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ABSTRACT 

In order to establish the classification of a mesoscale cyclone of 

September 1, 1960. which formed over tropical waters and landed 

over Japan the next day. the cyclone was located on a maximum wind

speed vs. storm diameter diagram. Then the cyclone was classified 

as a subtropical mesocyclone because it was located on the border 

line between mesocyclones and tropical depressions. The mesocyclone 

was accompanied by arc-shaped echoes around the center and by a 

curved echo band in the eastern sectors far from the center. An area 

of composite mesohighs was accompanied by the echo band. A three

dimensional analysis of the wind field was made by making use of 

the existing techniques of time-to-space conversions and of new 

methods of interpolation for construction of vertical space cross 

sections. Results showed that the subtropical mesocyclone was 

characterized by an overall mass inflow which was between a large 

thunderstorm and a mature hurricane . 

1 The research reported in this paper has been sponsored by USESSA (NSSL) under grant 

CWB-E-86-67-(G) and US-Japan cooperative science program under NSF GF-255. 
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1 . Introduction 

Disturbances in the atmosphere range from eddies with dimensions of several 

centimeters to long waves with amplitude of several thousand kilometers. Although the 

dimensions of these disturbances are characterized by their horizontal scales, we attempted 

to locate them on a maximum windspeed vs. circulation diameter diagram as shown in Fig. 

1. It was found that points representing these disturbances are not scattered evenly in the 

diagram, but they form distinct groups. 

The size of Ari.zona dust devils studied by Sinclair (1965) was mostly under 100 m when 

measured at the outermost closed circulation. The maximum windspeed inside a large dust 

devil would be as high as 50 kt, lasting for only a few seconds. 

Although there are no clear-cut definitions distinguishing a water spout from a small 

tornado, it is likely that the former develops along a line of horizontal shear over warm 

waters while the formation of the latter is associated with vigorous convective activities 

involving thunderstorms. The maximum windspeed and the diameter of the outermost 

circulation of a waterspout could be as high as 100 kt and 200 m, respectively. A tornado, 

nature's most vicious atmospheric disturbance, may accompany a maximum windspeed of 

250 kt or possibly higher. The maximum diameter of the closed circulation would be no more 

than several kilometers. 

Brooks (1949) found, however, that a tornado is surrounded by a weak but a much larger 

cyclonic wind system which he called a tornado cyclone. The diameter of a tornado cyclone 

ranges between several to tens of kilometers while its maximum windspeed is usually less 

than 50 kt. 

During recent years, cyclonic wind systems with their diameter less than a few hundred 

kilometers were analyzed quite frequently over the continental United States, suggesting 

that similar systems could be found in other parts of the world, including ocean a r eas . 

Fujita (1963) called mesoscale low-pressure systems mesolows and they were classified 

into mesodepressions and rn:esocyclones according to the characteristics in the wind 

circulation around their centers. 

Tropical cyclones are divided into three categories based upon their maximum winds. 

They are termed hurricanes or typhoons when the maximum wind is 65 kt or higher; tropical 

storms, between 35 to 64 kt; and tropical depressions, below 34 kt. 
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In his studies of typhoons in Japan, Arakawa (1952) found a number of tropical cyclones 

with relatively small horizontal dimensions accompanied by maximum windspeeds of those 

of a typhoon or tropical storm. Because the word "TAIFU", which originated in China, has 

still been used in Japan to designate all tropical cyclones with the maximum surface wind

speed in excess of 35 kt, Arakawa called small tropical cyclones as indicated in Fig. 1 

"mame-taifu" in Japanese, meaning "midget typhoons". It should be noted that a literal 

translation of taifu into typhoon changes the required windspeed from 35 kt for taifu to 65 kt 

for typhoon. In order not to alter the nature of the storms by translating mame-taifu into 

midget typhoons, we must define the latter as either typhoons or tropical storms having 

their outermost diameters considerably smaller than those of regular storms. Arakawa 's 

(1952) midget typhoons do not exceed about 300 km or 200 mi in diameter during their entire 

life history. 

Over the Atlantic Ocean, hurricanes are either comparable or smaller than Pacific 

typhoons. Hawkins (1967) reported on the very small, intense hurricane of September 21 -

October 11, 1966. The storm, Hurricane Inez, was accompanied by a 175-kt wind at 

8, 000 ft on September 28 when the storm diameter was no more than 300 km. Hawkins called 

the storm a "micro-hurricane" because she was accompanied by hurricane winds, 65 kt or 

higher, yet her dimensions were much smaller than regular hurricanes. Inez maintained 

her micro-hurricane characteristics until October 2 when the diameter gradually increased 

to that of a regular hurricane. 

It seems that Arakawa 's midget typhoon and Hawkins' micro-hurricane differ from 

each other because the former requires a maximum windspeed in excess of 35 kt while 

maintaining its midget size during the entire life history. The latter, however, refers to 

micro-size hurricane irrespective of its future development, thus emphasizing the present 

storm intensity. 

While studying the patterns of radar echoes photographed by radars in western Japan, 

we found a small but rather strong storm which originated at about 24N east of Formosa. 

The central pressure of this storm was only about 6 to 7 millibars lower than the environ

mental pressure, but it maintained cyclonic echo patterns for a much longer time than a 

me so-cyclone over the Midwestern United States. The reason for such a sustained 

maintenance must be the continuous supply of heat and moisture while moving along the 

Kuroshio Current and the relatively small frictional energy loss. The storm maintained 
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about a 200-km diameter and a 30-kt maximum surface windspeed, resulting in the storm 

position in Fig. 1 right on the border line between mesocyclones and tropical depressions. 

We call this storm of September 2, 1960 a subtropical mesocyclone. This paper deals with 

the study of the structure of this storm by using radar and conventional meteorological data. 

2. Synoptic Situation 

In the morning of August 31, 1960, a small closed circulation was suspected over the 

ocean east of Formosa. On the next morning it was seen on the radar scope at Naze 

(International Station Index 909) as cyclonic echoes. Thereafter, echoes were followed also 

by Tanegashima (837), and Fukuoka (807) radars for a total of almost 20 hours. These 

radars were in operation because of advanced warning of an approaching small vortex. 

Figure 2 shows a surface weather map for 2100 JST (1200 GMT} on September 1, when 

the mesocyclone was approaching Kyushu. Prior to the existence of this mesocyclone, two 

typhoons, Della and Fay, moved north along the paths formed by connecting the 2100 JST 

daily positions. The area where the mesocyclone originated was located over the warm 

Kuroshio Current with a sea-surface temperature of about 28C. The formation took place 

inside a tropical air mass . About one day later the mesocyclone approached a weak, 

stationary front and it weakened during the next 24 hours as the cold air spiraled into the 

cyclone area. One of the most interesting features of this mesocyclone was the existence 

of significant mesohighs superimposed upon the pressure profile. 

3 . Radar Echoes and Their Motion 

A series of hourly composite radar pictures shown in Fi~. 3 was made by shifting the 

map area together with the mesocyclone center indicated by the letter "M". The previous 

hourly positions of the center following 1400 JST are given by short-line segments crossing 

the mesocyclone track. 

The center of the mesocyclone between 1400 and 1700 JST was partially encircled by 

well-defined arc-shaped echoes . · After 1800 JST these arc-shaped echoes gradually lost 

their identity and they changed more or less into large convective cells circling the center . 

Entirely separated from these arc-shaped echoes near the center, another echo band 



with a spiral configuration was seen persistently in the eastern sector of the storm . We 

suspect that this band, which may be called the curved band, was located along the leading 

edge of the cold air being fed into the inner region of the mesocyclone. Note that the 

distance between the center and the curved band increased appreciably with time . This 

would suggest that the cold air gradually expanded into a large area around the center as it 

spiraled in from the northwest, turning to southwesterly after traveling to the south of the 

center. 

At 1400 JST, several isolated echoes are seen about 20 km ahead of the northeastern 

leading edge of the curved band. Due to their slow movement, these echoes were being 

caught up by the curved band at 1500 JST. As a result of their subsequent merger the 

apparent width of the curved band became very large between 1600 and 1700 JST. At the 

same time, a double structure of the curved band became apparent near its southern end. 

Shortly after 1 700 JST, the curved band began to separate into two . 
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In an attempt to obtain velocities of the cellular echoes inside the mesocyclone, all 

available radar pictures during 1400-1444 and 1538-1550 JST were enlarged. After following 

cells from one picture to the next, the echo-motion vectors in Fig. 4 were obtained . 

Results show that most of the echoes were moving with outward crossing angles up to 45 deg. 

Presented in Fig. 5 are the echo velocities at 0000 JST given in standard wind symbols 

accompanied by numbers indicating the speed in knots. As expected, the echo speeds on the 

right side of the mesocyclone center were considerably larger than those on the left side . 

To obtain the profile of echo speed along the radius vectors, MP and MQ, all available speeds 

were plotted as a function of the right and left radii. The speeds of the echoes near the line 

PQ are shown in large black circles in order to distinguish them from those in other locations 

inside the storm. By drawing a smooth line running through the scattered black circles, 

taking into consideration that large circles carry heavier weight, we found that a maximum 

tangential vector of 15 kt was superimposed upon 16 kt, the transfational speed of the meso

cyclone . The figure also reveals that the central r egion of the storm was characterized by 

a tangential windspeed which increased in proportion to the distance from the center of 

rotation . This region was termed the "tornado center" by Shaw (1919), who studied the 

dynamical characteristics of traveling normal cyclones in which the tangential velocity 

increases outward in proportion to the radial distance. 



Unlike the case of a typhoon characterized by a deep, funnel-shaped pressure profile, 

this mesocyclone under discussion was accompanied by a minimum pressure of only six to 

seven millibars below the undisturbed pressure. Such a weak pressure field is quite 

favorable for analyzing mesoscale pressure disturbances. 
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Three-hourly positions of the mesocyclone center, the rotational center in exact terms, 

and those of the pressure-jump lines are shown in Fig. 6. Included also in the figure are 

reporting stations and their International Station Indices. The maximum windspeed, 

minimum pressure, and the total rainfall observed at the stations in the figure are listed 

in Table I. The maximum windspeed of 60 kt observed at Tsurikake lighthouse seems to be 

too high because of the cliff-top location of the lighthouse. 

The curved echo band along the leading edge of the cold air which spiraled into the 

mesocyclone produced localized showers in the eastern sectors of the storm. The excess 

pressure of significant mesohighs along the curved band is superimposed upon the funnel

shaped pressure profile. Resulting pressure profiles are seen in the time sections from 

Ushibuka (838) and Unzendake (818), (Figs. 7 and 8). As expected, the pressure rise due 

to the mesohigh was more significant over .the low-level station than over the mountain 

stations. 

Recorded traces from Ushibuka, 31 m MSL, revealed that a pressure jump of 1.2 mb 

occurred when the wind shifted from ENE to SW at 1910 JST . Both temperature drop and 

the onset of precipitation lagged 10 to 15 min behind the pressure jump, as in the usual 

case of a mesoscale squall front. After reaching a maximum upon arrival of the mesohigh 

center, the pressure fell to a minimum of 1011 mb at about 0100 JST when the rainfall rate 

temporarily decreased . 

The pressure profile at Unzendake, 852 m MSL showed only insignificant influence of 

the mesohigh at this elevation (see Fig. 8). When two separate curved bands passed over 

Unzendake, however, two heavy showers with about 30 mm hr- 1 intensity accompanied by 

marked drops in temperature and wind shift were recorded. The changes in the wind 

direction with showers R1 and R2 are of extreme interest. During these showers, the 

inflow winds from the east- southeast were interrupted by the southerlies, the directions of 

which coincided with those of the radar echo movement. We may assume, therefore, that 

the inflow winds were replaced by the downdraft while the showers were in progress. The 

existence of heavy rain and cooling about the time of minimum pressure strongly suggests 



Table I. Maximum gust speed, maximum 10-min mean windspeed, minimum 

pressure, and the total rainfall accompanied by a mesocyclone of September 1-2, 

1960. Single asterisks indicate the time on September 2, and double asterisks 

denote station pressure measured at mountain stations Mt. Unzen, 852 m (2795 ft) 

and Mt. Aso, 1144 m (3753 ft). 

Stations station maximum 10-min time of minimum time of total 
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number gust max. wind occur- sea-level occurrence rainfall 
(kt) (kt) rence pressure (JST) (inch) 

(JST) (mb) 

TSURIKAKE 826 60 22xx 1011. 0 22xx 

USHIBUKA 838 51 40 *0120 1011. l *0107 2.00 

UNZEN , Mt. 818 49 39 *0300 ** 915.1 *0300 1.66 

ASO, Mt. 821 47 28 *0500 ** 888.2 *0544 2.21 

AKUNE 823 38 28 *0037 1013. 6 *0145 0 . 58 

MAKURAZAKI 831 35 26 2044 1013.5 1517 0.47 

KUMAMOTO 819 25 20 *0440 1013.7 *0422 2.53 

NAGASAKI 817 20 14 *0210 1013 .. 0 *0155 0 . 16 

HI RADO 805 19 15 1200 1013.6 *0255 0 . 40 

ABURATSU 835 19 14 *1344 1012.5 *0030 0.34 

MIYAKONOJO 829 19 15 2350 1013.4 1500 0.49 

IIZUKA 809 18 13 *0240 1014.1 *0450 0 . 85 

HITOYOSHI 824 17 15 *0040 1015 . 4 *0230 0.49 

HITA 814 16 11 *0200 . 1014. 3 *0528 0 . 08 

OITA 815 16 10 *0240 1014.6 *0302 0.30 

SAGA 813 16 9 *0235 1013.7 *0320 0 . 16 

SASEHO 812 15 10 1343 1013.3 *0220 0 . 01 

TOMIE 816 12 9 1800 1014. 1 *0205 None 



that the central region of the mesocyclone was being filled by the cold air. Under these 

circumstances, it is rather difficult to estimate the pressure profile of the mesocyclone 

before the filling took place. 

A rather complicated relationship between the pressure jump line and the precipitation 

area appears in Fig. 9 . The heavy lines designate the boundary of the accumulative rain 

occurring in a one-hour period ending at 00.00 ]ST, September 1 . . Drawn within these rain 

areas are the isohyets contoured for every 5 mm and the extreme values in mm are plotted 

inside these hourly precipitation areas. 

The thunderstorm symbols in the figure clearly show that the thunderstorm activities 

were limited to the region of mesohighs entirely separated from the central region of the 

mesocyclone, with its rotation center designated as "M". Close examination of this sub

tropical storm reveals that the distribution of rain areas in relation to the pressure-jump 

line is very similar to that of regular mesohighs observed over a region free from tropical 

disturbances. 
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Vertical cross sections in the form of time sections were constructed by using the 

recorded traces of pressure and temperature from Kumamoto (819), 39 m MSL and Mt. Unzen 

(818), 852 m MSL (see Fig. 10). The upper chart includes the rain intensity and the isobars 

of disturbed pressures computed by subtracting the mean station pressure from the actual 

pressure. The isobars clearly show that an appreciable filling was taking place inside the 

layers below the level of Mt. Unzen . Since the pressure increase contributing to such a 

filling is hydrostatic in nature, there should be a corresponding cooling of the atmosphere 

below the mountain level. The isotherms constructed from thermograph traces reveal the 

temperature drop and the pressure rise associated with the leading edge of the cold air 

modified by the precipitation cooling. It should be noted th.at such a cooling, occurring 

shortly after 0000 ]ST, signaled the beginning of the low-level filling. 

A surface mesoanalysis map of the mesocyclone and that of a tornado cyclone reduced to 

an identical scale are presented in Fig. 11 . It will be found that the horizontal dimensions 

of the tornado cyclone which produced several tornadoes in Indiana and Michigan on 

Palm Sunday (April 11), 1965 are ·about one order of magnitude smaller than those of the 

mesocyclone under discussion . One of the most interesting features seen inside the region 

of the mesocyclone is the outflow from the dual mesohighs located to the east and north of 

the mesocyclone center . This feature of the mesohighs appears to be quite outstanding, 
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despite the fact that they are superimposed upon the pressure field of a mesocyclone. Even 

though such mesohighs are in existence within a typhoon area, they may not always appear 

distinctly, due mainly to the fact that the pressure field of a typhoon dominates the combined 

field. 

5. Vertical Structure of Winds 

We usually suffer from a shortage of upper-air data when a detailed analysis of typhoons 

is attempted. In the case of a mesocyclone, data shortage could become even more serious 

because its influence is restricted within an area only a few tenths of the region of a regular 

cyclone. The standard mesoanalysis technique, converting time sections into space 

sections, becomes absolutely necessary in order to increase synoptic data under steady

state assumptions. For detail~, refer to Fujita 's (1963) review of "Analytical Mesometeo

rology" . 

The four-level charts at 1, 3, 7, and 12 km in Fig. 12 were constructed from the hourly 

winds from Mt. Unzen and six-hourly soundings from Fukuoka (807), Kagoshima (827), Naze 

(909), and Yonago (744) after shifting the data points relative to M , the rotation center of 

the mesocyclone. The streamlines at the 1-km level represent inflow winds with up to 34 kt 

speed and crossing angles up to 40 deg. 

At the 3-km level, however, the mesocyclone circulation was quite asymmetric, because 

the winds at this level more or less represent the combined motion of the mesocyclone's 

translation and rotation. It is seen that C , the instantaneous center, is located to the 

northwest of M , the rotation center as shown in the section of radar echoes and their motion. 

When the level increases to 7 km, the rotational characteristics are no longer as 

apparent as at the 3-km level, and the instantaneous center no longer exists. The effect of 

the outflow from the mesocyclone area is found to be most significant at the 12-km level. 

The lower right chart in Fig. 12 includes radar echoes at the map time in order to relate 

them with the wind velocities at this level. A close inspection reveals that the distance 

between streamlines is rather constant, suggesting that the divergence at this level is 

mainly due to the increase in the speed. The chart indicates that a significant speed increase 

takes place across the overall area of radar echoes rather than in the pressure field of the 

mesocyclone itself. Such evidence leads to the suspicion that the outflow from the 
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mesocyclone was very closely related to the region of radar echoes rather than to the 

rotational wind field. That is to say, the outflow took place in the region ahead of the meso

cyclone center, suggesting that a vertical cross section through the center along its track 

would be very useful in depicting such an asymmetric field. 

Figure 13 shows how such a vertical cross section was made from the six-hourly, upper

air observations from only three stations, Fukuoka (807), Yonago (744), and Kagoshima 

(827), appearing as black circles in the figure. In order to construct the cross section at 

0000 JST, September 2, the upper-air data taken during the nine-hour period before and _ 

after the map time were plotted first along the mesocyclone' s displacement vectors trans

lated to each of these three stations. The data points thus obtained in the figure are 

identified by the observation times 15, 21, 03, and 09 JST. Then the final data points, A, B, 

C, D, E, and F, were established on the displacement vector of the mesocyclone so as to 

allow linear interpolation between a pair of data points located on both sides of the meso

cyclone path. By plotting the interpolated data from the space-section data converted from 

the time section for each station, we are able to approximate the space cross section of the 

mesocyclone except near the center, even though no such direct measurements are available 

from the final points, A through F. If one attempted to obtain such upper-air data through 

direct measurements, six mobile stations located at about 150-km or 75-n m intervals along 

the mesocyclone path would be required. 

Given in Fig. 14 are the wind velocities thus computed and plotted. The schematic 

cross section of clouds is shown by stippled areas extending up to about 13 km. The hourly 

winds from Mt. Unzen were also entered on the figure after converting their time sections 

into space sections. The divergence values were contoured by dashed lines labeled with 

numbers in the unit of 10-5 seE 1 
• Note that the winds were plotted after r otating the north 

direction by about 50 deg so that the wind blowing toward the direction of the mesocyclone 

movement appears as an apparent westerly in this vertical cross--section chart. 

The field of vertical motion within the vertical plane of Fig. 14 was computed from 

divergence values by the kinematic method. The result, shown in Fig. 15, indicates that 

the vertical velocity, averaged over a distance of 30 to 50 km along the mesocyclone path, 

was as high as 25 cm sec- 1 
, which would increase significantly when the vertical motion, 

accompanied by an individual convective element, was computed. The stippled areas in the 



figure denote the height ranges where the vertical velocity decreases with height due to 

horizontal divergence. 
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Presented in the final vertical cross section chart in Fig. 16 is the relative vertical 

circulation obtained by subtracting the translational motion of the mesocyclone from the 

horizontal wind velocities. Vertical velocities given in the previous figure were added 

vectorially in order to establish the schematic vertical circulation. The flow pattern thus 

obtained indicates the asymmetric vertical circulation of the mesocyclone, implying strongly 

that the upper divergence would be relatively small if this mesocyclone were free from the 

rain areas distributed asymmetrically around the storm center. 

6 . Three-dimensional Mass Transport 

In order to compute the three-dimensional mass transport of a typhoon, we usually set 

the following condition, using cylindrical coordinates under hydrostatic and steady-state 

assumptions: 

l H [Po . 
0 

¢p'J..rd8dz =f P ~'J..rd8dp== O. 
H 

(1) 

In this equation, p denotes the air density; Vr , the radial velocity; 8, the argument; H, 

the top of the system; and p , the press ure. 

Riehl and Malkus (1961), among others, computed the mass transport, as a function of 

the radius from the center for every 100-mb pressure altitude. 

As has already been shown in the previous sections, the mesocyclone under discussion 

is highly asymmetric, thus necessitating computations after dividing the mesocyclone into 

at least two parts. After considering the availability of data, it was decided to divide the 

mesocyclone into front and rear sectors, because of the asymmetry of the storm. 

We shall now consider a cylinder with a radius r and a unit thickness in order to define 

the inflow and outflow, as shown in Fig. 17. The mass inflow into the rear part, the m ass 

flow from the rear to the front, and that of the outflow from the front part are defined, 
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respectively, by 
- 7r 
A= 6 pr(A0 +Ab+ ... Ad, 
- I B = 3 p r(B0 +Bb+ . . . Bt), 

and 

C = ~ pdCa+Cb+ ... Ct), 
where p denotes the air density as a function of height. 

The net mass inflow into the rear part within the thin layer between the heights, h-.6h 

and h , is written as 

(2) 

Likewise, the inflow into the front part is expressed by 

(3) 

In applying these equations in our computation, radius r = 200 km and .6h = 1 km were 

chosen so as to write 

I\ 1- - 1- -
uRh = y( Ah +Ah-I)- 2(Bh + Bh-1), (4) 

~Fh = +(sh +Bh-1)- +(ch +Ch-I) . (5) 

All the terms in the right side of these equations were computed separately from the 15 wind

aloft analyses made between 0 and 14-km levels at 1-km height intervals. Presented in 

Fig. 19 are these terms in 107 kg sec-1 units. The horizontal arrows indicate the directions 

of mass flux inside each 1-.km layer. It will be found in the figure that the inflow to the 

mesocyclone is appreciable in the rear sector at low levels, while the outflow is more 

pronounced in the front sector at high levels. 

The vertical flux through eaGh half-cylinder at the height, h , is identical to the total 

inflow below the height. Designating the fluxes through the front and the rear half-cylinder 

as fli and Rh , respectively, we write 
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Rh= I~Rh= t I {(Ah +Ah_1)-(Bh +~_1)}, 
I I . 

(6) 

Fh = t~Fh = tt{(9h +Bh-1)-(Ch+Ch-1)}. (7) 

The results of computed flux budget are a lso shown in Fig . 18. All of the plotted values 

are accompanied by arrows pointing upward, since downward fluxes were not found anywhere . 

The figure clearly shows that the vertical flux in the front sector is s lightly more than twice 

that in the rear sector, strongly suggesting the asymmetric nature of the mesocyclone . 

Finally, we s hall attempt to compare the total mass flux of this mesocyclone with that 

of Hurricane Daisy of 1958 studied by Riehl and Malkus (1961). who computed the mass flux 

as a function of radius. After computing the mass fluxes of the mesocyclone for every 

20· n mi radius, they were plotted in Fig. 19 in which Daisy's data were also entered. The 

result s hows that the mass flux of the mesocyclone was about half of that of Daisy in the 

immature stage. In the mature stage, however, Daisy was more than four times larger in 

mass flux than the mesocyclone. 

For purposes of further comparison, a thunderstorm of 10-km diameter and 10 m sec- 1 

vertical velocity at 500-mb was designated as a unit thunderstorm, even though not all 

thunderstorms grow to such unique dimensions which characterize moderate to intense 

thunderstorms. Compared with SO x 107 kg sec- 1 , the flux of this unit thunderstorm, the 

mesocyclone was about five times and Daisy in the mature stage was over 25 times larger 

in mass flux. Before this computation was completed, it was supposed that a mature typhoon 

would be at least two orders of magnitude larger in mass flux than a thunderstorm of the 

moderate-to-intense category. In reality, however, the vigorous nature of typhoons and 

hurricanes seems to be amplified by their horizontal winds circulating around their centers. 

In terms of vertical mass transport, even a large hurricane or a typhoon might not be 

characterized by a vertical flux of more than two orders of magnitude larger than a unit 

thunderstorm. 

7 . Conclusions 

Atmospheric vortices have been classified either according to their hor izontal 

dimensions or to their maximum windspeed. For the purpose of reclassifying them, taking 
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both horizontal dimensions and maximum windspeed simultaneously into consideration, these 

vortices were located on a maximum windspeed vs. vortex diameter diagram . 

When this subtropical mesocyclone of September 2, 1960 was placed on this diagram, it 

was found that the storm in discussion was located on the border line between tropical 

depressions and m esocyclones. The storm was accompanied by certain characteristics of 

both mesodepression and tropical depression. The vertical mass flux , for instance, was 

about five times larger than that of a large thunderstorm, while it was only about one fifth 

that of a mature hurricane such as Hurricane Daisy of 1958 . 

The pressure field of the storm was characterized by a funnel-shaped profile super

imposed by an excess-pressure field of a mesohigh with a pressure-jump line along its 

progressive side. Due to the fact that most of the squall-line activities took place in 

eastern sectors of the storm, the pressure field was quite asymmetric . 

Satellite photographs show a large number of cloud vortices over the tropical ocean where 

little meteorological data are available . Chances of depicting these vortices by ground 

radars and surface combined with upper-air observations will be very small, however. An 

example of a satellite picture showing spiral- shaped cloud bands is presented in Fig. 20. 

The time of the picture was 0818 JST, August 22, 1966. An analysis of surface i sobars fo r 

0900 ]ST made by using synoptic data from eastern Japan revealed that the diameter of the 

outermost closed 'isobar was considerably smaller than that of the r egion of cloud bands 

extending to over 250 km from the center. Whenever s uch a storm approaches or moves 

over the regions of dense observational stations, it is necessary to investigate the storm 

extensively, so that more complete classification of atmospheric vortices can be made more 

accurately. 
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Fig . 1. Characteristic dimension of meteorological disturbances . Their possible 
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disturbance. The mesocyclone on September 1-2, 1960 is located on the border line 

between mesocyclones and tropical depressions. 

Fig. 2. Surface map for 2100 JST, September 1, 1960. Included in the figure are the 

2100 JST positions of Typhoon Faye, August 28-31 , Typhoon Della, August 26-30, and 

mesocyclone, August 31- September 1, 1960. 

16 



Fig. 3. Hourly composite radar pictures for the period 1400 )ST, September l through 0100 )ST, September 2. The areas of 

apparent ground clutter are hatched in order to show precipitation areas more distinctly. 
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Fig. 4 . Motion of individual echoes computed from two successive pictures taken at 1400 and 1444 JST and at 

1538 and 1550 JST, September l, 1960 . 
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Fig. 5. Echo velocities in kt superimposed upon an echo chart for 0000 JST, 

September 2, 1960. The upper diagram gives t he velocity profile along the line PQ 

through the mesocyclone center . 
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Fig. 7 . Change in meteorological elements reduced from the recorded traces at 
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Fig. 9. Hourly precipitation ending at 0000 }ST, September 2, 1960, contoured 

by the isohyets at 5-mm intervals. The extreme values in mm are given by 

numbers. 
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Fig. 11. Subcloud stream line field at 0000 )ST, September 2, 1960. The horizontal dimensions of the meso 

cyclone are compared with those of a tornado cyclone of April 11, 1965 over Michigan. 
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Fig. 12. Upper-air wind patterns at l , 3, 7, and 12-km levels at 0000 JST, September 2, 1960. The 

areas of wind speed above 20 , 30, and 40 kt are stippled with graduated denser stippling. 
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Fig . 14 . Vertical cross section of interpolated winds aloft along the track of the mesocyclone . Letters D and C 

in the figure denote the areas of divergence and convergence , respectively . 
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Fig. 15. Isolines of vertical velocity in heavy contour lines and t hose of divergence, 

copied from the previous figure. 
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pute mass fluxes. Positive directions of wind velocities A, 

B, and C follow the direction of the arrows. The arrow with 

the letter "U" denotes the direction of the mesocyclone 

movement. 
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Fig. 18. Horizontal and vertical mass fluxes through the houndaries of the mesocyclone divided 

into front and rear semi -cylinders. The fluxes are shown for each semi-disc with I - km thickness . 

The unit of fluxes is 10 7 kg sec-• 
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Fig. 19. The total inflow into the mesocyclone and Hurricane Daisy of 1<158, computed as a 

function of the radii from their centers . For purposes of comparison, t he inflow of a uni t 

thunderstorm defined in the text is also included in the figure. 
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0900 JST 

Fig. 20. A mesocyclone of August 22, 1966, appearing in an ESSA-II APT picture taken at 0818 JST, August 22. 1966 , received at the 

Meteorological Research Institute, Tokyo. The surface chart to the right was analyzed from 0900 JST data. Note tha t the diameter of the s piral 

cloud bands in the satellite picture is much larger than that of the outermost closed isobar . 
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