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Blue sunlight extinction and scattering by dust
in the 60-km altitude atmospheric region
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Twilight data obtained photographically from a stratospheric balloon platform in the autumns of 1980 and 1981 and
in the spring of 1982 are presented for blue and red light. They indicate the presence of a light absorbing layer and of
a scattering layer in the mesosphere at altitudes near 60 = 10 km with a low scattering albedo (0.1) at 0.44 um if it is
accepted that both the extinction and scattering originate from dust. The optical efficiency of the layer increases more
than 10 times when the wavelength of the interacting light changes from 0.65 to 0.44 um. At the zenith and near
sunset, the natural 0.44-um extinction optical thickness and the cm? column scattering rate due to this layer are found
10 be 6.6 X 107? and 0.18 MR A ™" respectively on 3 May 1982 above the south-west of France.

AEROSOLS have already been optically observed in the upper
atmosphere from spacecrafts’? and rockets®™. Twilight
observations®’ are also consistent with an upper-atmospheric
particulate scattering. Other relevant experimental and theor-
etical work about upper atmospheric aerosols has been
reviewed recently® in a study of their possible continuous and
sporadic extraterrestrial sources and fate. On the other hand,
it has been known for more than 40 years® that the atmosphere
contains a source of optical extinction other than air and ozone
in a supposedly transparent spectral region around 0.44 pm.
This extinction has been observed day and night using stars
and the Sun as light sources and has caused some concern to
those'®'? interested in the accurate determination of the
extraterrestrial solar flux who have attributed the extraextinc-
tion to aerosols. It has more recently been attributed'*'*
entirely to NO, but the amount of this atmospheric constituent
so deduced disagrees with observations based on the NO,
extinction of IR radiation’>’ and based on the differential
extinction measurement of blue light'®®. Both the latter
methods yield a smaller nitrogen dioxide abundance, 10-100
times less. Several authors’®?"?* have indicated the presence
of an unattributed absorption at 0.44 um in the upper strato-
sphere.

Observation method

The observation method used here has been described pre-
viously®* and leads to the determination for various scattering
angles, 6, of the radiance of the sunlit atmosphere in units of
solar radiance as given by

Ry/Ro=6.79X 107 [Q.node/4m) + npos) (D

where Q,, o, ¢, and n are the aerosol scattering efficiency, the
geometrical cross-section, the phase function and the number
of particles on the line of sight and where n,, and o, are the
number of air molecules on the line of sight and the differential
air scattering cross-section®’,

Two improvements were implemented in the gondola. A
neutral density filter identical to the one used to photograph
the Sun at elevation angles larger than 5° was remotely moved
in front of the cameras to photograph the solar image at zenith
angles from 76° to 95° allowing to perform atmospheric absorp-
tion measurements. When the Sun was at elevation angles larger
than 5°, the lower neutral density screens being removed from
the cameras field of view, the gondola was rotated about its

vertical axis by steps of 36° to obtain overlapping pictures of
the Earth limb. The spectral bandwidths were 0.06 um and
0.10 um centred at 0.44 um and 0.65 um respectively.

The solar irradiance, I,, is attenuated by the atmosphere
leading to the measured irradiance

I=Ie™” 2)
where the optical thickness
=3 (o) +[(Qs+ Qu)no] (3)

where, o, and n, are the extinction cross-sections of atmospheric
gases and their numbers of molecules on the optical path
whereas Q, is the absorption efficiency of the aerosol. Q,, n
and o have been defined in equation (1). The scattering albedo
of the aerosol is

Q,
= 4
“To+Q. @
and the extinction efficiency of the aerosol is
Oe = QS + Qa (5)

Observations

The 1981 balloon flight took place from Aire sur I’Adour in
the afternoon of 19 October. During the ascent in the strato-
sphere and at ceiling altitude, the winds carried the balloon
mainly southwards in such a way that observations took place
near 43°N and 0°30'W from 1530 to 1730 h GMT. Radar
tracking was performed by the Centre d’Essais des Landes using
a transponder carried with the gondola. Temperature and wind
and ozone soundings were made, respectively starting at 1059
and 1336 h GMT from 44°21'N and 1°14'W. From the beginning
of the scattering measurements to the end of the absorption
measurements the balloon altitude decreased from 34.3 to
33.2 km.

The observed solar irradiances, I, at 0.44 pm are plotted
against solar zenith angles, x°, in Fig. 1a as well as their
theoretically evaluated evolutions from y = 91° towards smaller
and larger values of y. Rayleigh extinction by air has only been
taken into account and represents fairly well the change of I
from x =91° to 94.3°. A small maximum of excess extinction
is observed centred at y =92.5° It corresponds to an optical
thickness 7=0.06 which, if attributed to NO,, leads to an
integrated amount on the optical path of 10'” molecules cm™
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Fig. 1 a, Solar irradiances versus solar zenith angles observed on 19 October 1981. The circles represent the measurements while the
dashed curve represents the expected variation from Rayleigh extinction, the main expected component at 0.44 um. The observed solar
irradiance at y =91° has been taken as a baseline for the computation. b, Solar irradiance observed on 3 May 1982 from a flight level of
6.1 mbar at 0.44 um versus solar zenith angles x. The values represented by the solid curve have been computed taking the extinction optical
thicknesses shown in Fig. 2 and the extraterrestrial solar irradiance indicated by the arrows (I). ¢, As a but for 0.65 um. The only absorber
which can be considered in this case at y =90° is O3 leading to a radiance reduction of 12%. No excess extinction can be detected with certainty.

at 28 km grazing altitude, a small value, if compared with
previous determinations.

We wish to point out the difference between the theoretically
expected and the observed evolution of I in the range 90°
>y >76°. An excess of extinction decreasing slowly with
increasing solar elevation is observed. This excess has been
reported previously as shown in Table 1. Its slow evolution
with zenith angle indicates that its cause lies well above flight
altitude. No presently known gaseous absorber can explain the
observed extinction. At 0.65 wm, an optical thickness change
of 0.1 can be detected in the measurements from y = 76° to
90° corresponding within experimental uncertainties to the
expected variation of the ozone extinction. This leads to the
first conclusion that a spectrally selective extinction takes place
in the upper atmosphere at 0.44 um, of which the origin is up
to now unknown. Assuming that the Chapman function is valid
for y <75° the total optical thickness at 0.44 pym on 19
October 1981 at x =90° and at 34 km altitude may approach
unity.

On 3 May 1982, another evening flight took place from Aire
sur I'Adour. The gondola reached a ceiling pressure level equal
to 6.1 mbar with a maximum radar measured altitude of
36.6 km. The solar extinction data are shown in Fig. 15. Here
again an excess extinction appears at 0.44 um for solar zenith
angles <90°. Figure 1c shows the solar extinction curve at
0.65 pm. Taking into account an optical thickness of 0.1 in red
light due to ozone at a zenith angle of 90° no additional or
excess absorption can be measured reliably.

The solid curve fitting the data on Fig. 1b is the result of a
computation taking into account the optical thicknesses vari-
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Fig. 2 Optical extinction thicknesses due to air, NO, and to the
excess absorber, X, necessary to interpret the extinction observa-
tions of Fig. 1b.

ation versus zenith angle shown in Fig. 2 for air (Rayleigh
scattering), NO, and X, the unknown absorber.

To evaluate the effective altitude of X, the fraction of its
maximum optical thickness 7, reached at x = 90°, has been com-
puted for various values of y. The result is shown in Fig. 3a.
The relative value of the extraterrestrial solar radiance
indicated in Fig. 15 has been chosen to provide the best fit
to a theoretical dependence of 7 versus x leading to an effective
altitude of 60+ 10 km.

The NO, optical thickness shown in Fig. 2 associated with a
molecular extinction cross-section of 6 107'° cm? leads to a
total2 stratospheric vertical content of NO, of 10'® molecules
cm”?,

The Earth limb radiances observed in the range of zenith
angles, x°, from 86° to 93° are shown in Fig. 4 for two flights:
15 October 1981 at 37 km altitude (only mainly forward scatter-
ing is shown at 0.44 um and at 0.65 um) and 19 October 1981
at 34 km altitude (scattering angles from 14.5° to 166° at
0.44 um and from 10.5° to 51° at 0.65 pm). The accuracy of
the absolute values of R4/R are considered to be £50% from
one camera to the next, mostly due to the uncertainty in the
evaluation of the high extinction of the neutral density screens.
The accuracy of the relative values on a single camera is +£5%.
The radiance variation observed compared with x° on 15
October 1980 and shown here for = 13° is the best illustration

Table 1 List of extinctions in excess of Rayleigh scattering extinction
observed at or near 0.44 wm and at solar zenith angles y =90° by means
of instruments flown on various dates at various altitudes in the strato-

sphere
Flight Wave-
altitude Range  length
Date (km) of x° (nm) AT Ref.
9 February 1977 40 75-80* 445 0.18 20

150ctober 1980 38 81-84 440 0.28 This work>*

190ctober 1981  34.1 76-82 440 0.19  This work
190ctober 1981  34.1 82-90 440 0.22  This work
June-July 1973 16.0 90° > - 430 0.57 13

The changes of optical thickness, A7, are indicated for various ranges
of zenith angles. The observations made from Concorde in June-July
1973 lead to an absolute value of r deduced from absolute solar
irradiance data measured at 16 km altitude and at y =90° compared
with extraterrestrial solar flux values.

* 1 has deduced from a least square fit to the data available in this
range of x°.
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Fig. 3 a, Fraction of the excess extinction at xy =90° plotted
against zenith angles, x. The computed variation of this quantity
versus y for various effective altitudes (40, 60, 80, 100 and 140 km)
of the X absorber. b, As a, the fraction of the excess radiance
observed at y =90° is plotted against x. The expected variation
of this quantity is also shown for various effective altitudes. It
indicates an effective altitude of the excess radiance of nearly
60 km.

of the phenomenon that we wish to emphasize. Because at
0.44 pm, the Rayleigh scattering should dominate the scatter-
ing, a theoretical variation of the total number of air molecules
on the line of sight versus y is fitted to the observed radiance
curve at y =90°. At x larger and smaller than 90° the observed
radiance variation with y is smaller than the theoretical one
represented by the dotted curve. The cause of this difference
is considered to be an excess of radiance originating from
altitudes larger than the flight altitude. The dotted theoretical
curve is shifted downwards to fit the observations at y =92.5°
where the excess of radiance becomes small compared with the
air Rayleigh radiance, because lower and lower altitudes are
tangentially observed at progressively larger zenith angles

where the increasing air density must eventually dominate the
scattering dependence of zenith distance. It is also observed
that the excess radiance decreases slowly above the horizontal
line of sight when x° becomes <90°. The same phenomenon
is observed on 19 October 1981 at 0.44 wm and at all scattering
angles. In this case, however, the excess appears relatively
smaller since the flight altitude was lower leading to a larger
Rayleigh scattering due to air. A decrease of the blue and red
colour ratio occurring near 1° solar depression angle, §°, has
been observed in twilight studies® as well as an excess of blue
light at § =0° which was attributed to multiple scattering.
In the case of our observations, however, the air observed
at y <90° is theoretically optically thin and multiple scatter-
ing does not explain the radiance excess, relative to pure
air, linked with the anomalous radiance variation with zenith
angle.

At 0.65 pm, a small excess of radiance in observed at 8 =20°
on 15 October 1980. It is barely detectable at § = 10.5° on 19
October 1981 and it cannot be detected at larger scattering
angles, being probably too small relative to Rayleigh scattering
at this low flight level.

For the 3 May, 1982 flight, one of the cameras was fitted
with a blue filter-equipped wide angle lens (f = 50 mm) instead
of the lens normally used (f = 80 mm). No neutral density screen
was placed in front of this camera so that the sky could be
viewed over a wider range of zenith angles. The calibration of
this camera was performed by comparing film optical densities
of identical features simultaneously photographed by means of
another blue filter, neutral density screen equipped, camera.

The limb radiances observed at two flight levels, one during
the balloon ascent and the other one at ceiling altitude, are
plotted in Fig. S against zenith angles. The variations of the
number of air molecules viewed on the optical path versus
zenith angles are also represented and fitted to the observations
at large zenith angles (> 90°) where pure air Rayleigh scattering
must dominate.

As for the extinction in Fig. 3a, the fraction of the total
excess radiance at y = 90° has been plotted against zenith angles
in Fig. 3b. Here again the measurements show an effective
altitude for the excess radiance near 60 km. The radiance was
also observed at 0.65 pm for two flight levels as it was done in
Fig. 5 for 0.44 um. The excess radiance determined in red light
is 11 times smaller than in blue light. By spinning the gondola
about its vertical axis by steps of 36°, the data necessary for

Fig. 4 Earth limb radiance
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observed on 15 October 1980, at
37 km altitude and on 19 October
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zenith angles x°. The observations
are represented by crosses. The
dashed and dotted (see text) curves
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figure.
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Fig. § Atmospheric radiance plotted against zenith angle at
0.44 pm from two flight levels on 3 May 1982. The pure air
expected radiance is represented by the dashed curves.

the determination of the phase function of the excess radiance
have been obtained.

The phase functions are shown in Fig. 6 for three zenith
angles in the case of the excess radiance. The values for air are
those measured at y =90°. However, in the latter case the
angular variation reflects the phase function at zenith angles
close to 93.5°, corresponding to grazing altitudes nearing 20 km.
Atthese low altitudes the low stratospheric aerosols and perhaps
the Earth sphericity induce illumination asymmetries when the
solar azimuth changes from 36° to 180°. This most probably
explains the deformation of the measured air phase function
shown in Fig. 6 for air. At smaller zenith angles the air Rayleigh
scattering becomes quickly very small compared with the excess
radiance for which it becomes only a correction factor. The
phase function observed at y =80° is for this reason used to
deduce its characteristics.

The value of Q,no has been evaluated from these experi-
mental data by means of the relationship

180°

Qo =1.85%x10° § (Ro/R)(sin 0 sin A8/2) 6)

by zonal summation every 10° between 0° and 180°. The extinc-
tion due to scattering is found to be 2.6 x 107> which, according
to Fig. 3b, leads, at y =90°, to Q.no = 6.1x 1072, On the other
hand, the asymmetry parameter, {cos a), is found to be 0.06.

Discussion

The extinction and the excess of radiance have been shown to
originate from an altitude near 60 km, in the mesosphere. They
both also exhibit a large enhancement when the wavelength
changes from 0.65 to 0.44 um.
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Fig. 6 Atmospheric excess radiance (a) observed at various

zenith angles plotted against scattering angles 8°. b, The pure air

radiance phase function computed for the flight level (at 6.1 mbar)

from the air differential cross-section’”. Solar elevation is taken
as 9°+1.5.

For an effective height of 60 km and an observation altitude
of 35 km the optical depth factor increases 11.4 times from
x =0° to 90°, The excess extinction observed leads, according
to Fig. 3, to a zenithal optical depth of 6.6x 1072 of which
5.4 x107* is due to scattering by the dust layer. If it is accepted
that the dust is responsible for both extinction and scattering
in the 60-km layer, the dust scattering albedo is 0.08. This low
value is compatible with very small particles exhibiting an
almost symmetrical scattering phase function. One way to
explain the large scattering efficiency increase when the
wavelength changes from 0.65 to 0.44 um is to consider a
colour-dependent complex index of refraction in this range with
a non-negligible imaginary part of the index®®. The dust would
thus be made out of brownish matter. The complexity of the
upper atmospheric dust probably having an extraterrestrial
origin has already been pointed out”’,

Conclusion

The demonstration that a dust layer is present in the Earth’s
atmosphere at 60 km altitude would have a purely academic
interest if it were not for its association with a non-negligible
sunlight extinction and absorption in situ which makes it impor-
tant for the Earth radiation balance, for the stratospheric and
mesospheric photochemistry and energy budget and for the
measurements of stratospheric trace species in blue light. These
aspects justify the continued optical investigation of the layer
from balloon gondola and from other platforms, and the use
of other methods of investigation.
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