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Abstract. Most current methods for evaluating climate feedbacks utilise variation with time in Earth’s energy balance and 

surface temperatures, either from observations or Earth system model perturbation experiments. This study presents a new 

semi-empirical evaluation of Earth’s climate feedbacks at equilibrium, constrained instead by variation with latitude in recent 

mean climatology. Latitudinally binned surface temperature and outgoing radiation climatology provides a first order net 15 

climate feedback estimate 𝜆 = −1.3 ± 0.1 Wm-2K-1, but this does not isolate the temperature influence on outgoing radiation 

from other factors. To isolate the surface temperature influence: First, we derive approximated functional relations for outgoing 

shortwave and longwave radiation in terms of surface temperature, surface relative humidity, fractional cloud amount, 

tropopause height and incident solar radiation. Second, we use observations of current zonal-mean climatology to constrain 

the relations and apply calculus to evaluate non-cloud climate feedbacks with latitude, including the Planck, water vapour-20 

lapse rate and surface albedo. Our novel climatology-based evaluations of climate feedbacks weighted by the recent warming 

pattern, when combined with a recent estimate of cloud feedback from multiple lines of evidence, implies a global mean total 

net climate feedback 𝜆 = −1.1 (-0.8 to -1.4 at 66% range) Wm-2K-1 consistent with recent assessments of the literature. Our 

latitudinal method to constrain non-cloud climate feedback is independent of previous temporal approaches, using different 

observational lines of evidence, and so our method complements existing methods to help constrain climate feedback and 25 

climate sensitivity. 

1 Introduction 

Recent climatology reveals significant latitudinal variation in the annual- and zonal-mean values of both surface temperature 

and outgoing radiation at the top-of-the-atmosphere (Fig. 1, black). Current anthropogenic emissions of greenhouse gasses and 

aerosols are inducing a radiative forcing perturbation, 𝛿𝐹 in Wm-2, and altering the top-of-the-atmosphere energy balance (e.g. 30 

IPCC, 2021). The climate feedback, 𝜆 in Wm-2K-1, expresses how the Earth’s surface temperature change will restore the 

climate system’s top-of-atmosphere energy balance following a radiative forcing perturbation, 𝛿𝐹 (e.g. Sherwood et al., 2020). 
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Evaluating climate feedback is a central goal of climate science, as the feedback determines the level of surface warming that 

will eventually occur to re-balance anthropogenic greenhouse forcing once ocean heat uptake ceases. The current 

Intergovernmental Panel on Climate Change Assessment Report 6 (IPCC, 2021) estimate retains significant uncertainty in 35 

climate feedback processes (Fig. 2, blue for AR6, orange and red for CMIP5 and CMIP6; Table 1), as do other estimates from 

multiple lines of evidence (e.g. Sherwood et al., 2020: Table 1). Climate feedback is evaluated in global climate models using 

finite perturbation experiments, often by raising atmospheric CO2 to 4 times the preindustrial level and comparing simulated 

output to a control run (e.g. Soden et al. 2008; Zelinka et al., 2020). Observational estimates of climate feedback consider the 

climate’s temporal responses to anthropogenic forcing (e.g. Otto et al., 2013), or the climate’s temporal variability (e.g. Dessler, 40 

2013).  

 

The climate feedback, 𝜆, can be evaluated by ascertaining how the outgoing shortwave and longwave radiation at the top of 

the atmosphere vary with changes in surface temperature. This differential is usually evaluated from temporal changes in local 

and global climate, which amounts to variation in surface temperature and outgoing radiation of order 1 K and 1 Wm-2 in 45 

historical observations (e.g. Morice et al., 2021) and up to order 10 K and 10 Wm-2 in model perturbation experiments (e.g. 

Zelinka et al., 2020) respectively.  

 

Instead, this study presents a novel method to evaluate climate feedback drawing upon much larger temperature variations 

with latitude, reaching order 70 K (Jones et al., 1999), and significant variation in outgoing shortwave and longwave radiation 50 

with latitude, reaching order 70 Wm-2 (Loeb et al., 2018) in current mean climatology  

(Fig. 1, black). To evaluate climate feedback using this latitudinal variation in mean climatology, one first must extract how 

much of the total variation in the outgoing shortwave and longwave radiation with latitude relates to surface temperature, and 

how much relates to other climate properties. Section 1.1 now explores the existing methodologies for evaluating climate 

feedback using temporal climate variation, while section 1.2 introduces the new methodology based on latitudinal climate 55 

variation. This new methodology is applied to evaluate both clear-sky feedbacks (when clouds are absent) and non-cloud 

feedbacks (when clouds are present in their climatological all-sky state but there is no change to cloud amount, altitude or type 

with perturbation).  

1.1 Approaches for evaluating climate feedback from temporal variation in climate 

The challenge is to evaluate the climate feedback due to some process 𝑋, 𝜆! in Wm-2K-1, which is defined in the general sense 60 

as minus the partial derivative of outgoing shortwave and longwave radiation with respect to surface temperature change due 

to the response to process 𝑋, 

𝜆! = − "[$!"#%&!"#]
"($

,
)!
= − "[$!"#%&!"#]

"!
"!
"($
,         (1) 
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where 𝐿*+, and 𝑆*+, are the outgoing longwave radiation and shortwave radiation at the top of the atmosphere in Wm-2; 𝑇$ is 

the surface temperature in K; and 𝑋 is some property of the climate system that both has a dependence on surface temperature 65 

and upon which outgoing radiation is dependent. The variables 𝑇$ , 𝐿*+,  and 𝑆*+,  can be chosen to refer to either global 

spatially averaged quantities, if 𝜆! is evaluated as a global mean only, or spatially varying quantities, if spatial information in 

𝜆! is sought. This goal of evaluating eq. (1) is usually achieved by considering the temporal variations, either in numerical 

model perturbation experiments or from observations of historical climate change, where a radiative forcing, 𝛿𝐹 in Wm-2, is 

applied. In this case, a small imposed 𝛿𝐹 is balanced over time by the Earth’s energy imbalance, 𝛿𝑁 in Wm-2, and the longwave 70 

and shortwave radiative responses from elevated surface temperatures, 

𝛿𝐹 − 𝛿𝑁 = )[&!"#%$!"#]
)($

𝛿𝑇- = −𝜆,*,./𝛿𝑇$         (2) 

where 𝛿 signifies the change over time in a quantity between an initial state and a perturbed state; and 𝜆,*,./ is the total net 

feedback from all processes in Wm-2K-1. In these temporal perturbation experiments the finite change in outgoing radiation 

per unit finite change in temperature, )[&!"#%$!"#]
)($

, term in eq. (2) is used as an approximation for the partial derivative, 75 

"[&!"#%$!"#]
"($

, term in eq. (1), to evaluate climate feedback. Constraining the changes over time in 𝛿𝐹, 𝛿𝑁 and 𝛿𝑇- in numerical 

experiments or historical observations then reveals the value of )[&!"#%$!"#]
)($

, and therefore 𝜆, eq. (2). Methods that evaluate 

separate climate feedbacks within finite perturbation experiments (e.g. Soden et al., 2008; Zelinka et al., 2020) then assume 

the overall climate feedback is composed of individual climate feedbacks from different processes that are linearly separable: 

𝜆,*,./ ≈ ∑ 𝜆!!             (3) 80 

such that eq. (1) may be approximated via small changes, 𝛿, rather than partial derivatives, 𝜕: 

𝜆! ≈ − )[&!"#%$!"#]
)!

)!
)($
.           (4) 

Any method that seeks to evaluate separate climate feedback terms from different processes, 𝜆!  (eq. 1), using finite 

perturbations to the system, 𝛿𝑇$ ↛ 0 and 𝛿𝑋 ↛ 0, must ultimately make the linearly separable assumption, eq. (3), since 
)[&!"#%$!"#]

)($
 in eq. (4) only becomes equal to "[&!"#%$!"#]

"!
 in eq. (1) in the general case when perturbations are infinitesimal,  85 

𝛿𝑇$ → 0 and 𝛿𝑋 → 0. For example, in one analysis of CMIP6 models from a 4xCO2 perturbation experiment (Zelinka et al., 

2020, see Supplementary Information therein) the discrepancy between the sum of individual climate feedbacks, ∑ 𝜆!! , and 

the net climate feedback, 𝜆, ranges from -0.25 Wm-2K-1 to +0.37 Wm-2K-1, eq. (3).  

 

There are approximations in the standard method for evaluating 𝜆!, eq. (4), using the differences over time between some 90 

initial and perturbed state. Firstly, uncertainty is introduced when evaluating 𝜆! from eq. (4) using small surface temperature 

perturbations over time, 𝛿𝑇$, as there is a low signal-to-noise ratio. However, uncertainty is also introduced when using large 

surface temperature perturbations over time, 𝛿𝑇$, because the assumption of linearly separable feedbacks, eq. (3), only strictly 

holds for infinitesimal perturbations (e.g. introducing the error term in the net feedback in Zelinka et al., 2020). Secondly, 
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when applying eq. (4) to numerical model experiments, some additional analysis must be conducted to establish how the 95 

numerical models relate to the real climate system, for example via emergent constraints (Cox et al., 2018). 

 

In addition, climate feedback terms have also been evaluated from data-based approaches, for example by considering the 

short timescale variability in outgoing radiation and temperature (Dessler, 2013) or by considering the time evolutions of 

historic surface warming, radiative forcing and ocean heat uptake (e.g. Otto et al., 2013; Goodwin and Cael, 2021; Cael et al., 100 

2023). These observation-based methods evaluate climate feedbacks from eqs. (2) to (4), by considering the historic observed 

changes over time in 𝛿𝑇$ , 𝛿𝐹 , 𝛿𝑁  and 𝛿[𝐿*+, + 𝑆*+,]. However, the magnitude of historic changes in 𝛿𝑇$  over time is 

relatively small, while uncertainty in historic changes over time in 𝛿𝐹, 𝛿𝑁 and 𝛿[𝐿*+, + 𝑆*+,] is relatively large (e.g. IPCC, 

2021; Sherwood et al., 2020), leading to a potentially low signal-to-noise ratio. Also, the method here differs by using 

latitudinal variation in observations to estimate the equilibrium climate feedback, where many previous methods (e.g. Otto et 105 

al., 2013; Cael et al., 2023) use temporal variation in observations to calculate the current effective climate feedback. Due to 

the long timescale of some relevant processes (for example the evolving pattern of sea surface temperature warming), the 

current state can have a larger climate feedback, and smaller climate sensitivity, than is expected at equilibrium (e.g. compare 

Otto et al., 2013 and Cael et al., 2023 to Sherwood et al., 2020). 

1.2 A new approach for evaluating climate feedback from latitudinal variation in mean climatology 110 

Now consider how variation with latitude in surface temperature and outgoing radiation can be used to constrain the net climate 

feedback, 𝜆, and the separate climate feedbacks for individual processes, 𝜆! = − "[&!"#%$!"#]
"($

,
)!

: eq. (1). Firstly, by simply 

plotting the climatological zonal-mean outgoing radiation against surface temperature for the period July 2005 to June 2015, 

we find )[&!"#%$!"#]
)($

= 1.30 ± 0.06 Wm-2K-1 (Fig. 1). If we again make the assumption that )[&!"#%$!"#]
)($

≈ "[&!"#%$!"#]
"($

, then a 

first-order estimate of net climate feedback of 𝜆,*,./ = −1.30 ± 0.06 Wm-2K-1 is obtained, eq. (2). This latitudinal estimate is 115 

in excellent agreement with previous temporal variation-based estimates, for example the best estimate from Sherwood et al. 

(2020) of 𝜆,*,./ = −1.30 Wm-2K-1 (Table 1).  

 

At first glance, and given the close agreement with temporal estimates (Table 1), this latitudinal estimate of net climate 

feedback,	𝜆,*,./, (Fig. 1, red) appears robust: 93% of the observed variance in outgoing radiation data is explained by surface 120 

temperature; the data spans order 70 K in temperature variation and 70 Wm-2 in outgoing radiation variation and so has a high 

signal to noise ratio; and the uncertainty in the gradient of the best fit is small (Fig. 1). However, some portion of the variance 

in outgoing radiation may be linked to other factors that co-varied spatially with temperature over the diagnosed period from 

July 2005 to June 2015, but would not co-vary in response to a temperature perturbation, causing )[&!"#%$!"#]
)($

≉	 "[&!"#%$!"#]
"($

 . 

Such factors could include latitudinal variation in incident solar radiation, latitudinal changes in albedo due to the solar zenith 125 
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angle, or latitudinal variation in the height of the tropopause. Also, this linear gradient estimate (Fig. 1) does not allow the 

possibility for 𝜆,*,./ to vary spatially, nor does it weight the different spatial 𝜆,*,./ values to reach a global mean. There is no 

mechanism for calculating the individual climate feedbacks from different processes, 𝜆!. 

 

The goal here is to constrain net climate feedback, 𝜆,*,./ and climate feedbacks from individual component processes, 𝜆!, 130 

with latitude, and as a global mean, through the application of theory and observed recent climatology of the latitudinal 

variation in annual- and zonal-mean climatological quantities. The challenge for the theory is to extract the components of 

changes in 𝐿*+, + 𝑆*+, that arise due to changes in 𝑇$ from the components that change due to other factors: i.e. to calculate 
"[&!"#%$!"#]

"($
 and not )[&!"#%$!"#]

)($
. 

 135 

As well as the high signal to noise ratio arising from large spatial variation in	Δ𝑇$ and Δ[𝐿*+, + 𝑆*+,] (Fig. 1), the recent 

latitudinal climatology method for constraining climate feedback presented here (Sections 2 to 6) does not require evaluation 

of the radiative forcing, 𝛿𝐹, or Earth’s energy imbalance, 𝛿𝑁, and so large uncertainties in these quantities for temporal 

evaluation (IPCC, 2021) does not affect the constraints achieved. A further benefit of the latitudinal climate variation approach 

is that the climate feedbacks for different processes, 𝜆!, may be evaluated without needing to invoke the linearly-separable 140 

feedbacks assumption, eq. (3). 

 

The different feedback processes, 𝜆!, evaluated include the Planck feedback with constant specific humidity; temperature 

feedback with constant relative humidity; the combined water vapour-lapse rate feedback; and the surface albedo feedback. 

These feedbacks are evaluated for clear-sky conditions, without clouds, and all-sky conditions, where clouds are present but 145 

do not change under perturbation. Feedbacks from changes in cloud amount, cloud altitude or cloud type are not calculated in 

this study as the focus is on extracting information from latitudinal variation in the observed climatological mean, and this 

information does not reveal how clouds change over time in response to forcing. The annual- and zonal-mean climatological 

quantities used to constrain climate feedbacks in this study include: surface temperatures, 𝑇$ (CRUTEM and HadCRUT5 

datasets: Jones et al., 1999; Morice et al., 2021); outgoing longwave and shortwave radiation, 𝐿*+, and 𝑆*+, (CERES EBAF 150 

v4.1 dataset: Loeb et al., 2018), incident solar radiation, 𝑅-*/.0 (calculated from geometry after Hartmann, 1994); cloud amount 

fraction, 𝑓12 (CLARA v2.1 dataset: Karlsson et al., 2021); surface relative humidity, 𝐻03/ (ERA5 reanalysis: Hersbach et al., 

2018); the height of the tropopause, 𝑧,0*4 (empirically constrained bilinear model: Mateus et al., 2022); and latitude, 𝜙.  

 

Section 2 explores the relations for climate feedback in the general case drawing upon how observations of the recent 155 

climatology vary with latitude. Section 3 then evaluates the Planck feedback at constant specific humidity, the water vapour-

lapse rate (WVLR) feedback and the Planck feedback under constant specific humidity by applying these relations for 

longwave radiation under clear-sky, cloudy-sky and all-sky conditions, and using approximate functional relations constrained 
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by observations. Section 4 evaluates the surface albedo feedback by applying these relations for shortwave radiation under 

clear-sky, cloudy-sky and all-sky conditions, and using approximate functional relations constrained by observations. Section 160 

5 then calculates the implied total net climate feedback from all processes by combining the non-cloud climate feedbacks 

evaluated here with a recent independent estimate of cloud feedback (Sherwood et al., 2020). Section 6 discusses the results 

of the study in the context of previous methods to constrain the climate feedback (Fig. 2; Table 1) and a kernel decomposition 

of zonal climate feedbacks from 15 CMIP6 models (Appendix A). 

2 Relations for climate feedback constrained by annual- and zonal-mean climatology 165 

At the top of the atmosphere, the outgoing radiation,	𝑅*+,,6(𝜙) in Wm-2, involves the sum of the outgoing longwave radiation 

𝐿*+,,6(𝜙) and the outgoing solar radiation 𝑆*+,,6(𝜙), which are each related respectively to the surface temperature, 𝑇-(𝜙),	via 

the emissivity, 𝜀6(𝜙), and the incoming solar radiation, 𝑅-*/.0(𝜙) in Wm-2 via the albedo, 𝛼6(𝜙), 

𝑅*+,,6(𝜙) = 𝐿*+,,6(𝜙) + 𝑆*+,,6(𝜙) = 𝜀6(𝜙)𝜎𝑇$7(𝜙) + 𝛼6(𝜙)𝑅-*/.0(𝜙)      (5) 

 170 

where annual and zonal means are applied for latitude 𝜙 and cloud-state 𝑖 (clear or cloudy sky), 𝜎 = 5.67 × 108 Wm-2K-4 is 

the Stefan-Boltzmann constant, 𝑇$7(𝜙) is evaluated raised to the 4th power prior to annual- and zonal-averaging, and 𝜀6 is the 

bulk emissivity and 𝛼6 is the albedo under cloud-state 𝑖. 𝜀6 and 𝛼6 are defined (Goodwin and Williams, 2023),  

𝜀6(𝜙) = ∫
&!"#,&9:,,';
<($

((:,,')
𝑑𝑡?,%@A,

, ∫ 𝑑𝑡?,%@A,
,O          (6a) 

and 175 

𝛼6(𝜙) = ∫ B&)9:,,';
$!"#,&(:,,')

𝑑𝑡?,%@A,
, ∫ 𝑑𝑡?,%@A,

,O          (6b) 

where 𝑛Δ𝑡 is some integer number of years over which the climatological period is defined, and all quantities are evaluated at 

latitude 𝜙, but may not be a simple function of latitude.  

 

The emissivity under all-sky conditions is equal to the cloudy sky fraction multiplied by the cloudy-sky emissivity plus the 180 

clear sky amount multiplied by the clear-sky emissivity, 

𝜀2//$CD(𝜙) = 𝑓12(𝜙)𝜀1/*+ED$CD(𝜙) + [1 − 𝑓12(𝜙)]𝜀1/3.0$CD(𝜙)      (7a) 

where 𝑓12(𝜙) is the fraction of cloud amount at latitude 𝜙, expressed as a fraction between 0 and 1 and all terms are separately 

evaluated as an annual and zonal-mean. Similarly, the albedo under all-sky conditions is equal to the fraction of solar radiation 

incident on a cloudy sky multiplied by the cloudy-sky albedo plus the fraction of solar radiation that is incident on a clear sky 185 

multiplied by the clear-sky albedo, 

𝛼2//$CD(𝜙) = 𝑓1F(𝜙)𝛼1/*+ED$CD(𝜙) + [1 − 𝑓1F(𝜙)]𝛼1/3.0$CD(𝜙)      (7b) 

where 𝑓1F(𝜙) is the annual- and zonal-mean fraction of solar radiation that is incident on a cloudy sky at latitude 𝜙, and is 

calculated here from cloud amount based on monthly climatology via (Goodwin and Williams, 2023), 
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𝑓1F(𝜙) =
∑H*+(:,I)B,!-./(:,I)A,0

∑B,!-./(:,I)A,0
          (8) 190 

where 𝑓12(𝜙,𝑚) and 𝑅-*/.0(𝜙,𝑚) are monthly- and zonal-mean values during month 𝑚, Δ𝑡I is the one-twelfth of a year, and 

the summation occurs over all 12 months. Therefore, the fraction of cloud-incident solar radiation, 𝑓1F(𝜙), accounts for 

monthly variations in cloudiness and solar radiation but not sub-monthly variations.  

 

The emissivity and albedo for the climatological period July 2005 to June 2015 are reconstructed as annual- and zonal-means 195 

for clear-sky, all-sky and cloudy-sky conditions (Figures 3, 4) by applying eqs. (6) and (7) to observational and re-analysis 

products.  

 

2.1 Defining climate feedback for uniform surface warming or relative to zonal warming 

The annual- and zonal-mean climate feedback for cloud-state 𝑖 at latitude 𝜙 relative to local warming,	𝜆6∗(𝜙)	in Wm-2K-1, is 200 

defined here as minus the differential of outgoing radiation at the top-of-atmosphere under cloud state 𝑖 with respect to surface 

temperature, 

𝜆6(𝜙) = − "B!"#,&
"($

(𝜙) = − "
"($

[𝜀6(𝜙)𝜎𝑇$7(𝜙) + 𝛼6(𝜙)𝑅-*/.0(𝜙)]      (9a) 

where 𝑅*+,,6  and 𝑇$  are both annual- and zonal-means. Noting that 𝜎  and 𝑅-*/.0(𝜙)  are unaffected by Earth’s surface 

temperature, eq. (9a) is expressed, 205 

𝜆6(𝜙) = −4𝜀6(𝜙)𝜎𝑇$K(𝜙)STTTUTTTV
L/.@MC

− 𝜎𝑇$7(𝜙)
"N&
"($

(𝜙)STTTTUTTTTV
OP&B%&OM/*+E

− 𝑅-*/.0(𝜙)
"Q&
"($

(𝜙)STTTTUTTTTV
./R3E*%$O1/*+E

      (9b) 

where the three terms on the right-hand side represent the Planck feedback; the water vapour-lapse rate plus longwave cloud 

feedbacks; and the surface albedo plus shortwave cloud feedbacks, respectively. 𝜆6(𝜙) represents the climate feedback relative 

to zonal warming, while taking the global area-weighted mean of 𝜆6(𝜙) provides the global area-weighted mean climate 

feedback for a uniform surface warming, 𝜆S,+@SH*0IWWWWWWWWWWWW. Our aim will be to evaluate the zonal-mean 𝜆6(𝜙) drawing on approximate 210 

functional relationships for each climate feedback component in eq. (9b) using theory and observational constraints, excluding 

the cloud feedbacks.  

 

2.2 Defining climate feedback for a specified warming pattern 

Current observed surface warming is not uniform (e.g. Morice et al., 2021), and so the effective global mean climate feedback 215 

for recent warming must be calculated by weighting 𝜆6(𝜙) by the amount of recent warming across 𝜙.  We define the warming-

weighted climate feedback at latitude 𝜙, 𝜆6∗(𝜙) in Wm-2K-1, as, 

𝜆6∗(𝜙) = − "B!"#,&
"($

(𝜙) "($
"($TTTT

(𝜙) = 𝜆6(𝜙)
"($
"($TTTT

(𝜙)        (10) 

where "($
"($TTTT

(𝜙) represents the warming of annual- and zonal-mean surface temperature per unit warming of annual- and global-

mean surface temperature. The weighted climate feedback is evaluated here from recent observed warming (Morice et al., 220 
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2021), "($
"($TTTT

(𝜙) ≈ )($
)($TTTT

(𝜙). In the observational analysis presented here, we adopt the recent warming for the period 2005-2015 

relative to the 1961-1990 average (Fig. 5, black) to calculate 𝜆6∗(𝜙), since the goal is to calculate climate feedback from 

climatological data and theory. There are other reasonable choices, for example the projected equilibrium warming patterns 

following a 4xCO2 experiment in climate models (Fig. 5, orange) and these alternative choices are reserved for future study 

since the goal here is to evaluate climate feedbacks from observations. The global effective climate feedback for recent 225 

warming is then the area-mean value of 𝜆6∗(𝜙), eq. (10c). All evaluations of climate feedback with latitude in this study (e.g. 

Figure 6) refer to the definitions in eqns. (9a) and (9b), as do evaluations of global mean climate feedbacks for uniform warming 

(Fig. 2, grey). The evaluations of global mean climate feedback for recent warming patterns use the definition in eq. (10c). 

Since different models and observable periods may have different warming patterns, it may be a fairer comparison of climate 

feedbacks to consider 𝜆6(𝜙) rather than 𝜆6∗(𝜙), since differences in the change in outgoing radiation per unit warming at some 230 

latitude may be affected by either the local climate feedback or the relative warming at that latitude, eqns (9) and (10). 

 

2.3 Evaluating climate feedback for uniform and specified warming patterns 

Since we have been free to choose the definitions for emissivity and albedo, eq. (6), relations (5)-(10) are true in the general 

case. However, to evaluate 𝜆6(𝜙) and 𝜆6∗(𝜙) from observational constraints the dependencies of "N&
"($

 and "Q&
"($

 in eq. (9) must 235 

now be established, which requires approximations and assumptions to be made. First, we consider the non-cloud longwave 

feedbacks (involving Planck and water vapour-lapse rate feedbacks: Section 3) and then the shortwave non-cloud feedbacks 

(involving the surface albedo feedback: Section 4) assuming that climatological cloudiness with latitude remains constant in 

time and evaluated using annual and zonal means. The overall climate feedback from all processes is evaluated and discussed 

(Section 5), using previous estimated ranges for the cloud feedback. 240 

 

3 Longwave non-cloud climate feedback 

The Planck feedback at constant specific humidity expresses the instantaneous change in outgoing radiation due to a change 

in surface temperature with all atmospheric constituents held constant, including the specific humidity, lapse rate and cloud 

state. The water vapour-lapse rate (WVLR) feedback then expresses the change in outgoing radiation following the water 245 

vapour and lapse rate responses to surface warming, with cloud state held constant. By contrast, the temperature feedback at 

constant relative humidity (Held and Shell, 2012) expresses the change in outgoing radiation due to a change in surface 

temperature where the specific humidity and lapse rate are allowed to respond such that relative humidity is held constant. 

Sections 3.1 and 3.2 consider the Planck, WVLR and temperature feedbacks under clear skies. Section 3.3 then considers the 

impact of clouds on emissivity to evaluate the Planck, WVLR and temperature feedbacks under cloudy-sky and all-sky 250 

conditions. In this section, longwave feedbacks are calculated assuming climatological cloudiness with latitude remains 

constant in time.  
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3.1 Planck feedback (constant specific humidity) under clear skies 

The Planck feedback at constant specific humidity is the longwave climate feedback component for constant atmospheric 255 

composition, such that emissivity remains constant. Under clear sky conditions, the Planck feedback at constant specific 

humidity is given, from eq. 9, by, 

𝜆L/.@MC:-43M6H6M,1/3.0$CD(𝜙) = −4𝜀1/3.0$CD(𝜙)𝜎𝑇$K(𝜙)       (11) 

Taking the recent observational climatology values for 𝜀1/3.0$CD(𝜙) (Fig. 3b) and 𝑇$K (where temperature is raised to the third 

power prior to zonal and annual averaging),  𝜆L/.@MC:-43M6H6M,1/3.0$CD(𝜙) is evaluated (Fig. 6a, red), revealing a global mean 260 

value of 𝜆L/.@MC:-43MSHSM,1/3.0$CDWWWWWWWWWWWWWWWWWWWWWWWWWWWW = −3.71 Wm-2K-1. 

 

3.2 Clear sky longwave feedbacks  

The aim here is to explore the Water Vapour Lapse Rate (WVLR) feedback under clear-sky conditions, which from eq. (9) is 

written, 265 

𝜆OP&B,1/3.0$CD(𝜙) = −𝜎𝑇$7(𝜙)
"N*-1./$23

"($
(𝜙)        (12) 

To evaluate 𝜆OP&B,1/3.0$CD(𝜙), the value of 
"N*-1./$23

"($
(𝜙) is evaluated, first by constructing an approximate functional form 

relationship and then using observed zonal-climatology to constrain the relationship’s parameter values. We postulate that 

annual- and zonal mean clear sky emissivity may be approximated using a function of annual- and zonal-mean values of 

surface temperature, 𝑇-, surface relative humidity, 𝐻03/, and the height of the tropopause, 𝑧,0*4, 270 

𝜀1/3.0$CD ≈ 𝑓X𝑇-, 𝐻03/ , 𝑧,0*4Y          (13) 

since all three parameters, 𝑇- , 𝐻03/  and 𝑧,0*4 , are related to the water vapour content from the surface to the top of the 

atmosphere, and emissivity is strongly related to water vapour content as a greenhouse gas.   

 

From theory and data, we find an approximate relationship for annual- and zonal-mean 
"N*-1./$23

"($
 in terms of 𝑇$ (Appendix B; 275 

Figure 7; eq. 12) of, 
"N*-1./$23

"($
≈ −(242.96 ± 10.01) 𝑇$V⁄          (14) 

This approximation, eq. (14), holds when local ,"W#/!4
"($

, is significantly less than ~1 km K-1 and local ,"X/1-
"($

, is significantly less 

than ~2.5 % K-1. For example, if local annual- and zonal-mean surface temperatures are warmed by 2 K, then we may use eq. 

(14) to calculate 
"N*-1./$23

"($
 provided annual- and zonal-mean tropospheric height has changed by significantly less than 2 km 280 

and annual- and zonal-mean surface relative humidity has changed by significantly less than 5 %. Here, we calculate climate 

feedbacks assuming that approximation (14) holds; evaluating the impacts of the full relation (Appendix B) is reserved for 

future study.  
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3.2.1 Clear sky WVLR feedback zonally and for uniform surface warming 285 

Using equations (14) and (12), 𝜆OP&B,1/3.0$CD(𝜙) is evaluated with latitude from recent climatology (Fig. 6c, red), giving a 

global mean of 𝜆OP&B,1/3.0$CDWWWWWWWWWWWWWWWWWW = 1.14 ± 0.05 Wm-2K-1 for uniform surface warming, eq. (9).  

 

The clear-sky temperature feedback at constant relative humidity expresses the outgoing radiation response to surface 

temperature after water vapour and lapse rate responses act to restore relative humidity values. From eq. (9) the clear sky 290 

temperature feedback at constant relative humidity is given by, 

𝜆(:03/.,6Y3,1/3.0$CD(𝜙) = −4𝜀1/3.0$CD(𝜙)𝜎𝑇$K(𝜙) − 𝜎𝑇$7(𝜙)
"N*-1./$23

"($
(𝜙)     (15) 

and is evaluated with latitude from recent climatology (Fig. 6b, red), including using eq. (14) for 
"N*-1./$23

"($
, giving a global 

mean estimate of 𝜆(:03/.,SY3,1/3.0$CDWWWWWWWWWWWWWWWWWWWWWW = −2.56 ± 0.05 Wm-2K-1 for uniform surface warming.  

 295 

3.2.2 Clear sky WVLR feedback for recent warming 

When modulated by the recent observed warming pattern, eq. (10c), the clear-sky global mean WVLR feedback and 

temperature feedback at constant relative humidity are only slightly altered to become  𝜆OP&B,1/3.0$CD∗WWWWWWWWWWWWWWWWWW = 1.13 ± 0.05 Wm-2K-

1 and 𝜆(:03/.,SY3,1/3.0$CD∗WWWWWWWWWWWWWWWWWWWWWW = −2.53 ± 0.05 Wm-2K-1 respectively. 

 300 

3.3 Cloud impact on longwave feedbacks 

The impacts of clouds on emissivity and the Planck and WVLR feedbacks are now assessed, with annual- and zonal-mean 

cloud amount assumed to remain constant in response to changes in surface temperature, "H*+
"($

= 0. Terms with non-zero "H*+
"($

 

will contribute to a separate cloud feedback, which is reserved for future study. 

 305 

3.3.1 Longwave feedbacks zonally and for uniform surface warming 

The Planck feedback at constant specific humidity under cloudy sky conditions is obtained from eq. (9), via 

𝜆L/.@MC:-43M6H6M,1/*+ED$CD(𝜙) = −4𝜀1/*+ED$CD(𝜙)𝜎𝑇$K(𝜙)       (16) 

where 𝜀1/*+ED$CD (Fig. 3b, blue) represents the annual- and zonal-mean cloudy-sky emissivity averaged over all cloud types 

present at that latitude. 𝜆L/.@MC:-43M6H6M,1/*+ED$CD(𝜙) is evaluated with latitude from recent climatology (Fig. 6a, blue), giving 310 

a global mean value  𝜆L/.@MC:-43MSHSM,1/*+ED$CDWWWWWWWWWWWWWWWWWWWWWWWWWWWWWW = −3.08 Wm-2K-1 (Table 1). Similarly, the Planck feedback at constant specific 

humidity under all-sky conditions becomes, from eq. (9), 

𝜆L/.@MC:-43M6H6M,2//$CD(𝜙) = −4𝜀2//$CD(𝜙)𝜎𝑇$K(𝜙)        (17) 
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and is evaluated with latitude from recent climatology, (Fig. 6a, black) and the global mean value is assessed (Fig. 2a, grey; 

Table 1), with 𝜆L/.@MC:-43MSHSM,2//$CDWWWWWWWWWWWWWWWWWWWWWWWWW = −3.32  Wm-2K-1 for uniform surface warming. The value of 𝜆L/.@MC:-43M6H6M,2//$CD 315 

assessed here (Figs. 2,6; Table 1) is consistent with pre-existing estimates (e.g. IPCC, 2021; Sherwood et al., 2020; Zelinka et 

al., 2020).  

 

The next goal is to evaluate the WVLR feedback under cloudy sky and all sky conditions, where from eq. (9), 

𝜆OP&B,1/*+ED$CD(𝜙) = −	𝜎𝑇$7(𝜙)
"N*-!"53$23

"($
(𝜙)        (18) 320 

and 

𝜆OP&B,2//$CD(𝜙) = −𝜎𝑇$7(𝜙)
"N+--$23
"($

,
)H*+Z[

(𝜙)        (19) 

where 
"N+--$23
"($

 is evaluated at constant cloud amount, 𝛿𝑓12 = 0.  For this, approximate relationships are required expressing 

how the presence of clouds affect the sensitivity of emissivity to surface temperature under cloudy sky and all sky conditions; 
"N*-!"53$23

"($
 and 

"N+--$23
"($

 relative to 
"N*-1./$23

"($
.  325 

 

Appendix C explores the impact on annual- and zonal-mean bulk emissivity and cloud amount fraction via an empirically 

motivated cloud-emissivity coefficient, defined (Goodwin and Williams, 2023) as, 

𝑐N(𝜙) =
\]^N*-!"53$23(:)_

\]^N*-1./$23(:)_
           (20) 

which is found here to take a near-uniform value of 𝑐N = 1.37 ± 0.06 over all latitudes for the period June 2005 to July 2015 330 

(Fig. 3d; Appendix C). The near uniform value of 𝑐N with latitude (Fig. 3d), where 𝑇$ varies by order 70 K (Figs. 1, 7a), implies 

that 𝑐N will not change significantly in response to altered surface temperatures, and this is exploited in developing our closures 

for longwave climate feedbacks (Appendix C). Noting that 
"N*-!"53$23

"($
= 𝑐N

"N*-1./$23
"($

 from the near constancy of 𝑐N(𝜙) in eq. 

(20), and combining this with eq. (18), the water vapour-lapse rate feedback under cloudy sky conditions becomes, 

𝜆OP&B,1/*+ED$CD(𝜙) = −𝑐N	𝜎𝑇$7(𝜙)
"N*-1./$23

"($
(𝜙)        (21) 335 

Using a uniform 𝑐N = 1.37 ± 0.06  for all latitudes (Fig. 3d; Appendix C), 𝜆OP&B,1/*+ED$CD(𝜙)  is evaluated from recent 

climatology (Fig. 6c, blue), resulting in a global area-weighted mean cloudy-sky water vapour-lapse rate feedback of 

𝜆OP&B,1/*+ED$CDWWWWWWWWWWWWWWWWWWW = −1.57 ± 0.09 Wm-2K-1 for uniform surface warming. 

 

The temperature feedback at constant relative humidity in cloudy-sky conditions is expressed by combining eq. (21) and (16), 340 

𝜆(3I4:03/.,6Y3,1/*+ED$CD(𝜙) = −4𝜀1/*+ED$CD(𝜙)𝜎𝑇$K(𝜙) − 𝑐N	𝜎𝑇$7(𝜙)
"N*-1./$23

"($
(𝜙)    (22) 
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and is evaluated from recent climatology (Fig. 6b, blue), revealing a global mean cloudy-sky temperature feedback at constant 

relative humidity of 𝜆(:03/.,SY3,1/*+ED$CDWWWWWWWWWWWWWWWWWWWWWWWW = −1.50 ± 0.09 Wm-2K-1 for uniform surface warming. 

 

Substituting the definition of 𝑐N (eq. 24) into eq. (7a) and differentiating with respect to surface temperature at constant cloud 345 

amount, 𝛿𝑓12 = 0, and assuming constant 𝑐N under temperature change,	"M6
"($

≈ 0, reveals the relation between the sensitivity 

of all-sky emissivity to surface temperature and the sensitivity of clear-sky emissivity to surface temperature, 
"N+--$23
"($

,
)H*+Z[

(𝜙) = 𝑓12(𝜙)
"N*-!"53$23

"($
(𝜙) + [1 − 𝑓12(𝜙)]

"N*-1./$23
"($

(𝜙)     (23) 

Substituting in 𝑐N to remove the 
"N*-!"53$23

"($
(𝜙) term gives, 

"N+--$23
"($

,
)H*+Z[

(𝜙) = [1 − 𝑓12(𝜙) + 𝑓12(𝜙)𝑐N]
"N*-1./$23

"($
(𝜙)       (24) 350 

 

The WVLR feedback under all sky conditions is obtained by substituting eq. (24) into eq. (19) giving, 

𝜆OP&B,2//$CD(𝜙) = −𝜎𝑇$7[1 − 𝑓12 + 𝑓12𝑐N]
"N*-1./$23

"($
(𝜙)       (25) 

which is evaluated latitudinally (Fig. 6c, black) and as global mean, 𝜆OP&B,2//$CDWWWWWWWWWWWWWWW = 1.41 ± 0.07 Wm-2K-1 for uniform surface 

warming (Table 1; Fig. 2c, grey), consistent with previous estimates and complex Earth system models (e.g. IPCC, 2021; 355 

Sherwood et al., 2020; Zelinka et al., 2020).  

 

The temperature feedback at constant relative humidity (e.g. Held and Shell, 2012; Zelinka et al., 2020), under all-sky 

conditions is then given by substituting eq. (24) into eq. (9) giving, 

𝜆(:03/.,6Y3,2//$CD(𝜙) = −4𝜀2//$CD(𝜙)𝜎𝑇$K(𝜙) − 𝜎𝑇$7(𝜙)
"N+--$23
"($

,
)H*+Z[

(𝜙)     (26) 360 

which when expressed in terms of 
"N*-1./$23

"($
 using (25) becomes,  

𝜆(:03/.,6Y3,2//$CD = −4𝜀2//$CD𝜎𝑇-K − 𝜎𝑇$7[1 − 𝑓12 + 𝑓12𝑐N]
"N*-1./$23

"($
(𝜙)     (27) 

 

Evaluating from recent climatology reveals the latitudinal pattern (Fig. 6c, black) with global mean value 𝜆(:03/.,SY3,2//$CDWWWWWWWWWWWWWWWWWWW =

−1.92 ± 0.07 (Table 1 for median and percentile ranges; Fig. 2b, grey) for uniform surface warming.  365 

 

3.3.2 Longwave feedbacks for recent surface warming 

When modulated by the recent observed warming pattern, eq. (10c), the cloudy sky longwave feedbacks become: 

𝜆L/.@MC:-43MSHSM,1/*+ED$CD∗WWWWWWWWWWWWWWWWWWWWWWWWWWWWWW = 3.06 Wm-2K-1 for the Planck feedback; 𝜆OP&B,1/*+ED$CD∗WWWWWWWWWWWWWWWWWWW = −1.55 ± 0.09 Wm-2K-1 for the WVLR 

feedback; and 𝜆(:03/.,SY3,1/*+ED$CD∗WWWWWWWWWWWWWWWWWWWWWWWW = −1.51 ± 0.09 Wm-2K-1 for the temperature feedback at constant relative humidity. The 370 
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all sky longwave feedbacks for recent surface warming become: 𝜆L/.@MC:-43MSHSM,2//$CD∗WWWWWWWWWWWWWWWWWWWWWWWWW = −3.30  Wm-2K-1 for the Planck 

feedback (Fig. 2a, black; Table 1);  𝜆OP&B,2//$CD∗WWWWWWWWWWWWWWW = 1.38 ± 0.07 Wm-2K-1 for the WVLR feedback (Fig. 2c, black; Table 1); 

and 𝜆(:03/.,SY3,2//$CD∗WWWWWWWWWWWWWWWWWWW = −1.92 ± 0.07  for the temperature feedback at constant relative humidity (Fig. 2b, black; Table 1). 

 

 375 

3.3.3 Discussion of longwave feedback estimates 

The estimates of  𝜆L/.@MC:03/.,6Y3,2//$CD  and 𝜆OP&B,2//$CD  produced here (Fig. 2b,c; Fig. 6b,c; Table 1) are obtained from 

approximate functional relationships constrained by recent climatology, and make the following assumptions: 

• 𝑐N = 1.37 ± 0.07 for all latitudes, and "M6
"($

= 0; such that there is no change in cloud emissivity coefficient with 

surface temperature, supported by figure 3d showing c` is near-uniform with latitude. 380 

• 𝜀1/3.0$CD ≈ 𝐴 + 𝐵 ln𝐻03/ + 𝐶𝑧,0*4 +
a
($
	; as supported by figure 7c, agreement between red and black lines. 

• "W#/!4
"($

≈ 0 and "X/1-
"($

≈ 0; or, more precisely the terms are less than the direct temperature term when differentiating 

eq. 17: ,𝐶 "W#/!4
"($

, ≪ f a
($
7f and , b

X/1-

"X/1-
"($

, ≪ f a
($
7f , implying that "W#/!4

"($
≪ 1 km K-1 and "X/1-

"($
≪ 2 % K-1. 

 

These assumptions are independent from the assumptions made by previous methodologies (e.g. Sherwood et al., 2020; IPCC, 385 

2021; Zelinka et al., 2020), while the estimates produced here are in good agreement with these previous studies (Table 1; 

Figure 2), providing independent evidence for the evaluated climate feedback values. 

 

The estimates of temperature feedback at constant relative humidity, both for uniform surface warming and recent surface 

warming, are in excellent agreement with the complex Earth system models analysed by Zelinka et al. (2020) (Table 1; Fig. 390 

2b, compare black and grey to red and orange). Note that while the Zelinka et al. (2020) analysis calculates the slightly different 

Planck feedback at constant relative humidity (Held and Shell, 2012), which does not include lapse rate adjustment, the values 

are expected to be similar to those presented here (eq. 31) since the mean adjustment from the lapse rate feedback at constant 

relative humidity in the CMIP6 models is only -0.05 Wm-2K-1 (Zelinka et al., 2020; see Supplementary Information therein).  

 395 

4 Shortwave non-cloud climate feedback 

Shortwave radiation interacts with the Earth’s surface, with clouds and with atmospheric water vapour, such that the overall 

shortwave climate feedback arises from combined responses of surface, water vapour and cloud properties to warming. This 

section considers the shortwave non-cloud feedback from changes in Earth’s surface properties and atmospheric water vapor 

content. The impact of clouds is considered separately below (Section 5). The method presented is designed around the surface 400 
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albedo feedback, as this is larger than the shortwave water vapour feedback (e.g. Sherwood et al., 2020). However, it should 

be noted that formally the smaller shortwave water vapour shortwave feedback is implicitly included within the observational 

constraints used to determine the albedo feedback through the empirical design, but the closures fitted to the observational 

constraints only functionally consider the surface albedo processes. The surface albedo feedback depends crucially on the 

temperature-dependence of surface albedo with latitude. Annual- and zonal-mean surface albedo in clear-sky conditions varies 405 

significantly with latitude in recent climatology, with high values at the high-latitude polar regions (indicating greater reflection 

of incident solar radiation) and lower values at the low latitude regions (indicating less reflection) (Fig. 8a, red). Plotting in 

temperature space (Fig. 8b), the colder regions have higher surface albedo, while the warmer regions have lower surface 

albedo.  

 410 

There are many factors that affect the annual- and zonal-mean surface albedo, including: the annual- and zonal-mean extent 

of the cryosphere; the fraction of the land and ocean at that latitude, where ocean generally has a smaller albedo and land; the 

vegetation-type on land; the latitude itself affecting the incidence angle of incoming solar radiation, where large angles of 

incidence at higher latitudes may be expected to lead to a greater fraction of reflected radiation.  

 415 

The observed variation in surface clear-sky albedo (Figs. 8a,b, red) reflects all contributing factors. The largest increases in 

albedo occur from ~±60° latitude to the poles (Fig. 8a, red), coinciding with increasing extent of the cryosphere as annual- and 

zonal-mean surface temperatures fall below ~280 K (Fig. 8b). The goal here is to extract the impact of surface temperature on 

surface albedo via the cryosphere, 
"Q*-1./$23

"($
, from all the other factors affecting the observed data (Fig. 8a,b) such as via 

changing land vegetation-type for temperatures above when the cryosphere acts. In this section, shortwave feedbacks are 420 

calculated assuming climatological cloudiness with latitude remains constant in time.  

4.1 Clear sky shortwave feedback 

From eq. (9) the clear-sky surface albedo feedback is expressed, 

𝜆./R3E*,1/3.0$CD(𝜙) = −𝑅-*/.0(𝜙)
"Q*-1./$23

"($
(𝜙)        (28) 

The aim now is to calculate change in clear sky (surface) albedo with temperature, 
"Q*-1./$23

"($
, due to temperature-dependent 425 

changes in the extent of the cryosphere. First, we assume that the annual- and zonal-mean clear-sky albedo at latitude 𝜙 is a 

function of both surface temperature (due to the cryosphere changing the reflectivity of the surface) and latitude (due to the 

solar zenith angle changing the reflectivity of the surface), 𝛼1/3.0$CD ≈ 𝑓(𝑇$, 𝜙). Therefore, the sensitivity of clear-sky albedo 

to surface temperature is also a function of both temperature and latitude, 
"Q*-1./$23

"($
≈ 𝑓(𝑇$, 𝜙). We must now select some 

functional form relating 𝛼1/3.0$CD and 
"Q*-1./$23

"($
 to 𝑇$ and 𝜙. 430 

https://doi.org/10.5194/egusphere-2023-2307
Preprint. Discussion started: 24 October 2023
c© Author(s) 2023. CC BY 4.0 License.



15 
 

 

An approximate functional form relating the sensitivity of clear-sky annual- and zonal-mean albedo to surface temperature at 

temperature 𝑇$ and latitude 𝜙 is set out in Appendix D, 

"Q*-1./$23
"($

(𝜙, 𝑇$) = g1 + h]
V
[3 sinV 𝜙 − 1]kl

"Q*-1./$23TTTTTTTTTTTTTTT

"($
(𝑇$)       (29) 

where:  ; 𝛼1/3.0$CDWWWWWWWWWWWW(𝑇$) represents the global mean clear-sky albedo if the entire Earth’s surface fixed at temperature 𝑇$, and is 435 

assumed to take a cubic functional form between two temperature limits, corresponding to the temperature at which seasonal 

snow starts to settle and the temperature at which the entire surface is ice covered, and be constant outside those limits (Fig. 

8c, grey line, and see Goodwin and Williams, 2023).  

 

4.1.1 Clear sky shortwave feedback zonally and for uniform surface warming 440 

Substituting this approximation, eq. (29), into eq. (28) reveals the clear-sky surface albedo feedback with latitude, 

𝜆./R3E*,1/3.0$CD(𝜙) (Fig. 6d, red), and produces a global mean value, 𝜆./R3E*,1/3.0$CDWWWWWWWWWWWWWWWWWWW = 0.47 ± 0.07 Wm-2K-1 for uniform 

surface warming; where independent Gaussian uncertainties in 𝑇M*/E and 𝑇c.0I of ±0.5K, and in 𝛼M*/EWWWWWWW and 𝛼c.0IWWWWWWWW of ±0.01, 

are applied. This clear sky albedo feedback for uniform surface warming is consistent with a set of 15 CMIP6 models, who 

have a multi-model mean of 0.49 Wm-2K-1 following an abrupt 4xCO2 forcing (Appendix A; Figure 6d, orange), with a range 445 

from 0.39 to 0.60 Wm-2K-1. 

 

4.1.2 Clear sky shortwave feedback for recent surface warming 

Since the largest warming occurs at high northern latitudes corresponding to areas with high zonal climate feedback (Fig. 7, 

Fig. 6d), the clear sky albedo feedback is significantly increased to 𝜆./R3E*,1/3.0$CD∗WWWWWWWWWWWWWWWWWWW = 0.75 ± 0.07 Wm-2K-1 under the recent 450 

warming pattern, relative to the global mean feedback under uniform surface warming (0.47 ± 0.07 Wm-2K-1).  

4.2 Cloud impact on shortwave non-cloud feedback 

The goal is to evaluate the cloudy-sky and all-sky surface albedo feedbacks in the presence of clouds, but assuming that clouds 

do not respond to surface temperature change, "H*8
"($

= 0. The impact on albedo of cloud response to surface warming, "H*8
"($

≠

0, is reserved for future study. Differentiating eq. (7b) with respect to surface temperature at constant cloud incident radiation 455 

fraction, "H*8
"($

= 0, we have, 

"Q+--$23
"($

= 𝑓1F
"Q*-!"53$23

"($
+ [1 − 𝑓1F]

"Q*-1./$23
"($

        (30) 

The goal is to evaluate how the presence of clouds alters the albedo contribution to shortwave feedback in cloudy sky 
"Q*-!"53$23

"($
 relative to clear sky 

"Q*-1./$23
"($

, eq. (30).   

 460 
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4.2.1 All sky and cloudy sky shortwave feedback zonally and for uniform surface warming 

Appendix E finds an approximate relation between the albedo of cloud (if all light that passed through the cloud were absorbed) 

and the albedo of a cloudy sky (eq. E3), obtained by considering an infinite series approach after Taylor et al. (2007), extended 

here to explicitly include separate diffuse and directed shortwave beams (Figure 9). The implied albedo of cloud is then 

evaluated from data (Fig. 8a, black; Appendix E) and a relation is identified between 
"Q*-!"53$23

"($
 and 

"Q*-1./$23
"($

,  465 

"Q*-!"53$23
"($

= g []^Q*-!"5:5&/(:)][]^Q*-!"5TTTTTTTTTT]

\]^Q*-1./$23TTTTTTTTTTTTTTT(:)Q*-!"5TTTTTTTTTT_
7d]%\[.f×[K hij7:^]]_k

l
"Q*-1./$23

"($
      (31) 

where	𝛼1/*+E:E60(𝜙) is the albedo of cloud for directed solar radiation at latitude 𝜙 (Figure 9); 𝛼1/*+EWWWWWWWW is the global mean albedo 

of cloud at all latitudes (assumed equal to the albedo of cloud for diffuse shortwave light, 𝛼1/*+E:E6HH  in Figure 9); and 

𝛼1/3.0$CDWWWWWWWWWWWW(𝜙) is the planetary albedo for directed incident solar radiation if the entire Earth’s surface were the same as the 

surface at latitude 𝜙 (assumed equal to the clear sky albedo for diffuse shortwave light at latitude 𝜙, 𝛼-+0H.M3:E6HH in Figure 470 

9). 

 

The surface albedo feedback for cloudy sky conditions is then obtained from eqs. (9) and (31), giving, 

𝜆./R3E*,1/*+ED$CD(𝜙) = −𝑅-*/.0(𝜙)
[]^Q*-!"5TTTTTTTTTT][]^Q*-!"5:5&/(:)]

\]^Q*-1./$23TTTTTTTTTTTTTTT	Q*-!"5TTTTTTTTTT_
7d]%\[.f×[K hij7:^]]_k

"Q*-1./$23
"($

    (32) 

Evaluating this surface albedo feedback from recent climatology reveals the zonal climate feedback with latitude (Fig. 6d, 475 

blue) with a global mean value of 𝜆./R3E*,1/*+ED$CDWWWWWWWWWWWWWWWWWWWWW = 0.11 ± 0.02 Wm-2K-1 for uniform surface warming.  

 

The overall surface albedo feedback under all sky conditions with constant cloudiness is then obtained from eqs. (7), (9), (30) 

and (31), giving, 

𝜆./R3E*,2//$CD(𝜙) = −𝑅-*/.0(𝜙) n𝑓1F
[]^Q*-!"5TTTTTTTTTT][]^Q*-!"5:5&/]

\]^Q*-1./$23TTTTTTTTTTTTTTT	Q*-!"5TTTTTTTTTT_
7d]%\[.f×[K hij7:^]]_k

+ [1 − 𝑓1F]o
"Q*-1./$23

"($
   (33) 480 

 

Evaluating the surface albedo feedback from recent climatology reveals the latitudinal pattern (Fig. 6d, black and grey; Table 

1), while the mean and standard deviation of the area-weighted global mean surface albedo feedback are, 𝜆./R3E*,2//$CDWWWWWWWWWWWWWWWW =

0.21 ± 0.03 Wm-2K-1 for uniform surface warming. This all-sky albedo feedback for uniform surface warming is smaller than 

previous estimates of albedo feedback (Table 1, Fig. 2, compare grey to blue, orange and red), and this may reflect how polar 485 

amplification of surface warming enhances the contribution of melting snow and ice at high latitudes towards the global energy 

balance. 

 

4.2.1 All sky and cloudy sky shortwave feedback for recent surface warming 
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When modulated by recent surface warming (Fig. 7; eq. 10) the global mean cloudy sky albedo feedback increases to 490 

𝜆./R3E*,1/*+ED$CD∗WWWWWWWWWWWWWWWWWWWWW = 0.18 ± 0.02 Wm-2K-1, while the all sky albedo feedback (Fig. 2d, compare black to grey) increases to 

𝜆./R3E*,2//$CD∗WWWWWWWWWWWWWWWW = 0.37 ± 0.04 Wm-2K-1. This global mean value for recent surface warming is consistent with previous analyses 

of the surface albedo feedback (IPCC, 2021; Sherwood et al., 2020; Zelinka et al., 2020; Fig. 2d, compare black to blue, orange 

and red), confirming that the method presented here (eqs. 28-33; figs. 8,9) is consistent with previous surface albedo estimates 

when the enhancement of snow and ice melt on global energy balance through polar amplification of warming (eq. 10; fig. 5), 495 

is accounted for. Note that here the shortwave water vapour feedback is included within the overall surface albedo feedback. 

 

4.3 Discussion of albedo feedback 

The latitudinal pattern shows peaks in each hemisphere ~±65° latitude, corresponding to regions where changing temperatures 

most alter the extent of the cryosphere, along with a hemispheric asymmetry at higher latitudes where larger 𝜆./R3E*,2//$CD 500 

values extending towards the poles in the Northern hemisphere but 𝜆./R3E*,2//$CD decreasing towards zero in the southern 

hemisphere (Fig. 6d, black). These latitudinal traits (Fig. 6d, black) are consistent with the numerical models analysed by 

Zelinka and Hartmann (2012: see Fig. 3 therein) and Colman and Hanson (2017: see Fig. 4 therein), and 15 CMIP6 models 

with zonal climate feedback analysed using radiative kernels (Fig. 6d, compare black to orange; Appendix E), demonstrating 

that the approximate functional relationship (33) suitably captures latitudinal properties emerging in mechanistic analyses.  505 

The estimates of  𝜆./R3E* produced here (Fig. 2b,c; Fig. 6b,c; Table 1) are obtained from approximate functional relationships 

constrained by recent climatology, and make the following assumptions: 

• There is no change in cloud albedo with surface temperature, "Q*-!"5:5&/
"($

= 0, supported by figure 4d showing that 

αmnopq:qir is primarily a function of latitude due to zenith angle effect. 

• Incident solar radiation is directed, whereas reflected shortwave and emitted longwave radiation is diffuse. 510 

• The annual- and zonal-mean albedo for directed solar radiation incident on a particular surface is dependent on 

latitude, via a second-order Legendre polynomial in sine of latitude (Appendix D, eq. D3; Fig. 8a).  

• The global mean albedo over all latitudes for directed solar radiation incident on an entire planet covered in a 

particular surface 𝑗 is equal to the albedo for diffuse radiation incident on that surface at any latitude, 𝛼s:ES0WWWWWWW =

𝛼t:E6HH(𝜙) for all 𝜙. These two assumptions are both supported by figs. 4d, 9d, where cloud is the surface type and 515 

the relation is approximately a 2nd order Legendre polynomial. 

• The global mean clear-sky albedo for a surface cooler than 5 °C and warmer than some colder temperature at which 

the surface is entirely dominated by the cryosphere is approximated by a cubic in 𝑇$with turning points at 5°C and 

the colder temperature,  supported by figure 8c, compare grey line to red dots. 

These assumptions are independent from the assumptions used in previous studies, calculated using time-varying properties 520 

in models and/or observations (e.g. Zelinka et al., 2020; Sherwood et al., 2020; IPCC, 2021; Zelinka and Hartmann, 2012; 
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Colman and Hanson, 2017), while the estimates are in good agreement with these previous studies (e.g. Fig. 2; Table 1), 

supporting the use of the approximate functional relationships presented here (eqs. 9, 10, 30 to 33). 

5 Total net climate feedback 

The total climate feedback with latitude is found by combining the Planck (specific), WVLR, surface albedo and cloud 525 

feedbacks via, 

𝜆,*,./,2//$CD(𝜙) = 𝜆L/.@MC∶-43M6H6M,2//$CD(𝜙) + 𝜆OP&B,2//$CD(𝜙) + 𝜆./R3E*,2//$CD(𝜙) + 𝜆1/*+E,2//$CD(𝜙)  (34) 

or equivalently use the temperature feedback at constant relative humidity using, 𝜆,*,./,2//$CD(𝜙) = 𝜆(∶03/.,6Y3,2//$/D(𝜙) +

𝜆./R3E*,2//$CD(𝜙) + 𝜆1/*+E,2//$CD(𝜙). Since no estimate of cloud feedback is produced here, the global mean total net climate 

feedback is estimated by combining the global estimates of Planck, WVLR and albedo feedback with a recent estimate of 530 

global cloud feedback from multiple lines of evidence: 0.45 ± 0.33 Wm-2K-1 (Sherwood et al., 2020).  

 

5.1 Total net climate feedback zonally and for uniform surface warming 

Combining eqs. (17), (25), (33) with a global net cloud feedback of 0.45 ± 0.33 Wm-2K-1 (Sherwood et al., 2020), the net 

climate feedback under all-sky conditions is evaluated from recent climatology with latitude, 𝜆,*,./,2//$CD(𝜙) (Fig. 6e) giving 535 

a global area-weighted mean 𝜆,*,./,2//$CDWWWWWWWWWWWWWW = −1.25 ± 0.34 Wm-2K-1 (Table 1) for uniform surface warming. The magnitude 

and uncertainty in total net climate feedback, 𝜆,*,./,2//$CDWWWWWWWWWWWWWW, is consistent with previous estimates using different methodologies 

(IPCC, 2021; Sherwood et al., 2020; Zelinka et al., 2019). 

 

5.2 Total net climate feedback for recent surface warming 540 

The net climate feedback modulated by the recent warming pattern, comprising the sum of 𝜆L/.@MC,2//$CD∗WWWWWWWWWWWWWWWW, 𝜆OP&B,2//$CD∗WWWWWWWWWWWWWWW, 

𝜆./R3E*,2//$CD∗WWWWWWWWWWWWWWWW, and the Sherwood et al. (2020) estimate for cloud feedback (eq. 34), produces a global mean of  𝜆,*,./,2//$CD∗WWWWWWWWWWWWWW =

−1.10 ± 0.34 Wm-2K-1 (Fig. 2e, black; Table 1). This global mean climate feedback for patterned warming is also consistent 

with previous estimates (Fig. 2f, Table 1), including the IPCC AR6 best estimate of = −1.16 Wm-2K-1. 

 545 

6 Climate feedback discussion 

This study has presented a novel method to evaluate climate feedback by exploiting variations in climate properties over 

latitude (such as surface temperature) in order to predict the radiative response to an external forcing (Figs. 2; 6 Table 1; eqs. 

5-34). This method is independent from, but complementary to, the existing methods where variation in climate properties 

over time is used to evaluate climate feedback (e.g. Sherwood et al., 2020; IPCC, 2020).  550 

 

6.1 Net climate feedback estimates from latitudinal variation in outgoing radiation and surface temperature 
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Three estimates of total net global climate feedback from latitudinal variation in outgoing radiation and surface temperature 

are presented in this study. Firstly, a regression of climatological annual- and zonal-mean values of outgoing radiation and 

surface temperature at 5° latitude resolution (Fig. 1) produces a global mean 𝜆,*,./ ≈ −𝛿[𝐿*+, + 𝑆*+,] 𝛿𝑇$⁄ = −1.30 ± 0.06 555 

Wm-2K-1, and assumes that 𝛿[𝐿*+, + 𝑆*+,] 𝛿𝑇$⁄ = 𝜕[𝐿*+, + 𝑆*+,] 𝜕𝑇$⁄ . However, while 93% of the variance in outgoing 

radiation with latitude is linked to variance in surface temperature with latitude in the regression (Fig. 1), this estimate ignores 

how some portion of outgoing radiation variance may be linked to other properties that co-vary latitudinally with temperature 

in the climatological mean, but do not co-vary similarly with temperature change following perturbation.  

 560 

The second estimate then uses theory to solve for 𝜆 = −𝜕[𝐿*+, + 𝑆*+,] 𝜕𝑇$⁄  directly (eqns. 9-34), thus extracting only the 

portion of variance with latitude of outgoing radiation that is directly due to changes temperature. Performing a simple area 

mean gives 𝜆,*,./,2//$CDWWWWWWWWWWWWWW = −1.25 ± 0.34 Wm-2K-1 (Fig. 2e, grey; Table 1). The relative change in best estimates (-1.30 to -

1.25 Wm-2K-1) implies that factors other than temperature act to increase the equator to pole difference in outgoing radiation 

by order 7 Wm-2. Factors that affect outgoing radiation and co-vary with surface temperature in the climatological mean 565 

include: the balance between the decrease in incident solar radiation with latitude (Fig. 4a) and the increase in albedo of a 

uniform surface-type with latitude (Fig. 8a) modulating outgoing shortwave radiation via 𝑆*+,(𝜙) = 𝛼(𝜙)𝑅-*/.0(𝜙); and 

decrease in the height of the tropopause with latitude (Fig. 7c) modulating outgoing longwave radiation (Table 2, negative 

value for coefficient 𝐶 ). This second estimate, of 𝜆,*,./,2//$CDWWWWWWWWWWWWWW = −1.25 ± 0.34 Wm-2K-1, ignores how areas with greater 

surface warming will make a greater contribution to the global mean climate feedback. 570 

 

The third estimate presented here both solves for 𝜆 = −𝜕[𝐿*+, + 𝑆*+,] 𝜕𝑇$⁄  directly (eqns. 9-34) and accounts for how areas 

with greater surface warming make a greater contribution to global mean climate feedback (eq. 10), giving  𝜆,*,./,2//$CD∗WWWWWWWWWWWWWW =

−1.10 ± 0.34 Wm-2K-1 (Fig. 2e, black; Table 1). The more positive climate feedback value for this third warming-weighted 

estimate, = −1.10 ± 0.34  Wm-2K-1, relative to the unweighted area-mean, −1.25 ± 0.34 Wm-2K-1 (Fig. 2e, compare black 575 

to grey; Table 1) reflects how areas with greatest warming at high northern latitudes (Fig. 5) have more positive (amplifying) 

local climate feedbacks (Fig. 6h), thus contributing to a more positive global mean climate feedback. 

 

6.2 Comparison of results to previous studies 

Here, separate climate feedback terms are evaluated for Planck feedback (constant specific humidity), water vapour-lapse rate 580 

feedback, temperature feedback (constant relative humidity) and surface albedo feedback. The global area-weighted mean 

climate feedbacks for all terms are in good agreement with other previous methodologies (Table 1; Fig. 2), including evaluation 

from complex Earth system models (e.g. Zelinka et al., 2020), and evaluation from multiple lines of evidence (e.g. IPCC, 2020; 

Sherwood et al., 2020). The agreement for albedo feedback is significantly improved when the zonal climate feedback is 
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weighted by the recent warming (Fig. 2, black; eq. 10) compared to when the a uniform surface warming is assumed (Fig. 2, 585 

grey). 

 

The spatial patterns of feedbacks (Fig. 6) are also in good agreement with the multi-model mean climate feedback following 

an abrupt 4xCO2 perturbation experiment in 15-CMIP6 models, evaluated using radiative kernels (Fig. 6a, c, d, and e: compare 

black to orange; Appendix A). The spatial pattern of the surface albedo feedback is also similar to other numerical model 590 

evaluations (Fig. 6, compare to Colman and Hanson, 2017 and Zelinka and Hartmann, 2012; Figure 6e, compare to e.g. 

Sherwood et al., 2020). Note that for the 4xCO2 perturbation experiment the overall climate change is significant, while the 

evaluation from recent climatology is for infinitesimal perturbation. 

 

The agreement, in terms of both the global mean values and the spatial patterns (Fig. 2, Fig. 6), indicates that our approximate 595 

functional relationships (eqs. 5-34) are adequately capturing the system to allow climate feedbacks to be constrained from the 

observed latitudinal variation in recent climatology.  

 

6.3 Comparison of methodology to previous studies 

Previous methods include constraining climate feedbacks from perturbed numerical model experiments (e.g. Soden et al., 600 

2008; Zelinka et al., 2020); from observations of temporal changes in observed climate in response to forcing (e.g. Otto et al., 

2013; Goodwin and Cael, 2020; Cael et al., 2023); from observed short-timescale variability in the climate state (Dessler, 

2013); and applying emergent constraints to complex climate models (e.g. Cox et al., 2018). This study’s approach is 

independent of many these previous methodologies: firstly, being based on latitudinal variation not temporal variation and, 

secondly, being based on differentiated infinitesimal perturbation rather than finite perturbation, resulting in a different set of 605 

assumptions. 

 

Mauritsen et al. (2013) showed that individual climate feedbacks acting separately do not simply linearly add to produce the 

overall climate feedback when all process act together in a complex climate model under finite perturbation. However, when 

separating individual climate feedbacks from numerical model experiments using finite CO2 perturbation experiments (e.g. 610 

Soden et al., 2008; Zelinka et al., 2020) a required assumption is that the total climate feedback is composed to individual 

climate feedbacks are linearly separable (compare eqn. 4 to eqn. 1). Crucially, as the functional relationships we employ are 

explicitly differentiated to find climate feedback, we do not need to assume that climate feedbacks are linearly separable (as is 

required when separating climate feedback terms from numerical model experiments using finite CO2 perturbation 

experiments: e.g. Soden et al., 2008; Zelinka et al., 2020). For the CMIP6 models analysed in Zelinka et al. (2020), the value 615 

of the sum of the individual feedbacks, ∑ 𝜆!! , ranges from 0.37 Wm-2K-1 larger to -0.25 Wm-2K-1 smaller than the net feedback 

𝜆. It is possible that this overall error when assuming 𝜆 ≈ ∑ 𝜆!!  (eq. 3) arises because of a combination of offsetting errors 
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affecting the individual feedbacks, some of which could be larger in magnitude than the overall error. The approach presented 

here does not need to make the linearly separable assumption (eq. 3), and so this possible source of error does not apply. 

 620 

The method presented here does not need to quantify temporal changes either in radiative forcing or Earth’s energy balance, 

both of which carry significant uncertainty (which is required when evaluating climate feedback from temporal historical 

observations: e.g. Otto et al., 2013; Goodwin and Cael, 2020). For example, there is high uncertainty in historic radiative 

forcing due to uncertainty in the radiative impact of changing aerosol levels.   

 625 

6.4 Implications for climate sensitivity and future work 

The equilibrium climate sensitivity (ECS in K) is approximately related to the global average climate feedback via 𝐸𝐶𝑆 ≈

𝐹Vv1wV/𝜆∗t , where 𝐹Vv1wV is the radiative forcing for doubling of CO2. Using of 𝐹Vv1wV~3.8 Wm-2 (Sherwood et al., 2020; using 

stratospherically adjusted radiative forcing definition), the overall net climate feedback evaluated here for the recent warming 

pattern (Fig. 2, black; Table 1: 𝜆∗t = −1.10 (-0.76 to -1.44) Wm-2K-1) is broadly consistent with an equilibrium climate 630 

sensitivity of ~3.5 K warming for a doubling of CO2, ranging from 2.6 to 5.0 K.  

 

Other estimates based on recent observations, that consider temporal changes often provide a current climate feedback close 

to 𝜆∗t~ − 2 Wm-2K-1 during the anthropogenic warming over recent decades, consistent with an ECS of 2K (e.g. Otto et al., 

2013; and, specifically for the instantaneous time evolving climate feedback in the very recent past, Cael et al., 2023 and 635 

Goodwin, 2021).  Our result of 𝜆∗t~ − 1 Wm-2K-1 differs since, by considering latitudinal variation in recent observations, we 

estimate the equilibrium climate feedback for non-cloud feedback combined with an independent estimate of net cloud 

feedback (Sherwood et al., 2020) and, correspondingly, we acquire a value closer to previous estimations at equilibrium (e.g. 

Sherwood et al., 2020; IPCC, 2021; Table 1). 

 640 

We anticipate that analysis of numerical Earth system model output using the functional forms presented here will also prove 

a useful avenue of research. Ultimately, it may be possible to evaluate the climate feedbacks in complex numerical models 

using latitudinal variation in outgoing radiation, surface temperatures and cloud amount, provided the numerical model output 

is consistent with how the observations are obtained: e.g. simulated cloud amount must represent what would be optically 

measured from satellites (Karlsson et al., 2021), and not calculated based on the thermodynamics of the simulated cloud 645 

coverage. The latitudinal variation method for calculating climate feedback presented here can also be extended to include 

alternative approximate functional relationships, differing to those presented used in this study, eqs. (11)-(34); Appendices B, 

C, D, E. 
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Appendix A: Kernel decomposition of zonal climate feedbacks in 15 CMIP6 models 650 

Climate feedbacks for uniform surface warming in 15 CMIP6 models is calculated using a radiative kernel decomposition ( of 

radiation changes following an abrupt 4xCO2 forcing experiment. The climate feedbacks considered are calculated as a time-

average using the final 20-years of a 150-year experiment. The following equation is used, 

𝜆!(𝜙) = − )B:
)($

(𝜙)           (A1) 

where both 𝑅! and 𝑇$ are annual- and zonal-averages. The values of 𝜆!(𝜙) are plotted in Figure 6 (orange dotted lines) for 655 

the Planck, albedo and WVLR feedbacks. The 15 CMIP6 models included are: BCC-C2SM2-MR, BCC-ESM1, CESM2-

WACCM, CESM2, CNRM-CM6_1, CNRM-ESM2-1, GFDL_CM4, GISS-E2-1-G, GISS-E2-1-H, HadGEM3-GC31-LL, 

IPSL-CM6A-LR, MIROC6, MRI-ESM2-0, SAM0-UNICON, and UKESM1-0-LL. 

 

Appendix B: Observational constraints on clear sky emissivity relation to surface temperature 660 

To postulate an approximate functional relationship for eq. (13), three assumptions are made:  

(1) emissivity decreases with the natural logarithm of the total vertically integrated water vapour content of the atmosphere, 

𝑚OP, 

Δ𝜀1/3.0$CD ≈ 𝐴Δ ln𝑚OP           (B1) 

where 𝐴 is a coefficient whose value relates to this equation only;  665 

(2) the total vertically integrated water vapour content in the atmosphere is a function of surface specific humidity and the 

height of the tropopause at that location,  

𝑚OP ≈ 𝐴𝐻-43M6H6M expX𝐵𝑧,0*4Y          (B2) 

where atmospheric density is assumed to reduce exponentially with height, where A and B are coefficients whose values relate 

to this equation only; and  670 

(3) the functional form of the Clausius-Clapeyron relation explains the link between relative humidity and specific humidity,  

𝐻-43M6H6M ≈ 	𝐴𝐻03/ exp y𝐵 +
1
($
z          (B3) 

where 𝐴, 𝐵 and 𝐶 are coefficients whose values relate to this equation only; 

 

These three assumptions, eqs. (B1), (B2) and (B3), combine to produce a functional approximation of the form, 675 

𝜀1/3.0$CD ≈ 𝐴 + 𝐵 ln y𝐻03/ expX𝐶𝑧,0*4Y exp y𝐷 +
x
($
zz       (B4) 

where 𝐴, 𝐵, 𝐶, 𝐷, 𝐸 and 𝐹 are coefficients. This simplifies to a relation of the form, 

𝜀1/3.0$CD ≈ 𝐴 + 𝐵 ln𝐻03/ + 𝐶𝑧,0*4 +
a
($
	         (B6) 

where the values of coefficients 𝐴, 𝐵, 𝐶 and 𝐷 are not preserved. Applying a regression to observational annual-and zonal-

mean climatological values for 𝐻03/ (Hersbach et al., 2018: ERA5), 𝑧,0*4 (Mateus et al., 2022: bilinear interpolation model 680 
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therein and for a surface at 3.0 potential vorticity units, where 1 potential vorticity unit is equal to 10-6 K kg-1 m2 s-1),	𝑇$ (Jones 

et al., 1999; Morice et al., 2021: CRUTEM and HadCRUT5) and 𝜀1/3.0$CD (Fig. 3b) we find values of the coefficients 𝐴, 𝐵, 𝐶 

and 𝐷 such that variation 𝐻03/, 𝑧,0*4 and 𝑇$ explain 98.8% of the variance in 𝜀1/3.0$CD across latitudes in the climatological 

mean, based on the adjusted R-squared value (Fig. 7; Table 2). Given the goodness of fit, the postulated relationship, eq. (B6), 

is accepted in this study. Exploring alternative approximate functional forms is reserved for future study. 685 

 

The sensitivity of clear-sky emissivity to surface temperature is calculated from differentiating eq. (B6) with respect to surface 

temperature, giving, 
"N*-1./$23

"($
= b

X/1-

"X/1-
"($

+ 𝐶 "W#/!4
"($

− a
($
7	         (B7) 

which approximates, under the assumption that tropospheric height and surface relative humidity do not significantly change 690 

with surface warming, ,"W#/!4
"($

, ≪ f a
1($

7f and ,"X/1-
"($

, ≪ fX/1-
b

a
($
7f, to, 

"N*-1./$23
"($

≈ − a
($
7 ≈ −(242.96 ± 10.01) 𝑇$V⁄         (B8) 

 

Inspecting the values of the coefficients 𝐴, 𝐵, 𝐶 and 𝐷 (Table 2), and typical values of 𝐻03/ and 𝑇$, this approximation (B8) 

holds when local ,"W#/!4
"($

, is significantly less than ~1 km K-1 and local ,"X/1-
"($

, is significantly less than ~2.5 % K-1. For example, 695 

if local annual- and zonal-mean surface temperatures are warmed by 2 K, then we may use (B8) to calculate 
"N*-1./$23

"($
 provided 

annual- and zonal-mean tropospheric height has changed by significantly less than 2 km and annual- and zonal-mean surface 

relative humidity has changed by significantly less than 5 %. Here, we calculate climate feedbacks assuming that 

approximation (B8) holds; evaluating the impacts of the full relation (B7) is reserved for future study.  

 700 

 

Appendix C: Impact of clouds on bulk emissivity 

To consider how the emissivity is affected by clouds, first consider the difference between cloudy-sky emissivity and clear-

sky emissivity with latitude (Fig. 3b, blue and orange). A perfect black body with no atmosphere has a bulk emissivity of 1. 

The introduction of a clear sky Earth-like atmosphere reduces the bulk emissivity, 𝜀1/3.0$CD < 1, principally through water 705 

vapour which absorbs longwave radiation. The introduction of clouds within the atmosphere then reduces the bulk emissivity 

further, 𝜀1/*+ED$CD < 𝜀1/3.0$CD < 1, because clouds too absorb longwave radiation. The question is: how does the presence of 

cloud affect bulk emissivity, 𝜀1/*+ED$CD, relative to a clear-sky atmosphere, 𝜀1/3.0$CD, and relative to a black body with no 

atmosphere, 1. 

 710 
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Goodwin and Williams (2023) found empirically find that the value of 𝜀1/*+ED$CD − 𝜀1/3.0$CD (or equivalently the value of 

1 − 𝜀1/*+ED$CD) scales with the value of 1 − 𝜀1/3.0$CD, so that 𝜀1/3.0$CD − 𝜀1/*+ED$CD is largest when 𝜀1/3.0$CD is smallest, and 

𝜀1/3.0$CD − 𝜀1/*+ED$CD is smallest when 𝜀1/3.0$CD is largest. This finding is repeated here, updated by evaluating all terms 

during the July 2005 to June 2015 period (Fig. 3b, blue and orange).   

 715 

The ratio of 1 − 𝜀1/*+ED$CD(𝜙) to 1 − 𝜀1/3.0$CD(𝜙) for July 2005 to June 2015 is consistently ~ 1.37 across all latitudes (Fig. 

3d), expressed here by adopting a dimensionless cloud-emissivity coefficient, 𝑐N, defined as, 

𝑐N(𝜙) =
\]^N*-!"53$23(:)_

\]^N*-1./$23(:)_
          (C1)  

 

Evaluating the cloud-emissivity coefficient for recent climatology reveals a near-uniform value with latitude (Fig. 2d), even 720 

though surface temperatures alter by order 70 K with latitude, with an area-weighted mean and area-weighted standard 

deviation of 𝑐N = 1.37 ± 0.06. Note that this updates the numerical value obtained by Goodwin and Williams (2023) of 

1.38±0.10, as here all variables are evaluated for the same 10-year climatological period. This near uniformity with latitude 

suggests that the value of 𝑐N is insensitive to changes in surface temperature, "M6
"($

≈ 0. Given the near-uniform value of 𝑐N with 

latitude (eq. 24; Fig. 3d), the model of consistent amplification of emissivity reduction per unit cloud amount is accepted. 725 

 

What physical interpretations could explain this approximation with consistent 𝑐N  with latitude (eq. C1; Fig. 3d)? One 

possibility is that latitudes with greater water vapour content in the air-column both have a greater reduction in clear-sky bulk 

emissivity (relative to 1), and also have cloud types, cloud altitudes and cloud-induced lapse rate adjustments that cause a 

greater reduction in bulk emissivity (eq. 6). Conversely, latitudes with lesser water vapour content in the air-column have both 730 

the lesser reduction in emissivity in clear-sky conditions (relative to 1) and form cloud-types, cloud altitudes and cloud-

adjustments to the lapse rate that cause lesser reduction in bulk emissivity (eq. 6). In other words, clear sky emissivity 

reduction, and the emissivity reduction from clouds formed, both scale similarly with the water vapour content of the air-

column. An alternative possibility is that emissivity reduction from water vapour and emissivity reduction from clouds 

combine geometrically, rather than arithmetically, in determining the total emissivity reduction (relative to 1) in an air column 735 

with both water vapour and clouds.  

 

 

Appendix D: Clear-sky surface albedo as a function of latitude and temperature 

A function utilising a second-order Legendre polynomial in the sine of latitude approximates the variation in annual- and 740 

zonal-mean incoming solar radiation per unit surface area with latitude to within a few percent at all latitudes (e.g. Hartmann, 

1994), 
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𝑅-*/.0(𝜙) ≈ 𝑅-*/.0WWWWWWWW g1 − 𝑝 h]
V
[3 sinV 𝜙 − 1]kl        (D1) 

where 𝑅-*/.0WWWWWWWW is the annual- and global-mean solar radiation per unit surface area given by 𝑅-*/.0WWWWWWWW = ∫ B,!-./(:)E2
∫ E2

, and 𝑝 ≈

0.477 is a tuned coefficient. This relation for 𝑅-*/.0(𝜙), eq. (28), approximates the inverse of the average surface area over 745 

which solar radiation is incident upon with latitude, given that the solar zenith angle varies both with time of day and seasonally 

and the length of the day varies seasonally. Note the minus sign before the coefficient 𝑝, which exists because 𝑅-*/.0(𝜙) is 

greatest at low latitudes and least at high latitudes. 

 

The aim here is to postulate a similar relation that will describe how annual- and zonal-mean local albedo, 𝛼(𝜙), varies with 750 

latitude, given that the albedo for a particular surface-type will vary with solar zenith angle, and solar zenith angle varies daily 

and seasonally, and the length of the day varies seasonally. First, consider the annual- and global-mean albedo, 𝛼st , that would 

be achieved if the entire surface of the planet were covered with a single material 𝑗, and with no cloud above that material, 

𝛼st =
∫Q;(:)E2

∫ E2
            (D2) 

where 𝛼t(𝜙) is the local annual- and zonal-mean albedo at latitude 𝜙 for material 𝑗. We now postulate that for some material 755 

𝑗 the annual- and zonal-mean albedo at latitude 𝜙, 𝛼t(𝜙), is approximately related to the global planetary albedo for a planet 

covered in that material, 𝛼st , through a similar functional form to the approximation for 𝑅-*/.0(𝜙), eq. (D1), 

𝛼t(𝜙) = 𝛼st g1 + ~1 − 𝛼st � h
]
V
[3 sinV 𝜙 − 1]kl         (D3) 

Note that (1) the sign before the coefficient changes, from negative in eq. (D1) to positive in eq. (D3); and (2) that the tuned 

coefficient 𝑝 in the incident radiation relation, eq. (D1), becomes a function of the global mean albedo for material 𝑗, ~1 − 𝛼st �, 760 

in the postulated albedo relation, eq. (D3). The reason the sign changes is because while 𝑅-*/.0(𝜙) is largest at low latitudes 

and smallest at high latitudes, we expect the opposite for albedo for a given material: we expect materials to become more 

reflective at noon at high latitudes as the annual-average solar zenith angle increases.  

 

The reasons we postulate a coefficient that varies with 𝛼st , via ~1 − 𝛼st �, are twofold. Firstly, it simplifies the relation by 765 

specifying local annual- and zonal-mean albedo at latitude 𝜙 for a given material, 𝛼t(𝜙), from a single property of that 

material: 𝛼st  (eq. D3; Fig. 8a, grey). Secondly, it ensures that the equation asymptotes to sensible limits for both perfectly 

absorbing and perfectly reflecting surface-types (eq. D3; Fig. 8a, grey): when a planet covered in a surface-type is perfectly 

absorbing, 𝛼st = 0, then local albedo is perfectly absorbing at all latitudes, 𝛼t(𝜙) = 0 for all 𝜙; whereas when a planet covered 

in a surface-type is perfectly reflecting, 𝛼st = 1, then local albedo is perfectly reflecting at all latitudes,  𝛼t(𝜙) = 1 for all 𝜙. 770 

For materials with all intermediate physically plausible global albedo values, 0 < 𝛼st < 1, the values of 𝛼t(𝜙) are always 

physically plausible for all latitudes: 0 < 𝛼(𝜙) < 1 for all 𝜙 (eq. D3; Fig. 8a, grey). 
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The parameter 𝛼1/3.0$CDWWWWWWWWWWWW(𝜙) is now defined as the annual- and global-mean clear-sky albedo for a planet covered entirely in 

the balance of surface-materials found at latitude 𝜙. The goal is to assess how 𝛼1/3.0$CDWWWWWWWWWWWW will change with surface temperature, 775 

due to changes in the cryosphere (but ignoring other surface changes that may have temperature dependence such as land-

vegetation type). By considering how temperature is related to cryosphere coverage, two regions where 
"Q*-1./$23TTTTTTTTTTTTTTT

"($
(𝜙) → 0 are 

identified: (1) when 𝑇$(𝜙) is below some cold temperature, 𝑇M*/E, such that the cryosphere is unchanged by further cooling, 

because the entire surface is ice-covered and more ice cannot be produced; and (2) when 𝑇$(𝜙) is above some warm 

temperature, 𝑇c.0I, such that the cryosphere is unchanged by further warming, because there is insignificant seasonal snow 780 

cover and so snow cover cannot be reduced further.  

 

Inspecting the observed 𝛼1/3.0$CD(𝜙) with 𝑇$ (Fig. 8b), and noting that snow and ice generally indicates a surface temperatures 

are near or below freezing, we assume that 
"Q*-1./$23TTTTTTTTTTTTTTT

"($
→ 0 for 𝑇$ > 5°C (such that 𝑇c.0I = 278.15 K), being an annual- and 

zonal-mean temperature below which significant parts of the year may be below freezing and so significant snow or ice may 785 

begin to affect the annual-mean albedo. It is not clear by inspecting the data for 𝛼1/3.0$CD(𝜙)  with 𝑇$  where the cold 

temperature, 𝑇M*/E, should be placed, since 𝛼1/3.0$CD(𝜙) is expected to increase with both cooler temperatures and higher 

latitudes, and these variables co-vary.  

 

From the observed values of 𝛼1/3.0$CD(𝜙) (Fig. 8a, red), the implied values of 𝛼1/3.0$CDWWWWWWWWWWWW are calculated using eq. (D2) for all 790 

𝑇$(𝜙) < 5 °C (Fig. 8c, red). Graphically, these 𝛼1/3.0$CDWWWWWWWWWWWW values represent the intersection of grey contours and red lines in 

Fig. 8a. A functional form approximating 𝛼1/3.0$CDWWWWWWWWWWWW = 𝑓(𝑇$)  is now sought for 𝑇M*/E < 𝑇$ < 𝑇c.0I  (Fig. 8c), where 
"Q*-1./$23TTTTTTTTTTTTTTT

"($
≠ 0. A cubic approximation for 𝛼1/3.0$CDWWWWWWWWWWWW in 𝑇$  is chosen between temperature limits 𝑇M*/E < 𝑇$ < 𝑇c.0I , with 

turning points at 𝑇$ = 𝑇M*/E and 𝑇$ = 𝑇c.0I, noting that the gradient of the cubic will naturally produce 
"Q*-1./$23TTTTTTTTTTTTTTT

"($
→ 0 as 

𝑇$ → 𝑇M*/E or 𝑇$ → 𝑇c.0I, and so the values of both 𝛼1/3.0$CDWWWWWWWWWWWW and 
"Q*-1./$23TTTTTTTTTTTTTTT

"($
 will be continuous in 𝑇$ for all 𝑇$ (Fig. 8c, grey). 795 

To define the cubic approximation, four values must be specified: 𝑇M*/E, 𝑇c.0I, 𝛼M*/EWWWWWWW and 𝛼c.0IWWWWWWWW, where 𝛼M*/EWWWWWWW and 𝛼c.0IWWWWWWWW are 

the planetary clear-sky albedos when the cryosphere entirely dominates the surface of earth (𝑇$ = 𝑇M*/E ) and when the 

cryosphere is absent from the Earth (𝑇$ = 𝑇c.0I).  The value of 𝑇c.0I is set to 5°C (278.15 K) and then a least-squares 

approach is used to determine the values of 𝑇M*/E, 𝛼M*/EWWWWWWW and 𝛼c.0IWWWWWWWW to produce the best fit against all 𝛼1/3.0$CD(𝜙) values when 

𝑇$ < 𝑇c.0I (Fig. 8c, compare grey to red), noting that 𝛼1/3.0$CDWWWWWWWWWWWW = 𝛼M*/EWWWWWWW when surface temperature is less than 𝑇M*/E (Fig. 8c, 800 

grey). A minimum root-mean-square error of 0.017 albedo units is found for 𝑇M*/E = −31 °C (=242.15 K); 𝛼M*/EWWWWWWW = 0.43; and 

𝛼c.0IWWWWWWWW = 0.12 (Fig. 8c, compare grey to red). 

https://doi.org/10.5194/egusphere-2023-2307
Preprint. Discussion started: 24 October 2023
c© Author(s) 2023. CC BY 4.0 License.



27 
 

 

The value of 
"Q*-1./$23TTTTTTTTTTTTTTT

"($
(𝑇$) is found between 𝑇M*/E < 𝑇$ < 𝑇c.0I by differentiating the fitted cubic for 𝛼1/3.0$CDWWWWWWWWWWWW in terms of 

𝑇$ (see Fig. 8c, gradient of grey dotted line), and is set to 
"Q*-1./$23TTTTTTTTTTTTTTT

"($
= 0 outside this range. The sensitivity of annual- and 805 

zonal-mean albedo to surface temperature at temperature 𝑇$ and latitude 𝜙 is then found by differentiating eq. (D3), 

"Q*-1./$23
"($

(𝜙, 𝑇$) = g1 + h]
V
[3 sinV 𝜙 − 1]kl

"Q*-1./$23TTTTTTTTTTTTTTT

"($
(𝑇$)       (D4) 

 

Appendix E: Impact of clouds on surface albedo 

Clouds act to (Fig. 9):  810 

(1) reflect a fraction of the incident solar radiation back into space,  

(2) allow some radiation to pass through; and 

(3) reflect a fraction of the outgoing shortwave radiation (reflected up by the Earth’s surface) back downwards towards the 

Earth.  

Previous studies (e.g. Taylor et al., 2007) have adopted an infinite series approach to calculate the net upwards shortwave 815 

radiation above a cloudy sky given the reflections from both the clouds (in both directions) and the Earth’s surface. Here, this 

infinite series approach is used for the global mean case, and then extended to explicitly consider separate directed and diffuse 

beams of shortwave radiation.  

 

First, the annual- and global-mean albedo for cloudy sky, 𝛼1/*+ED$CDWWWWWWWWWWWWW, is expressed in terms of the annual- and global-mean 820 

albedo of cloud, 𝛼1/*+EWWWWWWWW, and the annual- and global-mean surface albedo for clear sky conditions, 𝛼1/3.0$CDWWWWWWWWWWWW. Note that 𝛼1/*+EWWWWWWWW 

represents the fraction of incident solar radiation reflected directly by the cloud, and 𝛼1/*+ED$CDWWWWWWWWWWWWW represents the total fraction of 

incident solar radiation reflected back into space above a cloudy sky – both the fraction reflected directly from the cloud and 

the fraction passing down through the cloud and then reflecting between the Earth’s surface and the underside of the cloud 

until passing up through the cloud again. 825 

 

Adopting an infinite series approximation to continual reflection between the Earth’s surface and the underside of the cloud 

(e.g. Taylor et al., 2007), the annual- and global-mean albedo of cloudy sky, 𝛼1/*+ED$CDWWWWWWWWWWWWW, is expressed in terms of the annual- 

and global-global mean albedo of cloud itself, 𝛼1/*+EWWWWWWWW, the amount of shortwave radiation that passes through a cloud in one 

direction, 1 − 𝛼1/*+EWWWWWWWW, and the global mean albedo of the surface in the absence of cloud, 𝛼1/3.0$CDWWWWWWWWWWWW, via (equivalent to eq. 7 in 830 

Taylor et al., 2007),  
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𝛼1/*+ED$CDWWWWWWWWWWWWW ≈ 𝛼1/*+EWWWWWWWW + 𝛼1/3.0$CDWWWWWWWWWWWW []^Q*-!"5TTTTTTTTTT]7

\]^Q*-1./$23TTTTTTTTTTTTTTT×Q*-!"5TTTTTTTTTT_
        (E1) 

This expression is used to solve for 𝛼1/*+EWWWWWWWW for the period July 2005 to June 2015, using observed climatology estimates of 

𝛼1/3.0$CDWWWWWWWWWWWW  and 𝛼1/*+ED$CDWWWWWWWWWWWWW  (Fig. 3b), giving 𝛼1/*+EWWWWWWWW = 0.30 . This observation-based estimate suggests 30% of shortwave 

radiation incident on a globally cloudy sky Earth would be reflected back outwards without passing through the cloud. 835 

 

Next, consider the radiation that passes through the cloud. Incoming solar radiation is directed in nature. However, once 

shortwave radiation had reflected off a surface, or passed through cloud, it becomes largely diffuse in nature (Fig. 9, blue and 

red lines). Since the albedo of cloud, or Earth’s surface, depends on the angle of incidence of the radiation then a distinction 

arises between directed solar radiation, with a single local angle of incidence that depends on the solar zenith angle, and diffuse 840 

shortwave radiation, with a range of local angle of incidences as the diffuse radiation is coming from all directions.  

 

The distinction between angle of incidences for directed and diffuse radiation implies that the annual- and zonal-mean albedo 

of some surface for directed solar radiation at latitude 𝜙, 𝛼t(𝜙), is different from the annual- and zonal-mean albedo of the 

same surface for diffuse radiation at latitude 𝜙, 𝛼t:E6HH+-3(𝜙). Since the global mean albedo for a planet covered in a particular 845 

surface, 𝛼st  (eq. D3) reflects the effect of many angles of incidence (caused by variation in latitudes and time of day over a 

year), and the albedo for diffuse light also represents the effect of many angles of incidence, we make the assumption that the 

albedo for diffuse light for material 𝑗 at latitude 𝜙 is approximated by the global mean albedo for a planet surface covered by 

the material 𝑗, 

𝛼t:E6HH+-3(𝜙) ≈ 𝛼st            (E2) 850 

This approximation (eq. E2) allows us to make progress with extracting the local cloud albedo at different latitudes (Fig. 9).  

 

By splitting the shortwave radiation into directed and diffuse components with distinct albedos for material 𝑗 at latitude 𝜙, 

𝛼t(𝜙) and 𝛼st (𝜙), the infinite series approach (e.g. Taylor et al., 2007; eq. E1) is now re-applied and extended to calculate the 

albedo of cloud for a directed beam with latitude, 𝛼1/*+E:E60(𝜙) (Fig. 9). The annual- and zonal-mean albedo of cloudy sky at 855 

latitude 𝜙, 𝛼1/*+ED$CD(𝜙), is related to the albedo of cloud for directed solar radiation at latitude 𝜙, 𝛼1/*+E(𝜙), the clear sky 

albedo for diffuse light at latitude 𝜙, 𝛼1/3.0$CD:E6HH+-3(𝜙) ≈ 𝛼1/3.0$CDWWWWWWWWWWWW(𝜙) (eq. E2), and the global mean albedo of cloud, 

𝛼1/*+E:E6HH+-3(𝜙) ≈ 𝛼1/*+EWWWWWWWW (eq. E2), via 

𝛼1/*+ED$CD(𝜙) ≈ 𝛼1/*+E:E60(𝜙) + 𝛼1/3.0$CDWWWWWWWWWWWW(𝜙) []^Q*-!"5:5&/(:)][]^Q*-!"5TTTTTTTTTT]
\]^Q*-1./$23TTTTTTTTTTTTTTT(:)×Q*-!"5TTTTTTTTTT_

     (E3) 

Using 𝛼1/*+ED$CD(𝜙) from observations (Fig. 4b), 𝛼1/*+EWWWWWWWW = 0.30 from observational analysis of eq. (E1), and 𝛼1/3.0$CDWWWWWWWWWWWW(𝜙) 860 

evaluated by applying eq. (D3) to observationally constrained 𝛼1/3.0$CD(𝜙) (Fig. 4b), the albedo of cloud with latitude is 

solved, 𝛼1/*+E(𝜙) (Fig. 4d, Fig. 8a, black), revealing 𝛼1/*+E(𝜙) values varying from around 0.19 in equatorial regions up to 

between 0.5 and 0.6 in polar regions.  
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Consider whether this evaluated annual- and zonal-mean 𝛼1/*+E profile with latitude (Figs. 4d, 7a) is reasonable. First, the 865 

evaluated magnitude of 𝛼1/*+E(𝜙)  and its variation with latitude (Figs. 4d, 7a) is consistent with the Stephens (1978) 

theoretical model and parameterisation identifying how the magnitude of cloud albedo varies with solar zenith angle (see 

Stephens, 1978, Figure 4 therein). Secondly, the resulting constraint on cloud albedo with latitude is in good agreement with 

the approximation adopted for any uniform material using a 2nd order Legendre polynomial, (eq. D3), even though this 

functional form is not assumed a priori to apply to cloud albedo in the analysis: i.e. 𝛼1/*+E:E60(𝜙) ≈ 𝛼1/*+EWWWWWWWW g1 +870 

[1 − 𝛼1/*+EWWWWWWWW] h]
V
[3 sinV 𝜙 − 1]kl , (Fig. 4d, compare black to red dashed line). Note that this functional form is assumed to 

apply to constrain 𝛼1/3.0$CDWWWWWWWWWWWW(𝜙) from 𝛼1/3.0$CD(𝜙) (Fig. 8; eq. D3), when calculating 𝛼1/*+E:E60(𝜙). However, the good 

agreement for 𝛼1/*+E:E60(𝜙) (Fig. 4d, black and red) implies that, firstly, the functional form is suitable and, secondly, that the 

angle of incidence is a larger contributor to variation in cloud albedo than cloud-type.  

 875 

Differentiating eq. (E3) with respect to surface temperature, assuming that 𝛼1/*+E(𝜙) and 𝛼1/*+EWWWWWWWW do not to vary with surface 

temperature, relates the sensitivity of 𝛼1/*+ED$CD to surface temperature to the sensitivity of 𝛼1/3.0$CDWWWWWWWWWWWW to surface temperature, 

via, 

"Q*-!"53$23
"($

= g[]^Q*-!"5:5&/(:)][]^Q*-!"5TTTTTTTTTT]

\]^Q*-1./$23TTTTTTTTTTTTTTT(:)Q*-!"5TTTTTTTTTT_
7 l

"Q*-1./$23TTTTTTTTTTTTTTT

"($
        (E4) 

Now substituting for 
"Q*-1./$23

"($
 in terms of 

"Q*-1./$23TTTTTTTTTTTTTTT

"($
 , eq. (D4), into eq. (E4) relates cloudy sky to clear sky "Q

"($
, 880 

"Q*-!"53$23
"($

= g []^Q*-!"5:5&/(:)][]^Q*-!"5TTTTTTTTTT]

\]^Q*-1./$23TTTTTTTTTTTTTTT(:)Q*-!"5TTTTTTTTTT_
7d]%\[.f×[K hij7:^]]_k

l
"Q*-1./$23

"($
      (E5) 

 

Code and Data Availability 

CMIP data were obtained from the UK Centre for Environmental Data Analysis portal (https://esgf-

index1.ceda.ac.uk/search/cmip6-ceda/). We acknowledge the WCRP, which, through its Working Group on Coupled 885 

Modeling, coordinated and promoted CMIP6. We thank the climate-modeling groups for producing and making available their 

model output, the Earth System Grid Federation (ESGF) for archiving the data and providing access and the multiple funding 

agencies that support CMIP6 and ESGF. . The CRUTEM absolute temperature record is available here (Jones et al., 1999: 

https://crudata.uea.ac.uk/cru/data/temperature/, downloaded 15-03-2022), and the HadCRUT5 temperature anomaly dataset is 

available here: version HadCRUT.5.0.1.0; Morice et al., 2021: 890 

https://www.metoffice.gov.uk/hadobs/hadcrut5/data/current/download.html, downloaded 31-10-2022. The CERES EBAF 
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Edition 4.1 satellite observational dataset for outgoing radiation is available here (Loeb et al.,2018: 

https://ceres.larc.nasa.gov/data/, downloaded March 14th 2022). The CLARA v2.1 dataset provides cloud amount data, 

available at (Karlsson et al., 2021; Copernicus Climate Change Service (C3S), 2022: accessed on 10-01-2023, 

https://doi.org/10.24381/cds.68653055. The climatological annual- and zonal-mean surface relative humidity, 𝐻03/, we use 895 

monthly climatology for 1991 to 2000 from the European Centre for Medium Range Weather Forecasts (ECMWF) ERA5 

reanalysis product, as supplied through the Copernicus Climate Change Service (C3S) through the ‘Essential climate variables 

for assessment of climate variability from 1979 to present’ (Hersbach et al., 2018: 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/ecv-for-climate-change?tab=overview ; downloaded 31st March 2023).  

Code for calculating the height of the tropopause, from Mateus et al. (2022), is available for download here: 900 

https://github.com/pjmateus/global_tropopause_model (downloaded 14/04/2023); where this study uses the options for a 

bilinear interpolation model of the tropopause, and a surface at 3.0 potential vorticity units, where 1 potential vorticity unit is 

equal to 10-6 K kg-1 m2 s-1. Code for performing the analysis in this study is available at 

https://doi.org/10.5281/zenodo.8421164. Note that to perform the analysis the observational data must be separately 

downloaded from the sources above. The analysis in this study is conducted by extracting 5° latitudinal resolution data from 905 

each dataset, to match the resolution of the surface temperature datasets. 
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Figure 1: Variation of annual- and zonal-mean shortwave plus longwave outgoing radiation at the top of the atmosphere, 𝑺𝒐𝒖𝒕 +
𝑳𝒐𝒖𝒕, with annual- and zonal-mean surface temperature, 𝑻𝑺, for the period July 2005 to June 2015. Data (black) represents zonal-990 
means spaced at 5° latitude. Also shown are the line of best fit (red solid line) and 2.5 to 97.5 % range for the line of best fit (red 
dashed lines).  
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Figure 2: Global-mean climate feedback terms for (a) the Planck feedback under constant specific humidity, (b) the temperature 
feedback under constant relative humidity, (c) the water vapour-lapse rate feedback, (d) the surface albedo feedback. Shown are 995 
AR6 (blue: IPCC, 2021), the CMIP5 (red) and CMIP6 (orange) models (Zelinka et al., 2020) and this study (black). Dotted lines 
represent the 90% range, solid lines the 66% range, dots the median. The dot-dashed lines are the normalised probability density 
functions. 
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Figure 3: Longwave radiation and the impact of clouds with latitude, July 2005 to June 2015. (a) Outgoing longwave radiation at 1000 
the top of the atmosphere, Lout, in Wm-2  for all sky (black line) together with clear sky (yellow dots) and the longwave dependence 
on surface temperature 𝛔𝐓𝐒𝟒(𝛟) (red line) from Loeb et al. (2018) and surface temperatures raised to the 4th power calculated from 
combining Jones et al. (1999) and Morice et al. (2021). (b) Emissivity values for all sky (black line), clear sky (yellow dots) and cloudy 
sky (blue dots) calculated from observations using eqs. (5)-(7). (c) Cloud amount from observed climatology (Karlsson et al.,2021). 
(d) Cloud emissivity coefficient calculated from recent climatology using eq. (20).  1005 
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Figure 4: Shortwave radiation and the impact of clouds with latitude, July 2005 to June 2015: (a) incoming solar 𝐑𝐬𝐨𝐥𝐚𝐫 (red line) at 
the top of the atmosphere calculated from geometry (Hartmann, 1994) and  the outgoing shortwave 𝐒𝐨𝐮𝐭 for all sky (black line) in W 
m-2 at the top of the atmosphere together with estimate for cloudy sky (yellow dots) from observed climatology (Loeb et al., 2018);  1010 
(b) Albedo values for all sky (black line), clear sky (yellow dots) and cloudy sky (blue dots) calculated from observed climatology 
and eqs. (5), (6) and (7); (c) Cloud amount from observed climatology (Karlsson et al.,2021) and cloud incident radiation fraction 
from observed climatology and eq. (8); (d) Albedo of clouds (black line) from recent climatology using eqs. (E1)- (E3) together with 
a Legendre polynomial fit (red dots).  
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Figure 5: Recent ratio of zonal mean warming to global mean warming with latitude, 𝛅𝐓𝐒
𝛅𝐓𝐒000

. Analysed from HadCRUT5 (black) where 
recent warming is defined as the warming for the period 2005-2015 relative to 1961-1990, and for 15 CMIP6 models (orange) in 
years 1-20 of a 4xCO2 forcing experiment (dotted line is multi-model mean, shaded area is range). 
 1020 

 
Figure 6: Annual and zonal-mean climate feedbacks with latitude evaluated from functional relationships and recent climatology. 
The (a) Planck feedback at constant specific humidity and (b) the temperature feedback at constant relative humidity, (c) the water 
vapour-lapse rate feedback and (d) the surface albedo feedback are given for all sky (black), clear sky (red) and cloudy sky (blue) 
conditions. Solid lines (median) and shading (17th to 83rd percentile) show evaluations from recent climatology and approximate 1025 
functional relationships: black is for all-sky, blue is for cloudy-sky and red is for clear-sky conditions. For comparison, panels (a), 
(c) and (d) show the relevant climate feedback for the final 20-years of a 150-year abrupt 4xCO2 perturbation experiment, a multi-
model mean of 15 CMIP6 models, evaluated using a radiative kernel decomposition (Appendix A). Orange dotted lines show the 
multi-model mean and orange shading shows the range across the 15 models. 
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   1030 
Figure 7: Annual- and zonal-mean climatological properties with latitude: (a) surface temperature, (b) surface relative humidity, (c) 
tropopause height, (d) clear-sky emissivity. Statistical model based on 𝛆𝐂𝐥𝐞𝐚𝐫𝐒𝐤𝐲 ≈ 𝐀+ 𝐁 𝐥𝐧𝐇𝐫𝐞𝐥 + 𝐂𝐳𝐭𝐫𝐨𝐩 +

𝐃
𝐓𝐒
	, eq. (17). 

 
Figure 8: Albedo with latitude and temperature. (a) Annual- and zonal-mean albedo with latitude for clear-sky conditions (red), for 
cloud with directed solar radiation (black) and using the approximation  𝛂7[𝟏 + [𝟏 − 𝛂7]𝐏𝟐(𝐬𝐢𝐧𝛟)] for different values of global mean 1035 
albedo 𝛂7 (grey), where 𝐏𝟐 signifies the second order Legendre polynomial. (b) Local annual- and zonal-mean clear-sky albedo with 
annual- and zonal mean temperature. (c) Inferred planetary mean surface albedo, 𝛂7 , with annual- and zonal-mean surface 
temperature from observations (red) and a cubic approximation (grey). 
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 1040 
Figure 9: Simplified model of albedo in cloudy sky conditions, with separate directed and diffuse shortwave beams. 
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 1050 

Climate feedbacks  
(Wm-2K-1) 

This study, 
uniform warming 

{median,  
(66% range)  

[90% range]} 

This study, 
patterned 
warming 
{median,  

(66% range)  
[90% range]} 

AR6 
{median,  

(66% range)  
[90% range]} 

Sherwood et 
al.  

{mean ±  
standard 

deviation} 

CMIP6 
{mean ± 
standard 

deviation} 

Planck feedback (constant 
specific humidity), 
𝜆89:;<=∶?@A<BCB< 
 

-3.32 -3.30 -3.22 
(-3.1 to -3.3) 
[-3.0 to -3.4] 

-3.20 ±0.04  -3.28±0.05 

Temperature feedback 
(constant relative humidity), 
𝜆D∶EA9:FBGA 
 

-1.92 
(-1.85 to -1.98) 
[-1.80 to -2.03]  

 

-1.93 
(-1.86 to -1.99) 
[-1.81 to 2.04] 

  -1.91±0.03a 

WVLR, 𝜆HIJK 1.41 
(1.34 to 1.48) 
[1.29 to 1.53] 

1.38 
(1.31 to 1.45) 
[1.27 to 1.49] 

1.30 
(1.2 to 1.4) 
[1.1 to 1.5] 

 

1.15 ± 0.15 1.33±0.09 

Surface albedo, 𝜆:9LAMN 0.21 
(0.18 to 0.24) 
[0.16 to 0.26] 

 

0.37 
(0.34 to 0.40) 
[0.31 to 0.43] 

0.35 
(0.25 to 0.45) 
[0.10 to 0.60] 

0.30 ± 0.15 0.45±0.09 

Cloud feedback, 𝜆O9NPM - - 0.42 
(0.12 to 0.72) 
[0.10 to 0.94] 

0.45 ± 0.33 0.42 ± 0.36 

Total climate feedback, 
𝜆FNF:9 

-1.25b 
(-0.92 to -1.59) 
[-0.57 to -1.93] 

-1.10b 
(-0.76 to -1.44) 
[-0.42 to -1.78] 

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

-1.30 ± 0.44 -1.00 ± 0.34 

Table 1: Climate feedback terms compared to IPCC Assessment and CMIP models. aCMIP6 values are the Planck feedback at 
constant relative humidity, without lapse rate adjustment. CMIP6 values taken from Zelinka et al. (2020). bCombines Planck, WVLR 
and albedo feedbacks with Sherwood et al. (2020) estimate for cloud feedback. 
 

 1055 

 

Coeff. Estimate Standard Error t-statistic p-value 

𝐴 0.272 0.122 2.22 0.0337 

𝐵 −0.0897 0.0212 −4.24 0.0001792 

𝐶 (km-1) −0.00329 0.00089 −3.70 0.000816 

𝐷 (K) 242.96 10.01 24.27 3.55 × 10QRR 

Table 2: Statistical model fit for 𝛆𝐂𝐥𝐞𝐚𝐫𝐒𝐤𝐲 ≈ 𝐀+ 𝐁 𝐥𝐧𝐇𝐫𝐞𝐥 + 𝐂𝐳𝐭𝐫𝐨𝐩 +
𝐃
𝐓𝐒

 using recent climatology. Number of observations = 36; Error 

degrees of freedom = 32; Root Mean Squared Error = 0.00822; 𝐑𝟐 = 𝟎. 𝟗𝟗;  Adjusted 𝐑𝟐 = 𝟎. 𝟗𝟖𝟗; F-statistic vs. constant model: 
𝟏. 𝟎𝟒 × 𝟏𝟎𝟑; p-value = 𝟓. 𝟔𝟗 × 𝟏𝟎Q𝟑𝟐. 
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