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A KINEMATIC ANALYSIS OF TROPICAL STORM 
BASED ON A TS CLOUD MOTIONS 

T. Theodore Fujita and Jaime J. ·Tecson 
Department of the Geophysical Sciences 

The University of Chicago 

ABSTRACT 

An attempt is made to determine the asymmetric structure 

of an incipient storm in the Atlantic Ocean using low-cloud velocities 

computed from the Applications Technology Satellite (ATS Ill) picture 

sequences. The investigation concerns the kinematic analysis of 

tropical storm Anna during the three days on July 26, 27 and 28 , 1969 

when it has intensified into tropical s torm stage in the vicinity of 

10° N and 35° W reportedly late on the 27th. 

It is found that the cross-equatorial flow from the southern 

hemisphere is mainly responsible for providing the inflow to the storm 

while the northern hemisphere trades supply the major contribution to 

the circulation around the storm. The inflow from the southern sector 

of the disturbance appears to increase, and so does the over -all circu

lation, as the storm intensifies . 

1. iNTRODUCTION 

Cloud motion analysis from Applications Technology Satellite (ATS) photographs 

has been increasingly utilized in studying flow patterns in the atmosphere over various 

portions of the globe, especially over the tropics and temperate regions. With the 

advent of the similarly-designed Synchronous Meteorologica l Satellite (SMS), it is felt 

that this method of analysis will continue for some time. To a large extent , efforts are 
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being directed towards establishing some relationship between cloud motion and wind 

flow considering that tracer clouds provide ample supply of the necessary vectors to 

s tudy horizontal circulation patterns. Statistical values and information on cloud distri 

bution and motion, among others, are being compiled to serve as reference and guide. 

On the other hand, individual case studies are being carried out in order to probe into 

the individual characteristics of different nephsystems. Various techniques in tracing 

cloud motions have been employed by different investigators, among them, Serebreny 

et al. (1967), Fujita et al. (1968), Suomi et al. (1972), and Chang et al. (1973). 

Tropical storms are readily one of the most common subjects of investigation 

using cloud motion analysis considering their influence in large-scale motion and the 

need to know more of their characteristics and behavior. From the velocity computations 

using the METRACOM system made by Chang and Tecson (1974) during the BOMEX 

Fourth Phase experiment in July 1969, an interesting case of the development of tropical 

storm Anna in the North Atlantic during the three-day period from July 26 through 28, 

1969 in its incipient stage has been investigated. Agee (1972), in his study of the same 

storm through examination of ATS III photographs has presented a case of wave instability 

in the ITCZ, independent of easterly disturbances, which is responsible for tropical 

cyclone formation. He has indicated the contribution towards storm formation of the 

horizontal cyclonic wind shear present in the easterly flow, and has observed the absence 

of rotational development in the southern part of the wave. 

This paper attempts a kinematic analysis of tropical s torm Anna when it first 

intensified into a tropical storm based on A TS cloud motions. 

2. BRIEF HISTORY OF TROPICAL STORM ANNA 

For a more detailed account of tropical s torm Anna, refer to the article by 

De Angelis (1970) and the North Atlantic Tropical Cyclone Track therewith. Only a brief 

history is presented below. 

Tropical storm Anna, which had alternately intensified and weakened during its 

existence from July 23 to August 5, was the first tropical storm of 1969. Originating 

near the African continent, it became an organized depression on the 24th and attained 

tropical storm strength late on the 27th. On July 28, maximum winds reached 50 kts 

near 13° N and 36° W. Figure 1 shows the track of storm Anna. The positions for 
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July 26 through 28 are based on ATS cloud photographs. The translational speed 

averaged 10 kts toward the northwest. Unfortunately, there were no ATS pictures available 

on the 25th. In the absence of firm data, therefore, positions from July 24 to 25 are 

adjusted. The rest of the track is plotted following that from the North Atlantic Tropical 

Cyclone Track. Anna's movement from July 28 was generally northwesterly, recurving 

northeasterly late on August 2. It was a tropical storm from July 27 through July 31, 1969. 

TROPICAL STORM ANNA 

( 23 J U LY - 5 A U G . 19 6 9 ) 

o 0000 GMT POSITION 

• 1200 GMT POSITION 

+ EYE ESTIMATE FROM 
SATELLITE 

TROPICAL DISTURBANCE 

TROPICAL DEPRESSION STAGE 
TROPICAL STORM STAGE 

- · ·- EXTRATROPICAL STAGE 

24 JU LY 
.• D· 

Fig. 1. Track of tropical storm Anna, The positions for July 
26, 27 and 28, 1969 are estimated from ATS III cloud photographs. 
The rest of the track is plotted following that from the North Atlantic 
Tropical Cyclone Track, Climatological Data, National Summary, 
Annual 1969. 

3. DATA USED AND METHOD OF ANALYSIS 

ATS III photographs used as beginning frames in the movie compi+tation loop for 

each day from July 26 through 28, 1969, are presented in Fig. 2. Actually, each movie 

loop is comprised of enlargement prints of the area within the rectangular box from which 



Fig. 2. ATS III ·global photographs comprising the beginning 
times of cloud velocity computation for each day from July 26 
through 28, 1969. Rectangular boxes indicate areas analyzed. 

4 
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the low-cloud velocities are computed. Figures 3, 4, and 5, reprinted from Chang and 

Tecson (1974), show the computed low-cloud velocity vectors and streamlines for July 

26, 27 and 28 , respectively, for the North Atlantic Ocean area east of the United States 

between 0° N to 32° N and 30° W to 75° W. Cloud configurations associated with storm 

Anna are seen at the lower right section of the charts. The time and period of computa-

tion are listed below: 

Date Period Mid-Time 
(1969) (Min. ) (GMT) 

July 26 64 1422 
July 27 74 1442 
July 28 64 1516 

•• •• .. • • .. lO 

...... 
1350 - 1454Z JULY 26, 1969 

.... ., LOW •Q..000 VCLOCITY IN KT 

.J..» 4RC •CLOUD VCLOCITT IN KT 

Fig. 3. Velocity vectors of low clouds for the analysis area in 
Fig. 2 on July 26, 1969 with superimposed streamlines. High clouds , 
shown as shaded areas_, associated with developing storm Anna, are 
on the lower right section. (From Chang and Tecson , 1974. ) 



This indicates that the computation of the cloud velocities cover an average period of 

67 minutes and that the time of computation for each day seems almost the same , say within 

an hour of each other. During this 3-day period, Anna has intensified from a tropical 

depression into a storm. Post analysis shows that it reached storm stage near 1200 Z on 

July 27. 

Processing of the data consisted of computing the radial and tangential components 

of each cloud velocity vector , relative to a system of polar coordinates with the origin at 

the storm center. The angle from the radius vector to the cloud vector is measured. 

The components are then obtained. Total cloud velocities are computed in this case study, 

hence the asymmetry arising from superposition of vortex and steering current is pre-

served. It must be noted that only actual vectors are used; this lacks the smoothing 

to 70 •• 

'\ 11"::.!.-1,___-.:~:::.::~--
1~'-1, 14 .... 

t---14-0~5 ~-1-5-19-Z~~-----, ...._ ...._ ., ...._ "_. 

_..:t lOW•CLO\IO VUOCIT Y tH IC T 

....J_tO U C-ClOUO VEL OCITY IN KT 

Fig. 4. Velocity vectors of low clouds for the analysis area in 
Fig. 2 on July 27, 1969 with· superimposed streamlines. High clouds , 
s hown as shaded areas , associated with storm Anna are on the lower 
right section. (From Chang and Tecson, 1974.) 



1444- 1548Z JULY 28, 1969 
If""',, LOW- Cl.OUO V(LOCITY IN ICT 

.J..n .UIC-c\.OUO V(LOCITT 1H KT 

.. 

Fig. 5. Velocity vectors of low clouds for the analysis area in 
Fig, 2 on July 28, 1969 with superimposed streamlines. High clouds, 
shown as shaded areas, associated with storm Anna are on the lower 
right section. (From Chang and Tecson, 1974.) 
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characteristics inherent in the streamline-isotach analysis. The storm is sectorized into 

two or three areas according to the dominant flow pattern as shown in Fig. 6. The 

sectors, as defined by the dashed lines, are classified as the northern sector ( 0 ), 
the western sector ( O ), and the southern sector ( e ). The number of vectors corre

sponding to each sector is indicated; the total number for each day is entered in the lower 

right portion of the chart. The significant cloud boundaries associated with the storm 

are likewise shown. With the center of the storm as origin, a circle of radius 10. 5 

latitude is circumscribed; this encloses the region of computation. The unshaded 

portion at the right edge of the circle defines the area where cloud vectors are not 

obtained, this being beyond the coverage of the movie loop. 



JULY 1969 

26th 27th 28th 

I= 14 2 I =I 6 9 I= I 08 

Fig. 6. Tropical storm Anna divided into sectors, within 10. 5 
degree-latitude radius from the center. They are identified as the 
northern sector ( O ), the western sector (a ), and the southern 
sector ( e ). The number of the respective cloud vectors and the 
total for each day are shown. Unshaded portion of circle shows area 
where cloud vectors are not obtained. 
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The radial and tangential components are averaged for every degree of latitude 

distance for each sector. By observing the non-uniformity of the distribution of the 

vectors around the center, it is not expected to bring out equal sample sizes for each 

partition. Nevertheless, simple averaging is done for each degree radius. Wheneve·r 

a sample point occurs at the boundaries, it is counted on both sides of the adjacent areas 

to be averaged. 

4. SOURCES OF ERROR 

The accuracy of the results of the analyses discussed in this paper depends on 

the errors contributed by the various factors which merit enumeration. Fujita et al. 

(1973) have estimated that the tracking error generated by the METRACOM system for 

calculating cloud velocities appear to vary within 1 m/sec. Cloud directions could vary 

by about 5 degrees. The manual tracking of clouds is considered quite proficient enough 

that errors are sufficiently minimized through meteorological expertise of the particular 
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flow patterns involved and with more experience. It is also highly possible that the 

low-cloud motion levels analyzed may not always be the same for different days since 

inflow levels could have varied as the storm intensity changes. This could well be a 

factor in attempting to establish definite relationships between cloud flow and wind flow. 

As could be noticed in Fig. 6, and particularly on July 27, certain areas in the 

northern and southern sectors of the storm beyond the radial distance of 6 degrees are 

devoid of data since, unfortunately, they fall beyond the area of the movie loop. The 

effect on the northern sector may not be felt since the missing area is rather small 

and there are sufficient vectors already. How it may affect the data distribution on 

the southern sector of the storm could only be surmised, although it is believed not to be 

of critical extent. Examination of the results of the analyses of July 27 tend to show 

that, while more vectors would stabilize the data, its behavior, compared on a 

day-by- day basis for the same sector, may not be significantly different from the 

present results. The effect of additional data, if at all, on both components would 

most probably be towards increasing the inflow and circulation around the storm; it 

would lead to better conclusions. fu spite of the potential increase in the data points 

for July 27 and , to a lesser extent, for July 26, it should be noted that the present 

sample size for these days are already much more than those for July 28 where almost 

the whole storm area is trackable. Adding a few more vectors for the southern sector 

for July 27 would certainly be advantageous although, comparatively, it already has 

2/3rds of the number observed for the same vector for the other days . 

5. RESULTS OF ANALYSES 

a. Mean Radial Velocities 

Figure 7 shows the scatter diagrams of the radial velocities of tropical storrri 

Anna for July 26, 27 and 28, 1969 from its center extending a little beyond the radial 

distance of 10 degrees. The observations are plotted in appropriate symbols according 

to the various sectors in which they have been classified. Corresponding mean values 

for every degree-latitude radial distance are plotted and drawn proportional to the 

frequency of observation and joined by a solid straight line. Where broken lines appear, 

they indicate absence of m ean value in the particular area. It should be noted, however, 

that when only one observation occurs within its 1-degree boundary at either extremity 



Fig. 7. Scatter diagrams of the radial low-cloud velocities of 
tropical storm Anna, by sector, for July 26, 27 and 28, 1969. Corre
sponding mean values, with frequencies indicated, are connected by 
a line. Distance of the equator from the circulation center is also 
shown. 

10 
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of the radial distance range, no mean value is computed. No mean-value symbol and 

line, therefore, are drawn at these ends. 

The northern sector shows a daily decrease in radial velocity inflow as the 

storm progresses. During July 26 and 27, it has inflow at all radii. On the 28th, it 

shows outflow at all areas except at the 8-degree radius; it averages 5 kts. The western 

sector exhibits a varying degree of illflow on the 26th. The following day, its inflow 

has decreased and, beyond the 5-degree radius, it has shown outflow characteristics. 

On July 28, its flow has turned southerly, thus merging with the southern sector. On 

the other hand, the southern sector shows a slight decrease in inflow from July 26' 

when it averaged 6 kts, to July 27, when it averaged 5 kts. But suddently on the 28th, 

after Anna has attained storm intensity, it indicated a marked increase and a constant 

inflow at all radii of about 20 kts. This suggests that the cross-equatorial flow from 

the southern hemisphere, which predominates in the southern sector of the storm, is 

apparently the major contributor to the inflow as tropical storm Anna intensified. 

b. Mean Tangential Velocities 

Presented in Fig. 8 are the scatter diagrams of the tangential velocities of 

tropical storm Anna for July 26, 27 and 28, 1969. The manner of plotting and repre

sentation are the same as that in the previous figure. 

On the whole, there does not appear to be a drastic change in the intensity 

characteristics for the northern s~ctor of the. storm during these three days. It remains 

relatively high. On July 26 and 28, the average tangential velocity for all plotted radii 

are well close to 20 kts. There is a slight decrease on the 27th by about 2 k:ts. For 

the western sector, the average tangential velocity of about 14 kts appears to increase 

by a small amount from July 26 to 27. It is rather difficult to generalize the daily trend 

for the southern sector of the storm for the whole period, although it can roughly be 

summarized that the circulation has changed from anticyclonic on July 26 to cyclonic 

from July 27 through 28. It might also be noticed that if the various sectors are 

compared . during the 3-day period, the weakest contribution to the tangential velocity 

field is the southern sector, while the strongest is the northern sector. It appears 

from this relationship, therefore, that the circulation around the storm is mostly 

achieved at the northern portion where. the northern hemisphere trades prevail. Contri-
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Fig. 8. Scatter diagrams of the tangential low-cloud velocities 
of tropical storm Anna, by sector, for July 26, 27 and 28, 1969. 
Corresponding mean values, with frequencies indicated, are con
nected by a line. Distance of the equator from the circulation center 
is also shown. 
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butions by the western and southern sectors, though by smaller amounts , are toward 

increasing cyclonic circulation as the storm intensifies. Commenting on the general 

characteristics of the various sectors during the period, taking into account both mean 

radial and tangential velocities, it may be inferred from Table 1 that the most consistent 

contributor toward storm intensification is the southern sector of the storm which shows 

increased inflow by a considerable amount and also increasec:I circulation, though by 

a comparatively smaller amount. 

Table 1. Circulation and Inflow Characteristics 
for the Low-Cloud Velocities for Tropical Storm 
Anna, July 26 through 28, 1969. 

Sector 

Northern 
Western 
Southern 

Inf low 

Decrease 
Decrease 
Increase 

Circulation 

Increase 
Increase 
Increase 

The distribution of the radial and tangential velocities of the low clouds in 

Figs. 7 and 8 indicate that there are only a few . vectors plotted within the first 3 degrees 

of radial distance from the storm center. This is due to the scarcity of reliable cloud 

tracer points within the area. Since the characteristic large-cloud mass dominates 

the central storm system, unfortunately, satellite photographs show some degree of 

brightness saturation in this region. Picture enhancements could yield better results, 

however. 

c. Mean Divergence 

The mean horizontal velocity divergence in a region may be expressed as 

where A is the area over which the divergence is measured and V R is the velocity 

component normal to the distance S extending along the boundary of A and defined 

positive inwards. The mean divergence profile for storm Anna for the three days for 

each sector is shown in Fig. 9. Mean low-cloud velocity for each degree distance is 
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Fig. 9. Mean divergence profile of tropical s torm Anna, by 
sector, for July 26, 27 and ·2s, 1969 using low-cloud veloci ties . No 
symbol appears whenever a mean value is not calculated. 
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used. Most noticeable is the increasing influence of the southern sector of the storm 

as Anna intensifies. Note the absence of data within the inner radius of the storm in 

this and the next two figures. 

d. Mean Relative Vorticity 

The mean relative vorticity (tr ) of a region may be computed from the 

expression 

where VT is the velocity component parallel to the distance S extending along the 
. . 
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boundary of A and defined positive cyclonically. Also using mean low-cloud velocities, 

the mean relative vorticity profile is shown in Fig. 10. Computations are made for 

the same area as, and in a manner similar to, Fig. 9. The major influence of the 

northern sector of the storm may be seen clearly as the storm intensifies. To a 

lesser extent, the southern portion also exerts increasing cyclonic motion to the 

storm. 

e. Mean Absolute Angular Momentum 

The mean absolute angular momentum for the low-cloud level determined for 

the various sectors for the 3-day period from July 26 through 28, 1969 are shown in 

Fig. 11. When expressed in a cylindrical coordinate system with the origin at the 

storm center, it is computed from the expression 

where VT is the mean tangential velocity, R is the radial distance from the center 

and f is a variable Coriolis parameter. Since the tangential component of the cloud 

motion vector is involved, its distribution in the northern sector of the storm is dis

cussed. It is seen that the absolute angular momentum decreases as the radial 

distance from the center diminishes. This is a natural consequence for winds, and 

similarly for cloud motions, to lose absolute angular momentum as they travel from 

the outermost areas and spiral inward toward the storm center. Table 2 shows the 

radial distribution for the northern sector broken down into its two components. Corn -
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Table 2. Radial Distribution of Mean Absolute Angular Momentum 
for Low-Cloud Motions for the Northern Sector of Storm Anna 

(x 106 m2 sec-1) 

Radius 2 3 4 5 6 7 8 9 10 
( o Latitude) 

July 26, 1969 

VTR * * . 3.8 . 5.4 7.0 7.3 9.9 10.2 11.5 

~fR2 * * 2.9 4o9 7.5 10o9 15.0 20.0 25.9 

M * * 6.7 10.3 14.5 18.2 24 o9 30.2 37.4 

July 27,, 1969 

VTR * * * 6.2 5.1 6.7 7 o4 9.5 908 

~fR2 * * * 6.0 8 04 12.4 17.3 22.0 37.3 

M * * * 12.2 13 o5 19.1 24.7 31.5 47.l 

July 28,, 1969 

VTR * * 6.5 5.0 7.0 8.2 8.8 10.2 11.8 

~fR2 * * 4.0 5.7 8.6· 13.0 17.0 23.0 29.0 

M * * 10.5 10.7 15.6 21.2 25.8 33.2 40.8 

* No computation due to lack of data 

par:ing July 26 .and 28, for all radii, there is an increase in momentum values. The same 

observation holds for July 27 and 28, except for the 5- and 10-degree radius. On the 

whole, an increase in momentum is evident in the 3-day period. The contribution of 

the t~rm containing the Coriolis parameter becomes predominant beyond the 5- or 

6-degree distance from the center.· The same feature is noted in the computation of 

the absolute angular momentum of a typhoon circulation from displacement vectors 

of small radar echoes by Fujita et al. (1966 ). 
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Fig. 10. Mean relative vorticity profile of tropical storm Anna, 
by sector, for July 26, 27 and 28, 1969 using low-cloud velocities. 
No symbol appears whenever a mean value is not calculated. 
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6. CONCLUSIONS 

A kinematic analysis of tropical s torm Anna within a 10-degree latitude radial 

distance from its center during the three days on July 26 to 28, 1969 has been made 

using computed low-cloud velocities from ATS pictures . Anna's intensification into .a 

tropical storm over the North Atlantic Ocean was reported to have occurred late on 

the 27th. The asymmetric structure of the storm has been maintained by using the 

total cloud velocities. The storm is divided initially into three sectors, each of 

which has been individually analyzed. Unfortunately, few data available within the 

inner radius of the disturbance preclude evaluation near the center. 

Examination of the overall increase in tangential velocities reflects storm 

intensification as time progresses . What has been anticyclonic circulation at the 

beginning date has later become cyclonic flow. The increase, in time , also of the 

radial components is most conspicuous in the southern sector of the storm, and 

especially in the horizontal divergence computations. Considering both the radial 

and tangential velocities for each sector of the storm during the 3-day period, it is 

observed that the mos t consistent contributor toward storm intensification is the 

southern sector which has exhibited increase in both inflow and cyclonic circ.ulation. 

Likewise, the relative vorticity patterns show increase during the period. The mean 

absolute angular momentum computations indicate the loss of momentum as the cloud 

particles moving from the outer radius spiral toward the storm center. It is observed 

that the contribution of the term containing the Coriolis parameter becomes greater 

than the velocity term beyond the 5- or 6-degree dis tance from the storm center. 

Results of the analyses for this storm strongly show that the cross-equatorial 

flow from the southern hemisphere is mainly responsible for providing the inflow to 

the storm while the northern hemisphere trades supply the major contribution to the 

circulation around thi s s torm. 
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