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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 
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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, respectively. 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 time 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. Note 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 

4 
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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 Eqs. (1) and (2) from the simplest greenhouse model: 

Dennis Hartmann: Global Physical Climatology (1994) Cambridge Univ. Press 

 

 

Eq. (2)   σTS
4 = 2σTe

4 . 

     Then 

 

εσTS
4 + εσTA

4 = 2εσTSA
4 . 

From Eq. (2) σTS
4 = 2σTe

4 and TA = Te , we have 3σTe
4 = 2σTSA

4 ,  

that is,    σTSA
4 = (3/2) σTe

4 , 

     and 

Eq. (1)    σTS
4 – σTSA

4 = σTe
4 /2.  
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Some books with explanation of TRE Eq. (1): 
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University lecture notes with TRE Eq. (1) 

G. Stephens: Radiative transfer notes. Colorado State University 

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

 

 

 

https://reef.atmos.colostate.edu/~odell/AT622/stephens_notes/AT622_section06.pdf
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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  

 

Chris O’Dell, Colorado State University (2013)  

 

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 
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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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Theoretical Reference Estimate 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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TRE basics: 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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Early verification of Eqs. (1) and (2) 
CERES_EBAF-Surface_Ed2.8 Data Quality Summary (March 27, 2015) 

 

Eq. (1)  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)  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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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 

it 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; at surface is 3.38 Wm-2 (Surface 

Reflection).   

“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 unit (80.04 Wm-2), with all-sky values of 240.12 Wm-2, 400.20 Wm-2 and 160.08 

Wm-2, respectively. (For further details, see ‘magic numbers’ below.)  

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

Evaporation) in the GEWEX assessment is based on the NASA Energy and Water-cycle Study (NEWS) methodology. 
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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): 
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• 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) = (398.85 – 265.98)/398.85 = 0.333 
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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) + Extras  
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