
Understanding the Climate Response to Different Vertical
Patterns of Radiative Forcing
An‐Zhuo Dai1 , Jonathan Gregory2,3 , and Paulo Ceppi1

1Department of Physics, Imperial College London, London, UK, 2National Centre for Atmospheric Science, University of
Reading, Reading, UK, 3Met Office Hadley Centre, Exeter, UK

Abstract The dependence of climate response on the vertical structure of radiative forcing is studied using a
set of idealized experiments, with horizontally uniform and vertically confined forcings. We find for a given
effective forcing magnitude, higher‐altitude forcing causes a smaller global warming, owing to more negative
cloud feedback. We present novel evidence relating this altitude dependence to sea‐surface temperature patterns
and tropospheric static stability. The imposed instantaneous forcings are horizontally uniform, but higher‐
altitude forcings more effectively suppress convection in the tropical warm pool, producing a more positive
effective (adjusted) surface forcing in that region. This gives rise, during the subsequent climate change, to
greater warming contrast between the warm pool and rest of the globe, and hence to increase in low cloud
amount. Our results show that to achieve accurate climate projections under anthropogenic forcings, it is
important to correctly represent the vertical structures of the applied radiative forcing.

Plain Language Summary Climate change is driven by changes in the Earth's energy balance,
known as radiative forcing. Previous studies have shown that the extent of global warming depends on both the
magnitude and geographic pattern of forcing. Using global climate model experiments, we find that forcings at
higher altitudes lead to weaker global warming than those closer to the surface. This difference can be explained
by the patterns of surface warming and the resulting changes in low‐cloud amount. We also hypothesize that the
different warming patterns between forcing altitudes are likely driven by deep‐convection changes in the
tropics. The findings of this research highlight the need for climate models to accurately represent the vertical
distribution of radiative forcing to improve estimates of global warming.

1. Introduction
The linearized global‐mean top‐of‐atmosphere (TOA) energy balance

N = F + λΔT (1)

describes the Earth's net downward TOA radiative flux N, after applying an effective radiative forcing (ERF) F,
with ΔT the change in surface air temperature (SAT) with respect to the unperturbed initial steady state, in which
N = 0 (Cess et al., 1990; Gregory et al., 2004). In this equation, λ is a constant feedback parameter (Wm− 2 K− 1),
where we follow the sign convention that signifies a stable climate when it is negative. The radiative imbalance
causes ΔT to change until a perturbed equilibrium is reached, in which againN = 0 ⇒ ΔT = − F/λ. Within this
forcing‐response framework, fast responses that are directly consequent on the applied forcing are known as rapid
adjustments and usually considered as part of the forcing (Forster et al., 2021; Sherwood et al., 2015). The
remaining responses are the feedbacks. They are proportional to ΔT, so we call them “T‐mediated.” When F is
due to doubling the atmospheric CO2 concentration, ΔT is called the “equilibrium climate sensitivity.” For
forcings in general, a less negative λ gives a larger “climate sensitivity,” meaning a greater equilibrium global‐
mean warming per unit forcing ΔT/F. For different forcing agents, the variation of λ between agents is the reason
for the variation in the “forcing efficacy” (Hansen et al., 2005; Richardson et al., 2019). The efficacy is the ratio of
λ under CO2 forcing to λ for the agent in question, where a less negative λ means higher efficacy.

The linear conceptual model in Equation 1 has been shown to provide an excellent representation of the climate
response to realistic forcings and is widely used to quantify climate feedbacks in coupled climate models and
observations to help constrain the amount of future global warming (Caldwell et al., 2018; Ceppi & Now-
ack, 2021; Knutti et al., 2017; Meyssignac et al., 2023; Vial et al., 2013). Despite its strengths, however, this
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model is deficient in that it does not take into account the effects of the spatial pattern of temperature change
(Andrews & Webb, 2018; Ceppi & Gregory, 2017; Gregory & Andrews, 2016; Zhou et al., 2016). It has become
increasingly recognized that the strength of climate feedbacks is driven not only by the global‐mean magnitude of
surface warming, but depends also upon the geographical pattern of sea‐surface temperature (SST) change; this is
known as the pattern effect (Andrews & Webb, 2018; Andrews et al., 2015; Bloch‐Johnson et al., 2020; Dong
et al., 2019; Rugenstein et al., 2020; Stevens et al., 2016).

The energy balance model framework was refined by Ceppi and Gregory (2019) to incorporate global‐mean
tropospheric stability change ΔS as another term on which N depends, as well as F and ΔT. They hypothe-
sized that the pattern effect operates via ΔS, which is a strong controlling factor for change in cloud and hence
cloud radiative effect (CRE) (Klein et al., 2017; Qu et al., 2015; Wilson Kemsley et al., 2024). They showed that
differences in λ among realistic forcing agents are largely due to low‐cloud responses to ΔS, in turn driven by
changes in the underlying SST response patterns. The theory of Ceppi and Gregory (2019) provides an expla-
nation for the relationships between forcings and their elicited feedbacks that have been characterized by a range
of other studies (Hansen et al., 2005; Marvel et al., 2016; Modak & Bala, 2019; Modak et al., 2016; Salvi
et al., 2022; Shindell, 2014).

While several studies have considered the impact of the horizontal distribution of ERF on climate feedback
(Ceppi & Gregory, 2019; Günther et al., 2022; Liu, Lu, Garuba, Huang, et al., 2018; Salvi et al., 2022), the impact
of the vertical forcing profile has received comparatively little attention (Salvi et al., 2022). Species such as black
carbon, sulfate aerosol, and carbon dioxide have been shown to differ significantly in their vertical direct radiative
forcing profiles (Salvi et al., 2021; Samset & Myhre, 2011). Furthermore, their relative concentration has varied
in the past and will change in the future (Lee et al., 2021). The link between the vertical pattern of radiative forcing
and the resulting climate change constitutes a gap in our understanding of climate dynamics, which in this work
we aim to fill, in order to help constrain estimates of climate sensitivity.

2. Models and Methods
The simulations used for this study were performed using the Community Earth SystemModel 2 (CESM2) with a
CAM4 atmosphere, both alone and coupled to a slab ocean, as well as the Hadley Centre CoupledModel version 3
(HadCM3) family of general circulation models (GCM), which includes the atmosphere‐only configuration
HadAM3 and atmosphere–slab configuration HadSM3. A slab ocean model was chosen over a dynamic ocean as
it is computationally cheaper, hence permitting more and longer experiments. This advantage comes with the
disadvantage of being unable to account for changes in oceanic processes that help shape the surface warming
pattern. We will further discuss the implications of this choice of ocean model later in Section 4. A 1.9° × 2.5°
grid resolution was used for CESM2 and 3.75° × 2.5° for HadSM3.

Given that this study is concerned with the dependence of climate responses on the altitude of radiative forcing,
but not its geographical pattern, we opted to use idealized, horizontally uniform “ghost” forcings (Hansen
et al., 1997), instead of realistic physical forcing agents. These ghost forcings are vertically confined heating
anomalies, fixed for the entire duration of the simulations. The vertical structures of these forcings differ slightly
between those used in CESM2 and HadAM/SM3. For CESM2, their structures are shown in Figure 1a following
those used by Salvi et al. (2021). They are centered on 875, 750, 625, 500, and 375 hPa, and vertically integrate to
2 W m− 2. HadAM3/SM3 used forcings with 7 W m− 2 (approximately the global‐mean ERF from quadrupling
CO2 in this model) located in single model (hybrid sigma–pressure) layers, located at 870, 700, 500, and 300 hPa
(Figure 1b). Note that for Figure 1b, the profiles all vertically integrate to the same value, but have differing
magnitudes to account for the thickness of the individual model layers. Here on we refer to these idealized
forcings as instantaneous ghost forcings (IGF) to differentiate from the ERF values. Both forcing structures and
magnitudes were tested and the responses showed little difference (not shown), thus allowing the results to be
compared between the two models.

The pressure levels range from the planetary boundary layer to the upper free troposphere. For ease of com-
parison, from here on we refer to the experiments with forcings centered on 875 hPa for CESM2, and 870 hPa on
HadAM3/SM3, as the lower‐tropospheric forcing (LTF) cases. Similarly, the CESM2 375 hPa and HadCM3
300 hPa cases are referred to as the upper‐tropospheric forcing (UTF) cases.
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The perturbed atmosphere–slab simulations branched from equilibrated control runs, and were run for 60 years
for CESM2 and 50 years for HadSM3 (Figures S1 and S2 in Supporting Information S1), reaching perturbed
equilibria within about 25 years, this being the timescale set by the thermal inertia of the slab. We refer to the
period before equilibrium is reached as the “transient” phase. We quantify equilibrium climate change as the
difference between the time‐mean of the equilibrium period (year 26–end) and the long‐term control time‐mean.
We define the “warming pattern” ΔTp as the perturbed equilibrium field of global‐mean SAT change, divided by
ΔT, its global mean.

We designate subscripts to denote any variable X at equilibrium in the perturbed and control runs of the slab
model as Xpert and Xctl. The slab model response to the applied forcing is then ΔX = Xpert − Xctl. Like Ceppi and
Gregory (2019), we follow the Hansen et al. (1997) method of quantifying the contribution of rapid adjustments to
ΔX, using output from atmosphere‐only simulations for forcing at each pressure level. The atmosphere‐only
simulations were performed with prescribed 12‐month repeating SST and sea ice concentration climatologies
obtained from the slab control runs. By this means, they prevent surface temperature change over the ice‐free
ocean (although not over land), and hence mostly suppress the feedbacks, which are proportional to ΔT
(Equation 1); the radiative response is dominated by the adjustments, which are caused by the forcing directly.
The atmosphere‐only simulations equilibrate approximately within a year, the timescale set by the atmosphere,
land and sea‐ice surface, and were run for 20 years on CESM2 and 30 years on HadAM3.

We denote the equilibrium change of X in the atmosphere‐only runs as Xatm,pert and Xatm,ctl. Hence we can separate
the slab ΔX into the adjustment ΔXadj = Xatm,pert − Xatm,ctl, and the T‐mediated remainder ΔXT. Putting together
the definitions gives:

ΔXT = ΔX − ΔXadj = (Xpert − Xctl) − (Xatm,pert − Xatm,ctl). (2)

Figure 1. Applied “ghost” forcing and equilibrium global‐mean temperature response profiles for CESM2 (top row) and HadAM/SM3 (bottom row). (a, b) Forcing
vertical profiles, calculated in the models as additional heating ΔQ. (c, d) Responses due to rapid adjustments normalized by the instantaneous ghost forcings for the
corresponding model. (e, f) T‐mediated responses normalized by equilibrium average surface warming.
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The drawback of the Hansen method is that the equilibrium of the atmosphere‐only simulations is not a physical
state which occurs during coupled atmosphere–slab climate change. The Gregory method, on the other hand, uses
only the slab transient states, by regressing annual global‐mean N against ΔT, from which one can obtain the ERF
from the N‐intercept and λ from the gradient. A drawback of this method is that it is limited by the length of the
transient phase, whereas the atmosphere‐only simulations can be run to any length required. For single‐member
slab model simulations that equilibrate on a decadal timescale, the spin‐up period may be too short for accurate
results from regression. The global‐mean feedbacks and adjustments obtained using both methods are discussed
in Section 3.1 below.

To help with understanding the drivers of SST patterns during this study, we examine the energy budgets at the
surface after allowing for the atmosphere to adjust to the forcings. This effective surface forcing (ESF) is
calculated as the sum of net downward radiative and turbulent heat flux anomalies at the surface, with respect to
the control climate, due to forcing and adjustment but excluding feedback. In the global mean, ERF and ESF are
equal, but they differ locally due to changes in the horizontal transport of sensible and latent heat within the
atmosphere (Andrews et al., 2009; Colman, 2015; Ramanathan, 1981; Sejas et al., 2021).

3. Results
The slab equilibrium surface temperature responses (Figures 2a and 2b) show a relationship between the pressure
level of the forcing and the consequent climate response. In this section we analyze that relationship, and examine
its link to the pattern effect.

3.1. Global‐Mean Rapid Adjustment and Feedbacks

We present the equilibrium ΔT and ESF values in Figures 2a and 2b; the Gregory regression results can be found
in Figures S3 and S4 in Supporting Information S1. Note that the rapid adjustments can be inferred as the ESF
minus the IGF (2Wm− 2 for CESM2 and 7Wm− 2 for HadSM3). Although the adjustments from the two methods
differ, they agree qualitatively for each model. From the results it can be seen that ESF in CESM2 is smaller than
the IGF in nearly all cases, and decreases with increasing forcing altitude that is there is a negative rapid
adjustment, of larger magnitude for forcing at greater altitude. This result is consistent with Salvi et al. (2021),
using the same GCM, who ascribed the effect to variations in low cloud adjustment. By contrast, in HadSM3 the
opposite dependence on forcing altitude is seen; the adjustment is negative at low altitude, positive at high
altitude. This is a distinct and interesting discrepancy between the models in the behavior of rapid adjustments in
the global mean, whose explanation we will leave for future work as our present focus is on feedbacks.

From the ESF and resultant ΔT, the equilibrium feedback parameter (λ) is calculated as − ESF/ΔT. Both models
produce least negative λ under LTF, and most negative λ for UTF. This relationship is clearest from the Hansen
results in Figures 2c and 2d, but is less evident from regression for CESM2 owing to large uncertainties (Figure S3
in Supporting Information S1), although a broad trend can be argued. In HadSM3, the opposite tendencies of ERF
and λ with respect to forcing altitude lead to a roughly invariant ΔT, whereas in CESM2 the tendencies are in the
same sense and produce a monotonic decrease of ΔT with increasing altitude.

In both models, the majority of the variation in λ comes from cloud feedback, calculated as the change in CRE per
unit warming. We expect the clear‐sky residual differences to be dominated by lapse‐rate feedback, since SST
patterns typically have little impact on other longwave non‐cloud feedback components (Ceppi & Gregory, 2019)
if relative humidity is used as a state variable in the feedback decomposition (Held & Shell, 2012). Figures 1e and
1f show the global‐mean T‐mediated vertical warming profiles, where the top of the troposphere warms more than
the surface across all cases, allowing for additional longwave cooling which constitutes a negative lapse‐rate
feedback. We found that the residual differences are dominated by shortwave clear‐sky feedbacks in CESM2
and can be largely attributed to changes in surface albedo, whereas in HadSM3 longwave clear‐sky feedbacks
dominate the residual, which we speculate to be due to lapse‐rate feedbacks. Any non‐linear effects on λ due to
warming under different forcing levels are also captured in the residual, an effect expected to be weak in the range
of ΔT seen here (Bloch‐Johnson et al., 2021; Zhou et al., 2023). Following the same line of reasoning by Ceppi
and Gregory (2019), we hypothesize that the feedback differences between forcing altitudes arise as a result of the
SST pattern effect.
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3.2. Response Patterns

To investigate the hypothetical role of the pattern effect for changes in climate feedback with forcing altitude, we
compare normalized response patterns between models and across quantities. As there are more simulated years
in the equilibrium state than the transient, the presented patterns are calculated from the time‐mean of the
equilibrium period. We define the normalized T‐mediated response patterns of any variable X in the slab
experiment as the time‐mean equilibrium change in the field ΔX divided by ΔT. Similarly, all ESF fields are
divided by their global mean values. In Figure 3 we present the ESF and response patterns for the UTF and LTF

Figure 2. From top to bottom, the globally averaged surface warming response (ΔT) and effective surface forcing; global
total (λ) and cloud (λcld) feedbacks; and the amount of surface forcing (Fwp) and warming (ΔTwp) over the warm pool
relative to the global average, with the location of the warm pool taken as the warmest 30% of gridpoints between 30°N–30°S
from control climatologies (Fueglistaler, 2019). Colors and hatchings represent values from individual perturbed experiments.
Dashed lines indicate the magnitudes of the respective instantaneous ghost forcings for each experiment.
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cases from both models, as well as the difference pattern between the cases. The full set of patterns can be found in
Figures S5 and S6 in Supporting Information S1. Being the responses to vertical localized forcings, these patterns
could be regarded as Green's functions for estimating the ΔX response to a horizontally uniform forcing of
arbitrary vertical structure, similar in spirit to the response functions to geographically localized surface “patch”
forcings used by for example, Liu, Lu, Garuba, Leung, et al. (2018) to estimate the response to an arbitrary field of
surface forcing.

From Figure 3, the patterns are generally similar between forcing altitudes (Figure 3 columns 1–2 and 4–5) but
with UTF producing more pronounced patterns than LTF. Consistent with the above, the difference patterns
(columns 3 and 6) tend to resemble the UTF and LTF patterns themselves, especially UTF. These statements are
true for all cases except for HadSM3 low cloud responses, which will be discussed later in this section.

The patterns of ESF as obtained by the Hansen method are shown in the top row of Figure 3. From the CESM2
ESF difference pattern, a strong east–west contrast can be seen in the Pacific, with the West Pacific receiving less
surface forcing from LTF than UTF, and vice versa for the East Pacific. This pattern is also present, though much
weaker, in HadAM3 ESF. Additionally, a tropics–extratropics contrast can be recognized in the ESF difference
patterns for both models, where higher‐latitude regions generally experience more negative forcing in the UTF
case.

Although onemay expect a strong correlation between the pattern of ESF and the initial surface warming response
in slab‐ocean runs, the equilibrium warming can have a different pattern, because the surface warming pattern
evolution is shaped by both local and remote feedbacks (e.g., Stuecker et al., 2020). However, certain similarities
can be drawn between the first two rows in Figure 3; for example, the tropics–extratropics contrast in ESF is also
present in the warming patterns, with UTF favoring more strongly negative extratropical responses. The east–
west contrasts in surface forcing and warming patterns across the tropical Pacific also bear qualitative
resemblance.

To assess changes in tropospheric stability, which could be associated with the pattern effect, we use the estimated
inversion strength (EIS) metric from Wood and Bretherton (2006), which measures the strength of the inversion
layer between the planetary boundary layer and the free troposphere. It is calculated from temperatures at 1,000
and 700 hPa, relative to a temperature profile that accounts for moist convection above the lifting condensation
level. Because local surface warming has a destabilizing effect on the troposphere, we expect the ΔEIS patterns
shown in row 3 of Figure 3 to be anti‐correlated with those of ΔTp in row 2. This is indeed true for the cases shown
here, where even regions with weak warming response differences in the tropics also give discernible and
opposite ΔEIS differences.

Figure 3. Geographical patterns of forcing and T‐mediated responses for CESM2 (left three columns) and HadAM/SM3 (right three columns). Within each group of
columns, from left to right shows the response under lower‐tropospheric forcing (LTF), response under upper‐tropospheric forcing (UTF), and the difference pattern
between them, calculated from UTFminus LTF. The top row shows the effective surface forcing (Wm− 2), with the following showing responses in surface temperature
relative to globally averaged warming (ΔTp, K/K), estimated inversion strength (ΔEIS, K/K), low cloud cover (ΔLCC, %/K), and cloud feedback (λcld, Wm− 2/K, which
is by definition the change in cloud radiative effect normalized by ΔT).
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Weaker boundary‐layer inversions as indicated by a smaller EIS lead to less cloud formation in the lower levels of
the troposphere (Klein &Hartmann, 1993;Wood&Bretherton, 2006). The low‐cloud amount difference patterns,
calculated from cloud cover between the surface and 700 hPa, reveal that in general the regions with more low
cloud under UTF correspond well to the regions with more positive ΔEIS, and vice versa (Figure 3 rows 3–4). As
mentioned previously, the individual HadSM3 response patterns to UTF and LTF display the opposite behavior in
the tropics to those of CESM2. This may be explained by boundary layer stability not being the only controlling
factor of cloud formation (Myers & Norris, 2015). Therefore it is likely that this intermodel difference in ΔLCC
response to ΔEIS is caused by differing representations of factors such as atmospheric circulation and moisture
transport.

Since higher‐level clouds tend to have more neutral net CREs, we can assume that the differences in cloud
feedbacks (λcld) are dominated by changes in low‐cloud amounts (Matus & L’Ecuyer, 2017; Zelinka et al., 2012).
(The experiments performed in this study did not include satellite simulator output, so that we cannot cleanly
decompose λcld into components due to clouds at different levels.) Comparing the last two rows of Figure 3, from
the CESM2maps we can identify regions in the tropical East Pacific where there are strong increases in low‐cloud
amount under UTF, with correspondingly more negative λcld. Similar features can also be identified in the
Atlantic and Southern Oceans. Although the HadSM3 results show that the patterns of λcld is more positive over
the East Pacific under UTF than LTF, there still is consistency between the patterns of ΔLCC and λcld, that is, they
are anticorrelated.

3.3. The Role of the Warm Pool and the Pattern Effect

Experiments with patch SST perturbations (Bloch‐Johnson et al., 2024; Dong et al., 2019; Liu, Lu, Garuba,
Huang, et al., 2018; Zhou et al., 2017) have shown that even small warming differences in regions of deep
convection can strongly impact the global energy budget through a pattern effect. It is therefore important to
recognize from the CESM2 warming patterns (Figure 3, row 2, columns 1–3) that the Indo‐Pacific warm pool
warms more per unit globally averaged warming under UTF than LTF, whilst the inverse is true for the East
Pacific cold tongue.

Surface warming in the warm pool is effectively communicated aloft to the local free troposphere by deep
convection, which then remotely warms the rest of the tropical free troposphere via gravity wave adjustment
(Bretherton & Smolarkiewicz, 1989; Sobel & Bretherton, 2000; Williams et al., 2023; Zhang & Fue-
glistaler, 2020). This causes a negative radiative response from lapse‐rate and cloud‐radiative changes (Andrews
& Webb, 2018; Ceppi & Gregory, 2017; Joshi et al., 2008; Zhou et al., 2016). By contrast, surface warming in
tropical subsidence regions is confined to the boundary layer by the strong inversion layer above, giving a positive
radiative response.

In order to evaluate the radiative impact of the tropical SST pattern, Fueglistaler (2019) proposed the SST# metric,
calculated as the difference between the warmest 30% of tropical SST and the tropical‐mean SST. This metric has
been shown to capture much of the variance in shortwave CRE unexplained by changes in the average tropical
SST. A more positive SST# stabilizes the troposphere, causing more low clouds and a more negative cloud
feedback, and vice versa.

Whereas SST# considers the difference between the warm pool and the tropical average, we calculate the dif-
ference in warming ΔTwp and in forcing Fwp over the warm pool relative to the global average. From model
control outputs, gridpoints representing the warm pool are selected by choosing the warmest 30% of SST between
30°N and 30°S (the same as those used for SST#) before spatially averaging the forcing and temperature response
maps over those points. By exploring changes to the warm pool, relative to the rest of the world, under different
forcing altitudes, we can highlight its role in driving different global feedbacks, and establish a link between
forcing altitude and the resultant surface warming.

The ΔTwp and Fwp, for each model and forcing altitude, are shown in Figures 2e and 2f. Note that each quantity is
divided by the corresponding global mean, so they are both dimensionless: Fwp is the ratio of warm‐pool regional‐
mean ESF to global‐mean ESF, and ΔTwp is the warm‐pool regional‐mean temperature change in K per K of
global‐mean warming. Enhanced warming in the warm pool is not evident in the maps for HadSM3, where instead
a broad tropics‐to‐extratropics contrast dominates (Figure 3, row 2, columns 4–6). Nonetheless, in these warm
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pool metrics, it can be seen that ΔTwp is small under LTF but grows with increasing forcing altitude, for both
models.

While we do not find a monotonic relationship between Fwp and ΔTwp across forcing altitudes, both metrics
generally increase as forcing altitude goes up: the warm‐pool ESF per unit of global‐mean ESF, and the warm‐
pool warming per unit T, are both larger for UTF than LTF, in both models. This suggests that the surface forcing
pattern has some impact on the resulting equilibrium warming pattern, even though the full spatial patterns are
only in partial agreement (Figure 3 rows 1–2).

3.4. A Mechanism for Surface Forcing Patterns

Previous authors have demonstrated the important role of the warm pool in the pattern effect, whereby a larger
ΔTwp leads to a generally more stable troposphere, more low cloud cover, and a more negative cloud feedback.
Here we build on these ideas to suggest a possible explanation for the effects of forcing altitude on the pattern of
surface temperature change and the climate feedback (more negative feedback, and lower climate sensitivity, for
higher‐altitude forcing).

Figures 1c and 1d shows the vertical profile of global‐mean temperature change following the rapid adjustment of
the atmosphere to the forcing, but before the SSTs have changed. Peak warming is localized at the altitudes where
the forcings have been placed, with varying degrees of warming extending above the forcing centers. The
maximum magnitude of the temperature adjustment increases with the forcing altitude, because the change in the
lapse rate between the surface and the level of maximum warming is similar for all altitudes of forcing. This is
even clearer if the vertical profile is plotted in altitude rather than air pressure, putting the lapse rate in K/km,
which stretches the vertical axis more toward the TOA (not shown).

It is not obvious why the lapse‐rate change (between the surface and the forcing level) is independent of forcing
altitude. It is probably related to the change in the atmospheric heat budget during adjustment, whereby the IGF is
balanced by reductions to atmospheric radiative convergence and to upward enthalpy (latent and sensible heat)
flux from the surface. In each model, the IGF, which is the same at all altitudes, is partitioned in roughly the same
way between these two contributions, regardless of forcing altitude. In radiative–convective equilibrium, the
balance of these two contributions determines the lapse rate.

This global‐mean argument suggests a similar change in convection for all forcing altitudes, and hence does not
explain the relationship of Fwp to forcing altitude. We hypothesize that deep convection, which occurs pre-
dominantly in the warm pool, is particularly sensitive to high‐altitude warming, which is greatest for UTF
(Figures 1e and 1f). If we take the differences in temperature between the top and bottom of the troposphere as a
proxy for the stability relevant to warm‐pool convection, it follows that UTF has a stronger stabilizing effect than
LTF for deep convection.

Therefore we propose that, during the adjustment phase, changes in deep convection depend on the forcing
altitude. This affects the surface turbulent heat fluxes in the warm pool region: suppressed convection in the UTF
case draws less heat away from the surface, causing a more strongly positive local surface energy imbalance that
is ESF; the opposite occurs in the LTF case, with enhanced convection. These local imbalances drive the patterns
of ESF away from homogeneity, causing Fwp under UTF to be larger than under LTF.

In the following T‐mediated feedback phase, the SSTs begin by responding to the ESF, which initially is the sole
perturbation to the surface energy balance. Although local feedbacks later modify the pattern of surface flux
changes, we propose that the larger Fwp for UTF than LTF from adjustment causes the larger ΔTwp during the T‐
mediated phase.

Figures 1e and 1f shows that, for all forcing altitudes, in both models, the global‐mean lapse rate throughout the
free troposphere decreases during the T‐mediated phase. This is a robust outcome of global warming, due to the
temperature‐dependence of the saturated adiabatic lapse rate. In addition, however, we see that the increase in
stability is greater for UTF than LTF. Following previous work, we propose that this difference results from the
difference in ΔTwp. Warm‐pool warming promotes convection in the warm pool and subsidence elsewhere, with
widespread consequences. In particular, the subsidence tends to increase the low‐cloud amount worldwide,
making CREmore negative. Our proposal suggests that all these effects will be greater per K of global warming in
response to UTF than LTF, because of the difference in ΔTwp. Thus we arrive at an explanation whereby higher‐
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altitude forcing, via greater Fwp and ΔTwp, produces more negative cloud feedback in the global mean (Figures 2c
and 2d).

Although it is helpful, we have shown that the surface energy flux perspective is not sufficient to explain the
equilibrium warming pattern. This is likely because coupled ocean–atmosphere processes shape the evolution of
the pattern: the atmospheric response to the initial SST change feeds back on the surface fluxes, which in turn
further modifies the warming pattern and thus the atmospheric response. If this is correct, then the initial warming
pattern should much more strongly resemble the pattern of ESF. Future work should test this idea, and identify the
coupled mechanisms shaping the subsequent evolution of the warming pattern.

4. Conclusion
Radiative forcing agents are characterized by diverse spatial structures of anomalous heating. For example,
forcing from black carbon is strongest around the top of the planetary boundary layer and becomes weaker with
increasing altitude (Samset & Myhre, 2011), whereas for CO2 the profile peaks near the surface and decays
slowly with altitude (Salvi et al., 2021). How these differences translate into the global climate response remains
poorly understood.

Here we provide novel evidence for a clear relationship between the vertical structure of radiative forcing, climate
feedbacks, and the resultant global surface temperature change. For higher‐altitude forcing, the warm pool warms
more, relative to the global average, due to changes in the surface energy budget driving differing patterns of
surface warming response. This enhances deep convection over the warm pool, warming the global free tropo-
sphere and stabilizing the lower troposphere; this in turn promotes low‐cloud growth, causing more strongly
negative feedbacks, and thus a lower climate sensitivity.

These links were tested by applying horizontally uniform and vertically confined ghost forcings with equal
magnitudes to equilibrated climates in two coupled GCMs with slab oceans (CESM2 and HadSM3). Despite the
two models producing SST responses that differ significantly in their global averages and geographical patterns,
they both demonstrate similar relationships and operating mechanisms between forcing altitude and feedbacks.
They moreover exhibit qualitative similarities in the patterns, which must arise from common behavior of at-
mospheric processes in response to the forcing, because the forcings themselves are geographically uniform.

We also present a hypothesis which seeks to address the existing knowledge gap in the relationship between the
vertical profile of radiative forcing and the warming pattern. By splitting the globally averaged atmospheric
response into its atmosphere‐only rapid adjustment and T‐mediated feedback phases, we are able to identify the
role of the tropospheric temperature lapse rate in moderating changes in the warm pool. Forcings at higher al-
titudes have more stabilizing effects on the troposphere during both phases, but in different ways. We suggest
suppression of convection by increased stability during the adjustment phase particularly affects the warm pool,
and thereby imprints itself on the pattern of ESF. In the T‐mediated phase, by contrast, the increase in stability has
a worldwide effect on low‐cloud cover. While consistent with our results, some links in our hypothesis are
conjectural, and must be tested by further experiments.

Since we use slab ocean models, our experiments omit the effects of ocean processes, such as circulation and deep
ocean heat uptake, on the pattern of surface temperature change. We have briefly assessed these effects using a
pair of experiments with HadCM3 (the computationally cheaper of our models) coupled to a dynamic ocean for
140 years. As in the slab model experiments, the cloud feedback is more negative and the climate sensitivity lower
for higher‐altitude forcing. The time‐means of years 21–120 give similar feedbacks and patterns of T‐mediated
warming to the equilibrated slab experiments. Because the feedbacks are more negative in years 1–20 with the
dynamic ocean model, the slab model results are quantitatively most relevant when the longer‐term response
dominates, as is the case for scenarios in which anthropogenic forcings roughly stabilizes in the second part of this
century, but we think that the qualitative findings are applicable in any case. A detailed study with AOGCMs
would be a useful subject for future studies.

Our findings highlight that equilibrium surface warming patterns cannot be explained in terms of the pattern of
ESF diagnosed from AGCM runs. We speculate that this is because of coupled ocean–atmosphere feedbacks
shaping the evolution of the surface warming pattern. Furthermore, our simple indices of warm pool relative
forcing and warming may not fully represent the relationships between forcing pattern and climate response, as
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they do not capture for example the sea‐ice pattern effect (Zhou et al., 2025). The study also used highly idealized
forcing structures that do not necessarily explain the responses to real forcing agents with complex spatial and
temporal distributions. Future work should test the relevance of our findings to realistic forcing agents.
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