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Abstract

Measurements of direct solar irradiance and sky radiance were carried out in Sendai, Japan for the
period from September 1981 to May 1985 using a scanning spectral radiometer (aureolemeter). Size
distributions of columnar total aerosols were retrieved by inverting both spectral optical thickness and
solar aureole radiance data. '

The size distribution of aerosols due to the El Chichon eruption in 1982 was estimated as the
difference between columnar volume spectra before and after the eruption. The results indicate that
the El Chichon aerosol had a monomodal volume spectrum with a mode radius about 0.5 um; their
contribution to the total aerosol volume reached the maximum in the winter of 1983, i.e. December
1982 to February 1983, then gradually decaying to the normal level prior to the eruption by the spring
of 1985.

A seasonal model of tropospheric aerosols over Sendai was constructed by subtracting the volume
spectrum of the El Chichon aerosol model from that of the columnar total aerosols, and successfully
represented by a bimodal log-normal function. The aerosols in spring and summer seasons have
different features in respect of volume spectra. The coarse particle mode aerosols with radii around
3 um are predominant in spring while the accumulation mode aerosols with radii around 0.2 um are

predominant in summer.

1. Introduction

Aerosols suspended in the atmosphere have a po-
tential to affect the radiation budget of the earth and
the global climate change through change in their
optical properties (Yamamoto and Tanaka, 1972;
Coakley et al., 1983; Coakley and Cess, 1985), and
through their activity as cloud condensation nuclei
(Twomey et al., 1984; Wigley, 1989). Observations
and modeling of the optical thickness, size distri-
bution and refractive index of aerosols, and investi-
gation of their spatial and temporal variations are
indispensable for an assessment of the influence of
aerosols on climate. Several methods for retrieving
the size distribution of aerosols from the spectral op-
tical thickness obtained by the sunphotometry have
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been developed and extensively employed after the
first proposed by Yamamoto and Tanaka (1969). It
is known, however, that the retrieved particle size
is generally restricted to a narrow range because of
the spectral limitation of the optical thickness mea-
surements. Retrieval of aerosols with larger radii
requires longer wavelengths. Several improved in-
version methods combining the spectral extinction
and scattering phase function of aerosols were thus
developed and successfully applied to observed data
(Green et al., 1971; Twitty et al., 1976; Shaw, 1979;
Deepak et al., 1980; Nakajima et al., 1983, 1986a,
b; Quenzel and Thomalla, 1987; Tanre et al., 1988).

In order to obtain a long-term data set of the
columnar volume spectrum of aerosols, we per-
formed spectral measurements of solar radiation at
Aobayama (38°15'N, 140°51'E, 153 m above MSL)
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in the suburbs of Sendai, Japan for the period from
September 1981 to May 1935. A multi-wavelength
almucantar-scanning radiometer (hereafter referred
to as “aureolemeter”) was developed to measure
both direct and seattered solar irradiance. Spectral
optical thicknesses were obtained fromn direct solar
irradiance measurements. Volume size distributions
of columnar total aerosols were estimated by invert-
ing both the spectral optical thickness and angular
distributions of the solar aureole radiance with an
algorithm of Nakajima et al. (1983, 1936a).

The optical thickness and size distribution of
aerosols thus obtained can be decomposed into those
of stratospheric and tropospheric aerosols. Within
the observation period, the volcano El Chichon
located in southern Mexico (17°20'N, 93°12'W)
erupted on March 28 and then irregularly until May
1982. In the present study, size distributions of
stratospheric aerosols due to the El Chichon erup-
tion were estimated as a difference between colum-
nar size distributions before and after the eruption.
After investigating the results and referring to pre-
vious studies on El Chichon aerosols (Knollenberg
and Huffman, 1983; Oberbeck et al., 1983; Hofmann
and Rosen, 1984; Michalsky et al., 1984; Asano
et al., 1985; Spinhirne and King, 1985; Nakajima
et al., 1986a), we constructed a model of strato-
spheric aerosols pertaining to the period after the
El Chichon eruption. Size distributions of tropo-
spheric aerosols (including the background strato-
spheric aerosols in the strict sense) were also de-
rived by subtracting the modeled distribution of the
El Chichon aerosols from the columnar total aerosol
distributions. We present further a seasonal model
of tropospheric aerosols over Sendai, and discuss its
seasonal features.

2. Design of the aureolemeter

We have developed an aureolemeter which can
measure not only direct solar irradiance but sky ra-
diance in the solar almucantar. The aureolemeter
is equipped with a silicon photodiode and five in-
terference filters at wavelengths of 369, 500, 675,
776 and 862 nm as illustrated in Fig.1. The filter
wheel rotates at 375rpm in front of the detector.
The detector produces an output current, which is
proportional to the magnitude of incident irradiance
and amplified by a linear current/voltage converter
with a dynamic range of 105. The output voltage is
separated into signals corresponding to each wave-
length by means of a sample-and-hold circuit. A
significant advantage of this circuit is an improve-
ment of the S/N ratio since the drift of the dark
current from the detector is canceled out. The au-
reolemeter with a field-of-view (FOV) of 1° can be
aimed at any direction along the solar almucantar
by a.DC servo-motor. Calibration of the aureoleme-
ter was carried out several times every year with the
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improved Langley method proposed by Tanaka et al.
(1986).

Precise measurements of the solar aurcole at small
scattering angles- from the sun are quite impor-
tant because such measurements enable the retrieval
of aerosol size distribution in wider radius ranges
(Takamura atid Tanaka, 1985). The finite FOV of
the instrument as well as that of solar disk (Box
and Deepak, 1981), however, seriously affects the
retrieval of the phase function of aerosols because
of its large growth rate with decreasing scattering
angle. We estimated errors involved in the retrieved
phase function due to the finite FOVs of the instru-
ment and the sun based on a single scattering ap-
proximation, and determined a desirable FOV angle
for the aureolemeter. It is found from the discussion
in Appendix that we can obtain the phase function
with an accuracy better than 2% for scattering an-
gles larger than 1° if the half (full) angle of FOV of
the aureolemeter is designed to be smaller than 0.5°
(1.0°).

The following considerations were also taken into
account in the design of aureolemeter:

(1) Sun-shade baffles in front of the object lens are
indispensable for preventing stray light contamina-
tion due to the reflection of solar radiation in the
aureolemeter. These baffles were designed to enable
us to measure the aureole irradiance for scattering
angles greater than 1.25°.

(2) The optical alignment should be made to keep
the incident angle to the filters as small as possi-
ble since the peak wavelength of incident radiation
transmitted through the interference filters shifts de-
pending on the incident angle.

(3) The temperature of the detector should be con-
trolled to a temperature of 40°C+1°C to negate any
errors due to the temperature dependence of the de-
tector’s sensitivity.

Specifications of the aureolemeter are summarized
in Table 4 of Tanaka et al. (1986)

3. Observations and data analysis

Spectral measurements of solar radiation were
performed at Aobayama (38°15'N, 140°51°E, 153 m
above MSL) in the suburbs of Sendai, Japan from
September 1981 to May 1985. Aobayama, which is
located to the west of Sendai city, neighbors with
the Owu Mountains (1500-1800 m above MSL) in
the northwest and with the Pacific Ocean in the
southeast as shown by Fig. 2. The aureolemeter was
set up on the rooftop of a research building in the
Aobayama campus of Tohoku University. Measure-
ments were carried out on cloudless days in the fol-
lowing manner. At first, the direct solar irradiance
was measured for wavelengths of 369, 500, 675, 776
and 862 nm. Subsequently the scattered radiance
was measured along the solar almucantar by scan-
ning from the sun. Fifteen azimuth angles between
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Fig. 2. Location of the observation site at Aobayama in the suburbs of Sendai, Japan.

1.25° and 180° were selected depending on the solar
elevation so that the scattering angles range from
1.25° to 60°. It takes 8 minutes for a complete mea-
surement of the direct and aureole radiances at the
five wavelengths. In order to ascertain the homo-
geneity of atmospheric condition around the sun,
the aureolemeter scanned to the right and left from
the sun. If the measured radiances between the right
and left scans were different by more than 5 %, those
data were excluded from the succeeding analyses.
The optical thickness of aerosols 7,()\) at wave-
length A is evaluated by subtracting the optical

thicknesses due to molecular scattering 7,,(\) and
gaseous absorption 743(A) from the total optical
thickness 7;(\) using the relationship,

Ta(A) = Te(A) = Tin(X) — To(N). (1)

7t(A) is obtained from the direct solar irradiance
F()\) measured on the ground and F,(A) at the top
of the atmosphere by the following equation:

7(A) = In (FO(A)7F(A)/D2) /m, (2)

where m is the optical airmass and D is the dis-
tance between the sun and the earth in astronom-
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Fig. 3. (a) Angular distributions of the aureole radiance at wavelengths of 369 (rectangles), 500 (circles),
675 (triangles) and 862 nm (crosses), respectively, measured on December 11, 1981. The radiance is
normalized by the value at the scattering angle of 15°. (b) Spectral optical thickness of aerosols. Crosses
and a line indicate values from the measurement and those reconstructed from the volume spectrum

presented in Fig. 5, respectively.

ical units. 7:,(A) is estimated by the formula pro-
posed by Frohlich and Shaw (1980). The absorption
“by ozone (Chappuis band) is taken into account for
Tg(A) at A=500nm and 675 nm. An average of the
column amounts of ozone at Tateno and Sapporo
observed by the Japan Meteorological Agency was
used for the value at Sendai. We adopted the ozone
absorption coefficient of CIAP (1975).

Figure 3 shows, for example, the angular distribu-
tions of aureole radiance and spectral distribution of
Ta(A) at A=369, 500, 675, 862 nm, which were mea-
sured on December 11, 1981. In this study, we did
not use the data of A=776 nm because these opti-
cal thicknesses frequently showed unexpected large
values even after a correction for the effect of oxy-
gen A-band absorption. An iterative algorithm de-
veloped by Nakajima et al. (1983, 1986a) was used
for retrieving the size distribution of aerosols from
those measurements. In this algorithm, the proce-
dure is divided into two steps, i.e. estimation of
the scattering phase function of aerosols by remov-
ing a theoretical estimate of the multiple scattering
radiance from the aureole data, and estimation of a
volume spectrum by inverting the optical thickness
and phase function of aerosols. The aerosol optical
thickness 7,() is given by

dv dinr.

w = [ K0S )

The scattering phase function B(©) at the scatter-
ing angle O is given by

Br(6) = / " Kox(©,107) le

a nrdlnr (4)

where dV/dInr is the volume size distribution of
aerosols, dV is the volume of aerosols contained in
an interval dlnr, and r is the radius of an aerosol
particle. K¢(A,In7) and K, A(©,In7) are the kernel
functions for extinction and scattering, respectively
derived from Mie scattering theory. Normalized ker-
nel functions for extinction and scattering versus the
size parameter, 27r/), are illustrated in Fig.2 of
Nakajima et al. (1986a) We solve these equations as
a simultaneous inverse problem to obtain the volume
spectrum dV/dInr.

The procedure starts from an initial condition
where a power law size distribution of aerosols is
assumed. The doubling method was used for calcu-
lating the radiation transfer or estimating the mul-
tiple scattering in the atmosphere above the sur-
face whose albedo was assumed to be 0.15. Cal-
culations were. repeated until the r.m.s. difference
between the calculated and observed radiances be-
comes less than 0.1 % or until the r.m.s. difference
between those at the (n — 1)th iteration and the n-
th iteration becomes less than 0.01 %. Most of the
inversions terminated after a 5-6 times iteration by
the latter criterion. The r.m.s. difference exceeding
10% at the beginning of iterations decreased suc-
cessfully to 2-3% at the final iteration, as shown
by Fig. 4. This confirms that the observed data can
be reconstructed in a highly consistent manner by
radiation transfer theory assuming a plane parallel
atmosphere and spherical particles.

Through this procedure, we finally obtained the
volume spectrum, for example shown in Fig. 5 from
data shown in Fig.3. Tanaka et al. (1982) found
that the volume spectrum can be retrieved without
large uncertainties if the maximum contribution of
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in Fig. 3. .

1075 gy

T TTTYTY

Dec. 11,1981

11:43 (LT)

dVvidinr (cm¥cm?)
o

A1 s 1aa11]

107

LRAY

11l

il A L tal 1 A1t aal

0.1 1 10
RADIUS (um)

Fig. 5. Volume size spectra of columnar to-
tal aerosols retrieved from data indicated
in Fig. 3, assuming the refractive index of
aerosols to be 1.5-0.01¢ (solid curve with
solid circles), 1.45-0i (broken curve) and
1.5-0.03 (dot-broken curve).

the spectrum at a particular radius range to any part
of observed data, Cyax, safely exceeds the r.m.s. er-
ror of the data. The error of the measured data,
which includes the specific error of the aureoleme-
ter as well as observational errors, is at most 5%
so that the radius range where the value of Cpmax
exceeds 5% in the inversion procedure is expected

to be reliable. The reliable range was extended over
0.2-8 pm in most cases of this study. Consequently,
it is found that the optical thickness data are re-
sponsible for the small size range of size distribution
retrievals while the aureole data are responsible for
the large size range (Nakajima et al., 1983; Tanaka
et al., 1989).

In the present analysis, the refractive index of
aerosols is assumed to be 1.5-0.01¢, which is con-
sidered to be an average for tropospheric aerosols
except for that in urban areas (Tanaka et al., 1983;
WMO, 1983). We added in Fig. 5 the other solutions
of retrieval assuming the refractive indices of 1.45-
0i (broken curve), which is more suitable for non-
light-absorbing particles such as sulphates or sulfu-
ric acid aerosols, and 1.5-0.03¢ (dot-broken curve),
which is suitable for light-absorbing particles such as
carbon-rich or urban aerosols. Comparisons among
those three curves indicate that the present retrieval
method does not depend strongly on the assumed re-
fractive index. This is because the extinction cross
section and the forward scattering cross section of
aerosols are not sensitive to detailed values of the
aerosol refractive index. Hence columnar size dis-
tributions retrieved in this analysis may not con-
tain large errors even in the enhanced stratospheric
aerosols case.
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Fig. 6. Temporal variation of the aerosol op-
tical thickness at A=500 nm, 7,(500). Sea-

" sonal average values and r.m.s. deviations
are indicated by solid-step and vertical
lines, respectively. The broken-step line in-
dicates the minimum value in each season.
Parenthesized numerics in each season in-
dicate the number of days of observation.

4. Results and discussion

a. Temporal variation of columnar total aerosols
The aerosol optical thickness was derived from the
direct solar irradiance measured on 104 days in the
observation period. Figure 6 shows the temporal
variation of aerosol optical thickness at A=500 nm,
74(500), averaged seasonally. Here 7,(500) for aver-
aging are only those used for retrieving the volume
spectra. A seasonal variation of 7,(500) is found
with a large day-to-day variation. The average val-
ues (solid-step line in Fig. 6) are large in spring (de-
fined as March 1 to May 31) and summer (June 1
to August 31), but are small in autumn (Septem-
ber 1 to November 30) and winter (December 1 to
February 28/29). The variations in 7,(500), which
are represented by vertical bars as the r.m.s. of sea-
sonal values in Fig. 6, are large with deviations of
about 50 % of the seasonal mean value for all the
year. A long-term variation in 7,(500) is also found
with the maximum in the spring of 1983. Compar-
ing the average values of each season, it is found
that seasonal averages in the period from the sum-
mer of 1982 to the spring of 1983 are larger by 0.05-
0.15 than those of the same seasons in other peri-
ods. The minimum value of 7,(500) observed in each
season also shows the similar variation (broken-step
line in Fig.6), i.e. they increased noticeably from
the spring of 1982 to the spring of 1983, and de-
creased gradually with time until 1985. 7,(500) in
1985 returned to a comparable level to that in 1981.
This observation means that the variation of 7,(500)
revealed in this study consists of a long-term vari-
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ation due to stratospheric aerosols as a bias and a
short-term variation due to tropospheric aerosols.
Compared with the height-integrated backscattering
coefficient of the stratospheric aerosols observed in
Japan by lidars (Uchino et al.. 1984: Hayashida and
Iwasaka. 1985). the long-term variation of 7,(500)
seems to suggest an increase and decline of the vol-
canic aerosols in the stratosphere due to the El Chi-
chon eruption. Asano ct al. (1985) reported the in-
crease in 7,(500) due to the El Chichon aerosols of
0.17 in December 1982 and 0.09 in January 1983 at
Tsukuba, Japan (i.e., the differences of the optical
thickness from the preceding year). Also at Sendai.
7.(500) in the winter of 1983 (i.c.. December 1982
to February 1983) was about 0.1 larger than that in
the winter of 1982, as shown by Fig. 6.

168 sets (one set contains data of spectral opti-
cal thicknesses and aureole radiances at the four
wavelengths) of data measured on 104 days (i.e.,
1-4 sets a day) were analyzed to retrieve the vol-
ume spectrum of aerosols. Retrieved size distribu-
tions of columnar aerosols are summarized for the
respective seasons fromn the autumn of 1981 to the
spring of 1985 in Fig.7. Seasonal average values
and r.m.s. deviations of the retrieved size spectra
are indicated by solid and broken curves, respec-
tively. Typically, bimodal spectra were observed be-
fore the summer of 1982, whereas monomodal spec-
tra with a mode radius near 0.5 pm were evident
during the period from the autumn of 1982 to the
spring of 1984. The monomodal distribution disap-
peared after the summer of 1984, and a Junge-type
(i.e., power law distribution) or a weak bimodal dis-
tribution predominated. Such an extended tempo-
ral variation of size distribution suggests that the El
Chichon stratospheric aerosol loading was high. and
largely modified the size distribution of the colum-
nar total aerosols in the period from the autumn of
1982 to the spring of 1984.

b. The El Chichon aerosols

The volume spectra of aerosols due to the El Chi-
chon eruption were estimated for the autumns of
1982, 1983 and 1984. and the winters of 1983. 1984
and 1985, by subtracting those of corresponding sea-
sons prior to the El Chichon eruption. The rea-
son why only autumn and winter are chosen is that
the error in subtracting El Chichon aerosols is ex-
pected to be small in those seasons when the tro-
pospheric aerosol loading is generally small. The
results in Fig. 8 show that aerosols of El Chichon
origin had monomodal volume spectra with a mode
radius of about 0.5 pm. These volume spectra are in
good agreement with those observed around north-
ern hemisphere mjd-latitudes retrieved from ground-
based solar irradiance measurements (Michalsky et
al., 1984; Asano et al, 1985) and from direct and
indirect airborne measurements (Knollenberg and



January 1991

M. Shiobara, T. Hayasaka, T. Nakajima and M. Tanaka 63

T L o T T

L 1982 WINTER (14)

| - 1 n - 1

1983 WINTER (2)

— 1 1 e 1 A A 1 1 B " 1

1984 WINTER (7)

ol

LI T
1985 WINTER (14)

1983 SPRING (24)

_______

.............
.........

T T T T
;g " 1982 SUMMER  (4) 1983 SUMMER (2) 1984 SUMMER (8)
Sk {1k 1T 4
€ )
A 3 - NS L
<10 1+ g — R el
] P s =
>
I |
01 radmsl(um) IOIO 1 1 1 1 i 1 1 1
; v T T T T v ¥ T T T T
1981 AUTUMN  (21) 1982 AUTUMN (15) I 1983 AUTUMN (6) I 1984 AUTUMN (11)
L 4L 1k 4k B
] :
= » 4 b 4t I .
3 4 M J
' 1 L] ! ! e L o s N i

Fig. 7. Seasonal average values (solid curves) and r.m.s. deviation (broken curves) of the volume spectra
of columnar total aerosols in the respective seasons from the autumn of 1981 to the spring of 1985.
Parenthesized numerics in each panel indicate the number of retrieved volume spectra.

Huffman, 1983; Oberbeck et al., 1983; Hofmann and
Rosen, 1984; Spinhirne and King, 1985; Nakajima et
al., 1986a).

Airborne samples of aerosols in the stratosphere
and their component analysis with scanning elec-
tron microscopy and energy dispersive X-ray spec-
troscopy were carried out by several investigators
after the eruption of El Chichon (e.g. Gooding et
al., 1983; Woods and Chuan, 1983). They indicated
that stratospheric aerosols were dominated by mag-
matic and lithic particles larger than about 3 pm
in diameter and were distributed between latitudes
10°N and 60°N, but concentrated mainly at lati-
tudes between 13°N and 30°N until July, 1982. In
October 1982, the aerosols dispersed uniformly from
10°S to 75°N, changing their composition.into more
complex structures such as ash particles and sulfu-
ric acid droplets. In November and December 1982,
the largest particles found were about 4 pm in di-
ameter, as a result of the gravitational fall-out, and
the remaining small particles were mostly made of
sulfuric acid. The small particles made by gas-to-
particle conversion processes require-a long time for
further growth of particles by condensation and co-
agulation. For instance, Shibata et al (1984) sim-
ulated the evolution of stratospheric aerosols with

an initial condition of injection of sulfur dioxide gas
from the volcanic eruption. Nine months was esti-
mated as the time for the formation of particles with
a mode radius of about 0.33 um.

In Fig. 9, we summarize the relationship between
the volume mode radius of aerosols and elapsed time
after the eruption, using previously reported val-
ues (Knollenberg and Huffman, 1983; Oberbeck et
al., 1983; Hofmann and Rosen, 1984; Michalsky et
al., 1984; Asano et al., 1985; Spinhirne and King,
1985; Nakajima et al., 1986a) and a model of non-
volatile aerosols from the Agung (8°25’S, 115°30'E)
eruption in 1963 (Mossop, 1964; Toon and Pollack,
1976). Original size distributions reported in those
literatures were converted, if necessary, to volume
spectra in order to compare consistently with our
results. This figure suggests that magmatic ash par-
ticles with a large mode radius due to such volcanic
eruption as the Agun were dissipated by gravita-
tional sedimentation, whereas the secondarily pro-
duced particles increased in radius up until a sub-
micron mode. With respect to the dissipation of
the secondary particles from the stratosphere, Post
(1986) pointed out that these particles, contrary
to the primary large particles, are removed not by
the gravitational fall-out but by frontal folding pro-
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Fig. 8. Size distribution anomalies estimated
as a residual of the volume spectrum of
columnar total aerosols retrieved after the
El Chichon eruption against that of the
corresponding season previous to the erup-
tion.

cesses. From the above discussion, it is inferred that
the size distribution of aerosols due to the El Chi-
chon eruption, especially that after the autumn of
1982, was made of evolving sulfuric particles.
Referring to the results of several investigations
presented above and Figs.8 and 9, we derived
a model of the size distribution of stratospheric
aerosols due to the El Chichon eruption for the pe-
riod from the autumn of 1982 to the winter of 1985.
The volume spectrum of those aerosols, dV/dInr, is
expressed by a log-normal distribution given by

dV/dlnr =C-exp{—((lnT —1In a)/Ins)?/2}, (5)

where C, a and s are parameters related to con-
centration, mode radius and dispersion of the log-
normal volume spectrum respectively, which were
derived for individual spectra from best fit by eyes
and then seasonally averaged for each season as sum-
marized in Table 1. The values for spring and sum-
mer in the period were smoothly interpolated in time
between the winter and autumn values. The tempo-
ral variation of the seasonal average of a is indicated
by a solid-step line in Fig.9. Total volumes of the
El Chichon aerosols, V in Table 1, were derived by
integrating the volume spectra over the radius range
from 0.1 to 10 um. Model values of ,(500) and the
ratio V/7, are also tabulated there.

Figure 10 shows the temporal variation of the to-
tal volume of the El' Chichon aerosols modeled by
Eq. (5), compared with those estimated from Fig.
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Fig. 9. The relationship between the mode ra-
dius of stratospheric aerosols due to vol-
canic origin and days elapsed after the
eruption. All of those except for the re-
sult calculated by Shibata et al. (1984) are
derived from observations at the latitude
given after the author’s name.

8 and from the results of other studies (Michalsky
et al., 1984; Asano et al., 1985; Nakajima et al.,
1986a). Since those volumes in Fig. 10 were derived
by integrating over the radius range 0.2-2 um to
make a consistent comparison with the results of
other researchers, the volumes thus estimated may
be underestimated by more or less 5%. ‘It is in-
ferred that the total volume of secondarily produced
stratospheric aerosols after the El Chichon eruption
increased to 2-3x107% (cmn®/cm?) in the winter of
1983 and then decreased with an e-folding time of
200-250 days until 1985. In the winter of 1985,
the El Chichon aerosol volume decreased to 1x 10-7
(cm3/cm?) and 7,(500) decreased to less than 0.01
which is comparable to that in the normal strato-
sphere, so that the stratosphere returned to the nor-
mal state, which could not be distinguished from
that prior to the eruption by ground-based measure-
ments, in the spring of 1985.

In a practical way, the value of V/7, can be as-
sumed to be 2.6x107° in the enhanced stage of the
El Chichon aerosols and 2x10~% in their decay stage
in order to estimate the total aerosol volume from
optical thickness measurements.
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Table 1. Parameters C, a and s used in Eq. (5) for modeling El Chichon aerosols.

Seasons C (ecm®/cm?) a(pm) s V (em®/em?) 7 V/s

1982 Autumn 8.0x10~" 0.55 1.50 8.13x10~7  0.036 2.26x107°>

1983 Winter 1.8x10~¢ 060 150 1.83x10~¢  0.072 2.55x107°

Spring 1.5x10~6 0.60 150 1.53x107%  0.060 2.55x1073

Summer  1.4x107° 055 150 -1.42x10"® 0.056 2.26x107°

Autumn  1.2x1076 0.55 150 1.22x10"®  0.048 2.26x10~°

1984 Winter 1.0x107¢ 0.55 1.50  1.02x107%  0.040 2.26x10°°

Spring 7.0x10~7 0.50 150 7.11x10~7 0.036 1.99x107°

Summer 3.0x10°7 0.50 1.50 3.05x10"7 0.015 1.99x107%

Autumn  2.0x1077 0.45 1.50 2.03x10~7  0.012 1.74x107®

1985 Winter 1.0x10°7 0.40 150 1.02x10~7  0.007 1.52x107°
DAYS AFTER ERUPTION cesses. ‘The Aitken puclel are producef.i through gas-
s0. 500 1000 to-particle conversion and combustion processes.
10 7 — — T These small particles increase in size by condensa-

p y
tion and coagulation, and constitute the accumu-
':g lation ' mode. The coarse particle mode aerosols
v in the maritime planetary boundary layer consist
e mainly of sea salt particles which are produced by
< bursting bubbles at the ocean surface (Woodcock et
w 10°F . al., 1953; Knelman et al., 1954; Toba, 1959). On
2 the other hand, those in the continental planetary
° boundary layer mainly consist of wind blown soil
> particles (Patterson and Gillette, 1977). The re-
UED: moval processes, such as gravitational sedimentation
o and rain-out, are also important for the structure
wo5L i of size distribution of tropospheric aerosols. Since
« the roles of production, growth, transport and re-
g *\200 moval processes on the tropospheric aerosol loading
P o Present study ] are different both spatially and temporally, their size
3 4 Asano el al.(1985) * distributions have a wide variety in the space-time
© = Michalsky et al.(1384) domain, although the bimodal structure itself still

i e Nakajima et al.(1986a) remains.
10 1

WS S A
1985

A 1 N N 1
SSAWSSAWSSA
1982 1983 1984
Fig. 10. Temporal variations of the total vol-
ume of the El Chichon aerosols modeled
(solid-step line), those observed by the
present study (open circles), by Nakajima
et al. (1986, closed circles), by Asano et al.
(1985, closed triangles) and by Michalsky

et al. (1984, closed rectangles).

c. Tropospheric aerosols :
Tropospheric aerosols are frequently described by
a bimodal volume size distribution, i.e. a coarse
particle mode with a mode radius of the order of
microns and an accumulation mode with-a mode

radius of the order of sub-microns (Whitby et al., -
- 1972; Patterson and Gillette, 1977; Nakajima. et al., *

1986b; Kim et al., 1988; Hayasaka et al.,"1990). Such

- a size distribution‘results from iproduction;’conden-:‘-'
+:ul'sation, coagulation, and transport and: removal pro-"'"

In this study, the volume spectra of tropospheric
aerosols were estimated by subtracting the modeled
volume spectra of El Chichon aerosols (via Eq. (5)
and Table 1) from those of columnar total aerosols.
The contribution of the background stratospheric
aerosol amount to the total amount is so small that
almost all of the columnar aerosols consist of tropo-
spheric aerosols for the periods except the El Chi-
chon event., For example, 7,(500) of stratospheric
aerosols for the non-El Chichon periods is about 0.02
or less (Nakajima et al., 1986a; Tanaka et al., 1990)
so that the contribution of the background strato-
spheric aerosols to the columnar total aerosols is ex-
pected to be small. ' _

We fitted a bimodal log-normal function to the
volume spectrum estimated above, using the least
squares method: ‘

i=1

. 2 e o
dV/dlnr= E Ci-exp {—((Inr — Ina;)/In’s;)?/2},

vl abocd (6)



66 Journal of the Meteorological Society of Japan

Vol. 69, No. 1

Table 2. Parameters Ci, Ca, a1, a2, s1 and s2 used in Eq. (6) for modeling tropospheric aerosols.

Seasons Winter Spring Summer Autumn
C, (10~%cm®/cm?®) 0.89+0.39 1.71+0.77 2.65+0.86 0.97+0.66
a; (pm) 0.16+£0.04 0.17+0.05 -.0.21+0.04 0.15+0.05
S1 1.79+£0.19 1.69+0.25 1.97+0.16 1.961+0.48
C; (1078 cm®/cm?) 1.19£0.76  3.35+2.18  1.28+0.42  1.0530.43
ag (pm) 4.48+1.62 2.78+1.60 2.98+0.98 3.96+1.70
8o 3.47+1.24 3.06+£0.89 2.17+0.37 3.12+0.84
V (cm®/cm?) 5.01x107% 1.17x10~% 6.99x10~% 4.61x10~°
Ta 0.12 0.28 0.33 0.13
V/t, 4.12x107% 4.20x107% 2.13x107% 3.65x10~°
where C;, a; and s; are the parameters related to = N
concentration, mode radius and dispersion of each 10 Erm' o ' .
mode of volume spectrum, respectively. Table 2 C ]
shows these parameters for the four seasons obtained r soring 1
by averaging seasonally the volume spectra from - I \\ ]
September 1981 to May 1985. The volume spec-’ S i '
tra modeled with these parameters are illustrated 5 | e
in Fig. 11. N ]
It was found that the aerosol volume spectra in = ]
winter and autumn are similar to each other and S r I
their concentrations are lower than those in the © ' 1
other two seasons. On the other hand, in spring, i ]
both peaks of the accumulation and coarse particle g
modes are larger than those in winter and autumn. 10 0.1 1 10
The coarse particle mode is predominant with a RADIUS (um)

conspicuous variation of concentration, i.e. a large
r.m.s. deviation of coefficient C. Such coarse parti-
cles are generally believed to consist of soil-derived
dust or sea salt as noted earlier. The enhancement
of the coarse particle mode was frequently observed
during a prevailing northwesterly wind. The surface
wind of Sendai from the east or south, i.e. from the
sea, is not so predominant in spring, especially in
March and April. Such a wind is observed mostly in
summer, although coarse particles are not abundant
in that season. Therefore, it is difficult to attribute
the coarse particle mode aerosols during spring to
sea salt particles. In spring, the southwestern part
of Japan is often covered by a dust cloud trans-
ported from eastern Asia, known as the Yellow-sand
event. Tanaka et al. (1989), as well as Arao and
. Ishizaka (1986), have observed abundant coarse par-
ticles with radii larger than 2 um during the Yellow-
sand events at Nagasaki, and suggested that a large
amount of Asian dust should be expected to be oc-
casionally evident in the.troposphere over Japan.
The coarse-particle mode aerosols observed in spring
may be attributed to the soil-derived particles sim-
ilar to those in the Yellow-sand event although the
obvious events are rarely observed at Sendai.

In summer, contrary to spring, the accumulation

Fig. 11. The seasonal model of the tropo-
spheric aerosol volume spectrum repre-
sented by Eq. (6) with parameters in Ta-
ble 2. Modeled spectra of winter, spring,
summer and autumn are drawn with solid,
broken, dotted broken and double-dotted
broken curves, respectively. Vertical lines
indicate r.m.s. deviations of the parame-
ters C and C: for each season.

is rather similar to those of winter and autumn. The
accumulation mode aerosols are usually found in
the planetary boundary layer, while coarse-particle
mode aerosols are found in and above the plane-
tary boundary layer. (Fitch and Cress, 1981, 1983;
Tanaka et al., 1990; Hayasaka et al., 1990). It is,
therefore, reasonable to infer that the accumulation
mode aerosols of summer are substances of surface
origin, and grow by condensation and coagulation
under high temperature and abundant water vapor
conditions. '
As suggested in Table 2, the seasonal features
discussed abové are represented consistently by the

. seasonal difference in the ratio V/7,. Dominance
- of the accumulation mode in summer is responsi-

mode is predominant while the coarse particle mode |, ., ble for the smaller value of V/7, in summer than
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in any other season. The autumn is an intermedi-
ate between summer and winter. It is interesting to
note that the ratios in winter are as large as that in
spring. Consequently, we can estimate the seasonal
columnar total volume of aerosols from the optical
thickness measurements assuming V/7,~2x1075% in
summer and 4x107% in the other seasons.

5. Summary

Spectral measurements of direct and scattered so-
lar irradiance were carried out in Sendai, Japan,
for the period from September 1981 to May 1985
with a scanning spectral radiometer (aureolemeter).
The long-term variation of aerosol optical thickness
was obtained from direct solar irradiance data; size
distributions of columnar total aerosols were also
retrieved by the iterative inversion of the spectral
optical ‘thicknesses and the solar aureole radiance
distributions. The size distribution of El Chichon
aerosols was estimated as the difference between
columnar volume spectra before and after the erup-
tion. From these results and the previous investi-
gations, we made a model of volume spectra of the
El Chichon aerosols fitted to a log-normal distribu-
tion. Furthermore, a seasonal model of tropospheric
aerosols over Sendai was constructed by subtract-
ing the volume spectrum of the El Chichon aerosol
model from that of the columnar total aerosols, and
successfully representing them with a bimodal log-
normal distribution. Results of the present study
are, summarized as follows:

(1) Variations of optical thickness and volume spec-
trum of aerosols, as shown in Figs.6 and 7, sug-
gested that the stratospheric aerosols due to the El
Chichon eruption had maximum influence on atmo-
spheric turbidity in the winter of 1983, i.e. from
December 1982 to February 1983, decaying to the
normal level prior to the eruption by spring of 1985
over Japan. These trends are summarized in Ta-
ble 1 in terms of modeled log-normal functions. It
is also inferred that these monomodal aerosols with
the mode radius about 0.5 um, as shown in Fig. 8,
consisted of secondarily produced particles through
the gas-to-particle conversion process.

(2) Bimodal volume spectra prevail for the tropo-
spheric aerosols over Sendai throughout a year as
reported in Table 2 and Fig.11. The aerosol op-
tical thickness is high in both spring and summer.
However, the aerosol size distributions of those sea-
sons have different features. The coarse-particle
mode aerosols, with radii around 3 pm, are predom-
inant in spring. Aerosols contained in this mode
may be attributed to the dust transported from the
Asian continent. On the other hand, the accumu-
lation mode aerosols, with radii around 0.2 um, are
predominant in summer, suggesting a large contri-
bution of surface-origin aerosols increasing in size
through condensation and coagulation processes.
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These results suggest further that aureolemeters
are useful for monitoring the atmospheric aerosols,
especially their columnar size distribution.
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Appendix

Estimation of errors due to finite field-
of-views of the instrument and the sun
The intensity of singly scattered radiation from
the direction (65, ¢,) to the direction (8, ¢), with
zenith angle 6 and azimuth angle ¢, is given as

I(/J') u0)¢ - ¢0) (Al)
= L@, P(O)(e™™/#e — e=/*) /(1 - p/ o),

where 7, @, and P(O) are the optical thickness,
single scattering albedo and phase function, re-
spectively, involving molecular and aerosol scatter-
ing. The scattering angle © is given by cos@=
Lpo + /1 — p2y/1 — p2cos(¢ — ¢,), where p=cos @
and p,=cosf,. I, is the irradiance emerging from
any part of the solar disk. Strictly speaking, the
solar limb darkening should be taken into account
for I,. The finite sun with limb darkening, how-
ever, yields an error less than several tenths of a
percent around several degrees of the scattering an-
gle (Box and Deepak, 1981), so that we neglect the
solar limb darkening in this study. Thus, I,w, is in-
dependent of the angular coordinates and it is given
to be unity. A geometrical configuration of the mea-
surement is illustrated in Fig. A1l. When the aure-
olemeter is aimed to a direction (@, ) against the
sun’s direction (f,, ¢,), the intensity of scattered
radiation derived from radiance measurements is ex-
pressed as

Iobs (ﬁs Lo, ‘1-5 - 430)
= (2r(cos B — 1))~ !(2m(cos @ — 1))~ !

x/-021t/1cosa‘/021r'/l-cosﬁI(”,ga’(b_¢0)

x cos @ad(cos ©3)dPod(cos O, )dPy, (Aé)

where o and 3 are the half angle of the solar disk and
that of the aureolemeter’s field-of-view (FOV), re-
spectively. The other quantities are given by spher-
ical trigonometry as follows.

A =cosf, fi, =cosb,,
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(e, &

(&7

G, D)

Dyrection of
Direction
of the sun

the Instrument

) Fig. Al. The geometrical relationship among
the directions of the sun (8,, ¢,), the aure-
olemeter (@, ¢), and solar radiation emerg-
ing from a point in the sun (6., ¢,) and
scattered to a point in a viewing cone of
the aureolemeter (6, ¢). a and § are the
half angle of the solar disk and that of the
aureolemeter’s field-of-view, respectively.

po = figcos Oy + 1/1 — iZsin Oy sin By,

cos Oy = cos O’ cos O, + sin @' sin O, sin b,

1= fEcos@s + /1 — [i2sin Oy sin Py,
cos @' = cos O cos O, + sin O sin O, sin Py,

and )
cos O = fifio + V1 — i?y/1 — i cos(¢ — @o)-

From Egs. (A1) and (A2), the nominal phase func-

tion P(O) obtained from the measurement is given
by

P(é) = Iops (ﬁy F‘o:éS - 50)
X (1= /o) / (670 —e™™/%) . (A3)

Since the aureole measurements were made at the
solar almucantar, i.e. E=f,, Eq.(A3) can be re-
placed by the following equation:

P(e—) = Iobs (ﬁy Bo, $ - 4;0) -eT/Bo . fo/T.

After simulating I, for moderate aerosol load-
ing with a power law size distribution, the nominal
P(O) was compared with the exact P(8) for sev-
eral FOVs, The relative errors, defined as (P(0) —
P(8))/P(0), calculated for the wavelengths of 350
nm and 700 nm are shown in Fig. A2. The mag-

(A4)

nitude of errors is greater with larger 8. P(6) is .
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Fig. A2. Relative errors of the nominal phase
function P(©) against the exact one P(O)
for A=350 nm (upper panel) and A=700
nm (lower panel). B is the half angle of
the aureolemeter’s field-of-view. The opti-
cal thicknesses of aerosols 7, and molecules
Tm are assumed to be 0.143 and 0.65 at
A=350 nm, and 0.071 and 0.04 at A=700
nm, respectively. :

overestimated at © of several degrees for any value
of 3, because P(©) increases exponentially as © be-
comes smaller at those region. On the contrary,
P(®) is underestimated at very small scattering an-
gles. This is because the contribution of radiance
at smaller © to the total radiance received. by the
aureolemeter becomes smaller. In other words, the
finiteness of FOVs causes an apparent shift of the
scattering angle from the exact one. The magni-
tude of such apparent shifts depends on # and the
radiance distribution in the aureole region, hence be--
ing responsibld for the magnitude of errors in P(8).
The calculations for A=700 nin show that the influ-

- ence of finite FOVs is smaller than those for A=350
.nm hecause the angular variation of the phase func-
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tion in the aureole region at longer wavelengths be-
comes smaller. Results of the calculations indicate
that the FOV of the instrument should be carefully
determined for accurate measurements of the solar
aureole.
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