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ABSTRACT: Climate responses to global warming exhibit large dependence on the spatial pattern of sea surface temper-
ature (SST) changes. A Green’s function (GF) approach}predicting the global climate response to a complex SST pattern
change as the linear superposition of the response to finite-area SST perturbations evaluated in isolation}has been used
to systematically evaluate and understand the top of atmosphere (TOA) radiation response to patterned warming. How-
ever, in general, the linear GF approach fails for TOA radiation reconstruction under future global warming scenarios in
coupled models. Here, we show that the linear superposition of global mean TOA radiation responses to large SST warm-
ing perturbations at multiple patches (the GF approach prediction) overestimates the actual response to simultaneous mul-
tipatch perturbation. This is because the linear superposition overestimates tropical large-scale convection aggregation
strengthening upon localized heating that enhances longwave radiative cooling, which is further explained by the overesti-
mation of circulation response and associated horizontal water vapor transport. The nonadditivity of TOA radiation re-
sponse is caused by the nonadditivity of convection aggregation, ultimately rooted in nonlinear tropical dynamics. We also
demonstrate that the prediction error of the GF approach grows with decreasing patch size (equivalently, increasing patch
number). We conclude that using the GF approach to predict future climate change could overestimate longwave radiative
cooling and underestimate (effective) climate sensitivity. Numerical experiments may be used to identify specific perturba-
tion patterns where the errors are smaller than the signal. Our research also highlights that an increase in the degree of
large-scale convection aggregation has a nonlinear and negative feedback for mean warming.

KEYWORDS: Tropics; Atmospheric circulation; Deep convection; Climate sensitivity; Radiation budgets;
General circulation models

1. Introduction

In marked contrast to climate simulations with coupled
atmosphere–ocean general circulation models (GCMs), atmo-
spheric general circulation model (AGCM) simulations with
prescribed observed sea surface temperatures (SSTs) over the
historical period (late 1800s to the present) show large, multi-
decadal variations of apparent climate sensitivity (global aver-
age surface temperature change due to a radiative forcing
equivalent to that from doubling atmospheric CO2) (Andrews
et al. 2018, 2022). The very different behavior can be attrib-
uted to the geographical structure}or “pattern”}of changes
of SST over the historical record. The far-reaching conse-
quences of this disagreement between the observational
record and coupled GCMs demand rigorous analysis of this
“pattern effect” (Stevens et al. 2016). Given the potentially
infinite number of possible patterns, a Green’s function (GF)

approach promises a computationally feasible method to bet-
ter understand the effect of any geographic structure of SST
changes to radiative feedbacks and climate sensitivity (Zhou
et al. 2017; Dong et al. 2019; Lewis and Mauritsen 2021;
Zhang et al. 2023; Alessi and Rugenstein 2023; Bloch-Johnson
et al. 2024).

The premise of the GF approach is that one can predict the
climate state vectorV (with components temperature, humid-
ity, clouds, winds, etc.) change at all locations (and hence also
the global average) in response to an arbitrarily structured
perturbation of SST as the linear superposition of the linear-
ized response to SST perturbations in small domains. In dis-
crete form for a finite-sized patch at position x0, the total
change in the state vector DV(x0) is the sum of the single-
patch responses at each position x times the SST changes at
this position [DSST(x)]:

DX(x0) 5∑
x

­X(x0)
­SST(x)DSST(x), (1)

where DSST(x) represents the change of SST at grid box x
and the partial derivatives ­X(x0)/­SST(x) are calculated by
localized SST warming experiments in an atmosphere model
with fixed SST (Barsugli and Sardeshmukh 2002; Barsugli
et al. 2006). Equation (1) requires (i) that the atmosphere
responds to a perturbation of SST at one location linearly
(the linearity condition) and (ii) that the responses to local
perturbations are linearly additive (the additivity condition).
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Empirically, it has been found that the GF approach works
reasonably for the reconstruction of the global mean top of at-
mosphere (TOA) radiative fluxes over the historical period
(Zhou et al. 2017; Dong et al. 2019; Lewis and Mauritsen 2021;
Zhang et al. 2023) but fails for the reconstruction of the global
mean TOA radiative fluxes in simulations of future global warm-
ing (e.g., 43CO2 forcing) (Zhang et al. 2023). In light of the
pressing need to better understand the pattern effect in historical
simulations, substantial effort has been directed at characterizing
the errors in the GF approach and to minimize the errors
through constraining the perturbation field (e.g., through requir-
ing combinations of both warming and cooling regions) and the
shape, size, and magnitude of the perturbation to calculate the
unit pulse response (Zhou et al. 2017; Alessi and Rugenstein
2023; Zhang et al. 2023; Bloch-Johnson et al. 2024).

Here, we provide a theoretical framework to explain in
terms of physical processes why the GF approach (in the strict
mathematical sense) works in some situations but fails in
others. The linearity assumption was examined in Williams et al.
(2023), and we focus on the validity of the additivity assumption.
Much of the pattern effect over the historical period can be
traced back to the SST patterns in the tropical Pacific (Gregory
and Andrews 2016; Zhou et al. 2017; Dong et al. 2019;
Fueglistaler 2019; Fueglistaler and Silvers 2021; Ceppi and
Fueglistaler 2021), and correspondingly, we focus on SST pertur-
bations in the tropical Pacific (from 125.58E to 74.58W, 22.58N to
22.58S). Our analysis shows that it is the nonadditivity of tropical
large-scale convection aggregation to large SST warming pertur-
bations that breaks the additivity assumption in the GF ap-
proach. Thus, convective aggregation is not only responsible for
the significance of the pattern effect but also responsible for the
failure of the GF approach. The mechanism discussed here ex-
plains the nonadditivity of the longwave radiation responses as a
consequence of nonlinear atmospheric dynamics, complementing
earlier work that focused on the frequency distribution of bound-
ary layer inversion strength and low clouds (Ceppi and Gregory
2017; Fueglistaler 2019) and the nonlinearity of shortwave radia-
tion responses (Williams et al. 2023).

The paper is organized as follows. Section 2 introduces the ex-
perimental design and a metric for measuring large-scale convec-
tion aggregation. Section 3 shows our main results: We first
indicate that TOA radiation responses to large SST warming per-
turbations in two adjacent tropical Pacific patches are nonadditive
and attribute this to the nonadditivity of tropical large-scale con-
vection aggregation responses, which is further explained by the
nonadditivity of tropical circulation responses to localized heating.
Then, we generalize two-patch nonadditivity to multipatch nonad-
ditivity and discuss the failure of the GF approach using 14 K
patch perturbations in future global warming scenarios. Finally,
section 4 summarizes the main results and conclusions and dis-
cusses the implications for efforts to improve our understanding
of the pattern effect and climate sensitivity.

2. Methods

a. Numerical experiments

We use the Geophysical Fluid Dynamics Laboratory
(GFDL) atmospheric general circulation model AM4 (Zhao

et al. 2018a,b) to conduct perturbation experiments forced by
patchwise SST changes in the tropical Pacific, similar to the
experiments of Zhang et al. (2023). AM4 uses a horizontal
grid spacing of approximately 100 km and outputs data with
180 grid points in the meridional direction and 288 in the
zonal direction (i.e., 1.08 3 1.258 for the horizontal resolu-
tion). The SST perturbations are applied to a control simula-
tion forced by the observed climatological (1982–2001)
monthly means of SSTs and sea ice concentrations from the
HADISST1 dataset (Rayner et al. 2003). The greenhouse gas
concentrations and aerosol emissions correspond to the condi-
tions of the year 2000 and are not modified in the perturba-
tion experiments. Following Dong et al. (2019), we integrate
the control simulation for 45 years with the last 40-yr output
used to compute the model’s mean state. The perturbation ex-
periments are run for 45 years, branched from the fourth year
of the control run (i.e., all perturbation experiments have the
same initial conditions). As for the control run, the first
5 years of the integration are discarded to allow atmospheric
equilibration to the perturbation, and the climatological aver-
age of the perturbation simulations is calculated from the re-
maining 40 years.

Figure 1a shows the climatological mean SSTs and the
24 patches (158 3 208 each) used for the SST perturbations.
The patch positions are deliberately not aligned with the un-
derlying SST pattern: if the atmosphere satisfies the conditions
for a GF approach, the sizes, shapes, and locations of the
patches are not relevant other than that they constrain the set
of patterns that can be represented. Uniform (within a patch)
14 K or11 K SST perturbations are applied for simplicity.

In addition to the perturbation experiments with perpetual
year 2000 conditions, we also analyze an AM4 simulation
with time-varying SSTs as lower boundary conditions ob-
tained from a coupled atmosphere–ocean general circulation
model simulation of an abrupt quadrupling of atmospheric
CO2 (labeled 43CO2 experiment) using the GFDL CM4
model integrated for 150 years (Zhang et al. 2023). The long-
wave radiative feedback is calculated using a linear regression
of the OLR as function of the global mean surface tempera-
ture. The slope of the linear regression gives an estimate of
the (all sky) longwave feedback lref ’ 21.6 W m22 K21. The
corresponding values for clear sky OLR and cloud radiative
effect are21.85 and 0.25 W m22 K21, respectively.

b. The Gini index: A metric for large-scale convection
aggregation

Following Zhang and Fueglistaler (2019), we use the Gini
index, an index for inequality frequently used in economics to
quantify unevenness of income and wealth, of tropical precipi-
tation as a single-value measurement for the spatial uneven-
ness of tropical deep convection aggregation (more clustered
precipitation means more aggregated convection) (Pendergrass
and Knutti 2018). The Gini index has been used to study the
temporal distribution of precipitation (Rajah et al. 2014). Pre-
cipitation between 308S and 308N is sorted in ascending order
and accumulated against the cumulative area. As illustrated
in Fig. 2a, the Gini index is proportional to the shading area
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between the y5 x line and the cumulative precipitation fraction
(y axis) as a function of (on the x axis) cumulative area fraction
(the blue line, also called the Lorenz curve). The Gini index
ranges from 0 (completely uniform deep convection) to 100 (all
deep convection is located in one model grid cell). Thus, an in-
crease in the Gini index in a perturbation experiment indicates
an increase in the aggregation of deep convection and vice versa
for a decrease in the Gini index.

3. Results

To test the validity of the additivity assumption in the GF
approach, we calculate (i) a control run climate state based on
the climatological mean annual cycle of SST, (ii) the climate
states following perturbations of SST in each patch individu-
ally by uniform 14 and 11 K, and (iii) the climate states fol-
lowing the perturbations of SST for a selected set of multiple
patches. As expected, the model simulations show that for
very small perturbations, the responses are approximately ad-
ditive, while for perturbations of similar order as the range of
tropical SST in each month (order several Kelvin), the addi-
tivity assumption of the GF approach fails. For clarity regard-
ing the process leading to the failure of the GF approach, we
show the results of 14 K experiments (nonadditive) in the

main text and discuss the11 K results (approximately additive)
in the supporting information.

a. Nonadditivity of the TOA radiative flux responses to
localized SST perturbations

We start from the simplest case, i.e., testing the additivity of
TOA radiation responses to localized warming perturbations
in two adjacent tropical Pacific patches among the 24 patches
in Fig. 1a. Figure 1b shows the actual global mean TOA net
radiative flux response DRnet (with D referring to perturbed
minus base simulation) to simultaneous two-patch perturba-
tion (labeled “truth”), against the predicted change based on
the linear superposition of two individual responses (labeled
“prediction”), for 37 pairs of adjacent patches. Generally, and
consistent with theoretical intuition based on the correlation
between warm SST and deep convection (Zhang 1993; Sobel
et al. 2002; Fueglistaler 2019), the magnitude of the response
is larger for perturbations in patches with higher SST due to
nonlocal impacts (Zhou et al. 2017; Dong et al. 2019). Fur-
thermore, Fig. 1b shows that in most cases, the GF predictions
overestimate the true responses to the two-patch SST pertur-
bations, especially for two adjacent warm and convective
patches where nonlocal responses are strong.

Figures 1c and 1d decompose the global mean TOA net ra-
diative flux DRnet into the longwave flux DRlw [the negative of

FIG. 1. (a) Climatological annual mean SST (colored contours) of the control simulation and the patches used for the14 K experiments.
(b) Change in global mean TOA net radiation DRnet (sign convention is incoming minus outgoing radiation) following the SST pertur-
bation in two adjacent patches (truth, y axis) and the prediction based on the linear superposition of the responses to the perturbations in
two patches individually (prediction, x axis). (c) As in (b), but for the change in TOA longwave radiation DRlw . (d) As in (b), but for the
change in TOA shortwave radiation DRsw . Colors in (b)–(d) indicate the average SST of two perturbed patches, and colors correspond to
the color bar in (a).
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outgoing longwave radiation (OLR)] and the shortwave flux
DRsw (incoming minus outgoing):

DRnet 5 DRlw 1 DRsw : (2)

Comparison of the longwave and shortwave components
shows that their respective errors are of similar magnitude
but have opposite sign such that the magnitude of the error in
their sum DRnet is substantially smaller than in any term indi-
vidually. Of concern here is that in almost all cases, the GF
prediction substantially overestimates the magnitude of the
true response in both longwave and shortwave components
and that the fact that the errors cancel to some extent masks
the failure of the Green’s function approach when looking at
DRnet only. Dong et al. (2019) showed that the TOA radiation

responses to SST increases in two distant patches (one in the
western Pacific and the other in the eastern Pacific) are addi-
tive, but Fig. 1 shows that this is not the case for adjacent
patches. Also, the errors are much smaller for small SST per-
turbations (Fig. S1 in the online supplemental material), fur-
ther discussed in section 3c. In the following, we focus on the
nonadditivity of the longwave radiation response DRlw , with
the corresponding shortwave problem (results in supporting
information) briefly discussed in section 4.

b. The role of large-scale convection aggregation

The failure of the GF approach using 14 K patch perturba-
tions to predict the response of, for example, global mean
longwave radiation to forcing from two adjacent tropical

FIG. 2. (a) Schematic of tropical (308N–308S) precipitation Gini index (see section 2), a measure for convection ag-
gregation strength. Lorenz curve and Gini index (blue shaded area) of the base simulation; red: example of the change
in the Gini index following an increase in SST in a specific patch. (b) Relation between global mean surface tempera-
ture change (x axis) and global mean TOA longwave radiation change (y axis) between a single-patch 14 K warming
experiment and the base simulation. Each filled circle corresponds to a warming of one of the patches shown in
Fig. 1a. Also shown (“x” symbols) are the corresponding predicted changes in TOA longwave radiation based on the ex-
periment’s change in mean surface temperature multiplied with the longwave feedback parameter lref ’ 21.6 Wm22 K21

calculated from a 43CO2 experiment (see section 2). The difference between expected change based on the refer-
ence lref and the experiment’s true change is denoted as DR′

lw , shown for one specific simulation. (c) That difference
not explained by the mean surface warming DR′

lw (y axis) is highly correlated with the change in rainfall Gini index
(x axis). (d) The change in the rainfall Gini index (y axis) is highly correlated with the change in area-normalized
local (i.e., perturbed patch) mean circulation-induced WVP flux convergence. Colors refer to the mean SST in the
perturbed patch (color bar same to Fig. 1).
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Pacific patches can be traced to the failure to predict the
strength of tropical large-scale convection aggregation, or
equivalently the spatial unevenness of rainfall. As discussed
above, we use the Gini index of precipitation to measure the
strength of convection aggregation in the tropics (308N–308S).
Figure 2a shows, as an example, the Lorenz curve for the
14 K experiment in patch 10, which is in the center of the
Western Pacific warm pool. An increase in local SST increases
precipitation locally and on average decreases remote precipi-
tation (Fig. S4). Consequently, an increase of SST at the
warm end of the SST distribution strengthens tropical convec-
tion aggregation (higher Gini index, as seen for patch 10),
while an increase of SST at the cold end of the distribution
(e.g., patches 23 and 24) has the opposite effect (Fig. S5a).
Another frequently used metric of convection aggregation,
the area fraction of subsidence (Bony et al. 2020), yields the
same results (Fig. S5b).

To compare changes in TOA radiative fluxes due to a set of
different SST perturbations, we must account for the fact that
the experiments only control SST but not land surface tem-
peratures, and a unit forcing of SST (e.g., uniform 14 K over
a unit area) may correspond to different changes in global
mean surface temperature DT . Focusing on the longwave ra-
diation component DRlw , Fig. 2b shows DRlw as a function of
DT for each single patch 14 K simulation. The longwave
feedback parameter l:5DRlw /DT is different for each experi-
ment and more negative for patches in the western Pacific
warm pool [consistent with Fig. 5 in Dong et al. (2019)]. We
can express the effective longwave radiation response DRlw
as the sum of DT times the reference feedback parameter
lref’ 21.6 Wm22 K21, i.e., all-sky longwave radiation feedback
in a AM4 43CO2 experiment (see section 2) and the experi-
ment-specific departure from the canonical 43CO2 experiment
DR′

lw :

DRlw 5 lrefDT 1 DR′
lw , (3)

where lrefDT represents the global mean TOA longwave ra-
diation response we would have if surface warming had the
same spatial pattern as in the 43CO2 experiment and DR′

lw
quantifies pattern effect. Figure 2b shows that the magnitude
of the effective response DRlw of the single-patch warming ex-
periments (filled circles) is substantially, and systematically,
larger than what one would expect (“x” symbol) based on the
reference feedback parameter lref, implying the difference in
DRlw when perturbing different patches is due to pattern ef-
fect instead of different DT responses. Figure 2c shows that
the discrepancy between expectation and experiment DR′

lw
can be understood from the experiment’s change in the rain-
fall Gini index: The more the rainfall Gini index G(P)
changes in an experiment, the larger the discrepancy in DR′

lw .
Consistent with the previous work (Bony et al. 2016, 2020;

Becker and Wing 2020; Wing et al. 2020; Zhang et al. 2021),
our results show that tropical convection aggregation strength-
ening upon localized heating is associated with global mean
midtropospheric drying (Fig. S5c) and global mean high cloud
cover reduction (Fig. S5d; see also Radley and Fueglistaler
2014). By contrast, the relatively uniform warming forced by

43CO2 has a much weaker effect on the tropical convection
aggregation strength G(P) (Zhang and Fueglistaler 2019), so
midtropospheric humidity and high cloud fraction remain
largely unchanged in the AM4 43CO2 simulation (Table 1).
Midtropospheric drying and high cloud cover reduction both
increase outgoing longwave radiation (tropical convection ag-
gregation weakening in patch 23 or 24 has the opposite ef-
fects). A detailed case study (see Fig. S6) shows that the
stronger convection aggregation induced by localized heating
in the western Pacific warm pool causes stronger ascent, an in-
crease in midtropospheric humidity, more high clouds, and re-
duced OLR over the western Pacific warm pool, but weaker
descent, a drier midtroposphere, less high clouds, and in-
creased OLR away from the location of the perturbation
mainly in adjacent regions. The global mean responses are
dominated by the nonlocal responses (Fig. S5), such that the
stronger convection aggregation in the tropics increases global
mean OLR (Fig. 2c).

The convection aggregation response to localized heating is
caused by the redistribution of precipitation. As shown in the
appendix, the precipitation change can be decomposed ac-
cording to

DP 5 DE2

�
= ? (Duq)dp

g︸�������︷︷�������︸
dynamical

2

�
= ? (uDq)dp

g︸�������︷︷�������︸
thermodynamical

2

�
= ? (DuDq) dp

g︸��������︷︷��������︸
covariance

, (4)

where DE is the local evaporation change and the last
three terms represent the response of horizontal water
vapor path (WVP) flux convergence decomposed into a
dynamical term [2

�
=? (Du ?q)dp/g], a thermodynamical term

[2
�
=? (DuDq)dp/g], and a covariance term [2

�
=? (DuDq)dp/g].

Both local (perturbed region) and remote (elsewhere) mean pre-
cipitation responses are dominated by the dynamical term
[2

�
=? (Du ?q)dp/g] (Figs. S7 and S8), indicating that the localized

SST increase affects the large-scale convection aggregation
mainly through a change in the large-scale circulation and its
associated horizontal water vapor transport. This is verified by
the linear relation between the change in the dynamical term and
the change in the precipitationGini index (Fig. 2d).

To summarize, the radiation response to a single-patch SST
warming perturbation in the tropical Pacific is mainly caused

TABLE 1. Tropical precipitation Gini index, global midtropospheric
relative humidity (MTH, 700–300 hPa average), and high cloud
coverage (HCC) for a control simulation, a 43CO2 global
warming simulation, and the GF approach prediction (using
14 K patch warming perturbations) for the 43CO2 simulation
based on the SST changes of the 43CO2 simulation. Data from
Zhang et al. (2023).

AM4 control AM4 43CO2 GF reconstruct

Tropical G(P) 43.9 42.0 74.3
MTH(%) 43.1 43.0 34.8
HCC(%) 37.8 37.5 30.2
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by the response of the large-scale aggregation of convection,
which in turn results from the change in large-scale circulation
and associated water vapor transport.

c. Nonadditivity of convection aggregation responses to
localized SST perturbations

The strength of tropical convection aggregation}expressed
in terms of the Gini index of tropical rainfall}explains the
much larger changes in DRlw of the single-patch experiments
than expected from the canonical 43CO2 experiment. This ef-
fect is at the heart of the pattern effect and, as we will show,
also leads to the failure of the GF approach using 14 K patch
perturbations.

Figure 3 compares the results obtained from simulations
with 14 K perturbations in two adjacent patches (truth) to
the prediction based on the sum of the corresponding single-
patch experiments (prediction). Figure 3a shows that the
global mean surface temperature changes DT are not per-
fectly additive, but when converted to outgoing longwave
radiation by multiplication with lref, the error in lref ?DT is
small compared to the error in DR′

lw . As shown in Fig. 3b, the

failure in the linear reconstruction of DRlw is mostly due to
the overestimate of DR′

lw .
Not surprisingly, the linear sum of the responses to individ-

ual 14 K perturbations in two adjacent patches overestimates
local precipitation increase and remote precipitation decrease
(Fig. S9). Therefore, for most warm patches, the linear sum
overestimates tropical convection aggregation strengthening
(Fig. 3c), and the prediction error is larger for larger G(P)
change. This is in turn associated with an overestimation of
midtropospheric drying (Fig. S10a) and high cloud cover re-
duction (Fig. S10b), ultimately resulting in the overestimation
of DR′

lw . As indicated by Fig. 4a, the prediction error of DR′
lw

is well explained by the prediction error of DG(P) [their rela-
tion is almost identical to that between DR′

lw and DG(P) in
Fig. 2c]. Similarly, the overestimation of midtropospheric dry-
ing (Fig. S10a) also explains the overestimation of TOA
shortwave radiation DRsw in Fig. 1d.

Since the response of the degree of aggregation of deep
convection to localized heating is mainly due to a circulation
change and associated horizontal water vapor transport, we
expect the prediction error of tropical rainfall Gini index
G(P) (Fig. 3c) to be explained by the error in the prediction

FIG. 3. Comparison of true response (y axis) following warming (14 K) in two adjacent patches to the GF approach
prediction (the linear sum of responses to warming in two patches individually) of (a) global average surface tempera-
ture, multiplied with lref for comparison with (b); (b) change in TOA longwave radiation explained by convection
aggregation DR′

lw ; (c) tropical precipitation Gini index; (d) local (perturbed region) mean circulation-induced WVP
flux convergence. Colors indicate the mean SST of the two perturbed patches (color bar as in Fig. 1).
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of the WVP convergence change [2
�
=? (Du ?q)dp/g] (Fig. 3d).

Figure 4b shows that indeed the two follow closely a linear re-
lationship (except for two outliers). While the slopes and cor-
relations are very similar for the relation between change in
the Gini index and change in DR′

lw (Fig. 2c) and the relation
between their prediction errors for the sum of two perturbed
patches (Fig. 4a), the slopes and correlations differ somewhat
(around one standard deviation) for the relation between Gini
index and local moisture convergence (cf. slopes and correla-
tions in Figs. 2d and 4b).

Therefore, we conclude that the TOA radiation responses
to large SST warming perturbations (14 K) in two adjacent
tropical Pacific patches are not additive because of the nonad-
ditivity of tropical large-scale convection aggregation responses
(Fig. 4a), which is further explained by the nonadditivity of trop-
ical circulation responses to localized heating (Fig. 4b). By
contrast, the radiation responses to small SST warming per-
turbations (11 K) are additive (Fig. S1) because convection
aggregation and circulation responses are additive (Fig. S2,
the 11 K counterpart of Fig. 3).

The nonadditivity of the radiation responses is ultimately
rooted in the nonadditivity of the circulation responses. To
better understand the latter, we provide a case study using the
combination of patches 11 and 19, which requires an explana-
tion. Figure 5 indicates that the prediction of the circulation-
induced WVP flux convergence response 2

�
=? (Du ?q)dp/g

based on the linear sum (Fig. 5c) of the responses to the indi-
vidual perturbations shows a spatial pattern similar to the ac-
tual response (Fig. 5d) but overestimates the magnitude of
the local convergence (Fig. 5e). This result is consistent with
previous results pointing out that while the tropical circulation
response to localized heating is linearly additive in the linear-
ized shallow water model proposed by Gill (1980), the nonlin-
ear effects, especially nonlinear momentum transport terms,
are not negligible in the free troposphere (Bao et al. 2022).
As shown by Lutsko (2018), the linear theory by Gill (1980)

works for small perturbations only, while for larger perturba-
tions, the tropical circulation response to localized heating is
sublinear (Lutsko 2018). Correspondingly, the GF approach
works for the (small perturbation) 11 K perturbation (see
Fig. S3, the equivalent figure to Fig. 5 but with 11 K
perturbations).

d. From two-patch combination to multipatch
combination

The results discussed in the previous sections show that}
in violation of the conditions for the validity of the GF
approach}the size of the patch with perturbed SST matters.
The recently published protocol for the GF Model Intercom-
parison Project (Bloch-Johnson et al. 2024) recognizes this
problem and provides recommendations to minimize the re-
sulting error in the GF reconstructions. The following analysis
provides further insights into why and how the patch size
affects the error in the GF reconstruction.

Forcing over a larger area leads to a weaker response than
expected based on the sum of the responses to smaller patch
forcings, eventually approaching the modest changes ob-
served in coupled GCMs where the warming is comparatively
uniform (Table 1, Zhang and Fueglistaler 2019). Conse-
quently, we expect that the magnitude of the error in the GF
prediction is a function of the size of the perturbed patch. To
test this hypothesis, we carried out a set of simulations with
SST forcing in eight neighboring patches (patches 1–4 and
9–12; see Fig. 6a), in which we use the GF approach to predict
the response to the forcing of all eight patches based on the
linear superposition of the responses to the (i) eight corre-
sponding single-patch (smallest patch size) experiments,
(ii) four corresponding two-patch (intermediate patch size)
experiments, and (iii) two corresponding four-patch (large
patch size) experiments.

The results shown in Figs. 6b–d confirm the hypothesis that
as a rule, the smaller the patch size (equivalently, the more

FIG. 4. Following Fig. 3, (a) the GF approach prediction error (prediction–truth) of the change in precipitation Gini
index (x axis, as shown in Fig. 3c) explains the prediction error of the change in TOA longwave radiation explained
by convection aggregation (y axis, DR′

lw , as shown in Fig. 3b). (b) The GF approach prediction error of the change in
local mean circulation-induced WVP flux convergence (x axis, as shown in Fig. 3d) explains the prediction error of
the change in precipitation Gini index. Colors indicate the mean SST of the two perturbed patches (color bar as in
Fig. 1).
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patches) used for the GF approach, the larger the prediction
error in the TOA longwave DRlw (Fig. 6b) radiative fluxes
due to the larger error in the prediction of tropical convection
aggregation strength G(P) (Fig. 6c), which is caused by larger
error in local mean circulation-induced WVP flux conver-
gence (Fig. 6d). The prediction error in DRlw is larger than
the error in shortwave radiation DRsw and again dominated
by its DR′

lw component (Fig. S11), which also increases when
we use smaller (more) patches for the reconstruction because
of the larger prediction error of midtropospheric humidity
and high cloud cover (Fig. S12). Using more but smaller
patches to calculate the Green’s function leads to a larger er-
ror because the magnitude of the error is not linearly decreas-
ing with decreasing patch size, such that the sum of the errors
from the many smaller patches is larger than the error from
the corresponding single large patch perturbation. Note that
this result applies to substituting a single patch with many,
smaller patches. The patch-size dependence of the error for
the two-patch problem, i.e., varying the sizes of two patches in
different regions, depends on the characteristics of the region.
Subsidence regions with low SSTs are only weakly coupled
with the surrounding atmosphere, and correspondingly in
these regions, a reduction in perturbation patch size does not
necessarily result in larger errors (see Fig. 3c, blue markers
for “cold” regions).

4. Conclusions and outlook

The GF approach promises an elegant way to analyze and
understand the climate response to forcing for any geographic
structure of SST change, rather than the specific realization of

the SST field of a specific simulation or observation. The re-
sults presented in this paper show that the GF approach
cannot fulfill its promise in general, but may be useful for spe-
cific, experimentally determined perturbation patterns where
the atmospheric response is approximately linear (Bloch-
Johnson et al. 2024). On the one hand, the estimation of the
local GF ­R/­SST with a small perturbation DSST�1 K satis-
fies the additivity condition (Fig. S1), but the prediction is not
accurate (Williams et al. 2023) for the magnitude of SST
changes (.11 K) of predicted future global warming. On the
other hand, an evaluation of the local GF with a perturbation
of the magnitude relevant for predicted future global warming
(14 K) gives an accurate global response to the local SST
change, but the responses are not linearly additive. As re-
ported by Zhang et al. (2023), using 14 K patch warming per-
turbation experiments to evaluate the local GF ­R/­SST
results in a substantial overestimation in the longwave radia-
tion response compared to the true response of a 43CO2 simu-
lation. This is because the linear superposition based on Eq. (1)
overestimates the convection aggregation strengthG(P) and as
such overestimates midtroposphere drying and high cloud
cover reduction (Table 1) that enhance longwave cooling.
Thus, a GF approach using 14 K patch warming perturbations
is systematically biased toward overestimation of the OLR in-
crease in response to a large SST increase, which translates to
an underestimation of the climate sensitivity. The GF approach
works reasonably well for the simulations over the historical
period because the SST variations over that period are suffi-
ciently small to satisfy the conditions for linear additivity. The
recently published protocol for the Green’s function Model In-
tercomparison Project (Bloch-Johnson et al. 2024) provides

FIG. 5. Nonadditivity of the circulation-induced WVP flux convergence responses 2
�
=? (Du ?q)dp/g (color) to

14 K perturbations in patches 11 and 19. (a) Patch 11 1 4 K. (b) Patch 19 1 4 K. (c) Linear sum (a) 1 (b). (d) Patch
11&191 4 K. (e) Prediction error (c)2 (d). Gray arrows represent the quiver plot of

�
Du ?q(dp/g). Linear sum over-

estimates local circulation-induced WVP flux convergence response, indicating tropical dynamics is nonlinear upon
large perturbations.
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recommendations and instructions for experimental setups
where the error in the GF approach may be within acceptable
bounds.

The simulations presented here show the very strong de-
pendency of the TOA radiative fluxes on the evenness of
SSTs: the response in the TOA longwave radiation is roughly
about a factor 5 larger than expected from the mean surface
temperature change and the reference feedback parameter
lref (Fig. 2). It is for this reason that the “pattern effect” is im-
portant. Coupled general circulation models do not show a
strong variation in the degree of aggregation, consistent with
the fairly uniform changes in SSTs (Zhang et al. 2020).

The focus here on the importance of large-scale aggrega-
tion of the atmospheric circulation complements previous
work highlighting the nonlinearity in the average boundary
layer inversion strength to local SST perturbations arising
from the nonlocal impact depending on the whether the per-
turbation is applied to a warm (with atmospheric deep con-
vection) or cold (without atmospheric deep convection) part
of the ocean (Williams et al. 2023). At low latitudes, the weak
Coriolis force limits the magnitude of atmospheric pressure
gradients in the free troposphere (Charney 1963), and corre-
spondingly temperatures are relatively uniform and set by the
conditions in the regions where deep convection couples the
boundary layer and the free troposphere. A change in SSTs in

the warm regions with deep convection thus affects the
boundary layer inversion strength nonlocally through a
change in the free tropospheric temperature. Conversely, in a
region sufficiently colder than the convective threshold, an
SST change only affects the local boundary layer and only the
local boundary layer inversion strength changes. Because the
boundary layer inversion strength is an important factor for
low clouds (Klein and Hartmann 1993; Wood and Bretherton
2006), this mechanism leads to a significant sensitivity of
Earth’s shortwave budget on the pattern of SST change
(Ceppi and Gregory 2017; Fueglistaler 2019). The results pre-
sented here (consistent with previous studies addressing the
“iris effect” (Lindzen et al. 2001; Mauritsen and Stevens 2015)
show that the changes in convective aggregation following
patterned warming may have an impact of comparable magni-
tude on the top of atmosphere longwave (and shortwave, see
supplemental information, Fig. 13) radiative balance. A more
uneven SST distribution corresponds to a tropical circulation
with a narrower ascending branch, a reduction in high cloud
cover, and a general decrease in midtropospheric humidity ex-
cept for the ascending branch. Due to the nonlinear atmo-
spheric dynamics, the aggregation effect is not linearly
additive. The results presented here confirm that the Green’s
function approach may be used only for carefully selected
problems (Bloch-Johnson et al. 2024). However, as also

FIG. 6. Patch number dependence (or equivalently patch-size dependence) of the GF approach prediction error. (a) As in Fig. 1a, but
also showing for one eight-unit patch area (bold black line), the split in four two-unit patches (yellow and green lines), and in two four-
unit patches (green line). GF approach prediction errors of the changes in (b) TOA longwave radiation, (c) precipitation Gini index, and
(d) local mean circulation-induced WVP flux convergence as function of the number (or equivalently inverse size) of patches used to pre-
dict the response to 14 K warming over eight-unit patches. Results shown for six different eight-unit patches; symbol colors indicate the
mean SST of the eight-unit patch area (colorbar as in Fig. 3).
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evident in the results presented in this paper, the single-patch
DSST experiments provide highly useful information about
the mechanisms of tropical convective aggregation and how
the degree of aggregation affects the TOA radiative fluxes
and as such climate sensitivity.
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APPENDIX

Decomposition of Precipitation Change

We start from the water vapor path (WVP) budget equation:

­WVP
­t

52= ?Q 2 P 1 E 1 r, (A1)

where WVP is the column-integrated water vapor mass�
q(dp/g) (q, p, and g are the specific humidity, pressure,

and gravity) and Q5
�
u ?q(dp/g) is the horizontal WVP

flux with u 5 (u, y) representing horizontal wind velocity.
The terms P and E mean precipitation and evaporation, and
r is the residual term containing other processes affecting
WVP. All terms in Eq. (A1) have the dimension kilogram
per square meter, and we convert it to meter per year by di-
viding liquid water density when presenting results below.

All analyses presented here are performed under steady
state, i.e., ­WVP/­t5 0 and Eq. (A1) reduces to

P 52= ?Q 1 E 1 r, (A2)

which states that the steady-state precipitation P is the sum of
horizontal WVP flux convergence 2= ? Q, evaporation E, and
residual term r. Figure S14 verifies this equation in the control
run. As expected, the WVP flux convergence 2= ? Q clearly
shows the tropical rain belt and the residual term r are much
smaller than the other three terms and can be neglected.

Our “response to localized heating” is defined as the dif-
ference between steady-state control climate and steady-
state perturbed climate, so from Eq. (A2), we have

DP 5 D(2= ?Q) 1 DE, (A3)

which decomposes the precipitation response DP into the re-
sponse of the WVP flux convergence D(2= ? Q) and the re-
sponse of the evaporation DE. Figure S7 shows that the local

(remote) precipitation increase (decrease) upon localized heat-
ing is dominated by the local (remote) WVP flux convergence
increase (decrease), while the response of evaporation plays a
secondary role.

The response of the WVP flux convergence can be fur-
ther decomposed as follows:

D(2= ?Q) 5 2

�
= ? (Duq)dp

g︸�������︷︷�������︸
dynamical

2

�
= ? (uDq)dp

g︸�������︷︷�������︸
thermodynamical

2

�
= ? (DuDq)dp

g︸��������︷︷��������︸
covariance

, (A4)

where the three terms on the right side represent the change of
WVP flux convergence due to the change of velocity/circulation
(the dynamical component), specific humidity (the thermody-
namical component), and their covariance. This decomposition
is shown in Fig. S8, which shows that the local (remote) WVP
flux convergence increase (decrease) upon a localized SST
increase is dominated by 2

�
=? (Duq)dp/g. In other words, the

response of WVP flux convergence upon a localized SST in-
crease is dominated by the circulation change term.

Combining Eqs. (A3) and (A4), we have

DP 5 DE2

�
= ? (Duq)dp

g︸�������︷︷�������︸
dynamical

2

�
= ? (uDq)dp

g︸�������︷︷�������︸
thermodynamical

2

�
= ? (DuDq) dp

g︸��������︷︷��������︸
covariance

, (A5)

where both local (perturbed region) and remote (else-
where) mean precipitation responses are dominated by
2
�
=? (Duq)dp/g.
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