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Summary 

 

The Earth is an isolated planet that is heated by the absorption of short wave radiation from the 

sun and cools by the emission of long wave IR (LWIR) radiation back to space.  However, there 

is no requirement for an exact flux balance between the absorbed solar insolation and the outgoing 

longwave radiation (OLR).  The earth’s orbit is slightly elliptical, so the total solar insolation (TSI) 

is 1362 ±45 W m-2.  The peak flux at perihelion occurs in early January. Conservation of energy 

for a stable climate requires that the long term planetary average OLR flux be near 240 W m-2.  

However, the short term variations are approximately ±100 W m-2. There are also significant 

seasonal variations in the distribution of the net flux balance. Close to equinox, there is a wide 

band that extends approximately 35° in latitude either side of the equator where the absorbed solar 

flux exceeds the OLR. The location of this band shifts north and then south towards the poles at 

summer solstice in each hemisphere.  Outside of this band, the OLR exceeds the absorbed solar 

flux.  

 

The planetary average OLR is often converted to an ‘effective emission temperature’ of 255 K 

using the Stefan Boltzmann Law.  This just the temperature of a blackbody surface emitting a total 

LWIR flux near 240 W m-2.  The spectral distribution of the OLR flux is not that of a blackbody 

emitter so it does not define a temperature. The ‘effective emission temperature’ is then combined 

with an ‘average surface temperature’ of 288 K to give a ‘greenhouse effect temperature’ of 33 K.  

This is the pseudoscientific warming produced by the ‘greenhouse effect’. The OLR is simply a 

cumulative cooling flux that is produced by the net upward LWIR emission from many different 

levels in the atmosphere.  The emission from each level is modified by the absorption and emission 

of the levels above.  In order to understand the atmospheric heat transfer, the net LWIR flux at 

each level has to be converted to a cooling rate.  In the tropics, the tropospheric cooling rate is near 

2 K per day.  The concept of an average planetary energy balance using just 3 numbers has no 

useful meaning. 

 

The earth is a rotating water planet that has an atmosphere with an IR radiation field.  The 

troposphere functions as an open cycle heat engine that transports part of the absorbed solar heat 

from the surface to the middle and upper troposphere by moist convection. The surface is 71% 

ocean and the ocean surface is almost transparent to the solar flux.  Approximately 90% of the 

solar flux is initially absorbed within the first 10 m layer of the ocean and this heat is distributed 

by convection and wave action within a thermal layer that may reach 100 m depth or more.  The 

large heat capacity of this ocean layer stabilizes the earth’s climate.  The diurnal surface 

temperature change is typically 1 °C or less.  The seasonal change is generally near 6 °C or less.  

The ocean temperature changes with latitude from approximately 30 °C in the equatorial warm 

pools to -1.8 °C at higher latitudes when seawater starts to freeze.  

 

At the surface, the downward LWIR flux from the lower troposphere to the surface establishes an 

exchange energy with the upward LWIR flux from the surface.  This reduces the net LWIR cooling 

flux that can be emitted by the surface.  In order to dissipate the excess absorbed solar heat, the 

surface warms up so that the heat is removed by moist convection.  The energy transfer processes 
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at the ocean-air and land-air interfaces are different and have to be analyzed separately. Over the 

oceans, the bulk ocean temperature increases until the excess surface heat is removed by wind 

driven evaporation.  There is no requirement for an exact flux balance between the solar heating 

and the cooling of the oceans.  This produces characteristic, quasi-periodic oscillations in ocean 

surface temperature that have major effects on the earth’s climate. These oscillations are part of 

the ocean gyre circulation system.  This provides a natural ‘noise floor’ for the surface temperature.  

Since there is no exact energy balance at the surface, there is no reason to expect an exact energy 

balance at the top of the atmosphere.   

 

As the warm air rises through the troposphere it expands and cools.  For dry air, the lapse rate, or 

change in temperature with altitude, is -9.8 K km-1.  For moist air above the saturation level, water 

condenses to form clouds with the release of latent heat.  This reduces the lapse rate.  The US 

standard atmosphere uses an average lapse rate of -6.5 K km-1.  Convection is a mass transport 

process that is coupled to both the gravitational potential and the rotation or angular momentum 

of the earth.  This leads to the formation of the Hadley, Ferrel and polar cell convective structure, 

the trade winds, the mid latitude cyclones/anticyclones and the ocean gyre circulation.  

 

Because of molecular line broadening effects, the troposphere splits naturally into two thermal 

reservoirs.  The lower thermal reservoir extends to 2 km in altitude and is the source of almost all 

of the downward LWIR flux to the surface within the main absorption emission bands.  The upper 

thermal reservoir extends from 2 km up to the tropopause. This functions as the cold reservoir of 

the heat engine.  The molecular line broadening effects decouple the downward LWIR flux from 

the atmospheric emission contribution to the OLR.  As the air rises through the troposphere, 

internal molecular energy is converted to gravitational potential energy.  The air continues to cool 

by net LWIR emission, mainly from the water bands.  As the air cools, the density increases, the 

air sinks and the gravitational potential energy is converted back to heat. 

 

The OLR consists of four main cooling channels, the emission from the water bands in the middle 

to upper troposphere, the emission from the CO2 bands in the stratosphere, cloud top emission and 

surface emission through the LWIR transmission window.  There are also smaller contributions to 

the OLR from other greenhouse gases including methane, CH4, ozone, O3 and nitrous oxide, N2O.  

The IR radiation field in the atmosphere can be calculated to high accuracy using radiative transfer 

algorithms and the HITRAN database.  When the atmospheric concentration of a greenhouse gas 

is increased, there is an initial wavelength specific decrease in the OLR.  In particular, for a 

‘doubling’ of the atmospheric CO2 concentration from 280 to 560 ppm there is decrease in the 

LWIR flux of approximately 3.7 W m-2 emitted mainly by the P and R branches of the CO2 

emission band near 640 and 700 cm-1. There is also a slight decrease in the weaker emission by 

the CO2 overtone bands near 950 and 1050 cm-1.  This change in flux at TOA is called a ‘radiative 

forcing’.  It is assumed that that this perturbs the ‘radiation balance’ of the earth.  The surface 

temperature is then supposed to ‘adjust’ to this perturbation with an increase that restores the 

LWIR flux at TOA.  This is pseudoscientific nonsense.  There is another required step in the 

radiative transfer analysis that has been ignored.   
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The ‘radiative forcing’ does not magically appear at TOA.  It is produced by absorption at lower 

levels in the atmosphere. The small amount of heat coupled to each level in the atmosphere has to 

be converted to a change in the rate of cooling.  Once this is done then the maximum decrease in 

cooling rate in the troposphere is +0.08 K per day for a ‘doubling’ of the CO2 concentration.  At 

an average lapse rate of -6.5 K km-1, an increase in temperature of 0.08 K requires a decrease in 

altitude near 12 meters.  This is equivalent to riding an elevator down 4 floors.  Such small changes 

in temperature are too small to measure.   

 

In addition to the decrease in LWIR flux at TOA produced by a ‘CO2 doubling’, there is a similar 

increase in the downward LWIR flux to the surface.  Over the oceans, the penetration depth of the 

LWIR flux is less than 100 micron (0.004 inches).  Here it is fully coupled to the wind driven 

evaporation or latent heat flux.  Within the ±30° latitude bands, the sensitivity of the latent heat 

flux to the wind speed is at least 15 W m-2/m s-1.  The entire 4 W m-2 produced by a ‘CO2 doubling’ 

is dissipated by an increase in wind speed of approximately 27 centimeters per second.  At present 

the CO2 concentration has increased by 140 ppm and the increase in downward flux at the surface 

is near 2 W m-2. This is dissipated by an increase in wind speed of approximately 13 centimeters 

per second. An increase in the downward LWIR flux to the surface from a ‘greenhouse gas forcing’ 

cannot produce a measurable increase in temperature at the ocean surface.  Similarly, over land, 

the day to day variations in the diurnal convection transition temperature are much larger than any 

temperature increase that can be produced by the observed increase in atmospheric CO2 

concentration. 

 

The radiation balance of the earth has to be analyzed as a series of dynamically coupled thermal 

reservoirs.  The various flux terms are interactively coupled to these reservoirs that include the 

oceans, the land, the lower and the upper troposphere and the stratosphere.  In addition, heat is 

converted to gravitational potential energy during atmospheric convection.  There is no thermal 

equilibrium so the heat transfer has be analyzed using rates of heating and cooling.  The concept 

of a radiation budget using just 3 numbers has no physical meaning.  Furthermore, the initial 

wavelength specific decrease in LWIR flux (or radiative forcing) produced by an increase in the 

atmospheric concentration of various greenhouse gases does not alter the energy balance of the 

earth in a way that can change the surface temperature.  The small amount of additional heat 

coupled to the troposphere is dissipated by wideband LWIR emission and changes in gravitational 

potential energy. The climate modeling description of climate change using radiative forcings, 

feedbacks and climate sensitivity is pseudoscientific nonsense.  
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Introduction 

 

The Earth is an isolated planet that is heated by the absorption of short wave radiation from the 

sun and cools by the emission of long wave IR (LWIR) radiation back to space. The earth’s climate 

has been sufficiently stable over several billion years to allow for the evolution of life into its 

present forms.  This means that there is an approximate planetary energy balance between the 

absorbed solar insolation and the outgoing longwave radiation (OLR) at the top of the atmosphere 

(TOA).  The only requirement is that this energy balance has to maintain the surface temperature 

within the bounds needed to sustain life.   

 

The First Law of Thermodynamics, conservation of energy requires that any planetary imbalance 

between the absorbed solar insolation and the OLR at TOA be accounted for as a change in the 

energy stored by the climate system.  However, the troposphere (lower atmosphere) functions as 

an open cycle heat engine that transports part of the absorbed solar heat from the surface to the 

middle troposphere by moist convection.  The Second Law of Thermodynamics requires that there 

has to be a thermal and/or humidity gradient at the surface to drive the moist convection.  This is 

also a mass flow process that is coupled to the gravitational potential and the rotation of the earth.  

These interactions result in the formation of the Hadley, Ferrell and polar cell convective structure, 

the trade winds and the ocean gyre circulation.  This is the source of the earth’s weather patterns.   

 

The radiation balance of the earth has to be analyzed as a series of dynamically coupled thermal 

reservoirs [Clark, 2013].  The various flux terms are interactively coupled to these reservoirs.  

There is no equilibrium and the flux terms have to be integrated over time to determine the change 

in heat content or enthalpy of a thermal reservoir.  The change in temperature is then calculated by 

dividing the change in enthalpy by the local heat capacity.  The flux terms have to be interpreted 

as rates of heating and cooling.  Unfortunately, starting in the nineteenth century, the radiation 

balance of the earth was oversimplified. It was assumed that energy transfer processes could be 

averaged and that these averages were sufficient to determine the surface temperature [Arrhenius, 

1896].  The climate was reduced to an ‘equilibrium air column’.  This was illuminated by an 

‘average solar flux’. There was an exact flux balance between the absorbed solar flux and the 

LWIR flux emitted at the top of the air column.  The surface was a blackbody radiator with 

adjustable reflectivity and zero heat capacity.  When the atmospheric concentration of a 

greenhouse gas such as CO2 was increased in this model, there was an initial decrease in the LWIR 

flux emitted at the top of the air column.  The surface temperature was then adjusted until the 

LWIR flux at the top of the air column was restored to its original value.  These concepts were 

incorporated into the first computer climate models starting in the 1960s [Manabe and Wetherald, 

1967].  They still provide the foundation for the large scale general circulation climate models 

(GCMs) in use today. 

 

The introduction to Chapter 7 of the Working Group 1 Report in the latest UN Intergovernmental 

Panel on Climate Change (IPCC) Climate Assessment, AR6, WG1 ‘The Earth’s energy budget, 

climate feedbacks, and climate sensitivity’ [IPCC, 2021] starts:  
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This chapter assesses the present state of knowledge of Earth’s energy budget, that is, the main 

flows of energy into and out of the Earth system, and how these energy flows govern the climate 

response to a radiative forcing. Changes in atmospheric composition and land use, like those caused 

by anthropogenic greenhouse gas emissions and emissions of aerosols and their precursors, affect 

climate through perturbations to Earth’s top-of-atmosphere energy budget. The effective radiative 

forcings (ERFs) quantify these perturbations, including any consequent adjustment to the climate 

system (but excluding surface temperature response). How the climate system responds to a given 

forcing is determined by climate feedbacks associated with physical, biogeophysical and 

biogeochemical processes. These feedback processes are assessed, as are useful measures of global 

climate response, namely equilibrium climate sensitivity (ECS) and the transient climate response 

(TCR).  

 

A more concise summary was provided by Knutti and Hegerl [2008]: 

 

When the radiation balance of the Earth is perturbed, the global surface temperature will warm and 

adjust to a new equilibrium state.  

 

The description of the earth’s radiation budget in terms of forcings, feedbacks and a climate 

sensitivity to CO2 is pseudoscientific nonsense. In order to understand the real energy budget of 

the earth, it is necessary to consider the attenuation of the solar flux, the surface thermal storage, 

latent heat effects, gravitational potential energy, the surface LWIR exchange energy, the 

tropospheric heat engine and the LWIR flux returned to space.  These may then be compared to 

the climate modeling assumptions.   

 

The Attenuation of the Solar Flux 

 

The average solar flux or total solar insolation, TSI, at the top of the atmosphere is now estimated 

to be near 1362 W m-2.  This has been reduced from values in the range from 1365 to 1368 W m-2 

based on more detailed satellite radiometer calibration error analysis [Dewitte and Clerbaux, 2017; 

Willson, 2014].  However, this value changes by approximately ±45 W m-2 because of the 

eccentricity of the earth’s orbit.  Peak flux at perihelion occurs in early January.  In addition, the 

solar flux changes slightly with the sunspot index or other measures of solar activity.    

 

As the solar insolation propagates through the atmosphere it is selectively attenuated.  This is 

shown in Figure 1 [ASTM, 2021].  In the stratosphere, the short wave UV radiation below 200 nm 

is absorbed by molecular oxygen and nitrogen, O2 and N2.  Some of the O2 is dissociated into 

atomic oxygen and this reacts with more O2 to produce ozone, O3.  This in turn absorbs all of the 

UV radiation in the 200 to 300 nm region and partial attenuation extends to 350 nm [Huffman, 

1985].  This absorption is also the main heat source for the stratosphere.  The heat is radiated back 

to space in the LWIR region by mainly by CO2 and O3. The stratosphere forms an independent 

thermal reservoir above the troposphere.  The boundary is the tropopause. Rayleigh scattering, the 

elastic scattering of light by air molecules, reduces the solar intensity in the blue and near UV 

regions. The clear atmosphere transmits most of the visible spectrum from the sun, which peaks in 
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the green near 550 nm. In the near IR (NIR) region, the sunlight is attenuated by the vibrational 

overtones of the water vapor IR bands and other IR active molecules. This produces a direct solar 

heating of the troposphere that increases with the water vapor concentration.  In addition, aerosols 

and clouds scatter the sunlight.  The long term average albedo or reflectivity of the earth is 

approximately 0.3.   

 

 
Figure 1: Solar spectrum, 5 nm resolution, at the top of the atmosphere, AM0 and for an atmospheric optical 

depth of 1.5, AM1.5 (48.2° solar zenith angle). 

 

The earth’s rotation axis is tilted at 23.5° to the solar orbital plane, so the diurnal solar flux changes 

with the seasons. The peak solar flux with the sun nearly overhead is approximately 1000 W m-2.  

At night and during polar winter it is zero. Figure 2 shows the total daily cumulative ‘clear sky’ 

solar flux through the year for latitudes of 0°, 30°, 45° and 60° [IEEE, 1993]. At 0° latitude on the 

equator, the maximum solar flux occurs at the equinox points as the sun crosses the equator. At 

higher latitudes, the solar peak is at the summer solstice point. Both peak intensity and the length 

of the day change with latitude. This is shown in Figure 3 for the equinox and solstice points at 0°, 

30°, 45° and 60° latitude. During summer at higher latitudes, the peak solar flux is lower, but the 

length of the day is longer. 
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Figure 2:  Total daily cumulative ‘clear sky’ solar flux through the year for latitudes of 0°, 30°, 45° and 60°. 

 

 

 
Figure 3: Daily solar flux at the equinox and solstice points for a) the equator, b) 30°, c) 45° and d) 60° 

latitudes. 

 

The Surface Thermal Reservoirs, Latent Heat and Gravitational Potential Energy 

 

The land and especially the oceans form the hot reservoirs of the tropospheric heat engine. Heat is 

also stored and released by the latent heat needed to change water from vapor to liquid and liquid 

to ice.  These latent heat changes are associated with surface evaporation (and ice melting and 

sublimation), cloud formation in the atmosphere and with the seasonal changes in polar ice cover.  

Heat is also stored as gravitational potential energy in the atmosphere.  As warm air rises from the 
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surface it expands and cools. Internal molecular energy is converted to gravitational energy.  The 

reverse process occurs as the air cools by LWIR emission to space.  The cooler air contracts and 

sinks and the gravitational potential energy is reduced.   

 

The surface thermal reservoirs are heated intermittently by the solar insolation.  The absorbed solar 

heat is stored and released back to the troposphere over a wide range of time scales. The land-air 

and ocean-air interfaces have different energy transfer characteristics and have to be analyzed 

separately.  Over land, the solar flux is absorbed by a thin surface layer.  The surface heating is 

localized.  The diurnal variation extends to a depth of 0.5 to 2 m and the seasonal variation extends 

to approximately 5 m.  Generally, almost all of the absorbed solar flux is dissipated during the 

same diurnal cycle by a combination of net LWIR emission and moist convection.  Over the 

oceans, the surface is almost transparent to the solar flux.  Approximately 90% is absorbed within 

the first 10 m layer.  The active thermal layer may extend to 100 m depth or lower.  The absorbed 

solar heat is transported over long distances by the ocean gyre circulation [Clark, 2013; Clark and 

Rörsch, 2022]. 

 

The Surface LWIR Exchange Energy 

 

Within the main greenhouse gas absorption and emission bands, the downward LWIR flux to the 

surface is decoupled from the LWIR emission to space by molecular line broadening.  Almost all 

of the downward LWIR flux to the surface originates from within the first 2 km layer and 

approximately half originates from within the first 100 m layer [Clark, 2013; Clark and Rörsch, 

2022].  At the surface, the downward LWIR flux from the lower troposphere to the surface 

combines with the upward LWIR emission from the surface to establish a partial exchange energy.  

When the surface and surface air layer are at similar temperatures, IR photons are exchanged 

without any significant transfer of thermal energy.  The net LWIR cooling flux (upward minus 

downward LWIR flux) at the surface is limited to the emission into the LWIR atmospheric 

transmission window.  This LWIR flux is insufficient to dissipate the absorbed solar insolation.  

The surface warms up so that the excess solar heat is removed by moist convection.  This drives 

the tropospheric heat engine.  The net cooling flux changes with temperature, humidity and cloud 

cover.  In particular, clouds are close to blackbody emitters.  The downward LWIR flux from the 

cloud base ‘fills in’ the atmospheric LWIR transmission window. This is illustrated in Figure 4.  

When the surface is warmer than the air layer above, the excess upward LWIR flux emitted by the 

surface outside of the LWIR transmission window is absorbed in the lower troposphere and can 

increase the convection. The ocean-air and the land-air interfaces have different energy transfer 

properties and have to be analyzed separately.   
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Figure 4: The surface exchange energy for surface and air temperatures of 288 K. a) Blackbody surface 

emission and downward LWIR flux for a relative humidity of 70% and CO2 concentration of 400 ppm.  The 

H2O and CO2 bands are indicated. b) Same as a) with the downward emission for 20% RH and for 

altostratus cloud cover with a 2.5 km cloud base added.  MODTRAN calculations, 100 to 1500 cm-1 spectral 

range, 2 cm-1 spectral resolution [MODTRAN, 2021]. 

 

The Tropospheric Heat Engine 

 

Over land, the LWIR exchange energy limits the cooling of the surface layer by net LWIR 

emission.  As the surface warms during the first part of the day after sunrise, a thermal gradient is 

established both with the cooler air above and the subsurface layers below.  Part of the absorbed 

solar heat is removed by convection.  If the surface is moist, the temperature rise is reduced as heat 

is removed by water evaporation (latent heat flux).  Heat is also conducted below the surface. Later 

in the day, as the surface cools, the subsurface thermal gradient reverses and the stored solar heat 

is returned to the surface.  In the evening when the surface and surface air temperatures start to 

equalize, convection stops and the surface cools more slowly by net LWIR emission.  Almost all 

of the absorbed solar heat is dissipated within the same diurnal cycle.  An important parameter is 

the diurnal transition temperature at which the convection stops.  This is reset each day by the local 

weather system passing through.  If the prevailing weather systems form over the ocean and then 

move over land, changes in ocean surface temperatures are coupled to the weather station data.  

This includes both the seasonal phase shift and ocean oscillations [Clark and Rörsch, 2022].    

 

Over the oceans, the bulk temperature increases until the water vapor pressure at the surface is 

sufficient for the wind driven evaporation to remove the excess solar heat. The cooler water 

produced at the surface then sinks and produces a Rayleigh-Bénard type of convection with plumes 

of warm and cold water moving in opposite directions. This allows the convection to continue 

overnight.  At the surface, the penetration depth of the LWIR flux into the surface layer is less than 

100 micron (0.004 inches).  Here it is fully coupled to the wind driven evaporation.  Outside of the 

tropics there is a seasonal time delay or phase shift between the peak solar flux at solstice and the 

surface temperature response that may reach 6 to 8 weeks. In addition, there is no requirement for 

an exact flux balance between the solar heating and the surface cooling terms. This leads to natural 

variations or quasi-periodic oscillations in ocean surface temperatures. There are four main ocean 

oscillations, the Atlantic Multi-Decadal Oscillation (AMO), the El Niño Southern Oscillation 

(ENSO), the Indian Ocean Dipole (IOD) and the Pacific Decadal Oscillation (PDO) [AMO, 2022; 
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ENSO. 2022; IOD, 2022; PDO, 2022]. These oscillations provide a natural ‘noise floor’ for the 

ocean surface temperatures [Clark and Rörsch, 2022]. 

 

As the warm air rises through the troposphere it expands and cools.  For dry air, the lapse rate, or 

change in temperature with altitude, is -9.8 K km-1.  For moist air above the saturation level, water 

condenses to form clouds with the release of latent heat.  This reduces the lapse rate.  The US 

standard atmosphere used an average lapse rate of -6.5 K km-1.  Convection is a mass transport 

process that is coupled to both the gravitational potential and the rotation or angular momentum 

of the earth.  This leads to the formation of the Hadley, Ferrel and polar cell convective structure, 

the trade winds, the mid latitude cyclones/anticyclones and the ocean gyre circulation.  

 

Because of molecular line broadening effects, the troposphere splits naturally into two thermal 

reservoirs.  The lower thermal reservoir extends to 2 km in altitude and is the source of almost all 

of the downward LWIR flux to the surface within the main absorption emission bands.  The upper 

thermal reservoir extends from 2 km up to the tropopause. This functions as the cold reservoir of 

the heat engine.  As the air rises through the troposphere, internal molecular energy is converted 

to gravitational potential energy.  The air continues to cool by net LWIR emission, mainly from 

the water bands.  As the air cools, the density increases, the air sinks and the gravitational potential 

energy is converted back to heat.  The energy transfer processes associated with the surface energy 

transfer and the tropospheric heat engine are shown schematically in Figure 5.   
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Figure 5: Basic climate energy transfer processes for the earth, a) atmospheric energy transfer showing the 

tropospheric heat engine, b) ocean energy transfer and c) land energy transfer (schematic). 

 

The Outgoing Longwave Radiation  

 

The OLR consists of four main cooling channels, the emission from the water bands in the middle 

to upper troposphere, the emission from the CO2 bands in the stratosphere, cloud top emission and 

surface emission through the LWIR transmission window.  The LWIR emission to space is the 

cumulative emission from many different levels in the atmosphere.  The emission from each level 

is modified by the absorption and emission of the levels above.  In order to understand the energy 

transfer processes in the atmosphere, the net LWIR flux at each level has to be converted to a rate 

of cooling by dividing by the local heat capacity.  The total and band averaged cooling rate profiles 

for the tropical model atmosphere are shown in Figure 6 [Feldman et al, 2008]. In the lower and 

middle troposphere the total tropical cooling rate is near 2 K per day.  As the temperature decreases 

with altitude, the water vapor concentration decreases significantly.  The molecular lines become 

narrower and there is a transition from the absorption and emission of the LWIR radiation to a free 

photon flux that is emitted to space.  There is a broad water emission band with an emission peak 

near 260 K (-13 C).  As the surface temperature increases, the altitude of this emission band 

increases. The amount of heat stored as gravitational energy also increases.  The absorption 

emission process continues to higher altitude within the spectral region of the CO2 bands.  The 

emission temperature is near 220 K (See Figure 8).   
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Figure 6: Total (10 to 3250 cm-1) and band-averaged IR cooling rate profiles for the Tropical Model 

Atmosphere on a log-pressure scale. 

 

Clouds are low concentration water or ice particles that are close to blackbody emitters in the 

LWIR spectral region.  The LWIR emission to space is from the cloud tops.  This reduces the 

LWIR flux compared to clear sky values.  Koll and Cronin report an average of 30 W m-2 for the 

reduction in OLR produced by clouds [Koll and Cronin, 2018].  Some of the colder cloud tops are 

observed over the tropical regions because of the large amount of latent heat energy available from 

the tropical ocean that drives the convection.  Here the cloud top altitude may reach 18 km.  Under 

clear sky conditions, the OLR includes the LWIR surface emission transmitted through the LWIR 

transmission window in the 800 to 1200 cm-1 spectral region.  The measured OLR data for various 

scene types from 1985 ERBE data are shown in Figure 7 [Ellingson, 1994].   

 
Figure 7:  OLR values recorded in 1985 by ERBE for different scene types.  
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The Average Planetary LWIR Flux and the Effective Emission Temperature 

 

The total average solar insolation at the top of the atmosphere is near 1362 W m-2. The albedo of 

the earth is approximately 0.3.  The illumination geometry is that of a sphere illuminated by a disk 

of solar radiation.  The surface area ratio is 4, so the average planetary OLR should be 1362*(1-

0.3)/4 ≈ 238 W m-2. This average flux often converted to an ‘effective emission temperature’ near 

255 K using the Stefan Boltzmann Law.  It is then assumed that the average surface temperature 

of the earth is near 288 K.  The 33 K difference in temperature is called the ‘greenhouse effect 

temperature’.  It is claimed that this is the warming produced by the ‘greenhouse effect’.  However, 

the spectral distribution of the OLR is not that of a blackbody emitter, so the OLR flux does not 

define a temperature. There can be no ‘greenhouse effect’ temperature.   

 

Figure 8a shows the upward LWIR flux emitted at TOA (70 km) for surface and air temperatures 

at 288 K. The spectral range is from 100 to 1500 cm-1 at a resolution of 2 cm-1. These spectra are 

from MODTRAN calculations with a CO2 concentration of 400 ppm and a surface RH of 70% 

using the mid latitude summer model [MODTRAN, 2021] Starting from left to right, the main 

spectral features are the rotational H2O band from 100 to 600 cm-1, the CO2 2 vibration band from 

600 to 750 cm-1 and the H2O 2 vibration band above 1300 cm-1. P and R denote the CO2 band 

structure associated with the P (J = -1) and R (J = +1) rotational transitions. J is the rotational 

quantum number. Between 750 and 1250 cm-1 there is a spectral transmission window that consists 

of weak H2O lines and two CO2 overtone bands near 950 and 1050 cm-1. There is also an absorption 

feature from stratospheric ozone, O3 that occurs near 1050 cm-1. A more detailed description of 

the IR spectra of these molecules is provided by Herzberg. [1991] For reference, blackbody 

emission curves for 288 K and 280 to 220 K in 20 K intervals are also plotted. Figure 8b shows 

the TOA flux from Figure 8a split into the separate atmospheric and surface emission 

contributions. Assuming a lapse rate near 6.5 K km-1, each 20 K decrease in temperature 

corresponds approximately to a 3 km increase in altitude. In the 500 to 600 cm-1 region, the H2O 

emission is from an altitude of ~3.0 km at a temperature of ~270 K. Near 300 cm-1 the H2O 

emission temperature has decreased to ~240 K at an altitude of ~7.5 km. The spectral distribution 

of the OLR flux shown in Figure 8 is clearly not that of a blackbody emitter at 255 K.   
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Figure 8: Upward LWIR flux at TOA, a) total flux and b) atmospheric and surface contributions plotted 

separately. The main H2O and CO2 bands and the stratospheric O3 absorption are labeled. Blackbody curves 

have been added to indicate the temperature of the emission. The spectral distribution is clearly not that of a 

blackbody emitter at 255 K. 

 

The Net Radiation Budget 

 

The net radiation budget of the earth is illustrated in Figures 9 and 10.  Near equinox in March and 

September, there is a wide band centered on the equator where the net radiation is positive.  This 

region extends over a nominal ±35° latitude range. More solar heat is absorbed than is radiated 

back to space by the OLR.  This band shifts north and south with the seasons and at solstice it 

extends from the equator to 70° N or 70° S [Kandel and Viollier, 2010, CERES, 2004]. In addition, 

the maps are projections of a spherical surface.  The surface area of a sphere decreases as the 

latitude increases.  This has to be included in the quantitative analysis of the earth’s radiation 

budget.    

 



R. Clark The Radiation Balance of the Earth VPCP 016.1 11/8/22 

15 

 

 
Figure 9: Zonal mean TOA radiation balance, CERES Terra 5 year mean values 

 

 

 
Figure 10: Spatially resolved CERES Terra monthly average net radiation balance at TOA for March, June, 

September and December 2000.   

 

The Effect of Doubling the Atmospheric CO2 Concentration 

 

Since the start of the Industrial Revolution about 200 years ago, the atmospheric concentration of 

CO2 has increased by approximately 140 parts per million (ppm) from 280 to 420 ppm as shown 

in Figure 11a [Keeling, 2022]. The resulting changes in LWIR flux in the atmosphere be calculated 

to high accuracy using radiative transfer algorithms and the HITRAN spectral data base 
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[Wijngaarden, and Happer, 2022; Harde, 20017; Clark, 2013]. For the observed increase of 140 

ppm, the decrease in LWIR flux at TOA is approximately 2 W m-2. For a doubling of the CO2 

concentration from ‘preindustrial’ levels of 280 ppm to 560 ppm, the decrease in LWIR flux at 

TOA is given by the IPCC as 3.7 W m-2 [IPCC, 2013] and for a doubling from 380 to 760 ppm, 

the decrease is near 5 W m-2. The corresponding increase in downward LWIR flux to the surface 

is slightly less. The changes in both the upward and downward LWIR flux as the CO2 

concentration is increased from 35 to 700 ppm are shown in Figure 11b [Harde, 2017]. 

 

 
Figure 11: a) The increase in atmospheric CO2 concentration from 1800 (Keeling curve) and b) calculated 

changes in atmospheric LWIR flux produced by an increase in atmospheric CO2 concentration from 35 to 

760 ppm. 

 

The IPCC then assumes that the decrease in LWIR flux at TOA is a ‘radiative forcing’ that perturbs 

the radiation balance of the earth [IPCC, 2021].  The surface is supposed to respond by ‘adjusting’ 

to a new ‘equilibrium state’ with a higher surface temperature.  However, no quantitative thermal 

analysis has been presented to support this claim.  The decrease in LWIR flux at TOA is produced 

by small changes in the wavelength specific absorption at many different levels in the atmosphere.  

In order to understand the heating effects it is necessary to extend the radiative transfer analysis 

and calculate the change in the cooling rate at each level.  The net change in net cooling flux has 

to be divided by the heat capacity of the local air parcel.  Changes in the atmospheric cooling rate 

for a ‘CO2 doubling’ from 287 to 574 ppm at mid latitude are given by Iacono et al [2008].  In the 

troposphere, the maximum change in the daily cooling rate is +0.08 K per day at an altitude near 

2 km.  This is shown in Figure 12a. At a lapse rate of -6.5 K km-1, a change in temperature of +0.08 

K is produced by a decrease in altitude of 12 meters.  This is equivalent to riding an elevator down 

four floors.  The changes in daily cooling rate produced by the ‘radiative forcing’ of other 

greenhouse gases is even less.  In the stratosphere, there is a maximum increase in the cooling rate 

near 50 km of -3 K per day as shown in Figure 12b. The higher change in cooling rate in the 

stratosphere is a result of the low pressure and low heat capacity.   
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Figure 12: a) Tropospheric heating and b) stratospheric cooling rates produced by a CO2 ‘doubling’ from 287 

to 574 ppm at mid latitude. 

 

In addition, it is necessary to consider molecular line broadening effects in the lower troposphere 

and the coupling of the LWIR flux to the mass transport (convection) in the troposphere. The 

atmospheric LWIR flux consists of IR emission and absorption from many overlapping lines 

[Wijngaarden, and Happer, 2022]. Each line is a specific transition between two molecular 

rotation-vibration states. The lines are broadened by molecular collisions.  Near the surface within 

the main absorption emission bands, the lines overlap and merge into a quasi-continuum.  At higher 

altitudes, these lines become narrower as the temperature and pressure decrease. Some of the 

upward LWIR flux can pass through the gaps between these narrower lines above and continue to 

space without additional absorption/emission. The downward flux is absorbed by the broader lines 

below. This is illustrated schematically in Figure 13a for a single line and in Figure 13b for a group 

of lines in the 590 to 600 cm-1 region. Almost all of the downward LWIR flux that reaches the 

surface originates from within the first 2 km layer of the troposphere. Approximately half of this 

downward flux originates from the first 100 m layer. This is shown in Figure 13c [Clark, 2013]. 

Most of the initial absorption occurs in the P and R branches of the 2 CO2 band near 640 and 700 

cm-1. There is also some weaker absorption by the CO2 overtone bands near 950 and 1050 cm-1. 

The slight warming produced by these absorptions is then dissipated by a combination of wideband 

LWIR emission across all of the atmospheric emission bands and coupling to the convection. Some 

of the thermal energy is converted to gravitational potential energy followed by LWIR emission 

at a later time. This is illustrated schematically in Figure 14.  Within the plane parallel atmosphere 

approximation, an air parcel in the troposphere emits LWIR radiation upwards and downwards at 

the local air temperature.  It also absorbs LWIR radiation from above and below. In addition, the 

temperature changes with the local lapse rate as the air parcel changes altitude.  This is illustrated 

in Figure 14a.  The dissipation of the local heating produced by the absorption is shown 

schematically in Figure 14b. 
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Figure 13: a) Transition from absorption-emission to free photon flux as the linewidth decreases with 

altitude. Single H2O line near 231 cm-1. b) Linewidths for H2O and CO2 lines in the 590 to 600 cm-1 spectral 

region for altitudes of 0, 5 and 10 km. c) Cumulative fraction of the downward flux at the surface vs. altitude 

for surface temperatures of 272 and 300 K, each with 20 and 70% relative humidity (RH). Almost all of the 

downward flux reaching the surface originates from within the first 2 km layer. This is the location of the 

lower tropospheric reservoir. 

 
Figure 14: a) The energy transfer processes for a local tropospheric air parcel (in a plane-parallel 

atmosphere) and b) the dissipation of the absorbed heat from a ‘CO2 doubling’ by the normal tropospheric 

energy transfer processes (schematic). The wavelength specific increase in absorption in the CO2 P and R 

bands is dissipated as small changes in broadband LWIR emission and gravitational potential energy. 
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The History of ‘Radiation Balance’ and ‘Climate Equilibrium’  

 

The idea that changes in the atmospheric concentration of CO2 could change the energy balance 

of the earth started with the speculation by Tyndall that such changes could cycle the earth through 

an Ice Age [Tyndall, 1861; 1863].  The first person to try and calculate the change in surface 

temperature that might be produced by changes in the CO2 concentration was Arrhenius in 1896.  

Unfortunately, he oversimplified the energy transfer processes involved by using the equilibrium 

climate assumption.  The time dependence was removed and replaced by average values.  The 

‘climate’ was reduced to a static ‘equilibrium air column’ and a 15 °C blackbody surface that were 

illuminated by an average solar flux.  Moist convection and subsurface transport were ignored.  So 

was ocean energy transfer and the ocean to land surface temperature coupling.  When the CO2 

concentration was changed, this approach had to create climate warming, by definition, as a 

mathematical artifact of the assumptions used in the calculation [Arrhenius, 1896]. The idea that 

an increase in atmospheric CO2 concentration would increase the temperature of the earth 

gradually became scientific dogma.  Instead of an Ice Age cycle, humans were now causing climate 

change through fossil fuel combustion.   

 

The first generally accepted ‘radiative convective equilibrium’ climate model was published by 

Manabe and Wetherald (M&W) in 1967. It was an ‘improved’ version of the Arrhenius 

‘equilibrium air column’.  When the CO2 concentration was increased in this model, there was a 

decrease in the LWIR flux at the top of the model atmosphere.  The model was configured to 

‘adjust’ by increasing the surface temperature until the LWIR flux at the top of the model was 

restored to its ‘equilibrium’ value.  The model also assumed a fixed relative humidity distribution.  

This provided a ‘feedback’ that amplified the warming from CO2. M&W went on to incorporate 

their 1967 model into each unit cell of a rather primitive general circulation model [M&W, 1975].  

Other groups then copied the MA&W approach when they built their own climate models.  Instead 

of trying to compare the model results with measured climate data, the climate modelers used their 

own modeling benchmark.  This was the increase in ‘global average surface air temperature’ 

produced by a doubling of the atmospheric CO2 concentration.  The decrease in LWIR flux at the 

top of the M&W equilibrium air column produced when the CO2 concentration was increased now 

became a perturbation to the radiation balance of the earth.  Gradually, changes in the atmospheric 

concentration of other greenhouse gases and a variety of aerosols became radiative forcings that 

also perturbed the ‘equilibrium’ radiation balance of the earth [Ramaswamy et al, 2019].   

 

Starting with Nimbus 6 in 1975, satellite observations have been used to establish a radiation 

budget for the earth (ERB).  The complexities of the climate energy transfer, as illustrated in Figure 

10, have been reduced to three numbers, an average incident solar flux at TOA or total solar 

insolation (TSI), an average absorbed solar flux, usually determined by the difference between the 

reflected solar flux and the TSI, and the average OLR.  The reflected solar flux is often converted 

to an albedo or reflectivity.  Early work on ERB is described by Kyle et al [1993]. Further details 

are provided by Kandel and Viollier [2010].  Dewitte and Clerbaux [2017] give the TSI at solar 

minimum as 1362 W m-2 with an albedo of 29.8% and a mean OLR of 238 W m-2.   
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There has been an extensive discussion over many years about the precise value of any imbalance 

in the earth’s radiation budget and the associated errors.  This is driven in part by the claims of 

climate warming created by the climate models.  These use a set of contrived, ‘radiative forcings’ 

to match a ‘global average mean temperature change’.  The changes in temperature are explained 

using the ‘radiation imbalance’ at the top of the atmosphere in an attempt to link the ‘radiative 

forcings’ to ‘climate change’.  In reality, the small, wavelength specific decrease in LWIR flux at 

TOA produced by the radiative forcings from increases in the atmospheric concentration of 

‘greenhouse gases’ does not change the energy balance of the earth in a way that can change the 

surface temperature.  The additional heat produced in the troposphere is simply reradiated to space 

as wideband LWIR emission (see Figures 12a and 14b). In addition, the penetration depth of the 

LWIR flux into the ocean surface is less than 100 micron (0.004 inches) [Hale and Querry, 1974].  

Here, it is fully coupled to the wind driven evaporation and the two should not be separated and 

analyzed separately.  The large magnitude and variability in the wind driven latent heat flux 

overwhelms any possible changes in ocean temperature produced by ‘greenhouse gases’ [Clark 

and Rörsch, 2022, Yu et al, 2008].  

 

The Radiation Imbalance and the Ocean Oscillation Noise Floor 

 

There is no requirement for an exact energy balance at the surface between the absorbed solar flux 

and the total cooling flux, especially over the oceans.  Therefore, there is no reason to expect an 

exact radiation balance at TOA.  The earth has been warming naturally since the end of the 

Maunder minimum or Little Ice Age (LIA) [Akasofu, 2010].  From 1955 to 2021 the heat content 

in world’s oceans to 700 m depth has increased by approximately 22x1022 J.  The corresponding 

average temperature rise is near 0.2 C.  The increase in heat content to 700 m depth for the five 

major ocean basins is shown in Figure 15 [NOAA, 2022].  These increases are related to changes 

in the ocean surface energy balance between the absorbed solar heat and the wind driven cooling.   

 

 
Figure 15: Changes in ocean basin heat content, 1955 to 2021.   

 



R. Clark The Radiation Balance of the Earth VPCP 016.1 11/8/22 

21 

 

Outside of the tropics there are significant seasonal time delays or phase shifts between the peak 

solar flux at summer and the peak ocean surface temperature.  These may easily reach 8 weeks.  

As the weather systems that form over the oceans move overland, they couple the changes in ocean 

surface temperature to the land based weather stations through changes in the diurnal convective 

transition temperature. In addition, over the oceans, natural variations in the wind speed coupled 

to the ocean gyre circulation produce quasi-periodic changes in ocean surface temperature.  There 

are four main ocean oscillations, the Atlantic Multi-Decadal Oscillation (AMO), the El Niño 

Southern Oscillation (ENSO), the Indian Ocean Dipole (IOD) and the Pacific Decadal Oscillation 

(PDO) [AMO, 2022; ENSO. 2022; IOD, 2022; PDO, 2022]. These oscillations provide a natural 

‘noise floor’ for the ocean surface temperatures.   

 

For example, the ENSO is inversely related to changes in the wind speed as determined by the 

Southern Oscillation Index (SOI).  This is shown in Figure 16.  The changes in temperature are 

not limited to the ocean surface but extend to significant depths. The 2016 ENSO peak was 

produced a decrease in wind speed near 2 m s-1.  The decrease in latent heat flux was approximately 

30 W m-2 and the temperature change was 2.5 C to a depth of at least 75 m.  The change in ocean 

heat content to 75 m depth was approximately 800 MJ m-2.  Over the 6 month period of the ENSO 

peak, the cumulative increase in downward LWIR flux from CO2 was 0.26 MJ m-2.  This is 

approximately 3000 times less than the change in heat content to 75 m depth produced by the 

ENSO peak [Clark and Rörsch, 2022]. 

 

 
Figure 16: Monthly ENSO data series from 1870 plotted with the scaled SOI index from 1876. The SOI is 

multiplied by 0.086 and the sign is reversed to match the ENSO response. 

 

In addition, the upper limit to tropical ocean surface temperatures is near 30 °C. When the surface 

temperature starts to increase above this, strong local thunderstorms are formed that limit the 

temperature rise [Eschenbach, 2010]. The changes in temperature related to the ENSO are 

produced by changes in the location and the area of the warm pool. There are also major changes 

in evaporation and precipitation patterns. The maximum ocean surface temperature does not 

increase. In addition, as the ENSO index increases, the temperatures in the lower troposphere also 

increase, with a time delay of a few months. The ENSO related changes in area of the equatorial 

Pacific Ocean warm pool are shown in Figures 17a and 17c [NRL, 2021]. The monthly ENSO 
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index from 2019 and the UAH global lower tropospheric (tlt) temperature anomalies are shown in 

Figure 17b [UAH. 2022].   

 

The maximum change in ocean surface temperatures produced by the El Nino Oscillation is 

approximately ±3 C.  Published values for the sensitivity of the change in OLR in response to 

surface temperature range from 2.2 to 3 W m-2 K-1.  This gives a corresponding change of 

approximately 14 to 18 W m-2 for the change in OLR for ‘clear sky’ conditions. The difference in 

OLR between La Nina and El Nino years using CERES data is shown in Figure 18 [DeWitte and 

Clerbaux, 2017].  This includes the effect of clouds.  The changes are caused by variations in wind 

speed as shown in Figure 16.   

 

 
Figure 17: Surface temperatures in the equatorial Pacific Ocean for November 1, 2015 and December 1, 2017 

corresponding to a) high and c) low values of the ENSO index. The map inset indicates the Nino 3.4 region 

used to determine the ENSO index. The monthly ENSO index and the UAH global lower tropospheric 

temperature anomaly (tlt) from satellite microwave measurements are shown in b). 
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Figure 18: OLR variability between La Nina and El Nino years (2002, 2003, 2006 and 2009 El Nino years 

OLR mean subtracted from 2000, 2001, 2005. 2007, 2008 La Nina years OLR mean) [DeWitte and Clerbaux, 

2017] 
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