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FLUORESCENT SCATTERING IN PLANETARY ATMOSPHERES

IV. FORMATION OF LYMAN-BIRGE-HOPFIELD BANDS
OF N, IN THE TERRESTRIAL ATMOSPHERE
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ABSTRACT

The intensities of the Lyman-Birge-Hopfield bands of N; produced by resonance and fluorescence
mechanisms in the terrestrial upper atmosphere are calculated. Shortward of 1750 A, the band intensities
are much stronger than the continuum resulting from Rayleigh scattering and may be amenable to
measurement. In the near ultraviolet, however, they are completely overshadowed by the latter.

I. INTRODUCTION

Ultraviolet sunlight is expected to excite the atmospheric N; molecules and, thereby,
cause the emission of the Lyman-Birge-Hopfield (LBH) bands of this molecule; the
transitions in question are a'll,~X'Z;*. The bands will then be diffusely reflected from
the top of the atmosphere and form part of the daytime ultraviolet spectrum of the ter-
restrial atmosphere as observed from above.

Formation of the LBH bands in the atmosphere of Mars was investigated in Paper
IIT (Sobouti 1963b) of this series. Along the same lines as for Mars, here we calculate
the intensities of the LBH bands as reflected from the atmosphere of the earth. The
main differences between the terrestrial and the Martian atmospheres are (¢) in the
terrestrial atmosphere the optical depth in the spectral lines is very small, and () the
continuous absorption by O, is much stronger than in the atmosphere of Mars. Both
these factors require a mathematical approach to the terrestrial problem different from
the Martian one.

For details and many of the formulae needed in this paper we shall refer mainly to
Paper III and also to Papers I and II of this series (Chamberlain and Sobouti 1962;
Sobouti 1962). For comprehension of this paper, frequent reference to Paper IIT will
be essential.

II. OPTICAL DEPTH OF THE ATMOSPHERE

The lower boundary of the scattering atmosphere is set at an altitude where the
effect of collisions in depopulating the electronic state alIl, of the N, molecule becomes
comparable with that of the radiative cascades from this state. From equation (18) of
Paper III and from standard atmospheric models (e.g., see Chamberlain 1961, p.-576),
one gets a density of 5 X 103 particles per cm? at a temperature of about 150° K for
this lower boundary of the scattering atmosphere. The altitude of the boundary is about
90 km, and there is a total number of 9 X 10'® N, molecules per cm? column above
this height. According to atmospheric models, more than 90 per cent of these particles
are confined to a thin slab from 90 to 115 km. We shall assume an O; concentration of
20 per cent (which gives a total number of 2.5 X 10'® O, molecules per cm? column)
and a mean temperature of 155° K for this scattering slab.

These data, together with the line absorption coefficient of N; and the absorption
cross-section of O, suffice to calculate the optical depth of the atmosphere both in the
spectral lines and in the continuum. Table 1 gives the optical depth at the center of

* Present address: Department of Mathematics, King’s College, Newcastle upon Tyne, England.

748

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1963ApJ...138..748S

J: - CI3BC7485!

A,

{1983

FLUORESCENT SCATTERING 749

the resonant P, Q, R lines, 7,(v'J’, v"/ = 0) (where ¢ = P, Q, R), of the LBH system.
These values are calculated from equations (20) and (1) of Paper III. Table 2 gives
the optical depth in the continuum, 7,(v’, v"’), at frequencies of the LBH bands. They
are calculated from equation (20) of Paper III.

III. INTENSITIES OF RESONANT BANDS

The resonant bands (v"/ = 0) with o' =0, 1, 2, 3/ 4, 7, and 9 have larger optical
depths in their continuum (see Table 2). The total optical depth of a rotational line
in these bands, 7,(v'J’, v’ = 0) 4+ 7,(2", " = 0), will also be large. For these transitions
the atmosphere may be regarded as an optically infinite one. The resonant bands with
v’ = 5, 6, and 8, on the other hand, have considerably smaller depth in the continuum.
They are affected very little by O, absorption and contribute the most to the scattered
intensities. We shall treat these transitions with the theory of finite atmospheres.

a) Transitions Originating from v' = 0, 1, 2, 3,4, 7, and 9 Levels

Formation of a resonant band in an optically semi-infinite atmosphere and with the
O, absorption is discussed in Section VI of Paper III. We quote only the final expression
for the scattered integrated intensity of a resonant line given by equation (33) of that

paper: s
Uv. o k99 (o)
. = 212 222 20~ & (¢) 3
Silw) = w2 T o0 () DUF g S s »
i, j=P,Q,R.

b) Transitions Originating from v' = 5, 6, and & Levels
In an optically finite atmosphere, the scattered monochromatic intensity in a direc-
tion u is given by equations (9) and (74) of Paper II:

Ii(w) =2 @ 20F; k,-Wu)x;éjioir—K?g;iu>2)j(yo>1 7 "

where the ¥X- and $)-functions aré defined by equations (78) and (79) of Paper II. The
rest of the notation is explained in Paper III. As in equations (27) and (32) of Paper
III, we integrate equation (2) over the profile of the spectral line, obtaining

3

k;
3 dx,
x‘/KjN+KiM0 ¥
7:7.7'=P1Q7-R

In writing this equation we have made use of the fact that the X- and $)-functions are
slowly varying functions of frequency through the dependence of the absorption co-
efficients &;’s and K.’s on the frequency (see egs. [1] and [31] of Paper III). A super-
script (¢) in equation (3) indicates that the quantity in question is to be evaluated
at the center of the line profile. The integral in equation (3) is evaluated by Laplace’s
method (see n. 3 of Paper IIT) if continuous absorption predominates over the line
absorption. Otherwise it is evaluated numerically within its limits + In'/22. These limits
correspond to those frequencies at which the line optical depth drops to half its value
at the center of the line profile (see the expression for the line optical depth preceding
eq. [30] of Paper III). Equations (42) and (43) of Paper II provide two approximate

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1963ApJ...138..748S

<

CE~NOCVELVUN~O K

TABLE 1
OPTICAL DEPTH AT THE CENTER OF THE RESONANCE LINES OF THE LBH BANDS

1 2 3 &4 5 & 1 8 9 10 11 12 13 14 15

-
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T, (v'J, v" =0)
oll 019 0286 27 427 25 21 ol8 16 <10 07 <05 <03 <02 .01
028 51 466 eT2 T2 67 58 247 37 27 19 13 <08 <05 <03
082 o075 ¢97 1607 1607 099 ¢85 o270 54 o640 028 <19 12 07 o0&
045 080 1003 1el4 lolh 1006 o491 o475 58 <42 30 020 o013 <08 05
039 o770 490 1¢00 1000 292 ¢80 65 50 037 026 o177 oll <07 <06
«30 53 468 o716 76 «T0 460 049 ¢339 428 ¢20 +13 .08 «05 03
020 036  +OT 52 452 68 81 36 026 <19 13 <09 06 <06 402
013 423 429 33 033 430 426 21 416 12 <09 <06 <04 <02 <01
008 olb6 18 419 19 18 415 13 o100 <07 <05 03 <02 <01 401
006 08 10 ol)l ell <10 409 o407 <06 o406 03 <02 001 <01

[

To(v'J,v"20)
8346 53 466 o733 4 Th o700 ¢62 52 442 32 023 o016 ll 07 <04
092 1e42 1e72 197 1699 1688 1¢67 1040 1el2 ¢85 6462 43 29 o18 oll
10635 2009 2062 2090 2094 277 2646 2407 165 1¢26 91 063 o462 427 016
1045 2024 2¢80 3010 3¢15 2697 2064 2022 1e77 135 298 468 65 029 617
1027 1096 2045 2471 2¢75 2660 2031 1694 155 1¢18 ¢85 59 439 <25 <15
096 1e48 185 2605 2¢08 1497 1075 1ab7 1lelT 489 o065 045 30 <19 12
065 1001 1627 140 1042 1e34 1419 1400 80 61 o466 o31 <20 +13 .08
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0960 1035 1667 1687 1693 1687 loTl 1048 1622 496 T2 ¢52 3% +23 .15
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o177 425 30 436 o35 436 ¢31 627 422 1T 413 409 <06 <06 403
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TABLE 2
CONTINUOUS OPTICAL DEPTH AT THE FREQUENCIES OF THE LBH BANDS, Toly', v)
Mo 1 2 3 4 5 6 1T 8 9 10 11 122 13

35¢7 2840 1940 969 3¢6 1.0 0.1}
3602 3360 2567 16e2 T7e5 248 002 00l
3300 3605 3165 2302 l4eh 640 2.0 002
17e7 3307 3662 2942 2003 11e7 4e6 1e5 002
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002 1e8 1747 360¢2 3605 2947 215 1267 566 18 042
3e7 2e2 502 26445 3602 3640 27¢2 1960 10e4 4ol 1e3 002
0e8 lel 102 506 3265 3605 3209 2407 1602 802 3.0 049
47¢5 005 003 5S¢l 1767 36442 3665 29¢5 21¢7 1369 602 242 003 00l
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expressions for the X- and §-functions in terms of Chandrasekhar’s X-, V-, and related
functions. These expressions, together with tables of the latter functions (Sobouti
1963a), have been used to calculate the necessary values of the X- and ¥-functions in
equation (3).

The total scattered intensity in a band is obtained by summing all the lines con-
stituting that band. Hence

Fw) =2 D Julw), @

J' P,Q,R

where $;(u) is given by either equation (1) or equation (3), depending on the optical
depth of the atmosphere at the band in question.

IV. INTENSITIES OF FLUORESCENT BANDS

Equation (36) of Paper III gives the monochromatic intensity of a fluorescent line
in terms of that of a corresponding resonant band:

’ _wi(v”) K;
Ii(”) v )_ 51(0) Si(‘Z)”) I ( N) O) )

For a semi-infinite atmosphere, applicable to the lines with v = 0,1, 2, 3,4, 7, and 9,
equation (5) is reduced and integrated over the line profile in Paper III. The final
result from equation (42) of that paper is

Uy, uo ( K, ) ki (o)
(¢ 17 — 1/2 TTe Vo 14 _(c) el A . J J
Jilu, v"’) =7 c 4 @ (v") 9 s:(07) ZFJ KiOupt si(0") o (©)

For finite atmospheres, which pertain to the transitions with v = 5, 6, and 8, the
resonant intensity on the right side of equation (5) is given by equation (2). Upon
substitution for this quantity and integration over the line profile, one finds

Fi(n, 077 =2 B g (1)
X EF g (C>[ ,,)]%; 9 (uo) — 9 (c)[ S ,,)]@j(c)(ﬂo)} )

kj
d
X e 4

The integral in this equation is treated in the same way as the one in equation (3').
The total intensity of a band is again given by summing all the lines as in equation (4).

V. RAYLEIGH SCATTERING

A general discussion of Rayleigh scattering, which is expected to produce the con-
tinuum of the reflected spectrum, is given in Section VIII of Paper III. Shortward of
1759 A, the onset of the Schumann-Runge continuum, O, strongly absorbs the sunlight.
This, on the one hand, greatly reduces the effective albedo of the scattering (see eq.
[43] of Paper III) and, on the other hand, increases the total optical depth of the atmos-
phere. Nevertheless, the optical depth corresponding to Rayleigh scattering remains
very small. The scattering atmosphere may then be approximated by an optically
semi-infinite one in which only the primary scattering is of importance. The intensity
due to Rayleigh scattering is then given by (Chandrasekhar 1950, p. 146)

Iray (p) = whx (8)

Mo
ot o’
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where @ is the albedo expressed by equation (43) of Paper IIT and =F), is the incident
solar flux. In calculating the above intensity, the flux values were taken from Friedman
(1961) and Hinteregger (1961).

Longward of 1759 A, O, absorption is very weak. Rayleigh scattering may extend
down in the atmosphere as low as the ozone layer. The latter substance has extremely
large absorption cross-sections compared with those for Rayleigh scattering (consult
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Fic. 1.—Diffusely reflected intensities of the LBH bands (both resonant and fluorescent) plotted
versus wavelength. The dots are calculated intensities for entire bands and are taken from Table 4. The
connecting lines have been drawn in only to increase the legibility of the plots. Estimates of the specific
intensities of the bands may be obtained by dividing these total intensities by the widths of the corre-
sponding resonant bands listed in Table 3. The dotted curve is the specific intensity of the continuum due
t(; 5Rayleigh scattering. Note the two different scales for this continuum shortward and longward of
1759 A.

Table 3 of Paper III), so that the contribution to Rayleigh scattering from regions
below the ozone layer may be neglected. The scattering atmosphere, i.e., that part of
the atmosphere bounded on its lower edge by the ozone layer, will have a finite optical
depth, and the Rayleigh intensity will be given by (Chandrasekhar 1950, pp. 161 and
181)

Trey () = 3P —— [ X (1) X (o) = ¥ (1) ¥ (10) 1, Q

B+ ko

where X (u) and Y (u) are Chandrasekhar’s X- and Y-functions evaluated for the total
optical depth of the scattering atmosphere, including both Rayleigh scattering and the
O. absorption. The albedo @ is again given by equation (43) of Paper III. In both
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equations (8) and (9) the approximation is made that the Rayleigh scattering takes
place isotropically. From these equations the continuum intensity has been calculated
and has been plotted in Figure 1. A discussion of these results is given in the following
section.

VI. RESULTS AND DISCUSSION

The values of solar flux used to calculate the intensities of the LBH bands are given
in Table 3. They are from Friedman (1961) and Hinteregger (1961). The table also
includes the wavelengths of the resonant bands and the values of an effective width
that is defined as the wavelength interval between the band head and that rotational
line in the P-branch which contributes about 1 per cent to the intensity of the entire
band. The specific intensity (i.e., the intensity per unit wavelength interval) may then
be obtained by dividing the integrated intensity of the band by its effective width.
The bands originating from 2" = 5, 6, and 8, which are less affected by the O absorp-
tion, have somewhat smaller widths than the others. This is because of the bracketed
factor in equation (3), which falls off rapidly with the decreasing line optical depth
corresponding to the higher rotational quantum numbers.

TABLE 3

ADOPTED SOLAR FLUXES INCIDENT ON THE UPPER ATMOSPHERE
(1073 ergs/cm? sec A)

0 1 ‘ 2 ’ 3 4 5 6 7 8 9
A (A) 1450 | 1416 | 1384 | 1354 | 1325 | 1298 | 1273 | 1249 | 1227 | 1205
wF) 10 6 4 4 5 S 3 3 4 8
S (A) 23 22 22 21 20 11 14 19 12 18

The calculated band intensities are listed in Table 4. As pointed out in Paper III,
uncertainties in the values of the solar flux and therefore in the absolute band inten-
sities which are directly proportional to the former are considerable. Nevertheless, the
relative intensities of the bands arising from one and the same upper vibrational level,
', remain unaffected by errors in the flux values.

Generally speaking, the terrestrial spectrum constructed in this paper should be
more accurate than the Martian spectrum constructed in Paper III. Thanks to our
detailed knowledge of the earth’s atmosphere, a realistic model based on direct obser-
vations has been employed in the calculation of the terrestrial spectrum. The situation
was quite different insofar as the calculations carried out for the Martian atmosphere
were concerned. In this latter, it was necessary to rely largely on theoretical inferences
for the necessary information concerning the structure and composition of the atmos-
phere. Also, particular care has been taken to use more accurate mathematical tech-
niques in calculating the band intensities and to employ more precise estimates for the
effective widths of the lines and bands. Had these refinements been made in Paper III,
the uncertainties in the input parameters for the Martian model would have obscured
them and would have made their introduction meaningless.

In Figure 1 the band intensities are plotted as a function of the wavelength. The
dip in the region 1300-1700 A produced by strong O, absorption is especially note-
worthy. Such a dip does not exist in the upper diagram of Figure 3 in Paper III, which
corresponds to a pure nitrogen atmosphere, or exists to a much lesser extent in the
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lower diagram of that same figure, which corresponds to a concentration of O, of only
1 per cent.

IzI‘he Rayleigh continuum is also plotted in Figure 1. Shortward of 1759 A, it is indeed
weak compared with the band intensities. But longward of 1759 A, the continuum is
about 10° times stronger than the bands. This will naturally rule out the possibility of
any band measurements in this region.

In general, the terrestrial intensities for the bands are 5 to 10 times smaller than
the Martian ones. This follows because (@) the O content of the terrestrial atmosphere
is large and () the earth’s scattering atmosphere (not to be confused with the whole
atmosphere) is optically thinner than that for Mars. Although the density of the
Martian atmosphere at the planet’s surface is smaller than is the earth’s, its rarefied
upper atmosphere extends to a greater height. Because of this, there are more N,
molecules participating in the scattering in the Martian atmosphere than in that of
the earth.

I am very much indebted to Dr. J. W. Chamberlain for suggesting this problem and
for his continued encouragement and guidance during the course of research.
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