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Summary. The composition of the mesosphere and lower thermosphere is studled theoretically.
in an oxygen-hydrogen atmosphere model. The effect of vertical eddy transport is shown to be con-
siderable., With eddy diffusion coefficients ranging from about 4 x 105 cm?/s at 65 km to about
7x10% cm?/s at 100 km, water vapor is found to be a major hydrogen constituent up to levels
well above the mesopause. Theoretical values for nightglow emission are computed A theoretical
value of the OH* emission was found to be 2300 kR with maximum emission at 88 km. For
the atomic oxygen green line emission a mean value of about 100 R was obtained with maximum
emission: at 93 km.

1. Introduction. On the basis of their classical oxygen-hydrogen atmosphere

model, Bates and Nicorer (1950) drew the first picture of the vertical distribution
of oxygen and hydrogen components in the upper atmosphere. Since then the accuracy’
of the model has been increased by using improved data for temperature, pressure,
reaction rates and ultraviolet solar radiation. In recent years, Hampson (1964, 1966)
and ‘Hunt (1966) have made the model still more complete by introducing some
additional reactions which have turned out to be of importance, notably for ozone
calculations in the stratosphere. ' ‘

A study of the characteristic times for the various components, as a function of
height, makes it clear that transport processes must play an important role. A con-
vincing example is the effect of molecular diffusion upon the number densities of mole-
cular oxygen in the thermosphere. But also eddy transport and mean motion will be
important at certain levels, notably in the ozone layer and in the upper mesosphere and
lower thermosphere

It is the aim of this paper to eliminate some of the deficiencies of photochemical
models in which transport processes are neglected by introducing vertical eddy trans-
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p@rt in the meddl. It iy true thiat durfknowledge of, vertlcabeddy diffusion cogtficients
is poor, but in sp1tc of this the model described below represents, for spec,lﬁc problems,
a considerable iniprovemeént on ddels’ infwhich #transport prdcesses are neglected.
As will be shown below, this becomes espemally obvious for water vapor i m the ‘upper
mesosphere and lower thermosphere.

2. Reactl}on rafes., The re;acﬂonﬁ amd greactlon Tates. }usegl 1n thc  present version
of the oxzf_en-hydrogen atmosp"}lerc modeI are, w1th a few exceptlons the same as thosc
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(24) OH +0;-HO,+0, ksy =3 x 107 (Kaurman, 1964)

(25) H+H,0,-H,+HO, ko5 =102 (FoNER and Hupson, 1962)

(26) H+O(*P) +M->OH+M £, =8 x10-% (BAtes and NicoLeT, 1950)

(27) H+0,~»HO,+O(3P) kg =2 x 10~%%xp (—4/RT) (Bates and NicoLer,
' 1950) : S

(28) H+0,—»OH +O(2P) Fsg=1x10~%exp ( —16.8/RT) (Kaurman, 1964)

(29) O(*D) +H,0-2 OH ks =10"1 (Hunt, 1966) '

(30) H+HO,—-2 OH k30 =107 (KaurMan, 1964)

(31) H+OH+M-H,O0+M £,y =2.5x10-% (Kaurman, 1964)
(32) O(P) +OH+M-HO,+M Fyz=1.4 x 10~31 (PETERSEN and KRETSCHMER,

: o : 1960)
(33) H+OH-H,+0(3P) kgs=1.8 x 10~12%exp ( —5.8/RT) (KAUFMAN, 1964)
(34) Hy+OH-H,O0+H kg =10""%exp (—5.9/RT) (KAurmaN, 1964)
(35) O(D)+0;-20, . kg5 =101 (Frrzstumons and Barr, 1964)
(36) HO,+4iv—»OH +O(°P) J o,

The units used are ecm®- for two-body collisions, cm®~1 for three-body collisions,
and s~ for dissociation rates. The gas constant, R, is given in kcal/(mole - °K). -

3. Dissociation rates. In the reaction scheme above the dissociations of O,, Q,,
H,0, H,0, and HO, are included. In the calculations of dissociation rates for Q,
and O, the usual data for solar radiation and absorption cross-sections were used,
and consequently the resulting rates do not differ from those used by other authors.
In the atmosphere important dissociation of H,O may occur in two spectral regions,
in the Lya-region and in the interval 1350 to 2350 A. For the Lya-absorption 1.4 x
10-*cm? was taken for the absorption cross-section (Waranasg, 1958). The intensity
of the Ly« radiation was assumed to be 3.4 x 101 photons/cm? (FriEpman, 1961).
Since the absorption cross-section of O, for this lineis 1.1 x 10~20cm?, the Lya dissociation
rate for water vapor may be expressed as :

- Iroe=47%10 " exp(~1.1x 1075, ) 3.1)

where Z,, is the optical thickness of Q,, given in particles pr. cm? column.

In the region 1350 —1850 A values for the absorption cross-section were taken from
Waranase (1958). Above 1850 A the values of TaompsoN, HarTECK and REEVES
(1963) were used to 1975 A. For greater wave-lengths the contribution to the total
dissociation rate is negligibly small. - S

Down to about 40 km Ju,0 1s reduced by O,-absorption. The effect of ozone ab-
sorption is very small and may be neglected. For optical thicknesses of O, smaller than

1020 em~2 the dissociation rate for water vapor is only slightly influenced by Q,-ab- -

sorption. For greater optical thicknesses the reduction proceeds rapidly.
Experimental determinations of absorption cross-sections of hydrogen peroxide
have been reviewed by Scrums, GATTERFIELD and WENTWORTH {1955), and smoothed
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values were read off their diagram. For HO, no data were available. In the present
-work the dissociation rates for H, O and HO, were assumed to be equal, as suggested
by Hont (1966). : :

Since dissociation of H,0, is caused by radiation of longer wave-lengths, the dis-
sociation rate is only slightly reduced down to 50 km.

Values for the dissociation rates are given in Table 1 for optical thicknesses of O,
ranging from 10 to 1022 cm~2, The influence of Oz-absorption on the dissociation rates
is negligible down to about 45 km. Approximate heights corresponding. to a given
thickness (vertical column) are given in the second column of the Table. :

Table 1. Dissociation rates as a _function of optical thickness of O,

Optical pi:\}:i--- _ _ .
thlccl){;less 'm.a'te JHaOa -IH;O' j2a. f2b J3a ]3b
O, (cm-?) height :
2 (km)
Ixiov 120 | 12x10~ | 1.0x10-% | 1.6x102 | 29x10-¢ | 7.5x10~* | B.4x10-*
3% 10%7 110 o 86x10-¢ | 7 1.4% 108 # o »
I x 10 102 » 6.6 10-% » 3.9 107 » »
33 101 94 - ” 52%10-¢ | 1.5%x10-% | 6.9x10-8 » »
1x 10 87 44%10-8 | 1.2%x10-8 | 2.3%x10-?. » »
3% 101 81 » 35%x10-¢ | 89%10—° | 6.2x10-2 ”
1x 1020 75 » 1.6x10-% | 5.5%x10-® | 6.2x10-20 » »
3 x 1020 " 68 » 1.8x10-7 | 3.5x10- | 8.7x10-% » ”
1x 102 60 ”» 24x10-0 | 2.3%x10-° — » »
g 102 52 » | 92x101{ 1.6x1i0~® - » 8.0 10-3
1x 1022 44 8.0x10-5 | 3.9x10-199 1.2x10-°. — » . 5.0%x10-8

4. Temperature and density data. Computations were made for every 15° of
latitude from 60° in ‘the winter hemisphere to the summer pole and for heights irom
45 to 115 km. Temperature and density data were mainly taken from Core and KanToRr
(1963) for the stratosphere and the mesosphere and from CHAMPION (1967) for the
thermosphere. For the high latitude summer mesopause region a revision was considered
desirable in accordance with recent temperature measurements. The temperatures and
number densities used in the computations are listed in Tables 2—3 for intervals of 5 km.

5. Computation of number densities of oxygen-hydrogen components. In the
computations in this section no transport processes were considered. The diurnal
variation of solar radiation was, however, accounted for, although in a simpliflied way.
Mean values for the dissociation rates were computed and taken as representative for
daytime conditions, Daytime and nighttime number densities were then computed,
taking into account the periodic interruption of solar radiation during the night.
The term daytime number density of a component is here used to denote the concentra-
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Table 2. Upper air tempemture;‘ 45;:_ 5 km . " : -

K LATITUDE.
HEIGHT ‘ : _ :
(KM) Summer . Winter ' _
' 75° 60° 45° | 300 +15° | —30° | —45° | _60°
115 330071 8300 1 3300 | 3200 | 3120 | 3120 | 3120 | 312.0
110 . - 2856 | 2856 | 2775 | 2662 | '260.0 7| 2650 | 275.0 | 2750
105 2320 | 2320 | 282.0 | 2320 | 2350 | 2400 | 2450 | 2450
100 195.6 1956 | 2000 | 2042 | 2128 | 2214 | 2233 | 223.3.
95 179.8 1 1798 | 1850 | 1886 | 1938 .| 204.2 | 207.4. | 209.0.
90 167.0 | 167.0 | 172.0 | 1785 | 180.0 | 1912 |.199.7 | 205.3-
85 1520 |- 1560 | 1628 | 171.6 | 177.8 | 1875 | 199.9 | 2i3.2 .
80 159.5 165.0° | 170.0. | 1 180.5 | 184.8 | “191.5 | 2101 1223.9 .
75 1900 | 1936 | 196.1 199.1 -+ 201.8 | 206.6- | 2204 | 2338 =
70 2150 | 2166 [ 2181 | 2176 | 2180 | 2217 | 2307 | 945.7 -
65 2400 | 2400 | 2401 | 2362 | 2369 | 23569 | 240:9 248.4
60 258.0 | 257.5 | 257.1 | 2548 | 2531 | 252.0 | 2508 | 9509
55 2747 | 272.0 | 2693 | 2652 | 2634 | 2622 | 260.6 | 9259.1
50 279.2 | 277.2 | 2757 | 2722 | 2702 | 2692 | 2657 | 959.3
45 2750 | 2736 | 2699 | 2664 | 2648 | 2634 | 2585 | 947.0
- Table 3. Number densities of air particles (£5— 115 km)
LATITUDE
HEIGHT —
(KM) Summer - . ) ‘ Winter
75° 60° 45° 80° +J-15° —30° —45° —60°
115 8.25E--11(8.25E+ 11/8.50E+-11(8.80E+ 11|9.15E+ 11/ 1.50E+ 12|1.52E+ 12 1.55E+-12 j
110 1L.60EA-12]1.60E+12}1.68E +12{1.80E+- 121.93E4- 12{2.83E-1- 12{2.96E |- 12|3. 10E 4 12 .
105 3.65E+-12|3.65E 4 12]4.00E+ 12{4.25E + 12|4.60E -+ 12{5,90E + 12(6.20E + 12{6.50E+ 12
100 944E+12/9.44E-1-12/9.79E4 12{ 1.04E + 13| 1.10E+ 131,276+ 13| 1.35E.4 13| 1.44E + 13 i
- 95 2.60E +-13,2.60E+ 13]2.70E+- 13(2.70E +-13|2.80E+13|3.00E+ 13|3.15E -+ 13[3.20EL 13
90 7.21E+4-13)7.21E+1317.18E+13)7.02E+-13(7.02E |- 13{7.04E+- 13| 7.19E |- 13| 7.24E.4-13 ‘
85 2.02E+142.02E+ 14}1.97E.4-14{1.84E+ 14| 1.79E 4 14{1.70E+ 14{1.65E 4 14{1.53E+ 14
80 3.29E+ 1415.29E -+ 14/5.05E 4 14/4.56 E.+ 14|4.34E 1 14]4.04F.4- 14|3.54E + 14|3.13E 4 14
75 LI7E+15/L17E--15|1.11E+159.94E + 14/9.41E4 14{8.65E + 14{7.32E + 14/6.1 1E+ 14
70 2,37E+15/2.37E+15(2.23E 4 15(2.02E + 15 1.92E+ 15(1.76E+ 15(1.47E 4 15/ 1.19E+ 15
65 4.58E+-15/4.58E4-15|4.20E + 15(3.90E + 15/3.70E + 15(3.41 E-+ 15{2.85E + 15(2.31 B+ 15
60 7.93E+15/7.93E+ 15/7.60E415/7.15E+15/6.84E + 15(6.35E 15(5.42E + 15/ 4.4 75+ 15
55- 1.42E+16/1.42E+4-16)1.37E+ 16|1.31E+ 16|1.26E 4- 16| 1.17E-{- 16|1.01E |- 16/8.37E4 15
50 2.58E+16)2.58E-1- 16/2.50E+ 16/2.37E + 16/2.29E 4 16(2.14E - 16| 1.86E+ 16| 1.60E - 16
45 +.81E+ 16{4.81E+ 16|4.72E+ 16[4.51E+- 16|4.37E - 16|4.09E - 16|3.62E{- 16/3.26F 1- 16
tion at the end of the day (i.e. just before sunset), while the term nighttime number

- density here denotes the concentration at the end of the night (i.e. just before sunrise).
Number densities computed in this way will be referred to as photochemical values.
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For each level the total amounts of oxygen and hydrogen were assumed to be
constant, All oxygen (in the forms of O(®*P), O('D), O,, O,, OH, HO,, H,0, and H,;O)
counted as oxygen molecules, was assumed to be 20.959%, of the total number density
of air molecules. The choice of value for the mixing ratio of hydrogen is, as is well
known, more uncertain. According to MasTtENBrROOK (1968), the average mixing
ratio of water vapor at 20 km is likely to be 2.5 x 10—%g/g. There is, however, reason to
believe that molecular hydrogen and methane at 20 km together contribute an equal
amount of hydrogen. The fractional content of hydrogen. should then correspond to 2"
water vapor mixing ratio of 5 x 10~8g/g if all hydrogen at a givcn level were converted
to water vapor. :

On the basis of the reaction scheme listed in section 2, we may write down ten
partial differential equations to express the time variations for the ten components
in our model atmosphere. (In this report the number density of O(®P) will be denoted
by O(*P) and similarly for the other components. The number density of air particles
will be denoted by A.) For instance, the equatlon expressing the time variation of

O(®P) may be written as

d0CP)
ot

= —Roery (OCP)*=Qocr OCP)+ Pocr) . NERY

where O(*P) does not occur in the pelynomials Pyepy, Q o¢py and Rpppy: Simﬂarly we
have for the other components :

) |

D
aoa(t )= - QO("D) N O(ID)‘]‘PO(zD) (5.2)
902 _Qp,- 054 Py, (5.3)

ot :

003 0.+ 03+ Py, | (54)

ot
6OTtH= —Rogr- (OH) —Qoy* OH+Pyy (5.5)

H . .

O~ —Ruo, (HO:)~Quo, HO + Pro, 5.6)
- ab;jo% Oy, Hs03+Pr o, (5.7)
6H2="—‘QH='H2+PH” ] . (58)

ot.
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~J1

0H,0 '
%= —Qn0 H,0+ Py, (5.9)
= Ry H? =0y H Py (5.10)
t - .

In addition we have the equations
(OC'D)+O0(CP)+O0H+H,0)[2+0,+ HO, + Hy0,+3 03/2=aM (2=0.2095) (5.11)
| (OH+HO, +H)[2+H,0,+ H,+H,0=8M (f=8x10%) (5.12)

which may replace two of the partial differential equations in the numerical com-
putations. _

Fortunately these equations may be considerably reduced since most of the terms
turn out to be relatively insignificant and may be neglected. These simplifications may
change from level to level, and it is convenient to divide the atmosphere into regimes
such that within each regime the same procedure may be used in the calculations.
However, there are several simplifications which apply to a wide range of heighits,
In the first place the characteristic time for O('D) is always very short (less than one
second). Photochemical equilibrium may then be assumed throughout for this com-
ponent '

O(ID):JZb'02+J3b' 03 : (513)
kZO-M

and substitution for O(1D) may be made in the other equations. The nighttime number
density is extremely small and may be neglected in the computations. It may further
be seen from Figure 4 that the number density of O(1D) is negligible compared to the
number density of O(3P). For the sake of brevity we shall use O, the total number
density of atomic oxygen, for the number density of O(®P). From Figures 4 and 6 it
follows that we may with a high degree of accuracy write

0,+0[2=aM (5.14)
H2+H,+H,0=pM (5.15)

and these expressions will be used to make computations for the oxygen and hydrogen
components having the highest number density. '

Since we are dealing with altitudes from 45 km to 115 km it is, as already mentioned,
convenient to divide this wide range into smaller regimes. It turns out to be convenjent
to treat separately the three regions 100—115 km, 70—100 km, and 45—70 km.

a. 100—115 km

This study does not aim at a detailed analysis of the composition of this part of the
atmosphere but rather at pointing out the relative importance of the photochemical
processes and obtaining a basis for the computation of dissociation rates below 100 km.

-
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It is well known that the photochemical model atmosphere has failed to describe the
distribution of molecular oxygen above 100 km. It was therefore decided to make use of
observed values of the ratio 0/0, (NIER et al., 1964, and ScrAEFER and NicnoLs, 1964).
The values of O and O,, computed in this way, were then used as constants in the
éxpressions determining the number densities of ozone and the six hydrogen com-
ponents. It can be seen from Figures.5 and 6 that practically all hydrogen is in atomic
form (H=2pM).

The characteristic times for O and O, are very long and no diutrnal variations will
occur. The characteristic time for ozone is short (2 minutes for daytime and 4—16
minutes for nighttime COl’ldlthIlS) and photochemical equlhbrlum 1s always a good
approximation ‘ - ' :

0= ky MO 02 o ' ' - (5.16)
' ls; o it min, | -lh‘oﬁr,, : 1day 1week 1rlnonthr ]yeldr
-t B M | ! B} u
nof |
100
90}

Height (km)
m_
Q)
1

70

T

60

50

1 2 3 4 5 6
Log T (seconds)

Fig. 1: Characteristic times for O(*P), O, and Oj in a photochemical atmosphere model where trans-
port processes are neglected. Solid curves refer to daytime conditions, dashed curves refer to mghttxme
' conditions.
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i rrlmin.' : 1 quy
) I

1 week imonth 1year
T

9

110

100

Height (km)
o w
(=] o

=3
o.

60

50

Log T -(seconds)

Fig. 2: Characteristic times for OH, HO; and H,0, in a photochemical atmosphere model where
transport processes are neglected. Solid curves refer to daytime conditions, dashed curves refer to night-

time conditions.

The characteristic times for OH and HO, are only fractions of a second. Photo-
chemical equilibrium is rapldly esta.bhshed arid we obtain the followirng mmphfled

expressions

ks'M"Oz'H .

HO,=
2 k—,'O;

OH=
kG'O . k6'0

k7'0'H02+k9'03'H_k8'M_'Oz‘]'kg'Os-H

(517)

(5.18)

Above 100 km H,O, is an extremely rare gas. The characteristic time is approx-

imately 1/2—3 hours, i.e. less than a day. Photochem1cal equilibrium is then a fair.
approximation :

-

ki3 (HO,)* k13 (ks-M-0,-H)’

Hzozz
Ja0,tki2 0 (Jﬂog+k1z 0)- (k- 0)*

(5.19)

2
i
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1s. 1min. o 1 hour ~Tday 1week 1month tyear
3 f [ 1 I TT1 { | I

110

100

Height (km)
[ ©
=) =)

~)
L=

60

50

0 1 2 3 4 5 6 7 8 - 9
‘ Log T (seconds)

Fig. 3: Characteristic times for H, H, and H,O in a photochemical atmosphere model where transport
processes are neglected. Solid curves refer to daytime cond1t10ns, dashed curves refer to nighttime condi-
tions.

We have not yet mentioned the components H, and H,O. It will be shown later
(secnon 6) that the photochemical values for these components are unrealistic above
70 km. Vertical eddy transport (below ~ 100 km) and molecular diffusion (above
~100 km) will transport H, and H,O from below, and the photochemical values ob-
tained from

kg HOyp -H+ko M- H?

H,~ O (5.20)
: ka1 O('DY+kyy O (
H,0 K H HO, - (5.21)
Ja0

where substitutions may be made for HO,, represent serious underestimates.

In section 6 we shall include vertical eddy transport between 65 km and 100 km
in the computations. At the upper boundary we shall assume the photochemical values
obtained in this subsection as boundary conditions at 100 km.
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I ¥ 3 y i T |
110 o CP) |
7
100 \ N
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i
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= 80F N\ L .
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T I P) =TT 0(%)
\o,
O3
1 r | 1 1 [ L | L
6 8 10 12 14 16

Log number density {cm™)

Fig. 4: Number densities of O('D), O(*P), O, and O, in a photochemical atmosphere model where
transport processes are neglected. Solid curves refer to daytime conditions, dashed curves refer to night-
: time conditions.

b. 45—70 km.

In this part of the atmosphere photochemical equilibrium turns out to be a fairly
realistic assumption for most of the components. Only H, and H,O have characteristic
times much longer than 2 day, and since H,O takes up almost all the hydrogen in this
region, H, is probably the only component for which the photochemical theory may
give unrealistic results. Fortunately an error in the number density of H, does not
influence the rest of the computations seriously.

A series of simplifications may be made in the complete expressions (5.1) to (5.10).
As in the ozone layer, the terms Js-Ozand £, - M- 0 - 0, are the dominating terms
in the expressions for #0/8¢ and 00,/01. Since O is small in this region, the second order
term in (5.1) may be neglected. A comparison between the terms r,* =1 /Qo and
T0,* =1/Q,, (which may be regarded as the first estimates of characteristic times)
shows that the former is smaller below 58 km, while the latter is smaller above 59 km.
Furthermore, the smaller of the two is always less than 2 minutes,
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Considering first the region 59—70 km, we have with a sufficient degree of accuracy

_kz.M.Od-OZ

2 (5.22)

0s

(when there is a diurnal variation of a component, index “d” is used to denote daytime
number densities while index ““n”” is used for nighttime values). Since the characteristic
time for ozone is very long for nighttime conditions no diurnal variations occur. If we
assume 0/t =0 and subtract (5.4) from (5.1), we obtain upon substitution of (5.22)

kg'Hd'kz'M'OZ

aod_ _2k3'k2'M'02-03_
J3

at J3

(.kG'OHd+k7°H02,d+ )'Od+2J2°02 (523)

where a long series of unimportant terms have been neglected. From (5.23), where the
second degree term is relatively small, we may compute the daytime equilibrium
number density of atomic oxygen by setting 80,/9t =0. Since the characteristic time is
1—2 hours, this value is nearly reached after noon.

The characteristic time of atomic oxygen during the night is less than half an hour.
Photochemical equilibrium may therefore be assumed

0 _ k]_sOH,?

=15 5.24
kz'M'Oz ( )

Below 58 km the characteristic time is shorter for atomic oxygen than for ozone.
Photochemical equilibrium may be assumed for daytime conditions

J3'O3+2Jz'02

— (5.25)
kz'M' 02+k6. OHd+k7 .HOZ,d

d

as well as under nighttime conditions, when (5.24) is still valid.

The characteristic time for ozone increases from 4 hours at 58 km to 9 hours at
45 km for daytime conditions. Assuming 80/9¢=0, subtracting (5.1) from (5.4),
and neglecting insignificant terms, we obtain

0034

5 =—(2k3 04+ ko  Hy+kz3  HOp g+ kya  OHy) O3 4+2J5° 0,

—(kﬁ 'OHd+k7 'HOz’d)' Od (5.26)
which may be simplified because of the internal equilibrium in the OH—HO,—-H
cycle:

603,,1
ot

= "'"2(k3 * Od+ kg'Hd'{‘ k24' OHd)' 03,d+2‘]2 . 02—2k3 * M' OZ.Hd (5.2?)

where substitution for 0, may be made from (5.25). However, since the nighttime vari-
ation of ozone is negligible, and since transport processes are neglected, the number
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density of 0zone must be equal to its equilibrium value, which may be computed from
(5.27) for 804,,/0t=0, i.e. from an ordinary second order equation in Q,,

Evidently 0, =0 + M throughout this region. ‘

It has already been mentioned that OH, HO, and H form a reaction cycle. A pos-
sible departure from photochemical equilibrium between them is always restored in a
few seconds time. Exchange of hydrogen between this group and other hydrogen com-
ponents is, in general, a much slower process (characteristic times a few hours).

If we compare the quantities -

Tor™* =(Qor” + 4Roy Poy) ¥ = 1/Qon, Tho,* = (QHof"' 4Rypo," Pro,) o*
Ty =(Qy’ +4Rg - Py) *x1/Q,,

it turns out that, under nighttime conditions, we have T <tou* <7go,* below 70 km.
Since t5* is shorter than 10 seconds, we may assume photochemical equilibrium for H;:

and

H = k34'H2'OHn

= (5.28)
ky*M-0, tky- 0, .

where small terms have been neglected. 7,4* varies from 40 min. at 70 km to 2 min. at
60 km and 6 seconds at 45 km. Photochemical equilibrium is then a fair approximation
(except in high latitudes, summer), and we may write - ' -

OH,

_ k23.03~H02,,, z]f-z-?’.-HOZ,,, (5.29)
klo'Hoz,n+k14'H202+kz4'03 ko :

Upon substitution for A, and OH,,. in the expression for 0HO,,,/0t we obtain, when
small terms are neglected, '

aHOZ,n__ -2 km' kzs
ot

+k, 3)-H0§,,, (5.30)

24

which may be integrated
Ho,,

HO, = (5.31)

1+2(k1°-' k23+k13)-H02,d-- t,
24 '
where £, is the length of the night. .
For daytime conditions we have TH* <tou* <Tgo* below 60 km and Tor™ <ty*
<7yo,* between 60 and 70 km. Since the smallest of these quantities is always shorter

than 10 seconds, photochemical equilibrivm may be assumed for that component,
Below 60 km we have

- kGIOHd‘Od
Hd= .
kg_'.M'Oz‘["kg'O:;,. :

(5.32)
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Fig. 5: Number densities of OH, HO, and H,0, in a photochemical atmosphere model where transport
processes are neglected. Solid curves refer to daytime conditions, dashed curves refer to nighttime condi-
tions.

The characteristic time for OH is also very short, and photochemical equilibrium may
be assumed ' '

k7'0+k23'03 MHOzd‘ k7
ks'O"y+k24'O3 ! k6")’

- . -1
y=(1+ 2% )
kg - M * 02 ,. o
which is about 3/4 in our calculations. These expressions for H, and OH, are also valid

up to 70 km. Substitution of (5.32) and (5.33) in the expression for aHO,|dt gives,
when small terms are neglected, :

OHd=H02,d‘ (5.33)

where

0HO, 4
ot

kio'k ke \*
Rpo,,=2 10 " tkyatkis -~
vk : \ykq/

= —Rfio,,d'Hoz,ci!+ P}io,,d . | (5:34)

where
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Fig. 6: Number densities of H, H, and H,O in a photochemical atmoéphere model where transport

processes are neglected. Solid curves refer to daytime conditions, dashed curves refer to nighttime condi-
tions. :

P,’EIO,,d:z{(JH,O,"!‘ k1204 H0,+(Ty o+ ks o('D))- H,0 + kzy-O(*D)- H,} (5.35)

‘The characteristic time is then

1/ \/ 4R’H0=,d P Itm,,d

and varies from 2 hours at 70 km to 40 min. at 45 km. Photochemical equilibrium is
then a fairly good approximation even for HO,,,:

HO, = \/ Pous (5.36)

HOyd -

H,0, is a minor constituent in this region. It has a very long lifetime ( ~1 year)
under nighttime conditions; under daytime conditions its lifetime is about 2—3 hours,
With a sufficient degree of accuracy we may write )

k13'HO§,d ~ ki3 ) 2

H202= ~ HOZ,d (5.37)
Jh,0,7kiz O+ kyy  OH, Jno,
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Water vapor is the dominating hydrogen component below 70 km, and we may
write '

H,0=8-M—H, (5.38)

where H, is negligible below 65 km. (It must however be borne in mind that the number
density of molelcular hydrogen may be increased by turbulent downward transport
from the source at 70—80 km).

Both H,O and H, have very long lifetimes under nlghttlme conditions, and diurnal
variations are negligible. The daytime variations are given by

JH
a;,dm"‘(kZ]_'O(lD)d+k22°Od+k34-OHd)'Hz,d_l_le'Hd-HOZ,d_]_kzs.Hd.HzOz (5.39)
oH .
. aztod=_(JH=O+;z_.29_J3 03)-HZOd'l"OHd(klo-HOZ’d+k14'H202+k15.OHd) (5.40)
20

Since nighttime variations may be neglected, stationary conditions imply 8H,0,/dt
=0. Upon substitution of (5.39), (5.13), and (5.33), (5.40) then becomes an equation
in OH,. Stationary conditions also imply 0H,,,/ét=0, from which H, is computed.

Results of the computations are given in Figures 4, 5, and 6. Since so many of the
parameters used are not well known, it would have been of great interest to compare
the theoretical results with observational data. However, such data are only available
for ozone, which is perhaps the most interesting component inthis region. It was there-
fore decided to vary some of the parameters affecting ozone: §, k,, k; and the ratio
koglksg. On the basis of rocket observations by Jounson, PurcerL, Tousey and WATa-
NaBE (1952), Rawcrirre, MzrLoy, Friepman, and Rocgers (1963), and by the Me-
teorological Office, England (private communication), we may define a reference profile

0,=6x1037#10 = (5.41)

where z is the height in km, which fits the observed profiles quite well. The rehablhty
of our theoretical model atmosphere may then be tested by studying the ratio 4 = O/ 0,
A plot of A is shown in Figure 7. It can be seen that for the values of the parameters
used in the present paper, 1 varies between about 1.6 in the lower part to about 2.2
in the upper part of the region 40—70 km (since it occurs for all choices of parameters,
the decrease to lower values towards 70 km is probably caused by the reference profile
rather than by the theoretical results). The deficiency of the present model atmosphere
is seen to be eliminated if we make the following changes in the parameters

a) decrease k, by a factor of 2.5
or b) increase ky/k,y, by a factor of 10
or c) increase f§ by a factor of 5

These changes are within the range of uncertainties given.
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Fig. 7: Ratio between theoretical and observed values of the number density of ozone for different values
of the most important parameters. ' '

c. 70—100 km.

It has already been mentioned that transport processes are very important in this
region, so that the photochemical model is quite unrealistic in many respects. Never-
theless a computation of photochemical values is most useful, since we learn a lot about

the relative importance of the processes, about the characteristic times, and about the

magnitude of diurnal variations. : _
In this region of 30 km depth the conditions undergo great changes from bottom to
top, and it is inconvenient to use the same mathematical procedure for all levels. A
marked change occurs at 80 km, where the characteristic time for atomic oxygen is
of the order of a day. _ '
For daytime conditions some of the components have very short characteristic times,
and photochemical equilibrium may be assumed. Apart from (5.13) we have

ky-M-0,-0
=272 (5.42)

J3+ke-H,
HO, = M 02" Hy (5:43)

' k7'0d

k7 HO, 4 Oyt ky-Hy O3y M-0,(, Hy .
OH,="1_"1"24" Va9 Hy oLEH 2{k8_--f+szfo,) (544)
ke O, ks \ O, | |

where fo, =k - Hyl(Jo+ky - Hy) <1,
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For H,0O, the characteristic time is always less than two hours under daytime
conditions. Photochemical equilibrium is then a fair assumption (especially since this
component has very little influence upon the other nine components), and we may
write
) k13'HO§,d

(5.45)
JH203+ k]_z * 0d+ k14 ‘ OHd+k25 : Hd

H202,d=

where substitution for OH, and HO,,, may be made from (5.43) and (5.44).

The characteristic time for water vapor is long (3 days at 100 km, 4 days at 85 km,
and more than .1 month below 75 km) both for daytime and nighttime conditions.
The diurnal variations are therefore small and a mean value may be computed from
tﬂ

PgoatPuons -
H,0= 4 - {5.46)

JH 20

where #,= length of the day, #,= length of the night and
Pyo=kioOH-HO»+ky5-OH*+ky ;- H-HOy+ k3, OH-H, (5.47)

where daytime and nighttime values should be inserted for use in (5.46). It should,
however, again be mentioned that the number densities obtained from (5.46) are highly
unrealistic. Vertical transport from below 70 km is fast enough to increase the water.
vapor content to orders of magnitude above the photochemical values.

H, has a long characteristic time { ~1 month) throughout the whole region 70—100

km. Between 70 and 92 km H, is the most abundant hydrogen component, and its

number density may be computed from (5.15). Above 92 km the time dependence is
given by

oH '

6_1,‘22 ~Qn, Hy+ Py =—[ky;" O(*D)+kyy+ 0] Hy+[kyq ‘fao, +k19' M]- H? (5.48)
where fyo =HO,/H, given by (5.43). Since the diurnal variation is negligible, a mean
value may be computed from

kg H-(HO, 134+ HO, , t)+ kyo M- H? - (15+1,)

i (5.49)
k21 ) 0( D)' ty+ kzz -0 '(td‘f' tn)

H,

Above 92 km H is the dominating hydrogen component, and its number density
in this region is computed from (5.15). In the region 70—92 km H may, in principle,
be computed from the complete expression for 0H/dt. This expression, however, is
inconvenient for numerical computations, since the predominant terms in Q g,
ks M- O,+ky - Oy, and in Py, kg - OH - 0, have an algebraic sum which is very small.
The daytime characteristic times of OH and HO, are shorter than that of H, although
the difference becomes smaller and smaller as we descend towards 70 km. If we assume
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photochemical equilibrium for OH and HO,, we may, in the H-equation, substitute
for the terms corresponding to reactions 6, 8, and 9. Neglecting small terms, (5.10)
may then be written

oH |
=Ry B>+ Py - (5.50)

where

, ' ' H,0,
RH=[2k10 “Jor fro,+ K15 Soa+(ky7+kyg) “Jao,* k1o M+k,s- ;I 2]

7 Pp=[2Jgo H,0+(ks;  O('D)+ky,- 0)- Hy]
where fon = OH[H, given by (5.44). Since we have, in this region,

BM~H,+H/[2, ie. OH M, :
: ot ot

(5.51) corresponds very closely to (5.9). Upon substitution for H, from (5. 15) (5.50)
is suitable for integration, since the constant term and the coefficients for the first and
second order terms are nearly constant during the time of integration (<24 hours).
Above 100 km atmospheric oxygen is, roughly speaking, evenly shared by O and O,.
As we descend below 100 km, O becomes gradually less important. O, is therefore
most conveniently computed from (5.14) under daytime and nighttime conditions.
‘Since Oy has, in daytime, a much shorter characteristic time than O throughout this
region, Og may, as well as OH, HO, and 0,, be substituted in (5.1), which then takes
the form |
a0

_6-EE= _[2k1“fo,'kz]'M'Og—[-]z_ks_'M'H"'{'Zfos'kz'“'Mz];od

+[20M - (J,— kg M- HJ)] - (5.52)

As the terms in the brackets, with our definition of J,, are nearly constant during
the time of integration, (5.52) is suitable for a direct integration.

On the whole the integration of the equations (5.1) to (5.10) is relatlvely straight-
forward for daytime conditions. At night the conditions change considerably from 70
to 100 km, and the mathematical procedure may be different for ditfferent levels.

In the interval 80 —100 km the characteristic time (night) of O is longer than that of

03, and the characteristic time of H is longer than those of OH and HO,. We then have

0, =k M 0.0, (5.53)
, k9'Hn
Ho,,<Fo M 0:°H,

(5.54)
k;-0, |

(.51)

G
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__kS.M'OZ'i'kQ.OS,n
’ kﬁ'on .

OH, (5.55)

Substitution of OQ,,,, OH,, HO,,, and of O,,, =« M —0,/2 results in (5.52) for %,
=.73=O |

a;":“[(zkl —ky)- M]0; ~[(2k; o M* — kg M- H,}- 0,—[20- M? - kgH,] - (5.56)

which may be integrated directly. 0, and O, are then obtained from a combination
of the integrated forms of (5.52) and (5.56).

~ The nighttime variation of H,0O, is not very important, since this component
occurs in extremely small quantities. The nighttime equilibrium value

. 2
Hy0,,,= 00 N3 MO, 557
On0,n K127 Op+kyy OH,+kys-H,
is a good approximation above 90 km; between 70 and 90 km we may write
H 2_02,n —H 202,ne =(H 20_2,d —H, Oz,ne) exp(—1,- QH,O,,,,) (5.58) .

For the three remaining components, H,O, H, and H, the diurnal variations are
small, and the values obtained above for daytime conditions are also representative of
nighttime conditions above 80 km. ' o o

At about 80 km the characteristics of the atmospheric composition undergo a
drastic change. Below this level atomic oxygen has a characteristic time shorter than
a day, and since its equilibrium value for nighttime conditions is very small, large
diurnal variations will take place. Because atomic oXygen is a very important agent
in the reaction scheme, its variation has a great influence on the behavior of many of
the other components. Atomic hydrogen also has a very short characteristic time
during the nighttime, much shorter than OH and HO,. Photochemical equilibrium
is therefore a good approximation for H,: :

- 'k6'0Hn+k22'H2 .
kB'M°02+k9'03,"

H, 0, (5.59).

If the equilibrium value of H, is substituted in the expression for d0OH, /d¢, it turns
out that the characteristic time of OH, is, in this region, always less than two hours.
Photochemical equilibrium is then a fair approximation. Between 73 and 80 km we
may write

OH = ki:Op+ky3 05, .

= HO,, (5.60)
5.k6.0n+k24‘03,n ,

where 6 = (1% - Oy,,fks - M - 0,)~2. Below 73 km (5.29) may be used.
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Nighttime variation of HQ, is given by

oH )
gzmz ~2kyq+ At kys+hyse A7) HOL, (5.61)

(where the ratio 4=0H,/HO,,, may be taken from (5.60)), which may be ihtegrated

HO, 4
1+2(k10 A+k13+k15 A) HOZd t

03 = (5.62)

O, is the dominating oxygen component and H, the dominating hydrogen com-
ponent even for nighttime conditions, and their number densities may be computed
from (5.14) and (5.15).

The nighttime concentrations of O and O, may be computed from the basic equa-
tions (5.1) and (5.4). When small terms are neglected, these equations may be approx-
imated by
6_?_,,= —(2ky M- 0,+ ks OH,+k,-HO,,) 0,+k, s OH? (5.63)

ot
where the k,-term is much larger than the £¢- and £;-terms and the kls—term is negligible
above 72 km, and by '

003,,,

ot

=—(kg'H“+k23'HOz’n+k24'0Hn‘)'03'“+k2'M'02'Onﬁkz'M'Oz'On : (564)

The terms in the brackets are negligible in comparison to the ks-term down to 74 km.,
Below this level the diurnal variation is very small and may be neglected.

The computations were started on an IBM 1620 computer and continued on a
CDC 3300. The set of equations was solved by an iterative method, using approximated
‘analytical solutions to the differential equations as described above. In general the
complete equations were used, but the substitutions, of course, introduce some errors,
particularly in the regions where a shift from one procedure to another was necessary.
However these errors were easy to detect and to smooth out. It is true that the height
intervals given for the validity of specific assumptions may vary with latitude and
season. They will also be influenced by the choice of parameters, in particular £,.
The calculations for 45°, summer, are shown in Figures 1, 2, and 3 for characteristic
times and in Figures 4, 5, and 6 for number densities.

6. Oxygen-hydrogen atmosphere model with vertical eddy diffusion. Beyond
any doubt the value of a purely photochemical atmosphere model must have its lim-
itations. This has been demonstrated in a convincing way by the measurements of
number densities of molecular oxygen above 100 km. For those levels the photochemical
theory predicts very low values for O,. However, O, is transported upwards by vertical
diffusion, and when diffusion is included in the model, fair agreement is obtained
between theory and observations.
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As already mentioned (Hesstvent, 1964), vertical motion has a marked influence
on the water vapor content near the mesopause, Since the horizontal number density
gradients are relatively small, both horizontal mean motion and horizontal eddy
diffusion will be of less importance than vertical mean motion and vertical eddy dif-
fusion. Unfortunately, very little is known about the circulation in the mesosphere
and thermosphere, and an introduction of a circulation in our atmosphere model will
be more or less of academic interest. Even the vertical eddy diffusion coefficients are
not well known. It will, however, be shown here that for a choice of diffusion coefficients
within the range of possible values, several deficiencies of the static model are discarded.
Modifications are primarily necessary for the distribution of O, H, H, and H,O and
consequently for other components, the number densities of which depend directly
on these components, _ '

As a step towards a more realistic oxygen-hydrogen model we shall include vertical
eddy diffusion in our model atmosphere and make computations from 65 to 100 km
for all latitudes, with the exception of the polar winter night. If the number density
mixing ratio for a component is denoted by p, its variation due to diffusion may be
calculated from

=K,- '+ + S (6.1)
ot |

dp’| . &p 8K,0p K,0M dp
" 0z 6z 0z M 0z 9oz

The variation due to photochemistry alone may be written as

[@] =—R-M-p*—Q:p+P|M - 6.2)
o | | -

The total variation with_ time is then

%: —~R-M-p*—Q-p+P/M+K,

2o 0K, 0 M _
709K 0p K. oM Op (6.3)
0z 0z dz M 8z oz

In the present model atmosphere we shall assume stationary conditions, i.e. plét=0.
(6.3) may then be solved numerically by introducing finite differences for the derivatives

R'M'P2+Q'p“P/M= sza+pb:2p+(Kza'Tbi)(pa_pb)
(Az) (2Az)?

+£<——E (Ma ;'Mb)(pa—pb)
M (2A)* .

]- M (64)

where we shall take 1 km for the step Az, and where the indices “@”* and “#’’ refer to the
points above and below the point for which the computation is made. (6.4) then be-
comes a second order (or, if R =0, a first order) equation in p. The procedure will then
be to start with a set of initial values, preferably the values obtained for the photo-
chemical model, and scan over all levels until convergence is reached.



No. 4, 1968 ON THE EFFECT OF VERTICAL, EDDY TRANSPORT - 23

Our model extends from 65 to 100 km, and photochemical values for these levels
were taken as boundary conditions. Computations have been made for O(°F), H,
H, and H,0. Hy and H,O have very long characteristic times and small diurnal varia-
tions between 65 km and 100 km and are allowed to diffuse between these two bound-
aries. The characteristic time of O(3P) becomes short at about 85 km, and diffusion is
only considered between 85 km and 100 km. Similarly, the nighttime decrease of H
is significant below 82 km, which is then taken as the lower boundary for diffusion of H. -
Below the lower boundarics photochemical values were assumed. o(D), O,, OH
and HO, have short characteristic times, and photochemical values were assumed for
these components. O, and H,0, were computed in the usual way.

JonnsoN and WiLkiNs (1965) have computed upper limits for the vertical eddy dif-
fusion coefficients. They used the heating rates given by MURGATROYD and Goobpy
(1958), and on the assumption of steady state in the temperature field they obtained
values varying from 4 x 10° cm?/s at 65 km to 7 x10° cm?fs at 100 km. These values
are considerably lower than those obtained from sodium trail studies. For use in the
present paper similar computations were made for different latitudes and for summer
and winter. The eddy diffusion coefficients obtained are shown in Figure 8. ' _

As in the purely photochemical model, the expressions for the source functions of
the type (6.2) will vary from level to level, depending on the substitutions we are allowed
to make at the level in question. Above 85 km the photochemistry is relatively simple,
and for all practical purposes the following approximations may be made:

Jop Oy +J 35 03

o(1D)= 6.5
(D) oo M (6.5)
03=k2'M'02'0 (6.6)
J3+k9'H ’
Ho, =k M 0x 1 6.7
k']'o -.
0H=k7°HOz'0+k9'H'O3=(k3-M-02+k9'03)-H 69)
kG.O k6'0
ks (HOL)?
H2 2= 13 (. 2) (6.9)

These expressions are valid both for daytime and nighttime, and substitutions may
be made in the expressions for the components having lenger characteristic times:

(%q) :—Zkl-M'Oz“ﬁ)s'kz'M'Oz'O+2f2'02"2k8'M'02'H (6.10)
t/p .
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(aHZO) = _'fﬁ'so'Hzo (6.11)
gt Jp .

(%I_f_) =270 H,0 | | (612

t : '

(?-;ITZ.) =—[k,; -0(1D)+k22 'O(sp)]'Hz-l-km'H'Hoz‘l'kl.g'M'Hz
' p

=—[k21-0(1D)+k22-0]~H2+,: +k19]-M-H2 L (6.13)

- _
where fo, = (1 + J4/ky - H)™1 and bars denote daily mean values. _

These four expressions (6.10 to 6.13) are then combined with equation (6.4) and
solved by iterations as indicated above.

Below 85 km the characteristic time for O(®P) becomes so short that diurnal varia-
tion is considerable. 85 km was therefore taken as the lower boundary for diffusion
of O(3P). For a similar reason 82 km was taken as the lower boundary for diffusion of H.
H, and H,O stiil have long characteristic times down to 65 km, the lower boundary
of our model. The photochemistry for these components in the region 65 to 85 km is
given by R _

0H,0
ot

) = “—(JHao'l“kzg'O(ID)]°H20+[]C10'H02'0H+k14'0H'H202+k17'H'HOz]
P . .

(6.14)
and by

(?g-—) = kot OCD)+ oz OCP)+ kg OB Hyt [y HO, + ks Hy0,) H] - (6.15)
P

where-the first degree term in H, 1s unimportant down to 70 km., Daily mean values
should be used for the expressions in brackets in (6.14) and (6.15). The number den-
sities of the rest of the components are obtained as in the photochemical model. It
should be noted, however, that the increase in water vapor due to diffusion causes some
important changes in the relative importance of the reactions. As always, the number
density of O(*D) is given by (6.5), while 0, may be taken as constant and equal to oM.
‘The number density of atomic OXygen is given by

a0

az-[zkl-M-o+fo,-k2-M-02+k6-0H+k7-H02]-0+2J2-02 (6.16)

for daytime conditions and by

00,
ot

=~lk2"M-0y+ks  OH,+k, HO,,1-0,+k,5(0B,)* (6.17)
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Fig. 8: Vertical eddy diffusion coefficients used in the present calculations.

for nighttime conditions. For daytime. conditions photochemical equilibrium may be
assumed below 83 km
0= 2J2 " 02
f0=' kz'M' 02+k5' 0H+k7'H02

(6.18)

where the k,-term is smaller than the kg~ and k,-terms, and for nighttime below 74 km
we have '
k15 ' (OHH ?

— - (6.19)
kz'M' 02+k6 " OHn+k7 'HO_Z,"

n

where the ky,-term is the largest term in the denominator.

Ozone is in photochemical equilibrium down to 65 km during the day, and its
number density is given by -
OSEkz*M-Oz-O

Ji+ko H
During the night we have -
a0; ,
o

(6.20)

=—[ko Hyt ko3  HOp y4+-koy* OH, |- 03,4+ ky* M- 0,0, (6.21)
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Fig. 9: Number densities of O and O, in a photochemical atmosphere model with vertical eddy diffusion,
Solid curves refer to daytime conditions, dashed curves refer to nighttime conditions,

and since the characteristic time is relatively long and increases downward, photo-
chemical equilibrium is never reached. Below 75 km the nighttime variation of ozone
is very small and may be neglected. ‘ _ ' '
For OH and HO, we may assume photochemical equilibrium during the day, and
when small terms are neglected we may write
kg-M-0,-H

HO,=——~_ "= °° | o : 6.22
2 k7'0+k30'H . ( )

- where the k,-term is the largest term in the denominator, and

_k7'0'H02+k9'03'H+2k30'H'H02
k5‘0

OH

=(k8'M'02+k9°03+k30'H02)'H
kG'O

(6.23) -
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Fig. 10: Number densities of OH, HO, and H,O, in a photochemical atmosphere model with vertical
eddy diffusion. Solid curves refer to daytime conditions, dashed curves refer to nighttime conditions.

where the ky-term is the largest term in the numerator. With a sufficient degree of
accuracy we may assume that H,O, is also in photochemical equilibrium during the day

k13-(H02)2
Ja,0,t k12 O+kys  OH+kys-H

H,0,= (6.24)

Since OH and HO, have very short characteristic times during the day, substitutions

may be made in the expression for 8H/[d¢. And since the characteristic time for H also

turns out to be relatively short, photochemical equilibrium is a very good approximation
below 83 km:

H= I// . Ju,0, H20, +J g0 H,0 (6.25)

OH HO HO,\? OH\? HO
ko —  —2+k 2V bk =) +k 2
10 H H 13(H) 15 H by H

where the ratios in the denominator are obtained from (6.22) and (6.23)
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Fig. 11: Number densities of H, H; and H,O in a photochemical atmosphere model with vertical eddy
diffusion. Solid curves refer to daytime conditions, dashed curves refer to nighttime conditions.

As in the photochemical model, the number density of OH changes considerably
from day to night. Below 73 km we may write
k23 03 ] HOZ o,
Kaa O3ntkyg HO, ptkyy- H202n

OH, — (6.26)

Between 74 and 85 km the characteristic time is of the order of hours and photochemical
equilibrium is almost, but not quite, reached. The nighttime variation is given by

90H - 0]
or "= —lks* Optkio" HOy yt kyy" Hy0s 4+ kpy 05,1 OH,

+ [k7 0" Hoz,n+ ky- 03,n "H,+kyye 03,;; : Hoz,n] {6.27)

The nighttime variation of atomic hydrogen is approximately given by

0H
ol

"—m[ks'M-02+k9-03,,,]-H,,+[k6-0,;+k34-H2]-0H,, - (6.28)
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Below 83 km photochemical equilibrium is a good approximation

k6’05+k34'H2
ks'M'02+k9'03,n

-OH, S (6.29)

n=

Since OH and H have very short characteristic times below 73 km, substitutions |
may be made in the expression for 8HO,,,/dt to give

OHOzn_ o[k, - k23+k13+k15(k23 ] HOZ,~ —2k,5- HOZ, (6.30)
ot _ ko k4 :
which may be integrated
HO, .~ HOs4 _ - (6.31)

14+2k;3-HO, 4 1,

Abovc 73 km OH is not quite in equilibrium and the nlghttlme variation in HO is
given by
2HO,,

o =—2ky5- HOZ,,—[k—,- O,+kyo  OH,+ky3" Osn] HOZn

+Lfi ke Optkya Hy0, 4+ kyy 05,] OH, (6.32)

where f; =[(1 +ky - O (kg - M - O)]~L. f; varies from about 0.2 to 85 km to about
0.9 at 72 km. | '

The results of the computatlons are shown in Figures 9—11. A comparison with
the results from the photochemlca,l model, given in Flgurcs 4—6, shows that the most
striking change lies in the m1x1ng ratios of the major hydrogen components, H, H,
and H,0. When eddy transport is neglected, the model gives very low number densities
for water vapor above 72 km. But in view of the long characteristic time for water vapor
(1—7 days), it is quite clear that vertical eddy transport must have a drastic influence
on the vertical distribution. In the present calculation water vapor takes up-85%, of all
available hydrogen at 80 km ; the corresponding figure is 609, at 85 km, 409, at 90 km,
and 259% at 95 km. This is a very important point in the discussion of the nature of
noctilucent clouds. It has been suggested that such clouds consist of ice particles. Such
a viewpoint may be supported by the present calculations, whereas older models, where
- vertical eddy diffusion was neglected, exclude the possibility of ice particle growth.

The purely photochemical model predicted an H,-regime between 70 and 90 km.
It is seen from Figure 11 that this regime is almost broken down. The lower mesosphere,
with its low number densities of H,, acts as an effective sink with a notlceable effect up
to 90 km, o

Eddy diffusion may also be seen (from Figures 4 and 9) to have an important effect
on the distribution of atomic oxygen and consequently on ozone. Atomic oxygen is
effectively transported downward to the mesopause, where the characteristic time be-
comes so short that the nocturnal breakdown represents an effective barrier for further
transport. The marked peak of atomic oxygen at 100 km, as found in the purely photo-
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chemcial model, is transformed to a broad maximum centered around 90-—95 km,
The change in the atomic oxygen profile has an important bearing on theoretical com-
putations of airglow. This will be considered in section 7. '

The simplifications and the mathematical procedures described in this section are
valid for computations for 45° latitude, surmmmer. Small alterations are necessary when
computations are made for other latitudes and seasons.

One important result of the present model is that horizontal gradients in the number
densities are relatively small, as long as we exclude the results for the regions adjacent
to the polar winter night area. This means that horizontal transport, by eddies or by
mean motion, are in general of less importance. On the other hand vertical mean motion
may have an influence. This is especially true in polar regions, since vertical velocities
are believed to be small in low and middle latitudes.

It has been suggested (Kerroce, 1961, Youne and ErsTEIN, 1962, HEssTVEDT, 1965)
that recombination of atomic oxygen may be an important heat source in the lower
thermosphere, and that this heating should be especially important in high latitudes
* during the winter. This heating may be calculated from '

\ A2 2 '
AT Bk MOy O N ogqay (6.33)
A7 ¢ p 10 |

where E, =5.1 eV is the energy released in reaction (1). In the present model this heat-

ing will amount to maximum 2°K/day. An increase may be expected when we have a
downward motion. A vertical velocity of I cm/s (downward) will hardly effect the heat-

ing rate. If the vertical velocity is increased to 5 cm/s, the maximum heating rate will
be about 4°K /day. These figures, however, should be regarded as tentative. Relatively
small variations in the parameters may result in considerable variations in the heating

rates. But it is very unlikely that “‘realistic’ values of the parameters will lead tp such _

high heating rates as have been obtained in previous models. _

The big difference between the present and the previous results is mainly due to
two differences in the basic assumptions. -

a) in the present model lower densities have been used. Consequently the number
density of atomic oxygen, which occurs squared in (6.33), is lower in the present model

b) in previous models a pure oxygen atmosphere model was used. The introduction of
hydrogen will reduce the number density of atomic oxygen and give lower heating rates.

7. Airglow. On the basis of the number densities computed above, we may eval-
uate theoretical values for the intensities of the OH* emission and the atomic OXygern
green line emission. Considering first the OH* emission, two mechanisms have been

considered as responsible for the excitation of the OH molecule: the ozone-hydrogen

process, proposed by BaTes and NicorLeT (1950)

| 0,+H-0H*1+.0, (7.1)
and the Krassovskij process _
0,*+H-0H*+0 . - (12)
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Since the first reaction is identical with reaction 9 in our scheme, the resulting night-
glow Intensity from a point is given by

Epy=4ky-0;,-H, ' (7.3)

since, on the average, each excitation is believed to result in an emission of four photons.
Computations show that the contribution to the total emission from levels above 100 km
and below 83 km is small and may be neglected. Above 85 km the characteristic time
for ozone is only a few minutes during the night and photochemical equilibrium may
be regarded as a good approximation '

kz'M-’Oz'o
k3 O+k9 n

EBN:4.k9.Hn 4k2 M 02 O" (7.4)

since k,0, <k, - H, This means that the result of the computation does not depend

directly upon the value adopted for B, defined by (5.12). But there is, of course, an

indirect relationship, since the number density of atomic oxygen depends on § because

of the reactions with OH and HO,.

In computing the frequency of the Krassovskij-process we run into difficulties,

- because the reactions determining the deexcitation of excited oxygen molecules are
not well known. Without further discussion we shall assume that Oy* is always in

photochemical equilibrium (its lifetime is necessarily very short), given by

kyM-0?=(4+k'-0,)-0,* . - (7.5)

where we assume A=0.18 and & =10-13 cm3/s (reference is made to Youne and

ErsteN, 1962). The contribution from process (7.2) to the OH* emission will then be

Ey=4k" -k, M-0%-H,J(A+K - 0,) : | (7.6)

where we shall assume £ =10-1° cm3/s. Using the nighttime number densities of O
and H as computed above, we find that process (7.2) will only contribute by about
19, of the total OH* emission. This supports the viewpoint that process (7.1) is the
dominating excitation mechanism below 105 km, i.e. throughout the region where the
OH* emission is intense. However, if the value of £ is much higher than 1010 cm?fs,
or if the hydrogen content is much higher than assumed here, our conclusmn about the
importance of process (7.2) may be questlonable

The results of the computations are given in Figure 12. It can be seen that the model
predicts only small variations according to latitude and season, in good agreement with
observations. (It must, however, be emphasized here that the different curves in Figure
12 are not meant to indicate the trend of a possible variation according to latitude and
season. The uncertainty in the determination of the diffusion coefficients is too large
for such a conclusion. The curves only indicate that no large variations are likely to
occur in regions with small vertical velocities.) With regard to the level of maximum
emission, good agreement has been obtained with the rocket experiments of HEPPNER

i
‘-‘
9
o
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Fig. 12: Theoretical profiles for OH*-emission in the nightglow in a photochemical model atmosphere
with vertical eddy diffusion.

and MereprTH (1958), Lowe (1960), Packer (1961), and Tarasova (1961). On the
other hand our model is not capable of explaining a recent measurement by Baker
(1967) who found an emission peak at 98 km. o

The global mean. value of the OH#* emission is assumed to be about 4800 kR
CuAMBERLAIN and SmiTH, 1959). Here a theoretical mean value of about 2400 kR was
found, i.e. lower than the observed value by a factor of 2. According to (7.4), the emis-
sion is proportional to £,. If we assume a value for £, twice as high as the value used here,
complete agreement would also be obtained for the absolute value of the intensity.
However, such a high k,-value is not very likely, since it would imply too high ozone
values in the region 45—70 km (compare Figure 7).

‘The computed values of nighttime number densities of atomic OXygen may serve as
a basis for theoretical computations of the green line (4=5577 A) emission in the air-
glow. The excitation mechanism, proposed by CuaPMAN, is believed to be a threebody
collision between oxygen atcms '

OCP)+OCP)+C(P)-»0,+0('S) (1.7

The reaction rate of this process has been measured by Younc and Brack (1965),
who found a value of 2 x 1034 cmS/s. The resulting theoretical vertical profiles for the
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Fig. 13: Theoretical profiles for atomic oxygen green line emission in a photochemical model atmosphere
with vertical eddy diffusion. ' :

green line emission are drawn in Figure 13. The level of maximum emission is seen to
be the same, 93 km, for all latitudes and seasons. On the other hand the total emission
from a vertical unit column varies considerably with latitude and season. The emission
was found to be 60 R for high latitudes, summer, increasing to 80 R around the Equator
and to 170 R in high latitudes, winter. These figures are a little lower than the observed
global mean value of about 200 R. The disagreement with observations should not,
however, be considered as serious. In the first place the accuracy of the value of the
reaction rate for the CHAPMAN reaction (7.7) is hardly more than within a factor of 2.
Secondly, the intensity depends on the cube of the atomic oxygen number density.
A 25%, increase in this quantity would give complete agreement as far as the global
mean value is concerned. The model predicts an annual variation which is not reflected
in the observations. But here it must be emphasized that our model atmosphere is too
crude for conclusions to be drawn about annual variations. Only little -confidence is
claimed for the accuracy of the eddy diffusion coefficients used; furthermore, hori-
zontal transport may eliminate much of the latitudinal variation of the green line emis-
sion. But it is important to note that the results support in a convincihg way the as-
sumption that the CHAPMAN reaction is the most important excitation mechanism for
atomic oxygen in the lower thermosphere. .
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