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ABSTRACT

The authors present coupled model simulations in which the ocean’s meridional overturning circulation
(MOC) sets the zonal mean location of the intertropical convergence zone (ITCZ) in the hemisphere with
deep-water production. They use a coarse-resolution single-basin sector coupled general circulation model
(CGCM) with simplified atmospheric physics and two idealized land-sea distributions.

In an equatorially symmetric closed-basin setting, unforced climate asymmetry develops because of the
advective circulation—salinity feedback that amplifies the asymmetry of the deep-MOC cell and the upper-
ocean meridional salinity transport. It confines the deep-water production and the dominant extratropical
ocean heat release to a randomly selected hemisphere. The resultant ocean heat transport (OHT) toward the
hemisphere with the deep-water source is partially compensated by the atmospheric heat transport (AHT)
across the equator via an asymmetric Hadley circulation, setting the ITCZ in the hemisphere warmed by the
ocean.

When a circumpolar channel is open at subpolar latitudes, the circumpolar current disrupts the poleward
transport of the upper-ocean saline water and suppresses deep-water formation poleward of the channel. The
MOC adjusts by lowering the main pycnocline and shifting the deep-water production into the opposite
hemisphere from the channel, and the ITCZ location follows the deep-water source again because of the
Hadley circulation adjustment to cross-equatorial OHT. The climate response is sensitive to the sill depth of
the channel but becomes saturated when the sill is deeper than the main pycnocline depth in subtropics. In
simulations with a circumpolar channel, the ITCZ is in the Northern Hemisphere (NH) because of the
Southern Hemisphere (SH) circumpolar flow that forces northward OHT.
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1. Introduction

A developing line of research investigates the influence
of various extratropical perturbations on the mean global
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climate through the interhemispheric thermal gradient and
specifically on the tropical circulation and precipitation.
Early motivation includes the goal to understand the na-
ture of abrupt climate changes during glacial periods in
the late Quaternary (Dansgaard et al. 1993). The rapid
warming and cooling over the North Atlantic, recorded
in Greenland ice cores (Grootes and Stuiver 1997), are
reflected in the tropical Atlantic (Peterson et al. 2000;
Wang et al. 2004) and the east Pacific (Koutavas and
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Lynch-Stieglitz 2004). Millennial-scale variations in
these tropical paleoclimate records can be interpreted
as the result of southward (northward) rainfall shifts
during rapid cooling (warming) in the north: this is
typically hypothesized to stem from weakening (strength-
ening) of the Atlantic meridional overturning circulation
(MOC; e.g., Broecker et al. 1985).

Proxy records and observations will always contain
gaps; hence their combination with models provides a
more complete understanding. Changes in high-latitude
land and sea ice cover in AGCM-slab ocean models
generate an interhemispheric thermal difference that
shifts the global tropical precipitation away from the
cooled hemisphere (Chiang and Bitz 2005; Broccoli et al.
2006). In a series of coupled general circulation model
(CGCM) experiments, an Atlantic MOC disruption, due
to additional freshwater input in the northern Atlantic,
manifests various degrees of Northern Hemisphere (NH)
cooling and southward displacement of the intertropical
convergence zone (ITCZ; Manabe and Stouffer 1995;
Zhang and Delworth 2005; Timmermann et al. 2007,
Drijfhout 2010). Modeling studies of industrial aerosol
emissions, primarily originating in the NH, show that
these tend to increase the reflectivity of the atmosphere
(because of higher scattering and cloud albedo) and in-
duce NH-wide cooling that shifts the ITCZ south and
weakens the NH summer monsoons (Yoshimori and
Broccoli 2008).

Realistic model geometries sometimes mask the key
processes and pathways from being distinctly revealed.
An idealized geometry under hypothetical conditions
can build our knowledge at a more fundamental level.
For example, in a set of AGCM-slab ocean models
without land, prescribed extratropical mixed layer
heating representing the ocean heat transport (OHT)
affects the tropical mean state and confirms the sensitivity
of the ITCZ position to the interhemispheric thermal
gradient (Kang et al. 2008, 2009): the zonal average
maximum precipitation in the tropics moves away from
(toward) the cooled (warmed) hemisphere.

Studies about the remote influence of the extratropics
on the global interhemispheric climate asymmetry en-
rich our understanding of the dynamics of the Hadley
circulation and the ITCZ (e.g., Held and Hou 1980; Xie
and Philander 1994; Philander et al. 1996). The specific
configurations of the eastern coastline, stratus clouds,
and the air-sea feedbacks are the key local controlling
factors in the tropics (Xie 2004). We aim to contribute to
amore encompassing dynamical picture of tropical climate
as the superposition of local and remote processes. Our
focus is on elements of the ocean dynamics that connect
upper-ocean horizontal circulation with the MOC, which
can induce a change in the extratropical surface heating
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that can modify tropical climate. The Southern Ocean
circumpolar flow is the key dynamical interhemispheric
difference throughout the world oceans with crucial ef-
fects on the earth’s climate. Various geometries of the
Drake Passage! in OGCM and OGCM-atmosphere
energy balance setups (e.g., Cox 1989; Toggweiler and
Bjornsson 2000; Sijp and England 2004) lead to a sub-
stantially different MOC, OHT, and interhemispheric
thermal gradient. Our paper goes forward by employing
both a dynamically resolved ocean and atmosphere in an
idealized geometry similar, in approach, to Smith et al.
(2006) and Ferreira et al. (2010).

We examine the influence of internally excited or ex-
ternally forced change in extratropical ocean circulation
on the mean climate and particularly on aspects of the
tropical circulation and precipitation in an idealized
coupled numerical setup. Section 2 describes our sim-
plified CGCM, outlines a series of experiments, and
presents the control case. Section 3 focuses on unforced
interhemispheric symmetry breaking in a closed-basin
symmetric configuration. Section 4 studies forced sym-
metry breaking via opening a circumpolar channel with
different sill depths in different hemispheres. Sections 5
and 6 summarize our main results that further under-
standing of remote processes controlling elements of the
tropical climate and discuss possible future directions.

2. Numerical setup and the control experiments

Developing insight into such a complex system as the
planetary climate requires analysis and modeling of
various domains at different levels of complexity (Held
2005). We employ a fully dynamical intermediate com-
plexity climate model (ICCM) unburdened by realistic
land distribution and complex atmospheric physics.
Our ICCM setup is derived from the Geophysical Fluid
Dynamics Laboratory Climate Model version 2.0
(GFDL CM2.0; Delworth et al. 2006) in a modular way
through a set of parameterization and geographic sim-
plifications (Farneti and Vallis 2009; Vallis and Farneti
2009). ICCM is publically available from GFDL as a part
of CM2 distribution (https://fms.gfdl.noaa.gov/gf/).

a. Elements of idealized climate system

This CGCM solves the three-dimensional primitive
equations for the atmosphere and ocean with a dynam-
ically consistent surface exchange of momentum, heat,
and freshwater fluxes, but it uses simplified atmo-
spheric physics. We select an idealized coarse-resolution

! The narrow body of water between Patagonia and the Antarctic
Peninsula.
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configuration with a sector atmosphere over land with-
out mountains and a single-basin flat-bottom ocean. The
goal is to expose crucial elements of coupled dynamics in
a more revealing geometrical setting and to make the
model computationally less demanding.

The atmospheric component, with 7 vertical levels
and 3.75° X 3° horizontal resolution, has a sector ge-
ometry that is 120° long and spans from 84°S to 84°N.
This AGCM is based on a moist B-grid dynamical core,
but it uses a gray radiation scheme with the longwave flux
independent of water vapor and clouds (Frierson et al.
2006). The model is forced with a time-independent,
zonally uniform, top-of-atmosphere solar radiation that
analytically mimics the observed mean profile. Solar
absorption in the atmosphere is neglected and longwave
optical depth has prescribed annual mean distribution.
A large-scale condensation scheme is applied along
with a simplified Betts—Miller convection scheme (Betts
1986; Frierson 2007); thus, humidity and temperature
are adjusted when saturation occurs and precipitation
falls out immediately (there is no liquid water or clouds
in the atmosphere). Eliminating water vapor and cloud
feedbacks (radiative fluxes depend only on tempera-
ture) enables us to focus on a purely dynamical response
of the coupled climate system to the ocean state change.

The ocean component is the Modular Ocean Model
(MOM) version 4.0 (Griffies et al. 2004) with 24 vertical
levels (of thickness ranging from 10 m at the top to
315 m at the bottom) and 2° X 2° horizontal resolution.
The ocean basin is 60° wide, spans from 70°S to 70°N,
and has a flat bottom that is 3.9 km deep. Circumpolar
channels with various sill depths are opened in the sub-
polar regions of both hemispheres to explore the impact
of high-latitude zonally unconstrained flows. The ocean
physics parameterizations are similar to the standard free
surface MOM model incorporated in CM2.0. This OGCM
has constant vertical tracer diffusivity of 0.5 cm? s~ '. It
applies the Gent-McWilliams (GM) skew flux scheme
combined with a downgradient neutral diffusion that
parameterizes the effects of mesoscale eddies using con-
stant eddy tracer diffusivity of 800 m* s~! (Gent and
McWilliams 1990; Griffies 1998).

The dynamic-thermodynamic sea ice simulator (SIS;
Winton 2000) is coupled within the ocean grid. The land
model LM2.0 is configured with the atmospheric hori-
zontal resolution. It is implemented as a collection of
soil water reservoirs with constant water availability and
heat capacity at each land cell. The excess precipitated
water is redistributed back to the ocean at a nearby grid
point. There are no mountains or glaciers, and surface
albedo values are altered to obtain a realistic mean cli-
mate in the control experiments [for more details of
ICCM setup, see Farneti and Vallis (2009)].
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FIG. 1. (top) The different ocean basin geometries used in this
study and (bottom) time integration outline for the whole series of
experiments (lower panel).

b. The role of ocean basin geometry

The only external forcing agent of the interhemispheric
asymmetries in our experiments is the ocean basin ge-
ometry through different configurations of a circumpolar
channel. Figure 1 shows a schematic map and key geometric
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FIG. 2. (top) Time evolution (smoothed with the 31-yr Hamming filter) of MOC streamfunction indices in

(a) Expl.0 and (b) Expl.0a. Here, “deepMOC” (black curves) is the magnitude of the deep-MOC cell (subsurface
extremum in the extratropics) and “eqMOC” (red curves) is the amplitude of deep-water exchange across the
equator (subsurface extremum). The absolute values of the SH MOC indices (dashed curves) are shown for easier
comparison of the interhemispheric differences. (middle) The MOC streamfunction (gray contours), with positive
values representing clockwise circulation, over the zonally averaged anomalous salinity (shading), with respect to the
symmetrized mean control state, averaged over the last 500 yr of (c) Expl.0 and (d) Expl.0a. (bottom) Tropical

precipitation averaged over the last 500 yr of (e) Exp1.0 and (f) Expl.0a.

parameters of various ocean basins, as well as 1500-yr
integration timeline of our suite of experiments. The two
control experiments, Exp1.0 and Exp1.0a, have an equa-
torially symmetric configuration with a closed ocean ba-
sin. They are initialized from no-flow symmetric initial
conditions (IC) of potential temperature and salinity.
Exp1.0 has zonally uniform IC with a prescribed main
pycnocline. Expl.0a starts from dynamically quasi-
balanced IC obtained from Exp1.0 outputs by using
only the symmetric components (averaged from year 151
to 200). After 400 yr of Exp1.0 integration, we branch an
additional set of tectonically forced experiments through
the sudden opening of circumpolar channels (between 48°
and 60° latitude) with various sill depths. Specifically,
Expl.1, Expl.2, Expl.3, and Expl.4 have an idealized

Drake Passage 102, 480, 2436, and 3900 m deep, respec-
tively, while Expl.5 features the NH equivalent that is
2436 m deep.

The unbalanced symmetric IC of Exp1.0 yields, from the
start, a fast dynamical adjustment and strong fluctuations
that lead to a deep-MOC asymmetry after about 50 yr
(Fig. 2a). Specifically, in Expl.0 the deep water is pre-
dominately produced in the Southern Hemisphere (SH;
dashed black curve) and exported to the NH (red curve).
The symmetric geometry and forcing of the control cases
require the ensemble mean control climate to be sym-
metric. Different experiments started from different IC
should manifest climate asymmetry with various, ran-
domly selected, interhemispheric signs. Exp1.0a (Fig. 2b)
develops the opposite sign of deep-MOC asymmetry at
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FIG. 3. The symmetrized mean control climate averaged over the last 100 yr of Exp1.0 and Exp1.0a. (a) Surface
salinity (shading), surface currents averaged over top 100 m (vectors), and SST (gray contours). (b) Precipitation
(shading), surface level winds (vectors), and net surface heat flux [red (positive into the atmosphere) and blue
(negative out of the atmosphere) contours]. The SH conditions mirror the presented NH conditions across the
equator by construction. White contours mark boundaries between ocean gyres (zero wind stress curl), while green
(gray) horizontal lines in (a) [(b)] delineate surface boundaries between the meridional overturning cells in the
atmosphere (the zonally averaged position of zero surface meridional wind).

a rate slower than Exp1.0. The two control experiments
reach equatorially mirrored asymmetric final steady
states of the ocean (see the middle panels in Fig. 2): they
demonstrate the ocean bistability of our symmetric
coupled system that is reflected in, among other things,
tropical precipitation asymmetry. The bottom panels in
Fig. 2 show that the maximum of tropical precipitation is
in the hemisphere with the main deep-water source.

¢. The symmetrized mean control state

In general, any continuous and finite variable can be
decomposed into the sum of equatorially symmetric and
antisymmetric parts.” We use the set of long-term av-
erages of symmetric or antisymmetric field components
from Exp1.0 and Expl.0a to approximate the ensemble
mean control climate of a large number of closed-basin
symmetric experiments. We present below some fields
of this symmetrized mean control state (averaged over
the last 100 yr of integration) that are important for the
analysis of asymmetries in the rest of the paper.

% For example, SST(y) = [SST(y) + SST(—y)]/2 + [SST(y) —
SST(—y)]/12 = SST,(y) + SST.(y), where SST,(—y) = SST,(y) and
SST,(—y) = —SST,(y). The basic equatorially symmetrized com-
ponent of some fields is symmetric (6, S, g, u, etc.), while in others it
is antisymmetric (v, i, etc.).

The surface ocean circulation (averaged over the top
100 m) in Fig. 3a shows tropical, subtropical, and sub-
polar gyres divided by zero wind stress (white) contours.
The subpolar gyres are too wide in comparison to the
real-world North Atlantic because of an equatorward
bias of the midlatitude westerlies (Fig. 3b). The SST
(contours in Fig. 3a) and surface salinity (shading in Fig. 3a)
distributions show the influence of precipitation patterns
(shading in Fig. 3b), surface currents (vectors in Fig. 3a),
and surface winds (vectors Fig. 3b). The green (gray)
horizontal lines in Fig. 3a (Fig. 3b) mark the surface
borders between the Hadley, Ferrel, and polar cells. The
red (positive) and blue (negative) contours in Fig. 3b
show the net surface heat flux distribution (positive
upward). This distribution clearly reflects the influence
of strong boundary currents in the extratropical regions
that coincide with a strong SST gradient and primarily
yield a strong heat release from the ocean.

The mean control climate in Fig. 4a shows a meridio-
nal overturning mass streamfunction clearly displaying
the atmospheric overturning cells. Figure 4b delineates
the meridional distribution of the total planetary (black
curve) and ocean (blue curve) energy transport along
with the atmospheric moist static (red curve), dry static
(purple curve), and latent (green curve) energy trans-
ports. The decomposition of energy transport confirms
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FIG. 4. The symmetrized mean control climate averaged over the
last 100 yr of Expl.0 and Expl.0a. (a) Atmospheric meridional
overturning streamfunction (contours and gray shading for nega-
tive values). (b) Meridional heat transport elements: total plane-
tary (black curve), moist static energy (red curve), dry static energy
(purple curve), latent energy (green curve), and ocean (blue
curve). Vertical gray lines in (b) mark surface boundaries of the
Hadley, Ferrel, and polar overturning cells (the zonally averaged
position of zero surface meridional wind).

that the latent heat transport (primarily in the lower
troposphere because of high specific humidity) is op-
posing the dominant dry static energy transport in the
deep tropics, which is in the direction of the upper
branch of the thermally direct Hadley cell (Held 2001;
Trenberth and Stepaniak 2003). The realized values of
the meridional heat transport components are approxi-
mately one-third of the real-world values, which is ex-
pected since the sector atmosphere is only 120° wide.

3. Unforced symmetry breaking

The possibility of multiple ocean equilibria, arising
because of nonlinear interactions between ocean circu-
lation and salinity and because of the inherent differences
in heat and freshwater ocean—atmosphere coupling, has
been studied for some time (e.g., Bryan 1986; Marotzke
and Willebrand 1991; Dijkstra and Molemaker 1997
Dijkstra and Ghil 2005; Den Toom et al. 2012). The
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symmetry breaking and dominance of deep-water pro-
duction in one hemisphere is caused by the advective
ocean circulation—salinity feedback (Stommel 1961;
Rooth 1982). An increase of surface salinity in the sub-
polar region of one hemisphere relative to the other
causes a local intensification of deep-water production:
this leads to export of an excess of deep water to the
other hemisphere and asymmetry in the deep-MOC cell.
Its surface branch advects additional subtropical high-
salinity water toward the subpolar region with in-
tensified deep-water production and further increases
local surface salinity, acting as a positive feedback.
Internal variability spontaneously initiates the MOC
asymmetry in our control closed-basin numerical setup.
For example, Fig. 2b shows that Exp1.0a gradually de-
velops the dominant source of deep-water production
in the NH (solid black curve) and deep southward re-
turn flow across the equator (red curve). In the next
subsection, we analyze the time evolution of zonally col-
lapsed surface anomalies, with respect to the symmetrized
mean control state, critical for the development of an
interhemispheric asymmetry in the MOC.

a. Development of key surface anomalies in a control
experiment

Shading in Fig. 5a shows the key phase (from Fig. 2b)
of the development of the anomalous northward upper-
ocean salinity transport. Its directional synchronization
across the equator triggers and amplifies the deep-MOC
asymmetry. It strives to amplify the asymmetry in sur-
face salinity and thus in surface density that positively
feedbacks on the deep-MOC asymmetry, most impor-
tantly in the extratropics. This nonlinear characteristic is
the crucial reason for the existence of multiple equilibria
in our symmetric configuration. A decrease (increase) of
surface salinity in the SH (NH) extratropics in Fig. 5b
coincides with a decrease (increase) of SST in Fig. S5c also
caused by anomalous northward upper-ocean transport.
The growth of subpolar SST anomalies limits the surface
density anomalies and magnitude of the deep-MOC
asymmetry. On oceanic long time scales in the extra-
tropics SST anomalies induce anomalies in net surface
heat flux (shading in Fig. 5d) that strive to damp SST
anomalies (they have the same sign in Figs. 5c,d). The
surface heat flux anomalies, in contrast to SST anoma-
lies, have predominately opposite signs across 36° lati-
tude (poleward boundary of the Hadley cell) in each
hemisphere and much greater amplitudes in the extra-
tropics than in the tropics, indicating that the extra-
tropics are the source of an interhemispheric thermal
gradient.

The moderate anomalies in SST (Fig. 5c) and net
surface heat flux (Fig. 5d) located close to the poleward
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FIG. 5. A key segment of the evolution of anomalous components, with respect to the symmetrized mean

control fields, in Expl.0a: (a) anomaly of meridional salinity mass flux zonally and vertically integrated in top
200 m (10° kg s~ 1), (b) zonally averaged anomaly of surface salinity (psu), (c) zonally averaged anomaly of SST
(°C), and (d) zonally and 3° meridionally integrated anomaly of net surface heat flux (10'> W). The green curves
mark zonal mean surface boundaries between the Hadley, Ferrel, and polar cells, while the black curves mark
zonal mean boundaries between the tropical, subtropical, and subpolar gyres. The 31-yr Hamming filter is applied

to all fields. The surface heat flux from the ocean to the atmosphere has positive sign.

edges of the ocean basin beneath the polar cell directly
reflect the asymmetry in deep-water production. How-
ever, the locations of the strongest anomalies in all surface
scalar fields in Fig. 5 are in the vicinity of subtropical-
subpolar divide (which is marked by the black contours
fluctuating about 42° latitude) beneath the Ferrel cell
(which is located between midlatitude green contours).
Hence, the anomalous meridional upper-ocean salinity
transport, a key element of the advective feedback,
plays the most important role first during the poleward
transition of upper-ocean water from the subtropical to
the subpolar gyre and then when reaching high-latitude
site of deep-water formation.

b. Final steady-state surface conditions of a control
experiment

The distribution of surface salinity asymmetry in the
final steady state of Expl.0a in Fig. 6a shows two key
boundary regions with the most pronounced anomalies
in the extratropics: the extended region of convergence
of the subtropical and subpolar western boundary

currents and the eastern poleward sector of the subpolar
domain. The anomalies in these particular regions arise
because of surface current anomalies (vectors in Fig. 6a)
acting across the strong gradient in the mean surface
salinity (shading in Fig. 3a). Northward current anom-
alies along the entire western boundary and subpolar
eastern boundary constitute the key contributions to the
northward surface branch of the deep pole-to-pole MOC
cell in Fig. 2d.

Where the surface salinity has a large asymmetry in
the extratropics, there is also a large asymmetry in SST
(contours in Fig. 6a). It arises where strong anomalous
surface currents also cross the regions with a strong SST
gradient in the control state (contours in Fig. 3a). Ex-
tratropical SST anomalies strongly force the atmosphere
primarily through anomalies in latent heat flux (con-
tours in Fig. 6b). In Exp1.0a anomalously high NH (low
SH) SST in the extratropics leads to anomalous release
(uptake) of heat from (by) the ocean. Sensible heat flux
asymmetry has the same sign as the latent heat flux
asymmetry under the Ferrel cell but much weaker
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FIG. 6. The steady-state anomalies, with respect to the symmetrized mean control state in Fig. 3, averaged over the
last century of Exp1.0a. (a) Anomalous SST (contours), anomalous surface salinity (shading), and anomalous surface
currents averaged over the top 100 m (vectors). (b) Anomalous latent heat flux [red (positive in the atmosphere) and
blue (negative out of the atmosphere), contours], anomalous precipitation (shading), and anomalous surface wind
(vectors). The gray horizontal lines mark zonal mean surface boundaries between the Hadley, Ferrel, and polar cells
(zonal average of zero meridional surface wind), while the white curves mark boundaries between the tropical,

subtropical, and subpolar gyres (zero wind stress curl).

amplitude (not shown). The deep pole-to-pole MOC
imposes the interhemispheric thermal gradient in the
atmosphere most significantly at these two specified extra-
tropical regions. Surface air temperature (SAT) asymme-
try (not shown) closely mimics patterns of SST asymmetry.
In the tropics, a weaker surface heat flux asymmetry with
the opposite sign in the tropics is forced from the extra-
tropics through local surface wind change as described in
the next subsection.

¢. Dynamic response of the atmosphere to the ocean
asymmetry

The asymmetric surface heating of the extratropical
atmosphere influences the tropics by generating a local
interhemispheric thermal gradient via large-scale eddy
heat fluxes (Kang et al. 2008, 2009) and surface wind-
evaporation-SST (WES) coupling in the region of the
low-latitude easterlies (Chiang and Bitz 2005; Chiang
et al. 2008). The low-latitude coupled atmosphere—
ocean system responds by inducing an anomalous cross-
equatorial Hadley cell (Fig. 7b). This cell facilitates the
cross-equatorial atmospheric heat transport (AHT)
from the warmer to the colder hemisphere (red curve in
Fig. 7c) ultimately as a response to the cross-equatorial

OHT from the colder to warmer hemisphere (blue
curve in Fig. 7¢). Since the Hadley circulation is ther-
mally direct (e.g., Dima and Wallace 2003; Webster
2004), the surface branch of the anomalous cell ex-
tends across the equator (Fig. 7b), providing anoma-
lous low-level moisture transport toward the warmer
hemisphere (green curve in Fig. 7¢). Tropical coupled
atmosphere—-ocean dynamics push the ascending branch
of the anomalous Hadley cell and the maximum of
tropical precipitation (shadings in Figs. 2f, 6b and blue
curve in Fig. 7a) to the warmer hemisphere with the
main source of deep-water production. In the extra-
tropics, asymmetry in precipitation (shading in Fig. 6b),
induced by the asymmetry in latent heat flux (contours
in Fig. 6b), is opposing the asymmetry in surface sa-
linity (shading in Fig. 6a). However, the anomalous
surface circulation (vectors in Fig. 6a) across a strong
gradient in the mean surface salinity is more important
for maintaining the surface salinity anomaly. There is
more tropical precipitation in the hemisphere with
increased extratropical salinity and hence tropical rain-
fall asymmetry is also ineffectively opposing the upper-
ocean anomalous salinity transport and the deep-MOC
asymmetry.
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FIG. 7. (a) Time evolution (with applied 31-yr Hamming filtering) of the following asymmetry parameters in
Expl.0a: the black curve is zonal mean meridional wind stress at the equator (N m ™ 2), the red curve is difference
between (0°, 10°N)-averaged SST and (10°S, 0°)-averaged SST (in °C), the blue curve is difference between (0°,
10°N)-integrated precipitation and (10°S, 0°)-integrated precipitation (Sv; 1 Sv =10°m?®s '), and the purple curve is
integrated asymmetry of extratropical surface heat flux with positive values representing excess heat release into the
NH atmosphere (PW). (b),(c) Anomalous (with respect to symmetrized control state in Fig. 4) overturning
streamfunction in the atmosphere and meridional heat transport components averaged over the last 100 yr. In
(c) blue, black, red, purple, and green curves show vertically and zonally integrated anomalous ocean heat, total
planetary heat, moist static energy, dry static energy, and latent energy transport, respectively.

Figure 7a shows that the buildup of the extratropical
surface heat flux asymmetry’ (purple curve with NH
maximum) very gradually excites coherent tropical
asymmetries with the same sign. This is characteristic
of the deep-MOC-guided mechanism of the tropical—
extratropical and interhemispheric interaction. In the
tropics, the WES feedback (Xie 2004) plays an impor-
tant role in the local coupling of cross-equatorial wind
stress (solid black curve showing average northward
direction in Fig. 7a), SST asymmetry (red curve with

* The asymmetry index of total extratropical net surface heat
flux is defined as the half of the difference between total surface
heat flux in the extratropics of the NH and the SH. Surface heat flux
is positive upward, so positive (negative) values of this asymmetry
index represent excess ocean heat release in the NH (SH) extra-
tropics.

NH maximum in Fig. 7a), and cumulative precipitation
asymmetry* (blue curve with NH maximum in Fig. 7a).
The cross-equatorial “C shape” of anomalous surface
wind in Fig. 6b is a signature of the WES feedback that in
Expl.0a connects the SH zone of stronger easterlies,
stronger evaporation, and lower SST with the NH zone
of weaker easterlies, weaker evaporation, and higher
SST on short time scales.

The sign and magnitude of tropical anomalies on mul-
tidecadal and longer time scales in our model is controlled
by the extratropical latent heat flux anomalies. In Exp1.0a,

* We define it as the total precipitation in the NH deep tropics,
between the equator and 10°N, minus the total precipitation in the
SH deep tropics, between 10°S and the equator, Positive (negative)
values occur if the ITCZ is in the NH (SH).
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a boosted (suppressed) extratropical heat release in the
NH (SH) atmosphere makes it, in a thermal sense, the
summer-like (winter-like) hemisphere with a weaker
(stronger) jet stream due to a decrease (increase) in the
meridional surface temperature gradient between the
equator and extratropics. The Hadley, Ferrel, and polar
cellsin the NH (SH) get weaker (stronger) in Fig. 7b and
manifest the associated asymmetries in the surface winds:
weakening (strengthening) in the NH (SH) in Fig. 6b. In
the tropics, southerly cross-equatorial surface wind and
weaker (stronger) easterlies in the NH (SH) yield a weaker
(stronger) latent heat flux that leads to a negative (posi-
tive) tropical surface heat flux anomaly in Fig. 5d. This in
turn produces higher (lower) tropical SST in Fig. Sc. On
the other hand, weaker (stronger) midlatitude westerlies
in the NH (SH) in Expl.0a reduce (enhance) equator-
ward Ekman transport between the subpolar and sub-
tropical gyre and thus amplify the anomalous northward
upper-ocean transport: that is, the surface branch of the
pole-to-pole deep-MOC cell.

Similar unforced symmetry breaking on oceanic long
time scales is realized in the evolution of Exp1.0 but in
the opposite direction (Fig. 2). Our symmetric setup
clearly manifests climate bistability. We bring our study
a step closer to the real-world geometry by opening
various circumpolar channels in the next section.

4. Forced symmetry breaking

We mechanically force changes in our coupled system
through modifications of the basin boundaries in time.
Specifically, the sudden opening of various circumpolar
channels in Expl.1 through Expl.5 (starting from Exp1.0
after 400 yr of integration) forces an asymmetry in the
extratropical upper-ocean circulation and the MOC. In
this section, we examine the impact of the circumpolar
current on the MOC and tropical climate and whether the
coupled system responds in a similar way as in the closed-
basin experiments.

a. Development of key surface anomalies in a forced
experiment

Expl.3 opens an approximately 2.5-km-deep SH cir-
cumpolar channel (the closest to the Drake Passage in
our set of open-basin experiments). The initial develop-
ment of anomalous southward upper-ocean salinity
transport from Expl.0 very quickly reverses in the SH
after the channel opens (shading in Fig. 8a). The rapidly
formed circumpolar flow prevents establishment of a net
zonal pressure gradient; hence, it constrains the geo-
strophic component of the circulation to have zero net
meridional flow above the sill level and suppresses me-
ridional transport. The parameterized GM mesoscale
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eddy transport is only weakly changed with the change
in stratification, but it is of secondary importance in our
model. Substantial weakening of southward salinity
transport in the upper ocean appears as a strong north-
ward anomalous transport that rapidly reduces surface
salinity south of the circumpolar current (shading in
Fig. 8b). As a result, surface density locally decreases,
and deep-water production and ocean heat release are
suppressed south of 60°S. This effect is larger than in
Expl.0a because the forced salinity anomaly reaches
higher amplitudes than what circulation—salinity inter-
action can accomplish in Fig. 5b. The concurrent de-
crease of SST (shading in Fig. 8c), primarily due to the
reduction of poleward transport of warm upper-ocean
water, opposes the surface salinity decrease in control-
ling the surface density, but again the salinity change
is more important. A decrease of SST south of the cir-
cumpolar channel also causes significant sea ice expan-
sion and further weakens upward surface heat flux at the
poleward edge of the basin (shading in Fig. 8d).

The opening of a circumpolar channel changes the
barotropic part of the circulation, but the most signifi-
cant forced change is in the baroclinic component via
slow adjustment of the stratification north of the cir-
cumpolar current. The forced transition of deep-water
production from the SH to the NH is primarily facili-
tated by oceanic teleconnection pathways through Kelvin
waves along the basin boundaries and at the equator and
westward Rossby waves in the basin interior (e.g., Kawase
1987; Johnson and Marshall 2004). The signal from the
opening of the circumpolar channel is transmitted north-
ward as a deepening of isopycnals throughout the basin
(not shown). The equator acts as a high-frequency filter
for deepening of the main pycnocline in the NH (Johnson
and Marshall 2004) and thus forces delayed intensification
of NH deep-water production there since the large-scale
deep-water production rate is proportional to the square
of the main pycnocline depth (e.g., Vallis 2006). It takes
several decades for anomalous surface salinity and tem-
perature to rise significantly in the NH extratropics in
Exp1.3 (Figs. 8b,c).

As in the control experiment Exp1.0a, the anomalous
SST rise in the NH extratropics yields the same domi-
nant region of positive surface heat flux anomaly in
Expl.3, but with stronger amplitude. The opening of the
SH circumpolar channel rapidly produces the strongest
suppression of ocean heat release south of the circum-
polar current (light blue shading in Fig. 8d). While in the
NH, the greatest ocean heat release, with a multidecadal
delay, takes place around 42°N (yellow shading in Fig. 8d)
because there the strongest upper-ocean current anom-
alies act across the strongest mean SST gradient. Again,
the anomalies of net surface heat flux have mostly
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FIG. 8. A key segment of the evolution of anomalous components, with respect to the symmetrized control mean

fields, in Exp1.3 bifurcated from Exp1.0 at 01 January 0401 (marked by black horizontal line): (a) anomaly of me-
ridional salinity mass flux zonally and vertically integrated in top 200 m (10°kg s 1), (b) zonally averaged anomaly of
surface salinity (psu), (c) zonally averaged anomaly of SST (°C), and (d) zonally and 3° meridionally integrated
anomaly of net surface heat flux (10'> W). The green curves mark zonal mean surface boundaries between the
Hadley, Ferrel, and polar cells, while the black curves mark zonal mean boundaries between the tropical, sub-
tropical, and subpolar gyres. The white horizontal lines at 48° and 60°S mark the edges of circumpolar channel. The
31-yr Hamming filter is applied to all fields. The surface heat flux from the ocean to the atmosphere has a positive

sign.

opposite signs in the tropics and the extratropics of each
hemisphere.

b. Final steady state of a forced experiment

Surface conditions in Expl.3 evolve to a steady state
with asymmetry patterns as shown in Fig. 9. The cir-
cumpolar current in the SH disrupts the poleward upper-
ocean transport, most importantly along the eastern
boundary in the subpolar domain (vectors in Fig. 9a).
The surface region of the SH deep-water production is
cooled (contours in Fig. 9a) and freshened (shading in
Fig. 9a). The resulting decrease of SH deep-water for-
mation is eventually compensated by the intensification
of deep-water formation in the NH. The northward ori-
entation of the surface branch of the deep pole-to-pole
MOC cell is evident as a strong anomalous northward
flow along the western boundary critical for the mainte-
nance of increased (decreased) surface salinity in the NH
(SH) extratropics in Fig. 9a. The anomalous northward

eastern boundary flow in the NH subpolar domain in-
jects additional salinity into the region of deep-water
formation.

The anomalous surface currents again produce the
same two key regions of latent heat flux anomalies
(contours in Fig. 9b) in the extratropics due to strong
anomalous advection across the regions with strong
background SST gradient (contours in Fig. 3a). The
climate response is similar to the asymmetry in Exp1.0a,
but with a stronger magnitude (in the SH due to a cir-
cumpolar current and in the NH due to a deeper main
pycnocline). In Expl.3 surface cooling peaks in the
southeast corner of the basin (contours in Fig. 9a) because
the strongest surface current anomalies are there. The
western boundary region around 40°S cools less because
there is northward advection of warmer water coming
eastward through the circumpolar channel. This water
originates at lower latitudes on the western side of the
basin. The surface wind asymmetry in Fig. 9b confirms
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60°S mark boundaries of the circumpolar channel approximately 2.5 km deep.

that the NH (SH) becomes, in a thermal sense, the summer-
like (winter-like) hemisphere with weaker (stronger) winds.
The associated asymmetries in SAT, the jet streams, the
Hadley circulation, the components of ocean—atmosphere
meridional energy transport, and the ITCZ all exhibit
similar characteristics as in Exp1.0a, but with a stronger
amplitude because of the forced response.

The steady-state MOC streamfunction in Fig. 10 con-
firms a stronger asymmetry in the deep-MOC cell, with
respect to Fig. 2d. The zonally averaged anomalous sa-
linity in Exp1.3 (colored contours in Fig. 10) shows the
impact of anomalous northward upper-ocean salinity
transport (schematic red arrow in Fig. 10). The SH upper
ocean exports salinity to the NH and becomes signifi-
cantly fresher. In the NH, an intensified deep-water
production sequesters the excess in salt below the upper
ocean primarily in the southward deep-water flow across
the equator.

The surface and interior salinity asymmetry in Exp1.3
is also a direct product of the asymmetry in ocean cir-
culation, because in the extratropics the asymmetry in
precipitation (shading in Fig. 9b) opposes the asym-
metry in surface salinity (shading in Fig. 9a). The blue
and purple arrows in Fig. 10 schematically present the

interhemispheric water and heat cycle, respectively, in
Expl.3 (and Expl.0a). The gray arrows show the cross-
equatorial Hadley circulation that is the critical element
of interhemispheric thermal interaction caused in our ex-
periments by the asymmetry in deep MOC. The surface
branch of the anomalous Hadley cell transports the excess
moisture into the warmed hemisphere, where coupled
ocean—atmosphere dynamics establish the maximum of
tropical precipitation (vertical blue lines in Fig. 10 sche-
matically point to the position of ITCZ).

c¢. Climate sensitivity to sill depth of a circumpolar
channel

We now investigate the degree of climate asymmetry
subject to changes in the sill depth of the circumpolar
channel also motivated by plate tectonics of the earth’s
lithosphere. Comparison of Expl.1, Expl.2, Expl.3,
and Expl.4 with SH sill depths of 102, 480, 2436, and
3900 m (basin bottom), respectively, enables us to ex-
amine the forced change in the upper-ocean meridional
salinity transport and its role in the deep MOC and
tropical climate asymmetry.

The vertical distributions of zonally integrated anoma-
lous meridional salinity transport in Fig. 11 (shading) show
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the most significant change occurs from Exp1.0 to Exp1.2.
Expl.4 (not shown) produces results very similar to
Expl.3. The upper-ocean subtropical domain is the re-
gion with the highest salinity content; hence, the strong
poleward advection of salinity in the upper ocean exerts
substantial influence over salinity in the subpolar region.
When a circumpolar channel completely blocks the main
pycnocline (roughly top 500 m) and thus suppresses the
geostrophic part of the upper-ocean meridional transport
as much as possible, further deepening of the sill level
cannot induce a relevant decrease in the salinity poleward
of the circumpolar current (contours in Fig. 11). There-
fore, the local deep-water production cannot be reduced
further as we continue to lower the sill level all the way
to the ocean bottom in our model. Below the sill level at
102 m in Expl.1 there is still a nonnegligible net geo-
strophic component of the poleward upper-ocean flow.
The steady-state MOC streamfunction of Exp1.2, Exp1.3,
and Exp1.4 are essentially indistinguishable, while Exp1.1
has a similar but weaker pole-to-pole deep-MOC cell
(not shown).

The evolution of the deep-MOC asymmetry in Exp1.2
(green curve), Exp1.3 (blue curve), and Expl.4 (brown
curve) in Fig. 12a is nearly identical after the opening
of their circumpolar channels. These three experiments
manifest the same multidecadal time scale for the tran-
sition of deep-water source from the SH in Exp1.0 to the
NH. Expl.1 (red curve in Fig. 12a) develops a weaker
deep-water production in the NH on an even longer
time scale. In Expl.1 below the sill there is still a suf-
ficient amount of the subtropical upper-ocean high-
salinity water advected southward, which prevents an
almost complete shutdown of the SH deep-water
production.

The MOC and ocean state asymmetry dependence on
the circumpolar channel sill depth is projected through-
out the coupled global climate. The net surface heat flux
asymmetry in the extratropics (Fig. 12b) closely follows
the deep-MOC asymmetry (Fig. 12a). The tropical
ocean—-atmosphere domain adjusts to the extratropical
surface forcing asymmetry in all experiments by inducing
a cross-equatorial Hadley cell as previously discussed.
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FIG. 11. The shading and contours show development, over the key period, of the vertical distribution of zonally
integrated anomalous meridional salinity transport (10° kg s™!) at the southern edge of circumpolar channel (60°S)
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white horizontal lines in (b) and (c) show the sill depth at 102 and 480 m, respectively.

Figures 12c and 12d show that the response of zonally
averaged surface cross-equatorial wind (i.e., surface
branch of the anomalous Hadley cell) and the total
tropical precipitation asymmetry, respectively, reflect
a similar dependence on the sill depth. In our model the
atmosphere cannot distinguish whether a circumpolar
channel is 500 m deep or if it reaches all the way to the
ocean’s bottom: its response is the same. Figure 12 in-
dicates the prevailing linear scaling of all pairs of the
presented asymmetry indices.

5. Discussion and summary

We have investigated the connection of interhemispheric
asymmetry in the ocean circulation and the tropical
climate in an idealized single-basin sector CGCM. The
unforced and forced symmetry breaking of the upper-
ocean meridional salinity transport in the extratropics
leads to a substantial asymmetry in the MOC and ocean
state. The asymmetry of surface salinity in the extratropics
strives to amplify the deep-MOC asymmetry, while SST
asymmetry limits its growth by constraining growth of
asymmetry in surface density. The associated asymmetry
in the OHT breaks the coupled climate symmetry through
the development of the key asymmetries in extratropical
surface heat flux. They are structured by the upper-ocean

circulation anomalies across a strong background SST
gradient in the two distinct regions: the first key region is
the extended confluence region of subtropical and sub-
polar western boundary currents beneath the Ferrel cell
and the other is the high-latitude region of deep-water
production beneath the polar cell.

The asymmetry in extratropical latent heat flux forces
an interhemispheric thermal gradient in the atmosphere
that causes a wind asymmetry due to a different merid-
ional surface temperature gradient between the equator
and midlatitudes in the two hemispheres. In the warmed
(cooled) hemisphere with weaker (stronger) jet stream,
the Ferrel and Hadley cells reduce (increase) poleward
transport of moist static energy, which in an anomalous
sense represents interhemispheric AHT that is mediated
across the equator via an anomalous Hadley cell. Its en-
ergy transport partially compensates the cross-equatorial
OHT (about 30% in our model), while its lower branch
causes excess moisture convergence and the maximum
of precipitation in the tropics of the warmer hemisphere.
The magnitudes of surface thermal anomalies in the
extratropics (where source SST anomalies drive sur-
face heat flux anomalies) are significantly bigger thanin
the tropics (where surface flux anomalies, due to wind
anomalies induced from the extratropics, drive SST
anomalies).



4626

JOURNAL OF CLIMATE

VOLUME 26

Exp1.0 Exp1.0a Expl.1(zppi=102m) Exp1.2(zpp;=480m) Exp1.3(zpp3=2436m) Exp1.4(zpp,=3900m)
20, . () /-
1 (Mocmln(SHJ + Mocmcx(NHJ) [sv] [= & (oeir(NH) - Qeir(SH))/z [PW] -
15. S 0.3 - L g
10. A B g 0.2 4 -g
il | © 4 Lo
5. L2 0.1 1 L Z
iyl » | L
] Fc 1 <
-5 1 -_§_O'1 7 M-g
jij |2 = 1 (b L
-10. '()_"‘%—0.2 "()_"%
- t[yrs] 0200 0400 0600 0800 1000 ~t[ys] 0200 0400 0600 0800 1000

0.6
| ((y=0°2=0)) [m/s]

0.4 —
4 (N — p, (SH)) [sv]

0.3 - -
0.4 % ] _U
T 021 HE
= b
0.2 2 1 &
0.1 - i
0.0 0.0
=
w
©
S 0.1
-0.2 s
8

0200 0400 0600 0800

=t [yrs] 1000

Expl.0a (gray), Expl.1 (red), Exp1.2 (green), Exp1.3 (bl
(sum of the subpolar MOC streamfunction extrema in bo

|
o
[}

0200 0400 0600 0800

FIG. 12. The time evolution of a set of asymmetry indices, with applied 31-yr Hamming filter, in Exp1.0 (black),

=t [yrs] 1000

ue), and Expl.4 (brown). (a) The deep-MOC asymmetry
th hemispheres). (b) The total asymmetry of extratropical

net surface heat flux (with positive sign upward). (c) Zonally averaged surface meridional wind at the equator.
(d) The tropical precipitation asymmetry (total tropical precipitation difference between the NH and the SH).

The two symmetric closed-basin simulations (started
from different symmetric IC) demonstrate climate
bistability because of the advective circulation—salinity
feedback that amplifies asymmetry in the upper-ocean
meridional salinity transport and the deep MOC. In our
model, unforced bistability arises only with hemispheric
symmetry in both geometry and annual mean forcing.
All explored elements of geometric asymmetry de-
terministically select the hemisphere containing both
the main deep-water source and the ITCZ. Existence of
bistability could also depend on the details of numerical
setup (e.g., advective scheme or seasonal cycle), since
Smith et al. (2006) and Ferreira et al. (2010) did not find
bistability in their symmetric configurations.

The set of forced experiments with various circum-
polar channels further shows the importance of the upper-
ocean meridional salinity transport for the MOC. The
opening of a channel in the SH subpolar domain en-
ables the establishment of a circumpolar current that
suppresses the poleward transport of salinity and the

deep-water formation in the SH. Lowering of the
channel sill through the upper part of a water column
(roughly top 500 m) substantially alters the MOC and
surface heat flux asymmetry, leading to a substantial
change in the tropics. Lowering the sill depth below the
main pycnocline depth in subtropics produces a satu-
rated response. In the region of a circumpolar current,
upwelling driven by the Ekman divergence poleward of
the axis of westerlies has a potential to increase ocean
heat uptake because it can bring substantial amount of
deep cold water to the surface (e.g., Kuhlbrodt et al.
2007). However, in contrast to geometries of Smith et al.
(2006) and Ferreira et al. (2010), our circumpolar region
is much smaller and narrower, so wind-driven upwelling
is not critical for the ocean—atmosphere heat exchange.
Also, wind-driven upwelling brings saltier water to the
surface that is opposing decrease of surface salinity, but
in our setup it cannot overcome the dominant reduction
of the upper-ocean poleward salinity transport across the
circumpolar current.
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6. Conclusions and future directions

Our coupled simulations demonstrate dependence of
the main tropical circulation and precipitation (specifi-
cally the Hadley circulation and the ITCZ location) on
the deep-MOC asymmetry. The main source of deep
water and the ITCZ reside in the same hemisphere. The
asymmetry indices in Fig. 12 are closely related to the
meridional upper-ocean salinity transport in the extra-
tropics. It spontaneously initiates and amplifies the
MOC asymmetry in the closed-basin geometry, while it is
forced via circumpolar flow in an open-basin geometry.
Figure 13a shows that in all experiments (including
Expl.5, which is the equatorially mirrored case from
Expl.3) and in transient and steady states, the inter-
hemispheric difference in the meridional upper-ocean
salinity transport, most importantly at the subtropical-
subpolar divide (approximately at 42° latitude), is a good
linear predictor of the cumulative precipitation asym-
metry in the tropics. The anomalous northward (south-
ward) upper-ocean salinity transport yields the NH (SH)
deep-water production and the tropical precipitation
maximum north (south) of the equator. The horizontal
black line in Fig. 13a marks the tropical precipitation
asymmetry of Climate Prediction Center (CPC) Merged
Analysis of Precipitation (CMAP; Xie and Arkin 1997)
1981-2010 mean, calculated from 80°W to 40°E, indicating
that our idealized model with a SH deep circumpolar
channel also has some quantitative characteristics of
tropical precipitation similar to observations. The water-
mass transformation in the extratropics has a significant
impact on the tropical pycnocline. Figure 13b shows that
in all experiments and all states a more asymmetric deep
MOC leads to a deeper and thicker equatorial pycnocline.
This behavior reflects the activity of the oceanic wave
teleconnection via equatorial Kelvin waves transmitting
information about the deep-MOC changes between the
hemispheres though changes in depth of isopycnals.

The climate transition from a closed-basin bistability
to a circumpolar channel forced asymmetry presents us
with the intriguing result that the Southern Ocean cir-
culation and stratification could exert (through the
MOC and surface heat flux asymmetry) an important
influence over the mean tropical circulation and precip-
itation. In a general sense, the tropical atmosphere in
different regions around the globe is controlled by the
superposition of local processes (forced by the top and
bottom boundaries) and remote processes (forced by the
lateral boundaries). Hence, we are motivated to consider
in the follow up study other idealized geometric elements,
approximating real-world features, which could have the
potential to break the global climate symmetry from the
tropics and compete against extratropical forcing agents.
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FIG. 13. The climate states, with applied 3-yr Hamming filer,
throughout the integration of Expl.0 (black), Expl.0a (gray),
Expl.1 (red), Expl.2 (green), Exp1.3 (blue), and Exp1.5 (purple).
(a) The cumulative tropical precipitation difference between the
NH and the SH (an ITCZ asymmetry index) as a function of the
difference between zonally and vertically integrated meridional
salinity transport in the top 200 m at 42°N and at 42°S (average
latitude of boundary between the subtropical and subpolar gyres).
The vertical line at 0.28 Sv marks the value of ITCZ asymmetry
index of CMAP 1981-2010 mean from 80°W to 40°E. (b) Depth of
equatorial isopycnals z, (with x marking sigma densities relative to
the surface pressure) averaged between 4°N and 4°S as a function of
a deep-MOC asymmetry index (sum of the subpolar MOC
streamfunction extrema in both hemispheres) that is proportional
to abscissa in (a). Exp1.4 results (not shown) are indistinguishable
from Expl.3 and Expl.2.

Expansion from single-basin to multibasin configura-
tions would also bring us closer to real-world complexity
through the introduction of interbasin interaction and
an asymmetric land distribution.

Other potential future directions for investigation are
the increase in complexity of atmospheric physics and
forcing field in models with various land distributions.
With the gray atmosphere we have explored only the
minimal dynamic response of the tropical climate to the
MOC asymmetry. A diffusive energy balance model can
estimate the degree of compensation by the AHT across
the equator and top-of-atmosphere (TOA) flux asymmetry
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(Kang et al. 2009; Hwang and Frierson 2010; Hwang
et al. 2011; Frierson and Hwang 2012). From the atmo-
spheric perspective, a surface heat flux anomaly must be
balanced by either TOA flux or by energy transport. The
water vapor and cloud feedbacks in a comprehensive
AGCM reduce upward longwave radiative transfer and
increase asymmetry in surface flux and TOA flux, yield-
ing a higher degree of compensation and a stronger ITCZ
shift (Kang et al. 2009). This gives us more confidence in
robustness of our result that a circumpolar flow in the
extratropics can force the zonal annual mean ITCZ to the
opposite hemisphere.
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