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Abstract

This study investigates the effect of ocean dynamics on the tropical climate response to localized radiative cooling over three
northern extratropical land regions using hierarchical model simulations that vary in the degree of ocean coupling. Without
ocean dynamics, the tropical climate response is independent of the extratropical forcing location, characterized by a south-
ward tropical precipitation shift with a high degree of zonal symmetry, a reduced zonal sea surface temperature gradient
along the equatorial Pacific, and the eastward-shifted Walker circulation. When ocean dynamical adjustments are allowed,
the zonal-mean tropical precipitation shift is damped primarily via Eulerian-mean ocean heat transport. The oceanic damping
effect is strongest (weakest) for North Asian (American) cooling, associated with the largest (smallest) Eulerian-mean ocean
heat transport across the equatorial Pacific. The cross-equatorial ocean heat transport in the Pacific is anchored to the North
Pacific subtropical high, the response of which can be inferred from the corresponding slab ocean simulations. Hence, the
slab ocean simulations provide useful a priori prediction for oceanic damping efficiency. Ocean dynamics also modulates the
spatial pattern of climate response in a distinct manner depending on the zonal distribution of imposed forcing. North Asian
forcing induces a pronounced eastern equatorial Pacific cooling extending to the western basin, accompanying the westward
shifted Walker circulation. European forcing causes cooling confined to the eastern equatorial Pacific and strengthens the
Walker circulation. The tropical precipitation response in these two cases exhibits large zonal variations with a high degree
of equatorial symmetry, being essentially uncorrelated with the corresponding slab ocean simulations. By contrast, North
American forcing induces a sufficiently strong inter-hemispheric contrast in the tropical Pacific SST response, due to the
relatively weak oceanic damping effect, producing a weaker but spatially similar tropical response to that in the slab ocean
simulation. This study demonstrates that the effect of ocean dynamics in modulating the tropical climate response depends
on the extratropical forcing location. The results are relevant for understanding the distinct climate response induced by
aerosols from different continental sites.
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1 Introduction

Aerosols, together with greenhouse gases (GHG), are the
major driver of global climate change. Aerosols perturb
the radiation budget over the source regions by altering the
solar radiation balance (i.e., direct effect) and by changing
cloud microphysical properties (i.e., indirect effects). The
locally perturbed radiation balance instigates large-scale
atmospheric circulation changes that alter the tropical
precipitation globally (Ming and Ramaswamy 2009). As
anthropogenic aerosols preferentially cool the Northern
Hemisphere, the Hadley circulation responds in a way
to transport anomalous heat northward across the equa-
tor, giving rise to a southward cross-equatorial moisture
transport and a corresponding Inter-Tropical Convergence
Zone (ITCZ) shift (Kang et al. 2008; Kang 2020). This
energetic constraint attributes the southward ITCZ shift in
the late twentieth century to anthropogenic aerosol forcing
(Hwang et al. 2013; Wang et al. 2016).

The aerosol-induced tropical sea surface tempera-
ture (SST) and precipitation responses are shown to be
remarkably similar in spatial pattern to the GHG-induced
responses with a reversed sign (Xie et al. 2013). This fea-
ture, however, is presumably relevant for the period prior
to the late 1970s when aerosols increased concurrently
over all major Northern Hemisphere continents. While the
anthropogenic aerosols were thought to broadly counter-
act the climatic effect of greenhouse gases (Forster et al.
2007), it became more challenging to understand the aero-
sol-forced climate response as anthropogenic aerosol emis-
sions undergo spatially and temporally complex variations
(Deser et al. 2020; Kang et al. 2021; Diao et al. 2021). The
regions of major aerosol emissions were the United States
and Europe in the 1970s but shifted to Asia in the 1980s as
a consequence of clean air act in the western hemisphere.
Aerosol emissions within Asia have changed since about
2010, with a marked reduction in China and a concurrent
increase in India (Samset et al. 2019). The role of the spa-
tiotemporal evolution of aerosol forcing in modulating the
historical climate change has attracted much recent atten-
tion (e.g., Deser et al. 2020; Hirasawa et al. 2020; Kang
et al. 2021; Wang and Wen 2021; Shi et al. 2022). Before
the late 1970s, the aerosol-forced response is dominated
by a predominant Northern Hemisphere cooling with a
large zonal symmetry, whereas the aerosol-forced response
since the late 1970s is characterized by large zonal vari-
ations between the North Pacific cooling and the North
Atlantic warming with a negligible zonal-mean response.
The former response is largely captured by the zonally
uniform radiative cooling in the extratropics and the lat-
ter response by the zonally anti-symmetric forcing (i.e.,
cooling over the eastern hemisphere and heating over the
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western hemisphere). A transition from the dominance
of zonally symmetric to anti-symmetric forcing effects
broadly explains the evolving aerosol-forced tropical cli-
mate change in the historical period (Kang et al. 2021).
However, the relative contributions from evolving aerosol
forcing in different regions remain to be elucidated.

In motionless slab ocean models, which a large literature
on aerosol-induced climate change is based on, the tropical
precipitation response is remarkably similar spatially, insen-
sitive to the perturbed longitudes as long as the forcing is
introduced in the extratropics (L’Hévéder et al. 2015; Kang
et al. 2018a, 2021). By contrast, in fully coupled models, the
extratropical forcing at different longitudes produce vastly
different tropical precipitation responses (White et al. 2018).
The role of ocean dynamics in modulating the tropical cli-
mate response pattern has been implied in recent studies.
Ocean dynamics effectively damps the tropical precipita-
tion response to zonally symmetric interhemispheric forcing
(Deser et al. 2015; Kay et al. 2016; Hawcroft et al. 2017,
Kang et al. 2018b), with an increasing oceanic damping
effect for a higher-latitude forcing (Xiang et al. 2018; Green
et al. 2019; Yu and Pritchard 2019; Kang et al. 2019). In
contrast to the robust oceanic role in dampening the effect
of zonally symmetric extratropical forcing, the effect of
zonally anti-symmetric extratropical forcing (i.e., eastern-
hemisphere cooling and western-hemisphere warming)
on the equatorial Pacific is shown to be amplified through
Bjerknes feedback (Kang et al. 2021). Put together, differ-
ent parts of ocean circulation come into play in shaping the
tropical climate response depending on the forcing distribu-
tion. However, it has not been systematically examined how
ocean dynamics modulates the effect of zonally confined
extratropical forcing by comparing the model with and with-
out a dynamic ocean. Any given localized forcing consists
of the zonally symmetric and anti-symmetric components,
with the former effect muted and the latter effect amplified
by ocean dynamics. The relative contribution of the two
components to determining the total climate response may
depend on the forcing longitude, for example, according to
whether the given forcing is more prone to perturbing the
Pacific subtropical cell or Atlantic Meridional Overturning
Circulation (AMOC). That is, one may hypothesize that the
tropical climate response is sensitive to the extratropical
forcing distribution in fully coupled model experiments, in
stark contrast to the conclusion drawn from previous slab
ocean model experiments.

Thus, we aim to assess the sensitivity of the large-scale
tropical climate response to the longitudinal location of
extratropical radiative forcing using a hierarchy of model
configurations that varies in the degree of ocean coupling.
While ocean dynamical impacts from extratropical aerosol
radiative forcings are exerted on the high-latitudes as well
(Wang et al. 2018), we focus on the tropical response in this
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study. To sidestep large uncertainties in the radiative forcing
associated with anthropogenic aerosol emissions, we reduce
insolation over a finite region instead of perturbing aerosol
emissions, following the approach in Kang et al. (2021).
Not meant to be realistic, this approach allows us to cleanly
isolate the effect of a varying forcing location by fixing the
forcing magnitude. This strategy of reducing insolation
is often taken in idealized geoengineering simulations to
represent sulfate aerosols (e.g., Tilmes et al. 2013). A bet-
ter understanding of how the climate response to regional
radiative forcing depends on the forcing location will allow
us to establish a more reliable projection of aerosol-forced
climate response.

This paper is organized as follows. Section 2 introduces
model and experimental design. Section 3 discusses the
zonal mean precipitation response in relation to the ener-
getic constraints, with a detailed examination of the top-
of-atmosphere (TOA) radiation budget and cross-equatorial
ocean heat transport. Section 4 examines how ocean dynam-
ics modulate the spatial pattern of surface temperature and
precipitation responses by comparing the slab and full ocean
configurations. Finally, in Sect. 5, we summarize the major
findings in this study.

2 Model and experimental design

We use one version of Geophysical Fluid Dynamics Labo-
ratory (GFDL) AM4 (Zhao et al. 2018) coupled to GFDL
Forecast-Oriented Low Ocean Resolution (FLOR) (Vecchi
et al. 2014). The atmospheric model has a horizontal resolu-
tion of 1° latitude X 1.25° longitude with 32 vertical levels
and the oceanic model has an approximate horizontal grid
spacing of 1° with 50 vertical levels. We refer to this fully
atmosphere—ocean coupled model setup as DOM (dynamic
ocean model).

The control experiment is integrated for 200 years from a
fully spun-up preindustrial run (DOM-CTRL). The control
climatology is obtained by taking the last 170-year mean.
The three perturbation experiments are integrated start-
ing from the same date as in DOM-CTRL for 100 years
after an abrupt reduction of insolation over three differ-
ent extratropical land regions. Although 100 years is not
enough for the deep ocean to equilibrate, the transition into
a new quasi-equilibrium state takes place after 30 years
based on a small global imbalance of TOA radiation in the
order of 0.1 W m~2. Hence, we analyse the average over the
last 70 years, which is a sufficiently long period to reduce
the effect of internal variability. The insolation is reduced
between 45°N and 65°N over a 65° longitudinal extent, rep-
resenting aerosol cooling over North Asia (70°E-135°E;
DOM-NASIA), North America (60°W-125°W; DOM-
NAMER), and Europe (0°E-65°E; DOM-EURO). The

area-integrated forcing amounts to -0.4 PW in all cases,
equivalent to 67 W m~2 when averaged over the forcing
domain. We perturb the system with a forcing considerably
stronger than the aerosol-induced net radiation response,
which is on the order of 10 W m~2 at a regional scale (Wang
et al. 2015), in order to cleanly separate forced responses
from internal climate variability. It is implicitly assumed
that the response is linear in the forcing magnitude, the sen-
sitivity to which warrants further investigation. Additionally,
for an easy comparison across the experiments, we set the
forced latitude to 45°N-65°N for all cases, which is approxi-
mately the latitudinal range of actual aerosol forcing over
Europe. This latitudinal range, however, is higher than the
actual aerosol emission regions in Asia and North America.
We take this strategy to isolate the effect of longitudinal
variations of regionally confined extratropical radiative forc-
ing. A future study is planned to perturb the Asian region at
lower latitudes for greater realism.

To examine the role of ocean dynamics, we perform the
same experiments with the atmospheric model AM4 coupled
with a 50 m slab ocean model. We refer to this slab ocean
model setup as SOM. The control simulation (SOM-CTRL)
is run with the g-flux that aims to reproduce the climatologi-
cal SST distribution from DOM-CTRL. The SOM-CTRL is
perturbed by the regional radiative perturbations identical to
the DOM experiments (i.e., SOM-NASIA, SOM-NAMER,
and SOM-EURO). All SOM experiments are integrated for
100 years and the annual-means for the last 70 years are
analysed to exclude the initial adjustment period. We denote
the climatology difference between the perturbed and control
experiments by A.

3 Energetics and zonal mean response

We begin by comparing the tropical climate responses to
the three forcing locations in the zonal-mean context. The
zonally averaged surface temperature response is largely
independent of forcing location equatorward of 50° for both
SOM and DOM configurations (Fig. 1a). Consistent with the
zonal-mean surface temperature response, the zonal-mean
precipitation responses for the SOM experiments exhibit
little sensitivity to the forcing location, with the spatial cor-
relation at 0.99 between 30°S and 30°N. By contrast, in the
presence of a dynamic ocean, the zonal-mean precipitation
responses are spatially distinct depending on the extratropi-
cal forcing location, with only weakly correlated among
the DOM experiments, ranging from 0.33 to 0.58. In this
section, we invoke the energetics framework to understand
the sensitivity of zonally averaged tropical precipitation
response to the forcing location.

The zonal-mean tropical precipitation response is
linked to the cross-equatorial atmospheric energy transport
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response AAHT), (e.g., Kang 2020), with a southward tropi-
cal precipitation shift corresponding to a northward AAHT,
(Fig. 2). The atmospheric energy budget in a quasi-equilib-
rium state, in which the energy tendency in the atmospheric
column can be neglected, gives:

AAHT, = ARy, — AOHU (1

where Ry, is the net downward top-of-atmosphere (TOA)
radiation and OHU the ocean heat uptake, calculated as net
downward surface heat flux. Brackets denote the spatial inte-
gral in the Southern Hemisphere minus that in the Northern
Hemisphere divided by 2, indicative of a cross-equatorial
flux in the unit of PW. The net TOA radiation response A
Rpo, includes the prescribed solar flux perturbation AS,
only a fraction of which is felt by the climate system due to
the planetary albedo. We may define the prescribed forcing
as Rg = (1 — @)AS* where « is the planetary albedo aver-
aged between the control and perturbed experiments. Defin-
ing ARpos_s as the difference between the net downward
TOA radiation response ARy, and the prescribed forcing
Rg allows us to rearrange Eq. (1) as:

_ AAHT, = (=ARpos_s) = (AOHU)
~ (Ry) (Rs) (Rs)

where the terms on the right-hand-side represent the atmos-
pheric compensation Cry, TOA compensation Cpq,, and
oceanic compensation Ccy, respectively (Kang et al. 2019).

Figure 3 compares the fractional compensation by each
component in all experiments. In SOM with no ocean
dynamics (Fig. 3a), the forcing is mostly compensated by
the atmospheric energy transport (Capy = 93.2+5.7%)
with some contribution from the TOA radiation
(Croa = 12.7+5.4%). The oceanic compensation Cpey is

(a) SOM

I NASIA

100
I NAMER
80 F I EURO
60
R
40 |
20
0
CATM COCN CTOA

negligible in the slab ocean setting but non-zero due to sur-
face heat flux change on the ice edges. The relative contri-
bution of each component in balancing the forcing is fairly
insensitive to the forcing location. With active ocean dynam-
ics (Fig. 3b), the TOA compensation Cp(, stays similar to
that in the SOM while the oceanic compensation Cy takes
over a considerable fraction of the atmospheric compensa-
tion C,py, effectively dampening the zonal-mean tropical
precipitation shift in DOM (Fig. 2). Next, we examine the
TOA radiation response and the ocean heat budget in more
detail.

3.1 TOA radiation response

In order to examine what sets the TOA compensation, we
divide C(, into the contributions from the extratropics (i.e.,
(=ARppa_s) poleward of 30°S/N; Fig. 4a) and the tropics
(i.e., (—ARpa_s) equatorward of 30°S/N; Fig. 4b). We fur-
ther attribute the regional Cg, to the clear-sky longwave
radiation response (AL,), longwave cloud radiative effect
response (AL...; the TOA longwave flux in all-sky minus
clear-sky), and shortwave radiation response due to changes
in cloud (AS.4), non-cloud atmospheric constituents
(AS,¢q), and surface albedo (AS,;,). The shortwave terms are
separated by the Approximate Partial Radiative Perturbation
(APRP) method (Taylor et al. 2007; Kim et al. 2022). The
Croa decomposition results for the SOM experiments are
shown in Fig. 4. The positive values indicate a compensat-
ing effect (i.e., negative feedback) and the negative values
indicate an amplifying effect (i.e., positive feedback).

On average, the TOA radiation response in the extratrop-
ics offsets the forcing by 38.6% while that in the tropics
acts to amplify the forcing by 25.9%, giving the net Cp, of
12.7%. In the extratropics, the compensating effect results

(b) DOM
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I EURO
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401

20T

CATM COCN CTOA

Fig.3 The atmospheric Cprp, oceanic Cey. and TOA radiative Crn, compensation (%) in NASIA (green), NAMER (red), and EURO (blue)
for the a SOM and b DOM experiments. Error bars indicate the 95% significant range based on a two-sided Student t-test
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from the reduction in clear-sky outgoing longwave radia-
tion associated with the northern extratropical cooling, about
half of which is cancelled by the positive feedback from the
shortwave radiation (Fig. 4a). The shortwave-induced posi-
tive feedback arises from the increase in low cloud amount
(AS,4), reduction in shortwave absorption by water vapor
(AS,.14)> and increase in surface albedo (AS,;). In the trop-
ics, the positive TOA feedback results from the increase in
clear-sky outgoing longwave radiation in the northern trop-
ics as the ITCZ shifts southward (Clark et al. 2018) whereas
the cloud radiative effects feature little hemispheric asym-
metry due to the cancellation between the longwave and
shortwave components (Fig. 4b).

With interactive ocean dynamics, the negative TOA feed-
back in the extratropics is damped (cross symbols in Fig. 4a)
as a consequence of weaker temperature responses and the
positive TOA feedback in the tropics (cross symbols in
Fig. 4b) is also damped associated with a muted ITCZ shift.
As aresult, the TOA compensation is nearly independent of
the degree of atmosphere—ocean coupling (Fig. 3).

3.2 Oceanic compensation
The zonally- and vertically-integrated oceanic heat budget
indicates that the ocean heat uptake OHU consists of the

ocean heat storage OHS and ocean heat transport divergence
V . OHT:
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(-AS /(R (-AS_)/(R
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cloud effect changes —AS, .4, and surface albedo changes —AS,;, in
the SOM experiments. All terms are divided by the forcing term ARy,
being in units of %. The crosses correspond to the respective DOM
experiments

OHU = OHS + V - OHT

with OHT = /°, 5,C,v0dz and OHS =2 /° 5 C,0dz

(i.e., the ocean heat content tendency), where v is the
velocity, p, is the seawater density, C, is the specific heat
of seawater, @ is the potential temperature, and —H denotes
the ocean depth. We calculate OHS by the linear trend of
ocean heat content over the 70-year period at each grid
point. We use the direct model output of Eulerian-mean
ocean heat transport OHTg, = / (inOCpﬁgdz where the
overbar denotes the time average, and consider the residual
V - OHT,., = OHU — OHS — V - OHTy, as the ocean heat
transport divergence by eddies and diffusion. Hence, the
oceanic compensation Cpey (i.e., (AOHU)/(Rg)) can be
induced by changes in ocean heat storage (AOHS), cross-
equatorial ocean heat transport by Eulerian-mean flow
AOHTg,o, and the residual, as compared in Fig. 5 for the
DOM experiments.

The oceanic compensation can be largely attributed to the
anomalously northward Eulerian-mean ocean heat transport
across the equator AOHTY,,, with relatively small contribu-
tions from anomalous ocean heat storage and residual. That
is, AOHTy,, is responsible for the sensitivity in oceanic
compensation to the forcing location. We further decom-
pose AOHTg,, into contributions from each basin. The
DOM-NASIA and DOM-EURO cases induce a substantial
AOHTg,, over both Indo-Pacific and Atlantic basins while
the DOM-NAMER case is primarily balanced from the
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Fig.5 Ocean heat budget on the equator for the DOM experiments.
Hemispheric contrast in anomalous net downward surface heat flux
ASHF is decomposed into hemispheric contrast in anomalous ocean
heat storage AOHS, anomalous cross-equatorial ocean heat transport

Atlantic with a negligible contribution from the Indo-Pacific
basin. The contrasting AOHT},,, by basin can be understood
from the distinct response of the ocean meridional overturn-
ing circulation (Fig. 6). The AMOC strengthens regardless
of the forcing location as the air temperature response is
effectively homogenized by atmospheric eddies and mean
westerlies, making the surface ocean density over the Lab-
rador Sea denser, thereby enhancing the deep water forma-
tion. However, the extent to which the AMOC strengthens
is weakest in DOM-NASIA (Fig. 6, left), presumably due
to the distance between the forcing region and the Atlantic
basin, corresponding to the smallest AOHTy,,, in the Atlan-
tic basin (i.e., AOHTA" in Fig. 5).

The Indo-Pacific AOHTy,,, changes in proportion to the
North Pacific subtropical cell response, which in turn is
anchored to the North Pacific Subtropical High. That is, the
North Pacific subtropical cell strengthens in association with
the amplified North Pacific Subtropical High and vice versa.
The sea level pressure response is characterized by a surface
high east of the forcing domain and a surface low west of
the forcing domain in order to balance the prescribed extrat-
ropical cooling by meridional warm advection (Hoskins and
Karoly 1981). Consequently, the North Pacific Subtropical
High strengthens in response to NASIA forcing (Fig. 8a, d)
while weakening in response to NAMER forcing (Fig. 8b, e).
The EURO forcing gives rise to a weak strengthening of the
North Pacific Subtropical High (Fig. 8c, f). As a result, the
North Pacific subtropical cell most effectively strengthens in
DOM-NASIA (Fig. 6d), giving rise to the largest AOHTg,,
in the Indo-Pacific basin (i.e., AOHT ™ in Fig. 5). A
modest strengthening of North Pacific subtropical cell in

DOM-EURO (Fig. 6f) results in a smaller AOHTE?IEPaC than

AOHTgyo AOHTAY, AOHT,RS-Pac

by Eulerian-mean flow AOHTy), and the residual RES. The Eule-
rian-mean ocean heat transport is calculated separately for the Atlan-

tic (AOHTSL‘IIIO) and Indo-Pacific (AOHTE‘LSBP“C) sectors

in DOM-NASIA (Fig. 5). In DOM-NAMER, low pressure
anomaly in the North Pacific extends to the western basin
of the tropical Pacific whereas the eastern basin exhibits
minimal high pressure anomaly (Fig. 8b, e) as the Atlan-
tic cold SST anomaly reaches the northeastern tropical
Pacific across the Central American Isthmus (Fig. 7b, e).
As a result, the NAMER forcing has little impact on the
North Pacific subtropical cell (Fig. 6e), causing negligible
AOHT:;S;PZ“c (Fig. 5). Consequently, the oceanic compensa-
tion Ccy is smallest in DOM-NAMER, leading to the larg-
est atmospheric compensation C,p (Fig. 3b) and thereby
the strongest zonal-mean ITCZ shift (Fig. 2).

It is worth noting that the sea level pressure anomaly pattern
is broadly insensitive to ocean dynamical adjustment (con-
trast left and right columns to Fig. 8). The sea level pressure
anomaly patterns between the SOM and DOM configurations
are correlated at 0.74, 0.77, and 0.63 for NASIA, NAMER,
and EURO cases, respectively. Hence, the effectiveness of
oceanic compensation in the Indo-Pacific basin AOHTE?IEP“
can be crudely predicted from the corresponding SOM experi-
ments. Considering the large area of the Indo-Pacific basin,
AOHTE‘S&Pac is an important fraction of overall oceanic
damping effect, which ultimately determines the extent to
which zonal-mean tropical precipitation shifts are muted by

a dynamic ocean.

4 Zonally asymmetric climate response
In order to understand the pattern formation mechanism of

tropical SST response, we consider the mixed layer energy
budget in the quasi-equilibrium state (Hwang et al. 2017):
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Fig.6 Ocean meridional overturning circulation anomalies in the
(left) Atlantic and (right) Indo-Pacific sectors. The contours show the
control climatology (interval=5 Sv). Positive values (red shading and

AQgw + AQryw — AQry — AQsy = AOHU

which states that net downward surface heat flux changes,
which consist of net shortwave radiation changes AQgy, net
longwave radiation changes AQ;., latent heat flux
changesAQ, i, and sensible heat flux changes AQgy, are bal-
anced by the ocean heat uptake changes AOHU, representa-
tive of the changes in ocean heat transport divergence. Using
the bulk formula for evaporation, the latent heat flux changes
related with Newtonian cooling can be expressed as

— —2

AQ 7 = aQ yAT wherea = L,/ (RVT ), with L, the latent
heat of vaporization, R, the gas constant for moist air, 7 the
SST, and overbars denoting the control climatology. The
remainder AQ; g jners = AQr g — AQp 7, consists of latent
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heat flux changes due to changes in wind speed, relative
humidity, and stability. Then, we may rearrange the equation
for SST anomalies as

_ AQgw + AQpw = Ay hers = AQsy — AOHU

aQy 2)
= ATgy + ATy, + AT,y + ATgy + AToyy.

AT

The actual SST responses (shading in Fig. 9a—c for SOM
experiments and in Fig. 10a—c for DOM experiments) are
closely approximated by the linear sum of the five terms
(solid contours in the corresponding figures). This verifies
the applicability of Eq. (2) for diagnosing the drivers of the
tropical SST response pattern.
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Fig.7 Surface temperature response for the SOM (left) and DOM
(right) experiments. Thick gray rectangles indicate the forcing loca-
tion for a, d NASIA, b, e NAMER, and ¢, f EURO. Hatching indi-

4.1 Slab ocean model (SOM) experiments

The global spatial pattern of surface temperature anomaly is
shown in the left column of Fig. 7 for the SOM experiments.
The forcing domain cools by a comparable magnitude of
543K, 5.68 K, and 5.00 K in NASIA, NAMER, and EURO,
respectively. While the surface cooling response is most pro-
nounced in the vicinity of the forcing domain, the overall
surface temperature response exhibits a large similarity in
spatial pattern, consistent with Kang et al. (2018a). Not only
the zonally averaged response is nearly indistinguishable

cates where the response is not statistically significant at the 95%
confidence level using a two-sided t-test

among the experiments (Fig. 1a) but also the pattern cor-
relation of two-dimensional SST response between 30°S and
30°N amounts up to 0.97 as compared with — 0.01 for the
prescribed insolation perturbation (Table 1 and Fig. 9a—c).
The surface temperature response for all SOM experiments
can be characterized by a large inter-hemispheric contrast
with an extensive Northern Hemisphere cooling, as the
extratropical temperature response is highly homogenized in
the zonal direction due to mean advection and eddies before
reaching the tropics (Kang et al. 2014, 2018a). Consistent
with the similar spatial distribution of SST response among
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Fig.8 Similar to Fig. 7 but for the sea level pressure response

the SOM experiments, the zonally averaged precipitation
response is essentially independent of the forcing location
(Fig. 1b) and the two-dimensional precipitation response
between 30°S and 30°N is correlated in space at as strong
as 0.86 (Table 1).

The major components for shaping the tropical SST
response pattern are those associated with AQ;y ohers
(Fig. 9d-f) and AQgyw (Fig. 9g-i). The tropical SST
response is, to first order, governed by the wind-evapo-
ration-SST (WES) feedback (Xie and Philander 1994), as
implied by a pronounced SST cooling north of the equa-
tor associated with intensified surface winds and a weak
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SST warming south of the equator associated with reduced
surface winds (Fig. 9d—f). The spatial anomalies of SST
and scalar surface wind are correlated in the global trop-
ics at — 0.57, — 0.56, and — 0.47 for NASIA, NAMER,
and EURO, respectively. Anomalous northerlies in the
tropics are a surface manifestation of the cross-equatorial
anomalous Hadley cell that results from the necessity of
an anomalously northward cross-equatorial atmospheric
energy transport for balancing the Northern Hemisphere
insolation reduction. The WES-induced SST response
ATy (Fig. 9d-f) is offset by the SST response due to
net shortwave radiation changes ATy, (Fig. 9g—i). Net
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Fig.9 Tropical SST response attribution in SOM experiments. a—c
The SST response (shading; interval=0.1 K) and the linear sum
of the five decomposed components in Eq. (2) (contours; inter-
val=0.1 K). d—f The SST response due to AQ; y ypers (Shading; inter-
val=0.1 K), the reference level wind speed changes (positive in solid
and negative in dashed; interval=0.2 m s_l), and the wind velocity

response that are statistically significant at the 95% confidence level
using a two-sided ¢ test (vectors). g—i The SST response due to AQgy
(shading; interval=0.1 K) and the precipitation response (positive
in solid and negative in dashed; interval=0.4 mm day!). Results
from SOM-NASIA (left), SOM-NAMER (middle), and SOM-EURO
(right)
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Fig. 10 Tropical SST response attribution in DOM experiments. a—c¢
The SST response (shading; interval=0.1 K) and the linear sum of
the decomposed components in Eq. (2) (contours; interval=0.1 K).
d-f The SST response due t0 AQ y yhers (Shading; interval=0.1 K)
and the surface wind speed changes (positive in solid and negative
in dashed; interval=0.2 m s™!). g-i The SST response due to AQgy
(shading; interval=0.1 K), the precipitation response (positive in

shortwave radiation response in the tropics is concomi-
tant with the precipitation response (contrast shading and
contours in Fig. 9g—i), suggestive of the dominance of
the cloud-sky component. Anti-correlation between AT
and ATy, arises because negative AT} causes precipita-
tion reduction that leads to positive ATy, whereas positive

solid and negative in dashed; interval=0.4 mm day~!), and the ref-
erence level wind response that are statistically significant at the
95% confidence level using a two-sided ¢ test (vectors). j-1 The SST
response due to AOHU (shading; interval =0.1 K) and the net surface
heat flux changes (downward in solid and upward in dashed; inter-
val=2 W m™?). Results from DOM-NASIA (left), DOM-NAMER
(middle), and DOM-EURO (right)

AT,y causes precipitation increase that leads to negative
ATgyw. Enhanced deep convection along the South Pacific
Convergence Zone (SPCZ) produces a cooling patch tilted
southeastward extending from the western equatorial
Pacific (Fig. 9g—i). As a result, the zonal SST gradient
across the equatorial Pacific is reduced (Fig. 11a), leading
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Table 1. The pattern
. - SOM DOM
correlation coefficients of .
ipitation response (in Experiment
precipt P NASIA | NAMER | EURO NASIA | NAMER | EURO
green texts) and sea surface
temperature response (ln red NASIA 1 0.63 0.86 0.05
texts) between 30°S and 30°N
g NAMER 0.74 1 0.72 0.52
(%]
EURO 0.97 0.77 1 0.19
NASIA 0.61 1 -0.14 0.04
>
8 NAMER 0.83 0.37 1 -0.11
EURO 0.60 0.57 0.35 1

to an eastward shift of deep convection regardless of the
forcing location (Fig. 11b—-d).

4.2 Dynamic ocean model (DOM) experiments

The global spatial pattern of surface temperature anom-
aly is shown in the right column of Fig. 7 for the DOM
experiments. The forcing domain cools by 4.74 K, 4.65 K,
and 3.72 K in NASIA, NAMER, and EURO, respectively,
equivalent to a 20% reduction compared to the correspond-
ing SOM experiments. Because the oceanic damping effect
is more evident in the SST response, the zonal-mean sur-
face temperature response is damped by about 40% in
NASIA and NAMER compared to the SOM configuration
(Fig. 1a). In DOM-EURO, the zonal-mean surface tem-
perature response poleward of 65°N is considerably muted
(Fig. 1a), associated with a substantial warming over the
Barents-Kara Sea (Fig. 7f), which we plan to address in
the future study. In all cases, the northern extratropics are
extensively cooled, except over the subpolar North Atlantic
(Fig. 7, right), wherein a warm blob appears as a conse-
quence of the strengthened AMOC (Fig. 6, left). The surface
temperature response away from the Arctic is particularly
similar in response to NASIA and EURO forcings even
when dynamic ocean adjustments are allowed. The spatial
correlation between 30°S and 30°N reaches 0.61 consider-
ing both ocean and land grids and 0.57 for the ocean only
(Table 1). The tropical SST response in DOM-NASIA and
DOM-EURO commonly features a southwest tilted strip of
cold anomaly in the subtropical North Pacific, cold anoma-
lies centered on the equatorial Pacific, and weak tropical
Atlantic response (Fig. 7d, f). In contrast, DOM-NAMER
exhibits a relatively strong inter-hemispheric contrast in the
tropical SST response over the Pacific and Atlantic basins
(Fig. 7e), hence, only weakly correlated with the other two
cases (Table 1).

Unlike the SOM experiments where the WES feed-
back largely governs the tropical SST response pattern, in
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the DOM experiments it is substantially modulated by the
ocean heat uptake response AOHU (Fig. 10j-1) in addition
t0 AQ; y others (Fig. 10d-f) and AQqyy, (Fig. 10g—-i). A con-
siderable AOHU-induced cooling exists on the equatorial
and southeastern Pacific in DOM-NASIA and DOM-EURO,
while DOM-NAMER exhibits little AOHU to the south of
the equator. Because the WES-feedback induced cooling is
more prominent in the northern tropics, a combined effect
of AOHU and AQ; g yhers l€ads to the tropical SST response
with a relatively strong inter-hemispheric contrast in DOM-
NAMER and with a high degree of equatorial symmetry
in DOM-NASIA and DOM-EURO. In DOM-NASIA, a
strong intensification of the North Pacific Subtropical High
(Fig. 8d) gives rise to anomalous northeasterlies in the
tropical North Pacific (Fig. 10d). The resulting equatorial
divergence via the strengthened North Pacific subtropical
cell (Fig. 6d) causes cooling along the equatorial Pacific
(Fig. 10j). Associated with the AOHU-induced cooling
maximum in the western basin is the ASW-induced warm-
ing due to reduced deep convective activities (Fig. 10g),
indicative of a westward shift of the rising branch of the
Walker circulation (Fig. 11f). In DOM-EURO, strong anom-
alous northerlies in the eastern equatorial to the southeast-
ern Pacific causes cooling via Ekman divergence whereas
anomalous westerlies in the western equatorial Pacific
causes warming via Ekman convergence (Fig. 10f, 1). Con-
sequently, the Walker circulation strengthens (Fig. 11h),
suggested by a negative ATy, (i.e., precipitation increase)
in the western equatorial Pacific and a positive ATgy (i.e.,
precipitation decrease) in the central-to-eastern equato-
rial Pacific (Fig. 10i). In DOM-NAMER, the inter-hemi-
spheric gradient set by the WES feedback is partially offset
by ATgy (Fig. 10e, h), as in the SOM configuration. The
eastern equatorial Pacific cooling is further amplified due
to enhanced upwelling while the central equatorial Pacific
cooling is damped by dynamic ocean effects (Fig. 10k). Net
result shows a small reduction in the zonal SST gradient
from the western Pacific warm pool to the central Pacific
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(Fig. 11e), accompanying a slightly weakened Walker cir-
culation (Fig. 11g).

4.3 Comparison between SOM and DOM
experiments

In this section, we contrast the SOM and DOM experiments
to better understand the effect of ocean dynamical adjust-
ment. While ocean dynamics tend to damp the surface tem-
perature response, the equatorial Pacific SST response is
amplified and the zonal gradient is even reversed through
Bjerknes feedback (contrast Fig. 11a, e; Kang et al. 2021).

210
Longitude

150 180 240

val=2 hPa s7!) over the Pacific basin in the SOM experiments.
(Right) Similar to left but for the DOM experiments

The SOM experiments are largely independent of the forcing
region, with a clear inter-hemispheric gradient in the tropical
SST response, a southward shift in the tropical precipitation,
intensified equatorial trade winds, and a reduced zonal SST
gradient in the equatorial Pacific (Figs. 1, 9, 11). However,
ocean dynamics introduce a large sensitivity of the climate
response pattern to the forcing location (Table 1). It is worth
noting that the sea level pressure anomaly pattern is largely
unchanged as ocean dynamical adjustment is allowed (con-
trast left and right in Fig. 8).

In response to NAMER forcing, with active ocean
dynamics, the northward ocean heat transport increases
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associated with the strengthened AMOC (Fig. 6b), damp-
ening the anomalous cooling throughout the northern extrat-
ropics including the North Pacific (Fig. 7b, e), despite negli-
gible changes in the North Pacific subtropical cell (Fig. 6e).
Although the surface temperature response is weaker in
DOM-NAMER than in SOM-NAMER, the spatial distribu-
tion of climate responses stays broadly similar. Notably, the
two-dimensional SST responses between 30°S and 30°N are
correlated in space at 0.83 (Table 1). Furthermore, a fairly
high spatial correlation of 0.52 is found in the tropical pre-
cipitation responses (Table 1), which can be characterized
by an overall southward shift in both DOM-NAMER and
SOM-NAMER, albeit weaker in magnitude in the presence
of a dynamic ocean (Fig. 1b).

By contrast, in response to NASIA and EURO forcings,
a dynamic ocean not only damps the magnitude of global
cooling response but also considerably alters the spatial pat-
tern of tropical climate responses. In the tropics, the surface
temperature response is spatially correlated between the
SOM and DOM experiments at 0.61 in NASIA and 0.60
in EURO, lower than in NAMER (Table 1). The tropical
precipitation response is essentially uncorrelated between
the SOM and DOM experiments in NASIA and EURO
(Table 1). While the SOM experiments are characterized by
a southward tropical precipitation shift, the DOM experi-
ments show considerable zonal variations in the tropical
precipitation response with a high degree of equatorial sym-
metry (Fig. 9g, i vs. Fig. 10g, 1).

5 Summary

In this study, we have examined the role of ocean dynam-
ics in modulating the tropical climate response to regional
radiative cooling, by comparing the results with a motion-
less (SOM) and fully dynamic (DOM) ocean. Insolation
is reduced over three extratropical land regions (North
Asia, North America, and Europe) to mimic aerosol forc-
ing. A preferential Northern Hemisphere cooling induces a
southward shift of the zonal-mean ITCZ, but is effectively
damped in the presence of a dynamical ocean, as shown in
many other studies (Deser et al. 2015; Kay et al. 2016; Haw-
croft et al. 2017; Xiang et al. 2018; Kang et al. 2018b; Yu
and Pritchard 2019). We further find that the effect of oce-
anic modulation depends on the forcing location according
to anomalous high pressure to the east and anomalous low
pressure to the west of the land region the radiative cooling
is applied to (Hoskins and Karoly 1981). The regional radia-
tive cooling accompanying a stronger North Pacific Sub-
tropical High would strengthen the North Pacific subtropical
cell, leading to a large oceanic compensation in the Indo-
Pacific basin, suggestive of strongly damped zonal-mean
ITCZ shifts. This is the case for radiative cooling over North
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Asia and Europe. By contrast, North American cooling
induces anomalous low pressure in the North Pacific, limit-
ing the oceanic compensation in the Indo-Pacific basin. A
relatively weaker oceanic compensation leads to the atmos-
pheric compensation and the zonal-mean ITCZ shift more
than double that in other two cases. Given that the sea level
pressure response stays similar between the SOM and DOM
configurations, the SOM experiments provide useful a priori
predictions for oceanic damping efficiency.

Apart from the oceanic compensation, the energet-
ics framework indicates that the TOA radiation response
also affects the zonal-mean ITCZ response. Separating the
TOA radiation response in the extratropical and the tropical
regions allows us to find that the compensating effect from
the extratropics is partially offset by an amplifying effect
from the tropics, both of which is dominated by the clear-sky
longwave radiation component. The negative TOA feedback
in the extratropics results from the reduced clear-sky out-
going longwave radiation due to the northern extratropical
cooling. The positive TOA feedback in the tropics results
from the enhanced clear-sky outgoing longwave radia-
tion in the northern tropics as the ITCZ shifts away to the
south. Dynamic ocean adjustments weaken both the nega-
tive extratropical and positive tropical feedbacks, associated
with damped temperature response and weaker ITCZ shifts,
resulting in a radiative compensation fairly similar between
SOM and DOM configurations.

We further address how ocean dynamical effects alter
the spatial pattern of climate response. While the tropical
climate response pattern is broadly insensitive to the forc-
ing region in the absence of ocean dynamics (Kang et al.
2018a), we find that ocean makes the spatial pattern of tropi-
cal climate response dependent on the forcing location. In
the SOM configuration, regardless of forcing location, the
tropical SST response features a strong inter-hemispheric
contrast, primarily governed by the WES feedback. In the
northern tropics, the WES-induced cooling is concomitant
with precipitation reduction and hence is partially offset by
the shortwave radiation induced warming. In the southern
tropics, the WES-induced warming is concomitant with
precipitation increase along the SPCZ, overcompensated
by the shortwave radiation induced cooling. As a result, the
equatorial Pacific cooling response is stronger in the western
than the eastern basin, leading to an eastward shift of the
rising branch of the Walker circulation. A preferential cool-
ing in the western than the eastern equatorial Pacific is also
explained by the blocking effect of the climatological ITCZ
(Kang et al. 2020).

The tropical climate response pattern with a large degree
of zonal symmetry and strong inter-hemispheric contrast
in SOM is altered by spatially distinct ocean heat uptake
response. In response to North Asian cooling, the ocean
heat uptake increases in the equatorial and the southeastern
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Pacific, considerably amplifying the cooling response there
relative to the SOM experiment. A moderately enhanced
zonal SST gradient results in a westward shift of the Walker
circulation. In response to European cooling, the ocean
heat uptake increase is concentrated in the southeastern
basin, strongly amplifying the zonal SST gradient across
the equatorial Pacific and thereby intensifying the Walker
circulation. As North Asian and European cooling exhibit
the tropical Pacific SST and precipitation responses with a
high degree of equatorial symmetry, the DOM results are
distinct from the corresponding SOM results with a large
degree of inter-hemispheric contrast. By contrast, the tropi-
cal climate response to North American cooling, with a
relatively weaker oceanic compensation in the Indo-Pacific
basin, exhibits a considerable similarity in spatial pattern to
that in the SOM configuration. A weaker oceanic compen-
sation in response to North American cooling is consistent
with White et al. (2018) using a coarse resolution fully cou-
pled model. However, it was outweighed by an even stronger
radiative compensation, causing the atmospheric compen-
sation and the zonal-mean ITCZ shift to be three times
weaker in response to North Atlantic perturbation than to
North Pacific perturbation. This is in contrast to our results
where the radiative cooling over North America induces the
largest zonal-mean ITCZ shift associated with the smallest
oceanic and radiative compensation. Uncertainty in cloud
radiative feedbacks warrants future investigation with dif-
ferent models.

Our experiments clearly demonstrate that a dynamic
ocean modifies the spatial structure of the climate response
and the exact modification depends on the forcing distribu-
tion. While the Walker circulation response to extratropi-
cal cooling is shown to be distinct depending on the repre-
sentation of ocean feedbacks (Kang et al. 2020), this study
further reveals the sensitivity to the forcing location. This
implies that the geographical distribution of aerosol forcing
should be known with precision to properly estimate the
aerosol-forced climate change. While we only examine the
sensitivity to the zonal location of extratropical radiative
cooling, it is imperative to examine the sensitivity to the
meridional location as aerosol source regions in Asia have
shifted equatorward (Wang and Wen 2021). Furthermore, a
future study is warranted that examines the linearity to the
forcing sign, with relevance to gradual aerosol reduction in
many countries. The responses to radiative heating would
be opposite to what is shown here while nonlinearities in
climate feedbacks such as those associated with Planck and
cloud changes may lead to weaker responses in magnitude
(Seo et al. 2014).

Author’s contributions JK, SMK, and SPX developed the idea for
this study. SMK, SPX, and BX designed the model experiments. BX

performed the model experiments. JK, SMK, and DK conducted the
data analysis, with input and feedback from SPX, BX, XTZ, and HW.
JK and SMK prepared the manuscript, with contributions from all
authors.

Funding S.M.K., J.K., and D.K. were supported by the
National Research Foundation of Korea (NRF) grant (NRF-
2020K2A9A2A06070756) funded by the Ministry of Science and ICT
(MSIT) of South Korea. S.P.X. was supported by the National Science
Foundation (AGS-1934392). X.T.Z. was supported by the National
Natural Science Foundation of China (41975092).

Data availability The regional cooling experiment data in this study
can be obtained at the following https://doi.org/10.5281/zenodo.63550
53.

Code availability Not applicable.

Declarations

Conflict of interest The authors declare no competing interests.

References

Clark SK, Ming Y, Held IM, Phillipps PJ (2018) The role of the water
vapor feedback in the ITCZ response to hemispherically asym-
metric forcings. J Clim 31:3659-3678

Deser C, Tomas RA, Sun L (2015) The role of ocean—atmosphere
coupling in the zonal-mean atmospheric response to arctic
sea ice loss. J Clim 28:2168-2186. https://doi.org/10.1175/
JCLI-D-14-00325.1

Deser C, Phillips AS, Simpson IR et al (2020) Isolating the evolving
contributions of anthropogenic aerosols and greenhouse gases:
a new CESMI1 large ensemble community resource. J Clim
33:7835-7858. https://doi.org/10.1175/JCLI-D-20-0123.1

Diao C, Xu Y, Xie S-P (2021) Anthropogenic aerosol effects on tropo-
spheric circulation and sea surface temperature (1980-2020): sep-
arating the role of zonally asymmetric forcings. Atmos Chem Phys
21:18499-18518. https://doi.org/10.5194/acp-21-18499-2021

Forster P et al (2007) Changes in Atmospheric Constituents and in
Radiative Forcing Chapter 2. United Kingdom: Cambridge Uni-
versity Press

Green B, Marshall J, Campin J-M (2019) The ‘sticky’ ITCZ: ocean-
moderated ITCZ shifts. Clim Dyn 53:1-19. https://doi.org/10.
1007/500382-019-04623-5

Hawcroft M, Haywood JM, Collins M et al (2017) Southern Ocean
albedo, inter-hemispheric energy transports and the double ITCZ:
global impacts of biases in a coupled model. Clim Dyn 48:2279—
2295. https://doi.org/10.1007/s00382-016-3205-5

Hirasawa H, Kushner PJ, Sigmond M et al (2020) Anthropogenic
aerosols dominate forced multidecadal sahel precipitation
change through distinct atmospheric and oceanic drivers. J Clim
33:10187-10204. https://doi.org/10.1175/JCLI-D-19-0829.1

Hoskins BJ, Karoly DJ (1981) The steady linear response of a spheri-
cal atmosphere to thermal and orographic forcing. J Atmos Sci
38:1179-1196. https://doi.org/10.1175/1520-0469(1981)038%
3¢1179:TSLROA%3¢2.0.CO;2

Hwang Y-T, Frierson DMW, Kang SM (2013) Anthropogenic sulfate
aerosol and the southward shift of tropical precipitation in the
late 20th century. Geophys Res Lett 40:2845-2850. https://doi.
org/10.1002/grl.50502

@ Springer


https://doi.org/10.5281/zenodo.6355053
https://doi.org/10.5281/zenodo.6355053
https://doi.org/10.1175/JCLI-D-14-00325.1
https://doi.org/10.1175/JCLI-D-14-00325.1
https://doi.org/10.1175/JCLI-D-20-0123.1
https://doi.org/10.5194/acp-21-18499-2021
https://doi.org/10.1007/s00382-019-04623-5
https://doi.org/10.1007/s00382-019-04623-5
https://doi.org/10.1007/s00382-016-3205-5
https://doi.org/10.1175/JCLI-D-19-0829.1
https://doi.org/10.1175/1520-0469(1981)038%3c1179:TSLROA%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1981)038%3c1179:TSLROA%3e2.0.CO;2
https://doi.org/10.1002/grl.50502
https://doi.org/10.1002/grl.50502

J.Kimetal.

Hwang Y-T, Xie S-P, Deser C, Kang SM (2017) Connecting tropical
climate change with Southern Ocean heat uptake. Geophys Res
Lett 44:9449-9457. https://doi.org/10.1002/2017GL074972

Kang SM (2020) Extratropical influence on the tropical rainfall distri-
bution. Curr Clim Change Rep 6:24-36. https://doi.org/10.1007/
540641-020-00154-y

Kang SM, Held IM, Frierson DMW, Zhao M (2008) The response of
the ITCZ to extratropical thermal forcing: idealized slab-ocean
experiments with a GCM. J Clim 21:3521-3532. https://doi.org/
10.1175/2007JCLI2146.1

Kang SM, Held IM, Xie S-P (2014) Contrasting the tropical
responses to zonally asymmetric extratropical and tropical ther-
mal forcing. Clim Dyn 42:2033-2043. https://doi.org/10.1007/
$00382-013-1863-0

Kang SM, Park K, Hwang Y-T, Hsiao W-T (2018) Contrasting tropical
climate response pattern to localized thermal forcing over different
ocean basins. Geophys Res Lett 45:12544—12552. https://doi.org/
10.1029/2018aGL080697

Kang SM, Shin Y, Xie S-P (2018) Extratropical forcing and tropi-
cal rainfall distribution: energetics framework and ocean Ekman
advection. NPJ Clim Atmos Sci. https://doi.org/10.1038/
s41612-017-0004-6

Kang SM, Hawcroft M, Xiang B et al (2019) Extratropical-tropical
interaction model intercomparison project (Etin-Mip): protocol
and initial results. Bull Am Meteor Soc 100:2589-2606. https://
doi.org/10.1175/BAMS-D-18-0301.1

Kang SM, Xie S-P, Shin Y et al (2020) Walker circulation response to
extratropical radiative forcing. Sci Adv. https://doi.org/10.1126/
sciadv.abd3021

Kang SM, Xie S-P, Deser C, Xiang B (2021) Zonal mean and shift
modes of historical climate response to evolving aerosol distribu-
tion. Sci Bull. https://doi.org/10.1016/j.scib.2021.07.013

Kay JE, Wall C, Yettella V et al (2016) Global climate impacts of fixing
the Southern Ocean shortwave radiation bias in the community
earth system model (CESM). J Clim 29:21

Kim H, Pendergrass AG, Kang SM (2022) The dependence of mean
climate state on shortwave absorption by water vapor. J Clim
35:2189-2207

L’Hévéder B, Codron F, Ghil M (2015) Impact of anomalous north-
ward oceanic heat transport on global climate in a Slab Ocean
setting. J Climate 28:2650-2664. https://doi.org/10.1175/
JCLI-D-14-00377.1

Ming Y, Ramaswamy V (2009) Nonlinear climate and hydrological
responses to aerosol effects. J Clim 22:1329-1339. https://doi.
org/10.1175/2008JCLI2362.1

Samset BH, Lund MT, Bollasina M et al (2019) Emerging Asian aero-
sol patterns. Nat Geosci 12:582-584. https://doi.org/10.1038/
s41561-019-0424-5

Seo J, Kang AM, Frierson DMW (2014) Sensitivity of intertropi-
cal convergence zone movement to the latitudinal position of
thermal forcing. J Clim 27:3035-3042. https://doi.org/10.1175/
JCLI-D-13-00691.1

Shi JR, Kwon YO, Wijffels SE (2022) Two distinct modes of climate
responses to the anthropogenic aerosol forcing changes. J Clim.
https://doi.org/10.1175/JCLI-D-21-0656.1

Taylor KE, Crucifix M, Braconnot P et al (2007) Estimating short-
wave radiative forcing and response in climate models. J Clim
20:2530-2543. https://doi.org/10.1175/JCLI4143.1

@ Springer

Tilmes S, Fasullo J, Lamarque J-F et al (2013) The hydrological impact
of geoengineering in the Geoengineering Model Intercompari-
son Project (GeoMIP). J Geophys Res Atmos 118:11036-11058.
https://doi.org/10.1002/jgrd.50868

Vecchi GA, Delworth T, Gudgel R et al (2014) On the seasonal fore-
casting of regional tropical cyclone activity. J Clim 27:7994-8016.
https://doi.org/10.1175/JCLI-D-14-00158.1

Wang H, Wen Y-J (2021) Climate response to the spatial and tem-
poral evolutions of anthropogenic aerosol forcing. Clim Dyn
59(5):1579-1595

Wang Y, Jiang JH, Su H (2015) Atmospheric responses to the redis-
tribution of anthropogenic aerosols. J Geophys Res Atmos
120:9625-9641. https://doi.org/10.1002/2015JD023665

Wang H, Xie S, Tokinaga H et al (2016) Detecting cross-equatorial
wind change as a fingerprint of climate response to anthropogenic
aerosol forcing. Geophys Res Lett 43:3444-3450. https://doi.org/
10.1002/2016GL068521

Wang Y, Jiang JH, Su H, Choi Y-S, Huang L, Guo J, Yung YL
(2018) Elucidating the role of anthropogenic aerosols in Arctic
Sea ice variations. J Clim 31:99-114. https://doi.org/10.1175/
JCLI-D-17-0287.1

White RH, McFarlane AA, Frierson DMW et al (2018) Tropical pre-
cipitation and cross-equatorial heat transport in response to local-
ized heating: basin and hemisphere dependence. Geophys Res Lett
45:11949-11958. https://doi.org/10.1029/2018GL078781

Xiang B, Zhao M, Ming Y et al (2018) Contrasting impacts of radiative
forcing in the Southern Ocean versus Southern Tropics on ITCZ
position and energy transport in one GFDL climate model. J Clim
31:5609-5628. https://doi.org/10.1175/JCLI-D-17-0566.1

Xie S-P, Philander SGH (1994) A coupled ocean-atmosphere model of
relevance to the ITCZ in the eastern Pacific. Tellus A 46:340-350.
https://doi.org/10.1034/j.1600-0870.1994.t01-1-00001.x

Xie S-P, Lu B, Xiang B (2013) Similar spatial patterns of climate
responses to aerosol and greenhouse gas changes. Nat Geosci
6:828-832. https://doi.org/10.1038/ngeo1931

Yu S, Pritchard MS (2019) A strong role for the AMOC in partitioning
global energy transport and shifting ITCZ position in response to
latitudinally discrete solar forcing in CESM1.2. J Clim 32:2207—
2226. https://doi.org/10.1175/JCLI-D-18-0360.1

Zhao M, Golaz J-C, Held IM et al (2018) The GFDL global atmosphere
and land model AM4.0/LM4.0: 1. Simulation characteristics with
prescribed SSTs. J Adv Model Earth Syst 10:691-734. https://doi.
org/10.1002/2017MS001208

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.


https://doi.org/10.1002/2017GL074972
https://doi.org/10.1007/s40641-020-00154-y
https://doi.org/10.1007/s40641-020-00154-y
https://doi.org/10.1175/2007JCLI2146.1
https://doi.org/10.1175/2007JCLI2146.1
https://doi.org/10.1007/s00382-013-1863-0
https://doi.org/10.1007/s00382-013-1863-0
https://doi.org/10.1029/2018aGL080697
https://doi.org/10.1029/2018aGL080697
https://doi.org/10.1038/s41612-017-0004-6
https://doi.org/10.1038/s41612-017-0004-6
https://doi.org/10.1175/BAMS-D-18-0301.1
https://doi.org/10.1175/BAMS-D-18-0301.1
https://doi.org/10.1126/sciadv.abd3021
https://doi.org/10.1126/sciadv.abd3021
https://doi.org/10.1016/j.scib.2021.07.013
https://doi.org/10.1175/JCLI-D-14-00377.1
https://doi.org/10.1175/JCLI-D-14-00377.1
https://doi.org/10.1175/2008JCLI2362.1
https://doi.org/10.1175/2008JCLI2362.1
https://doi.org/10.1038/s41561-019-0424-5
https://doi.org/10.1038/s41561-019-0424-5
https://doi.org/10.1175/JCLI-D-13-00691.1
https://doi.org/10.1175/JCLI-D-13-00691.1
https://doi.org/10.1175/JCLI-D-21-0656.1
https://doi.org/10.1175/JCLI4143.1
https://doi.org/10.1002/jgrd.50868
https://doi.org/10.1175/JCLI-D-14-00158.1
https://doi.org/10.1002/2015JD023665
https://doi.org/10.1002/2016GL068521
https://doi.org/10.1002/2016GL068521
https://doi.org/10.1175/JCLI-D-17-0287.1
https://doi.org/10.1175/JCLI-D-17-0287.1
https://doi.org/10.1029/2018GL078781
https://doi.org/10.1175/JCLI-D-17-0566.1
https://doi.org/10.1034/j.1600-0870.1994.t01-1-00001.x
https://doi.org/10.1038/ngeo1931
https://doi.org/10.1175/JCLI-D-18-0360.1
https://doi.org/10.1002/2017MS001208
https://doi.org/10.1002/2017MS001208

	Large-scale climate response to regionally confined extratropical cooling: effect of ocean dynamics
	Abstract
	1 Introduction
	2 Model and experimental design
	3 Energetics and zonal mean response
	3.1 TOA radiation response
	3.2 Oceanic compensation

	4 Zonally asymmetric climate response
	4.1 Slab ocean model (SOM) experiments
	4.2 Dynamic ocean model (DOM) experiments
	4.3 Comparison between SOM and DOM experiments

	5 Summary
	References




