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Abstract

Investigating the Influence of Atmospheric CO,, Bathymetry, and Salinity
on Archean Ocean Circulation

by Marissa M. Tripus

During part of the Archean Eon (4 to 2.5 billion years ago), it is estimated that Earth
experienced near-global ocean coverage. Little is known about the ocean during this time,
but it coincides with—and may have been instrumental in—the earliest development of
life on our planet. It is therefore essential to understand what the ocean’s physical
environment could have been within the early Archean Eon, as it can help us better
understand the background under which life on our planet evolved. However, modeling
this environment requires constraints on the atmospheric and oceanic conditions at the
time, many of which span wide ranges (e.g., atmospheric COq and other greenhouse
gases, and ocean salinity) or have almost no constraints at all, such as ocean depth and
bathymetry. Here we use the ROCKE-3D coupled atmosphere-ocean general circulation
model configured for the early Archean environment to explore the ocean properties and
circulation under a range of atmospheric and oceanographic parameters. Specifically,
a suite of simulations is performed to understand how atmospheric CO, concentration,
ocean salinity, and simplified ocean bathymetry could have impacted ocean circulation
and heat transport. We find that 1) altering the atmospheric CO4 concentration results
in different ocean states ranging from cold, fully ice-covered, to warm, fully ice-free; 2)

the addition of bathymetry leads to changes in both ocean density and the overturning



iii
circulation, but the strength of the changes depends on the specifics of the bathymetry;

and 3) the influence of increased salinity is larger in a colder ocean with sea ice present

compared to a warmer ocean with no sea ice.
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Chapter 1

Introduction

1.1 Background

The Earth’s climate has evolved drastically since our planet’s formation over 4.5
billion years ago (Gya). The second eon on Earth, the Archean Eon (4 to 2.5 Gya),
was the first time the planet semi-resembled modern Earth due to the presence of an
ocean. Within the early eras of the Archean, the ocean is theorized to have formed via
water delivery from asteroids and meteorites (Drake, [2005] |Piani et al., 2023)). The newly
formed ocean likely encompassed the entire planet for much of the Archean, and by the

end of the eon, Earth’s surface was ~7% land-covered (Albarede et al., 2020)).

Despite the presence of a liquid water ocean, the environmental conditions of the

Archean differed significantly from modern Earth. Moreover, planetary parameters were
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different too: the length of a day was ~17 hours instead of the 24 hours we currently ex-
perience (Williams, 2000)), and the solar luminosity was ~75% of what it is today, which
means the incoming solar radiation that Earth received was reduced by ~25%. The
decrease in solar luminosity occurred because the sun was much younger, so it did not
radiate as intensely as it does today, therefore reducing how much radiation the planets
around it receive. This is known as the faint young sun (FYS). The FYS largely con-
tributed to the cold global temperatures throughout the Archean. When simulating the
Archean with a modern Earth atmospheric composition, the global temperature estimates
are below the freezing point of seawater until 3.5 Gya (Feulner, 2012). This suggests the
early Archean eras would have experienced global glaciation. However, proxies do not
support this (Blake et al., 2010, |[Feulner, 2012). When utilizing Archean proxies to de-
rive an atmospheric composition, the global temperatures increase outside of the range for
global glaciation (Feulner, [2012), an apparent mismatch commonly referred to as the FYS
paradox. This work, and others, suggest that the FYS, which acted to cool the planet,
was most likely counteracted by other environmental parameters, such as greenhouse gas

concentrations (Feulner, 2012, |Sagan and Mullen| 1972)).

The environmental parameters of the Archean are challenging to study due to the
Earth’s high level of geological activity throughout its history. The past 4 billion years
of seafloor movement have left limited sediment and rock records available for analysis.
Consequently, there are large ranges of variability for atmospheric and oceanic parameters.
Some examples are: CH, is estimated to be 100x — 10,000x present level (PL) (Zahnle

et al., 2006, 2019), CO, is estimated to be 10x — 2,500x PL (Driese et al., 2011, Farquhar
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, 2011)), ocean salinity is estimated to be 20 to 50 g kg! (& 15 g kg~! from PL)

(Marty et al., 2018)), and many more.

Early research on the Archean was performed via lab work or simplified 1-dimensional
models, but in recent years, general circulation models (GCMs) have been used to further

explore the eon. Some of the earliest Archean GCM studies were conducted to address the

FYS paradox (Charnay et al., 2013, Wolf and Toon, 2013, 2014). Through these various

modeling projects, several theories have been created to address why the planet was not

glaciated and had a climate similar to modern Earth. These theories include clouds and

planetary albedo (Charnay et al., 2013)), an abundance of greenhouse gases (primarily

CO4 and CH,) (Charnay et al., 2013| [Wolf and Toon| 2014), and Earth’s faster rotation

rate (Wolf and Toon| 2014). Another approach explored the role of ocean salinity in the

climate system of Archean Earth, and how it helped enhance or inhibit the presence of

sea ice (Olson et al. 2022). The results showed that the more saline the ocean is, the

warmer the climate will be. Therefore, salinity itself could also help reduce the effects of

the FYS (Olson et al., [2022).

Outside of Olson’s recent work (Olson et al., [2022), an important caveat that arises

in most of these studies is that they do not account for ocean dynamics and circulation,

as Olson et al| (2022) uses a fully-coupled atmosphere-ocean GCM (modeling a full-

depth dynamical ocean). For example, Charnay et al.| (2013)) uses an atmospheric GCM

coupled to a two-layer ocean model (modeling a surface mixed layer and deep ocean

layer, capturing the mean wind-driven circulation and transport heat) and various land
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distributions (i.e., modern continents, supercontinent, and no continents/land), and Wolf
and Toon| (2013, [2014)) use an atmospheric GCM coupled to a mixed-layer ocean (modeling
only the upper ocean, capturing surface processes) and a modern Earth land distribution.
Although these are good assumptions within the context of each study, they are not
fully representative of the Archean environment because they neglect the roles of ocean
circulation and atmosphere-ocean coupling in setting the climate of this eon. These
studies also did not focus on the impact of land-sea distribution on the ocean because they
focused primarily on how the atmosphere could counteract the FYS. As more research
is done, estimates of the Archean land cover amount and distribution change, making it
hard to create the ‘most realistic’ land distribution within any given simulation (Albarede
et al., 2020, Charnay et al., 2013)). Although Olson et al.| (2022)) did not include any land
in their simulations, their fully coupled atmosphere-ocean framework still renders their

simulations some of the most representative of the Archean climate system thus far.

It is well-established that the presence or absence of land boundaries can impact
oceanic and atmospheric heat transport and circulation, leading to major changes in
the climate system (e.g., Enderton and Marshall, 2009, Marshall et al., 2007, Smith
et al., 2006, Wu et al., [2021). The same is implied for the presence or absence of ocean
bathymetry, as adding or removing a single bathymetric feature in a simulation can
change the ocean circulation and heat transport by + 0.2 PW (Gille et al., |2004). Yet
Olson’s simulations, in addition to most traditional aquaplanet studies (including those
above), are run with a flat-bottom ocean of uniform depth. Although a flat-bottom ocean

yields a simplified framework for understanding the influence of land boundaries on ocean
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circulation, it is unlikely that the Archean’s ocean was flat because the Earth was already
tectonically active at this time (Brown et al., 2020, Ernst} 2009, Kuzmin et al.; 2016]).
Additionally, given that there may not have been significant land masses present for most
of the Archean, ocean bathymetry, rather than land, would thus be the major contributor

to topographic steering, mixing, and vertical exchange.

1.2 Research Questions

While we know the Archean climate was much different from our planet’s climate
today, very few studies have attempted to understand the basic physical oceanography of
this time, particularly ocean circulation and heat transport. Understanding the ocean’s
physical environment in the early Archean can provide insight into the habitability of
early Earth. The earliest life developments on Earth occurred within the Archean Eon,
most likely in the ocean (Lepot, [2020). Therefore, by studying the role of the ocean
circulation in Archean Earth’s climate, the additional understanding that we gain could

help us better constrain the conditions in which life evolved on our planet.

To this end, the presented work in this thesis explores ocean circulation, properties,
and heat transport during the early Archean Eon using a fully coupled atmosphere-ocean
aquaplanet GCM. The definition of an aquaplanet utilized in this thesis is: a planet with a
surface entirely comprised of water (i.e., all land is removed) with a dynamical atmosphere
and dynamical ocean. In the context of their impacts on ocean properties and dynamics,

three specific atmospheric and oceanic parameters will be analyzed: atmospheric CO,
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concentration, ocean bathymetry, and ocean salinity. The major scientific questions that

will be addressed in this project are the following:

Question 1: How does the concentration of atmospheric CO, alter Archean ocean

properties and circulation?

Question 2: How does the addition of bathymetry change the Archean ocean’s prop-

erties and circulation?

Question 3: How does increasing the ocean salinity change the Archean ocean’s prop-

erties and circulation?

1.2.1 Influence of Atmospheric CO,

Throughout Earth’s history, the concentration of atmospheric CO, has varied signif-
icantly, with large impacts on the overall climate state. As stated earlier, the possible
CO, levels during the Archean span a large range. Testing two CO, levels (a low and a

high) allows us to capture the extreme ends of what the Archean climate potentially was.

Olson et al.| (2022) previously tested the influence of atmospheric CO4 on the climate
state, but only focused on sea ice coverage when discussing the ocean. Their findings show
an inverse relationship between the atmospheric CO, and sea ice coverage; as atmospheric
CO, increases, the sea ice coverage decreases (Olson et al), 2022). In addition, as the

atmospheric CO, increases, the global temperature increases (Olson et al., [2022). The
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analysis in later sections of this thesis will discuss the impacts of atmospheric CO5 on

the ocean state, in addition to the sea ice coverage.

1.2.2 Influence of Bathymetry

The ocean’s bathymetry, or seafloor topography, plays a critical role in ocean circula-
tion and heat transport. It helps to steer the water’s flow, and it also enhances or inhibits
the mixing and transport of different water masses (Gille et al., 2004)). This has been
investigated on modern Earth and within aquaplanets (i.e., Enderton and Marshall, 2009,
Mercier et al., 2000, Smith et al., 2006, Wu et al| [2021). A prime example on modern
Earth is the Mid-Atlantic Ridge, which acts as a barrier between the water masses of
the eastern and western Atlantic Ocean (Mercier et al., 2000). As others have tested and
shown how various land distributions influence the ocean (i.e., Enderton and Marshall,
2009, Mercier et all 2000, [Smith et al., 2006, Wu et al., 2021)), we test how much influ-
ence various bathymetric configurations have on the global ocean circulation, property

distributions, and heat transport. The analysis in later sections will discuss these effects.

1.2.3 Influence of Salinity

Ocean salinity plays a critical role in seawater’s density, along with temperature and
pressure. (Cullum et al| (2016)) shows that in oceans with extremely high salinity (260 g
kg_l), the meridional overturning circulation (MOC) can reverse, leading to upwelling in
the polar regions, downwelling in the equatorial regions. This is the opposite behavior of

what we see on modern Earth. Although it is unlikely the Archean’s ocean reached such
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a high salinity, testing two salinities (low and high) within the plausible salinity range of

the Archean can help us understand the role of salinity in the ocean’s circulation. The
analysis in later sections will discuss the influence of ocean salinity on ocean properties,
circulation, and sea ice coverage, as we expect to see changes in these spatial patterns

from the |Cullum et al.| (2016) paper.



Chapter 2

Methods

2.1 Model

We use the Resolving Orbital and Climate Keys of Earth and Extraterrestrial Envi-
ronments with Dynamics (ROCKE-3D) three-dimensional atmosphere-ocean GCM, de-
veloped at NASA Goddard Institute for Space Studies (GISS) (Way et al., 2017), to
model the early Archean. ROCKE-3D was designed for planetary and deep-time paleo-
climate studies (Way et al., 2017)), hence making this model ideal to use when modeling an
Archean aquaplanet. ROCKE-3D includes an atmosphere component, an ocean compo-
nent, a thermodynamic sea ice component, various radiation schemes, reduced chemistry,
and no geothermal heating. ROCKE-3D has a horizontal resolution of 4° latitude x 5°

longitude in all components (Way et al.,[2017)). The vertical component of the atmosphere



10
has 40 layers (~60 km in altitude, or 0.1 hPa at the top of the atmosphere), and the verti-

cal component of the ocean has 13 layers (maximum depth of 4,647 m) (Way et al., 2017).
Ocean mesoscale eddies are represented by a Redi/Gent-McWilliams scheme (Way et al.,
2017). When using ROCKE-3D for aquaplanet simulations, the model requires land at

the South Pole as a technical limitation.

2.2 Simulations

The model configuration is modified from Olson et al.| (2022). The following pa-
rameters are changed from modern Earth values (Table rotation rate, atmospheric
chemical composition, incoming solar radiation, atmospheric pressure, and ocean salinity.
The changes to these parameters are based on multiple paleoclimate studies: the rota-
tional period is 17 hours (Williams, 2000)); the incoming solar radiation is set to 1029.37
W m 2, (25% of modern; Goughl, [1981); the total atmospheric pressure is 0.5 bar (Som
et al., 2016)); the obliquity is set to 23.5°, and eccentricity is set to 0°. For the atmo-
spheric constituents (relative to modern levels), O, (Zahnle et al., 2006) is set to zero,
atmospheric CH, is 1,000 times higher (Kasting, 2005), atmospheric CO4 is 10 times
higher ('low’ CO, case; Driese et al., 2011) or 500 times higher ("high’ atmospheric CO,
case). The ocean is set to a mean depth of 1,360 m (10 layers), and various bathymetries
(detailed below) are applied. Two ocean salinities are also tested: ’low’ salinity (35 psu)
and "high’ salinity (50 psu). The low CO4 concentration was selected to follow Olson et al.

(2022) model set up, while the high CO, concentration was selected as this is the level of
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CO, at which sea ice stops forming on the planet. All other parameters are assumed to

be modern Earth values.

The 10-layer ocean can reproduce key aspects of the modern ocean’s overturning
circulation, including sinking dense water at high latitudes. (Olson et al. (2022) briefly
discusses this and includes supplementary figures showing the overturning of a simulated

modern ocean with 10 layers instead of 13 layers.

Four bathymetries are simulated to investigate the influence of bathymetry on the
ocean. These bathymetries are Flat, Ridge, Rough, and Ridge + Rough (Figure . All
configurations have a maximum ocean depth of 1,360 m. Flat has a uniform ocean depth.
Ridge has a similar aspect ratio to a modern mid-ocean ridge (peak at 650 m and ~1,000
km wide). Rough has randomly distributed bathymetric features in size and location
across the seafloor to simulate seamounts and abyssal hills (maximum peak at 1,020 m,
keeping similar height to modern oceanic features). Ridge + Rough is a combination of
the Ridge and the Rough bathymetric features. We do not expect other similar random

distributions of bathymetry to yield large differences in the results.

A total of eight simulations are discussed within this thesis (Table [2.2). There are
four flat ocean runs that isolate the impact of changing atmospheric CO, and/or changing
ocean salinity, and an additional four runs that isolate the impact of changing bathymetry
in both the high and low atmospheric CO, cases. In the low atmospheric CO, case, all
four bathymetries (Figure 2.1)) are simulated. These are Flat 10x (F10), Ridge 10x (Ril0),

Rough 10x (Ro10), and Ridge + Rough 10x (RR10). In the high CO, case, only the Flat
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(F500) and Ridge + Rough (RR500) bathymetries are simulated due to redundancy in

some of the results (see Section . The two flat ocean cases, F10 and F500, are used
to isolate the impacts of changing atmospheric CO, on the ocean. F10 and F500 also have
high salinity counterparts in which their salinities are increased from 35 psu to 50 psu.
These are Flat 10x-50 psu (F10-50) and Flat 500x-50 psu (F500-50). These simulations

are used to explore the impact of changing salinity in both of the atmospheric CO, cases.

All simulations are initialized from an ice-free state. Each simulation takes 1,000 to
3,000 years of model time to achieve steady-state (depending on the atmospheric CO,
levels). Steady-state is defined as the mean global deep ocean temperature experiencing
a drift of less than a hundredth of a degree Celsius (< 0.01°C). All analysis is done using

an average of the last decade of each simulation.

2.3 Analyses

The following parameters are analyzed for each simulation: sea ice coverage (%),
zonal ocean potential density (sigma notation (o = o(S,9,0) — 1,000)); kg m3), merid-
ional oceanic heat transport (OHT) (PW), and oceanic meridional overturning circulation
(MOC) streamfunction (Sv). Of these, the sea ice coverage and MOC are direct outputs
from the model. The zonal ocean potential density is the ocean potential density averaged
over all longitudes to produce the zonal mean. The OHT is calculated as OHT = p ¢ ¥ v,
where p is the ocean density, cp is the heat capacity of seawater, ¥ is the ocean poten-

tial temperature, and v is the meridional velocity, and then integrated over depth and



longitude to achieve the total ocean meridional OHT.
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Parameter Values References

Day Length 17 hr Williams| (2000)

Insolation 1029.37 W m 2 Coughl (1981)

Total Atmospheric 0.5 bar Som et al[(2016)

Pressure

Obliquity 23.5° -

Eccentricity 0° -

CH, 1,000x PL Kasting| (2005)

COs9 10x PL Driese et al| (2011)
500x PL -

O, 0 Zahnle et al[ (2006)

Ocean Depth 1,360 m - -

Salinity 35 psu Marty et al.| (2018)
50 psu Marty et al.| (2018)

Land Configuration Aquaplanet Albarede et al. (2020)

Bathymetry

Flat, Ridge, Rough,
Ridge + Rough

TABLE 2.1: Summary of model configurations. Not mentioned parameters are assumed
to be the same as those of modern Earth.



Simulation Abbreviation Parameters

Flat 10x F10 Flat, 10x PL COs, 35 psu
Flat 500x F500 Flat, 500x PL CO,, 35 psu
Ridge 10x Ril10 Ridge, 10x PL CO,, 35 psu
Rough 10x Ro10 Rough, 10x PL CO,, 35 psu
Ridge + Rough 10x RR10 Ridge + Rough, 10x PL CO,, 35 psu
Ridge + Rough 500x RR500 Ridge + Rough, 500x PL CO,, 35 psu
Flat 10x 50 psu F10-50 Flat, 10x PL COs, 50 psu
Flat 500x 50 psu F500-50 Flat, 500x PL CO,, 50 psu

TABLE 2.2: Summary of model simulations. In ‘Parameters’, the parameters are listed
as follows: bathymetric configuration (Figure , COq concentration, and average
salinity.
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Chapter 3

Results

3.1 Influence of Atmospheric CO,

The two atmospheric CO, concentrations (10x PL and 500x PL) with flat-bottom
ocean simulations yield different ocean states. F10 is an ice-covered Earth (sea ice thick-
ness ranges from 9 to 143 m, with a global average of 29.8 m), while F500 is an ice-free
Earth (Figure 3.1). The average global surface air temperatures of -48°C for F10 and
33°C for F500 influence the sea ice coverage. The density structure, OHT magnitudes,

and MOC magnitudes and structures are also different.

The zonal mean potential density structure of F10 resembles what we see on mod-
ern Earth. This structure consists of less dense water in the equatorial region, a rapid

transition to denser water (at ~35°N/S within the model simulation), and the densest
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water in the polar regions, creating a bowl-like structure (Figure ) While this shape

reflects the ocean dynamics and thermodynamics, we can investigate the ocean’s poten-
tial temperature and salinity to see their impacts on the density, based on the ocean’s
equation of state. Both the potential temperature and salinity follow similar spatial dis-
tributions to the density (Figure —f). The zonal potential temperature ranges from
-2.1 to -1.7°C (Figure 3.2p), and the zonal salinity ranges from 30 to 39 psu (Figure [3.2¢)
throughout the ocean. From these, in F10, the lower latitudes have warmer and fresher
water, leading to a lower density region. In comparison, the higher latitudes have colder
and saltier water, leading to a higher density region. The ocean itself is also very cold,
with temperatures around freezing throughout, reflecting the very cold atmospheric state

and global ice coverage.

In F500, the ocean is overall much warmer than in F10, with all temperatures above
freezing, owing to the warmer climate state due to the increased CO, concentration. The
zonal mean potential density structure of F500 experiences a reversal from what we see in
F10. There are higher densities in the equatorial region and lighter densities in the polar
regions, with an overall decrease in the ocean’s density (Figure ) The zonal potential
temperature ranges from 5 to 40°C (Figure ), and the zonal salinity ranges from 31
to 45 psu (Figure ) throughout the ocean. At low latitudes, the ocean is warmer and
saltier with higher densities, and at high latitudes, the ocean is colder and fresher with
lower densities. Given these relationships, salinity has a larger impact on the density
values in both of these regions for F500. Another feature of the F500 density structure

is a spike of high density at 25°N (Figure ) The density spike is co-located with an
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area of very high surface evaporation (not shown). This strong evaporation leaves the

ocean more saline at 25°N, creating a region of strong downwelling and also contributing

to the high density values at this location.

The salinity between F10 and F500 is largely different, with F10 having a global
average salinity of 34.55 psu, and F500’s average is 40.56 psu (a 17% increase from F10).
Early analysis of the salinity increase is suggested to be linked to the amount of water
in the ocean. In both the mass of the ocean and the sea surface height (SSH) (both not
shown), there is a 17% reduction in values. The ocean lost ~240 m of water, but the salt
stayed in the ocean, leading to a global increase in salinity. Further analysis is required
to understand where all of this water has gone, as it is not reflected in the atmospheric

water vapor.

The MOC of F10 consists of one overturning cell per hemisphere spanning the full
depth of the ocean. The orientation of the circulation is such that there is upwelling
along the equator, poleward motion at the surface, downwelling at high latitudes, and
equatorward motion at depth (Figure ), similar to what we see on modern Earth.
Each cell has two regions of stronger MOC peaking at ~4.5 Sv, and reaches 50°N/S.
The structure of the MOC is largely attributed to the density structure, as the densities
influence where there is rising and sinking water. In addition, the MOC is influenced by
weak meridional currents within the ocean (peaking at 1.7 cm s ! at the surface and 1.0
cm s ! at 1,130 m). In this simulation, there are no boundaries within the ocean, creating

a very zonal pattern within the currents, rather than the horizontal gyre-like pattern like
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we see in the wind-driven surface currents on modern Earth, hence, the contribution of

meridional currents is reduced. F10 experiences poleward OHT in both hemispheres,
following the meridional temperature gradients set by the distribution of incoming solar
radiation and the general structure of the MOC. The OHT peaks at ~1 PW at 25°N
(Figure [3.3p), while on modern Earth, the OHT peaks at 2 PW at 20°N (Trenberth and
Caron, [2001)). The reduced OHT is likely a combination of the overall colder ocean of
F10, the reduced meridional temperature gradient in the ocean (-2.1 to -1.7°C), and the
reduced MOC. This weak OHT is also reflected in the global average net heat into the

ocean being -0.000186 W m 2.

F500’s MOC has one strong cell sitting on the equator spanning 25°N /S, and a weaker
cell confined to 25 to 45°N. The MOC streamfunction peaks at ~70 Sv in the equatorial
region, which is an order of magnitude stronger than F10. There is a reversal of the MOC
relative to F10 (and that of modern Earth). At 25°N, high surface evaporation (discussed
earlier) brings about high surface salinity and an increase in density that leads to strong
downwelling, which makes up the northern limb of the main overturning cell. The water
then moves southward until 25°S, upwells to the surface, and then moves northward
(Figure B.3{d). The currents are still predominantly zonal, like in F10, but the meridional
currents are stronger at the surface, peaking at 5.3 cm s ! at the surface and 0.12 cm
s at 1,130 m. The surface meridional currents are stronger in F500 because the wind
stress can directly impact the ocean when no sea ice is present (i.e., [Brenner et al., 2021}
Muilwijk et al. [2024). The OHT is northward from 90°S to 25°N, and southward from

25 to 90°N, following the MOC. The OHT peaks at ~6 PW at 10°N (Figure [3.3p), which
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is triple the maximum on modern Earth (Trenberth and Caron, 2001) and 6 times that
of F10. The increase in the OHT is attributed to the overall ocean being warmer, the
larger meridional temperature gradient (5 to 40°C), and the increased current speeds that
factor into the MOC. The increase in OHT in F500, compared to F10, is also reflected
in the global average net heat into the ocean being -0.331 W m 2, which is three orders
of magnitude stronger than the net heat into the ocean of F10. Thus, highlighting how
the presence of the sea ice in F10 largely dampens the heat exchanges of the ocean
and atmosphere, as well as dampens the OHT on the planet. This finding occurs in all

presented ice-covered and ice-free simulations.

3.2 Influence of Bathymetry

In the previous section, a flat-bottom ocean was investigated, however, this section
analyses the influence of adding bathymetric features (i.e., a ridge, seamounts, and abyssal
hills) to create simplified seafloor topographies. The density structure, MOC, and OHT
are analyzed for all four bathyemetries at 10x CO,, while only Flat and Ridge + Rough
are analyzed at 500x COy. These parameters are compared at each CO, concentration
to understand the isolated impacts of the bathymetry. Moreover, these changes are
compared across the low and high CO4 concentrations to gain insight into how the results

vary in different ocean states.
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3.2.1 10x CO,

The four bathymetries, Flat, Ridge, Rough, and Ridge + Rough, all yield similar
results for the sea ice coverage (not shown) and zonal mean potential density in the
10x PL CO, cases (Figure —d). The planet is entirely ice-covered, similar to the
coverage illustrated in Figure[3.1p. The potential density structure in Ril0 experiences a
similar spatial pattern to F10 (lighter water at the tropics and denser water at the poles;
Figure [3.4b). The main difference is where the transition to denser water occurs. This
gradient shifts poleward to ~50°N/S and shoals to ~600 m, from ~40°N/S at ~950 m
in F10 (Figure ,b,e,f). Ril0 has lighter densities in the mid-latitudinal bands but
slightly denser water in the tropical and polar regions compared to F10. The addition
of the ridge leads to a poleward expansion and shoaling of lighter densities compared to
F10. The density structure is similar to the temperature and salinity structures found
in Wu et al.| (2021). The same pattern is not apparent in Rol0, although there is a
slight poleward expansion of lighter waters (Figure ,g) and an increase in density
near the surface in the tropics. The differences in Ro10 density structure relative to F10
are often much smaller than the differences between Ril0 and F10, suggesting that the
smaller, discontinuous bathymetric features are not sufficient to support the same ocean
circulation and property changes as in Ril0. The RR10 simulation further demonstrates
this. Despite the addition of rough bathymetry to the ridge case, the changes to the

density structure are nearly identical to Ril0 (Figure ,h).
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The MOC of all four simulations follows the same general pattern, with one overturn-

ing cell per hemisphere, upwelling at the equator, and downwelling at higher latitudes
(Figure [3.5p-h). Within Rol0 (Figure 3.5g), the overturning cells extend poleward to
70°N/S compared to F10, in which they only reach 50°N/S (Figure[3.5¢). There are three
maxima within each cell; however, the two peaks confined within 50°N/S are stronger
(~5 Sv) than the maxima at higher latitudes (~2 Sv). These extrema are attributed to
the presence of varied seafloor features in Rol0, which either enhance or inhibit zonal
and meridional flow depending on their location and orientation. For Ril0 and RR10,
the MOC extends to 75°N/S (Figure [3.5f,h). Within the general MOC pattern, there are
two maximum regions in the upper ocean, forming a ‘bunny ear’ structure, and a strong
cell at depths below 700 m. The ‘bunny ear’ structures occur in the same locations as in
F10. The depth below which the MOC strengthens coincides with the top of the ridge
(depths greater than 650 m) (Figure B.5Fh). This occurs because the ridge helps aid
in the development of a deep western boundary current (DWBC)-like pattern along the
ridge. The meridional currents within the DWBC-like structure reach speeds up to 8.7
cm s 1. The integrated effect of the stronger boundary current is a stronger MOC. Ril0
(RR10) has a maximum strength of 6 Sv compared to the maximum strength of ~4.5 Sv

in F10.

The OHT within all four simulations also follows a similar structure, but with different
spatial variations. Both hemispheres experience a poleward OHT, with a peak at 25°N
(Figure -d). OHT in F10 and Rol0 peaks at ~1 PW, and Ril0 and RR10 peaks

at ~0.5 PW. The decrease in OHT within the ridge cases is attributed to the densities
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being lighter at lower latitudes, as the overall ocean in all four simulations is very cold.

The meridional temperature gradient reduces in the ridge cases to -2.1 to -1.7°C, whereas
F10 and Ro10’s meridional temperature gradient is -2.1 to -1.6°C. Overall, the changes in
OHT due to the presence of bathymetry are small, but bathymetry does alter the ocean’s
properties and circulation. These changes alone are not sufficient to significantly alter
the global climate, which is more strongly dependent on the insolation and atmospheric

COy concentration.

3.2.2 500x CO,

In the previous analyses, we saw that F10 and Rol0 behave nearly identically in
terms of their OHT and MOC. A similar result holds for the Ri1l0 and RR10 simulations.
Therefore, in the analysis of the higher atmospheric CO, simulations, only the Flat (F500)

and Ridge + Rough (RR500) bathymetric configurations are considered.

F500 and RR500 experience the same sea ice coverage as well as a similar density
structure, but with different magnitudes. In these simulations, the planet is ice-free
(similar to Figure [3.1p). As discussed in Section [3.1] the zonal mean potential density
structure of F500 is characterized by higher density water in the equatorial region and
lighter density water at the poles (Figure ), which is a reversal from what occurs
on modern Earth. RR500 has a comparable zonal mean density structure but a slightly
shifted density range (Figure ) The density range for F500 is 20 to 30 kg m 3, while
in RR500 it is 23 to 34 kg m>. Both simulations experience a maximum in density

at ~25°N, associated with a region of very high atmospheric evaporation. With the
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addition of bathymetry, the ocean becomes saltier and colder, bringing about the increase

in density (Figure —f). The salinity increased from an average of 40.56 psu in F500
to an average of 48.31 psu in RR500, and the potential temperature decreased from an
average of 31.21°C in F500 to an average of 29.89°C in RR500. The difference in salinities
is linked to the amount of water in the ocean, as mentioned when comparing F10 and
F500. In F500, the SSH (not shown) suggests ~240 m of water is lost, and in RR500,
~388 m of water is lost, leading to the large salinity increase in RR500 (salt stayed in the
ocean, while water was removed). Additionally, there is an asymmetric response across

the ocean, which is further explored in Chapter [4]

The MOC of F500 and RR500 behave similarly. In F500, one strong cell, circulating
clockwise, sits on the equator spanning 25°N/S; and a weaker cell, circulating counter-
clockwise, occurs off the equator, confined to 25 to 45°N (Figure ,d). Associated with
this circulation pattern is downwelling at 25°N and upwelling at 25°S. RR500 follows the
same pattern, but with some small differences. In the clockwise cell, the largest values of
the overturning extend to deeper depths (700 m in F500 versus ~950 m in RR500). The
strengthening at depth is a result of strong meridional currents, creating a DWBC-like
structure as in R10. In addition, the counterclockwise cell weakens by ~15 Sv and shoals,
reaching a depth of only 700 m versus the seafloor (1,360m) in F500. This occurs because
the meridional currents are very strong within the bathymetric simulation (peaking at

8.6 cm s 1).

The OHT structure in RR500 is similar to F500 (northward from 90°S to 25°N, and
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southward from 25 to 90°N), but the overall magnitude increases, as the maximum more

than doubles. F500 peaks at ~6 PW and RR500 peaks at ~14.5 PW, both at 10°N
(Figure [3.7h,b). Both experience a higher OHT than modern Earth, which is attributed
to the ocean being in a much warmer overall state. Both simulations have a temperature
range of 5 to 40°C, where F500 has an average potential temperature of 31.21°C, while
RR500 has an average potential temperature of 29.89°C. The increase in OHT in RR500
relative to F500 is due to the increase in density throughout the entire ocean (F500’s range
is 20 to 30 kg m™3, RR500’s range is 23 to 34 kg m’?’), and the increase in meridional

current speeds (e.g., at 1,130 m, F500’s meridional velocities peak at 0.12 cm 51

, and
RR500’s peak at 5.1 cm s’l), as density and meridional currents are accounted for in

the OHT calculation. Figure [3.8 highlights the different meridional current structures at

various depths in the ocean.

3.2.3 Atmospheric CO, Comparison

Across all the 10x and 500x atmospheric CO, concentration simulations, there are dif-
ferences in the ocean properties and circulation when bathymetry is added to the seafloor.
In addition, the low CO4 concentration yields an ice-covered planet, while the high CO,
concentration yields an ice-free planet. The zonal mean potential density, MOC, and
OHT all change due to the addition of bathymetry, but the specific changes that occur
are not always the same under different CO, concentrations. For the zonal mean potential

density, the spatial pattern changes within the 10x bathymetry cases with little change in
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the density range, but both the spatial pattern and density range change drastically be-

tween the 500x cases. The MOC in the 10x cases increases in strength with the addition
of bathymetry, but the changes in the structure depend on what bathymetric features
are present. There are slight variations in the MOC structure in the 500x cases due to
the presence of bathymetry, and both F500 and RR500 have similar MOC magnitudes.
For the OHT, the spatial pattern experiences no large change in the 10x cases, but the
magnitude halves when a ridge is present within the simulation. Unlike in the 500x cases,
the spatial pattern of the OHT in each simulation is similar, but the magnitude more
than doubles in the presence of bathymetry. Overall, bathymetry alters the ocean state,
with stronger impacts on the density ranges, MOC, and OHT at the high CO, concentra-
tion. These results suggest that bathymetry may impact ocean circulation and properties

differently depending on the ocean’s mean state and other environmental parameters.

3.3 Influence of Salinity

Up to now, the salinity in all the simulations has been initialized with modern Earth
salinity (35 psu). This section contains the analysis of the influence of salinity by increas-
ing the initial salinity to a high salinity (50 psu) at both the high and low CO, levels.
These simulations are done with a flat-bottom ocean to solely investigate the impact of
salinity on the ocean properties and circulation. We look at the spatial pattern of sea ice

coverage and density, and the spatial pattern and magnitude of the MOC and OHT.

The two average salinities, modern and high salinity, yield sea ice coverage changes
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in the low CO, concentration cases. Increasing salinity from 35 psu to 50 psu in the Flat
10x cases leads to a reduction in sea ice cover and the formation of a slushy belt-an area
with a mix of ice and water—within the equatorial region (Figure 3.9p). Other studies
note a similar feature, although the “slushy belt” in these cases is often an ice-free water
belt, and attribute the stabilization of the belt to sea ice albedo feedbacks and strong
wind-driven ocean overturning at low latitudes (Abbot et al., 2011} (Olson et al., 2022|
Rose, [2015). In F500-50, no slushy belt exists because the planet remains ice-free like its

F500 counterpart (Figure [3.9,d).

The zonal mean potential density structures within F500 and F500-50 are similar
to each other (Figure . Moreover, the density values are on average ~3 kg m >
higher throughout the entire ocean in F500-50 (Figure ) This increase in density
is attributed to the increase in salinity (an increase of ~6 psu globally), as the ocean’s
potential temperature experiences very little change relative to F500. Like F500, however,
F500-50 exhibits a maximum in density at the surface at ~25°N, indicating a region of
strong downwelling and dense water formation. As a result, the overall structure of the
MOC is similar in both simulations at 25°S (Figure [3.12g,h). The OHT patterns in F500
and F500-50 are also similar. Both experience a northward OHT from 90°S to 25°N, and
switch to southward OHT from 25 to 90°N (Figure F3.12¢,d). The only difference is the
maximum value: F500 peaks at ~6 PW at 25°N, while F500-50 peaks at ~7.5 PW at
25°N. The increase in OHT in F500-50 is likely due to the shift to higher densities in this

simulation, as the meridional current velocities and temperature are similar to F500.
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While the F500 and F500-50 are similar, the F10 and F10-50 vary from each other.

F10 has a bowl-like structure of low density in the tropics and denser water at the poles,
but a similar structure does not form in F10-50 (Figure . In the ice-free region of
F10-50, an area of very low density water forms in the upper 200 m in the equatorial
region, and below this, the water is much denser. The water also increases in density
at the sea ice edge (~20°N/S), due to brine rejection from sea ice formation (Figure
3.11b). Outside of the equatorial region, hemispheric asymmetries are present in the

ocean, similar to results in Section these will be discussed in Chapter [4

The MOC and OHT also change between F10 and F10-50. F10’s MOC experiences
one cell per hemisphere, with a peak of ~4.5 Sv (Figure [3.5k), but the slushy belt in
F10-50 leads to changes to the MOC structure. There is one strong cell per hemisphere
consisting of an upwelling arm along the equator and a downwelling arm at the ice edge
at ~20°N/S (Figure [3.12f). In the slushy regions, the MOC strengthens to ~40 Sv,
attributed primarily to the brine rejection at the sea ice edge. Beyond the sea ice edge,
the MOC is < 10 Sv, resembling F10 in the same regions. The OHT of both simulations
is poleward. F10 peaks at ~1 PW at 25°N, and F10-50 peaks at ~3 PW at 10°N (Figure
3.12h,b). Despite F10-50’s ocean being ~1.5°C colder on average, the increased salinity

leads to an increase in density, resulting in an overall increase in the OHT.

Overall, salinity has a strong impact on ocean properties and circulation. These
impacts are larger in the 10x CO, concentration simulations compared to the 500x CO,

simulations due to the impact salinity has on sea ice. In the slushy belt in F'10-50, strong
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downwelling due to brine rejection at the sea ice edge leads to the development of a
strong overturning cell on either side of the equator. The influence of salinity at the
high CO, concentration is reflected primarily through the increase in density in F500-50
rather than in the ocean’s circulation. As a result, the MOCs are similar between the
two simulations, and the OHT increases in F500-50 solely due to the increase in density
from the increased ocean mean salinity. These results suggest salinity can have a larger

role in ocean circulation when there is sea ice present on the planet.
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FIGURE 3.1: Global sea ice coverage (%) for (a) F10 and (b) F500 simulations. The
brown strip at the South Pole is land. The land is present throughout all simulations.
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FIGURE 3.2: Zonal mean (a,b) potential density (kg m™3), (c,d) salinity (psu), and (e,f)
potential temperature (°C) in F10 (a,c,e) and F500 (b,d,f). The zonal mean potential
temperatures are on different scales to capture the different ocean states.
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FIGURE 3.3: Meridional (a,b) oceanic heat transport (PW), and (c,d) oceanic stream-

function (Sv) in F10 (a,c) and F500 (b,d). The meridional oceanic streamfunction

shows the MOC. The meridional streamfunctions are on different scales to capture the
different ocean states, as F500 is an order of magnitude larger.
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FIGURE 3.6: Zonal mean (a,b) potential density (kg m™3), (c,d) salinity (psu), and
(e,f) potential temperature (°C) in F500 (a,c,e) and RR500 (b,d,f).
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FIGURE 3.7: Meridional (a,b) oceanic heat transport (PW), and (c¢,d) oceanic stream-
function (Sv) in F500 (a,c) and RR500 (b,d).
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FIGURE 3.8: Ocean meridional currents (cm s 1) at
and (e,f) 1,130 m in F500 (a,c,e) and RR500 (b,d,f).
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The scale for 488 m and 1,130

m is different from that of the surface currents to best capture the meridional current
structures.
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FIGURE 3.10: Zonal mean potential density (kg m 3) in F500 (a) and F500-50 (b).
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FIGURE 3.11: Zonal mean potential density (kg m 3) in F10 (a) and F10-50 (b). The
yellow contour indicates the sea ice edge in F10-50. The scale of F10-50 starts where
F10 ends at 35 kg m 3 due to the difference in ocean states.
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Chapter 4

Discussion and Conclusion

4.1 Discussion

The goal of this research has been to better understand the possible ocean circulation
and ocean states within the early Archean Eon, when the first ocean developed on Earth.
Because of this, the analysis focused mostly on ocean properties and dynamics and con-
tained limited discussion of the atmospheric component of the Archean climate system.
The parameters explored within this thesis, via sensitivity tests, were atmospheric CO,,
ocean bathymetry, and salinity. The findings from each of these are summarized and

discussed below.
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4.1.1 Atmospheric CO,

The results show that the CO, concentration has a large impact on the ocean’s mean
state. Moreover, in this thesis, the two CO, concentrations simulated have opposite or
reversals in their mean states when comparing them. In the low COy simulations, the
planet experiences complete ice coverage, with homogeneous cold ocean temperatures,
but in high CO, simulations, the planet is ice-free, and ocean temperatures are much
warmer, spanning a large range. At both COg levels, the density forms a bowl-like
structure, where the low (high) concentration has lower (higher) densities at low latitudes
and higher (lower) densities at high latitudes (Figure [3.2h,b). There are large differences

in the structure and magnitudes of both MOC and OHT as well (see Figure [3.3).

The two CO, levels tested in this thesis fall within the large estimation range CO,
of the Archean Eon from proxies, showing the importance of capturing the extreme ends
of what could have occurred to best represent the possible Archean ocean and climate,
as both CO, concentrations yielded difference ocean states. The results presented by
these two simulations agree with previous work done with aquaplanets and paleoclimate
studies. Past glaciated environments, such as a snowball Earth or the Pleistocene Epoch
(2.58 million years ago to 11,700 years ago), experienced a weaker MOC and OHT (i.e.,
Brunetti et al. 2019, |Kim et al., 2021). However, warm climates, such as an ice-free
planet or the Eocene Epoch (56 to 33.9 million years ago), experience a stronger MOC

and OHT (i.e., Brunetti et al. 2019, [Zhang et al., 2020, 2022). From the mentioned
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studies, the ocean states achieved in this thesis are plausible for the Archean on both

ends of the CO, proxy range.

4.1.2 Bathymetry

Overall, F10 and Ro10 exhibit very similar density patterns, circulations, and heat
transports, and the same is true for Ril0 and RR10. Due to these similarities, the primary

focus is on F10 and RR10 in the discussion below.

At the low CO,, all four simulations broadly resemble modern Earth’s structures for
density, with lighter density water at low latitudes, higher density water at high latitudes,
as well as the OHT, with a net poleward transport (Figure —d). However, the OHT
magnitudes are reduced due to the absence of any landmass; furthermore, the ridge cases
experience weaker OHT attributed to a large region of lower density water at low latitudes
(Figure . In all four simulations, the MOC’s magnitude is < 6 Sv, which is less than
half of what modern Earth observations show. Each is characterized by one large cell per
hemisphere, but RR10 has an additional localized maximum at depth (attributed to the
DWCB-like structure along the ridge) (Figure[3.5e-h). Despite changes in the large-scale
circulation due to the addition of bathymetry, the planet remains ice-covered due to the

low insolation.

All four bathymetric configurations tested yield different ocean states, however, the
strength of these changes depends on the bathymetric features and their size. The largest

changes are between the Flat and Ridge + Rough simulations, as discussed throughout
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this thesis. The smallest changes are between Flat and Rough, and Ridge and Ridge +

Rough. This showcases how the smaller bathymetric features in the Rough configuration
can alter the ocean, but their smaller, discontinuous bathymetric features are not sufficient
to support the large changes in the ocean state experienced in ridge cases. Indicating,
the size alone of bathymetric features can have an impact on the ocean properties and

dynamics.

At the high CO, concentration, the warming from the increased CO, concentration
is large enough to overcome the cooling from the low insolation, resulting in an ice-free
planet. In both F500 and RR500, the density’s spatial structures are similar, however,
RR500 is globally more dense than its flat counterpart, attributed to an increase in
average salinity. In RR500, the MOC’s clockwise cell broadens at low latitudes and the
counterclockwise cell weakens poleward of 25°N (Figure ,d). Additionally, the OHT
structure is similar across both simulations, but F500 peaks at ~6 PW and RR500 peaks
at ~14.5 PW (Figure ,b). Both the changes in MOC and OHT are attributed to the
development of a DWBC-like structure along the ridge. Furthermore, the OHT increase

in RR5000 is influenced by the increase in density throughout the entire ocean.

In these high CO, simulations, there is an asymmetric response in the ocean’s poten-
tial density, as mentioned in Section [3.2.2] and can be seen in Figure[3.6p,b. The Northern
Hemisphere high latitudes are overall denser than the Southern Hemisphere, giving rise
to the asymmetry across the planet. Compared to [Wu et al. (2021)), our results align

with the decrease in temperature when there is bathymetry, but they do not agree for
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salinity: our results show a large change, while Wu et al| (2021)) does not. Moreover,
their study shows that the planet experiences an equatorially symmetric change in ocean
circulation and properties, whereas we do not, despite running with a similar obliquity
(Wu et al.| (2021) used 23.3°, while we used 23.5°); there is no discussion on other orbital
parameters in Wu et al.| (2021)). The asymmetry can also be seen in the SSH (not shown),
but more analysis is required to understand these responses, as well as the differences

between previous literature and the presented work.

At both CO, concentration levels, the addition of bathymetry alters the ocean prop-
erties and circulation, but these alterations depend on the environmental configuration.
For example, the density overall lightens in the 10x cases in the presence of a ridge, but
the 500x case increases in density. Additionally, the OHT in the 10x cases decreases by
half in the presence of a ridge, but the 500x case doubles. More analysis is required to
understand why these responses are opposites. Nevertheless, these results illustrate how
the ocean’s response to the addition of bathymetry does not cause the same shift within
the two COq regimes simulated. They also suggest that bathymetry does not have a
strong impact on the overall pattern of meridional ocean heat transport, both generally
and as compared to other parameters such as atmospheric CO, concentration or ocean

salinity.

4.1.3 Salinity

In the low CO4 simulations, F'10-50 develops a slushy belt in the equatorial region due

to warmer water in the tropics and stabilizes via strong ocean overturning from wind and
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brine rejection, while F10 experiences global sea ice coverage (Figure ,b). The sea ice

coverage has large impacts on the MOC, OHT, and density structure. In the slushy belt
region in F10-50, the MOC and OHT are very strong compared to the fully ice-covered
ocean in F10 (8.12h,b,e,f). Poleward of 20°N/S (where the sea ice edge sits in F10-50), the
MOC and OHT look similar, due to both planets being ice-covered. The changes in MOC
and OHT are attributed to the brine rejection at the sea ice edge, which results in dense
water formation. The density structure and ranges are starkly different between F10 and
F10-50, and there is hemispheric asymmetry in F10-50. One plausible explanation is the
influence of obliquity. In the presented work, an obliquity of 23.5° is used. However, in
a short simulation with an obliquity of 0°, which has yet to achieve steady-state and is
not shown, it has a hemispherically symmetrical MOC. These results require an in-depth
analysis to understand the physical differences between the simulations and the response

to obliquity, as well as how ROCKE-3D parameterizes the planetary parameters.

In the high CO, simulations, there are no differences in sea ice because the planet is
ice-free. The density structures in both salinity cases are similar, but F500-50 is globally
denser by ~3 kg m™ due to the increase in salinity (Figure . The structure and
magnitude of the MOC are the same across both simulations (Figure [3.12g,h). The OHT
of F500 peaks at ~6 PW at 25°N, while F500-50 peaks at ~7.5 PW at 25°N (Figure
3.12c,d). The increase in OHT magnitude is attributed to the overall increase in density

within F500-50.

Overall, the results of the salinity simulations suggest that the relative importance of
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salinity in setting ocean circulation patterns may change in cold, ice-present versus warm,
ice-free climates. Changing the salinity in the low CO, concentration simulations leads
to large differences in the ocean properties and circulation, while changes in salinity in
the high CO, concentration simulations lead to little change in the ocean properties and
circulation beyond an overall increase in density. This suggests salinity has a larger role
in controlling the ocean dynamics in the low COy cases because it influences the sea ice
coverage, and it also suggests that salinity could potentially counteract the influence of
the CO4 concentration on a planet, at least in terms of ice coverage, in agreement with
the findings of |Olson et al.| (2022). Moreover, both CO, cases highlight the importance
of sea ice cover (including its absence) on ocean dynamics, a result that is supported by
previous findings (i.e., Brunetti et al., 2019, Enderton and Marshall, 2009, Ferreira et al.,

2011, Muilwijk et al. 2024, Rippeth and Fine, |2022).

4.2 Caveats and Limitations

As expected, errors and other uncertainties come along with this work. Most of the
uncertainties originate from how ROCKE-3D is designed. The resolution of ROCKE-
3D is 4° latitude x 5° longitude (Way et al., 2017). This coarse resolution is a positive
because it allows for parameter space explorations at a low computational expense, but it
strongly limits what the model can resolve, including dynamical processes, bathymetric
features, and/or the interaction between the two. Most meso- and micro-scale features
are not captured at all by the model beyond basic parameterizations such as those for

eddies. Many studies have shown that model resolution has a large impact on ocean
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circulation and heat transport on modern Earth (i.e., (Covey, (1995, |Grist et al., 2018],

Roberts et al) 2020). With Earth’s faster rotation rate in the Archean, the role of
eddies in ocean heat transport and circulation could be more important, but their total
impact is likely not captured by this model, nor are small-scale interactions with complex
topography. The sea ice component of the model is also problematic, often leading to the
sea ice becoming unrealistically thick, potentially inhibiting air-sea exchange that might
otherwise be present, or at least more impactful than the results suggest. It also required
us to run the model at very high CO, levels (500x PL) to completely remove the sea ice.
Lastly, as seen in F10, F500, and RR500, there is a large loss of water from the ocean
that is not being accounted for in the other components of the model. Where the water
goes and how the model parameterizes this water loss needs to be further investigated.
Despite these model issues, ROCKE-3D is still a useful tool for understanding the “big
picture” aspects of a planet’s climate. However, it may be less appropriate for more

detailed oceanographic studies that push the limits of the model, as have been done here.

The limited data available to understand the Archean Earth also needs to be consid-
ered. Due to how long ago the Archean was, very little geologic evidence of this period
exists; most of the rock from this time has been reintroduced or recycled back into the
complex systems occurring on Earth. With such limited geological records, we chose
parameters that could bracket their possible ranges, hence the sensitivity testing. The
sensitivity tests are included in this project to help see the full spectrum of what the

ocean, climate, and Earth could have looked like billions of years ago, but testing all of
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the possibilities isn’t feasible with this model, and even less so with one of higher resolu-

tion. For example, here was potentially an organic haze present throughout the Archean
Eon due to the large abundance of methane within the atmosphere (Arney et al., 2016]).
The results could be different than what is shown if there was a haze present, as the haze
would act to cool the planet. The chemistry required for this is currently too complex for
the framework of ROCKE-3D, although there is work being done to add haze and other

aerosols to the model.

4.3 Conclusion

While there are several caveats and limitations within this study, we were able to
investigate the influence of atmospheric CO,, bathymetry, and salinity on early Archean
ocean circulation in a suite of coupled GCM simulations. This work showed how increasing
atmospheric CO, can alter the ocean via increased ocean temperatures and changes in
density and circulation, how bathymetry alters the ocean via changes in circulation and
ocean heat transport, and how salinity alters the ocean via changes in sea ice coverage,

ocean circulation, and density.

The results from this thesis can be used to help further our understanding of the
earliest ocean on Earth. We may also be able to use this information to start trying to
understand where life developed on Earth by connecting the physical circulation to the
prebiotic chemistry in the ocean at that time. Moreover, these lessons can be applied

more broadly to the planetary science community. Exploring the ocean properties on an
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aquaplanet configured in an environment far removed from modern Earth is often the

starting point for exoplanet studies, and at present, early Earth is the only testbed we

have for understanding the origin of life.
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Chapter 5

Future Work

On modern Earth, nutrient and chemical cycling are partially driven by ocean cir-
culation. Upwelling regions supply nutrient-rich water to the surface while downwelling
regions pump nutrient-depleted water to depth. The nutrients needed for life to develop
can be assumed to have responded similarly to ocean physics. This means that changing
the ocean circulation could change the connectivity between the surface and deep ocean,
and thus nutrient cycling, through altering the locations of upwelling and downwelling.
The work presented in this thesis shows that different atmospheric and oceanic condi-
tions, including the presence of bathymetry, lead to changes in the overall differences in
the ocean states via analysis of sea ice coverage, density structures, MOC, and OHT of

the Archean Eon’s ocean.
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Our next steps are to further investigate the ocean circulation found in the presented

work by looking at the role of the horizontal circulation and the role of wind-driven and
buoyancy-driven circulations. The roles and partitioning of these circulations’ influence
on the ocean state on an aquaplanet may be altered from our knowledge of modern
Earth’s oceans. For example, the centers of wind-driven gyres on modern Earth experience
downwelling, leading to a biologically dead region, or a region lacking an abundance of
nutrients to support life. On the simulated Archean planet, in the high CO, cases, the
surface currents are being forced by the wind, resulting in upwelling and downwelling
occurring at the surface. However, in the low CO, cases, the wind-driven circulation is
dampened due to sea ice, therefore, some other circulation, or ocean energetics, influences
the vertical motion in the water column to move the nutrients. To understand where life
development is plausible on the planet and in the water column, we need to determine

the roles of the various influences on the overall ocean circulation.

We can also investigate the atmospheric component of the system, more specifically,
the atmospheric heat transport and total heat transport. Doing so will allow us to perform
a more in-depth analysis of the overall climate of the planet and help us understand the
role of the atmosphere in driving the ocean under different conditions. Previous modern-
day forced aquaplanet work shows how the partitioning of meridional heat transport is
similar to modern Earth (e.g., Enderton and Marshall, 2009, Smith et al., 2006, [Wu
et al., 2021), but little has been done to determine if this occurs on an Archean Eon
forced aquaplanet. On modern Earth, the partitioning of oceanic and atmospheric heat

transports allows for our planet to be habitable. If this partition is different, we have to
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rethink the habitability of the planet, such as whether a region is more favorable to life

than another on the globe.

Finally, as discussed in the caveats, ROCKE-3D is a good tool to use when answering
exploratory questions about a planet’s climate. However, for a more in-depth analysis,
using a more complex coupled GCM is necessary. One example of a more complex model
that can be used is the MITgcm, which has a horizontal resolution of 2.8° (Marshall
et al., 1997ab) but can be run at finer resolutions. Using the MITgem can help to
validate results from the ROCKE-3D simulation, but also the higher resolution can help
to resolve more features within the ocean, impacting the ocean circulation and OHT.
Moreover, if we wanted to simulate a more realistic Archean ocean, the MITgcm allows
geothermal heating to be added to the simulations. Archean Earth had both deep ocean
and shallow-sea hydrothermal vent systems (de Wit and Furnes, 2016)). The origin of life
is believed to have evolved in the extreme environments surrounding the hydrothermal
systems (Lepot,, 2020). This is attributed to the chemistry of the planet being controlled
by the hydrothermal fluids and volcanic emissions of early Earth (Lepot,|2020)). Therefore,
the inclusion of the geothermal heating makes the Archean system more complex, but it

also makes it more realistic to what is theorized to have existed.
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