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Modeling studies of terrestrial extrasolar planetary climates are
now including the effects of ocean circulation due to a recognition
of the importance of oceans for climate; indeed, the peak equator-
pole ocean heat transport on Earth peaks at almost half that of the
atmosphere. However, such studies have made the assumption
that fundamental oceanic properties, such as salinity, tempera-
ture, and depth, are similar to Earth. This assumption results in
Earth-like circulations: a meridional overturning with warm water
moving poleward at the surface, being cooled, sinking at high
latitudes, and traveling equatorward at depth. Here it is shown
that an exoplanetary ocean with a different salinity can circulate in
the opposite direction: an equatorward flow of polar water at the
surface, sinking in the tropics, and filling the deep ocean with
warm water. This alternative flow regime results in a dramatic
warming in the polar regions, demonstrated here using both a
conceptual model and an ocean general circulation model. These
results highlight the importance of ocean salinity for exoplanetary
climate and consequent habitability and the need for its consider-
ation in future studies.

exoplanet | habitability | planetary climate | ocean circulation

With the ongoing discovery of exoplanets, it is natural to
question their habitability. The most widely accepted defi-
nition of a habitable planet is one that can sustain liquid water on its
surface (1), which usually implies a range of orbital radii in which a
planet receives a level of stellar radiation that enables surface liquid
water to be sustained (2, 3). Habitability and climate also depend on
heat being transported effectively around the planet, which is
achieved through the circulation of the atmosphere and ocean.
There are many studies describing simulations of exoplanetary at-
mospheric circulations and climate (4), but most incorporate either
no ocean (5-7) or a heavily simplified slab ocean (8-12). Only re-
cently have studies considered a dynamical ocean (13-16), and even
in these studies, the ocean is consistently assumed to have similar
properties to the oceans on Earth. Such an assumption may prove
to be an oversimplification. More recently changes in ocean prop-
erties have begun to be investigated, for example, ocean depth (17),
and here, salinity, which has significant influence on density.

There is evidence on Earth that the mean ocean salinity has de-
creased from up to double the present day level since the Archean
(18, 19). In addition, modeling of water delivery during planetary
formation concludes that there could be an extensive range of pos-
sible ocean masses (20, 21). Planets in the habitable zone may have
oceans with a small fraction to hundreds of times the volume of the
oceans on Earth, which will have important implications for the
geological evolution of the planet and the salinity of any oceans.
Ocean salinity can also be influenced by planetary properties, for
example, the immense pressures at the floor of a very deep ocean
could maintain a layer of ice at the bottom of the ocean. This sce-
nario would limit any geological processes that increase salinity and
hence maintain an ocean with a low salinity (3).

Here the impact of mean ocean salinity is investigated with a
well-known conceptual two-box model for ocean circulation, as
well as a more complex 3D ocean general circulation model
(OGCM), allowing comparison with the conceptual model.
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Three specific salinity ranges, which span the range found on
Earth, will be considered in this study: low, mid-, and high, which
have typical salinity values of 0 (freshwater), 35 (Earth ocean),
and 260 g-kg™ (Dead Sea), respectively. The equation of state is
an empirical relationship linking temperature, salinity, pressure,
and density, which means a separate experimental study is
needed to obtain it for each of the salinity ranges. Each equation
is only valid within the ranges of temperature, salinity, and
pressure for which the water mass is examined in the study in
which it is devised. The resulting discontinuity prevents any
continuous investigation across a large range of salinity values.
In each case, an appropriate approximation is made to the full
equation of state to obtain an exact solution for the box model
(Materials and Methods). The approximated equations of state
are also used in the OGCM to allow for the closest comparison
with the conceptual model.

For the low salinity scenario, the equation of state is a non-
monotonic function of temperature, approximated by a qua-
dratic relation between temperature and density. This behavior is
apparent for salinity up to 27.4 gkg™!, although the temperature
range over which the nonmonotonic behavior occurs narrows as
salinity is increased toward this limit (22). For the mid- and high
salinity scenarios, the density increases monotonically with de-
creasing temperature and increasing salinity in such a way that a
linear approximation of the equation of state is appropriate. To
determine an analytic solution to the box model in the low sa-
linity range, the freshwater case is considered, and in the mid-
and high ranges, analytic solutions are obtained by reducing the
problem to depend on the gradients in temperature and salinity
forcing. It is important to note that the salinity gradient is ap-
proximately proportional to the mean salinity (Materials and
Methods). This relationship means that the same value of
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freshwater input into a water mass of a higher salinity will result
in a larger absolute change in salinity. For both models, the
impact of freshwater exchange is represented by a salt flux.

Results

The solutions to the Stommel box model (23) determine whether
a particular climate configuration results in a circulation that has
poleward traveling surface water (positive circulation) or equa-
torward traveling surface water (negative circulation) (Materials
and Methods). Fig. 14 shows how the circulation varies in the
freshwater scenario as the temperature forcing of each box
varies. Surface temperatures are forced to values in the range
0-8 °C, chosen because the maximum density occurs at 4 °C and
the freezing point is 0 °C. Due to the nonlinear behavior of the
equation of state, the circulation is negative when the tempera-
ture of the low latitude box is closer to 4 °C than the high latitude
box: a behavior that is qualitatively different from the other
scenarios considered. Fig 1B shows the direction of the circula-
tion in the mid- and high cases, with the temperature forcing
held constant and the effect of varying the salinity forcing
assessed. The results show a positive circulation with a low gra-
dient in salinity forcing, multiple solutions with a moderate
gradient, and a reversal of the circulation to a negative, salinity-
driven regime at higher salinity gradients (23). Outside of the
multiple solution range, the model results show that a gradient in
the salinity forcing of 3.5 and 8 gkg™ in the mid- and high case,
respectively, results in a salinity-driven circulation. This differ-
ence corresponds to a relative forcing of magnitude five times
smaller for a salinity-driven circulation in the high salinity case
compared with the midrange case. Note that, although larger in
absolute value, the value of salinity forcing in the high salinity
case is relatively weaker due to the proportionality between the
mean salinity and the salinity gradient. Thus, in the high range
salinity scenario it is more likely that a negative circulation oc-
curs, with sinking at the equator, and warm water traveling
poleward at depth: opposite to what is seen on Earth. The sim-
plifications in the box model limit the quantitative applicability
of the conclusions that may be drawn; however, it does provide a
useful summary of the general qualitative behavior of the system.

The results presented above can be concisely summarized using
a regime diagram to illustrate circulation direction as a function
of three variables: mean temperature, equator-pole temperature
gradient, and equator-pole salinity gradient (Fig. 2). The gridded
surface represents the values where there is no circulation, above
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Fig. 1. Box model solutions for the magnitude of the overturning circula-
tion ¥ (Sv = 10° m3.s™") for the three salinity scenarios. (A) Freshwater case
with surface temperature forcing T: and T,* (°Q), of the high and low lati-
tude box, respectively, in the range 0-8 °C, contour interval 0.1 Sv. Positive
circulation occurs when T: < T,* < 8- T,:r (assuming T: < T,*). (B) Mid- (blue)
and high (red) range salinity scenarios, dotted lines indicate unstable solu-
tions, AS* is the gradient in salinity forcing, and S is the mean salinity. The
scaling AS* « S means direct comparison is possible when AS*/S s varied. The
range presented is equivalent to 0-5 and 0-38 g-kg™' for AS* in the mid-
range and high range salinity cases, respectively. A salinity-driven circulation
occurs when AS*/S > 0.105 and 0.03, respectively.
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Fig. 2. A schematic illustrating the direction and magnitude of the over-
turning circulation, ¥, from the box model solutions. The behavior depends
on the values of temperature gradient forcing AT*, the mean temperature
T, and mean salinity S. The proportionality between the salinity gradient
forcing AS* and S means the two values do not need separate consideration,
whereas AT* and T can be varied independently. Note the lower limit of T
decreases as S increases and lowers the freezing point. Values lying on the
surface have zero circulation ¥ = 0; those above and below have positive and
negative circulation, respectively, with increasing magnitude with increasing
distance from the surface. The values defining the low-salinity, low-tem-
perature range are indicated; 0-8 °C and 0-27 g-kg™", with the local maxi-
mum at T= 4 °C, S= 0 gkg™". The locations of the low, mid-, and high
salinity ranges considered in this study are indicated in reference to the
surface. The curvature of the surface results from the nonlinear dependence
of density on temperature and salinity.

the surface there is a positive circulation (poleward flowing surface
water), and below it there is a negative circulation (equatorward
flowing surface water). The magnitude of the circulation is
strengthened as the distance (and hence density difference between
the boxes) from the surface increases. The figure illustrates how a
negative circulation becomes increasingly likely as the mean salinity
increases, indicated by the surface tilting upward with an increasing
salinity gradient. The key factor is the balance between the tem-
perature and salinity forcing, because they act in opposing direc-
tions. For example, a negative salinity-driven circulation occurs at a
midrange salinity if the temperature gradients are sufficiently small
(below the surface in Fig. 2). An example of this occurring could be
on a planet whose atmosphere is considerably denser than that of
Earth, which results in a significantly smaller equator-pole tem-
perature gradient (8, 24). This idea has featured in attempts to
explain the evidence for the presence of warm deep water in the
Cretaceous, hypothesized to be the result of significantly higher
evaporation rates rather than a higher mean salinity (25).

The same three salinity scenarios are also investigated using an
OGCM, in this case, the Modular Ocean Model-Array Processor
Version (MOMA) (26, 27), applying the same approximate
equations of state as used for the box model. The structure of the
circulation in each of the three cases is shown by the contours of
the overturning streamfunction in Fig. 3 A-C. Each streamline
follows the zonally averaged flow of water and hence indicates
the locations of deep water formation and upwelling by locating
the latitudes at which the contours descend away from or ascend
toward the surface, respectively. The results presented for a
freshwater ocean have a surface forcing in the range 0-8 °C to
show the structure of the circulation more clearly. Fig. 34 shows
that deep water forms in the region of 45°N/S, which corresponds
to the 4 °C contour in the zonally averaged temperature, which is
the temperature at which water density is greatest. This location
of deep water formation creates two overturning cells in each
hemisphere that circulate in opposite directions. The largest
transport occurs in the cell that is closer to the equator, which
restricts the vast majority of the ocean heat transport to the
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Fig. 3. Plots showing the results from the OGCM for the freshwater (A, D, and G), mid- (B, E, and H), and high (C, F, and /) range salinity scenarios; note the
different scales in A, D, and G. (A-C) Black contours of the overturning streamfunction ¥ show the structure of the meridional overturning circulation through
the depth of the ocean. The contour intervals are (A) 1 Sv (=10° m3.s™") and (B and C) 20 Sv. Solid and dashed contours indicate positive (poleward surface
flow) and negative (equatorward surface flow) circulation, respectively, as indicated by the arrows. Note the different depth scales; the surface layer is
extended to show this region of finer detail; the color shading in A-C shows the zonally averaged temperature (°C). (D-F) Northward ocean heat transport
(PW = 10"> W). (G-/) Surface heat flux (W-m~2); positive values are from ocean to atmosphere.

lower latitudes. The poleward heat transport peak of 0.023
PetaWatts (PW = 10'> W) occurs at 4°N/S (Fig. 3D), which cor-
responds to the latitude of the maximum surface heat flux to the
atmosphere of 0.7 W-m™2 (Flg 3G). The mass and heat trans-
port across the 4 °C contour is negligible. Although small, the
surface heat flux poleward of the deep water formation region is
into the ocean because of cold water traveling equatorward at
the surface. As expected, the midrange salinity scenario has the
general behavior of that observed on Earth; one temperature-
driven cell in each hemisphere with deep water formation at the
poles and upwelling at the equator (Fig. 3B). This circulation
transports warm equatorial surface water to the higher latitudes
where the transported heat is given up to the atmosphere
(Fig. 3H). The peak heat transport of 1.3 PW occurs in the
region of 20°N/S (Fig. 3E).

In the high salinity scenario, the configuration of the cells is
similar to those in the low salinity case: four cells of negative and
positive direction in the high and low latitudes, respectively (Fig.
30C). In this case, the lower latitude cells extend down into the
deep ocean, whereas those poleward of this are much shallower.
The location of deep water formation is at 20°N/S, forming the
boundary between the two cells within each hemisphere and is
the latitude that is forced to the greatest surface density (Fig.

4280 | www.pnas.org/cgi/doi/10.1073/pnas.1522034113

S1C). The poleward heat transport peaks near 20°N/S at 0.7 PW
with another local peak at 50°N/S. The deep ocean is filled with
warm and saline water due to the location of deep water for-
mation occurring at such a low latitude. The upwelling at high
latitudes from the negatively circulating cell brings this warm
deep water to the surface, giving the peak surface heat flux of
80 W-m™ (Fig. 31), over twice the magnitude of the peak surface
heat flux in the midrange salinity case. Water surfaces at the
highest latitudes and rapidly exchange heat with the atmosphere;
this cooled water then travels equatorward at the ocean surface,
resulting in a heat flux into the ocean between 50 and 40°N/S. In
this regime, the ocean carries heat to the polar regions through
the deep ocean, which is fundamentally different to the circu-
lation of the oceans on Earth where heat is transported poleward
at the surface.

Alongside buoyancy forcing, surface wind stress on the ocean
may also have significant influence on the large-scale ocean
circulation and resulting heat transport. This influence is in-
vestigated using the OGCM in the same configuration for each
salinity range but with the inclusion of wind forcing (Fig. 4). The
most notable influence of wind forcing is in the freshwater sce-
nario (Fig. 4 A, D, and G); the strength of the overturning is
significantly increased, resulting in a peak ocean heat transport

Cullum et al.
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Fig. 4. Plots showing the results from the OGCM for the freshwater (A, D, and G), mid- (B, E, and H), and high (C, F, and /) range salinity scenarios with the
inclusion of wind forcing. (A-C) Black contours of the overturning streamfunction ¥ show the structure of the meridional overturning circulation through the
depth of the ocean; the contour interval is 20 Sv (=10° m3s7"). Solid and dashed contours indicate positive (poleward surface flow) and negative (equa-
torward surface flow) circulation, respectively, as indicated by the arrows. Note the different depth scales; the surface layer is extended to show this region of
finer detail. The color shading in A-C shows the zonally averaged temperature (°C); note the different scale in A. (D-F) Northward ocean heat transport
(PW = 10" W). (G-/) Surface heat flux (W-m~2); positive values are from ocean to atmosphere.

more than an order of magnitude larger. The small density dif-
ferences, and thus weak buoyancy-driven overturning, in this
scenario mean that wind forcing has a large impact on the
magnitude of the circulation. In the mid- and high salinity cases,
wind forcing approximately doubles the peak ocean heat trans-
port (Fig. 4 E and F). In both the freshwater and high salinity
scenarios, a deepening and relative strengthening of the higher
latitude cell is observed (Fig. 4 A and C), increasing the mag-
nitude of the heat transport in these regions (Fig. 4 D and F),
and in the high salinity case locating the peak ocean heat
transport in this cell.

Discussion and Conclusion

An ocean where the temperature gradient is the dominating
driver of circulation typically exhibits sinking at the poles, with
the exception of when the orbital obliquity is so high that the
poles receive more solar radiation than the equator (28). How-
ever, in a scenario such as the high case presented here, the
circulation is driven primarily by the gradient in salinity. As
ocean salinity increases, the density responds far more strongly
to differences in precipitation and evaporation; hence, the cir-
culation has much stronger dependence on the salinity forcing.
This profile of salinity forcing varies significantly with the degree

Cullum et al.

of obliquity, and consequently, the circulation also exhibits this
strong dependence. For instance, in the present work, the
OGCM is forced by zonally averaged temperature and salinity
profiles derived from observations on Earth, which includes the
effects of the seasonally varying intertropical convergence zone
(ITCZ). The greatest salinity forcing is at the edges of the ITCZ
at ~20°N/S, which defines this as the latitude of deep water
formation in the high case (Fig. 3C). However, no such effect is
seen in the midrange salinity scenario (Fig. 3B). Our results
therefore suggest that the extent of the effect of orbital obliquity
on planetary ocean circulation also depends on ocean salinity.

As the salinity of water increases, the freezing point decreases
(29), meaning that an ocean of higher salinity has less potential
to form sea ice and therefore remains ice free at much lower
temperatures. As well as having direct impacts on the ocean
circulation, this also results in less global ice coverage, lowering
the planetary albedo and consequently warming the climate (30)
and directly changing the width of the habitable zone.

Here the impact of global mean salinity on the large-scale cir-
culation of the ocean has been investigated. On any given exoplanet,
many other properties are likely to differ from their Earth-like
values, some of which may also have significant influence on ocean
circulation, such as tidal locking (13), planetary rotation period (14),
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ocean depth (17), obliquity (28), and continental configuration
(31-33). The combined effect of these parameters, including ocean
salinity, should be investigated in the future. In particular, the
application of a higher-resolution eddy resolving ocean model to
this problem is distinctly desirable, but computational constraints
presently preclude such sensitivity studies.

The implications of the value of ocean salinity on climate were
investigated for the first time to our knowledge and showed great
significance for the entire structure of the large-scale ocean cir-
culation and the resulting ocean heat transport. Indeed, the mean
salinity of the ocean might be considered to be key in determining
ocean thermal structure in an analogous manner to atmospheric
pressure. It is therefore concluded that it is important to consider
the likely variation of ocean salinity in the modeling of exoplan-
etary climate and when making conclusions about habitability.

Materials and Methods

For the low salinity scenario, the equation of state, for the density py, is
approximated by the quadratic equation

ﬂL=P0{1 —af(T_?)z]'

where T is temperature, T (=4 °C for freshwater) is the temperature of the
maximum density, p, = 1,000 kg-m~ is a reference density, and o, =2.3x 1073 °C”"
is the coefficient of thermal expansion (34). For the mid- and high salinity
scenarios, a linearization of the equation of state takes the form

pr=po(1—arT+4.5),

where § is salinity, and r represents either M or H for mid- and high range
salinity, respectively. The values ay = 1.7x 10~ °C™" and 8, =7.8 x 10~% kg-g~",
the coefficients of thermal expansion and haline contraction, respectively
(22), are obtained through a Taylor expansion of the full equation
of state for seawater. For the high range, ay=5.0x10"* °c™' and
B =14.0x10"* kg-g~" are calculated by applying the same approach to the
equation of state for Dead Sea water (35). The Stommel box model (23)
consists of two connected boxes, one representing the high latitudes and
the other the low latitudes, each containing water of uniform density. The
density of the water in a box is determined by the temperature and salinity
values to which it is forced, denoted Th*, T,*, S;, and S,* for the temper-
ature and salinity of the high and low latitude box, respectively. It is always
assumed that the high latitude box is colder and fresher than that of the low
latitudes; T: < T,*, S: SS,*. A circulation occurs due to the density gradient
between the water in each box. The full time-dependent equations for the
temperature and salinity in the high and low latitudes, respectively, and the
overturning streamfunction ¥, are

ot

=< =n) -y wim=m)

B (53 -51) ~ 21¥1(55-50),

%:d(s,’r —S;) —é\‘PI(SI =5h),
¥=A(py—p),

where tis time, c=6.4x10-8s"" and d=2.1x 10-85s~" are inverse timescales
for temperature and salinity diffusion, respectively, V=10 m? is the vol-
ume of the boxes, p,(Th, Sp) and p(T;,S;) are densities of the respective
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boxes, and A=10"mékg™'s™" is a constant of proportionality. Here,
d/dt=0is chosen to find the steady state solutions for the overturning
streamfunction ‘P(Th*, T,*,S;, S,*). For the mid- and high range salinity sce-
narios, the linearized equation of state allows the above four equations
for the box model to be simplified to two equations in terms of the gra-
dients AT=T,= Ty, AS=S—-Sp AT*=T, =T, and AS*=S -5, to find
W(AT*, AS™)

C(AT* - aT) - 2 1wjaT =0,

d(AS*—AS)—%PI’\AS:O,

¥ =Apy(a-AT — f,AS).

The scaling AS«S is derived by considering the Stommel box model con-
figured with mean salinity S, overturning ¥, and atmospheric freshwater
transport Q. The mean salinity Sis chosen such that the two connected boxes
have salinity S+s’ and S—s’, where s’ is the salinity anomaly, and so AS=2s'.
Considering the change in salinity in one of the boxes, here chosen to be the
low latitude box, due to the sum of the inward and outward flow, gives

I6+5) 115 opw_ (s4s)w-0)].

dt

<|-

Taking the steady state gives
(w_% AS=05,

AS S,

for given ¥ and Q.

The OGCM used is MOMA (26, 27) configured at a horizontal resolution of
4° with 15 vertical levels ranging from 30 m at the surface to a maximum of
836 m at depth. The horizontal momentum viscosity is 10° m2s~", the ver-
tical viscosity is 10~* m2s~", and the horizontal and vertical diffusivities are
5x103 and 10™* m?s~", respectively. An aquaplanet land configuration is
used (14), which consists of a single full-depth meridional barrier connecting
two polar islands that extend to 68°N/S. This arrangement is the simplest
representation of any substantial land configuration (31). The model results
presented are an average of the last 1,000 y of an 8,000-y run.

The atmospheric forcing of ocean temperature and salinity at the surface of
the ocean in MOMA is incorporated by a relaxation of the surface ocean
temperature and salinity to prescribed zonally averaged atmospheric profiles
that are based on observed climatologies (36) (Fig. S1). Similarly, the surface
momentum forcing is derived from an observed wind stress climatology (37).
The surface forcing profiles are made symmetric about the equator by
reflecting the southern hemisphere forcing, where on Earth there is a greater
proportion of ocean, in the northern hemisphere. The forcing in each case is
adapted to correspond to the appropriate range of salinity and temperature in
that scenario; in the midrange case, the values remain unchanged from the
Earth observations; in the freshwater case the temperature values are scaled to
be in the range 0-8 °C and salinity is removed; and in the high case, the salinity
values are scaled to be in the range 240-268 g-kg™" in accordance with the
scaling AS«S. In the high salinity case, the ocean is initialized at 21 °C, instead
of the standard value 0 °C, as this is closer to the final steady state of the deep
ocean and therefore negates an initial long period of vertical heat diffusion
into the deep ocean, significantly reducing the spin-up period.

ACKNOWLEDGMENTS. This work was carried out on the High Performance
Computing Cluster supported by the Research and Specialist Computing
Support service at the University of East Anglia. This work is funded by an
Engineering and Physical Sciences Research Council studentship.

~

. Read PL (2011) Dynamics and circulation regimes of terrestrial planets. Planet Space Sci 14(10):
50-66.

. Joshi MM, Haberle RM, Reynolds RT (1997) Simulations of the atmospheres of syn-
chronously rotating terrestrial planets orbiting M dwarfs: Conditions for atmospheric
collapse and the implications for habitability. /carus 129(2):450-465.

. Merlis TM, Schneider T (2010) Atmospheric dynamics of Earth-like tidally locked
aquaplanets. J Adv Model Earth Syst 2:13.

10. Edson A, Lee S, Bannon P, Kasting JF, Pollard D (2011) Atmospheric circulations of
terrestrial planets orbiting low-mass stars. Icarus 212(1):1-13.

. Pierrehumbert RT (2011) A palette of climates for Gliese 581g. Astrophys J 726(1):L8.

0o

Xl

Cullum et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1522034113/-/DCSupplemental/pnas.201522034SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1522034113

L T

z

1\

=y

12. Shields AL, et al. (2013) The effect of host star spectral energy distribution and ice-albedo
feedback on the climate of extrasolar planets. Astrobiology 13(8):715-739.

13. Hu Y, Yang J (2014) Role of ocean heat transport in climates of tidally locked exo-
planets around M dwarf stars. Proc Nat/ Acad Sci USA 111(2):629-634.

14. Cullum J, Stevens D, Joshi M (2014) The importance of planetary rotation period for
ocean heat transport. Astrobiology 14(8):645-650.

15. Yang J, Cowan NB, Abbot DS (2013) Stabilizing cloud feedback dramatically expands
the habitable zone of tidally locked planets. Astrophys J 771(2):L45.

16. Yang J, Gwenael B, Fabrycky DC, Abbot DS (2014a) Strong dependence of the inner
edge of the habitable zone on planetary rotation rate. Astrophys J 787(1):L2.

17. Yang J, Liu Y, Hu Y, Abbot DS (2014b) Water trapping on tidally locked terrestrial
planets requires special conditions. Astrophys J 796(2):L22.

18. Hay WW, et al. (2006) Evaporites and the salinity of the ocean during the Phanero-
zoic: Implications for climate, ocean circulation and life. Palaeoecol 240(1):3-46.

19. Knauth LP (1998) Salinity history of the Earth’s early ocean [letter]. Nature 395(6702):
554-555.

20. Raymond SN, Quinn T, Lunine JI (2004) Making other earths: Dynamical simulations of
terrestrial planet formation and water delivery. Icarus 168(1):1-17.

21. Raymond SN, Quinn T, Lunine JI (2007) High-resolution simulations of the final assembly of
Earth-like planets. 2. Water delivery and planetary habitability. Astrobiology 7(1):66-84.

22. Gill A (1982) Atmosphere-Ocean Dynamics, Volume 30 of International Geophysics
Series (Academic Press, San Diego).

23. Stommel H (1961) Thermohaline convection with two stable regimes of flow. Tellus
13(2):224-230.

24. Kliore AJ, Patel IR (1982) Thermal structure of the atmosphere of Venus from Pioneer
Venus radio occultations. Icarus 52(2):320-334.

Cullum et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Brass GW, Southam JR, Peterson WH (1982) Warm saline bottom water in the ancient
ocean. Nature 296(5858):620-623.

Bryan K (1969) A numerical method for the study of the circulation of the world
ocean. J Comput Phys 4(3):347-376.

Webb DJ (1996) An ocean model code for array processor computers. Comput Geosci
22(5):569-578.

Ferreira D, Marshall J, O’'Gorman PA, Seager S (2014) Climate at high-obliquity. /carus
243:236-248.

Fairén AG, Davila AF, Gago-Duport L, Amils R, McKay CP (2009) Stability against
freezing of aqueous solutions on early Mars. Nature 459(7245):401-404.

Budyko MI (1969) The effect of solar radiation variations on the climate of the Earth.
Tellus 21(5):611-619.

Smith RS, Dubois C, Marotzke J (2006) Global climate and ocean circulation on an
aquaplanet ocean-atmosphere general circulation model. J Clim 19(18):4719-4737.
Enderton D, Marshall J (2009) Explorations of atmosphere-ocean-ice climates on an
aquaplanet and their meridional energy transports. J Atmos Sci 66(6):1593-1611.
Nilsson J, Langen PL, Ferreira D, Marshall J (2013) Ocean basin geometry and the
salinification of the Atlantic Ocean. J Clim 26(16):6163-6184.

Farrow D (2012) A model for the evolution of the thermal bar system. Eur J Appl Math
24(2):161-177.

Krumgalz B, Millero F (1982) Physico-chemical study of Dead Sea waters. Mar Chem
11(5):477-492.

Levitus S (1982) Climatological Atlas of the World Ocean. NOAA Professional Paper
(US Department of Commerce, National Oceanic and Atmospheric Administration,
Washington, DC).

Hellerman S, Rosenstein M (1983) Normal monthly wind stress over the world ocean
with error estimates. J Phys Oceanogr 13(7):1093-1104.

PNAS | April 19,2016 | vol. 113 | no. 16 | 4283

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES



