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Abstract

Photodissociation rates of oxygen and ozone molecules in the stratosphere,
mesosphere and lower thermosphere were examined to see the uncertainties in treat-
ment of the predissociation of the Schumann-Runge bands, the solar radiation and
the transmission in the Schumann-Runge bands. And the effect of these uncertainties
on the calculated distribution of the ozone molecule was estimated. First, we
reviewed the previous studies about the predissociation of the Schumann-Runge bands.
It is concluded that the vibrational levels of B’z; state are predissociated to
some extent between v'=3 and v'=17. This is confirmed by the spectroscopic and
photochemical evidences, but questions remain about the repulsive states which
cause the predissociation, relative importance of the underlying contiruum, and
the quantum yield of the ozone formation. Next, we reviewed the estimations of
the solar ultraviolet radiation outside the atmosphere. Large variations or errors
are caused by the followings: The first is the absolute intensity calibration. The
second is the difference of the detectors. The third problem is the variability of
the solar radiation.

We applied the band model to the calculations of the transmission in the
Schumann-Runge bands. Examining the line broadening effects and line parameters
we came to the conclusion that the random model for the inverse first power or
the exponential distribution of line intensities with Lorentz line shape is most
appropriate.

The remarkable contribution of the predissociation to the dissociation rate
-of the oxygen molecule appears above Lokm, The maximum contribution appers at 75km
for secz=1.0, at 80 km for secz=3.0 and at 85 km for secz=6.0. The ratio of the
dissociation rate including the predissociation to that neglecting the predisso-
ciation falls in the range from 8 to 3.

Taking account of the uncertainty in the solar ultraviolet radiation due to
the difference between the values obtained by: the photographic technique and those

by the photoelectric technique, the uncertainty of the factor 2 to 4 appears in the



dissociation rate of the oxygen molecule between 4O and 100 knm.

The deviations of the dissociation rate of the oxygen molecule due to the
various causes in the band model for the Schumenn-Runge bands were estimated. The
deviation due to the distribution functions (inverse first power distribution and
exponential distribution) is at most 11 % between 40 and 100 km. The deviations
due to the band model parameters are as follows: (1) 20 % due to the mean line
intensity, (2) 20 % due to the mean line spacing, and (3) 5 % due to the mean line
half-width.

The photodissociation rate of the ozone molecule is little affected by the
predissociation or by the band model for the Schumann-Runge bauds, but has the
uncertainty of about 6 % between 40 and 100 lm due to the ambiguity of the solar
radiation. Vertical distributions of the ozone molecule in a pure oxygen atmosphere
were calculated for the various combinations of the parameters. It is said that
the profile deduced from the lower intensity of the solar radiation (obtained by
the photoelectric technique) neglecting the predisscciation of the oxygen molecule
in the Schumanu=Runge bands gives the better fit with the observed profiles than
from other combinations of parameters, but the great discrepancy appears above
65 km. This discrepancy cannrot be explained by the uncertainties that were discussed

in this paper-



1. Introduction

The clacsical theories of ozone photochemistry in the atmosphere involving
only oxygen reactions show higher ozone concentration than is observed (Hunt,
1966a). To solve this problem, Hunt(1966b) introduced the reactions involving
hydrogen compcunds in the photochemical reaction scheme. He showed that a satis-
factory ozone profile can be obtained if the rate constants are taken properly.
Hesstvedt(1968a,b) evaluated the effect of the vertical eddy transport andozzgt
the ozone distribution is affected by eddy motion below the height of 25 km and
above 70 km. Crutzen(1970) pointed out the importance of NO and HO, in controll-
ing the ozone concentrations in the stratosphere.

The photochemistry of the hydrogen and nitrogen oxides in the atmosphere
involves many points still wunclear : reaction scheme,rate constants, photodisso-
ciation rates, dissociation products and so on. Many of the species that appear
in the reaction scheme have not been clearly observed in the upper atmosphere and
the kmowledge of the vertical eddy diffusion coefficients is poor. In this paper
we discuss the effects of various uncertainties on the calculated photodissociaticn
rate of oxygen and ozone molecules and determine the relative importance to the
calculated ozone profile. This discussion would make the foundation of the ozone
photochemistry both in a pure oxygen atmosplere and in an oxygen-hydrogen-nitrogen
atmosphere.

Light absorption by the molecular oxygen has been observed from the near
infrared to the far ultraviolet. Absorption shorter than 2500 K is most important
in the photochemical reactions of oxygen with some other molecules. For the forma-
tion of ogone in the atmosphere the absorption in the Herszberg continuum, the
Schumann-Runge bands and the Schumann-Runge continuum is of primary interest. In
the calculation of the dissociation rate of oxygen molecule in the wavelength
region of the Schumann-Runge bands (1750-2050 2) the principal sources of the

uncertainties arise from predissociation, solar radiation and absorption cross

section. (or transmission).



Vibrationally excited levels of B?Tg state of cxygen molecule are known to
be predissociated by absorption of light in the Schuwenn-Runge bands. This pre-
dissociation is confirmed by the spectroscopic evidences, but gquestions remain
about the quantum yields of the photodissociation of oxygen molecule and the
production of ozone molecule. We examine these problems from the reports up to date
and study the effects of this predissociation to the aeronomy.

Next we examine the reported data of the solar ultraviolet radiation from the
view-point of the absolute intensity calibration, cbservational techniques and the
variability of the solar radiation, and study the effects of the variations of the
solar intenzity to the dissociation rate of the oxygen molecule.

There are several methods for the calculations of the atmospheric transmission
in the Schumann-Runge bands. Because of the rapid variation of the absorption
cross section and the overlapping of the lines, the method of the averaged cross
section assuming the Lambert-Beer's law produces inaccuracies. The method of line-
by-line calculations is more accurate but too tedious. Hudson and Mahle(1972) have
carried out such a calculation. Fang et al.(1974) have calculated the photodissocia-
tion rates of several coastituents by the application of opacity distribution
functions to the transmission in the Schumann-Runge bands. There are ambiguities
‘in the construction of the opacity distribution functions. The use of randon
selection of frequencies in each interval shows the slow convergency and SO many
points for each frequency interval are needed to ensure the accuracy. Park(1974)
o0

approximated the photodissociation rates of O O and NO using the equivalent
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exponential mean and pre-exponentizal mean abszorption croszs sections. as a function
of O. column density. These quantitics-are defined as functions of O2 column
density but are not expressed by a convenient form for the application.

In the present paper we attempted to «pply a band model to the calculations of
the transmiscion in the Schumenn-Runge bands. The random model of the bands does
not require the striet values of individual intensity, the line width and line

position, but we need only the Imowledge of the mean line intensity, mean 1line

width, mean line spacing and the distribution of the line intensities. A preliminary



discussion of this random model in the Schumann-Runge bands has been made by

Muramatsu et al. (1971), where the line parameters had not been known well. Using

the newly obtained line parameters we discuss the validity of the band model

in detail and deduce the uncertainties due to the model and the line parameters.



2. Predissociation in the Schumann=-Runge bands

Absorption in the Schumann~-Runge bands fmem 1750-20%50 Z causes excitation
to one of the vibrational levels of the 02(32;) state. This state crosses the
energy curves for the repulsive states and allows the predissociation of the
excited molecule to ground-state oxygen atoms. Therefore the following reaction
sequence is likely to occur:

3o~ . 3@ * 3
0,(°Zy) + bV —s 0,(°2,) —> 0} — 20(°P)

where 05 is the oxygen molecule of the repulsive state. The photochemical
and spectroscopic evidences thus far obtained support the predissociation, but
there is some difference of opinion among the investigators as follows.

It was first suggested by Flory (1926) that the 32; state is crossed by
a ’l, state as shown in Fig.1(a) at about v'=2. Here v' is the vibrational
quantum number of 32; state. His suggestion was based upon the fact that a
weak fluorescence is observed at high oxygen pressure using 1849 A excitation,
while the fluorescence disappeared at low pressure. Further, he was unable to
observe any emission from the I8, state for v'> 2.

Volman(1956 a,b) has carried out photochemical experiments on the effect
of foreign gases (OZ,NZ,A,He) on the rate of the formation of czone by absorption
of the Hg 1849 A. He concluded that direct formation of atoms by a predissocia-
tion process proposed by Flory (1936) is most probable.

Wilkinson and Mulliken (1957) concluded from the rotational line broadening
that predissociation of 32; state takes place in the v'=12 level, and that it
is probable from vi=L to v'=11. Considering the possible states which can arise
from neutral atoms, together with the selection rules for predissociation and
correlation rules, they suggested that only 3Hu can predissociate 32; strongly.
They further suggested that °I, state predissociates the “Ii state at v'=12
on the left-hand side of the minimum of ’%s curve, and that this could explain
the probable predissociation in all levels from vi=k to v'=12, Fig.1(a). They
also mentioned the possibility of a forbidden predissociation of the %, state
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at v'=3 % by any of the ‘T, , 'm, or ‘N, states. This forbidden predissocia-
tion would occur on the right-hand side of the minimum of the 32; curve.

Carrol1(1959) showed spectroscopically that predissociation is most pronounced
for v'=4k passing through a minimum at v'=9 and rising to a secondary maximum
at v'=11. He has suggested three possibilities:

(1) The unstable 3Hu state intersects the left limb of the B’L, state between
v'=3 and v'=k (curve I, Fig.1(b)). In this case strong predissociation would be
expected at v'=4, while higher vibrational levels also be predissociated.

(2) A’N, curve intersects °I) on the right limb at about v'=4 (curve II,
Fig.1(b)). It is possible that a quantum-mechanical treatment of the Franck-
Condon principle might show that overlap integrals for I, and 32; state
might pass through a minimum at v'=9 and show a subsidiary maximum at v'=11.

(3) It is possible that the predissociation at v'~ 11 is caused by one of the
other repulsive states (', ,*Z} or ;H“) which can arise from the configuration
7P +°P (curve III,Fig.1(b)). Such a predissociation would be forbidden and
would be weaker than that at v'=k,

Vanderslice et al.(1960) obtained potential energy curves for 0-0
interaction from approximate quantum-mechanical calculations. Using the crossing
point at v'=12 of B°E, state given by Wilkinson and Mulliken(1957), together
with their values for the ’H, curve at large distances, the equation for the
311, state was developed (Fig.1(c)). Their curve crosses the I, curve at the
minimum, suggesting that predissociation should occur for the vibrational levels

between O and 4. Further, their results indicate that the SEQ curve crosses the

332; curve right at v'=3 % , supporting the suggestion of Wilkinson and Mulliken

(1957).

Hudson and Carter (1968) found from the measurements on the Schumann-Runge
system at elevated temperature that the all of the vibrational levels of the

332; state from v'=3 to 17 are subject to predissociation, suggesting that



the intersection of 3 IIq and 352; states occurs between v'=2 and v'=3. They
found that the smallest predissociation line width was 0.3 cﬁq, and that at least
99 % of the oxygen molecules that are excited into the B’Z, state for v'>2
will predissociate.

Schaefer and Harris (1968) have carried out the @4 /7ilio quantum mechanical
calculations on the potential energy curves of molecular oxygen. The calculated
3Hu repulsive curve crosses the inner limb of the B323 curve. This is in agree-
ment with the results of Wilkinson and Mulliken (1957) and to a lesser degree

with those of Vanderslice et al. (1960). Their calculations also show that the

s

u+ Zuand ‘m, cross the B’z

repulsive states mentioned by Carroll (1959), ‘I
potential curve in such a way that they might give rise to forbidden predissocia-
tions (Fig.1(d)).

Murrell and Tayler (1969) have applied the Franck-Condon principle to pre=-

dissociation in the Schumann-Runge bands of O They have found that the best

e
agreement with the observed strong and weak predissociations at v'=4 and v'=11
was obtained by a single repulsive curve which crosses the outer limb of the B32;
near v'=4 but has no other crossing point. Their results did not support the
calculations of Schaefer and Harris (1968), (Fig.1(e)).

Ackerman and Biaumé (1970) have photographed at high resolution the spectra
of the Schumann-Runge bands from 0-0 to 13-0 bands. They point out that the varia-
tion of the apparent half-width as a function of the vibrational quantum number
may by partly interpreted in terms of predissociation. The observed maximum at
v'=4 may be caused by the predissociation, however the maximum at v'=7 and v'=11
may be partly due to the superposition. Their results appear to be im good
qualitative agreement with the theoretical results obtained by Murrell and Taylor
(1969). They concluded that their experimental data do not fully support the

results of Murrell and Taylor (1969) and that another type of experimental measure-

ment is required.



Ogawa (1971) has investigated absorption cross section on the underlying
continuum of the Schumann-Runge bands and discussed the potential curve of the
upper state of the dissociation continuum. He says that any part of the observed
absorption cross section does not correspond to the 3Hq-X325 transition if the
3[1u curve intersects the right limb of the B32; state between v'=3 and 4, because
the Franck-Condon factor of ?uch a 3HM-X32; transition would be rather small
under such circumstances. He states further that if the potential curve of the
31’[q state intersects the left limb of the B32; state, it is possible that an
appreciable part of the underlying Schumann-Runge continuum may be due to the
M, - X5 transition.

Schaefer and Miller (1971) calculated 46 i7/f/s potential curves for the
B3E; ;3Hu and 'H“ state of a much higher reliability than those of Schaefer
and Harris (1968). They concluded that *II, curve crosses the inner limb of the
BBZJ state curve somewhat above v'=4, while the 'Hu curve crosses the outer
limb between v'=0 and v'=1. They further state that spin-~orbit coupling is the
principal interaction responsible for the predissociation, so that all four
repulsive states (', ,° M, ,° I, ,"T7 ) which dissociate to ground state atom are
expected to predissociate 332; to roughly the same degree,

Wilkinson and Mulliken (1957) have pointed out that a direct transition
from 325 to 3Hu is possible and have observed a weak continuum associated with
this transition. They suggested that this transition is more important in the
decomposition of oxygen above 1750 K. If this were the case, the quantum yield
of ozone formation would have to be small at 1849 A.

Washida et al. (1971) have obtained the quantum yield of ozone formation by
decomposition of excited oxygen A&lecules at two wavelengths. The quantum yield
of ozone formation was 2.0 at 1849 A and 0.3 at 1931 A. They state that their
experimental results can be explained by direct tramsition from x3zg to the

repulsive °M, state at 1843.6 4, and that the transition to the rather stable

rotational level of v'=4 of Bsz; occurs at 1930.9 A, where rotational level



can predissociate only within 15 %.

Most workers agree that all vibrational levels v'=3 to 17 are predissociated
to some extent, and this could be caused primarily by the ’1, state which inter-
sects the potential curve of the 332; « Several questions remain for the predissc~
ciation of the Schumann-Runge bands at present:

(1) Crossing point of 3HM state with B32; state. It is not established whether
'y crosses on the inner branch or the outer branch of B’y .

(2) The cause of the predissociation maxima seen at v'=k, 7 and 11. It is not
clear whether it arises from repulsive states S_IIM,%IZ‘ and'nq, or it arises from
experimental difficulties as Ackerman and Biaumé (1970) state, or it arises from
the interference effects in the Franck-Condon factor associated with a single
crossing as Murrell and Taylor (1969) obtained.

(3) The contribution of the repulsive states 5HM , ’Z; and 'l'Iu to the predisso-
ciation.

(4) The contribution and the relative importance of the underlying continuum to
the dissociation.

(5) The quantum yield of the ozone formation by the decomposition of excited
oxygen molecule in the Schumann-Runge system.

Because of the aforementioned questions, we suppose in the following calcu-
lations the two limited - cases. In the first case we suppose that the oxygen
molecules that are excited into the B’I; state for v!>2 would be completely
predissociated. In the second case we suppose that the predissociation does not

occur, while the oxygen molecules are dissociated by the underlying continuum.
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3. Solar flux

The spectral region of the solar flux between ZC00 K and 1000 3 is important
in the chemical and the thermal balance of the upper atmosphere. The solar flux
between 2000 A and 1300 A is especially important because it dissociates molecular
oxygen, supplying the main source of atomic oxygen and heat in the lower thermo-
sphere, mesosphere and upper stratosphere. The large differences are recognized
among the reported solar radiations between 1300 Z and 2000 Z. In Figure 2 some
of the reported data are shown.

Curve (1) is the result of Johnson (1954) using the concave grating rocket-
borne spectrograph down to 2200 X.

Curve (2) is the solar spectrum given by Detwiler et al. (1961) by means of
grating spectrographs below 2600 A. The 1700 A to 1520 Z spectral range was oOb=-
tained by interpolation between the two sets of experimental data.

Widing et al. (1970) reported the result of ten solar rocket spectra photo-
graphed on July 27, 1966 between 2075 A and 1450 A. Their result is shown by
the dashed curve (3). They state that their values are in good agreement with
those of Bonnet (1968), which were obtained by rocket-borne spectrograph and by
completely independent calibration. They also state that experimental error is
of the order + 70 % in the 1650 A range. They say that if the separate sources
of error act in the same direction in the calibration, the uncertainty in the
calibration of the azbsolute intensity in the 1650 K region would reach a factor
of 1.6 or 1.8.

Brueckner and Moe (1972) measured the zbsolute intensities of the solar
ultraviolet continuum from 1400 Z.to 1790 A from rocket spectra. Their measure-
ment were in good agrecment with the intensities of Widing et al. (1970).

Brewer and Wilson (1965) measured intensities of direct and scattered radia-
tion in the 2100 R window by means of baslloon~borne platinum=cathode rhotocell,
They found that the calculated intensity of solar radistion in the 21C0 K window

only agrees with the measurements if the following two adjustments are made to the

11



data used. The oxygen absorption cross-gection by Ditchburn and Young (1962)
require to be multiplicd by 0.75 and the solar intensity outside the atiosrhere
given by Detwiler et al. (1961) by 0.36. The doticd curve in Figure 2 between
2h25 A and 1800 R is the complete adjusted data used to obtain. the close agree-
ment betwecen the observed and calculated dsata. Their values arc lower by a factor
of 3 in the 1800 A region and a factor of 2.8 in the 2000 A region than the values
of Detwiler et al. (1961).

In 1969, Parkinson and Reeves (1969) reported a new solar spectrum for the
wavelength range 1400 & - 1375 A. It is shovn by the curve (5) in Figure 2.
Spectral intensities of the solar coutinuum were obtained from a rocket-borne photo-
electric spectrometer. These intensities are lower than those of Widing et al.-
(1970) by a factor of 2 at 1875 A and a factor of 3 at 1600 A.

Prag and Morse (1970) have measured the solar flux in three broad wavelength
intervals; 300-1150 A, 1150-1600 A and 1600-2100 A with photodiodes from the sate-
llite. Their data are consistent with a model in which the effective plage tempera-
ture is about 1250 K higher than the background sun at all wavelength intervals.
The effective temperature of the background solar disk was 4440°K in the 1600-2100%
region. This effective temperature gives the solar intensity which agrees well with
the data of Parkinson and Reeves (1969).

Heath (1973) observed the UV solar irrsdiance by photometers ccnsizting of
broad band sensors (combination of optical filters and photodiodes) from a rocket
and satellites. The rocket observations of the solar irradiance (Aug.1966) are
significantly lower in the vicinity of 1750 E (by about a factor of 3) than NRL
values (Widing et al. 1970) for a rocket flight about a month earlier. For wave-
lengths below 1800 A, the solar irradiance observed from the satellites is consis-
tent with the Harvard observstion (i.e. Parkinson and Reeves,1969) and signifi-=

cantly lower than those reported by NRL (i.e. Widing et al. 1970).
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" Nishi et al. (1973) measured the absolute intensity of the sun at three
wavelengths 1629 3,168& K and 1739 A by the rocket-borne concave diffraction
gratings and CsTe-cathode photomultiplier- Their results agree with those of
Parkinson and Reeves (1969) and shown in Figure 2.

The dispersion of the observed solar spectral intensities below 2500 A may be
caused by the following several sources. First there is the technical problem of
the absolute intensity calibration. There has been no absolute calibrated conti-
nuum light source to compare with in the extreme ultraviolet region. Detwiler et
al. (1961) estimated that the accuracy is better than + 20 % and there are no
errors greater than a factor of + 1.5 in the region 2000 A to 1400 A. Below 1300 Z
they state there is the possibility of errors as great as a factor + 2, and in
places perhaps more.

Widing et al. (1970) state that main uncertainties are the error in the cali-
bration of the carbon arc and its reproducibility and errors in the plate micro-
photometry. They estimate that the uncertainty in the arc stream at the short wave
end ( ~1950 R) might be as much as + 20 % relative to those at the long wave
end ( 2400 A) and the variations in the arc are 3 to 4 %, and the microphotometry
error might be 5 %. So the uncertainty in the continuum intensities in the 2000 A
region is of the order + 30 %. In the 1650 A region, they say that if the separate
sources of the error act in the same direction the uncertainty in the calibration
of the absolute intensity could reach a factor of 1.6 or 1.8,

Brueckner and Moe (1972) calibrated the instrument for the wavelength longer
than 1660 Z by a deuterium lamp ., the intensity of which has been measured against
a known synchrotron source, and estimated the accuracy of the lamp calibration to
be + 15 %. Another check of the intensity of the lamp using a diode which was cali-
brated absolutely by the National Bureau of Standards, was done and the resulting
intensities differed by less than 10 % from the synchrotron calibration values.

&

The second problem is the variability of the solar radiation. There are two

13



kinds of variation; the solar cycle variation and the spaiial variation over the
solar surface. As for the solar cycle variation, intensity variations in the
visible region in time are very small, but in the extreme ultraviolet region con-
siderable changes are observed.

Heath (1973) concluded from the data of satellites and rockets that there is
a significant variation in the solar irradiance in the vicinity of 1750 R, and
this variation appears to follow the 11-year solar cycle. In Figure 3 variations
of ultraviolet fluxes during a solar cycle are shown. Intensities of the 284 A
(Fe XV), the 630 & (O V) and the 1025 A (H I) emission lines are adopted from Hall
et al. (1969). Hall et al. (1969) state that the errors of the observed values are
about 20 % for most of the dates, and these errors tend to obscure somewhat the
solar cycle variation. The 284 A line and the 335 A line (not shown in the Figure)
have the clear variation but the other lines (304 A, S84 A, 625 A, 630 A, 977 &,
1025 Z 1032 R) show the same general shape, a depression in the period 1963-1965
and an increase by the end of 1968 to values exceeding their minimum levels by
factors ranging from 1.5 to 2.3. In the uppermost part of the same Figure, are
shown the Wolf's relative sun-spot number as the indicator of solar activity, and
the solar intensity of the 1750 X region. We cannot deduce any definite variation
corresponding to the 11-year solar cycle for the solar intensity of 1750 )1 region.

The variation of the incident extreme ultraviolet fluxes with solar rotation
(27-day variation) is known and its amplitude is an order of magnitude comparable
to that of 10.7 cm coronal emission according to Hinteregger (1970). Prag and Morse
(1970) showed that solar flux varied more than 50 % from the mean in the two longer
wavelength regions (1150-1600 X, 1600-2100 A) during the first 27 days. All three
wavelength channels showed much stronger correlation with the area times intensity
of calcium plage regions than the 10.7 cm radio flux. Heath (1973) observed the
variations of solar irradiance associated with the solar rotational period from
the satellite. The change in irradiance with solar rotation increased with dec=-
reasing wavelength and the magnitude of variation was smaller than that of Prag

and Morse (1970).
14



It is mainly the razdiaticn from the eatire sun ( or the gsler irradisice)
which is interested in the photochemistry of the earth's atriosphere but the some
reasurements are mede for the special positions on the solar disk. The variations
of the emissions over the solar disk are great in the extreme ultraviolet. Observa-
tions of the centre-to-limb variations of the intensity in the extreme ultraviolet
are very few. Observations by Brueckner and Moe (1972) and Nishi et al. (1973)
show that the intensity decreases frow centre to limb at 1750 &, 1739 A and 1684 A
while below 1600 X the intensity is remarkably neutral and increases in the extreme
limb. The radiztion from the solar active regicn is several times stronger than
that from the quiet portions of the sun. Dupree et al. (1973) observed extrene
ultraviolet radiation (280-1370 2) of a solar active region and of the quiet seclar
atmosphere from 0SO-6 satellite. Intensities from the active region is increased
by almost one order of magnitude ccmpared with those from the guiet region azt the
disk center.

We can recognize from the Figure 2 and Figurce % that the colar intensities
measured by the photographic technique adopted by the NRL group (the values of
Johnson (1954), Detwiler et 21.(1961), Widing et al. (1970) and Brueckner and
Moe (1972), shown by filled circles in Figure 3) are all stronger than those by
photoelectric technique (Brewer and Wilson (1965), Heath (1973), Prag and Morse
(1970), Parkinson and Reeves (1969) and Nishi et al. (1973), shown by filled
squares in Figure 3).

The photographic technique uses the photographic esmulsions and as stated by
Hudson (1971) they have the advantage of allowing the entire absorption spectrum
to be recorded simultaneously but they have the disadvantages that the calibration
is not simple and that the photographic density is not a linear function of the
incident photon flux and there are other sources of error from the development
procedures and others. The photoelectric technique uses the photoelectric detectors

and has the adventage that the detectors have a linear response between their
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output and the incident-photon flux over a wide range of values. As stated before
the intensities measured by photoelectric tcchnique are in general lower by a fac-
tor of 3 than those by photegravhic technique. This discrepsncy has not yet been ex-
plained by any observers, while Hinteregger (1970) reccmmended thit measurements

by Parkinson and Reecves (1969) zre more reliasble and for the moment, we should

use the values of Detwiler et al. (1961) reducing all fluxes of the 1300-1800 A
range by a ccmmon factor of 3.

It is seen frouw the above discussions that the largest source of the disper-
sion of the observed solar radiation is the difference of the detectors. For the
aeronomical interest, we need the data on the spectral intensity distribution
from the entire sun for various solar activities. The data available at the present
are scanty and the discrepancies among the data are not settled yet, so we assumed
the three solar intensity distributions in the following calculations. The adopted

data are from the following sources:

Case A : N> 2600 A ; Johnson (195k4)
2600 > X\ > 1200 A ; Detwiler et al. (1961)
1%00 A> N> 1000 & ; Hinteregger (1970)

Case B : A > 2600 A ; Johnson (1954)
2600 A>X 22075 & ; Detwiler et al. (1961)
2075 > X =1450 A ; Widing et al. (1970)
1450 A= 1300 A ; Detwiler et al. (1961)
1300 A >XA 21000 A ; Hinteregger (1970)

Case C : A>2425 K 3 Johnson (1954)
2L25 & SN 2050 & ; Brewer and Wilson (1967)
2050 A >N >1875 & ; Interpolation
1875 A > 21425 A . Parkinson and Reeves (1969)
1425 A D> 31300 A ; Interpolation
1300 A >n >1000 A ; Hinteregger (1970)

16



Case A represents the old data of NRL group in the Schumann-Runge region.
Case B represents the new data of NRL group by Widing et al. (1970), which shows
lower intensities than the old data. Measurements of Case A and Case B, except
that of Hinteregger (1970), were done by the photographic technique. The data of
the Case C were adopted from measurements by the photoelectric technique and the
intensities are lower by a factor of 3 or 2 than that of Case A in the main parts
of the wavelength region which gives rise to the dissociation of the oxygen mole=~
cule. The solar intensities of Case A and Case C were assumed to be the critical
values of the uncertainty in the observations. In the following calculatioms,
we examine the the influences of the deviations of the solar intensity (i.e.
Case A, Case B and Case C described above) on the dissociation rate of oxygen

molecule and the formation of ozone molecules.
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L, Rg%dom rmodel approximation

Absorption cross sections of the Schwiann-Runge bands vary between 1Ow19cm2
(at 1750 Z) and 10”236m2 (at 2050 ) , as shown in Figure 4, so the solar radiation
penetrates to the bottom of the stratosphere and disscciates the oxygen molecule
in the stratosphere and megosphere. Each band is composed of many overlapping
rotational lines as shown in Figure 5. Becausa of the rapid variation of the ab-
sorption cross section and the coverlapping of the lines the method of the average
band=absorption cross sections assuvming the Laabert-Beerfs law produces inaccuracy.
In the present paper we discuss the application of the bend model aprroximation
for the troncmission of the sclar radiation in the Schumani=Runge bands.

Two models which are physically distinct for the spectral band absorption
are knovn (Goody,1964). The first one is the Eluasser model. This model assumes
that a band consists of an infinite number of spectral lines witli the same intensity,
half-width and spaced at equal intervals. The Elsasser model has been exactly
solved only for the Loretz line shape. On the other hand the random model of a
band assumes that the positions of the individual spectrzl lines occur at random
and the intensities can be represented by the probability functions.

For the most part of the Schumann-Runge bznds as shown in Figure 5, position
of the spectrzl lines and intensities can be treated as occurring at random, so we

approximate the absorption in the bands with a random model.

4.1 Line position
Neglecting the triplet splitting due to electren spins, the wave number v

of the rotational lines are determined from the relation

2
Y =1 (v, v") + (B+BJu + (B, =By =D, +D s )u

,Z(Dv,+DV”)m3 - (Dv1—Dvu)m4 &)

where primes indicate the upper vibrational ctate, and double primes the lower
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Vibrational state. ¥,(v'.v"') 1is the band origin of the vibration~-rotation band.

B,-»D,. ,B , D

, ,~ are the rotational constants of the upper vibrational level v!

and the lower vibrational level v''. m is an index number related to the rotational
quantum number N, corresponding to the total angular momentum apart from spin,by

m = =N for the P branch, and

m= N+ 1 for the R branch.

B, and D,. for the X32§ state were calculated from
B,s = Be = o(v" + 1/2) and D, =D, + g(v" + 1/2)

and the data for B, , oo s Do and Fe were taken from Herzberg (1950). Adopted

values are

B, 4,913 x10 %" for wn

0 and

il
]

1437771 ca !, D,»

B 1.421979 cm ", D,. = 4.825 x10 0™ for i

i

1.

v
Band origin ), (v',0) and rotational constants B,.,D, were taken from Ackerman
and Bigume (1970) for v'=0-12 and from Brix and Herzberg (1954) for v'=13-20.

Y, {(v',1) was calculated from the relation

]

Yy (vt,1) = % (v',0) + G(v'=0) = G(v"=1)

= Y, (v?,0) - 1556.393 cm-1
where G(vi') is the vibrational term value for the XBZ; and adopted frem
Herzberg (1950). The values of the band origin and rotational constants are shown

in Table 1,

L,2 Line shape

Several factors lecad to the broadening of the spectral line. The magnitude
of the line broadening is expressed in term of 'half-width' as shown in Figure 6.
Often, 'half-width' is called thalf-intensity width' or 'full half-width'. These
are the widths of the line at the intensity one-half of the maximum intensity of

emission or absorption. One-half of the 'half-width' is called "half half-width'.
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Predissociation line widths for the Schumann-Runge system obtained by Ackerman
et al. (1970) and Hudson and Mahle (1972) are shown in Table 2. Excepting those
for v'=0 and v'=1 half-widths a?e between 0,06 and 3.70 cmnq. According to Rice
(1920), line shapes can be treated as the Lorentz profile for a resonance process
such as predissociation. Other line~broadening effects that contribute to the
line shape were examined.

(a) Natural broadening

If we assume the radiative lifetime to be 5.3.(10'9 sec (Herzberg,1950), the
natural line width (half-width) becomes 0.001 cm™ .

(b) Doppler broadening

Dovpler width increases as the square root of the temperature. The Doppler
line widths are 0.102 em  (200°K), 0.125 cu” '(300°K) for 1750 A and 0.089 cm™ '
(ZOO°K), 0.109 cm°1(3000K) for 2000 A. Thus Doppler line widths are smaller than
the predissociation line widths except for v'=13 and 14. ( Predissociation is not
observed from v'=0 to 2)

(c) Pressure broadening

The line broadening by the elastic collision with another molecule is pro-
portional to the pressure from the impact theory (Goody,1964). Collision line widths
(half-widths) from the impact theory are L+.6)<"IOM3 cm-‘1 at the altitude of 20 km,

-1 1 at 60 xm.

2.2x 10 %en™" at 40 kn and 1.7x 10 7cm
It is concluded from the above discussion that the natural and pressure
broadening are negligible compared with the predissociaticn broadening. The Doppler
broadening can not be complotely neglected for some bands, where the convined
Lorentz and Doppler broadening should be considered. If we take the Lorentz and

Doppler line widths into account, the line shape of the Schumann~Runge bands can

be expressed by a Voigt profile, but in the following calculations we assume a

Lorentz line shape for simplicity.
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ko3 Random medel for ILorentz line shape
According to the theory of the random model approximation, the mean trans-

mission over a certain wave number region thet contains enough spectral lines

is given by (Goody,1964)
T = exp(-fg / d) (2)

vhere T is the mean transmission, d is the mean line spacing, and Wm is the
mean of the equivalent width of the single line V., . The equivalent width of a

single line is defined as

Wep = J{'I - exp(-bSa)}d)/

where )V is the wave number ; S the total intensity of the line, a
the amount of the absorbing gas per unit area and b the line shape factor

normalized to unity,

o0
jb(V)dV = 1.

- 00

The line shape factor for the Lorentz line is given by

oL
n(y* + o«%)

b(V) =

where <, 1is the half half=-width of the line, and »» the deviation of wave number

from the line center.

For the calculation of ﬁsg, we must know the distribution of line intensities.

Let p(S)dS be the probability that a line has an intensity between S and

S + dS. Then the W, is given by
o

W, = st,z p(s)as.

[}

For the lorentz line shape, W”_ is given by
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0 00
W =g gp(S){ 1 - exp(- -53—"-‘--—1—» )}dvds,
. -
) L n(y*r+ o)
where o/ is the mean half half-width of the line. The cequivalent width for a line

with the Lorentz line shape can be integrated exactly and given as (Goody.1964)

Wsg= 2Mfexp(~x) [ I, (x) + I,(x) 1.
where x = Sa/2llX and I, and I, are the Bessel functions of imaginary argument.
Then the Ws, becomes.

(9]
Wsp = Zﬂ&gxexp(-x) [ I,(x) + I{x) Ip(s)ds (3)

(4

For the several kinds of the intensity distribution , ¥

¢y can be calculated.

(a) Exponential distribution of line intensities.
The probability function is given by

p(s) = S exp(-S /8 ) (%)

where S 1is the mean line intensity. Then ng and T are given by

= Sa
WSQ = — —
1 + Sa/ll&
J1+ Sa/N &

(b) Inverse first power distribution.

The probability function is given by
p(8) =K/S, 8<8, (6)
where K is constant. Then Wsy becomes

W 2iEKL 2u { T, (u) + I,(u) }exp(=u) + To(u)rexp(-u) = 1] (7

L

vhere u = Sza/2ﬂ§ .
(¢) Constant probability distribution.

The probability function is given by
p(s) =K (8)

where K is constant. If we represcnt the naximua and minimun inlensities as
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S; and S, respectively, K is given by
K=1/1(;=-8,).

In the limit S,-—=0, W, becomes

= 2N
Wy = =gre= [ 20 Io(w) exp(=u) + 2 T, (u) = uI (w)-exp(-u) ]
where u = S,a / 204 .

(d) All of the spectral lines are equally intense.
The probability function is given by Dirac & ~function

p(s) =0(s -8 ) . (9)

Then, Wsz is given by

Wep = 2 exp(~u) [ Iou) + I,(u) ]

where u = 8a/20& .

For the avplication of the random model tO the absorption of the Schumanu-~
Runge bands, we must know the following parameters: (1) distribution function
of line intensities (2) mean line half-width (3) mean line intensity (4) mean

line spacing.

L, L TIntegrated band absorption ccefficient

The integrated band abscorption coefficient K(v!,v") (cm™2) for v!=v" band
is defined as

v

K(vt,v") = J(k(V)dV
where k() (cm~1) is the absoroption coefficient contributed by the vibrational
transition v'"-=v'. Integrated band sbsorption ccefficient is also expressed by
the total band absorption oscillator strength, f(v?!,v"), following Herzberg(1950)
and Bathke (1959a) as

NI e* 5
K(v1,9") = mmmmmeem= £(v7,v}) F(v") = 2,379 x 10" £(v',v") F(v") (10)

m c*
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where ¢ is the velocity of light, N,. the number of molecules cm-3 at 1 atm

and 0°C and m and e the mass and the charge of the electron,respectively. F(v')

is the fraction of molecule in the lower vibrational state. The total band ab-
sorption oscillator strength -f(v',v") can be expressed by the Franck-Condon
factor (the overlap integral squared), q(v',v"), and the electronic absorption
oscillator strength, f,y , by the relation (Bethke, 1959a).

flvt,v") = £ (vt ") V(v ,v)/ D . 1)

1

Here V is the q(v',v") weighted average wave number of the transition, and
lé(v',v") is the wave number of the band origin. We adopted the value of D

from Bethke (1959b), i.e. 63380 cm-l which is nearly the wavenumber at the maximum
absorption in the Schumann-Runge continuum. The value of f, was adopted from
Bethke (1959b), which is equal to 0.163.

In the v'"=0 progression, integrated band absorption coefficients have been
measured by Ditchburn and Heddle (1954), Bethke (1959b), Halmann (1966), and Farmer
et al. (1968). Theoretically .calculated values for the Franck-Condon factors are
reported by Jarmain (1963), Ory and Gittleman (q964), Halmann and Laulicht (1966),
Murrell and Taylor (1969). Harris et al. (1969) and Allison et al. (1971). From
these Franck-Condon factors, integrated band absorption coefficients can be cal=-
culated by the Equations (10) and (11). Experimental and theoretical values of
K(v?!,v") for v"=0 are shown in Figure 7. Experimentally obtained values of
Bethke (1959b), Halmann (1966) and Farmer et al. (1968) show  gocd agreement
except that the values by Farmer et al. (1963) are higher than others between vi=h
and 12. The values of Ditchburn and Heddle (1954) show extracrdinary higher values
for the whole vibrational levels. Thecretical values by Jarmain (1963), Harris et
al. (1969) and Allison et al. (1971) are in gocd agreement with the experimental
values, while those by Ory and Gittleman (1964), Halmann and Laulicht (1966) and

Murrell and Taylor (1969) scatter widely from the experimental values.
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In the following calculations we discuss the dissociation rates of molecular
oxygen by two cases, using the values of Bethke (1950b), and the values of Farmer
et al. (1968), where the experimental conditions are very different.

Bethke (1959b) obtained K(v',v") by pressure broadening the rotational lines
with argon to the point where rotational structure disappeared, while Farmer et al.
(1968) made the measurements under the conditions of very small attenuation which
resolve adequately the rotational structure so that the observed absorption was
directly proportional to the absorptiocn coefficient. Adopted values in the follow-
ing  calculations are listed in Table 3. Values of Case A for v"=0,1,18, 19 and
20 are taken from Harris et al. (1969), the others are taken from Bethke(1959b).
Values of Case B for v'"=0, 1 are taken from Harris et al. (1969), the others are
taken from Farmer et al. (1968).

In v'"=1 progressions, Hudson and Carter (1968) measured the total band absorp-
tion oscillator strength f(v!.v'"') for the range of v'=5 to 13. Ory and
Gittleman(1964), Halmann and Laulicht (1966), Harris et al.(1969) and Allison et
al.(1971) calculated the Franck-Condon factors theoretically. Integrated band
absorption coefficients deduced by Equations (10) and (11) for 250°K are shown
in Figure 8. Theoretical values by Harris et al. (1969) and Allison'et al. (1971)
agree well with the experimental values by Hudson and Carter(1968), while those by
Ory and Gittleman(1964) and Halmann and Laulicht(1966) are considerably hihger than
the experimental values. In this study we adopted the values of Harris et al.
(1969) for the whole vibrational levels, which are listed in Table 3.

Integrated band absorption cross sections for v''z 2 progressions can be neg-
lected bacause the fraction of the molecules in the lower vibrational state is

very low even if the Franck-Condca factors are higher than those of v''=0 and

w=1,
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4.5 Distribution of line intensities in a band

We assume. in the present calculations a single P and a single R branch, each
including three components of about the same intensity, and neglecte the weak
satellite branches. Then, the distribution of intensities among the rotational

lines of a vibrational transition is given by

S(N";v',v")

CubK (v, w") I expl =B,nN"(N"+1)ch/kT ] ; P branch  (12)

0

SN v, v") = Cu K(v?,v!") (N"41)expl-B,» N"(N'"+1) ch/kT] ; P branch  (12')

Here S(N";v',v'") is the integrated absorption coefficient over a certain triplet,
K(v',v") is the integrated band absorption coefficient which was defined in

the previous section, h is Planck's constant, k is Boltzmann's constant and Cobs

is a constant. An example of the rotational structure of the Schumann-Runge bands

1

around the wave number of 55250 cm @ ( 1810 A ) at 250 K is shown in Figure 5.

4,6 Deduction of parameters for the random model

For the calculations of the dissociation rate of the oxygen molecule, we
have divided the Schumann-Runge bands into 15 wavelength intervals by the band
heads of the v"=0 bands as shown in Table 4. In each wavelength interval we
used constant solar radiation, mean absorption coefficient of ozone and mean

transmission.

(a) Distribution of line intensities

The intensities of rotational lines in the wavelength interval were calcu-
lated for v"=0 and v'"=1 progressions. In each wavelength interval, the lines
whose intensities are stronger than ’lO"L+ of the intensity of the strongest line
in the interval were taken into account. In Figure 9 intensity distributions
for 15 wavelength intervals are showm. In this Figure the number of lines with

intensity lower than S for each wavelength interval is plotted as a function of

log S. The cumulative probability of lines with intensity lower than S, S um,
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is given by

2
Seun = jp<s>ds

Sy

where S, is the lowest value of S considered. For the probability function

p(S) given by Equations (4),(6), (8) and (9), S, is shown schematically as a
function of logS in Figure 10. Comparing Figure 9 with Figure 10, it is seen
that the inverse first power distribution is most appropriate for the wavelength
intervals 1 to 8. For the wavelength intervals 9 to 12 , the exponential distri-
bution is more appropriate than the inverse first power distribution, while for
the intervals 13 and 14 the inverse first power law is obeyed. For the interval
15 the constant probability distribution is more appropriate than other distri-
butions. It is then concluded that the inverse first power law or exponential
distribution can be used as the representative distribution of the line intensi-

ties in the Schumann-Runge bands.

(b) Mean line half-width
Line half-widths have been known only for v'=0 bands but have not been
known for v'-=1 bands, so we selected the following two cases of the line half-

width for the band model.

Case A ; Mean line half-width for each wavelength interval was calculated only
from the half-widths of the v'=0 bands.

Case B ; The line half-width of v'-1 band was ossumed to be same as that of
v'-0 band. Mean line half-width was calculated by taking both bands

into account.

All the lines in a band were assumed to have the ssme half-width for both
cases. Source data were taken from Hudson and ifshle (1972). lican line half-widths,

&Eﬂfor two cases are shown in the 4th and Sth colurmns of Table k.



(¢) Mean line intensity (Mean absorption coefficient)

Mean line intensity in each wavelength interval was calculated using
Equations (12) and (12%). For the caleulations of the transmission, the mean
absorption coefficient k , defined by

k=5/4d (13)

is the more convenient parameter. k was calculated from

k=2 s(mve,w) /Ay (14)
; N UV/V ”
where AV (em ') is the wavenumber interval and L S(N";v',v") is the summa-
Ny

tion of the contributions of the rotaticnal lines from all the bands within the
wavenunber interval AV . We considered the following two cases for the mean
absorption coefficient corresponding to the two cases of the integrated absorption

coefficients from the discussion in section L.k .

Case A : Integrated absorption coefficients were taken from
K(v',0) : v'=2~17 ; Bethke (1959b)

v1=0,1,18~20 ; Calculated from q(v',0) by Harris et al.(1969)

K(v?',1) : v'=0~20 ; Calculated from q(v'!,1) by Harris et al.(1969)
Case B : Integrated absorption coefficients were taken from
K(v?',0) : v'=2~20 ; Farmer et al. (1968)
v1=0,1 ; Calculated from g(v',0) by Harris et al.(1969)
K(v',1) = v'=0~20 ; Calculated from q(v',1) by Harris et al.(1969)

The mean absorption coefficient , k , calculated for the above two cases is shown

in Table k.

(d) HMean line spacing
The mean line spacing was calculated by counting all tho spactral lines in

each wavelength interval using Thquation (1).  In the present paper the
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spectral lines whose intensity ratios to the strongest line in each wavelength
interval are lower than 10-4 were neglected. The mean line spacing can have
the different value if we take the spin splitting into cosideration. The triplet
splittings for the lines of v'<11 are very small and have not been completely
resolved, while for v'> 12 the triplet splittings have been resolved and they
increase with v' (Brix and Herzberg,1954 ; Ackerman and Biaume,1970). In this

report we considered following three cases for the line splittins.

Case A : All the lines are singlet.
Case B : Lines for v'€ 11 are singlet, while
Lines for v'2 12 are triplet.

Case C : All the lines are triplet.

The mean line spacing ,d, of each wavelength interval is given in Table k4.
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k.7 Photodissociation rate
4.7.1 Wavelength region out of the Schumann-Runge bands
The photcdissociation rate of the light-absorbing species s in the wavenumber

interval (¥,y+ dv¥ ) 1is given by
J(s,¥)av = E(s,¥) F, (@) T,0(s,»)d>

where £(s,») is the quantum yield of primary photodissociation for the species
5, FV(W) is the photon flux outside the atmosphere per cm2 per second per wave-
number, T, is the transmission between the point in question and the sun, O(s,»)

. . . . . 2 L.
is the absorption cross section of the species s in cm /molecule. Transmission

T, is given by
T, = expl - g o(s,V) N(s)]

where N(s) is the column density of the species s between the point in question
and the sun. The dissociation rate of the species s for the whole wavenumber

region out of the Schumann-Runge bands is given by

() = jus,v)dw, (15)

In this report we considered the oxygen and ozone molecules as the 1light absorbing

species.

L,7.2 The Schumann-~Runge bands

The dissociation rate of the species s in the i-th wawelength interval,

Ji(s), is calc¢ulated from

T,
(16)

Ji(s) = - Ei(s) Fi(m) —ge

where E.(s) is the quantum yield of the vprimaxy photodissociation fer the
i

species s in the i-th wavelength interval, Fi(m) is the mean vhoten {lux autside
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the atmosphere per cmz, per second in the i-th wavelength interval, and Ti the
mean transmission in the i~th wavelength interval.

Dissociation rates for the exvonential and inverse first power distribution
of line intensities are deduced from the transmission function given in section
li,3, In this section the allowance was made for the transmissiona of ozone and

the underlying continuum of oxygen molecule.

(a) Exponential distribution of line intensitis
From the Equation (5) ,the mean transmission in the i-th wavelength interval

is given by

- [ §(0,)N(0,)

i = ex‘pl— W}'e}@{— O;(OZ)N(Oz)}-e}Cp {—G_(OB)N(OB)} (17)

where 6(02) is the mean absorption cross section of the oxygen molecule,
05(02) is the underlying continuum absorption cross section of oxygen molecule,
CY(OB) is the mean absorption cross section of the ozone, and N(OZ) and N(O3) are

the total numbers of oxygen and ozone per cm2 in the light path, respectively.

6%02) is related to the mean absorption coefficient of oxygen molecules k as

5:(02) = E / no

266874x1019particles cn™)

where n, is the Loschmidt's number. ( n,

Here C stands for

C = E?(oa) d / no.

From Equations (16) and (17). the dissociation rate of the oxygen molecule is
given by

57(0,) { 1+500(0,)]

Q 2 1+§-Ul\ S/

3.€0) = £,(0))F, ()T —emmestd 4+ @ (0,) (18)
100 = 610207, 1L{1+cn<02ﬁ J14C1i0,) ¢ 2

and the dissociation rate of the ozone molecule is given by

Ji(os) - 51(03) Figw) TiCY(OB) (19)
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where Ti is given by Equation (17).

(b) Inverse first power distribution

From Equations (2) and (7) the mean transmission is given by

a(o,)
Ti = exp [. uoz {Io(u)exp(fu) + Zu(Io(u) + Il(uZ)exp(—u) - 1} .
exp {- G“C(OZ)N(Oa)}eXp{— O'(OB)N(OB)} (20)

where u, = d 3202)/2H3.K. K is a constant introduced in Equation (6) and is
determined as follows. Integration of the probability function gives
Sz Sz
{p(,S)dS = %-ds - X 1n(-§.%) =1 .

“Sy Sl : ’+
As vas stated in section 4.5(d), the ratio of S, to S, was chosen as S,/S, =10".

Then K beconmes
K = 0.10857.
From Equations (16) and (20). the dissociation rates of oxygen molecule Ji(Oz)

and ozone molecule Ji(OB) are given by

3,00,) = €(0,)-F,(0) ¢ Ti.[&(oz){lo(uozq(oz)) + I1<uoN(02))}exp((-uoN(02))
+ Gc(oz)] (21
Ji(03) = 61(03) F, (=) T, 0(03) (22)

where Ti is given by Equation (20).
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5. Results

For the calculation of the dissociation rates of the oxygen molecule,
continuum absorption coefficients of oxygen molecules were taken from Hudson
and Mahle (1972) in the wavelength region 1750 - 1950 X. and from Ditchburn
and Young (1962) above 1950 K. Absorption coefficients of ozone was taken
from Inn and Tanaka (1953) above 2000 X and from Watanabe (1958) below 2000 A.
The total number of the oxygen molecules above a given height was calculated
from the data of U.S. Standard Atmosphere Supplements (1966) for 30°N lat
January, supposing the -proportion of the oxygen molecules to be 20.95 % by
volume and .is shown in Table 5. Mean vertical ozone distribution for 35 N
lat, winter was assumed as shown in Table S with reference to the rocket: and

the satellite observations (WU,1973).

5.,1. Effect of the predissociation
The effect of the predissociation on the photodissociation rate of the

oxygen molecule was estimated under the condition that the oxygen moleculé that
is excited into the 1?2} state for v'> 2 1is completely predissociated. This

is equivalent to giving £(0,) in Equation (16) the value of unity for i=th
wavelength interval corresponding to v'> 2. The solid curves in Figure 11

show the vertical distribution of. the dissociation rate of oxygen molecule
when the predissociation was taken into account at secz=1,3, 6,where z.is the
solar zenith angle. The broken curves show the corresponding values when the
predissociation was neglected while the dissociation by underlying continuum
was taken into account. Figure 11 shows the result under the condition that solar
radiation is Case B, the distribution of line intensities is inverse first power
i.e:.p(8) = K/S, line parameters k, d, X are Case A, Case B, Case B of which

values are shown in Table 4, respectively.
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The appreciable contributions of the predissociation appear above 45 km.
The maximum contribution appears at 75 km for secz = 1.0, at 80 ¥km for secz=3.0
and at 85 km for secz=6.0. The ratio of the dissociation rate including pre-
dissociation to that neglecting predissociation has the maximum value of 3.4
for each case shown in Figure 11. The vertical distributions of this ratio
of the dissociation rate for various cases of the solar radiation, the distri-
bution of line intensities and band model parameters at secz =3.0 are shown in
Figure 12. The solid curves (1), (2), (3) and (4) show the ratios for the solar
radiation of Case B. The dashed curves (1'), (2'), (3') and (4') show the ratios
for the solar radiation of Case C whose data have been obtained by the photo-
electric technique and show the lower intensities than Case B.

It is seen from the curves in Figure 12 :

(a) The effect of the predissociation is larger for the higher intensities
of the solar radiation. (Compare the curves (1) with (1'), and (2) with (2")
and so on. )

{(b) For the distribution of line intensities the effect of the predissocia-
tion is larger for the inverse first power distribution than the exponential
distribution. (Compare the curves (1) with (2) , (3) with (4), (1') with
(2') and (3') with (4'). )

(¢) The effect of the predissociation is larger for the higher mean absorp-
tion coefficient k. (Compare the curves (1) with (3), (2) with (4), (1') with
(3') and (2') with (4').)

(@) The maximum effect of the predissociation appears at 80 km for all
cases when secz = 3.0.

(e) The maximum value of the ratio of the dissociation rate including pre-
dissociation to that neglecting predissociation amounts to 7.82 at 30 km for
secz = 3.0 under the conditions; solar radiation =Case A, p(S)= inversce fivst

power distribution, k=Case B, d= Case C, o =Casza B.



5.2 Bffect of the solar radiation

The large differences are recognized among the repoted solar radiations below
2500 ﬁ, 80 we selected three cases of the solar radiation from the discussions in
section 3 to see the influences on the dissociation rate of oxygen molecule.

Case A : Data from the old measurements by NRL group (photographic technique).

Case B : Data depending on the new measurements by NRL group(Widing et al.1970)
which show a lower intensity than the old data in the Schumann-Runge
region ,(photographic technique).

Case C : Data depending on the measurements by the photoelectric technique whose

intensity ' is lower by a factor of 3% to 2 than that of Case-A in the
Schumann-Runge region.

Vertical distributions of the dissociation rate of the molecular oxygen were
calculated for the solar radiation of Case A, Case B and Case C under the condi-
tion that the distribution of line intensities is the inverse first power law, k
is Case A, d is Case C and ~ is Case B. Calculated results are shown in Figure
13. The ratio of the dissociation rate for Case A of the solar radiation to that
for the Case C shows the maximum value of 4.0 at 100 km and reaches the minimum
value of 2.35 at 45 km. The ratio of this for Case B to Case C is 2.57 at 100 km
and 2.06 at 50 km. Above ratio for the exponential distribution of line intensi-
ties show almost the same values as those for the inverse first power distribution.

We can conclude from the above discussions that the ambiguity of the photo=~
dissociation rate of the oxygen molecule caused by the uncertainty of the solar

radiation intensity is a factor of 2 to 4 between 4O and 100 lm,

5.3 Effect of the distribution function of line intensities

Trom the discussions of the section 4.6, we came to the conclusion that in
the Schumann~Runge region the distribution of the line intensities can be ropre-
sented by the inverse first power or the exponential distribution. Vertical

distributions of *he calculated disscciation rate of the oxygen molecule for
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the two types of the distribution , assuming the other line parameters to be
same, are shown in Figure 14. The solid curves (a), (b), and (c) show the
dissociation rates for the inverse first power distribution and the dashed curves
(a'),(b') and (c') show those for the exponential distribution. The difference
of dissociation rates for the two distributions increases with the altitude. The
dissociation rate for the exponential distribution is higher by 10 to 11 % at
100 km while it is lower by 2 to 4 % at 40 km for the solar radiation of Cases
A,B,C and secz=1~ 3. If the predissociation is neglected the dissociation
rate of the molecular oxygen for the exponential distribution is- higher by
1ash % than for the inverse first power distribution betweem 40 and 100 km.
It is then concluded that the deviation due to the distribution function

is at most about 11 % between 40 and 100 km.

5,4 Effect of the band model parameters

The mean transmission by the band model is determined by the mean absor-
ption coefficient E, mean line spacing d and mean line half~width.&- The values.
of these parameters were discussed in section 4,6 and the represenfative cases
were selected for the each parameter. The deviations of the dissociation rate of
the molecular oxygen due to the variations of the line parameters were egtimated

for the two distribution functions of line intensities i.e. exponential and

inverse first power distribution.
(a) Mean absorption coefficient

In section 5.6 two cases were assumed for the mean absorption coefficient
of the Schumann-Runge bands. In Case A integrated absorption coefficients. for
v" = O were taken from Bethke (1959b). while in Case B the values by Farmer et
al. (1968) were adonted. Small contributions from v" = 1| progression were
calculated from the Franck-Condon factors given by Harris et al. (1969) for both
Cases. Figure 15 shows the variation of the dissociation rate of the molecular

oxygen due to the variation of the mean absorption coefficient. Curve (a) and
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(b) show the dissociation rate for Case A and Case B of the mean absorption
coefficient k, assuming other parameters to be same i.e. Csae B for the solar
radiation, inverse first power histribution for ‘line intensities, Case B for
the mean line spacing d, Case B for the mean line half-width and secz=1.0.
Curves (¢) and (d) show the corresponding values for the Case C of the solar
radiation., Above 60 km dissociation rates of the Case B of the mean absorption
coefficients show the higher values than for the Case A and the maximum differ-
ence is about 20 % at 75 km. This tendency can be expected from the higher mean
absorption coefficients of Case B compared with Case A. Below 55 km, on the
other hand, the dissociation rates for the Case B are lower than for the Case 3,
and the maximum difference is about 3 %. These tendency and the magnitude of the
deviations of the dissociation rates are almost same for the exponential distri-
bution of line intensities and for secz=1~Vv3.

Integrated absorption coefficients adopted for the Case B of the mean
absorption coefficients are higher than those for the Case A by a factor
of 4 at v! = 5 as shown in Table 3. It is seen that the deviation of the disso-
ciation rate owing to the deviation of the mean absorptionvgoefficient is rather
small compared with the deviation of the latter. It is élso seen that the devia=
tion owing 1o the uncertainty of the solar radiation 1is considerably larger
(amounting to a factor of 4 ) than the deviation owing to the mean absorption

coefficients.

(b) Mean line spacing

We assumed three cases for the mean line spacing considering the spin
splitting of the spectral line as discussed in section 4.6 and shown in Table 4.
The vertical distributions of the dissociation rate of the molecular oxygen for
the three cases of the mean line spacing d are shown in Figure 16+ Two groups

of the curves are drawn for the different solar radiation, Case B (curves (a),

(b), (c) ) and Case C ( curves (d),(e),(f) ). The triplet splittings of lines
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for v* < 11 are very small and have not been completely resolved while they
have been resolved for v";:12 ,- 50 Case B of the mean line spacing d is more
appropriate than Case A or Case C. In Case A the triplet splittings are
completely neglected, while in Case C all the lines are assumed to be triplets,
so Case A and Case C the extreme cases.

It is seen from the Figure 16 that the dissociation rates of the molecular
oxygen for Case C of d are higher than for Case B of d above 60 km but lower be=-
low 60 km.( Compare curve (c¢) with (b) or curve (f) with (e),). The deviation
of the dissociation rate of oxygen molecule for these two cases shows the maxi~
mum value of 17 % at 75 km for secz=1.0. The height of the maximum deviation
increases with secz and reaches 85 km for secz = 3.0. The dissociation rates
for Case A of d is lower than for Case B of d above 75 km and higher below 75 km.
( Compare curve (a) with (b) and curve (d) with (e).) The maximum deviation is
about 13 % at 100 km. The magnitude and the tendency of the above-mentioned
deviation due to the mean line spacing are almost constant for any cases of the
solar radiation and the distribution function of line intensities. It is also
seen that the uncertainty of the dissociation rate due to the mean line spacing
is considerably lower than the uncertainty due to the solar radiation.

It is concluded that the deviation of the dissociation rate of the oxygen

molecule due to the mean line spacing is lower than 20 % below 100 km.

(¢c) Mean line half-width

As the line-widths of v'-1 bands have not been known, the mean line half-
widths of Case A were deduced from solely the half-widths of v'-0 bands. In Case

B, line half-widths of v'"=1 progression were assumed to be same as those of v'"=0

progression, and the mean line half-widths were deduced from both progressions.
Figure 17 shows the example of the dissociation rates of oxygen molecule for Case
A and Case B of the mean line half~width & under the conditions ; Fyﬁp):Case C

and Case B, p(S)=K/S, k=Case B, d=Case B and secz = 1.0. The dissociation
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rate for Case A of the line half-width is higher than for Case B above 65 km,
but lower below that height. (Compare curve (a) with (b) or curve (c) with (d)).
The maximun deviation is about 5 % at 85 km. Below 65 km the deviation is lower
than 3 %, The height of the maximum deviation increases with the solar zenith
angle, but the magnitude of the deviation remains almost unchanged. These results
remain unaltered if the distribution function is changed to the exponential
distribution.

It is then concluded that the deviation of the dissociation rate of the

oxygen molecule due to the mean line half-width is about 5 % at most.

5.5 Couparison with other calculations

Hudson et al. (1969) made the laboratory determination of the dissociation
rate of the molecular oxygen and applied the results to the atmosphere. Hudson
and Mahle (1972) performed the line-by-line calculation of the band-absorption
cross sections as a function of the column density of oxygen molecules and com=-
pared their results with those obtained from the measurements by Hudson et al.
(1969) .They state that for all wavelength intervals the agreement is well within
the experimental error., The photodissociation rate of the molecular oxygen with
inclusion of the effect of the predissociation in the Schumann-Runge bands obtained
by Hudson et al. (1969) is shown by the dashed curve in Figure 18. The original
data are shown as a function of the column density of the oxygen molecules but
in this Figure the data are shown as a function of the height using the height-
column density relation corresponding to 30°N January of U.,S. Standard Atmos-
phere Supplements (1966). The dashed-dotted curve in Figure 18 is the results
of Fang et al. (1974) calculated using the opacity distribution functions in the
Schumann-Runge bands. They used the oscillator strength which is nearly the same
as that of Hudson and Mahle (1972). Furthermore, Fang et al. (1974) used the data
of the line half-width given by Hudson and Mahle (1972). Two curves obtained by

Hudson et al. (1972) and Fang et al.(1974) are in good agreement, The solid
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curves (a), (b), (¢) and dotted curves (a'), (b?), (c') in Figure 18 show the
values obtained by the random model approximation for Cases A, B, C of the solar
radiation F, (<) , and for Cases A and B of the mean absorption ccefficient k.
Curve (b) shows the smallest deviation from the curve of Fang-et al. (1974). This
is expected from the fact that the data of the oscillator strength and of the
line half-width used in both calculations are very similar. Curve (b) shows the
higher photodissociation rate than that of Fang et al. (1974) below 95 km, while
it shows the lower values abeve 95 km. The maximum deviation is about 70 % around
85 km. Fang et al. (1974) used the solar radiation slightly lower than curs used
in Case B of the solar radiation. Another difference between our data and those
of Fang et al. (1974) is the atmosphere model. Fang et al. (1974) used the data
of the atmosphere from U.S. Standard Atmosphere Supplements (1966) for 30 N lat,
July, while we -used those for 30°N lat, January. The column density of the oxy-
gen molecules is large in July than in Januvary between the altituds of 10 and 90
km. The maximum difference is about 15 % around 70 km. So if we use the atmosphere
for July the dissociation rates are lowered in proportion to the deviation of
the column density of the oxygen molecules below the altitude of 90 km, and the
difference between curve (b) and the curve of Fang et al. (1974) would be reduced.
The curves (c) and (c?) show the values for the same golar radiation F,(~) of
Case C and for different wvalue of the mean absorption coefficient k s l.e. for
the k& of Case A (curve (c)) and Case B (curve (¢?)). It is secen that the differ-
ence between the curve (b) and the curve of Fang et al. (1974) is smaller than
that between the curve (b) and curve (¢), The forner difference is due to the
difference in the method of the calculations of the tronsmission of the solar
radiation in the Schwmann-Runge bands, while the latter difference is due to the
uncertainty of the solar radiation.

Tt is said that the ambiguity of the dissociaticn rate due to the uncertainty
of the solar radiation is significantly larger than that due to the caleuniation

method of the transmission.



5.6 Dissociation rate by the average band-absorption coefficient

The caleulation of the photodissociation rate of the oxyzen molecule in the
Schumann-kunge bands can be considerably simplified if we can use the average
band-absorption coefficient neglecting the rotational structure of the bands. In
this section we calculated the vertical distribution of the photedissociation rate
of the oxygen molecule for the average band-absorption coefficients assuming
Lambert-Beer's law and compared the results with that deduced from the band model.
In Figure 19 three stepwise curves (1), (2).and (3) are shown. Curve (1) is drawn
80 as to connect the bottoms of the absorption coefficient of the band shown in
Figure &4, or it may be regarded as the apparent underlying continuum. Curve (3)
shows the mean absorption coefficient k of Case A adopted in the band model. Curve
(2) was chosen so that the photodissociation rate of the oxygen molecule from®
curve (2) nearly coincides with the rate deduced from the band model. (See
Figure 20 ). Figure 20 shows the dissociation rates of the oxygen molecule calcu=-
lated by the average band=-absorption coefficient showm in Figure 19, Solid curves
(b) and (¢) show the values deduced from the random model for Cases B and C of
the solar radiation F,(») respectively, under the conditions; the exponential
distribution of the line intensities, Case A for k, Case B for d and Case B for K.
Curves (b,), (b,) and (b;) show the values corresponding to the average band~
absorpticn coefficients of (1). (2) and (3) in Figure 19 for the solar radiation
of Case B at secz = 3. Curves (c,), (c,) and (c;) show the corresponding values
for the solar radiation of Case C. The deviation of (¢,) and (¢;) from (c) in-
creases with height and reaches + 25 % at 100 lm. This deviation is maximum
when secz = 1 and decreases with increasing secz. When the average band-absorp-
tion coefficient of curve (2) in Figure 19 is used, the vertical distribution of
the dissociation rate of the oxygen molecule nearly coincides with the value
deduced from the randow modsl approximation using the curve (3) in Figure 19 for K.

Tt is said that the disscciation rate of the oxygen molecule between Lo and
100 km can be calculated by thz appropriate average bend-absorption ccefficient
(for example, curve (2) in Figure 12) in the Schumanun-Runge bands.
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5.7 Dissociation rate of the ozone molecule

Photodissociation of the osone molecule occurs by the light absorption
mainly in the Hartley band frem 2000 to 3000 K in the stratosphere and mesosphere.
As the Hartley band and the Schumann-Runge bands do not overlap, the calculated
dissociation rate of the ozone is almost independent of the predissociation and
the band model spproximation in the Schumann-Runge bands for the oxygen molecule
discussed above, but is somewhat influenced by the uncertainty of the solar radia-
tion.

The vertical distribution of the dissociation rate of the ozone calculated
by Equations (15) and (22) is shown in Table 6 for the solar radiation of Cases
A, B, and C at secz = 1, 3 and 6. As the intensities of the solar radiation
F,(®) of Cases A and B are taken to be equivalent between 2000 and 2500 A, the
dissociation rates of the ozone molecule for these cases nearly coincide. Further-
more, it is seen from Table 6 that the dissociation rate of the ozone for Case C
of the solar radiation is lower than that for Case A or Case B and the deviation
increases with height below 60 km, but remains at 6 % for secz = 1, % and 6 above
60 km.

It is then concluded that ambiguity in the photodissociation rate of atmos-
pheric ozone due to the uncertainty of the solar radiation is less than 6 %

between altitudes of 40 and 100 km.
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5.8 Vertical distribution of ozone

Vertical distributions of ozones were calculated in a pure oxygen atmos-
phere to see the effect of the predissociation of the oxygen molecule and the
deviation of the solar radiation. In the pure oxygen atmosphere photochemical

ozone is formed and reduced by the following reactions :

o2 + hy «—s» 20 J(Oa)
o3 + hvy — 0, +0 J(OB)
O‘+ O+ M — O2 + M k1
0 + O+ M —_— o3 + M K,
0 + o3 —> 20, k3

where J(Oa), J(OB) are the dissociation rates of oxygen and ozone molecules
respectively, and k1,k2 and k3 are the rate constants for the reactions. Adopted
values of the rate constants are
-30 “1 6 -2 "1 . r .
k.= 3.80x70 7T 'exp(~170/T) cm molec “sec  Garvin and Hampson (1974) review
k2= 1.06x10~3hexp(+51O/T) cm6molec-2sec—4 Garvin and Hampson (1974) review
k3= 1.9x10—11exp(~2300/T) cm3molec—1sec-1aarvin and Hampson (1974) review

The effect of the excited state of the oxygen atom O('D), which was con-
sidered in the previocus calculation (Muramatsu et al. 1971), is very small.
In this calculation O('D) was assumed to be quenched to o(%p) irmediately.

Figure 21 showg the ozone profiles for the atmosphere of ZODN winter (mean
solar zenith angle of 60°). Solid curves (a) and (a') are the ozone profiles for
the solar radiation of Case B, and the dashed curves (b) and (b') are for the
solar radiation of Case C. Curves (a) and (b) show the ozone profiles obtained
when the predissociation of oxygen wolecule was taken into account and curves (a")
and (b') show the profiles obtained by neglecting the predissociation. Parameters

for the random model are p(S)=inverse first power, k = Case A, d = Case B, and

A = Case B.
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Two dotted curves show the range of observations of the ozone which contains
practically all profiles compiled by Wu (1973). The ozone concentration with
predissociation of the oxygen molecule is higher than that without predissocia-
tion above 55 km and the deviation is maximum between 75 and 80 km by a factor
of 2 for Case B of the solar radiation ( compare curve (a) with (a')), and a
factor of 1.6 for Case C (compare curve (b) with (b')). On the other hand ,

the ozone concentration for Case B of the solar radiation is higher than that for
Case C by a factor of 1.5 above 20 km (compare curve (a) with (b)).

Comparing with the range of the observations of the ozone, the calculated
ozone profile for Case B of the solar radiation, curve (a), comes out of the
range between 25 and 40 km and above 65 km, while the ozone profile for Case Q,
curve (b), comes out of the range only above 70 km. So it is said that the solar
radiation of Case C gives better fit with observations than that of Case B, but
the great discrepancy appears above 65 km. This discrepancy cannot be explained
by the uncertainties of the solar radiation or the predissociation of the Schumann-
Runge bands of the oxygen molecule. It may be explained by other effects, i.e.
transports (eddy diffusion, advection),minor constituents (hydrogen compounds
and nitrogen compounds) or by the uncertainty of the rate constants. Discrepancy

between 30 and kO km may be caused mainly by the minor constituents.
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6. Summary and concluding remarks

Photodissociation rates of the oxygen and ozone molecules in the stratosphere,
mesosphere and lower thermosphere were examined to zee ambiguities in computed
rate due to the uncertainties in the predissociation in the Schumann-Runge bands,
the solar radiation intensity and the transmission in the Schumann-Runge bands.
The estimation of these influence on the calculated distribution of the ozone
molecule was made to examine if these uncertainties may be the cause of the dis-
crepancy between the observed and theoretical profiles of the atmospheric ozone.

The vibrational levels of the B’Zu state are predissociated to some extent
between v'=3 and v'=17. This has been confirmed by the spectroscopic and photo-
chemical evidences but various questions remain to be solved ; the crossing point
of the potential curve of the °II, state with that of the B3Z; state, contribu-

tions of the other repulsive states °II,, T and 'N,, the contribution of the

u?
underlying continuum to the decomposition of the oxygen molecule, the quantum
vield of the ozone formation from the decomposition of the excited oxygen molecule
in the Schumann-Runge bands and so on. More detailed experimental information,
especially of the line half-width is necessary to sclve these questions.

Large variations are recognized among the reported solar ultraviolet radia-
tions below 2500 K. These variations may be caused by the absolute inteunsity
calibration, the difference of the detectors and the variability of the solar
radiation i.e. time variation and spa&ial variation. The solar spectral intensi-
ties measured by the photoelectric technique are in general lower by a factor of
3 than those by the photographic technique in the wavelength region below 2000 i.
The cause of the difference has not been known,

To extent of the ambiguity caused by inevitable uncertzinties in solar radia=-
tion intensity and so on, the random model gives a reasonable result 1in accuracy
as same as the exact calculation.

The appreciable effect of the predissociatien to the disgociation rate of

the oxygen molecule appears above LS ka, The altitude of the maximum effecct is
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found at 75 km for secz=1 and it increases with gecz. The ratio of the dissocia-
tion rate including the predissogiation to that neglecting the predissociation
falls in the range from 8 to 3.

The uncertainty of the solar intensity gives ambiguity of a factor 2 to &
to the dissociation rate of the oxygen molecule between 4O znd 100 kn.

The dissociation rate of the oxygen molecule computed with band model for
the Schumann-Runge bands is influenced somewhat by the selection of thzs model
parameters. Their influences are about 11 % from the selection of the distribution
function, 20 % from the mean line spacing, 20 % from the line intensity, and 5 %
from the line half-width. Last two influences are caused mainly from the ambiguity
of the experimental data adopted. Ambiguities in the band model are fairly small
compared with those caused from the solar radiation intensity and the prediséoa
ciation effect.

The photodissociation rate of the ozone molecule is little affected by the
predissociation or by the selection of the band model for the Schumann-Runge bands
but has the uncertainty of about 6 % due to the ambiguity of the solar radiation
intensity.

Vertical distributions of the ozone molecule in a pure oxygen atmosphere
were calculated for the various combinations of the parameters. The profile
deduced from the solar radiation obtained by the photoelectric technique, neglect-
ing the predissociation of the oxygen molecule in the Schumann-Runge bands gives
rather better fit with the obsecrved profiles. Soae difference is recognized
between the observed and calculated profile above 65 ¥m, arnd this difference
cannot be explained by the uncertainties discussed in the present paper only. The
photochemical theory of the atmospheric ozone should be refined by the improve-
ment of the knowledge of the parameters with allowance of the effect of minor
constituents and the eddy diffusion. Observations and monitoring of the solar
radiation in the Schumann-Runge region are important frem the above mentioned

reasonse
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Fig. 1

Fig. 2

Fig. 3

Fig.h

TFig. 5

Fig. 6

Fig. 7

F%gures

Potential curves for the oxygen molecule. Potential energy V(eV) is
relative to the bottom of the potential curve for the X’E; state.
r(A) is the inter nuclear distance.

Solar spectral irradiance outside the earth's atmosphere. Thin solid
curves show the black-body spectra at a given temperature.

Variations of the solar ultraviolet flux during a solar cycle.
Data of the solar flux at 17503 are taken from: A,Detwiler et al.(1961);
B,Brewer and Wilson(1965); C,Widing et al.(197Q); D,Heath(1973);

E,Prag and Morse (1970); F,Parkinson and Reeves (1969); G,Brueckner and
Moe (1972); H,Nishi et al. (1973). Data shown by filled circles are
obtained by photographic technige and those shown by filled squares are

by photoelectric technique.

Absorption cross section of the oxygen molecule in the region 1450 to
2500A. The absorption in the Schumann-Runge continuum (1350-1750A) and the
Schumann-Runge bands (1750-20004) corresponds to the transitiom 02(X32; )
- 02(332;;), and the Herzberg continuum (2000-24S43) is caused from the
forbidden transition, 02(X3E§ )y — 02(A32: ).

The rotational structure of the Schumann-Runge bands around 1810A at 250 K.
Line positions and strengths are shown schematically. Intensity scale
(arbitrary unit) in the upper part (v'-1 progression) is exaggerated by

a factor of 4 %107 compared to the lower part (v'-O progression).

Shape of an absorption line and definitions of the half-width and

the half half-width. .
Integrated band absorption coefficient K(v',v") of the Schumann-Runge
bands for. v' =0 .
-Q\ Ditchburn and Heddle(1954) Exp. ; 4 — A Bethke(19590)Exp ;
O Jarmain(1963) Cal ; V Halmann(1966) Exp ;
M---B Farmer et al. (1968) Exp ;

~++ Halmann and Laulicht(1960) Cal ; ¥ Ory and Gittleman(1964)Cal;

ki



¥ Harris et al.(1969) Cal ; S Murrell and Taylor(1969) Cal ;
p
+ Allison et 21.(1971) Cal .
Notation Exp means the experimental value and Cal means the theoretically
calculated value.

Fig. 8 Integrated band absorption coefficient K(v',v'") of the Schumann-Runge
bands for w'=1.

A Hudson and Carter(1968) Exp ;

& Ory and Gittleman(1964) Cal ; + Halmann and Laulicht(1966)Cal ;
X —— X Harris et al.(1969) Cal ; 4+ Allison et al. (1971) Cal.
Notations Exp and Cal +have the same meaning as in - Fige 7e

Fig. 9 Intensity distribution of the rotational lines in 15 wavelength intervals.
The indicated values on the ordinate scale apply to the interval 1 only.
The other intervals are displaced upward a distance corresponding to 10.
The short horizontal lines show the ordinate for each curve correspond-
ing to the value 20.

Fig.10 Schematic diagram of the cumulative probability of lines, S¢ym 4 for
various distribution functions.

Fig.11 Effect of the predissociation on the photodissociation rate of the oxygen
molecule. Solid curves show the dissociation rate including predissocia-
tion, and the broken curves without predissociation.

Fig.12 The ratio of dissociation rate including the predissociation to that
excluding it. |

Fig.13 Effect of the solar radiation F, () on the photodissociation rate of the
molecular oxygen. For each curve ,assumed Cases for F,(»), p(s), k, 4,
and  are shown as a Table in the Figure.

Fig.14 Effect of the distribution function of line intensities on the photo-
dissociation rate of the oxygen molecule for three Cases of the solar

radiation, F, (o) $ Case A, Case B , and Case C.

F2-



Fig.15

Fig.16

Fig.17

Fig.18

Fig.19

Fig.20

Fig.21

Effect of the mean absorption coefficient k on the photodissociation rate
of the oxygen molecule for two cases of the solar radiatiom F, (®)4%Case B,
and Case C.

Effect of the mean line spacing d on the photodissociation rate of the
oxygen molecule for two cases of the solar radiation F,(w) Case B and
Case C.

Effect of the mean line half-width o on the photodissociation rate of the
oxygen molecule for two cases of the solar radiation FyGW); Case B and
Case C.

Comparison of the dissociation rate of oxygen molecule obtained by
various methods. Our results by the band model approximation are shown
for the most appropriate cases of p(S), d and «.

Average band-absorption coefficients of the oxygen molecule adopted to
calculate the dissociation rate. Curve (3) is equal to the k of Case A
adopted in the band model.

Dissociation rate of the oxygen molecule deduced from the average band-
absorption coefficients shown in Fig. 19, and that from the band model.
Vertical profiles of ozone calculated for the atmosphere of 30°N lat

winter (pure oxygen atmosphere model). Two dotted curves show the range

of observations.
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Table

Table

Table

Table

Table

Table

Tables
Spectroscopic constants for the Schumann-Runge bands of the oxygen
molecule.
Predissociation line widths for the Schumann-Runge bands.
Assumed values of the integrated band absorption coefficient K(v',v")
and their ratio.
Division of the Schumann-Runge bands into 15 wavelength intervals and
mean line half-widths, mean absorption coefficients and mean line
spacings.
Total numbers of oxygen and ozone molecules per cmz, N(Oa) and N(OB)
above a given height corresponding to the distributions for 30°N
lat winter.
Calculated vertical distributions of the ozone photodissociation
rate for the solar radiation of Case A, Case B and Case C and for
secz of 1.0, 3.0 and 6.0. Assumed total numbers of the oxygen and

ozone molecules above a given height are shown in Table 5.



Table 1

| I
v v’ s, 0 Y (vit) I S N - W ’
j (em™) (cm™d) | (cm4)§ (lO‘cﬁq) (ca™") :(ldécd”)j
0 ' 49358.15  47801.76  0.8127 | 5,06  1.437771 | 4.913 |
1 50045,68 48489,29 . 0,8001 | 6.61 | 1,421979 | 4.825 ;
2 50710.83  #9154,4¢  0,7852 . 5,10  1.206135 | 4,737
3 51352,26 49795.87  0.7699 ' 4.54 ;
4 51909.81  s0ald.42 0.7537 ) 3,56 |
5 52501,39  51005.00.  0,7372|  5.71 | ! ,
6 53122,79 51566,40 0.7194 : 5.71 . : i
7 53650.2T  52099.83  0,6997 6.96
8  54156,28  52599.83  0,67711 6,71 |
9 54622,17  53005.78  0.6538 . T7.21 | ;
10 ¢ 55050,90 53494.,51 0.6270 ! 9.75 ¢ i
11 55435,90 3332,51 0.,>930 . 2.31 f
12 55734,57 54223,18  0,5540  14.16 ; ‘
{13 56035,51  54529.12: 0,5247  16.8 | f
b 14 50340,47 54784,08° 0fgs36 21,2 | j
|15 56550.54  54994.151  0.4399  25.7 | ;
16 55719.50  55163.11° 0.3953  24.3 | : |
17 56352.41 5296,02 0,347 | 45 z
13 56954.54  55393,15, 0.296 | 152 | ;
19 0 5703C.18  55473.79F 0,258 | 49 |
| 20! 57082.83  55526.44. 0,207 , 76 |




Table 2

0.50

i

Half-width (cm 1) ,
Half-width f(em ) |
1{ ] Ackerman et Hudson and '
al, (1970) Mahle (1972)
0 1.00 0,001
Lo 1.10 0,002
2 1,20 6,34 £0,15
3 2,20 1,25 0,35
4 370 3,30 +0,20
s 2,30 2,20 %0,20 !
6 1 190 1.70 0,10
LT 2,20 2,25  £0.05
i 8 2.00 2,21 £0,20
} 9 110 0.72 40,08
L 10 0 1.70 0.34 +0.05
E 11 g 1.70 1.80 0,12
P12 | 1.00 0.48 +0.05
| 13 | 0.0 0.08  +0.05
L 14 . 0.50 0.06  +0,05
|15 0.50 0.20 20,05
f 16 : 0,50 0.25 0,05
a7 | 0.50 0.£0
| 18 0,50 0.40
% 19 0,40




Table 3

of the number in the column,

K(v,0) K(U1)
| i

v | Case & Case B K(vie)s | IHarris et
i K (v)0)a al, (1969}

S Cem®) 1 (em™) (cm™)
0 9.94 (=3) 5.94 (=3) 1.C0 3.53 (=2)
2 5.4 (1) 6.4 (1) 1.19 1.81 (-3)
3 1.77 (+0) 3.67 (+0) 2.07 7.09 (=3)
L 6.51 (+0: 1,69 (+1): 2,60 2,08 (=2)
5 1.73 1) 6,66 (+1)' 3.85 5,02 (~2)
6 4,12 (+1) 1,05 (#2) 1 2,55 i 1,05 (-1)
7 8,47 (+1) 1,94 (+2): 2,29 f 1,97 (-1)
8 1,61 (+2) 2,90 (+2): 1,80 | 3,29 (~1)
9 2.55 (+2) 3.57 (+2) 1 1,40 4,90 (-1)
10 3,70 (+2) 4.83 (+2) 1.32 6.67 (-1)
11 5.14 (+2) 6.54 (+2) 1.27 8.37 (-1)
12 6.70 (+2) 8,52 (+2) 1.27 9.65 (=1)
13 7.53 (+2) 8,71 (+2) 1.16 1,03 (+0)
14 7.71 (+2) 8.78 (+2) | 1l.14 1,03 ( +0)
15 - 7.77 (:2) 8,97( +2) | 1.15 9.59 (-1)
16 7.52 (+2) 7.88 (+2) 1,05 8.50 (=1)
17+ 6,99 (+2) 7.52 (+2) 1.08 7.09 (-1)
18 5,61 (+2) 4,83 (+2) 0,360 5.66 (~1)
19 £,33 (+2) £,14 (+2) 0.945 4.35 (-1)
20 2.85 (+2) 3,21 (+2) 1,13 2,82 (-1)
The number in parenthzsis is the power of ten




Table 4

=
(&)

O o~ v\ FWwW -

PR N S Y

Band § Wavelength Interval Mean Line (Ilalf) Mean Absorption Mean Line Spacing
Head | lalf-width CoefficientC -

X J & ew) A _emT) L4 Cem) ]
v-vi Y  — ¥ (em )| cose A | case Bl case A | case B | caseA | caseB | caseC |
0-0 : L4yzs3.15 - L48458,15 0.0005 0.166 1.69 (-5) 1.69 (=5) 8.75 8.75 2.92
1-0 | 50045.63 - 49358.15 0.001 0.470 1.55 (-4) 1.55 (=4) 8.81 8.81 2.94
2-0 | 50710.83 - 50045.68 0.17 0.828 8.46 (~4) 1.05 (=3) 9.24 9.24 2.08
3-0 ; 51352.26 - 50710.83 0.63 0.939 2.87 (-3) 5.85 (~3) 8.22 8.22 2.74
4-0 ! 51969.81 - 51352.26 1.65 1.25 1.08 (-2) 2.78 (=2) 7.92 7.92 2.64
5-0 | 52551.39 = £13569.81 1.10 I 1.07 3.01 (=2) 1.14 (-1) 7.%9 7.39 2.46
6-0 | 53122.79 - 52561.39 0.85 0.699 7.48 (-2) 1.89 (-1) 7.20 7.20 2.50
7-0 | 53656.27 - 53122.79 1.13 0.751 1.61 (=1) 3,65 (=1) 7.02 7.02 2.34
8-0 | 54155.27 = 5%656.27 1.10 0.638 3.26 (=1) 5.84 (-1) 6.41 5.56 2.4
9-0 | sBL4622.17 - 54156.27 0.36 0.228 5.60 (=-1) 7.8% (=1) L,75 2.45 1.58
0-0 | 550%0.90 - SL622,17 0.17 0.209 8.98 (=~1) 1.19 (+0) 3.97 1.76 1.3%2
1-0 | 55438.90 - 55050.50 0.90 0.282 1.40 (+0) 1.78 (+0) 2.94 1.1% 0.980
2-0 | 55784.57 - 55438,90 0.24 0.159 1.97 (+0) 2.49 (+0) 4,80 1.92 1.60
14-0 | 56340.47 - 55784,57 0.04 i 0.110 3,05 (+0) 2.48 (+0) 5.67 1.89 1.89
20-0 | 57082.83 - 56340.47 | 0.17 | 0.178 | k.43 (+0) | .58 (+0) | 6.08 | 2.03 | 2.03

The number in parenthesis is the power of ten of the number in the column.



Table 5

I
Height:
| Km i

100
95
90
85 |

80 |

75

70

65 |

60

55
50
Ls
LO
25
20

25

20
15
10
25 |
0

The number in parenthsis is the power of

N(0.)
partlcles cm

1.742
3,811
8.749
2.065
4,902
1.128
2.453%
5,074
1.004
1.923
3,601
6.738
1.294
2.566
5.273
1.121
2,472
5.642
1.235
2.465
L.556

(+18)
(+18)
(+18)
(+19)
(+19)
(+20) !
(+20)
(+20)
(+21)
(+21)
(+21)
(+271) %
(+22)
(+22)
(+22)
(+23)
(+23)
(+23)
(+24) ‘
(+24)
(+24) |

]

S —

N(O3)

1.30
2.50
8.82
2037
6,32
1055
z. 42
6.92

5.28

2 O\0 OIN N~
.

Oﬂ—l\NOOOON[\)é;

2O OOMNO N O &

ten of the number in the column.

partlcles m{

(+13)
(+13)
(+13)
(+14)
(+14)
(+15)
(+15)
(+15)
(+16)
(+16)
(+16)
(+17)
(+17)
(+18)
(+18)
(+18)
(+18)
(+18)
(+18)
(+18)
(+19)

N
i
1
|
i




Table 6

secZ = 1.0
\__FV(OO) Case A ~ __Case B Case C
Heiéﬁ\ Dissociation! Dissociation| Dissociation
( km ratesec"l I‘atesec:—-'., ratesec‘l

100§ 0,1008 (-1)! 0.1008 (-1){ 0.9469 (-2)
95| 0.1008 (-1){ 0.1007 (=1)! 0.9467 (-2)
90 | 0.1007 (-1)] 0.1007 (~1){ 0.9463 (=2)
851 0.1006 (~1)| 0.1006 (=1)i 0.9453 (-2)
80! 0.1003 (-1)! 0.1003 (-1)} 0.9427 (-2)
75| 0.9967 (=2). 0.9965 (-2)| 0.9367 (-2)
70, 0.9840 (-2); 0.9838 (~2)i 0.9250 (-2)
65, 0.9610 (-2)° 0.9608 (-2) 0.2037 (-2)
60 0.9192 (-2)| 0,9190 (-2)i 0.8650 (-2)
55 0.38370 (=2)! 0.8%69 (-2). 0.7889 (-2)
50 | 0.7374 (=2)' 0.7173 (-2)i ©.6779 (-2)
bs | 0.LR67 (-)  0.4366 (—2)  0.4163 (.2)
bo' 0.1878 (-2): 0.1877 (-p): 0.1820 (-2)

secsd = 3.0
1001 0.1008 (-1) 1 0.1007 (-1)] 0.9467 (=2)
95! 0.1007 (=1)' 0.1007 (=1)1 0.9467 (=2)
90: 0.1006 (=1)+ 0.1006 (-1)] 0.9451 (-2)
05 0.1003 (-1). 0.1002 (~1); 0.9421 (-2)
80 0.9943 (-2)i 0.9943 (~2); 0.9345 (-2)
751 0.9758 (-2)' 0.9756 (-2)! 0.917L (-2)
701 0.9%98 (-2)  0.9396 (-2); 0.8841 (-2)
651 0.8770 (-2) 0.8769 (-2). 0.8260 (-2)
60| 0.7721 (=2) - 0.7720 (=2), 0.7287 (=2)
551 0.5987 (-2)° 0.5986 (—2)[ 0.5675 (~2)
501 0.4122 (-2)  0.4121 (=2)| 0.%935 (-2)
Lsi 0.1826 (=2)  0.1825 (~2)! 0.1773 (=2)
4O 1 0.9015 (=3); 0.9014 (-3)| 0.8910 (-3)

secZ = 6.0
100| 0.1007 (=1), 0.1007 (=1)i 0.946h4 (=2)
95! 0.1007 (-1), 0.1006 (~1)| 0.9455 (-2)
90| 0.1004 (=1)! 0.1004 (=1)! ©.9433 (=2)
85] 0.9976 (-2)| 0.9973 (-2)| 0.9375 (-2)
80| 0.9815 (=2)! 0.9813 (~=2)I 0.9227 (-2)
751 0.9458 (~2) 0.9457 (-2)| 0.9897 (-2)
7 0,074 (=2), 0.6733 («2)!  0.,6273 (-2)
65! 0.7686 (=2) 0.7685 (-2)| 0.7255 (-2)
60 0.6066 (=2). 0.6066 (=2); 0.5750 (=2)
55| 0.3951 (=2)| 0.3950 (-2)| 0.3775 (-2)
501 0.23%71.(-2)1 0.2371 (=2)] 0.2291 (=2)
45| 0.1122 (=2)| 0.1122 (=2)] 0.1104 (-2)
4Oo| 0.635G (=2)i 0.6357 (=3)] 0.632%6 (~3)

The number in parenthesis is the power of ten of the

number in the column.
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