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Abstract 25 

 26 
Climate feedbacks, including Planck, surface albedo, water vapor-lapse rate (WVLR) and cloud 27 
feedbacks, determine how much surface temperatures will eventually warm to balance 28 
anthropogenic radiative forcing. Climate feedbacks remain difficult to constrain directly from 29 
temporal variation in observed surface warming and radiation budgets due to the pattern effect 30 
and low signal-to-noise ratio, with only order 1°C historic rise in surface temperatures and high 31 
uncertainty in aerosol radiative forcing. This study presents a new method to analyze climate 32 
feedbacks from observations by empirically fitting simplified reduced-physics relations for 33 
outgoing radiation at the top of the atmosphere (TOA) to observed spatial variation in climate 34 
properties and radiation budgets. Spatial variations in TOA outgoing radiation are dominated by 35 
the dependence on surface temperature: around 91% of the spatial variation in clear sky 36 
albedo, and 77% of spatial variation in clear sky TOA outgoing longwave radiation, is 37 
functionally explained by variation in surface temperatures. These simplified and 38 
observationally constrained relations are then differentiated with respect to spatial contrasts in 39 
surface temperature to reveal the Planck, fixed-cloud albedo (𝜆!"#$%&) and WVLR (𝜆'()*) 40 
climate feedbacks spatially for both clear sky and all sky conditions. The resulting global all sky 41 
climate feedback values are 𝜆'()*=1.28 (1.13 to 1.45 at 66%) Wm-2K-1, and 𝜆!"#$%&=0.64 (0.53 42 
to 0.74) Wm-2 for the 2003-2023 period reducing to 0.35 (0.29 to 0.41) Wm-2K-1 under 4°C 43 
warming after cryosphere retreat. Our findings agree well with complex Earth system model 44 
evaluations based on temporal climate perturbations, and our approach is complementary. 45 
 46 
 47 
 48 
 49 
 50 
Plain Language Summary 51 

The climate feedback measures how much Earth’s surface temperatures will change in 52 
response to climate forcing from rising greenhouse gas concentrations. However, our observed 53 
record of surface temperature changes over time in response to rising greenhouse gas 54 
concentrations in the past is not long enough to accurately determine Earth’s climate feedback 55 
for the future. In part, this limitation is because recent anthropogenic warming has only 56 
reached around 1 degree Celsius of temperature change globally so far. Here, we take an 57 
alternative approach: instead of considering how Earth’s surface temperatures have changed 58 
over time we consider how Earth’s surface temperatures change from the cold polar regions to 59 
the warm tropics which provides a much larger temperature change of around 80 degrees 60 
Celsius. By accounting for the different physical processes that affect Earth’s surface 61 
temperature spatially, we are able to provide an estimate of the climate feedback in response 62 
to a climate forcing from greenhouse gas concentrations. Our spatial-change estimates of 63 
climate feedback are independent of the existing temporal-change estimates, but are in good 64 
agreement with current estimates of climate feedback.    65 
 66 
 67 
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1. Introduction 68 
An imbalance in Earth’s energy budget at the top of the atmosphere is eventually restored 69 
through climate feedback processes, whereby an increase in surface temperatures leads to an 70 
increase in outgoing radiation at the top of the atmosphere (TOA). The total climate feedback 71 
from all processes, 𝜆+&+!"  in Wm-2K-1, is defined as minus the partial derivative of outgoing 72 
radiation at the top of the atmosphere, 𝑅&,+ in Wm-2K-1,  with respect to surface temperature, 73 
𝑇- in K, 74 
 75 

𝜆+&+!" = − .*!"#
./$

 .         (1) 76 

 77 
𝜆+&+!"  for the present day Earth system is an important quantity in global climate science, since 78 
it is inversely linked to the Equilibrium Climate Sensitivity, ECS~1 𝜆+&+!"⁄ , and so determines 79 
the future surface warming response to some specified anthropogenic forcing. This total 80 
climate feedback may be decomposed into individual climate feedbacks from different 81 
processes, 𝜆+&+!" = ∑𝜆0, where the feedback from process 𝑋 is, 82 
 83 

𝜆0 = − .*!"#
./$

.
10
= − .[-!"#3)!"#]

./$
.
10
= − .[-!"#3)!"#]

.0
.0
./$

 ,    (2) 84 

 85 
where 𝑆&,+ is the outgoing shortwave radiation and 𝐿&,+ is the outgoing longwave radiation at 86 
the TOA. The different climate feedback processes, 𝜆0, include the Planck feedback, the water 87 
vapor-lapse rate (WVLR) feedback, the surface albedo feedback and cloud feedbacks; see 88 
Sherwood et al. (2020) for a comprehensive assessment.   89 
 90 
Existing studies quantify climate feedbacks (either as the total feedback or the separate 91 
contributions from individual processes) through temporal changes in surface temperatures 92 
and Earth’s energy budget at the top of the atmosphere using either observations, numerical 93 
simulations or paleoclimate archives (e.g. Sherwood et al., 2020). However, temporal 94 
observations have only a limited historic record, especially for the energy budget, and the 95 
observed anthropogenic warming signal of around 1K is relatively small in comparison to the 96 
interannual variability and the uncertainty of the radiative effects of aerosols (Sherwood et al., 97 
2020). Also, the climate feedback may have had a different mean value in recent historic 98 
decades than it does now due to how changing patterns of surface warming over time alter 99 
climate feedback, known as the pattern effect (see e.g. Gregory and Andrews, 2016). 100 
 101 
Climate feedbacks are readily evaluated from numerical climate model simulations (e.g. Soden 102 
et al., 2008; Zelinka et al., 2020), which can use idealized forcing without aerosol contributions 103 
and simulate a longer time period than the historic record. While modern climate models 104 
include sophisticated representations of physical processes, the evaluated climate feedbacks do 105 
differ between different models (e.g. Zelinka et al., 2020), and so any single numerical model 106 
simulations may be biased relative to the real world. Also, if the goal is to evaluate the climate 107 
feedback contributions from different individual processes, 𝜆0, then the relatively large finite 108 
perturbations employed in numerical climate models lead to linear combination error in the 109 
individual feedbacks, such that 𝜆+&+!" ≠	∑ 𝜆0 (e.g. the rms difference between 𝜆+&+!"  and ∑𝜆0 110 
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is 17.2 % for 27 CMIP6 models assessed by Zelinka et al., 2020, and 17.7 % for 28 CMIP5 111 
models). Note that this nonlinear effect only impacts the values of 𝜆0 for each process and does 112 
not impact the value of the total climate feedback, 𝜆+&+!". 113 
 114 
Consider an alternative approach based on the spatial variation in TOA outgoing radiation and 115 
surface temperature (Figure 1). Evaluated with 1° horizontal resolution during the 2003-2023 116 
period, surface temperature correlates to TOA outgoing radiation and explains some 74 % of 117 

the variance in TOA outgoing radiation (Fig. 1), with a sensitivity of 1*!"#
1/$

≈ 1.28 Wm-2K-1. This 118 

crude observational estimate is consistent in magnitude to recent estimates of climate 119 
feedback (e.g. −𝜆+&+!" = 𝜕𝑅&,+ 𝜕𝑇-⁄ = 1.30 ± 0.44 in Sherwood et al., 2020). However, it is 120 
not in general robust to assume that the value of 𝛿𝑅&,+/𝛿𝑇- analyzed spatially and the value of 121 
𝜕𝑅&,+ 𝜕𝑇-⁄  are similar: a significant part of the observed spatial variation in 𝑅&,+ may arise 122 
from factors that co-vary in space with 𝑇- in recent climatology, but would not co-vary in time 123 
following a perturbation to the climate system. For example, Feng et al (2023a,b) reveal that 124 
some processes that contribute to how clear sky outgoing longwave radiation increases with 125 
surface temperature lead to a linear relationship (and so would also contribute in a similar 126 
manner spatially and temporally) but some processes lead to a departure from a linear 127 
relationship (and so would not act in a similar way temporally and spatially). These factors 128 
leading to departures from linearity, such as the mid-troposphere relative humidity (Feng et al., 129 
b), should be accounted for before making inferences on climate feedback from spatial 130 
information. 131 
 132 
Previous studies in the literature have successfully related TOA outgoing radiation to 133 
parameters describing atmospheric and surface properties, either empirically or theoretically 134 
(e.g. Raval and Ramanathan, 1989; Koll and Cronin, 2018; Schmidt et al., 2010; Ingram, 2010), 135 
and so have described combinations of processes and parameters that explain variation in 𝑅&,+. 136 
However, in general these empirically fitted relations for 𝑅&,+ are not easily differentiable with 137 
respect to surface temperature so cannot then be used to diagnose the climate feedback, (1).  138 
 139 
The goal of this study is to evaluate climate feedbacks from the Planck, WVLR and surface 140 
albedo feedback processes using observations of the spatial variation in TOA outgoing 141 
radiation, surface temperature and other properties of the Earth’s surface and atmosphere 142 
(where these other properties used in addition to surface temperature to help evaluate the 143 
climate feedbacks preferably vary independently of surface temperature). Spatial variation in 144 
observed surface temperature is of order 80 K (Fig. 1), thus providing a better signal-to-noise 145 
ratio than the much smaller order 1K temporal variation in observed surface temperature. To 146 
evaluate climate feedbacks, we first empirically relate 𝑅&,+ to 𝑇- and other atmospheric and 147 
surface properties using functional forms that are easily differentiable with respect to surface 148 
temperature. The analysis is conducted on a 1° by 1° spatial resolution using climatology for the 149 
2003-2023 period, evaluating feedbacks for both clear skies conditions and all skies conditions 150 
assuming constant cloud amount and cloud properties (i.e. fixed-cloud all sky conditions). 151 
Additional climate feedbacks associated with changes in cloud amount or cloud properties are 152 
not considered. 153 
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 154 
Recent studies have estimated climate feedbacks from theory and/or spatial variation in 155 
climate properties (e.g. Feldl and Merlis, 2023; Koll et al., 2023; Roemer et al., 2023). Feldl and 156 
Merlis (2023) use theory and spatial variation in climate properties to calculate climate 157 
feedback, but crucially the theory in their method does not solve for the radiative properties of 158 
the system, and instead employs radiative kernels (e.g. Soden et al., 2008) evaluated from 159 
model output forced with finite perturbations. Therefore, the Feldl and Merlis (2023) method 160 
does not provide an assessment of climate feedback terms that is independent of the numerical 161 
climate models. Koll et al. (2023) solves for a climate feedback term from first principles 162 
theoretically, and so does not require numerical model input, but solves for the longwave 163 
climate feedback under clear sky conditions only. The aim here is to solve for climate feedback 164 
terms involving Planck, WVLR and fixed-cloud albedo, each under both clear sky and all sky 165 
conditions, using theory applied to observational data for the climatological mean state. The 166 
climate feedbacks are solved independently of both numerical model output or time-varying 167 
climate signals. Note that fixed-cloud albedo includes both surface albedo and atmospheric 168 
albedo changes that are not caused by clouds (e.g. water vapor), while the WVLR feedback is 169 
explicitly a longwave-only feedback in this analysis. 170 

Section 2 of this study derives and empirically fits new reduced physics, simplified relations 171 
describing variation in TOA outgoing radiation in terms of surface temperature and other 172 
surface and atmospheric properties. Section 3 then differentiates these simplified relations to 173 
evaluate the Planck, WVLR and fixed-cloud albedo climate feedbacks under clear sky and all sky 174 
conditions. 175 
 176 
2. Simplified empirical relations for outgoing radiation at the TOA 177 
 178 
2.1 A framework for TOA outgoing radiation, planetary emissivity and planetary albedo 179 
A framework is adopted to derive the functional relationships where outgoing radiation under 180 
sky condition 𝑖 (signifying either clear-sky, cloudy-sky or all-sky conditions, where a cloudy sky is 181 
defined to have a cloud amount of 1 if cloud amount varies from 0 to 1) is related to the Stefan-182 
Boltzman constant, 𝜎 in Wm-2K-4, surface temperature, 𝑇-, and incident solar radiation via, 𝑅56, 183 
in Wm-2, via, 184 
 185 
𝑅&,+,5(𝑥, 𝑦) = 𝐿&,+,5(𝑥, 𝑦) + 𝑆&,+,5(𝑥, 𝑦) = 𝜀5(𝑥, 𝑦)𝜎𝑇-8(𝑥, 𝑦) + 𝛼5(𝑥, 𝑦)𝑅56(𝑥, 𝑦)  (3) 186 
 187 
where the planetary emissivity 𝜀5  is defined by the outgoing longwave radiation at the top of 188 
the atmosphere as a fraction of the expected emitted radiation at the planet’s surface for a 189 
black body averaged over some time span, 190 
 191 

𝜀5(𝑥, 𝑦) = ∫
)!"#,&9:,;,+'<
=/$

((:,;,+')
𝑑𝑡@+36A+

+ ∫ 𝑑𝑡@+36A+
+K   ,     (4a) 192 

 193 
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and the planetary albedo 𝛼5  in eq. (3) is defined as the outgoing shortwave radiation at the top 194 
of the atmosphere as a fraction of incident solar radiation at the top of the atmosphere 195 
averaged over some time span, 196 
 197 

𝛼5(𝑥, 𝑦) = ∫
-!"#,&9:,;,+'<
*&)(:,;,+')

𝑑𝑡@+36A+
+ ∫ 𝑑𝑡@+36A+

+K   .     (4b)  198 

 199 
2.1.1 Planetary emissivity 200 
The definition of planetary emissivity adopted here, 𝜀5  in eq. (4a), considers outgoing radiation 201 
measured at the top of the atmosphere and emitted radiation measured at the planet’s 202 
surface. This planetary emissivity therefore accounts for both the direct emissivity effect of the 203 
surface material of the planet (where emitted radiation is less than 𝜎𝑇-8) and the greenhouse 204 
effect of the atmosphere (where the atmosphere both absorbs and re-emits longwave radiation 205 
so that the outgoing longwave radiation at the top of the atmosphere is less than the upward 206 
longwave radiation at the planet’s surface). Note that the Sherwood et al. (2020) climate 207 
feedback review also utilizes the same planetary emissivity definition when analyzing the Planck 208 
feedback. 209 
 210 
The climatological monthly mean clear sky planetary emissivity, 𝜀B"$!C-D;(𝑥, 𝑦), for the period 211 
2003-2023 varies spatially from 0.57 to 1.0 (Fig. 2, left hand column), with low values in tropical 212 
regions and high values near the poles. This range of values implies that atmospheric 213 
absorption and emission of radiation and surface emissivity properties reduce the top of the 214 
atmosphere outgoing longwave radiation, relative to the expected longwave blackbody 215 
radiation emitted by the Earth’s surface, by up to 43 % under clear skies. In all sky conditions, 216 
monthly mean planetary emissivity, 𝜀E""-D;, varies spatially from 0.39 to 1.0, such that in the 217 
presence of clouds outgoing longwave radiation at the top of the atmosphere is reduced by up 218 
to 61 % relative to the expected surface emission by a blackbody. 219 
 220 
2.1.2 Planetary albedo 221 
The definition of planetary albedo definition adopted here, 𝛼5  in eq. (4b), considers incident 222 
and reflected radiation both measured at the top of the atmosphere. This planetary albedo 223 
definition therefore accounts for the shortwave radiation reflection both by the planet’s 224 
surface and by atmospheric constituents in either clear sky, cloudy sky or all sky conditions. The 225 
monthly climatological planetary albedo varies spatially from <0.10 to 0.88 in clear sky 226 
conditions and 0.10 to 0.96 in all sky conditions (Fig. 3).  227 
 228 
2.1.3 Differential forms for planetary emissivity and planetary albedo 229 
From eq. (3) we can see that the TOA outgoing shortwave radiation is related to incoming solar 230 
radiation by 𝑆&,+,5(𝑥, 𝑦) = 𝛼5(𝑥, 𝑦)𝑅56(𝑥, 𝑦) and the TOA outgoing longwave radiation is 231 
related to the expected blackbody emission at the Earth’s surface by 𝐿&,+,5(𝑥, 𝑦) =232 
𝜀5(𝑥, 𝑦)𝜎𝑇-8(𝑥, 𝑦) under sky condition 𝑖. The values of planetary albedo and planetary 233 
emissivity vary spatially (Figs. 2, 3) and with surface temperature (Fig. 4). The goal is therefore 234 
to identify reduced physics simplified relations for 𝛼5  and 𝜀5  that are differentiable with respect 235 
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to surface temperature to identify the Planck, WVLR and fixed-cloud albedo climate feedbacks 236 
in clear sky and all sky conditions.  237 
 238 
In order to be differentiable with respect to surface temperature to evaluate the climate 239 
feedback, the simplified relations that solve for TOA outgoing shortwave and longwave 240 
radiation, via solving for 𝛼5  and 𝜀5, must only contain parameters that are relatively insensitive 241 
to perturbations in surface temperature. Consider two simplified functions where planetary 242 
emissivity is related to surface temperature and 𝐽 other parameters describing the atmospheric 243 
and surface properties,  244 
 245 
𝜀5 = 𝑓N𝑇-, 𝑥F, 𝑥G…𝑥HP        (5a) 246 
 247 
and planetary albedo is related to surface temperature and 𝐾 other properties, 248 
 249 
𝛼5 = 𝑔(𝑇-, 	𝑦F, 𝑦G…𝑦I)        (5b) 250 
 251 
Ideally, we should like all other parameters to be orthogonal to 𝑇- under climate perturbation 252 
so that so that we are to differentiate these functions, 𝑓 and 𝑔, with respect to surface 253 

temperature without knowing the sensitivity of each separate parameter to 𝑇-, 
.:*
./$

. Given that 254 

we may not be able to identify parameters that are perfectly orthogonal to 𝑇- and still 255 
accurately capture the variation in 𝜀5  and 𝛼5, then we require: 256 
 257 

..J&
./$
. ≫ T.:*

./$

.J&

.:*
T        (6a) 258 

 259 
for each of the 𝐽 parameters that are not 𝑇- in the emissivity relation (5a) and  260 
 261 

..K&
./$
. ≫ ..;+

./$

.K&

.;+
.        (6b) 262 

 263 
for each of the 𝐾 parameters that are not 𝑇- in the albedo relation (5b). Therefore, here we 264 
cannot use parameters such as total precipitable column water vapor or specific humidity, since 265 
these parameters vary significantly over time with a surface temperature perturbation. For 266 
example, if 𝑥L  were precipitable water vapor column then after temperature increase 𝑥L  would 267 

also increase, 
.:*
./$

> 0, since warm air holds more water vapor. This increase in precipitable 268 

water vapor column then reduces planetary emissivity, .J&
.:*

< 0, from the greenhouse effect. 269 

Therefore the magnitude T.:*
./$

.J&

.:*
T could be considerable, and break condition (6a). However, 270 

instead we can use parameters such as surface relative humidity and the height of the 271 
tropopause (that are related to specific humidity and total precipitable water vapor content), 272 
since the changes in these quantities over time after temperature perturbation have a greater 273 
chance of satisfying condition (6a) and (6b). For example, if 𝑥L  were relative humidity then 𝑥L  274 
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would not likely change significantly with surface warming, 
.:*
./$

~0, and so T.:*
./$

.J&

.:*
T would 275 

satisfy condition (6a). 276 
 277 
 278 
2.1.4 Clear sky, cloudy sky and all sky conditions 279 
In clear sky conditions, the 2003-2023 annual-mean climatology evaluated planetary emissivity, 280 

𝜀B"$!C-D;, is nearly linearly related to surface temperature (Fig. 4e): 
1J,-./0$+1

1/$
= −3.75 K-1 with 281 

R2 of 0.96 (see Koll and Cronin, 2018). The 2003-2023 annual-mean climatology evaluated clear 282 
sky planetary albedo, 𝛼B"$!C-D; (Fig. 4f), shows a non-linear relationship to surface temperature 283 
with generally high albedo for annual-mean temperatures below 260 K (cold enough for the 284 
cryosphere to persist much of the year) and generally low albedo for annual-mean 285 
temperatures above 270 K (too warm for the cryosphere). Some locations with temperatures 286 
above 290 K show increased albedo, reflecting hot dry dessert regions over land with low plant 287 
coverage. Since climate feedbacks are related to the partial derivative of outgoing radiation 288 
with respect to surface temperature (eqs. 1, 2), this study aims to identify the partial 289 

derivatives, 
.J,-./0$+1

./$
, 
.J2--$+1
./$

 , 
.K,-./0$+1

./$
 and 

.K2--$+1
./$

 through observation-constrained 290 

functional relationships that are used to extract the impact of any factors that co-vary spatially 291 

with surface temperature in recent climatology (Fig. 4). The values of 
.K,-./0$+1

./$
 and 

.K2--$+1
./$

 will 292 

necessarily come from non-linear functions that approximate the non-linear relation between 293 
𝛼B"$!C-D; and 𝑇- (Fig. 4f). 294 
 295 
The planetary emissivity and albedo for the three different sky conditions, all sky, clear sky and 296 
cloudy sky, are connected via, 297 
 298 
𝜀E""-D;(𝑥, 𝑦) = 𝑓BE(𝑥, 𝑦)𝜀B"&,%;-D;(𝑥, 𝑦) + [1 − 𝑓BE(𝑥, 𝑦)]𝜀B"$!C-D;(𝑥, 𝑦)   (7a) 299 

and 300 
 301 
𝛼E""-D;(𝑥, 𝑦) = 𝑓BM(𝑥, 𝑦)𝛼B"&,%;-D;(𝑥, 𝑦) + [1 − 𝑓BM(𝑥, 𝑦)]𝛼B"$!C-D;(𝑥, 𝑦)  (7b) 302 

where 𝑓BE is the cloud amount area fraction and 𝑓BM is the cloud incident radiation fraction. 303 
Note that when averaging over time the cloud incident radiation fraction may differ from the 304 
cloud amount area fraction, and is calculated via 305 
 306 

𝑓BM(𝑥, 𝑦) =
∑O,2(:,;,P)*&)(:,;,P)A+3

∑*&)(:,;,P)A+3
       (8) 307 

 308 
where 𝑚 is some time interval.  309 
 310 
Section 2.1 considers the planetary emissivity and albedo in clear sky conditions, while section 311 
2.2 explores the impact of clouds in modifying the planetary emissivity and albedo in all sky 312 
conditions. 313 
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 314 
2.2 TOA outgoing radiation in clear skies 315 
 316 
2.2.1 Outgoing Shortwave radiation for Clear Sky 317 
Simplified functional relationships are now assessed for clear sky planetary albedo, 𝛼B"$!C-D;, in 318 
terms of surface temperature and other properties of the climate system. Here, we allow clear 319 
sky planetary albedo to be a function of surface temperature 𝑇Q, whether the surface is land or 320 
ocean, 𝑘, and latitude 𝜙, 321 
 322 
𝛼B"$!C-D; ≈ 𝑓(𝑇Q, 𝑘, 𝜙)         (9) 323 
 324 
where the explicit latitudinal dependency on 𝜙 is assumed to arise solely due to the 325 
geometrical effect of changes in mean annual solar zenith angle. The temperature effect on 326 
𝛼B"$!C-D; in (9) is assumed to implicitly represent both changes to the surface albedo through 327 
the cryosphere and changes to clear sky albedo from changing clear sky atmospheric 328 
properties, for example changes in the amount of water vapour altering the absorption and 329 
scattering of shortwave radiation (e.g. Pincus et al., 2015). The impacts of this implicit 330 
simplification on the results are discussed below. Observations reveal how monthly-climatology 331 
𝛼B"$!C-D; varied seasonally and spatially during the period 2003-2023 (Fig. 3), with generally 332 
high values for high-latitude snow and ice covered regions and lower values over sea and 333 
vegetation-covered land regions. The annual-mean values of local clear sky planetary albedo for 334 
the 2003-2023 climatology, 𝛼B"$!C-D;, reflect differences due to annual mean surface 335 
temperature, latitude and whether the local region is land or sea (Fig. 5a, grey and green). The 336 
monthly mean albedo values are converted to annual means using insolation-weighting, so at 337 
high latitudes the summer months contribute more to the annual mean, in line with the mean 338 
solar-zenith angle arguments of Cronin (2014). 339 
 340 
Now consider the functional forms for annual-mean albedo at some specified spatial 341 
coordinates in terms of latitude and surface temperature over land and ocean, eq. (9). First, we 342 
seek to explore the latitudinal dependence, 𝜙, and then later the temperature dependence, 𝑇Q, 343 
for land and ocean, 𝑘. The latitudinal dependence of albedo is assumed to arise due to the 344 
change in solar zenith angle affecting the amount of incident light reflected at any given time, 345 
and across a year. The annual-mean planetary albedo for surface-type 𝑗 at latitude 𝜙, 𝛼L(𝜙), is 346 
assumed to be related to the planetary-mean albedo for a planet covered entirely by the same 347 
surface-type 𝑗, 𝛼R_ , via a relation containing a second order Legendre polynomial in sin𝜙 after 348 
Goodwin and Williams (2023), with an additional coefficient added here, 𝛽, giving, 349 
 350 

𝛼L(𝜙) = d1 + e1 − 𝛼R_ f𝛽 g
F
G
[3 sinG 𝜙 − 1]hi 𝛼R_       (10) 351 

 352 
The additional coefficient 𝛽 is a tunable parameter within the range 0 ≤ 𝛽 ≤ 1, where 0 353 
indicates no latitudinal dependence on albedo for surface-material 𝑗 due to latitudinal 354 
geometry and 1 indicates the maximum possible latitudinal dependence. Note that when both 355 
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constraints 0 ≤ 𝛽 ≤ 1 and 0 ≤ 𝛼R_ ≤ 1, eq. (10) implies physically plausible values for local 356 
albedo, 0 ≤ 𝛼L(𝜙) ≤ 1, for all 𝜙. The second order Legendre polynomial sine of latitude is able 357 
to accurately account for how the annual-mean solar zenith angle by the Earth with latitude 358 
(e.g. Hartmann, 1994), providing some confidence for its application (with altered coefficients) 359 
to account for how annual-mean solar zenith angle affects albedo with latitude (Goodwin and 360 
Williams, 2023).  361 
 362 
The annual-mean local albedo is generally higher for cold regions that are covered in snow and 363 
ice most or all of the year and have lower water vapor levels, and generally lower for warmer 364 
regions that are ice- and snow-free for most of the year  and have higher water vapor levels 365 
(Fig. 5a). Applying eq. (10) to each annual-mean local albedo value (𝛼L: Fig. 3a) would then 366 
reveal the effective planetary-mean albedo for a planet entirely covered by the surface material 367 
found at that location (𝛼R_ ). This approximation is assumed here to effectively strip away the 368 
latitudinal impact on local fixed-cloud albedo, and leave only the temperature and land or 369 
ocean factors. To do this, we must first identify an approximate functional relationship between 370 
temperature and 𝛼R_  for land and ocean that will then be empirically constrained.   371 
 372 
How should temperature impact clear sky albedo? Here, we assume that when the ocean is 373 
warm enough to be ice-free all year, then increasing the temperature further has no impact on 374 
local albedo. Therefore, the reduction in local albedo over the ocean as temperatures warm 375 
from 280 K to 300 K is assumed here to be a latitudinal geometry effect arising from variation in 376 
mean annual solar zenith angle (Fig. 5a, grey), consistent with previous observational analysis of 377 
sea surface albedo with solar zenith angle (Payne, 1972). Similarly, we assume that when the 378 
land is cold enough to be ice-covered all year, that reducing the temperature further has no 379 
impact on local albedo. Therefore, the increase in local albedo when annual land temperatures 380 
reduce from 245 K to 220 K (Fig. 5a, green) is assumed here to be a latitudinal geometry effect. 381 
We seek a functional form that, on an 𝛼R_ -𝑇- plot has a low dependence at high and low 382 
temperatures, with high 𝛼R_  at low 𝑇- and low 𝛼R_  at high 𝑇-, and has a continuous and 383 
differentiable form between these limiting values (e.g. Fig. 5b, lines). 384 
 385 
The temperature dependence of the planetary albedo for a planet entirely covered by either 386 
land or ocean, 𝛼B"$!C-D;,Dkkkkkkkkkkkkk, is assumed to be represented by a relation containing the error 387 
function with respect to annual mean surface temperature via (e.g. Fig. 5b, lines) 388 
 389 

𝛼B"$!C-D;,Dkkkkkkkkkkkkk(𝑇-) = lK4/03,+SSSSSSSSSSSS3K5!-6,+SSSSSSSSSS
G

m − lK5!-6,+SSSSSSSSSSTK4/03,+SSSSSSSSSSSS
G

m erf q/7T9/4/03,+3/5!-6,+< G⁄
9/4/03,+T/5!-6,+< G⁄

r  (11) 390 

where 𝑘 indicates either land or ocean, 𝛼V!CP,Dkkkkkkkkkk is the planetary mean albedo covered in 391 
surface 𝑘 held at temperatures with no snow or ice, 𝛼W&"%,Dkkkkkkkk is the planetary mean albedo for 392 
surface  𝑘 held at temperatures where there is snow or ice all year, 𝑇89:;,< is the annual mean 393 
temperature above which the surface has very little snow or ice at any time of year, and 𝑇=>?@,< is 394 
the annual mean temperature below which the surface is almost entirely snow or ice covered 395 
all year. 396 
 397 
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The latitudinal dependence on clear sky planetary albedo is then modelled using a second order 398 
Legendre polynomial (eq. 10) to convert 𝛼B"$!C-D;,Dkkkkkkkkkkkkk to 𝛼B"$!C-D;, 399 
 400 

𝛼B"$!C-D;(𝑥, 𝑦, 𝑇-) = d1 + e1 − 𝛼B"$!C-D;kkkkkkkkkkkk(𝑥, 𝑦, 𝑇-)f𝛽 g
F
G
[3 sinG 𝜙 − 1]hi 𝛼B"$!C-D;kkkkkkkkkkkk(𝑥, 𝑦, 𝑇-)    401 

   (12) 402 
Closures (10) and (11) have tunable parameters 𝛽, 𝛼V!CP,"!6%kkkkkkkkkkkkkk, 𝛼W&"%,"!6%kkkkkkkkkkkk, 𝛼V!CP,&W$!6kkkkkkkkkkkkkkk , 403 
𝛼W&"%,&W$!6kkkkkkkkkkkkk, 𝑇V!CP,"!6%, 𝑇W&"%,"!6%, 𝑇V!CP,&W$!6 and 𝑇W&"%,&W$!6. These parameters are tuned to 404 
minimize the root of mean squares error in how eqs. (10) and (11) estimate 405 
𝛼B"$!C-D;(𝑥, 𝑦, 𝑇-)	from observed climatology (Table S1; Fig. 5b, compare lines to dots). This is 406 
achieved in two stages: first the values of the parameters are fitted to 𝛼B"$!C-D;(𝑥, 𝑦, 𝑇-) over 407 
land for all land points with 𝑇- < 290 K (since we are not attempting to include desertification 408 
at high temperatures within out scheme, Fig. 5a, green). Secondly, the the values of the 409 
parameters are fitted for the ocean assuming that 𝛼W&"%,Dkkkkkkkk and 𝛽 are the same for the ocean as 410 
the land (as the lack of data points with very low temperatures above the ocean, Fig. 5a, grey, 411 
makes 𝛼W&"%,&W$!6kkkkkkkkkkkkk and in turn 𝛽 difficult to fit, and very low temperatures are assumed to be 412 
entirely ice or snow covered all year regardless of whether they are over land or ocean).  413 
 414 
These relations, eqns. (10-12) with the tuned values of	𝛽, 𝛼V!CP,"!6%kkkkkkkkkkkkkk, 𝛼W&"%,"!6%kkkkkkkkkkkk, 𝛼V!CP,&W$!6kkkkkkkkkkkkkkk , 415 
𝛼W&"%,&W$!6kkkkkkkkkkkkk, 𝑇V!CP,"!6%, 𝑇W&"%,"!6%, 𝑇V!CP,&W$!6 and 𝑇W&"%,&W$!6 (Table S1), predict the clear sky 416 
albedo over each 1°x1° surface location based on the annual mean surface temperature (Fig. 417 
5b, compare lines to dots). The statistical models (eqns. 10, 11; Fig. 5b, compare lines to dots) 418 
have R2=0.962 for 𝛼B"$!C-D;(𝑥, 𝑦, 𝑇-) over the ocean and R2=0.949 over land (𝑇- < 290 K), and 419 
predict 𝛼B"$!C-D;(𝑥, 𝑦, 𝑇-)	values with a root mean square error of 0.0268 over the ocean and 420 
0.0486 over land with 𝑇- < 290 K (Fig. 3). Note that variation in atmospheric aerosol loading 421 
are not considered in the equations, and will lead to scatter between observed and empirically 422 
constrained values (Fig. 5b). The annual clear sky albedo 𝛼B"$!C-D;(𝑥, 𝑦, 𝑇-) ranges from 0.09 to 423 
0.70 and is spatially well predicted from 𝑇Q, 𝑘 and 𝜙 by the empirical relations (eqns. 9-12; Fig. 424 
3, top row) with an overall r.m.s. error of 0.04. The largest local errors on land arise in desert 425 
and grassland regions, which have higher local clear sky albedo than other land regions at the 426 
same temperature, and in the ocean arise at the northernmost edge of the Southern Ocean 427 
sea-ice extent, where local clear sky albedo is slightly underestimated in the empirical 428 
predictions (Fig. 3). 429 
 430 
The functions adopted here to describe the latitudinal and temperature impacts on clear sky 431 
albedo (eqns. 10, 11) are reasonable since: 432 
(1) The single fitted value of 𝛽 = 0.33 ± 0.01 produces the correct equatorial to high-latitude 433 
variation in clear sky albedo over the ocean (Fig. 3, top row, consider regions warm enough to 434 
remove any significant sea ice) and the correct equatorial to high-latitude variation in sea 435 
surface albedo in the Atlantic Ocean analyzed by Payne (1972) (see Supporting Information S3: 436 
Payne (1972) observes annual equatorial sea surface albedo of 0.06 increasing to between 0.08 437 
and 0.10 for +60° to +70° latitude, in line with eq. (10) using	𝛽 = 0.33 and 𝛼R_  tuned to give 438 
equatorial albedo of 0.06). This agreement indicates that the latitudinal variation observed is 439 
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explainable primarily due to a solar zenith angle geometry affecting the planetary surface 440 
reflection as assumed in the equations, and not a latitudinal variation in atmospheric 441 
absorption since this does not affect sea surface albedo; 442 
(2) The single fitted value of 𝛽 = 0.33 ± 0.01 removes any significant slope in planetary clear 443 
sky albedo with temperature at both warm locations, for ocean and land, and cold locations, 444 
over land (compare Fig. 5b to Fig. 5a, green and grey dots), showing that the latitudinal 445 
geometry impact on local clear sky albedo is accurately accounted for across different surface 446 
types; and 447 
(3) The fitted parameter values (Table S1) are able to accurately calculate the planetary albedo 448 
calculated for each location with low rms error (Fig. 5b, compare lines to dots), showing that 449 
the surface temperature impact on albedo is accurately accounted for. 450 
 451 
There is more error in the land reconstruction than for the ocean, in part since the land has 452 
very warm regions that are dry and so have low vegetation and high albedo (Fig. 5). The 453 
functional equations chosen are only intended to account for the cryosphere impact on albedo 454 
with temperature, not the impact from the drying out of soils and changing of the vegetation 455 
state. 456 
 457 
The annual mean clear sky albedo 𝛼B"$!C-D; ranges from 0.09 to 0.70 (Fig. 5a), while the 458 
implied global annual mean clear sky albedo if the entire planet was covered in that surface 459 
material 𝛼B"$!C-D;kkkkkkkkkkkk ranges from 0.10 to 0.66 (Fig. 5b). The range in 𝛼B"$!C-D; is due to both 460 
surface temperature (via the cryosphere extent and atmospheric water vapor) and solar zenith 461 
angle, while 𝛼B"$!C-D;kkkkkkkkkkkk has the solar zenith angle effect removed. The reduced range in 462 
𝛼B"$!C-D;kkkkkkkkkkkk compared to 𝛼B"$!C-D; implies that some 91% of the observed range in clear sky 463 
albedo is functionally related to surface temperature, while 9% is due to variation in factors 464 
that co-vary with temperature in space but would not co-vary with surface temperature in time 465 
following perturbation, such as the solar zenith angle change with latitude.  466 
 467 
2.2.2 Outgoing Longwave radiation for Clear Sky 468 
Simplified functional relationships are now assessed for clear sky planetary emissivity in terms 469 
of surface temperature and other climate properties. Based on simple physical considerations, 470 
we expect that clear sky planetary emissivity, 𝜀B"$!C-D;, will decrease with: 471 
• an increase in surface temperature 𝑇-, since warmer air holds more water vapor; 472 
• an increase in mid-troposphere relative humidity 𝐻C$", since water vapor is a greenhouse 473 

gas (see Feng et al. (2023b) for discussion of why outgoing longwave radiation is best 474 
related to the average mid-troposphere relative humidity, from 250 to 750 hPa); 475 

• an increase in the height of the tropopause above the surface, 𝑧+C&X − 𝑧Q, since a higher 476 
tropopause indicates that water vapor extends to a greater height in the atmosphere and 477 
reflects changes to the lapse rate; 478 

• an increase in surface pressure, 𝑝Q, since this indicates a greater mass of atmosphere above 479 
the surface, and so greater greenhouse effect. 480 

 481 
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Based on these physical considerations, we postulate a simplified linearized relationship 482 
whereby planetary emissivity is linearly related to surface temperature, 𝑇-; relative humidity in 483 
the mid-troposphere (250-750 hPa: Feng et al., 2023b), 𝐻C$"; the height of the tropopause 484 
above local surface elevation, 𝑧+C&X(𝑥, 𝑦, 𝑡) − 𝑧Q(𝑥, 𝑦); and surface pressure, 𝑝Q, via, 485 
  486 

𝜀B"$!C-D;(𝑥, 𝑦, 𝑡)487 
≈ 𝑐& + 𝑐F𝑇-(𝑥, 𝑦, 𝑡) + 𝑐G𝐻C$"(𝑥, 𝑦, 𝑡) + 𝑐Ye𝑧+C&X(𝑥, 𝑦, 𝑡) − 𝑧Q(𝑥, 𝑦)f488 
+ 𝑐8	𝑝Q(𝑥, 𝑦, 𝑡) 489 

           (13) 490 
 491 
For monthly mean observed climatology from 2003-2023 on a 1° by 1° spatial resolution, the 492 
coefficients for eq. (13) are fitted (Table S2). The empirically constrained simplified relation 493 
calculates 𝜀B"$!C-D;(𝑥, 𝑦, 𝑡) across all 12 months and each 1° by 1° location with a root of mean 494 
squares error of 0.0248, and has an adjusted R2 value of 0.906, thus providing accurate monthly 495 
spatial estimates of planetary clear sky emissivity (Fig. 2, top two rows). In addition to 496 
producing predictions in agreement observations (Fig. 2), if the simple physical justification for 497 
eq. (13) holds then we should also expect that the empirically fitted coefficient values 𝑐F, 𝑐G, 𝑐Y 498 
and	𝑐8 should all be negative, which they are (Table S2). Note that additional processes may 499 
affect how vertical temperature structure and outgoing longwave radiation change over time 500 
but are not considered in this methodology (i.e. a lapse rate component of the feedback that is 501 
not linked to changes in tropopause height). Such processes would alter 𝜀B"$!C-D;(𝑥, 𝑦, 𝑡) over 502 
time in a way that is not captured by eq. (13). The applicability of eq. (13) for spatial variation is 503 
supported by results from Feng et al. (2023a), who find that the vertical temperature structure 504 
(lapse rate) is not of primary importance in varying outgoing longwave radiation spatially.  505 
 506 

The coefficient 𝑐F takes the value 𝑐F =
.J,-./0$+1

./$
= −(−2.904± 0.003) × 10TY K-1 when (13) is 507 

empirically fitted to data on a monthly climatological basis (Supplementary Table S2), indicating 508 

that 77% of the observed spatial variation in 𝜀B"$!C-D; with 𝑇- (
1J,-./0$+1

1/$
= −3.75 × 10TY K-1: 509 

Fig. 4e) is functionally due to variation in surface temperature, whereas 23% of the observed 510 
variation is due to variation in factors that co-vary with temperature in space but would not co-511 
vary with surface temperature in time following perturbation. For example, spatial locations 512 
with high surface elevation and low surface pressure are generally also cold and have high 513 
planetary emissivity, 𝜀B"$!C-D;. There is also a near-linear relationship between 𝐿&,+ and 𝑇- in 514 
the region of parameter space considered (Fig. 2c,e), implying that up to around 77% of the 515 
spatial variation in outgoing longwave radiation at the top of the atmosphere is functionally 516 
related to surface temperature. See also Feng et al. (2023b) for explanation of the reasons 517 
behind outgoing longwave radiation’s near linear temperature dependence and its non-linear 518 
component.  519 
 520 
 521 
2.3 TOA outgoing radiation in all sky conditions 522 
 523 
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2.3.1 Outgoing Shortwave for All Sky 524 
Now, the impact of clouds on the planetary albedo is assessed to constrain a relation for albedo 525 
feedback under all sky conditions. The albedo of clouds is evaluated using a model of how 526 
clouds either reflect or emit radiation, and the surface of the planet reflects radiation, leading 527 
to an infinite series of emission and reflection contributions (Supporting Information Text S1 528 
and Fig. S1). A key difference relative to previous infinite series models (e.g. Taylor et al., 2007) 529 
is that here a distinction is made between the albedo of cloud for directed incident solar 530 
radiation (which is assumed to be latitudinally dependent due to changes in mean solar zenith 531 
angle) and the albedo of cloud for diffuse upwards radiation that has been reflected by the 532 
Earth’s surface (which is assumed to be latitudinally independent). This difference in albedo 533 
between directed and diffuse light arises because the angle of incidence affects the albedo (e.g. 534 
Stephens, 1978). 535 
 536 
Adopting this separation of directed and diffuse albedo model (Supporting Information Text S1 537 
and Fig. S1), the cloudy sky albedo is related to the clear sky albedo via, 538 
 539 

𝛼B"&,%;-D;(𝑥, 𝑦) ≈ 𝛼B"&,%:%5C(𝑥, 𝑦) + 𝛼B"$!C-D;kkkkkkkkkkkk(𝑥, 𝑦) [FTK,-!"6:6&0(:,;)][FTK,-!"6SSSSSSSSSS]
[FTK,-./0$+1SSSSSSSSSSSSSS(:,;)×K,-!"6SSSSSSSSSS]

   (14) 540 

 541 
where 𝛼B"&,%:%5C(𝑥, 𝑦) is the annual mean albedo of cloud at location 𝑥, 𝑦 for directed incident 542 
solar radiation, 𝛼B"&,%kkkkkkkk is the global mean cloud albedo, which is assumed equal to the albedo of 543 
cloud for diffuse radiation from below and is invariant with latitude. Using observational 544 
estimates for 𝛼B"&,%;-D;(𝑥, 𝑦) (Fig. 3) and modifying observed 𝛼B"$!C-D;(𝑥, 𝑦) with eq. (12) to 545 
obtain 𝛼B"$!C-D;kkkkkkkkkkkk(𝑥, 𝑦), eq. (14) is iteratively solved to calculate the climatological spatial 546 
pattern of cloud albedo for directed solar radiation, 𝛼B"&,%:%5C(𝑥, 𝑦), for the period 2003-2023 547 
(Figure 6, right hand column), noting that 𝛼B"&,%kkkkkkkk is the global average cloud albedo.  548 
 549 
The local variations in reconstructed cloud albedo, 𝛼!"#$%:%'(, reflect differences in cloud 550 
properties (Fig. 6). However, within this variation due to local cloud properties, the evaluated 551 
values of 𝛼B"&,%:%5C(𝑥, 𝑦) show a general pattern of increasing with latitude 𝜙 (Fig. 6, right hand 552 
side), consistent with the Stephens (1978) theoretical model and parameterization identifying 553 
how the magnitude of cloud albedo varies with solar zenith angle (see Stephens, 1978, Figure 4 554 
therein). 555 
 556 
2.3.2 Outgoing Longwave for All Sky 557 
Now, the impact of clouds on the relationship between clear sky planetary emissivity and 558 
surface temperature is considered. Clear sky planetary emissivity 𝜀B"$!C-D; is empirically related 559 
to surface temperature via equation (13). However, to calculate longwave climate feedbacks in 560 
all sky conditions, we need to relate planetary emissivity in all sky conditions, 𝜀E""-D;, to 561 
𝜀B"$!C-D;.  562 
 563 
With no atmosphere, and a perfect blackbody surface, the planetary emissivity would be equal 564 
to 1. In clear sky conditions planetary emissivity is less than 1 because greenhouse gasses in the 565 
atmosphere reduce the TOA outgoing longwave radiation compared to the expected emission 566 
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from the surface (Fig. 2, left hand column): the ambient reduction in planetary emissivity in 567 
clear sky conditions is 1 − 𝜀B"$!C-D;. This ambient planetary emissivity is reduced further in the 568 
presence of clouds because clouds themselves reduce TOA outgoing radiation (Fig. 2, compare 569 
middle and left hand columns): the total reduction in planetary emissivity with clouds and an 570 
atmosphere is 1 − 𝜀B"&,%;-D; (Supplementary Figure S2).  571 
 572 
Since clouds reduce outgoing longwave radiation at the TOA, a recent study (Goodwin and 573 
Williams, 2023) expressed this reduction of planetary emissivity due to clouds of clouds via a 574 
cloud-emissivity coefficient, 𝑐J = e1 − 𝜀B"&,%;-D;f/e1 − 𝜀B"$!C-D;f, where 𝑐J  is an amplification 575 
factor by which the value of one minus the emissivity for clear sky conditions is amplified in 576 
cloudy sky conditions. The value of 𝑐J  represents the impact of clouds on the longwave 577 
radiation budget and varies with cloud type. 578 
 579 
Here, we utilize this cloud-emissivity coefficient to relate 𝜀E""-D; to 𝜀B"$!C-D; and parameters 580 
representing cloud amount, 𝑓BE, and cloud type, 𝑐J, of the form 581 
 582 
𝜀E""-D; = 𝜀B"$!C-D; − 𝑓BE(𝑐J	 − 1)N1 − 𝜀B"$!C-D;P     (15) 583 
 584 
where the cloud-emissivity coefficient (Goodwin and Williams, 2023) expresses the longwave 585 
radiation budget impact of clouds via, 586 
 587 

 𝑐J(𝑥, 𝑦, 𝑡) =
[FTJ,-!"61$+1(:,;,+)]
[FTJ,-./0$+1(:,;,+)]

       (16) 588 

 589 
Here, the cloud emissivity coefficient of Goodwin and Williams (2023), is re-analyzed for the 590 
2003-2023 period, using monthly climatology at 1° by 1° spatial resolution (Fig. 6, left hand 591 
panels). The resulting values of 𝑐J  for across each 1° by 1°  gridpoint in each month have a 592 
median value of 𝑐J = 1.23, 66% of values between 1.11 and 1.34 and 90% of values between 593 
1.05 and 1.42 (Fig. 6, left hand panels). Therefore, the value of 1 − 𝜀B"&,%;-D; is larger than 1 −594 
𝜀B"$!C-D; by between 5 and 42 % across spatial and monthly variation for 90 % of the time. 595 
Note that the variation in 𝑐J  values arises for local climate states with very different monthly 596 
climatologies, with large variation in surface temperatures, relative humidites, surface 597 
elevations and other climatological parameters including cloud type. 598 
 599 
Combining the empirical prediction for clear sky planetary emissivity (𝜀B"$!C-D;; eq. 13; Fig. 2) 600 
with the observed spatial monthly climatology for the cloud emissivity coefficient (𝑐J; eq. 16; 601 
Fig. 6), and accounting for observed cloud amount using eq. (7a), produces an empirical relation 602 
for all sky planetary emissivity, 𝜀E""-D;(𝑥, 𝑦, 𝑡) (eq. 15; Figure 2, bottom two rows), where the 603 
empirical prediction in Fig. 2 uses 𝜀B"$!C-D; values predicted from eq. (13) and 𝑓BE and 𝑐$X as 604 
observed from monthly climatology. This empirical prediction for spatial and monthly all sky 605 
emissivity is in good agreement with the observed values (Fig. 2), with an r.m.s. error of 0.03 606 
(Fig. 2, bottom two rows). There is significant local error in isolated cold polar locations where 607 
𝜀B"$!C-D;(𝑥, 𝑦, 𝑡) is close to 1, and the denominator of eq. (16) goes to zero. 608 



Author Accepted Manuscript for JGR: Atmospheres 

 16 

 609 
 610 
3. Climate feedbacks 611 
The simplified functional relationships for planetary emissivity and planetary albedo to 612 
calculate the Planck, WVLR and albedo climate feedbacks in clear sky and all sky conditions are 613 
now utilized. Cloud feedbacks are not considered. From eqns. (1), (2) and (7), the local climate 614 
feedback for sky-condition 𝑖 at location 𝑥, 𝑦 is defined as, 615 
 616 

𝜆5(𝑥, 𝑦) = − .*!"#,&
./$

(𝑥, 𝑦) = − .
./$

[𝜀5(𝑥, 𝑦)𝜎𝑇-8(𝑥, 𝑦) + 𝛼5(𝑥, 𝑦)𝑅56(𝑥, 𝑦)]   (17a) 617 

 618 
which differentiates giving, 619 
 620 

𝜆5(𝑥, 𝑦) = −4𝜀5(𝑥, 𝑦)𝜎𝑇-Y(𝑥, 𝑦)yzzzzz{zzzzz|
_"!6WD

− 𝜎𝑇-8(𝑥, 𝑦)
.J&
./$

(𝑥, 𝑦)yzzzzz{zzzzz|
'()*3)'W"&,%

− 𝑅56(𝑥, 𝑦)
.K&
./$

(𝑥, 𝑦)yzzzzz{zzzzz|
!"#$%&3-'B"&,%

  (17b) 621 

 622 
To remove the cloud feedbacks from eq. (17) we set in this study the partial derivatives of 623 
emissivity and albedo with surface temperature to be evaluated without a temporal change in 624 

cloud amount, cloud emissivity coefficient or cloud albedo, such that  .J&
./$

=625 
.J&
./$
.
1O,2`1WB`1K,-!"6`a

 and .K&
./$

= .K&
./$
.
1O,2`1WB`1K,-!"6`a

. The consequences of changes in cloud 626 

amount and cloud properties (via cloud emissivity coefficient and cloud albedo) with time are 627 
reserved for future study.  628 
 629 
Analyzing the global mean climate feedback for some process and cloud state 𝜆b_  then requires 630 
convoluting this spatial feedback (eq. 17) with a warming pattern, 631 
 632 

𝜆b_ =
∫d&(:,;)A/$(:,;)%:%;

∫A/$(:,;)%:%;
         (18) 633 

 634 
Here, we use the multi-model warming pattern for a 2°C global-mean warming from 635 
Assessment Report 6 of the Intergovernmental Panel on Climate Change (IPCC, 2021). The 636 
associated 4°C warming pattern (IPCC, 2021) is also used to assess how climate feedbacks vary 637 
with the background climate state, by re-analyzing the climate feedback for surface 638 
temperature profiles of +2 K and +4 K warming (calculated as the ERA5 temperature profile for 639 
1940-1960 with the +2 K and +4 K IPCC (2021) warming patterns). 640 
 641 
3.1 Planck feedback 642 
The Planck feedback is defined here as the change in outgoing radiation following a change in 643 
surface temperature while atmospheric planetary emissivity is held constant (to represent 644 
constant atmospheric constituents). The Planck feedback for clear skies is written, from eq. 645 
(11), 646 
 647 
𝜆_"!6WD,B"$!C-D;(𝑥, 𝑦) = −4𝜀B"$!C-D;(𝑥, 𝑦)𝜎𝑇-Y(𝑥, 𝑦)    (19) 648 
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 649 
while the Planck feedback for all sky conditions is, 650 
 651 
𝜆_"!6WD,E""-D;(𝑥, 𝑦) = −4𝜀E""-D;(𝑥, 𝑦)𝜎𝑇-Y(𝑥, 𝑦)     (20) 652 
 653 
 654 
Using monthly mean climatology for the period 2003-2023, the Planck feedback is analyzed, 655 
giving a global spatial average of 𝜆_"!6WD,B"$!C-D; = −3.72 Wm-2K-1 and 𝜆_"!6WD,E""-D; = −3.33 656 
Wm-2K-1 for uniform surface warming. When convoluted with a multi-model mean pattern for 657 
2°C global warming (IPCC, 2021), the 2003-2023 all sky Planck feedback becomes 658 
𝜆_"!6WD,E""-D; = −3.30 Wm-2K-1.  This Planck feedback analysis is similar to previous methods 659 
(e.g. see Sherwood et al., 2020), and correspondingly gives similar results (Table 1).  660 
 661 
3.2 Clear sky and fixed-cloud all sky planetary albedo feedback 662 
The clear-sky albedo feedback is written, from eq. (17), 663 
 664 

𝜆!"#$%&,B"$!C-D;(𝑥, 𝑦) = −𝑅56(𝑥, 𝑦)
.K,-./0$+1

./$
(𝑥, 𝑦)     (21) 665 

 666 
The clear sky planetary albedo feedback, 𝜆!"#$%&,B"$!C-D;(𝑥, 𝑦), is now evaluated by 667 
differentiating 𝛼B"$!C-D; with respect to surface temperature and substituting into the relevant 668 
term in eq. (17). The partial derivative of local clear sky albedo respect to surface temperature 669 
is evaluated via, 670 
 671 
.K,-./0$+1

./$
(𝑥, 𝑦) = d1 + 𝛽 gF

G
[3 sinG 𝜙 − 1]hi .K,-./0$+1

SSSSSSSSSSSSSS

./$
(𝑥, 𝑦)   (22) 672 

 673 

where 
.K,-./0$+1SSSSSSSSSSSSSS

./$
(𝑥, 𝑦) is the partial derivative of eq. (11) with respect to surface temperature, 674 

adopting the fitted parameter values over land and ocean (Table S1). 675 
 676 
From our simplified relationships constrained by observed climatology for 2003-2023, the 677 
annual mean local clear sky albedo feedback (eq. 21: Fig. 7a) reveals high values in the 678 
Himalayas and high latitude regions where a small temperature change would lead to a large 679 
variation in clear sky albedo. The zonal mean values evaluated from simplified empirical 680 
relations and observations here (Fig. 7c, blue) show similarities to the values evaluated for 681 
CMIP6 models using radiative kernels following a 4xCO2 perturbation (Fig. 7c, grey), both in 682 
terms of the maximum magnitude and also the zonal pattern. 683 
 684 
Three key differences arise from the spatially-derived method used here (Fig. 7a, 7c blue) 685 
compared to the standard temporally-derived radiative kernel method applied to CMIP6 686 
models (Fig. 7c, grey): 687 
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(1) The method here evaluates the feedback from observations within a reduced physics 688 
framework, whereas the radiative kernel method is applied to climate models that contain 689 
complex physics but may also contain model bias;  690 
(2) The method here implicitly considers the cryosphere and water vapor impacts on clear sky 691 
albedo, and does not consider any vegetation-induced albedo changes, whereas CMIP6 models 692 
with coupled vegetation will include both cryosphere and vegetation induced surface albedo 693 
changes but do not consider atmospheric water vapor absorption effects; and 694 
(3) The method here evaluates 𝜆!"#$%&,B"$!C-D;(𝑥, 𝑦) for an infinitesimal perturbation to the 695 
climate state (eq. 21), whereas the radiative kernel approach applies to a large finite 4xCO2 696 
perturbation. Where snow or ice melts early in the large 4xCO2 perturbation, this finite 697 
approximation will reduce the temporally derived climate feedback relative to an infinitesimal 698 
perturbation, since the change in albedo will be the same but the change in the denominator 699 
(surface temperature) will be larger.  700 
 701 
Anthropogenic forcing is warming future climate beyond an infinitesimal perturbation (IPCC, 702 
2021). To explore large perturbations, our method evaluates 𝜆!"#$%&,B"$!C-D;(𝑥, 𝑦) for 703 
infinitesimal perturbations applied to warmed climate states, using surface temperature 704 
patterns for +2K and +4K global mean warming (IPCC, 2021) added on to the 1940-1960 705 
climatological mean in the ERA5 surface temperature record (the earliest period within the 706 
ERA5 dataset used). This choice results in reduced 𝜆!"#$%&,B"$!C-D;(𝑥, 𝑦) for the warmed climate 707 
states relative to the 2003-2023 period, especially in northern high latitudes where the 708 
cryosphere is in retreat (Figure 7c, compare orange and red to blue). This response explains the 709 
higher 𝜆!"#$%& values obtained from our method relative to 4xCO2 perturbation in CMIP6 710 
models 711 
 712 
Uncertainties in 𝜆!"#$%&,B"$!C-D;(𝑥, 𝑦) are estimated from scaling arguments from the error in  713 
𝛼B"$!C-D;kkkkkkkkkkkk(𝑥, 𝑦, 𝑇-) divided by the range of 𝛼B"$!C-D;kkkkkkkkkkkk(𝑥, 𝑦, 𝑇-): the fractional uncertainty in 714 
𝜆!"#$%&,B"$!C-D;(𝑥, 𝑦) is estimated as the root mean square error in 𝛼B"$!C-D;kkkkkkkkkkkk(𝑥, 𝑦, 𝑇-) divided 715 
by the maximum range of 𝛼B"$!C-D;kkkkkkkkkkkk(𝑥, 𝑦, 𝑇-) over land and ocean (Fig. 5c, blue, red and orange 716 
shading). 717 
 718 
 719 
To calculate the fixed-cloud planetary albedo feedback in all sky conditions, without considering 720 
changes in cloud amount or cloud properties, 721 
 722 

𝜆!"#$%&,E""-D; = −𝑅56
.K2--$+1
./$

         (23) 723 

 724 

we now calculate 
.K2--$+1
./$

 , by considering the impact of cloudy skies and non-zero cloud 725 

amount on 
.K,-./0$+1

./$
	 (eq. 22). The partial derivative of cloudy sky albedo is related to the 726 

partial derivative of clear sky albedo via differentiating eq. (14) (Supporting Information S1), 727 
 728 
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.K,-!"61$+1
./$

= d [FTK,-!"6:6&0(:,;)][FTK,-!"6SSSSSSSSSS]

[FTK,-./0$+1SSSSSSSSSSSSSS(:,;)K,-!"6SSSSSSSSSS]CeF3f[a.h×[Y ijkClTF]]m
i .K,-./0$+1

./$
   (24) 729 

 730 
 731 
The partial derivatives of albedo with respect to surface temperature in clear sky, all sky and 732 
cloudy sky conditions are related, from eq. (7), via, 733 
 734 
.K2--$+1
./$

= 𝑓BM
.K,-!"61$+1

./$
+ [1 − 𝑓BM]

.K,-./0$+1
./$

     (25) 735 

 736 
By substituting (24) and (25) in (17) the fixed-cloud planetary albedo feedback in all sky 737 
conditions becomes, 738 
 739 

𝜆!"#$%&,E""-D; = −𝑅56 }𝑓BM
[FTK,-!"6SSSSSSSSSS][FTK,-!"6:6&0]

[FTK,-./0$+1SSSSSSSSSSSSSS	K,-!"6SSSSSSSSSS]CeF3f[a.h×[Y ijkClTF]]m
+ [1 − 𝑓BM]~

.K,-./0$+1
./$

  740 

           (26) 741 
 742 
The values of 𝜆!"#$%&,E""-D; are calculated for surface temperatures during the 2003-2023 743 
period (Fig 7b,d), and also for +2K and +4K warmed climate states (Fig. 7d). The 𝜆!"#$%&,E""-D; 744 
for each level of warming is correspondingly reduced relative to 𝜆!"#$%&,B"$!C-D;, and the 745 
𝜆!"#$%&,E""-D; values derived here from observations and simplified empirical relations are 746 
similar to the CMIP6 derived values using radiative kernels and a 4xCO2 perturbation (Fig. 7d). 747 
Uncertainty in 𝜆!"#$%&,E""-D; is estimated through the application of the same scaling arguments 748 
as adopted for 𝜆!"#$%&,B"$!C-D; (Fig. 7c,d, blue, red and orange shading).  749 
 750 
The global mean fixed-cloud planetary albedo feedback in all sky conditions is 0.64 (0.58 to 0.70 751 
at 66% confidence) Wm-2K-1 for 2003-2023 background surface temperatures, decreasing to 752 
0.54 (0.49 to 0.59) Wm-2K-1 if background surface temperatures had already undergone +2K 753 
warming (Table 1) and decreasing to 0.35 (0.32 to 0.38) Wm-2K-1 for 4K warming. Note that a 754 
sensitivity study manually varying the value of 𝛽 in eq. (10) found that 𝜆!"#$%&,E""-D; varied by 755 
only ±0.05 Wm-2K-1 when 𝛽 varied by ±0.1, which is ten times the uncertainty in 𝛽(= 0.33 ±756 
0.01). Therefore, within uncertainty the value of 𝛽 does not significantly alter the fixed-cloud 757 
albedo within our spatial methodology.  758 
 759 
3.3 Water Vapor Lapse Rate feedback 760 
The water vapor-lapse rate (WVLR) feedback is defined here as the change in outgoing 761 
longwave radiation per unit warming due to a change in the planetary emissivity of the 762 
atmosphere following a change in climate state. From eq. (17) the WVLR feedback for clear 763 
skies is, 764 

𝜆'()*,B"$!C-D;(𝑥, 𝑦) = −𝜎𝑇-8(𝑥, 𝑦)
.J,-./0$+1

./$
(𝑥, 𝑦)     (27) 765 

 766 
 767 
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We now need to evaluate 
.J,-./0$+1

./$
 by differentiating the observation-constrained reduced 768 

physics relation for 𝜀B"$!C-D;, eq. (13). Assuming that the changes in tropospheric height, mid-769 
troposphere relative humidity and surface pressure with a change in climate state alter 770 
planetary emissivity significantly less than the change in surface temperature, then the partial 771 
derivative becomes, 772 
 773 
.J,-./0$+1

./$
≈ 𝑐F          (28) 774 

 775 

This simplification is a good approximation so long as T.n#0!D
./$

.J,-./0$+1
.n#0!D

T, ..o0.-
./$

.J,-./0$+1
.o0.-

. and 776 

..X$
./$

.J,-./0$+1
.X$

. are each much smaller than ..J,-./0$+1
./$

., (eq. 6), reflecting how the changes in 777 

tropospheric height, mid-troposphere relative humidity and surface pressure with a change in 778 
climate state alter planetary emissivity significantly less than the change in surface 779 
temperature.  780 
 781 

Substituting (28) into (27), and using the constrained value of 𝑐F =
.J,-./0$+1

./$
=782 

−(2.904± 0.003) × 10TY K-1, gives  𝜆'()*,B"$!C-D; varying from approximately 0.5 Wm-2K-1 in 783 
cold regions to 1.5 Wm-2K-1 in warm regions (Fig. 8, left hand column).  784 
 785 
Uncertainty in the value of 𝜆'()*,B"$!C-D; is due to our assumption that 𝜀B"$!C-D; is related to 786 
𝑇- via a linear term in eq. (13), 𝑐F𝑇-. The observed relation between spatial variation in 787 
𝜀B"$!C-D; and 𝑇- in modern climatology does reveal an approximate linear relation (Fig. 4e), 788 
which informs the decision to assume a linear term in eq. (13) as a best estimate for the 789 
functional relationship. However, a non-linear relationship is still possible. Supporting 790 
Information S2 evaluates the uncertainty in 𝜆'()*,B"$!C-D; that arises from the introduction of 791 
a non-linear term between 𝜀B"$!C-D; and 𝑇-  via modification of eq. (13), whereby the 𝑐F𝑇- term 792 
becomes 𝑐F𝑇-6. The systematic uncertainty in 𝜆'()*,B"$!C-D; arising from the linear assumption 793 
is evaluated in assuming that the value of the power varies with a normal distribution with 794 
mean 1 and standard deviation 1, 𝑛~𝑁(1,1) (Supporting Information S2; Fig. 8c, blue shading). 795 
The relatively small systematic uncertainty introduced by the linear assumption (Fig. 8c), 796 
combined with the good statistical fit for eq. (13) (Figure 2; Table S2), provides confidence in 797 
the evaluation of 𝜆'()*,B"$!C-D; (Fig. 8a,c) 798 
 799 
The WVLR feedback in all sky conditions is given by,  800 
 801 

𝜆'()*,E""-D;(𝑥, 𝑦) = −𝜎𝑇-8(𝑥, 𝑦)
.J2--$+1
./$

(𝑥, 𝑦)     (29) 802 

  803 
where it is assumed that both cloud amount, 𝑓BE, and cloud type are unchanging with 804 
perturbation. The impact on outgoing longwave radiation of cloud type is represented in this 805 
study by the cloud-emissivity coefficient, 𝑐J  (eq. 16; Goodwin and Williams, 2023) in eq. (15), 806 
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relating 𝜀E""-D; to 𝜀B"$!C-D;, 𝑓BE and 𝑐J. Therefore, to identify 
.J2--$+1
./$

(𝑥, 𝑦) as a function of 807 
.J,-./0$+1

./$
(𝑥, 𝑦), we differentiate eq. (15) with respect to surface temperature holding 𝑓BE and 808 

𝑐J  constant to reveal, 809 
 810 
.J2--$+1
./$

(𝑥, 𝑦) = [1 − 𝑓BE(𝑥, 𝑦) + 𝑓BE(𝑥, 𝑦)𝑐J(𝑥, 𝑦)]
.J,-./0$+1

./$
(𝑥, 𝑦)  (30) 811 

 812 
Substituting (30) into (29) then reveals the WVLR feedback in all sky conditions in terms of the 813 
sensitivity of clear sky planetary emissivity to surface temperature, the cloud amount area 814 
fraction, the cloud-emissivity coefficient, surface temperature and the Stefan-Boltzmann 815 
constant,  816 
 817 

𝜆'()*,E""-D;(𝑥, 𝑦) = −𝜎𝑇-8[1 − 𝑓BE + 𝑓BE𝑐J]
.J,-./0$+1

./$
(𝑥, 𝑦)    (31) 818 

 819 
This relation is evaluated for the observed climatology from 2003-2023, revealing 𝜆'()*,E""-D; 820 
spatially (Fig. 8b) and for zonal averages (Fig. 8d), where zonal averages include the systematic 821 
uncertainty from the assumption of a linear term relating 𝜀B"$!C-D; and 𝑇- (Fig. 8d, blue 822 
shading; Supporting Information S2). The magnitudes of zonal average 𝜆'()*,E""-D; are 823 
generally similar to CMIP6 model values approximated through radiative kernels and a 4xCO2 824 
temporal perturbation (Fig. 8d), but show a smoother latitudinal variation. This may reflect a 825 
difference between how cloud amount and type are held constant between the methodologies 826 
(𝛿𝑐J = 0  and 𝛿𝑓BE = 0 here versus imposed constant simulated cloud amount and type in the 827 
CMIP6 simulations). These different methodologies may then imply differences in how clouds 828 
interact with non-cloud features of the air column that are changing with perturbation (e.g. 829 
water vapor content, aerosols) to affect longwave radiation.  830 
 831 
The global mean all sky WVLR feedback is 1.28 (1.13 to 1.45) Wm-2K-1 for the 2003-2023 surface 832 
temperatures (Table 1). Our analysis suggests that the WVLR feedback only increases a small 833 
amount as the world warms, although we note that we do not have a strong constraint on the 834 
second derivative of planetary emissivity with surface temperature from our observationally 835 
constrained functional relationship (eq. 13, Supporting Information S2). Therefore, we have low 836 
confidence in the WVLR feedback evaluation for the +2 K and +4 K warmed worlds. When 837 
comparing to other studies, note that our methodology includes only the LW component of the 838 
WVLR feedback (Table 1), the SW component arising from changes in water vapor absorbing or 839 
scattering SW radiation is implicitly included within our clear sky and fixed-cloud planetary 840 
albedo feedbacks. Note also the similarity between our estimate and temporally derived 841 
estimates arises even though not all processes that act temporally may be included within the 842 
spatial analysis used to constrain WVLR here (see section 2.2.2 above). 843 
 844 
 845 
3.4 Global mean total feedback  846 
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The global mean values of the Planck, WVLR and fixed-cloud planetary albedo feedbacks are 847 
analyzed from spatial variation for the 2003-2023 climatology combined with a +2K warming 848 
pattern (Table 1), and are similar in magnitude to values analyzed using temporal perturbation 849 
methods (IPCC, 2021; Sherwood et al., 2020; Zelinka et al, 2020). While the Planck and WVLR 850 
feedbacks are consistent (Table 1), the fixed-cloud planetary albedo feedback for the 2003-851 
2023 climatology is larger than recent estimates for surface albedo from temporal variation by 852 
around 0.3 Wm-2K-1. Two possible reasons for this include: Firstly, our fixed-cloud planetary 853 
albedo estimate implicitly includes both how surface albedo changes with temperature from 854 
the cryosphere and how atmospheric albedo changes with temperature from water vapor-lapse 855 
rate effects. These shortwave water vapor-lapse rate effects are not included within estimates 856 
of surface albedo (IPCC, 2021; Sherwood et al., 2020; Zelinka et al., 2020) but are estimated at 857 
around 0.3 Wm-2K-1 (Donohoe et al., 2014). Note this also implies that our WVLR feedback is 858 
actually more consistent with the Sherwood et al. (2020) estimate, since we do not include the 859 
shortwave component (Table 1). Secondly, our fixed-cloud albedo estimate is calculated for an 860 
infinitesimal perturbation to the 2003-2023 climatology, whereas previous surface albedo 861 
estimates are calculated for a large 4xCO2 perturbation. Our albedo estimate becomes more 862 
consistent with previous estimates when the world has warmed by +2K and +4K above the mid-863 
20th century average. 864 

To calculate total climate feedback, 𝜆+&+!" = Σ𝜆0, we combine our Planck, WVLR and fixed-865 
cloud planetary -albedo feedback estimates in all sky conditions with two estimates of cloud 866 
feedback: Ceppi and Nowack (2021): 𝜆W"&,% = 0.43 ± 0.35 Wm-2K-1 at 90% confidence that 867 
applies after a 4xCO2 perturbation after surface warming patterns have adjusted; and 868 
Raghuraman et al., (2023) 𝜆W"&,% = 0.20 ± 0.34 Wm-2K-1 at 95% confidence that applies in the 869 
present climate state before any future adjustments to surface warming patterns. Note that 870 
these cloud feedback estimates are similar to estimates from recent reviews of the literature 871 
(IPCC, 2021; Sherwood et al., 2020; Table 1), with Ceppi and Nowack (2021) toward the more 872 
amplifying range and Raghuraman et al., (2023) toward the less amplifying range. We calculate 873 
the total global mean climate feedback only for the 2003-2023 climatology, since we have low 874 
confidence in the WVLR feedbacks for the +2 and +4 K warmed worlds (Table 1). Assuming 875 
independent uncertainty between terms, our analysis combined with Ceppi and Nowack (2021) 876 
provides a 𝜆+&+!" = −0.95 [−0.49	to  −1.40 at 90% confidence] Wm-2K-1 for the 2003-2023 877 
period (Table 1; Fig. 8a), while when combined with Raghuraman et al., (2023) we find 𝜆+&+!" =878 
−1.18 [−0.77 to −1.58] Wm2K-1. Our spatially-derived estimates are consistent with previous 879 
temporal variation methods for calculating total climate feedback (Figure 9; Table 1: IPCC, 880 
2021; Sherwood et al., 2020; Zelinka et al., 2020), with the choice of cloud feedback 881 
determining whether our best estimate is more similar to the mean of the CMIP6 models or the 882 
IPCC (2021) AR6 (Table 1), although noting that the Ceppi and Nowack (2021) cloud feedback 883 
estimate applies after a 4xCO2 perturbation and so is more directly relevant as a comparison to 884 
the previous net climate feedback estimates (Table 1). Note that in the Sherwood et al. (2020) 885 
review, additional evidence is used to constrain Equilibrium Climate Sensitivity (ECS) that is not 886 
used to constrain the climate feedback, and therefore the reduced range of our 𝜆+&+!"  estimate 887 
relative to Sherwood et al (2020) (Figure 9) does not imply a similarly reduced range for ECS. 888 
 889 
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4. Discussion 890 
Many existing methods evaluate climate feedbacks from the temporal variation in climate state 891 
following some perturbation (e.g. Sherwood et al., 2020). When applied to numerical climate 892 
models, the temporal variation is induced by application of finite perturbations to the climate 893 
system, often with a quadrupling of atmospheric CO2

 (e.g. Soden et al., 2008; Zelinka et al. 894 
2020). Observation-based methods (e.g. Cael et al., 2023; Sherwood et al., 2020; Goodwin, 895 
2021; Goodwin and Cael, 2021) often employ the recent temporal changes in surface 896 
temperature and outgoing radiation at the top of the atmosphere, where time-mean net 897 
outgoing radiation is sometimes deduced from heat content changes in the ocean and Earth 898 
system. Paleoclimate approaches avoid the need to calculate Earth’s transient energy 899 
imbalance by considering longer timescales, but do rely on proxy evidence to reconstruct the 900 
observable quantities (e.g. Rohling et al., 2018). Other approaches involving observational 901 
records include using the internal variability within observational records to constrain climate 902 
feedback (Dessler, 2013) and applying emergent constraints to assess which complex climate 903 
models have the best simulated representation of the climate’s sensitivity to change (e.g. Cox 904 
et al., 2018). 905 
 906 
This study has presented a new methodology for evaluating climate feedbacks, where 907 
simplified relations between outgoing radiation and climatological properties (eqns. 1-30) are 908 
empirically constrained with spatial variation in observed climatology (Hersbach et al., 2023; 909 
Loeb et al., 2018;  Figs. 1-6), and then differentiated with respect to surface temperature to 910 
reveal the Planck, WVLR and fixed-cloud planetary albedo feedbacks (Figs. 7, 8). The climate 911 
feedbacks are evaluated spatially at 1° by 1° horizontal resolution, and then a global mean is 912 
found by convoluting with a spatial warming pattern.  913 
 914 
When spatial variation is considered, both TOA outgoing longwave radiation and outgoing 915 
shortwave radiation vary considerably with surface temperature (e.g. Fig. 2c,d for clear skies), 916 
which is expressed via spatial variation in planetary emissivity and planetary albedo respectively 917 
(Fig. 2e,f). Our simplified and empirically constrained relations identify that 91% of the 918 
apparent spatial link between clear sky albedo and surface temperature arises through a 919 
functional dependance. The remaining 9% of the apparent spatial link arises through the 920 
latitudinal effect on the solar-zenith angle, which co-varies with surface temperature in space 921 
but would not co-vary with temperature in time following perturbation. Similarly, we identify 922 
that around 77% of the apparent spatial link between clear sky planetary emissivity and surface 923 
temperature arises through a functional dependence. The remaining 23% of this apparent 924 
spatial link arises through factors that co-vary with surface temperature in space but would not 925 
co-vary in time following perturbation, such as surface pressure and the height of the 926 
tropopause. Through extracting these co-varying factors, our methodology uses observed 927 
spatial variation in outgoing radiation and surface temperature to evaluate climate feedbacks 928 
following perturbation.  929 
 930 
Our spatial-variation methodology is complementary to existing temporal-variation methods, 931 
with consistent results (Table 1) derived from independent evidence, assumptions and 932 
uncertainties. For example, the reduced physics nature of our approach contrasts with the 933 
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complex climate models used for evaluating climate feedbacks in the literature (e.g. Zelinka et 934 
al., 2020). However, the ability to evaluate climate feedbacks from spatial variation in observed 935 
climatology produces a significantly better signal-to-noise ratio (with spatial temperatures and 936 
outgoing radiation varying by order 80 K and 100 Wm-2K-1 respectively) when compared to 937 
historic observations of temporal changes in temperature and outgoing radiation (of order 1 K 938 
and 1 Wm-2K-1 respectively). When producing an estimate of climate feedback, and the related 939 
Equilibrium Climate Sensitivity, from multiple lines of evidence using a Bayesian framework 940 
then a method that is largely independent of pre-existing methods can be useful in narrowing 941 
the overall uncertainty range (Sherwood et al., 2020), such as the method presented here (e.g. 942 
Fig. 9).  943 
 944 
Our best estimate for global mean total climate feedback analyzed from spatial information, 945 
comes out similar in magnitude to the IPCC (2021) AR6 and Sherwood et al. (2020) estimates, 946 
depending on the independent cloud feedback estimate used (Table 1). One difference in 947 
methodology is that our spatial estimate considers the albedo feedback for an infinitesimal 948 
warming perturbation, whereas the IPCC (2021) and Sherwood et al. (2020) estimates consider 949 
a 4xCO2 perturbation with relatively large finite warming. When we apply our methodology to 950 
calculate the albedo feedback for infinitesimal perturbation starting from a warmed world 951 
(Table 1; Fig. 7), there is a reduction in the positive albedo feedback by a magnitude enough to 952 
explain the difference between our estimate of total climate feedback and the IPCC (2021) and 953 
Sherwood et al (2020) estimates. 954 
 955 
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Figures and captions: 1125 

 1126 
Figure 1. Spatial variation in total outgoing radiation correlating with surface temperature for 1127 
the 2003-2023 period, analyzed as annual-mean climatology, with each dot (a) representing a 1128 
single location with 1 deg by 1 deg horizontal resolution. Surface temperature (b) evaluated 1129 
from ERA5 (Hersbach et al., 2023) and outgoing radiation (c) from EBAF4.2 (Loeb et al., 2018). 1130 
 1131 

 1132 
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 1133 

Figure 2: Monthly climatological planetary emissivity for 2003-2023 from observations (left 1134 
hand column), a reduced physics simplified empirical relation (middle column) and the error in 1135 
the empirical relation (right hand column). Shown are planetary emissivity in clear sky 1136 
conditions (top two rows) and all sky conditions (bottom two rows) for the months of January 1137 
and July. 1138 
 1139 

 1140 

Figure 3: Annual climatological albedo in all sky and clear sky conditions from observations (left 1141 
hand column), from the empirically constrained predictions (middle column) and the error in 1142 
the empirical predictions (right hand column). The rms error in the empirical relation for 1143 
planetary albedo is 0.037 for clear sky and 0.030 for all sky conditions. 1144 
 1145 



Author Accepted Manuscript for JGR: Atmospheres 

 35 

1146 
Figure 4. Spatial variation in outgoing radiation, planetary emissivity and albedo for the 2003-1147 
2023 period in clear sky conditions, analyzed as annual-mean climatology for 1° by 1° horizontal 1148 
resolution. (a) Outgoing longwave radiation in clear sky conditions. (b) Outgoing shortwave 1149 
radiation in clear sky conditions. (c) Outgoing longwave radiation in clear sky conditions and 1150 
surface temperature. (d) Outgoing shortwave radiation in clear sky conditions and surface 1151 
temperature. (e) Planetary emissivity in clear sky conditions and surface temperature. (f) 1152 
Planetary albedo in clear sky conditions and surface temperature.  1153 
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 1154 

Figure 5. Local albedo over land and ocean with surface temperature for the climatological 1155 
period 2003-2023. (a) The local annual-mean clear sky planetary albedo with surface 1156 
temperature evaluated over 1° by 1° resolution. (b) The implied global-mean clear sky planetary 1157 
albedo if the entire planet was covered in the surface-type found at that location, evaluated 1158 
over 1° by 1° resolution. 1159 
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 1160 

Figure 6. The albedo of cloud for directed incident solar radiation (left hand panels) and the 1161 
cloud emissivity coefficient for outgoing longwave radiation (right hand panels) and the albedo 1162 
of cloud from monthly mean climatology for 2003-2023. 1163 
 1164 

 1165 

 1166 

 1167 
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 1168 
Figure 7. Clear sky and fixed-cloud planetary albedo feedback spatially and as a zonal average. 1169 
The spatial planetary albedo feedback for the 2003-2023 period for (a) clear sky and (b) fixed-1170 
cloud all sky conditions. The zonal mean planetary albedo feedback for (c) clear sky and (d) 1171 
fixed-cloud all sky conditions. Zonal mean feedbacks shown are for infinitesimal perturbation 1172 
starting from the 2003-2023 climatology (blue), starting from a 2K warmed climate state (red) 1173 
and starting from a 4K warmed climate state (orange). Zonal mean surface albedo feedback for 1174 
finite 4xCO2 perturbation is shown for CMIP6 models (grey), evaluated from radiative kernels, 1175 
for comparison.  1176 
 1177 
 1178 
 1179 
 1180 
 1181 
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 1182 
Figure 8. The WVLR feedback spatially and as a zonal average for clear sky and all sky 1183 
conditions. The spatial WVLR feedback for the 2003-2023 period for (a) clear sky and (b) all sky 1184 
conditions. The zonal mean WVLR feedback for (c) clear sky and (d) all sky conditions. Zonal 1185 
mean feedbacks shown are for infinitesimal perturbation starting from the 2003-2023 1186 
climatology (blue) and for finite 4xCO2 perturbation for CMIP6 models (grey), evaluated from 1187 
radiative kernels.  1188 

1189 
Figure 9. Frequency distributions for effective global mean climate feedback, and values for 1190 
individual CMIP6 models. Shown are constraints from spatial evidence from this study (blue 1191 
line), and externally calculated temporal evidence values including for CMIP6 models (gray 1192 
crosses: Zelinka et al., 2020), and from a recent review (black dashed line: Sherwood et al., 1193 
2020). 1194 
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Table and Table caption: 1196 

 1197 
Climate 
feedback 

This study, 
2003-2023 
{median, 

(66% range) 
[90% range]} 

This study, 
+2°C warming 

{median, 
(66% range) 
[90% range]} 

This study, +4°C 
warming 
{median, 

(66% range) 
[90% range]} 

AR6 
{median, 

(66% range) 
[90% range]} 

Sherwood et al. 
{median, 

(66% range) 
[90% range]} 

CMIP6, 
{mean ± 
standard 

deviation} 

Planck, 𝝀𝑷𝒍𝒂𝒏𝒄𝒌	 
(Wm-2K-1) 
 

-3.30 -3.38 -3.52 -3.22 
(-3.1 to -3.3) 
[-3.0 to -3.4] 

-3.20 
(-3.16 to -3.24) 
[-3.13 to -3.27] 

-3.28±0.05 

Fixed-cloud 
albedo, 𝝀𝒂𝒍𝒃𝒆𝒅𝒐  
(Wm-2K-1) 
 

0.64 
(0.58 to 0.70) 
[0.53 to 0.74] 

 

0.54 
(0.49 to 0.59) 
[0.44 to 0.63] 

0.35 
(0.32 to 0.38) 
[0.29 to 0.41] 

0.35 
(0.25 to 0.45) 
[0.10 to 0.60] 

0.30 
(0.15 to 0.45) 
[0.05 to 0.55] 

0.45±0.09 

WVLR, 𝝀𝑾𝑽𝑳𝑹 
(Wm-2K-1) 
 

1.28 
(1.13 to 1.45) 
[1.02 to 1.57] 

1.30a 
(1.14 to 1.47) 
[1.03 to 1.60] 

1.35a 
(1.17 to 1.53) 
[1.05 to 1.67] 

1.30 
(1.2 to 1.4) 
[1.1 to 1.5] 

 

1.15 
(1.0 to 1.3) 
[0.9 to 1.4] 

1.33±0.09 

Cloud, 𝝀𝑪𝒍𝒐𝒖𝒅  
(Wm-2K-1) 
 

- - - 0.42 
(0.12 to 0.72) 
[-0.10 to 0.94] 

0.45  
(0.12 to 0.78) 
[-0.09 to 0.99] 

0.42±0.36 

Total climate 
feedback, 𝝀𝒕𝒐𝒕𝒂𝒍 
(Wm-2K-1) 

-0.95b 
(-0.68 to -1.21) 
[-0.49 to -1.40] 

 
-1.18c 

(-0.94 to -1.41) 
[-0.77 to -1.58] 

- - -1.16 
(-0.78 to -1.54) 
[-0.51 to -1.81] 

-1.30 
(-0.86 to -1.74) 
[-0.58 to -2.02] 

-1.00±0.34 

Table 1: Climate feedback terms and climate sensitivity compared to IPCC Assessment and 1198 
CMIP models. CMIP6 values taken from Zelinka et al. (2020). aInferred values for a linearized 1199 
system, without strong constraints for the second derivative of planetary emissivity with 1200 
respect to surface temperature. bCombines Planck, WVLR and albedo feedbacks with Ceppi 1201 
and Nowack (2021) evaluated range for cloud feedback. cCombines with Raghuraman et al. 1202 
(2023) evaluated range for cloud feedback. 1203 

 1204 


