces during boreal spring and summer.
The resulting large negative net CRE severely limits the Arctic surface warming during summer
(Fig. 2.101). Together with the longwave-induced winter warming. the simulated surface tempera-
tures in CRET 1209 are very constant throughout the year (2-11 °C). On the other hand, the reduced
cloud influence over Antarctica allows summer temperatures to rise to nearly 30 °C in CRET 299
(Fig. 2.101). Respective cold month mean temperatures do not fall below -9 °C. It is noteworthy
that PDygg simulates a very similar amplitude of the seasonal temperature cycle of ~25 °C for both
polar regions. The combined effect of the Cretaceous surface albedo and cloud changes therefore

enhance the seasonal cycle over Antarctica and reduce it over the Arctic.

2.4.4 Comparison to CMIP5 models

Our results imply that clouds played a vital role in modulating the Early Cretaceous surface tem-
perature distribution, both for the adaption to changes in the paleogeography as well as to higher
greenhouse gas concentrations. On the other hand, cloud-related processes are still the main cause
for the large intermodel spread in future warming simulations (Ceppi et al., 2017). We therefore
apply the same EBM analysis to the output of 22 CMIPS5 climate models forced with an abrupt
quadrupling of the atmospheric CO,. Our factorisation of the simulated Early Cretaceous surface
warming allows us to directly compare the results for ARAD with the CMIPS ensemble to assess
the robustness for our results. We note that the CMIP5 experiments are only integrated for 150
model years and therefore only capture the fast response of the climate system. Therefore, the use-
fulness of a direct comparison of the magnitude of the simulated global mean warming between

KCM and the CMIP5 models is very limited. To still assess the relative sensitivity of our results,
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Figure 2.10: Scasonal cycle of polar cloud radiative effects for the present day and the Cretaceous. Monthly means
are averaged for (left) 75-90°S and (right) 75-90°N. Panels show (a-b) upper-level, i.e. 350-225 hPa, cloud cover, (c-d)
low-level, i.e. > 700 hPa, cloud cover, (e-f) shortwave CRE, (g-h) longwave CRE, (i-j) net CRE and (k-I) 2 m surface
air temperature.
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Figure 2.11: Changes of the modern and Early Cretaceous annual mean MTG. The total difference is split into the
individual processes described in Section 2.3.2. CMIP5 changes are defined as the difference of years 121-140 of the
"abrupt4xCO3" experiment to the long-term pre-industrial reference climatology. For comparison, a KCM simula-
tion following the CMIPS "abrupt4xCO," protocol is also included. Changes caused by the geographical forcing are
defined as AGEO = CRET5gg - PDogg, while the radiative effect is calculated as ARAD = CRET 900 - CRET2g6.

we calculate the equilibrium climate sensitivity (ECS) following the method proposed in Andrews
et al. (2012). This analysis assumes a linear relation between the top of the atmosphere radiative
imbalance caused by a sudden CO; increase and the resulting global mean surface temperature
change. A simple linear regression yields the equilibrium temperature response. We apply this
method to the CMIPS models and comparable CO, quadrupling experiments for the KCM with
present-day and Early Cretaceous geography (see Appendix Fig. 2.A1). The approximated surface
warming caused by a doubling of the atmospheric CO, ranges between 2-4.6 °C for the CMIP5
models (see Appendix Fig. 2.A2). The equivalent present-day KCM simulation yields an ECS of
4.1°C. This demonstrates that the ECS for the KCM is comparable to other CMIP5 models, but
also implies that the simulated total surface warming of 9.6 °C for the Early Cretaceous should be
treated as an upper end estimate of the global mean temperature at 1200 ppmv CO,. The resulting
ECS for the Early Cretaceous geography is lower by about 0.5 °C. We attribute this mainly to the
different sea-ice cover mean states in the reference simulations CRET g5 and PDogg. Annual mean
sea-ice cover for the Arctic Ocean north of 60°N is reduced from 67% in PDogg to 44% in CRE T g6
due to changes in the high-latitude ocean circulation. This in turn reduces the contribution of the

ice-albedo feedback to the global mean warming and resulting ECS for the Early Cretaceous.

In contrast to the simulated absolute warming, we assume that a direct comparison of the MTG
changes between the KCM and CMIPS results is possible due to the potentially compensating ef-

fect of remaining model drifts in the shorter CMIP5 simulations. The equivalent KCM PDy,c0,
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Figure 2.12: As in Fig. 2.11, but calculated for the respective seasonal mean temperatures. Panels show months
(a) December to February, (b) March to May, (c) June to August and (d) September to November. For simplicity,
differences due to topography and solar insolation changes are not shown as they do not vary between individual
Cretaceous simulations and do not, by definition, influence the present-day simulations. Nevertheless, they are still
included in the sum of the total Cretaceous changes.

experiment simulates MTG changes very similar to the CMIPS ensemble mean (Fig. 2.11). The
overall MTG reduction in the CMIP5 ensemble mean of 3.5 °C is considerably lower than the 14.8
°C change in CRET 200. As shown before, 2/3 of the reduction in CRET 2 is already caused by
AGEO. The remaining ARAD response is within the range of the CMIPS ensemble. Differences
in the radiative response between the present-day and Early Cretaceous KCM are limited to the
greenhouse gas and heat transport changes. The stronger reduction of the MTG due to the Creta-
ceous greenhouse effect can be explained by an enhanced lapse-rate feedback over the low-elevation
Antarctic continent. The increased meridional heat transport in CRET 999 is associated with en-
hanced deep water formation in the ice-free Arctic Ocean. The contribution of surface albedo
changes, i.e. the snow and ice-albedo feedback, is close to 5 °C for both time slices. Importantly,
the CMIP5 models support the MTG strengthening due to cloud feedbacks. Even though the ab-
solute magnitude varies between individual ensemble members, all models agree on the sign of the
net cloud influence. The strength of the cloud change in ARAD is close the CMIPS ensemble
mean, the overall large change in CRET 29 is caused by the additional contribution by AGEO.

The seasonal changes of the MTG controls are shown in Fig. 2.12. The topography and solar in-

38



Results

solation changes are constant for all KCM simulations and zero for the CMIPS simulations. They
are therefore excluded from Fig. 2.12 butstill accounted for in the total KCM changes. Both KCM
and CMIPS5 models simulate the largest MTG changes during the months December to January
(Fig. 2.12a) and the smallest influence for June to August (Fig. 2.12c). Again, the amplitude of
the seasonal cycle is enhanced for the Cretaceous simulations. The discussed seasonality of the net
cloud influence in AR AD, mainly expressed as change of sign during the December to January sea-
son, is not visible for the present-day geography. The CMIP5 models and KCM PDy,c0, simulate
a constant strengthening of the MTG throughout the year. The strong reduction of meridional
heat transport during December to January in CRET 9 is entirely controlled by the removal of
the land ice in AGEO, the ARAD signal is similar to the present day. For the months June to
August, the radiative response differs in the sign between the present-day and Cretaceous geogra-
phy. While the elevated CO levels increase the poleward heat transport for the Cretaceous, it is

decreased for the present-day simulations.

2.4.5 Shifts of the large-scale atmospheric circulation

Changes of the tropospheric temperature gradient are inevitably linked to adjustments of the large-
scale atmospheric circulation that will ultimately influence the regional-scale response to the global
warming signal. The change in several key circulation metrics, split in the relative contributions
from AGEO and ARAD, is shown for the KCM and CMIP5 results in Fig. 2.13 and Table 2.2.
The circulation metrics are defined following Ceppi and Hartmann (2016) and quantify the latitu-
dinal positions of the edges of the Hadley cell (first zero-crossing of the atmospheric mass stream-
function (Fig. 2.14) poleward of the maximum), the subtropical dry zones (precipitation equals
evaporation) and the jet stream (maximum zonal-mean zonal surface wind) as well as the strength
of the Hadley cell (maximum of the mass streamfunction). In accordance to numerous previous
studies, the CMIPS results indicate a poleward expansion of the atmospheric circulation and, at
least for the Northern Hemisphere, a weakening of the Hadley cell strength (e.g.; Lu et al., 2007;
Bony etal., 2013; Ceppi and Hartmann, 2016; Hu et al., 2018). While the latitudinal shift is some-
what weaker in the Northern Hemisphere, the CMIP5 ensemble mean edges of the Hadley cell, the
dry zone and the jet latitude in the Southern Hemisphere are shifted poleward by about 2°. Again,
the poleward expansion will likely scale with a further increase of the global mean temperature
change and should therefore only be interpreted as the fast atmospheric response for the shorter
CIPs5 integrations. Nevertheless, the KCM also shows a consistent poleward displacement of all
three metrics for AR AD that is within the CMIPS ensemble range. The response to AGEO differs
significantly between individual metrics and both hemispheres. While the Northern Hemisphere is
mainly characterised by a slight northward shift of the Hadley cell and dry zone edge that is compa-
rable to ARAD, the geographically induced changes in the Southern Hemisphere balance or even
outweigh the radiative influence. A similar observation can be made for the Northern Hemisphere

maximum surface wind.
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Figure 2.13: Changes of the modern and Early Cretaceous large-scale atmospheric circulation. Circulation metrics
are calculated for the (a) Northern and (b) Southern Hemisphere and expressed as anomalies to the respective control
simulation, i.e. compared to CRETg¢ for ARAD and compared to the pre-industrial run for all other data points.
Positive values indicate a poleward shift. The definition of circulation metrics follows Ceppi and Hartmann (2016).
The Hadley cell (HC) edge is the latitude of the first zero crossing of the atmospheric mass streamfunction W at the
500 hPa level (Fig. 2.14). The edge of the subtropical dry zone is the latitude where precipitation equals evaporation
(P - E =0). The latitude of maximum zonal-mean zonal surface wind is used as an approximation of the surface
representation of the jet latitude. The HC strength is the maximum (minimum) of ¥ in the Northern (Southern)
Hemisphere and expressed as the change of the absolute magnitude in %. A positive value therefore represents an
increased mass transport. All metrics are calculated on the basis of annual mean data. Absolute values for the KCM
simulations are shown in Table 2.2.
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Table 2.2: Overview of atmospheric circulation metrics for the KCM simulations. Definitions for the metrics are
given in Fig. 2.13. Values in brackets indicate the difference to the pre-industrial experiment PDags with positive
values defined as a poleward shift or increase of the absolute mass transport.

HC edge [] P-E=01"] max. jet [°] HC strength [10'%g/s]
NH SH NH SH NH SH NH SH
PDogs 30.4 317 39.4 40.4 516 -48.8 74 10.8

CRETass 314 (+1.0) -30.4(-13) 410 (+16) -38.3(2.1) 48.8(+2.8) -46.0(-2.8) 8.5(+15%) -9.5(-12%)
CRETg0 319(+L5) -311(-0.6) 41.6(+2.2) -38.9(-15) 50.7(+0.9) -46.0(-2.8) 8.6(+16%) -9.1(-16%)
CRETy900 32.4(+2.0) -322(+0.5) 42.2(+2.8) -40.3(-0.1) S5L6(+0.0) -46.5(-2.3) 8.9(+20%) -8.4(-22%)

The contrast between both hemispheres is even greater for the changes in the Hadley cell strength.
ARAD and AGEO both contribute equally to an overall mass transport reduction of 22% in the
Southern Hemisphere (Table 2.2), while the Northern Hemisphere cell strengthens by about 20%.
No CMIPS model simulates a strengthening of the Northern Hemisphere Hadley cell, thereby
indicating not only a direct adjustment of the atmospheric circulation to the different geography,
but also a modulation of the radiative response. While the results in Fig. 2.13 are annual mean
changes, the atmospheric mass streamfunction shows a pronounced seasonal cycle with largest
transport rates in the respective winter hemisphere (Fig. 2.14). The seasonal split reveals that the
increase in the annual mean Northern Hemisphere streamfunction in CRET 209 (Fig. 2.14d) is
associated with a decrease of the Hadley cell strength during the winter months (Fig. 2.14h), but
a strengthening and poleward expansion during boreal spring (Fig. 2.14l). This shift is already
visible in CRET g6 (Fig. 2.14f}j). Furthermore, the maximum of the Cretaceous Northern Hemi-
sphere streamfunction shifts to a more northern position during December to March and leads to
the increase in the annual mean climatology. In contrast, the reduction of the austral winter mass
transport in the Southern Hemisphere (Fig. 2.14p) is also visible for the respective spring months
(Fig. 2.14t) and leads to the general slowdown of the annual mean transport rates (Table 2.2). Over-
all, the removal of the continental ice masses and the increased interhemispheric symmetry in the
land-sea distribution (Fig. 2.2) diminishes the overall contrast in the Hadley cell strength between
both hemisphere that is evident for the present-day geography. Furthermore, the seasonal cycle of

the Hadley cell mass transport is significantly reduced for the Early Cretaceous.

2.5 Discussion

We present a suite of new climate model simulations for the Early Cretaceous. The boundary
conditions are designed to represent an Early Aptian (~125 Ma) time slice without continental
ice sheets. Experiments are performed at a range of atmospheric CO; concentrations and com-
pared to a pre-industrial reference simulation to explicitly distinguish between geographically and
radiatively forced changes of the climate system. The applied maximum atmospheric CO3 con-

centration of 1200 ppmv represents reconstructed peak conditions during OAE 1a (Heimhofer et
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Figure 2.14: Atmospheric meridional mass streamfunction for the pre-industrial and Early Cretaceous KCM exper-
iments. Positive values indicate clockwise circulation. Fields are shown for the (a-d) annual mean and (e-t) respective
3-month seasonal means. Shading interval is 2x1010kg/ s with the black contour line every 4x1010kg/s. The black line
indicates the zero contour.
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al., 2004; Passalia, 2009; Sun et al., 2016). The simulated temperature distribution therefore pro-
vides valuable constraints on the atmospheric and oceanic dynamics that might have influenced the
global-scale carbon cycle perturbations. Annual mean surface temperatures in CRET 209 reach
22.9 °C and are 9.6 °C higher than for pre-industrial conditions. The warming is amplified at
high latitudes leading to above-freezing annual mean surface temperatures across the globe. A di-
rect comparison to derived proxy temperatures is limited by the sparse availability of quantitative
estimates of surface temperatures for the Early Cretaceous (O’Brien et al., 2017). This is particu-
larly evident in the lack of robust planktonic foraminiferal oxygen isotope data in consequence of
the overall low abundance and enhanced dissolution of foraminiferal calcite (O’Brien et al., 2017).
Available TEXg6-derived ocean temperatures for the Early Aptian tropical Pacific range between 30
t0 36 °C (Dumitrescu et al., 2006) and agree with maximum SSTs of ~34 °C in CRET209. On the
other hand, TEXgg samples form the mid-latitude proto-North Atlantic (Naafs and Pancost, 2014)
and higher mid-latitude Falkland Plateau (Jenkyns et al., 2012) already exceed the simulated SSTs
by ~8 and more than 15 °C, respectively, and indicate a much flatter MTG in both hemispheres
than even in CRET209. Sub-Arctic Berriasian to late Valanginian (~145-135 Ma) marine temper-
atures estimated by belemnite clumped isotope thermometry range between 10-20 °C (Price and
Passey, 2013). Equivalent maximum CRET 500 temperatures at the approximate paleolatitude of
60-65°N do not exceed 10 °C. Given that mean CO; concentrations were not significantly differ-
ent than during the Early Aptian (Wang et al., 2014) and belemnite-derived temperatures from the
Vocontian Basin also indicate comparable subtropical temperatures for both periods (Bodin et al.,
2015), this further highlights the apparent lower reconstructed than simulated MTG during the

Early Cretaceous.

The still existing discrepancies between models and proxies on the fundamental characteris-
tics of the Early Cretaceous greenhouse climate call for a profound analysis of the processes that
govern the simulated large-scale temperature distribution and how they differ between individual
models. In contrast to other past greenhouse periods like the Early Eocene (Lunt et al., 2012) or
the mid-Pliocene (Haywood et al., 2010), there is no coordinated model intercomparison for the
Cretaceous. As an intermediate step to enhance the comparability to other modelling results we
applied an EBM flux analysis to quantify the influence of individual processes on the simulated
warming and to assess how they shape the MTG. By this we can compare the magnitude of the
Early Cretaceous warming with the results of a similar analysis of four Early Eocene models that
were forced with four times the pre-industrial CO; concentrations (HadCM3L, GISS, CCSM_W
and CCSM_H; Lunt et al., 2012). Changes in the atmospheric greenhouse gas concentrations
and the surface albedo are the two only processes that contributed to the 9.6 °C global mean sur-
face warming in CRET29. The overall magnitude is comparable to the Early Eocene results that
range between 7.9 to 11.0 °C. In the KCM, the reduced atmospheric emissivity in consequence of
the enhanced atmospheric COs, amplified by a stronger water vapour feedback, leads to a global

mean warming of 7.3 °C, which accounts for more than 70% of the total temperature change. The
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strength of the greenhouse gas warming in the Early Eocene models ranges between 5.9 and 8.3
°C, representing a relative contribution to the overall warming between 69 to 76%. Even though
our analysis revealed a relatively high ECS for the KCM, the direct CO; induced global warming
for the Early Cretaceous is therefore very similar to the Early Eocene results. The lower surface
albedo, i.e. reduced land and sea ice cover, in CRET 99 causes a further warming of 2.8 °C. Three
of the four Eocene models support the changes in the surface albedo as the second most important
influence on surface temperatures (warming range between 1.8 and 4.3 °C). In contrast, the GISS
model (Roberts et al., 2011) shows a very weak warming of 0.1 °C due to surface albedo changes,

but instead a strong warming contribution of 2.4 °C due to cloud feedbacks.

Surface albedo changes represent the dominant influence on the MTG for all Cretaceous and
CMIP5 simulations. The removed land ice and the radiative ice-albedo feedback both contribute
equally to the overall 12 °C change of the MTG in CRET 209. The strength of the ice-albedo
influence matches the CMIPS ensemble mean. While cloud-related processes do not significantly
change the global mean temperature in CRET 99, our analysis reveals an important role of CRE
in stabilising the Early Cretaceous MTG. Cloud feedbacks in response to global warming primarily

influence the radiation balance by three fundamental mechanisms (see review in Ceppi etal., 2017):

* Rising free tropospheric clouds decrease the cloud emission temperature and therefore emit

less longwave radiation to space.

* A decreasing low-level cloud cover at tropical and subtropical latitudes increases the short-

wave radiation reaching the surface.

* The increased temperatures enhance the occurrence of liquid water relative to ice in mixed-
phase clouds and in turn increase the optical depth and reflectivity of high-latitude low

clouds.

While the strength and physical mechanisms of the individual feedbacks have been extensively
discussed for the present-day and future warming projections (e.g., Wetherald and Manabe, 1986;
Zelinka and Hartmann, 2010; Zelinka et al., 2013; Emory etal., 2014; McCoy et al., 2015; Ceppi et
al., 2017), our analysis reveals three important results for the Early Aptian. First, all three described
feedbacks are also simulated for the high-CO5 Cretaceous simulation. Their distinct spatial struc-
ture lead to a net cloud-induced warming at lower latitudes and cooling in polar regions and thereby
to a strengthening of the MTG. Second, the magnitude of the simulated cloud influence on the
MTG is comparable to the present-day CMIP5 results and all models agree on the sign of this feed-
back. We are therefore confident that the discussed large-scale cloud changes for the Cretaceous
represent a robust feature across the current generation of climate models. Third, the reduced po-
lar subsidence and increased low-level cloud cover also partly compensate the polar amplification

caused by the reduced surface albedo of the Cretaceous geography. Importantly, we show that the
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Cretaceous ice-free surface enhances the regional and seasonal variability of the CRE and conse-
quently the seasonal cycle of surface temperatures. The total cloud response to the geographical
and radiative changes leads to a strengthening of the MTG of more than 4 °C and is therefore

stronger than any changes caused by the lapse-rate feedback or the meridional heat transport.

Our analysis supports previous modelling studies showing that changes of the meridional heat
transport in the ocean and atmosphere were not the dominant controls on the global MTG reduc-
tion (Heinemann et al., 2009; Lunt et al., 2012). On regional scales, on the other hand, we find
important differences between the present-day and the Cretaceous poleward heat advection. The
Hadley cell, the meridional component of the tropical atmospheric circulation, shows a distinctly
reduced seasonality for the Early Cretaceous geography. Furthermore, the annual mean mass trans-
port response to an increase of atmospheric CO; even differs on the sign of the change between
both hemispheres. This questions the straightforward applicability of concepts of the present-day
Hadley cell dynamics for deep-time periods. Given the potential importance of the Hadley cell
dynamics on regional depositional environments during the Cretaceous (Wagner et al., 2013), we
argue that further work needs to explicitly account for this the time-slice dependence of the mean

state.

Changes in the meridional heat transport are also simulated for the restricted Arctic Ocean.
Compared to the pre-industrial simulation, the enhanced high-latitude Northern Hemisphere con-
tribution to the global deep water formation increases the oceanic heat transport in the North Pa-
cific and zonal mean temperatures at ~60°N by 3 °C. This process is only active in the higher-COs,
sea-ice-free simulations and therefore provides a slight positive feedback between increasing CO,
and a reduction of the MTG. Additionally, we show that the onset of the high-latitude Arctic
convection critically depends the choice of initial conditions for the model and the applied inte-
gration time. In one of our simulations, the initial strong vertical water column stratification in
the Arctic Ocean, caused by large surface fresh water inputs, was only slightly reduced over the
course of the first 6000 model years. Intriguingly, the global mean temperature trends, the metric
commonly used to define a model equilibrium, were very low over the spin-up period. The sud-
den onset of deep convection in the Arctic Ocean increased surface temperatures over the whole
mid and high latitudes by several degrees. A similar slow adjustment of the restricted basin is re-
ported in Heinemann et al. (2009). We therefore propose that defining model equilibria by means
of remaining temperature trends alone may not be sufficient for deep-time paleo simulations. A
comprehensive understanding of simulated temperature evolution in combination with dynamic
variables, e.g. MOC strength, may help identifying intermodel difterences of simulated ocean strat-
ification and/or surface temperatures partly caused by insufficient model spin-ups. Particular atten-

tion should be paid to remaining model drifts in high-latitude restricted basins.

Uncertainties in available boundary conditions and unavoidable subjective choices in the model

setup likely influence the presented results. One apparent shortcoming of most deep-time paleo-
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modelling studies is the focus on COj as the only trace gas that influenced past warming. Other
greenhouse gas concentrations are generally assumed at their pre-industrial concentrations due to
alack of available reconstructions. Especially elevated methane concentrations have been proposed
as a mechanism to intensify global warmth during past greenhouse climates (Pancost et al., 2007;
Williscroft et al., 2017) and to particularly promote high-latitude warming (Sloan et al., 1992). Fur-
thermore, the prescribed land surface and vegetation cover in our simulations limits the dynamical
response of the Cretaceous surface climate and potentially underestimates high-latitude warming
due to missing vegetation feedbacks (Upchurch et al., 1998; Levis et al., 2000; DeConto et al.,
2000). We further note that our factorisation in geographical and radiative changes is idealised.
Even though the reduced surface elevation of Antarctica would potentially support ice-free condi-
tions at lower CO4 concentrations during the Cretaceous, an absence of land ice in CRET g4 at
the pre-industrial CO; level is rather unlikely. Modelling studies indicate a threshold for perennial
ice accumulation for the Aptian Antarctica between 750 to 840 ppmv CO; (Ladant and Don-
nadieu, 2016), even though the fidelity of these results is ultimately limited by the large uncertain-
ties about the elevation history of Antarctica. We therefore conclude that the overall change from
anice-covered Antarcticain PDygg to an ice-free state in CRET 19g is reasonable, but the individual

influence of AGEO compared to ARAD might be overestimated.

2.6 Summary and Conclusions

We use new climate model experiments to quantify the Early Aptian (~125 Ma) surface warming
in response to elevated atmospheric CO5 concentrations and changes of the paleogeography. Based

on an EBM flux analysis and constrained by CMIP5 ensemble data we conclude that:

* Peak CO; concentrations of 1200 ppmv resulted in a global mean surface temperature of
22.9 °C. The overall warming of 9.6 °C, compared to pre-industrial conditions, was caused

by an enhanced greenhouse effect (~70%) and a reduced surface albedo (~30%).

* The reduction of the respective meridional surface temperature gradient of 14.8 °C (38%)
was primarily driven by a reduced high-latitude surface albedo and topography, i.e. the pre-
scribed non-CO; boundary conditions. Resulting annual mean temperatures were above

freezing globally, but still below available mid- and high-latitude proxy data.

* Cloud feedbacks warmed the low-latitudes and cooled the polar regions and therefore partly

compensated the polar amplification caused by geographical and radiative changes.

* The strength and sign of the cloud influence on the meridional temperature gradient is con-

sistent with CMIPS warming experiments applying a present-day geography.

* Ourstudy demonstrates that, on a global scale, the separation of individual warming mecha-

nisms can both improve our understanding of the time-slice-dependent controls on the sur-
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face temperature as well as facilitate the intercomparison with other models. This is a vital
step in identifying similarities between past greenhouse intervals and in revealing potential

differences between individual models that can guide future model development.

* On the regional scale, however, the radiative response can be modulated by the paleogeogra-
phy. This limits the direct applicability of dynamical frameworks derived from present-day
geography. Our results from the restricted Arctic Ocean and the interhemispheric differ-
ences in the Hadley cell response demonstrate the need for dedicated time-slice experiments

to enable a meaningful comparison to the proxy record.

This chapter quantified the simulated surface warming during the Early Aptian. The direct
comparison to other climate models forced with enhanced greenhouse gas concentrations under
different paleogeographic conditions revealed a high intermodel consistency in the strength of the
predicted overall warming and the mechanisms that controlled the MTG. Nevertheless, the com-
parison to the available proxy-derived temperatures still shows an underestimation of mid- and
high-latitude warming in the models. The next chapter will directly address this longstanding prob-
lem in paleoclimatology and show that the presented model simulations can help to identify sys-
tematic biases in the available proxy techniques. By the close integration of our simulations with
a large compilation of Cretaceous TEXgs data we are therefore able to significantly decrease the
model-data temperature misfit for the Early Aptian and to re-evaluate the Cretaceous temperature

evolution.
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Figure 2.Al: Relation between the annual mean radiative imbalance at the top of the atmosphere (N) and the global
mean surface air temperature change AT. Methodology is described in detail in (Andrews et al., 2012). Results are
shown for the first 150 years of CMIP5 and KCM experiments after an instantaneous quadrupling of atmospheric
CO3 and calculated as the difference to the respective pre-industrial control climatology. Black line represents a simple
linear regression of all 150 years. The intercept at N = 0 is an approximation of the equilibrium climate sensitivity

(ECS), while the intercept at AT = 0 relates to the adjusted radiative forcing. The slope of the regression line « is
interpreted as the feedback strength of the climate system.
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Chapter 3. TEXgg warm bias

3.1 Abstract

The Cretaceous Period (145-66 Ma) provides an opportunity to obtain insights into the adapta-
tion of the climate system to increased atmospheric greenhouse gas concentrations. The organic
paleothermometer TEXgg is one of the few proxies available for reconstructing quantitative es-
timates of upper ocean temperatures of this time period. Here we show that the sedimentary
TEXGsg signal in the Early Cretaceous North and South Atlantic shows systematic differences to
other Cretaceous samples. In particular, the relative increase in the fractional abundances of the
crenarchaeol isomer exhibits similarities with surface sediments from the modern Mediterranean
and Red Sea. Dedicated climate model simulations suggest that the formation of warm and saline
deep waters in the restricted North and South Atlantic may have influenced TEXgg export dynam-
ics leading to a warm bias in reconstructed upper ocean temperatures. Applying a regional cali-
bration from the modern Mediterranean and Red Sea to corresponding TEXgs data significantly
improves the model-data fit for the Aptian Oceanic Anoxic Event 1a and the overall comparison
with other temperature proxies for the Early Cretaceous. Our results demonstrate the need to con-
sider regional and temporal changes of the TEXgs-temperature relation for the reconstruction of

deep-time ocean temperatures.
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3.2 Introduction

The Cretaceous Period between 145 and 66 Ma is commonly considered a predominantly warm
and equable greenhouse climate (Barron, 1983; O’Brien et al., 2017) with elevated levels of atmo-
spheric CO3 caused by enhanced volcanic activity (Van Der Meer et al., 2014). In combination
with the ongoing breakup of Pangea (Blakey, 2008) and the simultaneous emergence of young
and restricted ocean basins (Fig. 3.1), this period experienced multiple phases of dys- to anoxic
conditions in the water column and deposition of marine organic-rich sediments (Jenkyns, 2010).
These so-called Oceanic Anoxic Events (OAEs) reveal valuable insights into the response of the
climate system to changes in marine ecosystems and the global carbon cycle. OAE 1a in the Early
Aptian (~125 Ma) and OAE 2 at the Cenomanian—Turonian boundary (~94 Ma) are the two
most pronounced events throughout the Cretaceous and are characterised by long-term maxima

in surface temperatures (O’Brien et al., 2017).

Quantitative estimates of upper ocean temperatures are necessary for estimating the magnitude
of these past climate variations and to better validate paleoclimate model simulations. Reduced
abundances of planktonic foraminifera and increased sedimentary calcite dissolution during the
Early Cretaceous limit the application of the classic oxygen-isotope 'O SST proxy (O’Brien etal.,
2017). The additional lack of alkenones makes the organic paleothermometer TEXgg (TetraEther
indeX of tetraethers consisting of 86 carbons; Schouten et al., 2002) the only other commonly
used proxy for Early Cretaceous marine temperatures. The TEXgs proxy is based on the observa-
tion that the relative cyclization of isoprenoidal glycerol dialkyl glycerol tetraethers (isoGDGTs) in
membrane lipids of marine archaea increases with temperature (Wuchter etal., 2004). Correlation
of the isoGDGT distribution in modern core-top sediments with ambient water temperatures al-
lows the reconstruction of past seawater temperatures. A variety of calibrations exist to convert
measured TEXgg ratios (see Section 3.3.2; Schouten et al., 2002) to upper ocean temperatures.
These partly arise from uncertainties in the actual export depth of the TEXgg signal ranging from
the surface (Kim et al., 2010; Tierney and Tingley, 2014) down to 1000 m (Ho and Laepple, 2016).
A recent comparison of the meridional gradients of ocean temperatures and core-top TEXgs val-
ues concludes that the global signal is most probably formed within the upper 200 m of the water
column (Zhang and Liu, 2018).

Comparison of TEXgs-derived core-top temperatures with satellite measurements reveal sys-
tematic bias patterns of overestimated high-latitude and underestimated low-latitude temperatures
(Tierney and Tingley, 2014). Specific areas known to have a TEX4-SST relation difterent from
the global open-ocean calibration are the modern Mediterranean (Kim et al., 2015) and Red Sea
(Trommer et al., 2009). Surface sediments in these restricted basins show a strong increase in the
fractional abundances of the crenarchaeol isomer and GDGT-2 with water depth for the upper

1000 m (Kim et al., 2015). The resulting warm bias in TEXZ-derived temperatures in deep-water
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Figure 3.1: Model bathymetry and study sites. Model geography and paleolocations (O’Brien et al., 2017) represent
an Early Aptian (~125 Ma) time slice. Contour interval is 250 m.

sediments reaches up to 8 °C (Kim et al., 2015) and is also visible in the warm and saline Mediter-
ranean Outflow Water along the Portuguese continental margin (Kim etal., 2016). Similar changes
with water depth are observed for suspended particulate matter (SPM) samples from these regions
(Kimetal., 2015; Kim et al., 2016) and imply an increased contribution of deep-dwelling Thaumar-
chaeota that have a different isoGDGT distribution (Taylor et al., 2013; Kim et al., 2015), possibly
due to genetic controls (Villanueva et al., 2015; Kim et al., 2016). Paleorecords from the Mediter-
ranean Sea also show a past warm bias in TEXZ,-derived temperatures that was apparently mod-
ulated by changing populations of Thaumarchaeota during the Pliocene-Pleistocene (Polik et al.,
2018). A systematic offset between TEX L -derived temperatures and other proxy methods has also
been found for the Early Paleogene Southwest Pacific Ocean (Hollis et al., 2012) with an important
influence of water depth on GDGT-2/GDGT-3 ratios (Taylor et al., 2013).

Most of the Cretaceous TEX g values, particularly those of the OAE 1a period, exceed the range
of recorded present-day core-top data (O’Brien et al., 2017). In combination with the observed
regional variability of TEXgs export dynamics, the applicability of modern global temperature
calibrations for past greenhouse climates is questionable. To assess regional bias and calibration
problems for the Cretaceous, we use a recently published quality-controlled compilation (O’Brien
et al.,, 2017) and newly generated Cretaceous TEXgq data to identify systematic differences in the
isoGDGT distributions. We compare TEXgs-derived SST and upper ocean temperatures from
difterent calibrations with temperatures derived from a fully coupled atmosphere-ocean general
circulation model, the Kiel Climate Model (Park et al., 2009). The model boundary conditions
represent an Early Aptian time slice to validate the internal consistency of the OAE la TEXgs
record (Table 3.1), evaluate the local oceanographic setting for individual core locations and test

the sensitivity of the results to the applied greenhouse gas forcing.
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Table 3.1: Overview of study sites. We combine new data from DSDP site 511 with all locations from a Cretaceous
compilation (O’Brien et al., 2017) that provide TEXgg data with individual soGDGT fractional abundances around
the Early Aptian OAE la (~125 Ma; see Section 3.3.5). Paleolatitude ranges derive from the spread in different recon-
struction methods (see Appendix Table 3.A1).

Site Reference Location Paleowater depth  Paleolatitude
DSDP 398 Naafs and Pancost (2016) proto-North Atlantic ~ 500-2000 m*® 22-36°N
DSDP 463  Schouten et al. (2003) Mid-Pacific Mountains 500 - 1000 m* 7-35°S
DSDPS11  this study; Jenkyns et al. (2012)  Falkland Plateau ~750 m* 43-56°S
ODP 1207 Dumitrescu et al. (2006) Shatsky Rise ~1300 m? 10°N-21°S
Cismon Bottini et al. (2015) Italian Southern Alps ~ 1000-1500 m* 17-25°N

* Holbourn et al. (2001)
b Sibuet and Ryan (1979)
¢ Roth (1981)

d Bralower et al. (2002)

¢ Bottini et al. (2015)

3.3 Methods

3.3.1 Model description

Climate model integrations were performed with the Kiel Climate Model (KCM, Park et al., 2009),
a fully coupled atmosphere-ocean-sea ice general circulation model. The atmospheric component
consists of the ECHAMS spectral model (Roeckner et al., 2003) configured at a T42 horizontal
resolution (~2.8°x 2.8°) with 19 vertical levels. The ocean-sea ice component NEMO uses a tripo-
lar grid with a nominal horizontal resolution of 2° and 31 vertical levels (Madec, 2008). Existing
model boundary conditions (Blohdorn, 2013) represent an Early Aptian (i.e. ~125 Ma) time slice
based on global paleobathymetry reconstructions (Miiller et al., 2008) complemented by informa-
tion about shelf areas, coastlines and land topography (Blakey, 2008). Routing of river runoff
to the ocean is calculated from the land orography (Hagemann and Dtimenil, 1998). Simplified
zonal mean vegetation properties were used for the land surface (Blohdorn, 2013). No permanent
land ice is assumed for the simulations, although seasonal snowfall and sea ice formation is permit-
ted. Aptian-Albian COs reconstructions based on stomatal indices of fossil conifers range from
500 to 1300 ppmv (Jing and Bainian, 2018). We therefore performed two integrations with 600
(CRET¢00) and 1200 (CRET 200) ppmv atmospheric CO5 and a reduced solar constant of 1350
W/m?. An additional simulation with pre-industrial levels of CO4 (CRET 2g6) is performed to eval-
uate changes due to the different paleogeography and solar constant alone. Other greenhouse gases
are held constant at their pre-industrial values due to a lack of available reconstructions. Experi-
ment CRET 999 was initialised with a homogeneous ocean temperature of 10 °C and salinity of
35 and integrated for 6000 model years. Experiments CRET09 and CRET g6 were branched off
from CRET 9 at year 1000 and also integrated for an additional 5000 years. The change in the
globally depth-integrated ocean temperature for the last 1000 model years is below 0.15 °C for all
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experiments. All results are averaged over the last S00 years of integration.

3.3.2 TEXg; paleothermometer

DifferentisoGDGT lipids biosynthesized by marine Thaumarchaeota are named according to their
respective number of cyclopentane moieties, i.e. GDGT-0 through GDGT-3, with the exception
of Crenarchaeol (Cren) and its isomer (Cren’), which contain 4 cyclopentane moieties and a cy-
clohexane ring. Highest correlation between different GDGT ratios and annual mean SST was
initially reported for the TEXgs index (Schouten et al., 2002) defined as:

[GDGT — 2] + [GDGT — 3] + [Cren/]
[GDGT —1] + [GDGT — 2] + [GDGT — 3] + [Cren]

TEXgs = (3.1)
To account for uncertainties in the actual expoth depth of the sedimentary TEXgg signal (Zhang
and Liu, 2018), we use several different calibrations to convert measured TEXgs values to upper
ocean temperatures. The widely applied TEXZ (Kim et al., 2010) calibration uses a logarithmic

relationship for an improved correlation with SSTs > 5 °C and is defined as:
SST = 68.4xTEXH +38.6 (3.2)

with TEXZ = log(TEXsg). Similarly, a calibration of TEXL, with temperatures integrated over

the upper 200 m of the water column was proposed (Kim et al., 2012) as:

To—200m = 54.7Tx TEXE 4 30.7 (3.3)

An analysis of sediments from the Mediterranean and northern Red Sea deposited at water depths
larger than 1000 m also revealed a strong correlation between TEX, and SST, but with a signifi-
cantly different slope and intercept of the calibration line (Kim et al., 2015). This suggests that in
both basins a deep-water community of Thaumarchaeota with a different isoGDGT distribution
influences the TEXgg ratio, while the dominant influence of the upper ocean temperature is still

preserved. Resulting calibrations are:
SST =56.3xTEX& +30.2 (3.4)

and:
To—200m = 57.6x TEXH +27.1 (3.5)

A recent study (Ho and Laepple, 2016) suggests an influence of the deep subsurface up to 1000
m water depth on the TEX g4 signal. We calculate the respective proxy and model temperatures for

the subsurface calibration ensemble with the "R" package "subcal” provided by the corresponding
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authors (Ho and Laepple, 2016). We further compare the results with SSTs computed with the
Bayesian model approach BAYSPAR (Tierney and Tingley, 2014; Tierney and Tingley, 2015) in-
putting all samples from the OAE lasites to derive a common calibration. The deep-time analogue
prediction uses a prior mean of 30 °C, a prior standard deviation of 20 °C and a search tolerance
of 0.21 (20 of TEXgg input data).

3.3.3 New TEXss; measurements at DSDP 511 Falkland Plateau

We generated 69 new TEXgg samples from Deep-Sea Drilling Project site 511 to complement exist-
ing Lower Cretaceous data from the same location (13 samples with available isoGDGT distribu-
tions, Jenkyns etal. 2012). Dried and ground sediments were successively extracted with methanol,
dichloromethane:methanol (1:1, v:v), and dichloromethane using ultrasonication. The extracts
were combined, dried under mild vacuum, and reacted with acid-activated copper clippings to re-
move elemental sulphur. The sulphur-free extracts were then partitioned over a self-packed silica
column (deactivated with 1% ultrapure H,O) using hexane, hexane:dichloromethane (2:1, v:v),
and dichloromethane:methanol (1:1, v:v) successively. The final fraction containing the GDGTs
was dissolved in a hexane:isopropanol mixture (95:5, v:v) and passed through a 0.45 mm polyte-
trafluoroethylene filter and C46 GDGT was added as internal standard. GDGTs were analysed
using an Agilent 1290 UHPLC coupled to an Agilent 6460 QQQ mass spectrometer equipped
with an APCI ion source. Published chromatographic conditions (Hopmans et al., 2016) were
applied and the mass spectrometer was operated in selected ion monitoring mode. Resulting data

is shown in Appendix 3.BI.

3.3.4 TEXg; compilations and GDGT screening

Besides our new measurements we use published compilations of present-day core-top (Tierney
and Tingley, 2015) and Cretaceous (O’Brien et al., 2017) TEXgs samples. A particular advantage
of the large Cretaceous compilation is the stringent application of several GDGT distribution pa-
rameters to screen for potential secondary, non-thermal effects on the TEXg4 signal. The GDGT
parameters and exclusion criteria used are the Branched and Isoprenoid Tetraether (BIT) Index >
0.3 (Hopmans et al., 2004), %GDGT-0 > 67% (Sinninghe Damsté et al., 2012), Methane Index
(MI) > 0.5 (Zhang et al., 2011), forens:Cren+Cren > 0.25 (O’Brien et al., 2017) and ARing Index
|ARI| > 0.3 (Zhang et al., 2016).

150 samples from the Cretaceous compilation are excluded based on the above criteria (O’Brien
et al,, 2017). 80 out of the 105 data points from PAMA quarry are identified as potentially influ-
enced by secondary processes and the rest of the data should be interpreted with caution (O’Brien
etal.,, 2017). We therefore decided to exclude all samples from this site from the analysis. [GDGT-
0] is not provided for many samples from DSDP site 545. This by definition increases the frac-
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tional abundances of other individual isoGDGTs, but does not influence the ratios of multiple
isoGDGTs discussed in this work (e.g. [Cren’]/[Cren] or [GDGT-2]/[GDGT-3]). We therefore
included all samples from DSDP site 545 in the analysis. Together with our new data from DSDP
site 511 (n=69, all data points pass the GDGT screening described above), this results in 704 Cre-
taceous samples that provide individual isoGDGT distributions. We use two modern TEXgg core-
top compilations as reference data. For comparability to the Cretaceous data, we only use data pro-
viding individual isoGDGT distributions and also exclude samples with | ARI| > 0.3. We further
remove samples from the Mediterranean and Red Sea from the global core-top data set (Tierney
and Tingley, 2015) resulting in 611 remaining data points. A combined Mediterranean and Red
Sea data set (n=195) is based on published compilations from the Mediterranean Sea (Kim et al.,
2015) (n=172), the Red Sea (Trommer et al., 2009) (n=20, between 15-28°N) and three Red Sea
samples from a global data set (Kim et al., 2008).

3.3.5 Age models and definition of OAE 1a

Absolute ages for all TEXgs samples were obtained from the published Cretaceous compilation
(O’Brien et al., 2017) and are based on GTS2012 (Ogg et al., 2012). The isoGDGT analysis is per-
formed on all available samples passing the GDGT screening, while the model-proxy temperature
comparison (see Fig. 3.2 and Fig. 3.7) is restricted to OAE 1a TEXgg samples. OAE 1a is defined as
carbon isotope segments C3-C6 with corresponding depth intervals as reported in the original pub-
lications (Table 3.1). At DSDP site 511, the section between 540 and 516 mbsf has been interpreted
as the local expression of OAE 1a (Jenkyns et al., 2012). However, a revised foraminiferal biostratig-
raphy (Huber and Leckie, 2011) suggests a Late Aptian age for the depth interval above 515 mbsf
comprising the positive carbon isotope excursion tentatively interpreted as C4-C6, putting the
presence of OAE 1a at DSDP Site 511 into question. Given that calcareous nannofossil biostratig-
raphy indicates a Late Barremian to Early Aptian age of the section between 534.25 and 515 mbsf
(Bralower et al., 1994), it most likely predates OAE la. As the average TEX/L-derived SST for OAE
1a (C3-C6) at DSDP site 398 is only about 1 °C higher than during pre-OAE 1a conditions (Naafs
and Pancost, 2016), we include the corresponding interval (534.25 to 515 mbsf) at DSDP site 511

in our analysis and interpret the associated temperatures as the lower end estimate of OAE 1a.

3.4 Results

3.4.1 OAE 1a ocean temperatures

The simulated global annual mean SST for the Early Aptian with an atmospheric CO; of 1200
ppmv (CRET9) reaches 24.2 °C (Table 3.2), which is about 7 °C warmer than the pre-industrial

reference simulation (Plags). High-latitude warming is amplified and reduces the meridional tem-
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Figure 3.2: Model-proxy comparison of upper ocean temperatures for OAE la. Calibrations used to convert TEXgg
values to temperatures are (a) TEXZL SST (Eq. (3.2), Kim et al. 2010), (b) BAYSPAR (see Section 3.3.2, Tierney and
Tingley 2014; Tierney and Tingley 2015), (c) TEXZ, 0-200 m depth-integrated (Eq. (3.3), Kim et al. 2012) and (d)
a deep subsurface ensemble calibration (see Section 3.3.2, Ho and Laepple 2016). Corresponding simulated annual
mean ocean temperatures are zonally averaged and shown for (a-b) sea surface, (c) 0-200 m depth-integrated and (d)
integrated over the deep subsurface (see Section 3.3.2). Shading represents the range of simulated temperatures at
each latitude for experiment CRET200. Horizontal lines indicate the range of available paleolatitude estimates for
each site (see Table 3.1). Vertical bars reflect the (green) 95% confidence interval for TEXgg-derived temperatures and
the (red) range of simulated temperatures around the approximate paleolocation (uncertainty in latitude and = 10° in
longitude) for experiment CRET29g.

Table 3.2: Simulated annual mean sea surface temperatures. Results are shown for the pre-industrial (PI) and Creta-
ceous (CRET) experiments and reported in °C. Subscripts indicate atmospheric CO, for the respective simulation.

Experiment  Global mean SST low-latitude SST  high-latitude SST ~ meridional gradient

|¢[<30° |¢[>60° |¢[<30°-|p|>60°
Plogs 17.4 24.9 0.4 25.3
CRETos6 17.1 23.5 0.4 23.1
CRETg00 19.8 26.2 32 23.0
CRET200 24.2 30.3 8.7 21.6
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Figure 3.3: Maps of simulated ocean temperatures. Temperatures are shown for experiment Cretyogg for (a) the
surface and (b) the upper 200 m, as well as their (c-d) deviations from the respective zonal mean value at each latitude.
Values are in °C. Study sites are shown at their approximate Early Aptian paleopositions (O’Brien et al., 2017).

perature gradient between low and high latitudes from 25.3 °C in Plygg to 21.6 °C in CRET 290.
The Cretaceous continental configuration and the reduced solar constant in a simulation under
pre-industrial CO, forcing (CRETg6) already reduce the temperature gradient by over 2 °C com-
pared to Plags. This change is even larger than the radiatively induced reduction by quadrupling
atmospheric COs,.

TEXgs-derived SSTs for OAE 1a (see Section 3.3.5 for a definition of OAE 1a) are higher than
the simulated zonal mean temperatures, both for the TEXZ (Fig. 3.2a, Eq. (3.2)) and the BAYSPAR
calibration (Fig. 3.2b). The BAYSPAR calibration yields a higher SST sensitivity at higher TEXgg
values and maximum SSTs above 40 °C for sites ODP 1207 and DSDP 398. Cismon is the only
location with reconstructed SSTs close to simulations CRETgg0 and CRET 50, but the offset of
over 10 °C (15 °C) for TEXZL (BAYSPAR) to the nearby DSDP site 398 is striking. The overall mis-
fit between model- and TEXgg-based temperatures decreases distinctly by applying a subsurface
calibration (Fig. 3.2c-d). Shallow subsurface temperatures (integrated from 0-200 m, Eq. (3.3)) in
the central equatorial Pacific at sites ODP 1207 and DSDP 463 range between 25-30 °C and agree
with simulation CRET509. DSDP sites 511 (Falkland Plateau) and 398 (North Atlantic) show
higher reconstructed than simulated temperatures. The mean offset varies between 4 °C for the
North Atlantic and about 10 °C for the southern South Atlantic. Inclusion of the deeper subsur-
face (see Section 3.3.2) further reduces the simulated and reconstructed meridional temperature
gradient and results in the overall best model-proxy agreement (Fig. 3.2d). TEXgs values from
Cismon translate into the coolest deep subsurface temperatures at values incompatible with our

simulations at higher CO5 levels.
Figure 3.3 illustrates a strong increase in the zonal differences in simulated low-latitude temper-

68



Results

(a) CRET, 4, profiles

0 — -
500 -
1000 — -
E
e e CRET global
S 1500 — o
R s GiSMON (c) CRET 5, 2000 m -
5 = '
o DSDP 463
= 2000 - -
e ODP 1207
2500 e DSDP 398 |
e DSDP 511
modern
3000 — Mediterranean [~
120°W  60°W 0 60°E  120°E
T —

4 8 12 16 20 24 28 32 L Rnnnnnnmeye|
Temperature [°C] 0 2 4 6 8 1012 14

Figure 3.4: Comparison of present-day and Cretaceous ocean temperatures. (a) Simulated and observed ocean pro-
files for annual mean temperature around study sites in CRET 1200 and the modern Mediterranean Sea, as well as maps
0f 2000 m ocean temperatures for (b) present day and (c) Cret;200. Profiles are averaged over an area of + 5° in longi-
tude and latitude to account for uncertainty in paleolocation and model bathymetry . Therefore, water depth for the
profiles represent maximum depth in the region used for averaging. Black contour line interval is 0.5 °C. Present-day
data from the World Ocean Atlas 2013 (Locarnini et al., 2013).

atures when comparing sea surface (Fig. 3.3a) and upper ocean temperatures (Fig. 3.3b). These
enhanced longitudinal variations are caused by an increased influence of subsurface ocean dynam-
ics on the otherwise radiatively controlled surface temperatures. The most pronounced features of
zonal heterogeneity are the Western Pacific Warm Pool and eastern Pacific upwelling region (Fig.
3.3c-d) caused by westward near-surface winds associated with the Pacific Walker Circulation. This
east-west gradient makes the simulated temperatures at the respective core locations highly sensi-
tive to the reconstructed paleoposition, especially with a stronger subsurface contribution to the
TEXgg signal (Fig. 3.3d). In fact, the difference between the lowest and highest integrated temper-
ature for the upper 200 m across the equatorial Pacific in CRET 990 is up to 14 °C, nearly as large
as the global meridional temperature gradient between low latitudes ( |¢| < 30°) and high latitudes
(|¢| >60°) of 18 °C.

There are also clear differences in the ocean temperature profiles at individual study sites (Fig.
3.4a). While the central Pacific closely resembles the temperature profile of the global mean Creta-
ceous ocean, DSDP sites 398 and 511 are influenced by warmer waters at intermediate and deeper
water depths. Simulated deep-water temperatures are about 6 °C warmer than the global mean and
close to the 14 °C observed for the present-day Mediterranean Sea. The warm, saline deep waters

result from excessive evaporation in low-latitude shallow shelf areas of the young North and South
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Atlantic (Fig. 3.1) and fill the deep, silled basins due to the lack of lateral deep-water exchange (Fig.
3.4c). This situation is comparable to the modern Mediterranean Sea where water mass exchange

is severely limited by a shallow sill at ~300 m water depth near the narrow Strait of Gibraltar (Fig.
3.4b).

3.4.2 Comparison of Cretaceous and modern isoGDGT distribution
patterns

Present-day core-top data (Fig. 3.5a) show a general increase in the fractional abundance of the cre-
narchaeol isomer ([Cren’]) with increasing fractional abundances of crenarchaeol ([Cren]). Creta-
ceous OAE 1a sites with high TEXgg values (>0.8) show fractional abundances of [Cren’] exceed-
ing the range of present-day data (see Appendix Fig. 3.C2). Despite having similar TEXgg values,
samples from DSDP site 398 are generally enriched in the proportion of [Cren’] compared to sam-
ples from ODP site 1207. A similar trend is visible for DSDP site 511 compared to the Cismon
samples. A comparable increase in [Cren’] abundance occurs also for surface sediments from the
Mediterranean and Red Sea with increasing water depth of the sample location. OAE 1la samples
from the North Atlantic and Falkland Plateau match or exceed the regression of deeper sediments
from the Mediterranean and Red Sea, while Cismon and most of the ODP site 1207 samples show
reduced fractional abundances of [Cren’]. Despite the considerable spread in the data, the general
tendency of higher fractional abundances of [Cren’] in samples from the restricted Early Creta-
ceous North and South Atlantic can also be seen in the rest of the Cretaceous data set (Fig. 3.5b)
and especially in relation to samples from the Late Cretaceous North Atlantic. This systematic
enrichment of [Cren’] indicates a different temperature-isoGDGT relationship or an additional
non-temperature influence on these samples that is not detected by the commonly applied GDGT

screening criteria (see Section 3.3.4).

Ratios of the fractional abundances of GDGT-2 and GDGT-3 ([GDGT-2]/[GDGT-3]) in
the Cretaceous are predominantly lower than for the modern core tops (Fig. 3.5d) due to a de-
crease in [GDGT-2] and an increase in [GDGT-3] at higher TEXgs values (>0.7, see Appendix
Fig. 3.C2). Samples from the Atlantic Ocean show increased fractional abundances of [GDGT-2]
during the Early Cretaceous compared to the Late Cretaceous. Again, DSDP sites 398 and 511
show overall higher [GDGT-2]/[GDGT-3] ratios than the respective samples from ODP site 1207
and Cismon. Ratios for the Falkland Plateau range between 4 to 12, similar to deeper sediments

from the Mediterranean Sea.

The systematic differences in isoGDGT distributions can also be identified in relation to de-
rived TEXg ratios. We combine the previous results in the ratio of fractional abundances of
[Cren’] and [GDGT-2] compared to [Cren] in eq. (3.6):
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Figure 3.5: Fractional abundances of isoGDGTs for modern and Cretaceous samples. Cross-plots are shown for frac-
tional abundances of (a-b) crenarchaeol against the crenarchaeol isomer and (c-d) GDGT-2 against GDGT-3. Colours
represent samples from (a,c) sites covering OAE 1a as well as from the present-day Mediterranean and Red Sea and (b,d)
the complete Cretaceous compilation. Results for individual sites are shown in Appendix Fig. 3.C3 with respective ref-
erences listed in Appendix Table 3.A2. Paleolocations of the Early Cretaceous North and South Atlantic sites (DSDP
603, DSDP 534, DSDP 398, ODP 1049, DSDP 545 and DSDP 511) and the Late Cretaceous North Atlantic sites
(ODP 1258, 0DP 1259, DSDP 367, Bass River, Meirs Farm, Brazos River and Shuqualak) are shown in Appendix Fig.
3.Cl1. Regression lines represent the quadratic polynomial regression for (gray) present-day and the (orange) combined
Mediterranean and Red Sea core-top data for sites deeper than 1000 m. Linear regressions and its 95% confidence in-
tervals are shown for the respective (red) Early Cretaceous North and South Atlantic and the (blue) Late Cretaceous
North Atlantic groups. Lines in (c-d) represent contours of constant [GDGT-2]/[GDGT-3] ratios.
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Figure 3.6: New isoGDGT ratio compared to TEXgg and SST. Shown are cross-plots of the f(cren' + apGT—2) /Cren
ratio (Eq. (3.6)) against (a-b) TEXsgg, (c) satellite derived annual mean SST and (d) the difference between TEXEL-
derived and satellite measured temperatures. Data is shown for the present-day and Cretaceous compilations. Follow-
ing the definition of TEXéqﬁ, we exclude modern samples from regions with SST < 5 °C. Colours represent samples
from (a) sites covering OAE 1a as well as from the present-day Mediterranean and Red Sea, (b) the whole Cretaceous
compilation and (c-d) the present-day Mediterranean and Red Sea. Results for individual sites are shown in Appendix
Fig. 3.C3 with respective references listed in Appendix Table 3.A2. Lines show (a-b) the quadratic polynomial and (c)
linear regression for the present-day as well as the combined deep Mediterranean and Red Sea core-top data for sites
deeper than 1000 m.
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b _ [Cren'] + [GDGT — 2]
(Cren’+GDGT—2)/Cren [Cren] + [Cren'] + [GDGT — 2]

(3.6)

Values for f(cren/+GDGT—2)/Cren Show a strong increase with TEX g for samples from DSDP
sites 511 and 398 (Fig. 3.6a) and the rest of the Early Cretaceous North and South Atlantic (Fig.
3.6b) that follows or exceeds the deep Mediterranean and Red Sea regression. ODP site 1207
and Cismon and the rest of the available Cretaceous data plot closely to the extrapolated global
present-day core-top regression. The clear separation between the Early and Late Cretaceous At-
lantic Ocean samples is a striking result. Absolute values of f(cyen'+apGT—2)/Cren for DSDP site
511 are comparable to sediments from the deep Mediterranean, but indistinguishable from the
global core-top data at the respective TEXgq range. Nevertheless, we note that the increase in
f(cren+aDGT—2) /Cren With TEXgs for samples from the Falkland Plateau is closer to the deep
Mediterranean and Red Sea than the global regression. Besides the observed increase in [Cren’]
with temperature, samples from the Mediterranean and Red Sea show an additional enrichment
of [Cren’] with water depth that is not present in global core-top data (see Appendix Fig. 3.C4).
The higher relative abundances of [Cren’] and [GDGT-2] lead to a relative decrease in [GDGT-1]
and [GDGT-3] in the TEXg4 ratio in eq. (3.1) (see Section 3.3.2). Since [GDGT-1] only influ-
ences the denominator in eq. (3.1) these systematic changes in the isoGDGT distribution lead to
higher TEXgg values in deeper sediments (Kim et al., 2015), despite similar surface temperatures
(Fig. 3.6¢). As previously reported (Kim et al., 2015), the resulting warm bias for TEXZ:-derived
SS§Ts amounts to up to 8 °C (Fig. 3.6d).

3.4.3 Implications for Early Cretaceous ocean temperatures

In summary, simulated local hydrographic parameters and the measured isoGDGT distributions
at DSDP sites 398 and 511 indicate environmental conditions for the TEXgg signal that are more
comparable to the present-day Mediterranean and Red Sea than global core-top data. Regional cal-
ibrations have been developed for both basins for sediments deposited below 1000 m (Kim et al.,
2015). In the modern data set for the Mediterranean and the Red Sea high correlations between
TEXLL and SST or 0-200 m temperatures are already observed for samples from water depths > 250
m (see Appendix Fig. 3.C5). Shallow sediments from the upper 250 m show markedly different
ring indices indicating additional non-temperature influences on the isoGDGT distribution (see
Appendix Fig. 3.C6). Temperature calibrations omitting samples from the upper S00 m or 1000 m
are very similar and significantly different to the global regression (see Appendix Fig. 3.C5). The pa-
leowater depth estimates for the Cretaceous OAE lassites start at ~500 m (see Table 3.1) and hence
the published regional calibrations from the deep Mediterranean and Red Sea (see Section 3.3.2)
can be applied to the OAE 1a data. As a result, reconstructed upper ocean temperatures are signif-

icantly lower than for the respective global calibrations (Fig. 3.7). Mean SSTs are reduced from 36
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Figure 3.7: Model-proxy comparison of upper ocean temperatures for OAE 1a. As in Fig. 3.2, butapplying regionally
different temperature calibrations for the TEXgg samples. These are the global TEXé}g sea surface temperature and
subsurface calibrations, i.e. Eq. (3.2) and (3.3) for sites 463, 1207 and Cismon, as well as the Mediterranean and Red
Sea SST and subsurface calibrations, i.e. Eq. (3.4) and (3.5) for sites 511 and 398.

to 28 °C and from 27.5 to 21 °C for sites 398 and 511 respectively (Fig. 3.7a). Respective 0-200
m integrated temperatures are lower by about 4 °C for both sites (Fig. 3.7b). This brings the up-
per ocean temperatures for the North and South Atlantic within the upper end of the CRET 1299
simulation and substantially reduces the misfit between the mid-latitude sites Cismon and DSDP
398.

Independent validation of the proposed lower temperatures for the North and South Atlantic
is challenging because of the sparse availability of additional quantitative temperature proxies. Avail-
able low- and mid-latitude TEXs and oxygen isotope data uniformly show highest upper ocean
temperatures around the Cenomanian-Turonian boundary and subsequentlong-term cooling (Fig.
3.8). TEX/.-derived temperatures during the Cretaceous Thermal Optimum reach up to 37 °C
for the surface (Fig. 3.8a) and 30 °C for the upper 200 m (Fig. 3.8c), with the latter comparable
to the warmest values found in fish teeth from the western Tethys (Fig. 3.8¢; Pucéat et al., 2003).
The magnitude of peak TEXZ,-derived SSTs agrees with those from planktonic foraminifera (Fig.
3.8d; O’Brien et al., 2017). High 580 values of belemnites (Fig. 3.8d; Bodin et al.,, 2015) and
fish teeth during the earliest Cretaceous show overall lower mean temperatures comparable to the
Campanian-Maastrichtian interval. Similarly, TEXgs samples from the Boreal realm show lowest
temperatures during the Early Hauterivian and a gradual increase towards OAE 1a (Fig. 3.8a). In
contrast, TEXZ.-derived temperatures from two sites in the North Atlantic (DSDP sites 603 and
534; Littler et al., 2011) record very warm and stable conditions over a period of about 14 million
years during the Berriasian—Barremian (see Appendix Fig. 3.C7). Surface (0-200 m) temperatures
average at around 36 °C (28 °C) which is on par with peak OAE 1aand OAE 2 conditions and above
the CRET 1209 simulation. The equivalent mean temperature change between the Valanginian
minimum and OAE 2 maximum recorded in the fish teeth is significantly larger and amounts to

about 10 °C, assuming no changes in the seawater fractionation. A similar decrease in ¢ B0 of 2-
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Figure 3.8: Cretaceous ocean temperature evolution for different proxy archives. Panels show data for (a-c) TEXgs
(O’Brien et al., 2017), (d) 6'¥0¢qrp of 2 planktonic (O’Brien et al., 2017) and benthic compilation (Friedrich et al.,
2012) as well as for belemnites from the Vocontian Basin (Bodin et al., 2015) and (e) 6*¥O po, of fish teeth from the
western Tethyan platform (Pucéat et al., 2003). TEXgg and planktonic foraminiferal data are only shown for paleo-
latitudes between 41°S-41°N (O Brien et al., 2017). TEXgg data also includes samples where no individual isoGDGT
distributions are available. An overview of all study sites is shown in Appendix Table 3.A2. Temperature conversion
follows (a-b) the TEXLL SST calibrations based on either global or deep Mediterranean and Red Sea core-top data,
i.e. Eq. (3.2) and (3.4), (c) as in (b) but for 0-200 m integrated temperatures, i.e. Eq. (3.3) and (3.5), and (d-e) the
temperature equations (Hut, 1987; Kolodny et al., 1983) with a 80 cqawater of -1%0 (VSMOW) for a non-glacial
world. Following the previous results, the respective regional Mediterranean and Red Sea calibrations have only been
applied to the Early Cretaceous North Atlantic sites (DSDP 603, DSDP 534, DSDP 398, ODP 1049 and DSDP 545).
Solid lines show a LOESS fit (span = 0.25) with the 95% prediction interval indicated by the shading around it. Vertical
dashed lines represent simulated Early Aptian (a-b) SSTs and (c) 0-200 m mean temperatures averaged between 40°S-
40°N. Background shading indicates published climatic state based on compiled sedimentological, paleontological and
geochemical data (Bodin et al., 2015). Ages for fish teeth data are adjusted to GTS2012 (Ogg et al., 2012).

3 %o is also visible between Albian and Turonian values in a compilation of benthic foraminifera
(Friedrich et al.,, 2012). Applying the Mediterranean and Red Sea calibration to Early Cretaceous
TEXge samples from the North Atlantic (Fig. 3.8b-c) reduces the observed spread during the ear-
liest Cretaceous and increases the amplitude of the Late Aptian cold snap. In agreement to the
belemnite record, resulting minimum values for the Late Aptian cold snap and Late Valanginian

coldhouse are similar and around low- to mid-latitude CRET g0 temperatures (40°S-40°N).

3.5 Discussion

3.5.1 Consistency of the OAE 1a TEXg; record

Our simulations reveal an improved model-data fit for the Early Aptian OAE 1a by applying the

0-200 m depth-integrated calibrations, compared to the sea surface calibrations. Except for the
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Cismon site, the reconstructed temperatures based on the deep subsurface calibration are also close
to CRET 200. This enhanced model-proxy congruence has also been shown for the early Eocene
(Ho and Laepple, 2016) but the ecological justification of this statistical approach remains under
debate (Tierney etal., 2017; Ho and Laepple, 2017). Based on modern core-top data, a recent study
concluded that the TEXsg signal is generated within the upper 200 m (Zhang and Liu, 2018). We
show that the CRET 99 simulation is only consistent with the OAE 1a TEXss record when we

apply regionally varying temperature calibrations for the upper 200 m water depth.

The inter-site comparison of available proxy data with regard to results from the physical ocean
model allows an approach to test the TEXgg records irrespective of a temperature calibration. Dur-
ing the Early Cretaceous, paleogeographic reconstructions place ODP site 1207 and DSDP site 463
into the equatorial central to western Pacific (Dumitrescu et al., 2006; O’Brien et al., 2017), a re-
gion that forms the Western Pacific Warm Pool both in modern observations and the Cretaceous
simulations. The Warm Pool is mainly caused by the westward blowing trade winds piling up the
warm surface waters in the central and western part of the basin. The resulting shoaling of the
thermocline in the east leads to upwelling of cooler waters oft the coast of South America and pro-
ducesastrong zonal gradient of upper ocean temperatures along the equator (Clementetal., 2005).
Based on this reasoning, TEXgg values from the Warm Pool region should also be the highest glob-
ally for OAE 1a. Itis therefore surprising that TEXgg values at site 398 in the North Atlantic are on
average even slightly higher than those in the Pacific Warm Pool. Under the assumption that both
records cover the same time interval and therefore atmospheric CO; levels we interpret this misfit

as a sign for an additional non-temperature influence on the TEX g signal in the North Atlantic.

3.5.2 Reasons for the systematic isoGDGT differences

The comparison of the isoGDGT distributions reveals a general increase in the relative propor-
tions of [Cren’] and [GDGT-2] in samples from the Early Cretaceous North and South Atlantic
compared to other Cretaceous data, even after applying a strict GDGT screening for potential sec-
ondary influences (see Section 3.3.4). The magnitude of enrichment of [Cren’] relative to [Cren]
is remarkably similar to the difference observed between shallow and deep-water sediments from
the modern Mediterranean and Red Sea. The exact reasons for this water-depth control on the
TEXgs signal in these marine settings are still not clear (Villanueva et al., 2015; Kim et al., 2015;
Kim etal., 2016). One hypothesis put forward (Kim et al., 2015) is that the warm intermediate and
bottom water temperatures in these restricted basins lead to higher ammonium generation rates
due to increased organic matter mineralisation. This might increase the abundance of the nitrify-
ing Thaumarchaeota in deeper waters and therefore enhance their contribution to the sedimentary
TEXGgg signal. Itis also possible that the warm and saline bottom waters promote the preservation
and export of membrane lipids of the deep-water Thaumarchaeota (Kim et al., 2016). In accor-

dance, our simulations reveal that the oceanographic setting of the Early Cretaceous North and
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South Atlantic was more similar to the modern Mediterranean Sea than to open-ocean conditions.
Mean evaporation exceeded precipitation and formed warm and saline intermediate and bottom

waters that filled the silled basins.

3.5.3 Ocean circulation in the Early Cretaceous North and South At-
lantic

Water mass exchange in the opening South Atlantic was severely restricted by the Falkland Plateau
(Pérez-Diaz and Eagles, 2017) and the shallow depth of the proto-Drake Passage (Donnadieu et al.,
2016). Simulated water masses at DSDP site 511 were dominated by surface inflow of cool and
fresh Southern Ocean waters and a southward subsurface return flow of warm and saline South
Atlantic Intermediate Water. This anti-estuarine circulation bears a resemblance to the modern
Strait of Gibraltar and the Portuguese continental margin where a strong warm bias in TEXZE-
derived temperatures has been attributed to the presence of the warm and saline Mediterranean
Outflow Water (Kim et al., 2016).

In contrast, the North Atlantic was characterised by an estuarine circulation with a wind-
driven zonal surface water export to the Pacific Ocean and intermediate water inflow via the Central
American Seaway (Trabucho-Alexandre et al., 2012). The narrow proto-Caribbean ocean, small
island arcs between North and South America (Ross and Scotese 1988) and the still closed equa-
torial Atlantic passage (Sewall et al., 2007) severely limited intermediate water exchange with the
Pacific during the Early Cretaceous. In our simulations and in accordance with other available re-
constructions for the Early Aptian (Sewall et al., 2007), the North Atlantic was effectively isolated
from the global deep-water circulation below 1200 m. This geographical restriction favoured the

local formation of warm and saline deep waters.

While quantitative reconstructions of the circulation in the young Atlantic Ocean are compli-
cated by the still limited knowledge about paleogeographic boundary conditions, previous studies
support the idea of limited connectivity to surrounding basins. Conspicuously cool Aptian-Albian
surface temperatures derived from oxygen isotopes of planktonic foraminifera from the subtropical
North Atlantic have been interpreted to reflect a high-evaporative fractionation factor influencing
local seawater composition (Huber et al., 2011). Absolute water mass exchange of the North At-
lantic with adjacent basins, diagnosed from corresponding anomalous strontium isotopic values,
might have been even lower than the modern day transport between the Mediterranean Sea and the
Atlantic Ocean (Huber et al., 2011). While this might be a rather extreme estimate, other climate
model simulations also show locally formed warm and saline intermediate and deep waters (Barron
and Peterson, 1990), primarily driven by the local geographic confinement (Poulsen et al., 2001).
The resulting low vertical temperature gradient is also evident in the South Atlantic in the form

of virtually identical oxygen isotope values for planktonic and benthic foraminifera at the Falkland
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Plateau during the Aptian/Albian boundary interval (Huber et al., 2018). §'®O-derived benthic
temperatures for the Albian range between 8-12 °C (Huber et al., 2018) and therefore lie between
CRETgo0 and CRET 299 bottom water temperatures. In addition, sub-thermocline Barremian-
Aptian temperatures of 10-16 °C, based on oxygen-isotope ratios of belemnites from the Falkland
Plateau (Price and Grocke, 2002) are also very similar to deep-water temperatures in CRET 1209

and the modern Mediterranean Sea (Locarnini et al., 2013).

3.5.4 Differences between Early and Late Cretaceous isoGDGTs

The reduced fractional abundances of [Cren’] and [GDGT-2] and increases in [Cren] in Late
Cretaceous samples from the North Atlantic allow for two possible explanations. First, tempo-
ral changes might simply arise by chance due to different sampling locations. This would imply
that the processes leading to the enhanced subsurface influence are limited only to certain regions
of the North Atlantic or Late Cretaceous sites are situated at too shallow water depths to record any
contribution of deep-dwelling Thaumarchaeota. Indeed, we note that the Early Cretaceous sites
are rather clustered towards the probably more restricted (Arthur and Natland, 1979) northern
and eastern parts of the North Atlantic, while most younger records are situated closer to the equa-
tor or western part of the basin (O’Brien et al., 2017). The overall reduced [GDGT-2]/[GDGT-3]
ratios of the Late Cretaceous samples could also indicate shallower paleowater depths (Taylor etal.,
2013). While Late Cretaceous sites with very shallow water depths (e.g. Bass River, Meirs Farm
or Brazos River; see Appendix Table 3.A2) exclude per se any influence of deeper living archaeal
communities, we also find no suspicious isoGDGT distributions at deep-water site DSDP 367
(Schouten et al., 2003; Forster et al., 2007). The relative large number and random selection of
the locations forming the Early and Late Cretaceous groups in this analysis could also indicate a
common underlying mechanism that led to a temporal change of the large-scale oceanographic
setting. We hypothesise that enhanced intermediate and deep-water exchange with adjacent basins
and the gradual shift from a highly restricted to a more ventilated Atlantic Ocean led to a progres-
sive decline of the subsurface influence (up to 1000 m in the modern Mediterranean Sea (Kim et al.,
2015)) on the sedimentary TEXgg signal. The opening of the equatorial Atlantic gateway during
the mid-Cretaceous (Pérez-Diaz and Eagles, 2017) allowed for enhanced water mass flow between
the North and South Atlantic and might explain the observed transient changes in isoGDGT dis-
tributions. While a full deep water passage was probably not established before the Campanian
(Friedrich and Erbacher, 2006), a shallow and maybe even intermediate water connection might
have been present since 100 Ma (Pérez-Diaz and Eagles, 2017). Model simulations show a drop of
the North Atlantic intermediate water temperature (salinity) at 1500 m depth of about 7 °C (0.5)
between the Albian and Turonian times solely because of changes in the paleogeography (Poulsen
et al., 2001) and enhanced inflow of Southern Ocean sourced waters (Donnadieu et al., 2016).
The gradual widening of the proto-Caribbean ocean throughout the Early Cretaceous (Ross and

Scotese, 1988) might have additionally increased the advection of cooler Pacific intermediate wa-
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ter into the North Atlantic (Topper et al., 2011). The resulting decrease in intermediate water
temperatures and salinities potentially reduced the unusually high influence of the deep-dwelling

Thaumarchaeota observed during the Early Cretaceous.

3.5.5 Implications for the meridional temperature gradient

We find an improved model-data congruence for OAE 1la when applying the Mediterranean and
Red Sea calibration to the respective Cretaceous data. Proxy and model results show a meridional
temperature gradient that is weaker than in the pre-industrial simulation but significantly stronger
than the one derived from the global TEXZ calibration. This challenges previous studies indicat-
ing a minimal equator-to-pole temperature gradient during the Aptian (O’Brien et al., 2017) and
OAE 1a (Jenkyns et al., 2012), but supports results from the BAYSPAR deep-time model (Naafs
and Pancost, 2016). Our simulations reveal that the currently available TEXg record for OAE 1a
is not suitable to derive global temperature gradients. The interpretation of estimated equatorial
Pacific temperatures is limited by strong zonal gradients in upper ocean temperatures and therefore
rely on uncertain paleolocation reconstructions. DSDP site 511, being the only higher mid-latitude
site is located on the subsiding Falkland Plateau where local hydrography was governed by the on-
going widening of the South Atlantic and uncertain connectivity to adjacent basins (Pérez-Diaz
and Eagles, 2017).

Clearly, our approach of applying the modern Mediterranean and Red Sea calibration to parts
of the Cretaceous data can only be considered a first approximation under the assumption that
TEXgg export dynamics are comparable. But it would also mean that the warm bias for Early Cre-
taceous sites varies with the respective paleowater depth. Given the large uncertainty in these es-
timates for deep-time periods (Table 3.1), this further complicates the reconstruction of absolute
temperatures. Areas outside of the restricted North and South Atlantic are therefore probably
more suitable for assessing the mean ocean temperature evolution and could reveal valuable infor-
mation about the strength and transient nature of any regional TEXgs warm bias. This becomes
even more important as the vast majority of Cretaceous TEXgs data are derived from the North
Atlantic (O’Brien et al., 2017). In contrast, less than 5% of the samples were collected from the

Pacific Ocean even though it covered most of the Cretaceous world ocean.

3.6 Summary and Conclusions

Based on two independent lines of evidence resulting from physical circulation modelling and the

systematic comparison of Cretaceous and modern isoGDGT distributions we conclude that:

1. Early Cretaceous North and South Atlantic isoGDGT samples show a systematic increase
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in the relative abundance of [Cren’] and [GDGT-2] with a simultaneous decrease in [Cren]
compared to other Cretaceous data. As the derived TEXjg4 ratio does not include [Cren],
this potentially influences resulting Early Cretaceous TEX g values and the regional TEXgg-

temperature relation.

2. We expect that this offset is caused by an enhanced contribution of deep-water archaeal com-
munities with a different isoGDGT distribution influencing the sedimentary TEXgg signal

that is similar to observations from the modern Mediterranean and Red Sea.

3. General circulation modelling shows the local formation of warm and saline intermediate
and deep waters in the restricted North and South Atlantic Ocean that may have provided

ideal environmental conditions for deep-water dwelling Thaumarchaeota.

4. Applying a regional temperature calibration from the modern Mediterranean and Red Sea
to the respective Cretaceous data reduces reconstructed upper ocean temperatures by 4-8
°C

5. Resulting OAE 1a upper ocean temperatures agree with model simulations at atmospheric
CO;, levels 0of 1200 ppmv.

6. Potential regional and temporal changes of the TEXgs-temperature relation should be con-

sidered when interpreting the TEXgs paleorecord of restricted basins.

Whatever the exact reasons for the observed systematic differences in the isoGDGT distribu-
tions might be, its existence indicates the need to apply regionally varying temperature calibrations
that reflect the differences in the TEX g signal. The next step to find these present-day analogue
environments will be to better understand spatial differences in the TEXgg export dynamics and
what secondary processes besides temperature influence the isoGDGT distributions in modern

core-top data, especially in deep restricted basins.
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Table 3.A1: Paleolatitude estimates for OAE la sites. Reconstructions are based on a rotational model by Getech Plc
as reported in the original Cretaceous TEXgg compilation (O’Brien et al., 2017), GPlates (https://gws.gplates.
org; Matthews et al., 2016), the Ocean Drilling Stratigraphic Network (http: //www . odsn . de; Hay et al., 1999)
and an online paleolatitude calculator (http : //www . paleolatitude . org; Hinsbergen et al., 2015) applying
different paleomagnetic reference frames (Torsvik et al., 2012; Besse and Courtillot, 2002; Kent and Irving, 2010).
Time slices are chosen closest to OAE 1a and depend on respective time scale and temporal resolution.

paleolatitudes.org

paleolatitudes.org

paleolatitudes.org

St Location GetechPle  GPlates  ODSN  Torsvik etal. (2012)  Besse and Courtillot (2002) ~ Kent and Irving (2010) mean (min-max)

¢ ocano Aptian  125Ma 120 Ma 120 Ma 120 Ma 120 Ma fomax
min/mean/max min/mean/max min/mean/max

DSDP 398  proto-North Atlantic 34°N 32°N  26°N  31°N/33°N/36°N 22°N/24°N/27°N 30°N/33°N/36°N  30°N (22-36°N)

Cismon Italian Southern Alps 25°N 25°N  17°N no data no data no data 22°N (17-25°N)

ODP 1207 = Shatsky Rise -3°S 1°N  21°S no data no data no data 5°S (10°N-21°S)

DSDP 463  Mid-Pacific Mountains 17°S 7°S 35°S no data no data no data 20°S (7-35°S)

DSDPSI11  Falkland Plateau 49°S 53°S 56°S 46°S/48°S/51°S 46°5/49°S/51°S 43°S/46°S/48°S 50°S (43-56°S)
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Table 3.A2: Overview of study sites. All sites from the Cretaceous compilation (O’Brien et al., 2017) that provide
individual isoGDGT distributions are included, while those that provide only derived TEXgg values are limited to
lower paleolatitudes (41°S-41°N) as listed in the original Cretaceous compilation (O’Brien etal., 2017). All sites marked
with alow paleolatitude are included in Fig. 8 of the main text. NA = North Atlantic, SA = South Atlantic, O = Other.

Site Location Region Latitude Age(Ma) GDGTs Reference
Shuqualak-Evans borehole  Mississippi, USA NA Low 66-83 Yes Linnert et al. (2014)
Brazos River 1 section Texas, USA NA Low 67 Yes Vellekoop et al. (2014)
Meirs Farm 1 New Jersey, USA NA Low 67 Yes Vellekoop et al. (2016)
Aderet borehole 1 Israel o Low 69-85 Yes Alsenzetal. (2013)
FL533 Arctic Ocean (@) High 71+1 Yes Jenkyns et al. (2004)
ODP 1259 Demerara Rise NA Low 86-94 Yes Forster ecal. (20072)
Bornemann et al. (2008)
ODP 1258 Demerara Rise NA Low 92-105  Yes Forster etal. (2007a)
ODP 1260 Demerara Rise NA Low 93-97 No Forster et al. (2007b)
Bass River borehole New Jersey Shelf, USA  NA Low 93-94 Yes Helmond et al. (2014)
DSDP 367 Cape Verde Basin NA Low 94 No Schouten etal. (2003)
Forster et al. (2007b)
ODP 1276 Newfoundland Basin ~ NA Low 94 No Sinninghe Damsté et al. (2010)
Wunstorf core Lower Saxony Basin (@) High 94 Yes Van Helmond et al. (2015)
Hofmann et al. (2008)
DSDP 545 Mazagan Plateau NA Low 104-123  Yes Wagner et al. (2008)
McAnena et al. (2013)
ODP 1049 Blake Nose Plateau NA Low 113 Yes Schouten etal. (2003)
Wagner et al. (2008)
DSDP 511 Falkland Plateau SA High 117-126  Yes Jenkyns et al. (2012)
Alstitte 1 outcrop Northwest Germany (@) Low 120-130 No Mutterlose et al. (2014)
DSDP 463 Mid-Pacific Mountains O Low 124-125  Yes Schouten et al. (2003)
Cismon core Ttalian Southern Alps O Low 124-125  Yes Bottini et al. (2015)
ODP 1207 Shatsky Rise (@) Low 125-126  Yes Dumitrescu et al. (2006)
DSDP 398 proto-North Atlantic ~ NA Low 125 £2  Yes Naafs and Pancost (2016)
A39 outcrop Northwest Germany (@) Low 126-130 No Mutterlose et al. (2010)
Gott outcrop Northwest Germany (@) Low 129-130 No Mutterlose et al. (2010)
Moorberg outcrop Northwest Germany (@) Low 129-130 No Mutterlose et al. (2012)
ODP 766 Exmouth Plateau (@) High 130-136  Yes Littler et al. (2011)
DSDP 534 Blake-Bahama Basin NA Low 131-140  Yes Littler et al. (2011)
Speeton outcrop Northeast England (0] Low 132-133 No Mutterlose et al. (2012)
DSDP 603 Eastern North America NA Low 132-137  Yes Littler et al. (2011)
ODP 692 Weddell Sea (@) High 138+7  Yes Littler et al. (2011)
DSDP 249 Mozambique Ridge (@) High 138+7  Yes Littler et al. (2011)
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Table 3.B1: Raw isoGDGT data and derived TEXgg values for 69 samples from DSDP Site 511, Falkland Plateau

sample name MCD [m] GDGT-0 GDGT-1 GDGT-2 GDGT-3 Cren Cren’ TEXjss TEX[L-SST
511-55-2 3-6cm 481.53 1504.7 428.86 565.87 129.94 3976.52 341.67 0.70753031  28.3225615
511-56-4 63-64cm 494.63 34402.85 8040.44  10044.92 902.54 66376.74 7163.43  0.69254183  27.6865072
511-56-5 138-140cm 496.88 20320.34 4267.58 6277.25 585.5 40039.21 4455.75  0.72619286  29.095955
511-57-175-77cm 499.75 24025.55 5435.05 7129.43 870.27 49102.1 5411.11 0.7116051  28.4931509
511-57-1134-135cm 500.34 12764792  28694.31 37248.8  3566.52 246401.42  20757.44  0.68211763  27.2359745
511-57-2 20-23cm 500.7 32976.2 6664.73 8030.41 817.33 55453.55 5168.67 0.67773875  27.0446625
511-57-2103-104cm 501.53  187969.26  43099.23 57150.21  6434.61  404327.65  37697.47 0.70149068 28.0678982
511-57-3 94-96cm 502.94 9827.99 2946.37 4205.25 586.03 25135.44 3342.81 0.73409317  29.4173809
511-57-4 66-69cm 504.16  138589.79  29094.71  31335.09  4586.51  235306.48  21162.23  0.66239031  26.3641957
511-57-4100-101cm 504.5 112177.55  29788.05 39818.83 4118.52  241287.06  28312.34 0.70806831  28.3451407
511-57-6 34-35cm 506.84 4975257 13225.07  18376.95 = 2240.22 11852552 1462752 0.72714802  29.1350013
511-58-2120-125cm S11.2 11761.36 4345.87 6276.62 937.54 40566.23 6994.06  0.76577294 30.672441
511-58-4 34-36cm 513.05 12994.8 3779.15 4666.04 714.18 29693.49 3511.49  0.70174479  28.0786571
511-58-4 47-49cm 513.18 8636.09 2417.42 2690.32 484.87 18445.2 2240.59 0.69138794  27.6369711
511-58-4 94-95cm 513.65  199638.45 54652.16 63106.4 10362.54 515910.41 51317.86  0.69542757  27.8100302
511-58-4 117-118cm S13.88  1155721.1S  315625.43  361406.81  55815.31 2710338.37  236811.02  0.67449839  26.9022946
511-58-4 132-134cm S14.03  415463.62 119804.75 149767.32 2317192 992180.82  99749.08  0.69475958  27.7814828
511-58-cc 7-9cm 514.28  381834.52 124584.34 16975891 23818.78 1254540.28 128065.75S  0.7208055 28.8747576
511-59-11-2cm 518.01 247913.2  75365.04 100706.06 11960.58  630040.34  63600.25 0.70049493  28.0257015
511-59-1 20-21cm 518.2  397986.31 117565.75 144989.84 21917.88  1112403.42 109334.28 0.7014641  28.0667729
511-59-1 43-45cm 518.43  706772.38 209014.03 306721.64  37978.6 2020227.48 236943.34 0.73564533  29.4801243
511-59-1 62-64cm 518.62  1238595.31 342334.64 456287.75 62528.06  3197986.11 306986.58 0.70693966 28.2977523
511-59-1 98-100cm S18.98 1471352.55  418918.76 603542.75 76628.61 3954957.92 362148.39  0.71331254 28.5643423
511-59-1116-117cm 519.16  1380472.98 369701.84 48994173 68594.02 3528037.53 336915.74 0.707781  28.3330848
511-59-1130-132cm 5193  473203.12 129589.47  151513.62 27103.44 1233570.56 103164.49 0.68498153  27.360434
511-59-21-2cm 519.51  696707.26  189654.33  201864.24 32169.99  1564611.88 153309.75  0.67130869  26.7614833
511-59-2 22-23cm 519.72  744616.62  215967.4 258234.31 35679.24 2015317.46 167397.08 0.68112446  27.1926908
511-59-2 58-60cm 520.08 478977.28  115135.01 141907.16 16155.24 1089929.06 101108.87 0.69240428 27.6806064
511-59-2107-108cm 520.57 658586.4 179341.07  218924.61  35816.7 1799920.75 171312.3  0.70376173  28.1639144
511-59-3 5-8cm 521.05  157230.06  42574.81 42513.6  7662.02 32549534  29644.98 0.65215354  25.9015302
511-59-3 50-52cm 521.5  704966.02 190737.32 199521.36  35155.93 1634455.33  149940.7 0.66848777 26.6363932
511-59-3 116-118cm 52216 199130.43  52463.62  50708.29 887134  402866.03  39065.73 0.65280938  25.9313889
511-59-4 2-3cm 522.52  624427.04 13822558 144758.24 27177.87  1311535.52 102108.24 0.66472068 26.4685208
511-59-4 36-37cm 522.86  184640.68  48041.77  51685.72  7851.09  429673.64  40242.64 0.67500086 26.9244157
511-59-4 118-120cm 523.68 75863.77 213187  25890.63  3909.52 171839.62 18633.11 0.69436414 27.7645704
511-60-19-10cm 527.59  162595.82 4617417 55849.36  8752.73  385065.66  39808.05 0.69336666  27.7218661
511-60-1 41-43cm 52791  357851.05  88967.69 108591.57 15621.2 832944.18 88558.3  0.70514995  28.222453
511-60-1128-130cm 528.78  148035.35  39074.07  41010.45 6216.15 318285.21  26500.71  0.65360291  25.9674759
511-60-2 66-69cm 529.66  241499.25 54861.56  56379.38  9808.51  433286.35 43975.6  0.66755617  26.5949664
511-60-2 118-120cm 530.18  319301.43 7782819  78890.26 14692.05 662171.52  53059.46  0.65328015  25.9528034
511-60-3 8-10cm 530.58  175835.49  42004.97  44762.63 623858  330367.32  32717.46 0.66589442 26.5209276
511-60-3 30-33cm 530.8  178402.97  45574.97 4542257 910636  368946.66  36271.89 0.66581334  26.5173104
511-60-3 105-108cm 53155  287174.41  67853.07  74940.74 1136191  570808.77  43907.89 0.65741779  26.1403551
511-60-4 28-29cm 532.28  145137.74  35246.12 31573.4  6062.06  269806.84  23933.23 0.63594289  25.1537991
511-60-5 33-36cm 53371  191002.74  43909.87  39478.54 8139.01 348741.55 34173 0.65067842  25.8342618
511-60-5 94-96cm 53432 127806.69  37829.88  54486.41  6914.48  335066.45  44743.63 0.73724579  29.5446813
511-60-6 9-11cm 534.68  768444.88 213962.02 295098.02 46584.21  2009294.9 204819.44 0.71864269 28.78549
511-60-6 26-28cm 534.85 1213884.04 341840.98 422051.24 68736.03 3010266.92 287458.06 0.69480836 27.7835683
511-60-cc 1-2cm 535.18  969093.01 293804.59 371243.71 S7951.05  2591713.34  256194.17 0.69995248  28.0026891
511-61-17-9cm 537.07  424044.66 122890.46 175761.9  27174.66  1244462.31 136556.26 0.73422382  29.4226675
511-61-1101-104cm 538.01  554512.79 166139.56 234503.59 3293991 1643375.97 170825.22 0.72512031 29.0520488
511-61-2 20-22cm 5387  359136.15 104519.19 122029.26  21117.69 964137.79 9542513  0.69536039  27.8071605
511-61-2 67-68cm 539.17  254832.92  81247.43 101349.63 16032.64 723628.4  86531.73  0.71508268  28.6379682
511-61-2 144-145cm 539.94  536972.37 155450.78 201461.78 30829.64 1434158.26 151715.5 0.7118388  28.5029052
511-61-3 38-40cm 540.38 294904.3  85655.23 102255.29  15814.03 715237.48  85166.05 0.70350288  28.1529863
511-61-3 120-121cm 5412 170962.97  52620.88  63893.39 10783.52 451910.4 49183.8 0.7018336  28.0824164
511-61-4 34-37cm 541.84 39114533  113667.35 1297571 24736.03 1083483.44 109959.34 0.69938801 27.9787239
511-61-4130-132cm 542.8 64619.44 21768.17 30569.2  4821.67 214583.35  23707.78  0.73081457  29.2844121
511-61-cc 5-7cm 544.24 50507.24  15099.46 18403.13 3081.21 141123.88  16463.66  0.71535942  28.649462
511-62-1 67-68cm 547.17 24397.1 7673.68 8292.28 1384.61 61328.25 639413 0.67682557 27.00461
511-62-1118-120cm 547.68  280593.07  71427.87  88562.89 153023  699574.23  71388.32 0.71044483  28.4446763
511-62-2 7-8cm 548.07  289087.18  80374.47  93104.93  19743.8  695527.43  68178.42 0.69252497  27.6857841
511-62-2 83-86cm 548.83 293164  87257.94  109264.7 17626.35  796892.63  80497.27 0.70385526  28.1678619
511-62-3 5-6cm 549.55 236512.9  71334.43  93026.52 1645858  637609.97  72687.85 0.71861005  28.7841406
511-62-3 40-42cm 549.9  121843.88  37794.81 4179636 710553  299007.27 31931.63  0.68140148 27.2047703
511-62-3 148-149cm 550.98  197715.44 57191.86 6661635 13454.27  503609.43 50964.1  0.69615418  27.8410517
511-62-4 81-82cm 551.81 62808.97 18587.35 23320.61 3709.31 168965.78  18480.02  0.71001348  28.4266351
511-62-4 125-126cm 552.25  454514.29 153726.86 210969.56  31594.15 1360309.98 132675.93 0.70938262 28.4002291
511-62-5 69-70cm 553.19 24704.78 7219.09 9231.85 1689.93 65615.44 7465.54 0.71807489  28.7620102
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Figure 3.C1: Paleogeographic reconstructions for study sites. Shown are all sites from the study region that provide
individual isoGDGT fractional abundances (see Appendix Table 3.A2). Color coding represents groups for Early
Cretaceous North and South Atlantic, Late Cretaceous Nort Atlantic and other Cretaceous sites as used in Fig. 3.5
and 3.6 of the main text and Appendix Fig. 3.C2. Sites are assigned to the closest available time slice (70 Ma, 94
Ma, 120 Ma or 135 Ma), therefore not all sites provide data for the exact shown age. Reconstructions generated at
http://www.odsn.de/odsn/services/paleomap/adv_map.html.
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Figure 3.C2: Fractional abundances of individual isoGDGTs against derived TEXgg ratios. Data include core-tops
and surface sediments from a global present-day data set for regions with SST > 5°C (Tierney and Tingley, 2015), the
modern Mediterranean and Red Sea (Kim et al., 2015; Trommer et al., 2009), the Cretaceous compilation (O’Brien
et al., 2017) and new measurements for DSDP site 5S11. Columns show data for sites covering OAE 1a, all Cretaceous
sites and the temporal change for sites from the Cretaceous Atlantic Ocean respectively. See Appendix Table 3.A2 for
an overview of the individual study sites. Fractional abundances of [GDGT-0] are not available for many samples from
DSDP site 545 leading to consequently higher abundances of the other isoGDGTs. We therefore excluded these sam-
ples from this figure. Quadratic polynomial regressions are shown for (gray) global present-day data and for (orange)
deep sites below 1000 m from the modern Mediterranean and Red Sea. 97
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Figure 3.C3: Cross-plots of fractional abundances of (a) crenarchaeol against the crenarchaeol isomer, (b) GDGT-2

against GDGT-3 and (¢) f(cren'+GDGT—2) /Cren = [Cre[yif[gl;ﬁf[%gg%_m against TEXgg. [GDGT-0] is not

provided for many samples from DSDP site 545. This by definition increases the fractional abundances of other indi-
vidual isoGDGTs, but does not influence the ratios of multiple isoGDGTs discussed in this work (e.g. [Cren’]/[Cren],
[GDGT-2])/[GDGT-3] or f(¢ren'+GDGT—2)/Cren). We therefore included these samples in this figure. Quadratic
polynomial regressions in panel (a) and (c) are shown for global present-day data in gray and for deep sites below 1000
m from the modern Mediterranean and Red Sea in orange. Contours in panel (b) represent lines of constant [GDGT-
2]/[GDGT-3] ratios.
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Figure 3.C4: Water depth dependence of [Cren’]/[Cren] and [GDGT-2]/[GDGT-3] ratios in modern surface sedi-
ments.
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Figure 3.C5: TEXL correlations with SST and 0-200 m integrated temperatures (Locarnini et al., 2013) for the
combined Mediterranean and Red Sea core-top and surface sediment data. The dashed lines represent the respective
global calibrations (Kim et al., 2010; Kim et al., 2012) with no water depth restriction applied. Solid black lines show
the calculated linear regression after removing samples from the respective depth intervals. Shading indicates & the
residual standard error. Orange lines represent the published regressions for deep sites (> 1000 m) from the modern
Mediterranean and northern Red Sea (Kim etal., 2015). The analysis is similar to this previous study (Kim et al., 2015),
but the resulting regressions are slightly different due to the inclusion of additional samples from the southern Red
Sea (Trommer et al., 2009).

100



Appendix C: Supplementary Figures

3.2

2.8

x
> i
T 24
E -
2 |
E 2.0 i/

b s

n ° e ® O'250m B

16 4 -7 e 251-500 m -

1 -7 . 501-1000 m -

T o ° >1000m [

1.2 . -

040 050 0.60 0.70 0.80 0.90
TEXgs

Figure 3.C6: Ring index (RI) for TEXgg samples from the modern Mediterranean and Red Sea for different depth
intervals. With RI=0x [GDGT-0] + 1x [GDGT-1] + 2 x [GDGT-2] + 3 x [GDGT-3] + 4 x [Cren] + 4 x [Cren’]. The
black lines represent the global modern TEXgg-RI core-top relationship (Zhang and Liu, 2018) and its 20 uncertainty
range that is used to exclude data points with different isoGDGT productions. All samples from water depths greater
than 250 m fall within the 20 range.
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Figure 3.C7: Temporal evolution of Cretaceous isoGDGT anomalies. All sites from the North Atlantic that pro-

vide individual isoGDGT distributions are included. Shown are (a) the difference of the f(cren'+apGT—2)/Cren =

[Cre[r?i 7:[7(1; ]T';[ﬁf [CéTD_G2%72] ratio to the present-day regression at the respective TEXgg value shown in Appendix Fig.

3.C3cand (b) corresponding TEXgg values.
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Chapter 4. South Atlantic circulation

4.1 Abstract

Black shale sediments from the Barremian to Albian South Atlantic documentintense and widespread
marine organic carbon burial during the initial stages of seafloor spreading between Africa and
South America. The enhanced sequestration of atmospheric CO, makes these young ocean basins
potential drivers of Early Cretaceous carbon cycle and climate perturbations. The opening of ma-
rine gateways between initially restricted basins and related circulation and ventilation changes is a
commonly invoked explanation for the transient formation and destruction of these regional car-
bon sinks. Still, large uncertainties in paleogeographic reconstructions limit not only the interpre-
tation of available paleoceanographic data but also prevent any robust model-based quantification
of the proposed circulation and carbon burial changes. Here we assess the principal controls on
the Early Cretaceous South Atlantic and Southern Ocean circulation changes under full consid-
eration of the uncertainties in available paleogeographic boundary conditions. Specifically, we use
a large ensemble of climate model experiments to simulate the Barremian to Albian progressive
opening of the Falkland Plateau and Georgia Basin gateways with different configurations of the
proto-Drake Passage, the Walvis Ridge and atmospheric CO, concentrations. The experiments
are designed to complement latest geochemical data across the region and to test derived circula-
tion hypotheses. Increased evaporation and intermediate water formation at subtropical latitudes
drive a meridional overturning circulation whose vertical extent is mainly determined by the sill
depth of the Falkland Plateau. The export of this warm and saline intermediate water leads to bot-
tom water temperatures in the Falkland Basin that reach up to 15 °C and even exceed local surface
temperatures. The simulated temperature and salinity range, representing the sensitivity to uncer-
tain boundary conditions, increases with water depth. Temperatures in the deep Cape Basin vary
between 3.1 to 17.6 °C. Local overturning and upper ocean stratification in the restricted Angola
Basin are particularly sensitive to atmospheric CO5 concentrations due to large-scale changes in the
hydrological cycle. Densest water masses are formed in the southern Angola Basin and reach the
deep Cape Basin as Walvis Ridge Overflow Water. The neodymium isotope and organic carbon
burial record in the Southern Ocean can only be reproduced with a shallow, 200 m deep proto-
Drake Passage. Both a closed and a too deep gateway reduce the sensitivity of Weddell Sea circula-
tion and convection to paleogeographic changes of the Falkland Plateau. The close integration of
new climate model experiments with multi-proxy paleoceanographic data thereby provides valu-
able constraints on the configuration of key oceanic gateways during the Early Cretaceous. Finally,
the simulated processes are integrated in a recent carbon burial framework to show the principal
control of the regional gateway evolution on the progressive shift from prevailing saline and oxygen-

depleted subtropical water masses to the dominance of ventilated, high-latitude deep waters.
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4.2 Introduction

The Early Cretaceous (i.e., Barremian to Albian) South Atlantic Ocean provides a unique possi-
bility of gaining insights into the complex interplay of large-scale tectonics, related ocean circu-
lation and carbon burial changes and the global climate evolution. On the one hand, the young
ocean basin emerges in the wake of the ongoing breakup of Gondwana and rifting between South
America and Africa that started in Late Jurassic (Torsvik et al., 2009). On the other hand, the
general warmth of the Early Cretaceous greenhouse climate (O’Brien et al., 2017) was punctuated
with severe perturbations of the global carbon cycle (e.g., Weissert, 1989; Bralower et al., 1994),
short-term temperature fluctuations (Bodin et al., 2015; Jenkyns, 2018) and marine biotic crises
(McAnena et al., 2013). The large shelf areas and restricted circulation in young ocean basins pro-
duce favourable conditions for enhanced biogeochemical turnover rates and organic carbon burial
(Trabucho-Alexandre et al., 2012), thereby providing a possible link between regional basin evolu-
tion and global carbon cycle perturbations. Sedimentary evidence for periods of enhanced carbon
sequestration come from the widespread deposition of organic-rich black shales found throughout
the Mesozoic Atlantic Ocean, with an increased occurrence during the Aptian-Albian (Stein et al.,
1986). Biogeochemical modelling shows that the restricted environments of the developing South
Atlantic and Southern Ocean acted as efficient carbon sinks that played a crucial role in driving

global cooling during the Late Aptian (McAnena et al., 2013).

Dummann etal. (submitted) reconstructed the Early Cretaceous gateway opening in the south-
ern South Atlantic and the related formation and destruction of regional carbon sinks. They com-
bine a new stratigraphic framework for several sites across the South Atlantic and Southern Ocean
with radiogenic neodymium (Nd) isotope signatures to trace past water mass mixing between both
basins (Fig. 4.1c). The neodymium isotopic composition, expressed as € nq(t), is used as a quasi-
conservative tracer of bottom water masses (Frank, 2002). Differences in the € y4(t) of seawater are
mainly caused by spatially heterogeneous lithogenic input in the source region of a water mass and
by mixing along its flow path. Dummann et al. (submitted) demonstrate the dominant control
of marine gateways on the local ocean circulation and ventilation. Before 124 Ma, the paleogeo-
graphic position of the Falkland Plateau severely limited water mass exchange between the South
Atlantic and the Southern Ocean (Fig. 4.1d). Limited ventilation of the Cape Basin led to oxygen
deficient deep waters and formation of organic-rich black shales (Fig. 4.1b). The detection of a
more radiogenic water mass at DSDP Site 511 on the Falkland Plateau at around 119 Ma marks
the onset of increased South Atlantic Intermediate Water (SAIW) export due to a progressive west-
ward drift of the Falkland Plateau (Fig. 4.1¢). At about 113 Ma to 110 Ma, the Maurice Ewing Bank
cleared the southern tip of Africa and allowed the first deep water exchange between the South
Atlantic and Southern Ocean (Fig. 4.1f). Less radiogenic €y4(t) signatures in the South Atlantic
indicate the stronger advection of cold, oxygenated Southern Ocean water. As a consequence, the

enhanced organic carbon burial ended even in the deep South Atlantic.
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Figure 4.1: Reconstructed circulation history (modified from Dummann et al. (submitted)) and model set-up. Panels
show the (a) low latitude carbon isotope reference curve compiled by Herrle et al. (2015), (b) dominant lithology for
South Atlantic and Southern Ocean sites and (c) evolution of seawater Nd isotope signatures with £2 SD range. Green
and pink shading indicates proposed Nd isotope range of the South Pacific and South Atlantic Intermediate Water end-
members. Additional literature € y4(t) values are taken from Murphy and Thomas (ref!, 2013) and Robinson et al.
(ref?, 2010). Panels (d-f) show applied model bathymetries for stages 1 to 3 and (g) the approximate paleolocations
of the study sites adapted to the stage 2 model bathymetry. Highlighted grid points for the proto-Drake Passage and
Walvis Ridge show maximum applied gateway depth. Black rectangles in (g) represent areas used for averaging in Fig.
4.5.

Climate models would be an ideal tool to test these proxy-derived hypotheses and to quan-
tify the associated regional circulation changes. Previous modelling studies support the idea that
the large-scale ocean circulation in the young South Atlantic and Southern Ocean was primarily
controlled by the applied paleogeography (Chaboureau etal., 2012; Luntet al., 2016; Uenzelmann-
Neben et al., 2017). But this also means that the validity of any simulated mean state and poten-
tially also the predicted response to the proposed gateway changes critically depends on the quality
of model boundary conditions. While this poses a problem for all paleomodelling applications in
general, it becomes even more important for regional scales of deep-time periods. For the Early
Cretaceous South Atlantic opening we identify 3 major uncertainties in available boundary condi-

tions:

1. Stomata-based reconstructions of Barremian-Albian atmospheric CO; concentrations vary
between 400-1500 ppmv (Wang et al., 2014; Jing and Bainian, 2018).

2. Estimates of the proto-Drake Passage (DP, Fig. 4.1g) topography for the Early Cretaceous
range from an intermediate depth (Sewall et al., 2007; Eagles, 2010) to shallow marine (Cao
etal., 2017) to a complete closure (Hay et al., 1999).
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3. The depth of the Walvis Ridge (WR), separating the southern South Atlantic from the An-
gola Basin (Fig. 4.1g), is poorly constrained (Pérez-Diaz and Eagles, 2017).

All of these uncertainties have the potential to influence the simulated mean state and the re-
sponse to changes in the paleogeographic position of the Falkland Plateau. To resolve this dilemma,
we simulate the first three stages of the proposed gateway history under full consideration of the
above-mentioned uncertainties. We follow the concept of ensemble forecasting used for numerical
weather prediction, but instead of accounting for imperfect initial conditions, we try to account
for uncertainties in the paleogeographic boundary conditions. We generate a large ensemble of 36
model simulations instead of dedicated sensitivity experiments to estimate the full range of results
arising from the uncertainties in the boundary conditions and to identify possible nonlinear re-
sponses of the regional ocean circulation. We further use the spread between difterent ensemble
members to assess the robustness of our results. Finally, we constrain the range of simulated circu-
lation scenarios with the reconstructed water mass mixing to derive an integrated history of ocean

circulation and carbon burial for the Early Cretaceous South Atlantic and Southern Ocean.

4.3 Methods

4.3.1 Model description

We use the Kiel Climate Model (KCM, Park et al., 2009), a fully coupled atmosphere-ocean-sea
ice general circulation model, for all simulations. It consists of the spectral atmospheric general cir-
culation model ECHAMS (Roeckner et al., 2003), configured at a horizontal resolution of ~2.8°
x 2.8° (T42) with 19 vertical levels (Park and Latif, 2019). The ocean-sea ice component NEMO
(Madec, 2008) uses a tripolar grid at a horizontal resolution of 2° x 2° (ORCA2) at 31 vertical lev-
els with an equatorial refinement of the meridional resolution to 0.5°. The global land topography
and ocean bathymetry (Blohdorn, 2013) represent an Early Aptian (~125 Ma) time slice and are
based on reconstructions from Miiller et al. (2008) and Blakey (2008). Freshwater routing from
the land surface into the ocean follows the land orography (Hagemann and Diimenil, 1998). Sim-
plified climate-zone dependent vegetation parameters (Blhdorn, 2013) are applied to the ice-free
land surface. Seasonal snowfall and sea ice formation is permitted. Integrations are performed at
atmospheric CO5 concentrations of 600 and 1200 ppmv to account for the large spread in avail-
able reconstructions for the Early Cretaceous (e.g., Wang et al., 2014; Jing and Bainian, 2018). The
solar constant is reduced by ~1% (1350 W/m?), while the orbital parameters and other greenhouse

gases besides CO are fixed at their pre-industrial values due to a lack of reconstructions.
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4.3.2 South Atlantic and Southern Ocean paleobathymetry

To increase comparability to previous studies and enhance reproducibility, we replace the regional
ocean bathymetry of the study area with published climate model boundary conditions for the
Early Cretaceous (Sewall et al., 2007). In order to focus on the gateway related circulation changes
during the initial stages of the South Atlantic opening, we keep the large-scale bathymetry of the
Southern Ocean and southern South Atlantic fixed throughout all simulations. Sewall etal. (2007)
provide paleobathymetries for the two suitable time slices of the Early Aptian and Early Albian. We
chose the latter as our base configuration (Fig. 4.1g) due to two reasons. First, it features an initial
shallow water connection between India and Antarctica. This proto-Indian Ocean is missing in
the Early Aptian time slice, but present in other reconstructions (Golonka, 2007; Gibbons et al.,
2013) and newer climate model boundary conditions for the earliest Cretaceous (Lunt et al., 2016).
Second, it includes a shallower maximum water depth of the DP of ~1400 m compared to the
~2000 m in the Early Aptian time slice (Sewall et al., 2007). This is more in line with the general
view of only a shallow or intermediate water connection between the Pacific Ocean and the Weddell
Sea during the Cretaceous (e.g., Eagles, 2010; Donnadieu et al., 2016; Cao et al., 2017), while the
onset of deep water exchange is associated with the formation of oceanic crust starting around the
Oligocene (Lagabrielle etal., 2009). To account for the considerable uncertainty in estimates of the
DP depth, ranging from about 1400 m (Sewall et al., 2007) to shallow marine (Cao et al., 2017)
to a closed gateway (Hay et al., 1999), we perform the simulations with three different maximum
depths of the passage of 1400 m, 200 m and 0 m, respectively (200 m and 0 m depths are applied to
all highlighted DP grid points in Fig. 4.1g). Paleobathymetric reconstructions for the Walvis Ridge
between the Cape-Argentine and Angola basins (Fig. 4.1g), are similarly uncertain (Pérez-Diaz and
Eagles, 2017). We therefore conduct two sets of simulations with a maximum depth of the Walvis
Ridge of either ~1200 m (Sewall et al., 2007) or 200 m (200 m depth is applied to all highlighted
WR grid points in Fig. 4.1g). As for the large-scale bathymetry, we use the same land orography for

all simulations.

Due to the proposed crucial role of the Falkland Plateau in governing the water mass exchange
between the South Atlantic and Southern Ocean we update its representation in the model bathymetry.
Shape and position are based on a recent high-resolution regional study (see Appendix Fig. 4.Al,
Pérez-Diaz and Eagles, 2017), but the limited model resolution only allows for an idealised geom-
etry (red polygon in Fig. 4.1d). It consists of a shallow (250 m) Malvinas Basin in the west, a
deeper Falkland Basin (750 m, Fig. 4.1d) and a shallow (250 m) Maurice Ewing Bank in the east.
The chosen Falkland Basin depth is in between a reconstructed Aptian shelf environment (Har-
ris et al., 1977; Basov and Krasheninnikov, 1983) and a Late Albian paleo-water depth of ~800 m
(Holbourn etal., 2001). This estimated subsidence based on assemblages of benthic foraminifers is
supported by backtracking methods (Miiller etal., 2018). The depth of the Georgia Basin Gateway
(Fig. 4.1f) was set to 2500 m (Pérez-Difaz and Eagles, 2017)
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4.3.3 Ensemble approach and model spin-up

We design model geographies for three consecutive time slices representing the initial stages of
the South Atlantic opening (Fig. 4.1d-f). They resemble the proposed characteristics of the first
three stages of the reconstructed water mass exchange between the South Atlantic and Southern
Ocean (see Section 4.2) associated with a progressive westward drift of the Falkland Plateau. The
bathymetry of the Southern Ocean and southern South Atlantic (i.e. the Cape-Argentine Basin)
is fixed for all stages due to the large uncertainties in the available reconstructions (Pérez-Diaz and
Eagles, 2017). In fact, at the upper end of reconstructions the southern South Atlantic at 120 Ma
is as wide and even deeper than the minimum estimate at 110 Ma (see Appendix Fig. 4.A1). For
the region north of the WR we apply the Early Aptian bathymetry from Sewall et al. (2007) for
stage 1 and the Early Albian time slice for stages 2 and 3 to assess the influence of the changing
Angola Basin geometry. As the applied orography around the Angola Basin is fixed to an Early
Aptian time slice and does not include the Early Albian equatorial rift valley shown in Sewall et al.
(2007), we add a drainage basin to the north of the Angola Basin for stages 2 and 3. These three
stages are integrated with all possible combinations of sensitivity parameters discussed above, i.e.
variable DP depth (0/200/1400 m), variable WR depth (200/1200 m) and two atmospheric CO,
end-members (600/1200 ppmv). This leads to 12 different ensemble members for each stage and

36 simulations in total.

Throughout the analysis we will focus on the circulation changes associated with four key pro-

cesses defined as:

1. A doubling of atmospheric COs, i.e. 1200 minus 600 ppmv (hereafter ACO5)

2. An opening of the proto-Drake Passage, i.e. original maximum depth of 1400 m minus

closed gateway (hereafter ADP)

3. An opening of a deep water connection between the South Atlantic and Southern Ocean

via the Georgia Basin, i.e. stage 3 minus stage 2 (hereafter AGBG)

4. A deeper Walvis Ridge, i.e. 1200 m minus 200 m (hereafter AWR)

If not stated differently, these changes are averaged over all respective ensemble members, i.c.
results for ACOj, represent the average difference between 18 simulations with 1200 ppmv and 18

simulations with 600 ppmv COs.

The simulations are initialised with the output of two existing 6000-year-long integrations util-
ising the boundary conditions described in Section 4.3.1 at 600 and 1200 ppmv COa, respectively.
These two simulations are started from a homogeneous ocean with a temperature of 10 °C and a

salinity of 35 and reach an equilibrium even in the deeper ocean (see Appendix Fig. 4.A2). From
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this, 6 experiments for stages 1 to 3 at the two COj, levels are branched off and integrated for a fur-
ther 2000 years to allow the regional circulation to adapt to the modified geography described in
Section 4.3.2. Ensemble simulations with changes in the depth of the DP (WR) are branched off at
model year 2000 (2500) and integrated for a further 1000 (500) years. Ensemble members with a
closed DP are integrated for an additional 500 years to account for the larger regional temperature
response. Results are averaged over the respective last 100 model years at which the simulations
approach an equilibrium even for the deep South Atlantic and Southern Ocean (see Appendix Fig.
4.A3). On the global scale, a small deep ocean temperature drift associated with the changes of the
DP is still visible (see Appendix Fig. 4.A2). We therefore extended three simulations with different
DP configurations up to model year 5000 to demonstrate the long-term stability of the solutions.
The model drift in global mean ocean temperature at 2290 m water depth over these additional
2000 years (1500 years for the closed DP) is below 0.3 °C for all simulations.

4.3.4 Study sites and interactive data access

The model results are discussed in the light of organic carbon burial and neodymium isotope
records obtained from several drill sites across the South Atlantic and Southern Ocean (Dummann
et al., submitted, Fig. 4.1). Sediments from DSDP Site 361, located on the continental margin in
the eastern South Atlantic, were deposited at an estimated paleo-water depth of 2000-2500 m
(Melguen, 1978, and references therein). DSDP Sites 511 and 327 were drilled in the eastern part
of the Falkland Basin with a reconstructed increase in the paleo-water depth from an Aptian shelf
environment to ~800 m in the Late Albian (see Section 4.3.2.) The two Southern Ocean sites,
ODP Hole 693A and DSDP Site 249, are located in the Weddell Sea and on the Mozambique
Ridge with paleo-water depth estimates of 200-500 m (Leckie, 1990) and less than 200 m (Weis-
sert, 1981), respectively.

We present a novel way to interactively access and visualise the climate model experiments used
in this study. Global fields of key climatic variables for all 36 simulations are available online at
https://kcm-earth-app.herokuapp.com. The tool can be used to follow the conclusions
derived in this manuscript or could act as a starting point to draft new ideas on Early Cretaceous

climate dynamics.

4.4 Results

4.4.1 Ensemble mean circulation

The ensemble mean fields, i.e. the averages across all 36 simulations, provide the most robust es-

timate of the main circulation features and are used as a baseline to further test the sensitivity to
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Figure 4.2: Simulated mean ocean circulation averaged over all 36 ensemble simulations. Only those grid points are
shown that represent ocean values in at least half of the simulations. Panels show annual mean ocean velocity and
salinity averaged over (a) 0-50 m and (b) 300-600 m, as well as 0-50 m velocity on top of the (c) net freshwater flux
from the ocean to the atmosphere, (d) sea surface density and (e) climatological maximum monthly mean mixed layer
depth. Velocity vector length is limited to two times the reference magnitude for figure clarity. The freshwater flux is
calculated as evaporation minus precipitation minus river runoff. Positive values indicate a net flux from the ocean to
the atmosphere. White oval in (a) represents approximate position of the Parand large igneous province.

individual boundary conditions. The Southern Ocean circulation is dominated by the prevailing
westerly winds that drive a surface water inflow from the South Pacific via the DP (Fig. 4.2a). Af-
ter passing the southern tip of South America, a surface current of ~5 cm/s enters the southern
South Atlantic via the Malvinas Basin and carries fresh southern-sourced surface waters along the
eastern boundary northwards. Surface circulation in the narrow South Atlantic is cyclonic in the
Angola Basin and anticyclonic south of the WR. Surface salinities increase in the southward return
flows of these small scale gyres as a consequence of enhanced rates of evaporation at subtropical lat-
itudes (Fig. 4.2c). The associated larger surface densities (Fig. 4.2d) enhance vertical mixing (Fig.
4.2¢) and lead to the formation of South Atlantic Intermediate Water (SAIW). As the WR severely
limits lateral intermediate water exchange, the deeper Angola Basin is characterised by a sluggish

circulation and is filled with alocally produced highly saline water mass (Fig. 4.2b). SAIW formed
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in the vicinity of the Parand large igneous province (Fig. 4.2a) exits the South Atlantic via the Falk-
land Plateau at flow speeds of 1-2 cm/s, mixes with Southern Ocean Intermediate Water and finally

merges with the southern limb of the strong subtropical gyre circulating India.

4.4.2 Controls on temperature and salinity

As a result of the salinity-driven intermediate water formation the southern South Atlantic and
the Angola Basin both show pronounced subsurface maxima in temperature and salinity at depths
between 200-600 m (Fig. 4.3a-b). The deeper parts of the silled basins are filled with relatively
warm and saline waters averaging around 10 °C at 3000 m in the Cape Basin and 20 °C at 1400
m in the Angola Basin. In comparison, mean bottom water temperatures in the Southern Ocean
are lower at 5.5 °C and as low as 4 °C in the global mean. The deep Cape-Argentine and Angola
basins also show the largest spread in simulated temperatures and salinities across individual en-
semble members (Fig. 4.3c-d). Zonal mean values differ by as much as 15 °C and a salinity of 5.8.
Simulated amplitudes are highest in regions directly affected by the presence of the GBG and WR
which control horizontal water mass mixing. Bottom water temperatures drop on average by 5-7
°C in response to the opening of these gateways (Fig. 4.4e-f), while a doubling of the atmospheric
COs increases temperatures by about S °C (Fig. 4.4c). This makes AGBG and AWR the domi-
nant control on temperature (Fig. 4.3¢) and salinity (Fig. 4.3e) for large parts of the deeper South
Atlantic. Resulting bottom water temperatures at DSDP Site 361 (Fig. 4.3a) show a remarkably
large range from 3.1to0 17.6 °C (Fig. 4.4a-b) with a mean value of 10.4 °C. The most constant tem-
peratures with an inter-model spread below 4 °C are simulated for the upper 200 m just south of
the WR. Southern Ocean temperatures are primarily determined by COs, while enhanced freshwa-
ter advection resulting from a DP opening (see Appendix Fig. 4.A4) dominate the regional salinity
variability (Fig. 4.3f).

The simulated temperature response to changing boundary conditions shows pronounced hor-
izontal and vertical differences (Fig. 4.5). While ACOj, leads to a homogeneous warming of the
upper Weddell Sea of 4-5 °C (Fig 4.5¢), the northern Angola Basin shows an enhanced mean sub-
surface warming of 7.5 °C between 100-200 m (Fig. 4.5h). In contrast, subsurface warming just
south of the WR (Fig. 4.5g) is reduced to below 2 °C in the mean with even a slight cooling at some
grid points. Changes related to the WR depth are mainly confined to the Angola Basin and in-
crease with depth (Fig. 4.5h). The spread in simulated salinities increases considerably from south
to north with values for the northern Angola Basin ranging between 36 and 42 (see Appendix Fig.
4.AS). An open DP reduces the temperature (Fig. 4.5¢) and salinity in the Weddell Sea throughout
the water column. The sea surface temperature (SST) drop of 4 °C for ADP at DSDP Site 693 is
of the same order as the ACO signal. Surprisingly, all ensembles simulate a subsurface warming
of 1-3 °C on the Falkland Plateau (Fig. 4.5f) and throughout the South Atlantic (Fig. 4.4d) in re-

sponse to a DP opening. This leads to stage 2 bottom water temperatures at DSDP Site 511 that are
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Figure 4.3: Zonal mean sections of temperature and salinity for the South Atlantic and Southern Ocean. Values are
averaged between 30°W and 10°W at the Falkland Plateau and between 30°W and 0° elsewhere. Black (red) lines
indicate maximum (average) water depth at the respective latitude. Panels show the (a-b) ensemble mean, (c-d) the dif-
ference between the minimum and maximum simulated value and (e-f) the respective process causing the largest mean
change. Individual processes are defined in Section 4.3.3 and shown in Fig. 4.4 and Appendix Fig. 4.A4, respectively.
Dotted lines in (e) indicate vertical sections analysed in Fig. 4.5.
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Figure 4.4: Zonal mean temperature sections for the South Atlantic and Southern Ocean. Values are averaged be-
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across all 36 ensemble members and (c-¢) the mean change associated with the individual processes defined in Section
4.3.3. Hatching indicates areas where all the respective 12 or 18 model responses agree on the sign of the change.

114



Results

Weddell Sea (62°S)

Falkland Plateau (54°S)

South Atlantic (35°S)

Angola Basin (10°S)

0 1 1 1 . 1 1 e 1 _ 1 1 1 1 1 1
‘ TEXss (b) TEXss (C) (d)
200 B B -
E
ey
‘% 400 g E L
18
a gel%mnites
= stage 1
600 e stage 2 [ ] ] r
= stage 3 genothic
T T T T T T T T T T T T T T T
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
Temperature [°C] Temperature [°C] Temperature [°C] Temperature [°C]
0 1 1 1 1 1 1 ol 1 1 1 1 1 1 1 1 1
(e) ) (9) (h)
200 E E o
E
<
a 400 E E o
[0
e = ACO,
ADP
600 1 AcBa ) ) i
w— AWR
T T T T T T T T T T T T T T T T
8 -4 0 4 8 8 4 0 4 8 8 4 0 4 8 8 -4 0 4 8

Temperature Change [°C]

Temperature Change [°C]

Temperature Change [°C]

Temperature Change [°C]

Figure 4.5: Simulated and reconstructed ocean temperature profiles across the Southern Ocean and South Atlantic.
Solid lines represent regional averages (areas shown in Fig. 4.1g), while the shading indicates the simulated maximum
and minimum grid point values of the respective area across all simulations. Upper row represents the temporal
changes associated with stages 1 to 3, while the lower row shows the respective temperature changes caused by the
individual processes defined in Section 4.3.3. The area used for averaging across the Falkland Plateau Basin in panels
(b) and (f) moves westward for each consecutive model stage to allow comparison with the proxy record. Published
ocean temperature estimates are based on TEXgs (Jenkyns etal., 2012) and oxygen isotope data from foraminifera (Hu-
ber et al., 2018) and belemnites (Price and Grécke, 2002). Temperature conversion follows the logarithmic TEXZ,
calibration (Kim et al., 2010) and equation (1) of Bemis et al. (1998) with a seawater § 18O of -1%o respectively. All avail-
able Aptian-Albian data are included and shown as &1 standard deviation around the mean value at the approximate
depth of signal formation. Foraminifera isotope data from the Aptian-Albian boundary interval at DSDP Site 511 are
excluded due to a potential strong local freshwater influence (Huber et al., 2018).

even slightly higher than those at the surface (Fig. 4.5b). The upper end of simulated bottom wa-
ter temperatures on the Falkland Plateau coincide with paleotemperature estimates derived from
oxygen isotope data from benthic foraminifera and belemnites. Simulated SSTs range between 7-
13 °C, while those derived from planktonic foraminifera are higher by about 6 °C. Temperature
estimates based on the TEXgg paleothermometer exceed the ensemble mean temperatures in the
Weddell Sea and the Falkland Plateau by as much as 18 °C.

Vertical differences in the simulated responses of temperature and salinity influence the local
water mass stratification (see Appendix Fig. 4.A5). A deeper DP significantly increases Weddell Sea
stratification around 50 m water depth, while it is decreased on the Falkland Plateau. On average,
ACOsy slightly increases upper ocean stratification in the Weddell Sea and the South Atlantic. In
the northern Angola Basin, on the other hand, higher CO; increases especially the surface salinity
and subsurface temperature, leading to a strongly reduced density stratification in the upper 100

m.
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4.4.3 Controls on meridional overturning circulation

The large spatial differences in the simulated temperature changes, e.g. upper ocean temperatures
in the South Atlantic that are insensitive to CO; changes, indicate a crucial role of regional ocean
dynamics in modulating the response to boundary condition changes. We quantify these circu-
lation changes in terms of the meridional overturning circulation (MOC). Individual changes of
the respective meridional and vertical velocity components are shown in Appendix Fig. 4.A6-4.A7.
The ensemble mean MOC in the Cape-Argentine Basin (Fig. 4.6a) is dominated by the previously
described salinity-driven intermediate water formation. The positive values indicate northward
flow at the surface, maximum sinking at around 40°S and a subsequent southward return flow of
the SAIW. The overall mean volume transport of 1.2 Sv (1 Sv = 10° m3/s) is low due to the limited
basin dimensions, and the maximum is reached within the upper 200 m. Despite the large range
of applied boundary conditions, all 36 ensemble members agree on the sign of this overturning
in the upper 1000 m of the southern South Atlantic (Fig. 4.7a). The vertical extent is limited to
the Falkland Plateau sill depth, leading to rather stagnant conditions in the deeper Cape-Argentine

Basin.

Further to the north, the WR cuts off the Angola Basin overturning from the SAIW cell. Mean
MOC is weak but driven by evaporative formation of dense bottom waters just north of the WR
(Fig. 4.2d) and upwelling at the northern end. The circulation in the upper 200 m of the Angola
Basin is highly sensitive to ACOj (Fig. 4.7f). The northern end of the Angola Basin during stages
2 and 3 reaches the tropical regions (Fig. 4.1) leading to locally enhanced rates of precipitation and
river runoft (Fig. 4.2¢). This net surface freshwater input increases the surface density stratification
and limits vertical mixing in the northern part of the basin at 600 ppmv CO,. The doubling of
CO;, increases evaporation rates and, surprisingly, also reduces local precipitation (see Appendix
Fig. 4.A8). Resulting increased surface salinities lead to denser surface waters and enable a shallow
and clockwise MOC (see Appendix Fig. 4.A9) associated with enhanced subsurface temperatures
(Fig. 4.5h) and a reduced density stratification. In contrast, the weak MOC in the smaller Angola

Basin during stage 1 is rather insensitive to boundary condition changes (Fig. 4.7¢).

The saline and dense water filling the restricted Angola Basin eventually spills over the WR into
the southern South Atlantic (4.7b). This Walvis Ridge Overflow Water (WROW) is the densest
water mass in the South Atlantic and therefore reaches the deepest parts of the Cape-Argentine
Basin (see Appendix Fig. 4.A10). Depth-integrated volume transport across the WR is weak and
does not exceed 0.7 Sv, but it is always directed southward for the deepest and therefore densest

model layer.

As the regional overturning is driven by strong evaporation, the doubling of CO, leads to an
amplification and downward extension of the SAIW cell (Fig. 4.6¢). A deeper WR enhances the
SAIW cell, while the vertical dipole pattern throughout the South Atlantic (Fig. 4.6f) also indi-
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Figure 4.6: South Atlantic meridional overturning circulation (MOC). Panels show the (a) ensemble mean, (b) the re-
spective boundary condition resulting in the largest mean MOC change and (c-f) individual MOC changes associated
with the processes defined in Section 4.3.3. Values are in Sv with 1 Sv = 10° m?/s. Positive (negative) values represent
clockwise (counterclockwise) circulation. Hatching indicates region where all ensemble members agree on the sign of
the shown field. Black (red) lines indicate maximum (average) water depth at the respective latitude. Dotted lines in
(a) indicate vertical sections analysed in Fig. 4.7.
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Figure 4.7: Profiles of the South Atlantic meridional overturning circulation (MOC). Profiles are shown for (left)
50°S, (middle) 32°S and (right) 20°S (see Fig. 4.6a). Upper row represents the temporal changes associated with stages
1 to 3, while the lower row shows the respective MOC changes caused by the individual processes defined in Section
4.3.3. Shading represents the respective ensemble spread with the ensemble mean indicated by solid lines. Values are
in Sv with 1 Sv = 10® m3/s. Positive (negative) values represent clockwise (counterclockwise) circulation.

cates a deepening of the area of maximum overturning. The opening of the DP creates the largest
change of the upper ocean MOC (Fig. 4.6b) with a mean increase of 0.7 Sv between 200-400 m
(Fig. 4.6d). The strengthened upper cell is also associated with a negative recirculation below the
Falkland Plateau depth. Maximum strength of this counterclockwise circulation is below 0.4 Sv
for all simulations (Fig. 4.7a). The largest change of the MOC in the deeper Cape-Argentine Basin
is simulated for the opening of the GBG (Fig. 4.6b) as the positive SAIW cell during stage 3 extends
down to the new sill depth of 2500 m (Fig. 4.6e). The response to AGBG is positive for all ensem-
ble members (Fig. 4.7c), but the ensemble spread is large as the resulting deep water mixing also
depends on the prevailing Weddell Sea density stratification. The strength of the stage 3 deep cell
in the South Atlantic reduces significantly for an open DP (Fig. 4.7d). Overall, total southward
volume transport of 0.3 Sv (range from 0.1-0.8 Sv) for depths below 2000 m is very low. WROW
export increases for stage 3 (Fig. 4.6b) as the dense water mass contributes to the enhanced deep

part of the South Atlantic overturning.
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Figure 4.8: Temporal changes of SATW export at the Falkland Plateau. Panels show zonal sections of ensemble mean
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4.4.4 SAIW influence on Southern Ocean circulation

The export of SAIW into the Southern Ocean is primarily controlled by the paleogeographic po-
sition of the Falkland Plateau. During stage 1, the eastern end of the Falkland Plateau is situated
just south off the African continent, thereby limiting intermediate water exchange via the Falkland
Basin (Fig. 4.8c). DSDP Sites 327 and 511, located in the eastern part of the Falkland Basin, are in-
fluenced by a mixture of southern-sourced waters in the eastand SAIW in the west. All12 ensemble
members agree on the northward advection of Southern Ocean water in the eastern Falkland Basin.
Atstage 2, the Maurice Ewing Bank has cleared the southern tip of Africa (Fig. 4.8b) and the study
sites lie in the core of the outflowing SAIW. During stage 3, the centre of the SAIW remains at
the easternmost part of the South Atlantic and now enters the Southern Ocean via the GBG. The
Falkland Basin is characterised by the northward advection of colder and fresher Souther Ocean

waters over the whole gateway depth.
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The temporal changes in SAIW export and associated salinity advection have the potential to
influence the Weddell Sea circulation and high-latitude convection. On the other hand, the DP
configuration and the resulting inflow from the Pacific Ocean will ultimately define the mean wa-
ter mass characteristics and circulation patterns in the Weddell Sea. We therefore use our ensemble
simulations to first evaluate the mean Southern Ocean circulation for the different DP configu-
rations and then test the regional sensitivity to the progressive opening of the Falkland Plateau
Gateway. The respective depth of the DP determines the total volume transport between South
Pacific and Southern Ocean. While it is by definition zero for a closed DP, the transport increases
to an average of 6.8 Sv (range from 6.0 to 8.2 Sv) for the 200 m configuration. The original maxi-
mum depth of 1400 m results in a mean transport rate of 20.7 Sv (range from 19.1 t0 22.3 Sv). The
associated high zonal subsurface velocities in the Southern Ocean are considerably larger than the
outflowing SAIW (Fig. 4.9i) and effectively shield the Antarctic shelf regions from the influence
of SAIW. The resulting weak Weddell Sea gyre in combination with the freshwater input from the
Antarctic continent create fresh surface waters (Fig. 4.2a) that prevent deeper convection. The
situation during stage 2 (Fig. 4.9f) and stage 3 (Fig. 4.9¢c) is very similar and DSDP Site 693 is
influenced by a weak eastward subsurface flow throughout all stages. In the case of a closed DP,
the wind-driven eastward surface current can not be balanced by an inflow from the South Pacific,
but needs to be replaced by a westward subsurface current from the Mozambique Basin that flows
along the Antarctic coastline (Fig. 4.9g). The advection of these more saline waters enables the
onset of deep convection along the Antarctic shelf break. Again, this overall circulation is very sim-
ilar for all three stages, while SAIW export is distinctly lower for the closed DP simulations (Fig.
4.9a,d,g). A shallow DP of 200 m is the only configuration that shows significant changes of the
Southern Ocean circulation and ventilation in response to the South Atlantic opening. While the
Weddell Sea gyre strength and convection are weak during stage 1 (Fig. 4.9h), both intensify dur-
ing stage 2 (Fig. 4.9¢) and stage 3 (Fig. 4.9b). Once the Falkland Basin advances to a more western
position, the reduced DP transport and zonal flow speeds in the Southern Ocean allow the SATW
to reach the Weddell Sea gyre (see Appendix Fig. 4.Al1). The previously salinity-limited vertical

mixing increases and a clear southwesterly flow marks DSDP Site 693.

Figure 4.9 reveals an overall increase of Southern Ocean convection for a decreasing DP depth.
This is caused by enhanced advection of warm and saline waters from the Tethys Ocean in turn in-
creasing salinities in the Mozambique Basin and eastern Weddell Sea. Figure 4.10 shows that while
the DP transport decreases with the gateway depth, the volume transport south of India remains
nearly constant and above 40 Sv. The reduced DP throughflow is compensated by enhanced ve-
locities between Africa and India (Fig. 4.10b,c). The depth-integrated transport for the 200 m
and closed DP configurations increases by more than 40 and 60%, respectively. The enhanced heat
advection associated with a closed DP leads to a surface temperature increase in the Mozambique
Basin and the Weddell Sea of more than 3 °C (Fig. 4.10c) and between 2-3 °C in the Mozambique
Basin for a 200 m DP (Fig. 4.10b). A clear inter-hemispheric dipole pattern in surface temperature
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Figure 4.10: Surface climate sensitivity to proto-Drake Passage depth. Vectors show ocean velocity in cm/s averaged
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model years 4900-4999.
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changes is visible due to a reorganization of the simulated global overturning circulation. Bottom
water formation in the high-latitude Arctic Ocean is only simulated for the 1400 m DP depth. Con-
sequently, surface heat advection into the restricted basin weakens and Arctic surface temperatures
are reduced by up to 3 °C (Fig. 4.10b). Surface warming over Antarctica reaches 1-2 °C for the 200
m DP and 2-3 °C for a closed DP.

4.5 Discussion

Our ensemble approach reveals a fundamental control of the applied boundary conditions on the
simulated regional circulation, while their relative contributions vary considerably between individ-
ual basins. Furthermore, we show that the simulated response to paleogeographic changes can be
sensitive to the respective mean state and therefore can itself depend on the choice of other bound-
ary conditions. This nonlinear model behaviour is an important result since most paleoclimate
modelling studies usually have to either focus on a single mean state or on the sensitivity to just
one parameter due to computational limitations. In the following we will discuss the dominant
controls on the simulated circulation in three different regions, from north to south, and assess
potential implications for the interpretation of local proxy records. In the end, we implement the
analysed physical mechanisms into the proposed gateway opening and carbon burial history pre-

sented in Dummann et al. (submitted).

4.5.1 Angola Basin sensitivity to atmospheric CO,

Strong evaporation and resulting increased surface densities drive the overturning circulation in
the restricted Angola Basin. As the local precipitation gradually increases towards the northern In-
tertropical Convergence Zone (ITCZ), highest surface densities and intermediate water formation
are simulated just north of the Walvis Ridge between 20-25°S. This is consistent throughout all
simulations and in agreement to reported Early Albian mixed layer depths in Uenzelmann-Neben
etal. (2017). More restricted ensemble members indicate that the whole basin, except for a thin sur-
face layer, was filled with this dense water mass with maximum salinities exceeding 42. This agrees
with biomarker reconstructions indicating a hypersaline environment (S > 40) for large parts of
the water column during the Aptian (Naafs and Pancost, 2014). While the applied WR depth
influences absolute temperatures and salinities in the deeper parts of the Angola Basin, we find
a dominant control of atmospheric CO2 on the circulation and related water column stratifica-
tion for the upper 200 m during stages 2 and 3. These two later stages represent a reconstructed
Early Albian Angola Basin geometry with a northward extent up to 6°S (Sewall et al., 2007). Local
precipitation exceeds evaporation in this part of the basin which leads to locally reduced surface
salinities and densities. Enhanced river runoff from tropical Africa amplifies the net surface fresh-

water gain, leading to an estuarine circulation with a net southward surface flow in the 600 ppmv
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simulations. A somewhat surprising result is that the doubling of atmospheric CO, does not only
increase evaporation over the ocean but also reduces local precipitation. This is part of a large-
scale shift of atmospheric convection from the southern and northern boundaries of the ITCZ to
its centre, leading to a reduced width but increased strength of the tropical rain belt. The drier
conditions further increase the positive evaporation-precipitation balance over the whole Angola
Basin, but particularly in the northern part. The higher surface densities drive a shallow, clockwise
overturning in the upper 100-200 m. Resulting increased mixing of heat and fresh water into the

subsurface in turn diminishes the vertical density gradient in the northern Angola Basin.

Due to the restricted circulation, the magnitude of these stratification changes critically de-
pends on the strength of local river runoff and resulting surface salinities. While the ensemble mean
salinity in the southern Angola Basin exceeds 40, it is reduced to 38-39 at the northern boundary.
Chaboureau et al. (2012) show that this north-south gradient can increase sharply for a narrower
Late Aptian basin geometry and increased orography or changed freshwater routing, with mini-
mum surface salinities of down to 20. This implies that our simulated river runoff influence on
the northernmost basin is a rather conservative estimate. The proposed mechanism and its influ-
ence on upper ocean stratification could therefore be even more important in the case of an earlier,
narrower basin. Pérez-Difaz and Eagles (2017) show that, within the reported uncertainty ranges,

seafloor spreading in the Angola Basin could have reached latitudes of about 10°S already at 120
Ma.

The sensitivity of the local water column stratification to atmospheric changes has the poten-
tial to influence the reported Aptian black shale deposition (Stein et al., 1986; Bralower et al., 1994;
Naafs and Pancost, 2014). Importantly, the proposed mechanism leads to an increased stratifi-
cation in the Angola Basin at lower CO; concentrations, inverse to the results simulated for the
other basins. Behrooz et al. (2018) show that organic carbon burial in the Angola Basin exhibits a
pronounced cyclicity and conclude that orbitally driven variations in the hydrological cycle caused
changes in nutrient availability and upper ocean stratification that ultimately controlled local black
shale deposition. In addition, we show that similar changes in environmental conditions can also
be caused by variations in atmospheric CO5. Wallmann et al. (2019) demonstrate that oscillations
on orbital timescales and of a comparable CO, amplitude as used in our study could arise internally

from a marine redox see-saw and can be simulated for the Cretaceous without any external forcing.

Our results add to the idea of a dominant influence of atmospheric dynamics on Early Creta-
ceous marine black shale deposition (Wagner et al., 2013). We show that the simulated turnover
in upper ocean circulation and stratification can be explained by large-scale shifts of the atmo-
spheric circulation and a northward migration of tropical precipitation driven by atmospheric CO,
changes. We note that due to the prescribed land surface, our simulations potentially underesti-
mate the full response of the hydrological cycle due to missing vegetation-atmosphere feedbacks

of greenhouse climates (e.g., Upchurch et al., 1998; Levis et al., 2000; Zhou et al., 2012). Uncer-
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tainties in local orography and related changes in precipitating clouds (Houze, 2012) are additional
factors with demonstrated effects on the equatorial Aptian climate (Chaboureau etal., 2012). Nev-
ertheless, the simulated narrowing of the ITCZ is a large-scale pattern across the Aptian-Albian
South American and African continent. Furthermore, projections for the twenty-first century also
show a consistent narrowing and intensification of the ITCZ in response to elevated CO2 (Byrne
et al,, 2018) that is supported by the extending observational record (Wodzicki and Rapp, 2016).
We conclude that the progressive northward opening of the Early Cretaceous Angola Basin did
not only change the mean freshwater balance but also enhanced the regional sensitivity to tropical

climate variability.

4.5.2 Comparison to Falkland Plateau temperature proxies

Independent validation of the simulated temperature distribution is difficult due to sparse avail-
ability of quantitative proxy estimates for the study region and interval. To our knowledge, the
only suitable Aptian-Albian oxygen isotope or TEXgg data come from the higher latitude Weddell
Sea and Falkland Plateau (O’Brien et al., 2017). For the latter, absolute §'8O-derived surface tem-
peratures from Aptian-Albian planktonic foraminifera (Huber et al., 2018) average 16 °C, which is
3.0 °C higher than even maximum model SSTs. As the Falkland Plateau SSTs are mainly sensitive
to ACOa, an unrealistic further doubling of atmospheric CO; concentrations would be needed to
close the model-proxy misfit. Another possible solution would be an enhanced hydrological cycle
with an associated lower §'®O of local seawater that would reduce reconstructed temperatures (Hu-
ber et al., 2018). In accordance to this, our 1200 ppmv CO; simulations show that the net fresh
water gain (precipitation exceeding evaporation) between 50-60°S was on average 24% larger for
the Cretaceous than in a comparable present-day simulation. The enhanced freshwater is advected
across the Falkland Plateau as part of the surface limb of the described South Atlantic overturning

circulation and could potentially influence local carbonate chemistry.

As uncertainties in the local freshwater balance would primarily affect absolute temperature
reconstructions for surface-dwelling species, we interpret the model-proxy comparison for subsur-
face and bottom water temperatures as a more robust test. The warmest bottom water tempera-
tures on the Falkland Plateau are simulated for an increased CO», an open DP and a closed GBG.
Despite the direct radiative warming in response to higher CO; concentrations, we show that all
three factors lead to an enhanced subsurface advection of warm and saline SAIW into the Falk-
land Basin. This creates a subsurface temperature maximum during stage 2, where bottom water
temperatures even exceed SSTs by up to 3 °C. The simulated bottom water temperatures of up to
15 °C agree with oxygen isotope-derived temperatures from Aptian-Albian benthic foraminifera
(Huber et al., 2018) and Barremian-Aptian belemnites (Price and Grocke, 2002). Our analysis
shows that the export of SAIW during the early opening phase was confined to the Falkland Basin

and the advection of this warm and salty water mass primarily shaped the local vertical temperature
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gradient. In addition, changes in the Early Cretaceous paleogeography alone can cause substantial
temperature variations on the Falkland Plateau (Lunt et al., 2016). Any conclusions from local

temperature records to global changes should therefore be drawn with caution.

The model-predicted and TEXgg-reconstructed (Jenkyns et al., 2012) temperature difference
of about 18 °C can not be reconciled, even taking into account the reported large calibration un-
certainties (O’Brien et al., 2017). On the other hand, even the modern TEXgg core-top record is
known to significantly deviate from satellite-measured temperatures on regional scales (Tierney
and Tingley, 2014). One of these examples with a TEXgs-derived warm bias of up to 8 °C is the
deeper Mediterranean Sea (Kim et al., 2015). Our analysis shows remarkable similarities between
the Aptian-Albian South Atlantic and the present-day Mediterranean Sea, as both are deep and
restricted evaporative basins characterised by a salinity driven, anti-estuarine circulation. Even the
observed mean temperature around 13 °C and salinity of above 38 (Borghini et al., 2014) are within
the simulated Cretaceous ensemble range. Since the TEXgs warm bias is also found in the Mediter-
ranean Outflow Water along the Portuguese continental margin (Kim et al., 2016), this setting

could be a potential modern analogue to partly explain the high TEXgs-derived temperatures for
the Early Cretaceous Falkland Plateau and Weddell Sea.

4.5.3 Constraints on Early Cretaceous Drake Passage depth

The DP depth plays a crucial role in the simulated mean Southern Ocean circulation and how it
responds to changes in SAIW export. A comparison with the local geochemical data presented in
Dummann et al. (submitted) therefore allows an evaluation of the most likely Early Cretaceous
DP configuration. Dummann et al. (submitted) report a relative unradiogenic, Pacific-sourced
intermediate water mass for the Weddell Sea site 693 between 122-117 Ma. The neodymium iso-
topes during the latest Aptian shift towards a radiogenic SAIW signature that was previously only
recorded on the Falkland Plateau. The shallow 200 m DP is the only configuration that resembles

this transition in response to a westward progression of the Falkland Plateau.

SAIW export for the closed DP is too weak to reach the approximate paleolocation of DSDP
Site 693. Our analysis shows that the complete closure of the DP is compensated by enhanced
southwestward advection of warm and saline subtropical Tethys waters into the Mozambique Basin
and Weddell Sea. The reduced meridional salinity contrast to the South Atlantic results in a weaker
and shallower SAIW export. Furthermore, the increased surface salinities reduce upper ocean strat-
ification and enable a vigorous convection cell in the central and eastern Weddell Sea. In consid-
eration of the close proximity to the Antarctic continent and the amplified hydrological cycle, we
would expect the seawater neodymium samples to show a locally derived imprint. The clear offset
between seawater and detrital samples throughout the record (Dummann et al., submitted) there-

fore makes the simulated closed DP scenario unlikely. An increase of the DP depth to 1400 m
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results in a total zonal transport of 20.7 Sv, more than an order of magnitude larger than the SAITW
export. The Weddell Sea is therefore isolated from any changes in South Atlantic circulation and
the constant advection of Pacific-sourced waters can not explain the reconstructed transition to a

more radiogenic signal.

The reduced Southern Ocean velocities for a shallower 200 m DP allow a southward spread
of SAIW for stages 2 and 3. The increased advection of the saline SAIW and the accelerated Wed-
dell Sea gyre increase vertical ocean mixing and therefore ventilation. Intriguingly, the previously
recorded enhanced organic carbon burial and gray shale deposition at DSDP Site 693 ceased si-
multaneously with the occurrence of the radiogenic water mass (Dummann et al., submitted). We
therefore attribute this transition to the increased oxygenation of high-latitude subsurface waters
and resulting decreased preservation of organic matter. As the simulated circulation changes are
very similar under low and high radiative forcing, we can exclude a dominant role of atmospheric
COg changes in driving the reconstructed Weddell Sea turnover. The simultaneous change in mul-
tiple geochemical variables combined with a demonstrated physical mechanism provide clear evi-
dence for a causal relation between South Atlantic gateway evolution and Southern Ocean circu-
lation changes during the Late Aptian. Furthermore, the mean-state dependence of the simulated
Weddell Sea changes provides a prime example for the benefits of the ensemble approach compared

to individual sensitivity experiments.

The close integration of our ensemble modelling with the reconstructed water mass mixing
also provides a unique possibility to better constrain the configuration of a key oceanic gateway.
Even though the water mass exchange between the South Pacific and Southern Ocean will also
depend on the width and orientation of the gateway, we hypothesise that the maximum depth will
principally determine the total volume transport across the DP. In a modelling study for the Late
Cretaceous, Donnadieu et al. (2016) report a very similar total DP transport of 7 Sv for a reduced
gateway depth of 145 m. Importantly, their simulated transport already increases sharply to 16 Sv
for a DP depth of 408 m. The volume flux for a sill depth below 1000 m is only marginally higher
at 17.6 Sv and is therefore comparable to our 1400 m configuration that does not reproduce the
Weddell Sea changes. Combining tectonical and paleobiological evidence (Golonka, 2007; Cao
et al., 2017) with our integrated modelling, we conclude that the proto-Drake Passage during the
Aptian-Albian most likely represented a shallow marine gateway not significantly deeper than 200

m.

While most previous research on the DP focused on the onset of deep water transport dur-
ing the Paleogene (e.g., Lawver and Gahagan, 2003; Livermore et al., 2005), our results imply a
profound influence of the DP depth on the global Early Cretaceous ocean circulation. A shallow
or closed DP weakens the simulated meridional overturning cell in the Northern Hemisphere sig-
nificantly. Even though our simulated high-latitude convection might be sensitive to the regional

bathymetry, other studies with a modern land-sea distribution also show a distinct slowdown or
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even collapse of the Atlantic Meridional Overturning Circulation for DP sill depths below 1100-
1400 m (Sijp and England, 2005; Yang et al., 2014). The changes in the large-scale overturning
are intimately tied to the strength of the oceanic poleward heat transport and reduce surface tem-
peratures over the whole Northern Hemisphere, with strongest cooling of 1-3°C over the Arctic
Ocean. Southern Hemisphere temperature changes are dominated by the increased heat advection
via the strengthened subtropical gyre circulating India. Surface temperature differences compared
to the 1400 m DP configuration exceed 3 °C in the Weddell Sea and Mozambique Basin and range
between 2-3 °C over Antarctica. We note that the results for the changes in the global overturning
circulation should be interpreted with caution. Even though the integration length of 3000 years
is comparable to previous studies (Sijp and England, 2005; Donnadieu et al., 2016; Niezgodzki
et al., 2017) and the remaining global temperature drift is low, a reorganisation of the simulated
deep water formation and a full model equilibration could potentially take even longer (Jansen et
al., 2018). Still, our results highlight the benefits of better constraints on the DP configuration to

improve model-proxy comparability, especially for high-latitude temperatures.

4.5.4 Integrated ocean circulation and carbon burial history

Our results allow to test and to add to the hypotheses of the opening history of the Early Creta-
ceous South Atlantic presented in Dummann et al. (submitted). The reconstruction of regional
water mass circulation and mixing is primarily based on the isotopic differences in seawater €y 4(t)
between more radiogenic SAIW (€ v4(t) signatures between -3.2 to -2.5) and less radiogenic Pacific-
sourced waters (€y4(t) signatures between -5.5 to -3.5). Therefore, one of our most important re-
sults is that the SAIW formation mechanism and region is consistent throughout all 36 ensemble
members and comparable to previous results (Uenzelmann-Neben etal., 2017). As even the deeper
WR significantly limits the lateral water mass exchange with the Angola Basin, SAIW is formed in
the area of locally highest E-P fluxes in the northwestern Cape-Argentine Basin. The proposed ra-
diogenic isotopic signature of SAIW, potentially derived from erosional input of the Parand large ig-
neous province, is therefore a suitable end-member to trace regional water mass mixing throughout
the Aptian to Albian. Due to the restricted and narrow basin, the overall mean volume transport
of 1.2 Sv is rather low compared to the transport estimate of 17.2 Sv for the present-day Atlantic
Meridional Overturning Circulation (McCarthy et al., 2015). We use the model-derived temporal
changes in regional ocean circulation to complement the new stratigraphic framework and local

gateway history (Fig. 4.11).

The common and rather unradiogenic € y4(t) values in the Weddell Sea (DSDP Site 249) and
the Falkland Basin (DSDP Sites 327 and 511) during the latest Barremian to Early Aptian (~127
to ~124 Ma) are consistent with the simulated zonal advection of South Pacific water masses
via the DP (Fig. 4.11c). The Falkland Basin during this time, shielded by the African continent

in the north, formed a restricted, semi-enclosed basin favouring organic-rich black shale deposi-
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tion (Dummann et al., submitted). Due to the limited grid resolution and uncertain local paleo-
bathymetry, the model is not able to resolve the proposed restricted local circulation on the Falk-
land Plateau. Nevertheless, the stronger influence of Southern Ocean Water for a more eastward
position of the Falkland Plateau is clearly demonstrated. Black shales with total organic carbon
(TOC) contents of up to 20% are also found at DSDP Site 361 in the deep Cape Basin. In the
model, the deep South Atlantic circulation is sluggish, but influenced by saline Walvis Ridge Over-
flow Water (WROW) from the north. The combination of the most restricted environment with
the highest evaporation and lowest precipitation forms the largest reservoir of dense water masses
in the Angola Basin. As this water mass eventually overflows the WR it sinks along the topography
into the deepest parts of the Cape-Argentine Basin. Average WROW volume transport of ~0.1
Sv is low and vigorous entrainment of South Atlantic waters reduces density differences on its way
down the slope. The model results are in agreement with early hypotheses that anoxic waters from
the Angola Basin spilling over the WR increased stratification in the deep South Atlantic and pro-
moted marine organic carbon burial (e.g., Natland, 1978; Arthur and Natland, 1979; Stein et al.,
1986). Unradiogenic €y4(t) signatures at site 361 support a disconnect of the deep basin from the
overlying SAIW cell.

TOC values at site 361 decrease during stage 2 (Fig. 4.11b), indicating an enhanced ventilation
of the deep Cape Basin between ~118 to ~113 Ma. Our idealised simulations reveal no significant
changes in the region between stages 1 and 2, but the applied paleogeographic changes are by de-
sign minimal. We therefore provide two hypotheses that could explain the reconstructed shift to a
better ventilated, more radiogenic water mass in the deep Cape Basin. First, our simulations show
that the depth of the SAIW cell was ultimately controlled by the sill depth of the Falkland Plateau.
During the Aptian-Albian, the Falkland Plateau subsided from an initial shelf to an outer shelf
to middle bathyal environment (see Section 4.3.2). We speculate that the maximum SAIW depth
would have deepened in parallel, thereby increasing the oxygen content and radiogenic € n4(t) sig-
nature of the deeper South Atlantic. Second, due to the large uncertainty in paleobathymetric
estimates of the Early Cetaceous South Atlantic (Pérez-Difaz and Eagles, 2017), we used a constant
Cape-Argentine Basin geometry for all three stages. In reality, the progressive rifting would have
led to a more gradual increase of the basin volume. Assuming that the advection of WROW was
relatively constant from the Early to the Late Aptian, the relative influence of locally formed and
better ventilated water masses would have increased compared to the anoxic WROW. Either way,
we propose that these Late Aptian paleogeographic changes enabled a less restricted circulation in
the deep Cape Basin. At the same time, the intermediate water sites on the Falkland Plateau and in
the Weddell Sea indicate the advection of more radiogenic SAIW in consequence of the opening
of the Falkland Plateau Gateway. The proposed better ventilated waters and in turn reduced TOC

contents are consistent with the model-predicted changes (see Section 4.4.4).

The opening of the Georgia Basin Gateway between ~113 to ~110 Ma represents the most

profound shift both in the geochemical data as well as in the ensemble simulations. Model results
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show that the outflowing SAIW is confined to the southwestern tip of Africa for all stages. As
the Falkland Plateau moves further to the west during stage 3, subsurface circulation in the whole
Falkland Basin switches direction and comes under the influence of cold Southern Ocean water.
The €n4(t) values in the Falkland Basin support a gradual shift in the water mass provenance to a
more unradiogenic, Pacific water signature (Fig. 4.11a). Simultaneously, the onset of red bed depo-
sition underlines the enhanced advection of cold, oxygenated high-latitude water masses entering
the South Atlantic. Data for DSDP Site 361 indicate the presence of a similarly unradiogenic and
oxygenated southern-sourced water mass in the deep Cape Basin during the Albian, even though
the low core recovery limits the stratigraphical constraints. In contrast, the simulations are char-
acterised by a weak southward export of South Atlantic waters via the whole GBG depth during
stage 3. We identify two processes, that probably acted in concert, as the most probable explana-
tion for this difference. First, our simulated stage 3 marks only the initial opening of the GBG with
a width of only two model grid points. An even less restricted deep water exchange at a later time
would potentially increase the contribution of northward flowing Southern Ocean deep waters. In
accordance to this hypothesis, Donnadieu et al. (2016) show that the deep South Atlantic during
the Cenomanian/Turonian boundary at ~94 Ma was already characterised by a net northward
transport of 4.2 Sv between 1,200 and 2,750m. Second, the enhanced salinity-driven formation
of intermediate and deep waters in the South Atlantic was a direct consequence of the highly re-
stricted circulation in the young basins (this study; Poulsen et al., 2001). The gradual widening
and a potential first, shallow equatorial opening towards the North Atlantic between ~110 Ma
(Scotese and Wright, 2018) and ~100 Ma (Pérez-Diaz and Eagles, 2017) would have reduced sur-
face salinities and therefore local intermediate and deep water densities. The result would be a
shallowing of the SATW and WROW export depths and a gradual transition from a previously
salinity-driven deep water formation at low-latitudes to a temperature-driven convection regime
in the high-latitude Weddell Sea (Poulsen et al., 2001).

4.6 Summary and Conclusions

We present a large ensemble of climate modelling experiments to assess the fundamental controls
on the Early Cretaceous ocean circulation in the evolving South Atlantic. With the close integra-

tion of a regional stratigraphic framework and available geochemical data we conclude that:

1. Excessive evaporation and restricted circulation led to the salinity-driven formation of in-
termediate waters in the subtropical South Atlantic. The southward export of warm and
saline intermediate waters was balanced by the wind-driven advection of cold and fresh high-
latitude Southern Ocean waters. The vertical extent of the resulting overturning circulation

was mainly limited by the sill depth of the Falkland Plateau.

2. Increasing geographical restrictions towards the northern end of the South Atlantic pro-
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duced densest water masses in the silled Angola Basin. These saline and presumably anoxic
waters entered the South Atlantic via overflow across the Walvis Ridge and promoted the

deposition of organic-rich black shales in the deep Cape Basin during the Early Aptian.

3. Progressive northward rifting enhanced the sensitivity of the Angola Basin circulation and
stratification to changes in atmospheric CO5 via large-scale shifts in tropical precipitation.
Resulting variations in nutrient availability and ocean ventilation had the potential to influ-

ence or even drive the observed organic carbon burial variability.

4. Absolute Aptian-Albian ocean temperatures, especially in the deep Cape-Argentine and An-
gola basins, are highly uncertain and differ by as much as 15 °C for individual ensemble mem-
bers. Paleogeographic and associated circulation changes represent the largest influence on
temperature and salinity for most parts of the restricted South Atlantic and must therefore

be taken into account in any reconstruction of the local temperature evolution.

S. The simulated response of the Weddell Sea circulation to South Atlantic gateway changes
depends on the strength of the prevailing circumpolar current. Based on the model-proxy
comparison we estimate that the proto-Drake Passage during the Early Cretaceous allowed

water mass advection from the South Pacific, but its depth was limited to around 200 m.

6. The consecutive opening of the Falkland Plateau and Georgia Basin gateways led to a step-
wise transition from the initial influence of warm, oxygen-depleted intermediate and deep
waters produced at subtropical latitudes, towards a dominance of high-latitude convection
forming cold and oxygenated deep waters in the Weddell Sea. This turnover in regional deep

water ventilation ultimately controlled the end of enhanced organic carbon burial during the
Early Albian.

The presented simulation results provide the basis for future biogeochemical modelling to
quantify the influence of the regional carbon burial changes on the global carbon cycle. Our in-
tegrated ensemble approach will allow to directly test the influence of uncertainties in the paleo-
geography and stratigraphy on the estimated magnitude of local carbon burial and to further eval-
uate the potential role of the young South Atlantic and Southern Ocean in driving carbon cycle

perturbations and climatic changes during the Early Cretaceous.
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Figure 4.A1: Comparison of model bathymetry and available reconstructions for the South Atlantic. Only reported
minimum and maximum water depth is shown for each stage and data has been regridded to a 0.5° x 0.5° horizontal
grid. Contour line interval is 1000 m.
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Figure 4.A2: Time series of globally averaged annual mean ocean temperatures in °C at 5 m, 732 m and 2290 m.
Left column shows spin-up with a slightly different model bathymetry used as initial conditions (see Section 4.3.1) for
the simulations discussed in the main text (right column). The sudden shifts in temperature at years 1000 and 3000
of the initial spin-up are related to a temporary increase of the atmospheric time step.
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Figure 4.A3: Time series of annual mean ocean temperatures in °C averaged over the South Atlantic and Southern
Ocean (0°-90°S, 40°W-20°E) at 5 m, 732 m and 2290 m. Color coding represents the different stages defined in the

main text and the two levels of atmospheric COs.
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Figure 4.A4: Zonal mean salinity sections for the South Atlantic and Southern Ocean. Values are averaged between
30°W and 10°W at the Falkland Plateau and between 30°W and 0° elsewhere. Black (red) lines indicate maximum
(average) water depth at the respective latitude. Panels show the (a) minimum and (b) maximum simulated value across
all 36 ensemble members and (c-¢) the mean change associated with the individual processes defined in Section 4.3.3
of the main text. Hatching indicates areas where all the respective 12 or 18 model responses agree on the sign of the
change.
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Figure 4.A5: Simulated ocean salinity profiles and density stratification across the Southern Ocean and South At-
lantic. Density stratification is expressed in terms of the Brunt—Viisili frequency (buoyancy frequency) defined as:

N=,/— pio %, where p is the potential density. Solid lines represent regional averages (areas shown in Fig. 4.1g of
the main text), while the shading indicates the simulated maximum and minimum grid point values of the respective
area across all simulations. Analysed processes are defined in Section 4.3.3 of the main text. The area used for averaging
across the Falkland Plateau Basin in panels (b),(f),(j) and (n) moves westward for each consecutive model stage to allow
comparison with the proxy record. N is calculated on model mid depths and therefore only defined to 620 m on the

Falkland Plateau. All simulations have a global mean salinity of 35.
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Figure 4.A6: Meridional ocean circulation. Panels show the (a) ensemble mean, (b) the respective boundary condi-
tion resulting in the largest mean change and (c-f) the mean change associated with the individual processes defined
in Section 4.3.3 of the main text. Fields are smoothed with a nine point average for figure clarity and shown in cm/s.
Positive (negative) values represent northward (southward) flow. Contour range only shows a subset of the data to
focus on changes in the South Atlantic. Hatching indicates region where all ensemble members agree on the sign of
the shown field. Black (red) lines indicate maximum (average) water depth at the respective latitude.
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Figure 4.A7: Vertical ocean circulation. Panels show the (a) ensemble mean, (b) the respective boundary condition
resulting in the largest mean change and (c-f) the mean change associated with the individual processes defined in
Section 4.3.3 of the main text. Fields are smoothed with a nine point average for figure clarity and shown in cm/day.
Positive (negative) values represent upward (downward) flow. Contour range only shows a subset of the data to focus
on changes in the South Atlantic. Hatching indicates region where all ensemble members agree on the sign of the
shown field. Black (red) lines indicate maximum (average) water depth at the respective latitude.
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Figure 4.A8: CO; sensitivity of the global hydrological cycle. Panels show ensemble mean (n=18) precipitation,
evaporation and the sum of both for (left) 600 ppmv COs, (middle) the respective change for a doubling of CO2 and
(right) the zonal mean values for the 600 and 1200 ppmv ensembles as well as for the same model configuration under
present-day boundary conditions. All values are given in mm/day.
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Figure 4.A9: South Atlantic meridional overturning circulation (MOC). Panels show the respective ensemble means
for stages 1 to 3 integrated at (left) 600 ppmv and (right) 1200 ppmv. Values are in Sv with 1 Sv = 10¢ m3/s. Positive
(negative) values represent clockwise (counterclockwise) circulation. Hatching indicates region where all 6 ensemble
members agree on the sign of the MOC. Black (red) lines indicate maximum (average) water depth at the respective
latitude.
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Figure 4.A10: Export of Walvis Ridge Overflow Water (WROW). Panels show the stage 2 ensemble mean (a,d) zonal
mean potential density as well as the (b,e) potential density and (c,f) meridional velocity across the Walvis Ridge. Upper
row is averaged across the 6 ensemble members with a 200 m Walvis Ridge, the lower row shows results for the 6
ensemble members with a 1200 m Walvis Ridge. Zonal mean values are averaged between 30°W and 10°W at the
Falkland Plateau and between 30°W and 0° elsewhere. Colormap for potential density only shows a small range of
the data to focus on WROW density interval. Contour interval for the meridional velocity is nonlinear.
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Chapter 4. South Atlantic circulation

Figure 4.Al1: Southern Ocean sensitivity to South Atlantic Intermediate Water export. Vectors show ocean velocity
in cm/s on contours of salinity, both averaged from 100-600 m. Only grid points with a depth larger than 600 m are
shown. Panels depictstages 1 to 2 with DP depths of (left) 200 m and (right) 1400 m. Colormap for salinity only shows
a small range of the data to focus on Southern Ocean gradients. Each panel is averaged over 4 ensemble simulations

with varying CO3 and WR depth.
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5 Summary, conclusions and outlook

5.1 Summary and conclusions

Our understanding of how the climate system reacts to atmospheric CO, concentrations signifi-
cantly above the present-day levels arises solely from examples of past warm periods in the geological
record and model-based projections of future warming. As no past greenhouse climate is a perfect
analogue to a future anthropogenic warming, a thorough understanding of the processes that char-
acterised the climate sensitivity of individual time periods is a vital step to reduce uncertainties of
future warming estimates. The goal of this thesis was to better constrain the main drivers of the
Early Cretaceous greenhouse climate and how they differed from our present-day dynamics. To
this end, dedicated climate model simulations with Aptian to Albian boundary conditions have
been compared to geochemical proxy records of marine surface temperatures, water mass mixing
and carbon burial. The main results of this thesis will be summarised by answering the three main

research questions of this thesis:

(1) What controlled the simulated surface temperature distribution
during the Early Cretaceous greenhouse?

Climate models still fail to reproduce proxy-predicted polar annual mean temperatures up to 20
°C and single-digit low- to high-latitude temperature gradients, even at the higher end of available
CO3 reconstructions. An energy balance flux analysis was applied to new Early Cretaceous climate
model simulations to explicitly quantify individual mechanisms that contributed to the surface
temperature changes and to increase the comparability of the Early Cretaceous mechanisms to

other time slices.

The stronger greenhouse effect under peak OAE 1a CO4 concentrations caused more than 70
% of the overall global mean surface warming of 9.6 °C. The only other significant influence on
the global mean temperature was a reduced surface albedo, in consequence of the ice-free land
and ocean surface, leading to an additional warming of 2.8 °C. In contrast, the surface albedo
changes led to the strongest reduction of the meridional temperature gradient (MTG) due to the
pronounced high-latitude warming. The reduced mean elevation of the Antarctic continent fur-
ther contributed to the enhanced polar warming. In combination, the simulated MTG for the

same pre-industrial CO level was 24 % lower for the Cretaceous than for the present-day geogra-
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phy. This demonstrates the profound influence of non-CO4 boundary conditions on the simu-
lated surface temperature distribution and needs to be considered for any model-data comparison.
The overall meridional heat transport in the ocean and atmosphere was very similar for the present-
day and Cretaceous simulations, with the exception of the Arctic Ocean. The Early Cretaceous
simulations revealed an increase of local deep water formation and associated oceanic heat advec-
tion for higher CO; concentrations. The resulting influence on the global MTG was low, but im-
portant for regional-scale temperatures in the Northern Hemisphere. Furthermore, the onset and
strength of deep water formation in the restricted Arctic Ocean basin was sensitive to the applied
initial conditions and integration length. This process could therefore contribute to differences in

the simulated high-latitude temperatures between different models and spin-up procedures.

While cloud feedbacks did not influence the global mean temperature change, they were the
only process strengthening the MTG. The Cretaceous cloud response to enhanced atmospheric
COgy was characterised by a reduced amount of tropical low-level clouds and an increased optical
depth of lower high-latitude clouds, especially over the Arctic Ocean. Importantly, the sign and
strength of this cloud-induced change of the MTG could be confirmed with a large ensemble of
present-day CMIPS models. Although cloud-related processes continue to be one of the largest
sources of intermodel uncertainty, the large-scale mechanisms influencing the latitudinal tempera-
ture response to COy increases appear to be comparable for both time periods. The overall cloud
influence on the Early Cretaceous MTG was even more pronounced than under present-day con-
ditions. The reduced high-latitude surface albedo and increased surface temperatures of the Early
Aptian paleogeography were counteracted by a larger polar cloud cover and reduced shortwave
heating, even though the seasonal differences of the polar cloud feedbacks were amplified for the

Early Cretaceous.

Overall, the results support previous modelling studies showing that the MTG during past
greenhouse climates was significantly reduced, but remained above ~20 °C both over land and
ocean. Assuming a linear response of the analysed processes, even a further doubling of atmo-
spheric CO5 concentrations to estimated peak mid-Cretaceous levels would not achieve the proxy-
derived polar warmth. This misfit implies either an insuflicient knowledge of the prevailing bound-
ary conditions, additional feedbacks missing in our current climate models or a warm bias in the
proxy-derived temperatures. The latter possibility was addressed in the second main research ques-

tion of the thesis:

(2) Can climate models reveal systematic biases in the Early Creta-
ceous temperature record?

The poor stratigraphic controls for many Aptian-Albian proxy records and the individual uncer-

tainties associated with the different applied techniques make a direct comparison of proxy-derived
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temperatures with a time-slice simulation difficult. The KCM results were therefore compared to a
recent compilation of published TEXgs-derived temperature records complemented by new data
points from the Falkland Plateau. The single-proxy, quality-controlled compilation especially al-
lowed to test the internal consistency of the TEXgs record and provided an up-to-date target for

the simulated OAE 1a warming.

Reconstructed mean temperatures for commonly applied TEXgg calibrations were higher than
model-derived ocean temperatures even for the high CO, simulation. Local temperature offsets of
up to 15 °C clearly exceeded the uncertainty ranges associated with both methods. Thelargest differ-
ences between proxy-derived and simulated surface temperatures were found for samples from the
young North and South Atlantic, where the restricted circulation led to the evaporatively-driven
formation of warm and saline intermediate and deep waters. The simulated oceanographic setting
in both basins was more comparable to the present-day Mediterranean and Red Sea than to aver-
age open ocean conditions. A similar conclusion could be drawn from the inter-site differences
in the isoGDGT fractional abundances that define the resulting TEXgg ratio. Samples from the
Early Cretaceous North and South Atlantic were characterised by an overall increase in the relative
abundances of the crenarchaeol isomer and GDGT-2, while the respective fractional abundances
of crenarchaeol were reduced. Based on the combined evidence from the simulated regional cir-
culation and observations of the present-day variability in the TEXgg signal formation, the results
demonstrate that the oceanographic setting and resulting TEXgg export dynamics for large parts of
the Early Cretaceous record were probably more similar to the present-day Mediterranean and Red
Sea than to the modern global mean conditions. The application of a regional TEXgs-temperature
calibration reduced absolute OAE 1la temperatures for some sites by up to 8 °C. Furthermore, the
analysis demonstrated that the anomalous isoGDGT distributions could only be found in Early
Cretaceous samples (up to ~100 Ma). It was hypothesised that the progressive opening of the
Atlantic Ocean and in particular the establishment of an equatorial connection between the north-
ern and southern basins led to the long-term decline of the salinity-driven intermediate and deep
water formation and therefore terminated the Mediterranean-like TEXgg signal formation. This
would imply that TEXgs-based reconstructions overestimate the actual surface temperatures for

large parts of the Early Cretaceous record.

An important conclusion of the study is that changes in the TEXgg-temperature relation can
occur both on temporal and spatial scales and need to be considered for the reconstruction of ab-
solute temperatures. It was shown that climate model simulations can be a valuable tool to iden-
tify spatially-varying modern analogue environments for the TEXgs proxy. Accounting for the
resulting different TEXgs-temperature calibrations can help to significantly reduce the apparent
model-proxy misfit for OAE la temperatures. Given that the physical mechanisms controlling the
latitudinal temperature distribution in the KCM experiments were comparable to the CMIPS re-
sults (see question (1)), it can be concluded that the MTG during the Early Aptian OAE 1a was

significantly lower than today, but can be reproduced with the current generation of climate mod-
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els.

Despite the previously discussed long-term maximum in surface temperatures during the on-
set of OAE 1a, the Aptian was characterised by at least two periods of enhanced carbon burial
and associated global-scale cooling events. The simultaneous emergence of the South Atlantic and
Southern Ocean in combination with the observed widespread deposition of marine organic-rich
black shales raises the question to what extent these young ocean basins might have contributed
to the enhanced carbon sequestration and climate perturbations. Changes in the oceanographic
conditions are hypothesised to have favoured the transient formation and destruction of regional

carbon sinks, which led to the third main research question:

(3) What controlled the circulation and carbon burial in the Early Cre-
taceous South Atlantic and Southern Ocean?

This question was addressed by the close integration of dedicated climate model simulations and
geochemical data generated within the joint project. Based on the reconstructed circulation his-
tory, three idealised stages have been defined to implement the progressive opening of the Falk-
land Plateau and Georgia Basin Gateway in the KCM. Additionally, multiple ensembles were sim-
ulated for each stage to assess the influence of the large uncertainties in key boundary conditions on
the simulated circulation changes. Explicitly, the simulations were repeated with different depths
of the proto-Drake Passage and the Walvis Ridge as well as with two atmospheric CO level end-

members.

The meridional overturning in the South Atlantic was driven by strong evaporation in sub-
tropical latitudes and subsequent salinity-driven formation of intermediate waters. This south-
ward subsurface flow of warm and saline waters was balanced by a northward advection of cold
and fresh surface waters from the Southern Ocean. The formation region and subsurface export
is supported by the transient occurrence of radiogenic neodymium isotope signatures in the Falk-
land Basin. Even though each of the total 36 ensemble simulations represented a valid realisation
within the limits of the Aptian-Albian boundary conditions, the spread in simulated temperatures
between individual ensemble members was locally as high as 15 °C. This demonstrates that the influ-
ence of the boundary condition uncertainties increases significantly on smaller geographical scales
and needs to be considered in the interpretation of local proxy records. The atmospheric freshwa-
ter balance and oceanic surface circulation in the northern Angola Basin showed a high sensitivity
to the applied CO; forcing. The closely related changes in the water column stratification imply a
possible control on the observed variability in local organic carbon burial. Furthermore, all exper-
iments indicated the formation of the densest water masses in the highly restricted Angola Basin.
The simulated export of this potentially anoxic water mass across the Walvis Ridge supports earlier

hypotheses about the importance of overflow waters in maintaining black shale deposition in the
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deep Cape Basin. The circulation and convection strength in the Southern Ocean was primarily
governed by the depth of the proto-Drake Passage. The test of different circulation scenarios for
the Weddell Sea against the geochemical record allowed to constrain the most likely depth of the
proto-Drake Passage during the Aptian to Albian to ~200 m. Due to the demonstrated influence
of the proto-Drake Passage on the global ocean circulation, this result will ultimately improve the
model-proxy comparability during the Early Cretaceous. Under this shallower gateway depth, the
Weddell Sea convection increased in response to the Falkland Plateau opening and associated salin-
ity advection. The simulations therefore provide an explanation for the reconstructed end of local

gray shale deposition.

Opverall, the model-proxy synthesis demonstrates the strong geographic controls on the regional
circulation. The opening of the Falkland Plateau initiated convection and ventilation of the South-
ern Ocean, while the opening of the Georgia Basin Gateway enabled deep water exchange between
the South Atlantic and Southern Ocean that terminated the black shale deposition in the Cape

Basin.

5.2 A final remark on evolving ocean basins in the Early
Cretaceous greenhouse

One of the goals of this thesis was to identify the characteristic features of the Early Cretaceous cli-
mate system that influenced the response to the increased greenhouse gas forcing. In other words,
what was similar and what was different to the present-day system? This thesis shows that the
simulated changes in the atmospheric radiation balance can, at least as a first-order approximation,
be separated in a greenhouse and geographical contribution that allow a direct comparison to the
present-day dynamics. In contrast, the largest differences are simulated for the Cretaceous ocean
circulation. One feature that emerged in all three chapters are evolving ocean basins. The combina-
tion of restricted horizontal circulation due to the presence of narrow gateways in the early stages
of seafloor spreading and reduced vertical movement in response to the strong greenhouse forcing
led to special oceanographic conditions that influenced the analysis throughout this thesis, but in
very diverse ways. Chapter 2 highlighted the close relation between deep water formation in the
restricted Arctic Ocean and the amount of poleward oceanic heat transport in the Northern Hemi-
sphere. The larger freshwater inputs in consequence of the enhanced hydrological cycle and lim-
ited lateral advection from the proto-North Pacific increased the sensitivity of the local convection
strength to the atmospheric CO,. Chapter 3 showed that the restriction of the Early Cretaceous
North and South Atlantic led to the formation of warm and saline deep waters that potentially
influenced the ecological controls on the TEX s temperature proxy. As over 80% of all Early Creta-
ceous TEXgg data are derived from these young basins, the revealed warm bias has implications for

our general view of the Cretaceous temperature evolution. Finally, chapter 4 demonstrated how
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the evolution of marine gateways in the South Atlantic and Southern Ocean ultimately controlled

the regional organic carbon burial during the Aptian and Albian.

Evolving and restricted ocean basins are therefore certainly one of the most characteristic fea-
tures of the Early Cretaceous climate system. This thesis also shows that they are especially difficult
to represent in coupled climate models. The slow water mass renewal in the deeper parts of the
basins require extended model spin-ups and make the simulation results sensitive to the choice of
initial conditions and applied gateway geometries. The results also raise the question to what extent
the basins of the Early Cretaceous North and South Atlantic might be an analogue for restricted
basins in the current or future climate system. The deep waters in the modern Mediterranean Sea
are well oxygenated, even though the large-scale circulation seems to be comparable to the Aptian to
Albian South Atlantic, which was characterised by widespread bottom water anoxia. On the other
hand, the geological record also provides evidence for periods of enhanced preservation of organic-
rich sediments in the eastern Mediterranean Sea (Calvert et al., 1992; Rohling, 1994). Therefore,
an improved understanding of what secondary influences besides the geographical restriction pro-
motes the formation of oxygen-depleted deep waters and burial of organic carbon burial is a key to
predict any future changes in our present-day semi-enclosed seas. The young ocean basins of the

Early Cretaceous continue to be one of the best opportunities to reveal these underlying dynamics.

5.3 Outlook

This thesis addressed two general aspects the Early Cretaceous climate system. While chapters 2 and
3 addressed the causes and strength of the mean state OAE la warming, chapter 4 aimed to assess
the transient circulation and carbon burial changes in the South Atlantic and Southern Ocean and
to provide the physical reasoning behind the reconstructed opening history. Thelogical next step to
understand the global significance of the results of this thesis is to estimate the potential influence
of the regional carbon burial changes on the reconstructed carbon cycle perturbations and the
global climate trends during the Early Cretaceous. To this end, a biogeochemical box model will
be applied to quantify changes in key biogeochemical parameters associated with the proposed
opening history that can be directly compared to the geochemical data. The presented ensemble
approach in combination with the stratigraphic framework will explicitly allow to quantify the

uncertainties in the simulated carbon burial changes.

The comparison of the climate model simulations with the TEXgs compilation in chapter 3
revealed the presence of the anomalous isoGDGT distributions for the whole Early Cretaceous.
Even if the signal was not detectable for the Late Cretaceous, the proposed mechanism might have
also affected other time periods. Differences in the isoGDGT distribution and temperature offsets
to other proxy techniques have also been reported for the Pliocene-Pleistocene Mediterranean Sea

(Polik etal., 2018). The analysis indicates that the combination of a restricted ocean circulation and
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high atmospheric CO; will be the most likely combination to produce Mediterranean-like TEXgg
export dynamics and could therefore also influence other past greenhouse intervals. A special focus
should lie on a comparison to temperature reconstructions derived from other proxy methods to

better constrain the magnitude of any potential TEXgs warm bias.

The validity of the energy balance model results presented in chapter 2 would also greatly ben-
efit from an expansion to other time slices, as already done for the Eocene (Heinemann etal., 2009;
Luntetal., 2012). The quantification of individual controls on the meridional temperature gradi-
ent for several greenhouse intervals might help to increase the signal-to-noise ratio for the separa-
tion of the time-slice dependent dynamics from the invariant part that will most likely also influ-

ence the future anthropogenic warming.
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