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Global Warming 

Using the  basi c  kno wledge  of ph ysical  chemist ry explained  in  th is  “basic  ser i es  

o f physical  chemist ry ”  so  far,  we t ry to  unders tand the  global  warmin g at  the  

molecu lar  level .  The a tmo spher ic  temperature  i s  o r iginated  fro m the t r ans la t ional  

energy o f N 2  and  O 2  molecu les ,  and  Ar  a to ms.  Accord ing to  the  development  o f 

sc ience  and  technology,  thermal -energy sources  to  ra ise  the  a tmospher ic  

temperature  cont inue to  increase  more and  more b y combust ion  of hydrogen  and 

foss i l  fuel ,  and  by uses  of var ious  e lect r i c  machines  and  elect r ic  home appl iances .  

15・ 1 What is the atmospheric temperature? 

 Physical  chemistry is an academic field to elucidate changes  of materials 

theoretically. The changes of energy and states of atoms and molecules are 

explained in Vols. I and II.  The changes of energy and states of molecular 

assemblies are explained in Vols.  III and IV on the basis of the energy and states of 

atoms and molecules.  Since the global warming, that  people are  deeply concerned 

about recently, is  the changes of energy and states of materials , this problem should 

be elucidated by physical  chemistry. As a total  review of this “basic series of 

physical  chemistry” ,  we consider  the global warming below. 

 As shown in Table 15-1, the atmosphere is composed of nitrogen (78 %), oxygen 

(21 %), and argon (1 %) gas, where the numbers in parentheses represent the ratio of 

amount of substance (volume percentage).  Carbon dioxide is included in the table, 

al though the ratio is negligible (0.04 %). Water vapor also exists in the atmosphere, 

but it  is not included in the table because its amount depends on temperature and 

humidi ty  s t rongly.  For  example,  when i t  i s  raining and the  humidi ty is  100 %,  the  

Table 15-1  Composit ions of  dry air  

Mater ials  
Volume 
percentage  

(%) 

Molar  heat  capaci ty  
at  constant  pressure  

Cp  /  J  K
−1

 mol
−1

Molecular  motion  on 
thermal energy at  
room temperature  

Argon 0.93 20.79 Translat ion  

Nitrogen  78.08 29.12 Translat ion,  Rotat ion  

Oxygen 20.95 29.36 Translat ion,  Rotat ion  
Carbon 
dioxide  0 .04 37.11 

Translat ion,  Rotat ion，  
Bending vibrat ion  
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partial  pressure of water vapor is estimated to be approximately  0.031 atm at  25 °C, 

which is given in the solution of chapter-end problem 11.8. It  is  found that  the ratio 

of water vapor against carbon diox ide is calculated to be about 80. 

As explained in Section 1.5 of Vol. III,  the temperature of gas is proportional to 

the average energy of translational motion of molecules composing the gas , where 

translational motion means that  molecules move here and there in space. For 

example, when N2  and O2  molecules, which are main composit ions of atmosphere, 

bump against  an alcohol thermometer* and pass a part  of the translational energy,  

the translational energy of alcohol molecules increase s (refer Section 1.3 of Vol. 

IV). Then the volume of alcohol increases, because molecules with higher 

translational energy move more violently in space. One can measure the 

atmospheric temperature from the height of alcohol after waiting unti l  thermal  

equilibrium. In Fig.  15.1, N2  and O2  molecules are drawn with a symbol of  and 

the length of arrows represents the amount of their  translational energy. On the 

other hand, alcohol molecules are drawn with a symbol of ○ , the size of which 

represents the amount  of their  translational energy. It  is  noted that  the height of the 

alcohol of the thermometer reflects the translational energy of N 2  and O2  molecules 

in atmosphere.  

 

 

 

  

 

 

 

Figure 15.1 .  Pr inciple of alcohol thermometer s:  The t ranslat ional  energy  of alcohol 

molecules of thermometers increases according to  the increase o f trans la t ional  energy  of 

N2  and O 2  molecules in atmosphere .   

Motion of argon atoms is only translation. On the other hand, motion of N2  and 

O2  diatomic molecules is  rotation and vibration besides translation. The rotational 

motion means that  two nucleuses rotate around the axis perpendicular to the 

chemical bond, while the vibrational motion means that the distance between two  

nucleuses stretches and shrinks (refer Section 1.3 of Vol. II). It is noted that the energy 

                         

* Curren t ly kerosene conta in ing a  smal l  amount  o f red  dye i s  used .  

(a)  Low temperature  (b)  High tempera ture  

Alcohol  

Atmosphere  
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interval of stretching vibration is so wide that  the vibrational motion is not related 

to thermal energy at  room temperature ( Section 5.5 of Vol.  III) .* On the other hand, 

the rotational motion is related to thermal energy, because the energy interval is 

narrow. However  the rotational energy is not directly related t o the atmospheric 

temperature unlike the translational energy.  In other words, the height of alcohol of 

thermometers is unchanged when N 2  and O2  molecules rotate violently at  the same 

position in space without bumping against  the alcohol thermometer.  

As shown in Table 15-1, the molar heat  capacity at constant pressure , Cp ,  of 

nitrogen and oxygen is  1.4 times larger than that  of  argon, because Ar atoms have 

only translational motion, while N 2  and O2  molecules have rotational motion besides 

translational motion. This is also the reason why nitrogen and oxygen are hard to 

warm than argon.  To understand the physical  meaning of Cp ,  i t  may be helpful to 

image rivers .  That Cp  is  larger means that  r iver width is broader.  It  is  known that  the 

height of water  for a  broad river is lower than that for a narrow river  when i t  rains, 

where the rain, the river width, and the height of water correspond to the thermal 

energy,  Cp ,  and the temperature of atmosphere, respectively.  The river width of  

carbon dioxide is 1.3 t imes broader than nitrogen and oxygen, because CO 2  

molecules have bending vibrational motion besides translational and rotational 

motion. Bending vibration means that  the bonded angle spreads and narrows 

(Section 12.2 of Vol.  II) .  When CO2  molecule gains thermal  energy, the energy is 

used for the rotational and bending vibrational motion , result ing in the decrease of 

the translational energy. If  the atmosphere was composed of only carbon dioxide, 

the atmospheric temperature due to thermal energy would lower 20 %. 

 

15・ 2 Energy sources to raise the atmospheric temperature 

As explained in the previous section, the atmospheric temperature is raised by 

thermal energy. For example, when 1 mol of hydrogen, the  volume of which is about 

0.0244 m
3
 at  1  atm, is burned, the released thermal energy is  estimated to be 2.858

×10
5
 J  from the reaction enthalpy shown in Eq. 10.2 of  Vol.  IV,  

H2+(1/2)O2  →  H2O (water) Δ rH
  = (−285 800)−0 = −285.8 kJ  .    (15.1) 

When 1  mol  of  hydrogen i s  burned  per  1  min ,  the  to tal  thermal  energy released  to  

                         

* Energy o f bodies ,  which  are  t reated  in  c las s ical  mechanics ,  i s  con t inuous,  whi le  energy o f  

molecu les ,  which  must  be  t reated  in  quantum mechanics ,  i s  quant ized  ( re fer  Vol .  I ) .  When the  

energy in terval  i s  wide ,  th e  p robabi l i ty that  molecu les  gain  thermal  energy i s  smal l .  General ly  the  

energy in terval  o f  s t re tch ing  vibrat ion  i s  wider  t han  that  o f  bending vibrat ion  ( §12 .3  of Vol .  I I ) .  
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atmosphere per day is calculated to be 4.12×10
8
 J ,   

2.858×10
5×60×24  4.12×10

8
 J  .          (15.2) 

Let ’s assume that  hydrogen is burned in Tokyo Dome, a baseball stadium,  (Fig. 

15.2).  Since the volume of atmosphere in Tokyo Dome  is about  1.24×10
6
 m

3
,  the 

amount of substance in the atmosphere is  estimated to be,  

mol 105
mol m 0.0244

m10241 7

13

36






.
.                     (15.3) 

Since the Cp  of nitrogen and oxygen is about  29 J  K
−1

 mol
−1

,  as shown in the Table 

15-1, the atmospheric temperature in  Tokyo Dome continue to rise about 0.284 K per 

day,  

K 2840
)mol K J 29(mol) 10(5

J 10124
Δ

117

8

.
.

T 






.           (15.4) 

It  r ises about  9 °C (9 K) for a  month.  

 

 

 

 

 

 

Figure 15.2 .  Hydrogen combustion in Tokyo Dome:  The a tmospheric  temperature 

( trans lat ional  energy of N 2  and O 2  molecules)  in Tokyo Dome r ises  about  9  °C for  a  month 

when 1 mol o f hydrogen i s  burned  per  1  min therein.  

There are many thermal-energy sources  in personal belongings. For examples, 

electric heaters are used to raise the atmospheric temperature  of rooms; the 

atmosphere in the surroundings of refrigerator s and microwave ovens are warm; 

personal computers always rotate fans to cool hard disks and release warm air.  The 

thermal energy released from each personal computer  may be negligible, but  the 

atmospheric temperature rises to some extent when all  the personal computers in the 

world release thermal energy to update software programs.   

All  the electric equipments should be treated as thermal-energy sources to raise 

the atmospheric temperature, because any metals used for conducting wire release 

thermal energy due to the resistance when an electric current f lows. This is known 

as the Joule ’s law,  

Total  thermal energy = resistance×(electric current)
2
×time .         (15.5) 

Tokyo Dome  

Hydrogen  

combust ion  
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Accordingly, the atmospheric temperature rises whenever electricity is transmitted, 

charged, and used for electric machines and electric home appliances (see Fig.  15.3) 

except that  superconducting materials,  the resistance of which is zero,  are used. 

Furthermore, thermal power plants to create electrici ty release huge thermal energy 

to raise the atmospheric temperature  in combustion of fossil  fuel .  Nuclear power 

plants art ificially create nuclear energy in nuclear fission.  The nuclear energy is 

transferred to huge thermal energy and released to atmosphere . Additionally, huge 

hot water to cool nuclear reactor s is drained to sea to raise the temperature of 

seawater. 

 

 

 

 

  

 

Figure 15.3 .  Thermal -energy sources or iginated from e lectr ici ty:  The atmospheric  

temperature r ises  whenever  electr ici ty is  crea ted ,  charged and used.  

The atmospheric temperature is raised by various thermal -energy sources. 

Another factor to influence  the atmospheric temperature is coll ision of atmosphere, 

N2  and O2  molecules, with  the ground surface. The atmosphere near the ground 

surface always exchanges energy in collision (refer Chapter 1 of Vol.  IV) , so that 

the atmospheric temperature  corresponds to that  of the ground surface (Fig.  15.4). 

Although the atmosphere far from the ground surface has few chances to collide 

against  the ground surface, their  translational energy is  given by exchange with the  

   

 

 

  

 

 

Figure 15.4 .  Thermal equil ibr ium between atmosphere and ground sur fac e:  The 

atmospheric  temperature  is  inf luenced  by coll i sion with the ground surface.  

                         

* Water  p ower  p lan t s  u se  p o ten t i a l  en ergy,  an d  win d  p ower  p lan t s  u se  t ran s la t i ona l  en erg y of  molecules  in  

a tmosphere .  They re l ease  no  thermal  energy,  bu t  s t r ic t l y speaking,  fr ic t ion  energy o f d ynamo is  

t ransfer red  to  thermal  energy.   

Power plant  Power l ine  

Thermal  energy  Thermal  energy  

Thermal   
energy 

Personal  computer  

Crust 

Energy transfer   
from ground sur face  
to  atmosphere  

Energy transfer   
from a tmosphere  
to  atmosphere  

Atmosphere  

Ground 
sur face  
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atmosphere near the  ground surface. Accordingly the atmospheric temperature  rise 

when the temperature of the ground surface rises,  and vice versa.  

 

15・ 3 Energy sources to raise the temperature of ground surface 

There is a core in the center of the earth, which is composed of iron and nickel 

metals containing hydrogen, carbon and so on. The inner core is solid and the outer 

core is l iquid. The pressure and the temperature of the core are  known to be about  4

×10
6  

atm and about  6000 K, respectively. It  is  as if  a nuclear reactor exists in the 

center of the earth. The nuclear energy yielded by nuclear reaction is transferred to 

thermal energy. There is a mantle around the core, which is composed of si l icate 

minerals.  The mantle is solid, but i t  circulates using huge thermal  energy at  super 

high pressure and temperature. The composition of the  crust  is similar to that  of the 

mantle,  but i t  does not move because the temperature is low er. The temperature of 

the mantle is about  4000 K, and it  is  cooled down to 2000 K near the crust  by 

transfer of thermal energy from the mantle to the crust  (Fig.  15.5).  One of the 

factors to determine the temperature of the crust  is nuclear energy yielded in  the 

core. The atmosphere, N 2  and O2  molecules, gains translational  energy in collision 

with the ground surface , and the atmospheric temperature  rises. 

 

 

 

 

 

 

 Figure 15.5 .  Thermal -energy transfer  from core to  ground surface via mantle  and crust :  

The tempera ture of ground surface  is  raised by thermal energy or iginated from the core.  

Another energy source to raise the temperature of the ground surface is 

electromagnetic  waves coming from the sun, i .e. ,  sunlight .  The energy of 

electromagnetic waves is represented by hν ,  where h  and ν  are the Planck ’s constant 

and the frequency of waves, respectively (refer Section 1.4 of Vol.  I) ;  the energy of 

electromagnetic waves is higher,  as the frequency is higher.  The temperature of 

materials r ises when they absorb electromagnetic waves, the energy of which is 

transferred to the thermal energy. However, N2  and O2  molecules and Ar atoms, 

which are 99.96 % of the compositions of atmosphere, cannot absorb the 

Core 

Thermal -energy transfer  
from core to  mantle  

Thermal -energy transfer  
from mant le  to  ground  
sur face  

Ground sur face  
Crust 

Mantle 
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electromagnetic waves because their  charge distribution is symmetric and they have 

no permanent electric dipole moment  (refer Section 2.3 of Vo. II) .  In general ,  a toms 

and molecules which have no permanent electric dipole mome nt cannot absorb 

electromagnetic waves (refer Section 4.5 of Vol.  II) .  In other words, 99.96 % of 

atmosphere (gas) cannot raise the atmospheric temperature  in sunlight .  

On the other hand, the ground surface (solid) absorbs most of the 

electromagnetic waves . The absorbed solar power is transferred  to the thermal 

energy for lat tice vibrations of atoms in the ground surface and so on. Seawater 

(l iquid) also absorbs microwave and infrared rays . One may consider that  seawater 

cannot absorb visible light because i t  is  transparent.  However, the seawater absorbs 

visible l ight a l i tt le.  It  is  completely dark in the  deep sea, because all  the visible 

l ight is absorbed. In general ,  liquids matters transfer the energy of electromagnetic 

waves to the motional energy of molecular clusters (refer Section 7.3 of Vol.  IV).   

Since the ground surface  can absorb sunlight (Fig.  15.6) unlike the atmosphere, 

the temperature of the ground surface rises  during the daytime; conversely i t  lowers 

at  night .  As explained previously, the atmosphere and the ground surface are always 

in thermal equil ibrium, so that  the atmospheric temperature (translational energy of 

N2  and O2  molecules) r ises during the daytime and lowers at  night according to  the 

temperature of the ground surface. 

 

 

 

 

 

 

Figure 15.6 .  Solar  energy from the sun:  The atmospheric  temperature r ises  when the 

temperature of the ground sur face r is es due to  sunlight .  

 

15・ 4 Infrared radiation to lower the temperature of ground surface 

As explained previously, the atmospheric temperature (translational energy of  

N2  and O2  molecules) can be measured by an alcohol thermometer.  However,  i t  is 

hard to measure the temperature of the ground surface (solid) with the alcohol 

thermometer,  because the motional energy ( lat tice vibration and so on) of atoms 

and molecules in the ground surface is required to transfer to the alcohol 

thermometer accurately in  thermal equil ibrium, meaning that  i t  is  necessary to 

Energy transfer  
from the sun to  
ground sur face  

Ground sur face  
Crust 

Sunlight  

Sun 
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contact  with each other firmly. On the other hand, the temperature of the ground 

surface can be measured from the intensity distr ibution of electromagnetic waves  

radiated. In general ,  the materials which absorb electromagnetic waves radiate 

electromagnetic waves . Most of the radiated electromagnetic waves are microwave 

and infrared rays at  room temperature, while visible and UV lights are radiated at 

higher temperature.  For example, the ground surface mainly radiates infrared rays; 

the sun, the temperature of which is about 6000 K, radiates higher-energy X ray 

and γ  ray besides lower-energy electromagnetic waves (refer Section 1.3 of Vol. I) .  

The intensity distribution of radiated electromagnetic w aves depends on 

temperature.  Therefore, one can measure the temperature of materials  using the 

radiated electromagnetic waves . Human body, whose temperature is about  36 °C, 

radiates infrared rays. When he catches a cold, the intensity distribution of  

infrared radiation is changed. Then,  whether he catches a cold or not is judged 

from the change of the infrared radiation. The thermometer to measure  temperature 

by the intensi ty distribution of radiation  is called a non-contact  thermometer.  

Alcohol thermometers measure translational energy of molecu les,  while 

non-contact  thermometers measure the intensity distribution of electromagnetic 

waves radiated from materials.  It  is  impossible to measure the atmospheric 

t emperature wi th a  non-contact  thermometer,  because N 2  and O 2  molecules ,  

which are  main composi t ions of  atmosphere ,  cannot  absorb  and radiate  

e lect romagnet ic  waves .  Let ’s  put  an  alcohol  thermometer  in a  box and measure 

the  atmospher ic  temperature  (Fig.  15.7a).  If  the pressure of gas in the box is 1 

atm, the  gas  molecules  exchange  t ransla t iona l  energy wi th  molecules  outs ide  the   

 

 

 

 

 

 

  

Figure 15.7 .  Temperature measured in atmosphere and in vacuum: The temperature based 

on translat iona l  mot ion of molecules i s  di fferent  from tha t  based on intensi ty distr ibution 

of electromagnetic  waves.  

 (b)  In vacuum  (a)  In atmosphere  

Box 

Alcohol  
thermometer  

Non-contact   
thermometer  

Evacuat ion  
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box through the wall  of the box. The alcohol thermometer shows the room 

temperature after waiting unti l thermo equil ibrium (refer Chapter 1 of Vol.  IV). 

What happens when the gas in the box is evacuated? The pressure of the gas in the 

box lowers, the number of molecules in the box decreases, and then the translational 

energy of the gas decreases. As a result ,  the temperature of the gas measured with 

the alcohol thermometer lowers. If  the gas is completely evacuated, i t becomes a 

vacuum. There are no molecules and no translational energy, and then the alcohol 

thermometer shows 0 K.  

On the other hand, a non-contact  thermometer in the box does not show 0 K (Fig.  

15.7b). The reason is that  i t  measure s the intensity distribution of infrared radiation 

of the box, even if  no molecules bump to the thermometer.  Electromagnetic waves 

can go with vibration of electronic and magnetic fields in a vacuum where no 

molecules exist .  The non-contact  thermometer shows not the temperature of the 

vacuum but the temperature of the box , i .e. , the atmospheric temperature . There is 

another difference between the translational energy to determine the temperature of 

gas and the electromagnetic-waves energy to determine the temperature of solids. 

As explained previously, electromagnetic waves go  in a vacuum with hν  energy. 

Therefore, the energy of the ground surface decreases and the temperature is 

lowered, when the electromagnetic waves are radiated from the earth to the space . 

Atmosphere, N2  and O2  molecules, collides with the ground surface and they are in 

thermal equil ibrium each other.  Therefore,  the atmospheric temperature is lowered 

by infrared radiation from the ground surface  to the space. On the other hand, the 

translational energy of molecules composing atmosphere cannot be released to the 

space because of gravity. The earth is f lowing in the space, as if  i t  was hot water in 

a magic bott le.  Although the temperature of the hot water in the magic bott le lowers 

 

 

 

 

 

 

 

 

Figure 15.8 .  Radiat ion of infrared rays:  The temperature of the ground sur face i s  lowered  

by radiat ion of infrared rays ,  and the atmospheric  temperature in thermal  equil ibr ium is 

lowered,  too.  
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Infrared radiat ion  
from ground  
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slowly because of the thermal conduction , the space is l ike a complete magic bott le, 

and the translational energy of atmosphere does not decrease, meaning that  the 

atmospheric temperature does not lower  without infrared radiation from the ground 

surface.  

 

15・ 5 Collision and radiation lifetimes of carbon dioxide 

Since CO2  is  a symmetric linear tr iatomic molecule , i t  has no permanent electric 

dipole moment (refer Section 12.4 of Vol. II) .  Therefore i t cannot absorb and radiate 

microwave due to rotational motion  (refer Section 2.3 of Vol.  II) .  However, the 

electric dipole moment is induced when it  bends against the molecula r axis due to 

bending vibration. Then CO2  can absorb and radiate infrared rays unlike N 2  and O2  

molecules and Ar atoms* (note that  water vapor,  which exists 80 t imes more than 

CO2  in atmosphere , can absorb and radiate infrared rays).  As shown in Fig. 15.9, the 

transition of CO2  molecules between the ground and the vibrationally excited states 

occurs (refer Section 8.1 of Vol.  II) .  Although the vibrational energy of CO 2  

molecules increases, the atmospheric temperature is not raised. The reason is that the 

height of the alcohol thermometer changes with increase of the translational energy of 

molecules, meaning that  it is necessary to transfer the vibrational energy of CO2  

molecules (Fig. 15.9) to the translational energy of N 2 and O2 molecules and Ar atoms. 

 

 

 

 

     

 

 

Figure 15.9 .  Energy transfer  from vibrat ion to  trans lat ion:  Energy i s  t ransferred when CO 2  

molecules in vibrat ional ly exci ted s tate  col l ide agains t  N2  and O 2  molecules and Ar  atoms.  

To transfer the vibrational energy to the translational energy, CO2  molecules 

must  coll ide against  N2  and O2  molecules and Ar atoms. The coll ision frequency is 

explained in Section 3.5 of Vol.  III ,  where i t  means the t ime that  molecules coll ide 

with each other for 1 s.  For  example,  the coll ision frequency between N 2  molecules  

                         

* CO 2  molecu les  absorb  in frared  rays  co ming fro m the sun .  I t  means  that  in fra red  rays  the  ground 

surface absorb  decrease ,  and  the  temperature  of t he  ground  surface lowers .  As a  resu l t ,  the 

a tmospher ic  temperature  lowers .   
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in atmosphere at the pressure of 1 atm and the temperature of  300 K is estimated to 

be 7.30×10
9
 s

−1
 as shown in Eq. 3.28 of Vol.  III.  If  the order of the l ifetime for 

collision between CO 2  molecules and other molecules is assumed to be same,  the 

average coll ision lifetime is about 10
−1 0

 s  (= 0.1 ns),  which is the inverse of the 

collision frequency. It  is  concluded that  al l  the molecules ,  including vibrationally 

excited CO2  molecules,  coll ide to exchange energy each other before infrared 

radiation, and they are always in thermal equil ibrium.  

   A part  of CO2  molecules in atmosphere are excited to  vibrationally excited states 

by exchange of translational energy even if  no infrared rays are absorbed. The ratio 

of the number N1  of molecules in a vibrationally excited state against  the number N0  

of molecules in the ground state is calculated using the Boltzmann’s distribution 

law (refer Section 2.4 of Vol.  II and Section 2.2 of Vol.  III) ,  
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exp  ,                       (15.6) 

where ΔE ,  kB  (  1.381×10
−2 3  J  K

−1
) ,  and T  represent  the energy difference between 

the vibrationally excited state and the ground state,  the Boltzmann’s constant,  and 

the thermodynamic temperature, respectively.  The energy interval of bending 

vibration of CO2  molecules is 667 cm
−1  

(ν    2.00×10
1 3

 s
−1

) ,  which corresponds  to 

the energy difference ΔE  of 1.325×10
−2 0

 J  calculated by multiplying the frequency 

by the Planck’s constant h ( 6.626×10
−3 4

 J  s) .* Therefore  the ratio of N1 /N0  at 

room temperature (T  = 298.15 K) is estimated  using Eq. 15.6 to be, 
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 .        (15.7) 

It  is  concluded that  4 % of CO 2  molecules are excited vibrationally in thermal 

equilibrium without infrared radiation  from the ground surface. This is the reason 

why the temperature of carbon dioxide is hard to r ise more than nitrogen and oxygen 

(see Cp  in Table 15-1).  Conversely, i f  CO2  molecules gain the translational  energy 

from N2  and O 2  molecules and Ar atoms, and the vibrationally excited CO 2  

molecules radiate infrared rays to the space, the atmospheric temperature lowers.  

                         

* The t r ansla t ional  energy of 1  mo l  o f a tmosphere  a t  room temperature  (298 .15  K)  i s  cal cu lated  to  

be  (3 /2)×8 .3145×298.15    3 .7×10 3  J  us ing the  molar  gas  constan t  R    8 .3145  J  K − 1  mol− 1  ( re fer  Eq .  

1 .20 of  Vol.  I I I )． I f  a l l  the  CO 2  molecu les  (0 .04  %) i n  1  mol  (  6 .022×10 2 3 )  o f  a tmosphere  absorb  

in frared  rays ,  the  to ta l  energy i s  0 .0004×6.022×10 2 3 ×1.325×10 − 2 0    3 .2  J ,  which i s  1 /1000  less  than  

the  t ransla t ional  energy o f 3 .7×10 3  J .  I f  a l l  the  CO 2  molecu les  are  p roduced  by co mbust ion  of 

carbon  (graphi te) ,  the  to ta l  energy re leased  to  the  a tmosphere  i s  calcu lated  to  be  0 .0004×393 .5×10 3  

  1 .6×10 2  J  ( refer  Eq .  10 .3 of  Vol .  IV) .  
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   Is i t  possible that  CO 2  molecules in vibrationally excited states radiate infrared 

rays before coll ision with  other molecules? It  is  difficult to determine the l ifetime 

for the infrared radiation experimentally. One may estimate i t from the l ifetime of 

the visible and UV radiation  from electronically excited states ,  which can be 

determined experimentally, instead of the infrared radiation . The f luorescence 

l ifet ime of most molecules  is in the range between 10
−8

 and 10
−7

 s  (= 10 and 100 ns). 

Although the details are omitted here,* the lifetime for the infrared radiation from 

vibrationally excited state can be estimated using the Einstein’s coefficient A in 

considering the difference of molar absorbance coefficient and radiation energy 

between electronically and vibrationally excited states.  As a result ,  one can 

estimate the lifet ime for the infrared radiation to be  10
6
 t imes longer than that  of  the 

fluorescence lifet ime, meaning that  infrared radiation lifetime from the 

vibrationally excited state to be the order of 10
−2

 and 10
−1

 s  (= 10 and 100 ms). The 

infrared radiation l ifet ime is 10
8
 or 10

9  
t imes longer than the average coll ision 

l ifetime. It  is  concluded that  CO 2  molecules are excited vibrationally by absorption 

of infrared rays and immediately transfer the energy to  other composit ions in 

atmosphere before infrared radiation. The summary of energy transfer  of 

atmosphere is shown in Fig. 15.10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15.10 .  Transfer  of energy from the external  world and in the sys tem composed of 

atmosphere,  ground surface,  and crust :  The energy of sys tem is increased by sunl ight  and 

thermal energy,  and decreased  by infrared radiat ion  from the ground surface to  the space.  

The arrows of      represents energy transfer  in the sys tem.  

                         

* For  example,  r e fer  “Physical  chemist ry for  Graduate  lecture” ,  (ed .  by Tamotsu  Kondo)  by 

Masahi ro  Kotan i ,  Sei ich i ro  Koda,  and  Kiyohiko  Someta ,  publ i shed  by To kyo Kagaku  Doj in  (1977).  
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Summary 

1. The atmospheric temperature (gas) is raised by thermal energy.  

2.  The temperature of the ground surface (solid) is raised by sunlight  and 

nuclear energy of the core. 

3.  The temperature of the ground surface (solid) is lowered by infrared 

radiation.  

4.  The atmosphere and the ground surface are always in thermal equilibrium; 

the atmospheric temperature is raised when  the temperature of the ground 

surface is raised, and vice versa . 

5.  Since 99.96 % of atmosphere, N2 ,  O2 ,  Ar, cannot absorb sunlight ,  the 

atmospheric temperature is not raised by sun light .  

6.  0.04 % of atmosphere, CO 2 ,  can absorb infrared rays.  

7.  CO2  molecules absorbing infrared rays vibrate violen tly in the same posit ion 

of space, but the atmospheric temperature is unchanged.  

8.  CO2  molecules absorbing infrared rays are in thermal equil ibrium with other  

components of  the atmosphere before infrared radiation. 

9.  When the vibrational energy of CO 2  molecules (0.04 %) absorbing infrared 

rays is transferred to the translational energy of other composit ions of 

atmosphere (more than 99.96 %), the atmospheric temperature is raised.  

10. When CO2  molecules in thermal equil ibrium gain the translational energy 

from other compositions as vibra tional energy, the atmospheric temperature 

is lowered by infrared radiation to the space .  

 

Problems 

15・ 1 The atmospheric temperature (translational energy of N 2  and O2  molecules 

and so on) is raised by thermal energy  that  human releases and by natural 

phenomena l ike mountain  fires.  The temperature of the ground surface is raised by 

sunlight and by nuclear energy of the core in the earth . Then the atmospheric 

temperature rises  because the atmosphere and the ground surfa ce are in thermal 

equilibrium. Which energy causes the following phenomena?  

(1) It  is  warm in a room when air  conditioners work. 

(2) In winter,  Iceland is warmer than Finland. 

(3) It  is  cold at  night,  but warm during daytime.  
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15・ 2 The temperature of the ground surface is hard to rise  when sunlight  do not 

reach the ground surface , and then the atmospheric temperature is hard to rise. 

Explain the reason of the following phenomena.  

 (1) It  is  warm on a sunny day, but cold on a  cloudy day.  

(2) It  is  cool under leaves of trees even if  it  is  summer.  

(3) It  is  cold when a volcano erupts and volcanic ash is released to atmosphere. 

15・ 3 The temperature of the ground surface is hard to lower due to some reasons, 

and the atmospheric temperature is hard to lower. Explain the reason why it  is cold 

on a sunny night and warm on a  cloudy night.  Note particles of ice in cloud are not 

gaseous but solid. 

15・4 The body temperature of human is about  36.5 °C. Explain the reason why the 

skin temperature  is lower than the body temperature .  

15・ 5 Explain the following words.  

(1) Thermal energy (refer Chapter I of Vol.  IV).  

(2) Temperature of gas (refer Chapter I of Vol.  III) .  

(3) Translational energy (refer Chapt er I of Vol.  II) .  

(4) Nuclear energy (refer Chapter I of Vol.  I) .  
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