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On the Interpretation of Zenith Sky Absorption Measurements 
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Observations of several atmospheric species can be performed by measuring the absorption of visible 
and near-ultraviolet light scattered from the zenith sky. The determination of vertical column abun- 
dances of molecules such as ozone and NO 2 from such measurements is briefly reviewed. It is shown that 
the conversion of NO to NO 2 can be of significance in the interpretation of measurements made near 
twilight. On the other hand, multiple scattering from the atmosphere or by clouds is likely to be a very 
small effect. 

1. INTRODUCTION 

Nitrogen dioxide possesses a highly structured absorption 
spectrum in the visible region. Assuming typical abundances 
at mid-latitudes, NO 2 may absorb as much as a few percent of over the absorbing path: 
the incoming solar radiation at large solar zenith angles in 
discrete bands near 400-450 nm. The total column abundance 

of stratospheric NO 2 can therefore be readily observed from 
the ground through measurements of its absorption of visible 
solar radiation. While such measurements can be performed 
by observation of the light coming directly from an extraterre- 
strial light source such as the sun or moon, it is also possible 
to observe the light scattered by the atmosphere, i.e., by col- 
lecting photons scattered from the zenith sky. As will be dis- 
cussed in more detail later, observations of scattered light 
present several important advantages over observing direct 
light, including detection at zenith angles exceeding 90 ø . The 
first measurements of this kind were reported by Brewer et al. 
[1973]; since then, the technique has been widely used to 
obtain a detailed picture of the distribution and variability of 
the total column abundance of NO 2 by Noxon [1975], Noxon 
et al. [1979], Harrison [1979], Syed and Harrison [1980], Mc- 
Kenzie and Johnston [1984], and others. In the following dis- 
cussion, monochromatic radiation will be assumed for sim- 
plicity of notation in all equations. The fundamental principle 
underlying absorption measurements is Beer's law, wherein 
the attentuation of monochromatic radiation is related to the 

number of absorbing molecules in the optical path, so that 

its thickness (the "air mass" or "enhancement" factor). In the 
atmosphere, I-A] and L are generally functions of altitude, so 
that the absorption seen at the ground represents an integral 

I/I• = exp (--s[A]Ax) (1) 

where I is the measured flux, I B is the incident or background 
flux, s is the molecular cross section of the absorbing species, 
[A] is the absorbing species density, and Ax is the distance 
over which absorption takes place, or optical path. In the 
special case where the incident flux is that outside the earth's 
atmosphere, we shall refer to IB as I 0 in the following dis- 
cussion. In atmospheric applications, Ax is often rewritten as 
LAz, where Az is the vertical thickness of the optical path and 
L is a geometrical factor which relates the slant path length to 
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'/'•=exp(--s••[A]:L:dz) (2) 

Except in the limiting case of zero degree solar zenith angles, 
the fundamental quantity measured in atmospheric absorption 
spectroscopy is the slant (not vertical) column abundance. In- 
terpretation of absorption measurements in terms of the verti- 
cal rather than the slant column therefore requires knowledge 
of the altitude distribution of the absorber and the enhance- 

ment factor. As will be shown later, the absorber altitude can 
be crudely deduced from observations of the slant column as a 
function of solar zenith angle. For visible photons and at suf- 
ficiently small solar zenith angles (less than about 40ø-50ø), L: 
is equal to the secant of the solar zenith angle and is indepen- 
dent of altitude (see Figure 6), so that the vertical column is 
just the slant column divided by the secant of the solar angle. 
At larger angles the vertical column can only be evaluated by 
first considering the variation of L z with altitude and solar 
angle through detailed computations of the optical path and 
by then examining the behavior of the slant column with angle 
to obtain an estimate of the absorbing layer altitude [see 
Noxon et al., 1979]. 

Since the absorption due to stratospheric NO 2 near 440 nm 
is generally of the order of a few percent during twilight, when 
enhancement factors are large, relatively simple scanning spec- 
trometers can achieve accurate measurements of NO2 absorp- 
tion. Much less percent absorption occurs at smaller solar 
zenith angles, where the enhancement factor is much less fa- 
vorable (for example, the NO 2 absorption can be as low as 
only about 0.2% at 70 ø solar zenith angles during high- 
latitude winter). However, absorption less than the 0.05% 
level can be accurately measured using arrayed detectors 
which simultaneously measure the spectrum at various wave- 
lengths (e.g., A. L. Schmeltekopf et al., unpublished manu- 
script, 1987). This allows meaningful observations to be made 
at much smaller zenith angles and expands the range of 
chemical species which may be observable with the zenith sky 
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Fig. 1. Schematic diagram of viewing geometry and path lengths. 

absorption method (see also, Wood et al. [1984]). It is the 
purpose of this paper to expand upon previous discussion 
[e.g., Noxon et al., 1979) of the interpretation of the optical 
path relevant to such measurements. In particular, we will 
describe the dependence of the optical path on such factors as 
wavelength and neutral atmospheric density profiles, as well 
as altitude. In section 2 the factors that influence the bright- 
ness of the scattered light from the zenith sky are discussed in 
the context of a single scattering framework. In section 3 we 
show how these contribute to the optical air mass as a func- 
tion of altitude. In section 4 the absorption of visible radiation 
near twilight by ozone and NO 2 is discussed, and the quanti- 
tative effect of conversion of NO to NO2 as a function of solar 
zenith angle on such observations is described. The effects of 
multiple scattering are explored in section 5, and the results 
are summarized in section 6. 

2. THE BRIGHTNESS OF THE ZENITH SKY 

When the zenith sky is observed, the photons detected by 
the instrument must, by definition, have been scattered at least 
once (and as will be discused below, they are likely to have 
been scattered once only). Let us consider the case of single 
scattering. The relevant geometry is depicted in Figure 1. The 
contribution to the intensity of scattered radiation by an in- 
finitesimally thin layer at altitude z is given by 

I z.s = I zsr[ M] •LAz (3) 

where I• is the intensity of radiation reaching the layer at 
altitude z, sr is the Rayleigh-scattering cross section for the 
wavelength of interest, [M] z is the air density at altitude z, 
and I•. s is the intensity of radiation scattered at the layer z. If 
the atmosphere is optically thin at the wavelength considered, 
then all factors except [M]• in (3) are independent of height, 
and it follows that the scattered flux varies with altitude as the 

air density (i.e., exponentially decreasing with increasing alti- 
tude). Under these circumstances, most of the singly scattered 
photons measured by an upward looking spectrometer will 
have been scattered in the lowest few kilometers of the atmo- 

sphere. However, for photons at large solar zenith angles 

(greater than about 85 ø) in the wavelength range of principal 
interest here (400-450 nm), the atmosphere is far from being 
optically thin. This is due to the attenuation of solar radiation 
by Rayleigh scattering, so that the radiation reaching a partic- 
ular altitude is reduced according to 

1• = 1o exp (-s• f• © [M]•L•dz) (4) 
As such, the intensity varies according to the atmospheric 
density profile, and perhaps more importantly, it varies 
strongly with wavelength, since the Rayleigh-scattering cross 
section varies as the inverse of the wavelength to the fourth 
power. Combining (3) and (4), we obtain for any assumed 
infinitely thin layer. 

lz.s=S•[M]=loexp(--s•f=ø•[M]=L=dz) (5) 
so that the change in atmospheric densities with height has 
nonlinear effects on the scattered flux, and there will be some 
height z at which maximum scattered intensity occurs. At 
large solar zenith angles, increases in the optical path inhibit 
the propagation of solar radiation to low altitudes, but the 
radiation that does arrive there will be more strongly scat- 
tered. Thus there will be some altitude z from which most of 
the radiation reaching the surface is scattered, and this will 
depend upon the wavelength L• (which depends upon solar 
zenith angle) and air density profile. Most of the calculations 
presented here will be for Gimli, Manitoba, Canada, on day 
330 of 1982, for which the neutral atmosphere is prescribed 
based upon ozonesonde observations reported in the Atmo- 
sphere Environment Service [1982]. Comparisons will be made 
with observations made at Gimli, Canada (51øN) on that day, 
using a double-pass crossed Czeny-Turner spectrometer with 
a Reticon diode array detector system, as described by A. L. 
Schmeltekopf et al. (unpublished manuscript, 1987). Previous 
Canadian measurements of NO2 and related species include 
those of Brewer et al. [1973], Evans et al. [1982], and Ridley et 
at. [ 1984]. 
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Fig. 2. Calculated intensity of the direct flux of solar radiation as 

a function of altitude for various solar zenith angles, at 55øN in winter 
for 440 nm. 

Proper calculation of L z is critical not only to the absorp- 
tion of radiation by NO 2, but also to the evaluation of the 
attenuation of incoming flux. We calculate L z explicitly in this 
work, taking full account of spherical geometry. In the follow- 
ing discussion we evaluate the optical paths appropriate to 
each 1-km spherical shell of atmosphere, as shown in Figure 1. 
The distances traversed by a beam of incoming photons for 
each 1 km of vertical path are explicitly considered, as shown 
in Figure 1. 

Figure 2 shows the calculated incoming direct flux as a 
function of altitude for 440-nm radiation at 55øN in winter, for 
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Fig. 3. Scattered flux received at the surface by an upward look- 
ing spectrometer at 440 nm for 55øN in winter, as a function of the 
altitude where scattering occurs. 
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Fig. 4. Relative variation of the observed flux received at the 
ground at 440 nm, with solar zenith angle compared to model calcu- 
lations. 

various solar zenith angles. Note the strong attenuation at low 
altitudes and high solar zenith angles; even at 440 nm the 
atmosphere is not completely optically thin for angles greater 
than about 85 ø. Figure 3 presents the calculated flux that 
reaches the surface as a function of the height at which scatter- 
ing occurs. An upward looking spectrometer receives light 
which is a composite of fluxes scattered at all heights, but it is 
clear from Figure 3 that certain altitudes provide the domi- 
nant source of sky brightness at any particular solar zenith 
angle. When the atmosphere is optically thin, the scattered 
flux simply decreases exponentially with height, as pointed out 
previously, but at, for example, 93 ø , most of the sky brightness, 
or flux arriving at the ground, does so by scattering above 15 
km, where the combined effects of available light (see Figure 2) 
and local air density for scattering are maximum. An impor- 
tant check on the validity of this computation is a comparison 
of the relative variation in the calculated total flux arriving at 
the ground to that measured as a function of solar zenith 
angle for a particular wavelength. Figure 4 presents such a 
comparison for observations made at Gimli, Canada, on day 
330 of 1982. 

3. OPTICAL PATH FACTORS 

We now consider the implications of these optical paths for 
the absorption of incoming radiation by atmospheric constit- 
uents. Consider a spherical shell of atmosphere located in a 
layer from 4 to 5 km. For an 85 ø solar zenith angle, Figure 3 
shows that much of the radiation reaching the ground is scat- 
tered near this altitude. Thus it traverses the 4- to 5-km layer 
with a rather long slant optical path (approximately 10 km). 
On the other hand, at a 93 ø solar zenith angle, much of the 
radiation reaching the ground is scattered above 15 km, and 
these photons traverse the 4- to 5-km layer exactly vertically 
(i.e., with only a 1-km optical path !). Similarly, a photon scat- 
tered once at the 15-km level for a solar zenith angle of 85 ø 
will traverse the 4- to 5-km layer with a 1-km optical path but 
will make only a small contribution to the total flux seen by 
the spectrometer. The total absorption of flux seen at the 
ground as a result of a NO 2 layer located near 4-5 km clearly 
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depends on the relative amount of radiation reaching the 
ground scattered from each level. For any solar zenith angle 
the optical path appropriate to the absorption seen at the 
ground will be an average of paths appropriate to scattering 
at all possible levels, weighted according to the contribution 
each level makes to the total flux received at the surface. In 

the calculations presented here, discrete scattering levels from 
1 to 50 km in 1-km increments are considered, and the fluxes 
and optical paths appropriate to each are explicitly evaluated 
and then weighted according to their contribution to the total 
flux received at the surface. Figure 5 presents calculated 
intensity-weighted optical paths for 440-nm radiation at 55øN 
in winter. Note that the optical paths at large solar zenith 
angle approach 1 km for low altitudes. At small solar zenith 
angles the calculated optical paths in the stratosphere ap- 
proach secant X. They do not, however, reach secant X until 
the zenith angle becomes quite (and perhaps surprisingly) 
small. Figure 6 shows the calculated optical paths at 15 and 
30 km, along with secant X. The optical path diverges more 
from secant X at the lower altitudes because of the effect of 

vertical transversal of the layer, as discussed previously. 

4. ABSORPTION BY ATMOSPHERIC GASES 

Before considering the relationship of the slant to the verti- 
cal column of an absorbing species, we first discuss some of 
the factors involved in obtaining an accurate measurement of 
the slant column of any absorber. 

4.1. Determination of I o 

BeeFs law implies that absorption measurements are always 
made relative to a background spectrum I•. Ideally, this 
should be a spectrum measured outside the earth's atmo- 
sphere; otherwise, it probably includes a certain (unknown) 
amount of absorption by the molecules under consideration. 
Since the optical air mass factors increase systematically with 
solar zenith angle, a spectrum obtained at a small angle (and 
therefore relatively small absorption) may provide a useful 
background spectrum. Noxon et al. [1979] used noon spectra 

(air mass factor of 1-2) in analyzing twilight data (air mass 
factors near 20), for example. If the absorber in question does 
not vary over the time period from noon to twilight, then the 
total vertical column can be deduced from the measured ab- 

sorption, knowing the variation in air mass with angle. How- 
ever, it is well known that NO2 exhibits substantial diurnal 
variation (see, for example, Kerr et al. [1979]; Solomon et al. 
[1986], and references therein), and dynamical processes can 
also be expected to lead to variations in absorber abundances 
with time. 

An alternate approach is to deduce the extraterrestrial solar 
spectrum (referred to here as Io) by extrapolation, as follows. 
Direct solar spectra were obtained as a function of solar 
zenith angle on a very clear day during the afternoon, when 
NO2 should not be changing much for dynamically stable 
conditions. The data should fit the following expression: 

l = Io exp (--• si[A]i,:)Az sec X (6) 
where the summation and subscript i indicate that many dif- 
ferent absorbers are likely to be present at particular wave- 
lengths, and I o is the incident flux outside the earth's atmo- 
sphere. Equation (6) can be rewritten as 

In I = In I o - • si[A]i,, Az sec X (7) 
i 

A least squares linear fit of the observed intensity for each 
individual diode I versus secant X yields In I o as its intercept, 
assuming that the slope term 

• si[A]i., Az 
i 

does not change with time during the course of the experi- 
ment. To minimize variable absorption by water vapor and 
changes in transmission caused by contrails and subvisible 
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function of wavelength from about 403 to 453 nm (see text). 

high cirrus clouds, the data should be obtained on a very clear 
cold day. Figure 7 depicts the solar spectrum deduced in this 
manner from data obtained at Fritz Peak, Colorado, on Feb- 

paragraphs we discuss the use of the effective Ring cross sec- 
tion in the data analysis and some of the limitations of this 
method of estimating its magnitude. 

4.3. Use of Spectral Information 

Until now, we have considered only the monochromatic 
absorption of solar radiation by atmospheric molecules. it is 
clear, however, that a credible measurement of an atmospheric 
molecule must provide proof that the spectral signature of the 
molecule (i.e., its absorption versus wavelength) has been de- 
tected in detail, not merely at a single wavelength. Thus mole- 
cules possessing structure in their absorption versus wave- 

433 443 453 length can be observed by examining the relative intensity of 
measured absorption and by comparing this to calibrated lab- 
oratory measurements of the molecular cross section. Mole- 
cules with more spectral features in the wavelength range 
under consideration can be more clearly identified, and it is 
desirable to include as many lines as possible in the determi- 
nation of the slant column. 

The data presented in this paper were obtained with avis- 
ruary 11, 1982. The structure displayed in Figure 7 is due to ible spectrometer using a Reticon diode array detector system 
absorption within the solar atmosphere (Fraunhofer struc- (see A. L. Schmeltekopf et al., unpublished manuscript, 1987), 
ture). in which the wavelength range from about 400-450 nm is 

4.2. The Ring Effect 

It is well known that solar Fraunhofer features such as 

those shown in Figure 7 may be partly filled in by the Ring 
effect [Grainget and Ring, 1962]. The cause of the Ring effect 
is still a subject of controversy. Suspected causes include rota- 
tional and vibrational Raman scattering by atmospheric mole- 
cules (arguably the most likely cause) and fluorescence by at- 
mospheric aerosols (see Kattawar et al. [1981] for a review). 

measured with 1016 diodes. The image of the entrance slit on 
the Reticon array has a width of about 11 diodes, or about 0.5 
nm. After it is read from the Reticon, the data is boxcar 
averaged over 11 diodes, so that the resulting spectrum 
mimics that which would be collected by a scanning spec- 
trometer with an exit slit equal in width to its entrance slit, i.e., 
it slit function is triangular, with a full width at half maximum 
of 0.5 nm. The true instrumental noise level is about 0.01% for 

large (greater than about 88 ø ) solar zenith angles when the 
When we observe light scattered from the zenith sky, we mea- count rate is relatively small. At small solar zenith angles the 
sure Rayleigh-scattered photons, which are polarized accord- 
ing to the Rayleight-scattering phase function [Penndoff, 
1957]: 

P(•b) = 0.7629• 1 + 0.9324[cos (•b)]2• 

where •b is the angle. Thus the parallel and perpendicular 
components of the Rayleigh cross section s, relative to the 
solar angle are, respectively, given by 

s(perpendicular) = s(0.7629){0.9324[cos (•b)]} 2 

and 

s(parallel) = s(0.7629) 

On the other hand, Raman-scattered photons are unpolarized. 
We can readily measure the intensity of sunlight scattered 
from the zenith sky, using a polarized spectrometer, in direc- 
tions parallel and perpendicular to the sun's direction. Let us 
call the ratio between these parallel and perpendicular inten- 
sities the quantity R. We assume that unpolarized scattered 
photons observed in the zenith sky have been Raman scat- 
tered and that polarized photons have been Rayleigh scat- 
tered. It can be shown that the effective relative Raman cross 

section is then given by 

SR .... -- [Rs(parallel)- s(perpendicular)]/(1 - R) 

This provides a crude estimate of the effective cross section 
characterizing the relative magnitude of the Ring effect for our 
instrument. Figure 8 shows the relative spectral signature of 
the Ring effect determined in this manner. In the following 

count rate is greater, and the noise is about 0.002%. Each 
independent measurement should be used in the determi- 
nation of absorber abundances. A convenient way to analyze 
all available spectral features is to treat the problem in matrix 
form and to perform a matrix inversion of all the absorption 
features as a function of wavelength. In this work the basis 
sets given by the spectral features measured in the laboratory 
over the entire wavelength range for each molecule (and for 
the Ring effect) were used to generate the normal equation of 
least squares, which was then solved using singular value de- 
composition, as described by Nash [1979] to obtain the slant 
column abundances. 
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Fig. 8. Relative cross section characterizing the Ring effect as a 
function of wavelength, as discussed in the text. 
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The matrix inversion yields the best stratistical fit to the 
available data spectrum, given the measured laboratory spec- 
tra of all of the molecules considered, and using all of the 
spectral features present from 400 to 450 nm. Note that the 
Ring effect (Figure 8) has a great deal of spectral structure. 
Therefore a matrix analysis of the full spectrum can readily 
take its effect into account as a function of wavelength, pro- 
vided its spectral features are accurately known. We treat the 
spectral signature of the Ring effect like that of all other ab- 
sorbers in this work (i.e., in a Beer's law formalism). 

However, it is important to note that the Ring effect need 
not conform to Beer's law, since it is not an absorption pro- 
cess. Rather, the transfer of vibrational and rotational energy 
from one wavelength to another by Raman scattering fills in 
the Fraunhofer lines in a fashion dependent on their width 
and depth. This could be accurately solved as a nonlinear least 
squares problem. However, since the effect is small, a lin- 
earization assuming the Beer's law formalism does not lead to 
substantial errors and greatly decreases computational time. 

Figure 9 shows the measured differential laboratory spectra 
of NO2 and ozone used in this work. Differential rather than 
absolute cross sections are displayed (and used in the analysis 
procedure), since the spectral signature of each molecule pro- 
vides the best information regarding its abundance. The differ- 
ential cross sections represent the departures of the cross sec- 
tions from a mean of zero over the spectral interval of interest 
(see McKenzie and Johnston [1982] for further discussion of 
differential cross sections). The area under the curve is also 
minimized by the condition that the sum of the squares of the 
differential cross section over wavelength be minimized. The 
differential cross sections are determined from our own lab- 

oratory measurements of the absolute cross section using a 
least squares procedure. NO2 exhibits perhaps 10 clearly iden- 
tifiable strong lines, making its detection unambiguous. For 
ozone, on the other hand, the spectral features are rather weak 
in this wavelength range. 

4.4. Ozone 

Accurate absorber altitude distributions are available on a 

routine basis only for ozone. If the altitude distribution of an 
atmospheric absorber is well known, then the intensity- 
weighted optical paths shown in Figure 5 can be used to 
calculate the integral quantity (• [A]:L: dz in equation (4)) as 
a function of solar zenith angle. We refer to this quantity as 
the "effective column" of absorber, to distinguish it from the 
vertical column. The absolute absorption seen at the ground 
at any wavelength is then given by the product of this effective 
column and the appropriate molecular cross ection. The verti- 
cal distribution of ozone over Gimli, Canada, on day 330 of 
1982, is fairly well known from an ozonesonde observation 
taken on that day. Figure 10 presents the effective column 
based upon these data as a function of solar angle, compared 
to those obtained by visible absorption observations. While 
the agreement is good, the visible spectrometer observations 
suggest an absolute ozone abundance which is about 12% 
smaller than that inferred from the ozoneson& data. The 

ozonesonde observations constitute a point measurement, 
while the zenith sky absorption technique involves integration 
over a fairly long optical path, particularly near and beyond 
90 ø solar zenith angles. Indeed, the situation is rather similar 
to that of a limb-viewing satellite experiment; at a 93 ø solar 
zenith angle, much of the absorption occurs at the tangent 
point (see Figure 1), which is more than 200 km away. This 
may account for the apparent differences between ozone den- 
sities derived from the sondes and those obtained by the spec- 
trometer, particularly since the available total ozone data indi- 
cate 30% differences from the nearby Dobson stations of Ed- 
monton and Goose Bay on this day. These are likely due to 
real ozone variations associated with the position of the polar 
vortex. 

4.5. NO 2 

Now let us consider absorption by a gas whose vertical 
profile is not known a priori, such as NO 2. The differences in 
optical paths as a function of solar zenith angle and height, as 
depicted in Figure 5, do provide a means of gaining limited 
information on the height of the layer [Noxon et al., 1979]. 
Let us assume that the absorber layer is Gaussian in shape, 
with a full width at half-maximum of 7 km. Figure 11 shows 
how the enhancement factor appropriate to such a layer cen- 
tered at various altitudes varies with solar zenith angle for 
radiation at 440 nm, at Gimli. For a layer located at low 
altitudes the effective slant column increases considerably less 
rapidly with increasing solar zenith angle than for one at high 
altitudes. This is due to the small optical paths at large solar 
zenith angle as the height where most of the scattering occurs 
moves above the altitude in question (see Figure 4). 

It is also important to consider that the NO 2 densities do 
not remain constant as the solar zenith angle changes [see 
Kerr et al., 1979; Solomon et al., 1986, and references therein]. 
Rather, the NO 2 densities in the stratosphere are highly de- 
pendent on the equilibrium between NO and NO2, which in 
turn depends upon the rate of photolysis of NO 2. Since the 
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Fig. 10. Slant ozone column observed at Oimli, Canada, during the morning and evening twilights of day 330, 1982, 
versus solar zenith angle, compared to calculated slant columns. 

wavelengths required for NO: photolysis are not completely 
optically thin at large solar zenith angles (as shown in Figure 
4), the rate of NO: photolysis will vary with angle, and the 
NO/NO 2 equilibrium will change as twilight is approached. 
Figure 2 shows that this effect will be a strong function of 
altitude. As the intensity of visible radiation required to 
photodissociate NO2 decreases, NO will be converted to NO:, 
and the total number of NO: molecules present can increase 
substantially. Although the spectrometer will always measure 
the absolute number of NO: molecules in the path, this effect 
is critical both to an understanding of whether the measured 
NO: is a "daytime" or "nighttime" value and to the evalu- 
ation of the layer height, as will now be shown. 

As pointed out by Noxon et al. [1979], the enhancement in 
NO2 due to conversion from NO near twilight is mitigated 
somewhat by the fact that much of the absorption seen at the 
ground occurs at a location near the tangent point (see Figure 
1), where by definition the zenith angle is only 90 ø, even when 
the zenith angle at the point of observation may be, for exam- 
ple, 93 ø . Figure 12 displays enhancement factor curves similar 
to those shown in Figure 11, except that in this case the 
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Fig. 11. Enhancement factors for 440 nm at 55øN in winter versus 
solar zenith angle, assuming various layer heights. 

conversion between NO and NO: along the optical path has 
been considered for each 1-km path through the atmosphere, 
and additional enhancements due to chemical conversion of 

NO to NO: are computed relative to that obtained at a 70 ø 
solar zenith angle, where it is assumed that no conversion of 
NO to NO: has occurred [see Solomon et al., 1986]. The 
conversion of NO to NO: is computed as a function of solar 
zenith angle and height, based upon the model calculations 
shown by Solomon et al. [1986], which are in close agreement 
with Limb Infrared Monitor of the Stratosphere (LIMS) NO2 
data near the terminator. As would be expected, the computed 
curves rise more rapidly with solar zenith angle than those 
calculated previously. Thus for a low-altitude layer, neglect of 
the effect of NO to NO: conversion at twilight implies that 
the layer height deduced from the shape of the absorption 
curves with zenith angle would be too high; i.e., the behavior 
of absorption with solar zenith angle for a low-altitude layer 
including the conversion effect looks like a higher-altitude 
layer does without this effect. Using the NO: layer shape from 
the model of Solomon and Garcia [1983] for the latitude and 
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Fig. 12. Same as Figure 11, but including the conversion of NO--• 

NO 2 at large solar zenith angles. 



8318 SOLOMON ET AL.' INTERPRETATION OF SKY ABSORPTION 

440nm, NO 2 
9 x 1016 I I I I I I I I I I I I 

8xlO 16 _ _ 

7x1016 _ 

•. 6xlO 16 _ W•th NO--,-NO 2 - 
E Conversion •//•'// 
• 5x1016-- /,,, _ 
• 4xlO 16 _ //'/ _ 
• ;SxlO 16 -- 

2 X IO • -- Observed •• / 

70 72 74 76 78 80 82 • 86 88 90 92 94 96 

Soler Zenith Angle 

Fig. ]3. Calculated and observed slam NO• abundances, i•cludi• 
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season of the observations at Gimli, Figure 13 shows com- 
puted NO 2 absorption versus solar zenith angle, with and 
without consideration of the twilight conversion of NO to 
NO2, along with those observed at Gimli. Note that even for 
solar zenith angles as small as 90 ø , the conversion effect is 
considerable. 

The optical depth for visible radiation changes not only 
with solar zenith angle, but also with wavelength, as a result of 
the strong wavelength dependence of Rayleigh scattering. 
Figure 14 shows absorption curves for an NO• layer at 400 
nm, similar to those shown in Figure 11. Clearly, important 
information on the layer height could be obtained if observa- 
tions were made at more than one wavelength through the 
twilight period and if the effective slant NO e column were 
computed in a nonlinear least squares analysis. This would 
also provide a much greater constraint on the layer height 
than observations at a single wavelength. 

It is also important to note that the shapes of the absorp- 
tion curves are quite sensitive to the neutral density profile. 
This is illustrated in Figure 15, which is identical to Figure 12 
except that the neutral background air density profile has 
been changed to that appropriate for about 80øS in the spring. 
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Fig. 14. Same as Figure 11, but for 420 nm. 
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Fig. 15. Same as Figure 11, but for 80øS in spring. 

The temperatures and air densities were measured on a bal- 
loon flight at McMurdo station, Antarctica, on September 15, 
1986 (D. J. Hofmann, private communication, 1986). The 
denser atmosphere for this latitude and time of year lowers the 
scattering height and yields rather different behavior for a 
low-altitude layer than that shown in Figure 12. 

5. MULTIPLE-SCATTERING EFFECTS 

It has been pointed out by Noxon et al. [1979] and by J. B. 
Kerr (private communication, i986) that multiple scattering 
has very little effect on zenith sky absorption except at solar 
zenith angles greater than 93ø-94 ø, or for a layer at very low 
altitudes (below about 15 km). It is not the intent of this paper 
to present a detailed multiple-scattering model. However, it 
has been shown that the two-stream approximation of Luther 
et al. [1979] yields a good description of the optical properties 
of scattered light for solar zenith angles less than about 75 ø- 
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Fig. 16. Calculated percent absorption for a uniform layer of 
NO 2 in the region from 10 to 16 km and in the region from 22 to 28 
km, for single scattering (solid line) and including multiple scattering 
(dashed line) with surface albedos of 0.0 and 0.5. 
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80 ø . In this paper we present calculations based upon that Finally, it has also been shown that important information 
model for multiple scattering to explore some of these effects. on layer height may be gained by using a range of wave- 

Figure 16 presents calculated percent absorption due to lengths for such observations. This can provide additional in- 
NO 2, as a function of solar zenith angle at a wavelength of formation on the vertical profile of atmospheric absorbers. 
440 nm for layers at 10-16 and 22-28 km, with and without 
multiple scattering, and assuming a surface albedo of 0.5 and 
0.0. The largest differences are found for the low-altitude layer, 
because multiple-scattering events are most likely at low levels 
where the air density is greatest (compare, for example, Figure 
3), and the radiation may be "trapped." Indeed, it is useful to 
note that the height from which the observed photons are 
scattered must always be lower for multiply scattered light 
than that for single scattering of the direct flux of solar pho- 
tons (see Figure 3). Most of the multiple scattering is therefore 
confined to altitudes below the altitude at which the direct 

solar radiation is scattered. For the layer located above 20 km 
in Figure 16 the influence of multiple scattering is negligible, 
and this may be understood in terms of the scattering height 
shown in Figure 3. It is very unlikely that multiple-scattering 
events can occur at altitudes sufficiently high to perturb the 
absorption from a layer at these altitudes until the solar zenith 
angles become very large. As long as the abundance of the 
species in question is small in the troposphere (as indeed it is 
for ozone and NO2), then multiple scattering can have only a 
small effect. 

The behavior shown here for multiple scattering also pro- 
vides insight into the likely role of scattering by clouds or 
other aerosols in the troposphere. Aerosol particles can ef- 
ficiently forward scatter the incoming solar photons, both 
scattered and direct. However, Figure 2 shows that very little 
solar radiation is available at typical cloud altitudes for zenith 
angles of the order of 90 ø or more (indeed, for zenith angles 
greater than about 92 ø , the cloud layer is likely to be in the 
earth's shadow where no direct radiation is available). The 
additional scattering of direct radiation by clouds is therefore 
not important at large angles. At small angles (less than about 
85ø), on the other hand, the great bulk of radiation reaching 
the surface is scattered in the troposphere by molecular scat- 
tering at altitudes near cloud levels (see Figure 3), and the 
optical paths through the stratosphere will not be significantly 
affected by additional scattering by clouds or other particles. 
For intermediate angles between perhaps 86 ø and 89 ø the pres- 
ence of clouds can have a small effect on stratospheric optical 
paths, but our calculations indicate that this would be no 
more than 10% even if all of the radiation reaching the surface 
were scattered from a cloud layer at 4-km altitude. 

6. SUMMARY 

In this paper the processes influencing the measurement of 
atmospheric species by ground-based visible absorption tech- 
niques have been briefly described. It has been shown that the 
propagation and attenuation of visible radiation is a sensitive 
function of solar zenith angle and background atmosphere, 
requiring the interpretation of visible absorption data to be 
based upon calculations performed with a neutral atmosphere 
appropriate to the observing point. In agreement with pre- 
vious work we find that the effect of multiple scattering is 
generally small for stratospheric layers. 

It has been shown that conversion of NO to NO 2 near 
twilight is likely to have important effects on the absorption 
due to NO 2 in the visible region. Neglect of this effect will 
result in an overestimate of the layer height. 
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