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Abstract

Most of the work on Global Warming is based on the Global Mean Energy Budget developed by Kiehl and Trenberth (1997). This paper points out several inconsistencies between the original document and the IPCC description. It also makes two observations 1) treating the atmosphere as a single entity produces the wrong results; 2) the description implies that the temperature of the atmosphere must be higher than the average surface temperature. Alternate interpretations are made to address these issues. Specifically, the stratosphere, mesopause, and tropopause are treated as a separate system not directly affecting the surface temperature. Also, a part of the Greenhouse effect is attributed to longwave IR reflection (as opposed to absorption and re-emission) to allow the troposphere to be cooler than the surface.

Background

The following image is from the IPCC Fourth Assessment Report[1, page 96] and is based on a paper by Kiehl and Trenberth (1997)[2]. This paper will discuss various inconsistencies between this image and what is claimed by the IPCC. It should be noted that Kevin Trenberth was a Coordinating Lead Author for the IPCC report and that, therefore, any errors in this image and its interpretation are significant.
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Figure 1 - Estimate of the Earth’s annual and global mean energy balance. FAQ 1.1, Figure 1 from IPCC Fourth Assessment Report, Working Group I Report "The Physical Science Basis" Chapter 1. Original source is Kiehl and Trenberth (1997) Units are W/m2.

According to Kiehl and Trenberth (1997), the outgoing longwave flux was measured by the ERBE satellite as 235 W/m2. The 78 W/m2 of latent heat is computed from the estimated global precipitation (rain and snow). The 67 W/m2 shown as absorbed in the atmosphere may actually be as high as 85 W/m2. 

The downward flux of 324 W/m2 is specifically for cloudy days, it is 278 W/m2 for clear days. However, the text also says that the clear sky longwave forcing is only 125 W/m2, 155 W/m2 on cloudy days.

The rest of the values are assumed, estimated, or modeled. For instance, the 390 W/m2 from the surface is computed (not measured) assuming a temperature of 15°C and an emissivity of 1.

Inconsistencies

The IPCC claims that the Earth receives about 240 W/m2 which should produce a surface temperature of about –19°C. Using the Stefan-Boltzmann Law (see the Notes below) with an emissivity of one, 240 W/m2 produces an expected blackbody temperature of -17.93°C. Using the same equation, –19°C is associated with 236 W/m2. Also notice that in the diagram, the outgoing IR radiation is 235 W/m2, not the 240 W/m2 specified in the IPCC text.

The IPCC continues with

"Instead, the necessary –19°C is found at an altitude about 5 km above the surface."

This is totally misleading since –19°C layers are found at four different altitudes above the surface. Specifically, the troposphere, the stratosphere, the mesosphere, and the thermosphere each has a layer of gas at the exact same temperature. Questions - Which of these layers is emitting IR radiation toward space? Would it be the one closest to space? Or the one closest to the surface? Based on the fact that the atmosphere is -2.5°C at 47 km (at the stratopause), this implies that –19°C at 5 km is irrelevant.

In the same paragraph, the IPCC claims

"the global mean surface temperature is about 14°C"

Well, 14°C produces blackbody radiation of 385 W/m2 and the image shows 390 W/m2 (which would be associated with a surface temperature of 15°C). This is actually a larger error than that, assuming an emissivity of 90% (seen in several references), the outgoing radiation should be 347 W/m2 for a 14°C surface.

In my opinion, these inconsistencies are not trivial and should be corrected or explained. If the basic background explanations contain errors (uncertainties) of 40 W/m2, then why would anyone accept an analysis that suggests that anthropogenic CO2 forcing will produce an increase of about 2 W/m2?

Heat from atmosphere

Based on Figure 1, the total IR radiation out of the atmosphere is 

165 + 324 = 489 W/m2 -> 32°C, 89°F

This is obviously a wrong interpretation, there is no way that the atmosphere has an average temperature of 32°C when the average surface temperature is only 15°C.

Most of the related papers suggest that a better interpretation is to assume that 50% is radiated up and 50% radiated down, providing an expected temperature of -16°C. However, this also requires assuming that the atmosphere is optically thick. 

In Clemenzi (2009)[3], I argue that the analysis of the stratosphere should be separated from the troposphere/surface analysis. In keeping with that approach, the 67 W/m2 labeled as "Absorbed by Atmosphere" in Figure 1 should be assumed to be absorbed by only the stratosphere. Of the 165 W/m2 emitted from the atmosphere, that 67 W/m2 should be assumed to be emitted from the mesopause and tropopause combined. The remaining 165-67=98 W/m2 emitted from the atmosphere comes from the tropopause and from the cloud tops.

In this scenario, the heat released from the tropopause has the spectral distribution of water vapor and the heat from the cloud tops, because it is mostly latent heat released via condensation, has the blackbody spectral distribution associated with the local temperature.

Absorptivity and Emissivity

For real objects, Stefan's equation contains adjustments for absorptivity and emissivity. Apparently, these were not used in producing Figure 1. For instance, assuming an emissivity of 0.90, a 14°C surface should produce IR radiation of 346 W/m2, not the 390 W/m2 shown in Figure 1. (A 15°C surface would produce 351 W/m2.) Even though the emissivity of water is typically given as 0.95 and ice is given as 0.97, I have assumed 0.90 for the planet as a whole because land, trees, etc. have much lower values and because I want to make a point. Specifically, when emissivity is considered, the 390 W/m2 in the diagram indicates a surface temperature of more than 22°C, not the 14°C claimed by the IPCC.

390 / 0.90 = 433 W/m2  ->  22.6°C, 89°F

Most Global Warming papers use Stefan's equation with an emissivity of one to indicate what the expected temperature of the surface would be without the Greenhouse effect. However, since the temperature of a real body is determined by the ratio of absorptivity to emissivity and not just the amount of available power, these calculations give unrealistic values. For instance, when designing satellites and other spacecraft, it is common to select materials where solar absorptivity does not equal thermal emissivity in order to control the temperature of the instrument package.[4, page 157] (That is, the materials absorb energy in one frequency band more or less efficiently than they emit energy in another band.) This same difference in the ability to absorb and emit radiation applies to the Earth and its atmosphere.

An alternate analysis

Because gases emit radiation in specific spectral bands, their emissivity with respect to the blackbody ideal is significantly less than one. To further complicate the analysis, the emissivity depends on the temperature of the gas and the local concentration. Unfortunately, I have not been able to find specific numbers for CO2 or water vapor.  (Supposedly, this can be computed from the HITRAN database, but I have not been able to find enough information to do that either.)

Because I have guessed at the emissivity values, the analysis presented below is not correct, but it is the type of analysis I want to see before accepting anything the IPCC says. The temperatures of the tropopause and the mesopause come from the Standard Atmosphere 1976[5]. The following model is based on the assumption (swag) that the combined emissivity of CO2 and water vapor is 90%.

Assuming an emissivity of 0.7 for water vapor at the tropopause 

-56.5°C, -69.7°F -> 125 W/m2 * 0.7 = 87 W/m2

Assuming an emissivity of 0.2 for CO2 at the mesopause 

-86°C, -123°F -> 69 W/m2 * 0.2 = 14 W/m2

Based on these estimates and the theory explained in Clemenzi[3], the following enumerates the heat released to space

· 14 W/m2 - Mesopause

· 87 W/m2 - Tropopause

· 78 W/m2 - Cloud tops (Figure 1 only says 30 W/m2)

· 40 W/m2 - Surface

for a total of 219 W/m2 (close to 235 W/m2, the value given in Figure 1).

Granted, the emissivities used above are just guesses. To make these approximations, I simply assumed that there are a lot of spectral lines for water, and a lot fewer for CO2. I also assumed that all of the 78 W/m2 attributed to evaporation were released as heat at the top of the clouds instead of the 30 W/m2 shown in Figure 1. It is highly likely that I have underestimated the water vapor emissivity. CO2 is an interesting problem because its emissivity apparently increases as the temperature decreases. As a result, I have probably under estimated its emissivity at the mesopause and over estimated it in the troposphere. In addition, the total atmosphere emissivity is probably a lot lower than 90% (from Figure 1, 1-40/390 = 0.90). But, even with these issues, it is still a better model than what the IPCC provides.

CO2 emissivity

The model above assumes a CO2 emissivity of 0.2 so that the sum of CO2 and water vapor adds to 0.9. However, this is a bad assumption for the mesopause. Because of the low temperature, a better value might be 0.5 providing 34 W/m2 of emission.

-86°C, -123°F -> 69 W/m2 * 0.5 = 34 W/m2

Unfortunately, the references don't provide enough information to know if these are a reasonable numbers.

Basically, I am suggesting that the actual emissivity requires convolving the absorption spectra with the blackbody emission envelope and then computing a percentage of the total. Since the peak blackbody emission frequency decreases with a decrease in temperature, the relative emissivity of CO2 should increase as the temperature drops from 15°C, reach a peak, and then start to drop after some critical temperature is reached. Using Wien's displacement law, a peak at 15,000 nm (near the main CO2 peak) is associated with a temperature of 193 K (-80°C), very close to the actual mesopause temperature of -86°C. (This may be more than just a coincidence - it may suggest a feedback that helps control the mesopause temperature.)

Assuming that energy is emitted from only the tropopause, the mesopause, cloud tops, and the surface (i.e, there is no radiation emitted from the bulk of the atmosphere because it is opaque at the Greenhouse gas frequencies), the following equation indicates the energy emitted by each.

 34 (mesopause) + 87 (tropopause) + 74 (latent heat) + 40 (surface) = 235 W/m2

The remaining 4 W/m2 of latent heat would be returned to the surface via condensation - dew, fog, frost. (I have not found any studies to justify this assumption.)

Reflected Energy

Figure 1 indicates that (165 + 324) = 489 W/m2 are emitted from the atmosphere as IR radiation. (For this analysis, the latent heat from the cloud tops and energy from the surface are ignored because they do not depend on the temperature of the atmosphere.) Separating the energy emitted from the stratosphere system (67 W/m2) from the energy emitted from the troposphere leaves a total of 422 W/m2. Still assuming a total emissivity of 0.90, Stefan's equation indicates that the average atmospheric temperature would be 29°C (83°F). While this is a little cooler than 32°C (89°F) computed from the entire atmosphere, it is still way too high. In the same way that mirrors are able to reflect significant amounts of heat without getting warm, I am suggesting that some of the radiation is reflected ... not absorbed and re-emitted. 

The actual amount of energy reflected can not be determined without measurements. Since it is frequently claimed that approximately one half of the planet is covered with clouds (62% in [2]), I will simply assume that these reflect one half of the surface radiation back to the surface. That means that only 

350/2 + 24 + 78 - 30 = 247 W/m2

247 W/m2 (which corresponds to a temperature of -16°C) are actually absorbed in the troposphere. Assuming that (34 + 87 - 67) = 54 W/m2 of these are emitted from the tropopause, and that (165 - 67 - 54) = 44 W/m2 escape to space from the troposphere, that leaves 149 W/m2 to return to the surface via IR emission (the rest of the 324 W/m2 being reflected).

This has an interesting consequence - if only 50% of the available energy is absorbed, then the absorptivity drops from 0.90 to 0.81.

(350/2) / (390 - 350/2) = 0.81

This is important - if a large fraction of the heat from the atmosphere is from reflection from the bottoms of the clouds instead of emission from a hot atmosphere, and if that is not considered in the analysis, then the computed contribution of CO2 to the Greenhouse effect needs to be reduced by an appropriate amount. 

Granted, I have made up these numbers. However, they make sense and, if even close, they indicate that the amount of energy returned to the surface via IR absorption followed by IR re-emission is significantly less than what the IPCC suggests. These computations indicate that the maximum effect that CO2 could have is less than half of what is suggested. 

Another Model

The "Reflected Energy" model presented above assumes that the numbers in Figure 1 are based on measured values (and some of them are). However, if it is assumed that the upwelling surface radiation of 390 W/m2 is wrong, another analysis makes more sense. Assuming a 15°C surface with 0.90 emissivity  produces 351 W/m2. Considering the sensible heat (24 W/m2) and the 40 W/m2 that escapes to space

351 + 24 - 40  = 335 W/m2

indicates that 335 W/m2 (which corresponds to a temperature of 4°C) are actually absorbed in the troposphere. Assuming that 324 W/m2 return to the surface, that leaves 11 W/m2 for other. The number of watts from the troposphere that are emitted from the tropopause is  (34 + 87 - 67) = 54 W/m2 (based on an assumed CO2 emissivity of 0.50 at the mesopause). According to Figure 1, there are 78 W/m2 of latent heat left to consider.

78 + 11 - 30 - 54 = 5 W/m2

This leaves about 5 W/m2 of latent heat unaccounted for, close enough for a model this crude.

Note that some of the numbers in Figure 1 were determined by simply balancing the energy equations and not by direct measurements. The 30 W/m2 from the tops of the clouds was just a guess. Other values were not shown. For instance, Kiehl and Trenberth (1997) state that the measured downward longwave forcing due to clouds (46 W/m2) is due to blackbody radiation (implying a cloud temperature of -104°C). In addition, they make no adjustments for reflection or for emissivity.

Of course, if only 351 W/m2 were emitted by the surface, the downwelling energy would have to be decreased to 285 W/m2 and an additional 39 W/m2 would be emitted from probably the top of the clouds.

30 (from Figure 1) + 39 = 69 W/m2 (from the cloud tops)

It all depends on if the downwelling energy is measured or computed.

The point is that the published numbers are close enough that they could fit the alternate Greenhouse theory presented in Clemenzi [3].

Kiehl and Trenberth (1997) Paper

The paper by Kiehl and Trenberth (1997)[2] discusses the values in Figure 1 in detail. It is quite clear that they treated the atmosphere as a single absorber and ignored the energy emitted from the mesopause and the tropopause. For instance, they noted that the CO2 "absorption" spectrum seen from satellites shows an obvious lack of saturation. Then they used this observation to support their position that adding more CO2 to the atmosphere will cause Global Warming.

If they had used the model presented by Clemenzi[3], they would have realized that the CO2 spectra is actually an emission spectra from the mesopause and that this spectra is visible because CO2 is not saturated above this altitude. However, below 86km, CO2 is completely saturated. 

Figure 3 of Kiehl and Trenberth (1997) clearly shows that 100% of the CO2 emission is from above the cloud level, yet they seem to have missed this important point. In addition, they computed the radiative forcing due to CO2 based on this misinterpretation of the data.

Figure 5 of Kiehl and Trenberth (1997), which shows the difference in downward energy absorbed with and without clouds, clearly shows that the UV/Vis and shortwave IR radiation from the Sun that is absorbed by water vapor is not affected by the presence of clouds. They interpret this data to indicate that the clouds are transparent at those frequencies. I interpret this to mean that those frequencies are absorbed above the cloud layer and that, therefore, the troposphere (where the water vapor concentration increases) is opaque at those frequencies.

Their paper also states that the total radiative forcing is 155 W/m2 while Figure 1 shows 324 W/m2 being returned to the surface. This discrepancy is never discussed.

390 (from the surface) - 235 (released to space) = 155 W/m2

If the atmosphere is treated as having separate layers, and the 67 W/m2 absorbed by the stratosphere (and emitted by the layers above and below it) are removed, then the correct radiative forcing value should be 222 W/m2.

390 - (235 - 67) = 222 W/m2

This simple change completely changes the discussion and understanding of the Greenhouse effect.

Absorptivity and Emissivity - Part 2

This is never explicitly stated, but ... because most Greenhouse gases absorb in UV, Near-IR, and Far-IR spectral bands, but only emit in the Far-IR, their absorptivity over emissivity ratio is always greater than one and, therefore, the equations indicate that an increase in these gases will increase the temperature of the atmosphere. However, there are a few important points

1. All the solar absorption is in the tropopause or above

· Therefore, any increase in gas concentration will have no effect at the surface.

2. The Greenhouse gases are already saturated at the tropopause

· Therefore, since there is no more energy to absorb, there can not be a change in temperature

3. Even if the gases were not saturated, the additional heat absorbed is significantly less than the heat obtained from other sources 

· In the stratosphere system, ozone absorbs the majority of the heat from the Sun. As a result, water vapor and CO2 provide a net cooling effect. Below saturation, adding more of either would just enhance the cooling. Above saturation, adding more has no effect.

· If some solar heat was absorbed below the tropopause, the sensible and latent heat from the surface would be significantly more than what an increase in Greenhouse gases could absorb and, therefore, would enhance the cooling or have no effect as in the stratosphere.

Discussion

Based on Figure 1, the total heat absorbed by the troposphere is 452 W/m2 while the heat absorbed by Greenhouse gases is 350 W/m2. As a direct result, it is obvious that Greenhouse gases in the troposphere release 29% more heat than they absorb. From this, it is obvious that Greenhouse gases cool the troposphere. (The IPCC says that they warm the atmosphere.)

However, there are a lot of missing details. I strongly suggest additional research (measurements) to determine what is actually happening.

On a side note, it is frequently claimed that the surface temperature would be -19°C in the absence of the Greenhouse Effect. Based on the data presented in Figure 1, I suggest that if the surface was heated by only the 168 W/m2 shown in the drawing that would yield an expected surface temperature of -40°C. This interpretation indicates that the Greenhouse effect actually warms the surface by 55°C and not the 33°C seen in most sources.

Conclusions

There are significant inconsistencies in the IPCC documents. It also appears that emissivity, the heat reflected from clouds, and the fact that energy is emitted from the mesopause are not considered in their analysis. Until these issues are addressed, the IPCC conclusions should not be used by the United States government to establish policy.

Notes

Power (W/m2) and temperature are associated using Stefan's equation (aka the Stefan-Boltzmann Law)


P * (1-Albedo) * absorptivity = s * T^4


P = s * T^4 * emissivity

Some references treat absorptivity as a part of the albedo.

When the absorptivity is not equal to the emissivity (assuming that the albedo is already accounted for), the following equation will determine the actual temperature from the ideal blackbody expected temperature.

Tact = Texp * (absorptivity / emissivity )^1/4

Shortwave IR is also known as Near-IR.

Longwave IR is also known as Far-IR or thermal IR.
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