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The Kinematic Features of Volcanic Clouds: A Series of Small Eruptions

from +/ to +2, September ,**., at Asama Volcano, Japan

Akihiko TERADA�, Yoshiaki IDA��, Sei IIJIMA���, Mitsuhiro YOSHIMOTO����

and Taketo SHIMANO�����

Some fundamental features of ascending volcanic clouds have been revealed using images of the clouds that

were automatically recorded by video cameras for some eruptions at Asama volcano on +/ to +2 September, ,**..
According to the analysis of +1 volcanic clouds that are nearly isolated and of a symmetrical shape, the radius of
a cloud increases linearly with increasing height, meeting self-similarity of ascending motion nearly up to its

maximum height. If the height is measured from a suitable virtual origin, the ratio of the radius to the height can

be a constant that is identified with the entrainment constant. The entrainment constants determined in this way

have a mean value of about *.,. in good agreement with those obtained from previous laboratory experiments,

even if the values are greater than *.,/ or less than *.,* for -/� of the analyzed volcanic clouds. During the

ascent of a cloud the height squared is nearly proportional to the time and the product of the radius and the ascent

velocity is almost constant. These empirical relations are consistent with well-known characters of a thermal that

moves in incompressible uniform surroundings. Coupling these kinematic features of the volcanic clouds with the

Scorer’s relation and the equation of state, we evaluate the total buoyancy, the total mass, the density and the mean

temperature of the clouds that are regarded as thermals. The total buoyancy of most volcanic clouds did not

change significantly during their ascent process. The cloud on +1 September has a relatively great density
contrast and small total buoyancy, probably reflecting hot ash particles in it supplied by a Strombolian eruption at

that time. The volcanic cloud discharged at ++ : /., September +/ contained ash of ,,/**�-,1** tons or less with
the mean temperature of -+*�-0*K or higher, and the volcanic cloud discharged at 2 : -2, September +2 contained
ash less than 2,-**�3,+** tons with the mean temperature higher than -+*K or higher.
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Table +. Parameters of the cameras at OWK and AVO stations.

Fig. +. Map of the area around Asama volcano, showing locations of the cameras, infrasonic microphones and

upper air observation stations.

¹c`hN��
�º	`�	u»��¶·¼¼,**.] 3^ +/�+2>	`¼¼ 557



���������	
���
������� ��
�������������������
��� +0���� +1���� � ���
�!"#
 $%���&����	�'�()�
�*�+��
,-��./���01�2�3� (�)�����4
�
#�
�56�� 7�� ��./�8
�9��:
�;�+� +/� ,,<=>�� +0� -<=>� ?2@
+0� 2<=>�� +0� +0<=>7���./�A#B
�
�# #�� (�()��� �<����C)DE
4�F���G�&HIJ�K+�)LM��� NO�
��JP��� �9����G��Q
�#<RRS�
TU�V� #�)��V��� ���WJ�CX��
�� PlumeJ&���
� Fig. -b�Y'2Z���3�
3[J���
��'��\
5����

+0� -<=>���] !"^_`#a$/
b%'
�cdef� g	&G� Fig. +h �'(�)��9i*j

01V��2Z��+� g^_`#a$/� klh� +
!m, (,**/)�2�3� +0� +*<=>���9-�.
n +.*m�/opqr�Ws
t	V� ?U� �9-
�� +0�0���/o�Q
�# #�)u6����
+0� +/<=>�1�vw2
xy��z�0��2�
3� ����)��9i*j
01V�� g3R�G
,**.4�G0�{56 ,3|h� �� � +0�7�� +1

�8���� � '(�)��9i*j
,-��./
�E��95V��C�� :}~��;cde��<�
�f��
t	V�� (Fig. -c)� '�M�� �����
��=����
� +0�0��� ,.<R���M�U
��� #�)u6����

+1��7����U� '(�)� OWK�cde�

t	���*�+�� �9�>
���V�� +1� 3

<7���<R� ���?�i5�@A� +0�)��
�;+� (Fig. -d)�

+1�B��� +2���� ������F�� ��
��C
���DQ)�<R��G��Q)#Z� +/�
�E�W��F+�� +2� 2< -1G��� +.�+2���
�����+��NOOH&IZ��
���� (Fig.

-e)�
-�, ��������	
JK���
56��+�<R&� Fig. ,�L���
Y'� ��)�� �<R���M�U3R�G?2@�
��N
M����#<R
;+�
� ���?��N
"G��#<RO��M�UPK
��� Q�����
?&R6�()
����
S ¡�¢T
;���� £W�¤#U¥�W&��
[J����;�� ¦VW�&X§�;�U� �Y;�
+�V���[
¨Z��¤[� #����©�� �
�ª*«\��WJ���&XDK (Fig. -)� (�2Z
�]Q�� +1$�+7����Q�<¬&� Fig. ,�­
�Y'� OWK���;cde��®� 7R����H7
� #���K��7Rf��^R2U�_`�����
�a��?&bc������¯&XDK (Fig. -c)�
(���[J���de�?# �� °f��2��
�gh�i�)���� £W± gj63� Hill, +23.h �2
Z�� ���"��:"�8²8�Zi�
	�����
���i��� k;����ih&=*�<Rlm'�
°nx³ (Scorer, +3/1 ; Woodward, +3/3 ; Turner, +30.a)

o�pq��	®�� ?U� .�,r�´ª� Thermal

�@A��01V��� £W±��i��� 3R�G

Fig. ,. Time sequences of number of eruptions in each six hours after Seismological and Volcanological

Department, Japan Meteorological Agency (pers. comm.). Downward arrows indicate the times at which

volcanic clouds analyzed in this study were discharged. Stippled bands represent the periods in which the data

are invalid due to cloudy weather.

µs¶tm-s·�muv wm¸S¹ºmx�»¼558



,**-� ,� 0�������	
��
� ������
,**/��
��� ��������� �	��� !"#�$%
&'()��*+,� -./ +.�01$� 23�4�
567���89*: ;<�
7)�� =�� +0�0
>?$� ��* OWK��@�ABC,DDEFG
7
OWK�2HI67)�� J
K�LM$2NOP�Q
RS�T�U� !"#�$VWX'()� +/� +,Y>

1���G@	 OWK�Z[6�*� J��@�\]^
@C, AVO_K��'�LMH`aC, (Fig.-a)�

.� �������

.�+ ���	
��

!"#�bcC,deR$� ��fg�hijk h

�lm�$��jkXno�� ��pq rr5s��fg
�t^uPvk w �lm�$2NvkXno� �+,�

Fig. -. Sequential photographs of analyzed volcanic clouds that were discharged between +/ and +2 September

,**.. (a) The eruption at ++ : /., September +/, ,**.. The photos were taken at AVO. (b) +2 : ,*,
September +0. (c) +3 : +-, September +0. (d) / : ++, September +1. (e) 2 : -2, September +2. The photos

were taken at OWK. The times shown in (a) follows JST, while those in other photographs obtained at

OWK are of +- seconds’ delay relative to JST.

wx�y�z{'�|�����OP�}~��,**.� 3� +/�+2����� 559



����� ����	
�� i��

����� �
����������� Fig. -�����������
��� ����!" pixel	�� #
$� (,**-)��

��

%&'�() q**+,!"���-.�)
� qi/�0	� i������� hi����1234�
�

56�� :

hi7ditan8qi9q*:9h* (+)

���� di�%&'*+��;��<�=�� h*�>�
�%&'?����@� (Fig. .a)�
�������<��A�BC���� ��� D -

EF�G�� +HI�JK*+��L��"M� ���
N�OP�Q�*+�R	"�S� ����T�<��
�U
<��A/����C�	"�S�V�	
� di

��L�W 	" (Fig. .b)� �A�� JK�J	RXY
"���!Z[�\]"# 8^$$�� ,**/:_�`KMG

8Fig. +�KMG: �_a�bcdefghic'jkl
�mW�%n"�
��&o ri�Dpq�o ,ri�� Fig. -� ,$�r��
�	"s��t��o� pixel'u������ ���
�S(!��
�vw�)X/�0	
xM"�
��� �	
*+Y�	�y��z+��� {�|
K��},,� ~) 8��-� Table +: _�`~K��
u���D�� ��ONN��"� ..3�++ m�@�
(Table +)� ��� ����	�� ,�- pixel.��/��
��;Y�"M� vw�����_�`��&o�/�
����X�� t�� +*�-*m.��@��
��0� wi�� �� i��	
���� hi����"
����S�xM"� ���JK�1'u���XY"
4	�2������ ����� +1.��/���-
.;Y�� �X�5,����� .�+*1�@��S*
+� ���"*+xM+Y���0��� +�-m�s�/
���@��

.�, Thermal������
$���|���S����� �3�TS4���D
�s�Dpq Thermal�� 56�����6S	
�3
�TS��	D�+�������@�� 7Y����
�����D+�� Thermal�&o r�S�X z�3��

r�7kz (,)

S�a�� ���� z� r �� *SD�V��R� z *

(Scorer, +3/1)*+5,	"�X� k��4�@�� r��
Thermal�t�&o������ .�+��},	"��
&o r��8���

Thermal���0��� EF|�*+E�� ��a
� (Scorer, +3/1) :

w7C
�
�
�

g
ra r

ra

r�
�
�
�

+

,

(-)

���� w� Thermal���¡��A�C�0�� rS
ra� Thermal�9�_�`�3�T��¢4�� g�£
6¤0��@�� C�v¥��xM+Y� +¦§��4
�� ¨Y©Y� Thermal��

���	�S��S�
�+Y

��� ª«� Thermal�[[�D� 8�n
�� Scorer, +3/1 ; Saunders, +30+ ; Turner, +30.b:� ��
"M�$���� C� +S	
56	�:� C�/��
�|�¬­�%n�®¯�°;���
�3�T�4���!D±�� (-)²S56<=³�
�

����

´"��S

Fig. .. Method for estimating the locations of

volcanic clouds from camera recordings. (a)

Heights above sea level. (b) Horizontal locations.

#
µ>$¶
·?$@A ¸$^$¹º$BC»¼560



z,�t (.a)

����

z�t
+

, (.b)

��� (Scorer, +3/1)� 	
��
��� .�+������
���������	��� ������	��
���

/� �������
/�+ 	 

.�����
��� ���� ��!"�#��$
������������%�&�� '�()����
 ��!"�#���*� KMG (Fig. +)��+,��
�
�����-���� ��� +1� /+.� ,��/
��*� ��#�����01m�s���2&��
�34�*� ������5�678��9����
��	���:��0� �������5�;<�=>
*� �?@A@B��; C� ,,.**mD� A �; (,,/02

m)�!��� �E -,***m"F�G�� 	�+H���
�#$;�* -,0**�.,+**m�G�2�CIJ%� ,**.D�
�34�*��K��2�&L��M��N' ,�-O+�,
��9������	��()���
M�� Fig. /e�PQRST*� ��0NU��*+�
V,�T"K��M&��W� NU&L"F�-X*�
���5�2&��

/�, ��
����
Fig. /��� Y���/��Z.����/[�;�

�
��� Fig. /��� +?�!����;��0��
\�� 		�� ]^Q_Q*V,2��1`ab�cd
M
�2e� - pixel2�Zf��Z.gh�3��
Fig. /e�i5� �j
���k/[*;<�!��'

l4m�n5����	�0�2�� o6�� +1p��
��q7� k��E7* *.,.��  8rs2�9�
�
��7 *.,*�*.,/ C�tu� Scorer, +3/1 ; Woodward, +3/3 ;

Turner, +30.bD ��vw:�����M�� Fig. /��/
[���;��
��=�"T;�� /[0 *�a�;
<�!x��y<�Kz z* (Scorer, +3/1)��E7*
,,.**m�� @B�;�� ,,.**m��vw:���
Fig. /��� +?�!��y<�Kz z*2��;< z�

,{�7�\�� Fig. /e�iv�j
�PQR�k=4
>
�0c�
�������?v���NU���/�
�� (.a)|�
�0}@����	�0\~<
��
<��� (.b)|��
��A���W�� Fig. /���
Y���/��+?�;<�
��S=�
1

z�ACt�t*Dn (/)

�G�*W����\�� 		�� t**y<�Kz2�
��K+,� A*�1�G�� �34�*�.�� z, t

���� n�-�.� +�,q�� +�.�/���B4m��C
{��
���D�^�Q� A� t*�Zf���
Fig. /a, b, d�q��� EF���F��� Thermal

��	�G� n�+�,��4*������vGH��
qb� n�+�,����^�Q���W�����
�
I� CFig. /�� var.D *� B}JKL+�NU����
Plume�
�� n�-�. (Turner, +313)�)�����
��
�I�������M��<�� w�� Fig. /c�
��*� n�+�,�������
�I�*���*�
�� 	
*� Fig. /c0N?�2OH��P�G&��
W� (/)|� n��Q��� �b;��R�S����
���.�5�2&��W�G���
w�� ���NU&LM���������5� Fig.

/e���*� ��0���;;��$�� -,2** m"
F2�� =4>
�2��M�T
���� /[�;<
�
�k� �-���;� -,2**m�$��S�*=4
>
�2�M�vT
 (Fig. /e�)� ;� -,2**m"F�
����00���	�0\~<
�� 	��W� ��
0 -,2** m�$��+,�!x�� +/* secS���Q
�*T�����U�� (,)|� (/)|��� ¡¢£
!J2�i��� 	������
���*� V���
�-���=4¤0c�
 (Fig. /e�, �)� �4 n�+�,
*����k�vGH�5� (Fig. /e�)� Fig. /e�c
�
�NU&L"F�����	*��?@A ,**-W ,

¥ 0��XY������-�G� C¦Z§V� ,**/D�
SN�o62���?@A���*������5'I
�q��� �KB�[t�
�EF���F�����
�� Thermal��-��	�\�����$t�
��

0� � �
"����
���2�� �?@A��.<
�¨©
��*� ���8��9���bª«(¬¤�k��
Scorer (+3/1)0�|��� Thermal�����	�\
��	�0�2&�� ���*� 	
��.���/�
�@A­>®¯�M�W��

0�+ ����������������
Thermal�m©�°�`�±���u� /���W�

k*]¢²³´¢�¢²�1�w:�� (Turner, +30.

b)� ]¢²³´¢�¢²�1 k*� ���5I�]Kµ
¶�/���|��^·���\
�1�G� (Morton

et al., +3/0 ; Woods, +322)� ��w��� k�7�¸W�
_`a¹0He���'2� Yº� Thermal�/��G
��9�»��7�a�	�0�  8rs2�:b<

��� C�tu� Scorer, +3/1 ; Woodward, +3/3 ; Turner,

�?@A�cX����@�������	¼¼,**.W 3¥ +/�+2��@¼¼ 561



Fig. /. Details of ascent process of volcanic clouds shown in Fig.-. (a) ++ : /., September +/. (b) +2 : ,*,
September +0. (c) +3 : +-, September +0. (d) / : ++, September +1. (e) 2 : -2, September +2. � Correlation

between top heights and radii. � Heights plotted versus time. Fitted curves for various “n” in the equation

(/) are also indicated. Variances are shown for each fitted curves. See chapter / for detail. � Squared

heights from the virtual origin plotted versus time. � Time-series of variation of rw, which are proportional

to the total buoyancy based on the equation (1).
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Fig. 0. Time series of parameters associated with

ascent processes of the volcanic clouds. (a) Ex-

pansion ratio, k (radius/height). (b) Corrected

radius rs using the equation (,) at the standard

height of -,***m a.s.l.. (c) Corrected ascent

velocity ws using the equation (.b) at the

standard height of -,***m a.s.l.. (d) Density

ratio, (ra-r)/ra, obtained from rs and ws using

the equation (-). (e) (rsws)
, that are propor-

tional to the total buoyancy. (f) (rsws)
+/, that

are proportional to the maximum cloud height.

Triangles show the observed maximum heights

of volcanic clouds, measured from the vent

bottom by Seismological and Volcanological

Department, Japan Meteorological Agency (pers.

comm.).
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