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ABSTRACT: This study investigates the formation mechanism of the ocean surface warming pattern in response to a
doubling CO, with a focus on the role of ocean heat uptake (or ocean surface heat flux change, AQ,). We demonstrate
that the transient patterns of surface warming and rainfall change simulated by the dynamic ocean—atmosphere coupled
model (DOM) can be reproduced by the equilibrium solutions of the slab ocean—atmosphere coupled model (SOM) simu-
lations when forced with the DOM AQ,, distribution. The SOM is then used as a diagnostic inverse modeling tool to
decompose the CO,-induced thermodynamic warming effect and the AQ,¢ (ocean heat uptake)-induced cooling effect.
As AQ, is largely positive (i.e., downward into the ocean) in the subpolar oceans and weakly negative at the equator, its
cooling effect is strongly polar amplified and opposes the CO, warming, reducing the net warming response especially over
Antarctica. For the same reason, the AQ,.-induced cooling effect contributes significantly to the equatorially enhanced
warming in all three ocean basins, while the CO, warming effect plays a role in the equatorial warming of the eastern
Pacific. The spatially varying component of AQ,,, although globally averaged to zero, can effectively rectify and lead to
decreased global mean surface temperature of a comparable magnitude as the global mean AQ,, effect under transient cli-
mate change. Our study highlights the importance of air-sea interaction in the surface warming pattern formation and the
key role of ocean heat uptake pattern.

KEYWORDS: Air-sea interaction; Climate change; Hydrologic cycle; Surface fluxes; Surface temperature;
Climate models

1. Introduction December and June, respectively, with the rest being
explained by the direct CO, forcing with an unchanged SST.
SST is therefore a vital factor that determines land surface
temperature changes and shapes global warming pattern.
Many factors, however, can influence SST, including both
atmospheric and oceanic processes (Fig. 1). Atmospheric
changes in, for example, surface winds and clouds can perturb
the ocean surface energy budget and modify SST. At the
same time, changes in ocean heat transport convergence into
the ocean mixed layer due to, for example, ocean circulation
or mixing can also modify SST. Oceanic and atmospheric pro-
cesses are not independent, and they actively communicate
with each other via heat, freshwater, and momentum fluxes at
the air-sea interface.

Understanding the coupling of oceanic and atmospheric
processes is therefore critical to deciphering the global warm-
ing SST pattern formation. A key quantity to the ocean—
atmosphere coupling is the net ocean surface heat flux, here-
after denoted as Oy, consisting of longwave and shortwave

Greenhouse warming features considerable spatial varia-
tions in both observations and model simulations. For exam-
ple, surface warming is polar amplified over land surface and
sea ice, but it tends to be suppressed over the Southern Ocean
(Manabe et al. 1990; Marshall et al. 2015; Armour et al. 2016;
Singh et al. 2018; Hill et al. 2020) and the subpolar North
Atlantic (Drijfhout et al. 2012; Gervais et al. 2019; Hu and
Fedorov 2020). In the tropics, abundant regional warming
patterns modulate regional rainfall change (Xie et al. 2010).
Understanding how the warming pattern forms is critical for
determining Earth’s climate sensitivity and for the projection
of regional climate change (Armour et al. 2013; Xie 2020;
Garuba et al. 2018; Dong et al. 2020). For the historical
period, a portion of the observed global warming pattern
comes from the spatially varying radiative forcing induced by
short-lived aerosols that are typically regionally confined
(Mitchell et al. 1995; Shindell and Faluvegi 2009). However, it

is important to note that CO, alone can also induce a global diative fl 41 d bl bul heat fl
warming pattern (Manabe et al. 1990), with similarities and radiative fluxes and latent and sensible turbulent heat fluxes.

differences to that arising from aerosols (Wang et al. 2016; Hu et al. (2020) investigate the formation mechanism of the
Deser et al. 2020). global pattern of Qnet.change (AQpet, OF OCean hea.t uptal.<e)
in response to a doubling CO, and find that ocean circulation
changes play an important role in shaping the AQ,, pattern,
partially compensated for by the passive advection effect
induced by the mean circulation.

In the current study, we aim to take a step further to
explore the connection between AQ,.; and the surface warm-
ing pattern. The effects of ocean heat uptake on surface tem-
Corresponding author: Shineng Hu, shineng.hu@duke.edu perature and tropical rainfall changes have been extensively

Using ensembles of CO,-doubling simulations with an
atmospheric general circulation model, Dong et al. (2009)
estimate that sea surface temperature (SST)-forced response
explains 80% and 64% of the land surface temperature in
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FIG. 1. A schematic of ocean-atmosphere coupled system
response to external forcing. The O, serves as a key quantity that
couples the ocean and the atmosphere, and is fundamentally con-
strained by oceanic and atmospheric processes. Adopted from Hu
et al. (2020).

studied with slab ocean—atmosphere coupled models (SOMs),
often in idealized settings for conceptual understanding (e.g.,
Broccoli et al. 2006; Yoshimori and Broccoli 2008; Kang et al.
2008, 2009; Hwang and Frierson 2013; Bischoff and Schneider
2014; Kang and Xie 2014; Rose et al. 2014; Rose and Rayborn
2016; Haugstad et al. 2017; Hwang et al. 2017). Here we
extend these studies by using the SOM as a diagnostic tool:
take the AQ, pattern from the dynamic ocean—atmosphere
coupled model (DOM) transient response to CO, increase
and explore its effect on surface warming and rainfall change
patterns. A similar modeling approach has also been used to
study the impact of ocean heat uptake on time-evolving radia-
tive feedbacks (Rugenstein et al. 2016) and polar amplifica-
tion (Singh et al. 2017). The SOM-based diagnostic modeling
framework complements the approach of Tomas et al. (2016)
to understand how ocean heat transport change alters the
SST response to Arctic sea ice loss.

The paper is organized as follows. Section 2 describes the
model and the experimental design. In particular, we use a
SOM as a diagnostic inverse modeling tool to infer global
warming pattern, with the results presented in section 3. The
impact of ocean heat uptake on the warming pattern and
tropical rainfall change is further decomposed in section 4.
We summarize our key findings and discuss the implications
in section 5.

2. Model and experimental setup
a. Model

We use the Community Earth System Model (CESM)
version 1.2.2.1 developed by the National Center for Atmo-
spheric Research (NCAR). The atmospheric component, the
Community Atmosphere Model version 4 (CAM4; Neale et al.
2010), uses a spectral grid at a spatial resolution of about 3.7°
both latitudinally and longitudinally. The ocean component,
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the Parallel Ocean Program version 2 (POP2; Smith et al.
2010), uses a displaced-pole grid at a spatial resolution of 3.6°
longitudinally and approximately 1.6° latitudinally that is
refined in the tropics and varies in space. The model has
active land, sea ice, and ice sheet components. More details
about the model can be found in Gent et al. (2011). Here we
choose a low-resolution configuration and an older version of
the atmospheric component due to the limitation of computa-
tional resources. The robustness of our results will need to
be tested with a higher-resolution configuration, updated
model physics (e.g., Rugenstein et al. 2016; Singh et al.
2017; Liu et al. 2018a,b; Lin et al. 2021), and other climate
models.

Besides the regular DOM configuration, we also use the
motionless SOM configuration where only a mixed-layer
ocean is present (Bitz et al. 2012). In the SOM, a spatially and
monthly varying heat flux, often called the Q-flux, is specified
to account for the ocean heat transport effect due to the oce-
anic processes like advection and mixing. An annually aver-
aged but spatially varying ocean mixed layer is used, which
may cause some biases in the seasonal variations of SST over
the high latitudes. Mixed layer temperature, or equivalently
SST, is interactively calculated based on net surface heat flux
variations. Both the Q-flux and mixed-layer depth are deter-
mined from DOM simulations. Sea ice model remains prog-
nostic in all SOM simulations.

b. Experimental setup

We first perform two sets of DOM experiments, one for
preindustrial control (DOM_CTL) and the other for global
warming with an abrupt doubling of CO, (DOM_Cx2). Both
sets of simulations use the initial conditions taken from the
end of a long preindustrial control run over 500 years. Follow-
ing the methodology in the CESM Large-Ensemble Project
(Kay et al. 2015), we conduct 10 runs in each set of experi-
ments starting from slightly different atmospheric initial
conditions on the order of 10™'* K. Each experiment is inte-
grated for 50 years. We choose the last 10 years of integration
as an example transient stage following CO, doubling for fur-
ther analysis. We realize that 100 years (i.e., 10 members, 10
years each) may still contain the signals of multidecadal inter-
nal climate variability, and future work with an increased
ensemble size is needed to better isolate forced signals. Those
DOM simulations will be used to inform the design of the
SOM experiments as we will describe next.

We then conduct a series of SOM experiments that are
forced by different combinations of CO; level and Q-flux. All
the SOM experiments described below are integrated for
60 years each. Since it typically takes less than 10 years for a
SOM simulation to equilibrate, we use the last 50 years to cal-
culate the equilibrium climate.

We perform one preindustrial control simulation (SOM_
CTL) and one CO,-doubling simulation (SOM_Cx2), aiming
to reproduce the corresponding DOM climate states. We
compute the ensemble-mean Q. climatology from the last
10 years of the DOM experiments and prescribe it as the spa-
tially and monthly varying Q-flux in their corresponding SOM
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FIG. 2. Annual-mean global mean (a) surface temperature (GMST) and (b) net ocean surface heat flux change
(AQpe) for the DOM abrupt CO, doubling experiments. Thick red is for ensemble mean, and thin pink is for ensem-
ble members. (c) Global map of annual-mean AQ, averaged over years 41-50. (d) Hovméller diagram of zonal-
mean annual-mean AQ,o; (W m™2). In (c) and (d), ensemble-mean results are shown. The results are derived from

DOM_Cx2 — DOM_CTL.

experiments. It is noteworthy that the global mean of Q. is
not removed, which as we will show later is critical to repro-
ducing the climate in the DOM experiment. The annual-mean
spatially varying, prescribed mixed-layer depth is also diag-
nosed from the corresponding DOM experiments.

To isolate the role of regional Q. change under global
warming, we construct various Q-flux forcing fields and apply
them to the SOM simulations with the CO, doubling. In
SOM_Cx2REF we use the O, diagnosed from DOM_CTL,
representing the direct impact of CO, doubling in the absence
of Qe changes. The difference between SOM_Cx2 and
SOM_Cx2REF stands for the impact of global Q,.; changes.
In SOM_Cx2NO, we combine the DOM_Cx2 Q. for the
northern oceans poleward of 30°N and the DOM_CTL Q¢
for the rest of global oceans; a 5° linear buffering zone is
added over 30°-35°N for a smooth transition. Subtracting
SOM_Cx2REF from SOM_Cx2NO, we can isolate the cli-
mate impact of regional Q. changes over the northern
oceans. Similarly, we conducted SOM_Cx2SO and SOM_
Cx2TO to isolate the impacts of the southern (poleward of
30°S) and tropical oceans (30°S-30°N) Q,,; changes, respec-
tively. Besides the regional decomposition as mentioned
above, an alternative approach is to separate the global
mean and spatially varying components of the O, changes.
Comparing those two cases SOM_Cx2GM and SOM_Cx2SP,
respectively, with the reference case SOM_Cx2REF, we
can isolate the impacts of the global mean AQ,., and pat-
terned AQ .

In all the SOM sensitivity experiments described above, the
mixed-layer depth from DOM_CTL is used. Since the SOM
simulations are integrated until equilibrium, the choice of
mixed-layer depth should not largely affect the climate mean
state.
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3. Diagnostic modeling of global warming pattern

Climate response to the abrupt doubling of CO, unfolds in
two stages, first a fast response that mainly accounts for the
warming of the upper ocean and then a slow response involv-
ing the deep ocean changes (Fig. 2a; Held et al. 2010). Simi-
larly, global mean AQ, . (downward positive) drops rapidly
by about a half in the first few years from about 3.5 W m™>—
the radiative forcing associated with CO, doubling—and then
gradually declines; it decreases to about 1.2 W m ™2 by year 50
(Fig. 2b). The spatial structure of AQ,., however, emerges
quickly in less than a decade (Rugenstein et al. 2016; Garuba
et al. 2018; Lin et al. 2021) and remains strong toward the
end of the 50-yr simulation even as the global mean AQ,,
decreases by a factor of 3 (Figs. 2c,d). The global pattern of
AQe i1s dominated by positive values over high latitudes,
mostly in the Southern Ocean and the North Atlantic,
accompanied by weak negative values over the tropical
oceans; in other words, ocean heat uptake mainly occurs
over high-latitude oceans, while tropical oceans lose heat to
the atmosphere.

On one hand, Q. change is directly constrained by oceanic
processes; see Hu et al. (2020) for a comprehensive diagnosis
and discussion. Background ocean circulation and circulation
changes both play important roles in shaping the global AQ,,¢
pattern by generating anomalies in ocean heat transport, but
their relative contributions vary in space and remain to be fur-
ther reconciled (e.g., Banks and Gregory 2006; Xie and Vallis
2012; Winton et al. 2013; Marshall et al. 2015; Huber and
Zanna 2017; Hu et al. 2020). On the other hand, the AQ,¢
pattern is also affected by atmospheric processes (surface
wind speed, cloud cover, etc.), providing an atmospheric
constraint. The AQ,, pattern is also suggested to be closely
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FIG. 3. (a),(b) Changes in annual-mean (a) surface temperature (°C) and (b) precipitation (mm day ') in response to the abrupt dou-
bling of CO, in DOM (i.e., DOM_Cx2 — DOM_CTL). (c),(d) As in (a) and (b), but for SOM (i.e., SOM_Cx2 — SOM_CTL). In the rain-
fall panels, blue contours are for annual-mean climatological rainfall in SOM_CTL with an interval of 3 mm day . (e),(f) The differences

between SOM and DOM.

connected to the SST change pattern under global warming
(e.g., Xie et al. 2010). A warmer SST favors stronger heat
release to the atmosphere and thus tends to be associated
with a more negative (i.e., upward) AQ,.

Can we therefore reconstruct the transient SST pattern
under global warming based on AQ,. information? SOM
forced by the climatological Q-flux diagnosed from the Qe
field in DOM, has often been used to reproduce the equilib-
rium climate state simulated by DOM (e.g., Bitz et al. 2012).
But it is not obvious whether and to what extent the transient
climate change pattern in DOM can be reproduced by the
equilibrium solutions in SOM, which will be explicitly tested
next.

Figure 3a shows the transient warming pattern in DOM
averaged over years 41-50 and across 10 ensemble members.
For comparison, Fig. 3c shows the equilibrium warming
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pattern in SOM averaged over years 11-60. In general, SOM
simulations forced by the DOM AQ,, can reproduce quite
well the global warming amplitude and pattern simulated by
the DOM. The global mean surface temperature (GMST)
increase is 1.53°C for the DOM and 1.48°C for the SOM, with
an error of 3%. The key warming features of the DOM simu-
lations that are captured in the SOM simulations include, for
example, the polar amplification, the suppressed warming
over the Southern Ocean and the subpolar North Atlantic,
and the enhanced warming over the equatorial oceans.
Although the AQ,, forcing is applied over oceans only, land
surface warming pattern can also be well reproduced, suggest-
ing a strong remote control by SSTs. The global pattern corre-
lation in surface temperature change between DOM and
SOM is 0.96. The mismatches are found mainly over high lati-
tudes (Fig. 3e), perhaps related to the fact that the DOM
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FIG. 4. Changes in annual-mean (left) surface temperature (°C) and (right) precipitation (mm day ') associated with (a),(b) the direct
CO, effect in the absence of Q. changes and (c),(d) the AQ, effect. The direct CO, effect is derived from SOM_Cx2REF — SOM_CTL.
The AQ, effect is derived from SOM_Cx2 — SOM_Cx2REF. In the rainfall panels, blue contours are for annual-mean climatological

rainfall in SOM_CTL with an interval of 3 mm dayfl.

interannual sea ice variability, not fully represented in the
SOM, can potentially affect the mean climate through nonlin-
ear processes (e.g., sea ice—albedo feedback).

The DOM-simulated rainfall change pattern can also be
reasonably reproduced by the SOM, including the enhanced
rainfall over the equatorial Pacific, the northward shift of
South Pacific convergence zone (SPCZ), the northward shift
of intertropical convergence zone (ITCZ) over the Indian
Ocean, the reduced rainfall in the subtropics, and the
enhanced rainfall over the high latitudes (Figs. 3b,d). The
largest mismatches in rainfall change are located in the tropi-
cal Indo-western Pacific (Fig. 3f), where local SST has a strong
control on rainfall variability and SST gradient may play a
role as well (Fig. 3e; also see Back and Bretherton 2009; He
et al. 2017; Dulffy et al. 2020).

Singh et al. (2017) also used CESM1 but with an updated,
higher-resolution atmospheric component, CAMS5, and inves-
tigated the climate state 300 years after CO, abrupt doubling,
presumably closer to equilibrium than our case. Nevertheless,
they found that CO, doubling produced a significantly stron-
ger warming in their SOM than in DOM by about 12% in
terms of GMST. It is not clear what has caused the larger
SOM-DOM discrepancy in their simulations. Further tests
with other climate models are needed. It is important to
emphasize here that, in order for the SOM to reproduce the
transient climate change simulated by the DOM, a key step is
to keep the global mean AQ,, in the Q-flux forcing. Other-
wise, the SOM will produce a warm bias, because the cooling
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effect due to the globally nonzero heat uptake by the deep
ocean is artificially removed. This point will be further illus-
trated in section 4c.

4. Attributing the global warming pattern: Surface
temperature and rainfall

Using the SOM, we have successfully transformed an ini-
tial-value problem (i.e., transient climate response to CO,
forcing) to a boundary-value problem (i.e., equilibrium cli-
mate state given CO, forcing and Q-flux). This transformation
of framework makes it easier to further attribute the climate
change pattern to the contributions of different factors at any
transient stage of global warming.

a. Isolating the effects of CO,; forcing versus AQ,,,

We first isolate the effect of CO, forcing in the absence of
Oqet changes and the effect of AQ,, on global surface tem-
perature and rainfall pattern; hereafter we will call them the
direct CO, effect and AQ,. effect, respectively. The direct
CO, effect here involves SST changes, associated with a fixed
Qe and it should therefore be distinguished from “the direct
CO, effect in the absence of SST changes” sometimes used
in the literature. Without the AQ,., effect, the doubling of
CO, alone induces a much warmer climate with a GMST
increase of 2.70°C (Fig. 4a). In this case, polar amplification
becomes even more prominent in both hemispheres and the
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suppressed warming over the Southern Ocean and the subpo-
lar North Atlantic disappears. The equatorially enhanced
warming is weaker and only evident in the eastern equatorial
Pacific.

We then consider the impact of AQ,, here calculated as
the difference between the net warming and the direct CO,
effect. It is noteworthy that other studies (e.g., Singh et al.
2017) may directly impose the perturbed Q. forcing to SOM
without a CO, doubling to obtain the impact of global Q.
changes. How the effects of global O, changes depend on
the background climate state, which is out of scope of this
study, needs further investigations.

The value of O, varies substantially in space (Fig. 2c) and
is primarily balanced by the ocean heat transport divergence
in the local mixed-layer ocean (Xie et al. 2010). The global
mean AQ,, during years 41-50 is about +1.3 W m ™2, suggest-
ing that the heat uptake by the deep ocean acts to cool the
mixed layer ocean. As a result, the AQ, effect acts to damp
the global warming and cools the GMST by 1.22°C (Fig. 4c).
The AQ,-induced cooling is found everywhere in the globe,
including over the tropical oceans where AQ,,, is mostly neg-
ative (i.e., oceanic processes acting to warm the mixed-layer
ocean) and over land where no direct AQ,, is imposed. The
land—sea contrast in surface temperature changes due to the
AQ, effect is much weaker than that due to the direct CO,
effect.

Interestingly, the CO, warming effect and the AQ,,, cool-
ing effect share strong spatial similarities with a global
temperature pattern correlation of —0.82 (Figs. 4a,c). The
similarities between the two are particularly evident when the
surface temperature change is zonally averaged, both being
largely polar amplified in the two hemispheres (Fig. 5a). Nev-
ertheless, their underlying causes are different. For the CO,
warming effect, since the CO, radiative forcing is largely uni-
form in space (Huang et al. 2017), the hemispherically sym-
metric, polar amplified surface warming is mostly determined
by the meridional structure of net climate feedback, with
maximum (negative) values in the tropics (e.g., Alexeev et al.
2005; Taylor et al. 2013; Armour et al. 2013; Park et al. 2018;
Stuecker et al. 2018; Goosse et al. 2018). But unlike the direct
CO; effect, AQ, has substantial spatial variations and there
exist two regional peaks with the same sign, one in the South-
ern Ocean and the other in the subpolar North Atlantic
(Fig. 2c). In addition to the meridionally varying climate feed-
back, this particular spatial structure of AQ,, forcing allows it
to produce an even more prominent pattern of polar amplifi-
cation (Alexeev et al. 2005; Rose et al. 2014; Kang and Xie
2014). For example, the pole-to-equator ratio of surface tem-
perature change is about 3.5 for the CO, warming effect but
can reach 7 for the AQ,,, cooling effect (Fig. 5a). The zonally
integrated AQ; over the Southern Ocean can be twice as
large as that over the extratropical oceans in the Northern
Hemisphere, due to its large spatial coverage [not shown; see
Fig. 4 in our companion study, Hu et al. (2020)]. The AQ ¢
cooling effect is therefore particularly strong in the southern
high latitudes, leading to the strongly muted Antarctic ampli-
fication as compared to Arctic amplification in the net warm-
ing (see the black lines in Fig. 5a).
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FIG. 5. Zonal-mean changes in annual-mean (a) surface tem-
perature (°C) and (b) precipitation (mm day ') in different
simulations. Here DOM is DOM_Cx2 — DOM_CTL, SOM is
SOM_Cx2 — SOM_CTL, the CO, effect is SOM_Cx2REF —
SOM_CTL, and the Q. effect is SOM_Cx2 — SOM_Cx2REF.
In (b), the gray line is for the climatological annual-mean
precipitation divided by 10.

In terms of rainfall changes, the CO,-induced warming
effect results in a rainfall increase in most of the globe while
the AQ,-induced cooling effect produces a rainfall decrease
in general (Figs. 4b,d). Their combined effect on the zonal-
mean rainfall is characterized by an enhancement of equato-
rial rainfall with a reduction on either side and a poleward
shift of midlatitudes rainfall belt (Fig. 5b), consistent with
other climate models (Lau et al. 2013). Meridional variations
in the extratropical rainfall response are nearly opposite for
the direct CO, effect and the AQ, effect, both peaking
around 60°N and 60°S. In the tropics, however, they exhibit
in-phase meridional variations with an equatorial peak. As we
will demonstrate in section 4d, tropical rainfall changes expe-
rience strong zonal variations, and in fact, the similar equato-
rial enhancement of rainfall for the direct CO, effect and the
AQ, effect results from different causes.

b. Decomposing the effect of regional AQ,,.,

Next, we aim to understand how the regional AQ,,. influen-
ces the global warming pattern. Two approaches have been
proposed in the existing literature. In the first approach,
regional Q-flux perturbations are applied in a SOM and the
impacts of ocean heat uptake on global climate can directly
be diagnosed. This approach has significantly advanced our
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bar in (c).

understanding of the impact of regional ocean heat uptake
on, for example, hydrological cycle, climate sensitivity, and
radiative feedbacks (Broccoli et al. 2006; Yoshimori and
Broccoli 2008; Kang et al. 2008, 2009; Hwang and Frierson
2013; Bischoff and Schneider 2014; Kang and Xie 2014; Rose
et al. 2014; Rose and Rayborn 2016; Haugstad et al. 2017;
Hwang et al. 2017). In the second approach, a suite of SOM
simulations with Q-flux patches are first conducted, and a lin-
ear Green’s function is then used to reconstruct the climate
impacts of regional ocean heat uptake in the area of interest
(Liu et al. 2018a,b; Lin et al. 2021). Here we adopt the first
approach with a particular focus on the impact of regional
ocean heat uptake on global warming and rainfall change
patterns.
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We first divide the global AQ,, forcing into three regional
AQ, terms in different latitudinal bands and investigate their
individual effects on global climate (Fig. 6). The Southern
Ocean AQ,, exerts a particularly strong cooling impact in the
Southern Hemisphere and the cooling extends toward the
tropics (Figs. 6e and 7a), pushing the ITCZ northward evident
over all three ocean basins (Figs. 6f and 7b) (Kang et al. 2008,
2009; Hwang and Frierson 2013; Hwang et al. 2017). The
northern oceans AQ, induces a relatively weaker cooling
effect and it is mostly confined in the subpolar North Atlantic
where the strongest forcing is located (Fig. 6a). The high-lati-
tude cooling induced by the northern oceans AQ,e also
reaches the tropics, leading to a southward shift of ITCZ that
opposes the effect of Southern Ocean AQ,,; (Figs. 6b and 7b).
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The Southern Ocean AQ,-induced cooling penetrates fur-
ther into the deep tropics than the cooling induced by the
northern oceans AQ,.(, due to the blocking effect of a north-
ward-displaced climatological ITCZ (Kang et al. 2020). The
particular strong, far-reaching impacts of the Southern Ocean
heat uptake is broadly consistent with the finding of Lin et al.
(2021) from a linear Green’s function and a series of “patch”
SOM simulations (Liu et al. 2018a,b), with important implica-
tions for the temporal evolution of radiative feedbacks.

Another difference in the tropical response to northern ver-
sus southern extratropical forcing is that, the former gives rise
to an El Niflo-like pattern with a weakened zonal SST gradi-
ent, while the latter leads to a La Nina-like equatorial tem-
perature change pattern with an enhanced zonal SST gradient
(Figs. 6a,e). The difference in the response of tropical Pacific
zonal SST gradient can potentially lead to distinctive radiative
feedbacks through the modulation of cloud feedbacks as is
suggested by previous studies (e.g., Zhou et al. 2017; Dong
et al. 2019; Lin et al. 2021). Such differences in the tropical
SST response are also suggested to be related to the north-
ward displacement of the climatological ITCZ (Kang et al.
2020); note that although the model used here has a double
ITCZ bias, the northern ITCZ is still more prominent than
the southern one (Fig. 3b).
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The tropical rainfall response to the tropical ocean AQe¢
consists of a mixture of an equatorial enhancement and a
southward ITCZ shift, the latter reinforcing the northern
ocean AQ,. effect (Figs. 6d and 7b). The tropical rainfall
changes in turn drive global surface temperature changes via
atmospheric teleconnections (Fig. 6¢). However, in terms of
GMST, the impact of tropical ocean AQ, is only within
—0.01°C as a result of the strong cancellation of positive and
negative values, while the impacts of northern and southern
ocean AQ,., are significantly larger, —0.34°C and —0.81°C,
respectively. The dominant control of the high-latitude AQ,
as compared to the low-latitude AQ,,,, on global climate is
consistent with previous studies using various modeling
approaches (e.g., Winton et al. 2010; Rose et al. 2014; Kang
and Xie 2014; Rugenstein et al. 2016; Kang et al. 2017; Liu
et al. 2018a,b; Stuecker et al. 2020; Lin et al. 2021). Although
each AQ, forcing in the three latitudinal bands separately
induces a significant ITCZ migration, they largely cancel out
and only leave an equatorial rainfall enhancement without a
clear shift in the zonal-mean sense (Fig. 7b).

It is important to note that here we use the SOM as a diag-
nostic tool to isolate the impact of regional AQ,, Which itself
results partly from dynamical air—sea coupling. If a DOM is used
instead, the ITCZ shift response to high-latitude forcing may
become much muted, due to the dynamical air-sea coupling in
the tropics (Kay et al. 2016; Green and Marshall 2017; Schneider
2017; Kang et al. 2018; Wang et al. 2018). These DOM experi-
ments provide meaningful physical insights with applications to
understanding, for example, the tropical rainfall response to Arc-
tic or Antarctic sea ice loss (England et al. 2020).

c¢. The role of global mean AQ,,, versus patterned AQ,,.

Different methods of AQ,. decomposition can provide
complementary views on the role of AQ,. in shaping the
global warming pattern. An alternative, meaningful way to
decompose AQ, is to separate its global mean and patterned
components, which are here termed as the global mean AQ ¢
effect and the patterned AQ,. effect, respectively. As climate
warming continues, the deep ocean comes into closer balance
with the atmosphere, diminishing the global-mean AQ,,, and
as a result, the cooling effect due to the global mean AQ, is
expected to decrease over time (see Fig. 2b). In contrast, the
patterned AQ,.; effect is much less well constrained in terms
of its sign, magnitude, and evolution.

Figure 8 shows the global mean AQ,. effect and the pat-
terned AQ, effect based on our SOM simulations. The mean
AQ, effect acts to cool the global climate (Fig. 8a), and its
spatial structure is very similar to the direct CO, effect in the
absence of Q. changes (Fig. 4a; r = —0.87). This is not sur-
prising given the largely uniform CO, radiative forcing in
space. The patterned AQ,, effect also acts to cool the global
climate except for the equatorial band where very weak
warming is observed (Fig. 8c), which is striking because the
global average of the patterned AQ, is zero by construction.
It suggests that the spatial variations of AQ,. can effectively
rectify on the mean climate and induce a net global cooling.
These results are consistent with previous idealized modeling
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studies arguing that the effect of ocean heat uptake on GMST
depends on the meridional forcing structure (Alexeev et al.
2005; Rose et al. 2014; Kang and Xie 2014). In our case, the
patterned AQ,, effect on GMST reaches about a half of
the mean AQ,. effect (—0.40° vs —0.83°C, respectively)
for the time period we are investigating (i.e., 4-5 decades
after the CO, doubling). The spatial pattern of surface tem-
perature change associated with the mean AQ,,. effect resem-
bles that associated with the patterned AQ,., effect, even
though the absolute values are different; the pattern correla-
tion between the two is 0.73 (Figs. 8a,c).

The meridional structure of the ocean heat uptake-in-
duced, zonal-mean rainfall changes are primarily shaped by
the patterned AQ,. effect (Fig. 9b). The sharp rainfall
increase in the equatorial band comes entirely from the pat-
terned AQ, effect and is found over all three ocean basins
(Fig. 8d), partly compensated by the global mean AQ,, effect
(Fig. 8b). This is because the AQ, pattern features largely
positive values in the high latitudes and weakly negative
values at the equator, leading to a global-scale cooling but
significantly weaker near the equator (Fig. 9a). As we will
demonstrate further in section 4d, this effect directly con-
tributes to the equatorially enhanced sea surface warming
in the net response to CO, increase (Fig. 3a) and therefore
leads to an equatorially enhanced rainfall increase. The
global mean AQ, acts to reduce the rainfall globally and
slightly push the ITCZ northward in the tropics (Figs. 8b
and 9b).
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d. Tropical rainfall change pattern

Beyond the zonal-mean change, tropical rainfall response
has rich regional features in its zonal variations (Fig. 10). Pre-
vious studies suggest that tropical rainfall change pattern
under global warming is largely controlled by the SST change
pattern (e.g., Xie et al. 2010). Following those studies, in Fig.
10 we also plot the relative SST, which is defined as the differ-
ence between local SST and the tropical-mean SST averaged
within 20°S-20°N. In all our DOM and SOM simulations, we
find consistent results that a positive (negative) relative SST
change is typically associated with a rainfall increase
(decrease), with interesting notable exceptions near the equa-
tor and the date line in Figs. 10b and 10c.

Forced by the DOM AQ,, the SOM simulations can rea-
sonably reproduce the tropical relative SST change pattern
and thus the tropical rainfall change pattern in the DOM (cf.
Figs. 10a,b). Over the tropical oceans, both the direct CO,
effect and the AQ, effect turn out to be critical in shaping
the rainfall change pattern (Figs. 10c,d). Over the Indian
Ocean, the generally enhanced rainfall is mostly due to the
CO;-induced local warming, while the northward shift of the
rainfall center is dominated by the AQ,., effect. Over the
tropical Atlantic, the direct CO, effect induces a rainfall
reduction due to the relatively weak warming near the equa-
tor, but this is largely cancelled out by the rainfall enhance-
ment induced by the AQ,, effect. Over the tropical Pacific,
rainfall change is dominated by an equatorial increase and an
off-equatorial decrease on either side, with both the CO, and
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AQ, effects contributing to this pattern. The direct CO,
effect features an equatorial warming in the eastern equato-
rial Pacific and a negative relative SST on both sides. Over
tropical continents, rainfall changes come almost entirely
from the direct CO, effect, while the SST changes associated
with the AQ,, effect only plays a minor role.

For the AQ, effect, one common feature to the three trop-
ical oceans is the rainfall increase along the equatorial band
(Fig. 10d), together yielding a sharp, equatorially enhanced
rainfall seen in the zonal-mean plot (Fig. 5b). As we men-
tioned earlier, this is an inherent feature determined by the
spatial structure of AQ,,. This mechanism is confirmed by
the fact that the feature of equatorial rainfall increase comes
entirely from the patterned AQ, effect (Fig. 10h), while the
mean AQ,, effect acts to push the ITCZ northward with mild
rainfall changes in the equatorial band (Fig. 10f). The experi-
ments with a latitudinal decomposition of AQ,., further sug-
gest that the weakly negative AQ,; at the equator, in contrast
with the mostly positive AQ,.; elsewhere, plays a dominant
role in giving rise to the positive relative SST and the
increased rainfall along the equatorial band in all three oceans
(Fig. 10g).

The seemingly similar, zonal-mean equatorial rainfall
enhancement seen in the direct CO, effect (Fig. 11), however,
comes mainly from the land rainfall increase over central
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Africa, western South America, and the Maritime Continent
(Fig. 10c). Over the oceans, the direct CO, effect actually
induce a rainfall reduction in both the equatorial Atlantic and
Indian Ocean and a slight rainfall increase in the central-east-
ern equatorial Pacific, both consistent with the local relative
SST changes. Our results imply that zonal-mean rainfall
changes under global warming result from delicate partition-
ing between ocean and land components, and among the
three ocean basins.

Our decomposition of the AQ,,. effect reveals how regional
AQe forcing influences the tropical rainfall changes. The
southern ocean AQ,., generates a strong interhemispheric
asymmetry of SST changes in all three tropical oceans, push-
ing the ITCZ northward, and the impact is particularly strong
for the Indian Ocean (Fig. 10i). The northern ocean AQy¢
does the opposite, acting to push the ITCZ southward at all
longitudes, but the magnitudes of relative SST and rainfall
changes are considerably smaller (Fig. 10e; Kang et al. 2020).
The general patterns of rainfall changes look much alike for
the two extratropical AQ,., effects (r = —0.74 for rainfall and
r = —0.76 for relative SST within 20°S-20°N), suggesting an
intrinsic, interhemispheric mode of tropical rainfall response
to extratropical forcing. A further decomposition of the
northern ocean AQ,, suggests that the North Atlantic AQe¢
plays a dominant role, although the contributions from other
ocean basins are not negligible (not shown). The response to
the tropical ocean AQ,¢ resembles that to the northern
oceans’ AQ,.; (r = 0.47 for rainfall and r = 0.61 for relative
SST within 20°S-20°N) (Fig. 10g). It includes a southward
shift of ITCZ in the tropical Pacific and Atlantic and a zonal-
dipole structure in the Indian Ocean, both consistent with the
underlying relative SST change patterns; in addition, a signal
of equatorial rainfall enhancement is found in all three ocean
basins (Fig. 10g).

5. Summary and discussion

In this study, we have used a SOM as a diagnostic modeling
tool to better understand the surface warming pattern for-
mation under transient climate change, with a particular focus
on the role of AQ,, (i.e., ocean surface heat uptake). We find
that SOM simulations reproduce quite well the DOM-simulated
global warming pattern and tropical rainfall changes, when
forced with the DOM AQ,.;. We emphasize that a critical step
to reproducing the DOM climate in the SOM is to retain the
global-mean AQ, that is diagnosed from the DOM. This then
allows us to transform an initial-value problem for transient cli-
mate change to a boundary-value problem, allowing us to con-
duct further attribution to a set of constituent forcing factors.
The direct CO, effect in the absence of O, changes leads to a
substantial global warming, partially compensated by the cool-
ing effect of AQ ..

The direct CO, warming effect is accompanied by a consid-
erable polar amplification, due primarily to the latitudinal
dependence of climate feedback (e.g., Alexeev et al. 2005;
Taylor et al. 2013; Armour et al. 2013; Park et al. 2018;
Stuecker et al. 2018; Goosse et al. 2018). The AQ,¢, cooling
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effect exhibits a similar but stronger polar amplification,
because the strongest signals of positive AQ,; (i.e., downward
into the ocean) are confined over the high latitudes in both
hemispheres. The net impact of the two leads to a polar
amplification of surface warming weaker than that for the
CO, warming effect alone. Our results suggest that the inter-
model spread of polar amplification previously identified
(Bindoff et al. 2013; Smith et al. 2019) may potentially be
caused by the different meridional structure of AQ,.y, in addi-
tion to the role of radiative forcing and climate feedback
(Bonan et al. 2018).

In our transient experiments, polar amplification is asym-
metric between the two hemispheres, as has been observed in
the historical period and also commonly simulated in climate
models (e.g., Manabe et al. 1990; Bindoff et al. 2013; Singh
et al. 2017; Smith et al. 2019). For the direct CO, effect, Ant-
arctic amplification has comparable magnitude to Arctic
amplification, suggesting that the coupled atmosphere—ocean
mixed layer response would lead to symmetric polar amplifi-
cation in our model. However, the AQ,. cooling effect is
much more polar amplified in the Southern Hemisphere, due
mainly to the strong ocean heat uptake that occurs in the
Southern Ocean (Fig. 5a). As a result, in the net warming
response, polar amplification is more muted over the Antarc-
tica than the Arctic due to the stronger cancellation between
the two effects. These results imply that the distinct behaviors
of polar amplification between the Arctic and the Antarctic is
perhaps inherently linked to the ocean surface heat uptake
pattern. Our finding on the potential role of Southern Ocean

Brought to you by MAX-PLANCK-INSTITUTE FOR METEOROLOGY | Unauthenticated | Downloaded 06/01/23 03:24 PM UTC

heat uptake in reducing Antarctic amplification is broadly
consistent with previous modeling studies (e.g., Manabe et al.
1990; Marshall et al. 2014, 2015; Armour et al. 2016). We note
that the regional peaks of AQ, in the Southern Ocean and
the subpolar North Atlantic may result from independent
dynamical mechanisms, which remain under debate (e.g.,
Marshall et al. 2015; Armour et al. 2016; Shi et al. 2018; Hu
et al. 2020), and the degree of polar amplification and hemi-
spheric symmetry in surface temperature changes may vary in
other models or at different stages of transient warming.
Another salient feature of simulated global warming
response to greenhouse gas increase is the equatorially
enhanced warming, most pronounced in the tropical Pacific
(Fig. 10a; also see Liu et al. 2005; Zhou et al. 2019; Heede et al.
2020). We find that this is an intrinsic feature associated with
the AQ, effect. Since AQ,.¢ is strongly positive in the high
latitudes and weakly negative at the equator (Fig. 2c), its
resultant global cooling maximizes in the high latitudes and
minimizes at the equator for all three ocean basins, particu-
larly evident in the Atlantic and Indian Oceans (Fig. 4c). For
the direct CO, effect, the SST response is controlled purely
by thermodynamic effects, and the three equatorial oceans
exhibit different behaviors. Since the eastern equatorial
Pacific is characterized by a strong cold tongue and a high sur-
face relative humidity, it needs to warm more to compensate
for the CO,-induced radiative forcing (Liu et al. 2005; Xie
et al. 2010); however, this effect might have been overesti-
mated in the model because climate models generally suffer
from a positive relative humidity bias over the Pacific cold
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F1G. 11. Land-ocean decomposition of zonal-mean changes in
annual-mean precipitation (mm day ') for (a) the direct CO, effect
and (b) the AQ, effect. Red (blue) lines are derived using the
zonal average of rainfall rate after replacing all the land (ocean) val-
ues with zero. The black line equals the addition of the red and
blue lines by design. In both panels, the gray line is for the climato-
logical annual-mean precipitation divided by 10.

tongue (Seager et al. 2019). The equatorial cold tongue is
weaker in the Atlantic especially in the models and absent in
the Indian Ocean, and in fact, in those two ocean basins,
weaker warming is observed near the equatorial band than
over the subtropical ocean. In summary, the direct CO, effect
and the AQ, effect act in the same direction and give rise to
a pronounced equatorial enhanced warming in the Pacific in
terms of relative SST, but they largely compensate in the
Atlantic and Indian Ocean in terms of warming structure
(Figs. 10c,d).

Tropical rainfall change is similarly enhanced in the equato-
rial band, shaped in part by the SST warming pattern. The
AQ,e effect, mainly its spatially varying component, acts to
increase the equatorial rainfall over all three ocean basins, as
a result of the equatorially enhanced warming. The direct
CO, effect leads to competing rainfall changes among the
equatorial oceans, an increase in the central-eastern Pacific
but a reduction in the Indo-western Pacific and the Atlantic,
controlled by the relative SST pattern; however, it causes
consistent increase in rainfall over the tropical continents,
including western South America, central Africa, and the
Maritime Continent. As a result, both the direct CO, effect
and the AQ,., effect lead to an equatorial enhancement of
zonal-mean rainfall, but it is important to realize that they
result from different physical mechanisms.
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No robust ITCZ shift can be detected in the zonal-mean
rainfall response to CO, doubling in our DOM. The southern
ocean AQ,; induces a significant Southern Hemisphere cool-
ing, pushing the ITCZ northward in all three tropical oceans,
but this is largely cancelled out by the northern ocean AQ,
effect. The tropical ocean AQ,., effect opposes the strong
southern ocean AQ,, effect, pushing the ITCZ southward.
This is consistent with the previous finding that an extratropi-
cal heat source can potentially influence the Ekman heat
transport in the tropical oceans, inducing a negative feedback
that damps the response to extratropical forcing (Kay et al.
2016; Green and Marshall 2017; Schneider 2017; Kang et al.
2018). In addition, the tropical ocean AQ,, results in an equa-
torially enhanced rainfall in all three ocean basins. The north-
ern ocean AQ,-induced cooling effect leads to a southward
shift of ITCZ, further compensating for the southern ocean
AQne effect. As a result of the strong compensation, the
global AQ,, has little net impact on the ITCZ shift in the
tropical Atlantic and Pacific, except for the Indian Ocean that
is dominated by the southern ocean AQ, effect. For the
direct CO, effect, there is no significant signal of ITCZ shift,
given the similar warming magnitude in the two hemispheres.

Decomposing the AQ,, effect into its global mean and pat-
tern components provides us additional insights to under-
standing the global warming pattern formation and evolution.
The global mean AQ,, effect acts similarly to the direct CO,
effect but with an opposite sign. The patterned AQ,,, effect
contributes significantly to a global-scale cooling, although
the AQ, is averaged to zero globally. Those results are con-
sistent with previous studies using idealized simulations to
argue that the effect of ocean heat uptake on global mean
temperature depends on the meridional forcing structure
(Alexeev et al. 2005; Rose et al. 2014; Kang and Xie 2014).
See Rose and Rayborn (2016) for a recent review.

Our study extends the SOM framework to understand the
transient global warming pattern and rainfall change from the
AQ,, distribution. This is complementary to our recent work
that focuses on the oceanic mechanism for AQ,., (Hu et al.
2020). Together, these results confirm the importance of
ocean—-atmosphere coupling in shaping the global warming
pattern, and the critical role of AQ,., or ocean heat uptake
suggested in the existing literature. The detailed physical
mechanisms underlying the coupling of atmospheric and oce-
anic processes through surface heat, momentum, and freshwa-
ter fluxes require further investigations (Fig. 1). The relative
roles of greenhouse gases and aerosols in shaping the histori-
cal and future warming patterns through ocean—atmosphere
interaction also need to be further explored.
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