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Airborne measurements of the optical stratification of

aerosols in turbid atmospheres

Teruyuki Nakajima, Masayuki Tanaka, Tadahiro Hayasaka, Yukiharu Miyake, Yuji Nakanishi, and

Kazutoshi Sasamoto

A spectral scanning radiometer and corresponding algorithm of analysis were developed to evaluate optical
stratification of aerosols from airborne measurements. Several flights were carried out to measure direct and
circumsolar radiations simultaneously by a Swerlingen Merlin IV and a Cessna 206 aircraft. Results of the
data analysis showed that our scheme can evaluate the optical depth of aerosols at any flight level from the
ground to 400 mb, the highest flight level, with relative error of <10%. Vertical distribution and latitude—
height cross sections of the optical thickness of aerosols and volume spectra of stratospheric aerosols were

investigated.

l. Introduction

Climatic perturbation due to stratospheric aerosols
of volcanic origin has been a lively topic of discussion
after the big eruptions of Mt. St. Helens and El Chi-
chon. Changes in the radiation budget of the earth—
atmosphere system with an increase in the optical
thickness of stratospheric aerosols may be the most
direct and obvious result in complex mechanisms of
the perturbation.!-* Optical stratifications of the en-
hanced stratospheric aerosol layer due to El Chichon
eruption were successfully measured by airborne sun-
photometers.>®8 An advantage of sunphotometry is
the possibility of retrieving the size distribution and
optical thickness of aerosols, which are required to
evaluate the transfer of solar radiation in an aerosol
laden atmosphere.®10

Although the airborne sunphotometer is a powerful
tool for monitoring global scale turbidity, the most
serious difficulty in achieving the accuracy required
for determination of the optical thickness of aerosols is
to maintain the calibration constant of the instru-
ment.}1-13  An alternate but closely related approach
to this problem is to use circumsolar radiation (or
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aureole) measurements. Monitoring the atmospheric
turbidity!3-17 and retrieving the aerosol size distribu-

-tion from the circumsolar radiation or from combined

data of direct solar and circumsolar radiations have
been investigated by many workers.!8-23 An advan-
tage of the use of the aureole intensity is that the
aureole intensity is approximately proportional to the
aerosol optical thickness, although easy use of this
method has been obstructed by difficulty in removing
multiply scattered radiation and enlargement of the
optical system of the radiometer.

In this paper we describe a compact seven-channel
aureolemeter newly developed for airborne measure-
ment and an algorithm to retrieve optical properties of
aerosols from obtained data. Pioneers of such works
are Twitty et al.2* They?4? successfully retrieved the
size distribution of aerosols at several flight levels from
the aureole intensity measured by a single-channel
scanning photometer. However, they did not use the
absolute scale of the aureole intensity but used the
integrating nephelometer data to interpret the back-
scatter profile obtained by a simultaneous lidar mea-
surement. We rather adopt a self-closed algorithm to
determine the optical thickness, volume spectrum, and
phase function of aerosols simultaneously from the
data of the aureolemeter alone. Realization of the
aureolemeter is discussed in Sec. I, and examples of
analysis of the data are given in Sec. 111, paying atten-
tion to retrieval of optical thickness and volume spec-
trum of aerosols in the upper troposphere and strato-
sphere.

ll. Instrument Design and Algorithm of Analysis

An aureolemeter was compactly assembled within a
spherical aluminum container 260 mm in diameter



Table I. Specifications of the Aureolemeter

Interference filters: Koshin Kogaku Co., BWWB series with
wavelengths (half width) of
332(5),368(9),500(2),675(3),777(2),862(5),937(5) (nm)
blocking in both wings: <0.01% in transmittance

for all filters

Detector: Hamamatsu Photonics Co., PIN silicon photocell,
S1722-02Q
Peak wavelength of 900 nm, NEP 6x10°'"(W//Hz)
Optical alignment: Sunphotometer type
Sun-shade hood: 145 mm
Solid view angle: 0.001524
Electrical dynamic range: 10°

Mount: Altazimuth with 2 axis-motor driving

Mechanical precision of sun-following: 0.25° rmsd

designed to set on a light aircraft. Specifications for
the aureolemeter are shown in Table I. Solar radia-
tion through an interference filter on a rotating turret
is detected by a ultrafast response PIN silicon photo-
cell. A linear I/V converter was designed to have a
dynamic range of 10° with five gain stages to detect
both the direct and diffuse radiations. The position of
the sun is monitored by a 2-D silicon photodiode (Ha-
mamatsu Photonics Co., Silicon Position Sensitive de-
tector S-1200).

The aureolemeter is controlled by a microcomputer
(SORD Co. model M/23) and a controller which con-
sists of an A-D converter, data sequencer, and angle
controller. The driving system of the aureolemeter
has two modes: for the external mode, the host com-
puter can control the altazimuth mount at any direc-
tion, while for the automatic mode the aureolemeter
automatically follows the sun by zenith/azimuth dc
servo motors. Output data, such as seven-channel
light signals, detector temperature, zenith, azimuthal
angles (6,¢), and the position of the sun (x,y), are
temporally stored in a 16-kbyte RAM during 3 s of
scanning solar aureole and are transferred to the host
computer through a parallel interface. Three scan-
nings with different I/V converter gains are necessary
to cover the variation of the spectral solar aureole
intensities at scattering angles of <40°.

We required the flatness of the field of view of the
aureolemeter by adopting an optical alignment with no
lens as in a Voltz-type sunphotometer, because the
direct solar signals fluctuated as the solar image wan-
dered the field of view with rolling and pitching of the
aircraft for the case of a prototype of the aureolemeter
with an object lens. Figure 1 shows a response func-
tion of the field of view defined as a normalized output
signal when a plane—parallel beam enters the system.
The value of the response function was measured in a
laboratory using a filament-type halogen lamp of 300
W located at a distance of 2054 mm from the surface of
the detector to attain the view angle of the filament of
<0.5°. Four measurements were carried out on two
successive days. Observed values of the response
function (circles in Fig. 1) were in fairly good accor-
dance with the theoretical profile (lower solid line in
Fig. 1) at incident angles of <1.80°. Since the optical
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Fig. 1. Response function of the field of view: lower solid line and
circles, theoretical and experimental values, respectively, with refer-
ence to the lower and left scales; upper solid line, experimental
values with reference to the upper and right scales; dashed line,
simulated signals calculated by Eq. (1).

alignment of our aureolemeter consists simply of the
detector and field stop of which radius r; is larger than
that of the detector r;, the theoretical profile of the
response function can be calculated by assuming two
characteristic angles, i.e., the mean suspending half-
angle of the field stop ; =~ ry/l and the maximum
incident angle for detection 6y ~ (r; + r9)/l, where [ is
the spacing between the field stop and detector. Best
fit values of §; and 6, are 1.26 and 1.81°, respectively, in.
Fig. 1. The theoretical value of the response function
is unity for incident angles of <3 = 20; — 05, while the
maximum observed deviation from unity was 0.014 at
the incident angles of <f; = 0.71° for all the spectral
channels. Since the standard deviation of the me-
chanical precision of the solar tracking system is
~0.25° for a pitching/rolling rate of ~10°/2 Hz, the
width of the flat region of the field of view is sufficient
to measure the direct solar radiation with a relative
error of <1.4%.

For an ideal sunphotometer with no stray light, no
response is expected at incident angles larger than 6,
while the observed response function was as large as
1073 at the incident angle of 3° as shown by the upper
solid line in Fig. 1. Since the sun-shading hood could
not be longer than 145 mm for aerodynamic reasons,
we could not remove stray light perfectly. The dashed
line in Fig. 1 shows a simulated signal calculated by the
single-scattering approximation in the solar almucan-
tar as

E(0) = mw,TP(0) exp(—m7)F,dQ, (1)

where Fy,m,w,,7,P(6),d2 are the direct solar irradiance
at the top of the atmosphere, optical air mass, single-
scattering albedo, optical thickness, phase function at
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the scattering angle of 6, and a solid view angle of the
radiometer, respectively. A Junge-type size distribu-
tion of aerosols of optical thickness 7 = 0.1 and an
optical air mass m = 2 are assumed in the simulation.
For the solid view angle, we obtained the value of dQ =
1.524 X 1073 £0.012 X 10~3 by integrating the response
functionin Fig. 1. By thissimulation it is seen that the
minimum observable scattering angle without serious
contamination of the stray light is ~5° or larger for the
case shown. In the analysis of the real data, we dis-
carded contaminated data points comparing the data
to the response function in Fig. 1.

Since the aureolemeter observes both the direct and
diffuse solar radiations, a normalized intensity can be
calculated with the measured solid view angle as

R(6) = E(6)/mFdQ, (2)
where
F = exp(—m7)F,, 3)

Since the normalized intensity R(6) is approximately
the differential scattering coefficient, 3(8) = worP(6),
as shown from Egs. (1) and (2), the columnar size
distribution of aerosols can be obtained by an inver-
sion technique after removing the effect of multiple
scattering due to aerosols and molecules.2? Although
several useful schemes have been developed for calcu-
lation of the aureole intensity, these schemes are appli-
cable to the case with a known optical thickness of
aerosols. For aircraft measurements, however, it is
very difficult to determine the optical thickness from
observation of the direct solar radiation due to errors
involved in the calibration constants of the radiometer
and in the observed intensities which are affected seri-
ously by temperature control under severe flight con-
ditions and the flatness of the field of view. We,
therefore, adopt an iteration scheme to determine the
optical thickness and intensity of multiply scattered
radiation simultaneously from the normalized intensi-
ty R(0) alone. The normalized intensity is hardly af-
fected by the errors mentioned above.

Basic formulations for the iteration are the same as
Nakajima et al.2?2 but without assuming the optical
thickness of aerosols a priori. The outline of our
scheme is as follows: (1) define initial values of the
differential scattering coefficient and the optical
thickness of aerosols by measured values of the nor-
malized intensity R%(f) and the optical thickness 72 for
each wavelength as

BL(8) =R%#) and rl=1Y (4)

(2) calculate the intensity R™(6) in the aureole region
by a radiative transfer code including the polarization
effect,22:26.27 (3) correct the assumed differential scat-
tering coefficient 87*1(6), comparing the observed nor-
malized intensity with the theoretical one as

821(8) = v"(6)B1(6), (5)
where the ratio y"(6) is defined by
() = R°(6)/R"(8); (6)
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Fig.2. Kernel functions vs the size parameter kr for the differential
scattering cross section at various scattering angles (solid lines) and
for the total extinction cross section (dashed line).

(4) retrieve the columnar volume spectrum of aerosols
v(lnr) = dV/d Inr at particle radius r from the integral
equation

B,(0) = fK(@,x)v(x)dx,  x =Ilnr, 7

where the kernel function K(6,x) is calculated from
Mie’s amplitude function S(6,kr) as

3 [S(0,r)|

K(bx) = ,
09 =5 w(kr)?

k =27/, (8)
and X\ is the wavelength. A multispectral inversion
technique??2 is applied to this step. From the volume
spectrum thus obtained, we can calculate the phase
function and the optical thickness of aerosols for the
next step and (5) repeat steps (1)—(4) until a conver-
gence criterion is satisfied.

By this algorithm, columnar volume spectrum and
related optical characteristics, i.e., optical thickness
and phase function, of aerosols above a flight level can
be retrieved from spectral intensities in the solar me-
ridional plane as well as in the solar almucantar. Sev-
eral test calculations adopting the scattering angles of
6 =3(1)10(2) 20 (5) 30° and twenty-particle radii with
equilog-spacing from 0.03 to 30 um showed that the
volume spectrum between radii from 0.2 to 2 um can be
retrieved from aureole intensities measured for the
scattering angles 5° < § < 30°.%7

The normalized kernel functions for the differential
scattering coefficient, K(6,x)/ f K(6,x)dx, are shown in
Fig. 2 together with the normalized kernel function for
total extinction, K.(\,x)/ f K.(\,x)dx, where K, is the
kernel of the integral equation

7. = SK,(\x)v(x)dx 9)
and related to the Mie’s efficiency factor for extinction
Qe(kr) by

K,(\x) = 5 Q,(kr). (10)

4r

From the figure we can see that the inversion of the
spectral extinction data is approximately equivalent to
the inversion of the spectrum of (,(f) at a single-
scattering angle around 30°. We, therefore, use the



Table Il. Flight Log of Airborne Measurements
Date Location Alt. (km) Aircraft
Pres. (mb)
JAN 14 1984 Nagoya 5.18 CESSNA 206
35.2°N, 136.7°E 515
FEB 16 Yao 34.5- 29.6°N 6.04 MERLIN IV
135.5-135.0°E 478
AUG 7,8 Yao-Iwo-jima 5.06 MERLIN IV
34.5- 19.9°N 557
135.5-141.2°E
NOV 7,8 Nagoya 7.07 CESSNA 206
35.2°N, 136.7°E 414
SEP 26 1985 Biwako 6.38 CESSNA 206
35.4°N, 136.2°E 455
Wakasa
35.8°N, 135.9°E
oCcT 9 Nagoya 6.19 CESSNA 206

35.2°N, 136.7°E 466

multispectral aureole intensities for the inversion in-
stead of adopting erroneous spectral extinction data
simultaneously with the aureole data.

Iil. Results and Discussion

Several aircraft observations were carried out in
1984 and 1985 as shown in Table II using Swerlingen
Merlin IV and Cessna 206 aircrafts as part of the
aircraft measurement program in the Japanese Middle
Atmosphere Program. Vertical flights over Nagoya
and horizontal flights along the longitudes of 135 and
140°E were adopted to observe the vertical-horizontal
structure of the optical stratification of aerosols over
Japan. The aureolemeter was mounted on top of the
Merlin IV aircraft and in the rear space of the Cessna
206 aircraft removing the rear glass window. For the
flights on 7 and 8 Aug., the scanning along the meridio-
nal plane of the sun was adopted because of high solar
elevation, while the scanning along the solar almucan-
tar was used for other flights. For these data we have
retrieved the columnar volume spectrum, optical
thickness, and phase function of aerosols above the
flight level.

In Fig. 3, we compare the vertical profile of the
aerosol optical thickness obtained by the present
method with that obtained from the direct solar radia-
tion. In the latter method (the direct method), the
optical thickness is calculated from Eq. (3) with a
calibration constant F for each wavelength tuned so as
to fit the values of the optical thickness with those
estimated from the present method above the haze
layer. Values of the optical thickness obtained by the
direct method scatter closely around the profiles esti-
mated by the present method, although the error in-
creases with an increase of height and wavelength.
Without this tuning, the results of the direct method
often become negative or unrealistically large for the
calibration constants Fy determined preliminarily on
the ground by a modified long method.!® This fact
shows that the optical thickness obtained by the
present method was a good estimate of the optical
stratification of aerosols, whereas the optical thickness
obtained by the direct method tends to be marred by in
situ noises of several origins. Close investigation,
however, shows some systematic disagreement be-
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Fig.3. Vertical profiles of the aerosol optical thickness in the layer

between a flight level and the top of the atmosphere. Closed and

open circles show values obtained from the direct and diffuse solar
radiations, respectively, in the first ascent on 7 Nov. 1984.

tween the results of both methods. One possible rea-
son for this disagreement may be a horizontal inhomo-
geneity in the aerosol loading and in the optical
properties of aerosols, because the present method
assumes a plane—parallel atmosphere exists above the
flight level and a Lambertian layer below the flight
level. The complex refractive index of aerosols was
assumed to be m = 1.45-0i, and the albedo of the
underlying layer was measured by cooperated spectral
pyranometers.2®6 Since the imaginary index of refrac-
tion is assumed to be zero, the optical thickness for
scattering is identical to the optical thickness for ex-
tinction shown in Fig. 3.

Figures 4 and 5 show typical examples of the aureole
intensity as a function of the scattering angle at A = 500
nm and as a function of the wavelength at § = 20°,
respectively. Retrieved values coincide fairly well
with the observed value. The rms deviations are 4.9%
at most as an average of the five spectral channels from
368 to 862 nm. It is noteworthy that the retrieved
optical thickness for scattering was a smooth function
of the wavelength reflecting smooth spectral profiles
of the aureole intensity shown in Fig. 5, while the
optical thickness obtained by the direct method often
showed a doubtful irregular spectrum.

In Fig. 6 we summarize the obtained vertical profiles
of the optical thickness for scattering at A = 500 nm.
Error bars show the rms deviation among two to eight
data points within adjacent levels of two to four flight
legs. For the profile on 14 Jan. 1984 the data points
were smoothly connected without error bars because of
the scarcity of original data. It is found that the rms
deviations were ~10%, and the optical stratifications
were steady during each flight for 2-3 h. Comparing
profiles of successive days, it is found that the optical
stratification did not change rapidly at the level as high
as 500 mb, while it changed by a factor as large as 4
during one day in the lower troposphere, suggesting a
large vertical difference in the time scale of variation of
the optical stratification of aerosols.
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Figure 7 shows a latitude-height cross section of the
optical depth of aerosols at A = 500 nm along the
longitude of 140 E, obtained by the flights on 7 and 8
Aug. 1984. The effect of aerosols of ground origin was
found to be significant at levels lower than 650 mb and
northward of 25°N. Observations by a particle
counter in the summer season?® and an aerosol sampler
in the winter season3’ showed a similar tendency with
somewhat abrupt clearing of the air at locations
around 26°N, suggesting a aerosol lifetime of several
days.

From Fig. 7, it is recommended that we should uti-
lize isolated islands offshore ~1000 km from the con-
taminated area or the aircraft with flight levels above
550 mb for monitoring stratospheric aerosols. To see
the large scale latitudinal distribution of the optical
stratification of background aerosols, we show in Fig. 8
the optical depth of aerosols at levels higher than 550
mb. Inthesummer season the distribution of aerosols
was relatively independent of the latitude, while some
latitudinal tendency appeared in the winter season.
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An expected reason for this tendency may be the dif-
ference in the large scale wind system in different
seasons. In winter, a strong NW wind blows steadily,
and soil derived aerosols originating from the Chinese



continent and Japanese islands are lifted into the free
atmosphere. Although not shown in a figure, volume
spectra retrieved by our scheme and particle numbers
obtained by an optical particle counter suggested that
large particles were abundant at an upper troposphere
on these days.

Figure 9 shows the time series of the aerosol optical
depth for scattering at 550 mb. During two years of
observation the optical depth decreased steadily, sug-
gesting that the El Chichon dust cloud was responsible
for a large part of the optical depth of 550 mb. The
displayed decreasing tendency is similar to other in-
vestigations shown in Fig. 9, i.e., optical thicknesses
obtained by an aureolemeter at Syowa Station, Ant-
arctica’! and retrieved from the lidar observation at
Tsukuba, Japan.32 The value of the e-folding time of
the optical thickness due to El Chichon aerosols is
estimated from Fig. 9 as 280 days for the period from
Feb. to Nov. 1984 assuming that the effect of El Chi-
chon aerosols disappeared in Oct. 1985. This value of
the e-folding time is consistent with other observa-
tions.33:34

Figure 10 shows the time series of the retrieved
volume spectrum of aerosols at a height of 550 mb with
a lognormal function superimposed on the Junge size
distribution as

v(Inr) = C exp{—[In(r/a)/Ins]?/2} + C,, (11)

where C, a, and s are the coefficient, mode radius, and
standard deviation of the lognormal volume spectrum,
and C, is the coefficient of the Junge size distribution
which is a constant in terms of the volume spectrum.
Integration of Eq. (9) over radii from 0.05 to 30 um
showed that the retrieved optical thicknesses can be
interpreted by Eq. (11) with an error of <10% for
values of C, a, s, and C;shown in Fig. 10. The tenden-
cy of the time series shows that aerosols of lognormal
mode gradually disappeared decreasing its mode radi-
us from 0.58 to 0.35 um, and the Junge mode prevailed
in the fall of 1985. Although the sun-shading hood of
the aureolemeter was modified in June 1984, the ten-
dency was not affected by this change, suggesting that
contamination of the signal from the reflection in the
sun-shading hood is not considered the reason for this
tendency. Furthermore, we carefully limited the sig-
nificant range of the particle radius for display within
0.1 <r <2 um, because the hood contamination affects
significantly the retrieved volume spectrum of larger
particles. A closed investigation of the results of in-
version showed that no significant contributions were
expected from outside the displayed radius range.
Reported values of the mode radius and the standard
deviation of El Chichon aerosols are (a,s) = (1.44,2.25)
for an 18-21.5-km altitude on 28 Jan. 1983 at Laramie,
WY33 (0.55,1.4) in Jan., Feb. 1983, (0.67,1.3) in Mar.
1983 at Richland, WA,35 and (0.47,1.3) in Jan. 1983 at
Tsukuba, Japan3® in terms of the lognormal fitting of
the volume spectrum. Considering the growth of El
Chichon aerosols,3? our result in Fig. 10 is consistent
with these values. If we identify the lognormal mode
of the displayed volume spectra in Fig. 10 as El Chi-
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Fig.9. Time series of the aerosol optical depth at a 550-mb level for
A =368 (0), 500 (0), and 862 (A) nm. Optical thickness measured
at Syowa Station, Antarctica (dashed line) and that retrieved from
lidar measurements at T'sukuba, Japan (solid line) are also shown.

IO—A — ',JO-.\Q —
o \
’ A
; \ ]
/
g \
Y \
/ A Jm14 ‘84
\  C-12.48-7
\ a=0.58
\ 8= 1.50
/”‘\ \ C,=1.0E-7
s AR TN
10°— o ¢ -]
- * -
T ) FEBL6 '84
E * ] ©=4.208-7
N @ a= 0.58
5 | & 1.55
q’ ? ‘\§J=1.DE 7
= — e L0
5 # Y 8 '04
\ ©=2.406-7
5 a= 0.47
a 6 \ 5= 1.50
i S ] Gyl 087 —
w P -
5 -
=] 49 NV 7 "84
= N, 1.30E-7

07| hoe7 #¢¢¢¢i§j‘,§§§aﬁ
L $ |

0.1 1.0
PARTICLE RADIUS ( pm )

Fig.10. Time series of the retrieved volume spectrum of aerosols at
550-mb level vs the particle radius in microns. Best fits of the
lognormal function defined in Eq. (11) are shown by dotted lines.

chon aerosols, we can calculate the total columnar
mass of El Chichon aerosols from Eq. (11) by integrat-
ing the lognormal function with the particle radius
assuming a density of 1.6 g/cm3 as shown in Fig. 11. In
the figure we also plotted the result obtained by Hof-
mann and Rosen3? by particle counters. The value of
0.0074 g/m2 on 16 Feb. 1984 is consistent with the
result of the particle counters, and the value of the e-
folding time of the columnar mass is estimated as 230
days, which is the nearly same value for Fig. 9, suggest-
ing that the time series in Fig. 10 obviously reflected
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Exponential decaying profiles with several e-folding times from 100
to 1000 days are also shown by straight lines.

the stratospheric El Chichon aerosols. In this context
it is noteworthy that the significant variation of the
spectrum of the optical thickness shown in Fig. 9 was
caused by the competing effects of the two modes, i.e.,
El Chichon aerosols and the background Junge aero-
sols, and the effect of the change in the volume spec-
trum of the El Chichon aerosols was relatively insig-
nificant. It may be concluded from these
considerations that the effect of El Chichon aerosols
persisted until fall 1985.

IV. Summary

We have shown observed results by an airborne mul-
tispectral aureolemeter and discussed some features of
the background aerosols in terms of the optical thick-
ness and retrieved volume spectrum. Especially, it
has been found that the optical stratification above the
550-mb level was significantly modified by El Chichon
aerosols until Oct. 1985. El Chichon aerosols had a
lognormal-type volume spectrum and decayed with an
e-folding time of ~230-280 days while decreasing their
mode radius from 0.58 to 0.35 um and maintaining a
standard deviation of 1.5 during the observation peri-
od.

In Table III we summarize results of the analysis for
altitudes above 550 mb. As expected from the values
of the rms deviations of the optical thickness, our
results are of high precision and reflected well the
optical stratification of aerosols over Japan during the
observation period. The backscattering ratio defined
as 7,/B,(180) and the first two coefficients x,, of a
Legendre expansion of the phase function of aureolem-
eters,

1
P(0) =~ Z (2n + 1)x,,p(cosb),

m
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Table lll. Optical Thickness for Scattering, Backscattering Ratio, and
First Two Coefficlents of Legendre Expansion of the Phase Function of
Aerosols; Parameters of the Power-Law Fitting of the Spectrum of the
Optical Thickness and the Lognormal Fitting of the Volume Spectrum are
also Shown

DATE JAN14, 84 FEBl6,84 AUG 8,84 NOV 7,84 oCcT 9,85
PRESSURE 540 478 557 458 478

OPTICAL THICKNESS FOR SCATTERING

368 0.0791%25 0.0393:34 0.0356:44 0.0298+43 0.0212:41
500 0.0736+22 0.0357+£23 0.0294:20 0.0227¢14 0.0150%20
675 0.0699+36 0.0330£20 0.0240:10 0.0173: 5 0.0108:13
777 0.0663:37 0.0312:24 0.0213+ 8 0.0149% 4 0.0092+10
862 0.0626:37 0.0294%28 0.0192+ 6 0.0131x 3 0.0081% 9
BACKSCATTERING RATIO
368  23.2:0.4 23.2:3.7 27.3:3.6 29.5:4.1  29.924.3
500 28.2:0.7 27.3%5.2 31.8+4.0  33.3:5.3  30.9:5.2
675 37.5:0.2 34.2#5.2 37.3:3.6 38.2:¢6.4 31.8:4.0
777  43.2:0.4  38.1*4.6 39.3:3.8  39.9:6.9  31.7¢3.0
862  47.3:0.9  40.6:4.2 40.4:4.3  40.7:7.3  31.7:2.4
1ST MOMENT OF PHASE FUNCTION
368  0.654:40 0.666:32 0.657¢50 0.641%x63  0.635:75
500 0.685:21  0.690%18 0.686:27 0.668+38  0.650+53
675 0.714% 8 0.714x 7 0.703+ 9  0.686tl8 0.664+25
777  0.723+ 6 0.721* 7 0.703+ 6 0.686:l2 0.665:t15
862 0.724t 4  0.723:10 0.700¢ 7 0.683: 9  0.664+10
2ND MOMENT OF PHASE FUNCTION
368  0.521242  0.528£32 0.503:45 0.478:63  0.461%73
500 0.545:17  0.547#16  0.527:17 0.502+31  0.482240
675 0.557:¢ 6 0.557+ 9  0.529+ 4  0.506% 7 0.490+l4
777  0.553% 4 0.554%14 0.520+ 6 0.496% 2  0.485:10
862 0.546: 4  0.548:18 0.509+ 7 0.486% 5  0.481:10
POWER LAW FITTING
a 0.26 0.33 0.71 0.95 1.13
Sso0 0.0737 0.0358 0.0290 0.0225 0.0150
LOG-NORMAL VOLUME SPECTRUM
c 1.24E-6 4.20E-7 2.40E-7 1.30E-7 0.30E-7
a 0.58 0.58 0.47 0.43 0.35
s 1.50 1.55 1.50 1.50 1.50
¢y 1.00E-7 1.00E-7 1.00E-7 0.90E-7 0.80E-7

are also calculated from the retrieved volume spectra.
In Table III we also show fitting parameters of the
spectrum of the optical thickness by the form wg,7, =
$500(600/A)* and fitting parameters in Eq. (11). Asis
well known, the parameter « is related to the exponent
of the effective power-law size distribution as 3 + a.
The time variation of the parameters s5o and « shows
that the stratospheric sky was turbid and whitened in
the winter of 1984, and the normal blue sky prevailed
in the fall of 1985.

From discussions in the preceding sections, our air-
borne aureolemeter was found to be a useful instru-
ment for monitoring the large scale optical stratifica-
tion of aerosols, although the volume spectrum of
larger particles cannot be retrieved due to the lack of
information from small scattering angles. We are now
developing a revised version of the aureolemeter,
which has a smaller minimum observable angle. Us-
ing these instruments in cooperation with the lidar and
satellite systems, a more comprehensive analysis
should be made in the future to make clear some specu-
lations presented in this study.
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