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ENORMOUS INCREASE OF VOLCANIC CLOUDS IN THE
STRATOSPHERE OVER FUKUOKA AFTER APRIL 1982

M. HIRONO*
T. SHIBATA**
M. FUJIWARA*
N. FUJIWARA*

RESUMEN

Mediante el sistema lidar Yag se observaron sobre Fukuoka (33°N) aumentos muy grandes de
los aerosoles estratosféricos causados por la erupcién del volcin mexicano El Chichdn, a prin-
cipios de abril de 1982. Aqui se presenta la variacién a largo plazo de los perfiles correspon-
dientes a 15 meses. Las capas mas densas de aerosol se localizaban a una altitud entre los 20 y
los 30 km en los primeros seis meses y las capas mds enrarecidas, por debajo de la altitud de al-
rededor de 20 km. La parte mds densa descendié gradualmente después de octubre de 1982 a
unos 20 km en enero de 1983, después de mezclarse con la parte inferior, y permaneci6é ahi
desde entonces. La velocidad de descenso de la capa superior es aproximadamente de 1 km/mes
0 menos.

La profundidad dptica de las capas de aerosol en la longitud de onda de 0.55 um alcanzd su
valor miximo de alrededor de 0.3 para el periodo comprendido entre diciembre de 1982 y fe-
brero de 1983, y decreci6 entonces gradualmente a 0.05 en julio de 1983.

La difusién turbulenta en la parte superior se estima que fue extremadamente pequefia para
el perfodo de abril a octubre de 1982 en las direcciones vertical y meridional. Este hallazgd
puede explicar congruentemente los resultados observados y apoya el enfoque originalmente
propuesto por Matsuno (1980).

* Department of Physics, Kyushu University
** Department of Electrical Engineering, Kyushu University, Fukuoka 812 Japan.
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~ ABSTRACT

Very large-increases of stratospheric aerosols caused by the eruption of Mexican volcano El Chi-
chén in early April 1982 were observed by a Yag lidar system over Fukuoka (33°N) and the
long term variation of the profiles for 15 months is presented. The densest aerosol layers were
located in the altitude range from 20 to 30 km for the early six months and the lower rarer lay-
ers were located below the altitude about 20 km. The densest part gradually descended after
October 1982 to about 20 km in January 1983, after merging with the lower part and remained
there since that time. The descending velocity of the upper layer is about 1 km/month or less.

The optical depth of the aerosol layers at the wavelength 0.55 um attained maximum value
about 0.3 for the period from December 1982 to February 1983 and then gradually decreased
to 0.0S in July 1983.

The eddy diffusion in the upper part is estimated to be extremely small for the period from
April through October 1982 in the vertical and meridional directions. This finding can explain
observed results consistently and supports the view originally proposed by Matsuno (1980).

INTRODUCTION

Very large increases of stratospheric aerosol particles caused by the eruption of Mex-
ican volcano El Chichén in early April 1982 were observed by a Yag lidar system
at the wavelengths F = 1.06 um and S = 0.53 um over Fukuoka (33.6°N, 130.2CE)
since April 1982 (Hirono and Shibata, 1983). The profiles for 15 months are
shown in Fig. 1. The increases of the stratospheric aerosols were so enormous that
the optical depth of the aerosol layers at the wavelength 0.55 um attained maxi-
mum value about 0.3 for the period from December 1982 through February 1983,
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Fig. 1. Profiles of lidar scattering ratio R(F) at the wavelength F = 1.06 um. The value (R—1)
is proportional to the aerosol mixing ratio. During volcanic quiet time (R —1)~0. 5 at the al-
titude 20 km as seen on April 15, 1982.

(a) April - May 1982, (b) July - Dec. 1982, (c) Jan.- July 1983.
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slowly decreasing to 0.05 in July 1983 as inferred from the ordinate values of Fig.
2 multiplied by 100—130 sr. The conversion rate of backscattering into optical
depth is explained in section 3.
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Fig. 2. Variation of integrated aerosol backscattering B= [ A(F)dz from altitudes 13.5t028.5
km. Optical depth at the wavelength 0.55 um is obtained from B multiplied by 100 — 130 sr.

-

During the period from April to August 1982, the profiles were divided into two
parts: upper denser part including very fine structures of the profiles above about
20 km and lower rarer part below as seen from Fig. 1 and shown by a sketch in

Fig. 6. The intervening region at about 19—21 km was very clean until mid-June, i

the content of the remaining aerosols there being roughly proportional to the upper
peak value at about 24 km.

According to the balloon observation (Hofmann and Rosen, 1983) the size dis-
tribution at 25 km in May 1982 at Laredo Texas (27.3°N) was bimodal and most
mass of the aerosols was concentrated at the radius near 1 um. Revised interpreta-
tion of the two wavelengths lidar data can be reconciled with the results of direct
observations.

The very slow meridional diffusion of the upper part until October (McCormick
et al., 1983a) and the existence of fine structures in the upper part and minimum
aerosol concentration at 19-21 km until August should be examined. In the follow-
ing we shall discuss the problem on the basis of the theory of Matsuno (1980).

THE EDDY DIFFUSION IN THE STRATOSPHERE

The distribution of the tracers in the stratosphere and its variations are strongly af-
fected by the transport with eddy diffusion. The eddy transport is hardly attribut-
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able to random eddies, because it is often observed that countergradient diffusion
takes place in the stratospheric atmosphere. Reed and German (1965) postulated a
mixing length hypothesis. It is assumed that an airparcel moved a distance L (~100
km) on a straight line that makes a small angle ag (downward to higher latitude)
~5x10™* with the horizontal, before mixing with the environmental air (Fig. 3 b).
They succeeded to explain the meridional distribution of tracers by using this hypo-
thesis. But this was not well founded on the principle of atmospheric dynamics.

ax/sac=(X—X)T

T . MIXING TIME L MIXING LENGTH

z

MATSUNO REED & GERMAN

Fig. 3. Projection of trajectories of airparcels onto the meridional plane which give rise to the
eddy diffusion according to the authors:
(a) Matsuno (1980); in the presence of planetafy waves within the westerly wind,
(b) Reed and German (1976); mixing length hypothesis.

Matsuno (1980) on the other hand attempted to construct the diffusion theory
on the basis of atmospheric dynamics. He formulated the planetary waves in the
atmosphere on the beta plane. If the trajectory of the airparcel, affected by the
planetary waves in the westerly wind, is projected on the meridional plane, it de-
lineates an ellipse which has a major axis inclined at an angle oy with the horizon-
tal being almost equal to ag used by Reed et al. (1965) as shown in Fig. 3 a. Fur-
ther introducing the mixing time 7

dx/dt=(x - x)/7 (1)

where x is a physical quantity carried with the airparcel and ¥ is the environmental
value of x, he could formulate the eddy diffusivity on sound dynamical principle
(see Appendix).
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Danielsen (1981) showed that the mechanism of Matsuno can be a good basis of
conventional two dimensional transport model, but the mixing time 7 is of the order
of one day, based on documents obtained mainly below altitude 20 km. This time
is much shorter than the 100 days estimated by Matsuno.

The planetary waves generated in the troposphere cannot propagate upward be-
- yond the critical layer (C. L.) which divides the westerly and easterly wind regions.
The altitude of C.L. over Fukuoka is shown in Fig. 4 against progress of time in
months. Below the altitude 20 km, where planetary waves can exist, the dispersion
of volcanic aerosols seemed to be rapid as suggested by conventional model simula-
tions (Cadle et al., 1976) and the 15 - 18 km layer reached West Germany (47°N)
in May 1982 (Reiter ez al, 1983) and Brasil (23°S) in July 1982 (Clemesha et al.,
1983).
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Fig. 4. Altitudes of critical layer over Fukuoka which divide easterly and westerly wind region.
In the middle latitudes the altitude of C.L. is much the same.

During April and May 1982, the height of the C.L. was variable but located near
the densest part of the upper layer. The meandering of the zonal wind wasappreciable
to displace the central part of El Chichén cloud to Fukuoka at times. The very
large standard deviation of the upper peak scattering ratio R, over Fukuoka in May
as illustrated in Fig. 5 would be due to such an air motion and also to significant
inhomogeneity of tracer mixing ratio.

In May the upper layer was detached in case of large meandering and transported
over to Spain (40°N) (Ackerman et al, 1983) and to Italy (D’ Altorio et al., 1983).
From June to August the upper densest part was in the easterly wind region and
C.L. was descending from 20 to 18 km, the occasional very low altitude in August
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being. caused by the local wind due to anticyclone. After June the zonal wind be-
came nearly parallel to latitude circle. The central part of the cloud would return
to about 20°N, producing the variation of R, shown in Fig. 5, and also the varia-
tion of the integrated aerosol backscattering shown in Fig. 2 which had minimum in
August. The effect of settling of large ash particles until this time should be taken
into account in addition to the above advection effects.
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Fig. 5. Moﬂthly mean values of peak value of R(F) and standard deviations over F.ukuoka.
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There seems to be no significant eddy diffusion in the higher region than 20 km,
in the absence of planetary waves during summer. At such a situation the general
circulation in the lower latitudes than 339 should be of the type originally advo-
cated by Brewer-Dobson and calculated by Murgatroyd er al. (1961) and Vincent
(1968). The calculated mean ascending velocity by these authors is of the order of
magnitude of 0.03 cm/s (= 0.8 km/month) in summer at altitudes 21 - 24 km and
around 30°N. This ascending motion would cancel the settling velocity of 0.5 um
particles at the altitude 22 km. Smaller particles will ascend and larger particles in-
cluding giant particles (r > 1 um) will descend but at reduced settling velocity. This
mechanism might partly explain the existence of minimum aerosol concentration
near 19 - 21 km in summer. On the other hand the absence of diffusion due to van-
ishing planetary waves can explain the observed results that there were almost no
meridional diffusion in the upper densest part during this season (Labitzke et al.,
1983, McCormick et al., 1983a).

The height of C.L. in the middle latitudes is not much different from that over
Fukuoka beginning to ascend gradually from September. The mean vertical velocity
obtained by Vincent (1968) begins to descend from October at 359N at altitudes
21 - 24 km. This Eulerian mean velocity would include the influence of the plane-
tary waves (Matsuno, 1983) and real tracer descending cannot be expected without
careful examination of dynamical processes.

Very rough estimate of the mixing time 7 is obtained by 7 = L?/D where L is
the characteristic length of the horizontal inhomogeneity of the airparcel contain-
ing tracers and D is the coefficient of horizontal random diffusion. In cases of vol-
canic injection into the stratosphere,” L should be much smaller than that for the
ozone distribution. For the present case it is tentatively estimated that L < 300 km.

In December 1979, one month after the eruption of the volcano Sierra Negra
(0.830S, 91.17°W) L ~ 300 km is estimated by lidar observation (Fujiwara et al.,
1982). In November 1982, Thomas (1982) estimated that L = 200 — 400 km at
Wales (52°N). If the value of D is estimated to be 3x 105m? /s according to Bauer
(1974), then it follows that + < 3 days which is sufficiently short to give effective
meridional diffusion in the presence of planetary waves as shown in Appendix. The
eddy diffusion will be increasingly effective since October towards winter. As
shown in Fig. 6 the peak of the densest part of the upper layer was located at about
24.2 + 0.8 km until October, but since then gradually descended to 20 km until
January 1983.
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Fig. 6. Outline of distinct maxima and minima of R(F) with half width of (R~-1) shown by
vertical bars. Fine structures during early period and broadening after autumn are seen. Dashed
lines show mean height of upper maxima above altitude 21 km and standard deviation until
Oct, 1982.

o : greatest peak, ¢ : smaller peak, a : minima.

INTERPRETATION OF THE TWO-WAVELENGTH LIDAR SIGNAL RATIOS

In the previous paper (Hirono et al’, 1983) we assumed a truncated power law size
distribution of aerosols and made an interpretation of the two-wavelength lidar sig- -
nal ratios.

It is regret that in the absence of other informations, this method cannot dis-
criminate more complicated size distributions which may be present for the dis-
turbed state, under consideration of the very inhomogeneous distribution of ejecta.

a7
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Hofmann and Rosen (1983) measured the aerosol size distribution in the stratos-
phere over Laredo, Texas (27.3°N) in May, August and October in 1982. Their re-
sults in the upper part than 21 km show bimodal distributions represented by the
following ex pressions:

n() ={Z Ny/(2m)“?1nor} - exp[-(1/2) {in(r/r)/1n0;}?] )
(i=01)
At 24.5 — 25.5 km on May 18 - 19 1982 it follows that
No = 150cm™, 0o =2.8, 1o =0.02um, mo = 1pgm™
for the 1st mode, and
N, = 4em™, 0, =1.77, r; =0.72um, m, =35ugm™

for the 2nd mode . (3)

Thus most part of the mass was involved in the 2nd mode. This size distribu-
tion quite resembles that calculated by Turco et al. (1983) to simulate formation
processes one month after Mt. St. Helens eruption in 1980. This result suggests
that in May the aerosol size distribution over Fukuoka would be shown by a bi-
modal one, which contains most part of mass concentration in the larger radius mode.

The backscattering coefficient 8, () from aerosols of lidar with wavelength A is
represented by

B = (1/4m) f mr* Q(x)n(r)dr @

where x = 2mr/A, Q = backscattering efficiency, n (r) = differential size distribution
for radius r. Since approximately Q(x) « r, then the integrand of the right hand
side of Equ.(4) is approximately proportional to the differential mass distribution
m(r). Therefore the obtained lidar echo comes mainly from the second mode,
which would be produced by condensational growth of the pre-existing particles as
suggested by Hofmann and P osen (1983).

The aerosol backscattering coefficient at three wavelengths F, S, and 0.69 um are
approximately equal for the size distribution expressed by (2) and (3) as follows:

BA(F)~BA(8)~B(0.69)~9.25x 10 "msr! (5)
and hence their ratios are nearly equal to unity.

The scattering ratios are given by
R(F)=290, R(S)=19 and R(0.69)=54.
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On the other hand, the observed values at 25 km over Fukuoka on May 21 are
as follows:

Bo(F) = 1.5x10"msr!, R(F) =50 and

Ba(S)/BA(F) = 3.2. (6

The value of §,(F) is about one sixth of that estimated on Texas and therefore it
is inferred that the cloud over Fukuoka was near the edge of the main zonal stream,
and contained lower concentrations of volcanic gasesi.e. SO;, H,SO,, etc. than at
the center. At such circumstances, homogeneous or ion nucleation would be few,
but condensational growth of pre-existing particles would be still active.

If the pre-existing particles are represented by N_= 5 cm™>, I, = 0.08 um and
op = 1.6 in Equ.(3), for which i=p, then the size distribution n(r") after the con-
densational growth is given by

t'=r+Ar (1, Ar>0) @)

where Ar being almost independent of radii which are considered here. It follows
that
n(r') = n(r), (8)

with equation (7).
The geometric mean radius r,, after the growth Arisr, = Iy + Ar, and calculated

ratio $,(S)/B,(F) is shown by a curve s in Fig. 7. For reference, the following step-
like functions of size distributions are also assumed:

n(r) = cr? ©
for the interval

1y, - b/2<r<r, +b/2 (10)

with b =01um and 0.2um

and n(r) =0  outside interval shown by Eq.(10)

The ratios B5(S)/BA(F) are calculated for these size distributions and shown by
the curves I and II for b =0.1 um and b = 0.2 um, respectively in Fig. 7. The aero-
sol backscattering $,(F) can be calculated against r;;, for the distribution (8). We
have 1, = 0.37 um for the value of §,(F) of (6), using the above relation between
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the values. This r,;, value gives rise to the ratio §,(S)/85(F) = 2.8 on the curve s of
Fig. 7. This value agrees with observed value 3.2 if uncertainty of normalization ~
10% is taken into account.

The ratio of the extinction at A =0.55 um E(0.55) to §,(F) depends on'the size
distribution of aerosols. The vertical profiles of the size distributions by six chan-
nel detector of Hofmann ez al. (1983) in August, October 1982 and those in January
1983 (Hofmann and Rosen, August 1983, Hamburg IUGG) are used together with
our lidar profiles of 8,(F) and $,(S) to calculate the ratio of the integrations be-
tween altitudes 13 and 28 km:
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Fig. 7. Variation of the ratio 8 A(S)/a A(F) against 1, for the size distributions I and II of Equ.
(9) with (10) at b= 0.1um and b = 0.2um, respectively; s for Equ.(8). See text for details.

b = [E(0.55)dz/ [B5(F)dz based on the Mie theory.

It is shown that b = 130.19 * 3.2 sr which essentially agree with the value of Pin-
nick et al. (1980). According to the discussion in the present section, the ratio b in
May 1982 is estimated approximately at 100 sr, which would be gradually changed
to 130 sr until August due to the decrease of vast giant particle concentrations in
the stratosphere.
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DISCUSSION

In the previous paper (Hirono et al, 1984) it was shown that in the Mt. St. Helens
1980 event, the eddy diffusion at altitudes several km above 20 km was quite small
i.e. about 102m?/s in summer and the vertical shear of the easterly wind trans-
formed the aerosol distribution at the altitudes to horizontal layer with very thin
vertical width about 1 km throughout the season.

As shown in section 2, for the El Chichén event, extremely small vertical eddy
diffusion compatible with very fine structures in vertical profiles are seen in the
easterly wind region above about 20 km in summer. At the same time, the merid-
ional diffusion of the upper aerosol layer was almost absent until October. These
findings strongly support the idea that the eddy diffusion is produced by the com-
bined effects of planetary waves and the dissipation including the small scale tur-
bulence, and the absence of the former minimizes the eddy diffusion.

According to the results of model calculation of Shibata (1983), the ion nuclea-
tion and homogeneous nucleation are effective to diminish the mean radii of aero-
sol particles and hence their settling velocities. The results are thought to be impor-
tant to produce aerosol free region at 19 - 21 km. If the vertical diffusion is negli-
gibly small, the volcanic gases SO,, H,SO, etc. gave rise to the growth of particles
to supplement large particles lost by settling at the initial altitude of injection until
October 1982.

The giant particles (r>1um) involving ash will fall into the troposphere without
appreciable divergence of the vertical flux near the altitude 20 km, the settling vel-
ocity of which is greater than 1.6 km/month at 22 km. The majority of newly
formed aerosol particles in the upper layer would have fairly smaller radii than
about 0.5um due to the abovementioned effects and hence remain in the regior
above 20 km also assisted by ascending motion in summer mentioned in section 2

In the lower region than about 20 km, in the presence of planetary waves, the
meridional diffusion would be significantly larger to diminish aerosol concentra-
tions. Along the critical surface dividing the easterly and westerly wind, the merid-
ional diffusion is thought to be particularly effective (Fujiwara er al,, 1982). Thus
a 19 - 21 km clean region would be produced.

/

The integrated aerosol backscattering B = [§,dz had maximum value around

December 1982 to February 1983 as shown in Fig. 2 and gradually decreased. The’

optical depth at the wavelength 0.55um is obtained after B is multiplied by 100 -
130 sr. In February 1983 optical depth is about 0.3 and in July 1983 about 0.05.

Column mass concentration M is obtained approximately by M = 33.3xB(g/m?)
after Pinnick ef al. (1980). In March 1983 M is estimated at 0.04 g/m? over Fukuo-
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ka. At this time M seems to be nearly equally distributed with latitude in Northern
Hemisphere and hence the total stratospheric burden of the aerosols would be about
10 Tg (T = 10'2). The stratospheric aerosols seem to be transported poleward by
eddy diffusion, and in May maximum and minimum values of M are found in higher
latitude than 50°N and about 30°N, respectively (McCormick, 1983b). Therefore,

the total burden in the Northern Hemisphere would decrease more slowly than that.

over Fukuoka.
CONCLUDING REMARKS

Enormous increases of stratospheric aerosols were observed by a Yag lidar system
over Fukuoka and the long term variations for 15 months are presented. According
to the theory of Matsuno (1980), the eddy diffusion in the stratosphere, effective
for the global transport of tracers, is produced by the planetary waves, if the mixing
time of the tracer is sufficiently short. Above C.L. (Critical Layer) at about 20 km
over Fukuoka in summer, there is no planetary waves and hence the eddy diffusion
would be extremely small. This hypothesis is consistent with quite slow meridional
diffusion in the densest part of the volcanic cloud at about 24 km (30mb), until
October 1982 (Labitzke ez al., 1983; McCormick et al., 1983a). The ascending air
motion estimated by Vincent (1968) will be true upward motion of tracer in this
case and cancel some part of the settling velocity of large aerosol particles. In the
region below C.L. there will be planetary waves and the meridional diffusion will be
effective for transport of tracers, because the mixing time is estimated to be less
than 3 days. The vertical diffusion of volcanic gases injected above C.L. will be
quite small in summer. This effect combined with some ascending motion mentioned
above and the increased meridional diffusion particularly along C.L. and below C.L.
as mentioned above would produce minimum concentration near C.L. for about
four months after volcanic injection. According to the model calculation results by
Shibata (1983) the decrease of mean aerosol size due to the ion nucleation (Arnold,
1982) will be helpful to diminish the settling velocity of the particles and the above
scenario would be promising.

After October the upper densest part was gradually immersed in westerly wind
and hence suffered from eddy diffusion. The upper part fell down through C.L.
due to both vertical diffusion of volcanic gases and to settling of large particles.

The ratio of two wavelength lidar return signals was measured at 25 km over Fu-
kuoka on May 21 when the aerosol content was about one sixth of that at the same
altitude over Texas (27.3°N) on May 19. In the volcanic cloud over Fukuoka, it is
inferred that the condensational growth of pre-existing particles was active but the
ion nucleation or homogeneous nucleation were few due to lower concentrations
of volcanic gases. Then the half width of assumed lognormal size distribution is
held constant at about 0.1 um, and the observed backscattering coefficient is simul-
ated at geometrical mean radius 1, =0.37um on the curve showing functional rela-
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tion of both quantities. This size distribution gives B, (S)/f5(F) = 2.8 which is ap-
proximately equal to observed value of 3.2 if uncertainty at normalization is con-
sidered. Much more wavelengths are necessary in lidar system to determine full size
distribution without other kind of information.

The column mass concentration of aerosols is estimated at 0.04g/m? in March
1983 over Fukuoka. In the Northern Hemisphere the total burden of aerosols is
estimated at about 10 Tg in March 1983 which would decrease more slowly than
that estimated from Fig. 2 over Fukuoka since poleward transport by eddy diffu-
sion is significant (McCormick, 1983b).

APPENDIX

According to Matsuno (1980), the parameterization of eddy transport of tracers by
planetary waves is carried out as follows: The trajectories of airparcels in the atmos-
phere on the beta plane due to planetary waves in the westerly wind are denoted by
X, Y, and Z which are measured in eastward, northward and upward directions,
respectively. The trajectories projected on the meridional plane can be given by

Y(t;9) = a, {sin(wt +¢) - sing} (A1)
Z(t;p) = —a, { cos(wt + ) - cow)} A{bz sin(wt+¢)— sin¢} (A)

where ay is the amplitude of the parcel oscillation in the northern direction and a,,
b, are those in the vertical upward direction and ¢ is the parameter designating the
initial position of the parcel. After careful dynamical consideration based on these
equations, the elliptical trajectory shown in Fig. 3 is obtained.

Introducing the mixing time 7 defined by Equ. (1) the following flux vector is
obtained:

—Vx= (@K, + 8K, )Vx (A3)

(w/2)ay -, -(w/ayb,

where K. =

]

—(@/ayb, ,  (w/2)al +b2)

denotes symmetric tensor similar in form to Reed and German (1965) contributing
to meridional diffusion and
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0 , - (<.'.w/2)ayaZ
Ky =

(w/2)aya, , 0

denotes an anti-symmetric tensor which does not contribute to true diffusion. In-
troducing the following scalar weighting factors is the hightight of the problem:

&, = wr/(l +w?r?) , d, = w2/ + wir?) (A4)
In winter the mean westerly wind u is about 20 m/s at the altitude 18 km at lati-

tude 459N. When a geostationary planetary wave with wavenumber two is present,
an airparcel passes through one wave pattern in a time

T~142x10"m/G~7.1x10%s = 7.27 days

therefore w = 2aT™! = 0.88x107%s! (A3)

The value of &  takes maximum 0.5 for w7 = 1 and very small values for wr<1
and w7T>1. When 7 ~3 days, ¢, ~ 0.3 and the meridional diffusion takes place at a
significant rate which can produce observed global distribution of tracers like ozone.
The values of w are less as compared with equation (AS5) for other seasons than
winter since U takes less values. In summer above about 20 km altitude a,~a,~
b,~0, therefore all elements of K and K, vanish, and the diffusion due to this
mechanism is absent.

BIBLIOGRAPHY

ACKERMAN, M. and C. LIPPENS, 1984, Material from the El Chichdén volcano
above Spain on May 3, 1982, one month after the eruption. Planetary Space Sci.
32, 17-23.

ARNOLD, F., 1982, Ion nucleation - a potential source for stratospheric aerosols.
Nature, 299, 134-139.

BAUER, E., 1974. Dispersion of tracers in the atmosphere and ocean: survey and
comparison of experimental data. J. Geophys. Res. 79, 789-795.

CADLE, R.D,, C. S. KIANG and J. F. LOUIS, 1976. The global scale dispersion of
the eruption clouds from major volcanic eruptions. J. Geophys. Res., 81, 3125-
3132.

CLEMESHA, B. R. and D. M. SHIMONICH, 1983. Lidar observation of the El Chi-
chon dust cloud at 2398, Geophys. Res. Lett. 10, 321-324.

D’ALTORIO, A. and G. VISCONTI, 1983. Lidar observations of dust layers’ tran-
sience in the stratosphere following the El Chichén volcanic eruption. ‘Geophys.
Res. Lett., 10, 27-30.




M. Hirono et al. 275

DANIELSEN, E. F., 1981. An objective method for determining the generalized
transport tensor for two-dimensional Eulerian models. J. Atmos. Sci. 38, 1319-
1339.

FUJIWARA, M., T. SHIBATA and M. HIRONO, 1982. Lidar observation of sud-
den increase of aerosols in the stratosphere caused by volcanic injections - II Sie-
rra Negra event. J. Atm. Terr. Phys. 44, 811-818.

HIRONO, M. and T. SHIBATA, 1983. Enormous increase of stratospheric aero-
sols over Fukuoka due to volcanic eruption of El Chichdn in 1982. Geophys.
Res. Lett. 10, 152-154.

HIRONO, M., M. FUJIWARA, T. SHIBATA and N. KUGUMIYA, 1984. Lidar ob-
servations of atmospheric aerosols following the 1980 eruption of Mt. St. Helens.
J. Atmos. Terr. Phys. (in press).

HOFMANN, D. J. and J. M. ROSEN, 1983. Stratospheric sulfuric acid fraction and
mass estimate for the 1982 volcanic eruption of El Chichén. Geophys. Res.

- Lett. 10, 313-316.

LABITZKE, K., B. NOUJOKAT and M. P. McCORMICK, 1983. Temperature ef-
fect on the stratosphere of the April 4, 1982 eruption of El Chichén, Mexico.
Geophys. Res. Lett. 10, 24-26.

MATSUNO, T., 1980. Lagrangean motion of air parcels in the stratosphere in the
presence of planetary waves. Pure Appl. Geophys. 118, 189-216.

MATSUNO, T., 1983. Circulation and waves in the middle atmosphere in winter.
Space Sci. Res. 34, 387-396.

McCORMICK, M. P. and T. J. SWISSLER, 1983a. Stratospheric aerosol mass and

. latitudinal distribution of the El Chichén eruption cloud for October 1982.
Geophys. Res. Lett. 10, 877-880.

McCORMICK, M. P., 1983b. Satellite and lidar measurements of the El Chich6n
stratospheric cloud. IAMAP R-2 Symposium August 1983, Hamburg (unpub-
lished).

MURGATROYD, M. P. and F. SINGLETON, 1961. Possible meridional circula-
tions in the stratosphere and mesosphere. Quart. J. Roy. Met. Soc. 87, 125-135.

PINNICK, R. G., S. G. JENNINGS and P. CHYLEK, 1980. Relationship between
extinction, absorption, backscattering and mass content of sulfuric acid aerosols.
J. Geophys. Res. 85, 4059-4066.

REED, R. J. and K. E. GERMAN, 1965. A contribution to the problem of stratos-
pheric diffusion of large scale mixing. Mon. Wea. Rev. 93, 313-321.

REITER, R., H. JAGER, W. CARNUTH and W. FUNK. 1983. The El Chichén
cloud over central Europe, observed by lidar at Garmisch-Partenkirchen during
1982, Geophys. Res. Lett. 10, 1001-1004.

SHIBATA, T., 1983. El Chichén volcanic cloud in the stratosphere: lidar observa
tion at Fukuoka and numerical simulation. Ph. D. Thesis. Dept. Phys. Kyushu
University.

THOMAS, L., D. B. JENKINS, D. P. WAREING and M. FARRINGTON. 1982.
Laser radar observations in mid-Wales of aerosols from the El Chichén émption.
Nature, 304, 248-250.

/¥




276 GEOFISICA INTERNACIONAL

TURCO, R. P, O. B. TOON, R. C. WHITTEN, P. HAMILL and R. G. KEESEE,
1983. The 1980 eruption of Mt. St. Helens. Physical and chemical processes in
the stratospheric clouds. J. Geophys. Res., 88, 5299-5319.

VINCENT, D. G., 1968. Mean meridional circulations in the Northern Hemisphere
lower stratosphere during 1964 and 1965. Quart. J. Roy. Met. Soc., 94, 333-
349.

(Accepted: February 2, 1984)




	1.tif
	2.tif
	3.tif
	4.tif
	5.tif
	6.tif
	7.tif
	8.tif
	9.tif
	10.tif
	11.tif
	12.tif
	13.tif
	14.tif
	15.tif
	16.tif
	17.tif
	18.tif

