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Abstract

Absorption coefficient affected by carbon dioxide concentration and optical path

length responsible for temperature or global warming across the troposphere

layer, which is less than the altitude of 10 km in the atmosphere, is

systematically presented in this work. Solar irradiation within a short wavelength

range can be absorbed, scattered and transmitted by the atmosphere, and

absorbed and reflected by the Earth’s surface. Radiative emission in high

wavelength ranges from the Earth’s surface at low temperature can be absorbed

by atmospheric water vapor, carbon dioxide and other gases. Unbalance of

radiation thus results in the atmosphere to act as the glass of a greenhouse and

increase atmospheric temperature. Even though global warming strongly affects

the life of the human being, the cause of global warming is still controversial.

This work thus proposes a fundamental and systematical unsteady one-

dimensional heat conduction-radiation model together with exponential wide

band model to predict absorption coefficients affected by concentration,

temperature, optical path lengths and radiation correlated parameters in different

bands centered at 15, 4.3, 2.7, and 2 mm of carbon dioxide across the

troposphere layer. It shows that absorption coefficient required for calculating

heat transfer is strongly affected by carbon dioxide concentration and optical

path length across the troposphere. Relevant values of the latter should be greater
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than 5,000 m. Absorption coefficients in the band centered at 4.3 mm subject to a

chosen optical path length of 104 m increase from 0.04 m�1 and 0.165 m�1at

the tropopause to 0.11 m�1 and 0.44 m�1 at the Earth’s surface for carbon

dioxide concentrations of 100 and 400 ppm, respectively. A more relevant and

detailed temperature profile across the troposphere is presented.

Keywords: Atmospheric science, Environmental science, Geophysics

1. Introduction

Radiation heat transfer due to carbon dioxide plays an important role in the green-

house effect, climate change, and global warming. The Intergovernmental Panel

on Climate Change (IPCC) from the United Nations concluded that the greenhouse

gas emission (particularly carbon dioxide) due to the burning of fossil fuels carbon

dioxide is responsible for climate change and global warming. The first estimates of

how changes in the global concentration of carbon dioxide might affect mean global

surface temperature were made by Arrhenius [1]. He demonstrated that an increase

in the atmospheric concentration of carbon dioxide by a factor of two would lead to a

heating of the earth’s temperature by 5e6 �C. Callendar [2] demonstrated through

laboratory experiments that increased carbon dioxide concentration could have sig-

nificant global effects on the surface temperature of the earth. It was also speculated

for the first time that humans could have a significant influence on the atmospheric

carbon dioxide concentration. Complicated climate change issues thus have led to

considerable controversy in scientific commentaries and articles [3, 4, 5, 6, 7, 8],

books and monographs [9, 10, 11], describing the factors of human activities

(IPCC, 1996), solar variability [12, 13], cloud cover [14, 15, 16, 17] and aerosols

[18], biosphere [19], urbanization and land-use change [8], volcanism [20], magne-

tism [21], etc.

Absorption responsible for greenhouse effect depends on not only temperature and

concentration of emission gases but also wavelength. As illustrated in Fig. 1 [22],

greenhouse effect results from difference in downgoing solar radiation in red region

and upgoing thermal radiation in blue region. Solar irradiation in visible range of

short wavelength is absorbed, scattered and transmitted through the atmosphere

and absorbed by the Earth’s surface. In view of low temperature, the Earth’s surface

radiates energy with long wavelength. Radiation can be absorbed by carbon dioxide,

water vapor and other emission gases in different bands or ranges of wavelength. Ab-

sorption bands of carbon dioxide are centered at 15, 4.3, 2.7, and 2 mm. There exists

a window between 8 and 14 mm for absorption bands of water vapor [23]. Infrared

absorption and emission of thermal radiation is a consequence of coupled vibrational

and rotational energy transitions. Polyatomic molecules such as carbon dioxide and

water vapor undergo such transitions. Major amounts of oxygen gas and nitrogen gas
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Fig. 1. Transmission of shortwave solar irradiation and longwave radiation from the Earth’s surface

through atmosphere [22]. Greenhouse effect results from difference in downgoing solar radiation in

red region and upgoing thermal radiation in blue region. Solar irradiation is absorbed, scattered and trans-

mitted through the atmosphere and absorbed by the Earth’s surface. Irradiation from the Earth’s surface

can be absorbed by carbon dioxide, water vapor and other emission gases in different bands of wave-

length. Major amounts of oxygen gas and nitrogen gas are transparent to infrared radiation.
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are transparent to infrared radiation. This is because they are symmetric diatomic

molecules without permanent dipole moment.

To clarify uncertain processes involved in global warming, a fundamental, system-

atical and detailed study of absorption across the troposphere layer is essentially

required. This leads to solving the radiative transfer equations together with relevant

values and less computational demanding of radiative properties. One possibility of

obtaining more simplicity for spectral modelling is the calculation of one value for

every spectral band. These types of models are the wide band models. Excellent re-

views can be seen in Modest [23], Howell et al. [24], Edwards [25], Cess and Tiwari

[26], Tien [27], etc. The total band absorption A was first measured extensively for

atmospheric carbon dioxide for different pressures and absorber concentration of

carbon dioxide and water vapor at 300 K by Howard et al. [28, 29, 30]. Since a
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narrow band has an absorptivity linear in mass path length, X, at low values and

square root at higher ones, the total band absorptance A would be linearly with X

at low values, with X1=2 at moderate values. A logarithmic relation was used for

highest experimental values. There are thus theoretical bases for correlating and con-

structing more accurate and simple wide-band models. Marin and Buckius [31], Chu

and Greif [32], Lin and Greif [33], Edwards and Balakrishnan [34], Hsieh and Greif

[35], Tien and Lowder [36], Cess and Wang [37], et al., have explored such theoret-

ically and successfully based models. Undoubtedly progress has become both

possible and convenient to base engineering calculations. A further successful model

for wide band absorption been shown by Edwards and Menard [38]. The Goody

model for spectral absorptivity as a function of intensity-to-line-spacing and line-

width-to-spacing ratios was used to construct band models. Total band absorption

vs mass path length and pressure was then obtained for each so-constructed model

by integration over wave number. Asymptotic relations for the total band absorption

vs mass path length and pressure obtained from each model are successfully

compared and found to be linear, square root, square root logarithmic, and logarith-

mic relations.

In this work, absorption coefficients of carbon dioxide used for a fundamental and

quantitative study of heat transfer across the troposphere atmosphere are systemati-

cally determined. Absorption coefficients in different bands are calculated from the

exponential wide band model [23, 24, 34] with temperature profile obtained by solv-

ing heat conduction and radiation equations. This study provides a first step, funda-

mental and systematic understanding of greenhouse effect and global warming

phenomena.
2. Model

In this work, the physical domain is the troposphere layer on the Earth’s surface, as

illustrated in Fig. 2. The z coordinate measured from the top (namely, tropopause) is

directed toward the Earth’s surface at z ¼ H. Solar irradiation with small wave-

lengths imposed at the tropopause is absorbed, scattered and transmitted through

the troposphere and absorbed by the Earth’s surface. In view of low temperature,

the Earth’s surface radiates energy with long wavelength. Collimated and diffuse

components of radiation and their reflections, heat conduction and convection also

occur on the Earth’s surface. Without loss of generality, the major assumptions

made are the following:

1. Carbon dioxide and water vapor are responsible for energy absorption in the

troposphere in this model. Absorption bands of carbon dioxide are centered at

15, 4.3, 2.7, and 2 mm (see Fig. 1). The centers of absorption bands of water
on.2018.e00785
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Fig. 2. Schematic of the physical model. Solar irradiation imposed at the tropopause z ¼ 0 is absorbed,

scattered and transmitted through the troposphere and absorbed by the Earth’s surface. The Earth’s sur-

face radiates energy with long wavelength. Collimated and diffuse irradiation and their reflections, heat

conduction and convection occur on the Earth’s surface at z ¼ H.
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vapor can be considered at 71, 6.3, 2.7, 1.87 and 1.38 mm [23,24]. Major

amounts of oxygen gas and nitrogen gas are transparent to infrared radiation.

2. Solar flux is governed by the Beer’s law [39, 40]. Mie and Rayleigh scatterings

of solar irradiation can be included in the extinction coefficient [23].

3. The diffuse component of radiation is solved by the widely used P1 approxima-

tion [23].

4. Heat transfer is unsteady and one-dimensional in the troposphere. This is

because the troposphere layer is thinner than the affected region of the sun

irradiation.

5. Fluid flow is neglected to a first approximation. Its effects on temperature near

the Earth’s surface can be accounted for by introducing the heat transfer coeffi-

cient often used in heat transfer field.
2.1. Absorption coefficients

Absorption coefficient can be effectively determined by an exponential wide band

model [23, 24, 34].

k¼ a

Dh
z

~arCO2

~uA* ; ð1Þ

where k, a and Dh are, respectively, absorption coefficient, band intensity, and

effective band width, whereas ~a and ~u are correlation parameters of the wide

band model. Eq. (1) indicates that an increase in band intensity or carbon dioxide

density and a decrease in effective band width increases absorption coefficient. In

this work, subscript of density rCO2
is eliminated for brevity. Dimensionless total

band absorptance A* can be divided into Regions 1 through 3, governed by the

following relationships:
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For b � 1

A* ¼ t0 for 0� t0 � b ð2Þ

A* ¼ 2
ffiffiffiffiffiffiffi
t0b

p
� b; for b� t0 � 1

b
ð3Þ

A* ¼ lnðt0bÞ þ 2� b; for
1
b
� t0 <N ð4Þ

where dimensionless optical thickness at the band center and overlap parameter are,

respectively,

t0 ¼ ~ars

~u
; ð5Þ

bhgPe ð6Þ

Variables s and g in Eqs. (5) and (6) are, respectively, optical path length and cor-

relation parameter. Eqs. (2), (3), and (4) indicate that for a given overlap parameter

dimensionless total band absorptance decreases increasing rate as optical thickness

at the band center increases. Band intensity and correlation parameters in Eqs. (1)

and (6) are given by

a¼ ~a0ð ~a
~a0

Þr ð7Þ

~u¼ ~u0

ffiffiffiffiffi
T

T0

r
; T0 ¼ 100 K ð8Þ

g¼ g0ð
g

g0
Þ ð9Þ

where T is temperature, correlation parameters ~a0, ~u0 and g0 are listed in textbooks

[23, 24]. The effective pressure accounting for collisions in Eq. (6) is

Peh

�
Pa

p0
ð1þ ðb� 1ÞxÞ

�n
; p0 ¼ 1 atm ð10Þ

where b and n are pressure parameters [23, 24], mole fraction of carbon dioxide is

determined by Dalton’s law

x¼ p

Pa

ð11Þ

The total pressure in Eq. (10) is specified as
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Pa ¼ PEe
�0:00014ðH�zÞ ð12Þ

where atmospheric pressure at the Earth surface PE ¼ 1:01� 105 Pa.
2.2. Heat equations in atmosphere

With the above assumptions, the unsteady energy equation in the troposphere re-

duces to

vracpT

vt
¼ v

vz

�
ka

vT

vz

�
� vqc

vz
� vqd

vz
ð13Þ

where t is time, ra, cp and ka are, respectively, density, specific heat and thermal

conductivity of air. The term on the left-hand side of Eq. (13) represents unsteady

change of internal energy, whereas terms on the right-hand side stand for heat con-

duction, radiative energy absorbed due to the collimated and diffuse components of

radiation, respectively [23]. The collimated component in the second term on the

right-hand side of Eq. (13) is governed by the Beer’s law

vqc

vz
¼�bcqc ð14Þ

which absorption and scattering effects can be included in extinction coefficient bc.

The diffuse component in the last term of Eq. (13) is governed by [23].

vqd;ij
vz

¼ kij

�
4Eb;j �Gd;ij

� ð15Þ

vGd;ij

vz
¼�3kijqd;ij ð16Þ

where subscript ij represents species i and absorption band j, Eb and Gd are black-

body emissive power and incident radiation, respectively. Diffuse component yields

qd ¼
X

gas i; band j

qd;ij ¼
X
band j

qd;CO2 j þ
X
band j

qd;H2O j ð17Þ

Boundary conditions of the diffuse radiation at the tropopause and Earth’s surface

are, respectively

2qd;ij ¼
εT

�
4Eb;j �Gd;ij

�
2� εT

at z¼ 0 ð18Þ

� 2qd;ij ¼
ε

�
4Eb;j �Gd;ij

�
2� ε

at z¼H ð19Þ

where εT and ε are emissivities at the tropopause and Earth’s surface, respectively.

Energy balance at the Earth’s surface is given by
on.2018.e00785
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� ka

vT

vz
¼ hE

�
TE �Tg

�þ ha½TE �Tð9900;0Þ� � ð1� rEÞðqc þ qdÞ þ εEsT
4
E

ð20Þ
where hE and ha are, respectively, heat transfer dissipates into the Earth ground

and ambient air, TE and Tg are temperature of the Earth’s surface and that in

the ground far from the Earth’s surface, rE, εE are diffuse reflectivity and emissivity

of the Earth’s surface, and s is Stefan-Boltzmann constant. The reference temper-

ature T(9900) is chosen to be temperature nearly independent of heat transfer from

the Earth’s surface. The term on the left-hand side of Eq. (20) is heat conduction

from the Earth’s surface to air. Terms on the right-hand sides are heat transfer

into the ground, convection to the troposphere, and absorption and emission of ra-

diation by the Earth’s surface, respectively. Boundary condition at the tropopause is

ka

vT

vz
¼ haNðT�TNÞ ð21Þ

where haN and TN are, respectively, heat transfer coefficient and temperature at

the tropopause.
3. Results and discussion

In this work, absorption coefficients in different absorption bands of carbon dioxide

responsible for determination of temperature profiles across the troposphere are pre-

dicted. The absorption coefficient is calculated by using the exponential wide band

model governed by Eqs. (1), (2), (3), (4), (5), (6), (7), (8), (9), (10), (11), and (12) and

updated at each time. Temperature is determined from Eqs. (13), (14), (15), (16), and

(17) together with boundary conditions (18), (19), (20), and (21).
3.1. Comparison with available experimental and theoretical
data

In the case of temperature of 273 K, total pressure of 740 mmHg, and optical path

length of 300 m, Fig. 3 shows good comparison between the predicted absorption

coefficient of carbon dioxide in bands with wavelength centered at 15, 4.3, 2.7,

and 2 mm from this work using exponential wide band correlation [23] and available

correlation from experimental data [29]. Deviation between two theoretical models

can be attributed to the chosen optical path length, as can be seen later. The abscissa

in unit of atm-cm is a measure of the total number of carbon dioxide absorbers per

unit area traversed by the beam of radiation. Based on the Avogadro’s hypothesis,

molecular weight M in grams in any gas occupies 22.4 liters and 6:02� 1023 gas

molecules at STP. Since 1 atm-cm is proportional to number of particles in a length

of 1 cm of gas per unit cm2, 1 atm-cm ¼ 6:02� 1023=2:24� 104 ¼
2:69� 1019 molecules=cm2 at STP. An increase in concentration of carbon dioxide

increases absorption coefficient. Fig. 4 shows measured and predicted average
on.2018.e00785

ors. Published by Elsevier Ltd. This is an open access article under the CC BY license

censes/by/4.0/).

https://doi.org/10.1016/j.heliyon.2018.e00785
http://creativecommons.org/licenses/by/4.0/


Fig. 3. Comparison of absorption coefficient of carbon dioxide in bands with wavelength centered at 15,

4.3, 2.7, and 2 mm, predicted from available theory [29] and exponential wide band model from this work

[23]. Abscissa for 1 atm-cm ¼ 2:69� 1019 molecules=cm2 at STP. An increase in concentration of car-

bon dioxide increases absorption coefficient.
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absorptions in different bands of carbon dioxide [41]. Agreement between predicted

and measured results is quite good. The highest and second highest absorption co-

efficients are, respectively, in bands centered at 4.3 mm and 15 mm.
Fig. 4. Comparison between predicted results based on the exponential wide band model [23] and mea-

surement data [41] of averaged absorption coefficients in different bands of carbon dioxide.
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3.2. Absorption coefficients affected by different optical path
lengths

Fig. 5 show convergence test of two highest absorption coefficients in bands

centered at 15 and 4.3 mm of carbon dioxide across the troposphere layer for different

grid sizes. Number of meshes greater than 2500 can give good results. Meshes were

chosen to be dense near the Earth’s surface.

Specification of optical path length is required to determine dimensionless optical

thickness at the band center (see Eq. (5)) and absorption coefficient. Dimensionless

optical thickness at the band center for different optical path length can be catego-

rized by three regions and governed by Eqs. (2), (3), and (4), where the overlap

parameter b is smaller than unity. Small overlap parameter is attributed to small

values of correlation parameter g0 and partial pressure of carbon dioxide (see Eqs.

(6), (9), and (10)). Fig. 6(a) shows the effects of optical path length on absorption

coefficient in the band centered at wavelength of 15 mm subject to carbon dioxide

concentration of 350 ppm and water vapor concentration of 0.01. For a small optical

path length of 10 m Region 2 governed by Eq. (3) is prevailed in the entire tropo-

sphere. Absorption coefficient is as high as 0.5 m�1. As optical path length increases

to s¼ 500 m and 104 m, only Region 3 governed by Eq. (4) is prevailed in the tropo-

sphere layer. Absorption coefficient, however, decreases to be less than 0.1 m�1.

Since an increased optical path length increases optical thickness at the band center,

dimensionless total band absorptance increases. As a result, effective band width in-

creases whereas absorption coefficient decreases.
Fig. 5. Convergence test of absorption coefficients of carbon dioxide in bands centered at 15 and 4.3 mm

across the troposphere for different grid sizes.
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Fig. 6. The effects of optical path length on absorption coefficients of bands centered at (a) 15 mm, (b) 2

mm, and optical thickness at band center, overlap parameter and its reciprocal at band centered at (c) 2

mm, and absorption coefficient of band centered at (d) 4.3 mm across the troposphere. Regions 1e3 are

defined by overlap parameter in Eqs. (2), (3), and (4).
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In the absorption band centered at 2.0 mm Fig. 6(b) shows that absorption coefficient

across the troposphere subject to a small optical path length of 10 m in Region 1 is a

relative constant of 0.1 m�1. It can be confirmed by referring to Eqs. (1), (2), and (5),

leading to absorption coefficient k ¼ 1=s ¼ 0.1 m�1. Owing to independence of

radiative properties, absorption coefficient in Region 1 is irrelevant [22, 23, 24].

Similarly, an increase in optical path length decreases absorption coefficient. Re-

gions 1 and 2 for an optical path length of 500 m occur in the lower and upper re-

gions of the troposphere, respectively. Absorption coefficient is irrelevant in the

lower region of troposphere. An optical path length of 104 m results in Regions 2

and 3 in the upper and lower troposphere, respectively. It is worthy of mentioning

that even though carbon dioxide density increases in the direction toward the Earth’s

surface, Region 1 near the Earth’s surface for optical path length of 500 m is attrib-

uted to an increase in overlap parameter, as shown in Fig. 6(c). The overlap param-

eter which is independent of optical path length increases due to an increase in partial
on.2018.e00785

ors. Published by Elsevier Ltd. This is an open access article under the CC BY license

censes/by/4.0/).

https://doi.org/10.1016/j.heliyon.2018.e00785
http://creativecommons.org/licenses/by/4.0/


12 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00785
pressure of carbon dioxide in the direction toward the Earth’s surface (see Eqs. (6)

and (10)). It can be seen that optical thickness at the band center is comparatively

constant. Region 1 is below the overlap parameter across the troposphere for optical

path length of 10 m. Regions 2 and 1 in the upper and lower troposphere subject to

optical path length of 500 m is because optical thickness at the band center is from

above to below the overlap parameter. For optical path length of 104 m Regions 2

and 3 in the upper and lower troposphere are, respectively, attributed to that optical

thickness at the band center is between the overlap parameter and reciprocal of over-

lap parameter, and above reciprocal of the overlap parameter.

In the band centered at 4.3 mm Fig. 6(d) shows that Regions 2 and 3 occur in the

upper and lower regions of the troposphere, respectively, for an optical path length

of 10 m. Region 2 with small optical thickness at the band center is resulting from

low density of carbon dioxide. Similarly, Region 3 occupies the entire troposphere as

optical path length increases to 500 m and 104 m. Referring to Fig. 6(a) and (d) show

that Region 3 occurs in the entire troposphere in the major absorption bands centered

at 15 mm and 4.3 mmwith high optical path lengths of 500 m and 104 m. High values

of optical path length in Region 2 or 3 represent less absorption or small absorption

coefficient due to molecules behaved as a rigid rotator and nonrigid rotator [32, 38].

Relevant values for the path length were as high as around 5.5 km as suggested by

Ceballos et al. [40], McClatchey et al. [42], Smirnov [43], and Shaw [44].

For a clear interpretation absorption coefficient, temperature, carbon dioxide density,

band intensity, effective band width, and correlation parameter related to band width

across the troposphere subject to an optical path length of 10m in Region 2 are shown

in Fig. 7(a). The band is centered at 15 mm with carbon dioxide concentration of 350

ppm andwater vapor concentration of 0.01. It shows that carbon dioxide density, band

intensity and effective band width monotonically increase in the direction toward the

Earth’s surface. Temperature and correlation parameter related to bandwidth, howev-

er, exhibit increase and then decrease in the direction toward the Earth’s surface.

Differentiating effective band width given by Dh ¼ ~uA* from Eq. (1) with respect

to depthwise position and substituting Eqs. (2), (3), and (4) lead to

dDh

dz
¼ ~ut0

r

dr

dz
for 0� t0 � b ð22Þ

dDh

dz
¼ ~u

r

ffiffiffiffiffiffiffi
bt0

p dr

dz
þ
	 ffiffiffiffiffiffiffi

bt0
p

� b

 ~u

2T
dT

dz
for b� t0 � 1

b
ð23Þ

dDh

dz
¼ ~u

r

dr

dz
þ
	
ln

ffiffiffiffiffiffiffi
bt0

p
þ 1� b


 ~u

2T
dT

dz
for

1
b
� t0 <N ð24Þ

Eqs. (22), (23), and (24) show that an increase in optical thickness at the band center,

respectively, enhances and reduces the effects of temperature and carbon dioxide
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Fig. 7. Absorption coefficient, temperature, density, band intensity, correlation parameter related to band

width and effective width of bands centered at (a) 15 mm for s ¼10 m, absorption coefficient, tempera-

ture, band intensity and effective width of bands centered at (b) 15 mm for s ¼ 104 m, absorption coef-

ficient, band intensity and effective width of bands centered at (c) 4.3 mm for s ¼ 104 m and carbon

dioxide concentration of 350 ppm, and absorption coefficient, band intensity, optical thickness at band

center, overlap parameter and effective width of bands centered at (d) 15 mm for s ¼ 104 m and carbon

dioxide concentration of 100 ppm across the troposphere.
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density on effective band width. Therefore, effective band width in Region 2 with a

small optical thickness at the band center exponentially increases in the direction to-

ward the Earth’s surface for a significant increase in carbon dioxide density, even

though temperature drops near the Earth’s surface. A decreased absorption coefficient

is due to an exponential increase in effective band width toward the Earth’s surface.

Absorption coefficient, temperature, band intensity, effective width of band centered

at 15 mm and optical path length of 104 m across the troposphere are shown in

Fig. 7(b). In contrast to previous Fig. 7(a), an increase in optical thickness at the

band center results in effective band width to increase linearly and then decrease

in the direction toward the Earth’s surface. This is attributed to the dominant effect

of temperature on effective band width subject to a higher optical thickness at the

band center. A rapid increase in absorption coefficient in the direction toward and

near the Earth’ surface is attributed to the rapid increase in band intensity as well

as a linear increase and then decrease in effective band width. Similar trends of
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absorption coefficient, band intensity, and effective band width across the tropo-

sphere can be found in the band centered at 4.3 mm and optical path length of 104

m, as shown in Fig. 7(c). Referring to Fig. 7(b), Fig. 7(d) shows that a decrease

in carbon dioxide concentration decreases absorption coefficient. This is attributed

to a decrease in band intensity whereas effective band width maintains nearly the

same order of magnitude. Since optical thickness at the band center is greater than

reciprocal of the overlap parameter, Region 3 is prevailed in the troposphere. Tem-

perature also plays an important role in effective band width. Spatial variation of ab-

sorption coefficient thus decreases.
3.3. Absorption coefficients for different carbon dioxide
concentrations

The effects of carbon dioxide concentration on absorption coefficient subject to op-

tical path length of 104 m in the band centered at 15 mm and water vapor of 0.01 are

shown in Fig. 8(a). Absorption coefficient increases significantly as carbon dioxide
Fig. 8. The effects of carbon dioxide concentration on absorption coefficient across the troposphere in

different bands centered at (a) 15 mm, (b) 4.3 mm, (c) 2.7 mm, and (d) 2 mm. An increase in carbon di-

oxide concentration significantly enhances change in absorption coefficient across troposphere.
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concentration increases. This is attributed to an exponential increase in band inten-

sity or density of carbon dioxide, and a linear increase in effective band width

affected by temperature, as mentioned previously. Trends of absorption coefficients

through the troposphere for different concentrations are similar. In the case of carbon

dioxide concentration of 100 ppm, absorption coefficient increases from 0.01 m�1 at

the tropopause to 0.025 m�1 at the Earth’s surface. For a carbon dioxide concentra-

tion of 400 ppm absorption coefficient increases from 0.038 m�1 at the tropopause to

0.095 m�1 at the Earth’s surface. The variation of absorption coefficient across the

troposphere is significant for a high concentration of carbon dioxide. Fig. 8(b) shows

that absorption coefficients in the band centered at 4.3 mm increase from 0.04 m�1

and 0.165 m�1 at the tropopause to 0.11 m�1 and 0.44 m�1 at the Earth’s surface for

carbon dioxide concentrations of 100 and 400 ppm, respectively. Absorption coef-

ficients in the band centered at 4.3 mm are greater than those in band centered at 15

mm. Absorption coefficients of band centered at 2.7 and 2 mm exhibit similar trends,

as shown in Fig. 8(c) and (d). However, absorption coefficients decrease.
3.4. Temperature profile accounting for absorption coefficient
across troposphere

A comparison of temperature profile across the troposphere at a noon of winter be-

tween experimental data and this work is shown in Fig. 9. Three locations are

approximately at identical latitude. There exist a local minimum and maximum
Fig. 9. Comparison of a temperature profile across the troposphere between experimental data and

this work.
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near locations around 9,990 m and 9,200 m, respectively. Temperature exhibits the

maximum value at the Earth’s surface, since the high absorption coefficient resulting

in strong absorption of solar irradiation at noon.
4. Conclusions

In this work, the predicted temperature increases in the direction toward the Earth’s

surface until locations near the Earth’s surface. Carbon dioxide density exponen-

tially increases in the direction toward the Earth’s surface. The conclusions drawn

are the following:

1. Absorption coefficient across the troposphere layer for different carbon dioxide

concentrations and optical path lengths are systematically presented. A system-

atical and detailed study of absorption coefficient based on the exponential wide

band model is essentially required for a reliable prediction of temperature pro-

files across the troposphere.

2. Absorption coefficient determined by the ratio between band intensity and effec-

tive band width in each band increases as the Earth’s surface is approached. This

is because the increase in band intensity is greater than that in effective band

width. A rapid increase in absorption coefficient near the Earth’s surface is

attributed to that the effective band width can become decreased.

3. Band intensity increase with carbon dioxide density. The effect of temperature

on band intensity is negligibly small. An increase in optical path length, respec-

tively, enhances and reduces the effects of temperature and carbon dioxide den-

sity on effective band width. Effective band width thus exhibits exponential and

linear increases for small and high optical path lengths, respectively.

4. Absorption coefficient is increasingly influenced from carbon dioxide density to

temperature in the direction toward the Earth’s surface.

5. Absorption coefficient decreases as optical path length increases. Relevant

values of optical path length should be beyond 5000 m in different bands. Un-

known optical path length requires experimental measurements.

6. The first and second highest absorption coefficients are confirmed to occur,

respectively, in absorption bands centered at 4.3 mm and 15 mm.

7. An increase in carbon dioxide concentration increases the difference in absorp-

tion coefficient between the tropopause and Earth’s surface. Absorption coeffi-

cients in the band centered at 4.3 mm increase from 0.04 m�1 and 0.165 m�1

at the tropopause to 0.11 m�1 and 0.44 m�1 at the Earth’s surface for carbon

dioxide concentrations of 100 and 400 ppm, respectively.

8. Absorption coefficient in Region 1 reduces to a reciprocal of optical path length,

which is irrelevantly independent of radiative properties.
on.2018.e00785

ors. Published by Elsevier Ltd. This is an open access article under the CC BY license

censes/by/4.0/).

https://doi.org/10.1016/j.heliyon.2018.e00785
http://creativecommons.org/licenses/by/4.0/


17 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00785
Declarations

Author contribution statement

Peng-Sheng Wei: Conceived and designed the experiments; Analyzed and inter-

preted the data; Wrote the paper.

Yin-Chih Hsieh, Da-Lun Yen: Conceived and designed the experiments; Performed

the experiments; Analyzed and interpreted the data.

Hsuan-Han Chiu, Chieh Lee, Yi-Cheng Tsai, Te-Chuan Ting: Conceived and de-

signed the experiments; Performed the experiments; Analyzed and interpreted the

data; Contributed reagents, materials, analysis tools or data.
Funding statement

This research did not receive any specific grant from funding agencies in the public,

commercial, or not-for-profit sectors.
Competing interest statement

The authors declare no conflict of interest.
Additional information

No additional information is available for this paper.

References

[1] S. Arrhenius, On the influence of carbonic acid in the air upon the temperature

of the ground, Philos. Mag. 41 (1896) 237e276.

[2] G.P. Callendar, The artificial production of carbon dioxide and its influence on

climate, Q. J. Royal Meteorol. Soc. 64 (1938) 223e240.

[3] J. Barrett, The roles of carbon dioxide and water vapour in warming and cool-

ing the earth’s troposphere, Spectrochim. Acta 51A (1995) 415e417.

[4] S.K. Avery, P.D. Try, R.A. Anthes, R.E. Hallgren, Open letter to Ben Santer,

Bull. Am. Meteorol. Soc. 77 (1996) 1961e1966.

[5] E. Masood, Sparks fly over climate report, Nature 381 (1996) 639.

[6] F. Seitz, A major deception on “global warming”, Lett. Wall St. J. 12 (1996)

A16.. June.

[7] K. Kondratyev, Comments on “Open letter to Ben Santer”, Bull. Am. Mete-

orol. Soc. 78 (1997) 689e691.
on.2018.e00785

ors. Published by Elsevier Ltd. This is an open access article under the CC BY license

censes/by/4.0/).

http://refhub.elsevier.com/S2405-8440(18)32460-5/sref1
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref1
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref1
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref2
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref2
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref2
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref3
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref3
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref3
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref4
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref4
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref4
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref5
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref6
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref6
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref7
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref7
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref7
https://doi.org/10.1016/j.heliyon.2018.e00785
http://creativecommons.org/licenses/by/4.0/


18 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00785
[8] M.L. Khandekar, T.S. Murty, P. Chittibabu, The global warming debate: a re-

view of the state of science, Pure Appl. Geophys. 162 (2005) 1557e1586.

[9] P.J. Michaels, R.C. Balling Jr., The Satanic Gases: Clearing the Air About

Global Warming, Cato Institute, Washington, D.C., 2000.

[10] C. Essex, R. McKitrick, Taken by Storm: the Troubled Science, Policy and

Politics of Global Warming, Key Porter Books, Toronto, Canada, 2002.

[11] V. Gray, The Greenhouse Delusion: a Critique of Climate Change 2001,

Multi-Science Pub., UK, 2002.

[12] E. Bard, M. Frank, Climate change and solar variability: what’s new under the

Sun? Earth Planet Sci. Lett. 248 (2006) 1e14.

[13] N. Scafetta, B.J. West, Is climate sensitive to solar variability? Phys. Today 3

(2008) 50e51.

[14] H.P. Hanson, V.E. Derr, Parameterization of radiative flux profiles within

layer clouds, J. Clim. Appl. Meteorol. 26 (1987) 1511e1521.

[15] R.D. Cess, M.H. Zhang, P. Minnis, L. Corsetti, E.G. Dutton, B.W. Forgan,

D.P. Garber, W.L. Gates, J.J. Hack, E.F. Harrison, X. Jing, J.T. Kiehi,

C.N. Long, J.-J. Morcrette, G.L. Potter, V. Ramanathan, B. Subasilar,

C.H. Whitlock, D.F. Young, Y. Zhou, Absorption of solar radiation by clouds:

observations versus models, Science 267 (1995) 496e499.

[16] J.E. Harries, Physics of the Earth’s radiative energy balance, Contemp. Phys.

41 (2000) 309e322.

[17] N.J. Shaviv, J. Veizer, Celestial driver of phanerozoic climate? GSA Today 13

(2003) 4e10.

[18] J.F.B. Mitchell, T.C. Johns, On modification of global warming by sulfate

aerosols, J. Clim. 10 (1997) 245e267.

[19] F.W. Taylor, The greenhouse effect and climate change revisited, Rep. Prog.

Phys. 65 (2002) 1e25. Online at, stacks.iop.org/RoPP/65/1.

[20] T.J. Crowley, Causes of climate change over the past 1000 years, Science 289

(2000) 270e277.

[21] B.A. Maher, Environmental magnetism and climate change, Contemp. Phys.

48 (2007) 247e274.

[22] R. A. Rohde, Image: Atmospheric Absorption Bands. Retrieved Oct. 3, 2008,

from Global Warming Art. http://ozonedepletiontheory.info/Images/absorption-

rhode.jpg.
on.2018.e00785

ors. Published by Elsevier Ltd. This is an open access article under the CC BY license

censes/by/4.0/).

http://refhub.elsevier.com/S2405-8440(18)32460-5/sref8
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref8
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref8
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref9
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref9
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref10
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref10
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref11
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref11
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref12
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref12
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref12
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref13
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref13
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref13
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref14
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref14
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref14
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref15
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref15
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref15
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref15
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref15
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref15
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref16
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref16
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref16
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref17
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref17
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref17
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref18
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref18
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref18
http://stacks.iop.org/RoPP/65/1
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref20
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref20
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref20
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref21
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref21
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref21
http://ozonedepletiontheory.info/Images/absorption-rhode.jpg
http://ozonedepletiontheory.info/Images/absorption-rhode.jpg
https://doi.org/10.1016/j.heliyon.2018.e00785
http://creativecommons.org/licenses/by/4.0/


19 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00785
[23] M.F. Modest, Radiative Heat Transfer, third ed., Elsevier, New York, 2013.

[24] J.R. Howell, R. Siegel, M.P. Menguc, Thermal Radiation Heat Transfer, fifth

ed., CRC Press, Taylor & Francis Group, New York, 2011.

[25] D.K. Edwards, Molecular gas band radiation, Adv. Heat Transf. 12 (1976)

115e193.

[26] R.D. Cess, S.N. Tiwari, Infrared radiative energy transfer in gases, Adv. Heat

Transf. 8 (1972) 229e283.

[27] C.L. Tien, Thermal radiation properties of gases, Adv. Heat Transf. 5 (1968)

253e324.

[28] J.N. Howard, D.E. Burch, D. Williams, Infrared transmission of synthetic at-

mospheres. I. Instrumentation, J. Opt. Soc. Am. 46 (1956) 186e190.

[29] J.N. Howard, D.E. Burch, D. Williams, Infrared transmission of synthetic at-

mospheres. II. Absorption by carbon dioxide, J. Opt. Soc. Am. 46 (1956)

237e241.

[30] J.N. Howard, D.E. Burch, D. Williams, Infrared transmission of synthetic at-

mospheres. III. Absorption by water vapor, J. Opt. Soc. Am. 46 (1956)

242e245.

[31] O. Marin, R. Buckius, A simplified wide band model of the cumulative distri-

bution function for carbon dioxide, Int. J. Heat Mass Transf. 41 (1998)

3881e3897.

[32] K.H. Chu, R. Greif, Theoretical determination of band absorption for nonrigid

rotation with applications to CO, NO, N2O, and CO2, J. Heat Transf. 100

(1978) 230e234.

[33] J.C. Lin, R. Greif, Total band absorptance of carbon dioxide and water vapor

including the effects of overlapping, Int. J. HeatMass Transf. 17 (1974) 793e795.

[34] D.K. Edwards, A. Balakrishnan, Thermal radiation by combustion gases, Int.

J. Heat Mass Transf. 16 (1973) 25e40.

[35] T.C. Hsieh, R. Greif, Theoretical determination of the absorption coefficient

and the total band absorptance including a specific application to carbon mon-

oxide, Int. J. Heat Mass Transf. 15 (1972) 1477e1487.

[36] C.L. Tien, J.E. Lowder, A correlation for total band absorptance of radiating

gases, Int. J. Heat Mass Transf. 9 (1966) 698e701.

[37] R.D. Cess, L.S. Wang, A band absorptance formulation for nonisothermal

gaseous radiation, Int. J. Heat Mass Transf. 13 (1970) 547e555.
on.2018.e00785

ors. Published by Elsevier Ltd. This is an open access article under the CC BY license

censes/by/4.0/).

http://refhub.elsevier.com/S2405-8440(18)32460-5/sref23
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref24
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref24
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref25
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref25
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref25
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref26
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref26
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref26
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref27
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref27
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref27
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref28
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref28
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref28
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref29
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref29
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref29
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref29
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref30
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref30
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref30
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref30
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref31
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref31
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref31
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref31
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref32
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref32
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref32
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref32
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref32
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref32
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref33
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref33
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref33
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref34
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref34
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref34
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref35
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref35
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref35
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref35
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref36
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref36
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref36
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref37
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref37
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref37
https://doi.org/10.1016/j.heliyon.2018.e00785
http://creativecommons.org/licenses/by/4.0/


20 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00785
[38] D.K. Edwards, W.A. Menard, Comparison of models for correlation of total

band absorption, Appl. Opt. 3 (1964) 621e625.

[39] R. King, R.O. Buckius, Direct solar transmittance for a clear sky, Sol. Energy

22 (1979) 297e301.

[40] J.C. Ceballos, M.J. Bottino, J.M. de Souza, A simplified physical model for

assessing solar radiation over Brazil using GOES 8 visible imagery, J. Geo-

phys. Res. 109 (2004) D02211.

[41] D.K. Edwards, Absorption by infrared bands of carbon dioxide gas at elevated

pressures and temperatures, J. Opt. Soc. Am. 50 (1960) 617e626.

[42] R.A. McClatchey, R.W. Fenn, J.E.A. Selby, E.E. Volz, J.S. Garing, Optical

properties of the atmosphere (revised), Environ. Res. Pap. 354, Air Force

Cambridge Res. Lab., Bedford, Mass, 1971.

[43] B.M. Smirnov, Greenhouse effect in the atmosphere, Europhys. Lett. 114

(2016) 24005.

[44] J.H. Shaw, Empirical methods for computing the integrated absorptances of

infrared bands of atmospheric gases at nonuniform pressures, Appl. Opt. 2

(1963) 605e609.
on.2018.e00785

ors. Published by Elsevier Ltd. This is an open access article under the CC BY license

censes/by/4.0/).

http://refhub.elsevier.com/S2405-8440(18)32460-5/sref38
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref38
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref38
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref39
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref39
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref39
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref40
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref40
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref40
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref41
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref41
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref41
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref42
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref42
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref42
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref43
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref43
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref44
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref44
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref44
http://refhub.elsevier.com/S2405-8440(18)32460-5/sref44
https://doi.org/10.1016/j.heliyon.2018.e00785
http://creativecommons.org/licenses/by/4.0/

	Absorption coefficient of carbon dioxide across atmospheric troposphere layer
	1. Introduction
	2. Model
	2.1. Absorption coefficients
	2.2. Heat equations in atmosphere

	3. Results and discussion
	3.1. Comparison with available experimental and theoretical data
	3.2. Absorption coefficients affected by different optical path lengths
	3.3. Absorption coefficients for different carbon dioxide concentrations
	3.4. Temperature profile accounting for absorption coefficient across troposphere

	4. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	References


