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Theoretical reference estimate for the components of the global energy balance 

 
Abstract  

Wild (2020), and Wild and Bosilovich (2024) provide estimates of global mean energy balance components as represented in climate 
models and reanalyses, with reference estimates from Loeb et al. (2018), Wild et al. (2015, 2019), L’Ecuyer et al. (2015) and Kato et 
al. (2018). Here we add a theoretical reference estimate (TRE) based on four radiative transfer equations and geometric 
considerations as detailed in Zagoni (2025). The equations do not refer to the atmospheric gaseous composition or the reflective 
properties of the surface or clouds. The first equation is a clear-sky constraint relationship on the net radiation at the surface (RN), 
following from the two-stream approximation of Schwarzschild’s (1906-Eq.11) radiative transfer equation as given in standard 
university textbooks on atmospheric physics and radiation (Goody, Oxford, 1964_Eq.2.115; Houghton, Cambridge, 1977_Eq.2.13; 
Hartmann, Academic Press 1994, Eqs. 3.51-3.54; Ambaum, Royal Met Soc, 2021_Eq.10.56), and in university lecture notes (Stephens 
2003): RN=OLR/2. The second equation is a clear-sky constraint relationship on the total radiation at the surface (RT), following from 
the simplest greenhouse geometry (Hartmann 1994, Fig.2.3): RT=2OLR. The third and fourth equations are all-sky versions of the first 

pair: RN(all-sky) = (OLR–LWCRE)/2, and RT(all-sky)=2OLR+LWCRE. Two decades of CERES observations (EBAF Ed4.1 April 2000–March 

2022) give –2.33, –2.82, 2.71 and 2.44 [Wm-2] deviations for the four equations, respectively, with a mean difference of 0.00. The all-
sky equations are justified by an independent estimate of GEWEX within 0.1 Wm-2 (Zagoni 2024). The solution can be given in small 
integer ratios relative to LWCRE as the unit flux; the best fit is 1 unit = 26.68 Wm-2, see Table1 (highres figures and other info about 

TRE available at TABLELINK). Some of the most remarkable precisions are in TOA SW up all-sky (=100) and clear-sky (=53). — Li, Li, Wild 
and Jones (2024) provide a global radiation budget from a surface perspective from 34 CMIP6 models for 2000-2022, with differences 
from the TRE integer positions less than 1 Wm-2 in SW down radiation, Thermal down Surface and the convective flux (Sensible heat 
+ Latent heat); less than 2 Wm-2 in Thermal up Surface; and less than 3 Wm-2 in Reflect by surface; each within the noted ranges of 
uncertainty. Stackhouse et al. (2024) give Earth radiation budget at top-of-atmosphere; TRE differ from 2001-22 Climatological Mean 
in OLR, TSI and RSW by 0.23, 0.03 and 1.05 [Wm-2], see details in TABLELINK in References. 
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Fig.1a, b Theoretical reference estimate (TRE) projected on Wild (2020, Fig.13) all-sky and clear-sky, in textboxes. Values in upper rows (red bold typeface) 

are integer multiples of the unit flux of 26.68 Wm-2; values in the lower rows (blue) are in Wm-2. The colored numbers in the original diagram are reference 

estimates from four different sources as specified in Wild (2020). Total solar irradiance is shown as TSI = 51 units = 1360.68 Wm-2 [the most accurate community 

consensus value is 1360.8 ± 0.5 Wm-2, Kopp and Lean 2011]. Recently, the solar minimum value was increased by 0.294 Wm-2 (G. Kopp, August 2023); the 

most current estimate of TSI for 2003-2024 mean from SORCE and TSIS-1 TIM is 1361.96 Wm-2. This value, with a geodetic weighting factor of 4.0034 (as 

in CERES EBAF), corresponds to 1 unit = 26.682 Wm-2. I use 1 = 26.68 Wm-2 throughout this study, belonging to TSI of 51 units = 1361.84 Wm-2. — With 

this solar-based unit flux, there are several, remarkably accurate fits, one of the most unexpected is solar reflected TOA, both all-sky and clear-sky, having 100 

Wm-2 and 53 Wm-2, resp., without any reference to cloudy or surface reflective properties. Notice that in the all-sky, TRE albedo = 15/51 = 0.294; c.f. “The 

CERES flying on the Terra and Aqua satellites confirm that Earth’s albedo is 29.4% (±0.3%)” [Ackerman, L’Ecuyer, Loeb et al. 2019, AMS Met Monographs]. 

Below: Theoretical reference estimate (N and N × unit) compared to Wild (2020, Table 1), and Wild and Bosilovich (2024, Table 1) (next page). 

0 

0 



6 
 

 

 

 

 

 

 
Fig. 2 Theoretical Reference Estimate (TRE) projected on the global radiation budget from a surface perspective (Li, Li, Wild and Jones, 2024) in form of integer 

positions and values in textboxes. The accuracy of their estimate to the GHG-independent theoretical expectation is within the acknowledged ranges of uncertainty; the 

differences are 0.76, 2.68, 0.72, 0.84 and 1.80 Wm-2. The convective flux at the surface is 20 + 86 = 106 Wm-2, the net radiation (RN) is the same, 106 Wm-2; the total 

absorbed radiation at the surface is RT = 186–24+346 = 508 Wm-2. My reference estimate gives RN = 4 units which, with 1 unit = 26.68 Wm-2, yields RN (theory) = 

106.72 Wm-2, the difference is 0.72 Wm-2; and my reference estimate for RT = 6 + 13 = 19 units, yielding RT (theory) = 506.92 Wm-2; difference is 1.08 Wm-2, showing 

the accuracy of the Earth’s system sitting on its stationary geometric equilibrium position, far within the stated uncertainty. — Since the energy released by the surface 

is 402 + 20 + 86 = 508 Wm-2, and its total absorption is the same, 186 – 24 + 346 = 508 Wm-2, this surface energy balance represents a surface in equilibrium, that is, 

a zero EEI, being in evident contradiction to the indicated EEI = 0.8 and with the title of the article. [In a communication the Authors informed me about the values of 

the diagram in one decimal place, giving up the correct EEI = 0.8 Wm-2, but these numbers are not presented in the paper.] — An easy solution could be to decrease 

‘Thermal up Surface’ from 402 Wm-2 (which is unreasonably high, compared to Wild et al. (2015, 2019) = 398, CERES = 398.5 or CMIP6 = 399.9 for the examined 

period) to 401 Wm-2, generating a positive (downward) 1 Wm-2 EEI, and satisfying the integer solution for this energy flow component by a difference of 0.8 Wm-2.   

On the other hand, ULW = 402 Wm-2 is strongly supported by the theoretical transfer function of f(all-sky) = ASR/ULW = 9/15 = 0.6, since with ASR climatological 

mean = 241.20 (see Stackhouse et al. 2024 below), f(observed) = 241.20/402 ≡ 0.600. —  Note also that the most reliable assessment for components of the convective 

flux (Sensible heat, SH, and Latent heat, LH) is from the NEWS – NASA Energy and Water-cycle Study (Rodell et al. 2015, L’Ecuyer et al. 2015), proposing SH = 25 

and LH = 81 (RN = 106 Wm-2), and, after a second optimization (Stephens and L’Ecuyer 2015), SH = 26 and LH = 82 (RN = 108 Wm-2). Notice that 1 = 26.68 Wm-2 

and 3 = 80.04 Wm-2; hence these components occupy integer positions separately.  

An intensification of surface Earth’s energy imbalance since the late 20
th

 century 
X. Li, Q. Li, M. Wild, P. Jones (2024) 

https://doi.org/10.1038/s43247-024-01802-z                              Article 
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Fig. 3 Theoretical reference estimate (TRE) projected on TOA radiation budget of CERES by Stackhouse et al. (2024), Table 2.9. Differences from OLR 
(Outgoing Longwave Radiation), TSI (Total Solar Irradiance) and RSW (Reflected Shortwave Radiation) climatological means (2001-22) are 0.23, 0.03 
and -1.05 Wm-2, respectively; each within the interannual variability for the same period. TRE Unit Flux 1 = 26.68 Wm-2. 

 

 

  

  36/4 = 240.12 

  51/4 = 340.17 

  15/4 = 100.05 

(Stackhouse et al., EGU 2023) 

Fig. 4 TRE projected on SRB Surface Radiation Budget by GEWEX (Stackhouse et al. 2023, EGU) 

TSI 

51 
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Derivation of TRE Eq. (1) and Eq. (2) from an idealized atmosphere: 

Christoph Schär, ETH Zürich, Klimasystem und Wasserkreislauf, 2007 

https://iacweb.ethz.ch/staff/schaer/etc/EuP/L2_Klima_HO.pdf 

 

TRE Eq. (2) for the idealized atmosphere: 

 

   Eq. (2)      RT (clear-sky) = σTE
4 = 2σTA

4   
    

             

Now let’s follow the logic of Hartmann (1994, Fig. 3.10-3.11, p.63):  

 

εσTE
4 + εσTA

4 = 2εσTSA
4 . 

From Eq. (2) σTE
4 = 2σTA

4,  we have 3σTA
4 = 2σTSA

4 ,   

that is, σTSA
4 = (3/2) σTA

4  => 

 

TRE Eq. (1) for the idealized atmosphere: 

       

       Eq. (1)  RN (clear-sky) = σTE
4 – σTSA

4 = σTA
4 /2  

 

 

 

Notation: TE  
Temperatur der 
Erdoberfläsche 

https://iacweb.ethz.ch/staff/schaer/etc/EuP/L2_Klima_HO.pdf
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Validation of Idealized Eqs. (1)-(2) on Real Atmosphere: 

 
All-sky   TA  = 255 K  => All-sky OLR  = 239.74 Wm-2 => TE = 303.25 K 

Clear-sky  TA  = 261.91 K => Clear-sky OLR = 266.80 Wm-2 => TE = 311.46 K 

                          Treibhaus-Effekt:   TE = 255 K                 TE = 303 K,     Beobachtet: TE = 288 K  

Greenhouse effect, clear-sky: TE = 262 K => TE = 311.5 K, Observed: TE = 288 K 

          From TRE Eqs. (1) and (2):  σTSA
4 = (3/2) 266.80 Wm-2 = 400.20 Wm-2 => TSA = 289.85 K ✔ 

 

Idealized greenhouse effect, clear-sky: G = 400.20 – 266.80 = 133.40 Wm-2 

 

Observed G = 398 – 267 = 131 Wm-2 ✔ 

TRE Equations (1) and (2) of the idealized atmosphere are satisfied by the real atmosphere's data. 



10 
 

Original: Karl Schwarzschild (1906) 

 

 

 

 

Now, form the difference of the second and first term in Eq. (11),  

and we have the net radiation at the surface: 

A – E = ΔA = A0/2. 
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English translation in: Donald Menzel, ed., Selected papers on the transfer of radiation 

Dover Publication, New York (1966) 

 

 

 

 

Difference of the second and first term in Eq. (11) gives  

the net radiation at the surface: 

A – E = ΔA = A0/2. 
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First appearance: Robert Emden (1913) 

ETH Zürich (1888), Physikalisches Laboratorium des eidgenössischen Polytechnikums Zürich 

Brother-in-law of Karl Schwarzschild (married to Klara, sister of Karl) 

 

Sitzungsberichte der matematisch-physikalischen Klasse der 

K. B. Akademie der Wissenschaften zu München (1913) 

English translation: Monthly Weather Review (1916) 

 

  

 

 

 

 

 

“At the interface between the atmosphere and the earth, there is a 

temperature jump of 20°C, which is in reality greatly reduced by 

external heat conduction, especially on water, where the water vapor 

transfers into the atmosphere at the temperature of the surface. This 

radiation temperature of the earth's surface also has a perfectly 

acceptable value.” 

The size of ‘Temperaturspung’ (discontinuity) is correctly computed; but the 

other side of the equation (A0/2) is not explicitly given. 
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Edward Arthur Milne (1930) 

Thermodynamics of the Stars 

Handbuch der Astrophysik, Vol. 3. 1930 

 

 

 
 

Jeremiah Ostriker (1963) 

Radiative transfer in a finite gray atmosphere 

Astrophysical Journal, vol. 138, p.281-290 
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Some books with explanation of TRE Eq. (1): 
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Derivation in Houghton (1977, 1986, 2002) 
 

In a plane parallel atmosphere, 
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Radiation and Climate  

Vardavas and Taylor, Oxford University Press, 2007 
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Radiation and Climate 
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Marshall and Plumb: Atmosphere, Ocean and Climate Dynamics 

Elsevier Academic Press, 2008 

       

“The resulting profile, which would be the actual mean atmospheric temperature profile if heat transport in the atmosphere 

occurred only through radiative transfer, is known as the radiative equilibrium temperature profile. It is shown in Fig. 2.11. 

In particular, note the presence of a large temperature discontinuity at the surface in the radiative equilibrium profile, 

which is not observed in practice.” 

Problems: 4. “Consider the ‘‘two-slab’’ greenhouse model illustrated in Fig. 2.9, in which the atmosphere is represented 

by two perfectly absorbing layers of temperature Ta and Tb. Determine Ta, Tb, and the surface temperature Ts in terms of 

the emission temperature Te.” (Eq. 2-16 and Fig. 2.12):  

 and   

 

Pierrehumbert: Principles of Planetary Climate 

Cambridge University Press, 2010 

“If we assume the planet to be in radiative equilibrium with the absorbed solar radiation 

(1 − α)S, where α is the albedo of the ground, then OLR = (1 − α)S  and the radiative  

energy budget of the ground is 

  
Let’s now compare the surface temperature with the temperature of the air in immediate 

contact with the surface. From Eq. (4.42) we find that the low-level air temperature is  

determined by 

 

Taking the ratio, 

               

Thus, the surface is always warmer than the overlying air in immediate contact with it. 
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University lecture notes with TRE Eq. (1) 

Graeme L. Stephens: Radiative Transfer Notes AT 622.  

Colorado State University, Fort Collins, CO 

(“These notes are the sole intellectual property of Graeme L. Stephens”) 

G. L. Stephens: Radiative Transfer Notes AT 622 Colorado State Univ. (1992-2013)  

 

“This radiative equilibrium profile is unstable w.r.t. vertical motion and is destroyed by convection” 

 

https://reef.atmos.colostate.edu/~odell/AT622/stephens_notes/AT622_section06.pdf
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Chris O’Dell, Colorado State University (2013)  

 

 

Kerry Emanuel: Elements of Radiation Transfer 

GFD / MIT / Woods Hole, June 16, 2014 

 https://gfd.whoi.edu/wp-content/uploads/sites/18/2018/03/Lecture_1_Emanuel_218144.pdf 

 

 

σTe
4 = σTa

4 , σTs
4 = 2σTa

4 = 2σTe
4  (This is our Eq. 2) 

Consider adding a thin layer of gas just above the surface. Let its temperature be Tsa and its emissivity ε tend to zero. 
The balance of this layer is then 

 

εσTs
4 + εσTa

4 = 2εσTsa
4 =>  σTs

4 + σTa
4 = 2σTsa

4 

“This layer therefore does not have the same temperature as the surface. This result is independent of ε so long as it is 

sufficiently small, and illustrates that a discontinuous emissivity entails a discontinuity in temperature. In radiative 

equilibrium, the surface atmospheric temperature is generally different from the temperature of the surface. Radiation drives 

the system into thermodynamic disequilibrium, which in reality is counteracted by heat diffusion or fluid motion.” 

It follows that 

 σTs
4 – σTsa

4 = σTe
4/2 which is our Eq. (1). It also follows that σTs

4 = (3/2) σTe
4  

https://gfd.whoi.edu/wp-content/uploads/sites/18/2018/03/Lecture_1_Emanuel_218144.pdf
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Manchester University (UK) 

 

 
        

 (Dr Hugh Coe, University of Manchester, UK 2008) 
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Tokyo University 

惑星大気学_放射(2022).docx 

 
(Planetary atmospheric science_radiation, Takeshi Imamura) 
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Toronto University 
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“We will use “Schwarzchild’s Equation for Fluxes”  

in our simple greenhouse atmospheric model.” 
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Southampton University / Tyndall Centre (UK) 
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University of Arizona (2015) 

 

 

* * * 

Harvard (2018) 
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Everybody knows everything 
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TRE Equation (1) is there everywhere: 

 

Ambaum, M. (2021): Thermal physics of the atmosphere. Royel Meteorological Society. (Eq. 10.56)  

Andrews, D. (2010): An introduction to atmospheric physics. Cambridge University Press (pp. 85-86) 

Chamberlain, J. (1978): Theory of planetary atmospheres. Academic Press (Eq. 1.2.29 and Fig. 1.4.) (2nd edition: 1987) 

Goody, R. (1964) Atmospheric radiation: Theoretical basis. Oxford University Press (Eq. 2.115) (2nd edition 1989, Eq. 2.146) 

Hartmann, D. (1994) Global physical climatology. Academic Press. (Eqs. 3.48-3.54). (2nd edition: 2016) 

Houghton, J. (1977) The physics of atmospheres. Cambridge University Press (Eq. 2.13). (2nd edition: 1986, 3rd edition: 2002) 

Pierrehumbert, R. (2008): Principles of planetary climate. Cambridge University Press (Eq. 4.45) 

Salby, M. (1996): Fundamentals of atmospheric physics. Academic Press. (Eq. 8.67) 

Salby, M. (2012): Physics of the atmosphere and climate. Cambridge University Press (Eq. 8.67) 

Vardavas, I. and Taylor, F. (2007): Radiation and Climate. Oxford University Press. (Eqs. 11.7-11.8) 

Visconti, G. (2001): Fundamentals of physics and chemistry of the atmospheres. Springer Verlag (Eq. 3.49) 

Zdunkowski, Trautmann and Bott (2008): Radiation in the atmosphere. Cambridge University Press (Fig. 6.7) 

 

University Lecture Notes: Arizona, Columbia, Harvard, Manchester UK, MIT, Southampton UK Tyndall Centre, Tokyo, Toronto … 

 

Except:  
 

The Charney Report (1979) 

The Villach Statement (1980) (UNEP/WMO/ICSU/WCRP) 

Theory of Climate (1983) (Academic Press) 

Climate Change 1990 – The IPCC Scientific Assessment. Cambridge University Press 

Climate Change 1992 – The Supplementary Report. Cambridge University Press 

Climate Change 1995 – The Science of Climate Change. Cambridge University Press 

Climate Change 2001 – The Physical Science Basis. Cambridge University Press 

Climate Change 2007 – The Physical Science Basis. Cambridge University Press 

Climate Change 2013 – The Physical Science Basis. Cambridge University Press 

Climate Change 2021 – The Physical Science Basis. Cambridge University Press 

 

 

Missing from essential journal articles: 
 

Mamane and Möller (1961) 

Manabe and Strickler (1964) 

Manabe and Wetherald (1967) 

Manabe and Wetherald (1975) 

Ramanathan and Coakley (1976) 

Ramanathan, Lian and Cess (1979) 

Raval and Ramanathan (1989) 

… 
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TRE basics: The four equations 

Schwarzschild, K. (1906) 

 Ueber das Gleichgewicht der Sonnenatmosphäre, Eq. (11) 

E emission of a layer, A upward beam, B downward beam, A0 emerging flux at TOA, τ optical depth: 
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Early verification of Eqs. (1) and (2) 
CERES_EBAF-Surface_Ed2.8 Data Quality Summary (March 27, 2015) 

 

Eq. (1) RN = Surface (SW down – SW up + LW down  – LW up) (clear) = TOA LW (clear) / 2 

                        243.9 – 29.7       + 316.0         – 398.0             =  265.7 / 2 – 0.65 Wm-2 

Eq. (2) RT = Surface (SW down – SW up + LW down) (clear)         = 2 × TOA LW (clear) 

                      243.9  – 29.7     + 316.0           = 2 × 265.7 – 1.2 Wm-2  

and      Surface LW up = (3/2) TOA LW (clear)  398.0 = (3/2) × 265.7  – 0.55 Wm-2 . 

 

F. Rose et al. (16 May, 2017) CERES 27th STM (Langley Research Center) 

 

Eq. (1) SFC (SW dn – SW up + LW dn – LW up) (clear) = TOA LW (clear) /2  

          244.06 – 29.74   + 316.27– 398.40      = 265.59 /2 – 0.60 Wm-2 

Eq. (1) SFC (SW dn – SW up + LW dn) (clear)        = 2 × TOA LW (clear) 

     244.06 – 29.74  + 316.27         = 2 × 265.59 – 0.59 Wm-2 

and SFC LW up (clear) = (3/2) TOA LW (clear)  

     398.40 = (3/2) 265.59 – 0.015 Wm-2 
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Fig. 6 Annual mean bias of the four equations (above) and mean bias as a function of the number of years (below) 
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The simplest greenhouse geometry 

Four equations, coupling surface fluxes to TOA fluxes, without referring to GHG-s 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 5 Theoretical background for the reference estimate. Upper left panel: The simplest greenhouse geometry represents Eq. (2). 

Upper middle panel: The constraint on the net radiation at the surface (Eq.1) included. Upper right panel: since the unit is not 

specified yet, multiply it by 10. Lower left panel: The clear-sky structure in red units, with 1 unit = L, representing LWCRE. Lower 

right panel: The all-sky structure. Integer solution and the four equations are indicated. 

TRE as a completed, coherent set of the integer solution. LWCRE = 1 = 26.68 Wm-2 corresponds to TSI = 51 units = 1360.68 Wm-2 

c.f. the most accurate value is 1360.8 ± 0.5 Wm-2 (Kopp and Lean 2011) if spherical weighting is applied; with geometric weighting 

factor of 4.0034, as in CERES EBAF, TSI = 1361.84 Wm-2. 
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CERES EBAF Ed4.1 data table, 22 full running years (264 monthly means) (only the last 24 months are displayed);  

The largest differences at TOA and at SFC; the four equations and their mean bias; and the greenhouse factors. 

The all-sky integer structure and Eqs. (3) and (4) on Hartmann (2016) 

 
Figure 2.4 of D. Hartmann (IPCC AR5 2013 WGI Chapter 2 Coordinating Lead Author) Global Physical Climatology, 2nd Ed. (2016). 

With LWCRE = 26 Wm-2 of the book, Eq. (3) differs by 1.5 Wm-2; Eq. (4) is exact.  
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The all-sky integer structure on Stephens et al. (2012) 

 

 

 

 

 

 

Fig. 7a Theoretical reference estimate projected on the LW part of the updated energy balance of Stephens et al. (2012) with unit 

flux LWCRE at TOA = 26.7 Wm-2. Deviation from the integer position at TOA equals the TOA imbalance (0.6 Wm-2); the largest 

difference at the surface is 2.5 Wm-2, still within the noted range of uncertainty. 

Fig. 7b When LWCRE at the surface is used as unit for the surface fluxes (shown in purple with 26.6 Wm-2), the 
difference from the integer positions for the downward emissions drop to 0.2 Wm-2.  

A short video explaining this figure is available here: 
  https://earthenergyflows.com/Stephens2012-iPoster-1080.mp4 

https://earthenergyflows.com/Stephens2012-iPoster-1080.mp4
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All-sky equations on Stephens et al. (2023) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8  Theoretical reference estimate projected on 30 years of GEWEX data (Stephens et al. 2023, BAMS). The two all-sky 

equations are satisfied in the magnitude of 0.1 Wm-2. The value of LWCRE is the theoretical (1 units = 26.68 Wm-2); compare 

to that of 26.7 Wm-2 of Stephens, Li, Wild, Clayson, Loeb, Kato, L’Ecuyer, Stackhouse et al. (2012). The largest difference 

from integer position at TOA is 0.62 Wm-2 (Outgoing LW), in the magnitude of EEI.   

“The CERES flying on the Terra and Aqua satellites confirm that Earth’s albedo is 29.4% (±0.3%)” [Ackerman, L’Ecuyer, Loeb 

et al. 2019, AMS Met Monographs, Chapter 4]. With Incoming Solar of the GEWEX estimate, TSI = 340.2 Wm-2, the 

corresponding Reflected Solar Radiation is 0.294 × 340.2 = 100.02 Wm-2; our theoretical reflected solar is RSR = 15/51 × 

340.17 = 100.05 Wm-2, since our TRE albedo is αTRE = 15/51 = 0.294. As 15/51 = 5/17, OLR on the disk is 12; after spherical 

weighting OLR = 3, ULW = 5 and G = 2 in this ‘big unit’ (80.04 Wm-2), with all-sky values of 240.12 Wm-2, 400.20 Wm-2 and 

160.08 Wm-2, respectively.  

It deserves to mention that the unique accuracy of separate components of the hydrological cycle (Sensible heat and 

Evaporation) in the GEWEX assessment is based on the NASA Energy and Water-cycle Study (NEWS) methodology (Rodell 

et al. 2015, L’Ecuyer et al. 2015).  

With this exemplary accuracy, this estimate, published “officially” in the Bulletin of AMS, serves as a “benchmark” for 

any other global energy flow estimate, and justifies the saying of Dr Stephens: “Instead of the traditional paradigm of 

properties define processes, study how processes define property.” 
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An independent estimate: All-sky Equations on L’Ecuyer et al. (2015) 

 

Fig. 9 Ramaswamy et al. (AMS, 2019) compare historical estimate of global energy budget to that of L’Ecuyer 

et al. (2015) (bold font). Longwave cloud effect is projected from Stephens et al. (2012) as 26,7 Wm-2.  

Eq. (3) is valid by a difference of 0.35 Wm-2, Eq. (4) by 2.3 Wm-2. 

 

An independent estimate: Clear-sky Greenhouse Effect at GFDL 
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A Case Study: Surface Solar Radiation (all-sky) 

• Zagoni TRE integer position: 7 units = 186.76 Wm-2 (1 unit = 26.68 Wm-2) 

• Stackhouse et al. GEWEX SRB (EGU 2023) 186 Wm-2 

• Stackhouse, Cox, Mikovitz, Zhang (EGU 2020) 187.8, 185.8, 185.4, 187.1: 

 

 
 

• Trentmann and Pfeifroth (EGU2023-2563): 

Global surface irradiance (2000 to 2017): 187 W/m2 

• Kato et al. (2018) 187.1 (CERES EBAF Ed4); 186.6 (Ed2.8):   

 
• Wild (2017, AIP): 

 
 



43 
 

• Hakuba (2024 CERES STM), while understanding 

Earth’s Energy Budget for Libera, refers to Wild.  

Solar down surface 185 Wm-2.  

(The greenhouse factor is g(all-sky) = 0.3995) 

 

  

Theoretical Reference Estimate for the all-sky greenhouse 

factor is g(TRE) = (15 – 9)/15 = 0.4; while g(IPCC-Wild-2013) = 

(398 – 239)/398 = 0.3995. 

Fig. 10 Theoretical reference estimate projected on CERES EBAF Earth’s Energy Budget Diagram (Loeb, 2014). Differences in 

circles. Each of the data is within the noted range of uncertainty. Differences at TOA = 0.0 Wm-2. Largest difference at SFC = 2.67 

Wm-2. 

• Loeb (2014, NASA LaRC, CERES): Solar down 

surface = 186 Wm-2 
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Attribution of global warming: greenhouse effect? 

All-sky greenhouse factor, g(TRE) = (15 – 9)/15 = 0.4 

All-sky greenhouse factor, g(IPCC) = (398 – 239)/398 = 0.3995 

 

Clear-sky greenhouse factor, g(TRE) = (15 – 10)/15 = 1/3 

Clear-sky greenhouse factor, g(CERES) = (398.92 – 265.98)/398.92 = 0.33325 
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2017: Theoretical Reference Estimate introduced to the science community 
NASA CERES Science Team Meeting, Goddard Space Flight Center, Washington 

 

 

Direct surface–TOA coupling puts the atmospheric processes into parenthesis. 
 

All-sky and clear-sky integer positions and their values in Wm-2  
(From the 2017 NASA CERES STM presentation) 

   
 

   

 CERES Science Team Meeting presentations are summarized at https://earthenergybudget.com 

Homepage: https://earthenergyflows.com Contact: miklos.zagoni@earthenergyflows.com 

 

https://earthenergybudget.com/
https://earthenergyflows.com/
mailto:miklos.zagoni@earthenergyflows.com
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Geometric Summary 

 

 

 

https://www.earthenergyflows.com/Zagoni-EGU2024-Trenberths-Greenhouse-Geometry_Full-v03-480.mp4 (Length 2:2:28)  

 

 

 

https://www.earthenergyflows.com/Zagoni-EGU2024-Trenberths-Greenhouse-Geometry_Full-v03-480.mp4
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The Physical Science Basis: 

Trenberth’s Greenhouse Geometry 

 
 

In this book, there is a 2-page long sidebar: “How Does a Greenhouse Effect Work?”, where an idealized geometric model 

is depicted, consisting of two plates in space, without any reference to the atmospheric composition or the concentration 

of the greenhouse gases; and four equations are presented to describe the resulting energy flow system. 

In this Brochure I showed, and in the video below I explain in more detail, that the radiative structure of this model is the 

same as that of the real Earth’s clear-sky atmosphere, and the governing equations of that simple arrangement and the 

generated fundamental energy flow ratios are identical to the real Earth atmospheric clear-sky greenhouse effect.  

Video presentation: 

 
 

 

https://earthenergyflows.com/Trenberths_Greenhouse_Geometry-Physical-Science-Basis_Miklos_Zagoni.mp4
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An Unresolved Mystery: Albedo / All-Sky 
 IPCC WGI AR6 (2021); Wild et al. (2013) 

 

 

These integer ratios belong to the plane-parallel approximation of Schwarzschild’s (1906, Equation 11). 

Using the integral equation from Schwarzschild’s (1914) with the same parameters, a solution might be: 

 

OBSERVATION: 

 

In an assumed equilibrium (OLR = ASR), EBAF Ed4.2.1 CLIMATE YEAR data:  

Solar = 340.163, TOA ASR (all-sky) = 240.196, TOA SW up (all-sky) = 99.967 [Wm-2] => αp = 0.2939. 

Applying the geodetic weighting factor (4.0034) instead of the spherical (4) on the 15/51 = 5/17 = 0.2941 ratio, we have 0.2939.  
 

An attempt of explanation is given in:  
https://www.earthenergyflows.com/Zagoni-EGU2024-Trenberths-Greenhouse-Geometry_Full-v03-480.mp4  esp. from 1:47:00 

 
 

https://www.earthenergyflows.com/Zagoni-EGU2024-Trenberths-Greenhouse-Geometry_Full-v03-480.mp4
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An Unresolved Mystery: Albedo / Clear-Sky 
 

In the all-sky, TOA albedo was α = 15/51 = 5/17. In this unit, TSI = 17 units = 1360.68 Wm-2, and 1 = 80.04 Wm-2. 

Now I DEFINE “clear-sky’ via TOA net clear-sky imbalance as TOA net clear IMB = 1 quantum = 80.04 Wm-2. 

This is the extra energy absorbed in the clear-sky part, to be transported to the cloudy part.  

Therefore, there remains 16 units to be processed in the clear-sky part on the disk. 

 
 

After spherical weighting, we have 4 units for clear-sky incoming, and 1/4 units as clear-sky TOA imbalance: 

 
 
 
 
 
 

But in the clear-sky, we havr already two constraints. 
 

First, the clear-sky ratios must be G : TOA LW up : SFC LW up = 1 : 2 : 3. 
Second, SFC LW up is the same as in the all-sky, 15 (red) units = 400.20 Wm-2. 

 
Hence, G must be 5 (red) units, and TOA LW up = 10 (red) units = 266.80 Wm-2. 

 

Thus, to satisfy all these three constraints, clear-sky ISR of 4 (black) quanta = 12 (red) units = 320.16 Wm-2  

should be decreased to TOA LW up = 10 (red) units= 266.80 Wm-2. 
 

Therefore, the system has to get rid of 2 (red) units = 53.36 Wm-2. 
 

 
 

That’s why my Theoretical Reference Estimate is   
2 (red) units = 53.36 Wm-2 for TOA clear-sky reflection, and 

1/4 (black) unit = 3/4 (red) = 20.01 Wm-2 for TOA clear-sky imbalance:   

 
IPCC WGI AR6: reflected solar = 53, TOA IMB = 340 – 53 – 267 = 20. 

 
Alternative logics perhaps might lead to different integers,  

but certainly not to slightly different values. 
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TOA Net Clear-Sky Imbalance = – TOA Net CRE  
 

Above, we found that the integer position for the clear-sky TOA imbalance is 1 (black) quantum = 3 (red) units = 80.04 

Wm-2 on the disk, that is, 3/4 (red) units = 20.01 Wm-2 after spherical weighting. Here I show that TOA net clear-sky 
imbalance is arithmetically identical to the negative of TOA NET CRE. 
 
RSR = Reflected Solar Radiation at TOA, ISR = Incoming Solar Radiation at TOA, ASR = Absorbed Solar Radiation at TOA, and IMB for 

Earth Energy Imbalance, EEI:  

 

    Net CRE TOA ≡ SW CRE TOA + LW CRE TOA = RSR(clear) – RSR(all) + OLR(clear) – OLR(all)  = 

= [ISR – ASR(clear)] – [ISR – ASR(all)] + LWCRE  = ASR(all) – ASR(clear) + OLR(clear) – OLR(all)  = 

= ASR(all) – OLR(all) – [ASR(clear) – OLR(clear)] = TOA IMB (all) – [ASR(clear) – OLR(clear)]  =   

= TOA IMB (all-sky) – TOA IMB (clear-sky). 

 

In equilibrium, TOA IMB (all-sky) = 0. That is, in principle, despite its name, TOA Net CRE is a clear-sky phenomenon. Its role in the 

climate system can be understood and its magnitude can be computed without any reference to clouds. It depends only on clear-sky 

values: Absorbed Solar Radiation in the clear-sky and Emitted Longwave Radiation in the clear-sky. 

 

TOA IMB (clear-sky) = ASR – OLR = 43/4 – 40/4  =   3/4 =    20.01 Wm-2 

Net CRE TOA   = –TOA IMB (clear-sky)   = –3/4 =  –20.01 Wm-2 

 

 

Clear-Sky Atmospheric Window Radiation 
 

An important, non-observable energy flow component at TOA is the atmospheric window radiation. This is the only element in Fig.1 

(Wild 2020, Fig.13) which is indicated in the graphical arrangement but without an assigned value. Shown also in Li, Li, Wild and Jones 

(2024), without quantification.  

Costa and Shine (2012) performed a detailed line-by-line computation in the clear-sky and found that in the annual global mean, 

WIN(clear-sky) = 65 Wm-2. This value is related to their model-OLR of 259 Wm-2. Assuming proportionality, comparing it to our 

theoretical reference estimate of OLR (clear) = 266.80 Wm-2, the corresponding value would be (266.8/259) × 65 = 66.96 Wm-2.  

Notice that in the integer ratio system, 66.70 Wm-2 is an integer position, 10/4 units on the sphere, that is, 10 units on the disk. Thus, 

the system in clear-sky would look like this: Atmospheric window = 10/4, Atmospheric upward emission = 30/4 = 15/2 = 200.1 Wm-2. 

 

10/4 

66.70 

30/4 

200.10 
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Transfer Function and Clear-Sky Atmospheric Window 

 

Transfer function, also called planetary emissivity (Bengtsson 2012), is defined as εp = f = (TOA LW up) / (SFC LW up). 

In the integer system, they have definite values, εp (all-sky) = f (all-sky) = 9 / 15 = 0.6, and in the clear-sky, εp (clear-sky) = 

f clear-sky) = 10 / 15 = 2/3. 

Now let us separate clear-sky into two parts: a transparent region for the atmospheric window, and an absorbing region for GHGs.  

 

All-sky         Clear-sky 

TOA LW up     9   240.12      10 266.80 

          ATM    WIN 

          7.5    2.5 

         200.10    66.70 

 

         12.5     2.5 

         333.5    66.70 

SFC LW up     15  400.20      15  400.20 

Surface 

In the transparent region, the transfer function is f (clear-sky) = 1. How much is it in the absorbing region? 

 f (clear-sky, GHG) = 7.5/12.5 = 3/5 = 0.6. And how much is the greenhouse effect, G = (SFC LW up) – (TOA LW up)? 

In the window region it is evidently zero, G(clear, WIN) = 0. In the absorbing region, G(clear, GHG) = 12.5 – 7.5 = 5 units. 

  
That is, in the clear-sky absorbing region, the transfer function is the same as in the all-sky, f(clear, GHG) = f(all) = 0.6, producing the 

required greenhouse effect of G(clear) = 5 units = 133.40 Wm-2. In the absorbing part, the ratios G(clear, GHG) : OLR(clear, GHG) : 

ULW(clear, GHG) = 5 : 7.5 : 12.5 = 2 : 3 : 5  are the same as the all-sky ratios.  
 
The corresponding greenhouse factor is g(clear, GHG) = 5/12.5 = 2/5 = 0.4, same as the all-sky greenhouse factor; and the contribution 
to the atmospheric emission of 200.10 Wm-2 per area unit is 200.10 × 6/5 = 240.12 Wm-2, same as the all-sky OLR. [The other 
component of the clear-sky OLR of 66.70 Wm-2 comes from the surface emission of 400.20 Wm-2, with an area fraction of 1/6].  
 
The clear-sky transfer function, f(clear) = 10/15 = 2/3 is an area-weighted sum of the transfer functions of the transparent (1/6 × 
f(WIN) = 1/6) and the absorbing (5/6 × f(clear, GHG) = 5/6 × 3/5 = 1/2) regions.  
 
There is no “clear-sky”. Where is absorption, there are “all-sky” data; where transparent, there are direct surface-transmitted data. 
The absorbing part of the clear-sky atmosphere works in every respect as the all-sky, in an amazing intricate cooperation between 
the regions, securing an extraordinary condition of stability. 
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Contemplating on the Hows … 
 

 
 
    Schär, ETH Zürich 
 

 
In this document we showed that the ‘Idealisierte Atmosphäre’ provides us with an 
excellent theoretical reference estimate of the annual global mean energy flow 
system of our ‘Reale Atmosphäre’.   
 
How? In think, H2O is the tool.  
 
In our quasi aqua-planet — as long as there is enough open (free) ocean surface —
, in a wide range of planetary temperatures H2O is able to provide a fast and 
effective compensation for the changes in non-condensing greenhouse gases. By 
using all of its forms and available processes: evaporation (cooling the surface as 
CONV), water vapor (heating the surface as greenhouse gas, G), defining 
atmospheric LW transparency (WIN), cloud formation (shielding and blanketing 
effects, SW, LW and net CRE), precipitation (P), and surface snow and ice (adjusting 
albedo, α), H2O generates, regulates and maintains the required atmospheric and 
surface properties and conditions in order to satisfy the radiative constraints 
expressed by the four theoretical GHG-independent stationary geometric 
governing equations. 
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… And Whys 
 

I think the fundament is Equation (1). Under the given conditions, it may be derived from first principles 
(as Edward Arthur Milne noted in his Thermodynamics of the Stars, Handbuch der Astrophysik, Vol. 3. 
1930), and prescribes surface convection as directly coupled to half of outgoing longwave radiation at 
TOA. But as evaporation is almost proportional to the temperature of water, a given convection defines 
a given surface thermal emission — hence constraining surface Planck-radiation to OLR, as given in 
Equation (2). From here the all-sky case is straightforward, and the basic structure is described. 

In this sense, the question is not theoretical, but historical. The problem is not why are these equations 
valid, but that why are they omitted from the basic climate literature? Goody’s essential Atmospheric 
radiation: theoretical basis (Oxford) is explicit about Eq. (1) and was published in 1964; Schwarzschild’s 
original (1906) paper in English translation appeared in 1966. Why are they missing from Manabe and 
Wetherald (1964) and (1967), and from all of their follow-ups? 

And if it is there in Houghton’s The physics of atmospheres (Cambridge) in all the three editions (1977, 
1986, 2002), in every university textbook on atmospheric physics and radiation and in dozens of 
university classroom lecture notes, why is it missing from all the IPCC Reports (1990-2021)? 

And further, the integer ratio systems are apparent in every graphical arrangement of the global energy 
budget published in the past decade (Stevens and Schwartz 2012, Stephens et al. 2012, Wild et al. 2013, 
Loeb 2014, L’Ecuyer et al. 2015, Hartmann 2016 etc.). Why weren’t they revealed at first glance?  

The question is not, why are the G : OLR : ULW = 1 : 2 : 3 ratios in the clear-sky and 2 : 3 : 5 ratios in the 
all-sky are valid, but that why were not these ratios deduced from the known equations much earlier? 

Of course, four equations do not define every shortwave and longwave component in the all-sky and 
clear-sky energy flow system, therefore further logical steps are to be done. The rationale of them lies 
in the observational outcome, and further theoretical considerations are needed to support them.  

One example is the separation of the convective flux into its components, latent heat and sensible 
heat, occupying integer positions individually.  

Another example is the definition of clear-sky TOA imbalance as 1 (big) quantum if TSI = 17. The why-
question here is again still unanswered.  

A third case is the integer position of clear-sky atmospheric window, for which we have only a result 
from computation (but as that, very accurate).  

And certainly, one of the most intriguing features is the role of LWCRE as the ‘pacer’ or ‘pace-maker’ 
of the whole integer system as the unit flux, or quantum.  

New generations of theoretical physicists may find a Fundgrube in the geometric behavior of our 
greenhouse effect. 

 

© Miklos Zagoni   •   https://earthenergyflows.com   •   E-mail: miklos.zagoni@earthenergyflows.com     

Page last modified: 21 March 2025  10:36 AM 

https://earthenergyflows.com/
mailto:miklos.zagoni@earthenergyflows.com


55 
 

 

C
E
R
E
S
_
E
B
A
F
_
E
d
4
.2

.1
 O

cto
b
e
r 2

0
0
0
 –

 S
e
p
te

m
b
e
r 2

0
2
4
 (la

st 3
 y

e
a
rs a

re
 sh

o
w

n
) 

L
a
rg

e
st d

iffe
re

n
ce

 fro
m

 th
e
 N

-p
o
sitio

n
 is 4

.6
8
 W

m
-2 in

 S
u
rfa

ce
 to

ta
l n

e
t a

ll-sk
y
 

C
lick

 to
 e

n
la

rg
e
 a

n
d
 d

o
w

n
lo

a
d
 ta

b
le

 

A
ccu

ra
cy

 o
f e

sse
n
tia

l clim
a
te

 p
a
ra

m
e
te

rs is co
n
v
in

cin
g
 [W

m
-2] 

A
ll-sk

y
:  

T
O

A
 S

W
 u

p
 -1

.1
4
; T

O
A
 L

W
 u

p
 0

.3
0
;  S

F
C
 S

W
 d

n
 0

.3
6
;  S

F
C
 L

W
 d

n
 -0

.4
0
; S

F
C
 L

W
 u

p
 -1

.4
8
 

C
le

a
r-sk

y
:  T

O
A
 S

W
 u

p
 0

.4
0
; 

T
O

A
 L

W
 u

p
 -0

.8
2
; S

F
C
 S

W
 d

n
 0

.8
5
;  S

F
C
 L

W
 d

n
 -1

.9
1
; S

F
C
 L

W
 u

p
 -1

.2
8
   

EBAF-Ed421-Oct2000-Sept2024.jpg

