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Abstract Observations and climate models show a strong increase/decrease of tropical low clouds, and
hence reflected solar radiation, in response to an increase/decrease of the west-east sea surface temperature
(SST) gradient in the tropical Pacific due to its impact on boundary layer inversion strength. Here, we discuss an
accompanied increase/decrease of outgoing longwave radiation due to the contraction/expansion of the tropical
deep convection area (decreasing/increasing the high cloud amount and relative humidity) when the SST
gradient between regions with high and low SST increases/decreases. In targeted amip-piForcing style GFDL-
AM4 model simulations, the negative longwave radiation response due to large-scale convective aggregation
resulting from the La-Nina-like warming pattern over the period 1980-2010 is comparable to the negative
shortwave cloud feedback. CMIP6 models show that the multi-model-mean is similar to that in our simulations.
However, the relative magnitude of shortwave and longwave effects differs substantially between models,
revealing an underappreciated climate model uncertainty.

Plain Language Summary The energy exchange between the Earth and the space is not only
determined by the global mean surface temperature, but is also affected by its spatial pattern, especially the
pattern of tropical Sea Surface Temperature (SST). Previous studies found that a larger west-east SST difference
in the tropical Pacific generates more low-level clouds that reflect more solar radiation. Here, we demonstrate
that a larger tropical SST difference also increases the energy emission from the Earth. This is because a larger
SST difference narrows the area with strong ascending air, abundant water vapor, and high-level clouds, while
expands the drier and clearer area. Consequently, the atmosphere (on average) becomes more transparent,
resulting in more energy escaping to space. Thus, the SST change from 1980 to 2010 with increasing west-east
SST difference in the tropical Pacific causes larger increase in both reflected solar radiation and energy emission
from the Earth compared to a uniform warming case. They are of similar magnitude when averaged over
different climate models, but individual models may have substantially different ratios between them, pointing
to an underappreciated climate model uncertainty.

1. Introduction

The responses of the climate system to global warming are commonly normalized by the change in global mean
surface temperature. The climate feedback parameter (4,[Wm™K™']) (the inverse of which sets the “climate
sensitivity” given a fixed radiative forcing) is defined as the change of the top of atmosphere (TOA) net radiation
per Kelvin global mean surface warming. However, recent studies have shown that in particular the geographical
sea surface temperature (SST) warming pattern in the tropical Pacific strongly modulates the TOA net radiation
response (Ceppi & Fueglistaler, 2021; Dong et al., 2019; Fueglistaler, 2019; Fueglistaler & Silvers, 2021;
Gregory & Andrews, 2016; Stevens et al., 2016; Williams et al., 2023; B. Zhang et al., 2023; Zhou et al., 2017).

Generally, the focus of these analyses has been the impact of patterned SST trends on the average shortwave cloud
radiative effect, which we summarize in Figure 1: Due to the weak temperature gradient in free-troposphere close
to equator (Charney, 1963; Quan et al., 2025; Sobel et al., 2001) and the fact that deep convection at high SSTs
(i.e., in the Pacific the Maritime continent warm pool) couples the free-tropospheric temperature to the surface
temperature in these regions (Arakawa & Schubert, 1974; Emanuel et al., 1994), variations in the west-east SST
gradient (a larger gradient in Figure 1b than in Figure 1a) in the tropical Pacific directly lead to variations in the
average boundary layer inversion strength. The latter, in turn, strongly affects low cloud occurrence (Klein &
Hartmann, 1993; Wood & Bretherton, 2006) and hence the global shortwave cloud radiative effect. Note that the
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Figure 1. (a) Schematic of the impact of the tropical large-scale sea surface temperature (SST) gradient on cloud shortwave
radiative effect and outgoing longwave radiation (OLR). The tropical free tropospheric temperature (Tﬂ) is set by the SST at
the warm end of the domain where deep convection couples the boundary layer to the free troposphere. (b) A steepening of the
SST gradient (generally: increase in SST difference between warm and cold regions) results in an increase in the boundary layer
inversion strength (approximately proportional to the difference between free-tropospheric potential temperature and near-
surface potential temperature, 6y — 0,) over the cold part of the domain, leading to more low clouds and more reflected
shortwave radiation (blue arrows). A larger SST gradient also results in the large-scale aggregation of tropical deep convection
due a higher (relative to the mean) convective threshold (Chou & Neelin, 2004; Neelin et al., 2003; Y. Zhang &
Fueglistaler, 2019) and stronger up-gradient boundary layer moisture transport (Quan et al., 2024). This large-scale convective
aggregation reduces the average free-tropospheric relative humidity and high cloud amount, resulting in an increase in OLR (red
arrows) (Becker & Wing, 2020; Bony et al., 2020; McKim et al., 2021; Schiro et al., 2022; B. Zhang et al., 2021); the effect on
shortwave reflection in the deep convective region is less certain (indicated with question mark; not discussed in this paper) due
to possible compensation between high and low cloud changes. (c—e) The tropical (30°S to 30°N) mean top of atmosphere
upward shortwave radiation (SW,) , mean OLR and the degree of large-scale convective aggregation quantified with the Gini
index of the tropical precipitation distribution G(P) as a function of SST (a metric for the SST gradient, see methods). Results
show idealized simulations (see text) with AM4 developed by NOAA/Geophysical Fluid Dynamics Laboratory.

effect is not restricted to the tropical Pacific, but the discussion in terms of “SST gradient” is simpler and may be
more intuitive than the general characterization in terms of SST variance, SST interquartile range, or SST dif-
ference between warm and cold regions.

In the following, we show that in Atmospheric General Circulation Model (GCM) simulations, the impact of the
large-scale tropical SST gradient on OLR through its control on the large-scale aggregation of deep convection
(Figures 1a and 1b) is comparable to its impact on the shortwave cloud radiative effect. Further, it is shown that in
these models the shortwave and longwave effects are generally positively correlated as may be expected from
basic reasoning as sketched in Figures 1a and 1b. That is, in most models the longwave effect has the same sign as
the shortwave effect on the top-of-atmosphere radiative balance, but the relative magnitudes may differ sub-
stantially between different models.

The paper is organized as follows. Section 2 describes the numerical simulations and the metric for measuring
large-scale convective aggregation used in this study. Section 3 presents the main results: (a) Idealized SST
gradient perturbation simulations demonstrate that the tropical SST gradient affects OLR primarily by modulating
the strength of large-scale convective aggregation and (b) targeted atmospheric GCM simulations with prescribed
sea surface temperatures and fixed pre-industrial forcings (similar to the CMIP6 amip piControl experiment)
show that the large-scale convective aggregation over the period 1980-2010 due to the La-Nina-like SST
warming pattern is the main cause of the enhanced OLR increase relative to a uniform SST warming pattern. In
these simulations, the longwave effect is comparable to the enhanced shortwave cloud radiative effect, and
contributes to a more negative (stabilizing) climate feedback for the period 1980-2010 than that expected based
on coupled atmosphere-ocean GCMs for long-term CO, increase. Finally, Section 4 summarizes the results and
conclusions, and discusses implications.
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2. Methods
2.1. General Circulation Model (GCM) Simulations

We use the Geophysical Fluid Dynamics Laboratory atmospheric GCM AM4 (Zhao et al., 2018a, 2018b) to
conduct SST perturbation simulations. AM4 uses a horizontal grid spacing of approximately 100 km and saves
the data to disk on a grid with 180 grid points in the meridional, and 288 grid point in the zonal direction (i.e.,
1.0° X 1.25° for the horizontal resolution). The SST perturbations (defined below) are applied to a control
simulation forced by the observed climatological (1982-2001) monthly means of SST's and sea ice concentrations
from the HADISST]1 data set (Rayner et al., 2003). The greenhouse gas concentrations and aerosol emissions
correspond to the conditions of the year 2000 and are not modified in the perturbation simulations. The control
simulation and the perturbation simulations are integrated for 45 years, with the first 5 years discarded to
eliminate spin-up effects. All results below show averaged fields computed from the monthly mean fields of the
last 40 years of the model simulations.

The following perturbations are applied to the control state SSTs:

1. Idealized tropical SST gradient perturbation simulations. Following Fueglistaler (2019), we quantify the
tropical (between 30°S to 30°N) SST gradient by SST, defined as the average temperature of the warmest 30%
minus the tropical average SST. For any target SSTfarget, the tropical SST field (between 30°S to 30°N) in the
perturbation simulation is given by

#

_ SSTlarget N
SST = SSTcontrol + W X (SSTcontrol - SSTcontrol)s (1)

control

where “control” denotes the control simulation and the overbar symbol stands for the average over the tropics.
SSTs outside the tropics are not perturbed. The SST perturbation as specified in Equation 1 perturbs the
magnitude of the range of tropical SSTs without changing the tropical average SST. The control simulation
has SST = 2.45 K, and we run 10 perturbation simulations covering the range from SST = 0.5 to
SST = 5.0 K (with an increment of 0.5 K).

2. A simulation using the SST trend pattern of the period 1980 to 2010, where the local SST perturbation equals
to the linear trend (at each grid cell) of the HADISST1 SST data (Rayner et al., 2003) from 1980 to 2010; the
experiment applies the effective change over the 30 years as given by the linear regression to exclude the effect
of internal variability.

3. A uniform SST +4 K simulation for comparison with the patterned warming simulation.

2.2. The Gini Index: A Metric for Large-Scale Convective Aggregation

Following Y. Zhang and Fueglistaler (2019), we use the Gini index, an index for inequality frequently used in
economics to quantify the unevenness of income and wealth, of tropical (between 30°S and 30°N) precipitation as
a metric for the spatial aggregation of tropical deep convection (Pendergrass & Knutti, 2018). The calculation of
the Gini index is illustrated in Quan et al. (2024) (their Figure 2a). The Gini index G(P) ranges from 0 (completely
uniform deep convection) to 100 (all deep convection is located in one model grid cell), and an increase in the Gini
index indicates a stronger spatial aggregation of deep convection (narrower convective regions). Another metric
of large-scale aggregation—the tropical ascent fraction (Bony et al., 2006; Su et al., 2017)—is well correlated
with the Gini index (the correlation coefficient is —0.84) in these idealized simulations (see Figure S1 in Sup-
porting Information S1).

3. Results
3.1. The Role of Large-Scale Convective Aggregation

We first show the results of the idealized AM4 SST gradient perturbation simulations (Section 2). Figures 1c and
1d shows that both tropical mean OLR and reflected (upward) shortwave radiation (SW,,) increase with
increasing tropical SST gradient (measured by SST) in the idealized AM4 simulations, with a similar sensitivity
to the SST gradient perturbation and strong correlation (the correlation coefficient between SW, and OLR is
0.997). Figure 2 decomposes the results of these simulations over the tropical ocean into SST percentiles. In
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Figure 2. Responses (perturbation run minus control run) of tropical (30°S to 30°N) mean (a) static stability of lower
troposphere (the difference between 700 hPa potential temperature and sea level potential temperature), (b) low cloud cover,
(c) column relative humidity (water vapor mass divided by saturated water vapor mass between 850 and 200 hPa), and
(d) high cloud cover for idealized AM4 simulations with different SST (x-axis), binned into sea surface temperature
percentiles (y-axis), with sorting from cold (percentile 1) to warm (percentile 100).

general (Figures 1a and 1b), deep convection occurs at the warm end (high percentile). Figure 2 shows that the
domain-mean correlations shown in Figures 1c and 1d indeed result from the mechanism as sketched in Figures 1a
and 1b. Figure 2a shows that an increase/decrease of the cold-warm contrast (SST) increases/decreases the
boundary layer inversion strength over the colder ocean, but has little impact on the boundary layer inversion
strength over the warm ocean. Correspondingly, the low cloud amount (Figure 2b) increases/decreases over the
cold ocean as expected, reflecting more/less solar radiation. Note that, as indicated in the sketch (Figures 1a and
1b), the degree of compensation between a decrease in high cloud amount and an increase in low cloud amount
upon contraction of the convective domain also affects reflected shortwave radiation, but may depend on the
cloud parametrization scheme and differ between models.

The increase in OLR with increasing SST but fixed average SST (Figure 1d) is the focus of this paper. At fixed
relative humidity, the clear-sky OLR is approximately linearly related to the (average) surface temperature (Koll
& Cronin, 2018; McKim et al., 2021; Y. Zhang et al., 2020), which cannot explain the approximately linear
relation between OLR and SST in these model simulations with fixed average SST. Thus, Figure 1d highlights the
impact of large-scale convective aggregation on OLR. As the SST gradient becomes larger, the resultant warming
of the tropical free-troposphere raises the threshold (relative to the mean SST) of deep convection. The tropical
free-tropospheric moist static energy (MSE) increase is approximately spatially uniform (Charney, 1963; Quan
et al., 2025; Sobel et al., 2001) and set by the near-surface MSE increase over the warmest SSTs through deep
convection (Arakawa & Schubert, 1974; Emanuel et al., 1994; Y. Zhang & Fueglistaler, 2020). Marginal regions
where the subcloud MSE increases less than in the region of highest SSTs are no longer convective (Neelin
et al., 2003; Y. Zhang & Fueglistaler, 2019). A larger SST gradient also causes a stronger boundary layer
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circulation (Lindzen & Nigam, 1987), which increases the up-gradient moisture transport from subsiding regions
to convective regions (Quan et al., 2024).

These two effects together cause stronger convection over the warmest SSTs and weaker convection elsewhere,
which means a stronger large-scale convective aggregation (represented by a larger Gini index of tropical pre-
cipitation in Figure le) associated with the expansion of dry and clear-sky regions. As shown by Figures 2c and
2d, a larger (smaller) SST gradient (i.e., stronger convective aggregation) causes the decrease (increase) of
column relative humidity (CRH) and high cloud amount at the intermediate SST percentiles, which increases
(decreases) the tropical average OLR. At the highest SST percentiles, a larger SST gradient strengthens local deep
convection, which increases column RH and high cloud amount. The responses at the intermediate SST per-
centiles are dominant and consistent with the relation between convective organization and OLR reported in
previous studies (Becker & Wing, 2020; Bony et al., 2020; Schiro et al., 2022), confirming the schematic in
Figures 1a and 1b. Note, however, that the aggregation of interest here occurs on the planetary scale, rather than in
previously reported small-domain cloud resolving simulations without external forcing (e.g., Muller &
Held, 2012; Wing et al., 2018). Finally, we note that the responses at the very lowest SST percentiles do not follow
the pattern and may reflect changes at the edges of the tropics where the changes are not controlled by tropical
dynamics anymore.

The large-scale convective aggregation seen in the GCM simulations (Figure 2) may be affected by parame-
terizations in particular of the convective processes. To test the robustness of our theory, we perform additional
cloud-resolving model (CRM) mock-Walker simulations (Text S1 in Supporting Information S1) that rely on
fewer parameterizations and explicity resolve deep convection. We find that the CRM mock-Walker simulations
show (Figures S2 and S3 in Supporting Information S1) the same effect as the GCM simulations, adding con-
fidence that the GCM results are physically robust and not unduly affected by parameterizations and uncertainties
therein.

Because in global warming experiments with coupled atmosphere-ocean GCMs (CMIP5 RCP8.5) the warmest
waters with atmospheric deep convection only warm about 10% more than the tropical average SST (Fueglistaler
& Silvers, 2021), neither the shortwave nor the longwave radiation responses in these simulations show a strong
signature of departure from the responses to uniform SST warming (Schiro et al., 2022). However, the situation is
very different for the historical period. In particular, between the late 1970s and early 2000s, the amplification of
the tropical SST gradient is about 50% (Fueglistaler & Silvers, 2021), which induces a strong negative feedback
(Armour et al., 2024; Fueglistaler & Silvers, 2021).

3.2. The Effect of the 1980-2010 SST Trend Pattern on OLR

In the following, we quantify the contribution of large-scale convective aggregation to the negative longwave
feedback over the period 1980-2010. In order to isolate the effect of the observed SST trend over this period on
OLR, we analyze targeted amip-piForcing style simulations with all forcing agents except SST fixed. We
compare the radiative flux responses (normalized by tropical average surface temperature change) of the AM4
atmospheric GCM with prescribed uniform +4 K SST increase to the simulation with the patterned historical SST
change over the period 1980-2010 (see Section 2).

The historical pattern effect (i.e., the difference “historical patterned warming” simulation minus “uniform
warming” simulation) results (Table S1 in Supporting Information S1) are consistent with the expectations as
shown in the schematic (Figure 1): Compared with the uniform +4 K simulation, the response of the historical
simulation with a La-Nina-like SST warming pattern shows a larger increase in reflected shortwave radiation of

Adsd\;“" = 1.93Wm2K~! and a larger increase of OLR of Adg% = 1.45Wm~2K~!. We also calculate the

change in lower tropospheric stability, low cloud cover, CRH, high cloud cover, SST#, and the Gini index G(P) of
tropical precipitation; and their differences between the two experiments. We find that the larger SW,;, increase is
due to an enhanced increase in lower troposphere stability and low cloud amount, while the larger OLR increase is
due to enhanced free-tropospheric warming, free-tropospheric drying and high cloud reduction as a result of a
much stronger convective aggregation. Note that the sign of the changes provides support to the physical
reasoning (Figure 1), and the numerical simulations reveal that the magnitude of the shortwave and longwave
effect are very similar for this atmospheric GCM.
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Figure 3. (a) The difference of tropical (30°S to 30°N) average outgoing longwave radiation responses dOLR (normalized to

+1 K tropical mean surface warming) between the AM4 historical sea surface temperature (SST) penurbatlon simulation
and the uniform SST +4 K simulation (historical minus uniform +4 K), decomposed into contributions from (b) surface
temperature, (c) atmospheric temperature, (d) atmospheric relative humidity, and (e) could field using the radiative kernel
(Equation 2), and with the tropical mean values marked in each plot. (f~h) Similar to (a) but for surface temperature (7), column
relative humidity and high cloud cover.

Additional simulations with a uniform +1 K warming rather than +4 K show a weak non-linearity. The effect of
the patterned warming evaluated against the +1 K simulations shows a slightly larger shortwave effect

(A diﬂ = 2.20Wm™2K~ > and a slightly smaller longwave effect (A OR = 1.36Wm‘2K_1) ; see also Table

S2 in Supporting Information S1.

The sign of the OLR trend difference between patterned and uniform warming is as expected considering the
large-scale aggregation mechanism. However, further analysis is needed to provide proof that the cause is indeed
large scale aggregation and not other processes (e.g., free-tropospheric warming only). In order to quantify the
contribution of the large-scale convective aggregation to the longwave feedback difference, we use the radiative
kernel approach (Soden et al., 2008) to decompose the OLR budget at each model grid cell into a contribution
from: local surface temperature (7), atmospheric temperature (7,), atmospheric relative humidity (RH), and
cloud field.

dOLR 0OLR d7, 0OLRdT, oOLR dRH
= — + _— —— + OLR cloud feedback. 2
dT, _ oI, dT, = oI, dT, ' oRH dT,

Note that we use surface temperature, atmospheric temperature, and relative humidity rather than absolute hu-
midity since the “lapse rate feedback” and the “specific humidity” feedback approximately cancel (Held &
Shell, 2012; Jeevanjee et al., 2021). The OLR cloud feedback is computed as the residual, which is a fair esti-
mation because we are interested in the differences between the two simulations (i.e., the biases in the kernel
offline estimate compared to the GCM calculation can be expected to approximately cancel).

Figure 3 shows the maps of the differences between the two simulations of the decomposition terms in Equation 2.

The figure shows that the historical SST pattern effect on OLR is dominated by the RH contribution aORL}‘; %RTH and

the cloud feedback. They both show a decrease in OLR in the western Pacific warm pool and an increase in OLR
in adjacent regions, consistent with a contraction (aggregation) of the region of deep convection. The RH
contribution and the cloud feedback together account for 70% of tropical mean % (1.0IWm™2K™! in
1.45Wm~2K™"), and they are indeed explained by large-scale convective aggregation: The post 1980 La-Nina-

like SST warming pattern (Figure 3f) narrows the convective area in the western Pacific warm pool, associ-
ated with enhanced free-tropospheric drying (Figure 3g) and high cloud reduction (Figure 3h) in adjacent regions
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Figure 4. The difference of the global mean % (x-axis) and % (y-axis) between the CMIP6 amip-piForcing simulations

(1980-2010) and the abrupt 4xCO, simulations (150 years) for different CMIP6 models. Detailed results for individual
models are listed in Table S3 in Supporting Information S1. The original data is from Andrews et al. (2022).

(especially the central Pacific). A similar effect (but with smaller amplitude) is also visible over the central Indian
ocean. Previous studies (Andrews & Webb, 2018; Andrews et al., 2022) attributed the enhanced (relative to
uniform warming) OLR increase primarily to enhanced free tropospheric warming, whereas our analysis indicates
that the enhanced OLR is primarily due to large-scale convective aggregation.

In order to evaluate the inter-model spread of the radiative effect due to large-scale convective aggregation, we
turn to the CMIP6 data archive and compare the amip-piForcing simulations (1980-2010) with the abrupt 4xCO,
simulations (150 years). The 4xCO, simulations show a much more uniform SST warming pattern than the
historical amip-piForcing simulations. The difference between these two experiments is the best approximation to
evaluate the effect with the experiments stored in the CMIP6 archive, and allows direct comparison with Andrews
et al. (2022) that focused on cloud radiative effects.

For both experiments, we calculate the global mean %, d(?%, and % (clear-sky OLR), using the data
provided by Andrews et al. (2022); our analysis complements their analysis of the data in terms of differences in
cloud radiative effects versus clear sky radiative fluxes. Figure 4 shows that most models have both enhanced
OLR and enhanced reflection of shortwave radiation in the historical simulations (La-Nina like warming pattern)
compared to the 4xCO, simulations (fairly uniform warming pattern), following the expectation (Figure 1) that
the two effects should have the same sign. On average, the enhanced SW, increase contributes about 65%
(0.83Wm‘2K_1) to the TOA net radiation trend difference, and the enhanced OLR increase contributes about

35% (O.45Wm_2K_1) . Thus, in the multi-model mean, the two effects are of comparable magnitude.

The inter-model spread of the 1980-2010 enhanced clear-sky OLR increase is small (ranging from 0.4Wm™2K~!
to 0.5Wm~2K~! for most models in Table S3 in Supporting Information S1), indicating that the large-scale
aggregation and associated atmospheric drying are robust among models. Conversely, the longwave cloud
radiative effect trend differences between models are large. Alessi and Rugenstein (2023) show in their Figure S4
in Supporting Information S1 that a larger tropical SST gradient results in a positive longwave cloud radiative
effect (i.e., the response of clouds reduces OLR) in the MPI-ESM model, whereas we find (Table S3 in Sup-
porting Information S1) that other models (including GFDL-AM4 used here) yield a negative longwave cloud
radiative effect (consistent with Figures 1a and 1b). Also, the intermodel range of the relative magnitude of the (all
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sky) longwave versus shortwave effect is large. Figure 4 shows that the MIROC6 model attributes almost all of
the total effect to the longwave convective aggregation effect, GFDL-AM4 attributes about half to long- and
shortwave each, and the MRI-ESM2-0 model attributes almost all to the shortwave effect. One may speculate that
the physically plausible coupling between the shortwave and longwave radiative effect may lead to a correlation
between the two across models. However, this is not so (r2 =~ 0. 1) , pointing to a need to further investigate why
different models show such a large spread in the relative contributions from shortwave and longwave radiation.

4. Conclusions and Discussions

The spatial pattern of tropical SST affects TOA radiation and climate sensitivity. The analysis presented here
focuses on longwave radiation, complementing previous studies that focused on the shortwave cloud radiative
effect (Ceppi & Fueglistaler, 2021; Dong et al., 2019; Fueglistaler, 2019; Fueglistaler & Silvers, 2021; Gregory &
Andrews, 2016; Williams et al., 2023; Zhou et al., 2017). Our analysis shows that the tropical SST gradient affects
OLR by modulating the strength of large-scale convective aggregation (Figures 1 and 2): A larger SST gradient
narrows the convective area, associated with the expansion of dry and clear-sky regions, both leading to an in-
crease in OLR.

Further, we show that the large-scale convective aggregation over the period 1980-2010 contributes to the
enhanced OLR increase in the amip-piForcing style simulation (Figure 3) compared to a uniform SST warming
case. The La-Nina-like SST warming pattern post 1980 narrows the convective area in the western Pacific warm
pool compared to uniform warming, leading to free-tropospheric drying and high cloud reduction in adjacent
regions (especially the central Pacific).

The enhanced (relative to a geographically uniform warming of the ocean surface) OLR increase over the period
1980-2010 in the amip-piForcing style simulation is comparable to the enhanced reflected shortwave radiation in
the targeted AM4 simulations (Table S1 in Supporting Information S1). Analysis of CMIP6 experiments shows
that on average, the models have a comparable magnitude of the longwave and shortwave effect, but the inter-
model spread of the partitioning is large (Figure 4). The notion of a warming-pattern induced anomalously
negative radiative feedback from 1980 to 2010 is consistent with previous results (Armour et al., 2024; Fue-
glistaler & Silvers, 2021; Zhou et al., 2016). However, the large inter-model spread of net, and partitioning
between long- and short-wave effect, reported here indicates a substantially larger uncertainty between models
than indicated by the results of Schiro et al. (2022) who analyzed the role of large-scale convective aggregation for
inter-model differences in climate sensitivity. A plausible explanation for the differing conclusions is that the
coupled atmosphere-ocean GCMs global warming simulations analyzed by Schiro et al. (2022) show only a small
magnitude of the SST pattern change relative to the mean warming (Fueglistaler & Silvers, 2021), and hence the
effect from aggregation is small compared to that of other processes. Our results reinforce the importance of large-
scale convective aggregation on the radiative feedback and climate sensitivity, and highlight the need to improve
understanding of the differences therein between atmospheric GCMs.

Data Availability Statement

The data derived from CMIP6 data can be found at https://doi.org/10.5281/zenodo.6799004 (Andrews
et al., 2022). The radiative kernel analysis follows methods provided by Chenggong Wang at https://github.com/
ChenggongWang/Radiative_Response_with_Radiative_Kernel.
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