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Ah&set--The penetration in the terrestrial atmosphere of solar radiation corresponding to the 
spectral range of the Schumann-Runge bands of molecular oxygen is analyzed between 1750 and 
2050 A. The variation of the absorption cross section with temperature is taken into account and it is 
shown that average Or absorption cross sections cannot lead to correct photodissociation coefficients. 
Reduction factors are defined in order to simplify the computation of the molecular oxygen photodis- 
sociation and to permit a simple determination of the photodissociation coefficients of anv minor 
constituent with smoothly varying absorption cross section. Examples are given for 0s. H26, Co,, 
NsO, HNOs and H202. Numerical approximations are deveioped for three types of spectral subdivi- 
sions: ~human~Runge band intervals, 500 cm-’ and 10 A intervals. The approximations are valid 
from the lower thermosphere down to the stratosphere and they can be applied for a wide range of 
atmospheric models and solar zenith distances. 

INTRODUCIION 

In the wavelength region between 1750 and 
2050 A, the major atmospheric absorption of solar 
radiation results from the numerous lines of the 
Schumann-Runge band system (B3 x; +- X” xi) of 
molecular oxygen. Detailed computations of the 
penetration of solar radiation through the 
Schumann-Runge bands (Kockarts, 1971) require 
the knowledge of high resoiution absorption cross 
sections (Ackerman et al., 1970). This implies that 
a large amount of cross sections have to be stored in 
some way, especially since the absorption cross sec- 
tion is temperature dependent. Kockarts (197 1) com- 
puted the absorption cross section at every 0.5 cm-’ 
in the Schumann-Runge bands and used 17 sets of 
16,000 absorptions cross sections corresponding to 
temperatures which range from 160 to 320K with 
10 K interval. 

Several attempts have been made to reduce the 
computer time and cost implied by such a procedure 
(Brinkmann, 1969; 1971; Anderson, 1971; Hudson 
and Mahle, 1972; Whitten and Turco, 1974; Fang 
et al., 1974; Park, 1974). Any approximation 
should, however, be designed for a specific pur- 
pose. Two major problems are actually of practical 
significance: the photodissociation of 0, itself and 
the absorption by Or which influences the photo- 
dissociation of several minor atmospheric con- 
stituents. These two question are discussed in this 
paper and approximate expressions are given to 
compute the solar penetration in the mesosphere 
and stratosphere, the photodissociation coefficients 

of 0, and of the minor constituents which can be 
dissociated within the spectral range of the 
Schumann-Runge bands. 

2. ABSORFTION CROSS SECTTONS 
AND SOLAR Fl.t.JXE.5 

The major difficulty for using the absorption 
cross sections of molecular oxygen in the 
Schumann-Runge bands results from their large 
variation with wavelength and with temperature. 
The absorption cross sections discussed by Acker- 
man et al. (1970) change from lo-r8cm2 at roughly 
1750 A to 10-23cm2 at 2050A. Within a specific 
band, variations of 3 order of magnitude are very 
common. As a consequence the optical depth is 
characterized by large variations over rather nar- 
row waveiength intervals (Kockarts, 1971). 

The molecular oxygen absorption cross sections 
in the Schumann-Runge bands essentially depend 
on various molecular parameters and on one at- 
mospheric parameter, namely the temperature. 

The molecular parameters are the line positions, 
the line widths and the band integrated absorption 
coefficients which are related to the band oscillator 
strengths. In the present paper, the molecular 
parameters are identical to the values used previ- 
ously (Ackerman et af., 1970; Biaumd, 1972a, b; 
Kockarts, 1972). The band oscillator strengths 
adopted by Biaumt (1972b) are in very good agree- 
ment with the values computed by Ahison et oi. 

(1971) and they also agree closely with the electron 
impact values obtained by Huebner et al. (1975) 
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between the vibrational levels u’ = 4 and u’ = 11. In 
their computation of the O2 photodissociation 
coefficient, Hudson and Mahle (19’72) adopted 
simiIar oscillator strengths except for v’= 13, 14 
and 17-19. It should be noted that for t)’ = 13 and 
14 there is also a very large discrepancy between 
the line widths of Hudson and Mahle (1972) and 
the values used by Ackerman et al. (1970). The 
important problem of line width determination has 
been analyzed theoretically by Julienne and Krauss 
(1975). They showed that a rather large discre- 
pancy exists between theoretical and experimental 
line widths for u’ = 5-l 1 and they suggest that the 
difference could be due to line blending. Appar- 
ently, more experimental and theoretical work is 
needed before this question can be solved. The 
agreement between the Ot phot~is~ciation coeffi- 
cient (Kockans, 1971) computed with the line 
widths of Ackerman et al. (1970) and the values 
obtained by Hudson and Mahle (1972) with their 
fine widths is, however, satisfactory. Furthermore, 
the water vapor photodissociation coefficient ob- 
tained by Fang et al. (1974) with the line widths of 
Hudson and Mahle (1972) agrees also with the 
values computed by Kockarts (1971). It seems, 
therefore, that the line width problem is not so 
crucial when phot~issociation coefficients of O2 
and other minor constituents are computed over 
the whole Schumann-Runge bands. This is, how- 
ever, not correct for a computation at a specific 
wavelength. Finally, it is worthwhile to mention 
that more precise molecular constants for the 
~human~Runge system have been obtained by 
Creek and Nicholls (1975). These constants can be 
used to compute line positions. Ackerman et af. 
(1970), however, used experimental tine positions 
for the u“ = 0 progression and molecular constants 
were only used to compute the line positions for 
the o”= 1 bands. A calculation made with the new 
values of Creek and Nicholls (1975) indicates that 
up to the lines 13 R and 13 P of the v” = 1 bands 
the agreement is very good, of the order of 
0.1 cm-‘. For higher quantum numbers in the R 
and P branches, larger differences occur. This im- 
plies again that with these new molecular constants, 
changes can occur at specific wavelengths within a 
band. Since the purpose of the present paper is to 
provide average photodissociation coefficients, the 
previous molecular parameters given by Ackerman 
et al. (1970) are not modified in the following 
computations. When all the molecular parameters 
discussed previously are known with better accu- 
racy, it wit1 be necessary to recompute the detailed 
absorption cross sections. This is particularly true 

for the analysis of future in situ observations made 
with a resolution better than 0.5 cm-‘, i.e. approx. 
0.02 A in the wavelength range of the Schumann- 
Runge bands system. 

Since the temperature in the homosphere can 
vary between 160 and 300 K at different levels, the 
influence on the O2 absorption cross section will be 
discussed in this temperature range. With the ex- 
pressions used by Ackerman et al. (1970) and by 
Kockarts (1972), it can be shown that the ratio 
a( T,)/o( TJ of the absorption cross for the temper- 
atures T, and T2 is given by: 

~~T~~/~t~2) = 
T,FtT,, ~‘7 
T,F(T,, 0'7 

expI_U(~-~)] (1) 

where F(T,, u”) and F(T,, u3 are respectively the 
relative numbers of molecules in the vibrational 
level u” for Ti and T2 (Herzberg, 1950). The 
quantity a is given by: 

Q = (~C/k)~~.~~~~ l), (2) 

where h is Pianck’s wnstant, c is the speed of light, 
k is Bohxmann’s constant, B,. is the rotational 
constant of the vibrational level u” and N” is the 
rotational quantum number of the v” levels which 
takes the values 1, 3, 5, 7. . . . Expression (1) is 
only rigorously valid for the absorption cross sec- 
tion resulting from a single line and it reflects the 
variation of the relative intensity of the various 
lines in a specific band. For the lowest vibrational 
level u” = 0, F( T*, 0) = F( T2, 0) = 1. Taking B0 = 
1.43771 cm-’ (Creek and Nicholls, 1975) and in- 
troducing the other numerical constants in (2), ex- 
pression (1) leads to the ratio 

a(T = (TJT,) exp l-1.955 N”(iV’+ l)] (3) 

for the cross sections in a P or R branch of the 
I)“= 0 bands. With T, = 150 K and T2 = 300 K, 
expression (3) shows that ~(150) is greater than 
~(300) for N”< 11 and that the inverse reiation 
occurs for N”> 11. Therefore, the absorption cross 
section is a decreasing function of the temperature 
near the band heads and an increasing function of 
the temperature from a certain value of N” which 
depends on the temperature. The real behavior of 
the cross section is a little more complicated since 
at a specific. wavelength the cross section resuhs 
from the overlapping of several lines. Furthermore 
the u“= 1 progression cannot be neglected for 
temperatures above 200K. Figure 1 shows varia- 
tions of the absorption cross section as a function of 
temperature at various wavelengths in the P branch 
of the 4-O band. The characteristics deduced from 
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FIG. 1. ABSOIUTION CROSS SECTIONS AT SPECIFIC WAVELENGTHS IN THE 4-O BAND OFTHE O2 SCHUMANN- 
RUNGE SYSTEM AS A FUNCTION OFTEMPERATLJRE. 

The wavelengths correspond to various lines in the P branch. 

expression (3) are found in Fig. 1; e.g. the cross 

section becomes an increasing function of tempera- 
ture at the 11 P line and the cross section increases 
by a factor of 5 between 160 and 300 K for the 
19 P line. Since there is a reversal in the tempera- 
ture dependence within each band, it is instructive 
to examine the behavior of the mean absorption 
cross section computed for each band. These mean 
absorption cross sections for two extreme tempera- 
tures, namely 160 and 300 K are given in Fig. 2 
which shows that there is no strong temperature 
dependence. The first impression is, therefore, that 
such values are appropriate for the computation of 
solar radiation absorption and of photodissociation 
coefficients. However, it will be shown in the next 
section which type of error is introduced when such 
mean absorption cross sections are used. The errors 
which arise from the use of mean absorption cross 
sections are actually a consequence of very large 
standard deviations which characterize such mean 
absorption cross sections. As an example, the mean 
absorption cross section for 250 K in the 9-O band 
is 2.0 x lo-‘” cm2 with a S.D. of 5.4 x 10e2’ cm’. It 
appears, therefore, that the temperature depen- 

dence of the absorption cross section should be 
included in any detailed computations, although 
Park (1974) used only absorption cross sections at 
250 K for computing 0, and H,O photodissocia- 
tion coefficients and neglected the u” = 1 progres- 
sion. 

High resolutions solar spectra are now becoming 
available in the Schumann-Runge spectral region. 
Recently, Samain and Simon (1976) used a solar 
spectrum obtained by Samain et al. (1975) at the 
center of the solar disk, with a resolution of 0.4 A, 
to determine the whole solar disk flux between 
1500 and 2100 A using center to limb darkening 
curves. The spectral region of the Schumann-Runge 
bands is illustrated by Fig. 3. Even if the structure 
is rather well known, errors in the absolute calibra- 
tion of the measured solar fluxes are, however, not 
excluded. The average error is estimated to be less 
than +25% (Samain et al., 1975). The spectrum of 
Fig. 3 has been interpolated every 0.5 cm-’ when 
detailed computations are required. The origins of 
the bands in the Schumann-Runge system are also 
indicated on Fig. 3 by the upper vibrational level u’ 
in order to show where the fine structure of the 
solar spectrum could play a role. 

For the calculation of photodissociation coeffi- 
cients of minor constituents with smoothly varying 
cross sections, we can use, however, the band aver- 
age fluxes as given in Table 1 without making an 
important error. The solar fluxes quoted in Table 1 
are given as an example which should allow future 
comparisons with other values. It is, however, im- 
portant to note that the approximations developed 
in the present paper are independent of the exact 
values of the solar fluxes. 

The wavenumbers of the band origins, rounded 
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FIG. 2. MEANABSORPTIONCROSSSECTIONSINTHEVARIOUS 
BANDS OF THE O2 SCHUMANN-RUNGE SYSTEM FOR TWO EX- 
TREME STRATOSPHERIC AND MESOSPHERICTEMPERATURES, 

NAMELY 160 AND 300K. 

off to half a wavenumber, are also given in Table 1, 
as well as the average absorption cross sections for 
the minor constituents which will be considered in 
the next section. The H,O and H202 absorption 
cross sections are obtained by interpolation from 
the values used by Nicolet (1971). The carbon 
dioxide absorption cross sections are from 
Shemansky (1972). The N,O values result from 
interpolation in the values adopted by Nicolet and 
Peetermans (1972) whereas the nitric acid data are 
taken from Biaume (1973). 

3. REDUCITON FACTORS AND 
PHOTODISSOCIA TiON COEFFKXENIS 

In the lower thermosphere and mesosphere, 
molecular oxygen is certainly the principal atmos- 
pheric constituent absorbing the solar radiation in 
the Schumann-Runge spectral region. In the 
stratosphere, however, the absorption by ozone 
cannot be neglected. The expressions presented in 
this section consider only the absorption by 
molecular oxygen and it will be indicated how the 
ozone effect can be taken into account. Such a 
procedure is adopted to simplify the discussion 
pertinent to the molecular oxygen absorption. 

The Schumann-Runge system is first divided in 
20 wavelengths intervals, from (19-O) to (CO), 

L 

m I7 IS I3 11 P 

I6 16 I‘ I2 IO 

109 I 
1800 1900 2000 

WAVELENGTH IA, 

FIG. 3. SOLAR FLUX IN THE O2 SCHUMANN-RUNGE SPECTRAL REGION AS DETERMINED BY SMMN 

ANDSlhION (1976). 
Band origins are indicated by the upper vibrational quantum number. 
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TABLET. AVERAGESOLARFLUXESANDAVERAGEABSORPTIONCROSSSE~TIONS OFMINORCONSTITUENTSIN 

THE SPECTRAL RANGE OF THE SCHUMANN-RUNGE BANDS OF O2 

each one commencing at a band origin and the last 
one ending at 49000 cm-‘, i.e. 2040.8 A. Further- 
more, each of the 20 band intervals b is divided in a 
certain number nb of subintervals where the O2 
absorption cross section a* is computed every 
0.5 cm-‘. If &(m) represents the solar flux availa- 
ble at the top of the atmosphere in a subinterval, 
the solar flux d+,(z) reaching the height z in a band 
b is given by 

&(z) = f &.(a) exp (-T,~). 
,-I 

(4) 

The optical depth r,,, is given by: 

J 
s 

r,b = u,,n(Oz) ds. 
I 

where n(0,) is the molecular oxygen concentration 
and the element ds is taken along the path of the 
radiation. Since the absorption cross section is 
temperature dependent, u,b must be kept under the 
integral sign, contrary to the formulation of Park 
(1974). The photodissociation coefficient of a minor 
constituent M for which the photodissociation cross 
section ub(M) can be considered as constant over a 
band interval is then simply 

(6) 

where 4b(z) is given by equation (4). 
The photodissociation coefficient of molecular 

oxygen .Ib(02) in one band b of the Schumann- 
Runge system can be written 

“b 

lh(o2) = c eb(Jtbd+b(co)e-T*. 
,=I 

(7) 

In expression (7). Ed represents the predissociation 
probability in a band b. This probability is not yet 
known and it will be assumed here that &b is equal 
to unity. The difference of a predissociation effect 
starting at u’ = 0 or at u’ > 3 has been considered by 
Kockarts (197 1). 

From expressions (4), (6) and (7). it appears that 
no further significant algebraic manipulations can 
be made, if the fine structure of the solar spectrum 
is to be taken into account. In order to show the 
relative importance of the various bands as a func- 
tion of height, Fig. 4 gives different fractions of the 
O2 Schumann-Runge photodissociation coefficient 
computed with the solar fluxes corresponding to the 
detailed solar spectrum of Samain and Simon 
(1976). The absorption and photodissociation in 
the 0, Her&erg continuum for A ~2424 8, can 
lead to a significant contribution mainly for 
wavelengths above 1900 A. Therefore, the absorp- 
tion cross sections deduced by Jarmain and Nicholls 
(1967) for the Her&erg continuum are added to 
the Schumann-Runge bands absorption cross sec- 
tions over the whole spectral range. Constant val- 
ues are adopted for spectral intervals of 200cm-’ 
(Kockarts, 1972). The four curves correspond re- 
spectively to the following spectral intervals: 
1753.46-1774.92A for bands 19-O to 15-0, 
1774.92-1830.76A for bands 14-O to IO-O, 
1830.76-1924.19 8, for bands 9-O to 5-0, and 
1924.19-2040.82 A for bands 4-O to O-O. The 
computation is made for an overhead Sun with the 
temperature profile and the molecular oxygen con- 
centration from the U.S. Standard Atmosphere 
1962 (COESA, 1962). It can be seen that the effect 
of the short wavelength spectral range is almost 



594 G.Ko~KART~ 

Id' lo-’ 1 

FRACTION OF 0, MODlSsoCIATK)N IN THE S-R BAt@S 

FIG. 4. VERT~CALDI~TRIBUTIONOFVARIOUS FRACTIONSOF 
o2 PHUTODlSXXlATION FOR 4 GROUPS OF BANDS OF THE 

SCHUMANN-RUNGESYSIXM: 19-O TO 15-0.14-O TO 10-O. 
9aTO5-0AND 4-0 TOM. 

Overhead Sun conditions. 

entirely negligible below the mesopause. In the 
lower thermosphere the bands 14-O to 10-O give 
the major contribution to the dissociation of the 
Schumann-Runge band system. The bands 9-O to 
54 have their dominant effect in the mesosphere, 
whereas the bands 4-O to O-O play the major role 
in the stratosphere. The D”= 1 progression is in- 
cluded in the results shown in Fig. 4. 

A major simplification is possible in expressions 
(4) and (7) when use is made of a band average 
solar flux 4+,(a) such that 

dJ*@) = ,$ #s(w) = W&W. (8) 

When the flux &,‘(w) defined by (8), is used in 
Equations (4) and (7) instead of &(a) one obtains 

4&)=&W$,$,exp(-rti) (9) 

and 

Jb (0,) = & (00) L i (10) 
n, i-1 

Eb%exP(-Td 

Total photodissociation coefficients computed with 
Equation (10) differ by less than 1% from those 
obtained with Equation (7). Inspection of the solar 
spectrum (Fig. 3) shows, however, that in the 11-O 

and 10-O bands where the two SiII emission lines 
are observed and in the 4-O band where the Al1 
absorption occurs, a detailed computation is prefer- 
able when one looks only for specific effects in 
these spectral intervals. 

The reduction factors &(M) and Rb(OZ) intro- 
duced by Kockarts (1971) are now defined for each 
band b as 

R,(M)=;i$exp(-r,) (11) 

and 

R&z) =; ,$ &boa exp (-rti). (12) 
I- 

The dimensionless reduction factor R,(M) is the 
equivalent of the transmission function used by 
Fang et al. (1974) and Rb(02) in cm’ is equivalent 
to the expression used by Fang et al. (1974) for the 
computation of the Or photodissociation. Similar 
expressions have also been by adopted by Park 
(1974) without taking into account the temperature 
dependence of the absorption cross section. Figures 
5 and 6 give examples of the reduction factors 
Rb(02) and R,(M) as a function of the 02 
total content. The computation is made with the 
parameters of the U.S. Standard Atmosphere 1962 
(COESA, 1962). The altitude scale corresponds to 
overhead Sun conditions. The dashed curves give 
the results when the temperature is arbitrarily as- 
sumed constant for a range of O2 total content 
between 10” and 102’cm-‘. Although the differ- 
ences between the constant temperature curves and 
the exact computation is not very large in the case 
of Rb(02) (see Fig. 5), it is clear from Fig. 6 that a 
constant temperature is an unrealistic assumption 
in the case of k(M). Similar results are obtained 
for the other bands of the Schumann-Runge 
system. 

When the reduction factors are known, the com- 
putation of the solar flux #Jo reaching the height 
I, of the O2 photodissociation coefficient .&(Or) 
and of the photodissociation coefficient J,(M) for a 
minor constituent M is straightforward with the 
following expressions 

4bb(z) = d’b@)Rb@‘f) exP [-Tb(odl (13) 

Jb(o2) = 4bbm)Rb(02) exp [-Tb(03)l (14) 

J,(M) = d%(‘+%(M)Rb(M) exp t-Tb(odj. (1% 

The effect resulting from the ozone absorption is 
taken into account by the factor exp[-rb(03)] 
where ~~(0~) is the ozone optical depth at height I. 
The ozone absorption cross sections are taken from 
Ackerman (197 1). 
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The addition of the 20 partial coefficients ob- 

tained from expression (14) leads to the O2 photo- 
dissociation coefficient shown on Fig. 7. The dashed 
curve represents the result obtained with the mean 
absorption cross sections shown on Fig. 2. Errors 
larger than a factor of two appear over an extended 
range of the 0, total content. In the upper 
stratosphere and lower mesosphere where the 0, 
total content ranges from lo** to 102’ cm-*, there is 
an excellent agreement. The ozone distribution 
adopted in the computation of Fig. 7 is taken from 
Nicolet (1975) and it affects the results only below 
40 km. 

The photodissociation coefficients of several 
minor constituents, as shown in Fig. 8, are obtained 
when expression (15) is used for each band of the 
Schumann-Runge system and when solar fluxes 
and absorption cross sections given in Table 1 are 
adopted. As in Fig. 7, the dashed curves of Fig. 8 
are also computed with the mean cross sections 
defined in the preceding section. It is clear that 
these mean cross sections cannot be used for any 
calculation of the photodissociation of minor con- 
stituents in the Schumann-Runge band spectral 
range. The use of mean cross sections always leads 
to a large underestimation of the photodissociation 
coefficients as has already been noticed by Fang et 
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FIG. 7. 0, PHOTODISSOC~ATIONCOEFF~CIENT~NTHE~HUMANN-RVNGEBANDSASAFUN~IONOFTHEO~ 
TOTALCONTENT(FLlLLCURVE). 

Thedashedcurveisobtainedwiththemeanabsorptioncrosssections ofFig.2.OverheadSunconditions. 

FIG. 8. FHOTODISSOCIATIONCOEFF~CIENTSOF HNO,,N,O, 
H,O AND CO2 INTHESCHUMANN-RUNGESPECTRALREG- 
ION AS A FIJNCzION OF THE. 02 TOTAL CONTENT (FULL 

CURVES). 

The dashed curves are obtained with the mean absorption 
cross sections of Fig. 2. Overhead Sun conditions. 

al. (1974). The difference between the present val- 
ues and those given by Kockarts (1971) for Hz0 
and by Banks and Kockarts (1973) for COr is due 
essentially to the adoption of different values (Sa- 
main and Simon, 1976) for the solar fluxes. 

In order to illustrate the role of the photodissoci- 
ation in the spectral range of the Schumann-Runge 
bands, Fig. 9 shows the vertical distribution of the 
ratio of the photodissociation coefficient in the 
Schumann-Runge wavelength region (.&_a) and the 
total photodissociation coefficient (Jta,& The solar 
fluxes outside of the Schumann-Runge bands have 
been adopted from Simon (1976). Between approx. 
65 and 95 km, the predissociation in the 

Schumann-Runge bands is the major dissociative 
process for Or for overhead Sun conditions. In the 
stratosphere above 30 km, the photodissociation in 
the Schumann-Runge wavelength region contri- 
butes roughly by 50% to the photodissociation of 
nitric acid and of nitrous oxide. Below 60 km the 
photodissociation of CO, and Hz0 is entirely due 

to solar radiation which penetrates in the 
Schumann-Runge bands. For HZ02, the contribu- 
tion from the Schumann-Runge wavelength region 
is practically negligible. 

Before introducing numerical approximations, it 
is useful to compare the absorption in the Herzberg 
continuum which starts at 2424 8, with the absorp- 
tion in the Schumann-Runge bands which begin at 
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FIG. 9. RATIOS OF PHOTODISSOCIATION COEFFICIENTS IN 
THE SCHUMANN-RUNGE SPECTRAL RANGE (I~_~) AND THE 
TOTAL PHOTODISSOCIATION COEFFICIENTS (J,,,,,) VS HEIGHT 

FOROVERHEADSUNCONDITIONS. 

2040 A. From A =2040 A, corresponding to the 

O-O band of the Schumann-Runge system, the ab- 

sorption cross section of the Herzberg continuum 

increases from 1.15 X 1O-23 cm* to its maximum of 

1.30 x 1O-23 cm* (Jarmain and Nicholls, 1967) near 

A = 1950 A which corresponds to the Schumann- 

Runge band 3-O. Since it is not yet established 

whether or not predissociation occurs in this spec- 

tral region, the contribution of the spectral range 

AA 1950-2040 A to the O2 photodissociation must 

be studied with and without the action of a predis- 

sociation process in the Schumann-Runge bands 

O-O to 3-O in addition to the normal photodissocia- 

tion in the Herzberg continuum. Figure 10 shows 

FIG. 10. VERTICAL DISTRIBUTION OF THE O2 PHOTODIS- 

SOCIATlONCOEFFlClENTFOROVERHEADSUNCONDITIONS. 

Contribution of the Herzberg continuum (H) from 2424 
to 2040A and the Schumann-Runge bands (S-R) from 
2040 to 1750A. The dashed curves correspond to the 
absence predissociation in the O-O to 3-O bands (AA 

2040-1950 A) of the Schumann-Runge system. 

the relative importance of the photodissociation 

due to the Schumann-Runge bands and to the 

Herzberg continuum between the threshold at 2424 

and about 2040 A where the O-O band starts. Two 

cases have been considered for the contribution of 

the Schumann-Runge bands: the full curve corres- 

ponds to complete predissociation in the whole 

band system and the dashed curve ignores predis- 

sociation in the O-O to 3-O bands, but it takes into 

account the photodissociation in the underlying 

Her&erg continuum. In both cases absorption of 

the Herzberg continuum is included in the optical 

depth. Although the absence of predissociation in 

the W to 3-O bands can reduce the photodissocia- 

tion coefficient in the Schumann-Runge bands by 

25% at 45 km, the reduction of the total 0, photo- 

dissociation coefficient is, however, less than 5% 

over the whole height range, as can be seen on Fig. 

10. 

Otl- 

FIG. 11. RATIO OF THE CORRECT PHOTODISSOCIATION 

COEFFICIENT J,,(M) ANDTHECOEFFICIENT JH(M) RESULT- 

ING FROM ABSORPTION BY THE HERZBERG CONTINUUM IN 

THE O-O, l-0, 2-O AND 3-O BANDS OFTHE SCHUMANN- 

RUNGESYSTEM. 

The curves are valid for any minor constituent with 
constant absorption cross section over each band interval. 

Overhead Sun conditions. 

As far as the minor constituents are concerned, 

the problem is different since it is only an absorp- 

tion process which limits the penetration of solar 

radiation and affects in this way the value of the 

photodissociation coefficient. If the correct photo- 

dissociation coefficient of a minor constituent in- 

volving the total absorption in a certain band inter- 

val is designated by J,_,(M) and if J,(M) corres- 

ponds to the effect of the Herzberg continuum 

absorption in the same spectral range, the ratio 

J&M)IJN(M) does not depend on the absorption 

cross-section of the minor constituent. Such a ratio 

is given on Figure 11 as a function of height for the 
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O-O to 3-O bands. It appears that without the effect 
of the absorption by the lines of the Schumann- 
Runge bands O-O to 3-0, the photodissociation 
coefficient is always overestimated, i.e. Js_,(M)/ 
J&4)< 1. Below 2000 A, absorption by the 
lines of the Schumann-Runge bands must be taken 
into account. It is, therefore, clear that the absorp- 
tion of the Schumann-Runge bands plays an im- 
portant role not only in the mesosphere, but also in 
the stratosphere where several minor constituents 
are subject to photodissociation processes at 
wavelengths shorter than 2000 A. 

4. NUMERICAL APPROXIMATIONS FOR 
EACH BAND 

It has been shown in the preceding section how 
the exact reduction factors can be applied to the 
Earth’s atmosphere. Since Rb(OZ) and R,(M) result 
from a detailed lengthy calculation, it is interesting 
to determine the approximation which can be valid 
for a large range of atmospheric conditions. A 
tabulation of the reduction factors as a function of 
height or O2 total content is not very handy, since it 
requires important computer storage and subse- 
quent interpolations. The temperature dependence 
of the transmittance of solar radiation and of the 
rate of dissociation is fitted by Hudson and Mahle 
(1972) through an empirical relation for which the 
numerical coefficients are given in tabular form as a 
function of the O2 total content. Park (1974) gives 
a graphical representation of two sets of equivalent 
absorption cross sections as a function of the O2 
total content for one temperature. The technique 
adopted by Fang et al. (1974) is more practical but 

it requires, nevertheless, a numerical integration in 
order to obtain photodissociation coefficients as a 
function of the O2 total content. 

A good analytical approximation of the natural 
logarithm of the present reduction factors is given 
by: 
In R,*(x) = -a exp [c,(x -x0) 

+ cz(x -x0)‘+. . . + c.4~ - x,fl, t 16) 

where x is the natural logarithm of the total wn- 
tent of molecular oxygen. The numerical we% 
cients x0, a, cr through c6 are obtained through a 
least square fitting and are given in Tables 2 and 3 
for the two reduction factors deduced for each 
band. These coefficients imply that the O2 total 
content is expressed in molecules cm-*. The 
coefficients x0 = lQ n(0,) ds have been chosen in a 
way such that the corresponding reduction factor is 
reduced by a factor of 1000. This implies that in 
each band, radiation is considered as completely 
absorbed when the average optical depth is greater 
than 6.9. For the bands 0’<4, x0 corresponds to 
the height of 30 km for an overhead Sun, since the 
computations have been stopped at that altitude. 
The highest altitude for which the present approxi- 
mation is valid corresponds to an 0, total content 
of 1.94 X 10” cm-* , i.e. an altitude of 115 km in the 
45”N U.S. Standard Atmosphere for overhead Sun 
conditions. 

For a given O2 total content, the reduction fac- 
tors Rb*(02) and Rb*(M) can be immediately wm- 
puted from expression (16) and Tables 2 and 3. 
The error 6 resulting from the use of expression 
(16) depends on the O2 total content and has been 

TABLE 2. COEFFICIENTS FOR THE REDUCCION FACTORS Rb*(M) IN FORMULA (16) 

Em* X0 I 5 Cl 5 c4 % % 
19.0 48.SOIO 6.31710(+0)* 6.08574 c-1) 2.971s9 W) 5.09179 ,.3) 

18-O 47.8366 7.00050 (I+) 6.46204 t-1, 2.67214 t-2, .6.6 I L65 C-3) ~2.90019 (-3) . I.88591 (4) 

17.0 48.5010 6.89325 (W) 5.76123 C-1) 6.4656OW 1.2081 I C-2) 4.25760 (4) 

16.0 48.3707 6.82169 (WI 5.52366 C-1) 1.41*0* C.2) .3.82459 f.3) . 1.54704 (-3) .a.62462 C-5) 

U-0 48.8862 6.84542 (+O) 7i4170 C-L) 7.90948 (-2, 4.21208,.3) - 1.0596L (.3) - 7.41033 (-5) 

14-o 49.1384 6.62,31 (WI, 6.93027 t-1) 6.68614 t-2) 6.29880(-3) - 

13-O 49.3872 6.74723 (WI 6.28943 C-1) .2.*5,85 C-2) 2.08983 C-2) .3.09907 (~3) . 1.24542 (4, 

12-O 49.5111 6.77155 (401 6.92233 C-1) 2.13024 C-2) - 2.32312 t-31 6.54869 (41 2.40848 (4) 1.36871 C-53 

Il.0 50.2588 6.74874 (+O) 5.26218 C.1) _ 2.16025 G.2) -8.38765 C-3) . 1.20850 (4, 1.50742 (-41 9.132,8(d) 

10-o 50.9126 ,.l3lJ,wo 5.88084 CL) 9.18305 C-3) .9.82008 (4) 6.14794 (4) I.55366 (4) 7.4w13 (6, 

9-o 52.3372 6.38994 PO, 3.17089C.1) -4.48422 C-2) -5.76199 C.3) -3.15612(4) 

8-O 52.3372 5.62872 (to) 2.69400(-l) ~7.80898 C-2) - 1.40938 c-21 . 1.23486 (-31 - 3.39746 C-5) 

7-O 52.3372 3.95774 (‘0, 4.37216 (-I) 1.35953 WJ 3.25038 1.3) 6.66057 c-51 

6-O 52.3372 2.63932 PO, 3.63251 C-1) - 1.43244 C-2) &IL499 (4) - 

S-0 52.3372 2.39984 PO) 4.44829 (.I, _ 1.42826 C-2) . 1.53566 t-3) _ 2.53099 (4) 1.67438 t-5) 1.90303 C-5) 

4-o 52.3372 I.86306 MO) 4.90040(.1) 1.31828 C-2) 4.40861 t-31 .5.58066 (4) .8.88669 (J) -2.58811 c.5) 

3-O 52.3372 1.333OOw 5.61151 C-1) 3.78913 C.3) 8.28793 (-3) 5.50079 (4) - 

2-O 52.3372 9.45868 C-1) 6.84962 C-1) - 1.17630 t-2) 7.39342 C-3) 8.64629 (4) 1.68263 (-5) 

1-O 52.3372 7.09034 C-L) 7.35786 (-1) - 7.74556 1-2) - 6.54135 (-3) 

0.0 52.3372 6.402?? C-II 9.24003 C-1) _ 1.71422 G?) 8.40830 (4) 2.76026 (4) 
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computed every kilometer between the level x0 and 
115 km from the expression 

R,*-Rb 
s=----- 

Rb 
x 100%. (17) 

This error can be positive or negative and its aver- 
age value is practically zero as an obvious conse- 
quence of the least-square fitting procedure which 
leads to the coefficients of Tables 2 and 3. An index 
of the accuracy of the analytical approximation (16) 
is then given by the SD., s(%) of the errors. The 
standard deviations s are given in Table 4 for 
R,*(M) and R,*(O*). It can be seen that the ap- 
proximate expressions Rb* represent rather well 
the correct results. The fit for Rt,*(M) is usually 
better than for R,,*(O,). When photodissociation 
coefficients are computed with Rb*(M) and Rb*(O,) 
the agreement with the exact computations is such 
that it is impossible to distinguish both results on 
graphs like Figs. 7 and 8. This implies that the 
approximate expressions can be used for modelling 
purposes, since the resulting error is much smaller 
than the errors involved in other parameters, such 
TABLE 4. SD. FORTHE BAND INTERVAL APPROXIMATIONS 

Rb*(M) AND Rb*(O,) 

as the solar fluxes and the absorption cross sections 
of the minor constituents. 

It is also possible to justify the validity of our 
approximation when the solar zenith distance 
changes and when other atmospheric models are 
used. Figure 12 shows the temperature distribution 
in the 45”N U.S. Standard Atmosphere (COESA, 
1962) and in the summer and winter models availa- 
ble in the U.S. Standard Atmosphere Supplements 
(COESA, 1966). 

For a specific model, variations of the solar 
zenith distance imply variations of the 0, total 
content. Since the last quantity is temperature de- 
pendent, different absorption cross sections should 
be used in the optical depth given by Equation (5). 
Figure 12 indicates that, for total contents greater 
than 10” cmW2, a variation of a factor of 4 in the 
total content of the 45”N model implies always a 
temperature variation smaller than 30 K, i.e. a neg- 

ligible variation in the absorption cross section. Vari- 
ations of the solar zenith distance between 0 and 
75” are, therefore, well represented by total content 
variations in expression (16). Isolated sunrise and 
sunset phenomena are better described by detailed 
computations. 

Adoption of other atmospheric models, for ex- 
ample the 45”N July or January models could a 
priori lead to variations in the reduction factors 
since the temperature distribution is different over 
the whole height range. The exact reduction factor 
Rb(02) computed for the 6-O band with Equation 
(12) is given in Fig. 13 for the three models shown 
in Fig. 12 and it is clear that the differences are 
practically negligible. A similar comparison is pre- 
sented in Fig. 14 for the reduction factor R,(M) 
computed for the 9-O band with Equation (11). It is 
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LS*N IUS Stondord, 19621 

---- LS’N IIJLYIUS Standard, 19661 

0, TOTAL CONTENllcm-‘1 

FIG. 12. TEMPERATURE DISTRIBWT~N IN THREE 45"N ATMOSPHERIC MODELS As A FUNCITON OF THE 

VERTICALO~TOTALCONTE~. 

2.2 

O2 IOTAL CONTENT km-*1 

FIG. 13. COMPARISONOFTHEREDUCTIONFACTOR &(OJ IN THE 6-O BANDFORTHREE 45”N ATMOSPHERIC 
MODELSASAFUNCTIONOFTHEO~TOTALCOWEST. 

only for optical depths greater than 4.6 that sensi- 
ble differences occur. The bands 6-0 and 9-O have 
been chosen for Figs. 13 and 14 since they corres- 
pond to relatively large errors (~5%) in the numer- 
ical approximation (see Table 4). It appears, 
neverthetess, that the numerical coefficients given 
in Tables 2 and 3, can be used for a wide range of 
atmospheric models. 

5. NUMERICAL ~PRO~~~ONS FOR 
Av=5OOm-' AND AA=lOA 

The subdivision of the Schumann-Runge spectral 
range adopted in the preceding sections is based on 
the physical structure (individual bands) of the ab- 
sorption cross section of molecular oxygen and the 
penetration of solar radiation and photodissociation 
coefficients have been determined using the solar 
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S-O Band ihh1630.6-164(6SiI \ 

0, TOTAL CONlENT fm~-~) 

FIG. 14. COMPARISON OFTHE REDUCTION FACTOR R,(M) IN THE 9-O BAND FOR THREE 45’N ATMOS- 
PHERICMODELSASApUNCTIONOFTHE0~TOTALCONTENT. 

flux available at the top of the atmosphere. Since 
solar flux measurement are often averaged over 
specific wavelength or wavenumber intervals, the 
analysis, which was developed in Section 4, is, 
therefore, extended for usual applications with 
5OOcm-’ or 10 A intervals. Expressions (4) to (17) 
can be used for such an extension when the index b 
now refers to the wavenumber interval Av= 
500 en-’ or to the wavelength interval Ah = 10 A 
and when n, is the number of subintervals charac- 
terized by a width of 0.5 cm-’ in the intervals Au or 
AA. 

The reduction factors Rd,(M), Rav(Oz), R,,(M) 
and R,, (0,) are first computed with expressions 
(11) and (12). Then the coefficients of the analytical 

approximation (16) are similariy determined as for 
the band intervafs. The approximate reduction fac- 
tors R,, *(M) and R,,*(OJ can now be computed 
with the coefficients given in Tables 5 and 6, re- 
spectively. The computations have been made with 
the 45”N U.S. Standard Atmosphere (COESA, 
1962). The standard deviations for each SOOcm-’ 
interval are given in Table 7. For wavelength inter- 
vals of lOA, the coefficient of R,,*(M) and 
R,,*(02) are presented in Tables 8 and 9, respec- 
tively, with the standard deviations in Table 10. It 
appears from Tables 4, 7, and 10 that the standard 
deviation never exceeds 10%. Most values are even 
smaller than 5%. The accuracy is, however, not 
identical for any type of subdivision of the 

TABLE 5. COEFWCIENTS FOR THE REDUCTION FAVORS Ray*(M) (Av=500cm-‘) 

6 
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TABLE 6. COEFFICIENTS FOR THE REDUCTION FACTORS RA,*(Oz) (Au=SOOcm-‘) 

band origin of the .v”= 1 progression falls in this 
interval. Finally, it appears that the standard devia- 
tion is usually higher for the R*(O,) reduction 
factors as a consequence of the appearance of the 
O2 absorption cross section in front of the expo- 
nential in equation (12). 

The choice of Rb*, RA,* or RAA* must be guided 
by the physical problem which is studied and by the 
precision involved in other parameters such as solar 
fluxes or absorption cross sections. 

CONCLUSION 

The penetration of solar radiation in the 
Schumann-Runge spectral range and the subse- 
quent photodissociation of O2 and minor con- 
stituents require lengthy computations when the 

TABLE 7. S.D. FOR THE SOOcm-' APPROXIMA~ONS 

&,*(M)mD &v*(%) 

Schumann-Runge spectral range. The variability of 
the standard deviations in the intervals of the same 
type (band, SOOcm-‘, 10/l) is an indication of the 
complexity of the structure in the Schumann- 
Runge bands. In particular when an interval over- 
laps with two bands, the standard deviation of the 
approximation is usually higher. For the case of the 
band intervals, the error increases when one or two 
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TABLE 10. S.D. FOR THE 10 A APPROXIMATIONS RAk*(M) 

AND L*(Od 

detailed structure of the 0, absorption cross sec- 
tion is taken into account. Since the resulting physi- 
cal effect is important over a great height range 
from the lower thermosphere down to the stratos- 
phere (see Fig. 9), numerical approximations have 
been developed for a wide range of practical appli- 
cations. 

The introduction of reduction factors provides a 
simple technique for the calculation of the attenua- 
tion of solar radiation. Photodissociation of minor 
constituents is then easily computed when their 
absorption cross sections can be approximated by 
constant values over each interval (band, 500 cm-‘, 
10 A) in the Schumann-Runge spectral range. It is, 

however, necessary to average the solar flux availa- 
ble at the top of the atmosphere over each spectral 
interval covered by the reduction factors. This ex- 
cludes, therefore, calculations of photodissociation 

of minor constituents with a rotational structure in 
their absorption cross sections as NO, for example 
(Cieslik and N&let, 1973). 

Adoption of the analytical approximation given 
by expression (16) allows a direct computation of 
the reduction factors as a function of the O2 total 
content. Since solar fluxes can be averaged over 
different intervals (band, 5OOcrr-’ or 10 A) the 
numerical coefficients required for the reduction 
factors have been computed for each type of inter- 
val over the Schumann-Runge spectral range (see 
Tables 2, 3, 5, 6, 8 and 9). When a specific spectral 
interval is adopted, it is easy to develop a computer 
subroutine for the reduction factors. Such a sub- 
routine requires the storage of 256, 320, or 480 
coefficients when the adopted spectral interval is 
respectively 500 cm-‘, “band” or lop\. The total 
photodissociation coefficients are obtained by a 
simple summation over the spectral intervals of the 
Schumann-Runge system. 

The same set of coefficients can be used for 
different solar zenith distances and for a wide range 
of atmospheric models. Furthermore, the numerical 
coefficients do not depend on the values adopted 
for the solar fluxes and for the average absorption 
coefficients of the minor constituents. Absorption 
by atmospheric ozone is easily taken into account 
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through the factor exp[-~(0~)) in expressions 
(13)+5). 

In summary, it appears that a simple procedure is 
now available for the analysis of absorption and 
photodissociation in the spectral range of the 
~humann-Runge bands of molecular oxygen. 
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paper. 
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