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Abstract-An analysis is made of the photodissociation and photoionization processes in the mesosphere due 
to the solar H Lyman-alpha line. Theirradiance of the line and its variation with solar activity are considered in 
the determination of the photodissociation of CH,, C02, H,O and O,, and of the photoionization of NO. 
Lyman-alpha contributes directly to these processes in the mesosphere after its absorption, which depends on 
wavelength and temperature, by molecular oxygen. The H Lyman-alpha radiation considered for mesospheric 
processes is characterized by a profile of an emission line with a central reversal, and wings extending to about 
k 1.75 A where the intensity reaches about 1% of that of the peak. Simple formulae are deduced for the 
photodissociation optical depths and frequencies and these take into account the various solar activity 
conditions and the different spectral characteristics of each molecule. 

1. INTRODUCTION 

About 40 years ago (Nicolet, 1945), the suggestion was 
made that the solar H Lyman-alpha line at 121.56 nm 
might be responsible for the photoionization of nitric 
oxide in the D region. Since then, the objective of many 
observations of the Sun and of the atmosphere has been 
to study this radiation in all its aspects. It is worth 
recalling that the above suggestion was based on a triple 
hypothesis which has since been confirmed by 
observations : the Lyman-alpha line can pass through a 
window, in the terrestrial atmosphere, which occurs 
between two molecular-oxygen bands ; its irradiance is 
much greater than that of the nearby solar continuum ; 
and the NO molecule exists in the D region of the 
ionosphere. However, besides causing photoionization 
of NO, Lyman-alpha radiation can also cause 
photodissociation of H,O, CH,, CO, and O2 (Fig. 1) 
and other molecules. Since O2 is one of the main 
constituents in the terrestrial atmosphere and since it 
absorbs strongly to beyond 200 run, the photodissocia- 
tion processes here are quite different from those in the 
atmospheres of other planets where oxygen is only a 
minor constituent. 

The experimental data published recently by an 
Australian group(Carver et al., 1977; Lewis et al., 1983) 
permit the determination, subject to the accuracy ofthe 
data, of the absorption in molecular oxygen as a 
function of wavelength (at intervals of 0.1 A) and of 
mesospheric temperature. Besides this, the observa- 
tions of the profile and the spatial distribution of the 
solar H Lyman-alpha line that have been made in 
various circumstances have made it possible to choose 

a profile appropriate to aeronomic studies (Purcell and 
Tousey, 1960; Bruner and Parker, 1969; Bruner and 
Rense, 1969; Prinz, 1973, 1974; Vidal-Madjar, 1977; 
Lemaire et al., 1978 ; Basri et al., 1979; Roussel-Duprt, 
1982,1983). This is acompositeprofile which represents 
the whole of the solar disk as seen from the top of the 
Earth’s atmosphere. The effective width ofthe line, to be 
used in aeronomic calculations, includes the principal 
central region, but not the distant wings. The profile has 
a width of 3.5 A and extends from 1213.9 to 1217.3 A; 
the intensity at these limits is only 1% of that near the 
centre, and thus the profile covers more than 99% of the 
total irradiance. 

In aeronomic work it is important also to know the 
absolute value of the irradiance of Lyman-alpha and 
how this varies during the solar cycle. This question has 
been discussed elsewhere by, for example, Bossy and 
Nicolet, 1981; Bossy, 1983; and Nicolet. 1983(a) and 
(b). However, for the purposes of the present study of 
mesospheric conditions, the following expression has 
been adopted for the irradiance qrn (Lya) of Lyman- 
alpha at the top of the atmosphere and for the mean 
distance of the Earth from the Sun : 

&LyC() = 3 x lOlO 
F 

1+0.2 
10.7-65 

100 > 
photon cme2 s-l (1) 

where 3 x 10” photons cm-’ s-l is a conventional 
value for the irradiance of the quiet Sun (at the 
minimum of the solar cycle); this value is further 
discussed in Section 9. In 98% of cases, the expression in 
brackets represents the effect of solar activity’ with an 
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Oz. HzOt CO, 

FIG. 1. ABSORPTION CROSS-SECTIONS OF Oz. H,O AND CO, FROM 190 TO 100 nm. 
Taken from Nicolet (1964). The H Lyman-alpha line at 1216 nm is almost at the center of a ‘window’ between 

two 0, bands. The H,O cross section is at least 1000 times greater than that of OP 

accuracy of *IOU/,; F,,,, is the radio solar flux at 
2800 MHz, published by the National Research 
Council in Ottawa, and is used as an index of solar 
activity. 

The aim of the present work is to investigate the 
process ofphotodissociation by solar Lyman-alpha for 
a number of molecules (CH,+, H,O, COz and 0,) 
bearing in mind their individual characteristic, and to 
obtain simple results that can be applied directly to the 
terrestrial mesosphere. 

2 DETERMINATION OF RATES 

OF I’HOTODISSOCIATION 

The simplest expression for the rate of dissociation 

J(X Y) of a molecule XY is : 

J(XY) = a,(XY)q, em’* s-’ (2) 

where rrr, is the absorption cross-section (cm’) assumed 
constant of the molecule XY; qm is the total number of 
photons cm-2 s-’ available at the top of the Earths 

atmosphere for the same spectral range, and emra is the 
atmospheric transmittance with rA = a,N, where g,., is 

the constant absorption cross-section (cm2) by N 
molecules (cm _ ‘). In this particular case of the solar H 
Lyman-alpha line, the formula becomes 

Ji_,(XY) = qm(LYa) CgAxY)f4i/4m) e-r~(02) (3) 

where q,(Lyc() is the total number of Lyman-alpha 
photons as shown in Fig. 2. The photodissociation- 
absorption cross-section cri(XY) will depend on the 
molecule considered : it is constant for CH,‘and CO,, 
but varies with wavelength for H,O, and with 
temperature and wavelength for 0,. The source 
function qi/qio is adapted to the profife of the solar H 
Lyman-alpha line which represents the spectral 
irradiance for a wavelength interval of f 1.75 A; its 
minimum value is 1.56 x 10m3 at 1213.9 and 1217.3 A, 
and its maximum is 0.13 at 1215.4 and 1215.8 A. The 
optical depth q(OJ for Acli = 0.1 A is deduced from 0, 
absorption cross-sections adapted to temperatures 
from 170 to 250 K corresponding to mesospheric 
conditions; these cross-sections are obtained from 
experimental data published by Lewis et al. (1983). 

When the photodissociation-absorption cross- 
section a,(XY) remains constant over the whole 
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mesosphere, which will be used here as the reference 
temperature. 

LYMAN-n 

QUIET SUN DISK 

FIG. 2. MEAN PROFILE OF THE SOLAR H LYMAN-ALPHA LINE 

(AI. = 3.5 A), FOR THE FULL DISK AS SEEN FROM THE EARTH, 
ADOPTEDFORTHECALCULATION. 

The corresponding variation of the 0, absorption cross- 
section at T = 203 K, according to Lewis et al. (1983), is also 
given. The number of photons q(Lya) varies by a factor of 100, 

and ~$0,) by a factor of 10. 

In the case of Lyman-alpha, it is necessary to take 
account simultaneously of the line profile and the 
variation in the 0, absorption cross-section, both of 
which are illustrated in Fig. 2. The expression for the 
effective cross-section of molecular oxygen at solar H 
Lyman-alpha then becomes : 

+&w,,= 0 = (2.17kO.01) x 10-20 cm’ (6) 

at ~(0,) = 0 and at T = 230 K. Again the variation 
+ 0.01 covers the temperature range 250 > T > 170 K. 
This value is less than that given by equation (5), since 
the atmospheric transmittance is adapted to the profile 
of Lyman-alpha. The calculation of equation (4) is, 
therefore, based on 

q(Lya)/q,(Lycc) = y qi e-r,c02) 
1 

fqi,_ = e-rg(02) (7) 

where ~~(0~) = cr,(O,)N is the effective optical depth at 
solar H Lyman-alpha: that is, the product of the 
effective absorption cross-section ~~(0~) and of the total 
number N of O2 molecules per cm’. The results of a 
detailed calculation are illustrated by various curves in 
Fig. 3. It can be seen that there is a continuous 

spectral range, equation (3) can be written 

J~yalJ~yrr,rn = q(Lya)/q(Lya, 00) = C(qi/qm) e-ri(02). 

(4) 

Equation (4) corresponds to the mesospheric transmit- 
tance of the solar H Lyman-alpha irradiance, i.e. to the 
reduction factor of the number of Lyman-alpha 
photons (cm -‘s- ‘) which depends on the total number 
of 0, molecules, N cm-*, and also on the temperature. 

When the mesospheric transmittance of the solar H 
Lyman-alpha line, as defined by equation (4), is adopted 
for the determination of a photodissociation pro- 
cess, the photodissociation-absorption cross-section 
o&YY) is generally an equivalent cross-section which 
may depend on the wavelength (H,O) or on the 
temperature (0,). 

3.PENETRATION OF LYMAN-ALPHA 

INTO THE TERRESTRIAL MESOSPHERE 

At temperatures representative of the whole of the 
mesosphere (170-250 K), the experimental values for 
the absorption by 0, of Lyman-alpha radiation in the 
band 121.550&0.175 nm lead to the following 
expression for the mean absorption cross-section 
a(O,),=, for zero optical-depth 5 = 0 and A/1 = &- 1.75 
A: 

a(O,),=, = (2.35+0.01)x 1O-2o cm* (5) 

where 2.35 is adapted to the temperature 230 K, the 
value, assumed to be the mean temperature for the 

1 
SOLAR H LYMAN ALPHA j 

; 
MESOSPHERIC PROFILE 2 

! 

WAVELENGTH 

FIG. 3. THEVARIATION(ANDDEFORMATION)OFTHEPROFILEOF 
TIIESOLARH LYMAN-ALPHALINE, i.e. OFTHESOURCEFUNCTION 
DEFINED BY qi,lya (Al, = 0.1 A)/q,,,,, (AI = 3.5 A), WITH 

INCREASING NUMBER N OF 0, ABSORBING MOLECULES: 

(q = NUMBEROF PHOTONSCII-'S-l) 

Sixcurves are shown for N = 0, 1019, lo”, 2.2 x IO*‘, 5 x 10” 
and 10” cm-*. Approximate values of the effective 
transmittance of the H Lyman-alpha irradiances, i.e. the ratio 

q(Lycc)/q,(Lya), are also given for the various profiles. 
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deformation of the solar H Lyman-alpha profile due to 
the differences in the absorption of O2 molecules at 
various wavelengths. The maximum of the emission is 
displaced towards 121.6 nm where the 0, absorption 
cross-section is least. It is important to note also that the 
transmittance decreases by a factor of about lo4 when 
the number of O2 molecules (N) increases from 10” to 
10zl cm-‘. For this reason the calculations have not 
been extended beyond an optical thickness ~~(0~) 
= 10; thisimplies that N = 10” molecules 0, crnm2 is 
considered to be practical limit in calculations relating 
to the effect of solar H Lyman-alpha. 

The numerical results show that the effect of 
temperature on the absorption cross-section of 0, is 
unimportant for small optical thickness, that is for 
N < 10” cm-*. Starting from the conventional value 
adopted here for the irradiance at the top of the 
atmosphere, q,(Lyn) = 3 x IO’* photons cm-’ s-l, 
the reduced values as the radiation penetrates into the 
mesosphere are as follows : 

N (cm-‘) 
0 10’8 10’9 2.5x 1089 5 x to’* i020 

$(cm -zs-‘> 
3 x 10” 2.96 2.65 2.22+0.01 1.68&0.01 1.01iO.02. 

For N = 10” cm-‘, the effect of temperature in the 
range 170to250Kisonly2%, but it increases byafactor 
of more than 2 at N = IO*’ cm-‘, and hence for 
N > 10zo cm-2 the effect of temperature must be 
considered. Nevertheless, the adoption of a reference 
temperatureof230K,adjustedby _f20Kfor 10” -C N 
=G 10zl cm-‘, leads to the following simple expression 
for the mesospheric transmittance To, (Lya) of solar H 
Lyman-alpha, the accuracy of which is better than 

22% 

T,,(Lya) = q(LYWq,(LYa) 

= exp[-2.115x lo-l8 N”.8855]. (8) 

Figure 4 shows how the effective optical depth 
r,(Lya) increases from 0.1 to 10 as the number of O2 
absorbing molecules increases from 1O1’ to 1 Ozl cm ‘. 
The corresponding effective 0, absorption cross- 
section decreases from (2.17+0.01) x 1O-2o cm2 at N 
= 0 [equation (6)] to (1.24t0.01) x lo- ‘* cm2 at 
N = 10” cme2, and to (1.09+0.02)x 10m2’ cm2 at N 
= f02* cm-’ corresponding to about the unit optical- 
depth (see Fig. 4). But for N > 102’ cm-‘, the 
temperature effect increases rapidly, as shown in Fig. 5 
which illustrates the effect oftemperatures between 250 
and 170 K on the eflective O2 absorption cross-section 
of the solar H Lyman-alpha line. 

The effect of temperature can be introduced into the 
determination ofthe transmittance of Lyman-alpha ifa 

SOLAR H LYMAN ALPHA 

MESOSPHERIC ABSORPTION 

19 

LOG,O,MOLECULES ;“cd) 

FIG. 4. MESOSPHERIC ABSORPTION OF THE SOLAR H LYMAN- 

ALPHALINE(NuMB~OFPHOTONS cm-Is-‘) R~PR~~DBY 

I~EFFECT~VEO~CALoEF~(o~ MOLECULESAT T= 230 K) 
FOR VALUESOF ZqcLY.) BETWEEN 0.1 AND 10. 

The unit effective optical depth r,(Lycc) = 1 is reached near 
N = 10” O2 molecules cm-’ and rises to about ~,(Lyac) = 8 
at N = 10zl cm-*. The line is obtained from the formula, 

equation (8), for T = 230 K. 

1 I j 

SOLAR H LYMAN ALPHA 

15- 
O2 ABSORPTION CROSS SECTION 
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i 

51 * I 

l@ Id8 70* 10ZO 
O2 MOLECULES h’& 

FIG. 5. THE EFFECTIVE ABSORPTION CROSS-SECTION OF 

MOLECULAR~XYGENFOKTHES~LARH LYMAN-ALPHALINEAT 

VARIOUSTEMPERATURESBETWEEN250ANV 170K. 
As the 0, cross-section decreases there is an increase in the 
differences between the values for the various temperatures 
which may be taken into account at N > 10” cm-‘. For 
1020 <N < 10” cm-2, . . the mesospheric temperature T 
== 230 k 20 K is adopted. The ratio crD is based on the effective 
cross-sections of molecular oxygen as photodissociation- 
absorption cross-section ((F~) and as transmission-absorption 
((I,) at solar H Lyman-alpha; it decreases from I to 0.89 as N 

increases from lOi8 to 10” cm‘*. 
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SOLAR H LYMAN ALPHA 

TEMPERATURE EFFECT 
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2,s 
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L A 

O2 MOLECULES (cm? 

FIG. 6. THE EFFECT OF TEMPERATURE ON THE EFFECTIVE 
TRANSMITTANCE T,,(Lycc) OF THE SOLAR H LYMAN-ALPHA LINE, 

The variation (%) of the number of Lyman-alpha photons Aq is 

given for differences oftemperatures AT related to T = 230 K. 

correction is applied for N > 10” cm-*. Figure 6 
shows the percentage variation in the number of 
Lyman-alpha photons for a temperature change of 
10 K: it falls gradually from 15% for N = 10zl crnd2 
to only 0.5% for N = 10” cm-‘. Thus, in cases where 
it is considered to be necessary to take the temperature 
into account when N > 10” cm-‘, corrections can be 
applied to equation (5) which refers to the mean 
mesospheric temperature, 230 K. 

4. MESOSPHERIC PHOTODISSOCIATION OF CH, 

The photodissociation of CH, in the mesosphere 
results almost exclusively from the action of solar 
Lyman-alpha radiation. The experimental work of 
Watanabe et al. (1953), which has been discussed by 
Nicolet (1964, 1980), indicates that, to a first 
approximation, the absorption cross-section is 
constant in the spectral region centred on the Lyman- 
alpha line. Hence the photodissociation frequency of 
CH, at solar H Lyman-alpha is given by : 

J,,,(CH,) = c~,,(CH,)q,(Lya) e-Tq(oZ) s-l (9) 

where oD = 1.85 x 10-l’ cm2 is the mean 
photodissociation-absorption cross-section of CH, 
and T&O,) is the effective optical-depth at Lyman- 
alpha, as given by equations (7) and (8). This direct 
application follows from the assumption that the 

mean cross-section of CH, in the range Lyman-alpha 
k1.75 A is constant. Finally, by using the para- 
meters introduced in the present work, we can write : 

JL,,(CH4) = 5.55 x 1O-6 
F 

1+0.2 

-65 

10.7 > 100 

x exp(-2.115x10-sN0~8855)s-1. (10) 

The effect of temperature can be introduced 
by using the information given in Fig. 6. Starting from 
T = 230 K, for each negative 10 K step in temperature, 
the graph gives the corresponding positive percentage 
change in J(CH,), instead of q, for N > 10” cm-*; 
that is for optical thicknesses greater than 7&O,) = 1. 

5. PHOTODISSOCIATION OF CO, BY 

SOLAR H LYMAN-ALPHA 

The absorption spectrum of CO, has been studied by 
a number of investigators (see Nicolet, 1980). At 
Lyman-alpha, the measurements of Nakata et al. 
(1965), with a resolution of 0.2 A, lead to an absorption 
cross-section about 10% higher than previous values : 
namely oLY,(CO,) = 8.14 x 10m2’ cm2. However, since 
the measurements indicate that at 1215.7 A there is a 
small peak, this value must be considered as a 
maximum value. Therefore, if a photodissociation 
frequency of the order of 

J,(CO,) = 2.2 x 10-E s-1 

is adopted at the top of the Earth’s atmosphere for quiet 
sun conditions, q,(Lyol) = 3 x 10” photons cmm2 s-l, 
the accuracy cannot be better than + 10%. 

Thus, a formula similar to equation (lo), which refers 
to CH, can be adopted if the 5.55 x 10m6 is replaced by 
2.2 x lo-‘. Even though the diffuse character of the 
bands in the spectral region of Lyman-alpha may be 
due to predissociation, new measurements with higher 
resolution and varying temperature between 170 and 
250 K are required so as to improve the accuracy of the 
CO, photodissociation frequency due to solar H 
Lyman-alpha in the mesosphere. 

6. PHOTODISSOCIATION OF H,O BY 

SOLAR H LYMAN-ALPHA 

Photodissociation of H,O in the mesosphere is 
caused by Lyman-alpha and also by radiation in the 
region associated with the absorption of the 
Schumann-Runge bands of O,, and has recently been 
discussed by Nicolet (1984). The photodissociation 
frequency must therefore be considered as a function of 
wavelength. Figure 7 indicates how the absorption 
cross-section of H,O varies over the 3.5 A band centred 
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FIG.~.THBABSORPTIONCROSS-SECTIONOFH~Q,A~CORDINGTO 

L~W~S~~~[.(~~~~)(DASHEULINE)ANDTHEPKOFILEOFSOLAR H 
LYMAN-ALPHA(FULLLINE). 

on Lyman-alpha. It is not possible to use the mean 
value of (1.5fO.l)~ 10-r’ cm2 without a detailed 
analysis of how it varies with N and T. Thus the 
calculation was made using 35 steps 0.1 A-wide, 
centered on Lyman-alpha, and the following 
expression : 

J,,(H20) = JLy,_(HZO) e-TwP(02t (11) 

corresponding to the general equation (3), where 

J rp,mW,O) = 3 x 10” &(H,O) Cqi&ml s-‘. 

(12) 

In equation (12), oi(H,O) is the photodissociation- 
absorption cross-section for AE. = 0.1 A as given by 
Lewis et al. (1983). Equation (12) leads to the H,O 
photodissociation frequency at the top of the Earth’s 
atmosphere for a quiet Sun 

J Lya,m(HzO) = 4.53 x 1O-6 s-l. (13) 

With q,(Lycr) = 3x 1O’l photons cmm2 s-l, the 
effective absorption cross-section at zero optical-depth 
is, therefore : 

CT D,,=O(HzO) = 1.51 x lo-l7 cm’ (14) 

which is close to the mean value for the spectral range of 
the solar H Lyman-aipha line. 

Adopting again the 230 K temperature for the O2 
absorption cross-section, the Hz0 photodissociation 
frequency at Lyman-alpha is given by the simple 
formula : 

f,,@W) = J,,,,,(H,O) 

x exp(-1.727x lo-l8 Na.8*g5) (15) 

with an accuracy better than +2x. If 170 < T < 250 
K, there is practically no temperature effect (less than 
f2%) for N < lo’* cm-‘. The following values are 

I-/L-L 
20 205 21 

LOG,4 MOLECULES (cm?) 

FIG. 8. THE EFFECT OF TE~PERA~RE ON TIIE PHO~ODI~I- 

ATIONOFH~OBY~LAR H LYMAN-ALPHA. 
For equivalent optical depths greater than 1, the temperature 
effect increases with N, the total number of 0, molecules 

per cm’. 

obtained for quiet sun conditions 

N (cm-2) 
10'8 10'4 5 x1019 7.5 x IO"9 1020 

J,,o(s-') 
4.47 x 1O‘6 4.02+0.01 2.S8_+0.02 2.00_+0.03 1.56_+0.03 

The temperature effect is detected for N > IO**, as 
can be seen from Fig. 8 when the equivalent optical- 
depth rn20,LYz(02), introduced in equation (1 l), 
becomes greater than unity. For a temperature change 
of 20 K, the magnitude of the effect is of the order of 1 
and 10% at N = 102* and fOzl cms2, respectively. 
Whether effects of this order are to be considered or 
neglected will depend on the nature of the problem 
being investigated. In the study of the photodissocia- 
tion of H,O in the mesosphere, where both Lyman- 
alpha and the region of the Schumann-Runge bands 
are important, equation (14) or any other simple 
expression may be used ; but for a different discussion, 
see Nicolet (1984). 

When it is necessary to take the temperature effect 
into account, Fig. 9 provides the required information; 
for example, between N = 10zl cms2 and 10” cm- *, a 
decrease in the temperature of 10 K at 230 K results in a 
reduction in the rate ofdissociation ofH,O from about 
150.5%. The effect is about the same as that shown in 
Fig. 6 for the variation in the number of Lyman-alpha 
photons. This similarity is due to the variation in the 
effective cross-section itself o,(H,O) which is found 
from the following expression : 

J,,(H,O) = co(H,O)q,(Lya) e-r(or) (16) 
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FIG. 9. THE EFFECT OF TEMPERATURE ON THE EQUIVALENT 

TRANSMITTANCE OF THE PHOTODISSOCIATION FREQUENCY OF 

H,ORESUL~NGFROMTHE~~LARHLYMANLINE. 

The variation AJ(H,O) is given for differences ofAT related to 

T= 230K. 

where z&O,) is the effective optical-depth at solar H 
Lyman-alpha as given by equation (7). The effec- 
tive absorption cross-section oD(H,O) increases from 
1.51 x lo- ” cm’, corresponding to an optical depth 
t&O,) = 0 [see equation (12)] to 1.62 x 10-l’ cm2 
for N = 102’ cmm2 corresponding to an optical 
depth of about 8. In order to cover all possible values 
of N from 10” to 102’ cmm2, a mean value: 

o,,,,,(H,O) = (1.57-1:0.05)x 10-l’ cm2 (17) 

can be adopted with a precision of + 3.3%. Thus, when a 
correct mean value has been determined for the 
effective absorption cross-section at Lyman-alpha, the 
following simple expression for J,,,(H,O) in the 
mesosphere can be used, assuming a mean temperature 
of230K: 

J,,,(H,O) = 5.7 x 1O-6 
F 

1+0.2 10.7- 

65 
100 > 

x exp(-2.115x 10m8 N”.sa5’). (18) 

The final conclusion is that the photodissociation of 
H,O can be expressed in the same form as that for CH, 
if the mean effective absorption-photodissociation 
cross-section is adapted to the conditions found in the 
mesosphere. The effect of the temperature appears only 
in the exponential term in equation (18), that is in the 
transmittance of the mesosphere for solar H Lyman- 
alpha radiation (see Fig. 9). 

7. PHOTODISSOCIATION OF 0, BY 

SOLAR H LYMAN-ALPHA 

Since the absorption near Lyman-alpha by oxygen 
depends on both temperature and wavelength, the rate 
of dissociation J,,,(O,) defined by: 

JL,,(O2) = oD(02)q,(Ly4 e-'qIo2) (19) 

must be determined using a complete and detailed 
expression of the form of equation (3) : 

As in the preceding cases, the calculations are based on 
intervals of 0.1 A in the 3.5 A band centred on Lyman- 
alpha. For temperatures 170 < T = 230 < 250 K and 
for quiet Sun q,(Lycc) = 3 x 10” photons cmm2 s-l, 

equation (20) leads to the following value for the 
photodissociation frequency of O2 (Fig. 10) at the top of 
the terrestrial atmosphere and for the mean distance 
between the Sun and the Earth : 

J Lycr,m(02) = (3.81 kO.03) x 1O-g s-l. (21) 

It corresponds to an effective absorption- 
photodissociation cross-section 

a,,,(O,) = (1.27 kO.01) x 10m2’ cm2 (22) 

with a precision better than + 1% when T = 230 K is 
adopted to cover the temperature range 25&170 K. 
With the same temperature the ratio TJcol) 

= JL,,KWJL,,AW can be determined with the 

202 

-15 -10 -05 0 +a5 f10 +15 

1.1 (ANGSTROM) 

FIG.~O.STRUCTUREOFTHEPHOTODISSOCIATIONFREQUENCYOF 

MOLECULAR OXYGEN AT SOLAR H LYMAN-ALPHAINDICATING 

THE EFFECT OF THE VARIATION WITH WAVELENGTH OF THE 

ABSORPTIONCROSS-SECTIONOF02. 
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LOG 0 MOLECULES (cm’) 10 2 

FIG. 11. EQUIVALENT OPTICAL DEPTH OF THE 0, PHOTODISSOCI- 

ATION FREQUENCY DEDUCED FROM J,,,(o,)/J,,,,,(02) AND 

EXPRESSED HERE AS THE ‘MEAN PHOTODISSOCIATION DEPTH’ 

FROM 0.1 TO 10 VS THE TOTAL NUMBER OF 0, MOLECULES 

N = 2.5 x 1Ol9 cm-’ TON = 10” cmm2. 

The line is obtained from the formula (equation 24) for 

T = 230 K. 

simple expression (Fig. 11) 

= exp(-4.923 x 10-l’ N”.“16) (23) 

with an accuracy better than f 3% from N = 10” to 
10zl cm-‘. The detailed calculations for various 

temperatures from T = 170 to 2.50 K shows that, for N 
< 10zo cm-‘, 

JL,,(W,, ’ JLyn(WT* 

and for N > 10” cm2 

@da) 

for T2 < T,. 
Finally, as in the cases studied earlier, for 

J,,,(O,) it is necessary to take the temperature effect 
into account for large optical thicknesses, i.e. for 
N(0,) > 10” cm -‘. Figure 12 shows by how much 
JL,,(02) increases for a temperature change of = 10 K ; 
the increase varies from 15% for N = 10zl cm-’ to 1% 
at N = 2.5 x 10” cm-‘. At N = 10” cm-’ thereis no 
temperature effect, because of the inversion indicated 
in equations (24a) and (24b), but at N = 10” 
cm-’ the rate of photodissociation decreases to 
0.84 f 0.02, i.e. with an accuracy of k 2%. 

If equation (19) is used in conjunction with the result 
obtained in equation (23), the effective absorption- 
photodissociation cross-section a,(OJ is obtained 
with the use of z&O,), the effective optical depth at 
Lyman-alpha as defined by equation (7). The cross- 

section decreases from 1.21 x 10-20 cm2 at N = 10” 
cm-2 to 9.9 x lo-” cm2 at N = 10zo cm’, and is only 
7.4 x lo-” cm-’ at N = 10zl cn-‘; this is illustrated 
in Fig. 13 which includes other information also. 

The three curves CT~~~,.=), ‘~~(o+ and gJtHzO) show the 
variation, with the total number of 0, molecules 
10” < N < 102’ cm-‘, of the equivalent absorption 
cross-section corresponding to the mesospheric trans- 
mittance of the solar H Lyman-alpha photons q(Lycc), 
of the 0, photodissociation frequency J(0,) and of 
the Hz0 photodissociation frequency JCHzO), respec- 
tively. The two parameters uqCLya) and CJ_,(~~~) are 
not very different since the effective absorption- 
photodissociation cross-section cr,(H,O) at solar H 
Lyman-alpha shows only a small variation with N (Fig. 
13). As far as oJCo2) is concerned, the variation is ex- 
tremely important; it goes from about 1.7 x 10-20 cm2 
at N = 10” cm-2 to only about 0.9 x 10-20 cm2 at N 
= 10” cm-‘(Fig. 13)Thisisdue to thedoubleeffectof 

~,CL,,P2) and gDCLy.) (0,). Nevertheless, it is possible to 
use the atmospheric transmittance of the solar H 
Lyman-alpha line and to adopt equation (19) if the 
effective absorption-photodissociation cross-section 
~~(0,) is calculated for T = 230 K using the following 
expression 

aJO,),,, = 1.15 x 10-18/N0.‘175 cm2 (25) 

O2 MOLECULES (cdl 

FIG. 12. THE EFFECT OF TEMPE&ATURE ON THE EQUIVALENT 

TRANSMITTANCE OF THE PHOTODISSOCIATlON FREQUENCY OF 0, 

RESULTING FROM THE SOLAR H LYMAN-ALPHA LINE. 

The variation AJ(0,) is given for differences of AT related to 

T = 230 K. 
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19 20 21 

LOG,O, MOLECULES hi2) 

FIG. 13. COMPARISON OF EFFECTIVE AND EQUIVALENT O2 
ABSORPTION AND PHOTODISSOCIATIONCROSS-SECTIONS. 

The effective cross-section ~~~~~~~ is deduced from the effective 
transmittance of the solar H Lyman-alpha line defined by its 
number of photons cm-’ s-l, q(Lya) from n(0,) = 0 to 
n(0,) = 10” cm-‘. The eauivalent cross-sections (r,,,,., and 
o,&) are deduced from tie equivalent transmittanggf the 
O2 and H,O photodissociation frequencies resulting from the 
absorption of the solar H Lyman-alpha photons available 
from N(0,) = 0 to N(0,) = 10Z1 cm-*. The absorption- 
photodissociation cross-sections a,(H,O) and ~~(0,) 
correspond to the simultaneous use of the effective 
transmittance of the solar H Lyman-alpha line, i.e. 
q(Lya)/q,(Lya), and, therefore, with the corresponding 

In the mesosphere, the photodissociation, or 
photoionization, by solar H Lyman-alpha radiation of 
all the constituents depends on several parameters 
whose precise values must still be the object of further 
experiments and observations. In particular, it is 
important to emphasize the importance of obtaining 
accurate absolute values for the irradiance of H 
Lyman-alpha. In the present work, the conventional 
value 3 x 10’ ’ photonscm-‘~-~ at 1 a.u. for aquiet Sun 
has been adopted provisionally pending the avail- 
ability of a more accurate value. In fact, the many 
different values that have been proposed cover the 
range from 2 x 10” to 3.2 x loll, and to cover all these, 
it would be necessary to write : 

effective cross-section bq,LYoj. q,,,(Lycc) = (2.75kO.75) x 10” photons CX-~S-~. 

with an accuracy better than + 3% for N > 10” cm-‘. 
Thus,J(O,)at Lyman-alphain themesosphere,isgiven 

by 

J,,,(02) = 1.15 x lo-‘* 

x N0,1175q,(Lya) e-rq(Lya) (26) 

which shows that the effective transmittance ofthe solar 
H Lyman-alpha line can always be used if the correct 
effective absorption-photodissociation cross-sections 
of all the constituents are determined after a detailed 
calculation of their photodissociation frequencies. 

8. PHOTOIONIZATION OF NO BY 

SOLAR H LYMAN-ALPHA 

The calculation of the photoionization ofnitric oxide 
in the D region is based on the absorption cross-section 
and on the ionization yield determined by Watanabe 
(1958). If we accept the photoionization cross-sections 

given by Watanabe at 1211.3, 1215.6 and 1217.4 A, 
i.e. 2.01 x lo-“, 2.02 x lo-l8 and 2.09 x lo-‘* cm’, 
respectively, a mean cross-section corresponding to 
about 2.02 x lo-” cm2 can be adopted at the solar H 
Lyman-alpha line. Thus, the mesospheric photo- 
ionization frequency of nitric oxide, I,,, is obtained 
from 

I,, = 2.02 x lo-‘8q,(Lya)T,,(Lya) (27) 

where T,,(Lya) is given by equation (8). A more detailed 
analysis of the NO photoionization frequency would 
require an experimental determination of the 
absorption cross-section and of the ionization yield at 
high resolution. 

9. SUMMARY AND CONCLUSIONS 

(28) 

In other words, the value adopted in the calculations 
has certainly introduced a systematic error, but this can 
easily be corrected in all the numerical expressions 
quoted in the preceding sections. If the conventional 
value adopted here were reduced by 20%, the resulting 
value would be : 

J,(Lycr) = 2.5 x 10” photons crn-‘~-~ (29) 

with an accuracy ofsay f 20%, and this may perhaps be 
closer to the true value. 

The way in which the radiation from the solar disk 
varies with solar activity requires further attention, 
bearing in mind the limits indicated by those solar 
activity indices that are not subject to errors arising 
from drift in the calibration of the instruments. Direct 
observations of Lyman-alpha have proved to be 
inadequate for the determination of the long-term 
trend in solar activity, unless corrections are applied. 
Instrumental drifts and erratic changes are often so 
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large that they completely mask the solar-cycle 
variations. 

The expression : 

4m(LYtLLive Sunlqm(LYCl)quiet Sun = l +O.2 
F 10.7-65 

100 

(30) 

which is based on equation (l), results from a global 
analysis, covering more than a solar cycle, of 
observations made by various satellites using sensors 
which were subject to various changes in sensitivity. 

Finally, the variations in the solar profile of Lyman- 
alpha ought to be more accurately known. The 
composite profile for the irradiance as a function of 
solar activity represents the disk as a whole, including 
variations from the centre out to the limb, and also the 
fluctuations associated with the variable incidence of 
Lyman-alpha plages during the solar cycle. At present 
the only possible course is that adopted in the present 
work, namely to use a mean profile which represents the 
structure of the irradiance in the 3.5 A band centred on 
Lyman-alpha. 

In another field, a fresh analysis of all the high- 
resolution absorption cross-section near Lyman- 
alpha, and in the temperature range 190-250 K, would 
be very welcome. In order to demonstrate the variation 
with wavelength, near Lyman-alpha, of the various 
parameters, Figs 14(a) and (b) show the results of 
calculations based on a number of different sets of 
conditions. In most studies, no account has been taken 
of the structure of Lyman-alpha and the irradiance has 
been assumed to remain constant over the spectral 
region considered. If this approximation is accepted, 
the transmittance relative to the constant value is as 
shown in Fig. 14(a). As can be seen the relative 
transmittance of the irradiance determined for the real 
profile of Lyman-alpha can reach values greater by a 
factor of 4 for large optical thicknesses. For the rate 
ofdissociation of H,O by Lyman-alpha, the equivalent 
transmittance also increases by a factor of 4, while for 
0, it rises by a factor of 2. It seems clear that, in the 
earlier publications, estimations of the penetration of 
solar H Lyman-alpha radiation are incorrect. Figure 
14(b) takes account of the structure of the profile of 
Lyman-alpha, and allows other comparisons to be 
made if the experimental determinations of the 
absorption cross-section of O2 are accepted. The 
equivalent transmittances for the rates of dissociation 
of H,O and 0, are given as ratios to the transmittance 
of the Lyman-alpha irradiance. The variation of the 
effective photodissociation cross-section of H,O, 
which increases with the 0, optical depth, leads to a 
small increase of the equivalent transmittance for its 

I SOLAR H LYMAN ALPHA IN MESOSPHERE 

5 

I JL,,(H,O)/J,,,,,(HZO) 

4 i /J- 

LOG,,4 MOLECULES (cm’) 

FIG.~~(~).COMPARISONSOFTHECONDITIONSOFATMOSPHERIC 

TRANSMITTANCEIN THE SPECTRALREGIONOFHLYMAN-ALPHA, 

IF A CONSTANT FLUX WITH WAVELENGTH IS ADOPTED. 

The combination of the real profile of solar H Lyman-alpha, 

with its spectral structure, with that of the 0, absorption 

cross-section leads to an increase at high optical depths of its 

transmittance which reaches more than a factor of4. The effect 

is even greater for the relative H,O photodissociation 

frequency due to the variation with wavelength of its 

absorption cross-section (increase in H,O and decrease in 0, 

cross sections). The relative 0, photodissociation frequency is 

subject to the double effect of the decrease of the effective 

photodissociation and the absorption cross-section with 

increasing optical depth; it increases only by a factor of 2 as 

compared with the assumption of a constant solar flux with 

wavelength. 

m--m_ 

SOLAR H LYMAN ALPHA IN MESOSPHERE 

J,,XWJL,,,KV 

4 

LOG,,O, MOLECULES kni2) 

FIG. 14(b). COMPARB~NS BETWEEN THE MESOSPHERK TRANS- 

M~TTANCE OF SOLAR H LYMAN-ALPHA, TAKEN AS UNITY, AND 

THJ3 RELATIVE PHO‘TODISSDCIATION FREQUENCIES OF H,O 

AND 0,. 

The relative H,O photodissociation frequency is subject to a 

small increase with increasing optical depth which 

corresponds to a small increase in its absorption cross-section 

towards longer wavelengths. The decrease of the relative 0, 

photodissociation frequency with increasing optical depths 

compared with the solar H Lyman-alpha transmittance is due 

to the simultaneous strong decrease in its effective 

photodissociation cross-section. 
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ERROR IN OPTICAL DEPTH (%) 

FIG.~S.ERRORSINTHEMESOSPHERICTRANSMITTANCEOFSOLAR 

HLYMAN-ALP~AFORVA~OUS~TAL~UMBEUSO~AB~RBING 

O,MOLECULES,FROMN = 10zocm2(75 ~~FOROVERHEADSUN, 

EQUIVALENT IJNIT OPTICAL-DEPTH) TO N = 10” cm2 (60 km 
FOROVERHF!ADSUN,EQUIVALENTOPTICALDEPTH = 9). 

An error of & 5% in the absorption cross-section would lead to 
an error of + 50% for a transmittan~ of 10e4, i.e. 60 km for an 
overhead sun. The inaccuracy in the 0, absorption cross- 
section leads to a limit for possible applications of the effect of 
temperature on the photodissociation frequencies at high 

optical depths. 

photodissociation frequency, as compared with the 
mesospheric transmittance at solar H Lyman-alpha. 
On the other hand, the decrease in the effective 
photodissociation-frequency of O2 with increasing 
optical depths leads to an important decrease in the 
equivalent transmittance of the 0, photodissociation 
frequency as compared with the solar H Lyman-alpha 
transmittance. 

Before concluding the present critical analysis of the 
emission of solar H Lyman-alpha radiation and its 
absorption in the atmosphere, it seems important to 
refer to other limitations to the study of the effects of this 
radiation in the mesosphere. Figure 15 allows a 
comparison to be made between the error in the optical 
thickness (corresponding to the experimental cross- 
sections) and that in the transmittan~; as can be seen, 
there are limits to the accuracy that can be achieved. 
For example, an error of 5% in the absolute value of the 
0, absorption cross-section will result in an error of 
25% in transmittance when N = 5 x 10” 0, molecules 
crne2 , i.e. at 65 km for an overhead Sun, or 70 km for a 
solar zenith angle of60”. In fact when N(0,) > 5 x 10” 
cm-‘, the transmittance falls below 10e2. Figures 6,9 

and 12 show that the tem~rature effect is important 
(greater than 5% for 7’ = IO K) only when N(0,) > 5 
x 10zo cme2; hence practical applications in the 

mesosphere correspond to transmittances greater than 
lo-’ for Lyman-alpha, with a mean temperature of 
230 K. 

Thus, equation (8), 

To,(Lya) = exp(-2.115 x lo-‘* N0.885Sf (31) 

can be used as the basis for all calculations when 
the appropriate photodissociation-absorption cross- 
sections are simultaneously adopted, namely : 

o,(CH,) = 1.85 x lo- l7 cm2 132) 

o,(CO,) = 8.14 x 1O-2o cm2 (33) 

a,(NO) = 2.02 x lo-‘* cm2 (34) 

cr,(HzO) = (1.57-&0.05)x lo-l7 cm2 (351 

~~(0,) = 1.15 x 10-‘“/N”~“‘75 cm2 (36) 
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