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Abstract The influence of atmospheric composition on the climates of present-day and early Earth has
been studied extensively, but the role of ocean composition has received less attention. We use the ROCKE-3D
ocean-atmosphere general circulation model to investigate the response of Earth's present-day and Archean
climate system to low versus high ocean salinity. We find that saltier oceans yield warmer climates in large part
due to changes in ocean dynamics. Increasing ocean salinity from 20 to 50 g/kg results in a 71% reduction in
sea ice cover in our present-day Earth scenario. This same salinity change also halves the pCO, threshold at
which Snowball glaciation occurs in our Archean scenarios. In combination with higher levels of greenhouse
gases such as CO, and CH,, a saltier ocean may allow for a warm Archean Earth with only seasonal ice at the
poles despite receiving ~20% less energy from the Sun.

Plain Language Summary The composition of the atmosphere, especially the abundance of
greenhouse gases, famously influences Earth's climate system. We use a climate model to show that the
composition of the ocean can also have a major impact on surface temperature and ice cover. We focus
specifically on the amount of salt dissolved in seawater, and we find that saltier oceans tend to result in warmer
climates. These effects are modest today, but salt may be a key ingredient for early Earth habitability in the
distant past when the Sun was less bright.

1. Introduction

The evolution of Earth's climate system is intimately linked to the chemical evolution of Earth's ocean. For
example, the scarcity of dissolved electron acceptors such as oxygen and sulfate prior to Earth's Great Oxidation
Event may have allowed large fluxes of biogenic methane from the ocean to the atmosphere (Catling et al., 2001;
Pavlov et al., 2003). This methane may have been important for climate stability in light of the Faint Young Sun
(Feulner, 2012), and the subsequent loss of this methane flux with the progressive oxidation of Earth's surface
environments may have triggered snowball glaciation in the Paleo- and Neoproterozoic (Kasting, 2005). Higher
silica concentrations prior to the evolution of diatoms may also affect climate by promoting clay formation via
reverse weathering, a process that is a net source of CO, (Isson & Planavsky, 2018). Moreover, gas solubility
decreases as the concentration of dissolved ions increases, with implications for the partitioning of greenhouse
gases between the ocean and the atmosphere if the salinity of the ocean has changed through time.

The climate impacts of ocean composition are not simply limited to its interactions with greenhouse gases. The
density of seawater increases with increasing salinity, and the salt content of seawater simultaneously alters the
relationship between temperature and density. Salt also depresses the freezing point of seawater and may inhibit
sea ice formation in salty oceans (Fofonoff & Millard, 1983). Freshwater at the surface is most dense at 4°C,
well above its freezing point of 0°C. The temperature of maximum density decreases with increasing salinity
such that water with salinity exceeding 24 g/kg monotonically increases in density as it approaches its freezing
point. Present-day seawater with a salinity of 35 g/kg freezes (and is most dense) at —1.9°C, and saltier oceans
freeze at progressively lower temperatures. In combination, these three density effects may profoundly affect the
density structure of the ocean, its circulation, and ocean heat transport to high latitudes with consequences for sea
ice formation (Cael & Ferrari, 2017; Cullum et al., 2016). Even small differences in sea ice formation may yield
significant climate differences through interaction with the positive ice-albedo feedback.

Sodium (Na*) and chlorine (CI~) are the primary ions contributing to ocean salinity today. The residence times
of Na* and Cl~ ions in the ocean are 80 and 98 Myr, respectively (Emerson & Hedges, 2008), much shorter
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than the age of the Earth. There is thus every reason to expect that salinity has changed over Earth history. Such
changes are possible in response to any phenomenon that changes either the amount of water in the ocean or
ion fluxes into and out of the ocean. For example, water loss to space or subduction of hydrated minerals may
change the amount of water in the ocean (Korenaga et al., 2017; Pope et al., 2012). Meanwhile, the amount of
salt may change due to changes to hydrothermal or weathering inputs of ions to the ocean as Earth cooled and the
continents grew. The amount of salt in the ocean may also change due to variable removal of salt from the ocean
through evaporite precipitation (Hay et al., 2006), perhaps due to dramatically differing continental configuration
or climate conditions. Such changes may affect not just the total amount of dissolved ions in seawater, but also the
relative abundances of specific ions. For example, Fe** emanating from hydrothermal systems would have been
relatively abundant in an anoxic Archean ocean whereas SO4>~ would have been relatively scarce as the conse-
quence of limited continental exposure and oxidative weathering (Albarede et al., 2020). The salinity evolution
of Earth's ocean is not yet well constrained, but constant salinity through time would be a notable coincidence or
imply some currently unknown feedback. Climate models that implicitly assume present-day salinity may thus
yield misleading views of Earth's climate history. We address this gap here.

We begin by exploring the response of present-day Earth climate to low versus high ocean salinity. We then probe
the relative contribution of ocean dynamics and freezing point depression to warming by conducting sensitiv-
ity experiments in which each effect has been disabled. We conclude by investigating the potential importance
of ocean salinity on early Earth. We focus in particular on the Archean eon when Earth received ~20% less
energy from the Sun (Gough, 1981), but there is nonetheless clear evidence for liquid water, a productive marine
biosphere, and biological impacts on oceanic and atmospheric chemistry (Lyons et al., 2014).

2. Model Description

We use ROCKE-3D (Way et al., 2017), a fully coupled ocean-atmosphere GCM that includes a thermodynam-
ic-dynamic sea ice model, to simulate the climates of Earth-like planets with oceans of differing salinity. Our
simulations have a latitude-longitude resolution of 4 X 5°, and the atmosphere includes 40 vertical layers that
extend up to 0.1 mbar while the ocean includes 10 depth layers. Our present-day simulations use Earth's current
continental configuration, but we simulate the Archean Earth as an aquaplanet lacking exposed land given the
prevailing view that there was limited land area and considerable uncertainty regarding its distribution. By some
estimates, exposed land comprised only 7% of Earth's surface in the Archean, for which an aquaplanet is a reason-
able approximation (Albarede et al., 2020). Both continent scenarios assume a relatively shallow, flat-bottomed
ocean that is uniformly 1,360 m deep, which limits computational expense and dramatically improves runtimes.
This simplification nonetheless reproduces key aspects of present-day Earth's ocean circulation, including the
northward flow of warm surface waters, sinking of dense waters at high latitudes, and southward flow of cold
water at depth in the Atlantic (Figure S1 in Supporting Information S1).

For each continent configuration, we simulate the steady-state climate for three global-mean ocean salinities: 20,
35 (modern), and 50 g/kg. ROCKE-3D calculates the effects of salinity on (a) seawater density, ocean circulation
patterns, and associated heat transport; and (b) freezing point depression (Fofonoff & Millard, 1983). ROCKE-3D
is initialized with globally homogenous salt distributions, but ROCKE-3D conserves mass and concentrates salt
in response to sea ice formation as well as evaporation and precipitation, resulting in spatial and temporal varia-
tions in salinity in our simulations that include a dynamic ocean.

We use three complementary model configurations to probe the relative significance of dynamic effects versus
freezing point depression for climate:

1. a fully coupled ocean-atmosphere version that includes ocean dynamics and freezing point depression as in
previous exoplanet studies by Del Genio et al. (2019) and Olson et al. (2020) (herein, “Full Physics”);

2. amodified version of the coupled model in which ocean dynamics respond to salinity, but the freezing point
of seawater does not respond to salinity (“Fixed Freezing Point”); and

3. a slab ocean lacking ocean dynamics and heat transport but including freezing point depression (“No
Dynamics”).

In each of our Archean simulations, we decrease solar luminosity to 1,106.81 W/m? (Gough, 1981), decrease day
length to 17.25 hr (Williams, 2000), increase pCH, to 500 pbar based on recent model and proxy suggestions
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Table 1

Summary of Our Archean Model Configuration

Parameter Value References

Insolation 1,106.81 Wm~2 Gough (1981)

Day length 17.25 hr Williams (2000)

Total atmospheric pressure 0.5 bar Som et al. (2016)

pCH, 500 pbar Izon et al. (2017) and Reinhard et al. (2020)

Continental distribution Aquaplanet Albarede et al. (2020)

Ocean depth 1,360 m

pCO, 10-100 xPIL Driese et al. (2011) and Hessler et al. (2004)

Ocean salinity 20-50 g/kg Albarede et al. (2020)

Full Physics

Note. Planetary parameters not specified here are fixed at their present-day values.

(Izon et al., 2017; Reinhard et al., 2020), and decrease total surface pressure to 0.5 bar (Som et al., 2016). We then
examine climate sensitivity to varying pCO, from 10 to 100 xPIL (Driese et al., 2011; Hessler et al., 2004) and
ocean salinities of 20, 35 (modern), and 50 g/kg. We use the Full Physics configuration for all Archean simula-
tions. These experiments are summarized in Table 1.

We explore salinities of +15 g/kg relative to present-day seawater because this range is broadly inclusive of
existing model and proxy estimates of ancient ocean salinity on Earth (e.g., Albarede et al., 2020; Catling &
Zahnle, 2020), but we note that Archean salinity remains poorly constrained. Our goal is thus not to offer a defin-
itive view of a single moment in Earth's history; instead, our goal is simply to explore the response of the climate
system to changing ocean salinity and to assess the potential significance of these effects in the context of reduced
solar luminosity on early Earth.

We initialize all of our present-day and Archean Earth experiments from a warm, ice-free state. We then diagnose
steady state by the achievement of global energy balance <0.2 Wm™2 and the convergence of ice coverage and
surface temperature. The runtime required to achieve steady state varied between model scenarios, from a few
hundred years for snowballs to 1,000+ years for warmer climates, but all of the data shown here has been aver-
aged over the last decade of each simulation independent of its total duration.

3. Results and Discussion
3.1. Present-Day Earth

Increasing ocean salinity results in warming, particularly at high latitudes (Figure 1), and reduced sea ice in
all three of our model configurations (Figure 2). Decreasing ocean salinity has the opposite effect, decreasing
surface temperature on global average and increasing the extent of sea ice.

The influence of salinity on climate is greatest in our Full Physics configuration that includes both density-related
dynamic effects and freezing point depression (Figure 2, top row). In our Full Physics simulations, increasing

Fixed Freezing Point No dynamics
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Figure 1. Steady state surface temperature differences for 50 g/kg versus 20 g/kg salinity scenarios with each model configuration. Reds indicate higher temperatures
with higher salinity while blues indicate lower temperatures with higher salinity. All high salinity scenarios are warmer on global average than the low salinity scenarios

despite local cooling.
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Figure 2. Sea ice coverage for various model configurations and ocean salinities. Rows show the standard model with a fully coupled ocean-atmosphere, sea ice
dynamics, and freezing point depression (“Full Physics”; top); a modified model configuration with ocean and sea ice dynamics but fixed freezing point for all salinities
(“Fixed Freezing Point”; middle); and a slab ocean configuration lacking ocean and ice dynamics but including freezing point depression (“No dynamics’; bottom).
Salinity differs between the columns, increasing from 20 (left) to 50 g/kg (right). Increasing salinity yields lower ice cover in all scenarios, but the effects are most
pronounced in model scenarios that include both dynamical and thermodynamic effects.

salinity from 20 to 50 g/kg yields warming of up to 11.9°C in the annual average at northern high latitudes (0.9°C
on global average) and a 71% decrease in global sea ice extent.

Our Fixed Freezing Point simulations are similar to the Full Physics simulations (Figure 2, middle row). With
Fixed Freezing Point, increasing salinity from 20 to 50 g/kg results in warming of up to 11.3°C in the annual aver-
age at northern high latitudes (0.8°C warming on global average) and a 71% decrease in global sea ice coverage.
This similarity to our Full Physics simulations suggests that the climate response to changing ocean salinity is
primarily due to changing ocean dynamics rather than freezing point depression, which is not included in these
experiments.

Our No Dynamics simulation with present-day salinity has much greater baseline ice cover than even the low
salinity scenarios with our other model configurations (Figure 2, bottom row). This difference arises because the
lack of ocean heat transport to high latitudes in these simulations results in colder poles for all salinities. Although
increasing (decreasing) ocean salinity does result in warming (cooling) in our No Dynamics configuration, the
fractional decrease in sea ice (35%) is small compared to the Full Physics and Fixed Freezing Point simulations
(both 71%). This relationship again suggests that dynamic effects rather than freezing point depression dominate
the response of Earth's climate to changing salinity. Moreover, the spatial patterns of warming in our No Dynam-
ics scenarios differ from our Full Physics simulations (Figure 1).

Warming and ice retreat with increasing salinity are most pronounced at the northern high latitudes in our Full
Physics and Fixed Freezing Point simulations. Conversely, the effects of salinity are greatest in the southern
hemisphere in our No Dynamics simulations (Figures 1 and 2). These results suggest that dynamics have a greater
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Figure 3. Sea ice concentration for variable salinity and atmospheric CO,. The columns correspond to salinities of 20 (left), 35 (middle), and 50 g/kg (right); the
rows correspond to CO, levels of 100 (top), 60 (middle), and 20 xPIL (bottom). Dark blue corresponds to open water (0% ice cover) while white corresponds to 100%
ice cover. Our parameter space yields climate states ranging from snowball glaciation to nearly ice-free conditions. Severely glaciated Water Belt climates that are
characterized by a band of equatorial open water are particularly common.

impact on northern hemisphere ice cover. Indeed, the strength of the Atlantic Meridional Overturning Circula-
tion increases with salinity in our experiments (Figure S2 in Supporting Information S1), increasing ocean heat
transport to northern high latitudes but not to southern high latitudes (Figure S3 in Supporting Information S1).
Freezing point depression may instead contribute more to sea ice reductions in the southern hemisphere, but our
Fixed Freezing Point experiments demonstrate that some reduction in sea ice occurs in both hemispheres even
without freezing point depression, suggesting that additional dynamical effects are important as well.

3.2. Archean Earth

Our CO,-salinity parameter space yields several stable Archean climate scenarios including global snowball
glaciation, partial glaciation at mid-to-high latitudes similar to present-day Earth, and a nearly ice-free climate
that is warmer than present-day Earth (Figure 3). Additionally, many of our simulations achieve a “Water Belt”
state that is characterized by low-latitude stabilization of ice and the persistence of a narrow band of equatorial
open water (Abbot et al., 2011; Rose, 2015). This Water Belt state is stable against the ice albedo feedback at least
in part due to strong overturning circulation extending to the low-latitude ice margin (Figure S4 in Supporting
Information S1; Rose, 2015).

The achievement of each Archean climate state is sensitive to both pCO, and salinity. Increasing either CO, and/
or salinity imparts warming and reduces ice cover. The warmest model scenarios are the highest CO, and highest
salinity scenarios whereas the coldest and iciest simulated climates have the lowest CO, levels and lowest salin-
ities. Moreover, the CO, threshold at which the climate system abruptly transitions between these states is itself
sensitive to salinity (Figure 4). This sensitivity allows modest changes in salinity to manifest as distinct climate
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Figure 4. Archean sea ice cover versus pCO,. The colored lines in each panel correspond to salinities of 20 (blue), 35 (green), and 50 g/kg (yellow). Four distinct
climate states that are separated by abrupt transitions emerge for the CO, range considered. The CO, threshold for the transition between these states is sensitive to
ocean salinity, allowing small changes in salinity to profoundly change climate. For example, at 100 xPIL CO,, global average surface temperature differs by 45°C
between the 20 and 50 g/kg salinity scenarios. All simulations were initiated from an ice-free state.

states at fixed pCO, (Figures 3 and 4), and it is likely the consequence of feedbacks between ocean circulation,
ice, and surface temperature, which amplify the direct effect of salinity changes.

Increasing ocean salinity decreases the CO, level at which Archean Earth enters the Water Belt and Snow-
ball states, allowing open water to persist at much lower pCO, levels and modestly lower global temperatures
compared to less salty oceans. An ocean salinity of 50 g/kg allows open water to persist at the equator down
to relatively low pCO, (10-15 xPIL) in our model whereas our modern and low salinity scenarios transition
to snowball states at 20-25 and 35-40 xPIL, respectively (Figure 4). Moreover, the combination of 100 xPIL
atmospheric pCO, and 50 g/kg ocean salinity yields an Archean climate that is nearly ice free and warmer than
present-day Earth. Although high salinity does not eliminate the importance of elevated levels of greenhouse
gases relative to present-day levels in our experiments, we note that warmer-than-present-day climates are possi-
ble with high salinity despite our somewhat pessimistic assumption of pCO,, pCH,, and surface pressures, all on
the lower-end of existing estimates for the Archean (e.g., Catling & Zahnle, 2020; Olson et al., 2018).

Higher surface pressure more similar to present-day Earth would enhance equator-to-pole heat transport in the
atmosphere (Kaspi & Showman, 2015; Komacek & Abbot, 2019). For scenarios with a high-latitude ice line, this
phenomenon is likely to warm the poles and limit ice advance to lower latitudes relative to our scenarios with
low surface pressure. However, more efficient atmospheric heat transport away from the equator may destabilize
Water Belt climates and promote snowball glaciation with the collapse of the ice line to the equator. Faster rota-
tion also reduces the efficiency of equator-to-pole heat transport and may further contribute to the persistence of
low-latitude open water in many of our experiments (e.g., Spalding & Fischer, 2019).

3.3. Implications for Early Earth Habitability

Ocean salinity is known to be an important consideration for exoplanet habitability, particularly in the outer
Habitable Zone (Cullum et al., 2016; Del Genio et al., 2019; Olson et al., 2020)—not unlike the stellar context of
the early Earth around the Faint Young Sun. Our results introduce the tantalizing possibility that a saltier ocean
may partially compensate for lower solar luminosity on early Earth. In this case, salt may be an essential ingre-
dient for early Earth habitability. In combination with other warming mechanisms, salt may even contribute to
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a climate state that was warmer than today. Conversely, our results suggest that a less salty Archean ocean may
exacerbate the Faint Young Sun Paradox. Constraining the salinity history of Earth's ocean is thus an important
albeit challenging goal.

Holland (1984) estimated that returning known evaporite deposits to the ocean would result in an Archean ocean
salinity of ~50 g/kg, similar to the high salinity scenario in our experiments. Knauth (2005) went a step further
and suggested that if one stirred back basinal brines as well, Archean ocean salinity may have been as high as
70 g/kg. These early estimates are limited by the assumption that (a) essentially all of Earth's present-day surface
Cl inventory was present at Earth's surface since magma ocean crystallization as the consequence of Cl's vola-
tility and incompatibility with silicates (Kuwahara et al., 2019), and (b) the volume of the ocean has not signifi-
cantly changed since its formation. Nonetheless, the likelihood of higher atmospheric pCO, and lower ocean pH
(higher [H*]) during the Archean implies a greater abundance of dissolved anions such as C1~ via charge balance
(Albarede et al., 2020). Indeed, the evaporite record may suggest a secular decline in ocean salinity from ~50 g/
kg in the latest Precambrian through the Phanerozoic (Hay et al., 2006), coincident with a long-term decline of
atmospheric CO, and increase in ocean pH (Halevy & Bachan, 2017; Krissansen-Totton et al., 2018).

3.4. Caveats and Opportunities for Future Work

Salt affects seawater density and ocean dynamics via direct mass effects and through its influence on charge
density and ionic interactions with polar water molecules. Salinity is simply input to ROCKE-3D as mass of
solute per kg of seawater, with no explicit assumptions about the abundances of specific ions. We thus fully
account for the added mass of dissolved ions, but the representation of additional effects (e.g., the dependence of
the thermal expansion coefficient on salinity) implicitly assumes a seawater charge balance dominated by mono-
valent ions as it is today (Albarede et al., 2020), rather than divalent ions such as Mg?* and S04

The magnitude of freezing point depression depends on the chemical identity of the solvent (water), the molality
of the solution (mols of solute per kg solvent), and the number of mols of ions resulting from the dissolution of
one mol of solute (e.g., 2 mols ions for 1 mol dissolved NaCl)—but it does not depend on the specific chemical
identity of the solute. Extending ROCKE-3D's freezing point calculation to the Archean thus also assumes that
Archean seawater had a similar blend of monovalent and divalent ions to the present-day ocean, but this freezing
point calculation is insensitive to the likelihood that the Archean ocean had relatively less Mg?* (24 g/mol) due to
limited continental weathering and relatively more Fe?* (56 g/mol) due to the scarcity of O,. Although swapping
an equivalent molar quantity of Mg?* for relatively heavy Fe?* would not affect the freezing point of seawater,
our simulations demonstrate that this change could still affect ocean dynamics through its influence on seawater
density.

Ocean salinity has a few additional effects on climate via atmospheric energy balance that are not quantified
here. For example, increasing salinity decreases gas solubility and, all else equal, higher salinity should tend to
increase greenhouse gas levels in the atmosphere and surface temperatures. We fix atmospheric composition in
each of our simulations and thus our experiments do not account for how a ~10% reduction in gas solubility with
increasing salinity between our low and high salinity scenarios would further bolster warming from the oceano-
graphic phenomena we explored. At the same time, increasing salinity reduces the activity of water, decreasing
evaporation. This effect results in an observable decrease in evaporation rates over the extremely salty Dead Sea
(S = 235 g/kg), but for the relatively small range of salinities we explored such effects are expected to be small
compared to the changes in evaporation that arise from the differences in surface temperature among our experi-
ments (Mor et al., 2018; Stanhill, 1994).

Finally, breaking waves and bubbles inject sea salt into the atmosphere. Sea salt aerosol is primarily modulated
by wind speed on present-day Earth (Prijith et al., 2014). Sea salt aerosol scatters incident shortwave radiation
and serves as a cloud condensation nuclei (CCN). These effects are poorly understood on present day Earth and
entirely unconstrained on Archean Earth (e.g., Ma et al., 2008; Pierce & Adams, 2006). A saltier ocean may result
in more sea salt aerosol under equivalent wind and wave conditions, but the likelihood of limited continental shelf
area and lower surface pressure (and thus wind stress) on Archean Earth may ultimately decrease the amount of
sea salt entering the atmosphere via breaking waves. If CCN abundance increases with salinity, saltier oceans
might cause cooling due to greater fractional cloud cover and/or more reflective clouds with smaller droplets
(Twomey, 1974)—but enhanced cloudiness in this scenario may also weaken the ice-albedo feedback and extend
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the stability of the Water Belt state to lower insolation and/or CO, levels (Braun et al., 2020). It is thus unclear
whether accounting for changes to sea salt aerosol in our model would have a large effect on climate and whether
these effects would amplify or offset warming with increasing salinity in our model scenarios. The relationships
between ocean salinity, atmospheric water vapor, cloud nucleation, precipitation patterns, and surface tempera-
ture on short and long timescales remain an exciting opportunity for future work.

4. Conclusions

The salient result of our study is that ocean salinity plays an important role in Earth's climate system. Saltier
oceans yield warmer, more equable climates with less sea ice in both our present-day and Archean simulations.
Warming with increasing salinity in our simulations is primarily due to changes in ocean dynamics, with a more
minor contribution from freezing point depression. The impacts of ocean salinity on climate are also strongly
nonlinear. While small differences in salinity (+15 g/kg relative to present day) may yield only modest changes in
surface temperature and ice cover in some circumstances, we show that such salinity differences can sometimes
result in the transition between distinct climate states. In our Archean scenario with 100x pCO,, present-day
ocean salinity resulted in a severely glaciated Water Belt climate with only a narrow strip of open water at the
equator—but increasing salinity to 50 g/kg resulted in a warm climate with surface temperatures exceeding 20°C
on global average and only seasonal ice at the poles. These strongly nonlinear effects are difficult to represent
in less computationally expensive models lacking ocean dynamics. Key uncertainties for future studies include
resolving the details of Earth's salinity evolution and how ocean salinity affects cloud radiative forcing. With
these caveats, we suggest that an Archean ocean that was saltier than today could play a key role in compensating
for the Faint Young Sun, perhaps even allowing an Archean climate that was warmer than today.

Data Availability Statement

ROCKE-3D is available at https://simplex.giss.nasa.gov/gcm/ROCKE-3D/ and described in detail by Way
et al. (2017). Data presented herein and essential model input/configuration files are available at: https://doi.
org/10.5281/zenodo.5637502.
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