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Abstract

This study investigates how climate sensitivity depends upon the spatial pattern of radiative forcing. Sensitivity experiments
using a coupled ocean-atmosphere model were conducted by adding anomalous incoming solar radiation over the entire globe,
Northern Hemisphere mid-latitudes, Southern Ocean, and tropics, respectively, with both positive and negative perturbation
considered. The varied forcing patterns led to highly divergent climate sensitivities, with extratropical forcing inducing sig-
nificantly more global-mean temperature change compared to tropical forcing. This dependence is particularly strong over
the Southern Hemisphere, where the climate is nearly twice as sensitive to Southern Ocean forcing as tropical forcing. This
dependence of climate sensitivity on the location of radiative forcing stems from covariations between lapse rate feedback, cloud
feedback and tropospheric stability. These results contrast with the conventional SST-pattern effect in which tropical surface
temperature changes regulate the climate sensitivity, and has important implications for geoengineering and understanding the

mechanisms of paleoclimate change.
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Key points:

e The solar forcing pattern effect is investigated in a coupled ocean-atmosphere model.

e C(Climate sensitivity is doubled from tropical forcing to Southern Ocean forcing.

e The radiative forcing pattern effect involves changes in lapse rate feedback, cloud

feedback, and tropospheric stability.

Plain language summary

The way surface temperature responds to radiative forcing depends on where such
forcing is applied. The global mean surface temperature change is doubled when the forcing is
imposed in the tropics compared to when it happens in the mid-latitudes such as the Southern
Ocean. Changes in the vertical temperature profiles and clouds contribute to the dependence of

surface temperature change on the forcing geographic locations.
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Abstract

This study investigates how climate sensitivity depends upon the spatial pattern of
radiative forcing. Sensitivity experiments using a coupled ocean-atmosphere model were
conducted by adding anomalous incoming solar radiation over the entire globe, Northern
Hemisphere mid-latitudes, Southern Ocean, and tropics, respectively, with both positive and
negative perturbation considered. The varied forcing patterns led to highly divergent climate
sensitivities, with extratropical forcing inducing significantly more global-mean temperature
change compared to tropical forcing. This dependence is particularly strong over the Southern
Hemisphere, where the climate is nearly twice as sensitive to Southern Ocean forcing as tropical
forcing. This dependence of climate sensitivity on the location of radiative forcing stems from
covariations between lapse rate feedback, cloud feedback and tropospheric stability. These
results contrast with the conventional SST-pattern effect in which tropical surface temperature
changes regulate the climate sensitivity, and has important implications for geoengineering and

understanding the mechanisms of paleoclimate change.
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1. Introduction

A linear zero-dimensional energy balance model is a useful tool for understanding the
relationship between radiative forcing and surface temperature. It provides a straightforward way
to estimate climate sensitivity (Gregory et al., 2004). However, this framework does not account
for the spatial pattern of surface temperature changes. The spatial pattern of sea surface
temperature (SST) change has received much attention. Previous studies have shown that the
spatial pattern of SST has great impacts on precipitation (Xie et al., 2010), large-scale circulation
(Ma & Xie, 2013), global radiative budget and thus radiative feedbacks (Andrews et al., 2022;
Andrews & Webb, 2018). In particular, the dependence of radiative feedbacks on SST spatial
patterns is of great interest to the community (Andrews et al., 2015; Andrews & Webb, 2018), as
model predicted climate sensitivity can vary considerably between different patterns of SST
changes even though these patterns have the same global mean values (Zhao, 2022). To estimate
the impacts of SST spatial patterns on climate feedback and sensitivity, recent studies have
utilized a Green’s function approach to analyze the climate response to local SST changes in
atmosphere-only models forced by monthly-varying SST, and have shown that SST warming
over tropical warm pools is associated with strong global-mean radiative cooling, whereas the
same amount of SST warming over mid-to-high latitudes (e.g., the Southern Ocean) induces
relatively small global-mean radiative response (Dong et al., 2019; Zhang et al., 2023; Zhou et
al., 2017).

While the Green’s function approach has shown to be useful in understanding the SST
pattern effect on climate sensitivity, large uncertainties exist in terms of future SST projections.
It is important to understand the radiative forcing pattern effect in atmosphere-ocean coupled
models, where SST response to radiative forcing can be retrieved from such models. Motivated
by the SST pattern effect on radiative feedbacks, this study seeks to explore how spatial
asymmetries in radiative forcing influence climate sensitivity through a series of idealized solar
forcing experiments using an atmosphere-ocean coupled system, which can help us understand

the paleoclimate and guide the development of potential geoengineering strategies in the future.

Previous studies have examined impacts of forcing patterns on the climate system from
different perspectives. For example, Stuecker et al. (2020) showed that both local and remote

CO, forcing affect equatorial temperature via the large-scale atmospheric circulation like the
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Hadley cell, the oceanic circulation, and local cloud feedback. Compared with tropical forcings,
extratropical forcings have a greater impact on global temperature change (De F. Forster et al.,
2000; Joshi et al., 2003). Similarly, ocean heat uptake in higher latitudes results in greater global
surface temperature change than ocean heat uptake in lower latitudes, which is attributed to
distinct cloud feedbacks and circulation changes (Kang & Xie, 2014; Liu et al., 2018; Rose et al.,
2014; Rugenstein et al., 2016). Extratropical radiative forcings also shift the position of the
intertropical convergence zone (ITCZ) by modifying the meridional energy transport (Kang et
al., 2019; Xiang et al., 2018). From a paleoclimate perspective, variations in obliquity alter the
meridional distribution of incoming solar radiation at TOA, which further affects SST and
climate feedbacks (Mantsis et al., 2011), and large-scale circulation (Mantsis et al., 2014).
Orbital precession can also change the energy budget at TOA, which impacts the Hadley cell
(Merlis et al., 2013a, 2013b) and tropical precipitation (Merlis et al., 2013c).

In this study, we investigate the dependence of climate feedback and sensitivity on the
spatial pattern of solar forcing in a coupled climate model. Specifically, the incoming solar
radiation at TOA is perturbed at different geographic locations to mimic the effect of changes in
the spatial pattern of radiative forcing. A series of perturbation experiments are conducted by
imposing an abrupt change of incoming solar radiation over the entire globe, and three zonal
bands including the Northern Hemisphere mid-latitudes, Southern Ocean, and tropics,
respectively. These experiments reveal a strong dependence of climate sensitivity upon the
spatial pattern of radiative forcing, with extratropical forcings inducing roughly twice as much

global-mean temperature change as tropical forcings, particularly in the Southern Hemisphere.

2. Methods

2.1 Idealized Spatial Patterns of Solar Forcing Perturbation

Applying a fractional change to the solar constant is one approach of modifying incoming
solar radiation. However, since the amplitude of annual mean incoming solar radiation peaks at
the equator and decreases poleward, the resulting solar perturbation by this approach varies with
latitude. This makes it challenging to determine whether the response is due to the amount of the
fractional change, the spatial pattern of the perturbation, or a combination of both. The goal is to
investigate the dependence of climate response on the location of anomalous incoming solar

radiation. To achieve this, we impose solar forcing perturbation over the entire globe, Northern
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Hemisphere Mid-latitudes, Southern Ocean, and Tropics. We seek to ensure that the annual mean
anomalies are horizontally uniform, thereby excluding any potential impacts from the
heterogeneity of imposed forcing within the regions of interest. By doing so, we can better
understand the dependence of climate response on the location of the forcing and its potential

implications for climate sensitivity.

Nadeau and Mcgehee (2017) showed that the annual mean distribution of incoming solar

radiation for the Earth can be estimated by a second-degree approximation:

5
a,(y,B) =1- gP (cos B)p.(y) #(1)

where y stands for sine of latitude, § is obliquity, p,(y) is the Legendre polynomials with
p>(y) = (3y? — 1)/2. A simplified version is provided by North (1975):

6;(y) =1 —0.482 x p,(y)#(2)

In this form, the annual mean distribution of incoming solar radiation is only a function of
latitude. We first normalize the instantaneous incoming solar radiation at each model time step
by the annual mean distribution of incoming solar radiation. The incoming solar radiation
perturbation is deduced by (i) applying a I W m™ change to the solar constant over the perturbed
region to have a spatially and spectrally dependent forcing perturbation; (ii) dividing it by Eq. 2
to make it horizontally uniform (when integrated annually over the entire spectrum); and (iii)
multiplying it with a parameter to specify the global mean solar forcing perturbation. By doing
this, only the annual mean perturbation is horizontally uniform, whereas neither the

instantaneous nor the monthly mean perturbation is.

In this study, we consider both positive and negative perturbations. To ensure that the
experiments are comparable with each other for the same sign, we keep the absolute magnitude
of the global mean forcing the same. Since the domain size varies across the experiments, the
parameter used to control the magnitude depends on the domain size. Specifically, positive
perturbation experiments have a global mean forcing of +4 W m~2 while the negative ones have
a global mean forcing of —4 W m~2. When the forcing is imposed over the entire globe, the
parameter is +16.0 given that the surface area of the globe is 4772 but the effective area is 712,
where 7 is the radius of the Earth. When adding forcing over a specific zonal band such as the

Northern Hemisphere Mid-latitudes (30°N to 60°N), we need to calculate the surface area of the
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zonal band. To do this, we use the difference between the surface area of the bigger spherical cap
(from the north pole to 30°N) and that of the smaller spherical cap (from the north pole to 60°N),

which is given by:
2nr?(1 —sin6,) — 2nr?(1 —sin6,) , #(3)

where 6; = 30° and 6, = 60°. We use similar procedures to calculate the surface area for the
Sothern Ocean and Tropics. This approach ensures the same absolute values of global mean
anomalous incoming solar radiation across all experiments and allows us to examine the climate
response to forcing in a systematic way. The geographic locations of anomalous incoming solar
radiation are shown in Figure S1. Note that neither global mean effective radiative forcing nor
global mean instantaneous radiative forcing is supposed to be the same across all experiments by

this approach.

2.2 Model and Experiment

The Seamless System for Prediction and EArth System Research (SPEAR), developed at
NOAA'’s Geophysical Fluid Dynamics Laboratory (GFDL), is a fully atmosphere-ocean coupled
model designed for physical climate prediction and projection over a range of timescales from
seasonal to multidecadal (Delworth et al., 2020). In this study, the SPEAR LO version is used,
which consists of AM4 for the atmosphere component and LM4 for the land component (Zhao et
al., 2018a, 2018b). The atmosphere model has 33 vertical levels with a horizontal resolution of
approximately 100 km. The ocean and sea ice components are based on the MOM6 model and
have a nominal horizontal resolution of 1° and 75 vertical levels. Further information on the

SPEAR LO can be found in Delworth et al. (2020).

In this study, a preindustrial control simulation integrated for 400 years is used as a base
state, with radiative gas concentration and aerosol emission fixed at levels representative of the
calendar year 1850. As noted in Delworth et al. (2020), this simulation displays a radiative
imbalance at the TOA close to zero and little change in global mean surface air temperature over
the 400-year period, indicating that the system is in near equilibrium. The climatological mean
state is calculated from model outputs between years 101 and 300. For the perturbed simulations,
initial conditions are retrieved from year 101 of the Control simulation, and an abrupt anomalous

incoming solar radiation is added and maintained at a constant level throughout each simulation.
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The domain of interest for each experiment is listed in Supplementary Table S1. Each perturbed

simulation is integrated for 200 years.

2.3 Radiative Kernel Analyses

The radiative kernels used in this study are based on the atmospheric component of a
recent generation climate model (HadGEM3) developed by the UK Met Office (Smith et al.,
2020). The radiative kernel method decomposes the response of radiative fluxes at the TOA into
individual components caused by changes in temperature, water vapor, surface albedo and
clouds. Soden et al. (2008) showed that cloud feedback can be diagnosed from the response of
cloud radiative effect corrected by cloud masking effect. The radiative kernel method quantifies
radiative responses from changes in Planck (contributions of vertically uniform warming), lapse
rate (contributions of departures from vertically uniform warming), water vapor, surface albedo,
and cloudiness. Here we compute radiative feedbacks as the difference between Control

climatology and the last 20 years of the perturbation experiments.

3. Surface Temperature Response and Climate Sensitivity

Figure 1 illustrates impacts of anomalous incoming solar radiation on surface temperature
changes. The globally uniform positive forcing, GL +4, results in an overall surface warming
except the north Atlantic high latitudes (Figure 1a). NM +4 leads to enhanced surface warming
over the Northern Hemisphere continents and the north Pacific, whereas the north Atlantic high
latitudes still exhibit anomalous surface cooling (Figure 1b). By contrast, SO +4 shows large
surface warming not only over the entire Southern Ocean, but also over the tropical eastern
Pacific and tropical Atlantic (Figure 1c). The teleconnection between the SO and the tropics
involves several proposed mechanisms such as low cloud feedbacks (Kim et al., 2022; Zhang et
al., 2021), and surface wind anomalies associated with the Antarctic ozone hole (Hartmann,
2022). TR +4 exhibits a similar surface warming pattern as GL +4, but with a weaker magnitude
(Figure 1d). The negative perturbation experiments show similar patterns of surface temperature

changes as their positive counterparts, but with opposite signs (Figure 1e-h).
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Figure 1 Maps of surface temperature changes (i.e., SST over ocean and surface skin temperature
over land; units: K) averaged over the last 50 years (year 151-200) of each simulation relative to
the base state of Control. The dashed lines in NM, SO, and TR mark the geographical boundaries
of the anomalous solar forcing imposed.

The distinctive SST responses over the north Atlantic high latitudes indicate changes in
the Atlantic Meridional Overturning Circulation (AMOC), which is tightly connected with the
SST changes over the north Atlantic (Zhang & Delworth, 2005). Previous modeling studies
reported a reduction in AMOC strength as the climate warms, which is due to an increase in local
surface heat fluxes and surface freshwater fluxes, although their relative importance varies
(Gregory et al., 2005; Weaver et al., 2007). A weakened AMOC is found to cause a cooling
tendency to the south of Greenland in the north Atlantic (Liu et al., 2020). Here we find that NM
+4 has the most reduction in the AMOC strength while NM -4 has the most increase (Figure S2),
which is consistent with the anomalous north Atlantic SST cooling in NM +4 and anomalous
warming in NM -4 as shown in Figure 1. While similar AMOC responses are found in GL and
TR cases, AMOC is hardly affected in SO cases (Figure S2), indicating that forcing over the
Southern Hemisphere mid-latitude may not alter transient AMOC strength very much, although
possible changes may appear with longer integration. Within the 200-year simulation, it is the
forcing in the Northern Hemisphere mid-latitude that greatly changes the AMOC strength.

Overall, the varied patterns of surface temperature responses in Figure 1 indicate
variations in climate sensitivity. Near the end of the simulations, the global mean temperature
change in SO cases is nearly twice as large as that in TR cases (Figure S3). Although the global

mean responses are not exactly symmetric between the positive and negative forcing
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experiments, the dependence of climate sensitivity on the geographic locations of the imposed

anomalous incoming solar radiation indicates robust radiative forcing pattern effect.

Previously Winton et al. (2010) introduced the ocean heat uptake efficacy factor (€) to
address climate response to an increase in CO; concentration. The efficacy factor was explained
in the context of a two-box model by Held et al. (2010), and was used to account for the effect of
evolving SST spatial patterns on climate feedback (Winton et al., 2020). Here, large values of €
are mainly found in TR (not shown), indicating strong damping of the imposed forcing and thus
large negative radiative feedback, whereas small values of € mostly appear in extratropical
forcing cases (NM and SO) and global forcing cases (GL), which suggests weak damping of the
imposed forcing and thus small negative radiative feedback. In addition, as indicated by the time
series of global mean surface air temperature (Figure S3), the negative perturbation experiments
evolve toward equilibrium in a faster pace than the positive ones. Stouffer (2004) showed that
the coupled system exhibits a shorter response time scale with an abrupt half of CO,
concentration than an abrupt doubling of CO, concentration. Variations of the response times
scale between positive and negative forcing suggest that one may not use the relationship found
solely from either positive forcing or negative forcing experiments to constrain transient climate

sensitivity (Merlis et al., 2014).

4. Radiative Feedbacks

To understand solar forcing pattern effect, we diagnose radiative feedbacks using the
radiative kernel method (see Methods). The Planck feedback is negative and shows relatively
small variations across the perturbation experiments (Figure 2a). The lapse rate feedback is also
negative but exhibits large variations (Figure 2b), which is primarily due to the distinctive
surface warming patterns caused by changes in solar forcing location. The coupling between the
surface and the free troposphere is strong in the tropics because of temperature response
following a moist adiabat. Therefore, a relatively larger warming in the tropics is associated with
more tropospheric warming, a greater reduction in lapse rate, and a more negative lapse rate
feedback (Soden & Held, 2006). Here, the tropical forcing has relatively more warming at low
latitudes and thus more negative lapse rate feedback. However, the extratropical forcing,

especially for the SO forcing, has relatively more surface warming at high latitudes where the
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surface-troposphere coupling is weak, which leads to a less negative lapse rate feedback (Figure
2b). Knowing the radiative forcing pattern effect on lapse rate feedback is important for
estimation of climate sensitivity given that it is hard to constrain lapse rate feedback based on
observations (He et al., 2021). Additionally, we note the positive forcing experiments tend to
have a larger lapse rate feedback than the negative forcing experiments. which is mainly due to
the increased moisture content as the climate warms. More water vapor means an increase in
latent heat release as parcels rise, which leads to a steeper moist adiabatic lapse rate (Held &
Soden, 2000). Indeed, the water vapor feedback is larger in the positive forcing experiment than
that in the negative forcing experiments (Figure 2¢). An in-depth review of water vapor feedback
and lapse rate feedbacks can be found in Colman and Soden (2021). The surface albedo feedback

1s positive too but is relatively small in magnitude (Figure 2d).

Not surprisingly, the range in cloud feedback is large between these experiments (Figure
2e). The cloud feedback in TR +4 is slightly negative and becomes almost zero in TR -4. By
contrast, large positive cloud feedback is found in SO cases. The large spread in cloud feedback
is reflected in the total radiative feedback, where TR +4 is roughly -2.5 W m™ K™ but SO +4 is
roughly -1.0 W m™? K™ (Figure 2f).
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Figure 2 The global mean (a) Planck feedback, (b) lapse rate feedback, (c¢) water vapor feedback,
(d) surface albedo feedback, () cloud feedback, and (f) total radiative feedback (units: W m™ K-
Y. Positive forcing experiments are in red while negative forcing experiments are in blue.

Maps of local cloud feedback (i.e., cloud induced radiative perturbations at TOA
corrected by cloud masking effect and then divided by global mean surface air temperature
change) are shown in Figure 3. For TR cases, negative values in the extratropics and positive

values in the deep tropics tend to offset, leading to a slightly negative global mean cloud

10
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feedback in TR +4 (Figure 3d) and nearly zero one in TR -4 (Figure 3h). For SO cases, positive
values are found mostly over tropical and subtropical oceans, especially over the stratocumulus-
dominated areas such as the southeastern Pacific and Atlantic (Figure 3¢ and Figure 3g). In terms
of NM cases, positive values mainly appear over the north Pacific (Figure 3b and Figure 3f).

Such patterns yield an overall more positive global mean cloud feedback.

Cloud Feedback
b NM +4 [0.35] c d

e GL -4 [0.19] f

SRR ™

Unit: Wm~2 K1
e ——
-4 -3 -2 -1 0 1 2 3 4

Figure 3 Maps of local cloud feedback (units: W m™ K™'). The global mean values are listed in
the square brackets.

5. Connection to Cloud Controlling Factors

Then the question is: why changes in the forcing location alter the sign and magnitude of
cloud feedback? Recent studies proposed that meteorological cloud-controlling factors like SST,
estimated inversion strength (Wood & Bretherton, 2006) among other variables can explain
changes in cloud amount and thus cloud feedback, especially low cloud feedback (Myers et al.,
2021; Scott et al., 2020). Among the proposed cloud-controlling factors, we find that estimated
inversion strength (EIS) is a primary factor affecting cloud feedback. Here, changes in EIS are
normalized by global mean temperature changes (Figure 4) to allow for a direct comparison with
cloud feedback. Large positive values are found in TR cases, indicating a more stable
troposphere in a warmer climate that favors more low cloud amount, and results in enhanced
radiative cooling and negative cloud feedback in the subtropics (Figure 3d and Figure 3h). In
comparison, the EIS response in NM and SO cases show interhemispheric asymmetry. Negative

values are mostly found in the forcing domain, which indicates locally decreased stability in a

11



280  warmer climate. As a result, positive cloud feedback becomes dominant and contributes to the
281  overall positive global mean cloud feedback in NM and SO cases (Figure 3b and Figure 3f).
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283
284  Figure 4 Maps of changes in EIS per degree of global mean temperature change (units: K K™).

285 The changes in EIS covary with the changes in lapse rate feedback. A more negative
286  lapse rate feedback means relatively more tropospheric warming than surface warming, which
287  tends to enhance the tropospheric stability (Figure 5a). The increased tropospheric stability
288  favors more cloud and thus leads to a more negative cloud feedback (Figure 5b). Also, the
289  positive forcing experiments tend to have larger lapse rate and EIS response than the negative

290  forcing experiments because of the moist adiabat dependence on temperature.
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Figure 5 Scatterplots of (a) changes in global mean EIS per degree of global mean temperature
change (units: K K'l) versus lapse rate feedback, and (b) changes in EIS per degree of global
mean temperature change (units: K K™) versus cloud feedback.
6. Discussions and Summary

This study investigates how changes in locations of imposed solar forcing affect the
climate system in an atmosphere-ocean coupled model. We conduct a series of sensitivity
experiments where anomalous incoming solar radiation is imposed globally and over three zonal
bands including the Northern Hemisphere mid-latitudes, Southern Ocean, and tropics,
respectively. Our analyses show that extratropical forcing results in larger temperature change
compared to tropical forcing. The range in climate sensitivity mainly stems from variations in
lapse rate feedback and cloud feedback, in which both are related to changes in tropospheric

stability.

Our results have implications for historical aerosol forcing, volcanic eruptions, and
potential geoengineering efforts in the future. Compared to the idealized solar forcing
experiments, aerosol forcing involves larger spatial-temporal variability. Over the historical
period, changes in anthropogenic aerosols play an important role in altering radiative forcing,
which is mostly due to a geographic shift of major aerosol emission sources. The spatial
distribution of aerosols impacts surface temperature responses as shown in Persad and Caldeira
(2018). In addition, volcanic eruptions can also induce an abrupt change in the geographic
distribution of aerosols, which can further affect the mean state of the climate system (Yang et
al., 2019). As indicated by the simulations, zonally symmetric forcing in the extratropics induces
larger global mean temperature changes than that in the tropics. This implies that the
effectiveness of geoengineering in modifying the overall mean state of the climate system would
be limited if the forcing is applied solely over the tropics. Alternatively, our results highlight the
importance of carefully choosing the location of the forcing when developing and evaluating

potential geoengineering strategies.

Overall, the results in this study provide evidence of the solar forcing pattern effect on the
climate system, which involves dependence of radiative feedbacks on the geographic locations of
solar forcing. Considering the computational cost of running coupled climate models, we only
apply zonally symmetric forcing over the entire globe and three individual zonal bands, and

perturb the entire shortwave spectrum of the solar radiation. We acknowledge that the solar
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forcing’s spatial pattern can be more complex. Also, the perturbation is applied to the entire
spectrum of solar radiation. A recent study suggested that the impact of solar radiation is
spectrally dependent (Jing et al., 2021). While these issues are beyond the scope of this study, we
suggest that future research could explore related questions, building on our findings to gain a
more comprehensive understanding of the multifaceted interactions between external radiative

forcing, feedback, surface temperature, and other aspects of the climate system.
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