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The Role of Atlantic Basin Geometry in Meridional Overturning Circulation
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ABSTRACT: We present idealized simulations to explore how the shape of eastern and western continental boundaries
along the Atlantic Ocean influences the Atlantic meridional overturning circulation (AMOC). We use a state-of-the art
ocean-sea ice model (MOMBS6 and SIS2) with idealized, zonally symmetric surface forcing and a range of idealized conti-
nental configurations with a large, Pacific-like basin and a small, Atlantic-like basin. We perform simulations with five
coastline geometries along the Atlantic-like basin that range from coastlines that are straight to coastlines that are shaped
like the coasts of the American and African continents. Changing the Atlantic basin coastline shape influences AMOC
strength in a manner distinct from simply increasing basin width: widening the basin while maintaining straight coastlines
leads to a 10-Sv (1 Sv = 10° m® s™) increase in AMOC strength, whereas widening the basin with the geometry of the
American and African continents leads to a 6-Sv increase in AMOC strength, despite both cases representing the same
average basin-width increase relative to a control case. The structure of AMOC changes are different between these two
cases as well: a more realistic basin geometry results in a shoaled AMOC while widening the basin with straight boundaries
deepens AMOC. We test the influence of the shape of the both boundaries independently and find that AMOC is more
sensitive to the American coastline while the African coastline impacts the abyssal circulation. We also find that AMOC
strength and depth scales well with basin-scale meridional density difference, even with different Atlantic basin geometries,
illuminating a robust physical link between AMOC and the North Atlantic western boundary density gradient.

KEYWORDS: Atlantic Ocean; Meridional overturning circulation; General circulation models; Idealized models;
Ocean models

1. Introduction half of which is accomplished by AMOC, defined as the zon-
ally integrated meridional currents in the Atlantic (Trenberth
and Caron 2001; Talley 2003; Ferrari and Ferreira 2011). This
northward heat transport is partially responsible for the
warmer average temperature of the Northern Hemisphere as
compared with the Southern Hemisphere (Vellinga and
Wood 2002; Kuhlbrodt et al. 2007) and for the peak in zonal-
mean rainfall residing north of the equator (Frierson et al.
2013; Marshall et al. 2014). It also influences regional climates
of North America and Europe (Sutton and Hodson 2005;
Kaspi and Schneider 2011; Woollings et al. 2012). Thus,
AMOC plays a key role in setting up hemispheric asymme-
tries in climate. AMOC strength is linked to the warming hole
in the North Atlantic (Drijfhout et al. 2012) as well as to the
depth of ocean heat storage and the global transient response
to climate change (Winton et al. 2013; Kostov et al. 2014).
Moreover, AMOC is also important for the distribution of
carbon and nutrients in the ocean (Sabine et al. 2004; Watson
et al. 2015; Smethie and Fine 2001) that are linked to the
geography of marine ecosystems in the Atlantic (Schmittner
et al. 2005).

Despite the prominent role that large-scale meridional over-

The global ocean circulation exhibits several large-scale
hemispheric asymmetries, including, perhaps most notably,
the deep-water formation and ventilation down to 2000 m at
northern high latitudes that is present in the North Atlantic
Ocean but is absent in the North Pacific Ocean (Ganachaud
and Wunsch 2000; Lumpkin and Speer 2007; Talley 2008;
Buckley and Marshall 2016; Ferreira et al. 2018). The deep-
water formation in the North Atlantic is linked to the large-
scale overturning circulation that crosses the equator in the
Atlantic. In the high-latitude North Atlantic, shallow warm,
salty water is cooled at the surface and sinks, forming North
Atlantic Deep Water, which flows southward at depth. This
water upwells in the Southern Ocean, drawn up by westerlies
[for reviews, see Marshall and Speer (2012) and Buckley and
Marshall (2016)]. Some of the upwelled water flows northward
across the equator in the Atlantic, sustaining the Atlantic
meridional overturning circulation (AMOC). In contrast, the
Pacific is characterized by an absence of deep ventilation, a
weak abyssal overturning circulation, and shallow wind-driven
subtropical cells (Ganachaud and Wunsch 2000).

Northward heat transport occurs at all latitudes in the

. . turning plays in the global climate system, consensus has yet to
Atlantic basin and peaks at about 1.2 PW near 20°, over one- & Py & 4 Y

emerge on its controlling mechanisms or the reason for its locali-
zation to the Atlantic basin (Ferreira et al. 2018). The deep venti-
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lation in the Atlantic is linked to the higher salinity of the
Atlantic basin (Warren 1983), explanations for which fall into
two broad categories: atmosphere-driven salinity asymmetries
due to differences in net surface freshwater fluxes (precipitation
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minus evaporation) and ocean-driven salinity asymmetries due
to circulation and salt transport. Smaller atmospheric freshwa-
ter input is thought to account for about half the difference in
the mean sea surface salinity between the Atlantic and the
Pacific (Ferreira et al. 2018). The narrower width of the Atlantic
relative to the rainfall fetch for water evaporated over both ocean
basins leads to greater precipitation over the Pacific than over
the Atlantic (Ferreira et al. 2010). The Atlantic basin also has
more evaporation per unit area than the Pacific basin (Warren
1983; Nilsson et al. 2013). Ocean circulation may also play a role
in the higher salinity, and thus localization of AMOC, in the
Atlantic basin. These studies have predominantly explored the
sensitivity to basin width (zonal extent) and basin length (meridi-
onal extent) using idealized continents with straight coastlines to
separate a narrower, Atlantic-like basin from a wider Pacific-like
basin. Such a configuration leads to a saltier Atlantic-like basin,
which in turn leads to the localization of meridional overturning
to the Atlantic, both in coupled (Ferreira et al. 2010; Nilsson et al.
2013) and in ocean-only simulations using zonally uniform atmo-
spheric forcing (Cessi and Jones 2017; Jones and Cessi 2017).
Moreover, the wider the basin, the smaller the meridional gradi-
ent in evaporation minus precipitation must be to shut off north-
ern high-latitude convection, thus making a narrower basin more
likely to support deep convection than a wider basin (Youngs
et al. 2020).

Changing the width of the Atlantic-like basin in simulations
with idealized forcing and geometry has been shown to
change the strength of AMOC. Ocean-only simulations using
zonally uniform atmospheric forcing suggest that widening
the Atlantic-like basin leads to a weaker AMOC (Jones and
Cessi 2017; Youngs et al. 2020). Jones and Cessi (2017)
hypothesize a mechanism for this result: because gyre trans-
port scales with basin width (Sverdrup 1947), narrower basins
have weaker southward flowing subpolar western boundary
currents than wider basins do. There is also a northward com-
ponent of the western boundary velocity associated with the
meridional overturning circulation, the strength of which is
independent of basin width. In a narrower basin, the wind-
driven subpolar western boundary component is weaker than
the northward AMOC-associated velocities, allowing salty
subtropical water to flow north into the subpolar gyre, which
acts to weaken stratification in the northern subpolar region,
allowing deep ventilation in the narrow basin.

A different theoretical argument suggests that widening the
basin could lead to greater meridional ocean transport since
wider basins have a larger effective isopycnal diffusivity asso-
ciated with wind-driven gyre and mesoscale eddy transport
(Wang et al. 1995; Rose and Marshall 2009; Nilsson et al.
2021). Thus, in a wider basin, the northward eddy-induced
transport of heat and salt across the boundary between the
subtropical and subpolar gyre causes competing effects on the
high-latitude surface density by allowing relatively warm,
salty water to flow farther north than in a narrow basin. If the
surface temperatures are low in the northern sinking region,
the salinity effects can dominate the temperature effects,
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increasing the density of the surface water and increasing the
overturning strength.

Additionally, the meridional extent of the continents favors
salt transport into the Atlantic basin from the Indian Ocean,
increasing the salinity of the Atlantic over the Indo-Pacific
and thus contributing to a preference for deep convection in
the Atlantic (Reid 1961; Sijp and England 2009; Nilsson et al.
2013; Cessi and Jones 2017).

As reviewed above, theories exist that predict both an
increase and a decrease in AMOC strength in response to a
widening of the Atlantic-like basin. It is also reasonable to
expect that the shape of the Atlantic as a function of latitude
could impact the structure and strength of AMOC through
interactions with the Sverdrup gyre transport at different lati-
tudes. That is, the structure and strength of AMOC could
depend on basin width at different latitudes—the shape of the
basin. Additionally, widening the ocean basin by a constant
number of degrees longitude (as in Jones and Cessi 2017)
results in a greater increase in width in the tropics as com-
pared with higher-latitude regions, thus increasing the Sver-
drup transport in the subtropical and subpolar regions
unequally. This raises a key question: how does the AMOC
depend on the shape of the Atlantic basin coastlines?

Here, we explore this question using a state-of-the-art ocean—
sea ice model with idealized, zonally symmetric surface forcing
under a range of idealized continental configurations with differ-
ent Atlantic coastlines. Following previous studies, we examine
the ocean circulation within an ocean-only simulation that has a
large Pacific-like basin and a small Atlantic-like basin. However,
we go beyond these previous studies by exploring five different
coastline geometries that impart different shapes to the Atlantic
basin (Fig. 1). Using these simulations, we examine how Atlantic
basin geometry influences the strength and structure of AMOC.
While sensitivity of AMOC to the shape of the coastlines in our
simulations is observed, no clear mechanisms emerge that link
the two. In the later half the study, we thus evaluate a scaling for
AMOC based on the meridional density gradient along the west-
ern boundary and use this scaling to understand the causes of the
AMOC changes.

2. Methods

This section describes the physical configuration of the
model components, the atmospheric forcing, and the five dif-
ferent continental configurations used (Fig. 1).

a. Model description

We use the most recent version of the Modular Ocean Model
(MOMB6) (Adcroft et al. 2019), an open-development project
originally developed by the Geophysical Fluid Dynamics Labora-
tory (GFDL). The model is configured with a 2° horizontal reso-
lution, 31 vertical levels using a geopotential, or z~ coordinate,
and a uniformly spaced, bipolar grid. There are land caps at both
poles from 70° to 90° to avoid the convergence of longitude lines
in the ocean. The ocean is uniformly 5000 m deep with purely
vertical sidewall boundaries. Our MOMB6 configuration uses the
Wright equation of state to calculate seawater density (Wright
1997). The model does not form Antarctic Bottom Water in
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a. Straight Coast

b. Wide Coast
Africa Coast

c. Both Coast
e America Coast

FI1G. 1. Continental configurations for each of the simulations. Gray regions indicate land, and blue indicates ocean.
The land boundaries are vertical, and the ocean is everywhere 5000 m deep and devoid of bathymetry.

these idealized configurations; rather the deepest mixed layers
are in the northern Atlantic-like basin.

To balance the momentum input by the wind, a strong bot-
tom drag is applied as a turbulent viscosity vgg; in the bottom
boundary layer according to vgpr, = ¢ ulu, where ¢, is a nondi-
mensional drag coefficient (we use a value of 0.03, a 10-fold
increase over the standard value to account for the lack of
bathymetry) and u is the velocity in the bottom boundary layer.
Additional vertical turbulence parameterizations include the
energetic planetary boundary layer scheme (Reichl and Hall-
berg 2018) and a small-scale, shear-driven mixing scheme (Jack-
son et al. 2008). A constant background diapycnal diffusivity of
2.0 X 107> m? s~ ! is equal across simulations. Horizontal eddy
effects are parameterized using a uniform background Lapla-
cian horizontal viscosity of 20000 m? s™', an eddy isopycnal
thickness diffusivity coefficient (after Gent and McWilliams
1990) of 1000 m? s~ !, and an isoneutral diffusion diffusivity
(Shao et al. 2020) of 1200 m*s ™%,

Unlike in previous idealized studies of the dependence of
AMOC on basin geometry, here we include interactive sea
ice using the GFDL Sea Ice Simulator, version 2 (SIS2)
(Adcroft et al. 2019). SIS2 includes full ice dynamics with an
elastic-viscous—plastic rheology and calculates the concentra-
tion, thickness, brine content, and snow cover of sea ice.

b. Atmospheric forcing

We run the ocean-sea ice model with atmospheric forcing that
is derived from the Coordinated Ocean-Ice Reference Experi-
ments (CORE) corrected normal year of forcing, version 2.0
(CNYF2), for ocean-ice simulations (Large and Yeager 2004).
To guarantee that asymmetries between basins and differences
between model simulations arise solely from ocean circulation
and sea ice, we mask out land points in the CNYF2 dataset then
perform a zonal average across all longitudes. To ensure that the
forcing is hemispherically symmetric, we mirror the Southern
Hemisphere data across the equator but maintain a seasonal
cycle by lagging the Northern Hemisphere by 6 months. We
apply this same procedure to all surface fields: shortwave radia-
tion, longwave radiation, precipitation, 10-m meridional wind
speed, and 10-m air temperature (all shown in Fig. 2). The sur-
face forcings are calculated using bulk formulas (Fairall et al.
2003) from the modified atmosphere fields.

Sea level pressure is taken to be a constant, globally uniform
value of 101 kPa. Wind speed is purely zonal in direction with
meridional wind speeds set to zero everywhere. From the land
caps to S50°N/S, the wind speed profiles are smoothed with a
Savitsky—Golay filter using a fifth-order polynomial to allow
wind speed to go smoothly to zero at the edge of the polar land
caps.
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FIG. 2. Annual mean values of the modified CORE Normal Year Forcing 2.0 used to force the ocean—sea ice model:
(a) 10-m air temperature, (b) 10-m meridional wind speed, (c) downwelling shortwave radiation and downwelling

longwave radiation, and (d) precipitation.

Surface salinity flux adjustment is necessary to account for
net nonzero freshwater flux at the surface arising from non-
zero global precipitation minus evaporation (P — E). To
maintain conservation of freshwater, P — E is adjusted by
scaling with a virtual precipitation at each coupling time step
to ensure a globally integrated net zero freshwater flux while
maintaining the correct pattern of global P — E.

The simulations (Fig. 1) start from rest and are integrated
for one thousand 365-day years to equilibrium. Temperature
and salinity are initiated from zonally averaged fields derived
from a MOM6 aquaplanet simulation without continents. We
perform all analyses on model climatologies produced by the
last 100 years of the runs, and as such, we do not discuss vari-
ability in the runs. The only difference between each model
simulation is the continental geometry along the Atlantic
basin.

c. Continental configurations

Each of the five simulations has two meridional continents
and two ocean basins: one wide, Pacific-like basin and one
narrow, Atlantic-like basin (Fig. 1). In all cases, the western
boundary of the Atlantic-like basin terminates at 55°S and the
eastern boundary of the Atlantic-like basin terminates at
35°S. The simplest of our basin configurations, Straight Coast,
features straight, meridional coastlines (Fig. 1a). Wide Coast

widens the Atlantic-like basin while keeping the boundaries
strictly meridional (Fig. 1b). Both Coast widens the Atlantic-
like basin by the same average area as Wide Coast but does so
by cutting out idealized shaped coastlines on both sides of the
basin to resemble the east coast of the Americas and the west
coast of Africa. Africa Coast has an Eastern boundary shape
that is modified to resemble the African west coast to explore
the effect of changing only the shape of the eastern boundary
(Fig. 1d). America Coast has a western boundary shape that is
modified to resemble the east coast of the Americas to explore
the effect of changing only the shape of the western boundary
(Fig. le). The average width and area of the Atlantic-like
basin for each configuration is listed in Table 1.

3. Results
a. Response to changes in continental configuration

The Straight Coast is chosen as our reference-case experi-
ment because its average Atlantic-like width and area are simi-
lar to the real Atlantic Ocean whereas the other configurations
represent a widening of the Atlantic-like basin relative to
Straight Coast. Straight Coast shows patterns of sea surface
temperature (SST) and sea surface salinity (SSS) that are simi-
lar to what is observed in the world oceans: SST is highest in
the tropics and decreases toward the poles; there is an
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TABLE 1. List of model configuration names, average Atlantic-like basin width from the southern tip of the African continent,
average Atlantic-like basin width between 20° and 60°N [L, in Eq. (3)], Atlantic-like basin area, and Global ocean area.

Mean Atlantic width

Mean Atlantic width

Simulation (km) 20-60°N (L,) (km) Atlantic basin area (km?) Global ocean area (km?)
Straight Coast 7200 6700 0.87 x 108 4.0 x 108
Both Coast 9400 8200 1.1 x 10® 43 x 10%
Wide Coast 9300 8700 1.1 x 108 43 % 10®
America Coast 8500 8200 1.0 x 108 42 x 10°
Africa Coast 8100 6700 0.98 x 10° 4.1 x 10%

equatorial cold tongue where water upwells to the surface; and
SSTs in the northern high latitudes are greater in the small,
Atlantic-like basin than in the large, Pacific-like basin by about
5°C (Fig. 3a). The salinity has maxima in the subtropical regions
and minima in the tropics and subpolar to polar regions
(Fig. 3b) and is elevated in the small Atlantic-like basin by
about 3 practical salinity units (psu) relative to the large basin
at 60°N. The North Atlantic-like basin is also less stratified than
the North Pacific-like basin. The difference in density between
100 m and the surface, Ap, is smaller in the narrow basin than
the large basin (Fig. 3c). While the precipitation is supplied as a
boundary condition (Fig. 2d), the evaporation is allowed to
evolve and follows a similar pattern to the SST. The evapora-
tion minus the precipitation (Fig. 3d) highlights the subtropics
as a region of excess evaporation while the subpolar regions
and the equatorial cold tongues have more precipitation.
Consistent with previous studies (e.g., Ferreira et al. 2010;
Nilsson et al. 2013; Cessi and Jones 2017; Jones and Cessi
2017), we find deep-water formation in the northern Atlantic-
like basin (Fig. 4a) but not in the Pacific-like basin. A strong
cross-equatorial meridional overturning circulation exists in

»

a. Straight Coast SST

\
|

< Straight Coast Ap,

the small, Atlantic-like basin, while a weaker, counterrotating
deep cell penetrates into the large, Pacific-like basin (Fig. 4b).
Sea ice is present year-round in the Southern Ocean and in the
northern Pacific-like basin, while in the northern Atlantic-like
basin a negligible amount of sea ice forms during the winter.

To compare sea surface properties across cases, we subtract
the zonal mean of SST and SSS for Straight Coast from each
configuration. The Both Coast Atlantic-like basin SST is
warmer than Straight Coast by about 3°C (Fig. 5a) and the
northern high-latitude SSS in the Atlantic-like basin is 2 psu
greater than Straight Coast (Fig. 6a). For Wide Coast, the
northern Atlantic-like basin SST is about 2°C warmer than
for Straight Coast (Fig. 5b) and the basin SSS is about 2 psu
greater (Fig. 6b). Cases with shaped western boundaries result
in lower eastern equatorial SSS than do cases without.

The Both Coast, America Coast, and Africa Coast simula-
tions all show similar SST and SSS anomalies (taken relative
to Straight Coast). In the narrow basin, America Coast and
Africa Coast have warmer SSTs than Straight Coast and show
a pattern of zonal mean differences in SST from Straight
Coast that is very similar to Both Coast (Figs. 5c,d). The
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FIG. 3. Maps of (a) sea surface temperature, (b) sea surface salinity, (c) difference in density between 1000 m and the surface (Ap,), and
(d) evaporation minus precipitation for the Straight Coast continental configuration.
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FIG. 4. Meridional overturning circulation for the Straight Coast case in (a) the small, Atlantic-
like basin and (b) the large, Pacific-like basin. The southern ocean region in both plots shows the

streamfunction integrated over all longitudes.

pattern of SSS changes in America Coast is similar to the
changes in Both Coast, with decreases in the eastern tropics
and increases in the northern subpolar region (Fig. 6¢). The
SSS in Africa Coast shows a similar pattern to America Coast,
but with a smaller decrease in SSS in the eastern tropics than
America Coast and Both Coast (Fig. 6d). These changes
in SST and SSS result in a small density increase in the north-
ern high latitudes in the narrow basin.

The changes between configurations can be seen deeper in
the water column as well. Changes in the zonal mean density
difference between 1000 m and the surface (Ap,), relative to
what is seen in Straight Coast reveal differences in stratification
between configurations (Fig. 7). The stratification in Straight
Coast is weakest in the northern part of the basin, near 60°N
(Fig. 7a). In all of the other configurations (Figs. 7b-e), the
stratification decreases over the majority of the Atlantic-like
basin, with the largest differences in the subpolar regions just
south of 60°N. In general, each of the other cases is warmer,
saltier, and more weakly stratified than Straight Coast, making
the northern Atlantic-like basin more favorable for deep
ventilation.

In each of the configurations, deep ventilation and cross-
equatorial model meridional overturning circulation (MOC)
are confined to the Atlantic-like basin. Deep water formed at
the northern edge of the basin flows southward at depth. It
upwells in the Southern Ocean and is replenished by north-
ward flowing shallow water (Fig. 4). MOC is calculated on iso-
pycnal surfaces and remapped to depth space for plotting

purposes. As in previous studies, the MOC is localized to the
narrower basin with a eastern boundary that terminates north of
the zero wind stress line in the Southern Hemisphere (Ferreira
et al. 2010; Nilsson et al. 2003; Cessi and Jones 2017; Jones and
Cessi 2017, Youngs et al. 2020). This can be attributed to the
higher salinity of the narrow basin driven by greater evaporation
over the warmer SSTs in our simulations. In turn, the warmer
SSTs in the narrow basin are due to changes in ocean circulation
from changing the geometry of the ocean basin.

While surface conditions look similar across each configura-
tion, small changes in stratification in the northern Atlantic-
like basin (Fig. 7) are enough to drive significant changes in
the meridional overturning circulation (Fig. 8). In Both Coast,
the overturning in the Atlantic-like basin shoals relative to
Straight Coast (Fig. 8a) with MOC increasing near the surface
and decreasing at depth. At 1000 m and 60°N, Both Coast
MOC is larger by about 6 Sv (1 Sv = 10° m® s™!). In addition,
the MOC in Both Coast (which has more realistic coastlines
than Straight Coast) more closely represents the canonical
AMOC—the model MOC shoals to allow for a deep, counter-
clockwise overturning cell. The increase in MOC for both
Wide Coast and Both Coast differs from Jones and Cessi
(2017) who found an increase in basin width resulted in an
overall decrease in AMOC strength (see section 4). MOC in
Wide Coast is larger than in Straight Coast, particularly below
1500 m, with the exception of a small region of weaker circu-
lation at the northern edge of the basin near the surface
(Fig. 8b). At 1000 m and 60°N, the depth and latitude of
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FI1G. 5. Climatological sea surface temperature anomalies from Straight Coast global zonal mean SST for (a) Both
Coast, (b) Wide Coast, (c) America Coast, and (d) Africa Coast.

maximum MOC, the Wide Coast MOC is larger than Straight
Coast MOC by 10 Sv (Table 2; Fig. 9).

Changing the shape of the western boundary, as repre-
sented by America Coast, results in an increased MOC
strength and a MOC deepening (Fig. 8c). However, changing
the eastern boundary, as in Africa Coast, results in a shoaling
of the MOC (Fig. 8d) and larger changes in the abyssal ocean
circulation than in the upper ocean. The changes in MOC in
Both Coast reflect the impact of a shaped western boundary
and a shaped eastern boundary. The simple linear summation
of the magnitudes of the maximum MOC anomaly (relative
to Straight Coast) from Africa Coast and America Coast is
similar to that of Both Coast—6.6 Sv versus 6.3 Sv, respec-
tively. This linearity also holds for the vertical and meridional
structure of MOC, which allows us to attribute anomalies in
the Both Coast simulation to either one coastline or the other.
Changing the western boundary shape results in much larger
differences in MOC strength than changing the eastern
boundary shape.

As the overturning circulation in the small, Atlantic-like
basin responds to changes in coastline shape, the overturning
in the abyssal large, Indo-Pacific-like basin acts to compensate
those changes, such that as AMOC increases, the deep Indo-
Pacific overturning decreases (Sun et al. 2020). Here, in
response to a strengthening of MOC in the Atlantic-like
basin, the deep overturning streamfunction associated with
upwelling in the large, Indo-Pacific-like basin intensifies,
bringing more deep water northward and more intermediate
water southward (Figs. 8e-h).

Widening the Atlantic-like basin with straight coastlines
(Wide Coast), results in a different change in MOC than wid-
ening the Atlantic-like basin by changing the shape of the
coastlines (Both Coast), despite equal basin-average widths
over the length of the basin (between 35°S and 70°N). Thus,
changes in MOC strength cannot be predicted based on
changes in average basin width alone—the shape of the basin
boundaries also matters. Differences in coastline shape along
the Atlantic-like basin lead to distinct sea surface properties
and meridional overturnings in each experiment. Moreover,
widening the Atlantic by changing the shape of the eastern
boundary of the basin results in distinct impacts on sea surface
properties, MOC, and abyssal circulation as compared with
widening the Atlantic by changing the shape of the western
boundary. Indeed, the shape of the basin, or more specifically
the shape of the western and eastern coastlines along the
basin, is just as important if not more important than the width
of the basin, even when taking into account the change in
width with latitude. We performed an additional simulation in
which we mirrored the realistic American coastline onto the
African continent (while leaving a straight western boundary);
this configuration (not shown) produces a vastly different
AMOC than the America Coast configuration, consistent with
our above findings that the shape of the coastlines—rather
than simply the basin width—influences the structure and
strength of AMOC.

Deep ventilation and associated MOC are localized to the
narrow basin because of its elevated salinity relative to the wide
basin. At equilibrium, the transport of freshwater into an ocean
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FIG. 6. Climatological sea surface salinity anomalies from zonal mean Straight Coast SSS for (a) Both Coast,
(b) Wide Coast, (c) America Coast, and (d) Africa Coast.

basin must balance the total integrated surface freshwater flux
over the basin. Thus, to examine the drivers of salinity differ-
ences between runs with different continental configurations,
we calculate the freshwater transport into the Atlantic-like
basin by integrating the surface freshwater terms:

VN (XE
F=I J (E — P)dx dy,
Vs Jxw

where E — P is the net surface freshwater balance including
evaporation, precipitation, runoff, and ice melt in units of
meters per second. The integral extends from the western
(xw) to the eastern (xg) boundaries of the Atlantic-like basin
and from the southern boundary of the basin (ys = 30°S) to
the northern (yy) continental boundary, because it is the
freshwater transport at the southern boundary of the basin
that is most relevant for the stability of MOC (Rahmstorf
1996).

Values for the Atlantic-like basin freshwater transport at
30°S are listed in Table 2. While configurations with narrower
mean Atlantic widths and smaller Atlantic areas generally
have greater values for freshwater transport, there are excep-
tions. For instance, Wide Coast has a wider basin than Both
Coast and America Coast but has a smaller freshwater trans-
port. A larger freshwater transport into the Atlantic-like basin
is generally correlated with larger values of maximum AMOC
across configurations. This arises because a larger AMOC cor-
responds to higher SSTs in the basin, which in turn corre-
sponds to higher evaporation rates requiring larger freshwater

transport to balance at equilibrium. Note that this is different
from the simulations of Jones and Cessi (2017), who prescribe
a zonally uniform net freshwater flux at the surface that cannot
change with basin geometry, thus requiring no net change in
freshwater input into the Atlantic-like basin to balance.

To summarize, the structure and strength of the MOC
depend on the details of the Atlantic-like basin geometry,
rather than simply the average width of that basin. A larger
MOC corresponds to higher SST in the Atlantic-like basin
that, via enhanced evaporation, causes higher salinity in that
basin and thus greater surface density at high latitudes. The
causal role of ocean transport of freshwater in MOC changes
is complex, however, since the ocean actually transports more
freshwater into the Atlantic-like basin when MOC is stronger
and the basin is saltier (as is required to balance the salinity
budget at equilibrium in these simulations). Any analysis to
compare the relative roles of ocean circulation and surface
freshwater forcing in setting the Atlantic-like basin’s salinity
would be purely diagnostic. In the next section, we instead
attempt to better understand MOC changes by evaluating
their relationship to the changes in basin-scale meridional
density gradients that have resulted from the changes in coast-
line shape.

b. AMOC density scaling

The similar surface conditions across continental configura-
tions (Figs. 5-7) belie the large differences in MOC strength and
structure that occur when coastline shape is changed (Fig. 3).
To investigate the relationship between basin geometry and
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Straight Coast Ap, for (a) Both Coast, (b) Wide Coast, (c) America Coast, and (d) Africa Coast.

meridional overturning circulation, we employ previously devel-
oped theory that relates AMOC to the basin-scale meridional
density gradient. Theoretical approaches for understanding con-
trols on overturning strength have been framed in terms of den-
sity gradient-driven gravity currents and have sought to relate
the strength of meridional overturning in the Atlantic to the
meridional density gradient (Thorpe et al. 2001; Delworth and
Dixon 2006; Straneo 2006). Previous studies derived similar den-
sity scalings for AMOC (Robinson and Stommel 1959; Bryan
1987; Marotzke 1997; Gnanadesikan 1999; Thorpe et al. 2001;
Griesel and Maqueda 2006). De Boer et al. (2010) explore sev-
eral different variations of the relationship between MOC
strength (denoted by ¥) and the meridional density gradient
(denoted by Ap,): ¥ o Apsz, where H is a vertical scale depth.
The most appropriate scale depth [as determined by De Boer
et al. (2010)] is that derived from the meridional density gradient
in the western boundary, where H is taken to be the depth at
which the depth-integrated meridional density gradient equals
the vertical mean of the depth-integrated meridional density gra-
dient. This scale depth is linked to isopycnal slopes near the
northern boundary of the basin and the available potential
energy in the region, as well as to processes in the Southern
Ocean (Gnanadesikan 1999; Wolfe and Cessi 2010; Sijp et al.
2012). We adopt this interpretation here while retaining a depth
dependence, following a method described by Butler et al.
(2016).

We apply theory developed by Butler et al. (2016) as a frame-
work for comparing the results of the different simulations. Butler
et al. (2016) makes the following assumptions: 1) the large-scale

ocean circulation is geostrophic; 2) thermal wind balance holds
over the entire area and depth range of interest; and 3) the
meridional density gradient is proportional to the zonal density
gradient, such that

Bp.(a) _ Bny(@)
Ly L, ’

where c is some dimensionless constant of proportionality, Ap, is
the zonal density gradient, L, is the zonal width of the basin
between 20° and 60°N, Ap, is the meridional density gradient,
and L, is the meridional length. Zonal and meridional pressure
and density gradients are closely related provided that the large-
scale circulation is geostrophic. This relationship is found to hold
at equilibrium in an idealized modeling study (Park and Bryan
2000). Moreover, meridional pressure gradients drive zonal east-
ward flows, which converge at the eastern boundary of the ocean
basin, propping up a zonal pressure gradient. This zonal gradient
in turn, sets up a meridional flow (Marotzke 1997; Kuhlbrodt
et al. 2007). Another theory justifying the proportionality
between zonal and meridional density gradients involves the
propagation of fast boundary waves southward along the western
boundary and across the equator to the eastern boundary; these
waves are produced by a meridional density gradient along the
western boundary of the basin (Johnson and Marshall 2002; Bell
2015; Johnson et al. 2019, and references therein).

By relating the zonal and meridional density gradient, the
thermal wind relation can be scaled and rewritten to relate
typical values for meridional velocity V to the meridional den-
sity difference Ap, (Butler et al. 2016):
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AV cg Apy(2)

oz fopy Ly

M

where g is the gravitational acceleration, f; is a typical value for
the Coriolis parameter, and p, is the reference density. Equation
(1) can then be integrated with respect to depth to find an
expression for the characteristic meridional velocity and still
retain the depth dependence of the meridional density difference
(Butler et al. 2016):

—_ cg l 0 JQ ” 17 ’r 0 ’ ’
Vo=t {D J_DI Ao ds ]dz L Ap,(2) dz}

@

where D is the ocean depth. The constant of integration is
constrained by the fact that there is no net meridional flow
and, as such, cannot be zero. Butler et al. (2016) show that the

constant of integration is
Cg 1 JO r) " 1 ’
— Ap (z7)dz” |dZ ;.
fopoLy {D p|ds 7

Integrating Eq. (2) and assuming vertical side walls
results in an expression for the meridional overturning cir-
culation ¥:

Y(z) = LXJQ V(z)dz. 3)
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TABLE 2. List of model output maximum MOC values and associated depths for each simulation, along with maximum MOC and
depth predicted from the meridional density difference scaling. Also included are the maximum barotropic streamfunction values for

the northern subtropical and subpolar gyres in the Atlantic-like basin. The final column lists values of the inferred freshwater

transport F at 30°S in the Atlantic-like basin, calculated by integrating the surface freshwater balance as described in section 3a.

Subpolar
Subtropical barotropic Atlantic
Max MOC Max MOC Predicted Predicted MOC barotropic streamfunction freshwater
Simulation (Sv) depth (m) MOC (Sv) depth (m)  streamfunction (Sv) (Sv) transport F (Sv)
Straight Coast 283 1100 25.6 1000 221 21.5 0.44
Both Coast 34.6 1300 38.6 1000 242 21.8 0.64
Wide Coast 385 1100 41.1 1200 315 26.6 0.54
America Coast 344 1200 37.4 1100 23.9 21.9 0.56
Africa Coast 288 1100 27.6 900 221 21.0 0.53

As defined in Eq. (3), there is a positive relationship
between the magnitude of the twice-integrated density differ-
ence between northern and southern points in the Atlantic-

like basin (JIApy dz dz) and MOC. As the meridional den-

sity difference increases, so too does the meridional overturn-
ing. The derivation of Eq. (3) assumes straight meridional
boundaries along the basin and excludes any consideration of
coastline shape. Applying the scaling to the configurations in
this study tests how well the relationship between MOC and
meridional density gradient holds when the assumption of
straight coastlines is relaxed and gives insight into how the
meridional density structure is linked to MOC.

Unlike other AMOC scalings that rely on the density at
specific depths, the Butler et al. (2016) relationship [Eq. (3)]
uses the entire vertical structure of density and results in an
estimate of MOC as a function of depth. Here, we interpret
this as the structure of the maximum MOC at each depth
within the Atlantic basin. The density structure can be influ-
enced by both changes in ocean circulation and surface fresh-
water forcing, both of which are driven by changes in basin
geometry.

We use the scaling described in Eq. (3) to calculate the
MOC in the narrow basin of each simulation. Maximum
MOC predicted from the Butler et al. (2016) scaling (herein-
after Wp) for each case are shown in Fig. 9. Here, the meridio-
nal density difference, Ap, is taken as the difference in density
between 60°N and 30°S one grid point away from the western
boundary of the Atlantic-like basin. The locations from which
the density differences are calculated are indicated with gray
and pink boxes in Figs. 3, 5, and 6. The basin width L, is taken
as the average basin width between 20° and 60°N for each
configuration. Values for L, are listed in Table 1. The cons-
tant of proportionality, ¢ = 0.96, that is used to calculate ¥
is the same value across all of the simulations and is the value
reported in Butler et al. (2016).

While the values of the maximum model MOC (hereinafter
Wax) and W differ somewhat, the ranking of Wy, and ¥p
from weakest to strongest agree well (Table 2). This suggests
that Eq. (3) can provide insight into how MOC depends on
basin shape. Further examination of the relative vertical struc-
tures of W,.x and Wz shows qualitative agreement as well

(Fig. 9): Wax and W for Straight Coast and Africa Coast are
similar to each other, as are V,,,, and ¥z for America Coast
and Both Coast. This suggests that the shape of the North
American coast is particularly important in the vertical struc-
ture of MOC via changes in meridional density gradient along
the western boundary of the basin, while the shape of the
African coast plays a smaller role.

What causes changes in meridional density gradients, and
thus ¥p, between the different continental configurations?
Changes in the twice-integrated density at either the northern
or southern end of the Atlantic-like basin are similar to each
other across continental configurations, and much larger than
the changes across configurations in twice-integrated density
differences themselves (Figs. 10a,b). Thus, changes in meridi-
onal density gradients cannot be explained by changes at sur-
face in the northern end of the Atlantic-like basin.

Moreover, changes in meridional density gradients cannot
be described by changes in temperature or salinity alone. We

calculate IJApy dz dz using a fixed-temperature meridional

density gradient and a fixed-salinity meridional density gradi-
ent but find little correlation between the double-integral and
MOC strength. Changes in both temperature and salinity con-
tribute to the changes in density between the experiments in
complex ways.

Sensitivity tests reveal that the MOC scaling [Eq. (3)] is rel-
atively unaffected by changes in latitude for both the northern
and southern regions used to calculate the meridional density
difference (not shown). Moreover, the basin width L, that
produces the best fit to the model output MOC is the average
width between 20° and 60°N rather than the average width of
the entire basin. While the Butler model assumes straight
boundaries, it can in fact predict overturning in basins with
shaped sidewalls, provided the choice of L, describes the
width of the northern basin. This indicates that shape, and not
only basin width, matters for the meridional density gradient
and thus the overturning strength.

4. Discussion and conclusions

Previous studies have shown that the relatively narrow
basin width and the southern extent of the continents provide
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important geometric constraints on the localization of deep-
water formation in the Atlantic Ocean (Ferreira et al. 2010;
Nilsson et al. 2013; Jones and Cessi 2017; Cessi and Jones
2017; Youngs et al. 2020). Here we examine the impacts of
coastline geometry on meridional overturning circulation in a
narrow, Atlantic-like basin in five ocean-only idealized conti-
nental configurations that range from coastlines that are
straight to coastlines shaped like the American and African
continents.

A primary finding is that overturning circulation changes
that occur when widening the Atlantic basin by changing the
coastline shape (Both Coast) are distinct from those that arise
when widening the Atlantic basin without modifying the
coastline shape (Wide Coast), even when the average basin
widths and areas increase by the same amount (Table 1).
While generally we see an increase in MOC strength with
basin width, this relationship is not linear; configurations with
the same western boundary shape have similar MOC
strengths despite differences in mean basin width (with the

exception of Wide Coast, which has a stronger MOC than all
other cases).

Note that because our atmospheric forcing is zonally sym-
metric and constant across configurations, any asymmetries
that arise between basins or between configurations must be
due to differences in ocean circulation driven by changes in
the coastline geometry of the Atlantic basin. Freshwater forc-
ing at the ocean surface can drive differences between config-
urations, but the evaporation responds to SST changes that
are due to circulation changes (while precipitation is zonally
uniform and constant across configurations). While the basin
width and shape as well as the basin evaporation minus pre-
cipitation both impact the oceanic freshwater transport, the
changes all arise due to the change in coastline geometry
between simulations. The freshwater transport at the south of
the Atlantic-like basin is controlled both by basin size and by
the surface freshwater balance and is not perfectly correlated
with the MOC strength. Moreover, the freshwater balance at
the surface is influenced by the SSTs, which are influenced by
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ocean circulation changes that arise from changing the shape
of the coastline.

Each of the Wide Coast, Both Coast, America Coast, and
Africa Coast cases represents a widening of the Atlantic-like
basin with respect to the Straight Coast control case. Widen-
ing the basin results in warmer northern Atlantic-like basin
SSTs (Fig. 5). Moreover, simulations with shaped western
boundaries (Both Coast and America Coast) and those that
do not (Wide Coast and Africa Coast) show different patterns
of SST anomalies. Widening the Atlantic-like basin also
results in higher basin-average SSS (Fig. 6). Stratification in
the subpolar region of the Atlantic-like basin decreases in
strength when the western boundary along the basin is
shaped, rather than purely meridional (Fig. 7).

Both the western coastline and the eastern coastline play
important roles in modulating the overturning circulation
(Fig. 8). The simulations with shaped western coastlines
(America Coast and Both Coast) show increased shallow
overturning streamfunctions above approximately 1500 m rel-
ative to Straight Coast. This demonstrates that the shape of
the American coast along the Atlantic basin is important for
MOC vertical structure and strength. Simulations with shaped
eastern coastlines (Both Coast and Africa Coast) show
decreased abyssal overturning streamfunction and shoaled
MOC relative to Straight Coast. Changes in abyssal circula-
tion seen in Africa Coast highlight an apparent link between
Atlantic abyssal circulation and the width of the Agulhas
region. The shape of the African coast along the Atlantic is

Unauthenticated | Downloaded 03/24/22 05:08 PM UTC



488

important for the abyssal Atlantic circulation and the vertical
structure of MOC but not for MOC strength.

In general, our results confirm the findings of previous stud-
ies that find that northern deep ventilation and associated
cross-equatorial overturning circulation is confined to the nar-
rower of two ocean basins. In our simulations, we see an
increase in MOC strength with an increase in basin width.
This is inconsistent with the results of Jones and Cessi (2017),
who found that widening the Atlantic-like basin leads to a
small decrease in MOC strength. This could, in part, be
explained by differences in experimental design: the Jones
and Cessi (2017) continental boundaries are thin, meridional
ridges whereas ours are wider strips of land, some of which
have more complex coastline shapes and could impact the rel-
ative contributions of “Warm Route” and “Cold Route”
transport into the basin; their model does not include sea ice
while ours does; they prescribe P — E through a surface fresh-
water flux whereas our model allows evaporation to evolve
with changing SST; and the surface forcings they use are cons-
tant in time and include a SST relaxation, which could con-
strain the SST more strongly. The simulations presented here
include seasonality and use surface forcings calculated with
bulk formulas from atmospheric products (CNYF2). More-
over, Jones and Cessi (2017) use a linear equation of state
while MOMG6 uses the nonlinear Wright equation of state
(Wright 1997), which makes temperature less important for
density at low temperature relative to a linear equation. One
final difference is that in Jones and Cessi (2017), the total
global ocean area remains constant while here, the different
coastline configurations do have different global ocean areas
(Table 1), providing a greater area over which water can
upwell and that can allow for a larger MOC (Jones and Cessi
2016). Interestingly, AMOC strength (Table 2) does not scale
linearly with narrow basin width, narrow basin area, total
global ocean area, or freshwater transport into the narrow
basin (Table 1), allowing for the possibility of the existence of
the salt-advection feedback (Stommel 1961).

Jones and Cessi (2017) argue that an increase in basin width
results in a greater Sverdrup gyre transport (Sverdrup 1947),
and thus a stronger subpolar western boundary current. This
acts to oppose the northward MOC component of the western
boundary velocities. The MOC-associated subtropical trans-
port can be modulated by nonlocal effects (Gnanadesikan
1999; Jones and Cessi 2017), and thus does not strengthen
with increased basin width as the wind-driven subpolar west-
ern boundary current does. As such, in a narrower Atlantic
basin, the subtropical western boundary current can flow far-
ther north, bringing salty water with it. As this salty water
flows north and cools, it increases in density, decreasing strati-
fication and increases MOC. Other studies suggest that a
wider basin could result in a larger magnitude in MOC due to
a larger effective meridional diffusivity in wider basins (Wang
et al. 1995; Nilsson et al. 2021). In a wider basin, the gyre and
mesoscale eddy driven transport of salinity from the subtropi-
cal to subpolar gyre is greater, increasing northern salinity
and density, thus creating favorable conditions for deep sink-
ing. This transport also brings heat into the northern high
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latitudes, allowing for more evaporation, further increasing
the northern high-latitude salinity.

The results presented here suggest that the relationship
between basin width, salt transport, and deep ventilation
are complex. Meridional density differences are driven by
density changes at both the north and south of the Atlantic
basin (Fig. 10a) and also by changes in both temperature or
salinity (Fig. 10b). This is in contrast to results in Jones and
Cessi (2017), where salinity in the North Atlantic dominates
destratification and deep-water formation. Moreover, while
basin width certainly controls the barotropic circulation, the
details by which the transport of salinity and temperature
around the Atlantic basin and how that impacts the over-
turning circulation are not straightforward. In our simula-
tions, the Wide Coast subpolar and subtropical gyre
barotropic circulations are largest among the simulations
(Table 2; Fig. 11). Both Coast’s subpolar gyre is of similar
strength to that of Straight Coast, but Both Coast has a
much stronger subtropical gyre than Straight Coast, consis-
tent with predicted increase in Sverdrup transport with
basin width (Jones and Cessi 2017; Sverdrup 1947). How-
ever, Jones and Cessi’s (2017) argument is not consistent
with the larger MOC strength in Wide Coast as compared
with Straight Coast.

While the MOC response to changes in basin shape is com-
plicated, the MOC for each simulation is well predicted by the
scaling derived by Butler et al. (2016). MOC scales with twice-
integrated meridional density difference along the western
coastline and with average basin width for ocean basins with
both shaped and straight coasts. Moreover, the scaling is not
sensitive to the choice of latitude for either the northern or the
southern point for calculation of the meridional density differ-
ence. The density at only two locations in the ocean—one
point at the north and one at the south of the basin—can pro-
vide a good estimate of MOC. Applying the Butler et al.
(2016) scaling to several different continental configurations
demonstrates the robustness of the scaling to different basin
geometries that lead to large changes in MOC, despite the fact
that the scaling was derived for a case with straight coastlines.

Salinity and temperature differences between simulations
influence the stratification and meridional density gradient
along the western boundary in the Atlantic-like basin, allow-
ing the scaling developed by Butler et al. (2016) to accurately
predict MOC strength. Causality in the relationship between
meridional density gradient and MOC is difficult to ascribe
due to the influence of remote Southern Ocean forcing on
overturning (De Boer et al. 2010). Moreover, the meridional
velocity is proportional to zonal pressure gradients, which are
then related to meridional density differences through fast
boundary waves (Johnson and Marshall 2002), so the relation-
ship between meridional density gradient and MOC is not
direct. Butler et al. (2016) posit that the MOC responds to the
meridional density gradient through the creation of zonal
pressure gradients or through ageostrophic flow. Thus, the
differences in both temperature and salinity at the north and
the south of the Atlantic-like basin across simulations act to
cause meridional density gradient changes and in turn
changes to MOC. The success of the Butler et al. (2016)
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FIG. 11. The barotropic streamfunction for (a) Straight Coast, (b) Wide Coast, (c) Both Coast, (d) America Coast, and (e) Africa Coast.
Red shading indicates clockwise circulation, and blue shading indicates counterclockwise circulation. Contours are every 5 Sv.

scaling demonstrates its versatility in reproducing MOC given
density profiles at only two points in the Atlantic. While
Butler et al. (2016) does not directly invoke the coupling of
the barotropic circulation and the baroclinic structure of the
gyres, inspection of the density difference between the surface
and 1000 m (Fig. 7) and the barotropic circulation (Fig. 11)
suggest that this coupling likely plays a large role in setting
the density structure along the western boundary. This in turn
suggests that basin geometry influences MOC through its
influence on barotropic circulation.

Our model configurations represent a simplification of real-
istic continental configurations. However, they represent an
increase in basin geometry complexity relative to past aqua-
planet and other simulations with idealized continental config-
urations studies [such as Ferreira et al. (2010); Nilsson et al.
(2013); Cessi and Jones (2017); Jones and Cessi (2017)]. As
such, this study serves as an intermediate step in a hierarchy
of ever more realistic idealized models aimed at better under-
standing the role of ocean basin geometry on ocean

circulation. It is important to note that even the more realisti-
cally shaped coastlines in our model simulations are low-reso-
lution simplifications of the real ocean boundaries. Also, by
employing purely vertical, rather than sloping, ocean sidewalls
and flat bottom bathymetry, we ignore the effects of topo-
graphically enhanced mixing and form drag as well as the role
of bathymetry in steering abyssal flow. Despite these limita-
tions, the continental configurations in this study demonstrate
the importance of coastline shape on meridional overturning
circulation and raise further questions about the role of inter-
play between meridional overturning and gyre transports for
ocean stratification and circulation.
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