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We experimentally demonstrate that doubling CO2 concentration in air yields a 
~20% increase in absorption of thermal radiation emitted by Earth. We report α(λ) 
and its spectrally averaged value for: pure CO2, CO2-air mixtures, and CO₂-Ar 
mixtures. In the mixtures, the CO2 concentration was doubled, quadrupled, and 
increased up to ten times compared to the present-day atmospheric concentration. 
The spectral absorptivity, α(λ), was measured in a 1.8 m long test tube at room 
temperature using a Nicolet FTIR spectrometer with a resolution of 0.5 cm⁻1. A 
substantial increase in α(λ) was observed when air molecules were added to pure 
CO2, due to vibrational-translational (V-T) de-excitation through molecular colli-
sions. A similar increase was observed when argon atoms were added to pure CO2. 
Keywords: 	CO2, Ar, de-excitation, vibrational-translational collisions, air, 

absorption coefficient, saturation, infrared spectra

Introduction
The CO2 is the primary source of carbon for photosynthesis, which makes life on 

Earth possible. Furthermore, during photosynthesis, a part of solar radiation is converted into 
chemical energy and stored as fossil fuel (FF) which, since the industrial revolution, is the main 
source of energy on Earth. In 2018, FF accounted for 84.7% of energy used globally [1]. Over 
the past decades, this figure has remained stable, despite trillions of dollars spent on renewable 
energy.

In 1960s and 1970s, the worldwide construction of nuclear power plants was driven 
and justified by the fact that the FF reserves are limited** and not renewable. However, since the 
mid 1980s, global warming has emerged as a major issue and has driven a massive investment 
needed to reduce combustion of FF. At present, the climate goals aim to reduce combustion of 
FF, far before the reserves run out. 

Benefits of increased CO2 concentration 
The advantages of increased CO2 concentration are well established and supported by 

countless experiments. The plants grow faster when CO2 concentration is increased well above 
the ambient baseline. The horticultural studies typically recommend using elevated CO2 levels 
to increase photosynthetic rates and yields without excessive cost. Furthermore, the plants con-

* Authorʼs e-mails: agostrogorsky@gmail.com; aostrogo@illionistech.edu 
** The known reserves of coal, oil and natural gas are expected to last ~135 years, ~50 years, and ~50 years, respectively.
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duct photosynthesis with partially closed stomata*, thus reducing transpiration. More carbon is 
gained per unit of water lost. The Water-Use Efficiency is improved [2, 3]. Therefore, in com-
mercial greenhouses, the concentration of CO2 is typically ~1000-1500 ppm. 

Disadvantages of increasing CO2 concentration from ~1850 to present
The CO2 is a GHG that absorbs infrared radiation in the atmosphere, contributing to 

global warming. Its molecular structure allows it to vibrate at frequencies needed to absorb the 
infrared radiation emitted by Earth. 

Since late1980s, global warming has been systematically studied and discussed in the 
reports of the Intergovernmental Panel on Climate Change (IPCC) [4-6]. The CO2 is recognized 
as a major contributor to global warming because it absorbs a fraction of infrared radiation 
emitted by Earth, preventing it from escaping into space. The IPCC reports use the terms:
	– Equilibrium climate sensitivity (ECS) to specify the long-term warming [°C] that results 

from doubling concentration of CO2 in the atmosphere, relative to pre-industrial levels  
(~ 280 ppm) or relative to the present level (420 ppm).

	– Radiative forcing (RF) to specify difference in the radiative flux [Wm–2] caused by the 
change in concentration of CO2, other GHG, clouds, aerosols, etc. 

 The view that the increase in CO2 concentration in the atmosphere is the leading 
cause of global warming remains controversial, in part because the disagreement in model-pre-
dictions of ECS and RF. The IPCC reports consider two periods: 

Pre-industrial era to present
The historical data show that from ~1850 to present: 

	– the CO2 concentration increased from ~280 ppm to ~420 ppm and
	– the global temperature increased by ∆T280 → 420 ppm = ~1.5 °C. 

The historical data are vital for evaluation and calibrating the climate models. Yet, the 
contribution of CO2 to the increase of ~ 1.5 C remains unclear. To be sure, besides the rise of 
CO2 concentration, a lot has happened on Earth since 1850: 
	– The population grew from ~1.2 billion ~8.2 billion. This amplified deforestation, urbaniza-

tion, transportation, etc. 
	– The heat engines used for transportation and power production contribute to heat pollution. 
	– The concentration of CH4 increased from ~720 ppb to ~1920 ppb. 
	– The natural phenomena including volcanic activity, solar variability, Earth’s orbital changes 

(Milankovitch cycles), all obscure the impact of the CO2 concentration.

Future doubled CO2 concentration 
In the IPCC reports, the future climate/temperature is calculated using computer mod-

els, which require assumptions, properties and parameters. The properties needed to calculate 
the interaction of thermal radiation with gases (H2O, CO2, CH4, etc.) are obtained from the 
HITRAN (high – resolution TRANsmission molecular absorption) spectroscopic database [7, 
8]. In 2008, HITRAN contained more than 2.7 million spectral lines of the atmospheric GHG. 
The disagreement between the models in predicting ECS is significant:
	– The ECS is likely to be in the 1.5-4.5 °C range; extremely unlikely less than 1 °C, and very 

unlikely greater than 6 °C, see TFE.6, fig. 1, p. 83 in [4]. 

* In Greek, stoma means mouth. All plants have stomata (small openings on plant leaves and stems) used for  
intake of CO2, release of O2 and release H2O in transpiration.
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	– Based on the 2021 IPCC AR6 report [5], doubling CO2 concentration will cause temperature 
increase between 2.0 C and 5.0 C (90% probability). 

Several authors predict lower ECS values due to saturation of absorption. At 420 ppm, 
CO2 already absorbs strongly in the 15 µm band, so that adding more CO2 molecules to air will 
stop mattering. 

Harde’s 2017 model predicts the maximum range for the ECS to be 0.6-1.2 °C with a most 
reasonable value of 0.7 °C [9]. In fig. 23, Harde demonstrates that doubling of CO2 under clear sky 
conditions only donates additional 1.2% to the total absorption. Only the far wings of the 15 µm 
band and the weaker absorption bands still contribute to a slightly rising absorption with increasing 
CO2 concentration. Our 2024 measurements of spectral transmittance are in an excellent agreement 
with Harde’s calculated spectra based on the HITRAN data, see fig. 11 in [10]. 

Wijngaarden and Happer [11] modeled the impact of five GHG which control the 
cloud-free, thermal radiative flux from the Earth to outer space. This model predicts that dou-
bling the CO2 concentration will cause surface warmup by 1.4 K. Furthermore, saturation of the 
absorption by the abundant GHG (H2O and CO2) is so extreme that the per-molecule forcing is 
attenuated by four orders of magnitude with respect to the optically thin values. 

Spectral absorption coefficient of CO2 and HITRAN database
The spectral absorption coefficient, α(λ) [m–1] or [cm–1], is a measure of how strongly 

gas molecules absorb radiation at a specific frequency or wavelength, λ. In the mid-infrared  
region, 2.5-25 μm, CO2 has absorption bands at 2.7 μm, 4.26 μm, and 14.99 μm [12-16]. Using 
the Planck’s law, 99.5% of thermal radiation emitted by Earth is above 4.5 μm [10]. Thus, only 
the λ = 15 μm band can trap a significant fraction of thermal radiation emitted by Earth (causing 
ν2 bending vibrations). 

The pioneering spectra of CO2 absorption at high temperatures, measured by Edwards 
[12, 13], are reproduced in most USA textbooks on radiation heat transfer [14, 15]. To absorb 
infrared radiation and become excited, a molecule must change its dipole moment during vibra-
tions [12, 16]. The N2 and O2 have diatomic molecules with symmetric electron distribution, so 
that no permanent dipole moment forms. Both have only one vibrational mode, the symmetric 
stretch, which does not create a change in the dipole moment. Thus, the symmetric diatomic 
gases are infrared inactive, unless a pressure induced dipole is created from molecular colli-
sions at very high pressures, see p. 205 in [12]. The monoatomic gases such as He or Ar absorb 
only at wavelengths considerably shorter than 1 μm. 

The α(λ) is the principal property of CO2 needed determine the attenuation of the 
heat flux [Wm–2] emitted by Earth. In the regime where the Beer-Lambert law applies, the 
absorption coefficient is proportional to the number density n of the absorbing molecules 
[molecules cm–3]:

( ) ( )nα λ σ λ= (1)
where the absorption attenuation cross-section, σ(λ) [cm2], is probability that a collision between 
a photon having wavelength, λ, with of one molecule of CO2, that will result in absorption. 

The climate models typically rely on the HITRAN spectroscoic database, to calculate 
the interactions of thermal radiation with gas molecules [9, 11]. To determine α(λ), HITRAN 
accounts for a half-dozen parameters* needed to compute the absorption cross-section, σ(λ), 
which is next multiplied by the number density of the absorbing molecules, see eq. (1). Since 

* Line center wavelength, line intensity, pressure broadening coefficients, temperature dependence broadening, line shape 
parameters and isotropic composition information.
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2012, the HITRAN spectroscopic database includes a specific section that is dedicated to col-
lision-induced absorption (CIA). According to the 2025 review [8], CIA is a process in which 
light is absorbed by pairs of molecules due to the dipole moment that is induced by their mu-
tual interaction. Our present data show drastic increase of the absorption in the 15 μm band 
of CO2 in the presence of air molecules. However, we presume that the increase is caused by 
de-excitation of CO2 molecules by collisions, rather than collision induced absorption in N2 or 
O2 dipoles. 

Experimental set-up and samples 
The goal of the described experiments is to measure directly the spectral absorption 

coefficient in air, while CO2 concentration is doubled, quadrupled and further increased above 
the present level.

The measurements were conducted using the procedure described in [10]. An ex-
ternal, 1.8 m long test-tube with ZnSe windows was attached to the Nicolet Magna 560 
FTIR spectrometer, fig. 1. The CO2 molecules were injected into the test-tube using a med-
ical dosing syringe and a Lauer 3-way valve. The ZnSe windows are transparent 0.6-20 µm  
(16700 cm–1 < n < 500 cm–1). 

Figure 1. Schenatic of the FTIR spctrometer with L = 1.8 m long external test tube

The recommended range for our FTIR with KBr beam-splitter and MCT/A detector 
is 1.35 µm and 16.67 µm (7400-600 cm–1). We tried installing a DTGS detector which extends 
the range to 28 µm (350 cm–1) and does not require cooling by liquid nitrogen. However, the 
DTGS detectors are less sensitive and our detector could not operate ~2 m away from the FTIR. 
In all measurements, the spectral resolution was 0.5 cm–1. According to the Beer-Lambert law, 
radiation is attenuated exponentially along the path in the sample:

( ) ( ) ( )
0

( ) expLIT L
I

λ
λ α λ

λ
= = −   (2)

where T(λ) is the optical transmittance of a sample, I0(λ) and IL(λ) – the radiation fluxes entering 
and exiting the sample, respectively, α(λ)[m–1] – the spectral absorption coefficient, and L [m] 
– the absorption path in the sample. 
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The intensity of the FTIR modulated beam is attenuated by: air outside the test 
tube, the absorption and reflection on ZnSe surfaces, and the sample in the tube. The radi-
ation losses are considered to be effective absorbance, accounted for by additive terms  
[10, 17]:

sample air ZnSeA A A A= + + (3)
where Aair is the absorbance in the air between the FTIR and the test tube. Background spectra 
were taken while the test tube was evacuated to <5 mTorr (<10–5 atmosphere), thus reducing the 
number density of molecules in the tube to <1014 cm–3. For Asample= 0, eq. (3) yields: 

background air ZnSe A A A= + (4)
Subtracting eq. (4) from eq. (3) yields:

0
background sample 10log 0.4343 

L

I
A A A L

I
α

 
− = = = 

 
(5)

By rearranging eq. (5), the spectral absorption coefficient:

( ) ( )sample2.302
A

L
λ

α λ = (6)

The average values of measured absorbance Ā  and absorption coefficient ᾱ between 
λ1 and λ2 are:

( )
1 2

1

1 N

A A
Nλ λ λ↔ = ∑ (7)

( )
1 2

1

2.302 1 N

L Nλ λα α λ↔ = ∑ (8)

where N is the number of data points and A(λ) – the absorbance measured at a specific 
wavelength λ. In all experiments, the length and volume of the test tube were L =1.8 m and  
Vtube = 2880 cm3, respectively. 

Molar fraction and number density of CO2

The present-day molar fraction (or mixing ratio) of CO2 in air is x0
CO2 = 420⋅10–6  

mol/mol, or 420 ppm. Since CO2 is an infrared-active gas, its absorption coefficient, α(λ), 
should be proportional to the number density, n [cm–3] of the absorbing molecules. 

To follow up on our earlier measurements of infrared absorption in air [10], our key 
goal here is to measure A(λ) while increasing the number density of CO2. The number density 
of a gas at normal temperature and pressure (NTP, p = 101326 Pa, T = 293 K) is:

25 3 19 3
NTP 2.503 10 m 2.503 10 cm

B

pn
k T

− −= = ⋅ = ⋅ (9)

where at kB = 1.380649 J/K is the Boltzmann’s constant [18]. 
The molar fraction:

2
2

CO in air
CO

NTP

nx
n

= (10)

The present day number density of CO2 in the outdoors air is:
2 2CO 420 ppm CO 19 3 6 16 3

0 NT 0 2.503 10 cm 420 10 1.05 10 cmPn n x − − −= = ⋅ × ⋅ = ⋅ (11)
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The number density of CO2 in ~1850s, corresponding to 280 ppm was:

2 2CO 280 ppm CO 19 3 6 16 3
0 NTP 280 2.503 10 cm 280 10 0.701 10 cmn n x − − −= = ⋅ × ⋅ = ⋅ (12)

To simplify the presentation, we define here a relative number density:

2

*
CO 420 ppm

00

n nn
nn

= = (13)

which scales the number density in the test tube to the present-day nuber density of CO2 in the 
atmosphere. The presentday relative numeber density is n* = 1. 

Results
The following samples were tested:

	– Air
	– The 100% CO2 

	– Air-CO2 mixture, n* ≥ 1
	– The Ar-CO2 mixture, n* ≥ 0 

Air, natural and dried
The humidity of the air in fig. 2(a) was ~45%. The H2O absorption is substantial 

between 4.5 µm and 8.5 µm, and above 15.5 µm. The absorption bands of CO2 are centered at 
4.3 µm and 15 µm. The band centered at 4.3 µm absorbs less than 0.5 % of thermal radiation 
emitted by Earth [10]. Thus, it is not considered further.

In fig. 2(b), air was dried by flowing through a 0.5 m long tube filled with desiccant 
bides. Absorption by H2O is drastically reduced but not eliminated. 

Figure 2. The α(λ) in; (a) outdoors air (~45 % humidity) and (b) dried air

Figure 3(a) shows α(λ) of dried laboratory air (windows open), measured while the 
pressure in the test-tube was stepwise reduced from 1-0.1 atmosphere. The average values of 
α(λ), in the PQR branches and R-wing [9, 10] are calculated using eq. (8) and plotted in figs. 
3(b) and 3(c). Based on the transmittance spectra given in [8, 9], the PQR-branches covers  
13.8-16.3 µm. Fitting a straight line through the data, for dry air, yields:

PRQ
air 0.0720 pα = (14)

R-wing
air 0.00098pα = (15)
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Figure 3. Dry air; (a) spectral absorption coefficient α(λ); average coefficient ᾱ in: 
(b) the PQR-branches (13.8 µm < λ < 16.3 µm), and (c) the R-wing (12.5 µm < λ < 13.8 µm)

Pure CO2 (1 < n* <16)
In all measurements reported below, the range of wavelengths was reduced to 12.5 µm 

< λ < 16.7 µm. The test tube was evacuated down to <5 mTorr to take the background spectra. 
The CO2 was injected into the test-tube under vacuum using a medical dosing syringe. The 
pressure in the test tube was measured using a Pirani gauge. Typically, 1.25-30 cm3 of CO2 was 
injected. The ideal gas law at constant temperature, yields the absolute pressure in the tube:

inj
tube syr

tube

V
p p

V
= (16)

The number density of injected CO2 molecules is:

2 inj injinjCO gasNTP 19 3

tube tube

2.50 10 cm
V V

n n
V V

−== ⋅ (17)

As noted earlier, injecting Vinj =1.25 cm3 of CO2 at NTP into our test tube under vac-
uum gives:

2

idealgas NTP 19 3 16 3inj
CO tube

tube

2.50 81.250
28 0

10 cm 1.0 10  cm
8

n
V

n
V

− −= = ⋅= ⋅ (18)

which is approximately equal to the present day number density of CO2 in the atmosphere, see 
eq. (11). 

Figure 4(a) shows the spectra obtained by injecting 1.25 cm3, 5 cm3, and 20 cm3 of 
pure CO2. The corresponding number density in the test tube is n* = 1, 4, and 16, respectively. 
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Upon injection, uniform number density is established within the tube, so that α(λ) was record-
ed within minutes needed to establish thermal equilibrium. The average absorption coefficient 
in the PQR branches ᾱ is given in figs. 4(b) and 4(c) as a function of Vinj, and n*, respectively. 

Air-CO2 mixture 
Two procedures were used to measure α(λ) as a function of the CO2 number density. 

Injecting CO2 into air at NTP (Air first procedure)
This procedure simulates the anticipated increase of CO2 concentration in the atmo-

sphere. The Air first procedure includes:
– Filling the test tube with dried outdoors air at NTP, so that α(λ) of air is recorded (green

lines), figs. 5 and 6.
– Injecting a volume of CO2 at NTP into air so that α(λ) of the mixture is recorded (orange

line), figs. 5 and 6. After the injection, the number density of CO2 the tube is:
2 22 CCO t nest itube O i a r injCO

0n n n= + (19)
where

2 inj injinjCO gasNTP 19 3

tube tube

2.503 10 cm
V V

n n
V V

−⋅= = (20)

Thus, the dimensionles or relative number density is:

2 2 2

2 2 2

2 CO in air injCO inj.CO
0

CO in air CO in air CO in air
0

s

0 0

CO te t tube
* 1

n n
n nn

n n n
+

= = = + (21)

Figure 4. Pure CO2; (a) spectral 
absorption coefficient α(λ);  
average absorption coefficient ᾱ  
(13.8 µm < λ < 16.3 µm), as a function 
of: (b) volume injected, and  
(c) number density, n* 
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Air first: Doubling CO2 number density (n* = 2, 840 ppm)
Figure 5(a) shows the spectral absorption coefficient, α(λ), of air before injection 

(green line), and after injection (orange line). Before injection, the number density was n0
CO2in air 

+ 1.05 ⋅ 1016 cm–3, or n* = 1. Using eq. (8), the average absorption coefficient is ᾱ n = 0.065 m–1, 
represented by the green square in fig. 5(b). 

Using a medical dosing syringe, Vinj=1.25 cm3 of pure CO2 at NTP was injected, to 
cause a 100% increase in number density in the test tube:

2
2

2

inj CO
injCO*

CO
b

in a
*test tu e

ir
0

1 1 2n nn
n

= + = + = (22)

Accordingly, the mollar fraction doubled, xCO2, test tube = 840 ppm.
Because the injection is local, CO2 molecules had to diffuse to homogenize the con-

centration in the tube. During this diffusion transient, α(λ) was recorded until it stopped chang-
ing, see fig. 5(b). The steady average value, ᾱ  n*

Air = 0.0761 m–1, was reached after ~30 minutes. 
Comparing to the outdoors air, doubling CO2 concentration (from 420-840 ppm) increased ᾱ  
by only 17 % (from ᾱ  n*

Air = 0.065 m–1 to ᾱ  n*
Air

=5
-CO2 = 0.0761 m–1). 

Figure 5. Air first procedure;  
(a) α(λ) of dry air (green line, n* = 1) and after injection (orange line, n* = 2) and 
(b) average absorption coe icient α¯ (13.8 µm < λ < 16.3 µm) vs. time

Air first: 400% increase in CO2 number density (n* = 5, 2100 ppm)
The spectrum of outdoors air, recorded before injection, is given by the green line in 

fig. 6(a). Its average value, ᾱ  n*
Air = 0.065 m–1 is represented by the green square in fig. 6(b). The 

5 cm3 of CO2 was injected into air in the test tube to increase the number density:
2

2

injCO

CO i
*test

n a
tube

ir
0

1 51 4n n
n

= + = + =

The steady value, ᾱ  n*
Air

=5
-CO2 = 0.114 m–1 was reached after ~30 minutes. Thus, 400% 

boost in number density (from n* = 1 to n* = 5), caused a ~75 % increase in the average absorp-
tion coefficient (from ᾱ  n*

Air
=1 = 0.065 m–1 to ᾱ  n*

Air
=5
-CO2 = 0.114 m–1).

Injecting CO2 into vacuum before adding air (CO2 first procedure)
 Injecting CO2 into vacuum is practical, because uniform concentration of CO2 in the 

tube is instantly established. Furthermore, it demonstrates the drastic increase in absorption 
cross-section due to the inflow of air molecules or Ar atoms (see section Ar-CO2 mixture). 
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The CO2  first procedure includes: 
– Using a dosing syringe, to injected CO2 into the test tube under vacuum. Right away, α(λ)

is recorded.
– Dried air is introduced into the tube so that α(λ) of the mixture is recorded, until ᾱ  stops

changing.

Figure 6. Air first procedure; (a) α(λ) of dry air (green line, n* = 1) and  
170 minutes after 5 cm3 of CO2 was injected (orange line, n*= 5) and  
(b) α¯ (13.8 µm < λ < 16.3 µm) vs. time 

The CO2 first: Doubling CO2 number density (n* = 2, 840 ppm) 
To establish n* = 1 in the test tube, 1.25 cm3 of CO2 was injected into vacuum. The 

resulting spectrum of pure CO2 is given by the blue line in fig. 7(a). Its average value, ᾱ n*=1
CO2 

= 0.00296 m–1, marked by the blue cross in fig. 7(b), is high compared to our data in fig. 4(c).
 Next, dried air was introduced to double the number density of CO2 in the test tube:

22

2 2

CO in airinj CO
0

CO in a O
*test tub

0

e
ir C in air

0

2
n
n

n n
n

+= =

Figure 7. The CO2 first: Vinj = 1.25 cm3 was injected into vacuum;  
(a) α(λ) for pure CO2, n* = 1 (blue line) and CO2-air mixture, n* = 2 (orange line) and 
(b) α¯ as a function of time; the blue cross is α¯n

CO
*=1

2
 = 0.00255 m–1 

Within ~30 minutes, the average coefficient reached a steady value, 
ᾱ n*=2

CO2-air = 0.084 m–1, which is 15 % above the value in fig. 5 (b). The repeated experiment gave  
ᾱ n*=1

CO2 = 0.00255 m-1 and ᾱ n*=2
CO2-air = 0.0763 m–1, which is equal to ᾱ n*=2

Air-CO2 in fig. 5(b). Compar-
ing to the outdoors air, 100 % increase in CO2 concentration increased ᾱ  by only 17.4% (from  
ᾱ n *=1   Air = 0.065 m–1 to ᾱ n*=2

CO2-air  = 0.0763 m–1). 
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The CO2-first procedure revealed a drastic increase in absorption, from  
ᾱ n=1

CO2 = 0.00255 m–1 to ᾱ n*=2
CO2-air = 0.0763 m–1 although N2 and O2 are infrared-inactive. Their only 

vibrational mode is symmetric stretch, which does not change the dipole moment. Based on [8], 
N2 and O2 can could absorb a small quantity infrared radiation by collision induced absorbtion, 
CIA. Yet, the 28-fold increase in absorption is hard to attribute to N2 and O2 molecules. Instead, 
absorption by CO2 molecules and de-excitation by collisions with N2 and O2 could explain the 
radical increase. 

The CO2 first: 400% increase in CO2 number density: n* = 5 (2100 ppm)
Injecting 5 cm3 of CO2 into vacuum yields:

2

2

inj CO 16 3

CO in air 1
n

6 3
0

*i ject 4.33 410  cm
1.06 10 cm

n n
n

−

−⋅
⋅

= = =

The spectrum of pure CO2 is given by the blue line in fig. 8(a). Its average value,  
ᾱ n* =4

   CO2 = 0.00968 m–1, is represented by the blue crosses in fig. 8(b). After air is admitted, α(λ) in-
creased radically, see the orange line in fig. 8(a). Its average value is ᾱ n*=5

CO2-Air = 0.134 m–1. Thus, 
the inflow of air molecules increased the CO2 number density from n*= 4 to n* = 5, causing a 
~14-fold increase in absorption (from ᾱ n* =4

   CO2 = 0.00968 m–1 to ᾱ n*=5
CO2-Air = 0.134 m–1).

Comparing to the outdoors air, 400% increase in CO2 concentration (from 420-2100 ppm) 
increased ᾱ  by only 106% (fromᾱ n*=1

Air  = 0.065 m–1 to ᾱ n*=5
CO2-Air = 0.134 m–1). 

Figure 8. The CO2 first procedure: Vinj = 5 cm3 was injected into vacuum;  
(a) blue line is α(λ) for pure CO2, n* = 4; orange line is α(λ) for the CO2-air mixture, n* = 5 and 
(b) α¯n

CO
*=5

2-Air as a function of time; the blue cross is α¯n
CO

*=4
2 = 0.00968 m–1 

Argon-CO2 mixture 
The Ar makes up 0.934% of the atmosphere by volume, 1.29% per mass. It is the 

third most abundant gas in the atmosphere. The mass of Ar is 39.948 g/mol is comparable to  
28.96 g/mol for air and 44.010 g/mol CO2. 

Argon with no CO2 added 
The spectral absorption coefficient of our welding grade Ar (99.995% or 4.5 N purity) 

is given in fig. 9. The Ar is produced from liquid air by the fractional distillation. The typical level 
of impurities in a welding grade Ar is 1-3 ppm CO2 and 3-10 ppm H2O. 

The thin absorption peaks by CO2 molecules are at 15 µm and 4.3 µm. Absorption by 
H2O molecules is evident between 4.5 µm and 8 µm (compare fig. 9 and fig. 2). In short, the 
concentration of CO2 molecules in our argon was two orders of magnitude lower than that in 



Ostrogorsky, A. G.: Absorption of Thermal Radiation Emitted by Earth in ... 
2886	 THERMAL SCIENCE: Year 2026, Vol. 30, No. 4B, pp. 2875-2894

air. Thus below, the presence CO2 molecules in 
argon are ignored in CO2-argon mixtures.

Argon-CO2 mixture (n* = 1, 420 ppm) 
The 1.25 cm3 of pure CO2 was injected 

into the tube under vacuum to establish n*~1. 
Next, α(λ) of pure CO2 was recorded (blue line 
in fig. 10). Its average value is ᾱ n*=1

CO2 = 0.00478 
m–1, blue cross in fig. 10(b).

Subsequently the tube was filled with Ar. 
The impurities in the 4.5 N Ar could not sig-
nificantly increase the number density of CO2. 
Since:
– the number of CO2 molecules remained vir-
tually unchanged and 

– the CIA by Ar atoms at NTP is negligible, see fig. 9, the drastic increase in absorption
ought to be credited to collisions between CO2 and Ar atoms [19-22]. The presence of Ar
atoms increased the average absorption coefficient in the test tube by ~16 times (from
ᾱ n*=1

CO2 = 0.00478 m–1 to ᾱ n*=1
Air-CO2= 0.0783 m–1). This is comparable to the 28-fold increase

caused by inflow of air molecules, where air inflow doubled the number density of CO2,
see fig. 7.

The Ar-CO2 mixture (n* = 4, 1680 ppm). The 5 cm3 of pure CO2 at NTP were injected 
into vacuum to establish n*= 4. Figure 11 shows the spectrum of pure CO2 (blue line) and its 
average value ᾱ n*=4

CO2 = 0.0164 m–1, blue cross in fig. 11(b). The spectrum of argon-CO2 mixture 
(n* = 4) is given by the purple line. After 120 minutes, the average value of the absorption coef-
ficient become steady, ᾱ n*=4

Air-CO2 = 0.187 m–1. Filling up the tube with Ar increased absorption by 
~11 times (from ᾱ n*=4

CO2 = 0.0164 m–1 to ᾱ n*=4
Air-CO2 =0.187 m–1), comparable to the ~14-fold increase 

caused by air see fig. 8. 

Stepwise addition of Ar CO2

The goal of the following experiment was to demonstrate the significant increase in 
absorption caused by Ar atoms, while the number of CO2 molecules in the tube remained fixed.

Figure 9. Absorption coefficient of 4.5 N purity 
Ar (1-3 ppm CO2 and 3-10 ppm H2O)

Figure 10. (a) The α(λ) of pure CO2 (blue line) and CO2-Ar mixture (purple line) 
and (b) α¯n

CO
*=1

2-Air as a function of time; CO2 the blue cross is α¯n
CO

*=1
2
 = 0.00478 m–1 
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Figure 11. The α(λ) of pure CO2 (blue line, n* = 4, Vinj = 5 cm3), and  
CO2-Ar mixture (n* = 4, purple line) and (b) α¯n

CO
*=4

2 as a function of 
time. The blue cross is α¯n

CO
*=4

2 = 0.0164 m–1 

A volume of 1.25 cm³ of pure CO2 was injected into the evacuated test tube. The re-
sulting pressure in the tube was pCO2 ≈ 0.370 Torr (≈4.9⋅10–4 atmosphere). The blue line in fig. 
12(a) shows the spectral absorption coefficient of the injected CO2. The blue cross in fig. 12(b) 
represents its average value, α = 0.0067 m–1.

Figure 12. (a) The α(λ) of pure CO2 (blue line) and CO2-Ar mixture (purple line) and  
(b) α¯CO2-Argon as a function of Argon pressure pArgon [atmosphere]; the blure cross coresponds to 
α¯CO2 = 0.0067 m–1, measured for pCO2 =370 mTorr 

Next, the pressure in the test tube was increased stepwise by adding Ar, while the 
number density of CO2 molecules was kept constant. The spectral absorption coefficient of the 
CO2-Ar mixture is shown by the purple line. When the total pressure reached 1 atmosphere, the 
average value increased to α = 0.085 m–1, see fig. 12(b). Thus, argon atoms at NTP increased 
the average absorption coefficient in the tube by approximately 13 times.

The relationship between α and Ar pressure is non-linear. Adding only 0.1 atmosphere 
of Ar increased the average absorption coefficient from 0.0067-0.043 m–1, reaching about 50% 
of the final value, see fig. 12(b). Since Ar atoms do not absorb infrared radiation, we attribute 
the substantial increase in α to collision-induced de-excitation of CO2 molecules.

Correlations for average absorption coefficient α(n*)
Dried air 

Equations (14) and (15) can be re-written, replacing pressure with n*:
PRQ
dry air 0.072 *nα = (23)
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R-wing 3 *
dry air 0.976 10 nα −= ⋅ (24)

For n*=1, one gets air ᾱ PRQ
dray air = 0.072 m–1 and ᾱR-wing dray air = 0.001 m–1. Both are in a solid 

agreement with our 2024 measurements, see tab. 2 in [10]. 

Pure CO2 
Fitting a straight line through the ᾱ(n*) data in fig. 4(c) yields:

2CO *0.00249nα = (25)
Thus, in the range considered, doubling the number density n* will double the absorp-

tion coefficient ᾱ . 

Air-CO2 mixture 
Air first 

Injecting CO2 into air mimics the expected increase of CO2 concentration in the atmo-
sphere. A summary of the experiments is given in fig. 13. The Vinj = 0 represents dried outroors 
air with ~420 ppm of CO2 (n* = 1). A linnear fit to the data in fig. 12(b) yields:

Air first * *0.0499 0.0136 , 1n nα = + ≥ (26)
Assuming zero absorption by N2 and O2, linear interpolation betwen n* = 0 and n* = 1 

yields ~4 times steeper slope:
Air first * *0.0635 , 0 1n nα = ≤ ≤ (27)

Figure 13. Summary of Air-first experiments (CO2 was injected into air); (a) ᾱ(Vinj) and (b) ᾱ(n*) 

Doubling density of CO2 molecules, from n* = 1 to n* = 2 yields ~18.6% increase in 
the average absorption coefficient in the 15 μm band. A 400% increase, from n* = 1 (420 ppm) 
to n* = 5 (2100 ppm), yields a ~81.4% increase in ᾱ Air-first.

 The disadvantage of the Air-first procedure is the local injection of CO2. The beam 
of our NICOLET FTIR is collimated to ~0.01 m, while the inside diameter of the test tube is  
dtube = 0.042 m. Thus, uniform radial concentration is essential. Time is needed for molecules 
to diffuse along the tube. Yet, long lasting FTIR measurements are undesirable, because the 
spectra are affected by the level of LN in the MCT/A detector, etc.

During a transient, the penetration distance of the diffusion front can be estimated:

~ 2L Dt (28)

where t [s] is the time and D = 1.6⋅10–5 [m2s–1] – the diffusion coefficient of CO2 in air [23]. For  
t = 3600 seconds, the penetration distance of CO2 molecules is L ~ 1 m >> dtube. Thus, 1 hour 
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after the injection, the CO2 concentration has to be radially uniform. Radial uniformity may 
explain the apparent end of the transient after ~ 30 minutes in figs. 5 and 6, although diffusion 
into the side flanges and valves may not have been completed. 

The CO2-first
The CO2-first procedure should yied identical spectra as the Air-first procedure, as 

long as the CO2 concentartion in the test tube is uniform. The advantages of the CO2-first pro-
cedure are:
– The spectrum of pure CO2 is recorded before air is introduced.
– The concentration of CO2 molecules is initially uniform. The diffusion transiet is shorter.

Figure 14 gives a summary of the ᾱ CO2-Air data. The Vinj = 0 corrreesponds to air  
(n* = 1) with no CO2 injected. Linnear fit to the data in fig. 14(b) yields:

2CO -first * *0.0522 0.0147 , 1n nα = + ≥ (29)

Figure 14. Summary of the CO2-first experiments, ᾱ as a function of; (a) Vinj. and (b) n*

For n* ≤ 1, linear interpolation to zero absorption at n* = 0 yields ~4 times steeper 
slope:

Air first * *0.0669 , 0 1n nα = ≤ ≤ (30)
Using eq. (30):

– Doubling CO2 density in air, from 420 ppm (n*=1) to 840 ppm (n* = 2) will increase absorp-
tion by 22% (from ᾱ CO2 

n*=1 = 0.0669 m–1 to ᾱ CO2 
n*=1

-air = 0.0816 m–1).
– A 400% increase in CO2 concentration in air (from n* = 1 to n* = 5) will increase absorption

by 89.4% (from ᾱ CO2 
n*=1 = 0.0669 m–1 to ᾱ CO2 

n*=1
-air = 0.1254 m–1). 

The difference between eqs. (26) and (29) may be caused by the problems:
– Medical syringes and Lauer 3-way valves are designed to handle liquids, not gases or vacu-

um. Small CO2 volumes are difficult to inject precisely because in small diameter syringes,
friction between the piston and the cylinder is affecting the density of the injected CO2.

– The CO2 concentration in the test tube did not reach steady-state.
– The background and absorbance spectra were time sensitive.

All correlations presented in this section are listed in tab. 1.
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Table 1. Correlations between ᾱ and relative number density n* of CO2 molecules 
Sample Correlation Eq. Figure number

Dried air
PRQ
air

R-wing
air

0.0720 [atmosphere]

0.00098 [atmosphere]

p

p

α

α

=

=

(23)

(24)
2, 3

100% CO2  
2CO * *0.00249 , 0n nα = ≥ (25) 4, 15

Air first-CO2

Air first * *

Air first * *

0.0499 0.0136 , 1
0.0635 , 0 1

n n
n n

α

α

= + ≥

= ≤ ≤

(26)

(27)
5, 6, 13

CO2 First-Air
2CO -first *

Air first * *

0.0522 0.0147
0.0669 ; 0 1

n
n n

α

α

= +

= ≤ ≤

(29)

(30) 7, 8, 14

CO2-Ar

2

2

CO -Ar * *

CO -Ar * *

0.0963 , 0 1
0.0566 0.0291 , 1 8

n n
n n

α

α

= ≤ ≤

= + ≤ ≤

(31)

(32)
10, 11, 15

( )2CO -Ar 0.029ln 0.0872pα = +

atm Ar atm 20.02 1 , CO  = 370 mTorrp p< <

(33) 12

Argon-CO2 mixture ᾱCO2-Ar  
as a function of CO2 number density 

The data in fig. 15 can be divided into 
two sections:

CO2-Argon * *0.0963 , 0 1n nα = ≤ ≤ (31)
2CO -Argon *0.0291 0.0566, 1 * 8n nα = + ≤ ≤ (32)
The slope of eq. (31) is three times high-

er than the slope of eq. (32).

Absorption in CO2-Ar mixture as a function of argon number density 
The data in fig. 12 can be approximated using the trendline:

( ) atm Ar atm0.029ln 0.0872, 0.02 1p pα = + < < (33)
where p [atmosphere] is pressure of argon. Valid for pCO2 = 370 mTorr, or n* = 1. 

Discussion: dominating effect of collisional V-T relaxation 
The N2 and O2 are infrared-inactive because their only vibrational mode is a sym-

metric stretch, which does not produce a change in dipole moment. Pressure-induced dipoles 
and absorption by N₂, O₂, and Ar are negligible under normal temperature and pressure (NTP) 
conditions. Furthermore, CIA is proportional to the square of pressure, whereas in fig. 3, α is 
proportional to pressure.

Figure 15. Summary of the CO2-Ar experiments, 
ᾱCO2-Ar as a function of CO2 number density, n*
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The present measurements demonstrate the leading effect of collisions with N₂, O₂, and/
or Ar on the spectral absorption coefficient of CO2 in the 15 µm band. More specifically, the CO₂-
first procedure revealed a drastic increase in α(λ) due to the presence of air molecules and Ar atoms.

To maintain energy balance (inflow equal to outflow), excited CO2 molecules, after 
absorbing a ~15 µm photon, can release energy either by: radiation (i.e., photon emission) or 
collisions. The radiative lifetime of excited CO2 molecules is broad, τrad ~ 10–3 to 0.1 second. To 
estimate the timescale for collisional de-excitation, we calculate key parameters for: Ar at NTP,  
air at NTP, and – CO2 (420 ppm) [18].
– The Ar at NTP: Using mAr ~ 6.63⋅10–26 kg, rAr = 1.7⋅10–10 m and  nNTP = 2.51⋅1025 m–3, the

avarage velocity of atoms is:

Ar
Ar

8 394 m/sBk Tv
m

= =
π

The main free path between collisions is:
8

NTP 2
Ar NTP

1 ~ 7.8 10 m ~ 0.78 nm
4 2 r n

λ −= ⋅
π

The collision frequency of Ar atoms is:
9 1Ar

Ar 8
NTP

394 m / s 5.05 10 s ~ 5 billion/s
7.8 10 m

vZ
λ

−
−= ≈ ≈ ⋅

⋅
(34)

The mean time between collisions is:
10

Ar
Ar

1 1.98 10 s ~ 0.2 nst
Z

−= = ⋅ (35)

– Air at NTP: Air is lighter that Ar, and has larger effective (kinetic) radius. Using mair ~ 4.81
⋅ 10–26 kg and rair = 1.85 ⋅ 10–10 m yields Zair = 7.03⋅109 s–1. The mean time between collisions 
lower, tair = 1.42 ⋅ 10–10 seconds.

– Pure CO2: The number density of CO2, n0
CO2 420 ppm is ~2500 times lower compared to Ar or

air at NTP. Thus the previous equations, yield a ~2500 times lower collision frequency (for 
CO2 alone):

2

2

6 1
CO 4

CO

375 m / s 1.9 10 ~ 2 million/s
1.97 10 m

vZ s
λ

−
−= ≈ ≈ ⋅

× (36)

The time between collisions is:

2

2

6
CO

CO

1 0.53 10 s ~ 0.5 st
Z

−= = ⋅ µ (37)

The values of λ, Z, and t for pure CO2 (n* = 1), air (n* = 1) and Ar (n* = 0) are listed 
in tab. 2. 

Table 2. Parameters relevant to collisional deactivation

 n* n [m–3] d [m] m [kg] v̄  [ms–1] λ [m] Collision  
frequency, Z [s–1] t = 1/Z [s]

CO2 1 1.05⋅1022 3.3⋅10–10 7.31⋅10–26 375 1.97⋅10–4 1.90⋅106 5.25⋅10–7

Air 1 2.50⋅1025 3.7⋅10–10 4.81⋅10–26 463 6.58⋅10–8 7.04⋅109 1.42⋅10–10

Ar 0 2.50⋅1025 3.4⋅10–10 6.63⋅10–26 394 7.79⋅10–8 5.06⋅109 1.98⋅10–10
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Radiative emissions
The Ar is infrared-inactive. For CO2, using the range 10–3 seconds < τ rad < 0.1 seconds 

gives Zrad = 1/τ rad ≈ 10-1000 s–1.

De-excitation by collisions
A CO2 molecule in isolation undergoes approximately 2 million collisions per second, 

ZCO2 = 1.9⋅106 s–1

 
(for CO2 with number density n = 1.05⋅1022 m–3). In a CO2-Ar mixture at NTP, 

the number density is approximately 2500 times higher. Thus, the collision frequency for Ar is 
ZAr ~ 5⋅109 s–1 (~5 billion s⁻¹).

However, the transfer of vibrational energy via collisions is inefficient. In the classic 
1953 paper, Bathe and Teller report (Table V, p. 33 in [19]), that approximately 50000 collisions 
are required for the de-excitation of a CO2 molecule. Thus, the probability of V-T de-excitation 
is PV-T ≈ 1/50000. For Ar:
– The frequency of V-T de-excitation is ZV-T ≈ Zcollision, Ar PV-T ≈ 105 s–1.
– The mean time for V-T de-excitation is tV-T ≈ 1/ZV-T ≈10⋅10–6 s = 10 µs.

Simpson and Chandler [20] reported the probability of relaxation of the CO2 bend-
ing mode as: in 1 atmosphere of argon, PV-T,Ar 3.9 ⋅10–6, with an overall relaxation time  
τV-T = 44 µs and in 1 atmosphere of N2, PV-T,N2 = 9.5⋅10–6, with an overall relaxation time  
τV-T, N2 = 13 µs.

In a 1973 experimental study of CO2 vibrational relaxation in mixtures with noble 
gases, Cannemeijer and DeVries [21] measured a relaxation time of 54 µs for a CO2-Ar mixture. 
Comparing the radiative lifetime with the typical V-T relaxation time shows that collisional 
de-excitation is significantly faster under these conditions. More specifically:

V
6

3
rad

-T

10 s to 0.1 s~ ~ 20 to 2000
~ 50 10 s

τ
τ −

−

⋅
(38)

In conclusion, for a CO2-argon mixture at NTP, a CO2 molecule is about 20-2000 
times more likely to de-excite its energy by collisions with Ar (or air) than by emitting a photon. 

Summary and conclusions
Earth is the only planet known to use photosynthesis to convert sunlight into stable, 

energy-rich chemical compounds or biomass. Subsequent geological processes transform a part 
of this biomass into FF, which have accumulated on Earth over millions of years. Since ~1850, 
FF have supplied >80% of global energy used. Apart from energy, numerous experiments verify 
the benefits of increased CO2 concentration for plant growth, as noted in the section Introduction. 

The primary identified drawback of increased atmospheric CO2 concentration is its 
potential role as a leading driver of climate change. This view is based primarily on computer 
models, as it is difficult to experimentally demonstrate future changes. These models require 
numerous assumptions, input parameters, and material properties, including the spectral ab-
sorption coefficient and concentration of CO2 in the atmosphere.

In this paper, we measured the spectral absorption coefficient of pure CO2, as well as 
CO2-air and CO2-Ar mixtures. The key conclusions are:

	y Doubling CO₂ number density in air will increase absorption of thermal radiation emitted 
by Earth ~18%-20%.

	y Fivefold increase in CO₂ concentration in air (from 420 ppm to 2100 ppm) will increase the 
absorption coefficient by ~80%-90 %.
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	y Using the CO₂-first procedure, we demonstrated the dominating effect of collisions (with air 
or Ar) on the absorption cross-section of CO2.

Figure 12 shows the strong explicit dependence of ᾱ CO2-Ar on the pressure of Ar. Based 
on the data given in figs. 5-8, it is evident that a similar dependence exists between ᾱ CO2-Air and 
pressure of air molecules. As an illustration, in the troposphere, ᾱ CO2-Air is a function of the num-
ber density of CO2 and the number density of air molecules needed for collisional de-excitation:

( )2

2

CO - Air
CO Air,f n nα =

The number density of CO2 molecules in the atmosphere is increasing, while the number 
density of air molecules remains constant. Thus, the number of air molecules available for colli-
sions with CO2 molecules, nair/nCO2 is reduced, possibly contributing to saturation in absorption.
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Nomenclature
A	 – absorbance
d 	 – diameter, [m]
kB 	– is the Boltzmann’s constant, 1.380649 [JK–1]
L 	 – length, [m]
m 	– mass of molecule or atom, [kg]
n 	 – number density, [cm–3]
n*	 – relative number density
NTP – normal temperature and pressure,  

p = 101.326 Pa, T = 293 K
p 	 – pressure, 1 atmosphere = 760 Torr = 101.3⋅103 Pa 
R-wing  – 12.5 µm < λ < 13.8 µm
PQR  – branches = 13.8 µm < λ < 16.3 µm 
r 	 – radius, [m] 
T 	 – temperature, [K]
T 	 – transmittance
t 	 – time, [s]
v ¯ 	 – mean velocity, [ms–1]
x 	 – mixing ratio or mole fraction of gas x

Z 	 – collision frequency, [s–1]

Greek symbols

ᾱ  	 – average absorption coefficient 
α(λ) – spectral absorption coefficient, [m–1]
λ 	 – wavelength, [μm]
λ 	 – main free path of molecule or atom, [m]
n 	 – wave number, [cm–1]
τ 	 – time, [s] 

Acronyms 

CIA 	 – collision induced apsorption
ECS 	– equilibrium climate sensitivity
FF 	 – fossil fuel
GHG	– green house gases
IPCC – intergovernmental panel on climate change 
RF 	 – radiative forcing
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