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Abstract

The existence or non-existence of the so-called atmospheric greenhouse effect continuously dom-
inates the extremely emotional discussion about a human impact on global warming. Most scien-
tists agree with the fundamental greenhouse theory, but like their opponents they are missing a
reliable experimental verification of this effect. Measurements at the open atmosphere are too
strongly affected by perturbations to quantify the relatively small contribution of greenhouse
gases to local heating of the air or the Earth's surface. Therefore, we have developed an advanced
laboratory set-up, which allows to largely eliminate convection or heat conduction and to repro-
ducibly study the direct influence of greenhouse gases under similar conditions as in the lower
troposphere. We measure the additional warming of a pre-heated plate due to back-radiation of
the greenhouse gases carbon dioxide, methane and nitrous oxide as a function of the gas concen-
tration, and we derive from the observed warming the radiative forcing of these gases. The meas-
urements are well confirmed by radiation transfer calculations and underline that there exists no
climate emergency.
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1. Introduction

The very first explanation of the atmospheric greenhouse effect (GHE) goes back to Jean-Baptiste
Joseph Fourier in 1824 [1], who was studying the Earth's energy budget to explain the surface
temperature. He was inspired by the hot box of Horace-Bénédict de Saussure consisting of an
isolated compartment with several glass windows, which in the inside is strongly heated up by
the transmitted solar radiation. Fourier assumed that the atmosphere is acting similar to the glass
windows, transparent for the solar radiation but blocking the infrared (IR)-radiation emitted from
the ground. Heat exchange with the environment by convection or heat conduction was largely
neglected in this model.

First quantitative measurements with IR absorbing gases like water vapor or carbon dioxide (CO5)
go back to Tyndall (1861) [2]. He described the GHE by comparing the atmosphere with a dam
built across a river and causing a local deepening of the stream; in a similar way should the
atmosphere act as a barrier to radiation from the Earth, thus, producing a heightening of the tem-
perature at the Earth’s surface. Although he could study the absorptive and emitting behavior of
these gases, he had no direct evidence for a GHE.

Within the second half of the 19th century fundamental relations for the interaction of radiation
with matter were formulated, e.g., Kirchhoff's law of thermal radiation (1859) [3], the Stefan-
Boltzmann law (1879) [4, 5] or Planck's radiation law (1900) [6], which form the theoretical basis
of the GHE. First calculations with a still strongly simplified climate model go back to S.
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Arrhenius (1898) [7], who already considered ice-albedo feedback in his model and found a CO,
climate sensitivity (temperature increase at doubled CO; concentration) of 5 - 6°C. Since this time
there existed continuous trials to confirm or to refute the GHE by more or less simple laboratory
experiments. Direct measurements at the atmosphere are too strongly affected by convection, tur-
bulence or scattering effects to quantify the relatively small contribution of greenhouse molecules
to any local warming of the air or the Earth's surface.

One of the frontier experimental investigations was performed by R. W. Wood (1909) [8], who
used two boxes containing regular air. One box was covered with a glass window transparent for
sun light, but blocking IR-radiation, the other covered with a NaCl window transparent also for
IR. His measurements showed significant warming of the interior but no or only a negligible
temperature difference between the boxes. From this Wood and other author repeating his exper-
iment (e.g., Nahle 2011 [9]) concluded that infrared radiation, which can escape through the NaCl
window, will not contribute to heating or only with an insignificant amount, while the observed
temperature increase in both boxes - different to Fourier's interpretation - is exclusively explained
due to the blockage of convective heat transfer with the environment and not related to any kind
of trapped radiation.

But experiments recording the temperature at the floor and ceiling of the interior, rather than
looking only to a single temperature for each box, measure a 5°C larger floor to ceiling decline
for the salt rock box than the glass box, while the bottom of the boxes have almost identical
temperatures (V. R. Pratt 2020 [10]). These results are principally confirmed with a slightly dif-
ferent set-up using an internal electric heating instead of external light sources (E. Loock 2008
[11]). Such heating avoids differences in the incident radiation, which otherwise has to transmit
windows of different materials and losses. A higher temperature of 2.5 - 3°C could be found for
the glass box, and replacing the glass by a polished aluminum foil the temperature even rises by
additional = 3°C.

While the Wood-type experiments can answer the question, if and how far a reduced IR-
transmissivity can contribute to warming of a compartment, respectively the troposphere, it gives
no information about the interaction of greenhouse gases with IR-radiation. Thus, it still remained
the question, to which extent such gases at least partially can withhold IR-radiation and how far
simple absorption by GH-gases or the highly disputed back-radiation might contribute to addi-
tional warming of the floor. Such studies require to fill one compartment with the gas to be in-
vestigated and to compare this with a reference measurement using air or a noble gas.

Meanwhile different approaches have been carried out, partly with external irradiation or with
internal heating (see, e.g., Loock [11]), partly measuring the gas temperature or the IR radiation
in forward and backward direction (Seim & Olsen 2020 [12]). But either no warming was detected
or, after closer inspection, the observed temperature increase could not be attributed to an IR-
radiation effect.

Unfortunately, some fake demonstrations with apparent temperature differences of more than
10°C are presented in the internet, which allegedly reveal the strong impact of the greenhouse
gases (see, e.g., Ditfurth 1978 [13). However, closer inspection shows that the higher temperature
is mainly caused by a stratification effect combined with an increased isolation, when heavier
CO; is filled from the bottom into the compartment (M. Schnell 2020 [14]). And really problem-
atic is, when the co-recipient of the 2007 Nobel Peace Prize initiates a web-based campaign with
multiple advertisements on television, focused on spreading awareness for a climate crisis and as
"evidence" presents a completely unrealistic and unreproducible video experiment of the GHE
(Al Gore's Climate 101 video experiment, 2001 [15]), which meanwhile has been falsified by
several revisions (A. Watts 2011 [16]; J.-E. Solheim 2016 [17]). It is a dirty propaganda using
such a manipulated experiment to spread fear around the word and to indoctrinate our society
with the message that we can only rescue our Earth by stopping all future emissions of greenhouse
gases. This undermines any serious attempts to discuss and analyze the expected influence of GH-
gases on our climate. Political imaginations, speculations or religious faith are no serious
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consultants to ensure a prosperous future, our knowledge and technical progress is based on sci-
entific principles.

Therefore, it is time to stop the endless speculations about the disastrous implications of an at-
mospheric GHE and to concentrate on reliable investigations, which allow to quantify the size
and limiting impact of GH-gases on global warming caused by anthropogenic emissions of fossil
fuels.

In this contribution we present an advanced experimental set-up, which to a large extent allows
to eliminate convection or heat conduction and to reproducibly study the direct influence of green-
house gases under similar conditions as in the lower troposphere. In Section 2 we present the set-
up, which different to other experiments uses a heated plate as radiation source and simultane-
ously as sensitive detector for the back-radiation from GH-gases. We measure the increasing tem-
perature of this plate or, alternatively at stabilized temperature, the energy saving due to the back-
radiation. Section 3 describes the theoretical concept for analyzing and evaluating the experi-
ments. Section 4 contains some preliminary studies for the validation and calibration of the meas-
uring system, and Section 5 presents our measurements together with an evaluation of the data,
from which the radiative forcing of the gases CO,, CHs and N>O can be derived. Our results are
discussed in Section 6 and Section 7 gives a summary with future perspectives.

2. Experimental Set-Up

For our studies we use an experimental set-up, which consists of two plates in a closed housing,
one plate heated to 30°C, the other cooled to -11.4°C (Fig. 1). The plates have a distance of 1.11
m to each other, and the tank can be filled with different gases to study the radiation transfer
between the plates in the presence of the GH-gases.
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Figure 1: Schematic of the experiment set-up.

Different to other experiments, no light sources from visible to mid IR are used, only the radiation
emitted by the two plates and interacting with the gases is considered. This simulates conditions
for the radiation exchange similar to the Earth-Atmosphere-System (EASy) with the warmer
Earth's surface and the colder atmosphere. It also avoids any problems caused by an inappropriate
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spectral range of an external source, which produces a lot of waste heat in the compartment and
the windows, but is not well matched to the absorption bands of the GH-gases, and thus signifi-
cantly reduces the measurement sensitivity (see also Section 3).

With increasing concentration of the GH-gases the radiation balance between the plates is chang-
ing and can sensitively be measured as a further increasing temperature of the warmer plate and/or
a further cooling of the cold plate. Here we restrict our investigations on recording the temperature
variation of the heated plate as a function of the GH-gas concentration in the tank, or alternatively
controlling the electric power required to stabilize the temperature of this plate to 30°. In analogy
to a presumed warming of the Earth's surface by the atmospheric GHE we designate the warmer
plate as the earth plate, which simultaneously is acting as source and sensor for IR-radiation.

Any flows, which are not part of the radiation exchange must be prevented or minimized by ap-
propriate measures. Fig. 1 shows the schematic set-up and the most important components; for
further details, see Appendix 1. Their vertical installation, with the earth plate in the top position,
ensures a stable gas stratification during gas injection and prevents vertical heat exchange by
convection.

Heat conduction, both along the compartment walls or by the gas, cannot be prevented but mini-
mized. The earth plate is fixed in isolation and located in a hemispheric cover (dome) with almost
identical temperature. The dome is wrapped with a vinyl tube on the outside (Appendix 1) and
water at a constant temperature of 30.0 £ 0.1°C, controlled by an electric heating, flows through
this hose. This arrangement is essential for our investigations and ensures that there is almost no
heat conduction in this section. The heated dome guarantees good thermal insulation of the earth
plate, but is also an important orientation aid for the evaluation of the experiments. It has a pol-
ished stainless-steel surface, which makes it largely insensitive to thermal radiation.

When adding a GH-gas the back-radiation of the gas is measured as increasing temperature of the
black colored earth plate relative to the dome temperature, or as reduced electrical power for
heating the plate. For the calibration of the different temperature sensors, see Appendix 2.

From the outset, the earth plate together with the dome has the highest temperature. This results
in a small, unavoidable heat flow from the earth plate to the tank walls and the cold plate, sup-
ported by the gases. Any impact of this heat conduction, which inherently is very small, is checked
by control measurements with noble gases of comparable heat conductivity (Appendix 3). The
preparation and realization of a measurement together with the data registration system is de-
scribed in Appendix 1.

3. Theoretical Basis of the Greenhouse-Effect and Data Analysis

In this section we summarize the physical background of IR-radiation interacting with the GH-
gases. As example we consider the interaction with CO, molecules, this with particular emphasis
to the radiation transfer in the gas and the back-radiation to the earth plate. The presented theo-
retical concept allows to precisely simulate the GHE under the given experimental conditions,
and it forms the basis for a quantitative analysis of the measurements.

3.1 Spectral Properties of CO:

The spectral range relevant for the interaction of longwave (lw) radiation with infrared-active
molecules is determined by the Earth's surface temperature, or here, the temperature 7z of the
earth plate. The spectral intensity of a black body at temperature Tz (in units of Kelvin) is given
by Planck's radiation law [5] as a function of the wavelength A (in um):

27-h-c? 1
I = =635 0% (ky Ty A)
(A-107°) ¢ BE ]

107 [W/m?/pm], (1a)
with 4 = 6.626-10* Ws? as Planck's constant, ¢ = 2.998-10® m/s as vacuum speed of light and
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kz=1.381-10% J/K as Boltzmann's constant.

In wide areas of spectroscopy, it is more common to present spectroscopic data in reciprocal
wavelengths V=1/A and in units of cm™’. This corresponds to a frequency scale v = ¢/4, divided
by ¢ and is designated as wavenumbers. The respective Planck distribution then takes the form:

1

= . . 2 . ~3
117 =27-h-c"-v eh~c~17~100/(kB~TE) _

1 10° [W/m?/em™ |. (1b)

Fig. 2 shows the emitted spectral intensity (Blue Line) of the earth plate at 7z = 30°C (303.15 K).
Within this spectral range CO, with its different isotopologues possesses more than 30,000 lines
with a spectral line intensity larger 102° cm/molecule (for definition, see e.g., Rothman et al. 2008
[18]; Harde 2013, Subsec. 2.2.2 [19]), and even the most frequent isotopologue '?C'°O, with an
abundance of 98.89 % holds 12,400 lines.

By far the strongest absorption band with spectral line intensities up to 3.3-10'® cm/molecule is
centered around 2,400 cm™ (A4 ~ 4.25 pm). But at these wavenumbers the emitted spectral inten-
sity of the earth plate is hundred times smaller than at its maximum. So, this absorption band
cannot contribute more than 0.75% to the total absorption. The dominant interaction with ro-
vibronic transitions of the CO, bending oscillation happens around v = 670cm™" (4 = 15 um),
although the spectral line intensities and thus the respective absorption coefficients are roughly
30x smaller than the stronger lines at 2,400 cm™. Plotted in Fig. 2 is the calculated spectral inten-
sity transmitting a gas sample of 20% CO; in dry air at a constant temperature of 20°C and over
a distance of 111 cm (Plum colored). The semi-transparent wings of this absorption band (Gray)
together with the weak bands around 1,000 cm™ and 2,100 cm™ are only partly contributing to a
further slowly increasing absorption with inclining CO, concentration (all concentration specifi-
cations in this contribution are relating to the volume).
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Figure 2: Spectral intensity radiated by the earth plate at Tr =30°C (Blue Graph) as a function of
wavenumbers. Transmission of initial radiation through 20% CO: in dry air at a temperature of 20°C
and over a pathlength of 111 cm is shown in Plum color.

For these calculations we use the program-platform MolExplorer (Harde & Pfuhl, 2012 [20]) with
access to the HITRAN-database (Rothmann et al., 2009 [18]) and applying Lambert-Beer's law
with an exponential decline of a spectral component 7, (0) over a layer thickness z:

_ )z
I;(z)=1;(0)-e , )

where @(V)=)_ & (V)represents the effective spectral absorption coefficient, expressing the

Science of Climate Change https://doi.org/10.53234/s¢c202203/10



H. Harde, M. Schnell: Verification of the Greenhouse Effect in the Laboratory

difference between induced absorption and induced emission processes and summed over all lines
i with transitions n — m at wavenumber v. We note that different to the spectral radiance 1, , (z)
for the spectral intensity /,(z) = j] »0dQ =71, , as integral over all propagation directions within
one hemisphere, the mean pathlength of radiation to cross a layer-thickness L in z-direction (per-
pendicular to the emitter surface) is twice this depth (see Harde [19], Subsec. 3.2). This is the
case for atmospheric layers, and this also holds in good approximation for a set-up as used here,
where the radiation suffers from multiple reflections at the walls, before it is absorbed at the cold
plate.

Under these conditions the total absorption by the gas sample is 16.2%. In the atmosphere with a
CO,-concentration of 400 ppmv and neglecting interference with water vapor lines this corre-
sponds to an atmospheric layer thickness of 555 m. But to make this clear, in both these cases the
forgoing considerations and the graph in Fig. 2 only describe the fraction of incident radiation
which is absorbed and released as heat in the gas, but it does not consider any eigen-radiation of
the gas, which is superimposing the incident radiation and modifying the observed radiation and
energy balance.

A complete and realistic simulation of measurements with a set-up as described in Section 2 re-
quires to include this emission, which appears in the same spectral range as the earth plate radia-
tion and which can significantly reduce the effective absorption losses, can modify the spectral
distribution and is the origin of new up- or down-welling radiation. A first consideration of such
Radiation Transfer (RT) - although dealing with radiation in the solar atmosphere - goes back to
Schwarzschild (1906) [21].

3.2 Radiation Transfer

3.2.1 Thermal Emission of a Gas

Atoms and molecules are not only absorbing on their resonance transitions, they also emit on
these transitions, well known as spontaneous emission. While the mean lifetime of an electroni-
cally excited state typically lies in the nanosecond regime before such an emission on a visible or
ultraviolet transition to a lower lying state takes place, the lifetime of ro-vibronic states with tran-
sitions in the IR or far-IR range easily attains milliseconds to seconds. At regular atmospheric
conditions then de-excitation due to collisions with buffer gases (N> and O- - superelastic colli-
sions of 2nd type) at collision rates in the GHz-range is much more probable, and the absorbed
energy of the incident radiation is no longer re-emitted but transferred into kinetic energy and
released as heat in the gas. Fig. 2 was calculated for such conditions.

Indeed, can this behavior be observed and is quite successfully used for one of the most sensitive
detection methods for trace gases in the atmosphere, the photo-acoustic effect (Wolff & Harde
2003 [22]; Harde et al. 2010 [23]): The incident radiation resonantly interacting with the mole-
cules, is modulated and the periodically generated heat is detected as acoustic wave by a micro-
phone. But often is such heat transfer misinterpreted in a way that any radiation of GH-gases in
the troposphere, particularly back-radiation, is completely quenched. This is by far not the case.

Different to electronic states the lower lying ro-vibronic levels can also be populated by inelastic
collisions (collisions of 1st type) with an excitation rate (from lower level n to upper level m):

_hcv,, 100

Cnm :&e kTG Cmn’ (3)
8,

which is proportional to the transition rate C,, due to superelastic collisions and proportional to
the Boltzmann-distribution with 7 as the gas temperature, 7 as the transition wavenumber and

g; as statistical weights of the involved states (see also, Harde 2013 [19], eq. 36). This continuous
re-population of an excited state by inelastic collisions also ensures radiative transitions, which
occur independently from any collision induced transitions (see, Harde [19], Subsec. 2.5). This
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spontaneous emission of molecules defines the thermal radiation of a gas. Because of its origin
this radiation only exists on discrete frequencies, given by the transition frequencies and the lin-
ewidths of the transitions. But on these frequencies and over longer paths the radiation strength
is the same as that of a blackbody radiator, and at thermal equilibrium it is only controlled by the
gas temperature 7.

Such thermal or background radiation in the atmosphere has been observed as upwelling radiation
by satellites (Tobin 1986 [24]) and as downwelling radiation at ground-stations (Arnott 2008 [25];
Feldmann et al. 2015 [26]). This excludes any doubts on the existence of this radiation also under
conditions as found in the lower troposphere (see also Harde 2013 [19], Figs 21 and 22).

3.2.2 Schwarzschild-Equation

As the emission on a spectral line is directly related to the absorption strength on this transition,
the spontaneous or thermal emission of the gas can be shown to be proportional to the absorption
coefficient @, (V) on this line and the Kirchhoff-Planck function B, (7, (z)) , which is of the same
type as (1b), but describes the spectral intensity of the gas at temperature 7 and position z. Over
shorter distances dz then changes in the spectral intensity 7, (z) of the incident radiation can be
expressed as a modification of Lambert-Beer's law (in differential form) with an absorption and
emission term:

M=2.5(\7,2)<_IV(Z,TE)"'BV(TG(Z)))' )
z

This is the Schwarzschild-equation for the spectral intensity, derived under conditions of a local
thermal equilibrium in the gas (cf. Harde [19], eq. (92)). It describes the radiation transfer in the
gas in the presence of absorption and thermal emission. The factor 2 again accounts for the mean
pathlength of radiation to cross the layer thickness dz.

In general, the density of the gas, the total pressure and the temperature are changing over the
propagation path. Thus, (4) has to be solved stepwise for thin layers of thickness 4z, over which,
a(v,z)and B, (T, (z)) can be assumed to be constant (see Fig. 3).

Igl I TGi+1’ (71'+1(;), Bg—l(TGiH)

I 1 T.. @), BuTY)

1;-11 T, @), BT Az

Figure 3: Stepwise calculation of the spectral intensity for the radiation transfer in a gas.
Integration of (4) for the i-th layer with initial conditions from layer i-1 then gives:
[L(Az)=I5e@ (T2 L BLTE ) (1% (7). (5)

The first term in (5) describes the transmission of the incident spectral intensity over the layer
thickness, while the second term represents the self-absorption of the thermal background radia-
tion in forward direction and is given by the spontaneous emission of the layer into one hemi-
sphere.

3.2.3 Some First Consequences

A special case of RT is given, when the gas has the same temperature as an internal or external
blackbody radiator. Then, from (4) or (5) we directly see that the outgoing intensity is the same
as the incident intensity. Changes can only be expected, when Tr and T are different and/or T
varies over the pathlength.
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This already explains, why it is difficult to verify the GHE when only looking to the gas temper-
ature. Net absorption and thus heating of the gas by incident radiation only takes place as long as
the respective spectral intensity on the molecular transitions is larger than the eigen-radiation of
the gas on these lines. When this has equalized, no further net exchange happens, and in this sense
RT in the gas acts similar to heat conduction and convection equalizing local temperature differ-
ences.

A larger local and global warming of a GH-gas is also restricted by its own radiation. This limits
the effective absorption from an IR or visible light source and impedes distinction of this contri-
bution from the dominating waste heat released by these sources. All this is further aggravated in
the presence of heat conduction and convection in a typical set-up.

A prerequisite for the observation of the GHE in the atmosphere and in the same way in a labor-
atory experiment is a temperature gradient in the gas, otherwise no net changes in the radiation
balance can be expected.

3.2.4 Forward-Radiation

Fig. 4 shows a Line-By-Line-Radiation-Transfer (LBL-RT) calculation for 20% CO- in air over
111 cm. But different to Fig. 2 varies the gas temperature over the propagation length from 30°C
at the earth plate to —11.4°C at the cooled plate. This corresponds to a lapse-rate of 0.373°C/cm
over the gas column. The emitted radiation of the earth plate is indicated as Blue Graph on a
yellow background, the transmitted spectral intensity in front of the cold plate is displayed in
Plum, and the weak absorption bands as well as the semitransparent wings are plotted in Grey.
The significantly lower absorption with 5.2% compared to Fig. 2 with 16.2% is obvious and is
the result of the eigen-emission of the gas.
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Figure 4: LBL-RT-calculation for 20% CO: in air over 111 cm for a lapse rate of 0.373°C/cm. Plot-
ted is the blackbody radiation for 30°C (Blue-Yellow) and the transmitted spectral intensity (Plum-
Gray).

This calculation is based on (5) and was performed with a layer thickness of Az =1 cm. For each
layer the spectral changes of more than 12,000 lines with their pressure and temperature depend-
ent linewidths have to be calculated to finally derive the transmitted intensity after 111 calculation
steps. The pressure in the tank was assumed to be constant and the gas density considered to
change according to the ideal gas equation.

Fig. 4 reproduces conditions as recorded by satellites (Tobin 1986 [24]) measuring the upwelling
radiation or forward scattering, which is characterized by the typical funnel around 670 cm™. In
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this spectral range is the incident radiation completely absorbed (see Fig. 2), and the observed
intensity only results from thermal emission of the gas at reduced temperatures close to the lower
plate. In this case the gas first absorbs 73.6 W/m? from the incident radiation of 479 W/m? (inte-
gral over the spectral intensity) and emits again 48.5 W/m?, while a difference of 25.1 W/m?
remains in the gas volume and can contribute to warming and/or radiation, as long as this is not
lost at the walls.

To detect the forward or upwelling radiation is one way to verify the GHE, the other approach,
we prefer in this contribution, is to measure the downwelling or backward radiation. In analogy
to the terrestrial radiation we define the propagation from the warmer to the colder plate as posi-
tive z-direction and as upwelling radiation, although our set-up is just upside-down to EASy.

3.2.5 Back-Radiation

We have to remind that a full radiation balance has not only to consider the emission of the earth
plate and the interaction with the gas but also the radiation emitted by the cold plate, which is
propagating in anti z-direction through the gas towards the warmer plate. Thus, to simulate the
RT for this case, we start with the spectral intensity emitted from the cold plate at 7c = —11,4°C
=261.75 K and calculate the propagation through the gas cloud for a negative lapse rate cr =
—0.373°C/cm. Fig. 5 shows the spectral intensity of the back-radiation for 20% CO; in air over
111 cm (Plum-Gray).
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Figure 5: LBL-RT-calculation for 20% CO; in air over 111 cm for a lapse rate of -0.373°C/cm.
Back-radiation from cold plate and gas (Plum-Gray), radiation only from cold plate (Blue) and spec-
tral intensity of earth plate (Red-Yellow).

Also plotted is the emitted spectral intensity of the cold plate (Blue Line) and the earth plate (Red-
Yellow). The eigen-radiation of the gas towards the warmer earth plate can well be identified as
peak around 670 cm™! (Plum area, Gray wings) on top of the broader spectrum of the lower plate.
On the stronger lines at the band center the gas emission already attains saturation with spectral
intensities, which are the same as those emitted by the earth plate in this spectral range.

Compared to the total radiated intensity of the cold plate with 7, =_[1; dv'=266 Wt the back-radi-
ation increases by 24.2 W/m?, which is 9.1%. This larger back-radiation is almost identical to the
losses in forward direction, so that within observational accuracies the total balance of absorption
and emission of the gas is zero. This is a further important aspect that speaks against measuring
the gas temperature to prove the GHE. On the other hand, under the given conditions and with
the apparatus presented in Section 2, it is quite possible and realistic to detect the radiation emitted
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by the gas through a temperature rise of the earth plate.

4. Preliminary Studies and Calibration of the Measuring System

So far, our foregoing considerations were implicitly assuming a radiation transfer between suffi-
ciently extended parallel plates without taking account of transversal or reflection losses in a lat-
erally restricted radiation channel. For a direct comparison with a measurement therefore two
preparatory investigations are required:

1. Assessment of radiation losses from one plate to the other.

2. Calibration of the earth plate's temperature response to the absorbed radiation.

4.1 Assessment of Radiation Losses

For the further characterization of the set-up it is advisable to distinguish between radiation losses
without and with GH-gases in the radiation channel.

4.1.1 Without Infrared-Active Gases

According to our previous considerations, in the absence of GH-gases the total radiation from the
lower half-plane, absorbed by the earth plate, results from the direct radiation of the cold plate. In
general, however, this is additionally superimposed by radiation emitted by the side walls. Both
these fractions suffer from geometrical and reflection losses on the way to the earth plate and have
to be quantified in their relative and absolute contributions for a further analysis of the experi-
ments. This is possible by measuring the electric heating power for the earth plate necessary to
stabilize its temperature at 30°C while changing the temperature 7¢ of the cold plate over a wider
range.

At thermal equilibrium the radiation and energy balance for the earth plate - or equivalently the
balance of intensity fluxes - requires that all losses are just compensated by respective influxes.

Losses: As radiation losses of the earth plate only the emission to the lower half-space has to be
considered, while any fluxes between the plate and dome with almost identical temperature are
well balanced. The emitted intensity /z(7k) of the earth plate at temperature 7z (in K) is the integral
over Planck's distribution (1) and equivalent to the Stefan-Boltzmann-equation:

L(T) =&, [ 1,(T,)-dA =&, [ I(T,)-dV =, -0, - T}, ()

with & ~ 1 as the emissivity of the black colored plate and o3 = 5.67-10® W/m?/K as the Stefan-
Boltzmann constant.

An additional loss has to be included, which is determined by heat conduction of the gas, mostly
from the warmer plate to the walls. It is designated as L(AT) for a temperature gradient A7.

Savings: Radiation influxes come from the cold plate and the walls. The cold plate with an emit-
ted intensity /o(7T¢) at temperature 7¢ then contributes the fraction fc to the energy balance, and
the walls with a radiated intensity /m(Tw) at temperature 7w the fraction fi. Additionally we in-
clude radiation of the earth plate itself, which is partially back-reflected from the walls with the
amount Rg(/¢). While the intensities can be calculated for the respective temperatures from (6),
the fractions fc and fi and also the reflection Rz, which are representing all geometrical as well as
reflection and re-emission losses on the way to the earth plate are for now unknown.

All fluxes, positive and negative ones, determine together the theoretical heating intensity Hg
(electric heating power per cross section) required to stabilize the earth plate on the temperature
T, E.

HﬁT'(TC’TW)ZIE(TE)_fC 'Ic(Tc)_fW 'IW(TW)_RE(IE)+L(AT)' (7)
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This balance is used to calculate the necessary plate heating and to compare it with the measured
heating, when the temperature of the cold plate and thus, the intensity /¢ is changed while leaving
all other parameters - as far as possible - the same (as an example see: Appendix 4, Table A4.1).

In Fig. 6 is plotted the measured heating Hr as a function of the intensity /¢ (7¢) (Magenta Dia-
monds) when changing the temperature from —12.6°C up to +10.5°C (260.6 - 283.6 K). The data
show a straight line reflecting that any changes mostly can be traced back to intensity variations
of the cold plate and obey Stefan-Boltzmann's equation. Heat conduction in the gas, varying lin-
early on a temperature scale, would cause larger deviations on the intensity scale, and thus, can
widely be excluded. Also radiation changes from the walls, inclusive radiation from the earth
plate, that is back-reflected from the walls, can be neglected, since primarily radiation from the
upper section of the tank hits the earth plate, where the wall is only very little affected by temper-
ature variations of the cold plate. All measurements were repeated 10 times and show excellent
reproducibility.

250
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Figure 6: Measured heating of earth plate for a fixed temperature T, of 30°C as a function of the
radiated intensity I . of the cold plate (Magenta Diamonds). Also plotted is the expected heating for f .
= I (Blue Squares) and K(T,,AT) = 0 (Green Dashed).

Often deniers of the GHE argue that radiation from a cooler body cannot be absorbed by a warmer
body, as this would be a violation of the 2nd law of thermodynamics. This relatively simple meas-
urement is clear evidence of a wrong interpretation of this law, which explicitly includes the "sim-
ultaneous double heat exchange by radiation" (Clausius). In a closed system "the colder body
experiences an increase in warmth at the expense of the warmer body", which on its own experi-
ences a lower cooling rate. In an open system with external heating this even leads to an increasing
temperature of the warmer body in the presence of additional back-radiation from a colder body.

According to (7) is the slope of the measured heating H the fraction of the transmitted radiation
from the cold to the warm plate, for which we derive a value fc=0.74, i.e., 74% of the theoretically
expected emission of the cold plate arrives at the earth plate. For comparison is also plotted the
case of zero radiation losses, when AHg = Alg (fc= 1) (Blue Squares).

For the limiting case 7¢c = 0 K, thus /«(0) = 0, extrapolation of the measured data gives Hz(0,7w)
=364.1 W/m?. Then for the radiation flux from the walls (inclusive reflections of the earth plate

emission) minus the heat conduction, together represented by the quantity K, we find with (7):
K(TW:AT):fW'IW(TW)+RE(IE)_L(AT) (8)
=1,(T,)-H,(0,T,)=478.9-364.1=114.8 W/m*

which can largely be regarded as constant over the measured temperature interval of 24°C (see
also Appendix 3 and Appendix 4, Table A4.2).
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According to Stefan-Boltzmann's law with a wall temperature of about 28°C in the upper section
of the tank, an emissivity of the polished wall surface of gw = 0.1 and a relatively large assumed
fraction f = 0.85 of the emitted wall intensity, the radiation from the walls does not contribute
more than 40 W/m?. That means, a relatively large fraction of at least 75 W/m? or 15.6% of the
earth plate radiation must be back-reflected from the walls. So, for the heat conduction L(ATFk)
acting with opposite sign there is not too much left in the energy balance, which shows its only
moderate impact on the further investigations (see also Sec. 5). Note, the highest sensitivity for
detecting changes of the cold plate and also radiation of a GH-gas is given when K(7w,AT) = 0
and fc = 1. This is represented by the Green Dashed line in Fig. 6 as a quality reference for the
set-up.

4.1.2 With Infrared-Active Gases

The previous investigations with dry air in the tank, while changing the temperature of the cold
plate, give a first orientation, which radiation losses from the cold to the warm plate have to be
expected. But they are also an important prerequisite for a measurement with a GH-gas in the
housing to answer the question, what fraction of the gas radiation can be collected by the earth
plate.

With a GH-gas in the radiation channel the energy and radiation balance has to be expanded by
an additional term for the emitted intensity of the gas Alg(7c,cr), which is changing with the
temperature difference between the plates and thus with the lapse-rate c¢r, and which contributes
the fraction f; to the total balance:

Hg(TcaTwacr):IE(TE)_fc 'IC(TC)_fG 'NG(TCsCT)_K(TwaAT)' )

We consider here the intensity Alg(7c,cr), which is emitted on top of the radiation from the cold
plate (see Fig. 5), since otherwise the spectral interval under the Planck curve would be counted
twice. For the fraction f; we assume that it does not change with the lapse rate and gas density. K
summarizes again the wall radiation, reflection and heat conduction losses according to (8).

We have performed measurements for the three IR-active gases CO,, CH4 and N,O, each with
10% concentration in dry air, and as further control runs additional measurements with 10% He
and 20% Ar (Appendix 4, Table A4.3). The measuring procedure is the same as described in
Subsec. 4.1.1), only exchanging the gas in the tank. As example we look closer to the measure-
ments with the CO,-mixture as sample gas.

Table 1: Measured heating of the earth plate at varying cold plate temperature with 10% CO in air.

AT He(COy) HE (air) AHE cr calc. Alco: fcox = feoAlcoz
(°0) W/m? W/m? W/m? °C/cm W/m? AHg/Alcon W/m?
19.6 85.03 92.1 7.09 0.177 10.65 0.67 6.93
24.7 102.75 111.3 8.56 0.223 13.08 0.65 8.52
314 124.70 134.8 10.10 0.283 16.10 0.63 10.48
36.5 139.90 151.4 11.51 0.329 18.28 0.63 11.90
429 157.00 171.2 14.17 0.387 20.86 0.68 13.58
mean fcoz: 0.65

Table 1 displays the recorded heating in units of W/m? (column 2) as a function of the temperature
difference AT between the earth plate (fixed temperature at 30°C) and the varying temperature of
the cold plate (column 1). Also listed is the measurement in dry air from Subsec. 4.1.1), which
works as reference for the further evaluation (column 3).

The difference between the air- and CO,-measurements AHE, displayed in column 4, then can be
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compared with calculations as presented in Section 3. The RT-calculations for Alco; caused by
10% CO; and for a laterally extended plane of L = 111 cm depth (the average propagation path is
2-L = L/cosf with f=60° as mean propagation angle) is a function of the lower plate temperature
Tc or the lapse-rate (column 5) and listed in column 6.

Alcoz is plotted in Fig. 7 (Magenta Diamonds) as a function of the temperature differences AT
between the plates and can directly be compared with the measured differences AHr (Blue
Squares). The ratio of the measured to calculated difference defines the fraction fco,=AHE/Alco:
of emitted CO» radiation, which contributes to the heating of the earth plate. As average over the
different temperatures we find fco, = 0.65, which gives a further orientation for the expected con-
tribution of CO» to the radiation balance. The trend curve as mean fco>- Alcoz is shown as Green
Triangles.
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Figure 7: Calculated back-radiation Alco; (Magenta Diamonds), measured difference AHg (Blue
Squares) and theoretically expected heating fco> Alcoz at 10% CO: in air (Green Triangles).

Based on the same procedure we derive the respective fraction for 10% CHy in dry air with feay
= 0.64 and for 10% N>O in air with fyx20 = 0.62. Within our observational limits there exist no
larger specific deviations between these gases, which coincide within an accuracy of less than
5%.

The relatively smaller fractions for the gas emission compared to the cold plate have to be ex-
plained by the fact that for the gases only the difference on top of the plate emission and not their
full emission is considered (Fig. 5). Further differences result from a volume radiator to a surface
emitter and the geometry.

A smaller change in the energy balance might also be expected due to differences in the heat
conduction of the GH-gas relative to air. Therefore, control measurements with the noble gases
He and Ar were performed, He with a significantly higher conductivity, Ar with a lower conduc-
tivity than air and comparable with CO; and N>O. But within our measuring accuracy no differ-
ences between the noble gases and air in the energy balance can be observed (see Appendix 3).
Thus, based on these experiments heat conduction as a reason for the observed changes can well
be excluded.

4.2 Temperature Calibration of Earth Plate

In the previous subsection we looked to the correlation between the electric heating Hz(T¢) re-
quired to stabilize the temperature of the earth plate at 30°C, when the radiated intensity /c(7¢) of
the cold plate is changed. Now the temperature of the cold plate is held fixed at -11.4°C and the
temperature 7z of the earth plate measured as a function of the plate heating Hg(7r). This
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correlation describes the temperature sensitivity 4 of the apparatus, i.e., the increase of the plate
temperature ATz when the heating H is increased by 1 W/m?:

AT, = A-AH(T,). (10)

Also for the characterization of EASy, almost all known models are based on such simple relation
that the ground temperature changes are scaling proportional with the changes of an external forc-
ing AF. In its 6th Assessment Report (AR6) [27] the Intergovernmental Panel on Climate Change
(IPCC) assumes that this forcing is almost exclusively caused by anthropogenic emissions of CO,
with an expected likely temperature increase (including feedback effects) of 2.5 - 4°C for a dou-
bling of the CO; concentration. The proportionality factor for characterizing EASy is called the
Planck sensitivity Ap or climate sensitivity parameter with Ap ~ 0.31°C/W-m? (AR6-WGI-
Sec.7.4).

In this context we note that different to the general understanding of radiative forcing as the net
difference of radiative fluxes at the tropopause or at the top of the atmosphere, here we consider
directly the measured and calculated down-welling flux AF at the earth plate. But RT-calculations
show that their absolute contributions are almost identical (see: Subsec. 3.2.4 and 3.2.5).

In our case is A a process parameter of the set-up that reflects the radiation exchange and heat
losses. But dependent on the process-related heat losses, 4 can be found to change considerably.

A measurement according to (10) starts at an initial temperature of the earth plate of Tz = 25°C
and is recorded as a function of the stepwise increased heating intensity H. This can be performed

- with a constant dome temperature of 30°C, as applied in the previous subsection or
- with an adapted dome temperature 7p = T to avoid a temperature difference to the earth plate.

Fig. 8 shows the difference of the two variants on A, which gives A = 0.082 °C/(W/m?) for a
constant dome temperature and 4 = 0.184 °C/(W/m?) with a sliding temperature.

34
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Figure 8: Temperature sensitivity for constant (Blue Diamonds) and sliding dome temperature (Ma-
genta Squares).

The reason for this discrepancy is the different heat flow around the earth plate, which depends
on the dome temperature. At constant 7p an incline of the plate temperature is strongly dampened
by the increasing heat flow from the plate to the dome. At a sliding dome temperature, the loss is
much lower and found as a steeper increase of the earth plate temperature with 0.184/0.082 =
2.24.

For our further investigations when directly measuring the warming of the earth plate as response
to the back-radiation of GH-gases only the temperature sensitivity A = 0.082 °C/(W/m?) is of
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relevance for comparison with theory, as all measurements are performed at a constant dome
temperature.

5. Measurements and Calculation

In all experiments the temperature of the cold plate is -11.4°C and is not changed during an ex-
periment. In a preparatory phase, the electric heating Hr of the earth plate is adjusted over the first
6 - 8 hours, till the temperature of the earth plate is exactly 30.0°C. Before adding a GH-gas to
the chamber, all components of the setup must come to thermal equilibrium, as controlled by the
temperature measurements taken during the first 60 minutes before the sample gas is added. The
accuracy of the temperature reading is + 0.13°C, which can only further be increased by inde-
pendent measurements and averaging over several runs.

After filling the tank with a GH-gas the actual measurement is started by recording the tempera-
ture of the earth plate, and as further control, also temperatures at different positions over the gas
column and at the cold plate. This happens without any external intervention till again equilibrium
and a constant temperature increase ATz of the earth plate is found. Then the electric heating is
reduced to return to 30°C at the earth plate, allowing a direct measurement of the back radiation
as difference of the required electrical heating AH of the earth plate (Fig. 9). The measurement
process is explained in detail in Appendix 1.

From our investigations in Subsection 4.1b) and Appendix 3 we know that changes in the heat
conductivity are negligible and the changes in Hr should directly represent the gas radiation fg-
Alc(Tc,cr) collected by the plate.

5.1 COs-Measurement

Fig. 9 displays a typical plot, in this case for 10% CO, over the full recording time. The different
graphs indicate the measured temperatures from the earth plate (Red), the dome (Green) and the
gas at different positions over the radiation channel (7 - T4, see Fig. 1).
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Figure 9: Typical measurement cycle, here for 10% CO; in dry air. Plotted are the temperatures of
the earth plate (Red), the dome (Green), the gas temperature at 4 positions (T, - T4) and the labora-
tory temperature (Black).

During the filling and recycling period of the gas smaller temperature deviations over the tank
height can be observed, but when stopping this recycling, all temperatures except Tx return to
their initial position. After 220 minutes the electric plate heating is reduced, till the earth plate
temperature again attains 30°C.

To quantify the back-radiation of CO; with increasing concentration, and thus, to determine its
impact on global warming, we have performed measurements over a wider range from 1.25% up
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to 20% in dry air. From one measurement to the next each time the concentration is doubled up
to 16x. All measurements represent the average of 5 independent runs. The results are displayed
in Table 2.

Table 2: Measured earth plate temperature change A7r and plate heating change AHE as a function of the
CO; concentration and comparison with RT-calculations.

CO; | Earth Plate | Cold Plate Aav cr fcoz log start AFcoz
(°C) (°C) (°CC/W-m?) | (°C/em) ATy(°C) (W/m?)
30.0 -11.4 0.083 -0.373 0.59 0.45 3.70
Con- | Meas. ATg | Meas. AHg | A=ATg/AHg | Calc. Alcoz fCOZ = /ijfcoz-AIcoz log fit
cen (°0) (W/m?) (°C/W-m?) (W/m?) AHg/Alcoz (°O) ATg(°C)
(%)
1.25 0.45 5.05 0.089 9.92 0.51 0.49 0.45
2.5 0.63 7.44 0.085 13.05 0.57 0.64 0.63
5.0 0.79 9.76 0.081 16.48 0.59 0.81 0.81
10.0 1.00 11.80 0.085 20.15 0.59 0.99 0.99
20.0 1.18 14.09 0.084 24.13 0.58 1.18 1.17

Column 2 shows the measured temperature increase A7z and column 3 the reduced plate heating
AHg. Their ratio (column 4) allows to determine independently the temperature sensitivity A,
which as average of these measurements is found to be a few % larger than in Subsec. 4.2. There-
fore, as a basis for the further evaluation of the data we use a mean sensitivity A, = 0.083
°C/(W/m?). Column 5 specifies the calculated back-radiation Alcoz, and column 6 the ratio of
AHg/Alcos,. This ratio directly gives the fraction fco2, which contributes to the heating of the earth
plate. The average deviates by 12% from the previously derived value of 0.65 in Subsec. 4.1.2,
which was found by varying the cold plate temperature Tc¢ up to 24°C. Since these measurements
allow direct deduction of fco, with only little or no temperature changes in the system and includ-
ing smaller absorption losses from the wall radiation, we use for the further evaluation a mean
value of fco; = 0.59. The calculated temperature change ATr = Auvfco2Alco: as a function of the
CO;-concentration is listed in column 7. The last column displays a logarithmic fit (log-fit) to the
measurements.

Plotted in Fig.10a) is the measured temperature increase ATy as a function of the CO»-
concentration (Blue Diamonds, col. 2) and as direct comparison the calculation Aa-fco2-Alco:
(Magenta Squares, column 7). Additionally displayed is the calculated CO, radiation Alco: (Green
Diamonds, column 5).

Despite the short propagation path all graphs show clear saturation with increasing CO, concen-
tration, and in the same way also the emission saturates at these concentrations. The temperature
variation ATr can well be represented by a logarithmic curve of the form:

AT (Croy) = ATy + Ay~ feor " AF) 0y - I(Cp, / Cy) /In 2, (11)

with ATy as the temperature increase at the concentration Cy, here 1.25%, and AF>.co: as radiative
forcing when doubling the CO; concentration. Superimposed in Fig. 10a) is a fit based on (11)
with AT, = 0.45°C and AF>co: = 3.70 £ 0.05 W/m? (Brown Crosses, column 8), which on first
glance shows excellent agreement with Myhre et al. [28], but is derived under different conditions
(see Sec. 6).

The measured plate heating variation AHz as an independent means for detecting the back-radia-
tion is plotted in Fig. 10b) (Blue Diamonds, column 3). It can directly be compared with the
calculated back-radiation fco>-Alco: (Green Triangles) with fco: as the free parameter for a fit to
the measurements. From this fit we derive the fraction fco, = 0.59 of the emitted gas, which within
our limits of observation is in good agreement with Table 2, column 6.
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Figure 10: a) Measured temperature change of the earth plate as a function of the CO>-concentration
in dry air (Blue Diamonds) and calculation (Magenta Squares). Superimposed is a logarithmic fit
(Brown Crosses) and the LBL-RT-calculation of the back-radiation Alcoz. b) Comparison of meas-
ured plate heating AHg (Blue Diamonds) and calculated back-radiation collected by the earth plate

fcozAIcoszVfcoz =0.59 (Green).

5.2 CH+Measurements

Measurements with CH4 as sample gas were performed under identical experimental conditions
as in Subsec. 5.1. The concentration was varied from 1.25% to 10%. Plotted in Fig. 11a) is the
measured temperature variation A7 of the earth plate with increasing CHs-concentration (Blue
Diamonds), which can directly be compared with the calculated temperature change Aa-fcrsAlcry
(Magenta Squares). The respective calculated CH,4 radiation Alcny is shown as Green Triangles.

The temperature sensitivity is the same as found previously (Subsec. 5.1) with A, = 0.083
°C/(W/m?), and the fraction of CH4 radiation, which contributes to the plate heating, is, independ-
ent from Subsec. 4.1, now confirmed by Fig. 11b) with fcxs = 0.64 when comparing the measured
plate heating AHg (Blue Diamonds) with the calculated back-radiation fcry-Alcys (Green Trian-

gles).
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Figure 11: a) Measured temperature change of the earth plate as a function of the CH4-concentration
in dry air (Blue Diamonds) and calculation (Magenta Squares). Superimposed is a fit assuming a
logarithmic function (Brown Crosses) and the LBL-RT-calculation of the back-radiation Alcws. b)
Comparison of measured plate heating AHg (Blue Diamonds) and calculated back-radiation col-
lected by the earth plate fcrs-Alcny for fcus = 0.64 (Green Triangles).

As good approximation, except at the lower concentrations before the CH4 lines come to satura-
tion, can the measurement and the calculation again be represented by a logarithmic function:

ATE (CCH4) = ATo + /1av 'fCH4 'AszCH4 '1n(CCH4 /Co)/ln2 ’ (12)

with ATy = 0.22°C at Cp = 1.25% and AF5cny = 2.75 W/m?. A third-root approximation even
shows still better agreement with the measurements and calculation, but to compare the forcing
with the other gases and for the same concentration range, particularly at doubled concentration,
we prefer a logarithmic representation.

5.3 N>O-Measurements

The experimental conditions for the measurements with N,O are the same as in Subsec. 5.1 and
5.2. The concentration was varied from 1.25% to 15%. Fig. 12a) displays the measured tempera-
ture variation AT of the earth plate with increasing N>O-concentration (Blue Diamonds) and can
again be compared with the calculated temperature change A..-fv20-Aln20 (Magenta Squares). The
respective theoretical N>O radiation Alyzo is shown as Green Triangles.
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Figure 12: a) Measured temperature change of the earth plate as a function of the N,O-concentration
in dry air (Blue Diamonds) and calculation (Magenta Squares). Superimposed is a fit with a loga-
rithmic function (Brown Crosses) and the LBL-RT-calculation of the back-radiation Alyzo.

b) Comparison of measured plate heating AHg (Blue Diamonds) and calculated back-radiation col-
lected by the earth plate fn:0-Alnzo for fv2o = 0.65 (Green Triangles).

In Fig. 12b) is plotted the measured plate heating AHr (Blue Diamonds) and the calculated back-
radiation fy20-Aln2o (Green Triangles). From a fit of the theoretical back-radiation to the measure-
ment we derive for the N»>O radiation contributing to the plate heating, the fraction fy;o = 0.65,
which agrees with the value deduced in Subsec. 4.1 within 5%. The temperature sensitivity is
further assumed with A, = 0.083 °C/(W/m?).

The measured temperature (see Fig. 12a), Blue Diamonds) can well be represented by a logarith-
mic curve (Brown Crosses) of the same type as (11) and (12) with:

AT (Cyy0) =AT + A, - fryvzo - AFs a0 - 1I0(Cyy0 /1 Cy) /In 2, (13)

now with AT, = 0.62°C at Cy = 1.5% and AF>w20 = 5.0 W/m?. The agreement with the theoretical
curve (Magenta) is not perfect but is still within our limits of observation. A better agreement
with the calculated data but a slightly worse fit to the measurements can be obtained with:

ATE(CNZO) = ATo +/Iav 'szo ‘Aszco '%/(CNZO _Co)/co > (14)

with ATy =0.6°C, Cy=1.5% and AF3.c, = 5.5 W/m?, where AF>.c, now only represents the forcing
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at doubled concentration Cy. We note that such approximations different to a logarithmic function
are well known in the literature (see, Myhre et al. [28]).

6. Discussion of Results

Differences to Atmospheric Conditions: The experimental set-up as presented in Section 2 has
proven to be appropriate for demonstrating the atmospheric GHE in the laboratory. Although the
pathlength through the atmosphere is about a factor of 80,000 larger than in the tank, this is par-
tially compensated by a 500x higher concentration for CO,, a 50,000x larger CHs-concentration,
and it is even significantly overcompensated for N,O with an almost 500,000x higher concentra-
tion relative to the sea-level values. Not so much the absolute values are relevant, more important
is the optical depth, which scales with the absorption coefficient x pathlength.

On the other hand is the lapse rate over the troposphere with 6.5°C/km 5.700x smaller than in our
experiment, while the absolute temperature difference is almost comparable.

But most important for the verification of the GHE and the back-radiation from IR-active gases
is their emission in the presence of collisions, and this under conditions as found in the lower
troposphere. The experiments definitely confirm that GH-gases are radiating on their transitions,
and within an optically thick layer even comparable to a black-body radiator at the same temper-
ature as the gas.

Impact of Background Radiation: Under real atmospheric conditions is the back-radiation of
the GH-gases superimposed by the much broader radiation from clouds, which in first approxi-
mation can be assumed as grey emitters at temperature 7; and with a spectral distribution accord-
ing to (1), only with an emissivity &£ < 1. This can further be covered by Mie-scattering from
aerosols or mist, and together they significantly enhance the observed GHE.

In our experiment clouds and any backscattering are represented by the cold plate and walls with
their transmitted intensities, which additionally to the GH-gas emission are absorbed by the earth
plate. This total back-radiation is strongly changing with the temperature of the cold plate T¢ (see
Subsec. 4.1a) and in this way simulates the impact of clouds of different heights, and thus tem-
peratures. But it also affects the size of the GH-gas contribution, which depends on the tempera-
ture difference between the plates and by this on the lapse-rate. This contribution develops just
opposite to the plate's fraction as demonstrated by the measurements in Subsec. 4.1b). Fig. 7 show
the increasing absorption AHE of the earth plate with rising temperature difference AT and vice
versa. Transferred to the atmosphere this means that with clouds the back-radiation is larger than
for clear sky, but the relative contribution caused by GH-gases is declining (Harde 2017 [29], Sec.
3 and 4.2).

Reproducibility and Accuracy: The reproducibility of the measurements is strongly dependent
on the equilibrium conditions of the whole equipment before filling the compartment with the
GH-gas, and this applies also for the further recording of data. The temperature reading is limited
to £0.13°C, and thus, essentially determines the accuracy of the measurements. Also, the electric
plate heating is affected by the temperature reading, as any initial and final tracing to derive the
difference AHE, requires two temperature measurements. Apparently, this is the main reason for
some deviations from one run to the next. Additional perturbations go back to slight variations of
the room temperature, which can only be controlled within +0.2°C.

The error for an individual measurement of the temperature increase A7x and the reduced plate
heating AHE we estimate at the lower concentrations as £20% and at the higher concentrations as
about £10%. However, the overall accuracy can further be improved by repeating the measure-
ments several times. This allows to determine the general trend of a series well within +5%.

Comparison with Theory: For a direct comparison of the measurements with a calculation the
key parameters are the temperature sensitivity A and the fraction fi of the gas emission absorbed
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by the earth plate. While in the absence of a GH-gas A can directly be deduced from the slope of
the measured temperature increase as a function of the electric heating (see Fig. 8), fc as the ratio
of AHE/Alg requires a measurement with the individual GH-gases. Unfortunately, can the emitted
fraction of a gas not independently be derived only from our measurements, this would require a
known volume radiator as reference; the absorbed fraction fc from the cold plate can only work
as a first orientation. Instead, we are using a theoretical reference, the calculated emission of the
gas. This allows a direct comparison of AHg with f¢-Alg, as plotted in Figs 10b) - 12b), and from
a fit of the theoretical curve to the measured data we finally get /.

The good agreement for all three gases with the calculations can be seen for the temperature data
as well as for the plate heating (Figs 10 - 12). Particularly the increasing saturation and the char-
acteristic gradation with inclining gas concentration is well confirmed by the calculations and
excludes any larger impact by heat conduction. At the same time these graphs demonstrate the
only small further impact on global warming with increasing GH-gas concentrations (see, Harde
2017 [29]).

While the coincidence in the absolute values of measured and calculated data is a consequence of
using the theoretical reference for deriving f¢ as scaling factor for the absorbed back-radiation
and also for the temperature plots, is the almost exact agreement of the derived radiative forcing
for CO, with AF>.co>=3.70 W/m? more an unexpected coincidence with the literature. So, Myhre
et al. [28] present a simplified expression for the CO; forcing as AF = «-In(C/Cy) with o= 5.35
W/m?, which gives a forcing at doubled CO,-concentration of AF>.co> = a+In2 = 3.71 W/m?. But
this applies for a lot of different conditions in the atmosphere with a significant impact on AFco:.

So, a comparable Earth-atmosphere scenario to our measurement would be a surface temperature
of Tr = 30°C, a dense cloud cover at about 5,200 m altitude, a CO; concentration of 42.7 ppm
and no other GH-gases. The cloud cover at this altitude then has a temperature of —11.4°C
(slightly increased lapse rate at the higher ground temperature) and radiates with 266 W/m? (as-
suming 100% emissivity), while the reduced CO, concentration over a pathlength of 5.2 km en-
sures a comparable optical path to the experiment (20% x1.11 m). A simulation under these con-
ditions almost reproduces the measurement with a CO, induced back-radiation of 23.5 W/m? and
a radiative forcing for doubling the concentration from 21.35 ppm to 42.7 ppm of AF2co> = 3.74
W/m?. This already includes a first smaller correction due to the declining pressure with altitude,
and thus a lower collisional broadening, which reduces the forcing by about 0.2 W/m?, while the
pressure in our measurement and calculation was considered to be constant.

A much larger impact on the back-radiation and the radiative forcing, however, emanates from
other GH-gases in the atmosphere, particularly from water vapor. So, under conditions as above
and assuming only about one tenth of the regular concentration of H,O, CH4 and NO, the back-
radiation increases by 80 W/m?, while the CO» induced forcing decreases by 1 W/m? to 2.71
W/m?.

When repeating the above calculation with the actual concentrations of the GH-gases (CO»: 400
ppm; HxO: 1.46%; CHa: 1.8 ppm; N>O: 0.3 ppm), the back-radiation further increases to 418
W/m?, which is already 87.5% of the up-welling surface emission (478 W/m?), but due to the
strongly overlapping and saturated absorption bands the forcing even reduces to AFa.co2 = 2.06
W/m?. For a ground temperature of 16 °C it further goes down to 1.47 W/m? (see Appendix 5,
Fig. AS).

A more realistic scenario with a global mean Earth temperature of 16°C, a mean cloud cover of
66%, a cloud emissivity of 63% and calculating the radiative forcing at the top of the atmosphere
(TOA) finally gives a value of AF>co: = 3.4 W/m? (see also Appendix 5). So, this must be seen
more as a coincidence, when our measurement almost reproduces this measure with its different
impacts, which even partly compensate each other. Nevertheless, is this an important orientation,
and both the back-radiation by CO» and the almost logarithmic variation of the radiative forcing
with concentration changes, as expected from the calculations, can well be confirmed by our
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measurements. With a Planck response of A» = 0.31 °C/(W/m?), as specified by the IPCC [27]
and without feedbacks this gives a basic Equilibrium Climate Sensitivity of ECSz = Ap-AFco2 ~
1.05°C.

Respective values for CH4 and N>O can only indirectly be compared with the literature, as they
are only specified for a concentration range (parts per billion) before saturation is observed.

Lineshape Considerations: While standard calculations are using a Lorentzian lineshape for the
individual collision broadened transitions, some deviation is expected when assuming a different
profile. Measurements by Edwards and Strow [30] on bands of CO,, e.g., suggest that the far
wings decrease approximately exponentially with detuning from the line center, while Lorentz
profiles give too much absorption for larger detunings. The reason is that Lorentzian lineshapes
result from assuming an infinitely short collision duration between molecules, but in reality col-
lisions typically take a few ps (see also Wijngaarden & Happer, 2020 [31]).

Such a modified shape can be expressed by a core profile, which is multiplied by a wing-suppres-
sion factor. To assess the influence of a reduced wing absorption and thus also a reduced back-
radiation we have performed LBL-RT calculations with a Lorentzian core profile and a sech?-
wing-suppression function:

AV, 127 , .
)2 +(AV,, /2)2 : ST A, T AT, [

~

with v, as the transition wavenumber, AV, as the full linewidth caused by collisions (FWHM)

and Av; as detuning, at which the wings are declining to 0.42 of their original value.

gL,mod (]7) == ~
v -v

mn

We use a detuning parameter of AV, =10-Av . which for AV, ~0.18cm™ corresponds to a
detuning of AV, ~1.8cm™" and a collision time of a few ps. With the reduced wings also the cal-
culated gas emission Alg is declining, and thus gives a larger f to fit the measurements. But a
larger f; finally results in a smaller radiative forcing compared to a pure Lorentzian shape. Table
3 displays a comparison without and with wing-suppression. The radiative forcing for CO, and
N0 reduces by about 10%, for CH4 even by 20%.

Table 3: Comparison of radiative forcings without and with wing-suppression for CO,, CHs and N,O.

RF no wing with wing
(W/m?) suppression suppression
AFxco2 3.70 3.4
AFaxcha 2.75 2.2
AF2:00 5.00 4.5

We note that the values in Table 3 were derived from a logarithmic fit to the temperature data to
directly compare the radiative forcings of these gases at doubled concentration. Despite the sig-
nificantly different concentrations of these gases in the atmosphere with differences of more than
a factor of 1,000 and thus with a different inset of saturation effects, the radiative forcings are an
appropriate means to characterize the gases in terms of their radiative properties. So, we see that
individual CH4 molecules only contribute 65% relative to CO, molecules and less than 50% rel-
ative to N>O molecules to the GHE under otherwise same conditions. This also holds in good
approximation when considering the gases at considerably lower concentrations before saturation
is dominant (see, Harde 2021 [32]).

In this context we have to point to an often-found misinterpretation concerning the global warm-
ing potential of methane. So, the radiative efficiency of CH4 with 3.7x10** W/m?/ppb is classified
to be 25x larger than that of CO, with 1.4x10 W/m?/ppb. Such values are derived from the
changing absorptivity or emissivity of the gases, when their concentration is changing by 1ppb
(parts per billion). But what is done in this case is to compare two gases under completely differ-
ent conditions: CH4 at a concentration of 1.8 ppm and CO» at a 200x larger concentration, when
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it is already strongly saturated. Also, the interference with other green-house gases, particularly
with water vapor, is for both gases completely different. Only these diverse conditions pretend a
much higher radiative efficiency of methane, respectively a considerably lower value for CO..
So, at a concentration of 400 ppm in the atmosphere or at 10% in the laboratory experiment the
radiative efficiency of CH4 drops to about 60% of CO» (see Table 3), and at a concentration of
1.8 ppm the efficiency of CO; is about 1.5 times larger than for CHy (see also Wijngaarden &
Happer 2019 [33]). Only due to the different saturation strengths on quite different scales is CHa
assumed to have a 25x larger global warming potential, while a more realistic consideration sup-
posing a doubling each of the actual CHs, N,O and CO; concentrations shows that CH4 does not
contribute more than about 2% to global warming (Harde 2021 [32]) and N>O only about 1%
relative to COx.

7. Conclusion

To our knowledge we present the first demonstration of the atmospheric greenhouse effect in a
laboratory experiment, which also allows quantitative measurements under conditions as in the
lower troposphere. We use an experimental set-up consisting of two plates in a closed housing,
one plate in the upper position heated to 30°C, the other at the bottom and cooled to -11.4°C. The
plates have a distance of 1.11 m to each other, and the tank can be filled with the gases of interest
to study the radiation transfer between the plates. This set-up largely eliminates convection or
heat conduction and allows to reproducibly study the emission of the GH-gases as additional
warming of the heated plate due to back-radiation of the gases. We have investigated the GH-
gases carbon dioxide, methane and nitrous oxide as a function of the gas concentration. In addi-
tion, and independent of the temperature measurements is the back radiations of the GH gases
directly recorded as reduced electrical heating of the upper plate.

These measurements clearly demonstrate that contrary to the often misinterpreted 2nd law of
thermodynamics a warmer body can further be heated by absorbing the radiation from a colder
body, here the radiation from the cooled plate and a GH-gas. The measurements are well con-
firmed by extensive LBL-RT calculations, which are in full agreement with the recorded temper-
ature and electric heating data, this in absolute numbers and over the whole progression as a
function of the gas concentrations. Any noticeable impact in the energy balance due to heat con-
duction can be excluded by control experiments with noble gases.

At the same time reveal our theoretical studies the principal difficulties to measure the GH-effect
as increasing temperature of the gas. More careful examination shows that such trials simply
demonstrate heating via absorption of IR or NIR light by the compartment walls, only to some
smaller degree by absorption of a gas. But these experiments miss that the greenhouse effect is
mainly the result of a temperature difference over the propagation path of the radiation and thus
the lapse rate in the atmosphere. A declining GHE with reduced temperature difference between
the plates is clearly demonstrated. And it is an interesting curiosity that, had convection produced
a uniform temperature, there wouldn’t be a greenhouse effect (Lindzen 2018 [34]).

Simply expressed: the greenhouse effect contributes to some warming of the Earth's surface and
by this also to some additional convection, but not to any remarkable direct warming of the air
temperature. At least that is the lesson learned from the experiments with CO,, methane and ni-
trous oxide. This finding is of particular importance since air warming is a necessary prerequisite
for the alleged CO»-water vapor feedback, without which there would be no threatening Earth
warming.

From our measurements and their comparison with the calculations we derive the radiative forc-
ing of the gases when doubling their concentrations. This is an important measure to characterise
the emissivity of the gases under higher concentration levels, when already stronger saturation on
the absorption bands is observed, but it also serves as a relative measure at lower concentrations.
The found forcings are in good agreement with literature values, which to some degree is also the
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result of calibrating the set-up to the spectral calculations based on the HITRAN database, but
which independently determine the impact of the gases as a function of their concentration.

While standard calculations for such comparison are using a Lorentzian lineshape for the individ-
ual collision broadened transitions, measurements on absorption bands of CO; suggest that the
far wings decrease approximately exponentially with detuning from the line center, and thus are
contributing less absorption for larger detunings than Lorentz profiles. Therefore, we have per-
formed additional calculations with a sech?-wing-suppression profile, and under our experimental
conditions we find for the radiative forcing of CO, at doubled concentration: AF>.co> = 3.4 W/m?,
for CHs: AFxcns = 2.2 W/m? and for N2O: AFowvz0 = 4.5 W/m?. These values are for CO, and
N>O about 10% and for CHs 20% lower than the standard values.

Water vapor as the by far strongest GH-gas in the atmosphere could not be investigated in our
set-up. This would require some systematic modifications to realize a similar vapor density profile
over the lapse rate as in the atmosphere, and in particular, to avoid condensation at the cold plate.
But it would be highly desirable to realize also for this GH-gas quantitative measurements, to-
gether with CO; as a mixture, to study the interdependence of these gases in their overlapping
absorption spectra and by this to collect more reliable data about their impact on our climate.
Based on a set-up as presented here but with a further developed equipment, particularly with
well stabilized components and an improved temperature recording such investigations would be
very helpful for objectification of the further climate debate.

Already the presented measurements and calculations demonstrate the only small impact on
global warming with increasing GH-gas concentrations due to the strong saturation. Therefore,
we strongly recommend not to further provoke crying and jumping kids by fake experiments and
videos only to generate panic, but to teach them in serious science with realistic demonstrations
and information about the impact and also benefits of GH-gases. Then scholars and also adults
can decide, if it is worthwhile to further demonstrate on streets for a stable climate, which appar-
ently is mainly controlled by natural impacts (see Harde & Salby 2021 [35]; Salby & Harde 2021
[36, 37]), and if we are really living on a planet, which can only be rescued by stopping all fossil
fuel emissions without a realistic perspective for a secure and healthy future of our lives. In the
long term, an economic shift to new forms of energy generation, of whatever kind, is inevitable,
since the supply of fossil fuels is finite. However, there is no need to drive this process blindly
and hastily; otherwise, there is a risk of deindustrialization, which would then really trigger a dire
future for the next generations.
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Appendix 1 - Experimental Set-Up

The main components of the experimental setup consist of the tank, the earth plate, the cold plate,
and the upper dome (Fig. 1). The earth plate is a composite of a 0.8 mm thick blackened aluminum
disk (@ = 16.7 cm) with an equally sized self-adhesive heating foil (12 V/DC, AC 14 W) on its
back side. As insulation between the heating foil and upper dome works a 2 ¢cm thick Styrofoam
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disc (@ = 17 cm) which is glued to the dome (Fig. Al.1a).
a) c)

Figure Al.1: a) Earth plate with temperature sensor in the upper dome, b) Back side of the earth
plate with heating foil and polystyrene disc, ¢) Outside of the dome with vinyl tubing for the thermo-
stated water. In the background one of the 23 pipe insulations, made of flexible polyethylene foam for
the tank and dome insulation.

The temperatures of the earth plate, the upper dome and the cold plate are measured by tempera-
ture sensitive diodes (Infineon KTY 11-5: TO-92) and are recorded every 3 minutes by a com-
puter. The calibration is described in Appendix 2.

The earth plate heating is supplied by a digital laboratory power device (KA3005D, 0 — 15V,
resolution 0.01 V) in constant voltage mode. The heating power is the voltage times current for
the earth plate of 219.04 cm?. This value is multiplied by 45,654 to convert to an area of 1 m?
(Hpe).

For a temperature increase 07x of 0.13°C the voltage must be changed by 0.03 V. The accuracy
of the temperature reading of the earth plate is = 0.13°C, which is our limit of detection. Due to
this digital display two heating values, an upper and a lower value, are recorded at intervals of
0.01 V and their average determines the temperature 7z (Appendix 4, Table A4.1).

The upper dome is wrapped with a vinyl tube (@ = 10 mm) through which thermostated water
flows (ESCO ES 10) with a temperature of 30.0 + 0.1°C (Fig. Al.1c). The free space above the
dome is filled with Styrofoam flakes and sealed with a 5 cm thick Styrofoam disc.

The tank consists of two 0.8 mm thick, 1 x 1 m aluminum sheets bonded with silicone (Fig.
Al.2a). The inside is polished and the two seams are covered with aluminum foils (Fig. A1.2b).
From the outside, the tank is wrapped in three sections, each with 25 m (@ =12 mm) PVC tubing,
through which thermostated water flows, only for calibration of the temperature sensors (Fig.
A1.2¢). For all other measurements, the water is removed from the PVC hoses.

In distances of 25 cm the tank has 3 small holes and one hole in the upper dome to place ther-
mometers (TFA 30.1040) 2 cm deep, which measure the wall temperatures T, to T4 at these po-
sitions. Since all measurements are made at thermal equilibrium, it is assumed that the air in the
tank has approximately the same temperature as the wall at that position.

The cold plate in the lower dome consists of a 0.6 mm thick copper disk (@ = 35.5 cm) with a
diode (Infineon KTY 11-5: TO-92) and 5 thermocouples (TEC1-12706, 40 x 40 x 3.8 mm)
mounted in the center (Fig. A1.3a). The voltage of the thermocouples is measured with a digital
multimeter (HP-760D) and indicates the injection of heavy sample gases in the lower dome by a
voltage drop.

A 6 m long (@ = 8 mm) copper tube is soft soldered to the back of the cold plate, through which
an ethanol-water mixture flows, which can be cooled down to -16 °C by a cryostat (Isotemp
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Figure A1.2: a) Exterior view of the tank with the rubber discs for placing thermometers, b) Interior
view of the polished Al-tank, ¢) PVC hoses for temperature control of the tank.

1016S). The copper tubes are thermally insulated with urethane construction foam and the insu-
lation layer sealed with bottom paint.

To insulate the tank and the two domes, 23 polyethylene soft foam pipe insulations (5 x 140 cm)
are glued to the pipe wall, the interiors are filled with 1 mm polystyrene balls and wrapped with
7 layers of aluminum-laminated polystyrene wallpaper, creating a 7 cm thick insulation layer.
The room temperature is thermostated (ESCO ES 10) to 20.5 + 0.2°C by a fan heater and two
additional fans.

Figure A1.3: a) Cold plate with 5 thermocouples and temperature sensor in the lower dome, b) Back
side of the cooling plate with copper spiral connected to the cryostat, c) Polyurethane insulation of
the copper spiral.

Prior to each measurement, the air in the tank is pumped around for 12 hours with a flow rate of
1.5 I/min over solid sodium hydroxide, minimizing water vapor and CO, concentrations in the air
(Fig. 1). The sodium hydroxide container is then removed directly before starting a run. 6 - 8
hours earlier the room thermostat, the heater for the earth plate and the cryostat for the cold plate
are switched on to stabilize the set-up at the desired temperatures.

The IR-active gases CO,, CH4 and N,O are stored in small gas bottles or cans and the respective
quantities are determined by weighing. The volumes of helium and argon are metered via a rota-
meter (Brooks instrument 0 - 3.5 I/min). The gases are injected through 10 cm long copper tubes
(©® = 6 mm) either into the lower dome below the cold plate or into the upper dome below the
earth plate, depending on their specific density compared to air (Fig. 1). An air pump then sucks
the air out of the upper dome and fills it back into the lower inlet to mix the air and gas evenly.
The measurement of the oxygen concentration (Sumatec technical diving) ensures that air and
sample gases have been completely homogenized (Fig. 1). For the purity of the sample gases see
Table Al.
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Table Al: Origin and purity of the sample gases

Gas Distribution Purity (%)
CO2 Cosmeda 99.9
CH4 WINDAUS-Labortechnik 99.9
N0 LG Engros ApS 99.7
Ar Hornbach 99.9
He Amazon 99.9

Appendix 2 - Calibration of the Temperature Sensors

The calibration of the temperature sensor (diode) for the earth plate (7%) and the thermometers
(T; - T>) is carried out by gradually heating the entire apparatus from 20 to 34°C (Fig. A2a) . For
this purpose, water at a defined temperature (from a water thermostat (ESCO ES 10) with a cali-
brated thermometer GDR, TGL 11996 N, 0.2 K) is pumped simultaneously through the pipes of
the cooling plate (Fig. Al.3a), the tank (Fig. Al1.2¢) and the dome (Fig. Al.1¢). The recorded
signals are correlated with the water temperatures. The absolute temperature of the earth plate can
deviate from the specified values by up to 0.2 °C due to the limited accuracy of the calibration
thermometer.

a) b)
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Figure A2: Calibration of the temperature sensors, a) Temperature of the earth plate T, b) Temper-
ature of the cold plate Tc.

The calibration of the cold plate diode (7¢) and the thermometers (75 - T4) is performed in the
same way except that instead of a thermostat, the Isotemp 1016S cryostat is connected and the
water temperature is gradually cooled from 20 to 5°C (Fig. A2b). When the water temperature is
further reduced, larger heat losses occur and the linear trend is no longer given. Therefore, a tem-
perature measurement 7¢ < 5°C is done by extrapolation with a linear trend according to Fig.
A2b). The absolute temperature of the cold plate can deviate from the specified values by up to
0.2 °C due to the limited accuracy of the calibration thermometer.

Appendix 3 - Influence of Heat Conduction

When the tank is filled with a sample gas, as described in Subsec. 5.1 to 5.3, the heat conductivity
L(AT) of the gas mixture changes as a function of temperature and gas concentration, since air
and sample gas have different thermal conductivities (Table A3). This could change the heat
transport and according to eq. (8), K(Tw, AT) as well as the temperature of the earth plate 7 could
change.
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Table A3: Heat conductivity of air and sample gases

Gas Heat Conductivity 25 °C

x (W/mK)
CO, 0.016
N0 0.017

Ar 0.018
Air 0.026
CH, 0.034
He 0.150

Such objection can be checked by control experiments with the noble gases Ar and He (Fig. A3),
which are IR-inactive but have different thermal conductivities compared to air (Table A3). The
measurements with these gases were performed under identical experimental conditions as de-
scribed in Subsec. 5.1 and with concentrations of 10% and 20%, respectively.
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Figure A3: a) Control test with 10% Ar and b) with 20% He. Plotted are the temperatures of the
earth plate (Red), the dome (Green), the gas temperature at 4 positions (T; - T4) and the laboratory
temperature (Black).

None of these trials showed any change of the earth plate temperature 7z. This is not really sur-
prising, because already the cooling experiments with the noble gases in Sec. 4 (see also Appendix
4, Table A4.3) had no influence, although the temperatures were changing over a much wider
range.

Appendix 4 - Details for the Validation of the Measuring System (Section 4)

In this appendix we have compiled typical data for the cooling experiment of Subsec. 4.1 when
changing the temperature 7¢ of the cold plate between -12.9°C and +10.9°C (Table A4.1, column
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2) while measuring the electric heating intensity H, for the earth plate (column 3) to stabilize the
temperature 7% of the earth plate at 30°C (column 1). Due to the thermal inertia of the measuring
system, two values for Hr are always recorded for one temperature step.

Table A4.1: Example of a cooling experiment; T¢ from -12.9°C up to +10.9°C

Tr Tc s T Tc AT Room T
°C °C Wi/m? W/m? W/m? oc  Aele Wt T
300 129 169.6 4789 2603 2.9 218.6 203
300 12,9 169.9 478.9 260.3 42.9 218.6 203
300 72 153.9 478.9 283.6 372 1953 204
300 72 152.8 478.9 283.6 372 1953 204
300 1 133.9 478.9 310.6 31.1 1683 204
300 1 133.7 478.9 310.6 311 168.3 204
300 5.3 111.9 478.9 340.7 247 1382 204
300 5.3 1113 478.9 340.7 247 1382 204
300 10.9 90.5 478.9 369.0 19.1 109.9 203
300 10.9 89.7 478.9 369.1 19.1 109.8 203

Table A4.2: fc = AHg/Alc and Hg(0,Tw) in air; T¢ from -13°C to +11°C, T = 30°C

No. AHE/AIC HE([C:O)
1 0.73 361.4
2 0.75 366.1
3 0.74 363.7
4 0.74 362.5
5 0.75 365.6
6 0.74 361.8
7 0.74 363.9
8 0.75 366.1
9 0.75 366.8
10 0.74 363.5
9] 0.74 364.1

Std Dev. 0.005 1.8

The repeatability and accuracy of such measurements is demonstrated by a series of 10 independ-
ent runs (see Table A4.2). These data are compared with the difference of the calculated intensity
I of the earth plate as loss and the emitted intensity /¢ of the cold plate as maximum possible
radiation, which can be absorbed by the earth plate to partially compensate for the losses. Accord-
ing to eq.(7) from these data we derive the fraction fc of the cold plate radiation, which is absorbed
by the earth plate (see Fig. 6).

Table A4.3 displays identical measurements only with different sample gases.
Table A4.3: Slope AHg/Alc and Hg(0,Tw) with sample gases; Tc from -13°C to +11°C, Tg = 30°C

C HE(IC:())
Gas Vol.-% AHg/Ale (W/m?)
Ar 10 0.73 362
Ar 20 0.75 367
He 10 0.74 365
He 20 0.74 362
CH4 10 0.70 345
CO, 10 0.68 335
N0 10 0.66 324
Science of Climate Change https://doi.org/10.53234/s¢c202203/10
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Appendix 5 - Different Impacts on Radiative Forcing

To assess the different contributions, which mainly modify the radiative forcing under atmos-
pheric conditions and also determine the difference to our measurement, we start with conditions
comparable to the experiment and then adapt them step by step to the atmospheric situation to
evaluate their individual impacts on AF.co>.

For a ground temperature 7z = 30°C and a cloud cover at 5.2 km altitude the optical path through
a dry atmosphere with a CO, concentration of 42.69 ppm would be the same as for a 20% CO»
concentration in air over a distance of 111 cm. At this altitude the clouds have a temperature of
—11.4°C and are supposed to emit like a black body. A simulation under these conditions gives a
forcing of AFco2 = 3.74 W/m? and almost exactly reproduces the laboratory experiment, but
already includes a first correction due to the declining pressure with altitude. This contributes to
a lower collisional broadening and reduces the forcing by 0.22 W/m?, while with a constant pres-
sure in the tank this gives a theoretical forcing of 3.96 W/m? (see below). Fig. A5 reveals the
individual changes of the forcing as up or down directed arrows in W/m?.

Te=30°C all gases: low regular Tg=16°C, cloud Cloud em. 63% RF at TOA
line broad. concentration concentr. height 5.2 km overcast 66%
Yo 390
------ 3.4
o3 311
0.58 I 0.87
0.65 +
__________ 1.06
0.59

Y 1.47

Figure A5: Changes of radiative forcing AFxcoz in W/m; caused by different impacts. Black arrows
indicate changes in the back-radiation, blue arrows in forward radiation (to TOA).

A significantly stronger impact emanates from other GH-gases in the atmosphere, particularly
from water vapor. Assuming only about one tenth of the regular concentration of H.O, CH4 and
N0, the back-radiation already increases by 80 W/m? (from 289.5 to 369.0 W/m?), while the CO»
induced forcing decreases by 1.03 W/m? to 2.71 W/m?.

When supposing regular concentrations in the atmosphere with 400 ppm CO,, without other GH-
gases the forcing would jump up to 5.7 W/m? (not shown), but in the presence of the other gases
at normal concentrations (H,O: 1.46%; CHa: 1.8 ppm; N>O: 0.3 ppm) the forcing further declines.
While the back-radiation increases to 418 W/m?, which is already 87.5% of the up-welling surface
emission (478 W/m?), owing to the strongly overlapping and saturated absorption bands the forc-
ing even declines by additional 0.65 W/m? to AFsco2 = 2.06 W/m?.

A further decrease by 0.59 W/m? to 1.47 W/m? is expected when lowering the ground temperature
to 16°C at otherwise same conditions. On the other hand, semitransparent clouds with an emis-
sivity of 0.63 and an overcast of 66% increase the forcing by 1.06 W/m? to 2.53 W/m?, which is
just 64% of the initial value.

However, direct comparison with literature often requires to consider the forcing in upward di-
rection from the surface to TOA, which due the longer interaction over the whole atmosphere and
with varying Os concentration over the stratosphere further raises the forcing by 0.58 W/m? to
AF>co2 = 3.11 W/m? (left Blue Arrow in Fig. A5). Different to this more straight forward
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calculation other approaches consider the forcing as difference of the upwelling and downwelling
sw and Iw radiation in the tropopause, while simultaneously assuming stratospheric thermaliza-
tion (Myhre et al. [28]). These different attempts rely on the applied models used to calculate the
global warming caused by the GH-gases, and therefore they also differ in their size.

We note that the calculated forcings at doubled CO, concentration not strictly obey a logarithmic
dependency but show relatively higher values for higher concentrations. E.g., a calculation for
200 ppm doubled gives a forcing 0.4 W/m? larger than the respective calculation for 100 ppm.
While our experimentally derived value with AF2.co> = 3.7 W/m? was determined by a fit to the
measured data over a wide range from 1.25% up to 20% (16x), only doubling from 10% to 20%
gives a value of 3.96 W/m?. This also explains the higher start value in Fig. A5, and all other
forcings or changes in this subsection, which relate to this figure were found by doubling 21.35
ppm resp. 200 ppm.

All black arrows in Fig. AS designate changes in the back-radiation, whereas blue arrows indicate
the difference to a calculated upward forcing at the TOA. In this case is the upward forcing 0.58
W/m? larger than the downward forcing. And when calculating the doubling with an initial con-
centration as assumed in pre-industrial times with 280 ppm, this gives a final radiative forcing at
TOA of AFsco:=3.4 W/m?.
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