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Abstract

Across a range of simulations with a coupled atmosphere—ocean climate model, shifts in the intertropical convergence zone
(ITCZ) are induced by an interhemispheric heating contrast. The response to heating anomalies which are polar amplified
are contrasted with those which are largest in the tropics. First, we find that ITCZ shifts are always damped relative to simu-
lations in which the ocean circulation is held fixed, irrespective of the heating distribution, keeping the ITCZ “stuck” to
latitudes near the equator. The damping is primarily due to the ocean’s anomalous cross-equatorial energy transport associ-
ated with the coupling of the trade winds to an oceanic cross-equatorial cell (CEC). Second, we find that the damping effect
is strongest when the forcing distribution is polar-amplified, which enhances the gross stability of the CEC and maximizes
the efficiency of its cross-equatorial energy transport. Third, we argue that the ocean’s energy transport can have secondary
impacts on ITCZ shifts through its interaction with climate feedbacks. Finally, we discuss the implications of our study for

our understanding of the role of CECs in damping ITCZ shifts and the atmosphere’s energy balance.

Keywords Intertropical convergence zone - Trade winds - Hadley cell - Subtropical cell

1 Introduction

Earth’s northern hemisphere (NH) is slightly warmer
than the southern (SH; Feulner et al. 2013; Marshall et al.
2014; Kang et al. 2015) and its climatic equator is slightly
north of the geographical equator. Interestingly, the hemi-
spheric albedos are almost identical to one another and so
the solar radiation absorbed in each hemisphere is, to within
measurement accuracy, the same: the NH is warm because of
cross-equatorial heat transport in the Atlantic sector of a few
tenths of a petawatt (1015 W; see the discussion in Marshall
et al. 2014). But imagine a climate in which the hemispheric
albedos were very different, demanding that the coupled
atmosphere—ocean system transport large amounts—per-
haps many petawatts—of energy across the equator. How
would the coupled system achieve this? What would the rela-
tive roles of the atmosphere and ocean be in the balancing

< Brian Green
brianmg @uw.edu

Massachusetts Institute of Technology, 77 Massachusetts
Ave., Bldg 54, Cambridge, MA 02139, USA

Present Address: Joint Institute for the Study
of the Atmosphere and Ocean, University of Washington,
3737 Brooklyn Ave. NE, Seattle, WA 98105, USA

Published online: 24 January 2019

process? Would the partitioning of the energy transport
between atmosphere and ocean be sensitive to whether the
heating anomaly were polar- or equatorially-magnified?
Recently, several experiments using comprehensive
global climate models (GCMs) forced with interhemispheric
heating contrasts have pointed to a role for the tropical ocean
circulation in moderating shifts of tropical rainfall patterns
and the climatic equator. Known as the intertropical conver-
gence zone, or ITCZ, the tropical rainfall maximum is collo-
cated with the ascending branch of the atmosphere’s Hadley
cells, shifting with those circulations into the hemisphere
heated most strongly by radiation and surface heat fluxes
(see the review in Schneider et al. 2014). For example, the
tropical precipitation response to SH cooling by brightened
clouds (Kay et al. 2016) and NH heating by Arctic sea ice
loss (Tomas et al. 2016) is strongly muted in fully coupled
atmosphere—ocean simulations compared to runs without an
active ocean circulation. In both cases, the ocean circula-
tion’s cross-equatorial energy transport is responsible for
offsetting a large fraction of the imposed heating contrast.
If the ocean’s response is decomposed into contributions
from each basin, the Pacific Ocean, whose subtropical cells
(STCs) are responsible for the majority of the basin’s meridi-
onal energy transport in the tropics (Ferrari and Ferreira
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2011), can be the largest contributor to the global response
(Hawcroft et al. 2016).

Coupled to the Hadley cells above by the trade winds, the
STCs are capable of transporting more energy in the tropics
than their atmospheric counterparts (Held 2001; Czaja and
Marshall 2006) because they act on the highly stratified trop-
ical ocean. In idealized GCM simulations of a water-covered
Earth, experiments with a coupled atmosphere—ocean model
(Green and Marshall 2017; hereafter GM17) and an atmos-
pheric model coupled to a stationary slab ocean modified to
simulate the STCs (Kang et al. 2018a) have shown that the
STCs and their associated CEC act to damp ITCZ shifts.
The experiments in GM17 highlighted the basic mechanism
behind the damping of ITCZ shifts by the STCs, shown sche-
matically in Fig. 1: the coupling to the atmosphere above by
the trade winds generates an anomalous cross-equatorial cell
(CEC) whenever the ITCZ shifts off of the equator. The oce-
anic CEC is capable of transporting more energy across the
equator than the Hadley cell above owing to its higher heat
capacity and vertical temperature contrast. It is this cross-
equatorial energy transport by the CEC, acting to offset the
interhemispheric heating contrast, that reduces the amount
of energy the Hadley cells must transport across the equator
and damps the ITCZ shift. Using a simple energy balance
framework, GM17 then showed how the cross-equatorial
energy transport by the CEC can damp ITCZ shifts by a
factor of four.

! [NH Hadley cel
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Winds
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Fig.1 Schematic of the atmosphere and wind-driven tropical ocean
circulations for a northward ITCZ shift. In the atmosphere, the colors
of the arrows are meant to represent the moist static energy content
of the air circulating in the Hadley cells. In the ocean, the colors rep-
resent the temperature of the water masses forming the STCs and the
CEC. The equator and the latitude of the ITCZ are indicated with
solid and dashed vertical black lines, respectively

@ Springer

Here we further explore the damping of ITCZ shifts
through their coupling to the tropical ocean circulation,
attempting to induce extreme shifts by varying the magni-
tude of the interhemispheric heating contrast and its meridi-
onal distribution, using the same model as in GM17. We
find that cross-equatorial energy transport by the CECs
always acts to damp ITCZ shifts but the degree of damping
depends on whether the heating profile reaches a maximum
at poleward as opposed to equatorward latitudes. To a lesser
extent, the degree of damping also depends on the interac-
tion between the ocean’s heat transport and radiative feed-
backs. Finally, we discuss the implications of our study for
ITCZ shifts in the current climate and interpret our results
in the context of an energy balance model proposed by Sch-
neider (2017).

2 Model configuration and design
of experiments

We use the same model described in GM17, a coupled
atmosphere—ocean version of the MITgem (Marshall et al.
1997a, b, 2004) in configurations with and without an active
ocean circulation. Both the atmospheric and oceanic com-
ponents are run on a cubed-sphere grid with roughly 2.8°
horizontal resolution in the tropics (Adcroft et al. 2004).
The atmospheric component has 26 pressure levels, moist
physics and a gray radiation scheme as in Frierson (2007),
and includes a water vapor feedback on the longwave optical
thickness as in Byrne and O’Gorman (2013). There are no
clouds or shortwave absorption in the atmosphere, making
the planetary albedo equal to the surface albedo, which we
prescribe to be symmetric about the equator (Fig. 2a). The
model is run with a seasonal cycle of insolation for a circular
orbit with an obliquity of 23.45°.

The oceanic component of the model is also identical to
GM17 and run in a configuration both with and without an
active ocean circulation. In the active case, the ocean and
its circulation are fully coupled to the atmosphere above;
there are 15 vertical levels down to a depth of 3400 m. Two
infinitesimally thin ridges, running from the North Pole
to 35°S, are spaced 90° longitude apart, creating a small
90°-wide basin, a large 270°-wide basin, and a circumpolar
southern ocean. As described in Ferreira et al. (2010), this
leads to localization of deep water formation and sinking
in the polar latitudes of the small basin, and wind-driven
circumpolar upwelling around the south pole, mimicking
the global overturning cell of Earth’s current climate. In the
passive ocean circulation case, referred to as a “slab” ocean,
the model has one stationary layer with specified patterns
of depth and ocean heat transport convergence that match
the annual mean from the fully coupled configuration’s con-
trol run. Setting up the slab ocean configuration in this way
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Fig. 2 Distributions of interhemispheric forcing. a Surface albedo distributions for the control run (black line), polar forcing cases (solid gray
lines), and tropical forcing cases (dashed gray lines). b The resulting changes in the net absorbed shortwave radiation in the annual mean

allows us to attribute differences between its response and
the fully coupled configuration’s response to the forcing
described below to the adjustment of the ocean circulation
in the fully coupled case.

The control runs of both the slab ocean and fully cou-
pled models are very similar to each other, and identical to
those in GM17. Shown in Fig. 3a, the fully coupled control
run’s annual mean atmospheric circulation is qualitatively
similar to the Earth’s, with a SH Hadley cell that is stronger
(88 Sv) than the NH Hadley cell (71 Sv). Surface easterly
trade winds (Fig. 3b) and the STC in the large basin (Fig. 3c)
are correspondingly stronger in the SH: 3.0 m s~ and 45 Sv
versus 2.7 m s~! and 39 Sv in the NH. Sea surface tempera-
tures (SSTs) are slightly higher in the NH than the SH and
peak at 29 °C at the equator; their hemispheric means are
19 and 17 °C, respectively. It should be noted that the model
does not form sea ice, resulting in polar SSTs that are below
freezing, in which case the model calculates the density of
seawater by extrapolating the curves for its equation of state
(Jackett and McDougall 1995) below the freezing point. The
hemispheric asymmetries of Hadley cell and trade wind
strengths, and of SST, are the result of a deep overturning
circulation in the small basin that transports heat northward
across the equator, as described in Ferreira et al. (2010) and
shown in Fig. 3d. This circulation heats the NH, cools the
SH, and pushes the Hadley cells and ITCZ slightly north
of the equator, similar to the effects of the Atlantic Ocean’s
deep overturning circulation.

To shift the ITCZ further northward in both the slab
and fully coupled models, we rock the hemispherically
symmetric albedo distribution of the control run about the

equator, reducing its value in the NH at the same rate it
is increased in the SH (Fig. 2a). The control albedo dis-
tribution a,,,; and changes to it, Aa,,,, for polar-amplified
changes and Aa for tropics-only changes, are speci-

tropics

fied as:

1
Ay = g(2x2 +1) (la)

X 2
Ay —Gmx (1b)
| =G -sinQrx), |x| <05

Aatropicx - { 0’ le > ;0'5’ (10)

where x is the sine of latitude. The multiplicative constant
G specifies the magnitude of the polar-amplified albedo
change; for the distributions in Fig. 2a, it ranges from 0.1
to 0.4. In the most extreme case, G=0.4, the NH albedo is
a constant 0.2 and the SH albedo increases from 0.2 at the
equator to 1.0 at the south pole. For tropics-only changes
in albedo, G’ is scaled so that when annual mean changes
in absorbed shortwave radiation at the surface (Fig. 2b) are
averaged over the hemisphere, they match the first three
polar-amplified distributions. It has values of 0.07, 0.14, and
0.22, and only three forcing amplitudes are used to prevent
the albedo from decreasing below zero. The average heating
of the NH is 9.2 W m~2 for the lowest-amplitude forcing
cases, increasing linearly with G and G'.

The modified albedo distributions are applied instan-
taneously to control runs of both the fully coupled and

@ Springer



B. Green et al.

(a) Fully Coupled: Control

i

(b) Surface Zonal Wind and SST

=]

Pressure (hPa)
[o2} S n
o o o
o o o

@

(=3

o
T

o
o
o

@ o
T

Sfc. Zonal Wind (m/s)
o
S
o
SST (°C)

(c) Large Basin

(d) Small Basin

0 ——— L/_"\

c
£
Q 2000 - 1
[9)
(a]

3000 - q

. . . . .
90 60 30 0 30 60 90

Latitude (°N)

Fig.3 Zonal mean atmosphere and ocean circulations for the fully
coupled control run. a Contours of the meridionally overturning
streamfunction, with red contours indicating clockwise rotation and
blue contours indicating counterclockwise rotation; the contour inter-
val is 30 Sv (1 Sv=10° kg s™!). The gray contours indicate the zonal
mean zonal wind; the contour interval is 5 m s~!. b Zonal mean zonal
wind at the model level closest to the surface, located at 993 hPa, and
zonal mean sea surface temperature. ¢ Contours of the meridionally
overturning circulation in the large basin and d the small basin, with
red contours indicating clockwise rotation and blue contours indicat-
ing counterclockwise rotation; the contour interval is 5 Sv. The zero
contour is not shown for both the zonal wind and the overturning
streamfunctions

slab ocean model configurations, which are spun up for
1000 and 200 years respectively, and the models are then
integrated further forward in time for 200 years. All results
presented here are averages over the last one hundred years
(101-200) after the forcing is applied, at which point the
models are in statistical equilibrium. In GM17, the hemi-
spheric energy balance equilibrated (and the contribution
by the ocean’s heat content tendency to it diminished to
zero) roughly 50 years after the forcing was applied (cf.
Fig. 5 of GM17). The same is true in these runs where, for
the average over years 101-200, the ocean’s heat content
tendency is an order of magnitude lower than the next
smallest term in the hemispheric energy balance, and is

@ Springer

also small for all latitudes (not shown). The control runs
of the fully coupled and slab ocean configurations are run
for a further 100 years after the forced runs are initiated,
and time means of the control runs for comparison to the
forced responses are taken over these 100 years.

3 ITCZ shifts in the polar-amplified forcing
cases

Comparing the responses of the zonal mean precipitation in
the fully coupled runs to the slab runs for the polar-amplified
forcing (Fig. 4a, b, respectively), the anomalies are signifi-
cantly damped in the fully coupled case. We define the ITCZ
position using the centroid metric of Donohoe et al. (2013),
where an area-weighted latitude of zonal mean precipitation
is calculated between 20°S and 20°N. The northward shift of
the ITCZ in the fully coupled runs is damped relative to the
slab runs by a factor of 3.4 in the lowest forcing case, stead-
ily declining to a factor of 2.1 in the highest forcing case.
Correspondingly, the anomalous cross-equatorial energy
transport by the atmosphere in the fully coupled runs is also
reduced, between a factor of 2.5 and 2.7.

Changes in the zonal mean atmospheric circulation are
much more dramatic in the slab ocean configuration. The
NH Hadley cell in both model configurations has vanished
in the highest forcing case (Fig. 5a, d) and replaced by a
single large cross-equatorial Hadley cell with a strength of
242 Sv in the fully coupled model and 590 Sv in the slab
ocean model. The distributions of zonal mean zonal wind,
in both the fully coupled and slab models show similari-
ties, with the NH subtropical westerly jet at roughly 200 hPa
being replaced by an eddy-driven extratropical jet. This jet
is weaker in the slab ocean configuration, where eddies con-
verge less angular momentum into the jet (not shown), per-
haps as a result of the weaker meridional gradient of extrat-
ropical SSTs in that model (Fig. Se). The stronger equatorial
easterlies near the tropopause in the slab ocean case are
consistent with the larger ITCZ shift, since air ascending
in the poleward-displaced ITCZ in the slab runs has lower
planetary angular momentum than in the fully coupled runs.
Near-surface wind anomalies are correspondingly higher in
the slab ocean case, with stronger SH easterly trade wind
anomalies and a dramatic reversal of the NH trade winds to
westerlies. The surface zonal stress imparted by these west-
erly winds is in approximate Ekman balance with the north-
ward near-surface flow of the Hadley cell. The weaker cross
equatorial Hadley cell in the fully coupled case does not
reach the surface in the NH and the zonal winds just north
of the equator are weak. Figure 5c, f show that the adjust-
ment of the ocean’s overturning cells in both basins results
in southward surface cross-equatorial flows and northward
anomalous flow below.
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Fig.4 The precipitation
response to the polar-amplified
forcing distribution. a Annual
mean, zonal mean precipitation
in the fully coupled runs, with
the blue lines indicating the
precipitation distributions in
response to progressively higher
forcing amplitudes. b The same,
but for the slab ocean runs
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Fig.5 The response of the zonal mean

circulation to the highest

amplitude polar-amplified forcing, with the black box indicating slab
ocean results. a The atmospheric meridional overturning streamfunc-
tion in the fully coupled run and d the slab ocean run, as in Fig. 3a.
Contour interval: 30 Sv and 5 m s~!. b The near-surface zonal wind

-90 90

Latitude (°N)

stress and SST in the fully coupled run and e slab ocean run, as in
Fig. 3b, with the control run distributions plotted as dashed lines. ¢
Anomalies of the large basin and f small basin overturning stream-
functions. Contour interval: 5 Sv
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3.1 The hemispheric energy balance

Contributions to the damped response of the ITCZ shift in the
fully coupled case can be diagnosed using the atmosphere’s
energy balance, which ties the position of the ITCZ to the
interhemispheric heating contrast (e.g. Kang et al. 2008, 2009;
Donohoe et al. 2013). In a statistically steady state where the
atmosphere’s and ocean’s heat content tendencies can be
neglected, any change in the net heating & (in W m~2) of the
atmosphere at a given latitude must be balanced by radiative
cooling or energy transport divergence. The anomalous radia-
tive cooling can be split into contributions by net shortwave
sw or longwave Iw radiation at the top of the atmosphere, and
the anomalous energy transport divergence split into contri-
butions from the atmosphere’s and ocean’s northward energy
transports, f, and f:

h=—=sw—Iw+V- -f, +V-f, (2a)

Here, both sw and Iw are defined as positive for downward
fluxes at the top of the atmosphere to represent heating of the
column. The term h represents any externally imposed heat-
ing; the terms on the right-hand side represent the adjustment
of the climate system. The atmosphere’s and ocean’s energy
transports are diagnosed from the model’s dynamical fields,
rather than from surface and top-of-atmosphere energy fluxes.
Integrating & over both hemispheres and averaging the NH
energy balance with the negative of the SH energy balance,
Eq. (2a) becomes (in W):

H=-SW—LW-F,-F, (2b)

where F, and F, are the atmosphere’s and ocean’s north-
ward cross-equatorial energy transports. In Eq. (2b), H now

12 R T .

e Control,|F.C.
-------- Control,|Slab
—@—Forced, F.C.
—@—Forced, Slab

K
0
o
o

F, (PW)

Fig.6 ITCZ shifts and the hemispheric energy balance for the polar-
amplified forcing distribution. a The shift in the annual mean ITCZ
position relative to the control runs versus the anomalous cross-
equatorial energy transport in the atmosphere. Dashed lines indicate
a least-squares linear regression of the two quantities’ monthly mean
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represents the anomalous interhemispheric heating contrast,
positive if the NH is heated relative to the SH. By modifying
the albedo distribution in Fig. 2a, we apply an anomalous
interhemispheric heating contrast at the top of the atmos-
phere, shown in Fig. 2b, where the curves are the imposed
anomalous heating /. For our antisymmetric heating dis-
tribution, H is equal to the integral of /& over the NH, with
values of 2.3, 4.7, and 7.0 PW for both forcing distributions,
and 9.4 PW for the highest amplitude polar-amplified forcing
case. Since our model’s atmosphere does not have clouds or
absorb shortwave radiation, the adjustment of sw and SW
to the prescribed heating is identically zero, though these
terms could be included in the energy budget. The values of
LW, F,, and F_, are all anomalies relative to the control run.

On Earth and over the seasonal cycle of our model’s con-
trol run (Fig. 6a), the relationship between the ITCZ position
and the atmosphere’s cross-equatorial energy transport is
approximately linear, so we can relate the ITCZ shift Ag ¢,
to F, by the slope constant b:

Adrez = —b - Fy. (2¢)

Over the seasonal cycle, the slope b is 1.8° PW™! in the
fully coupled control run; in the slab case control run, it is
2.1° PW~!; on Earth, it is approximately 3° PW~! (Donohoe
et al. 2013). Our model has a lower value of b than the Earth
for two reasons: an excess of subtropical precipitation that
makes the centroid metric less sensitive to shifts in the pre-
cipitation maximum, and an ocean that cools the atmosphere
at the equator more strongly than it does on Earth (GM17).
Since the model’s atmosphere does not absorb shortwave
radiation, it has an excess of surface heating by that stream
relative to Earth, and precipitation rates are higher than they

(b) Compensation

18} x/x\x\x |
16 —@—C, Fully Coupled |

14 —@C, Slab
—— Fo / FA, Fully Coupled

—%—LW/F,, Fully Coupled

[ ——LW/F,, Slab
e—o— 06— 0 |

| |

0.2 e %

Termsin C

o
@
T

Forcing Amplitude H (PW)

climatologies from the fully coupled and slab ocean models’ control
runs. b The degree of compensation and the values of LW/F, and
Fy/F, in the fully coupled and slab ocean runs, corresponding to the
terms in Eq. (3b)
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are in the real world. Our model’s peak and subtropical pre-
cipitation rates in the fully coupled control run are 11 and
7 mm day~!, respectively (Fig. 4a); their values are approxi-
mately 6 and 2 mm day~! on Earth. Combining Eqgs. (2b)
and (2c), the relationship between the ITCZ shift and the
interhemispheric heating contrast is:

Adycz=b-H-C (3a)

_FA 1

C = =
H ~ 1+F,/F,+LW/F,

(3b)

where C the “degree of compensation”, is the fraction of the
interhemispheric heating contrast compensated for by the
atmosphere’s cross-equatorial energy transport. While the
responses of the atmosphere’s and ocean’s circulations, and
radiative fluxes are not easily separable, Eq. (3a) shows how
their interplay can affect the response of the ITCZ. If either
the heated hemisphere loses more radiation to space (posi-
tive LW/F,), or the ocean transports heat across the equator
away from that hemisphere (positive F,/F,), the net heating
experienced by that hemisphere’s atmosphere is reduced.
Energy balance then dictates that the atmosphere’s cross-
equatorial energy transport and ITCZ shift are damped.
If, however, the opposite occurs and the responses of the
radiative fluxes or ocean energy transport act to amplify the
imposed heating contrast (negative LW/F, or F,/F,), the
atmosphere has to compensate for a larger fraction of that
heating and the ITCZ shifts even further.

The terms in Eq. (3b) are shown in Fig. 6b for each model
run versus the magnitude of the imposed heating contrast
H. The degree of compensation is typically 0.8 in the slab
case but only 0.3 in the coupled cases. This is due in large
part to the large F,/F, term, representing an offsetting of
the imposed heating H by an ocean circulation transport-
ing roughly 70% more energy southward across the equator
than the atmosphere. Also contributing to a reduction of
the degree of compensation in the fully coupled runs is an
increase in LW/F,, representing an increase in the efficiency
of the longwave radiation at offsetting the heating contrast
relative to the atmosphere’s cross-equatorial energy trans-
port. At lower values of the forcing amplitude, reductions in
the slope b in the fully coupled runs (1.5 versus 1.9° PW™!
in the slab runs) also act to damp the ITCZ shift, but for the
highest forcing case, they amplify it (1.4 versus 1.3° PW™!
in the slab runs). Since the terms in the energy balance in
Fig. 6b are approximately constant with forcing amplitude,
the changes in b explain why ITCZ shifts in the fully coupled
runs are less damped at higher forcing amplitudes. Given
that F,/F, dominates LW/F in the energy balance, and is
nearly constant with the forcing amplitude, it is clear the
large southward cross-equatorial energy transport by the
ocean relative to the atmosphere is most responsible for the
damping of the ITCZ shifts.

3.2 Theratio of the cross-equatorial energy
transports

The largest contributor to the relatively high cross-equatorial
energy transport by the ocean in Fig. 6b is the high stratifica-
tion of the tropical ocean. Splitting the ratio of the oceanic to
atmospheric energy transports into the product of the ratio of
their mass transports and gross stabilities as in Held (2001)
and Czaja and Marshall (2006),

—_— == — (4)

the ratios y,/w, and S,/S, are shown in red in Fig. 7.
By using the specific heat capacity of seawater (c,
3994 J kg~! K~!) and the specific heat at constant pressure
of dry air (cp, 1004 J kg~ K1), the gross stabilities S and
S, have units of Kelvin, representing a measure of the tem-
perature contrast between the upper and lower branches of
the anomalous circulations. For the atmosphere, this meas-
ure of the gross stability represents the temperature contrast
between parcels in the upper and lower branches of the cir-
culation if all of their latent heat and potential energy were
converted into sensible heat. Though the anomalous ocean
circulation is 73-75% weaker than the atmosphere, its gross
stability is 54-59% higher (red lines with circles). Com-
pounding the higher temperature contrast of the oceanic cir-
culation is the relatively high heat capacity of seawater; the
ratio cy/cp is nearly four, making its product with the ratio
of the gross stabilities range from 6.1 to 6.3. Thus F,/F, in
Eq. (4)is 1.6-1.8.

The Hadley cells are responsible for the large majority,
78-82%, of the atmosphere’s cross-equatorial energy trans-
port in the fully coupled runs, and their gross stability is
within a couple Kelvin of a fit of the seasonal cycle in the
control run (Fig. 7b). The Hadley cell’s average gross stabil-
ity over the seasonal cycle in the control run is calculated by
regressing its monthly mean climatological cross-equatorial
energy transport onto its strength at the equator—the gross
stability is the slope of the regression line. The forced runs’
annual mean gross stabilities are slightly higher than the fit
of the control run’s seasonal cycle, but they lie within the
range of individual monthly means from the control run’s
climatology. The ocean’s anomalous cross-equatorial energy
transport is accomplished by two distinct circulations: a
shallow, wind-driven CEC confined to the thermocline in
the large basin (Fig. 5c), and a deep overturning circula-
tion in the small basin (Fig. 5f), making the oceanic gross
stability plotted in Fig. 7b slightly unintuitive. Splitting the
cross-equatorial energy transport into its small basin and
large basin components and calculating the gross stability
for each, both are lower than the global mean since the mass
transport anomalies in each basin peak at different depths.
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Fig.7 Contributions to the atmosphere’s and ocean’s cross-equato-
rial energy transports in the fully coupled model runs for the polar-
amplified forcing distribution. a Annual mean mass transport anoma-
lies (blue), taken as the peak meridional overturning streamfunction
anomaly at the equator in the atmosphere and an average of peak
anomalies at 6°N and 6°S in the ocean. The Ekman transport is cal-
culated using the surface wind stress anomalies at 6°N and 6°S, inte-
grating the resulting Ekman transport in longitude, and averaging the
two values. The ratio of the ocean and Ekman mass transport anoma-
lies to the atmosphere’s is shown in red. The Ekman-atmosphere

The peak mass transport anomaly of the global zonal-mean
ocean is then weaker than the sum of the two basins’ peak
mass transports, artificially increasing the global ocean’s
gross stability. Both basins’ gross stabilities, though, are
higher than the atmosphere’s for all forcing amplitudes.

As the forcing amplitude increases, the gross stability
of the large basin’s CEC increases, from 15 to 19 K. The
structure of the CEC, though, does not significantly change
with the forcing amplitude, with southward-flowing surface
water subducted in the SH extratropics returning northward
in the thermocline. With the lower branch water conserv-
ing temperature as it flows northward, the gross stability of
the CEC at the equator in our simulations is set by the SST
contrast between the equator and the SH surface westerly
jet, as in GM17. As the forcing amplitude increases, SH
extratropical SSTs decrease (Fig. 5b) and the gross stability
of the CEC increases.

In the small basin, circulation anomalies are dominated
by a weakening of the deep MOC, which shuts down com-
pletely in the highest forcing case and is replaced by a shal-
lower CEC of the type seen in the large basin. With a large
fraction of its upper branch inside the thermocline and its
lower branch in the weakly stratified deep ocean (Fig. 3d),
the deep MOC has a gross stability of 11 K in the control
run, smaller than an anomalous CEC in the large basin. As
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ratio in the fully coupled control run, indicated with a star, is esti-
mated as a least-squares regression of monthly mean climatological
Ekman transport onto the atmospheric mass transport. b Gross sta-
bilities (blue), calculated as the ratio of the anomalous cross-equa-
torial energy and mass transports, divided by the heat capacity. The
Hadley cell’s gross stability in the fully coupled control run, indicated
with a star, is estimated as the slope of the least-squares regression at
the equator of the atmosphere’s monthly mean climatological energy
transport onto its mass transport. The ratio of the atmosphere’s to the
global ocean’s gross stability is shown in red

the small basin’s deep MOC weakens and its shallower CEC
strengthens, the temperature contrast between the upper and
lower branches of the circulation increases; the gross stabil-
ity increases from 14 K in the lowest forcing case to 21 K
in the highest forcing case. In the highest forcing case, the
anomalous circulation’s gross stability is higher than the large
basin’s and is set by the difference between equatorial SSTs
and the temperature of the deep ocean, rather than the tem-
perature difference across the thermocline (Fig. 5f). The shift
from a deep MOC to a shallow CEC in the small basin varies
the fraction of its contribution to F, as the forcing amplitude
increases. For the three weakest forcing amplitudes, each
basin contributes nearly equally to F,. For the highest forc-
ing amplitude, the small basin’s contribution reduces to 43%
because the deep MOC can no longer weaken and because
the 90°-wide small basin’s shallow CEC is weaker than its
counterpart in the 270°-wide large basin.

Although it is constrained to overturn in the same sense
as the atmosphere’s circulation by its coupling to the trade
winds, the tropical ocean circulation is not constrained to
have the same strength, and its anomalies are weaker in
our simulations (Fig. 7a). Similar to GM17, the anoma-
lous cross-equatorial ocean circulation in these simulations
is approximately in Ekman balance with the surface wind
stress, nearly matching the Ekman mass transport calculated
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from zonal wind stress anomalies averaged at 6°N and 6°S.
The Ekman transport, confined to a near-surface frictional
layer in the ocean and atmosphere, is weaker than the total
atmospheric overturning anomaly, which peaks in the mid-
troposphere (Fig. 8a). For the atmospheric and oceanic mass
transports to be identical, the peak atmospheric overturning
anomaly would have to extend down to the top of this layer,
located at approximately 900 hPa in our model.

The atmosphere’s angular momentum balance, where
the divergence of angular momentum transport by the Had-
ley cells and eddies is balanced by torques associated with
surface friction and pressure torques (e.g. Peixoto and Oort
1992, Egs. 11.12-13), dictates the strength of the trade
winds and the resulting oceanic overturning circulation.
Integrating the balance zonally and vertically and neglect-
ing the influence of surface pressure torques, the momentum
tendency is equal to the divergence of the meridional flux of
relative angular momentum by the atmospheric circulation,
minus the torque due to the wind stress:

2w Rcos¢ / —[M ] —
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Fig.8 The atmosphere’s angular momentum balance in the fully cou-
pled model for the polar-amplified forcing distribution. a Anomalies
in the highest forcing case in the meridional overturning streamfunc-
tion (top, contour interval: 20 Sv) and the surface zonal wind stress
on the atmosphere (bottom). b The difference between the integrated
(vertically and zonally) torques on the atmosphere at 6°N and 6°S,

By Hadley Cell Transport (10'3N)

Overbars indicate time averages, primes indicate depar-
tures from the time mean, square brackets indicate zonal
mean quantities, and asterisks indicate departures from
the zonal mean. The angular momentum is represented by
M, u and v are the zonal and meridional velocities, Py is
the surface pressure, R is the radius of the Earth, g is the
acceleration due to gravity, ¢ is latitude, and 7, is the zonal
wind stress. Surface pressure torques cannot be generally
neglected in the momentum balance but, since our model’s
surface is flat, they can be here. The terms in Eq. (5) are
in units of force, or torque per unit length latitude, and the
angular momentum flux divergence is split into contribu-
tions by the time mean, zonal mean circulation (the Hadley
cells), stationary waves, and transient circulations.

The anomalous oceanic CEC in our simulations is driven
by a hemispherically asymmetric pattern of surface zonal
wind stress, so in Fig. 8b we plot the difference between the
torques at 6°N and 6°S exerted on the atmosphere by the
zonal wind stress anomalies, and the convergence of angu-
lar momentum transport by the Hadley cells. Over both the
seasonal cycle in the control run and in the annual mean
of the forced runs, the two nearly perfectly balance each
other, and the effects of eddy momentum transport are small.
That both the annual mean angular momentum balance and
the mass transport ratio y /w4 in the forced runs closely
match the seasonal cycle in the control run (Fig. 8b; red
star, Fig. 7a) suggest that the mass transport ratio can be
predicted by the seasonal cycle of the Hadley cells, with-
out accounting for the effects of eddy angular momentum

(b) Hemispherically Asymmetric Torques at +/- 6° Latitude
1 ‘ ‘
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with positive values indicating a positive torque on the northern hem-
isphere atmosphere relative to the southern hemisphere. The y-axis is
the convergence of angular momentum transport by the time mean,
zonal mean circulation, and the x-axis is the torque exerted by the
zonal mean zonal wind stress at the surface
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transport. It is also worth noting that as long as the oceanic
CEC is in Ekman balance with the surface wind stress, its
strength may increase and approach that of the anomalous
Hadley cell, but it can never be stronger and the ratio y /i
4 cannot exceed unity.

3.3 The ocean’s impact on the radiative response

The increased longwave radiative efficiency LW/F, in the
fully coupled runs (Fig. 6b) also contributes to the damp-
ing of ITCZ shifts, although the effect is small relative to
F,/F,. Per Petawatt of cross-equatorial atmospheric energy
transport, the NH in the fully coupled runs is fluxing nearly
double the anomalous longwave radiation to space than it is
in the slab runs for all the forcing amplitudes. This increase
in the efficiency of the longwave radiation can be understood
by returning to the atmosphere’s energy balance. Modifying
Eq. (2a) by incorporating the convergence of the ocean’s
heat transport into the left-hand side to define a “net heating”
of the atmosphere, £,,, = h — V - f,, the atmosphere’s energy
balance at a given latitude is:

Ry = =lw —sw+ V- fy. (62)

In the slab ocean runs, there is no change in the ocean
heat transport convergence and #,,,,= h. Since sw is zero for
our simulations, the response of the atmosphere to the com-
bination of the albedo forcing and anomalous ocean heat
transport convergence is a balance between outgoing long-
wave radiation at the top of the atmosphere and atmospheric
energy transport divergence. An integral of Eq. (6a) over a

hemisphere, analogous to Eq. (2b), yields a balance between

n

(b) Anomalous Ocean Energy Transport

the hemisphere’s net heating, its net outgoing longwave
radiation LW, and the atmosphere’s cross-equatorial energy
transport F,. The increase in LW/F), in the fully coupled runs
indicates a shift in the atmosphere’s response from the latter
to the former and, we will argue, is a result of the ocean’s
heat transport modifying the meridional profile of the net
heating of the atmosphere.

The meridional profiles of net heating can be compared
between the simulations by normalizing Eq. (6a) by the
northern hemisphere’s average net heating (the SH average
is the same magnitude but opposite sign):

Vohi

net,mean

hnet _ —lw +
" h

(6b)

h h

net,mean net,mean

These normalized profiles are plotted in Fig. 9a versus
the sine of latitude to area-weight the distribution. All of the
slab ocean cases collapse onto a single line taking the shape
of the albedo forcing, and it is notable how similar the fully
coupled cases are given the range of forcing amplitudes.
Comparing the two sets of curves, the effect of the ocean’s
heat transport in the fully coupled runs is to concentrate
the net heating at higher latitudes; in the tropics, heating in
the NH has changed to cooling and cooling in the SH has
changed to heating.

The redistribution of net atmospheric heating in the fully
coupled runs to higher latitudes is due to the mismatch of the
profiles of the albedo-forced heating and the ocean’s anoma-
lous heat transport convergence and resulting surface heat
fluxes. The heating driven by the albedo changes is strongly
polar-amplified, but roughly half of the ocean’s anomalous

(a) Normalized Net Heating
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Fig. 9 The effect of the ocean on the atmosphere’s radiative fluxes for
the polar-amplified forcing distribution. a Normalized net heating of
the atmosphere, following Eq. (6b). b Anomalous ocean energy trans-
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ing Eq. (6¢)
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cross-equatorial heat transport is diverged or converged
equatorward of 30° (Fig. 9b), heating and cooling the atmos-
phere at latitudes where the imposed heating is weak. In the
highest forcing case, 64% of the large basin’s cross equato-
rial heat transport is converged/diverged equatorward of 30°,
varying by only a couple percent for the other forcing ampli-
tudes. Because the large basin’s anomalous heat transport is
coupled to the atmospheric circulation above, the redistribu-
tion of a polar-amplified heating profile further poleward by
the type of wind-driven CEC described in GM17 appears to
be a robust feature of the climate’s response.

By itself, a change in the distribution of the net heat-
ing profile is not sufficient to alter the balance between
the hemispheric mean longwave radiative flux and atmos-
pheric cross-equatorial energy transport. For that balance
to change, the atmosphere’s partitioning of its response
between radiative fluxes and energy transport divergence
must also have a meridional dependence. In our simulations,
the longwave radiative feedback (defined as the negative of
the change in outgoing longwave radiation at the top of the
atmosphere divided by the change in SST) is positive when
SSTs and longwave radiation anomalies in each hemisphere
are averaged between the equator and 30° latitude, and
negative when averaged between 30° and the poles. This
indicates the relative efficiency of the extratropical atmos-
phere at radiating heating anomalies away to space. Our
gray radiation model only has Planck, lapse rate, and water
vapor feedbacks, of which only the water vapor feedback is
positive, and the net positive tropical radiative feedback can
be attributed to the relatively high concentrations of water
vapor there.

With our model’s atmosphere able to radiate heating
anomalies to space more efficiently at high latitudes, by
concentrating the profile of the net heating of the atmos-
phere there, the ocean increases the relative contribution of
longwave radiative fluxes to equilibrating the atmosphere’s
energy balance. This effect can be related to the ratio LW/F,
by integrating Eq. (6a) over a hemisphere and dividing by
F,. Re-arranging the terms gives:

w_1_4
F, ¢ (6¢)
_FA _FA
C.= = —
STH. H+F, (6d)

where Cy is the “slab compensation,” the degree of com-
pensation expected in a slab ocean model if it was presented
with the forcing distribution #,,,,. Equation (6¢) is equiva-
lent to Eq. (3b) if F,/F, was removed from the denominator
and F, was added to H. Since the profiles of net heating
in Fig. 9a are further polar-amplified in the fully coupled
runs and the atmosphere more efficiently radiates heating

anomalies to space at those latitudes, C decreases compared
to the slab ocean runs (Fig. 9c) and LW/F, increases. This
result is consistent with previous modeling studies with a
slab ocean GCM, where C was lower for forcing distribu-
tions that were polar-amplified (Seo et al. 2014; Kang et al.
2014). Moreover, in simulations of global warming, patterns
of ocean heat uptake interacting with radiative feedbacks
have been shown to alter the equilibrium climate sensitiv-
ity (Rose et al. 2014). Our results reinterpret this effect for
interhemispheric forcing.

3.4 The relationship between the ITCZ position
and the atmosphere’s cross-equatorial energy
transport

The connections between the ocean circulation and the slope
of the A¢;,—F, relationship are less direct and vary with
the forcing magnitude. Differences in the slope can be inter-
preted as a measure of how efficiently the atmosphere moves
energy across the equator: to accomplish a given cross-equa-
torial energy transport and equilibrate its energy budget, a
lower value of b means that the atmosphere doesn’t have to
shift the ITCZ as far.

For a given atmospheric cross-equatorial energy transport
F,, the slope b is always reduced in the fully coupled runs
(solid lines, Fig. 10a). As the forcing amplitude increases
in the slab ocean runs and the magnitude of F, increases
past its maximum in the fully coupled runs, b reduces as
the atmosphere becomes more efficient at moving energy
southward across the equator. This is perhaps to be expected,
particularly at high forcing amplitudes, if the Hadley cells
enters a non-linear, angular momentum conserving regime
and the strength of the cross-equatorial cell increases super-
linearly with the latitude of the ITCZ (Lindzen and Hou
1988; Plumb and Hou 1992). Indeed, as the ITCZ moves
further northward in the slab runs, the strength of the anom-
alous cross-equatorial Hadley cell increases super-linearly
with its position, but the relationship remains linear for the
smaller ITCZ shifts in the fully coupled runs (not shown).
The apparent amplification of ITCZ shifts at high forcing
amplitudes by the ocean circulation’s effect on b, then, is
artificial—the high ITCZ shifts in the slab ocean runs are
only realized without the damping effect of the ocean’s
cross-equatorial energy transport.

At lower forcing amplitudes and values of F,, b is con-
sistently lower in the fully coupled runs, contributing to the
damping of the ITCZ shift. Comparing the precipitation dis-
tributions for similar values of F, (—2.2 PW in the fully cou-
pled case versus — 1.9 PW in the slab case; Fig. 10b), part
of the reason for the lower slope in the fully coupled run are
the higher precipitation rates in the subtropics. The centroid
metric we use is an area-weighted latitude of precipitation
between 20°S and 20°N, and the increases in precipitation
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Fig. 10 The slope of the A¢;-,—F, relationship for the polar-ampli-
fied forcing distribution. a For the centroid metric (solid) and energy
flux equator metric (dashed), versus the atmosphere’s anomalous
cross-equatorial energy transport. b Zonal mean precipitation distri-
butions for the fully coupled model’s second-highest forcing ampli-

between 5°S and 20°S project onto a southward shift of the
metric relative to the slab case. This increase in subtropical
precipitation in the fully coupled model is also seen when
comparing its highest forcing case to the slab model’s sec-
ond-lowest forcing case.

Since we are focusing on changes in the position of the
ITCZ, rather than in subtropical precipitation rates, we com-
pare the results using the centroid metric to those where the
position of the ITCZ is defined as the latitude where the
atmosphere’s northward energy transport vanishes, termed
the energy flux equator (EFE; Kang et al. 2008). By using
the atmosphere’s energy transport distribution to define the
ITCZ position, the EFE metric is more closely related to the
atmosphere’s energy balance than the centroid metric, at the
cost of not being directly related to changes in precipitation.

For all forcing amplitudes, the slope b using the EFE
metric is higher in the fully coupled runs relative to the slab
ocean runs (Fig. 10a), implying an amplification of the ITCZ
shift in the fully coupled case. However, we again see that
this is because of a dependence of b on the magnitude of F),.
In the EFE estimation of the ITCZ position, the curvature
of the atmosphere’s northward energy transport with lati-
tude plays a non-negligible role once the ITCZ moves more
than a couple degrees from the equator (Bischoff and Sch-
neider 2016). In agreement with the annual mean response
of the forced runs, we also see a dependence of monthly
mean values of b on F, for both the fully coupled and slab
ocean models’ control runs (Fig. 10c). However, this same
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tude case and the slab ocean model’s weakest forcing case. Dashed
lines indicate the ITCZ positions, calculated using the centroid met-
ric. ¢ The slope b calculated from monthly mean climatologies of the
fully coupled and slab ocean models’ control runs, for both the cen-
troid metric and the energy flux equator metric

dependence of b on F, over the control runs’ seasonal cycles
is not seen if the centroid metric is used.

At a given value of the atmosphere’s cross-equatorial
energy transport F, there appears to be a reduction in the
slope b using the EFE metric for the fully coupled runs.
Again comparing the lowest-forcing slab case to the second-
highest forcing fully coupled case, b is reduced by 11%.
In the EFE framework, this means that the atmosphere is
diverging more heat between the ITCZ position and the
equator in the fully coupled run, steepening the slope of its
northward energy transport distribution as a result of a net
input of energy into the region. Comparing the two runs
between the equator and 9°N, the approximate latitude of the
ITCZ in both cases, there is an increase in the net upward
surface energy flux of 5.2 W m™ in the fully coupled run,
of which 23% is compensated by an increase in the outgoing
longwave radiation at the top of the atmosphere. The rest of
that heating is diverged by the atmosphere, steepening the
slope of its energy transport curve and reducing the value
of b. This local increase in the upward surface heat flux is
aresult of a convergence of the ocean’s heat transport, seen
just north of the equator in Fig. 9b, and is connected to a
reduction in the ocean’s anomalous southward heat transport
right at the equator. Across all forcing amplitudes, similar
reductions in the southward heat transport at the equator
occur in the fully coupled runs, and are related to a sinking
and cooling of some of the surface wind-driven flow as it
crosses the equator (see GM17). A similar effect has been
seen in experiments with a slab ocean GCM incorporating
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Ekman dynamics only (Kang et al. 2018b). As a conse-
quence of the equatorial structure of the wind-driven CEC,
a reduction in the slope b and a damping of ITCZ shifts
appears to be a robust feature of the fully coupled runs.

4 Forcing confined to the tropics

To test the robustness of the ocean circulation’s damping
effect on ITCZ shifts, we compare the previous section’s
results to those where the forcing is confined to the trop-
ics. By limiting the albedo adjustments to the tropics, these
runs’ heating profiles (Fig. 2b) have larger gradients than the
polar-amplified distributions, increasing in amplitude from
zero at the equator, peaking at 14.5° latitude and decaying to
zero at 30° latitude. It is difficult to imagine a realistic inter-
hemispheric forcing of this magnitude that is confined to the
tropics, particularly for a fully coupled atmosphere—ocean
system, but the response of our model to these idealized
forcing distributions provides a useful contrast to the polar-
amplified distributions discussed above.

The resulting ITCZ shifts (Fig. 11a) are still damped in
the fully coupled runs relative to the slab ocean runs, but by
a smaller amount than they are for the polar-amplified forc-
ing distribution. From the smallest amplitude forcing case
to the largest amplitude case, the ratio of the slab to fully
coupled runs’ ITCZ shifts decreases from 1.7 to 1.5, lower
than the 3.4-2.8 range for the same forcing amplitudes in
Fig. 6a. The atmosphere in the fully coupled runs also trans-
ports a larger fraction of the forcing southward across the
equator; the degree of compensation C by the atmosphere’s
cross-equatorial energy transport ranges from 0.63 to 0.66
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(Fig. 11b), compared to a range of 0.31-0.34 in Fig. 6b. The
slab ocean runs’ range of C, 1.00-1.02, is also higher in
these runs than before, but the relative increase in C in the
fully coupled runs is higher.

The largest contributor to the reduction in the damping
of ITCZ shifts is a reduction in the ocean’s cross-equatorial
energy transport. Smaller contributions come from changes
in the compensation by longwave radiation and the slope
b. The ocean’s cross-equatorial energy transport is roughly
60% of the atmosphere’s in these runs (Fig. 11b), much
lower than before (Fig. 6b), and there are now only minimal
changes in LW/F, between the slab ocean and fully coupled
runs. For a given forcing amplitude, changes in b between
the fully coupled and slab runs are small, whereas for simi-
lar polar-amplified forcing amplitudes they contribute to a
larger fraction of the damping. The consequence of the small
changes in LW/F, and b is that the ocean’s anomalous cross-
equatorial energy transport, lower than it was in the polar-
amplified forcing cases, is the sole agent acting to damp the
ITCZ shift in the fully coupled runs.

4.1 Ocean circulation and energy transport
anomalies

The most noticeable difference in the ocean’s circulation,
compared to the polar-amplified forcing cases, is the rela-
tively small change in the small basin’s deep MOC, even
in the highest forcing case (Fig. 12f). Instead of a weak-
ened deep MOC transporting heat anomalously southward
across the equator, as in Fig. 5f, the largest streamfunction
anomalies in the small basin are confined to the thermo-
cline, similar to the large basin (Fig. 12c). Both basins’
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Fig. 11 ITCZ shifts and the hemispheric energy balance, as in Fig. 6, for the tropics-only forcing distribution
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(a) Fully Coupled: Highest Forcing Case
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Fig. 12 The response of the zonal mean circulation, as in Fig. 5,

anomalous circulations are surface-intensified CECs like
those described in Sect. 3.2, driven by the surface zonal
wind stress anomalies and transporting heat southward
across the equator due to the temperature contrast between
the surface and return branches. The small basin/large
basin split of the ocean’s cross-equatorial energy transport
is 30/70% for all forcing amplitudes, reflecting the relative
sizes of the basins. The reduced fraction of cross-equatorial
heat transport accomplished in the small basin is partially
responsible for the reduction of the total oceanic transport
and the reduced F,/F,: without a weakening of the deep
MOOC, the size of the small basin limits the heat transported
by its wind-driven CEC.

The pattern of surface zonal wind anomalies (Fig. 12b)
are more localized for the tropics-only forcing distribution,
and the anomalous wind-driven CECs in both basins are
confined to within roughly 20° latitude of the equator. Rather
than supplying the CECs with water pumped downward in
the extratropics due to a southward shift of the SH surface
westerly jet, as in Fig. 5b, the surface wind anomalies in
Fig. 12 reflect a more local northward shift of the trade
winds in the tropics. Reduced eddy momentum fluxes in the
SH extratropics (not shown) weaken the SH surface west-
erly jet, but the jet does not shift and anomalies in the trade
winds and resulting meridional Ekman transport switch sign
at 20°S. This reduction in the CEC widths relative to the
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polar-amplified forcing runs leads to the reduction in their
gross stabilities, warming and shoaling the deep western
boundary current comprising the cell’s subsurface return
branch. Both the large and small basin wind-driven CECs
have a gross stability of 12 K, reduced from 15 to 19 K for
the large basin in Fig. 7b, that does not vary strongly with
the forcing amplitude since SST anomalies are weaker in
these runs (compare Fig. 12b to Fig. 5b). The warming of
the boundary current due to Ekman pumping at lower lati-
tudes is partially responsible for the reduction of the ocean’s
cross-equatorial energy transport relative to the atmosphere.

Though clearly driven by the surface wind stress anoma-
lies, the CECs in the tropics-only forcing runs are weaker
than circulations in Ekman balance with those anomalies
would be. The strength of the cross-equatorial mass transport
in these runs is only 61-63% of the implied Ekman trans-
port, compared to 85-95% for the polar-amplified forcing
runs in Fig. 7a. Diagnosing the model’s zonal momentum
balance in the surface layer, the zonal wind stress anomalies
in these runs are partially offset by the horizontal diffusion
of zonal momentum. As a result, the Coriolis acceleration
on the meridional flow is weaker than it would be if the sur-
face flow was in Ekman balance. The horizontal viscosity
in the momentum equation for this version of the MITgcm
ocean model is a spatially uniform 3x10° m? s~!, similar to
other ocean general circulation models in the tropics (e.g.
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Griffies et al. 2005), following the Munk scaling for western
boundary currents (Munk 1950). However, most of the dis-
sipation of anomalous zonal momentum in these runs occurs
in the interior of the basins, and this type of diffusion-driven
weakening of the CECs is likely unphysical. By confining
the anomalous CECs to a narrower range of latitudes, gradi-
ents in surface currents resulting from the more local wind
stress anomalies are higher, and the model more strongly
dissipates those currents’ momentum. Through Eq. (4), the
reduction in the CECs’ mass transport anomalies relative to
the atmosphere compounds their reduced gross stability and
reduced small basin heat transport, contributing to the lower
F,/F, values in the tropics-only forcing cases.

4.2 Changes in LW/F, and the slope b

The response of the longwave radiation is very similar in
the slab ocean and fully coupled runs (Fig. 11b), and LW/F,
is smaller than in the polar-amplified forcing runs (Fig. 6b).
By concentrating the forcing in a region where the radiative
feedbacks in our model are positive, the tropics-only forcing
distribution results in small negative values of LW/F,. The
similar values of LW/F, in the slab ocean and fully cou-
pled runs are related to the distribution of net heating in
the atmosphere (Fig. 13a): though the ocean reduces the
interhemispheric heating contrast, it does not significantly
modify its distribution. The anomalous cross-equatorial
energy transport in both basins’ narrower CECs is diverged
and converged almost entirely within 25° of the equator,
in close alignment with the forcing distribution, preventing
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Fig. 13 The effect of the ocean on the atmosphere’s radiative fluxes
and slope b in the tropics-only forcing cases. a Normalized net heat-
ing of the atmosphere, following Eq. (6b), as in Fig. 9a. b The slope b

its interaction with the model’s spatial pattern of radiative
feedbacks from altering LW/F,.

The weak damping of the ITCZ shifts by changes in the
slope b in the fully coupled runs is again found to be more
pronounced when b is plotted versus F, (Fig. 13b). The
causes of the reduction in b, for both the centroid and EFE
metrics, in the fully coupled runs are identical to those dis-
cussed in Sect. 3.4. Subtropical SH precipitation is similarly
reduced when slab and fully coupled runs with similar F, are
compared (not shown), and a reduction in the ocean’s anom-
alous southward heat transport at the equator again leads to a
heating of the atmosphere just north of the equator. Though
it is not the primary mechanism by which the ocean damps
ITCZ shifts, a reduction in the slope of the ITCZ position-
atmospheric cross-equatorial energy transport relationship
appears to be robust.

5 Discussion of the role of the CEC
in the atmosphere’s energy balance

In our simulations, the ocean accomplishes its cross-equato-
rial energy transport by “wrapping” a cross-equatorial cell
around the STCs, with its lower branch crossing the equator
at colder temperatures than the STCs’ lower limbs. By cross-
ing the equator in a frictional western boundary current, the
CEC’s lower branch is able to reverse the sign of its potential
vorticity. Our results disagree with the type of ocean cir-
culation envisaged by Schneider (2017) which, as schema-
tized in his Fig. 2, suggests that the ocean accomplishes its
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calculated using the energy flux equator and centroid metrics, versus
the atmosphere’s anomalous cross-equatorial energy transport, as in
Fig. 10a
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cross-equatorial energy transport by shifting the upwelling
zone along with the ITCZ. For a northward ITCZ shift, this
would result in a cross-equatorial SH subtropical cell that
mirrors its counterpart Hadley cell. Though the latitude of
mean ascent in the atmosphere shifts with the ITCZ, the
tropical ocean’s upwelling zone never shifts off of the equa-
tor, as can be seen in Fig. 14. For both polar-amplified and
tropics-only forcing distributions, vertically averaged ascent
in the atmosphere is shifted into the NH (solid black con-
tours) along with the ITCZ, but the ocean’s upwelling zone
(red colors) remains on the equator. The highest amplitude
forcing cases are presented in Fig. 14, but this behavior is
seen for all forcing amplitudes. We suggest that the tropical
ocean circulation associated with a northward ITCZ shift
is more accurately schematized in Fig. 1: instead of the
upwelling zone shifting to the latitude of the ITCZ, south-
ward cross-equatorial flow at the surface is balanced by a
northward flow in the thermocline below the STCs. The
southward cross-equatorial surface flow does not imply a
shift in the upwelling zone and distribution of surface diver-
gence; rather, it is the addition of a constant southward flow
throughout the tropics to the background divergent flow.
Anchoring the upwelling zone to the equator is a sur-
face zonal wind stress distribution that results in a peak
Ekman transport divergence there. In our simulations, and
as described in GM17, an ITCZ shift results in a pattern of
wind stress anomalies that are linear about the equator and,
when those anomalies are divided by the Coriolis param-
eter, Ekman transport anomalies which are roughly constant
with latitude and do not affect the surface divergence at the

(a) Largest Polar-Amplified Forcing
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Fig. 14 Vertical motion in the atmosphere and ocean in the fully
coupled model for the highest amplitude a polar-amplified and b
tropics-only forcing cases. Colors indicate annual mean vertical
velocity (m s~') at 55 m depth in the ocean. Contours indicate ver-
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equator. Thus, ITCZ shifts do not result in changes in the
upwelling. This result agrees with Miyama et al. (2003),
which describes the cross-equatorial cell in the Indian Ocean
as driven by surface zonal wind stresses that are similarly
linear and asymmetric about the equator. Should the STCs’
upwelling zone be coupled to the ITCZ position and shift
off of the equator, the water in the lower limb of one hemi-
sphere’s STC would have to reverse the sign of its potential
vorticity to cross the equator. It could cross the equator in
a western boundary current, like the CEC’s lower branch
in our simulations, or by mixing with water from the other
hemisphere (e.g. Hiittl-Kabus and Boning 2008). Above, an
atmospheric streamfunction that would be consistent with
off-equatorial upwelling would be relatively vertically uni-
form, with values at the top of the Ekman layer very similar
to those near the tropopause and vertical velocities that are
constant with pressure. This is not the case for either our
polar-amplified forcing simulations (Fig. 5a) or tropics-only
forcing simulations (Fig. 12a), which both have atmospheric
streamfunctions with meridional mass transports that are
weaker near the surface than they are near the tropopause
and vertical velocities that peak at about 500 hPa. This
decoupling of the Ekman mass transport from the total Had-
ley cell mass transport has important implications for the
CEC'’s energy transport.

The second point where our results differ from the frame-
work proposed by Schneider (2017) is the strength of the
CEC. Schneider assumes that the wind-driven CEC has the
same strength as the cross-equatorial Hadley cell; in our sim-
ulations, the CECs are much weaker than their atmospheric
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0.01 Pa s~!, and the zero contour is not shown
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counterparts (Fig. 7a). They are broadly in Ekman balance
with the surface zonal wind stress, but the Ekman transport
is not constrained to be the same strength as the Hadley
cells’ total mass transport, instead balancing the divergence
of angular momentum transport in the tropics as described
in Sect. 3.2. This can also be more easily appreciated by
examining the vertical structure of the atmospheric mass
transport streamfunction (e.g. Fig. 8a): the streamfunction
maximum occurs in the mid-troposphere, away from the
frictional boundary layer and its associated Ekman transport.

The differences in the two descriptions of the CEC and
its heat transport have an impact on how the atmosphere’s
energy balance is evaluated to predict the magnitude of the
ITCZ shift. Schneider (2017) estimates F,,/F, to be equal to
the ratio of the ocean’s heat uptake at the equator to the net
heating of the atmosphere at the equator, consistent with his
assumption that the upwelling zone shifts with the ITCZ. For
a northward ITCZ shift, this amounts to an identical shift
northward of the vertically and zonally integrated distribu-
tion of northward ocean heat transport in the tropics. In our
simulations, the effect of the CEC is not to shift the OHT
distribution north, but to subtract a relatively constant value
throughout the tropics (green line, Fig. Ob). Interestingly, the
two approaches to the energy balance give similar estimates
for the amplitude of the damping of ITCZ shifts by the ocean
circulation, due to offsetting differences in their description
of the ocean’s cross equatorial heat transport. We describe
a CEC that is weaker than the one proposed by Schneider,
compensated for by an increase in its gross stability owing to
its cooler subsurface branch. We propose that a more physi-
cally consistent way to estimate the value of F,/F,, and its
damping of ITCZ shifts, would be to separately estimate the
cross-equatorial mass transports and gross stabilities of the
atmosphere and ocean.

6 Summary

For a range of forcing amplitudes and distributions designed
to shift the ITCZ in an aquaplanet GCM, we find that shifts
are always damped in a model configuration that includes an
active ocean circulation relative to a configuration where it
is passive, “sticking” the ITCZ to latitudes near the equator.
The magnitude of the damping has a weak dependence on
the forcing amplitude, decreasing as the amplitude increases,
and is strongly affected by the forcing distribution, decreas-
ing when the forcing is confined to the tropics. The reason
the ITCZ shifts in the active ocean circulation cases are
damped can be diagnosed from the hemispheric energy bal-
ance, with the largest contribution coming from the ocean’s
anomalous cross-equatorial heat transport. This heat trans-
port acts to reduce the interhemispheric heating contrast
imposed on the atmosphere and reduces the fraction of the

original forcing it must compensate by transporting energy
across the equator.

A robust feature of the anomalous ocean circulation is a
cross-equatorial cell confined to the thermocline, coupled
to the Hadley cells above by the surface zonal wind stress.
These CECs have the same features in GM17: for a north-
ward ITCZ shift, warm water transported southward across
the equator is pumped into the thermocline at cooler tem-
peratures in the southern hemisphere, returning northward
across the equator in a western boundary current. The result-
ing cross-equatorial energy transport is southward, opposing
the original heating of the northern hemisphere relative to
the southern. Independent of the details of the subsurface
ocean circulation, the energy transported across the equator
by the CEC can be estimated from its surface properties,
with its strength set by the surface zonal wind stress dis-
tribution and its gross stability set by the meridional SST
gradient.

Secondary impacts on the ITCZ position by the CEC arise
from the distribution of its energy transport. If the distribu-
tion of the interhemispheric heating contrast is concentrated
at higher latitudes, its mismatch with the CEC’s heat trans-
port convergence distribution shifts the atmosphere’s “net
heating” profile further poleward. Combined with radiative
feedbacks that are more negative poleward of 30°, the atmos-
phere more efficiently radiates the net heating away to space,
also damping the ITCZ shift. One limitation of our model
is its neglect of the effects of clouds on radiation, whose
distribution is highly spatially variable and could impact the
radiative response of the atmosphere. Our results, however,
point to a potentially limited role for cloud radiative feed-
backs: if the ocean is efficient at damping ITCZ shifts, the
uncertainty in the ITCZ position due to the uncertainties in
cloud radiative feedbacks might actually be quite small. For
example, Kay et al. (2016) found that the ITCZ position in a
comprehensive GCM was relatively insensitive to the opti-
cal properties of SH clouds. Moreover, radiative feedbacks
in simulations of global warming using comprehensive
GCMs that include clouds are, like in our model, relatively
positive equatorward of 30° latitude (Zelinka and Hartmann
2012), and their interaction with the CEC’s heat transport
would likely also contribute to the damping of ITCZ shifts
on Earth.

The CEC can also alter the relationship between the
ITCZ position and the atmosphere’s cross-equatorial
energy transport, but the mechanism by which it does this
depends on the metric used to define the ITCZ position.
Using a centroid metric based on area-weighting the zonal
mean tropical rainfall distribution, we find a reduction in
subtropical precipitation in the fully coupled model runs
relative to the slab ocean runs. If the energy flux equator is
used to locate the ITCZ, the structure of the surface branch
of the CEC always results in an anomalous heating of the
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atmosphere between the equator and the ITCZ, reducing
the amount it shifts for a given atmospheric cross-equa-
torial energy transport anomaly. Both metrics predict a
damping of the ITCZ shift in our model.

A strong control on the efficacy of the CEC and its
cross-equatorial heat transport is the distribution of the
interhemispheric heating contrast. For polar-amplified dis-
tributions, the gross stability of the CEC is set by the SST
difference between the equator and the latitude of the sur-
face westerly jet in the cooled hemisphere. If the heating
distribution is confined to the tropics, the CEC is narrowed
and its gross stability is reduced by 20-37% depending on
the forcing amplitude. In the case of tropics-only forcing,
the narrower CEC aligns with the anomalous Hadley cell,
which responds directly to the heating distribution.

For polar-amplified forcing distributions, the CEC
is considerably wider than the bulk of the atmospheric
streamfunction anomalies—compare Figs. 5c, 6, 7 and
8a—and result in a CEC whose width is set by extrat-
ropical dynamics. In all of our experiments, and those
of GM17, a polar-amplified heating contrast results in a
southward shift of the SH surface westerly jet, and for all
but the highest forcing amplitude case here, the NH jet
is shifted to the south as well. Year-to-year shifts in the
annual mean position of the tropospheric westerly jet in
the fully coupled model’s control run are, like the polar-
amplified forcing runs, associated with polar-amplified
temperature anomalies and are dominant modes of the
model’s interannual variability (not shown). The extrat-
ropical zonal wind anomalies in the polar-amplified forc-
ing runs, extending from the tropopause to the surface,
have a similar vertical structure as the model’s unforced
variability. This would imply that the westerly jet shifts
in the forced runs result from the projection of the polar-
amplified forcing distribution onto a mode of natural vari-
ability in the model (Ring and Plumb 2008).

From the perspective of the atmosphere’s energy balance,
the coupled atmosphere—ocean system is more efficient at
compensating a hemispherically asymmetric albedo distri-
bution than the atmosphere is alone. Even for large inter-
hemispheric albedo contrasts, the climatic equator cannot
be shifted more than a few degrees off of the geographic
equator when the adjustment of the ocean’s heat transport is
included. The fraction of the heating asymmetry compen-
sated for by the ocean’s CEC depends on the distribution of
the heating, but its coupling to the Hadley cells and ITCZ
means it always acts to reduce the asymmetry and is of the
same magnitude as the atmosphere’s cross-equatorial energy
transport. It is clear that, to accurately simulate or predict
the response of the ITCZ to an interhemispheric heating con-
trast, the impact of the tropical wind-driven circulation and
its heat transport must be taken into account.
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