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                              ABSTRACT

   The vertical distributions of the temperature and density in tlie lewer iono-
sphere, D, E and Fi regions, are derived simultaneously by supposing the dis-
sociative, thermal and mechanical equilibria. It is assumed that the atmosphere
is well mixedand the chemical compositioRef the ionospliere is the same as that
of the atmosphere at the ground. At the height of the ionosphere, the .nitrogen
molecule remains undissociated, while oxygen is dissociated by the solar ultraviolet
radiation, which is supposedly of the PIanckian radiation with the temperature
s7i30K. The investigation on the photo-dissociation of molecular oxygen, based
on the absorption coeMcients inquired by R. Penndorf, enables us to secure sorr)e
important result, namely the relation between the rate of the dissociative absorp-
tion and the optical depth of the dissociating radiation, The gas-kinetic energy
in the lower ionosphere is mainly supplied by the excess energy made in the
case ef the photodissociation and is lost effectively by the inelastic collision
with the molecule resulting in the vibrational excitation of the latter and the
subsequent emission by the quadrupele transition. The forrnation of molecular
oxygen is due to radiative association. Unfortunately, little is known about the
rate of this process. Thus it was deduced in this paper from the ionospheric
data. We have chosen as a reference level of height the level in the E region,
where the total particle concentration can be roughly deteÅëted by the radio echos.
Hewever, with respect to tije temperature and temperature gradient, their absolute
values can be derived by the equilibrium considerations. The equilibrium equa-
tions were solved by the numerical inethod.
   Some important resu!ts obtained by the present calculation are as follows:
(i) There occur a steep temperature gradient and the almost abrupt decrease
of the particle concentration of melecular oxygen in the E region.
(ii) The theoretical possibility for the existence of the partic!e concentrations
enough to account for the generation of the Fi and F2 iayers has been shown.
   It must be remarked that our theoretical pressure distribution is not in
agreernent with that of the ambient pressure measured during the rocket fiights.
However, the matter does not seem to be decisive yet if we refiect upon the uncer-
tainties inherent in the theory on the one hand and the observation en the other.
   The problems of the U'2 region related with the present prol)lem are discussed
briefly. Also, the effect of thermal cenduction is examined.

eeContribution to Geophysical Papers dedicated to Prof. M. Hasegawa on his sixtieth
 birthday.
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1. IntreductiefR

    Up to the present time, many investigations (1-5) have been made to determine the

vertical distribution of the particle concentratioR in the ionosphere, by assuming the

temperature distribution. Kowever, the derivation of the vertica! distribution of the

particle concentration by assuining the latter seems to be unsatisfactory un}ess the latter

has been firmly established. The particie concentration and the temperature at a level

of the ionosphere are closely connected with each other. Hence, in order to get the

accurate information of these distributions, it is much more desirable to find a method

capable of deducing simultaneous}y the temperature and particle concentrations at every

altitude. It seems relevant and desirable from the theeretical point of view to establish

the distributions in the lower ionosphere satisfying the dissociative, thermai and me-

cbanical equilibria simuitaneously. Such an idea has first been proposed by H. E. Moses

and Ta-You Wu. (6) The present calculations are at variance with them about the

principal process of the loss of gas-kinetic energy in the lower ionosphere. D.R.

Bates (7) has investigated precisely every atomic processes responsible for the heat

gain and heat !oss. Ke has presumed that oxygen in the ienosphere is completely

in the dissociative condition, and in consequence he ascribed less importance, con-

trary to the present work, to the dissociative absorptien of molecular oxygen on the

gain of gas-kinetic energy. With respect to the loss of gas-kinetic energy, his
inspection about the emissions ei the vibrational energy of various ienospheric mole-

cules was made by assuming the thermodynam2cal equilibrium. However, it seems
much more plausible to suppose that the distribution of the viPrational levels under

the ionospheric condition does not obey the Boltzmann distribution.

2. The mecthanicai equilibrium in the lower ic•nosphere

    The principal constituents of the ionosphere are oxygen and nitrogen, as gener-
al!y accepted from the evidence of the spectra•of thE night sky and the polar

aurorae. As pointed out by various authors (1-6, 8), the absorption of the solar radia-

tion in the continuum of the Schumann-Runge bands causes a heavy dissoclation of

oxygen in the ionosphere, and the oxygen is present mainly as molecules at the !ower

leve!, while as atoms at greater heights. The detailed calculations of Wulf and

Deming (1), and, recently, of Penndorf (4) have shown that the transition tal<es place in

a region near but slightly above 100km !evel. While, the degree of dissociation of

nitrogen in the ionosphere is at present a controversial question; G. Herzberg and

L. Herzberg (9) have suggested that the nitrogen ls dissociated to a much small

extent by absorption in the forbidden bands a'Ua".-XiIIiL'a" below 1250A and sub-

sequent predlssociation. It may not be expected from this process that nitrogen is

considerab!y dissociated in the conditions of the ionosphere, so that it probab!y
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remains in the molecular state up to a very great height in the ordinary conditions.

As pointed out by Chapman, this may be implied by, the appearance of the band

spectra attributed to molecular nitrogen in sunlit aurorae up to about over 1000km

leve! (le).

    The rocket measurements have been made of the helium content in the air at a

height more than 70km, and they have shown that it is not appreciably different

from that at the ground (11). It seems to be re!evant to suppose that the atmosphere

is considerably stirred up to this• level. There is at present no knowledge about the

mixing of the atmosphere above this level. While, it is generally accepted by radio

measttrements that in the region of the ionosphere there are motions of the air

whose wind-velocities are as great as 100m sec-i or more (12). As to the existence

of such motions of the air, it may be supposed that by them the atmosphere is con-

siderably stirred up to the top of the ionosphere.

    The conceivable constituents other than ox.ygen and nitrogen seem to be so

scarce that they probably have no direct influence upen the phenomena discgssed in

this paper.

    Hence fGr the conclusion, it may ho!d goed to presume that the gases in the lower

ionosphere consist of nitrogen and oxygen in the same proportion as at the ground,

provided that nitregen is undissociated, while oxygen is heavily dissociated by the

solar ultraviolet.

    In view of this, assigning generally a parameter rp, which is also independent of

height, to express the relative proportion of oxygen and nitrogen, the particle con-

centrations of oxygen and nitrogen at any height may be expressed by the relation:

                     rp [n(02, 2) + heS- n(O, z)] -ww n(N,, 2) , (1)

n(O,z),iz(02,x), and fz(N2,x) being the particie concentrations percm3 at a

height 2 of atomlc oxygen, molecular oxygen, and molecular nitrogen respectively.

Let N(2) be the total particle concentration percm3 at a height 2, it follows that

                     AY'(2)= 71(O, z)+n(O,, 2)+lz(N,, 2). (2)

Substitution of (1) into (2) yields

                      N(2) =n(O, 2) [1+-op2-+(1+v) x(x)], (3)

where
                                      n(02, z)                               z(X) = n(O, rr) '

Let M(2) be the mean molecular mass and let Mo be the mass ef atomic oxygen.

The variation of the mean mo!ecular :nass with height ls described by
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                         M,,,..Sii,s7,.it?liif,2,x;.,. ,,,

It may be supposed that ve}ecities of air moticns in the lower ionosphere aye not so

great as the mechanical equilibrium of the atmosphere' is very far remote from that

for a rest atmosphere, so that the hydrostatic equilibrium of the atrr}orphere may be

approximate}y avallable for the lov{Ter ionosphere. Neglecting t!ie variation of tbe

gravitationai acceleration g with height, we have

                           dd.logeP(2)==--KM-t(X().)g, (s)

where P(2) and T<2) are the pressure and the teinperature at the lieight 2 respectively,

and I< Boltzmann's constant.

                                                 3. Tke pthotodissociaSioll
                    Table 1
                                                    of mae}eeular
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   and tke gain of gas-
   kinetic energ•y in the

   iower ienosphere

    The photodissociation of

molecular oxygen takes place

by the absorption of the solar

radiation in the centinuum of

the Schumann-Runge and of
the Kerzbergbands. The lat-

ter has no appreciable effect

in the ionospheric region.

The photodissociative absorp-

tion coefficient K, ef mole-

cu}ar oxygen in the range oÅí

wavelength concerned has
been investigated by Penn-
dorf (4). His result as repro-

duced ilt Table 1 wi}1 be used

in the present work.

    When the photodissoci-
ation takes place, the absorp-

tion of radiation with energy
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ky exceedlng the threshold energy necessary for dissociating molecular oxygen,

contributes to tbe increase of the gas-kinet•ic energy in the lower lenosphere. Thus,

liy-hye is the appropriate part of the origina.1 quantum Jtv transformed to the l<inetic

energy, in which heo means the threshold energy, that is, 7.047 eV for the Schumann-

Runge transition, and 5.080eV for the }Ierzberg transition <13). Values of hy-hye are

given in Table1. But all of tliese energies are, in general, not available for local

heating : due to the dissociative recombination a certain fraction of it would be spent

in cenverting• into radiation or in exciting the molecular oxygen generated. This,

hewever, is not necessary to be taken into accognt by the reasoning that the rate

of recombination is very slow, as is generally accepted, and that the temperature in

the lower i'onosphere is sttpposed to be as low as about 3000K.

    The solar ultraviolet radiation in the range of wavelengths capable of dlssociat-

iig molecular oxygen is suppesed to be of a diluted black-body radiation with the

temperature 57130K.

    Let f,(ce)dy be the incident fiux of the dissociatlng radiation in quanta percm2

per sec from the sun in frequencies within the range from y to y+dv received at

the top of the earth's atmosphere. The numerical values ef K,J,(cD) are given in

Table 1. Let 1.(kor) dy be the fiux of quanta per cm2 and per second ef tlre dissociating

radiation in the frequency range between y and y+ dy at the height 2 in the ionosphere.

For shortness of the representation of solutiens it is convenient to introduce ti,n(2),

rm(z), P(2), and eD(x) defined as:

                                 oo                        6.(2) =S7t(02,2') dd, (6)
                                 g

                        rpt(2)=SKi4soAn(O,, d) dd, (7)
                                 x

                         D(x) =Si's",i,(2) dy, (s)
                                 v
and
                        eD(z) ==SK,(hy-hyo) f,(a) dv, (9)
                                tJ

where

                         f,(g) -- Iv(co) exp[- K,a.(x)] (10)

is the ordinary exponential solution oÅí the equation Åíor the pure absorption :

                            dJ.(x) im
                           um-d-gim - Kvn<02 , 2) Iv(z) ,                                                                           (u)

and the integrations 2n (8) and (6) cover tlie frequency range concerned. D(2) n(02,2)
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is the rate of the photodissociative absorption per cm3 and per second at the height

x, eD(z)n(02,2) is the rate of i'he gain of gas-kinetic energy in erg cmww3secm"i

due to the photodissociation of the height z, Kkso.Ox is the maximum absorption

coefficient in the frequency range concerned, a,,,(x) is the number of molecular oxygen

in a column with a base of unit aera of the atinosphere above the height x, and

r,n(z) i's the optical depth of the dissociating radiation as to the maximum absorption

coeMclent KTis4o&, the suMx m distinguishing the molecular from the atomic oxygen.

The integrations of D(g) and sD(2) have been carried out numerically step by

                                    Table 2

lo ge rm (2)
log,e ED (2>
      -1erg sec

i    tf 

"'tt

logioD(rr)
 Sec-1 l

"'"' E""'
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l
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I

i
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4-.i761
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4ny.07'

19
5-.9993

3.s819

5 7177

S5109
g.2624

6th9974
d.7s39
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1650
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1750

275e

lseo
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      eA wwAabsu A
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1300-1850
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1300-1850
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1600-1900

1650-1950

;700-2950

1700-195e

1750-1950
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step in each interval of 50A, and the computed results are $hown in Table2 and

Fig. 1. Since, at present, there is little knowledge conceming the distribution of

molecular oxygen with height, loge Tm(x) will be taken as a measure of height. The

wavelength appropriate for the maximum photodissociative abserption, 2,max, and the

range of wavelength of the appreclJble absorption, 2,-2,abs,for each iogeTm(z) are

given in Table2.' lnspection of Flg.1 reveals that both logeD(2) and logeeD(x)

show locally linearity against }og,r.,(x). This is not unexpected, but has a simp!e

physical interpretation: tal<ing (6),(7),(8) and (10) into account, equation (11)

can be written as:
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                    ZlgEg lli(2.)) =: S"K'i' (sX,)K(5,i(l')OdM,(X)) dY a2)

Similarly, referring to (9) equation (11) can be written as:

                Slg,g:\9,gi -- lvK'i'iiililh,l,li;'i,"lkZi6,m.(2)'d". . (i3)

                                                           ,
hy-quanta are absorbed effectively 2n a region where the optical depth for the radia-

tion is nearly equal to unity. It may be supposed that the dissociating radiation

mainly absorbed at the level z, corresponding to a value of ti.(x), is specified by the

conditlon that K,o.(z) is near!y equal to unity. Putting K,o.,(a) t:tl in (12) and
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(13), and

amoun't, lt

integrating over

will be seen that

   Table 3

        Y. INOUE

a freqgency-range

ioge 'T"m(x) l f l f'
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              dlogeeD(Z) .. wl.
              d log, r.(x)

    Now, since the dissociating radiation con-

cerned is not monochromatic, these quantitles

s}ightly cleviate from unity due to the superposi-

tion of absorption of the photons with adjacent

frequency to that corresponding to Kvom(2) :: 1.

Let f and f' be

             dlog,sD(2) ww             -d-l-o-g'-, T.,(2)im im wwf, (14)

              dlog,D(a) ww                            -f' (25)              dlogeTm(g) -
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respectively. In fact, numerical cemputations

give the values different from unity fer f and

f' for each level of logeTm(2), as can be seen

from Table 3 and Fig. 2.
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    In conclusion, it is found, as a result of examination ef the other conceivable

processes of the gain of gas-kinetic energy in the lower ionosphere, that' the most

important process of the gain of gas-kinetic energy is the photodissociation of mole-

cular oxygen. This rate is expressed by ED(x) n(02, 2) in erg cm-3 sec-i. e(g), that

is, the average gain of gas-kinetic energy due to the absorption ef one photon at

the height 2, is given in Fig. 3.

    The dissociative equilibrium in the lower ionosphere m"st now be investigated.

In the atmosphere of such a low temperature as is generally supposed fer the lower

ionesphere, the dissociation of molecular oxygen by collisions rnay be uniinportant.

While, the photodissociation mentioned above decides the formation of atomic oxygen

in the ionosphere.

    Next, we must discuss the formation of molecular oxygen in the ionospliere, In

general, free atoms form mo!ecules by radiative assQciation

                               X+ Y. XY+ hv, (i6)
or by the three-body collision (14, 15)

                               X-F Y+Z -> XY+Z. (17)
The rates of the former for various cases liave been examined by Bates (14); the crcss

section of the latter may be expressed, with a considerably good approximation, by

                                 Q, := rcr2•-:1-•ns, (28)

r being the atomic radius, l the mean free path for effective collisions betweeB the

atom and the third body when the concentration of the latter is un2ty, and ns the

particle concentration of the third body. If it is possible that the third body is a

molecule, and that the internal energy to be transferred is absorbed completely, by a

resonance process, as a potential energy of the third body, l rnay take values down

to 10i`cm. Then taking r to be le-8cm, Qe becomes as iarge as iO-2`cm2 at the

bottom of the lonosphere, where the particle concentration of the third body, capable

of being of r.esonant absorption, may be supposed to be as great ,as 10'`cm-3. If

resonance transfer is not possible, the excess energy must be partially taken up as

kinetic energy of the relative metion of the atomic systems. Then l may be of the

order of leiScrn or more, hence Qe reduces to the values of the order of 10-28cm2 (16).

At the lower gas density below the certain critical value, radiative association must

be of the domlnant process. • .
    Atomic oxygen in the state 'D is yielded with a considerably high rate by the

photodissociatioB of the Schumann-Runge transition, but it falls rapidly to the ground

state 3P with emission oÅí the forbidden radiation ; under the ionospheric condition it

N..



76 Y. INOUE
may be unimportant on the reaction of association, This may be concluded frorn the

lntensity of the night sky radiation 6300A, corresponding to the transition iD-3P.

Hence, it is suMcient to consider the association between oxygen atoin.s in the

ground sta,te, 3P. Inspection of the configuration of the potentiai curves of molecular

oxygen (17) shows that the radiative associations for molecular oxygen appear pri-

marily to make the transitions from the 3]ii,,"i state to the second or third excited

vibrational }evels in the electronic states of iXcr", idg , and 3Zif, viz.

              O(3P)"-O(3P) -> O, (second or third vibrational levels

                                   of iXe', i`i,, and 3N=7,)g-he. (19)

About the rates of the processes mentioned above, we have at present ne experimental

as well as theoretical knowledge. The probability of radiative associatioll is very

sensitive to the configuration of the potential curves of a molecule ; in the most favour-

able case the effective cross section would become as great as 10um2acm2 (15), in the

order of magnitude. Making a reciprocal deduction of the effective cross section from

experimental va!ues of the absorption coethcient, as to such slow encounteys as 2n

the ionosphere, the deduced values associated with both the Schumann-Runge transi-

tlon of oxygen and the 31Tg. -> i=N 'ti transition of Cl2-molecule (18) would be obtained

to be of the order as smal! as IOH26cm2. The actual value of the cross section

associated with the reaction (19) would lie between the two extrerr}ities quoted above.

The computations by Bates (14), though for other molecules, show the rate coeMcients

for a few specific reactions to be of the order of 10-" or •iOHiScm3 sec-'l which

lies between the maximum acceptable vaiue ef the order of iO-iGcm3 sec-i and the

va}ues of the order of 10m2'cm3secmi deduced from the experiinenta} results of

absorption coefucient. If this ordey of magnitude were applied to our case (19), the

radiative association would suMciently surpass the associatiofi by the three-body

collision even at the bottom of the ionosphere. After the discussion described above,

thuagh it leaves some uncertaiBties in the quantitative examination for this proba-

bility, it does not seem to be unreasonable to suppose that the radiative association

(19) is the dominant process down to the bottom of the ionosphere. Though we
sha!1 use in the following this cross section as the standard vaiue, it may be wise at

our present stage to try another way to determine it from the structure of the lower

ionosphere, as wil! be shown in bR 5.

    Let Qv be the rate coeMcient of the radiative association concerned, which may

be supposedto be independent of temperature. The dissociative equilibrium of mole-

cular oxygen is described by

                                          1                      Qvn(O, z) n(O, z) -- -3 D(2) n(O,, 2), (20)
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the factor 113 having been intreduced to express roughly the effect of no diurna!

variation of the degree of dissociation;the reason for this lies in the fact that Qv

                                                               'is very small.

4. The proeesses of loss of gas-kinetic energy and the therrnal equilibriuma in

    the lower ionosphere
                                                       /t
    In the lovv'er iQnosphere molecules play an important part in the loss of gas-

kinetic energy. Band emissions are sensitive to a possible devjation from the thermo-

dynamical eqgilibrium. As is well known, the tempefatures of the upper atmos-
phere derived by different method of measurement are often of different vaiues:

from the intensity distribution of the rotational spectra of pelar aurorae, Vegard

 (19) has proposed, for the negative nitrogen band 4278A, that the auroral tem-

perature comes out to be of the order 3430K; from the intensity-distribution of the

vibrational spectra in the ultraviolet negative and positive Bitrogen bands, Rosseiand and

Steenshould (20) have derived the coyresponding ternperature to be very h2gh, something

between 200e and 30000K. These facts indicate that the condition under which the

bands are emitted may differ appreciably from those of the thermodynamical equi-

librium. Making allowance for the fact that the density in the ionosphere is extremely

tenuous, there would be such spectral evidences as to the band emissions even in the

ordinary ionosphere. It should be borne in mind that such deviation from the thermo-

dynamical equilibrium can possibly exist in the ordinary ionosphere.

    The rotational level of molecular oxygen and nitrogen can be easily excited by

impacts of gas-particles;however, the reciprocal process of this, i.e. the exchange

of energy by collisions from rotational to translational levels, also easily takes place,

and the rate of the spontaneous emlssion of rotational energy is very small; such

rotationa} excitations cannot play any important role in the precess of the loss of

gas-kinetic energy. The detailed discussion on this point has been made by Spitzer ;

it may be $hown after a reasonably gecd approximatlon that the total energy
radiated from the rotational excited states as a loss of gas-kinetic energy is aiways

less than those emitted from molecules in which Boltzmann's distribution amoBg

the excited rotational states is established by collisions.

    But emission from vibrationa llevels merits some detailed treatments. Molecular

oxygen has first vlbrational level lying at O.195eeV above the zeroth, and in the case

,of nitrogen the first vibrational level lies at O.292eV above the zeroth (22). Let these

valttes be denoted by er(02), and e7(N,) respectively. The values of the Einstein

coeracieRts of the quadrtipole emissions for oxygen o"(O,) and for nitrogen o"(N2)

are unknown, but they are certainly very low, as quadyupole transitions are involved.

If it were assumed that the moment-lengths of the guadrupole appropriate to inoleqular
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oxygen and nitrogen were 1.204A and i.094A, respectively, it wouldi seem likely that

the rates of the emission o"(O,)::':7.04Å~10-`secmui for hy of O.195eV, and o"(N2)

== 3.65Å~10-3sec-i for lty of O.292eV. These values may be adopted without risk

of serious error (23).

    The probability of transformation from trans!ational to vibrational energy by

collisions among gas-particles has been calculated by Ja, ckson and Mott(2ti), To treat

the ionospheric problems conveniently, the rate of such excitation in the O.1 tran-

sition, which alone needs to be taken into account, will be modified, making allowance

forthat the gas-particles have Maxwellian velocity distribution apprQpriate tp some

temperature T, to the following forms for each type of collision;

                                       '               Wi(0210) =: 4.31Å~10-6T'16 exp(-2.201Å~lo2/T!13), (21)
and
               rvi(N210) =:: 1.21Å~10'"5Ti/6 exp (-2.83sxl02/Ti13) , (22)

where the suMx l refers to the excitation of •the first vibrational level of the molecules

considered, and the designations (0210), and (N210) are used to refer to the type

of encounter : the formers within the reund brackets represent the excited molecules,

while the iatters represent the colliding particles.

    In the remainder of this paper it will be assttmed that the velocities of the par-

ticles in the atmosphere are distributed according to Maxwell's law, and the para-

meter T in that law wil! be referred to as the kinetic tempeyature of the atmosphere.

    The transfer of the relative kinetic energy between two molecules on impact to

thelr vlbrational energies is impossible unless the relatlve kinetic energy is so large

that it can excite the vibrational states of both molecules together; thls transfer is

not necessary to be considered in the lewer ienosphere.

    The excitations to higher vlbrational levels need not be tal en into account in

the process of the loss of gas-kinetic energy in the }ow• er ionosphere. The ,excited

vibrational energy can also reciprocally convert into translational energy by collisions.

The rate of such de-excitation is of the same order as that of the excitation, because

an encounter with a sufucient high speed is generally necessary to transform between

vibrational and translationa! eneygy. Under the ionospheric conditions, the rates of

the spontaneous quadrupole emissions for the xribrational energy are greater than

those of exchange frem vibrational to translatlonal energy by collisions, viz.

                            o"(O,) >> VV,'(O,IO) n(O, 2), (23)
and
                            o"(N2) >> Wi'(N,IO) n(O, a), (24)

where the prime refers to the de-excitations.

    Hence, when tl'.e vibrational ievels of a molecule are excited by the impacts of
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gas-particle, a greater part oÅí the excited vibrational energies are emitted in the form

of radiation, because the atmosphere is transparent so that the radiation can freely

escape out of the atmosphere. If the excitations to higher states can be neglected,

the loss of gas-kinetic energy in this case is described by the fo!lowing form:

                                          6n"v'                                                   , (25)                              e PV71 m7Ze
                                     o"nm'+ W'nm'no
                         '       ttxvhere eis the excitatlon energy, Wthe rate of excitation by impacts, W' the rate

of de-excitation, o" the rate of spontaneous emission for the excited state, n. the

particle concentration of molecule in the ground levels, nm' that of the excited state,

and no that of the colliding gas-particles. According to (23) and (24), it may be

said that the vibrationai energies excited by the impacts of gas-particles are released

in the forms of radiation. Thus, to a good approximation, the loss of gas-kinetic

energy can be expressed as .
       '                                    eWn.ne. ' (26)
    In the case of the radiative association of oxygen, the relative kinetic energy

between the two oxy. .cren atoms turns out to be the radiation, and hence the atmosphere

is cooled down, as was proposed by Moses and Wu. }Iowever, if this were a significant

effect, by the condii'ion of the thermal eqttilibrium between the heat gain due to the

photodissociation of molecttlar oxygen :

                      i                      L3- D(2) n(02, z) : Qvn(O, 2) n(O, x),

and the heat loss:

                      1                      -3-eD(2) n(02, z) =:eoQvn(O, x) n(O, x) ,

in which eo means the average energy to be lost in one reaction, we are Ied to

the result that
                                    s(Z) : Se .

Considering that e, :gKT, and that the minimum value of e(2) ls about

O.5Å~10-2 erg, as can be seen from Fig. 3, the gas-kinetic temperature of the lower

ienosphere would have been much higher than 2500eK, contrary to the observations.

As is generally the case, when therma! equilibrium is established by the photodis-

sociation with its reciprocal process, even if it is not completely reciprocal, the

gas-kinetic temperature of the atmosphere settles to a great value near the temper-

ature of the incident radiation.

    From the discussion mentioned above, we take the following procedure as the

most effective process responsible for the !oss of gas-kinetic energy in the lower

ionosphere: a molecule is excited vibrationally by impact with an atomic oxygen
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with suMciently large knietic energy enough'for the excitation. The excited vibyational

energy is lost in the form of radlation, slnce the atmosphere is almost transparent

for such inirared radiation.

io
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       Fig. 3. E(2),D(2) n(02, z) and ED(z) n(02, x) plotted against logeTm(x).

    It follows that using (21), (22) and (26),the rate of the less of gas-kinetic energy

in the lower ienosphere Lv(x) is expressed by

                   Lu(z) = e7(02) Wi(02IO) n(02, a) n(O, 2)

                          +ev(N2) Wi (N210) n(N2, 2) n(O, a), (27)

where the designation Lv expresses the loss by the vibrational excitations; and (2)

specifies explicitly that it is the function of the height. Lv does not contain o"' ; only

some accurate informatien on Wi is requlred in order to get the loss of gas-kinetic

energy.
    We shall next turn to the comparative study of the two terms on the right-hand

side of (27). The excitation energy for pitrogen is about 1.5 times that for oxygen.

Be!ow the dissociative transition layer of oxygen, near above 100km, it may be sup-

posed that the relative proportions of molecular oxygen to molecular nitrogeR is

equal to 114, and that the temperature is as low as 3000K. Under these conditions,

it can be concluded fyom the difference between the excitation energies that oxygen
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molecules are decidedly effective. In regard to the colliding particles, it can be said

that the atomic oxygen is effective, because molecules are excluded from consideration.

Above the dissociatlve transition layer, the particle concentration of molecular oxygen

decreases rapidly owing to the strong photodissociation and,the very slow associ-

ation of•oxygen; molecular nitrogen is obliged to play the role of excited molecule.

Thus, the second term of (27) is more effective than the first above the level where

                     IZ(02, 2)                               =4.22 exp (-6.34Å~101 Ti13) , (28)                     n(N2, 2)

,as can be seen from (21) and (22). Table 4 gives the valttes of 4.22exp (-6.34

Å~10!Ti!') in relation to temperature T. It is diMcult, as yet, to determine where

this critical leve} is to be placedi because of the uncertainty of the temperature and the

degree of the dissociation. However, as is
                                                           Table 4
implied, since the ternperature is about 7000K
in this critical level, it will be seen from T l 4.22xexp(-6.34Å~10!Ta13)

Table 4 that n(N2, 2) there should become

about 300 times as great as n(02, x). It may

be seen from the inspection of Fig. 1that the

absorption of the dissociating radiation begins

sharply at certain level, and hence both eD(7)

and D(2) may be regarded to be nearly
constant above this level; the lewer iono-

sphere may be separated into the two regions

iR tliis respect: one is the weak absorption

region, and the other is the strongly absorbing

region. On the other hand, the region in which

the first term ef (27) is greater than the

second will be designated as the region A.

The region B wil! be designated as the '

Since mo}ecuiar oxygen is considerab!y

course, may also

oxygen is iess populated, hence the region B

absorption.

    Thus, the thermai equilibrium in the

                           i                          -g- eD(2) n(O, , rr)

where the factor 1!3 refers to taking !nto

variaÅíion in the lower ionosphere is of a

small compared with the energy stored up in

lllllllii 7.63Å~le-5

L70Å~10-4
3.04 Å~ 10-4

4.89Å~10-4

7.33Å~10-4

LOOxlO-3
1.36Å~10-3

1.76Å~10-3

2.19Å~10-3

2.68Å~10-3

3.22Å~le-3

3.79Å~10-3

4.27Å~10-3

s.ooxle--3

                      region where the second term is effective.

                     abundant in the region A, the region A, of

correspond to the strong absorption region ; in the region B, molecular

                           may correspond to the region of weak

                      iower ionosphere can be expressed by

                           =L7(z), (29)
                           account that the diurnal temperature-

                       negiigible amount, because Lv(2) is very

                          the atmosphere.
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5. Derivatlon of the particle concentrations and of tke temaperature in tke

    lower ionosphere

    It is relevant to suppose that in the Iower ionosphere the vertical distributions of

the particle concentrations of various constituents, and of the temperature should be

determined simultaneously so as to satlsfy the dissociative equillbrium of oxygen, the

theyma! equilibrium, as well as the mechanicai equilibrium of the atmosphere. These

equilibria have been revlewed in the previous sections.

    Let us begin with the prob!em of tlie region A, which practically corresponds

to the E and D regions of the ionosphere, as is easily seen frorn the discussion ef

the previous section. In this region the equation for the thermai equilibrium can be

represented by

             1            L3-sD(g) n(02, 2) -im er(02) Wi(0210) n(O,, x) ?z(O, 2). (30)

The equatien for the dissociative eq"ilibrium has been giveR by (20). As D(2) and

eD(rr) cannot be expressed in terms of sirnple analytica! functi,ons, computation was

performed by the numerical method. -
   Equations (30) and (20) lead to

               n(O, x) =-l;-sP(x)lev(02) Wi(02IO), (31)

              n(O,, 2) = -g- Qv•eD(2)21D(2)•er(O,)2• W,(O,IO)2, (32)

and
                  x(2) :QvsD(x)!D(2)•ey(O,)V'Yi(O,10). (33)

Substituting (3), (4), (31), and (33) into the equation for the mechanical equilibrium
of the atmosphere (5), and neglecting the unimportant term d-d-2- loge T(g)*, equation

(5) becomes

       tzd•2 iog, e D;(2) --dd-?oge ;Vi(02IO) imi" 2is-TF2op(i -ZF(rp2))z(,) ,i-2 ioge D(Z)

                                                     '                         :-,esl,t3-+l),1i,1-&x,(s),i,, ,,,,

where t92a=:X-;-i, namely, the scale height associated with atomic oxygen in a

uniform atmosphere xNrith temperature T.

    The variation of the particle concentration of melecular oxygen with height may

    * A rigorous treatment retaining this term is possible. The calculation runs parallel
to the followings in spite of its greater comp!exity.
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be described, taking equations (32) and (34) into account, by

            nd". ioge n(o2, 2) = ww ,bi. S."g151iop2)((ii."op2)Xiii))

                                    i+g d
                            -i+-Ti-+2(i+rp)z(.) a2!OgeD(2), (3s)

                                                                       '                          '                                                             '             KT .. .where tWm =                 , Ramely, the scale height associated with molecular oxygen in a            2M,g
uniform atmosphere with temperature T. The vertical distribution of the particle

concentration of molecular oxygeB represented by (35) differs, of course, from that

expressed by

                         adE loge n(02, 2) =-sl.. (36)

For convenience, we shall abbreviate the right-hand side of (35) as fol!ows :

                         tzd-x !oge n(o2, 2) =: -H.i(2)-. (37)

If we put
                                        t9m
                                  a(x) ww- -HE '

it measures the deviation of the vertical distribution of molecular oxygen from that

of a uniform atmosphere witheut dissociation. H. is the local scale height ex-

pressing the vertical distribution of molecular oxygen. As can be seen from
equation (35), the photedissociation exertS a strong infiuence upon the vertical distri-

bution of molecu!ar oxygen; it gives rise to such a deviation as is mentioned above.

    Using the local sca!e height Hm, it approximately yields from the definitions (6)

and (7) that
                            zid'2 1oge T,,t(z) =ww t" ;, (3s)

                                                 'and
                            zdi'la' loge om(2) 1 ww mmHla, (3g)

respectively. Therefore the relations (14) and (15) can be written as:

                            2Z.iogeD(g) =IzfiL., (4o)
and
                             nvddrmxlogesD(z)=tt--.- (41)

respectively. Making substitution of (40), (41) and (37) into equation (35), a(2)

can be transformed to
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                      "(2)==ahf(,il-it#))(.t;(2iXi2op))),(.)• (42)

                             '
The vertical distribuÅíion of atomic oxygen is deduced by the similar process to

that described above, viz.

                            -dd-.!og,n(O,2)=-l2-TE:i--t-'. (43)

    Let us turn t'o the discussion about a(x). If we consider the case when the gases

in the lower ionospheye consist of nitrogen and oxygen in the same proportions as

the atmosphere at the ground, rp is constant and equal to 4, and substituting this into

(42), we are led to
                                              .
                              .(.)..,LlgAI!tfiYit2zZ), (44)

where c =Åí-o and A -im -23o (l-t'). If we consider the case of pure oxygen iono-

sphere, 'ij vanishes, and (42) becomes

                                     c'(1+2z)                              a(2)= A,+z->-, (45)
where c' -- -}--- and A' : 12- (!-f'). The difference of a(2) beÅíween these two cases

is small, so that it can be seen that a(2) depends little upon 'e, but the dissociative

absorption strongly affects a(2), especially in the eregion where z is small, that is, the

particle concentration of atomic oxygen is greater than that of molecular oxygen.

Hereafter, we will consider only the case '4 -im 4.

    On substitution of (40), (41) and (42) into equatien (34), we obtain the

equaÅíion for the vertlcal distribution of temperature, viz.

                      d                                     ww a(x)                     it'.' !Oge Wi(0210) in :s'.mm' (1-f'+2f), (46)

wkich, on making use of (21), and regarding the slowly varying term T'16 as a

constant, can be written as :

                    L-i/gg- }--2-) Tl,,. dd-:- =Z!i},Lsga(2)(1-ft+2f), (47)

where B(02) is 2.201Å~!02. Since a(2) is a slowly varying quan'tity, the integra-

tion of <47) can be performed approximately as

                       tBM(-9/zi2b)(5)(T2i3-Te•i3):z-2i, '(4s)

where
                           b(x) ==a(2)(1-f'{-2f), ' (49)

s
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and Ti is the temperature at an init!al level zi.

    Provided we know the particle concentrations of molecular and atomic exygen

at a reference level, then by aid of the re!ations <37) and (43), we can determine

those at any height measured in uRit of H. from the reference level ; our knowledge

is stRl in the unit of scale height and not in kilometers.

    Now, we can derive the variation of x(2) with respect to a.(2):a"z(2) may
be regarded as n(02, 2) Hpt(z) approximately, viz.

                           om(2) == H.(a) n(O,, 2), (50)
which, taklng account of H.(2) :{lllpt(gg) and (44), can be wr2tten as:

                         am(2)a(2) =n(O,, 2) tP.(2). (5i)

Then the equation for e(2) can be obtained, viz.

                           z2+(A-2cl.) z-cZ. :O, (52)
where
                                     Om(2)                              lm "= fo.n(o, 2)' (53)

The solution of (52) can be obtained as follows:

                       'x = cAm- til-+[(cz.-{l-)2+cz.] b'. (s4)

It can be easi}y shown that to adopt loge6m(2) or loge Tm(2) asa measure of height,

as have been made in 'g>3, has the same meaning as to measure the height
in the unit of II.. Kence, it will readily be made to express any value of o.(z)

or r.(2) in terms of height measured in the unit ef H. from the reference level.

    To push our calculation further we must determine where the reference level is

to be taken, and must fix loge rm(2), For this purpose, let us discuss a few reliable

observational facts.

    (i) Attempts for the determination of the electron col}ision frequency in the E•

Iayer were made by Baily and Martyn (25), and their calculations on the interactioB

of radio waves led to the value 2Å~i05 per sec. The cross section of elastic collision of

slow electron with atornic oxygen was evaluated by Yamanouchi (26) as 2.41 Å~ !O-i5cm2.

Assuming the same order of magnitude ferboth the molecular oxygen and nitrogen,
NT'12 in this level becomes 1.33Å~lei`cmm3 degS, corresponding to v== 2.0Å~105

per sec.

    (ii) '1['he sporadic E ionization appears frequent!y about 10km below the

maxirnum level of the E layer; it is weli known that they are in a iton-uniform

.
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state, and have the semi-transparent preperty for radio waves. G.; Phil!ips (12)

deduced from the fading observations by using the method of S. N. Mitra (27) that

at a height of about 100km the E layer had an irregttlar structuye in which the

smallest size of irregu}arity is about 20em. The maximum leve! of the E iayer is

supposed to be at a height of 110km or slightly above. Hence, the irregularity

deduced by Phillips may be considered to correspond to that of the sporadic E

ionization; the minimum dimension of irregularity of the sporadic E ionization may

be supposed to be 200m. From this fact it can be said that turbulent motiens ef

the air are occurring in the region of the sporadic E. The velocity of the eddy

system with the minimum dimension is nearly equal to the mean velocity of the gas-

kinetic motion in the surrounding gases. If the state of turbulence persists to a

dimension of 200m., the Reynolds number of the eddies associated with this dimen-

sion must be as great as about 1000. 0n the other hand, the Reynolds number may

be described by
                                        YL                                           "a2N(2) ,                               R = 2.88
                                        Vo

where V and L are the velocity and the dimension of the eddy system under con-

sideration respectively, xa2 the mean cross section fer the elastic collision of gas

partic!es and Vo the mean velocity of gas particles in the surround'ing. If, for

exampie, R were taken to be 10CO, which might well be the case, and the value of

o2 were assumed to be 3.0Å~10-i6cm2, in the case in which the minimum dimension

L equals to 2.0Å~10`cm, regarding Vas Ve , the total particle concentration N(x) at tlie

level where the sporadic E ionization is occurring would be dedttced to be 1.84 Å~ 10i3cm-3.

It would be concluded, therefore, that the level of this total particle concentration

shou!d be situated about 10km be!ow the maximum level of the E layer.

    (iii) It can be shown that the forfnation of the D layer is attributed to the

ionization of atomic oxygen by the scattered radiation produced in the ionosphere

with the aid of the selar visible radiation, whose energy ef the quantum is 9.48eV

or in wavelength i302A. As is wel! known, the absorption coeficient appropriate to

nitrogen near this wavelength is so small that the field ofthisscatteredradiation is

scarcely affected by absorption of nitrogen. But the scattering will be cut down by

absorption of molecular oxygen in the lewer boundary of the ionosphere. Thus, the

fie!d of this scattered radiation has a fairly sharp boundary. Because the absorption

coethcient of.molecuiar oxygen for this radiation is supposed to be about
3.47Å~10-i9cm2, it corresponds to the level defined by

           ri3e2X == 3.47Å~10mei9 a.(z) =:1, i. e. a.(x) =:2.88Å~iOi8cmH2,

or !oge T?n(2) t4.00. IÅí may be supposed that the maxirnum level of the D layer is
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situated at this level. Therefofe, log, T,n(2) x4.00 must be about 15 or 20km below

the maximum ievel of the E !ayer.

    No serious inconsistencies exist among these three facts. Therefore, we shall
take the level of NTif2 == 1.33Å~10i`cm-3degS' as the reference level, whose height

will be denoted by xo .
                                                                '               .          '    NTow, we shall evaluate ioge Tvn(fl) at the reference levei, and we shall determine

the physical state at Åíhat level. For our purpose, we make use of equation (54).

!f we rewrite c2m(A") of (53) contained in (54), by using (31), it follows that

                  c2.,,(2) ==(3CST(?<2)Meg), ,aDwt'((:)) W'(T0210), (ss)

where -gSIE/ii))- is a l<nown function for any value of Iog,T.(2), Wi(OT210) is a

function of temperature only, and the rernaining quantities are constants. Thus,
c?Lm(2) depends on T with respect to the parameter of iog, r,n(2). Åí- in (54) is, as

is defined by <44),

                             A 1+-T2m
                             -2- -hnM 4(1+v)(IMf'), (56)

where f' is known for any value of log, rm(2). Thus the right-hand side of equa-

tion (54) depends on Tby taking !og,r.(2) as a parameter. On the other hand,

the left-hand side ef equation (54), x(a), becomes, when (31) and (3) are taken into

account,

                                                        1+Y-
                -x(2)={}L'ZI-/(-Ol•e--)l-Il)ITi12 ,Dl(2) W';9/2,10)ww1+op2. . (57)

This is, also, a fuRction of temperature for each value of lege Twt(x).

    And NTi12 -ww 1.33Å~10i4. In general, assuming NTi!2 to be an appropriate con-

stant, except for the non-conceivable va!ue in the concerning region of the atmos-

phere, T and 'x for any log, rpt(a) can be found from the rewritten equation of

(54): inserting (55), (56) and (57) lnto (54) it can be reduced to

   rr3.Ez.r<+O...,.)NTif2 1 Wi(0210)in1+"iirm rm 3ce7(02) Mog -fzLpt,-(.a) Wi(0210)

        1+op sD(2) Ta!2 1+'o im K eD(z) T
            -,li;,-IS,'iv-F[(-3ce;r(OK-2)Mogtt-s[g Wi(;l2iO) ,X-,Iil))2

                   ' + 3Ce7(OK2)Meg ,aDpt((2x)) Wi(T02IO)]i!2. (ss)

                                       '
From (58), T corresponding to any logeTm(2) can be found, "x Åíor any obtained



88 Y. INOUE
value of T can be determined by using (57). Thus, under the condition that
NTi12 ) 1.33Å~10!`, T-diagram Nvith log, T.(g) as a parameter is given in Fig. 4.

A slmilar treatment is, of course, possible for the case when N is a constant.

1. 2

1.5

1.0

O.5

o.o

5.ooo

 a.87s

2.7FO

2.6as

 2.500

i

2.000     log •, r.(z)

1.SOO

           1.000

                             500 600                                                           > TOK
             Fig. 4. The solution of (58) with logeTm(a) as a parameter.

    Now, we must determine to what place in the T-x diagram the reference level

!s to be located. To do this, selection is made so that the results of our computation are

se!f-consistent: if we take a (T-z) pair corresponding to one of loge Tm(x), n(O,2)

and n(02,x) appropriate for it can easiiy be obtained from (3) and (31). For the

other loge T"t(z) than the seiected loge Tova(z), n(O, x) and n(02, a) are found by the rela-

tions (37) and (43). Making .
allowance for (42), we p"xamine Table5
whether the condition is satis- !ogeraL(2o) = 2•625,
fied for every va!ue of !og, r.(e). IegioD(Zo) =" .62•9365,

                                logioSD(zo) = 18.6438,
Such successive approximationscan readiiy approack to a iOg'Odr"i((ZxO,)) .-.'l774'8k18' i

self-consistent selection of x(xo) = 1.iO,
logerorn(z). The result is that f' = 1.!2, I
                                                    'loge Tm(z)=:2.625. It may be

significant in view of energy consideration that the point

expresses the Ininimum of temperature.

A =-O.0363,
21(O,Ze) ="

21(02, Xo) =:

 N(xo) ==
 a(Zo) "
 Om(zo) =:

 Hm(Xo) =:

7.28 Å~ 10ii,

7.88 Å~ 10ii,

6.23Å~loi2,

 1.37,

12.56 km.,

 9.26 km.

log Tm(2) :::2.625 in Fig. 4
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      The physical state at the reference !evel may be expressed by the following

  quantities. Be the difference of loge rm(z) between arbitrary adjacent !evels, and let

  de be the differeRce of height between these levels. Numer2cal computation is made

  wlth the step `d log, rm(2) = O.5. Equation (38) can be approximated as

                               dloge Tm (X) - i
                                   de H'm'

  When dlogen(rr) is taken suMciently small, H. may be censiderably accttrately

  replaced by the mean value of H,,, between two Ievels concerned. With this approxi-

  mation, (37) becomes

                               dloge 71(02, 2) ww' dloge T.(2) im i'
  It follovLTs then that
                        n(02, 2-F ztz) = n(02, 2) ed lOge Tm(x), .

  and !t can, in general, be said that

                   n(O,, 2) -- n(02, ao) exp [loge rm(2) -loge Tm(xe)] .

  Simiiarly, it yields from (43) that

                              dlog, n(O, 2) la i-f'
                               `d loge Tptt(x) - 2 '
  and
                       fz(o, 2) = n(o, 2,) e=1 -2f'Aloge 'm(z), (6o)

  where f' stands for the mean value of f' in each interval, and Åí replaces the

  lntegration for each interval.

      Making use ef (58) and (59) n(O,z) and n(O,,2) at each value of loge T.(a>

  can be derived. As is seen from (59), n(O, rr) exhibits a maximum or minimum at

  the place where 1-f'= O. Inspection of Fig.2 shows that at the point where

  loge T.(2) =:i.50, i-f' steps into the negative side from the positive side, and at

  the point where log, r.(x) :4.5e, 1-f' changes sign. The former corresponds to

  a maximum, and the latter corresponds to a minirnum.

      z(a) at each leve! can be obtained. Further calculation of a(2) by (44) and

  b(2) by (49) can be made.

      From the known value of n(O, 2) and the reiation (34), each value of il7i(02]O)

  is found. T(2) at each level can readily be seen. If (46) be transforrned into

                          KT(g)                                  dloge Wi(0210) =d2, (61)                         M,gb-(2)

  wheye T(z) and b<.pt.) are the mean values of T(2) and b(2) betweeR the two leve!s

'
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considered, the difference of height between any adjacent !evels can be found. The
                       KTlocal scale height ll =- Mg- as a gradient of the tota} particle concentration is

known at each level. The computations described above are given in Table 6 accord-

ing to sequence of yeduction:

    Qv can be obtained from the disseciative equilibrium (20), with the result:

                                                    '                          Qv =4.28Å~10-iScrn3 sec-i, (62)

which is in general in agreement with Bates (14), who censidered severa} cases other

than oxygen.

    Now, as is seen in Fig.2, f and f' becoine very small when logeTm(z)<
-a.50 : the gradients of eD(2) and D(2) with height become then very srnal}. This

means that the dissociative absorption of molecular oxygen does not appreciably affect

the dissoclating radiation field in the region where loge ronz(x) < -1.50. 0n the other

hand, the particle concentration of molecular oxygen decreases and the temperature

rises to about 8000K. Then molecular nitrogen becomes to have a considerable effect

upon the loss of gas-kinetic energy. This regiefi corresponds to the region B desig-

nated in S4.

    We shall now consider this region. eD(2) and D(2) together can be approxi-

mated to the constant values of eD(oo) and D(oo) respectively. We rr}ust take into

account the loss of gas-kinetic energy by molecular nitrogen as well as by molecular

oxygen. The equation for therma! equilibrium becomes then

   tt             1            -3-- eD(ce)n(O,, 2) : eJr(O,) Wi(O,IO) n(O,, 2) n(O, x)

                                +er(N2) Wi(N210) n(N2, 2) n(O, x), (63)

and the equation for the dissociative equilibrium (20) is

                    1                    --3-- D(oo) n(02, 2) = Qvn(O, a) n(O, x). (64)

    Inserting (1) and (64) into (63) it yields that

                -g- eD(oo)-g e.(N,) w, (N,lo) D-Qtlji9)

                                                 '
              -- [eTr(02) Wi(0210)+4srr(Ns ,) W,(N,IO)]n(O, 2). (65)

Comparison between (21) and (22) leads to the conclusion that for any conceivable

temperature of the ionosphere,

                    ev(02) XXi(0210) <<4ev(N2) Wi(N,IO),

so that theright-hand side of (65) becomes s,r(02) rvi(0210)n(O,z), and we have
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       -t3-- eD(oo)--2:.i-- sv(N,) rvi(NT,IO)D6:l]) == eTr<O,) Wi(O,iO) n(O, 2). (66)

The left-hand side of (66) clepends on the temperature only through Wi(N210).

Defining F(T) as follows:

                           ww eD(oc) Qv                      Jii"(T)m 2D(oo) e.(N,) w,(N,le5' (67)

which is a function of temperatttre only, we find, from (66),

                             l eD(co) F( T) -1                                                        . (68)                   n(O,2) :'/iii- e.(o,) w,(O,!O) F(T) •

From (68), n(O, x) can be expressed in terms of a function of temperature only.

    Since n(02, x) is negligible compared with n(O, rr), (3) and (4) can be replaced

by the approximate relations

                            N(z)=(1 -y -//-) n(O, rr), (69)

and
                            M(2)=Ii+-'i-rrI8i'/l/.'mm.rpMe• ' (7o)

    Making transformation of the equation for the hydrostatic equilibrium (5) by the

similar treatment to that described in the case of the region A, we obtain

                           G(T)t.d.:...,l.Jtll/1/'l.T.wuMieg.., (7o

                                      U- '2' op

where
                      C(T) = 3(FBww(Ni)2)T,-ih- + -g- l--S9- !2,)- -i, a2)

                           B(N,) ::= 2.835Å~!02 ,
ana
                           B(O,) ==: 2.201 Å~ 102 .

    It is possible frem (7i) to find step of height dk" cerresponding to the step of

temperature dT at any height, viz.

                           K 1+il- op

                          M51tTi IJtg rp G(T) dT = de, (73)

where G(T) is sonee mean value of G(T) in each step. Provided that dT is
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taken suMciently small, we get de at each height with geod approximation. We

have divided into the 50K step where the temperature gradient is steep, and the 10K

step where the temperature gradient is very small. We determine successively up-

ward from the level !og, T.t(2) = -1.50 so far as the solution is obtainab!e. Thus,

computation was possible up to about 165km above the reference level. But above

IOOkm from the reference levei we must take into account the gain of gas-kinetic

energy by the ionization of the Fi and F2 layers. On this account, we must simul-

taneously make a!lowance for the problem of the distribution of electron concentration.

We shall leave over the problem above 100km from the reference level without

further consideratioR. The main quantities of the computed results are tabulated in

Table 7 according to the sequence of reduction.

                                   Table 7

eT
Ki/F(T)i

G(T) rv,(O,1O)
E

iioIn(02,2) iN(2)
(2-2o)km

ZD,,(X.)."-.(,O,g6g?IDEz.)e',g9gif)'

   1780 4.329
800, 3.342
   l
82e l 2.6el

8401 2.041

86e 1.614
880 2.286
gool 2.o3s

   '

 10.e54

 11.249

 13.144     l
 16.396

 22.899

 41.148

323.87

         l5.396Å~10-i6

6.628Å~10-i6

8.128Å~10-i6

9.782Å~10-i6

1.185Å~le-is

1.407Å~10-is

1.676Å~10-i5

'il•iisl•liiiEIOilll2•iOliil•ii•llillli?i•i.iilli

8.06Å~10iOI5.14Å~108 2.44Å~leiil 75.17i'

•3.97Å~10iOll.25Å~10S II.20Å~10iil 96.69I
s.ss Å~ log I-2.44 Å~ lofi I.1.67 Å~ loiolli 16s.7sl

2.36Å~10-6

1.29Å~10-6

6.67Å~10-7

3.15Å~le-7

1.20Å~20-7

2.91Å~10-8

5.69Å~le-iO

1.64Å~106

9.01Å~le5

4.63 Å~ 105

2.19 Å~ le5

8.34 Å~ 104

2.02Å~104

3.95 Å~ 102

    We sha!1 evaluate the vertical distribution of the optical depth with respect to

the ionizing radiation of atomic oxygen, which is of importance in the consideration

of the ionization of the E region. Let Kant4.5Å~10mi8cm2 be the absorption coera-

cient of the ionizing radiation for atornic oxygen. Let a.(2) be the number of atomic

oxygen in a column of unit base above a height 2, viz.

                             bo                             s                              n(O, z') dd -- a.(2), (74)
                                                                 '                             x

and further let r.(2) be this optical depth. Then, accoerding to definition, it follows

that

                               Kaaa(2) im- ra(2)• (75)
T.(2) and n(O, 2) are reproduced in ]7ig. 7. T(2) is expressed in Fig. 5. n(02, 2)

and N(2) are indicated in Fig.6. sD(2)n(O,, 2) and D(z)n(02, 2) in Fig.3 are

plotted by gsing the results of computatlon. They show together to exhibit a fiat

maximum and a gradual change in the E region,
                                   '
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     Fig. 7. The vertical distribution of the particle conÅëentration of atomic oxygen
            and the opticai depth Ta(z) of the ionizing radiation in the lower
            ionosphere.

6. Discussic,n, eonc}usion and further problem

    There is a considerable difference between the distribution of pressure from

rocket measurements (28) and the theoretical results derived here. This might be par-

tial!y attributed to the deduction of pressure from rocket measurements. On the other

hand, our result depends on the distribution of the dissociative abserption coeficient

with wavelength. Thefe would be some uncertainties on the coeficient over some

range from the Sckumann-Rgfige limit teward Herzberg region. The accuracy of

information on the coeMcieRt in this range of wavelength is of importance in deter-

mining the temperature and the partic!e concentrations in the region below IOOkm,

which is in close connection with the free oscillation oÅí the atmosphere as has been

suggested by Peker2s' (29). Thus, it will be desirable to re-examine closely the dis-

sociative absorption coeficient in this range. As the absorption in the Schumann-

Runge region, where the values of its coeMcient are to be correct, takes a significant

part for our results above the reference level, the results in this region may be

reliable. To deterrnine the actual height of the reference level, we must make
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allowance for the ionization of the E region, It would, however, not be unnaÅíurai

to locate the reference level at the height 120 km from the ground level.

    There seems to be aresemblance between the temperature curve in Fig. 5 and

the eD(z)-curve described in legarithmic scale in Fig. i. This resemblance may be

interpreted as follows: As is seen from Fig. 7, n(O,2) in the E regioR varies

slowly. Hence it may be written approximately as:

                               eD(x) oc Wi(02lO),

and assuming on!y the principa}ly variable part of the right-hand side, it follows

that
                                            B(O,)                              log,sD(2) O`- Til'3-,

                                      '

from which the resemblance mentioned above may be accounted for.

    A study !s made of the effect of the ionizatioR in the F regions on the gain of

gas-kinetic energy. As far as its effect is negligible, the temperature in the Fi

region remains constant. Inspection of eD(2) n(02, a) in Table 7 gives a knowledge

on the variation of the. dissociative gain of gas-kinetic energy with height. On the

other hand, to determine the gain by ionization, we must know the mechanism for

the ionization in the F regions. k may be supposed that the iine emissions from

the solar corona are attributed to the ionization associated w!th the formation of

both the F2 ancl Fi layers together. Any possibility of unobservable ionization that

has been suggested by Bates(7) might not be considered. Nence, we tentatively

assume that the average gain to the gas-l<inet!c energy seems likely to be abeut 13 eV

photon. It does not seera uneyasonable to assume that the electron yecornbination

coeMcient is 3Å~10-'O cm3 sec-i for the F, layer and 7Å~10-9 cm3 sec-i for the Fi layer.

The maximum electron concentration is 1.8Å~IG6 cm-3 for the F, layer and 3.3Å~105

cmr3 for the Fi layer. Thus, the gain of gas-kinetlc energy wiil be about 20Å~10"8

ergcrn-3sec-! for the F2 layer and about 1.6Å~10-Sergcm-3secme' for the Fi

Iayer. On comparing with eD(2)n(02 z) in Table 7, it may be said that the gain

of gas-kinetic energy made by ionization predominates over the dissociative gain in

the F2 region, but the latter increases raPidly with decreasing height and in the Fi

region the former becomes smaller than tbe latter. Making allowance for the fact

that the scattered ionizing radiation contributes to the formation of the Fi layer,

and that becagse the F, Iayer lies in great optical depth, the flow of the direct

incident radiatien to the Fi level is remarkably dependent upon the selar zenith angle,

the true gain due to ionization in the F, regioR will be further reduced from 1.6Å~

.10m8ergcm-3sec'"'. Summarizing, it may be supposed that in the Fi region the

gain made by ionization has no appreciable effect. Since we cannot avoid the con-
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clusion that the diurnal variation of temperature in the F2 region cannot be great,

we shall average the gain by ionization through the day and assume the above value

multip!ied by O.3 for the average value. Adding the dissociative gain to it, we get

6.60Å~10ne9ergcm-3sec-i for the total gain of gas-kinetic energy, for which a tem-

perature of 12500K is appropriate.

    We must now investigate the effect of thermal conduction in the ionosphere,

which was suggested by Bates as one of the most effective losses of gas-kinetic

energy. There is in the E region an abrttpt temperature gradient of about 10 KO!km.

The temperature in the Fi region remains constant uniess a great amount of heat is

                                                                          .transported by thermal conduction to the Fi level from the upper region. The gain

or loss of heat by thermal conduction Q is expressed by .

                                Q-Åí(iel,f), (76)

where (30)

                       i= 6Z,-t5., (l,lliiililf)} =s.i6Å~io2 Tii2. (77)

    First, we shall begin with the eva!uation of the therrnal conduction in the E

region. We sliall inquire about a place that the temperature changes most abruptly,

at the height lekm above the re'ference Ieve!, where Iog, Tpt(2) ranges from 1.eO to

l.50. Inserting (47) and (77) into (76), it yields that

                     d-d.(ZtdT.-)--d;i:[i?i\l2og,Z)Tii3b(.)],

                               :1.33 x lO-3 d-d. [T 516b (2)]. (78)

Substituting the values apprepriate for that level, we obtain

                     ad-a (a ddTa ):= s.s4 Å~ lo-s erg cm-3 secne i. (7g)

In comparing with ED(2)n(02,2) given in Table 6, taking account oÅí the factor

1!3 for no detectable diurnal varlation oÅí temperature, the effect of thermal conduction

becomes only abeut 1127 of the dissociative gain at the level concerned. The

thermal equilibrium in the E region is little affected by the thermal conduction.

    We shall discuss briefiy the effect of therma! conduction for the Fi regioR. The

temperature of the F2 ieve!, at about 300km height, wou}d be about l2500K, as has

been consideredbefore. Assuraing that the temperature between the Fi and F2 levels

rlses linearly, its gradient weuid become 3.50Klkrn. Taking inte consideration that

the isothermal region of 900eK is found be!ow the Fi level, the fiow of heat by

thermal conduction from the upper region will be stopped there. In consequence,the
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temperature rises in some degree making a temperatuye gradient and then heat flows

to lower region. It seems relevant to suppose that above the F, level the temperature

gradient is extremely small, so that the heat generation to affect the Fi region must

take place at the region between Fi and F2. The maximum gain of gas-kinetic

energy in this regien will be about 6.60Å~10-9 erg cmH3 sec-', as has been studled just

befere. If it were supposed, as an upper limit, that all the gain in this region flows

into the Fi level by the thermal conduction, and that the heat fiow is spent on raising

the temperattire in a range of altitude as great as one scale height there, the gain by

the thermal conduction in the Fi leve! would be about 1.65Å~10rSergcmnv3secmi. As

is seen from eD(2) n(O, , z) given in Table 7, this is comparable with the dissociative

gain at 100krn above the reference level. Since the quantities quoted in the above

discussion would be regarded as an extremely over-estimated, the thermal conduction

from the upper region would not have an appreciable effect on the thermal equilibrium

in the region below the Fi level, but it might have some effect in the region above

the Fi level.

    It is interesting that the particle concentrations n(O,2) and n(N2, 2) deduced

from the present research are favourab!e for the formation of the Fi and F2 layers.

    We have shown that the temperatufe of F2 region wil} be abeut 1250aK. It must

be said that this temperature is intlmately connected with the degree of the stiruring

of the atmesphere: If the stirring of the atmosphere halts at a certain height, the

atrnosphere above it will be distributed by a diffusive equilibrium and the relative popu-

lations of molecular nitrogen to atomic oxygen there vvill reduce to a mttch small

value. As regards the }oss of gas-kinetic energy, the most effective process would

not be the xribrational excitation by impacts of atomiÅë oxygen, which have been

quoted in the present work, but it would become the e: citation to the metastable

states iD and iS of atoraic oxygen by electron impacts (31). Inspection ef the iono-

spheric observationa} data suggests that the stirring of the atmosphere ceases, if pos-

sible, between the Fi and F2 layers. Would it be the case, the temperature at great

height would rise up ever L'eOODK Kowever, the existence of N2V-spectra at great

height seems to show that this is not the case. In the F2 region, the temperature is

about 1250eK. It is net meaningless to add here that the observed intensity of the

oxygen line 5577A in the night sky light cannot be accounted for by the excitation

by the electron impact.

    In conclusion, it may be emphasized that the quantitative results of the present

work depend much on the accuracy of infermation about the dissociative absorption

coeMcients of molecular oxygen. By the future establishment of these molecular data,

the properties of the upper atmosphere could be researched theoreticall.y with suthcient

accuracy.
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