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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 southward tropical precipitation shift with a high degree of
zonal symmetry, a reduced zonal sea surface temperature (SST) gradient along the equatorial Paci�c, 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 Paci�c. The cross-equatorial ocean heat transport in the Paci�c is
anchored to the North Paci�c subtropical high, the response of which can be inferred from the corresponding
slab ocean simulations. Hence, the slab ocean simulations provide useful a priori predictions for oceanic
damping e�ciency.

Ocean dynamics also modulates the spatial pattern of climate response in a distinct manner depending on the
forcing location. North Asian forcing induces a pronounced eastern equatorial Paci�c cooling extending to the
western basin, accompanying the westward shifted Walker circulation. European forcing causes cooling
con�ned to the eastern equatorial Paci�c 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 su�ciently strong inter-hemispheric contrast in the tropical Paci�c 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.

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 equator, 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
20th century to anthropogenic aerosol forcing (Hwang et al., 2013; Wang et al., 2016).

The aerosol-induced tropical sea surface temperature (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
feature, however, is presumably relevant for the period prior to the late 1970s when aerosols increased
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concurrently over all major Northern Hemisphere continents. While the anthropogenic aerosols were thought to
broadly counteract the climatic effect of greenhouse gases (Forster et al. 2007), it became more challenging to
understand the aerosol-forced climate response as anthropogenic aerosol emissions 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 spatiotemporal evolution of aerosol forcing in modulating the historical climate change has attracted
much recent attention (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 variations between the North Paci�c 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 latter response by the zonally anti-symmetric forcing (i.e., cooling over the
eastern hemisphere and heating over the western hemisphere). A transition from the dominance of zonally
symmetric to anti-symmetric forcing effects broadly explains the evolving aerosol-forced tropical climate
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, insensitive 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 climate response pattern
has been implied in recent studies. Ocean dynamics effectively damps the tropical precipitation 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 Paci�c is shown to be
ampli�ed through Bjerknes feedback (Kang et al., 2021). Put together, different parts of ocean circulation come
into play in shaping the tropical climate response depending on the forcing distribution. However, it has not
been systematically examined how ocean dynamics modulates the effect of zonally con�ned extratropical
forcing by comparing the model with and without 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 ampli�ed
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 Paci�c 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.
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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 con�gurations that varies in the degree of ocean
coupling. To sidestep large uncertainties in the radiative forcing associated with anthropogenic aerosol
emissions, we reduce insolation over a �nite 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 �xing 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 better
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 energetic constraints, with a detailed examination of
the top-of-atmosphere (TOA) radiation budget and cross-equatorial ocean heat transport. Section 4 examines
how ocean dynamics modulate the spatial pattern of surface temperature and precipitation responses by
comparing the slab and full ocean con�gurations. Finally, in section 5, we summarize the major �ndings in this
study.

2. Model And Experimental Design
We use one version of Geophysical Fluid Dynamics Laboratory (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 resolution 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-yr mean. The three perturbation experiments are
integrated starting from the same date as in DOM-CTRL for 100 years after an abrupt reduction of insolation
over three different 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 su�ciently long period to reduce the effect of internal variability. The insolation is reduced between
45°N-65°N over a 65° longitudinal extent, representing aerosol cooling over North Asia (DOM-NASIA), North
America (DOM-NAMER), and Europe (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 sensitivity 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 approximately 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 con�ned extratropical
radiative forcing. A future study is planned to perturb the Asian region at lower latitudes for greater realism.
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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 q-�ux that aims to reproduce the climatological 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 Δ.

3. Energetics And Zonal Mean Response
We begin by comparing the climate responses to the three forcing locations in the zonal-mean context. In the
slab ocean setting, the zonally averaged surface temperature and precipitation responses are largely
independent of forcing location (solid lines in Fig. 1). The zonal-mean precipitation responses for the SOM
experiments are correlated at 0.99 between 30°S and 30°N. By contrast, in the presence of a dynamic ocean,
the zonal-mean climate responses are spatially distinct depending on the extratropical forcing location. The
zonal mean tropical precipitation responses are 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
response ΔAHT0 (e.g., Kang, 2020), with a southward tropical precipitation shift corresponding to a northward
ΔAHT0 (Fig. 2). The atmospheric energy budget in a quasi-equilibrium state, in which the energy tendency in the
atmospheric column can be neglected, gives:

ΔAHT0 = ⟨ΔRTOA⟩ − ⟨ΔOHU⟩

1

where RTOA is the net downward top-of-atmosphere (TOA) radiation and OHU the ocean heat uptake,
calculated as net downward surface heat �ux. Brackets denote the spatial integral in the Southern Hemisphere
minus that in the Northern Hemisphere divided by 2, indicative of a cross-equatorial �ux in the unit of PW. The
net TOA radiation response ΔRTOA includes the prescribed solar �ux perturbation ΔS ↓ , only a fraction of
which is felt by the climate system due to the planetary albedo. We may de�ne the prescribed forcing as 
RS = (1 − α)ΔS ↓  where α is the planetary albedo averaged between the control and perturbed experiments.
De�ning ΔRTOA−S as the difference between the net downward TOA radiation response ΔRTOA and the
prescribed forcing RS allows us to rearrange Eq. (1) as:

1 =
ΔAHT0

⟨RS⟩ +
⟨ − ΔRTOA−S⟩

⟨RS⟩ +
⟨ΔOHU⟩

⟨RS⟩

where the terms on the right-hand-side represent the atmospheric compensation CATM, TOA compensation 
CTOA, and oceanic compensation COCN, respectively (Kang et al., 2019).
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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 (CATM = 93.2 ± 5.7
%) ith some contribution from the TOA radiation (CTOA= 12.7 ± 5.4 %). Theoceanic compensation COCN is
negligible in the slab ocean setting but non-zero due to surface heat �ux change on the ice edges. While the
relative contribution of each component in balancing the forcing is fairly insensitive to the forcing location,
SOM-NAMER exhibits a larger CATM associated with a smaller CTOArelative to other cases. With active ocean
dynamics (Fig. 3b), the TOA compensation CTOA stays similar to that in the SOM while the oceanic
compensation COCN takes over a considerable fraction of the atmospheric compensation CATM, 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 CTOA into the contributions from the
extratropics (i.e., ⟨ − ΔRTOA−S⟩poleward of 30°S/N; Fig. 4a) and the tropics (i.e., ⟨ − ΔRTOA−S⟩
equatorward of 30°S/N; Fig. 4b). We further attribute the regional CTOA to the clear-sky longwave radiation
response (ΔLclr), longwave cloud radiative effect response (ΔLcre; the TOA longwave �ux in all-sky minus
clear-sky), and shortwave radiation response due to changes in cloud (ΔScld), non-cloud atmospheric
constituents (ΔSncld), and surface albedo (ΔSalb). The shortwave terms are separated by the Approximate
Partial Radiative Perturbation (APRP) method (Taylor et al., 2007; Kim et al. 2022). The CTOA decomposition
results for the SOM experiments are shown in Fig. 4. The positive values indicate a compensating 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 extratropics offsets the forcing by 38.6% while that in the tropics
acts to amplify the forcing by 25.9%, giving the net CTOA of 12.7 %. n the extratropics, the compensating effect
results from the reduction in clear-sky outgoing longwave radiation 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 positive feedback arises from the increase in low cloud amount (ΔScld), reduction in

shortwave absorption by water vapor (ΔSncld), and increase in surface albedo (ΔSalb). Positive feedback from
the shortwave component in the extratropics is slightly larger in SOM-NAMER (Fig. 4a), leading to a relatively
weaker CTOA than other cases (Fig. 3a). The SOM-EURO exhibits comparably large shortwave-induced positive
feedback, but larger negative feedback from ΔLclr (Fig. 4a) associated with a stronger Arctic cooling (Fig. 1a)
results in a larger CTOA than SOM-NAMER (Fig. 3a). In the tropics, the positive TOA feedback results from the
increase in clear-sky outgoing longwave radiation in the northern tropics as the ITCZ shifts southward (Clark et
al. 2018) whereas the cloud radiative effects feature little hemispheric asymmetry due to the cancellation
between the longwave and shortwave components (Fig. 4b).

With interactive ocean dynamics, the negative TOA feedback 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 a result, the TOA
compensation is nearly independent of the degree of atmosphere-ocean coupling (Fig. 3).
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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 ∇ ∙ OHT:

OHU = OHS + ∇ ∙ OHT

with OHT = ∫ 0
−HρoCpvθdz and OHS =

∂
∂t∫

0
−HρoCpθdz (i.e., the ocean heat content tendency), where v is

the velocity, ρo is the seawater density, Cp is the speci�c heat of seawater, θ 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 

OHTEul = ∫ 0
−HρoCp

−
v

−
θdz where the overbar denotes the time average, and consider the residual 

∇ ∙ OHTres = OHU − OHS − ∇ ∙ OHTEul as the ocean heat transport divergence by eddies and diffusion.
Hence, the oceanic compensation COCN (i.e., ⟨ΔOHU⟩/⟨RS⟩) can be induced by changes in ocean heat
storage ⟨ΔOHS⟩, cross-equatorial ocean heat transport by Eulerian-mean �ow ΔOHTEul0, 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 ΔOHTEul0 with relatively small contributions from anomalous ocean heat
storage and residual. That is, ΔOHTEul0 is responsible for the sensitivity in oceanic compensation to the
forcing location. We further decompose ΔOHTEul0 into contributions from each basin. The DOM-NASIA and

DOM-EURO cases induce a substantial ΔOHTEul0 over both Indo-Paci�c and Atlantic basins while the DOM-
NAMER case is primarily balanced from the Atlantic with a negligible contribution from the Indo-Paci�c basin.
The contrasting ΔOHTEul0 by basin can be understood from the distinct response of the ocean meridional
overturning 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 Labrador Sea denser, thereby enhancing the deep water formation. 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 ΔOHTEul0 in the Atlantic basin (i.e., 

ΔOHTAtl
Eul0 in Fig. 5).

The Indo-Paci�c ΔOHTEul0 changes in proportion to the North Paci�c subtropical cell response, which in turn
is anchored to the North Paci�c Subtropical High. That is, the North Paci�c subtropical cell strengthens in
association with the ampli�ed North Paci�c 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 extratropical cooling by meridional warm advection (Hoskins and Karoly 1981).
Consequently, the North Paci�c Subtropical High strengthens in response to NASIA forcing (Fig. 7a,d) while
weakening in response to NAMER forcing (Fig. 7b,e). The EURO forcing gives rise to a weak strengthening of
the North Paci�c Subtropical High (Fig. 7c,f). As a result, the North Paci�c subtropical cell most effectively
strengthens in DOM-NASIA (Fig. 6d), giving rise to the largest ΔOHTEul0 in the Indo-Paci�c basin (i.e., 

ΔOHTInd−Pac
Eul0  in Fig. 5). A modest strengthening of North Paci�c subtropical cell in DOM-EURO (Fig. 6f)
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results in a smaller ΔOHTInd−Pac
Eul0  than in DOM-NASIA (Fig. 5). In DOM-NAMER, anomalous low pressure in

the North Paci�c extends to the western basin of the tropical Paci�c whereas the eastern basin exhibits weak
anomalous high pressure as the Atlantic cold SST anomaly reaches the northeastern tropical Paci�c across the
Central American Isthmus (Fig. 7b,e). As a result, the NAMER forcing has little impact on the North Paci�c
subtropical cell (Fig. 6e), causing negligible ΔOHTInd−Pac

Eul0  (Fig. 5). Consequently, the oceanic compensation 

COCN is smallest in DOM-NAMER, leading to the largest atmospheric compensation CATM (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 (contrast left and right columns to Fig. 7). Hence, the effectiveness of oceanic compensation in the
Indo-Paci�c basin ΔOHTInd−Pac

Eul0  can be crudely predicted from the corresponding SOM experiments.

Considering the large area of the Indo-Paci�c basin, ΔOHTInd−Pac
Eul0  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):

ΔQSW + ΔQLW − ΔQLH − ΔQSH = ΔOHU

which states that net downward surface heat �ux changes, which consist of net shortwave radiation changes 
ΔQSW, net longwave radiation changes ΔQLW, latent heat �ux changes ΔQLH, and sensible heat �ux
changes ΔQSH, are balanced by the ocean heat uptake changes ΔOHU, representative of the changes in
ocean heat transport divergence. Using the bulk formula for evaporation, the latent heat �ux changes related

with Newtonian cooling can be expressed as ΔQLH,T = α
−
QLHΔT where α ≡ Lv/ Rv

−
T

2
, with Lv the

latent heat of vaporization, Rv the gas constant for moist air, T the SST, and overbars denoting the control
climatology. The remainder ΔQLH,others ≡ ΔQLH − ΔQLH,T, consists of latent heat �ux changes due to
changes in wind speed, relative humidity, and stability. Then, we may rearrange the equation for SST anomalies
as

ΔT =
ΔQSW + ΔQLW − ΔQLH,others − ΔQSH − ΔOHU

α
−
QLH

= ΔTSW + ΔTLW + ΔTLH + ΔTSH + ΔTOHU

.
2

The actual SST responses (shading in Fig. 8a-c for SOM experiments and in Fig. 9a-c for DOM experiments) are
closely approximated by the linear sum of the �ve terms (solid contours in the corresponding �gures). This

( )
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veri�es the applicability of Eq. (2) for diagnosing the drivers of the tropical SST response pattern.

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 5.43 K, 5.68 K, and 5.00 K in NASIA,
NAMER, and EURO, respectively. While the surface cooling response is most pronounced 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 among
the experiments (Fig. 1a) but also the pattern correlation of two-dimensional SST response between 30°S-30°N
amounts up to 0.97 as compared with − 0.01 for the prescribed insolation perturbation (Table 1 and Fig. 8a-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 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-30°N is correlated in space at as strong as 0.86
(Table 1).

Table 1
The pattern correlation coe�cients of precipitation response (in green texts)

and sea surface temperature response (in red texts) between 30°S-30°N.
Experiment SOM DOM

NASIA NAMER EURO NASIA NAMER EURO

SOM NASIA 1 0.63 0.86 0.05    

NAMER 0.74 1 0.72   0.52  

EURO 0.97 0.77 1     0.19

DOM NASIA 0.61     1 -0.14 0.04

NAMER   0.83   0.37 1 -0.11

EURO     0.60 0.57 0.35 1

The major components for shaping the tropical SST response pattern are those associated with ΔQLH,others
(Fig. 8d-f) and ΔQSW (Fig. 8g-i). The tropical SST response is, to �rst order, governed by the wind-evaporation-
SST (WES) feedback (Xie and Philander 1994), as implied by a pronounced SST cooling north of the equator
associated with intensi�ed surface winds and a weak SST warming south of the equator associated with
reduced surface winds (Fig. 8d-f). The spatial anomalies of SST and scalar surface wind are correlated in the
global tropics 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 ΔTLH (Fig. 8d-f) is offset by the
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SST response due to net shortwave radiation changes ΔTSW (Fig. 8g-i). Net shortwave radiation response in
the tropics is concomitant with the precipitation response (contrast shading and contours in Fig. 8g-i),
suggestive of the dominance of the cloud-sky component. Anti-correlation between ΔTLH and ΔTSW arises
because negative ΔTLH causes precipitation reduction that leads to positive ΔTSW whereas positive ΔTLH
causes precipitation increase that leads to negative ΔTSW. Enhanced deep convection along the South Paci�c
Convergence Zone (SPCZ) produces a cooling patch tilted southeastward extending from the western
equatorial Paci�c (Fig. 8g-i). As a result, the zonal SST gradient across the equatorial Paci�c is reduced
(Fig. 10a), leading to an eastward shift of deep convection regardless of the forcing location (Fig. 10b-d).

4.2. Dynamic ocean model (DOM) experiments
The global spatial pattern of surface temperature anomaly 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 corresponding SOM experiments. Because the oceanic damping
effect is more evident in the SST response, the zonal-mean surface temperature response is damped by about
40% in NASIA and NAMER compared to the SOM con�guration (Fig. 1a). In DOM-EURO, the zonal-mean surface
temperature 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 consequence 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-30°N reaches 0.61 considering 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 Paci�c, cold anomalies
centered on the equatorial Paci�c, 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 Paci�c and Atlantic
basins (Fig. 7e), hence, only weakly correlated with the other two cases (Table 1).

Unlike the SOM experiments where the WES feedback largely governs the tropical SST response pattern, in the
DOM experiments it is substantially modulated by the ocean heat uptake response ΔOHU (Fig. 9j-l) in addition
to ΔQLH,others (Fig. 9d-f) and ΔQSW (Fig. 9g-i). A considerable ΔOHU-induced cooling exists on the

equatorial and southeastern Paci�c in DOM-NASIA and DOM-EURO, while DOM-NAMER exhibits little ΔOHU to
the south of the equator. Thus, the dynamic ocean effects are responsible for 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 intensi�cation of the North Paci�c Subtropical High
(Fig. 7d) gives rise to anomalous northeasterlies in the tropical North Paci�c (Fig. 9d). The resulting equatorial
divergence via the strengthened North Paci�c subtropical cell (Fig. 6d) causes cooling along the equatorial
Paci�c (Fig. 9j). Associated with the ΔOHU-induced cooling maximum in the western basin is the ΔSW-
induced warming due to reduced deep convective activities (Fig. 9g), indicative of a westward shift of the rising
branch of the Walker circulation (Fig. 10f). In DOM-EURO, strong anomalous northerlies in the eastern
equatorial to the southeastern Paci�c causes cooling via Ekman divergence whereas anomalous westerlies in
the western equatorial Paci�c causes warming via Ekman convergence (Fig. 9f,l). Consequently, the Walker
circulation strengthens (Fig. 10h), suggested by a negative ΔTSW (i.e., precipitation increase) in the western
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equatorial Paci�c and a positive ΔTSW (i.e., precipitation decrease) in the central-to-eastern equatorial Paci�c
(Fig. 9i). In DOM-NAMER, the inter-hemispheric gradient set by the WES feedback is partially offset by ΔTSW
(Fig. 9e,h), as in the SOM con�guration. The eastern equatorial Paci�c cooling is further ampli�ed due to
enhanced upwelling while the central equatorial Paci�c cooling is damped by dynamic ocean effects (Fig. 9k).
Net result shows a small reduction in the zonal SST gradient from the western Paci�c warm pool to the central
Paci�c (Fig. 10e), accompanying a slightly weakened Walker circulation (Fig. 10g).

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
adjustment. While ocean dynamics tend to damp the surface temperature response, the equatorial Paci�c SST
response is ampli�ed and the zonal gradient is even reversed through Bjerknes feedback (contrast Fig. 10a,e;
Kang et al. 2021). 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, intensi�ed
equatorial trade winds, and a reduced zonal SST gradient in the equatorial Paci�c (Figs. 1, 8, and 10). 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 (contrast left and right in Fig. 8).

In response to NAMER forcing, with active ocean dynamics, the northward ocean heat transport increases
associated with the strengthened AMOC (Fig. 6b), dampening the anomalous cooling throughout the northern
extratropics including the North Paci�c (Fig. 7b,e), despite negligible changes in the North Paci�c subtropical
cell (Fig. 6e). Although the surface temperature response is weaker in DOM-NAMER than in SOM-NAMER, the
spatial distribution of climate responses stays broadly similar. Notably, the two-dimensional SST responses
between 30°S-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 precipitation 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 pattern 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 experiments show
considerable zonal variations in the tropical precipitation response with a high degree of equatorial symmetry
(Fig. 8g,i vs Fig. 9g,i).

5. Summary
In this study, we have examined the role of ocean dynamics in modulating the tropical climate response to
regional radiative cooling, by comparing the results with a motionless (SOM) and fully dynamic (DOM) ocean.
Insolation is reduced over three extratropical land regions (North Asia, North America, and Europe) to mimic
aerosol forcing. A preferential Northern Hemisphere cooling induces a southward shift of the zonal-mean ITCZ,
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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; Hawcroft et al., 2017; Xiang et al., 2018; Kang et al., 2018b; Yu and Pritchard, 2019). We
further �nd that the effect of oceanic 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 radiative cooling accompanying a stronger North Paci�c
Subtropical High would strengthen the North Paci�c subtropical cell, leading to a large oceanic compensation
in the Indo-Paci�c basin, suggestive of strongly damped zonal-mean ITCZ shifts. This is the case for radiative
cooling over North Asia and Europe. By contrast, North American cooling induces anomalous low pressure in
the North Paci�c, limiting the oceanic compensation in the Indo-Paci�c basin. A relatively weaker oceanic
compensation leads to the atmospheric 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
con�gurations, the SOM experiments provide useful a priori predictions for oceanic damping e�ciency.

Apart from the oceanic compensation, the energetics 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 �nd 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 outgoing longwave radiation
due to the northern extratropical cooling. The positive TOA feedback in the tropics results from the enhanced
clear-sky outgoing longwave radiation in the northern tropics as the ITCZ shifts away to the south. Dynamic
ocean adjustments weaken both the negative 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 con�gurations.

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 forcing region in the absence of ocean dynamics
(Kang et al., 2018a), we �nd that ocean makes the spatial pattern of tropical climate response dependent on
the forcing location. In the SOM con�guration, 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 Paci�c 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 cooling in the western than the
eastern equatorial Paci�c 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 Paci�c, 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
Paci�c and thereby intensifying the Walker circulation. As North Asian and European cooling exhibit the tropical
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Paci�c 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 tropical
climate response to North American cooling, with a relatively weaker oceanic compensation in the Indo-Paci�c
basin, exhibits a considerable similarity in spatial pattern to that in the SOM con�guration. A weaker oceanic
compensation in response to North American cooling is consistent with White et al., (2018) using a coarse
resolution fully coupled model. However, it was outweighed by an even stronger radiative compensation,
causing the atmospheric compensation and the zonal-mean ITCZ shift to be three times weaker in response to
North Atlantic perturbation than to North Paci�c 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 different models.

Our experiments clearly demonstrate that a dynamic ocean modi�es the spatial structure of the climate
response and the exact modi�cation depends on the forcing distribution. While the Walker circulation response
to extratropical cooling is shown to be distinct depending on the representation 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).
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Figures

Figure 1
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The zonal-mean response of (a) surface temperature between 90°S-90°N and (b) precipitation between 30°S-
30°N for NASIA (green), NAMER (red), and EURO (blue) in the SOM (solid) and DOM (dashed) experiments.

Figure 2

See image above for �gure legend.
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Figure 3

See image above for �gure legend.
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Figure 4

See image above for �gure legend.
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Figure 5

See image above for �gure legend.
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Figure 6

Ocean meridional overturning circulation anomalies in the (left) Atlantic and (right) Indo-Paci�c sectors. The
contours show the control climatology (interval = 5 Sv). Positive values (red shading and solid contours)
indicate a clockwise circulation and negative values (blue shading and dashed contours) indicate a counter-
clockwise circulation.
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Figure 7

The surface temperature response in shading and the sea level pressure response in contours (positive in red
solid and negative in blue dashed, interval = 0.25 hPa) for the SOM (left) and DOM (right) experiments. The
contours are masked over land to highlight the sea level pressure response away from the forcing region. Thick
gray rectangles indicate the forcing location for (a,d) NASIA, (b,e) NAMER, and (c,f) EURO.
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Figure 8

See image above for �gure legend.
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Figure 9

See image above for �gure legend.
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Figure 10

The 5°S-5°N averaged (a) SST response and (b-d) pressure velocity response in shading (hPa s-1) and the
control climatology in contours (negative in dashed and positive in solid, interval = 2 hPa s-1) over the Paci�c
basin in the SOM experiments. (Right) Similar to left but for the DOM experiments.


