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Extratropical forcing and tropical rainfall distribution:
energetics framework and ocean Ekman advection

Sarah M. Kang', Yechul Shin@®' and Shang-Ping Xie?

Intense tropical rainfall occurs in a narrow belt near the equator, called the inter-tropical convergence zone (ITCZ). In the past
decade, the atmospheric energy budget has been used to explain changes in the zonal-mean ITCZ position. The energetics
framework provides a mechanism for extratropics-to-tropics teleconnections, which have been postulated from paleoclimate
records. In atmosphere models coupled with a motionless slab ocean, the ITCZ shifts toward the warmed hemisphere in order for
the Hadley circulation to transport energy toward the colder hemisphere. However, recent studies using fully coupled models show
that tropical rainfall can be rather insensitive to extratropical forcing when ocean dynamics is included. Here, we explore the effect
of meridional Ekman heat advection while neglecting the upwelling effect on the ITCZ response to prescribed extratropical thermal
forcing. The tropical component of Ekman advection is a negative feedback that partially compensates the prescribed forcing,
whereas the extratropical component is a positive feedback that amplifies the prescribed forcing. Overall, the tropical negative
feedback dominates over the extratropical positive feedback. Thus, including Ekman advection reduces the need for atmospheric
energy transport, dampening the ITCZ response. We propose to build a hierarchy of ocean models to systematically explore the full

dynamical response of the coupled climate system.
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INTRODUCTION

In the current climate of the Earth, 32% of the globally integrated
annual rainfall falls within 10°S-10°N (only 17% of the surface area)
in a narrow band of heavy precipitation, called the inter-tropical
convergence zone (ITCZ). The ITCZ is so sharp meridionally that a
small shift in its position can cause dramatic local variations in
rainfall. For example, Kanton Island near the edge of the ITCZ
receives the annual rainfall of only 3mmday™' in some years,
while they can experience rainfall over 10 mm day ™' in other years
due to subtle shifts of the ITCZ. Also, the ITCZ migrates seasonally,
with its zonal-mean position varying from 8.3°S in austral summer
to 7.9°N in boreal summer. For example, precipitation at Port
Morseby in Papua New Guinea varies from 3 mm day™' during dry
months to 20mmday™' during wet months. As hundreds of
millions of the world population depend critically on tropical rains
for water and food, it is of foremost importance to understand the
mechanism that controls the ITCZ position.

Although tropical rainfall traditionally was thought to be
controlled by local tropical mechanisms,’ paleoclimatic evidence
has pointed at the possibility of an extratropical influence on
tropical climate. The paleoclimate records from the tropical
regions exhibit striking resemblance to the abrupt climate changes
over Greenland associated with the Dansgaard-Oeschger
events.”® These paleoclimate data motivated the modeling
studies of possible pathways for extratropics-to-tropics telecon-
nection by perturbing the extratropics in general circulation
models. The extratropical perturbations include: increased ice
cover in the high-latitude Northern Hemisphere (NH),* a sustained
addition of freshwater in the North Atlantic,>® an expansion of

dark forests in the northern extratropics,” changes in radiative
forcing agents, such as black carbon, sulfate, and volcanic
aerosols,'® ozone depletion over Antarctica,’’ and enhanced
Southern Ocean heat uptake.'? In all cases, the ITCZ is shifted
toward the differentially warmed hemisphere or away from the
differentially cooled hemisphere. These modeling studies indicate
that the extratropical perturbations can cause a meridional shift of
the ITCZ, supporting the paleoclimate evidence. In the past
decade, significant progress has been made in understanding how
ITCZ shifts are forced from the extratropics based on the
atmospheric energy budget. Here, we briefly review major
advances made in this area of research, and highlight potential
importance of ocean dynamic adjustments in modulating the
extratropical impact on tropical rainfall.

ITCZ AND ATMOSPHERIC ENERGY BUDGET

Heavy rainfall in the ITCZ is caused by moisture convergence in
the lower branch of the Hadley circulation (HC). The air masses
that converge near the surface ascend and diverge in the upper
troposphere. In general, the magnitude of dry static energy
transport by the upper branch of the HC is larger than the
magnitude of latent heat transport by the lower branch. Hence,
atmospheric energy is transported in the same direction of the
upper branch of the HC. Thus, the ITCZ closely corresponds to the
latitude of maximum moisture convergence, and to the latitude
where the atmospheric energy flux Fa vanishes, which is called the
energy flux equator ¢,'>'* (refer to Fig. 1). Suppose the northern
extratropics are heated relative to the southern extratropics. The
inter-hemispheric energy contrast can be connected to the ITCZ
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Fig. 1 Schematic that describes how inter-hemispheric extratropical thermal forcing is balanced by the adjustment of the Hadley circulation.
Suppose the northern (southern) extratropics are warmed (cooled). The faded (dark) gray contours in the upper panel indicate the Hadley
circulation in the reference (perturbed) state. The Hadley circulation transports moisture equatorward following its lower branch (blue arrow)
and transports energy poleward following its upper branch (red arrow). In order to transport more energy to the SH (i.e., 6Fa <0 at @.), the
energy flux equator is shifted northward from @, to ¢,. A northward ¢, shift can be induced either by an anomalously southward cross-
equatorial atmospheric energy transport (i.e., 6Fao < 0) or by a reduction in the divergence of atmospheric energy transport (i.e., V:6F5 <0) in
the deep tropics. The former is indicated by blue and the latter is indicated by red in the lower panel

shift through the zonal-mean and time-mean vertically integrated
atmospheric energy balance

V-FA=R—-0+5S (M

where F is the vertically integrated total meridional atmospheric
energy transport (AET), R is the net downward radiative fluxes at
the top-of-atmosphere (TOA), O is the ocean energy uptake due to
transport and storage, and S is the specified thermal forcing into
the atmospheric column either from the TOA or from the surface.
Let 6 denote the response to S. The AET F can be expressed as
Fa = —VAm, where V is the HC mass transport by its lower branch
(6V > 0 at the equator for a northward displaced ITCZ) and Am is
the total gross moist stability (TGMS) that measures the efficiency
at which the HC transports energy. The TGMS is usually positive,
indicative of a larger energy transport by the upper branch than
the lower branch of the HC.'>'®

An energetics framework that relates the ITCZ response to the
hemispherically differential heating was developed using experi-
ments with atmospheric models coupled to a motionless slab
ocean, in which energy can be transported within the atmosphere
only (i.e., there is no change in 0)."*'>'” Consider a simple case
where cloud radiative effects are inhibited. The effect of
extratropical forcing (S>0 in NH and S<0 in SH) reaches the
subtropical edge of the HC via atmospheric eddy fluxes.'> The
resultant meridional temperature gradients in the tropical upper
troposphere cannot be sustained due to the smallness of the
Coriolis parameter.'® In order to flatten temperature gradients, the
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HC responds by transporting excessive energy from the NH to the
SH with a deficit of energy. In other words, the energy has to be
transported southward across the energy flux equator in the
reference state, which requires a northward shift of the energy flux
equator. There are largely two ways to induce a northward shift of
the energy flux equator, as demonstrated in Fig. 1. One is by
lowering the y-intercept while keeping the overall meridional
profile the same (i.e., 6Fa0 <0, with the subscript 0 denoting the
equator, and V -&6Fy = 0). That is, an anomalously southward
cross-equatorial AET leads to a northward shift of the energy flux
equator.'®'? The other is by reducing the meridional slope of AET
in the equatorial region with an unchanged y-intercept (i.e., V -
8Fp<0 and 6FA0=0). That is, a reduction in the divergence of AET
in the tropics, equivalent to the net energy input into the
atmospheric column based on Eq. 1, leads to a northward shift of
the energy flux equator.?>?" The former case is depicted in blue in
Fig. 1 and the latter in red. The effect of extratropical forcing is
primarily balanced by a cross-equatorial AET, while the effect of
tropical forcing, such as El Nifio primarily modulates the net
energy input to the equatorial atmosphere.?°

The response of the energy transport can be directly related to
the response of mass transport in the lower troposphere, that is,
8Fy=—AmdV, assuming a fixed Am. Hence, the anomalous
southward energy transport, which is accompanied by the
northward shift of the energy flux equator, causes an anomalous
northward moisture transport in the lower troposphere, corre-
sponding to a northward ITCZ shift (Fig. 1). This elucidates how
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hemispherically asymmetric heating in the extratropics can affect
tropical rainfall. Extratropical forcing tends to be amplified when
cloud-radiative effects are included, whereas tropical forcing tends
to be damped.'®'>?*? Hence, remote extratropical forcing can
actually be more effective at shifting the ITCZ than local tropical
forcing.?> In summary, a thermal contrast between the hemi-
spheres, introduced from the tropics or from the extratropics, can
force an ITCZ shift in order to balance the atmospheric energy
budget.

The energetics framework facilitates the development of a new
theory for why the climatological zonal-mean ITCZ position is
north of the equator, emphasizing the importance of the Atlantic
meridional overturning circulation (AMOC) and its northward
transport of energy across the equator.>>> The effect of the
AMOC is zonally homogenized by winds in the extratropics,
thereby placing the ITCZ in the NH not only in the Atlantic but also
in the Pacific.?° Traditionally, the ITCZ position was thought to be
controlled by local mechanisms, such as the shape of coast
lines'?”?® and Andes topography.?® These local processes may be
important for the zonal variations of the ITCZ?%*° as the global
energetics framework applies to the zonal mean. The northward
heat transport by the AMOC also explains why the NH is warmer
than the SH on average.®' Seasonal variations in ITCZ location can
also be thought of as the result of an anomalous HC that must
transport energy toward the differentially cooled hemisphere.'*3?
The energetics framework has been successfully adopted to
explain the ITCZ shifts in response to a doubling of CO, in
comprehensive models®® and the response to aerosols in the 20th
century.>* Moreover, the energetics framework has been applied
to diagnose the double-ITCZ problem, which is a long-standing
climate model bias.>* Cloud biases over the Southern Ocean,
responsible for excessive warming over the SH,*° have been
suggested to be one of the causes of the double-ITCZ.

LIMITATIONS AND WAYS FORWARD

The energetics framework assumes that the TGMS, Am is constant.
If Am can vary, 6F, is no longer directly related to 6V and cannot
account for the ITCZ shift. For example, consider the limiting case
with 6F5 =0 where the present energetics framework predicts no
ITCZ shift. If changes in Am were large, there would be substantial
changes in the mass transport, despite 6F5 =0, resulting in the
ITCZ shift. One can consider the other limiting case where 6F, #0
is accompanied by no ITCZ shift but results entirely from changes
in Am (i.e.,, 6Fo=V8Am). As SAm becomes more dominant over
6V in determining &F,, the energetics framework starts to fail in
predicting the ITCZ response. The relative importance between 6V
and 6Am may depend on the type of forcing. An inter-
hemispheric thermal contrast is expected to provoke a significant
HC shift with relatively little changes in Am. Then, the energy flux
equator can be used to infer the ITCZ shift. In contrast, a nearly
uniform radiative forcing induces a rather subtle HC shift and
changes in Am cannot be ignored.> ™ In this situation, the
energy flux equator is no longer a good proxy for the ITCZ.'®
Therefore, one must account for changes in the TGMS for a
complete theory.

For the energetics framework to have a full predictive power, it
must also predict how radiative feedbacks would rectify the
external forcing. For example, the zonally asymmetric thermal
forcing with zero zonal-mean component is expected not to cause
any ITCZ shift assuming radiative feedbacks are linear. However,
nonlinear cloud-radiative feedbacks can cause a significant shift in
the zonal-mean ITCZ.*'*? Furthermore, a given inter-hemispheric
forcing can cause an ITCZ shift that varies in magnitude by more
than 100% when a convection scheme parameter is tuned in a
model in a way that alters the strength of cloud radiative
effect.”>** Model spread in cloud response is a dominant source
for model spread in the ITCZ shift in response to inter-hemispheric
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forcing.** Hence, without properly understanding cloud radiative
effects, the framework cannot make a useful quantitative
prediction. Since tropical clouds are strongly tied to the
circulation,”® one may seek to formulate a closed theory by
constructing an empirical relationship between cloud radiative
effect and circulation based on observations.

The energetics framework is based on the zonal-mean atmo-
spheric energy budget, hence, has limited relevance to regional
changes. The zonal-mean ITCZ lumps together rich regional
structures, such as monsoons, one of the most prominent local
features of tropical circulation. The zonal-mean ITCZ shift may not
convey the proper information on the changes of regional rainfall
pattern. For example, the zonal-mean ITCZ position shifts only by
about 1° in latitude between El Nifio and La Nifla composites,
while the east-west shifts are 22° in longitude.*® Also, during the
early Holocene, compared to today, the zonal-mean ITCZ shift is
estimated to be less than 1° latitude, while paleoclimate records
infer that the regional ITCZ shifts reach up to 5° latitude.*’
Although some aspects of regional features, such as the abrupt
onset of monsoon are captured by the zonal-mean dynamics,*®
planetary-scale waves are important. For example, the summer
monsoons extend farther poleward in the eastern than western
side of a major continent like the Afro-Eurasian.**>' Thus,
expanding the zonal-mean energetics framework to two hor-
izontal dimensions is required for predictions of regional rainfall
changes in the tropics, say by accounting for the zonal component
of divergent AET.*6>2

The application of the energetics framework is further
complicated by ocean dynamical feedback. When the ocean
circulation is allowed to respond (i.e., O is no longer fixed in Eq. 1),
the partitioning of energy transport between the atmosphere and
ocean will determine the magnitude of the ITCZ response.
Recently, fully coupled models with a dynamical ocean are
employed to examine the ITCZ response to high-latitude energy
perturbation.>>>” In response to modified Southern Ocean
albedo, the changes in cross-equatorial energy transport are
dominated by ocean adjustments, and the ITCZ response is muted
with a persistent double-ITCZ problem>*** in some models (CESM-
CAM5°® and HadGEM2-ES>®). Similarly, when the model (CCSM4%°)
is forced by the projected Arctic sea ice loss, the climate response
exhibits a high degree of hemispheric symmetry with little ITCZ
shift, as the energy transport is mostly accomplished by the ocean
in the equatorial region.’"®? In contrast, in a different model
(GFDL AM4 coupled to FLOR®3), the atmosphere and ocean nearly
equally share the load of compensating the variations in the solar
flux over the Southern Ocean, and a small but clear meridional
ITCZ shift is identified.>® In another GFDL family of climate models
(GFDL CM2Mc®), the changes in cross-equatorial energy transport
equally occurred in the atmosphere and ocean in response to SH
high-latitude radiative changes associated with Southern Ocean
convective variability.>” In response to a reduction of solar flux
over the Southern Ocean, the UCLA CGCM produces a significant
ITCZ shift whereas a much weaker ITCZ response is obtained in
the NorESM model.>® These studies that employ fully coupled
models suggest a large inter-model spread in the degree by which
the ocean circulation modulates the tropical response to
extratropical forcing. In general, extratropical energy perturbations
are not as effective at forcing the ITCZ shift as predicted by the
energetics framework with a slab ocean. This is expected due to
an intimate coupling between the subtropical ocean cell and the
HC through the trade winds.®® As the ocean transports energy in
the same direction as the HC, the amount of energy needed to be
transported by the atmosphere will decrease, leading to a
reduction in the tropical rainfall response. The cause of such a
large inter-model spread in ocean dynamical compensation
remains to be explored.
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Fig. 2 The form of prescribed thermal forcing in the slab ocean. a The convergence of prescribed ocean energy transport, S (W m™). The
maximum amplitude varies from 20 to 100W m™. b Latitudinal integral of zonally integrated (a) from one pole to the other, such that
S = —V - Fs. The cross-equatorial transport Fso varies from 1.1 to 5.8 pW

OCEAN DYNAMICS AND THE ITCZ

This section considers ocean dynamical feedback that affects the
partitioning of energy transport between the atmosphere and
ocean. We attempt to provide a possible explanation for a range
of sensitivity of tropical rainfall to extratropical forcing in coupled
models with a fully dynamic ocean. In fully coupled models, it is
difficult to disentangle the effect of different components of the
large-scale ocean circulation including the thermohaline and
wind-driven circulation, so for better understanding one might
wish to reduce the complexity of the climate system.®® Therefore,
we propose to build a hierarchy of climate models in which a
simplified atmospheric model is coupled to ocean models of
different levels of complexity. The atmospheric model we employ
has no cloud radiative feedbacks, a key source of uncertainty, to
focus on more fundamental interactions between latent heating
and circulation.®”°® The ocean model is also intended to be as
simple as possible yet contains dynamics of meridional energy
transport. In the tropics, energy is transported poleward primarily
by the wind-driven circulation, which consists of poleward Ekman
flow at the surface and the equatorward return flow in the
thermocline that upwells in the equatorial region.*’ Here, we
implement meridional Ekman advection into the aquaplanet slab
ocean model, while neglecting the upwelling effect in the deep
tropics and the subsiding effect in the subtropics.”® That is, we
only incorporate the effect of meridional heat advection at the
surface by the Ekman flow, without the need to include the
vertical stratification of the ocean. The shallow overturning cell
that sinks in the subtropics with the return flow in the thermocline
will be considered in a subsequent study by adopting a two-layer
ocean model.”* Systematically adding the complexity to the ocean
model is expected to help develop fundamental understanding of
how the ocean circulation modulates the extratropics-to-tropics
teleconnection.

The meridional Ekman flow (vg) is induced by a zonal wind
stress (T,):

Ve = —@Lh where f is the Coriolis parameter, € is the
mechanical damping rate (5.7 x 107°s™"), p is the density of water
(1x10°kgm™), and h is the mixed layer depth (50 m) (see section
“Methods” for more details). To simulate the effect of meridional
Ekman heat advection, we add the term —pCyhvg 25 (where 95
indicates meridional surface temperature gradients wit
the radius of the earth a and a specific heat at constant
pressure C,) to the surface temperature tendency equation.”>”®
The meridional energy transports by the Ekman flow Fg
are calculated across each latitude band (p) by integrating

the Ekman heating term from one pole to the
2n
other: Fg(p) = j(ﬁ"/z fo (—pCphka %p)a2 cos pdAdo, where A is
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longitude. It is noted that our aquaplanet model may produce an
upper bound of the zonally integrated Ekman mass transport and
associated energy transport due to the absence of ocean basins. In
regions with surface easterlies, the Ekman flow is directed
poleward, leading to warm advection. Conversely, in regions with
surface westerlies, the Ekman flow is directed equatorward,
leading to cold advection. Hence, when Ekman advection is
implemented, the equatorial peaks of the mean surface tempera-
ture and rainfall in the symmetric reference run are slightly
enhanced, whereas the surface temperature in the mid-latitudes is
slightly cooled (Fig. 3a and c). With the upwelling effect, which is
to be considered in the subsequent study, the equatorial peak is
expected to be damped, broadening the warm pool.

In both models with and without Ekman advection, the
reference climate is simulated with no surface flux adjustments
(§=0). We then perturb the reference climate with an antisym-
metric forcing S that extracts heat at the surface poleward of 40°S
and injects it poleward of 40°N (Fig. 2a). Because of the zero global
mean, the prescribed antisymmetric surface thermal forcing S can
be described in terms of an implied northward ocean energy
transport Fs, with S = —V-Fs (Fig. 2b). The maximum amplitude of S
is varied such that its corresponding cross-equatorial flux, denoted
as Fso, ranges from 1.1 to 5.8 pW. The range of forcing would
correspond to 0.28-1.45pW in a comprehensive model where
cIou%'iSradiative effects amplify the prescribed forcing by a factor of
four.

With the inclusion of Ekman flow that is dynamically coupled to
surface wind stress, the ocean energy uptake O in Eq. 1 can be
written in terms of a meridional Ekman heat transport Fg,, with O
=V-Fg. The anomalous atmospheric energy balance can be
represented as

V-6Fa+V: -8FR+V - -0Fgk=—V-Fs (2)

where 6 denotes the response to extratropical forcing S. For
convenience, R, with the global mean removed, is expressed as
the convergence of a flux such that R = —V-6Fz. The AET response
(6F ) to the prescribed forcing Fs is modulated by the strengths of
radiative (6Fg) and Ekman (6Fg,) feedbacks.

We compare the tropical responses to the prescribed northward
flux in the model with and without Ekman advection to examine
the role of meridional Ekman advection on modulating the ITCZ
response to the extratropical thermal forcing. In response to the
prescribed northward flux Fs, the tropical precipitation is clearly
shifted to the north in the absence of any ocean dynamics
(dashed in Fig. 3d), whereas a much weaker or even reversed
response of tropical precipitation is obtained with the Ekman
advection (solid in Fig. 3d), consistent with fully coupled model
results.
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Fig. 4 The response of zonal-mean climate. Stream function of anomalous meridional overturning circulation when Fso=1.1PW (shading,
interval 2x10% kg s™"). Blue denotes the counter-clockwise circulation and red denotes the clockwise circulation. Anomalous zonal-mean zonal
wind (contour at interval 1 ms™', positive in red and negative in blue). In the model (a) without and (b) with the Ekman advection

First, consider cases without Ekman advection (i.e., Fg=0). As
the southern extratropics are cooled, the mid-latitude jet in the SH
strengthens and shifts poleward due to enhanced meridional
temperature gradients’” (Fig. 4a). The NH presents an opposite
response, albeit weaker in magnitude as smaller SST changes are
induced in the warmed NH than in the cooled SH (Fig. 3b). This is
because the turbulent fluxes require larger SST changes under a
colder and drier mean state to balance the prescribed surface
heating.?**?> The contrast may be enhanced in comprehensive
models since nonlinear cloud radiative effect changes amplify the
forcing in the cooling region.*' The strengthened (weakened)
eddy fluxes in the SH (NH) extract more (less) energy out of the
tropics.”® As the southern (northern) tropics become colder
(warmer), the southern (northern) HC becomes stronger (weaker),
resulting in an anomalous counter-clockwise HC**”® (Fig. 4a). This
accompanies a northward displaced ITCZ and southward cross-
equatorial AET (red in Fig. 5a). Regardless of the amplitude of Fs,

Published in partnership with CECCR at King Abdulaziz University

the AET response (6F,) in the tropics compensates about 20-25%
of the prescribed forcing Fso while the remainder is compensated
by local radiative fluxes (6Fg) (Fig. 5a and b). The results are
consistent with previous studies.'® As a result, there is a northward
shift of the energy flux equator as well as the tropical rainfall,
which increases in magnitude as the prescribed forcing is
strengthened (dash-dot in Fig. 6).

Next, consider cases with Ekman advection, i.e., Fg # O (refer to
Fig. 7). In the tropics, accompanied by a strengthening (weaken-
ing) of the southern (northern) HC, the surface easterlies in the SH
(NH) become stronger (weaker). The asymmetric zonal surface
wind anomalies in the two hemispheres induce an anomalously
southward Ekman flow in the tropics that brings about warm
(cold) advection in the southern (northern) tropics. This opposes
the effect of prescribed extratropical forcing, leading to a
reduction in the surface temperature response in the deep tropics
as compared to the model without Ekman advection (Fig. 3b). On
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the other hand, in the extratropics, the surface westerlies are
strengthened (weakened) in the SH (NH) associated with a
poleward (equatorward) jet shift. An anomalously northward
Ekman flow is induced in both hemispheres that brings about cold
(warm) advection in the southern (northern) extratropics. This
amplifies the effect of the prescribed extratropical forcing, leading
to an increase in the surface temperature response in the
extratropics (Fig. 3b).

Figure 5¢ compares the latitudinal profiles of 6Fy and &Fg
normalized by Fs,. It clearly shows that the effects of meridional
Ekman heat advection in the tropics and the extratropics
counteract each other. The tropical component acts as a negative
feedback that partially compensates for the prescribed forcing,
whereas the extratropical component acts as a positive feedback
that amplifies the prescribed forcing. The extratropical component
is larger in the SH than in the NH due to greater jet shifts
associated with larger SST changes. Overall, the negative feedback
from the tropical component dominates over the positive
feedback from the extratropical component, so that the need
for the cross-equatorial AET is reduced with Ekman advection. One
can define the degree of compensation of the prescribed forcing
by the atmospheric and Ekman transport as the total compensa-
tion C (i.e, C=(6Fa+ OFg)/Fso) averaged between 5°S and 5°N.
The total compensation becomes weaker by less than 10% with
the inclusion of Ekman advection, possibly due to the extratropical
positive feedback (contrast solid and dash-dot in Fig. 5b). This is in
contrast to other fully coupled models where the total compensa-
tion is slightly enhanced compared with that in the coupled
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atmosphere-slab ocean models.®’5>° |t is yet to be examined
what determines the total compensation in the coupled system.

In the model with Ekman advection, the total compensation can
be partitioned between the contribution from the atmosphere
(6F4) and that from the Ekman flow (6Fg,). The fraction of total
compensation that is accomplished by the atmospheric transport
is the atmospheric compensation Cp (i.e,, Ca = 6Fa/(6Fa + 6Fgy)).
Similarly, the Ekman compensation Cg is defined as Cgy = 6Fg/
(6F + OFgy). By construction, the sum of C, and Cg is 1. In the
model without Ekman advection, Co=1 and Cg=0. For a fixed
total compensation C, a larger Cg indicates that less energy is
transported via the anomalous HC, dampening the ITCZ shift. The
Ekman compensation reaches up to 70% in the case with the
weakest Fsq (Fig. 5d). As a result, the anomalous HC is 50% weaker
(Fig. 4), and the energy flux equator is shifted less compared to
the model without Ekman advection (Fig. 6a). The tropical
precipitation response exhibits little or a slightly southward shift
(Figs. 3d and 6b). This is because the Ekman flow induces
anomalous warming (cooling) in the southern (northern) deep
tropics, leading to an anomalous rising (sinking) motion just south
(north) of the equator (Figs. 4b and 7b). Hence, the latitude of the
maximum moisture convergence and the energy flux equator
decouple. We demonstrate that an inclusion of Ekman advection
completely damps or reverses the tropical rainfall response,
as in the fully coupled model experiments mentioned pre-
viously.>3>66162 Qur results suggest that ocean Ekman advection
can play a critical role in the coupled climate system.
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Complications arise from the competing effects of the tropical
and the extratropical components of Ekman-driven heating. As the
amplitude of the forcing increases, the positive feedback from the
extratropical component is intensified (Fig. 5c), leading to a
reduction of Ekman compensation to 30% in the case with the
strongest Fsq (Fig. 5d). The results indicate a large dependence of
the Ekman advection effect on the response of extratropical jet.
The response in the jet latitude is a function of its climatological
value®®' suggesting a sensitivity of the effect of Ekman
advection to the mean state. This may partly explain a large
multi-model spread of the partitioning of the energy transport
adjustments between atmosphere and ocean.>™%¢"2 The
partitioning is also expected to be sensitive to the location of
the prescribed forcing because of large differences among ocean
basins in the mean jet latitude, as well as the relative importance
between the thermohaline and wind-driven circulation in
transporting energy. Moreover, the climatological jet location is
sensitive to the strength of transient eddy fluxes,2> which controls
the communication between the extratropics and the HC.'> This
postulated intimate relationship between 6F, and &Fg should be
studied with care in order to better understand the partitioning of
energy transport between the atmosphere and ocean.”'#384

Our simple model that only includes the meridional Ekman
advection partly captures the ocean dynamical effect in balancing
the external forcing. Schematic that summarizes the effect of
Ekman advection is demonstrated in Fig. 8. Future studies need to
investigate how the deep return flow and the upwelling effect
modify the result by simulating a full dynamical coupling between
the Hadley cells and ocean subtropical cells. As the ITCZ migrates
away from the equator in response to inter-hemispheric forcing,
off-equatorial upwelling of cold waters in the cooled hemisphere
intensifies in response to cross-equatorial wind.2> This opposes
the negative feedback of tropical Ekman advection. The relative
importance of surface Ekman heat advection and the upwelling
effect will alter the magnitude of the ITCZ shift. However, if the
forcing was large enough that the ITCZ shift accompanies tropical
surface westerlies, upwelling will occur near the ITCZ. This
increases the ocean energy uptake in the hemisphere with the
ITCZ, dampening the ITCZ shift. Another complication may result
from the response in subtropical regions of Ekman pumping. That
is, a larger (smaller) region of Ekman pumping in the cooled
(warmed) hemisphere associated with a poleward expansion
(equatorward contraction) of the region of extratropical westerlies
may act as a negative feedback, leading to a reduction of the ITCZ
shift.
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Fig. 8 Schematic that summarizes the effect of Ekman advection. Suppose the northern extratropics are warmed and the southern
extratropics are cooled. With a reduction in the meridional temperature gradient in the northern extratropics, the eddy-driven jet is weakened
(blue blob). The anomalous easterlies (black) induce a poleward Ekman flow that brings about warm advection (red arrow). The opposite
applies to the southern extratropics. In the tropics, the anomalous Hadley cell that circulates in a counter-clockwise direction is produced to
transport energy to the SH (gray). In association with a weaker northern Hadley cell, the tropical easterlies are weakened in the NH (black). This
induces an equatorward Ekman flow that brings about cold advection (blue arrow). The opposite applies to the southern tropics. The Ekman
advection in the tropics acts as a negative feedback to compensate for the prescribed forcing, whereas that in the extratropics acts as a

positive feedback to amplify the prescribed forcing

CONCLUDING REMARKS

Understanding the dynamics that control tropical rainfall changes
is essential for reliable future projections. The zonal-mean
atmospheric energy budget has been invoked to understand
changes in tropical rainfall, such as its peak location®' or width
The energetics framework, in particular, provided a theory for how
extratropical inter-hemispheric thermal forcing can displace
tropical rainfall, as inferred by paleoclimate records. The frame-
work, however, faces multiple challenges. For a more complete
theory, an account of the following factors is necessary: (1) a
theory for TGMS, which measures the efficiency with which the HC
transports energy,'® (2) a prediction of cloud response based on
observed relationships between cloud radiative effect and
circulation,** (3) an expansion to include the zonal dimension to
quantitatively predict the regional features, which has recently
been attempted by taking into account the zonal component of
divergent AET,*® and (4) the effect of ocean dynamics.

Among the aforementioned limitations, we address the issue of
partitioning between atmosphere and ocean energy transports.
Some recent studies that incorporate fully coupled models
indicate that tropical rainfall is not as sensitive to extratropical
forcings>> %152 as suggested by studies that disregard ocean
dynamics. We propose that developing a hierarchy of ocean
models is a step toward resolving the issue. The largest
contributor to the meridional heat transport in the tropical ocean
is the Ekman flow that is induced by surface zonal winds. Here, we
have considered the meridional Ekman heat advection while
neglecting the upwelling effect. (Complexity can be added by
accounting for the return flow at depth by incorporating a two-
layer ocean model.”*) The Ekman advection in the tropics acts as a
negative feedback that partially compensates for the prescribed
anti-symmetric forcing, whereas the extratropical component acts
as a positive feedback that amplifies the prescribed forcing (Fig. 8).
In all of the cases under consideration, the negative tropical
feedback outweighs the positive extratropical feedback. By
partially balancing the prescribed forcing, the meridional Ekman
advection reduces the need for AET response and damps the ITCZ
shift. This is consistent with a recent study that employs the
simplified atmospheric model as in our study but coupled to a full
dynamical ocean model.®* The wind-driven ocean circulation is
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shown to strongly damp ITCZ shifts due to a robust coupling
between the atmosphere’s HC and ocean’s subtropical cells
through the trade winds. While that study focuses on the negative
ocean feedback in the tropics, here we show an additional positive
ocean feedback in the extratropics. It remains to be examined how
the extratropical component of ocean dynamical feedback
responds to the effect of a return flow in the lower layer. The
strength of the positive extratropical feedback depends on the
response of extratropical jet, which is a function of the mean
state.8%® Hence, the differences in the mean state across models
may partly explain the multi-model spread in the degree of ocean
circulation compensation.>>>%¢152 | jkewise, the differences in the
mean state jet latitude across basins postulates the sensitivity to
the location of prescribed forcing. Therefore, a well-coordinated
model intercomparison project is needed to better understand
how the ocean circulation modulates the tropical response to
extratropical forcing.

METHODS

The atmospheric model is a simplified moist GCM where gray
radiative transfer is used in which radiative fluxes are only a
function of temperature, so that water vapor and cloud radiative
feedbacks are eliminated.?”®® Solar radiation is a function of
latitude only that mimics the annual mean insolation. There is no
seasonal or diurnal cycle in the model. It is coupled to a 50m
aquaplanet slab ocean with no continents or barriers. We note
that the results presented herein are nearly independent of the
mixed layer depth h. The same experiments with a shallower
mixed layer depth of 25m are performed whose results are
compared in Figs. 5 and 6. This insensitivity is because the heating
induced by the Ekman flow is independent of h due to the
proportionality of vg to h. However, the results may be modified
with a temporally varying forcing or an inclusion of seasonal cycle
depending on how the forcing is rectified.®”

The surface zonal wind stress 1, is computed via a bulk formula
as p,Cp|wio|urg, with the density of air p,=1.2kgm™, a bulk
transfer coefficient for momentum Cp=1.3x 1073, and the scalar
horizontal wind speed |w;| and the zonal wind velocity u;o at a
height of 10 m.
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All experiments are integrated for 20 years, with a spin-up
period of 10 years.

Data availability

The data that support the findings of this study are available from
the corresponding author upon request.
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