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PHOTODISSOCIATION RATES FOR MINOR 
SPECIES IN THE EARTH'S ATMOSPHERE

R. D. Harris*, R. A. McCue*, and G. W. Adams

ABSTRACT. Photodissociation rates per molecule for ten minor atmospheric species have been 
computed as functions of wavelength, altitude, and solar zenith angle for medium solar activity. 
Calculations for wavelengths from the onset of dissociation to 1000 A and for altitudes below 110 
km for CO, C02, CH4, C2H4, NO, N02, N20, H20, H202, HN03, and the major species 03 and 
02 are reported. Photodissociation calculations depend upon the atmospheric 02 and 03 absorp­
tion but are independent of specific minor species densities.

1. INTRODUCTION
Recent interest in stratospheric contaminants 

and their possible effects on the ozone popula­
tion has sparked both theoretical and experi­
mental efforts to identify and generate accurate 
height profiles for all atmospheric species. 
Many chemical species that constitute only a 
minute fraction of the total air population have 
been found to be extremely important in the 
chemistry of both the mesosphere and strato­
sphere. Accurate photodissociation rates of 
these minor species are a necessary ingredient 
in the chemical-kinetic models that attempt to 
describe those complex reactions. This report 
presents calculations of photodissociation rates 
(per molecule) for minor species in the Earth's 
atmosphere as functions of wavelength, al­
titude, and solar zenith angle. Our motivation 
lies in the fact that the solar flux penetrating the 
atmosphere is absorbed primarily by 02 and 
03; the photodissociation rate (per molecule) of

minor species, N20 for example, can be calcu­
lated independent of the N20 density. Thus, 
our calculations are based on experimental den­
sities of 02 and 03 and measured cross sections 
that are mostly well known. The modeler who 
must use dissociation rates is then free to 
choose minor density profiles of his own par­
ticular bias.

Although the absorption cross sections for a 
number of important species have been mea­
sured with great detail, the cross sections of 
other species mostly of recent interest have not 
yet been measured and we have not yet calcu­
lated p-d rates for them. The minor species in­
cluded in this report are: CO, C02, CH4, QH*, 
NO, N02, N20, H20, H202, and HN03. Cross 
sections and dissociation rates are presented in 
separate sections. Calculations for the major 
species 02 and 03 as functions of height and 
zenith angle are also given for easy reference.

‘Center for Research in Aeronomy, Utah State University, Logan, Utah 84322.
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2. CALCULATIONS
The photodissociation rates for species / were 

calculated as 
A-2/ X.z)=J

^
 o’, (X)<M*)exp-^^mz)dx

where / denotes minor species, 
m denotes major species, 
ji is the dissociation rate per molecule of 

species / (sec-1)'
and X2 are the wavelengths bounding 
the region of interest,

X is the zenith angle of the Sun, 
z is the altitude,
cr, (<rm) is the photon absorption cross 

section of species / (ra),
<t>a, is the solar flux at the top of the atmo­

sphere, and
Nm(XrZ) is the column density of species 

m along the path from altitude z to the 
Sun at zenith angle x*

For the dissociation curves to be utilized;, must 
be multiplied by the density. This gives the 
total photodissociation rate = nj, (ion-pairs/ 
cm3-sec).

The "major" species are 02 and 03/ since 
these are the species that control the solar flux 
that penetrates into the middle and lower atmo­
sphere in the wavelengths of interest here. The 
ionization limit of 02 is at 1027.5 A, so wave­
lengths short of this are predominantly ab­
sorbed high in the thermosphere. Absorption 
by minor species is usually not of interest above 
120 km; therefore calculations have been lim­
ited to altitudes below 110 km, and wave­
lengths longer than 1000 A. The 02 density 
profile was taken from the U.S. Standard Atmo­
sphere [1962] for 0 to 90 km, and from the Jac- 
chia [1971] model for 90 to 120 km. Since the 
solar flux absorption depends on the total col­
umn content, the dissociation rates at 110 km 
are essentially independent of the major species 
densities above 120 km. Atmospheric parame­
ters are given in Table 1. The 02 absorption 
cross sections are plotted in Figure 1. Following 
are the 02 absorption cross sections used:

1100-1030 A: Cross sections are from Hin- 
teregger [1965].

1030-1280 A: Cross sections used in this re­
gion are from Adams [1974], 
which are band-averaged in 10 
A steps following Hudson and 
Mahle [1972].

1280-1750 A (Schumann-Runge continuum): 
The results summarized in 
Hudson's [1971] review are 
used, since there is good 
agreement between the differ­
ent measurements.

1750-2050 A (Schumann-Runge bands): 
Hudson and Mahle's [1972] 
band-averaged cross sections 
were used here.

2050-2500 A (Herzberg continuum): Cross 
sections in this region are from 
Ditchburn and Young [1962]. 
Absorption in this wavelength 
region can energetically lead 
only to two ground-state atomic 
oxygen atoms, which is spin- 
forbidden, so cross sections in 
the Herzberg continuum are 
small.

The ozone profile is not as "standard" as 
either 02 or N2, and it is not clear which of the 
many values available is most correct. The solar 
radiation below 1750 A is absorbed overwhelm- 
ingly by 02. (At 65 km the solar flux in these 
wavelengths has been reduced more than four 
orders of magnitude.) CO, CH4, and QH* are 
dissociated entirely in this region. In the 
Schumann-Runge bands, 1750-2050 A, the at­
mosphere is almost transparent down to 50 km; 
at 30 km the 02 absorption is 1-4 times the 03 
absorption, depending on the 03 density as­
sumed. The species NO, H20, and 02 are 
examples of species whose dissociation rate 
below about 60-70 km is primarily dependent

Figure 1. Experimental 02 absorption cross section vs. 
wavelength.

SCHUMANN-RUNGE
BANOS

240022001200 2000OOO 1400
wavelength (A)
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on the solar flux in the Schumann-Runge band 
wavelengths. For wavelengths greater than 
2050 A the absorption is primarily 03. The 
2000-3000 A region of 03 (the Hartley band and 
continuum) is especially important since it 
overlies the weak Herzberg continuum of 02. 
Carbon dioxide, N20, and HNOa have about 
equal contributions to their dissociation rates 
from the 1750-2050 A band and from wave­
lengths greater than 2050 A. N02, H202, and 03 
have the major portion of their dissociation 
rates beyond 2500 A.

To illustrate the effects of ozone variability on 
dissociation rates, a number of both experimen­
tal and theoretical 03 profiles were collected 
[Evans, 1967; Shimazaki and Ogawa, 1974; 
Wofsy, 1974; Grobecker, 1975; Nicolet, 1975; 
Riegler et al., 1976], from which could be esti­
mated minimum and maximum bracketing val­

ues for the 03 density. These bracketing values, 
plotted in Figure 2a, were used to calculate the 
H202 dissociation rate in Figure 2b. Figures 2c 
and 2d show the dissociation rates for 03 and 
N02, for low- and mid-03 profiles. These fig­
ures illustrate the sensitivity or rather insen­
sitivity of dissociation rates to 03 densities. 
Despite the very large variation in 03 (Figure 
2a) for an overhead Sun, a variation in 03 pro­
duces differences only in the photodissociation 
rate below 45 km. Dissociation rates at large 
zenith angles show the effects of an 03 varia­
tion at much higher altitudes because of the 
large 03 column densities, but then the rates 
fall off rather rapidly.

The 03 density profiles used for the detailed 
dissociation rate calculations were taken from 
Adams and Megill [1970] for altitudes between 
29 and 120 km, and from Dutsch and Mateer
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Figure 2. (a) Extreme values for 03 profiles based on collected 03 data; (b) H202 dissociation rates based on 
high and low 03 profiles from (a); (c,d) 03 and N02 photodissociation rates based on middle and low 03 
profiles of (a).
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Table 1.
Model Atmosphere Parameters 00 00

2
(km)
110
100
90
80
70
60
50
40
30
20

T
(K)

257
210
180.6
180.7
219.7
255.8
273.6
250.3
226.5
216.6

102]
(cm'3 )

4.34 + IV
2.17 + 12
1.38 + 13
8.7 + 13
3.81 + 14
1.35 + 15
4.47 + 15
1.74 -1- 16
8.02 + 16
3.87 -1- 17

J » (0 2>dz
2 (cm'2)
2.29 + 17
1.29 + 18
7.51 + 18
4.77 + 19
2.53 + 20
1.02 -1- 21
3.63 + 21
1.30 -1- 22
5.42 + 22
2.49 + 23

[03]
(cm-3 )
2.0 + 6
7.5 + 6
2.1 + 7
1.0 + 8
5.6 + 8
4.1 + 9
3.6 + 10
6.0 + 11
6.0 + 12
3.5 + 12

/ » (03)dz
2 (cm'2)
1.15 + 12
5.36 + 12
1.82 + 13
6.61 + 13
3.36 + 14
2.21 + 15
1.68 + 16
1.87 + 17
3.53 + 18
8.30 + 18

10
0

223.3
288.1

1.80 + 18
5.33 -1- 18

1.19 4- 24
4.53 + 24

5.0+ 11
1.0 + 8

1.05 + 19
1.06 + 19

*4.34 -I- 11 =4.34 x 10"

[I964J for altitudes between 0 and 28 km (Table 
1). The following 03 absorption cross sections 
were used:

1050-2050 A— Cross sections given by 
Tanaka, Inn, and Watanabe 
[1953];

2050-7560 A — Cross sections from Inn and 
Tanaka [1959].

No cross sections for 03 seem to exist from 7560 
A to the dissociation level of 11929 A. The 03 
absorption cross sections are shown in Figures 
3a and 3b.

High in the atmosphere Rayleigh scattering 
decreases the intensity of the solar flux by scat­
tering photons out of the direct line of sight. 
Since the Rayleigh scattering coefficient is in­
versely proportional to the fourth power of 
solar wavelength [Allen, 1963] and the apparent 
absorption is proportional to the product of the 
scattering coefficient and total air column den­
sity [private commun., L. R. Megill, Utah State 
University, 1975], the scattering is significant 
only at short wavelengths and deep in the 
atmosphere. Figure 4 shows the altitude at 
which the radiation of an overhead Sun is re­
duced by a factor e”1. The maximum effect of 
Rayleigh scattering on solar radiation occurs 
near 2000 A, and then amounts to only about 
20% of the total absorption. All of the dissocia­
tion rates that are presented include the effects 
of single scattering. Deep in the atmosphere, 
multiple scattering becomes important. Luther 
and Gelinas [1976] show that multiple scatter­
ing increases the dissociation of N02 by 40% 
and of 03 by 30% below 40 km. Furthermore, 
the ground albedo becomes important for the 
wavelengths that penetrate to the ground. Mul­
tiple scattering effects are beyond the scope of

this paper, so results given for altitudes below 
40 km should be used with appropriate caution.

There is considerable uncertainty and dis­
agreement about the magnitude of the solar 
fluxes in some wavelength regions, particularly 
in the 1300-1900 A region. A review of the 
available data, including a recommended spec-

WAVELENGTH (A)

Figure 3. Experimental 03 absorption cross section (a) 
from 1000 to 4000 A, and (b) from 4000 to 8000 A.
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Figure 4. Altitude at which (f> = ~*; direct solar radia­
tion for an overhead Sun has been reduced by 37%.

trum for medium solar activity, has been pre­
pared by Donnelly and Pope [1973]; that spec­
trum is used here for wavelengths longer than 
1300 A (Fig. 5). Hinteregger's [1970] spectrum is 
used for shorter wavelengths. Unfortunately, 
no spectra are available for other levels of solar 
activity, so calculations are restricted to me­
dium solar activity. The major changes from 
either the Hinteregger [1965] spectrum or the 
Ackerman [1971] spectrum to the Donnelly and 
Pope spectrum are the inclusion of more struc­
ture and the lowering of the flux values in the 
1300-1800 A region.

Many lines exist in the solar spectrum in this 
wavelength region. Solar fluxes for both lines 
and bands in this region are taken from Hin­
teregger [1970], primarily to permit the use of 
the cross-section compilation of Stolarski and 
Johnson [1972], which is keyed to Hinteregger's 
wavelength intervals. The strengths of these

Figure 5. Solar flux values used in the dissociation calcu­
lations.

lines are represented by the arrow tips in Fig­
ure 5.

For most species and spectral regions, the 
photon absorption cross sections are relatively 
smooth and the calculations are straight­
forward. Nevertheless, all of the detail in the 
published cross sections is included in the cal­
culations. The Schumann-Runge bands (1750- 
2050 A) of 02 are intensely structured, but for 
minor species whose cross sections are 
smoothly varying in this region, Hudson and 
Mahle's [1972] band-averaged O2 cross sec­
tions are adequate. However, two of the minor 
species, C02 and NO, have moderately struc­
tured cross sections in the Schumann-Runge 
band region. The dissociation rates for these 
two species were handled by averaging the C02 
and NO cross sections over the wavelength 
intervals keyed to the band-averaged 02 cross 
sections of Hudson and Mahle [1972], and also 
by incorporating all the C02 and NO structure 
together with the detailed Schumann-Runge 
band structure of 02 in the theoretical model of 
Park [1974]. In this model approximately 17,000 
values for 02 cross sections in the Schumann-
Runge band were calculated between 1753.52 Ao  
and 1987.48 A. The two techniques will be 
compared later.

3. CALCULATED 
PHOTODISSOCIATION RATES

3.1 Carbon Monoxide (CO)
Although the dissociation region for CO goes 

from the ionization limit at 885.6 A to the dis-
sociation limit at 1115.8 A,o  cross-section mea­
surements [Myer and Sampson, 1970] are avail­
able only for wavelengths longer than 1050 A, 
or less than one-third of the total wavelength 
region. However, as discussed earlier, calcula­
tions for wavelengths short of 1027.5 A are of 
little phyical interest so the only missing cross 
sections that are important are those for 24.5 A. 
These cross sections are shown in Figure 6. 
They are moderately structured, typically ~4 x 
1019cm2, but increasing with decreasing wave­
length. There are two strong (5 x 10"18 cm2) 
absorption peaks evident in the cross sections, 
and one of these is almost exactly coincident 
with the Nil solar line group at 1085 A [Hin­
teregger, 1970].

5



IOOO
WAVELENGTH (A)

Figure 6. Experimental dissociation cross section of CO 
as a function of wavelength.

The calculated CO dissociation rates as a 
function of altitude parametric in solar zenith 
angle are shown in Figure 7. The low-zenith- 
angle curves show some slight structure that 
results from the coincidence of the absorption 
peak with the 1085 A solar line. This is shown 
in detail in Figure 8 where the contribution 
from the line has been separated from the rest 
of the solar flux (labeled "band") for the over­
head Sun. The 1085 A line dominates the dis­
sociation down to 100 km whereas below 100 
km the line is absorbed strongly and the dis­
sociation is determined by the rest of the solar 
spectrum.

To examine the effect of the missing cross 
sections below 1050 A, an extrapolation (shown 
in Figure 6 as a dashed line) has been included 
in some of the calculations. This extrapolation 
has no physical basis, and should be con­
sidered only as indicative of the possible effect 
of the missing cross sections.

1—l i i mi|

IO'° IO'9
CO DISSOCIATION RATE ( SEC*' )

Figure 7. Dissociation rate per molecule of CO as a func­
tion of altitude with solar zenith angle parametric.

OTAL

LINE (1085

TOTAL

DISSOCIATION RATE (SEC*')

Figure 8. Contributions from various wavelength regions 
to the total dissociation rate of CO for an overhead Sun.

The effect of including the extrapolated 
(down to 1000 A) cross sections is shown as a 
dashed line in Figure 8 for an overhead Sun. 
Such an inclusion raises the total dissociation 
rate noticeably above 80 km, and the extra dis­
sociation rate dominates the total above 95 km. 
Clearly it would be useful to have measure­
ments of the dissociation cross sections for CO 
in the region below 1050 A. The variation of the 
dissociation rates with zenith angle at selected 
altitudes is shown in Figure 9. These curves 
contain the same data as those in Figure 8, but 
are plotted differently to facilitate interpolation.

ZENITH ANGLE (DEG)

Figure 9. Dissociation rate per molecule of CO as a func­
tion of solar zenith angle with altitude parametric.
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Figure 10. Experimental dissociation cross section of C02 
as a function of wavelength.

3.2 Carbon Dioxide (CO2)
Dissociation ofC02 begins at the dissocia­

tion limit 2272.9 A and continues through the 
ionization energy at 900.2 A, although, as dis­
cussed before,

o
 calculations were carried down

only to 1000 A. Absorption cross sections for 
C02 were taken from Nakata et al. [1965] 
(1000-1100 A), Inn et al. [1953J (1100-1718 A), 
and Ogawa [1971] (1718-2160 A) (Fig. 10). The 
region from 1000 to 1200 A is strongly struc­
tured, as are the 02 cross sections. Calculations 
utilizing all of the detailed structure have been 
made, but it is found that dissociation in the 
1000-1300 A range is dominated by the solar 
lines as indicated in Figure 11. No cross-section 
measurements appear to exist between 2160 A 
and the dissociation limit at 2272.9 A, but cross 
sections in the region adjacent are sufficiently 
small that this omission should cause no diffi­
culty except at the lower altitudes. To examine 
this point, an extrapolation of the cross sections 
through the 2160-2273 A region have been 
made as indicated by the dashed line in Figure 
10. This extrapolation has no physical basis,
and its effects should be considered only as
indicative of possible effects from this region.

The contributions to the dissociation rate* 
from the various wavelength regions are shown 
in Figure 11. The solar lines dominate the dis­
sociation rate down to 66 km; here the 
Schumann-Runge bands (1750-2050 A) pene­
trate and cause the sharp turnover in the dis­
sociation rate profile. The extrapolated 2160- 
2273 A region also becomes significant in this 
region. (The dashed "total" line includes the 
extrapolated region; the solid "total" line does 
not.)

2050-2160

1300-1

DISSOCIATION RATE (SEC*»)

Figure 11. Contributions from various wavelength re­
gions to the total dissociation rate of C02 for an over­
head Sun.

The variation of the total photodissociation 
rate profile with zenith angle (not including the 
extrapolated region) is shown in Figure 12. 
Notice that the variation of the dissociation rate 
for a zenith angle variation from 0° is much 
larger above 60 km than below. The variation of 
dissociation rate with zenith angle, parametric 
in altitude, is shown in Figure 13. The dissocia­
tion rate curves for C02 shown above were 
based on averaging the C02 cross sections in 
the 19 wavelength intervals specified by Hud­
son and Mahle [1972] for the 02 Schumann- 
Runge bands between 1750 and 2050 A. Figure 
14 illustrates that in the 1750-2050 A wave­
length region average values for C02 cross sec­
tions can be chosen for the wave-length inter­
vals specified by Hudson and Mahle [1972], and 
these average values differ by less than a factor 
of two from the measured values. Therefore, 
dissociation rates calculated from detailed C02 
and 02 cross sections should not greatly differ 
from dissociation rates calculated with the 
band-averaged results of Hudson and Mahle 
[1972]. Park's [1974] model of the Schumann- 
Runge band of 02 was used to generate approx­
imately 17,000 02 absorption cross sections. 
These values and the C02 cross sections of Fig­
ure 10 were used to recalculate the dissociation 
rate of C02. For small 02 column densities less 
than 2 x 1020 the two methods yielded identical 
results. For column densities between 2 x lO20 
and 3 x 1022 the jcc>2 values computed with the 
Park model Schumann-Runge absorption cross 
sections yielded dissociation rates 0%-20% 
lower than /cc>2 values utilizing the Hudson- 
Mahle band-averaged 02 cross sections. For 02

7
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DISSOCIATION RATE (SEC'1)

Figure 12. Dissociation rate per molecule of C02 as a 
function of altitude with solar zenith angle parametric.

ANGLE (DEG)

Figure 13. Dissociation rate per molecule of C02 as a 
function of solar zenith angle with altitude parametric.

HUDSON WAVELENGTH
INTERVALS

AVERAGE1
VALUES

1850 1950
WAVELENGTH (A) 2050

Figure 14. C02 absorption cross section in the 02 
Schumann-Runge band and associated band intervals 
for averaging from Hudson and Mahle [1972].

column contents greater than 3 x 1022 (cm”2) the 
detailed 02 structure results exceeded the 
band-averaged results by 0%-20%. Thus, be­
cause the C02 absorption cross section struc­
ture between 1750 and 2050 A was not severe, 
dissociation rates using the band-averaged 02 
Schumann-Runge results of Hudson and Mahle 
[1972] were not significantly different from dis­
sociation values calculated with the detailed ro­
tational line structure of the 02 Schumann- 
Runge band.

The dissociation rate for C02 at 50 and 100 
km and for zenith angles of 0° and 90° is plotted 
as percent dissociation versus wavelength in 
Figure 15. At 100 km the major portion of the 
dissociation is produced by short 1000-1216 A 
wavelengths whereas at 50 km the short wave­
lengths are gone and the dissociation is pro­
duced by 2000-2300 A radiation.

3.3 Methane (CH4)
The dissociation of methane begins at 2746 A 

(4.40 eV), while the onset of ionization is at 
961.7 A (12.88 eV) [Chemical Rubber Co., 1975]. 
Data for the photoabsorption cross-sections 
were taken from Sun and Weissler [1955] 
(1000-1130 A), Laufer and McNesby [1965] 
(1130-1440 A), and Watanabe et al. [1953] 
(1440-1661 A). We found no data for the 1611- 
1736 A region. The cross sections vary smoothly 
with wavelength in the dissociation region 
(Fig. 16). As with most species that absorb 
strongly in the 1000-1400 A region, the dissoci­
ation rate profile is dominated by the solar 
lines, principally the hydrogen Lyman alpha

O 1900
WAVELENGTH (A)

Figure 15. Percent dissociation of C02 versus wavelength 
for 50 and 100 km altitudes and for 0° and 90° zenith 
angles.
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Figure 16. Experimental dissociation cross section of CH4 
as a function of wavelength.

line at 1215.7 A. More than 99% of the dissocia­
tion rate values above 70 km are due to the 
Lyman alpha line. Since the dissociation rate is 
dominated so strongly by the solar lines, the 
variations are smooth and well-behaved (Fig. 
17). The dissociation rate per molecule is 3-5 X 
10"6 sec’1 down to ~80 km; it then falls rapidly 
and is effectively zero below 60 km. This gives a 
lifetime against dissociation of ~3 days at the 
higher altitudes for methane and even longer at 
lower altitudes. The variation of dissociation 
rate with zenith angle, parametric in altitude, is 
shown in Figure 18.

3.4 Ethylene (C2H2)
The absorption spectrum for ethylene has 

been measured from 1970 A down through the 
ionization limit at 1179.3 A (10.52 eV). Data 
used here are taken from Schoen [1962] (1000- 
1240 A) and Zelikoff and Watanabe [1953] 
(1240-1970 A and are shown in Figure 19.

It is difficult to determine the exact dissocia­
tion threshold energy because of the large ab­
sorption peaks, similar to the Schumann-Runge 
bands of 02 , at the onset of dissociation. Wil­
kinson and Mulliken [1955] estimate the dis­
sociation energy at 7.26 eV (1709 A) but do not 
discount the possibility of predissociation at

I I T I 1 I 11

RATE (SEC-1 )CH4 DISSOCIATION

Figure 17. Dissociation rate per molecule of CH4 as a 
function of altitude with solar zenith angle parametric.

IQIKM

ZENITH ANGLE (DEG)

Figure 18. Dissociation rate per molecule of CH4 as a 
function of solar zenith angle with altitude parametric.

WAVELENGTH (A)

Figure 19. Experimental dissociation cross section of 
C2H2 as a function of wavelength.
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gure 20. Contributions from various wavelength re­
gions to the total dissociation rate of C2H2 for an over­
head Sun.
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Figure 21. Dissociation rate per molecule of C2H4 as a 
function of altitude with solar zenith angle parametric.

IQOKM
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Figure 22. Dissociation rate per molecule of C2H4 as a 
function of solar zenith angle with altitude parametric.

longer wavelengths. The ionization cross sec­
tions in the 1000-1179.3 A region (not shown) 
are much smaller than the dissociation cross 
sections [Schoen, 1962] although they are com­
parable for wavelengths short of ~700 A.

Dissociation rates (see Fig. 20) are dominated 
almost completely by solar lines, particularly 
Lyman alpha, although the 1300-1709 A region 
makes a noticeable contribution above 95 km. 
Any predissociation from wavelengths greater 
than 1709 A might be observed below 70 km 
but the extent of this effect is uncertain. The 
altitude variations of the ethylene dissociation 
rate, parametric in solar zenith angle, are 
shown in Figure 21. For an overhead Sun, the 
dissociation rate falls effectively to zero below 
60 km; for a 90° Sun, this altitude is raised to 85 
km. These profiles, being dominated by the 
solar lines, show very little structure. The dis­
sociation rate is 1 x 10"5 sec’1 at 100 km (imply­
ing a lifetime of about 1 day), but falls off 
rapidly at altitudes below 90 km. A plot of dis­
sociation rate versus zenith angle, parametric in 
altitude, is shown in Figure 22.

3.5 Nitric Oxide (NO)
Of the absorption cross sections considered 

in this report, that of NO exhibits the greatest 
structure. The dissociation range of NO extends 
from the dissociation level 1908.4 A (6.5 eV) 
down to the ionization level 1341 A (9.25 eV). 
The ionization cross sections from Watanabe et 
al. [1967] (not shown) are smaller by a factor of 
0.6-0.7 than the

o
 dissociation cross sections in

the 1000-1341 A region. The cross sections were 
taken from Watanabe et al. [1967] (1000-1350 A) 
and Watanabe et al. [1953] (1350-1911 A). An 
important part of the NO dissociation rate is 
produced by solar radiation of wavelength 
greater than 1750 A. Of particular importance 
for this molecule is the predissociation that oc­
curs in the 8 bands, the j3(z/^7) bands, and the 
y(z/^4) bands. Cieslik and Nicolet [1973] have 
shown that the integrated absorption cross sec­
tions for the rotational lines of the 8(1-0) and 
8(0-0) bands are as big as 2 x 10"16 (cm 2), 
whereas the NO absorption measurements 
cannot resolve the rotational line structure and 
thus yield averaged cross-section values that 
are only 10"18 cm2 (see Fig. 23). Photo­
dissociation rates based on the detailed rota-
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Figure 23. Experimental dissociation cross section of NO 
as a function of wavelength.
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Figure 24. Dissociation rate per molecule of NO as a func­
tion of altitude with solar zenith angle parametric.
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Figure 25. Dissociation rate per molecule of NO as a func­
tion of solar zenith angle with altitude parametric.

tional structure have values approaching 6 x 
10 6 sec 1 [Cieslik and Nicolet, 1973]; the cross 
sections of Figure 23 yield values nearly 4 X 10"7 
sec \ The photodissociation calculations were 
stopped at 1800 A; this neglects the /3(v' = 7) 
through $(v' = 10) bands, the y(v' = 4) band 
and the 8(v = 0), 8(i> = 1) bands. The /3(v' = 7) 
through P(v' = 10) bands and the y(v' = 4) 
band have dissociation values at zero optical 
depth of 0.02 and 0.01 times the 8 bands respec­
tively [Cieslik and Nicolet, 1973]. Because of the 
large dissociation rates calculated by Cieslik 
and Nicolet [1973], the curves presented here 
are of limited use but are included for com­
pleteness. Dissociation rates versus altitude 
and zenith angle are plotted in Figures 24 and 
25.

3.6 Nitrous Oxide (N2O)
Nitrous oxide is a weakly bound molecule, 

with dissociation starting at 7390.7 A (1.677 eV) 
and ionization beginning at 961.2 A (12.894 
eV). Cross-section data taken from Zelikoff et 
al. [1953] (1080-2050 A) and from Thompson et 
al. [1963] (2050-2390 A) are shown in Figure 26. 
Cross sections for longer wavelengths are es­
sentially zero [Johnston and Selwyn, 1975].

2200

WAVELENGTH (A)

Figure 26. Experimental dissociation cross section of N20 
as a function of wavelength.
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Figure 27. Contributions from various wavelength re­
gions to the total dissociation rate of N20 for an over­
head Sun.
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Figure 28. Dissociation rate per molecule of N20 as a 
function of altitude with solar zenith angle parametric.

ZENITH ANGLE (DEG)

Figure 29. Dissociation rate per molecule of N20 as a 
function of solar zenith angle with altitude parametric.

Photodissociation rates for the various wave­
length intervals (an overhead Sun) are shown 
in Figure 27. The Schumann-Runge bands 
(1750-2050 A) are the dominant contribution to 
the dissociation rate over most of the altitude 
region shown, although the solar lines contrib­
ute slightly more above 90 km. The variation of 
the photodissociation rates with altitude, 
parametric in zenith angle, is shown in Figure 
28, and the variation with zenith angle, para­
metric in altitude, is shown in Figure 29.

The dissociation rate curves are very smooth 
except for the changeover from solar lines to the 
Schumann-Runge bands between 70 and 90 
km. Figure 30 illustrates the percent dissocia­
tion versus wavelength for N20. It is apparent 
that the long wavelengths become the domi­
nant source of dissociation deep in the atmo­
sphere. For wavelengths less than about 
2900 A, Luther and Gelinas [1976] have shown 
that multiple molecular scattering and surface 
albedo produce negligible dissociation prod­
ucts down to about 20 km.

3.7 Nitrogen Dioxide (NO2)
Photodissociation for nitrogen dioxide be­

gins at the dissociation limit of 2977.6 A 
(3.116 ey). The ionization energy is 9.78 eV 
(1267.3 A). This means that both N02 and NO 
can be^ ionized by the Lyman alpha line at
1215.7 A. However, N02 has a very low transi­
tion probability for ionization, because of the 
large geometrical change involved in going 
from the bent N02 molecule to the linear N02+ 
molecule [Nakayama et al.„ 1959]. Data for the 
absorption cross sections have been taken from

WAVELENGTH (A)

Figure 30. Percent dissociation of NzO versus wavelength 
for 30 and 100 km altitudes and for 0° and 90° zenith 
angles.
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Figure 31a. Experimental N02 dissociation cross section 
from 1000 to 2000 A.

~ZOOO
WAVELENGTH (A)

Figure 31b. Experimental N02 dissociation cross section 
from 2000 to 4000 A.

DISSOCIATION RATE (SEC-1)

Figure 32. Contributions from various wavelength re­
gions to the total dissociation rate of N02 for an over­
head Sun.

Nakayama et al. [1959] (1080-2400 A) and Hall 
and Blacet [1952] (2400-3977.6 A). Apparently, 
no absorption data exist for the 1000-1080 A 
region. Since there is ionization in the 1080- 
1267. 3 A region, ionization cross sections have 
been subtracted so that the cross sections 
shown in Figures 31a and 31b are only for 
photodissociation. (The ionization cross section 
is 20% of the total at 1080 A and less at longer 
wavelengths.)

The resultant dissociation rates from differ­
ent spectral regions as a function of altitude are 
shown in Figure 32. The 2500-3977.6 A region 
clearly contributes the majority of the dissocia­
tion products. As is true of most molecules with 
significant absorption in the visible, N02 has a 
high dissociation rate all the way to the ground. 
In fact, because solar flux in the 3000-4000 A 
region can penetrate to the ground, molecular 
multiple scattering and surface albedo become 
important in the lower atmosphere. Luther and 
Gelinas [1976] have shown that multiple scatter­
ing increases the dissociation rate between 40 
km and 50 km by 40%, and reflection from the 
ground increases it an additional 0%-60% de­
pending on the surface albedo. These effects 
are zenith angle dependent however, and are 
negligible for angles greater than 90°. Our dis­
sociation rates, including only single scattering 
events, were calculated down to 40 km (Fig. 33), 
but in view of Luther and Gelinas's results the 
values below 50 km may be somewhat in error. 
N02 has the largest dissociation rate of any 
species covered in this study-a value of 1 x 10 
sec’1, implying a lifetime against photo­
dissociation of approximately 100 seconds. The

T-1 I I M I |

io'4 IO'S

DISSOCIATION RATE (SEC*')

Figure 33. Dissociation rate per molecule of N02 as a 
function of altitude with solar zenith angle parametric.
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Figure 34. Dissociation rate per molecule of N02 as a 
function of solar zenith angle with altitude parametric.

Figure 35. Experimental dissociation cross section of H20 
as a function of wavelength.
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Figure 36. Contributions from various wavelength re­
gions to the total dissociation rate of H20 for an over­
head Sun.

variation of dissociation rate with zenith angle, 
parametric in altitude, is plotted in Figure 34.

3.8 Water Vapor (H2O)
Water vapor photodissociates at levels be­

tween the dissociation level, 2495.96 A 
(5.11 eV), and the ionization limit, 985.4 A 
(12.59 eV). The dissociation cross sections were 
takenfrom Watanabe and Jursa [1964] (1000- 
1142 A), Watanabe and Zelikoff [1953] (1142- 
1850 A), and Thompson et al. [1963] (185CL- 
1924 A) (Fig. 35). Cross sections from 1924 A 
through 2426 A apparently have not been mea­
sured in detail, but Thompson et al. [1963] and 
Anderson [1971] estimate that the cross sections 
continue to decrease beyond 1924 A. Figure 36 
illustrates the contributions by various portions 
of the wavelength region to the H20 dissocia­
tion for an overhead Sun.

The dissociation of water vapor has two main 
features; above 70 km the solar Lyman alpha 
line produces over 60% of the dissociation (Fig. 
37) while below 70 km the dissociation is pro­
duced by wavelengths greater than 1800 A, i.e., 
the Schumann-Runge bands of 02. At altitudes 
above 100 km the strong continuum region of 
1500-1800 A appears to contribute approxi­
mately 30% of the total dissociation. The 
dissociation-versus-altitude curves (Fig. 38) il­
lustrate the smooth transition from one 
wavelength region to the other. Figure 39 gives 
the dissociation rate versus zenith angle for 
constant altitudes.

3.9 Hydrogen Peroxide (H2O2)
Hydrogen peroxide dissociates from 3173 A 

(3.91 eV) down to the ionization limit at 1127 A 
(11.0 eV). Cross-section data have been taken 
from Schurgers and Welge [1968] (1212-1850 A), 
Holt et al. [1948] (1850-2250 A), and Urey et al. 
[1929] (2250-3000 A), and are shown in Figure 
40. Dissociation rates for various wavelength 
regions are shown in Figure 41 where it can be 
seen that the 2050-3000 A region contributes 
nearly all the dissociation, and that the results 
are almost totally featureless. Notice, however, 
that the dissociation rate is quite large (1.7 x 
10 4 sec *) and constant above ~40 km, imply­
ing a lifetime against photodissociation of 
5.9 X 103 seconds (100 minutes). At 30 km, over 
70% of the dissociation is produced by

14
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Figure 37. Percent dissociation of H20 versus wavelength 
for 60 and 100 km altitudes and for 0° and 90° zenith 
angles.

DISSOCIATION

Figure 38. Dissociation rate per molecule of H20 as a 
function of altitude with solar zenith angle parametric.

ZENITH ANGLE (DEG)

Figure 39. Dissociation rate per molecule of H20 as a 
function of solar zenith angle with altitude parametric.

WAVELENGTH (A)

Figure 40. Experimental dissociation cross section of 
H202 as a function of wavelength.

250Q-300q
-2050

1300-1750

Figure 41. Contributions from various wavelength re­
gions to the total photodissociation rate of H202 for an 
overhead Sun.
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Figure 42. Percent dissociation of H202 versus 
wavelength for 30 and 100 km altitudes and for 0° and 
90 zenith angles.
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Figure 43. Dissociation rate per molecule of H202 as a 
function of altitude with solar zenith angle parametric.

J22™ ‘
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Figure 44. Dissociation rate per molecule of H202 as a 
function of solar zenith angle with altitude parametric.

wavelengths between 2100-2200 A (Fig. 42). For 
large zenith angles this wavelength region con­
tributes over 90% of the dissociation. The varia­
tion of the dissociation rate with altitude 
parametric in zenith angle is shown in Figure 
43. The variation with zenith angle parametric 
in altitude is shown in Figure 44.

3.10 Nitric Acid Vapor (HNO3)
The continuous nature of the HN03 absorp­

tion spectrum (Fig. 45) suggests that photodis­
sociation is taking place. Three energetically 
possible reactions are the following:

HN03 +/i^HO + N02 X ^ 5980 A
HN03 +hv-* HN02 + O X ^ 2450 A
HN03 = hv H + N03 X ^ 2900 A

The wavelength limits are derived from ther­
modynamic data [JANAF Thermochemical Ta­
bles, 1971]. The cross-section data were taken 
from Johnson and Graham [1973] (1900-3200 A) 
and from Schmidt et al. [1972] (1600-1900 A). 
Cross-section data from 1000-1600 A and be­
yond 3300 A do not seem to exist.

The dissociation rate versus wavelength is 
illustrated in Figure 46. About equal rates come 
from the three^wavelength intervals, 1750-2050 
A, 2050-2500 A, and 2500-3250 A for altitudes 
above 40 km. Below this altitude the long 
wavelength dissociation becomes dominant. 
Figure 47 shows the dissociation rate curves 
versus altitude with zenith angle parametric. 
The dissociation is approximately constant 
down to 50 km from the Schumann-Runge 
bands, then abruptly decreases two orders of 
magnitude until it starts to level out below 20 
km. The dissociation rate versus zenith angle, 
with altitude parametric, is plotted in Figure 
48.

3.11 Ozone (O3)
The dissociation rate for 03 was calculated on 

a per molecule basis for ease of comparison 
with the minor species, but is not independent 
of the 03 density profile, since 03 is a major 
absorber of solar flux. The ozone density profile 
used for the dissociation rate calculations was 
given in Table 1. The effectiveness of various 
wavelengths in the dissociation rate of 03 is 
shown in Figure 49. Most of the dissociation is 
produced by the long wavelengths with the
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Figure 45. Experimental dissociation cross section of 
HN03 as a function of wavelength.
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Figure 46. Contributions from the various wavelength 
regions to total photodissociation rate of HN03 for an 
overhead Sun.
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Figure 47. Dissociation rate per molecule of HN03 as a 
function of altitude with solar zenith angle parametric.
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Figure 48. Dissociation rate per molecule of HN03 as a 
function of zenith angle with altitude parametric.

2500-4000 AO  wavelength region producing the 
bulk of

o
 the dissociation above 40 km and 4000-

7560 A radiation being the major source of dis­
sociation below 30 km. The dissociation rate 
per molecule versus zenith angle shows that 
considerable dissociation occurs with zenith 
angles greater than 90° and down to the surface 
of the Earth. This is largely due to the 03 cross 
sections having values less than 10~19cm2 at 
long wavelength. Dissociation rates of 03 ver­
sus altitude, zenith angle as parameter, are 
shown in Figure 50. Rates versus zenith angle, 
altitude as parameter, are plotted in Figure 51.

4000

2500

TOTAL

Id* I04
DISSOCIATION RATE (SEC’1)

Figure 49. Contributions from various wavelength re­
gions to the total dissociation rate of 03 for an overhead 
Sun.
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Figure 50. Dissociation rate per molecule of 03 as a func­
tion of altitude with solar zenith angle parametric.

29KM

Figure 51. Dissociation rate per molecule of 03 as a func­
tion of solar zenith angle with altitude parametric.

■total
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Figure 52. Contributions from various wavelength re­
gions to the total dissociation rate of O, for an overhead 
Sun.

02 DISSOCIATION RATE (SEC'1)

Figure 53. Dissociation rate per molecule of 02 as a func­
tion of altitude with solar zenith angle parametric.

ANGLE (DEG)

Figure 54. Dissociation rate per molecule of 02 as a func­
tion of solar zenith angle with altitude parametric.
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3.12 Molecular Oxygen (O2)
To complete the list of atmospheric 

molecules, we include the total photodissocia­
tion rate of 02, utilizing the Hudson and Mahle 
[1972] data in the 02 Schumann-Runge band 
region. The photodissociation rates for 02 de­
pend on the 02 atmosphere in Table 1. The 
dissociation rates (an overhead Sun) as a func­
tion of the wavelength regions are shown in 
Figure 52. Above 90 km the solar lines and the 
Schumann-Runge bands and continuum pro­
duce about equal parts of the dissociation 
products. Below 60 km the Herzberg con­
tinuum becomes the important source of 
photodissociation. An interesting feature is the 
unique shape of the curve for the Schumann- 
Runge band (1750-2050 A) for an overhead Sun. 
It appears that the peaks of the absorption cross 
sections are responsible for the dissociation 
above 75 km while the valleys in cross sections 
become important below 55 km, the transition 
taking place between 55 and 75 km.

The photodissociation of 02 versus altitude 
and zenith angle is presented in Figures 53 and 
54.

4. SUMMARY
Photodissociation rates have been calculated

for the minor atmospheric constituents CO,
co2, CH4, C2H4, no, no2, n2o, h2o, h2o2,
HN03 and for the major species 02 and 03. 
These rates are presented for altitudes below 
110 km with zenith angle as a parameter. The 
curves are independent of specific minor 
species concentrations with the exception of 
those for 02 and 03 absorption.

Additional curves showing dissociation cross 
sections and dissociation rates versus zenith 
angle, parametric with altitude, are available 
from the authors. Computer cards can also be 
made available upon request.
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