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Introduction 
In D e c e m b e r 1883 t h e U.S. Navy H y d r o -

g raph ic Office, a b r a n c h of t he B u r e a u of 
Navigat ion of the Navy D e p a r t m e n t , b e g a n to 
publ ish m o n t h l y Pilot C h a r t s . Earl ier , ocean-
o g r a p h e r M. F. M a u r y h a d p r o d u c e d some 
s u m m a r y survey char t s showing ocean cur­
ren t s , winds , sailing rou t e s , a n d the locat ions 
of whales . T h e new cha r t s w e r e u n i q u e in 
tha t they showed u p d a t e d posi t ions of d e r e ­
lict vessels a n d o t h e r dr i f t ing debr i s . F r o m 
this series of posi t ions of identif ied derel icts 
the first ocean trajectories w e r e ob ta ined . 
Much of this i n fo rma t ion has been fo rgo t ten 
d u r i n g the last 100 years , a n d good collec­
t ions of t he Pilot C h a r t s a r e r a r e . ( T h e only 
comple te collection tha t I could find is he ld 
by t he Defense M a p p i n g Agency. ) T h i s article 
is a recompi la t ion a n d desc r ip t ion of these 
early trajectories a n d a r e m i n d e r of t he use­
fulness of t he Pilot C h a r t s . I t also p rov ides a 
g l impse of a little k n o w n p a r t of m a r i t i m e 
history, t he last days of w o o d e n sailing ves­
sels. 

The Pilot Chart 
T h e new Pilot C h a r t s w e r e p r e p a r e d to 

supply a reliable p lo t t ing shee t a n d a g r aph i c 
p re sen ta t ion of r ecen t as well as gene ra l sum­
m a r y in fo rma t ion for m a r i n e r s [Hayden, 
1888]. T h e char t s were issued free to naviga­
tors in r e t u r n for the i r r e p o r t i n g r ecen t navi­

gat ional a n d w e a t h e r in fo rma t ion . T h e suc­
cess of the Pilot C h a r t was d u e to t h e la rge 
n u m b e r of observers tha t c o n t r i b u t e d infor­
ma t ion for each m o n t h ' s cha r t a n d its r a p i d 
d is t r ibut ion to ships. I n the late 1800's t h e r e 
were near ly 3000 vo lun ta ry observers , mar i ­
ne r s w h o crossed t h e N o r t h Atlant ic a n d w h o 
pa t ro l led its waters . R e p o r t s of m a r i n e me teo ­
rology a n d d a n g e r s to navigat ion w e r e col­
lected f rom these observers at 11 b r a n c h of­
fices a n d f o r w a r d e d to h e a d q u a r t e r s in Wash­
ing ton w h e r e t he latest posi t ions of wrecks 
a n d derel icts were p lo t ted o n a l a rge black­
boa rd . T h e Pilot C h a r t s i n c o r p o r a t e d these 
da ta a n d were pub l i shed a n d d i s t r ibu ted at 
the b e g i n n i n g of each m o n t h . I n N o v e m b e r 
1893 the office received n o less t h a n 400 re­
por t s daily f rom vessels in t h e N o r t h Atlant ic 
a lone . In New York d u r i n g 1 8 8 6 - 1 8 8 7 , 6 ,739 
vessels were visited, 3,601 r e p o r t s w e r e for­
w a r d e d to W a s h i n g t o n , naut ical i n fo rma t ion 
was fu rn i shed to 83 ,345 mas te r s of vessels 
a n d o the r s , a n d 10,397 Pilot C h a r t s were dis­
t r i bu ted [Hayden, 1888]. 

Derelicts 
A derel ict is a vessel a b a n d o n e d at sea. 

Derelicts tha t survived m o r e t h a n a few days 
at sea were usually w o o d e n sailing vessels, 
a n d t he longest surviv ing of these w e r e of ten 
l u m b e r schooners . F r o m the po in t of view of 
a sh ip capta in , a derel ic t vessel is a fo rmida ­
ble obs t ruc t ion to navigat ion. A collision with 
a derel ic t at n igh t o r in fog could d a m a g e o r 
sink a ship . I n o u r age of meta l ships it is no t 
general ly recognized h o w m a n y derel ic ts 
t h e r e were n o r h o w l o n g they r e m a i n e d 
afloat. T h e Atlant ic was literally s t r ewn with 
n u m e r o u s "Mary Celestes" in var ious stages 
of d is in tegra t ion . 

T h e n u m b e r of r e p o r t e d derel ic t s ight ings 
r e a c h e d a m a x i m u m toward the e n d of t he 
19th cen tu ry [Hydrographic Office, 1894] . D u r ­
ing 1893, a year of par t icular ly n u m e r o u s 
derel icts , t h e r e were 732 r e p o r t s of 418 dif­
fe ren t derel icts . O n e h u n d r e d six of these 
derel icts were identif ied by n a m e . All b u t two 
o r t h r e e of these derel icts were w o o d e n . O v e r 
a 7 year pe r iod , 1 8 8 7 - 1 8 9 3 , a total of 1,628 
derel icts were s ighted , an ave rage of 232 an­
nually, 19 p e r m o n t h . T h i s suggests tha t at 
any o n e t ime at least 19 derel icts r e m a i n e d 
afloat in the N o r t h Atlant ic . T h e ave rage 
l eng th of t ime a derel ic t r e m a i n e d afloat is 
es t imated to be 30 days. T h i s t ime is based o n 
as suming a derel ic t r e m a i n e d afloat 1 day af­
te r its last r e p o r t e d s ight ing o r 3 days for a 
single s ight ing. D u r i n g 1 8 8 7 - 1 8 9 3 t h e r e were 
1,944 r e p o r t s of t he 482 identif ied derel icts 
giving an ave rage of four s ight ings p e r d e r e ­
lict. T h e grea tes t n u m b e r of derel icts were 
first r e p o r t e d in S e p t e m b e r - N o v e m b e r a n d 
were caused by severe s torms. Most were lo­
cated in the Gulf S t r e a m off t he U.S. coast. 
T h e n u m b e r s of s ight ings g radua l ly d e ­
creased eas tward a l o n g the t ransa t lan t ic 
s t eamer rou tes . M a n y of the la rge n u m b e r of 
derel icts observed d u r i n g t he fall of 1893 
were caused by a series of t h r e e h u r r i c a n e s 
which o c c u r r e d in A u g u s t of tha t year . 

Derelict Trajectories 
N u m e r o u s derel icts r e m a i n e d afloat over 

half a year a n d were r e p o r t e d often e n o u g h 
to give long a n d in te res t ing ocean trajector­
ies. A listing of derel icts tha t floated longer 
t h a n 200 days is given by Richardson [1984]. 
Six of t h e derel icts dr i f ted longer t h a n a 
year: (1) s choone r Fannie E. Wolston, 1100 
days; (2) s choone r Wyer G. Sargent, 615 days; 
(3) ba rk Telemach, 551 days; (4) ba rk Vincenzo 
Perrotta, 536 days; (5) s choone r Ethel M. Da­
vis, 370 days; a n d (6) s choone r James B. 
Drury, 367 days. 

T h e trajectories of t h r e e long-last ing a n d 
far-dr i f t ing derel icts a r e shown in F igure 1. 
O n e of t he best k n o w n of these was t he 
th ree -mas t ed l u m b e r s c h o o n e r W. L. White, 
be long ing to A. F. A m e s of Rockland , Maine . 
She was a b a n d o n e d off De laware Bay d u r i n g 
the g rea t blizzard of M a r c h 13, 1888. A tele­
g r a m d a t e d Stornoway, H e b r i d e s Is lands , 
Scotland, J a n u a r y 23 , 1889, m a r k e d the ter­
mina t ion of the Whites 310 day t ransat lant ic 
drift. She e n d e d s t r a n d e d u p o n Haske i r Is­
land in t he H e b r i d e s . 

T h e White b e g a n h e r drif t s o u t h w a r d u n ­
d e r the influence of t he in sho re c u r r e n t a n d 
nor thwes t gale, with masts a n d por t ions of 
h e r sails s t and ing . U p o n r each ing the Gulf 
S t r eam she t u r n e d a n d followed a eas t -nor th­
east course at an ave rage speed of abou t 32 
miles p e r day. F r o m May to N o v e m b e r 1888 
she looped a n d zigzagged east of N e w f o u n d ­
land directly within a major sh ipp ing lane. 
D u r i n g these 6 m o n t h s she was r e p o r t e d by 
36 vessels, t h r e e of which s ighted h e r in a sin­
gle day. I n h e r cruise of 10 m o n t h s a n d 10 
days, she t raversed a d is tance of 5,900 miles 
a n d was r e p o r t e d 45 t imes . 

A l t h o u g h t he deta i led pa ths of the derel icts 
a re very different f rom each o the r , t h e r e a re 
some similarities which m i g h t be descr ibed as 
pa t t e rns . Eight of the longest dr i f t ing d e r e ­
licts m o v e d eas tward in t he Gulf S t r eam unti l 
they r e a c h e d 50°W w h e r e the i r pa ths di­
verged . T h r e e derel icts c o n t i n u e d eas tward 
a n d crossed the Atlant ic in an average t ime 
of 10 m o n t h s . T h e White took 310 days, the 
Twenty-one Friends took 255 days, a n d the 
Hunt took 347 days. Six derel icts dr i f ted 
s o u t h w a r d f rom the Gulf S t r eam n e a r 40°W. 
T h e Drury a n d the Hill bo th m a d e t ight t u r n s 
a n d dr i f ted wes tward j u s t sou th of the Gulf 
S t ream. T h e Wolston m a d e a comple t e circuit 
of t he gyre d u r i n g its 3-year drift . T h i s d e r e ­
lict dr i f ted sou th to 25°N, wes tward to t he 
B a h a m a s , a n d t h e n n o r t h e a s t w a r d into the 
Gulf S t r e a m again, c ross ing its ear l ier pa th . 
T h e trajectory of the Telemach, which was 1.5 
years long , is similar to p a r t of the Wolston 's. 
T w o derel icts dr i f ted errat ically bu t in a gen­
eral sou thwes tward d i rec t ion t h r o u g h the 
Sargasso Sea a n d g r o u n d e d o n the B a h a m a 
Is lands . 

Most derel icts l ooped as they dr i f ted . T h e 
Sargent a n d Wolston m a d e la rge , 500 k m loops 
with a character is t ic p e r i o d of 10 m o n t h s 
n e a r 30°N, 40°W. Several o t h e r derel icts 
m a d e f r equen t smal ler scale loops: t he Per­
rotta a n d Francis in t h e Sargasso Sea a n d the 
White east of N e w f o u n d l a n d . 
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Fig. 1. Tra jec tor ies of (1) t he s c h o o n e r W. L. White f rom March 13, 1888, to J a n u a r y 23 , 
1889, a drif t of 5,190 miles a n d 310 days; (2) t he s c h o o n e r Wyer C. Sargent f rom M a r c h 3, 
1891, to D e c e m b e r 6, 1892, a drif t of 5 ,500 miles a n d 615 days; a n d (3) the ba rk Vincenzo 
Perrotta f rom S e p t e m b e r 17, 1887, to Apr i l 4, 1889, a drif t of 2,950 miles a n d 536 days. 
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Fig. 2. Drift of t he bow a n d s te rn of t he Fred B. Taylor. 

A n e x a m p l e of variabili ty of ocean surface 
c u r r e n t s is given by t h e dr i f t of the bow a n d 
s te rn of t h e FredB. Taylor. O n J u n e 22, 1892, 
the Trave coll ided with the Taylor a n d the lat­
ter was cut in two (f rom Pilot Cha r t , Sep tem­
b e r 1892). T h e fo rward a n d af ter pa r t s sepa­
ra ted a n d dr i f ted in ent i re ly di f ferent d i rec­
tions (F igure 2). T h e bow wen t 340 miles 
d u r i n g 93 days a n d was r e p o r t e d 47 t imes. 
T h e s te rn went 350 miles d u r i n g 47 days a n d 
was r e p o r t e d 20 t imes. T h e di f ferent d i rec­
t ions could have been par t ly caused by the 
different a reas of bow a n d s t e rn p r e s e n t e d to 
the wind a n d c u r r e n t . 

Superimposed Trajectories 
A s u m m a r y d i a g r a m was p r e p a r e d tha t 

shows 200 derel ict t rajectories r e p o r t e d in t he 
Pilot C h a r t s f rom 1883 to 1902 (see cover) . 
Ear l ier b u t less c o m p l e t e cha r t s showing tra­
jec tor ies of derel icts have b e e n given in t he 
s u p p l e m e n t s of F e b r u a r y 1889 a n d 1893 to 
the Pilot Cha r t s , by t h e Hydrographic Office 
[1894], a n d by Hautreux [1897] . Derel ict ves­
sels which first a p p e a r e d n e a r t h e U.S. Coast 
south of L o n g Is land a n d n o r t h of C a p e Ha t -
teras usually dr i f ted in a s o u t h w a r d d i rec t ion 
following the i n sho re c u r r e n t unt i l they 
r eached Ha t t e r a s , w h e r e they e n t e r e d t he 
Gulf S t r eam a n d dr i f ted eas tward . 

In genera l , derel icts e n t e r e d t he Gulf 
S t ream n o r t h of 30°N a n d m o v e d eas tward in 
the S t ream. W h e n they r e a c h e d the a rea 
south of t he G r a n d B a n k s , n e a r 40°N, 50°W, 
they split in to two b a n d s of t rajectories . T h e 
first b a n d reaches n o r t h e a s t w a r d a n d t h e n 
eas tward , pass ing n o r t h of t h e Azores be­
tween 40° a n d 50°N. T h e second b a n d ex­
tends sou theas tward a n d t h e n wes tward n e a r 
25°N. Six derel icts m o v e d s o u t h w a r d be tween 
the Azores Is lands a n d Spa in a n d Por tuga l . 
T h e gene ra l p a t t e r n ind ica ted by the collect­
ed trajectories is of a l a rge clockwise gyre 
split in to two b r a n c h e s , o n e b r a n c h located 
n o r t h of t he Azores , t h e o t h e r southwes t of 
the Azores . T h e spli t t ing of t he Gul f S t r eam 
n e a r the G r a n d Banks has b e e n conf i rmed by 
m o r e r ecen t m e a s u r e m e n t s [Mann, 1967; 
Clarke et ai, 1980], b u t it is still controvers ia l 
[Worthington, 1976]. 

S u p e r i m p o s e d on t h e large-scale, l ong - t e rm 
genera l circulat ion p a t t e r n can be seen con­
s iderable c u r r e n t variability. T h e derel icts d o 
not of ten smoothly follow t h e large-scale 
gyre ; ins tead they drif t in convo lu ted trajec­
tories tha t of ten cross each o t h e r . T h e convo­
luted pa th s give an ear ly L a g r a n g i a n m e a s u r e 
of mesoscale eddies a n d l o n g e r pe r iod cur­
r en t fluctuations. W e n o w know tha t t he 
ocean is p o p u l a t e d by ene rge t i c edd ies tha t 
a re usually m u c h s t r o n g e r t h a n the m e a n 
c u r r e n t s [Schmitz et ai, 1983; Robinson, 1983]. 
Recently, t he i m p o r t a n c e of these edd ies to 
the gene ra l c i rculat ion has b e e n recognized , 
a n d they have been s tud ied intensively. Be­
cause of these edd ies , t he m e a n circulat ion 
becomes recognizable only by ave rag ing a 
grea t quan t i ty of observa t ions in space a n d 
t ime, as can be d o n e by eye o n the cover. I n 
the Gul f S t r eam, t he N o r t h At lant ic C u r r e n t , 
a n d the N o r t h Equa tor ia l C u r r e n t , o n e clear­
ly sees t h e gene ra l dr i f t in spi te of t he edd ies . 
In t he Sargasso Sea t h e t rajectories a r e domi ­
na t ed by mesoscale e d d y mo t ion . 

O n e shou ld be cau t ious a b o u t i n t e r p r e t i n g 
all the m o t i o n indica ted by trajectories as be­
ing d u e to wate r m o v e m e n t . Derel ict ships 

var ied in size a n d weight a n d in state of d a m ­
age w h e n a b a n d o n e d . S o m e were totally dis­
mas ted a n d filled to t he gunwales with water . 
A long with t he 3 0 % of the s ight ings which 
were of vessels tha t h a d t u r n e d b o t t o m u p , 
these p robab ly p r o v i d e d a good indica t ion of 

t he speed a n d trajectory of n e a r sur face wa­
ter . Derelicts with masts s t a n d i n g a n d those 
r id ing h igh in t he wa te r wou ld n o d o u b t be 
significantly inf luenced by t h e winds b lowing 
directly on t h e mas t a n d e x p o s e d hul l . 

T h e r e a r e t h e add i t iona l p r o b l e m s of posi-



t ion e r r o r s of t he r e p o r t i n g sh ip , misidentifi-
cat ion of derel ic ts , a n d i n f r e q u e n t s ight ings . 
I t is difficult to evalua te with t h e available in­
fo rma t ion how accura te t h e detai ls of trajec­
tories really a r e . T h e a v e r a g e n u m b e r of days 
be tween s ight ings is a b o u t 20 , which is suffi­
ciently small tha t we can see s o m e aspects of 
mesoscale edd ies b u t n o t small e n o u g h excep t 
in a few occasions to resolve ind iv idua l loops . 
Despi te t he lack of f r e q u e n t a n d prec ise posi­
t ions, t he collection of t h e t rajectories r e p r e ­
sents a realistic view of t h e g e n e r a l L a g r a n g -
ian circulat ion a n d of c u r r e n t variability. 

Wi th in t h e last d e c a d e , freely d r i f t ing 
buoys r emote ly t r acked by satellite have be­
g u n to b e used in l a rge n u m b e r s to m e a s u r e 
velocities a n d trajectories of nea r - su r face cur ­
ren ts . T h e n e w e r m e a s u r e m e n t s have t h e ad­
van tage over ear l ier dere l ic t t rajectories of 
several fixes p e r day a n d a h i g h e r posi t ional 
accuracy. F r o m a collection of these m e a s u r e ­
m e n t s we have b e e n able to ob ta in a m o r e 
quant i ta t ive p i c tu re of aspects of t h e g e n e r a l 
c irculat ion a n d of t he g e o g r a p h y of ocean 
variability. A s u m m a r y figure of t h e b u o y t ra­
jec tor ies [Richardson, 1983] shows g e n e r a l pat­
t e rns very similar to those of t he derel ic t t ra­
jec tor ies . If these buoys c o n t i n u e to be d e ­
ployed in t he N o r t h At lant ic we m i g h t expec t 
tha t t h e n u m b e r s of the i r t rajectories m a y 
eventual ly surpass t he n u m b e r s of d r i f t ing 
derel ic t t rajectories. 

Derel ict s ight ings a n d t rajectories have 
b e e n viewed h e r e as giving in t e res t ing infor­
ma t ion abou t ocean c u r r e n t s . W e shou ld n o t 
forget tha t this i n fo rma t ion c a m e with a t rag­
ic loss of life a n d sh ipp ing . T o w a r d the e n d 
of t he 19th cen tu ry , 12,000 lives a n d 2 ,200 
vessels were lost at sea each year wor ldwide 
( s u p p l e m e n t to F e b r u a r y 1893 Pilot C h a r t ) . 
Each severe s to rm tha t was e n c o u n t e r e d at 
sea left new derel icts in its p a t h a n d a d d e d 
new n a m e s to the long list of vessels a n d m e n 
w h o left p o r t b u t were n e v e r h e a r d of again . 
T h e plots of derel ic t s ight ings a r e a sad r e ­
m i n d e r of lost vessels, suffer ing, a n d d e a t h . 

Summary 
Pilot Cha r t s , pub l i shed m o n t h l y d u r i n g t h e 

last two decades of t he 19th cen tu ry , reveal a 
r a r e , in teres t ing , a n d t ragic g l impse of mar i ­
t ime his tory in de ta i l ing observa t ions of drif t­
ing derel ic t ships. T h e l a rge collecton of d e r ­
elict s ight ings was m a d e possible by t he excel­
lent a n d fast r e p o r t i n g system establ ished by 
the Navy H y d r o g r a p h i c Office. N u m e r o u s 
vo lun ta ry observers r e p o r t e d d a n g e r s to navi­
gat ion which were quickly i n c o r p o r a t e d in to 
the nex t m o n t h ' s char t . By 1900, however , 
w o o d e n sailing ships, which c o m p r i s e d mos t 
of the derel icts , h a d b e e n s u p e r s e d e d by 
s teamers , a n d derel icts b e c a m e in f r equen t . 

Drif t ing derel icts gave s o m e first e x a m p l e s 
of ocean trajectories. T h e y showed t h e gene r ­
al p a t t e r n of c i rculat ion in t h e N o r t h At lant ic 
O c e a n inc lud ing the b i furca t ion of t he Gul f 
S t r eam n e a r t h e G r a n d B a n k s of N e w f o u n d ­
land . T h e trajectories gave a n ear ly indica t ion 
of c u r r e n t variability. C o u p l e d with set a n d 
drift m e a s u r e m e n t s f rom ships u n d e r w a y , 
these derel ic t t rajectories p r o v i d e d m u c h of 
the early knowledge of nea r - su r f ace ocean 
c u r r e n t s . 
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Introduction 
Many aquat ic inve r t eb ra tes a r e k n o w n to 

fo rm swarms a n d schools. T h u s , z o o p l a n k t o n 
a re usually d i s t r ibu ted uneven ly b o t h in verti­
cal a n d in hor izon ta l d i rec t ions . T h e r e a r e a 
grea t n u m b e r of s tudies o n z o o p l a n k t o n 
swarms r a n g i n g f rom s imple r eco rds o r ob­
servat ions to m o r e extens ive funct ional a n d 
behaviora l invest igat ions. Yet, n o a t t e m p t has 
been m a d e o n mathemat ica l ly m o d e l i n g these 
p h e n o m e n a , chiefly because of t he lack of de ­
tailed da ta o n ind iv idua l m o v e m e n t s in 
swarms. 

Swarms a r e g r o u p s of individuals engag ing 
in m o r e o r less cohesive m o v e m e n t s wi thout 
paral lel o r i en ta t ion . T h e p resence o r absence 
of paral lel o r i en ta t ion dis t inguishes schools 
f rom swarms . Ind iv idua l o rgan i sms in a 
swarm a p p a r e n t l y exhibi t i r r egu la r move­
m e n t s which m i g h t be r e g a r d e d as r a n d o m . 
Howeve r , r a n d o m m o t i o n a lone makes a 
g r o u p of o r g a n i s m s p r e a d ou t to occupy a 
l a rger space as t ime p rogresses (i.e., diffu­
sion). T h e r e f o r e , an a d e q u a t e m o d e l for zoo­
p l a n k t o n s w a r m i n g m u s t a s sume cer ta in reg­
ulari t ies in t he m o t i o n of individuals super ­
posed u p o n its r a n d o m n e s s . T h i s 
de te rminis t ic p a r t ar ises pr imar i ly f rom be­
havioral in terac t ions b e t w e e n swarming indi­
viduals a n d possesses t h e n a t u r e of an at t rac­
tive force. A swarm is m a i n t a i n e d by the bal­
ance be tween t h e de te rmin is t i c a n d stochastic 
forces. Mode l i ng for s w a r m fo rma t ion in­
volves r a n d o m search for p rey o r conspecific 
individuals followed by accelera ted aggrega­
t ion as a resul t of m u t u a l commun ica t i on o r 
biological cue . 

I n this r e p o r t we will p r e s e n t bo th k inemat -
ical a n d dynamica l m o d e l s for the main te ­
n a n c e a n d fo rma t ion of swarms. 

Kinematic Interpretation 
of Difference Between 
Swarming and Diffusion 

W e cons ider a s imple one -d imens iona l case 
(x axis). S w a r m i n g implies r a n d o m n e s s in m o ­
tion. T h u s bo th velocity v(t) a n d d i sp lacement 
x(t) of an individual in a swarm a re r a n d o m 
variables. 

As a statistical m e a s u r e d e t e r m i n i n g the 
swarm d imens ion , t he var iance of the dis­
p l acemen t is calculated by averag ing the 
squa re of x over t he e n s e m b l e (e.g., over a 
sufficiently la rge n u m b e r of individuals in a 
swarm) . W i t h o u t loss of general i ty we assume 
tha t t he indiv idual o rgan i sms to start at x = 0 
a n d the indiv idual m o v e m e n t to be symmetr i ­
cal with respec t to t he or ig in so tha t the 
swarm cen t ro id r e m a i n s at the or igin. T h u s , 
t he var iance of x is ob t a ined by 

x2 (0 = | £ {v{t')v{t"))dt'dt" 

= 2 v2t \ iRL{i)di 
Jo 

- 2 v 2 j jRL(T)di (1) 

w h e r e 

^ ( T ) = (v(t')v(t' + i))lv2 (2) 

is t he L a g r a n g i a n velocity au tocor re la t ion co­
efficient. W e have a s s u m e d tha t the r a n d o m 
velocity field is s ta t ionary so tha t the correla­
t ion coefficient d e p e n d s only o n the t ime lag 
T . 

Equa t ion (1) p rov ides us with k inemat ic 
dist inct ion be tween diffusion a n d swarming 
in t e rms of t he velocity au tocor re la t ion . By 
diffusion we m e a n tha t t h e individual velocity 
loses its statistical d e p e n d e n c e on past veloci­
ties as the d i spers ion con t inues . In o t h e r 
words , RL(T) a p p r o a c h e s ze ro at la rge t ime 
lags such tha t t he bo th in tegra ls in (1) con­
verge as t —> <». W e t h e n find f rom (1) tha t as 


