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Abstract In most fully coupled climate models, the net radiative feedback magnitude decreases
with time after abruptly quadrupling CO,. Hypotheses have been raised to explain the time dependence
of radiative feedbacks, including the influence from surface warming pattern and ocean heat uptake
(OHU) pattern. By using the Green's Function derived from pairs of simulations in the atmospheric model
(CAM5) coupled with a slab-ocean, with each simulation being forced by a localized surface heat flux
anomaly, we evaluate the influences of regional OHU on transient surface warming pattern, accounting
for the changes in radiative feedbacks. The attribution of the time-evolving net radiative feedback
highlights the remote impact from OHU over the Southern Ocean on tropical sea surface temperature.
The time-dependent weakening of OHU over the Southern Ocean gives rise to increasingly enhanced
surface warming in southeastern Pacific, which leads to decreasing tropospheric stability and more
positive cloud feedback decades after quadrupling CO,.

Plain Language Summary Climate sensitivity, defined as surface temperature increase

to doubling of carbon dioxide (CO,) concentration, is a broadly used metric of anthropogenic climate
change. However, it has spanned a wide range for decades due to the uncertainty in radiative forcing and
feedback. The time evolution in radiative feedback, for example, adds challenges for evaluating climate
sensitivity via simulations with limited length and for comparing model simulations with observational
records. In this study, we investigate how ocean heat uptake influences the time evolution of radiative
feedback. More specifically, we quantify the dependence of radiative feedback on regional ocean heat
uptake in response to an abrupt increase in CO, concentration. Results show that the surface warming
due to weakened ocean heat uptake over the Southern Ocean decades after CO, increase is not locally
confined, but has far-field impacts on tropical clouds via remote influences on sea surface temperature
and atmospheric stability in the tropics. The tropical sea surface temperature patterns have been shown
to be key for understanding transient evolution of radiative feedbacks in previous studies; our findings
further suggest that Southern Ocean heat uptake could be a potential root cause for these evolutions.

1. Introduction

Radiative feedbacks describe the efficiency by which the Earth system amplifies or damps out radiative
forcings such as increased greenhouse gases. Studies have long shown that the amplitudes of radiative
feedbacks vary across models (Charney et al., 1979), largely accounting for the intermodel spread of global
warming projections (Knutti et al., 2017). Recent studies have suggested that radiative feedbacks vary with
time in historical and increasing carbon dioxide (CO,) simulations, leading to challenges for predicting
transient and equilibrium climate sensitivities (Andrews et al., 2015; Gregory & Andrews, 2016). A mecha-
nism named “pattern effect” has been proposed to account for aspects of both the intermodel spread and the
time dependence of radiative feedbacks (Stevens et al., 2016). Pattern effects refer to ways in which regional
spatial patterns of sea surface temperature (SST) affect radiative fluxes at the top-of-atmosphere (TOA), thus
modulating the feedbacks. A detailed mechanistic understanding of pattern effects is an essential prerequi-
site for extrapolating future climate sensitivity from short-term transient observations.
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Two somewhat different lines of argument have recently emerged. The warming contrast between the West
Pacific and other regions has been identified as a key factor influencing the radiative feedbacks via modi-
fication of the lower-tropospheric stability and low cloud cover (Ceppi & Gregory, 2019; Dong et al., 2019;
Zhou et al., 2017). On the other hand, the spatial pattern of ocean heat uptake (OHU) has also been shown
to have a strong effect on radiative feedbacks, with emphasis on the time-evolving relative magnitudes of
tropical and extratropical OHU (Kang & Xie, 2014; Rose et al., 2014; Rose & Rayborn, 2016; Rugenstein
et al., 2016; Winton et al., 2010). While the SST and OHU perspectives offer seemingly competing explana-
tions for varying radiative feedbacks, some studies have linked the two perspectives by suggesting that the
SST patterns on which the feedbacks depend can be driven by OHU patterns (Haugstad et al., 2017; Rugen-
stein et al., 2016). However, few studies have provided a detailed quantitative attribution of the contribution
of regional OHU to pattern effects and time-evolving feedbacks.

The goal of this study is to quantify the influence of time-evolving regional OHU on global SST patterns
and radiative feedbacks in response to an abrupt CO, increase. Our attribution is based on the linearity of
the coupled climate, in which the radiative responses can be considered as the additive contribution from
different types of forcings (Section 2.1). The contribution from transient OHU can be evaluated through a
Green's Function approach, which attributes the local and far-field impacts of spatially localized OHU (Sec-
tion 2.2). The attribution of the time-evolving radiative feedback reveals the dominant role of heat uptake
over the Southern Ocean, which modifies time-evolution of SST patterns, and in turn influences changes
in radiative feedbacks (Section 3). Possible causes for intermodel spread of OHU and their implications on
uncertainties of time-evolving radiative feedback are discussed in Section 4.

2. Data and Method
2.1. Linearity of the Coupled Climate

To evaluate the OHU in affecting transient atmospheric and surface responses to CO, increase in the cou-
pled climate system, we consider OHU as a forcing (i.e., heat sink/source) to the atmosphere and surface,
consistent with previous studies (Rose & Rayborn, 2016; Winton et al., 2010). The linearity of the coupled
climate is demonstrated by the additive contribution from different types of forcing (Boer & Yu, 2003; Mar-
vel et al., 2016). In the case of transient responses forced by an abrupt quadrupling of CO, (abrupt4 x CO,)
in a coupled climate, one can partition the atmospheric and surface responses in each grid cell ; (AX;) into
two components. One is the equilibrium responses to time-invariant CO, quadrupling without changes in
OHU (AX; 0,), and the other is the contribution from time-evolving OHU (AX; onu (;)), with g(z) indicat-

1

ing the residuals, as shown in Equation 1.

AX;(1) = AX; cop + AX; onu (1) + £(1). 1)

AX; (z) is calculated by subtracting the time-mean climatology under preindustrial conditions (piControl)
from the transient, 150-years abrupt4 X CO, simulation in the fully coupled model CESM1 (CAMS5.1, FV2).
AX; con and AX; onu (t) are individually evaluated in the atmosphere model CAMS5 coupled with a non-

dynamical slab-ocean. The former is the equilibrium responses in abrupt4 x CO, simulation relative to
piControl condition, indicating the influences from quadrupling of CO, on the atmosphere and surface,
without changes in OHU. The latter, representing the equilibrium responses on the atmosphere and surface
to time-evolving OHU, is evaluated through a suite of simulations, with each being forced by a localized
surface heat flux (Section 2.2). Note that a 7-years low-pass Butterworth digital filter is applied to all the
variables to remove the high-frequency variability.

The linearity of the coupled climate is evaluated in Figures 1a and 1b. The time evolution of global-mean
anomalous TS (ATS) and net downward TOA radiation (AR, of abrupt4 x CO, simulation in CESM can
be reconstructed by the additive contribution from CO, quadrupling and from time-evolving OHU, with the
residual being around 1 K for ATS and 1 (W / m? | for AR, in the first few years and remaining small after
that. The residual can be attributed to three main reasons. First, the potential nonlinearities of the coupled
climate. For example, responses of sea ice extent to a particular amount of warming could vary, depending
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Figure 1. Global-mean (a) AR, and (b) ATS in CESM (black). The red lines indicate the equilibrium responses in the
slab-ocean model. The blue lines are the Green's Function reconstructed responses with transient OHU (Equation 4).
The dashed gray lines are the summation of the red and blue lines. (c) Zonal-mean OHU in CESM (positive down). (d)
Scatterplot of global-mean AR, and ATS in CESM (Gregory et al., 2004). OHU, ocean heat uptake.

on multiple thresholds of temperature (Eisenman & Wettlaufer, 2009; Garbe et al., 2020). The nonlinear be-
havior of the sea ice extent can affect radiative responses through changes in surface albedo, lapse-rate, and
water vapor (Lu et al., 2020; Winton, 2008). Second, the climate responses independent from OHU, such
as the responses to transient warming/cooling over land and over ice-covered regions. Third, the potential
climate noise and the impacts from internal variability in the simulations.

2.2. Evaluating the Contribution of Transient OHU via a Green's Function Approach

To quantify the contribution of transient OHU on atmospheric and surface responses (i.e., AX; oy (z) in

Equation 1), we first calculate the time evolution of OHU (Figure 1c), and evaluate its influences via the
Green's Function matrix G (Equation 2).

X ox
90HU, 00HU,

G=| : . @)
ox,, X,
G0OHU,  0OHU,

The form of 0X; / 0OHU ; indicates the dependence of climate responses on gridded OHU and can be used
to evaluate the influences of OHU. The subscript ; (j) goes from 1 to m (n), which is the total number of
global (oceanic) grid points. G is derived from 108 pairs of simulations, with each being forced with ocean
g-flux patches that jointly cover all the open ocean (Figure S1; see Text S1 and F. Liu et al. (2018) for detailed
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experimental design). For each grid cell ;, the response of X per unit change in OHU at grid j can be deter-
mined as follows:

%, OHU, X4
o, OHU, a, 3

90HU >, OHU,

X ,-' is the linear component of the equilibrium response of X at local grid ; for each patch. It is first divided
by the area-weighted averaged OHU anomaly over the patch p (OHUVP), and normalized by the ratio of area

(a i la, ), where ¢; is the surface area of the grid box j inside the patch p, and 4, is the total ocean area of

the patch p. ((X, / OHU'p)(a i /a, )) accounts for the response of X at grid i to OHU change at grid j within

a certain patch p. Since each ocean grid box is covered by multiple overlapping patches, 0X; / 9OHU can
be determined by weighting ((X , / OHU;,)(a i1 a, )) of all the overlapping patches based on the strength of

the OHU anomaly. The derivation of G follows the method in Dong et al. (2019), except that the simulations
used in Dong et al. (2019) are a suite of “prescribed SST” simulations, while we used a suite of “prescribed
ocean q-flux” simulations.

For any grid cell j, the response of atmospheric or surface variable X to large-scale OHU could be approxi-
mated by a first order Taylor series with respect to OHU at all grid boxes j.

n

AX; ony (1) = Zl aOHU OHU, (1). (4)

By combining Equations 1 and 4, the atmospheric or surface responses in CESM can be reconstructed as
follows:

a
AX,(1) = AX; cop + zl OI){(U OHU, (1) + £(1). (5)
J

3. Results
3.1. Attribute the Radiative Feedback Evolution to Regional OHU

Figure 1d illustrates the evolution of AR, and ATS in the form of a Gregory plot (Gregory et al., 2004). The
radiative feedback parameter A, calculated as the regression slope of AR, against global-mean ATS, evolves
from —1.52 W / m*K in year 6-20 to —0.78 W / m*K in year 21-150 in CESM. To quantify the transient in-
crease of effective climate sensitivity, we define a feedback increment 54 as

d(ARnet) d(ARm
) ly6—20 (6)

N e |Y2l—150 _—)
d(ATS) d(ATS

where overbars indicate global mean. Accordingly, the time-evolving patterns of surface warming and esti-
mated inversion strength (EIS; Wood & Bretherton, 2006) can be expressed as follows.

oA =

d(ATS) d(ATS)

OTS = —— lys1_150 ———= ly6-20 (7)
d(ATS) d(ATS)
(AEIS) d(AEIS)

OEIS = ——~ |y21_150 —_—— |Y6—20 . (8)
d(ATS) d(ATS)
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Figure 2. (a) Schematic diagram of the decomposition of net radiative feedback (1), modified from Roe (2009). (b) Decomposition of the increase in net

radiative feedback (S54).

The first five years are excluded for better comparison with reconstructed radiative feedbacks from Green's
Function. The scatterplot in Figure 1d indicates radiative feedback change after year 5. We assume that the
response of the coupled climate model during the first few years after abrupt CO, quadrupling are dominat-
ed by land-atmosphere interactions unrelated to OHU. Note that whether the first five years being excluded
or not results in consistent conclusions (Figures S2 and S3). The separation at ~20 years distinguishes
between the fast and slow components of climate responses (Geoffroy et al., 2013; Held et al., 2010). To un-
derstand the time dependence of A, we decompose AR, threefold, indicated by the three loops of Figure 2a.
In the first loop, AR, is decomposed into radiative anomalies that are related to changes in Planck emission
(AR, surface albedo (AR,,), lapse-rate (AR ), relative humidity (ARgyy), and clouds (ARgg). The first
loop of decomposition is done through radiative kernels method (Held & Shell, 2012; Soden et al., 2008),
with the kernels calculated with CAMS5 (Pendergrass et al., 2018).

AR, = ARy + AR, + AR g + ARpy + ARgyq - (9)

Planck emission is considered as a property of the blackbody reference state here, in which the climate
adjusts to radiative forcing only by changing ATS, with an efficiency of 4,. Changes in variables other than
ATS (e.g., albedo, lapse-rate, water vapor, and clouds) amplify or dampen AR, leading to further changes
in ATS (Figure 2a). The second loop of decomposition is based on the linearity of the climate system (Equa-
tion 1), where each radiative anomaly can be further decomposed into two parts: One from the equilibrium
responses to CO, quadrupling and the other excited by transient OHU. Take AR4 for example,

ARcyg (t) = ARciq,co2 + ARcig, 0n0 (t) + 5(’)- (10)

Since the equilibrium responses to CO, quadrupling is time-invariant, the radiative feedback in CESM can
be simply reconstructed by the Green's Function with transient global OHU, along with potential residuals.
The third loop of decomposition attributes the Green's Function reconstruction from global OHU to region-
al OHU, which can be done by specifying the integration area in Equation 4. Taking AR oyy» for example,

here we divide it into three components: The reconstruction with regional OHU over 30°S — 90°S (Southern
Hemisphere extratropics), 30°S — 30°N (tropics), and 30°N — 90°N (Northern Hemisphere extratropics):

ARc, 00 (t ) = ARci4,0HU, 30°5-90°S (t ) + ARci4,0HU 30°5-30°N (t ) + ARc14,0HU,30°N-90°N (t ) 1y

The full decomposition is illustrated in Figure 2a. Note that each radiative feedback contributes to part of
the TOA flux variation by scaling with global-mean ATS, with the ATS simultaneously being affected by
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multiple radiative feedbacks. This feature allows us to linearly attribute the net radiative feedback to re-
gional OHU by decomposing radiative fluxes only (Equations 9-11), as done in previous studies (Roe, 2009;
Rose & Rayborn, 2016).

Figure 2b shows the decomposition of 51. The increase in A can be mostly attributed to the increase in net
cloud feedback, especially the cloud's effect on the shortwave radiation, consistent with previous studies
(Andrews et al., 2015; Ceppi & Gregory, 2017). Also, the increase in cloud feedback can be reconstructed
by the Green's Function with transient OHU, albeit with stronger magnitude (the overestimation is dis-
cussed in Section 3.2). The shift toward more positive net cloud feedback arises predominantly from OHU
in 30°S — 90°S (64c1q. onu. 3005-00°s)> @ Shown by the orange bar for the cloud feedback in Figure 2b. To con-

clude, 30°S — 90°S OHU has the dominant contribution to the increase in cloud feedback and thus the

increase in A (i.e., increase in transient climate sensitivity).

3.2. Influences of Southern Ocean Heat Uptake on Cloud Feedback Change

Figures 3a-3c show the spatial pattern of the increase in cloud feedback and the dominant contribution of
30°S — 90°S OHU. The increase in cloud feedback (Figure 3a) can be reconstructed by the Green's Function
(Figure 3b), which is mostly attributed to the transient OHU in 30°S — 90°S (Figure 3c). Further analysis
shows that 51% of the §Acyy opu 300s_90°s arises from tropical (30°S — 30°N) cloud changes, implying a strong

remote impact. Another 38% arises from local cloud changes in 30°S — 90°S (Figure 3c). We propose the
following physical processes through which 30°S — 90°S OHU gives rise to increasingly positive local and
remote cloud feedbacks:

(a) Local and remote influence of OHU on SST: During the first few years after quadrupling CO,, positive
(downward) OHU is relatively uniform (Figure 1c). The 30°S — 90°S averaged OHU weakens through-
out the 150-years simulation. Specifically, it weakens by 0.7 W / m” per 1 K global-mean surface tem-
perature increase in 6-20 years; this OHU weakening becomes stronger in 21-150 years as it decreases
by 0.9 W / m* per 1 K global-mean surface temperature increase (Figure S4). The stronger weakening
tendency of 30°S — 90°S OHU in the late period leads to the increasingly enhanced southern hemi-
sphere (SH) surface warming relative to the global mean. Based on the Green's Function reconstruc-
tion, the surface warming induced by the stronger decrease in 30°S — 90°S OHU is not confined to the
Southern Ocean, but also extends to the subtropics via eastern basins (Figure 3f). This local and remote
SH surface warming pattern due to 30°S — 90°S OHU is also found in CESM (albeit with weaker mag-
nitude; Figure 3d), suggesting similar mechanisms operate in a fully coupled climate. While the tele-
connection mechanism needs further investigation, our findings are consistent with previous studies
suggesting that extratropical OHU can affect tropical SST by generating an anomalous cross-equatorial
Hadley Cell, which modifies the trade winds strength and further leads to tropical SST change through
wind-evaporation-SST (WES) feedback (Hwang et al., 2017; Kang et al., 2018; Xie et al., 2010).

(b) Lower-tropospheric stability (LTS) determined by SST pattern: In both the Southern Ocean and the trop-
ics, the evolution of LTS is influenced by §TS, but in different ways. Locally over the Southern Ocean,
increasingly enhanced surface warming (positive §TS) destabilizes the lower troposphere (which we
quantify through negative SEIS; Figure 3g). In tropics on the other hand, since tropospheric temper-
atures are strongly coupled to SST in the West Pacific (WP) convective regions according to the weak
temperature gradient approximation (Sobel et al., 2002), LTS is largely determined by the surface warm-
ing contrast between convective and nonconvective regions. We find that §TSy 3005_g9e5 11t the South-
eastern Pacific is more positive than in the WP convective region (gray box in Figure 3f), which explains
the destabilization of the nonconvective subtropical regions (Figure 3i). Significantly, we find consistent
patterns of negative subtropical SEIS and OEISoyy 300 strongly suggesting a remote effect from
Southern Ocean heat uptake on tropical stability.

(c) Changes in cloud feedback linked to stability changes and other factors: The decrease in tropospher-
ic stability, either locally or remotely triggered by 30°S — 90°S OHU, acts to decrease the low cloud
amount, since a weaker inversion is less efficient in trapping moisture in the boundary layer (Wood &
Bretherton, 2006). The decrease in low cloud amount further leads to an increase in net cloud feedback
by keeping more shortwave radiation in the climate system (Figure 3c).

S-90°S’
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OHU, ocean heat uptake.

In addition to the low cloud amount change discussed above, cloud albedo can also modify the strength of
the cloud feedback. Area-weighted average of liquid water path (LWP) over 30°S — 90°S increases by 9% in
years 6-20 while local SST evolves from 278 to 279 K, causing phase changes in low-level clouds. In contrast,
LWP holds nearly constant in the following 130 years while local SST is still rising, from 279 to 282 K. The
halt of increasing LWP in the late period results in a more positive shortwave cloud feedback (Figure S5),
as the increase in LWP accounts for larger cloud albedo (McCoy et al., 2014; Zelinka et al., 2012). The LWP
evolution in Southeastern Pacific also leads to more positive cloud feedback, while the cause for decreasing
LWP might be related with the decrease in cloud amount (their time evolution is positively correlated with
a coefficient of 0.71) as the local SST is too high for phase changes (Figure S5).

It is worth noting that the tropical STS and SEIS in response to quadrupling CO, are largely influenced re-
motely by Southern Ocean heat uptake, rather than local OHU evolution in tropics. Figure 3j quantifies the
Green's Function reconstruction with transient OHU over three different latitudinal bands on the tropical
STS and SEIS. First, we define WP index as the area-weighted averaged oceanic §TS in 50°S — 50°N outside
the WP minus that inside the WP. The WP region is defined within 30°S — 30°N, 50°E — 160°W (shown as
the gray box in Figures 3d-3f), following Dong et al. (2019). Results show that the positive WP index in
CESM is mostly due to the OHU evolution in 30°S — 90°S. Consistently, S index, defined as area-weighted
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averaged 50°S — 50°N oceanic SEIS, following Ceppi and Gregory (2017, 2019), can also be attributed to
OHU in SH extratropics. The remote impact from extratropical OHU to tropical SST pattern bridges the two
aforementioned hypotheses for the time-evolving radiative feedbacks: One emphasizes the warming con-
trast between the WP and other regions (Dong et al., 2019), and the other emphasizes the different efficacy
between tropical and extratropical OHU (Rose & Rayborn, 2016; Winton et al., 2010). Through its remote
effects on tropical SST patterns and lower-tropospheric stability, heat uptake in the Southern Ocean can
explain most of the change in net radiative feedback in CESM (Figure 2b).

In this work, we show that Green's Function approach can linearly reconstruct the time-evolution of cloud
feedback and SST pattern, allowing for a detailed attribution to regional OHU. However, the residuals of this
reconstruction deserve mentioning here (Figure S6). As discussed in Section 2.1, the residuals result from
the nonlinear response to OHU, the component independent from OHU, and the potential climate noise.
Here we suggest that the nonlinear responses to OHU might partly explain the residuals of 0TS and A,
especially the overestimation in eastern Pacific. Compared to the linear responses, nonlinear responses are
less sensitive to the location of the g-flux (Figure S7). For a certain amount of surface warming/cooling,
no matter where it is imposed, both the global-mean and spatial pattern of the nonlinear responses are
similar—consistently showing the cooling over eastern Pacific. The cooling effect from the nonlinearity,
however, is expected to decrease as warming continues and sea ice retreats, since it is mainly driven by the
presence of sea ice (Liu et al., 2020). As sea ice significantly retreats few decades after CO, quadrupling (not
shown), we may infer that the nonlinearity is more prominent during the early period, causing warm bias
in the first few years (Figure 1b). This would also contribute to the weaker warming tendency in the early
period, especially in eastern Pacific, and hence the over-estimation of increasingly enhanced surface warm-
ing (6TS) and net cloud feedback increase (94.,) over there (cf. Figures 3a-3b and 3d-3e).

4. Summary and Discussion

Cloud feedback has remained the primary source of model uncertainty in the global warming projection for
decades (Soden & Held, 2006; Zelinka et al., 2017), with the subtropical low-level clouds contributing most
to the uncertainty (Bony & Dufresne, 2005; Myers & Norris, 2016). Previous studies have demonstrated that
the stronger (weaker) warming in the West Pacific relative to other regions would lead to an (a) increase (de-
crease) in subtropical low-level clouds, accounting for less (more) sensitive radiative feedbacks (Andrews
& Webb, 2018; Dong et al., 2019; Gregory & Andrews, 2016; Zhou et al., 2016). Question remains as to the
ultimate causes of the time-evolution of these radiatively important tropical SST patterns.

In this work, we highlight that the evolving tropical SST pattern is driven remotely by variations in Southern
Ocean heat uptake. This effect is most prominent in the Southeast subtropical Pacific, where the increasing-
ly enhanced warming is driven by slowly weakening Southern Ocean heat uptake, and leads to low-cloud
loss and a more positive net cloud feedback. Rose et al. (2014) and Rugenstein et al. (2016) have suggested
OHU being the root cause of evolution of radiative feedbacks. Here, we corroborate this notion and further
highlight the critical role of the Southern Ocean, which is likely to be the root cause of the evolution of
tropical SST patterns and cloud radiative feedbacks in abrupt4 x CO, simulation in CESM.

In contrary to the OHU in SH extratropics, the OHU in the NH extratropics weakens in the first 20 years
and strengthens in the following 130 years (Figure S4). The strengthening of the 30°N — 90°N OHU leads to
a cooler NH relative to the global-mean warming decades after quadrupling of CO,. The cooler NH projects
onto a more stable troposphere and a more negative cloud feedback, which is mostly confined to the NH
and is especially robust in the Atlantic Ocean basin (Figure S8), accounting for the more negative cloud
feedback and decrease in 54 shown in Figure 2b.

Given the large CMIP5 intermodel spread of OHU in both hemispheres, it is worth noting that the contrast-
ing evolution between NH and SH extratropics in the CESM might not hold for individual CMIP5 models.
First, the magnitudes of the overall decline in Southern Ocean heat uptake vary among models (Figure S4).
An implication of the remote influence demonstrated in this study is that uncertainty in the evolution of
subtropical low-level clouds and cloud feedbacks could be partly traced to uncertainty in the evolution of
Southern Ocean heat uptake, as suggested by Rose and Rayborn (2016). Second, the time evolution of NH
extratropical OHU is strongly model dependent-some models project a weakening of OHU decades after
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quadrupling of CO, while some project a strengthening (Figure S4). The NH surface temperature and cloud
feedback evolution also appear to be less robust among models (Ceppi & Gregory, 2017; Lin et al., 2019).
In contrary to OHU over Southern Ocean that is mostly determined by the mean state of the ocean (Ar-
mour et al., 2016; W. Liu et al., 2018; Manabe et al., 1990; Marshall et al., 2014), one of the key factors
determining OHU in the NH is the variations of Atlantic Meridional Overturning Circulation (AMOC;
Chen & Tung, 2018; Kostov et al., 2014). The time evolution of AMOC intensity, including the weakening
within decades after increasing CO, and the recovery in timescales of hundreds of years (Cheng et al., 2013;
Stouffer et al., 2006), have been shown to modulate radiative feedbacks (Caesar et al., 2020; Lin et al., 2019;
Trossman et al., 2016). Focusing on a single model (CESM), our work highlights the critical role of the
Southern Ocean. For intermodel spread or for models with more apparent AMOC recovery, OHU over
Southern Ocean and North Atlantic could both be important for the transient increase of effective climate
sensitivity. We suggest the base climate oceanic circulation may thus have an important influence on cli-
mate sensitivity (He et al., 2017; Winton et al., 2014) via affecting the evolution of ocean heat uptake, which
then alters cloud radiative effects both locally and remotely.
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All CMIP data can be downloaded from the ESGF at https://esgf-node.lInl.gov/projects/esgf-lInl/. This re-
search was undertaken with the assistance of resources and services from the National Energy Research
Scientific Computing Center (NERSC), supported by the U.S. Government. Processed data to support the
analysis are published at https://doi.org/10.5281/zenodo.4588073.
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Text S1. Data of Patches Experiments

108 pairs of simulations are used to build the linear Green'’s Function (equation (2)),
with each pair being forced by two localized surface heat flux (g-flux) anomalies of the
same magnitude but opposite signs (Figure S1; Liu et al. (2018)). The model used in this
study is Community Earth System Model, version 1.1 (CESM1.1), coupled with a slab ocean
model (CESM-SOM), in which the active Community Atmosphere Model, version 5 (CAM5),
the Community Land Model, version 4 (CLM4), and the Community Ice Code (CICE) are
included with the CESM-SOM. The g-flux patch forcing is designed as a cosine hump:

- A=A
chosz<z¢ ¢k)cosz(n k),for—¢wS¢—¢kS¢wand—1wﬁl—lkﬁﬂw
0, otherwise.

2 duw

where, Q is the peak value of the hump, set to be 12 Wm™2, (¢, 1) denotes the latitude
and longitude of the center of the patch, ¢, = 12°and A,, = 30° are the half-widths of
the rectangular patch in zonal and meridional directions, respectively. The simulations are
integrated for 40 years, and only the last 20 years are used, given that 20 years are needed
for slab ocean models to reach an equilibrium state. The anomalies of variable X in each
patch experiment (X') are calculated as the 20-years mean of X in response to a g-flux
patch (X,q¢cn) Minus the climatologically mean X in the piControl simulation (Xpicontror):

2 A,

X' = patch — XpiControl
The linear and nonlinear components of the anomalies can be estimated as follows:
v X=X
linear — 2 ’
g _ Xigt+ X,
nonlinear — 2 '
where, the subscript +Q(—Q) indicates the simulation forced with positive (negative) g-
flux.



Figure S1. (Reproduction of Figure 1 in Liu et al. (2018), with two more pairs of
simulations) Configuration of 108 ocean g-flux perturbation patches, with each being
illustrated by the 6 Wm™ contours. Note that the size of the patches is actually larger
than the contoured area.
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Figure S2. Same as Figure 2b, but with full data (including the first five years).
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Figure S4. (a) 30S-90S averaged OHU in 24 CMIP5 models (gray), in multimodel mean
(black), and in CESM (blue). (b) Same as (a), but for 30N-90N averaged OHU. (c) Same as
(a), but for global-mean surface temperature anomaly. The used CMIP5 models are listed
in Table S1.
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Figure S5. Shortwave cloud feedback changes in CESM due to changes in (a) scattering
(b) cloud fraction, determined by the approximate partial radiative perturbation (APRP)
method, which estimates shortwave cloud radiative anomalies and their components of
cloud amount, scattering, and absorption (Taylor et al., 2007). (c) The evolution of liquid
water path in 30S-90S and in Southeastern Pacific (gray box in (a) and (b)).
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Figure S6. (a) Residuals from the Green’s Function reconstruction of the change in
surface warming pattern (i.e., the difference between Figure 3d and 3e) (b) Residuals
from the Green's Function reconstruction of the change in net cloud feedback (i.e., the
difference between Figure 3a and 3b).



(a) (b) (©)

L0871 ATS opiinear (305-90S g-flux) ® [-0.84] ATS, jinear (30S-30N g-flux) (K) [-0:831 ATS oninear (30N-90N g-flux) (K)

1111 | ORNWAL

[SENWINT
1111 1 ORNwaL

[GENWIRT
w
1=
3
1111 1 OFNwWaL

[GENWINT

(@) o (@)

(Wm=2)

No

1111 | OWoorH

HHOOW
N

Figure S7. (a, b, ¢) Nonlinear TS response (i.e., TS nontinear in Text S1) to uniform 1
Wm~?% warming/cooling over (a) 305-90S, (b) 30S-30N, and (c) 30N-90N. (d, e, ) Similar
to (a, b, ¢), but for net cloud radiative anomaly. Numbers in the top left corner of each
figure denote global-mean values. The responses are normalized by their relative global-
sum forcing amplitudes.
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Figure S8. (a) Change in net cloud feedback pattern due to 30N-90N OHU. (b) Change in
surface warming pattern due to 30N-90N OHU. (c) Change in EIS pattern due to 30N-
90N OHU.



Modeling Center (or Group) Institute ID | Model Name

Commonwealth Scientific and CSIRO-BOM | ACCESS1.0

Industrial Research Organization ACCESS1.3

(CSIRO) and Bureau of Meteorology

(BOM), Australia

Beijing Climate Center, China BCC BCC-CSM1.1

Meteorological Administration BCC-CSM1.1(m)

Canadian Centre for Climate CCCMA CanESM?2

Modelling and Analysis

National Center for Atmospheric NCAR CCSM4

Research

Community Earth System Model NSF-DOE- CESM1(CAM5.1,FV2

Contributors NCAR )

Centre National de Recherches CNRM- CNRM-CM5

Météorologiques / Centre Européen CERFACS

de Recherche et Formation Avancée

en Calcul Scientifique

LASG, Institute of Atmospheric LASG-IAP FGOALS-s2

Physics, Chinese Academy of Sciences

NOAA Geophysical Fluid Dynamics NOAA GFDL | GFDL-CM3

Laboratory GFDL-ESM2G
GFDL-ESM2M

NASA Goddard Institute for Space NASA GISS | GISS-E2-H

Studies GISS-E2-R

Met Office Hadley Centre (additional MOHC HadGEM2-ES

HadGEM2-ES realizations contributed | (additional

by Instituto Nacional de Pesquisas realizations

Espaciais) by INPE)

Institute for Numerical Mathematics INM INM-CM4

Institut Pierre-Simon Laplace IPSL IPSL-CM5A-LR
IPSL-CM5B-LR

Japan Agency for Marine-Earth MIROC MIROC-ESM

Science and Technology, Atmosphere

and Ocean Research Institute (The

University of Tokyo), and National

Institute for Environmental Studies

Atmosphere and Ocean Research MIROC MIROC5

Institute (The University of Tokyo),




National Institute for Environmental
Studies, and Japan Agency for Marine-
Earth Science and Technology

Max-Planck-Institut fiir Meteorologie | MPI-M MPI-ESM-LR
(Max Planck Institute for Meteorology) MPI-ESM-MR
MPI-ESM-P
Meteorological Research Institute MRI MRI-CGCM3
Norwegian Climate Centre NCC NorESM1-M

Table S1. CMIP5 model list.
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