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Summary. On the basis of a system of chemical reactions the concentrations of O, Q,, O,,
OH, HO,, H,, H,0O and H are computed for elevations between 35 km and 140 km. Equilibrium
concentrations for daytime conditions as well as characteristic times for restoration of photo-
chemical equilibrium are found for three temperature profiles: low latitude and high latitude
summer and winter. Similar computations are made by considering the diurnal variation in
solar radiation. Atmospheric hydrogen is found to be mainly in the form of atomic hydrogen
above 95 km, in the form of molecular hydrogen between 70 km and 95 km, and in the form
of water vapor below 70 km. As a result of the computations the intensity of the OH* emission
in the airglow is determined. Maximum dayglow emission is found at about 55 km. The maximum
OH* nightglow cmission lies between 80 km and 100 km, depending on latitude and season.
All the computations are made for a static atmosphere model. It is suggested that the atmo-
spheric circulation is likely to modify considerably the results obtained for the static model.

1. Introduction. Construction of photochemical model atmospheres has turned
out to be a very useful tool in the study of many problems concerning the physics of
the high atmosphere. The simplest of such model atmospheres, the pure oxygen
atmosphere, has been studied by various authors (see for instance HessTvepT, 1963).
Spatial distribution of the concentrations of the three oxygen allotropes O, O, and O,
‘has been evaluated theoretically and the results are in reasonable agreement with
observational data for most atmospheric levels,

An important step forward in the development of photochemical model atmospheres
was made when Bares and Nicorer (1950) introduced hydrogen into the model.
Their fundamental work has made it possible to evaluate theoretically-the distribution
with height, latitude and season of the most important hydrogen and oxygen com-
pounds. Furthermore, the effect of the presence of hydrogen upon the pure oxygen
components may be evaluated. .

Later some particular aspects of the oxygen-hydrogen atmosphere have been
investigated in more detail. The OH*-emission in the nightglow has been studied by
WaLLAce (1962) and Baiprir and VENKATESWARAN (1963), and the water vapor
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content in the high atmosphere has been investigated by HesstvepT (1964). All these
works have used the chemical reactions proposed by Bares and NicoLET. During the
last decade our knowledge about the temperature and pressure in the high atmosphere
and their variations with height, latitude and season has improved considerably,
Furthermore, many of the values of the recombination rates for the chemical reactions
mvolved in the model, as well as the dissociation rates, determined from ultra-violet
solar radiation data, have recently been revised.

In this paper the composition of the oxygen-hydrogen model atmosphere as a func-
tion of height, latitude, season and time of the day will be studied using new observa-
tional data. On the basis of the obtained concentrations for the various compounds
the OH*-emission in the airglow will be discussed.

2. Photochemical reactions in the oxygen-hydrogen atmosphere model.
In agreement with BaTes and NicoreT we shall assume a model atmosphere where the
following eight compounds are allowed to interact chemically: O, 0,, 04, OH, HQ,,
H,, H,0 and H. In addition; our model atmosphere shall contain nonreacting elements,
denoted below by M, which will act as third bodies in three-body collisions. '

The following 24 reactions are considered between these compounds:

(2.1) O0+0+M-0,+M k, =1.6x1077% 7" ¢mbsec™?

(2.2) 040, +M—=0;+M  k, =6.4x1072% - TY2cm%ec !

(2.3) 040,20, ky =4.2x 10713 T2 3-2RT 300~ 1
2.4 0, +hv—20 J, =5x107"sec™! for zero optical depth
(2.5) O;+hv—0+0, J; =107%sec™! for zero optical depth
(2.6) H+O0+M-OH+M  k; =6x1073* TV2emSsec™!

(2.7) H+0,+M~HO,+M k; =13x10733 74%mbcc !

(2.8) H+0;—-0H+0, kg =8x10712. T12™ U/ RT oy 3gac =1

(2.9) H+0;-HO,+0 ko =1.5x 1071 . 7L 2 =4/ Rl 3gec 1
(2.10) OH+0-H+O0, k1o=6.7Tx 10712 T2 = O-5/RTp3gec 1
(2.1 HO,+0-0H+0, ki =6x10 713 T 2cm3sec™!

(2.12) HO,+hv—0H+0 J1,=10"*sec™?

(2.13) | H20+hv—>O.H+H J13=1.5x10"%sec™ ! for zero optical depth
(2.14) H+HO,-H,0+0 kia=1.5x10711 712 =4/ RT 1y 3gec 1
(2.15) H+HO,—H,+0, kis=1.9%10"" - TH2em sec ™1

(2.16) H-+HO0,—20H kig=6x10713 - T 2%m3gec ™!
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(2.17) H+H+M-H,+M  ky,=1.6%x10733 TY2cmCec !

(2.18) H+Ol-H,+0 kig=1.5x107 . M2~ Ry 3gec ™1

(2.19) H,+0-0H+H kio=4.5x 107 712" TRT p3gec—1

(2.20) H,+0OH-H,0+H kyo=T7x10712. T2 " 10/RT 0, 3gac =1

(2.21) OH+0;-HO0,+0,  kyy=15x1071" - T2~ 4Rl 3o 1

(2.22) H+0,-0H+0 kyp=3.6x 1072 - T2 24 RT3~ 1

(2.23) OH+OH-H,0+0  ky,=1.6x 1073 TH2¢m3sec™!

(2.24) OH+HO,»H,0+0, kyy=6x10""-T*2cm*sec™?

Here &y, ks, . . arc the rate coefficients for the recombination processes, and

1 Koa P

o Fay Fip and jls are dissociation rates.
The time variations of the concentrations of the eight components are then given
by eight dlﬂerentlal equations.

a[0]

(2.25) = =4,—B,[0]-C,[0F
(2.26) 410, —B,[0,]
dt
d[O5] B
(2.27) " Bz[_Os]
(2.28) d[gfﬂ — Ay~ B,[OH] — C,[OHT?
(2.29) d[H02]=As —Bs[HO,]
dat
d[H,] B
(2.30) = Be[H,]
(2.31) d[H_ZO—]= —B,[H,0]
dt
(2.32) ‘_i_[;_] =Ag— Bg[[]—Cs[H]?

Brackets [ ] are used to denote the particle concentrations of the components.
The coefficients 4,, B, and C, are functions of these concentrations, but in each equation
the coefficients are independent of the concentration of the dependent variable.
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The equations (2.25) through (2.32) also include the relations

2.33)  [0,]1+[HO,1+3([0T+ 3[05] -+ [H,0]) = o[ M]
(2.3 [H,] + [H,0]+([OH] + [HO, ]+ [H]) = A[M]

expressing that the relative concentrations oxygen. (total amount) to air and hydrogen
(total amount) to air are constant at a given height. As is usually done we shall assume
a=0.2095 for all levels. The selection of representative values of f§ is considerably
more difficult. As will be shown later, practically all hydrogen below 70 km is in the
form of water vapor. Accordingly our choice of a value for § should depend upon
stratospheric humidity measurements. In this paper we shall assume f=2.4 x10-%
corresponding to a mixing ratio of 1.5 x 10~g/g, proposed by Gurnick (1962) for the
30 km level. o .

Since all the rate coefficients £y, &s,. . . £y, depend upon the temperature, and since
{M] is a function of temperature and pressure, we have to specify a temperature and

pressure profile for our model atmosphere. Due to seasonal and latitudinal temperature

variations, which are especially pronounced near the mesopause, it is necessary to
select at least three different profiles. NorpBERG and STrRoUD (1961) have computed
mean temperatures for low latitudes (year) and for high latitudes (winter and summer
separately). Their profiles were, with a slight revision, selected for the present calcula-
tions. (See table 1.)

Table 1. Assumed temperature profiles for low and }ngk
latitudes, summer and winter.

Height, Low latitude, High ~ High
km summer and| Ildtitude, latitude,
winter summer winter
140 ...... 712°K 712°K T12°K
130 ....... 531 531 531
120 ....... 350 350 350
110 ....... 257 257 270
105 ....... 236 232 256
100 ....... 218 212 242
95 ....... 203 196 231
90 ....... 190 178 223
85 ....... 185 161 217
80 ....... 190 163 215
75 ... 200 188 219
70 ... 219 212 225
60 ....... 247 254 252
50 ... 270 274 259
40 ....... 254 254 230
35 ....... 240 244 217
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The dissociation rates .7, and ¥, have been determined by Dtrscu (1956) and
NicoLeT (1958) as functions of the total amount of O, and O, in the overlying part of
the atmosphere in the path of the sun’s rays. Their values were used in the calculations in
this paper. Dissociation of HO, is caused by radiation in the visible part of the spectrum.
Consequently the absorption of the dissociating radiation is negligibly small and 7%,,
may be taken as a constant. The dissociation rate for H,O was calculated on the basis
of recent radiation data (Frizopman, 1961, Nawrockr and Para, 1961, WATANABE,
1958). Dissociation of H,O takes place in two parts of the spectrum, in the 1500-1900 A
continuum and by Ly« radiation. The Ly radiation was found to contribute signifi-
cantly to the dissociation rate down to 60 km in low latitudes, down to 65 km in the
high Jatitudes summer and down to 75 km in the high latitudes winter. It was found

‘that for zero optical depth one third (5 x 10~*sec*) of the total dissociation rate was
due to Lyg radiation.

The optical depth depends strongly upon the clevation of the sun. Therefore we
have to specify representative mean values for our three model atmospheres. In low
latitudes the sun was assumed to be in zenith during daytime. For high (60°) latitude,
midsummer, the mean elevation during daytime was assumed to be 30°, and for high
latitude, winter, the mean elevation during the day was taken as 4.5°.

3. The pure oxygen atmosphere. The characteristics of the pure oxygen model
atmosphere have been studied by various authors (see for instance HzesstvepT, 1963).
In these investigations the values of the recombination coefficient £, differed considerably
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Figure 1. Daytime equilibrium concentrations in a pure oxygen atmosphere.
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Figure 2. Characteristic times in a pure oxygen atmosphere (solid curve: high latitude summer, broken
curve: high latitude winter, dotted curve: low latitude).

from that given in section 2 of this paper. Since it is of interest to compare the equili-
brium values and the characteristic times in the pure oxygen atmosphere to those in
the oxygen-hydrogen atmosphere, new computations have been made using the revised
value of £;. The results of such computations are shown in figures 1 and 2. A comparison
with earlier results (HesstvepT, 1963) shows that the revision required by the new
selection of £;-value is relatively small.

4., Daytime equilibrium concentrations in the oxygen-hydrogen atmo-
sphere. Equilibrium concentrations for mean daytime conditions may be computed for
the three model atmospheres defined by table 1 by assuming that the time variations in
equations (2.25) through (2.32) are zero. The resulting system of eight equations in
combination with (2.33) and (2.34) was solved by an iterative method for each level
and for the three atmospheric models defined in table 1. The results of such computa-
tions are shown in figure 3-5.

Figure 3 shows the daytime equilibrium concentrations of the pure oxygen com-
ponents. In order to evaluate the effect of introducing hydrogen into the model atmo-
sphere, figure 3 should be compared to figure 1. It is seen that this effect is negligibly
small above about 95 km and below about 55 km. The concentration of O, is never
affected by the introduction of hydrogen, whereas the concentration of O (and con-
sequently the concentration of O, since these are nearly proportional) is considerably
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Figure 3. Daytime- equilibrium concentrations of O, O, and O; in an oxygen-hydrogen atmosphere’
(solid curve: high latitude summer, broken curve: high latitude winter, dotted curve: low latitude).
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Figure 4. Daytime equilibrium concentrations of H, H, and H,0 in an oxygen-hydrogen atmosphere
(solid curve: high latitude summer, broken curve: high latitude winter, dotted curve: low latitude).
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Figure 5, Daytime equilibrium concentrations of O and HO, in an oxygen-hydrogen atmosphere
(solid curve: high latitude summer, broken curve: high latitude winter, dotted curve: low latitude).

reduced between 55 and 95 km. The magnitude of this reduction depends upon the
value selected for 8. For the value of § used in the present work, the reduction amounts
to one to two orders of magnitude. The reduction of atomic oxygen is not accounted
for by a specific recombination process, but rather by a complex chain of reactions
ending up in the formation of water vapor or in a recombination to molecular oxygen.
(The increase in the concentration of O, is, of course, unimportant since the concentra-
tions of O and O, differ by orders of magnitude). _

Daytime equilibrium concentrations for the pure hydrogen and oxygen-hydrogen
compounds are shown in figures 4 and 5. It is seen that practically all atmospheric
hydrogen is in the form of H above about 95 km. Roughly between the levels 75 and
95 km, H, takes up the major part of the hydrogen. Below about 70 km the distribution
of hydrogen is completely dominated by water vapor. OH and HO, are seen to be
minor constituents at all. levels.

It is of interest to compare the vertical distributions of the concentrations of the
hydrogen compounds, as illustrated in figures 4 and 5, to the results obtained earlier
for the levels 65 to 95 km by Bartes and Nicorer (1930). According to these authors,
atomic hydrogen is the dominating component above about 75 km, while water
vapor takes up most of the hydrogen below about 68 k. Between these levels molecular
hydrogen enters the picture, and roughly we may say that the hydrogen is evenly
distributed on H, H, and H,O. Also Bates and NicoLeT concluded that OH and HO,
are minor constituents at all levels.
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5. Characteristic times in a sunlit oxygen-hydrogen atmosphere. The
concentrations of the eight components of our oxygen-hydrogen atmosphere model,
derived in section 3, refer to equilibrium conditions corresponding to a constant solar
radiation and to an atmosphere without motion or diffusion. Such conditions are never
fullfilled in the real atmosphere. The radiation from the sun varies with the time of
the day, while the circulation of the atmosphere brings air from one level or latitude
to another where the equilibrium conditions may be different. Consequently departures
from photochemical equilibrium may be expected. If the equilibrium is a stable one
the departures approach zero with time. The time required to reduce the departure
to l/e times its initial value is called the characteristic time for the component in
question.

If 4 and B are constants, the differential equation

(5.1) Ec =A—Bx
di
has the solution
(5.2) ' x=X,+(xo—x)e ¥

where x, is the value of x for £ =0 and x, = 4/B is the value for - c0. The time required
for the difference x —x, to reduce to 1l/e times its initial value (i.e. the characteristic
time for the quantity x) is then 1/B. An analogous result is obtained if the expression
on the right hand side of {5.1) is of second degree in x.

If the coefficients in expressions (2.25) to (2.32) are regarded as constants, the
equations may be integrated and the characteristic times determined. For instance,

the characteristic time for H,O would be determined as 1/B; =1/ 7. This procedure,

which is commonly used, will in general lead to representative values. However, the
assumption of constant coeflicients is in many cases a very crude one, and the value
obtained for the characteristic times in this way may be completely misleading. In
order to avoid these difficulties we shall transform equations (2.25) through (2.32) by
substituting

0] =[Ol.+[OF

[0.] =[0;].+[0-]

[0s] =[0;1.+[0:]
[OH] =[OH],+[OH]
[HO,]=[HO,],+[HO,T
[Ho] =[H,].+{H,]
[H,0]=[H,0].+[H,0]
[H] =[H].+[H}

(5.3)
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where index ¢ is used to denote equilibrium values and dashes denote departures from
photochemical equilibrium. It follows that equations (2.33) and (2.34) may be trans-
formed to

(5.4) [0.]'=~[HO,] - ([0} +3[0,Y +[0H] +[H,07)
and
(5.5 | [H]'=-2([H,]' +[H,0])-[OH] ~[HO,T

Substitution of (5.3), (5.4) and (5.5} in equations (2.25), (2.27), (2.28), (2.29), (2.30)
and (2.31) yields six differential equations in the perturbations of the concentrations
of O, O,, OH, HO,, H, and H,0. In the following computations we shall assume that
these perturbations are small in comparison to the equilibrium values, so that product
terms of the perturbations may be neglected as second order terms. In this way we
obtain six linear differential equations of the type

dxi r ¥ 7 ’ ! ’
(5.6) "E’_“ailxl Ta;pXy +13X3 03Xy - 0isXs + Ay

(i=1,2...6). The solutions to this set of equations are of the form

6

(5'7) X;= Z bﬁe_lj!
where A;, A, ... A are the roots of the equation

ay +4 ag, Q13 2P Q15 dig

24 Qaa T4 dgz oy das a6
(5.8) asy EY Azz+4i asy, dss a3 —0

@y dap Qa3 Ugatl ays a6

q
a5 dsg dss ds4  Asst+4 dsg
@51 Ugz Q63 Qgy Qg5 dgg+ A

The general solutions of our equations may consequently be written as

(5.9) [07 = i bye M
i=1
6
(5.10) [02], = Z bjze—ljt
j=1
6
(5.11) [05] =3 bye ™
J=1
6
(5.12) [OHY = bye™*
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6
(5.13) [HO.T = 3, byse™ -
Jj=
o A
(5.14) [Hz:ll = .Zlbjse— i
j=
6
(5.15) [H,0] = 3 bj,e” "
i=1
6.
(5.16) H] = _le P
. j=
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Figure 6. Characteristic times for an oxygen-hydrogen atmosphere (low latitude, daytime conditions).

The coefficients b;, are constants which depend upon the value of the initial per-
turbations. The characteristic times of the system are now defined as t;=1/4;
(7=1,2,...6).

Equation (5.8) was solved on an IBM 1620 computer for every fifth kilometer
level between 35 and 140 km and for the three model atmospheres defined in table 1.
The results are shown in figures 6-8.

Above 95 km and below 50 km six real, positive roots were obtained, showing
that the equilibrium is a stable one. At levels between 50 and 95 km only two or four
real roots were obtained, the remaining roots being complex. In the case of complex
roots the real part was always found to be positive showing that the restoration of
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photochemical equilibrium proceeds as damped oscillations. In the case of complex
roots the characteristic times, shown in figures 6-8 by dashed lines, were taken as the
inverse value of the real part of the root.

It is interesting to compare the trend of the curves for 7, and 1, in figures 6-8 to
the curves shown in figure 2 for the pure oxygen atmosphere. The 7; curves in figure 2
are only slightly altered by the introduction of hydrogen, whereas the longest time 1,
is considerably reduced between 55 and 90 km.

Still we have not determined the coefficients 5;; occurring in expressions (5.9)
through (5.16). However such computations, which do not involve any serious diffi-
culties, are only of major interest in more detailed studies of special problems and will
not be made in this more general survey.

Returning to equations {2.25) through (2.32) let us consider the coefficients 4;, B,
and C,;. These coeflicients consist of variable quantities. We shall assume that these
quantities are only allowed to vary within certain limits, i.e. the departures from photo-
chemical equilibrium are restricted. This makes it possible to estimate the order of
magnitude of the different terms occurring in the coefficients and to select the most
important terms. In many cases the system of equations may be reduced considerably.
For instance above 100 km and below 55 km the reductions are such that the equations
may be integrated analytically with an accuracy which is sufficient for physmal and
meteorological purposes.

If dashes are used to denote the reduced versions of the coefficients in ‘equations
(2.25) through (2.32), the following type of equations is obtained.

D _ g Blx,

5.17
(5.17) .

(For atomic oxygen also a second degree term C;x.2 should be added for levels above
95 km: for OH and H, as well as for O below 95 km, the second degree terms may be:
neglected throughout as unimportant). As a first approximation, the characteristic
time for the component i may be taken as t;=1/B, except for the two components.
occupying the largest amounts of oxygen and hydrogen. For the component occupying:
the largest amount of oxygen, the characteristic time is taken equal to the characteristic
time of the component having the second largest amount. For the component occupying
the largest amount of hydrogen a similar procedure is adopted. Physically this means
that the oxygen budget is regarded as an interplay, which may often take place through
a complex chain of reactions, between the two components having the largest amount
of oxygen (and similarly for the hydrogen budget). In this way approximate values for
the characteristic times are obtained for all components. These times may differ by
orders of magnitude. The values obtained for the “rapid’’ components may be taken as:
highly representative. The characteristic times for the “slower” components may be-
adjusted in the following way: over the time scale corresponding to the characteristic.
times of the “slower” components, the “rapid” components may be considered as
being in continuous equilibrium with the current concentrations of the other compo--

R A TR e 2 e i L L, L L S Do i e L e L D e e e 2 e iaie pi ik
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Figure 9. Characteristic times for the eight' components of the oxygén-hydrogen atmosphere (low
latitude, daytime conditions).

nents. The corresponding differential equations for the rate of change of the concentra-
tions (among the equations 2.25 through 2.32) then reduce to ordinary equations.

Accordingly the concentrations of the “rapid” components may be expressed in
terms of the concentrations of the “slower” ones. In some cases the largest terms in
4; and B} cancel each other. This means that the “slower” components have charac-
teristic times still longer than the first approximations evaluated as above.

The mathematical difference between this approach and actually solving the
linearized equations is that we have selected the most important term (or terms) in
the equations (5.9) through (5.16). In principle the variety of initial perturbations is
unlimited, but physically only special combinations of perturbations are likely to occur.
"This assumption makes it possible fo select the most important term in each of the
equations (5.9) through (5.16). The results obtained from these two procedures would
be only slightly different. Thus a characteristic time may be defined for each compo-
nent. It should however be emphasized that this is mathematically incorrect. In some
cases a selection of the most important term is impossible, since the choice between
two (or more) terms may depend upon a choice between two equally probable types
of initial perturbations.

Although the introduction of the concept of “characteristic time of a component”
may be incorrect in some cases, it is often a very useful mean to visualize the time varia-
tions in an atmosphere where the photochemical equilibrium has been disturbed.
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Figure 10. Characteristic times for the eight components of the oxygen-hydrogen atmosphere (high
latitude summer, daytime conditions).
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Figure 11. Characteristic times for the eight components of the oxygen-hydrogen atmosphere (high
latitude winter, daytime conditions).
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The characteristic times, as determined above, are shown in figures 9-11. For reasons
mentioned above the curves should only be regarded as “advisory”. If we want to
study a specific problem the complete equations (5.9) through (5.16) should be used.
These may often be reduced, the degree of reduction depending on the typical time
scale in our problem.

It has already been mentioned that equations (2.25) through (2.32) may be con-
siderably reduced at certain levels. This reduction is especially pronounced above
105 km and below 55 km.

Below 55 km the pure oxygen components may be treated as if no hydrogen were
present. The pure oxygen atmosphere has been discussed earlier (HessTvepr, 1963)
and the following characteristic times were obtained

3

(5.18) Tor~s1/k;[M] - [O,]
(5.19) T0,~To,~A21{4k;[O]

The equations for the components containing hydrogen may be approximated by

(5.20) PO stal0,]- ]+ ko] [HO,) ~(kto[0] + kz,[0])-[OH]
(521) AHO: ] 7 A[H,07 4 kyo[OT - [Hy])— 2k, [O] - [HO, ]

(5.22) A) k[0, 4] - ko[0T 1]

G2 A O] ko[ OHI+ ko [OH] - [HO, )~ 11,07

(524) M el O1- [OHI~ (M- [0+ [0+ [H]

Accordingly the characteristic times may be approximated by the expressions

(5.25) ‘ Tou ~1{(k;o[ O]+ k2, [O5])
(5.26) tuo, ~1/2k,,[OH]
(5.27) tn, ~1/ky[O]

(5.28) e 1f(k,[M]-[0,] + ke[ O5])
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Since we will, at these levels, regard the hydrogen budget as an interplay between water
vapor and molecular hydrogen, we may write

(5.29) Tr,0~ Ty, R 1k o[ O]

Above 105 km the basic equations may be reduced as follows

(5.30) %)l ~2J,[0,]—2k,[M]-[OT

(5.31) d[‘(i);] ack, [M}[0]—J,[0,]

(5.32) dEiC:‘s] ~sko[M]-[O]- [0, ]—(J3+ k3[O]+ kg[H])- [031
63 L M (0140, [H)—kif0] [OH]
(539 d[}ffz]wkw]-[f)zjf[H]mkn[OJ-[Hoz]

(535) V] sV ] 4 3o [OH - [B] y5[O0] - [11]
(536) ALO) ok, [HO,T - [A] 7, [H,0]

3 ] 0] ]~ (ke[ M] - [0]+ [0, B

It is seen that the dominant feature of the oxygen budget is the conversion from
atomic to molecular oxygen and vice versa. The characteristic times for these com-
ponents are

(5.38) tonvto,~1/(J,+4K,[M] - [0])
For the remaining components we obtain

(5.39) to, ~1J(J5+ka[O]+ks[H])
(5.40) Touar1fkyo[O] |

(5.41)- Tao,~1/k{,[O]
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(5.42) THg.wl/k}_g[O]
(5.43) THSOMI/JIL’:

The characteristic time for atomic hydrogen 14 may be taken equal to 7oy down to
about 125 km. Below 125 km H, takes over as the most frequent hydrogen compound
next to H, and it becomes natural to regard 7y as equal to 1. Moreover, equation
(5.37) should be treated with extreme care since reductions may be made by substitu-
tions from the complete differential equations for components having very short
characteristic times. The nature and the effect of these substitutions will depend strongly
upon the type of perturbation.

6. Diurnal variations in the oxygen-hydrogen atmosphere. The night-time
variations in the oxygen-hydrogen atmosphere model are obtained if we put Fo=Fg=
Fra=TF1s=0 in the basic equations. In the preceding sections the day-time conditions
have been discussed, assuming the radiation to be constant over a time which is much -
longer than the longest characteristic time obtained (“‘infinitely long day”). Similar
considerations may be made for an “infinitely long night”. However none of these
considerations should be regarded as a goal in itself, what we really want to study is
the state of the atmosphere during night and day when the radiation is interrupted at
intervals of about 12 hours. A 12 hour period is at any level, latitude and season, in-
sufficient for complete day-time or night-time photochemical equilibrium to occur.
Consequently the concentrations will oscillate between their day-time and night-time -
equilibrium values. The character of these oscillations may be entirely different for
different levels. If for instance the characteristic times for both night-time and day-
dme conditions are short (i.e. <12 hours) then the concentration of a component
will rapidly shift from day-time to night-time equilibrium (“equilibrium” is used here
to denote that the concentration of the component in question is in photochemical
equilibrium with the actual concentrations of the other components). If on the other
hand the characteristic time for day-time and/or for night-time are much longer than
12 hours, then the diurnal variations will be negligibly small. .

In order to calculate the concentrations and the characteristic times and their
variations in the course of a 24 hour period, we shall make some simplifying assumptions
about the time variation of solar radiation. During the night the radiation is, of course,
taken to be zero; during the day the solar radiation depends on the elevation of the sun
from sunrise to sunset. In our calculations we shall assume the elevation to be constant
and equal to its mean value in the course of a day. The length of the day is taken to be
12 hours for low latitude, 18 hours for high latitude, summer, and 6 hours for low lati-
tude, winter. The computations were made as follows: the basic equations (2.25)
through (2.32) were integrated over the period of darkness (dissociation rates equal
to zero) using daytime equilibrium values to determine the coefficients 4;, B; and C;,
which are regarded as constants during the integration. In this way we obtain two
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Figure 12. Concentrations of O, O,, O, and HO, in an oxygen-hydrogen atmosphere. Where diurnal
variations are significant, daytime concentrations are represented by a solid curve and night-time con-
centrations by a broken curve (low latitude). '
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Figure 13. Concentrations of O, O,, O, and HQ, in an oxygen-hydrogen atmosphere. Where diurnal
variations are significant, daytime concentrations are represented by a solid curve and night-time con-
centrations by a broken curve (high latitude summer).
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Figure 14. Concentrations of O, O,, O; and HO,; in an oxygen-hydrogen atmosphere. Where diurnal -
variations are significant, daytime concentrations are represented by a solid curve and nighi-time
concentrations by a broken curve (high latitude winter).

sets of concentrations, one approximating day-time conditions and one approximating
night-time conditions. The integration is then continued over a day, starting with the
sunrise concentrations and using day-time values to determine the coefficients 4;, B;
and C,. This procedure is continued over a series of days and nights until the converg-
ence is satisfactory. This convergence may be considerably speeded up by considering
the characteristic times. For instance above 100 km the characteristic times for O
and O, are very long both for day-time and for night-time conditions. Therefore the
diurnal variations are very small and may be neglected. The condition for the variation
to be the same for two consecutive 24-hour periods is then:

(6.1) fd(Az_Bz[Oz])+1n(A2*“Bz*[02])=Q

where A4, and B, are obtained from substitutions of day-time concentrations and 4,*
and B,* are obtained from substitutions of night-time concentratiens, £, is the length
of the day and ¢, is the length of the night. Since B,* may be neglected and 4, ~4,*
we obtain

ti+1,

(6.2) [02]~[0,]." a

I

If the characteristic time for a component is found to be much shorter than the length
of the day or night the differential equation for the time variation may be replaced
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variations are significant, daytime concentrations are represented by a solid curve and night-time con-
centrations by a broken curve (high latitude winter).

by an ordinary equation by omitting the differential term. It should also be mentioned
again that the concentrations of the components representing the largest amounts of
oxygen and hydrogen are always determined from (2.33) and (2.34). Thus, a numerical
integration will only be necessary when the characteristic time is comparable to the
length of the day or night. Even in this case the concentrations at sunset {x) and sunrise
(y) may, with a sufficient degree of accuracy, be determined from

(6.3) x=x,4+(y—x)e %4
and
(6.4) y=ye+(x—yJe X

where x,=A/B and y, =A*|B* are equilibrium values determined from substitution of
actual day-time and night-time concentrations. Strictly 4, B, 4* and B* are functions
of time, but in most cases this time dependence is not disturbing since the dominating
terms very often contain the concentrations only of “very slow” or ‘“‘very rapid”
components. _

Using approximations of the indicated type we may avoid slowly converging step-
integrations. Day-time concentrations (represented by their values at sunset) and night-
time concentrations (represented by their sunrise values) were calculated and the re-
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Figure 18. Characteristic times for H, H,, H,O in an oxygen-hydrogen atmosphere. If there is a signif-
icant difference between the characteristic times during the day and during the night, the former are
represented by solid curves, the latter by broken curves (low latitude).
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sults are shown in figures 12-17. Furthermore characteristic times for day-time and
night-time conditions were determined. The results are shown in figures 18-23. It is
seen that the characteristic times during day-time differ only slightly from the values
shown in figures 9-11 for day-time equilibrium.

One of the most characteristic features of the oxygen-hydrogen atmosphere is the
night-time reduction in the concentrations of O, H and OH below about 70-80 km.
As a consequence the lower levels will contribute insignificantly to the total OH*-
emission in the nightglow.

It is seen that the diurnal variation of solar radiation does not change the main
features of the composition of the atmosphere. The major constituents always have
relatively long characteristic times so that the diurnal variations in their concentrations’
are unimportant. On the other hand the minor constituents very often have short
characteristic times and large diurnal variations may be expected.

7. OH* emission in the airglow. Following BaTes and NicorLeT we shall as-
sume that the OH* emission in the airglow results from recombination of ozone and
atomic hydrogen (see equation 2.8). The emission AE per second from a unit volume
at a given level is then

(7.1) | AE=I[0,]-[H]

On the basis of the concentrations evaluated in section 6 we may compute AZE for -
our three model atmospheres for day-time (sunsét) and night-time (sunrise) conditions.
The results are shown in figure 24 (day-time) and 25 (night-time). To start with the
OH* emission in the dayglow it is seen that a pronounced maximum occurs between
55 and 60 km. The temperature of these levels is about 260°K. A secondary maximum
is found at around 100 km height, the peak value here being more than one order of
magnitude lower than the maximum value at 55 km. _

The total dayglow cmission K from a vertical column of air of cross-section 1 cm?
is easily obtained by integration. The following values were found:

low latitude 6 % 101¢ photons/cm?sec
high latitude summer 7 x 10 photons/cm32sec
high latitude winter 3 x 10%® photons/cm?sec

It follows that the emission is of the same order of magnitude for the three model atmo-
spheres. A decrease by a factor of 2 was found for high latitudes during the winter.
The results indicate no meridional variation during the summer; during the winter a
decrease in the emission should be expected for high latitudes. In low latitudes no
scasonal variation is likely to occur; in high latitudes the emission should have a maxi-
mum during the summer and a minimum during the winter.

From figures 18-20 we see that at the levels of maximum OH* dayglow emission
the characteristic time for atomic hydrogen is only a small fraction of a second. From
figures 21-23 it follows that the characteristic time for ozone is of the order of magnitude
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Figure 24. Calculated OH* dayglow emission, based on the assumption of a static atmosphere model
(solid curve: high latitude summer, broken curve: high latitude winter, dotted curve: low latitude).

o a few minutes during the day and very long during the night. I and O; may then.
be regarded as being in photochemical equilibrium with the actual concentrations
of the other components. Consequently the OH* emission will immediately increase
from zero at sunrise to a daytime value which probably varies little with the elevation
of the sun. .

Due to the rapid recombination of atomic oxygen and atomic hydrogen below
about 70 km the OH* emission from this lower part of the atmosphere is negligibly
small. As is shown in figure 25, maximum nightglow emission comes from the levels
where we found the secondary maximum in the dayglow emission, i.e. around 95 km.
In general the emission is stronger during the night than during the day because of
the nocturnal increase in the ozone amount. :

The height of maximum emission, as well as the total nightglow emission from a
vertical column of air, is seen to depend rather strongly upon the features of the model
atmosphere. For low latitudes the level of maximum emission was found at 97 km -
where the temperature is about 210°K. In high latitudes the level of maximum emission
sinks to 82 km (with a temperature of 160°K) during the summer, whereas the emission
during the winter has its maximum as high as 102 km (with a temperature of 250°K).
For the total nightglow emission the following data were obtained

low latitude 5 x10® photons/cm®sec
high latitude summer 2 % 101 photons/cm?sec
high latitude winter 2 x10® photons/cm?sec
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Figure 25, Calculated OH* nightglow emission, based on the assumption of a static atmosphere model
(solid cruve: high latitude summer, broken curve: high latitude winter, dotted curve: low latitude).

It is remarkable that, in our model atmospheres for high latitudes the OH*-emission
is two orders of magnitude weaker during the winter than during the summer.
It should however be emphasized that theoretical computations depend rather strongly
upon. the data chosen for the model atmosphere: temperature and pressure profile,
length of the day, elevation of the sun and the fractional content of hydrogen. Further-
more the results obtained so far refer to static model atmospheres. As will be shown in
section 8, the circulation of the atmosphere will influence the nightglow emission. rather
strongly. On the other hand the dayglow data obtained for the maximum levels around
55 km will be only slightly altered by the consideration of the movement of the air.

8. Influence of the circulation of the air upon the OH* airglow emission.
A model for the general circulation in the high atmosphere has been computed by
MurcaTrOYD and SINGLETON (1961). In order to obtain an impression of to what ex-
tent the results derived above for static model atmospheres are altered by considering
the movement of the air we shall adopt the circulation models proposed by these authors
(see also HessTveDT, 1964).

Let us start with the dayglow emission from the levels where we found the main
maximum, i.e. around 55 km. According to MurcaTROYD and SINGLETON the meri-
dional air transport is here directed from the summer hemisphere to the winter hemi-
sphere. The velocity increases rapidly with height from a very small value at 50 km
to around 53-10 km/hour at 60 km. Since the characteristic times for Og4 and H are of
the order of minutes or even shorter, the effect of 2 meridional transport should be
unimportant. Furthermore the circulation model prescribes an upward motion in the
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summer hemisphere and downward motion in the winter hemisphere. The highest
values (in high latitudes) of the vertical transport below 60 km is of the order of 40 m/
hour. Thus the movement of the air will have no influence upon the OH* dayglow
emission at levels around the maximum at the 55 km level. '

On the other hand the circulation of the atmosphere may turn out to influence
the intensity of the OH* airglow emission at the levels 80-100 km, where we have the
maximum emission in the nightglow. On the basis of equations (2.25) through (2.32)
and a circulation model it is possible to evaluate numerically the modification caused
by the movement of the air. This will not be done in the present paper. Here we shall
confine ourselves to a crude estimation of the magnitude of the effect to demonstrate
the necessity of involving the circulation in future photochemical atmospheric models.

Let us assume a circulation which prescribes ascending motion in the polar region.
during the summer, horizontal advection in lower latitudes across the equator to the
winter hemisphere, and "descending motion in the polar region during the winter.
Approximate values for the vertical and horizontal velocities may be obtained from
extrapolation of MUurGaTROYD and SiNGLETON’s data. Furthermore we shall assume
that the characteristic times for atomic oxygen are equal to those given in figures 12-14.
(This is a very crude approximation, since the problem is non-linear). By multiplication
we obtain approximate values for the distances travelled during the characteristic
time for atomic oxygen, which is the most sensitive factor in the expression for the OH*
nightglow emission. The results should then be compared to the vertical profiles of
the mixing ratios [O]/[M] to give an estimate of the effect of the airmotion. _

It turns out that for high latitude summer the results obtained for the static model
are somewhat modified between 80 and 100 km., However the degree of reduction is
very hard to estimate on the basis of the data at hand. We see from figure 13 that the
characteristic time for atomic oxygen varies strongly with height, i.e. with the concen-
trations of the other components, so that even small variations in these concentrations
may change the characteristic time considerably. Furthermore the velocity data are
poorly known at these levels. Thus our only conclusion is that the circulation makes it
necessary to modify the results obtained for the static model.

A similar reasoning for the meridional transport from high latitudes in the summer
hemisphere to high latitudes in the winter hemisphere shows that also for low-latitude
and high latitude winter the results obtained for the static model are influenced by the
motion of the air. The magnitude of this modification is difficult to give because of the
assumptions made above, but it is believed that the results obtained for the static model
are not misleading for low latitudes. As for the high latitude winter atmosphere the
modification is likely to be large at the levels of maximum OH* emission. The total
intensity is likely to be considerably increased and the level of maximum emission lower-
ed by about 5 km. ' )

Finally the effect of the descending motion in the polar winter atmosphere is likely
to lower the level of maximum emission by another 5 km and also to increase further
ihe total intensity.
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These considerations clearly show that no future study of the OH* (and Na)
nightglow emission should be made without considering the effect of atmospheric
circulation. Numerical computations for such model atmospheres are highly desireable.
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