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Crescentic coastal landforms

by

ROBERT DOLAN , LiN w000 VINCENT , and BRUC E HAYDEN
Charlottesville, Virg inia

with 2 fi gures , 4 photos and 2 tables

Zusammenfassung. Die r äum l ithe und zcit li dseDim ension , dieTopograp hie und dasProz cI~ge fu gc
bogenformi ger Küst enforme n bi lden den Rahmcn für die Standardisierung der in der Literatur

- erscheinenden Terminolog ie. Zu diesen Formen gehoren Spitzen , Hom er , Sandwell en , pr imir e
und sekund ’ärc Kap formen.

Summary. The spatial and temporal dimensionaliti e s , as well as topograp hic and process
associations of crcscentic coastal landform s , are the context for standard ization of termino logy
appear ing in the li terature. These forms include cusplets , cu sps , sa nd waves , and secondary
and primary capes.

Résu mé. Au but de standardiser Ia termino log ie , les auteurs s’int ~rcssent aux formes
côt i~ rcs en croissant , en tenant  compte non seu lcinent de leurs dimensions dans Ic temps et d s n ~
l’cspacc n ia is  auss i des relations entr e les formes topographi qucs et les processus. Les formc~
consid6r.~es sont les croissants de plage , les com es, les r ides de cable et les caps de premier et de
sec ond ordre .

Introd uction

Field and laboratory investi gations of the past several years have established
the importance of understanding the processes responsible for crescentic land-
forms along sand y coasts (D OLAN & FI~RM [1968], LONG UET-1-IIGGINS & PAR KI N
[1962], DOLAN [1971], HOM-MA & SONU [1962], BOWEN & 1NMAN [1971],
KOMAR [1971], and BA R KER [1968]). Althoug h results of this research have
exp lai ned some of the specific relat ionshi ps between the confi guration of beach
deposits and the processes associated wi th  wave transformation , the terminology
th at has developed in the geoiog ic l i te r ature  and throug h common usage has
resulted in misunders tanding and dif f icul t ies  of communication.  This is a problem

I ~~~~~~~~ fo r (~ rp~~~~~g~~ \. 1 . Rd.  l~~, 11th I
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2 R. DOLAN , L. VINCENT an d B. HAYDEN

not uncommon in geomorp ho logy, in which most of our terminology can be
traced to descriptive rather than genetic roots.

In this paper we will (1) summarize , from the literature , the most commonly
used terms for crescentic coastal landforms and (2) review relationships between
these forms , inshore processes , and characteristics of the beach deposit.

Liter4ture Review

In terest in crescentic coastal landforms is found in the earth science literature

as early as 1834, pr imaril y focused on the description of beach cusps and asso-
ciated processes. By the 1890’s, descriptions had extended to cuspate forelands .
JOHNSON (1919) and EVANS (1938) provided the first classifications of these
features. Recent research has focused on further elucidation of the relationshi p
between process and form .

In our review of the literature , the crescentic coastal landforms have been
divided into three groups: (1) cusp lets and cusps; (2) sand waves; and (3) cuspate
forelands , including capes and secondary capes. The primary authors for the
period 1834 to 1972 are listed , in chronolog ical order , in Table 1.

Several nineteenth-century geologists investi gated the orig in of smaller
cuspate features. PALMER (1834) first described rid ge and furrows on the beach
face, noting their erosional channel development when longshore drift was
absent. Various authors (SI-IALER 1894 , GUI LIV ER 1896 , CORNI SU 1898, j I~FFER

SON 1899 , B R A N N E K  1900, and WILSON 1904) examined cusp spacing and form ,
suggesting that erosive processes were resonsible in their formation. JOHNSON

Table I Th e l i t e ra tu re

Cusplctt \V i i  ~o’~ (1904) I~ A\~ (1938)
(IIINS’)N (1919) 1)01 AN & FF10.1 (1968)

Cusps f’ ’.i Ml ~ (1834) Bore (1954)
SHALER (1894) SMITH & D0I AN ( I96O ~
(,ULIIvFR (1896) 1 .l)N( UI I-I I I(;iaNs (1962)

CORNIsH (1898) Sj i i  r~~Ills 963 )

ii KSON (1899) 1)1 vos 964)
BRA NNER (1900) Y 0.5(1 ( I964 ~
WILSON (1904) O rc s i s ~~’c (1965)
JOIEN5ON (1910, 1919) RIS’ .I I I & \ll INTIRF (1965)
SI!l~eARD (1935 . 1938) Ci (sit) I 966~
EVAN S (1938 . 1939 . 194 1 , I 94A Li NEOS ICII I 9iY)
KUENEN (1948) 1)oi \N & Ii SM (

GuIIc IIrR (1949) IIii i . ’  sis~ ~197 1’

Sand W.sves BRUUN ( 1’154) B .SKK I S & ] 0 I s l S.\  1171)
FI0M-SI A & So’c r (I ‘162) 1 )OIAN (19 I
BA N K E R  (1968) If s’~- i N IN”( s’~ (j ’ 1 7 I )

5 1  & FERM fM6S) K . v  se (I97~ )

Capes m d  Aiiiir Is’ss : III ur  (1961.

Secondary C ipes Cl l I V E  K ( I  5’l(,( / i  NK(iV l( u1 (
(ORNISEE ( l S ’ 1~~

( I).,, A N d~ 
1:1 SM

JOl l \5 (s N ‘i f’fl I ho ~ Iii \ K V  ( I’)7I~
Sill ‘ A R E ’  (
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(1910, 1919) thoroughly reviewed the literature on the geomorphology of cusps
and most other beach features. He proposed that cusps ori ginated by differential
erosion of random depressions on the beach face. SHEZ’Aiw (1935) noted the
influence of tidal cycles in the construction and destruction of these features.

No formal classification of beach cusps was attempted until 1938. EVANS
(1938) stratified cusps into five categories: (1) capelike storm cusps, (2) large
cusps with subaqueous apex rid ges, (3) cusps due to erosion and deposition
caused by an obstruction (4), very small cusp lets; and (5) ideal beach cusps. He
(1938 , 1939, 1941 , 1945) observed that ideal cusp formation (type 5) was pre-
ceded by building of a berrnlike rid ge which was then breached , but noted that
this mi ght not be true for all cusp features.

BAGNOLD (1940) and KUENEN (1948) emphasized lateral movement of
material (thoug h in opposite directions) in the formation of cusps. The depen-
dence upon waves and tides has been explored by SHEPARD (1935), K R U M B E I N
(1944), Sctiui’p (1953), and LON G UE TT-HI GGINS & PARKIN (1962). Observations
and descri ptions of the features and associated processes have been reported by
sev eral field investi gators (GUILCHE R 1949, BOYE 1954 , SMITH & DOLAN 1960,
SH EI ’ARD 1963, Oivos 1964, YASSO 1964, OTTMANN 1965, RUSSELL & MCINTIRE
1965, and ZE N K O V I CH  1967), fur ther  elucidating the erosional and depositional
or igin of these features.

Although there is considerable literature on cusp form , few expla nations
l inking form to fluid processes have been advanced. CLOUD (1966) suggested
an app lication of Plateau ’s rule. Boil ’s (1954) observations indicated that
cus ps form sequential l y, and th at this mi ght imp ly a la ck of rh ythmical cause-. In
th e ir  investi gation of ri p currents , BOWEN & INMAN (1971) suggested that beach
cus ps cou!d he associated with edgcwave’s.

The existence of medium-scale ( lOu to 10~ meters) sand waves (or shoreline
rh ythms) was not generall y recognized until after 1950. This was the result , in
part , of lack of suitable observational data sets. EVANS (1938), from studies OII

the Great Lakes, did discuss storm cusps as being large , capelike cusps deposited
during a storm. SHE PARD (1963) remarked that giant storm cusps were found
both as separate features and in groups. He associated these features with back
eddies in the longshore currents. KOMAR (1971) investi gated the connection
between ri p current cells and giant cusps , and BOWEN & INMAN (1971) proposed
that giant cusps and crescentic bars are caused by edgewaves.

BRUU N (1954) noted that bottom features of the Dutch coast had series of
mi grating rhythmic features and HOM-MA & SoNy (1962) connected offshore
sequences of rh ythmic bars with the subaerial longshore beach rh ythm s . BAN KER
& J0USTRA (1971), f rom studies of historical shoreline change in the Nether-
lands , found wavelike trends of erosion and deposition along the coast. BAKK I K
(1968) proposed a wave-form theory for sand waves.

Doi ~ N & FI RM (1968) linked these features into a hier archical system of
crescentic landforms. BRU GGEMAN (1971) found smaller beach cusps superimposed
upon the large (lOs order) cusplike sand waves, which provides some ver i f icat ion
of D0LAN’s theory.

Capes and secondary capes , including cuspate forelands , h ave a long
history of inte rest to geolog ists. SHALER (1894) imp li ed that tides ~s-e re recpon- 

- - - - .-.• • -- -- - - - . - - - ---- - — . - - - - - - . .- . - - -- - - - - - - ‘- --‘•
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sible for their formation. ABBE (1895), GULLJN ’ER (1896), and CORNISFI (1898)
recognized the prominence of the larger capes, relegating their cause to the action
of tides and currents. ABBE proposed back-set eddies of the Gulf Stream as a
cause for the Carolina Capes. GULL 1VER extended this to three possible pairs
of back-set eddy-current motions. WILSON (1904) discussed the formation of
cuspate forelands on lakes.

JOHNSON (1919) classified cuspate forelands into three groups: (1) simple
cuspate forelands (parallel rid ge and swales to both sides of the foreiand), (2)
truncated cuspate foreland (erosion of simple forelands) and (3) complex cuspate
forelands (progradation of truncated foreland). JOHNSON , however , presented
no definite theory for their ori gin.

KING (1959) emphasized the longshore movement of material into spits
that tended to parallel the dominant wave direction. She also noted that the
meeting of two barriers also builds a cuspare foreland.

SHEPARD (1963) recognized two types of cuspate forelands. The first is the
simple cuspate foreland of JOHNSON , the second the truncated cuspate foreland.
He summarized four theories for formation of those features along the east coast
of the United States : sediment load greater than capacity of currents , offshore
shoal-induced wave deflection , eddies in the Gulf Stream, and unidirectional
f low of sediment.

ZENKOvICH (1967), in summarizing accumulative shoreline forms, noted
that cuspate forelands resulted from a combination of wave direction and supply
of sediment. Both ZENKOV ICH (1967) and SHEPARD (1963) considered cuspate
spits on both seacoast and lagoon shores.

DOLAN & FERM (1968) nested these features within a system of cresceritic
landforms of differing scales. They classified foreland features into capes and
secondai-v capes. The differentiating criterion for classification was the spacing
of the feature along the coast. Cape spacing was of the order of 10~ m, secon-
dary cape spacing was of the order of 10~ m.

WHITE (1966) and Ho~r & HENRY (1971) emphasized the geolog ic
history of the Carolina capes. WHITE noted that the present-day capes were
part of a sequence of cape features that have moved out to sea and inland with
changes in sea level caused by Pleistocene glaciation , while HOYT & HENRY
(1971) considered the capes as dependent upon river-mouth shoals.

Relationships between f o r m , proc esses , and beach characteristics

The natural stratification of crescentic coastal landforms by size , temporal span .
topographic association , and relative formative process as described in the liter-
ature is presented in Table 2. Five categories are recognized: cusp lets , cusps ,
sand waves, secondary capes, and primary capes.

This natural structuring has an apparent hierarchy (Fi g. I and Fi g. 2) which
disti nctivel y separates the features , but allows for contemporaneous occurrence.
Thus, the time scales for these features increase from minutes for cusp let s to
cent uries for capes, and the size increases from meters to hundreds of kilometers.
Cusplets are features of the beach step, cusps are erosional features of the berm,
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\Iatem i al  I - i n c  Sand- -vsnd S old Sand-Gravel
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Beach I see Offshore Bar ‘sh 1rec w ith I )elt.ss

‘sys t enI S u t t i c i e n t
• “r i niclIt
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\ Iot iots  ixe d Norm.s l to I )oss- nd r i f t  Prob abi v ‘, T Its I ) tsv It  I t  i t
Be.tch Dosvtsdrii s

Temporal 
- 

slin sttc s Hours to \\ eek s to \ c , l r s  Deca dcs Centur ies
to Hours Days

S Ll~ gestcd Swash action on Berm \\ t V  action. Ni ilelti lt iC It atu rc \\ aVe  .1 Ct l o l l .
I ‘roc es ses beads f.t c~, d~pos it~o11 nearshorc of sediment . 1  ij et t ~ e I l l

C I t s  . erosion, and erosion. C IC LI lii C l  ~e IIs , transport , Cl .1st tI currell I’,, —
It .t ek e d  d Ie s  Ct rculat iol l  c~ I I s  - b.t c k—set eddie s ,

longshore and s l to a ls .
tr ansport
C f  IC! I t S .

( u s p let s are foe~nd oh (teaches ~v ith  grain Si/C S r ang ing fron s f ine sand to
gravel , with spacing up to 3 m. In general they tend to form under his \v - e ’nerg\
conditions , and once formed remain in p lac e. Rarel y do the y l as t  longer than
one t idal cycle. -

Cii~p s

Cusps are features of the beach face (berm), rhythmic in the longshorc direction .
con s is t ing  of small shallow sloped b i rs  in the berm , separated by more steep l y
sloped horns (Photo 2). They arc formed by ssvash action and currents of a newl y
deposited berm (althoug h the exact  method of formation is Uncertain) .  Their
t i m e  scale is from hours to day s.

Cusps range in length (horn to horn) from 3 to 30 m , in width  from 1 to
10 m , and in hii ’ ig ht up to 2 m. l ’hev have been obser ved on beaches wi th  g r a i l i
~i ,es of from f ine  sand to boulders and arc believed to form when there is a
dro p in the ene rgy  level of the sea (as after a storm) or on the f a l l ing  tide. C usp s

d l  not In ;gt ’.ste in the longshore d i r e c t ion ,  but the  forms c a t s  move across  die 
—

beach.

U ,t CI ’S -‘

Sand was es are par t  of the be a ch—bar—troug h xi  s t C I i ) . r hs\ t l sni ic in the l i t l i g
si l t re direction , con sis t  t o g  I l l  a gentle , cresce ri tic or w a v e l ik e  shape s l f  t i l e  shor e—

____

~4
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line . Sand waves are associated with the dynamics of the longshore transpor t
sy st em (Photo 3). However , various authors have suggested a wide range of pro-

cesses for their formation ,including near-shore circulation cells , edge waves , and
kinematics of a flowing mass of sediment . Their life span range s from weeks to

y ears.
Sand waves are found ma inl y on sand coasts where lengths of 100 m to

3 km have been reported. They hav e been observed to mi grate alongshore. Shore-
line rh ythms or sand si-ayes have also been termed giant cusps or storm cusps.

Sedimentary Capes

Ca pes are features of sedimentar y coasts , consistin g of convex , comniotil y CUS

pate promontories spaced from 100 to more than 200 km apar t (Photo 4). They
are formed by the action of waves on shoals , confluence of coastal currents , or

• deltaic deposition. Material sizes range from sand size through cobble size.
Most capes are products of rise post-Wisconsin , eisuallv 5,000 ~‘ears or older ,

and many have undergone erosion and depositional cycles , resulting in change
• of form and posit ion.

Sedimentary capes may be further divided i nto two subgroups: primary
capes with a spacing of 200 km and secondary capes (or false capes) with
spacing of 100 km. Their area ! extent likewise decreases. Comp l icat ing the
def ini t ion of capelike features is the possibility that secondary capes (or false
capes) may b5 erosional remnant s of primary capes.

Conclusion

The natu ral t l e s t in g  of the temporal and spatial scales and topograp hic 11CC, - -

rencc of crexc i b s t ; e  coa sta l  lanelforms provides a strs ll lg C 1 b I l t e \ t  for  t h et r  i I lve s t-

gati on. This t i es tmg of cc.ales and association imp l ies rhat  the featu res ths ’ its —
• selves may he hierarchical , a nd that these landfor m s are prod ucts of super-

position of process es of d i f ferent  scales of motion which act co nt e n lp or s n e o us h \

i n time and space. Althoug h the features can occur simultaneously ,  often they do
not. Depend ing upon the characteristics of the beach sediment and the p ar t icu lar
energy conditi ons , a l l y  combinat ion may be f ound at .ini’ t im e .
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• 1

j
7.usammenfassung . Eine n eu c bes direihende K las s i f ik a t io n von K’iisten for rn cn , die von der
l . i t h o log ie im Ki ist en bere ids . von der Topograp hic u nd den Strand sype n ausgelit , w i rd vorge-

ste l lt  und auf die Küst en heider Ar nerika im Mali srab 1 :2 0  Mill .  an,~ew .snd t . 1) ie h e r -  Ipb.s r sch c

Ss-mm etri e  und Abwe ichungen von ihr in Becug auf die U ns er te i lung  icr R~l ie f t v p en werd eis
untersud ’i t u nd Untersd iiede zwisdaen Nord - un d Süd .an ie r ik a  Iesrge srel le . Die Be cie l su n gen  /ss’ i-

sdsen dcii St r ar id l i n icn e l emcntc n  und dem ki i s te nnahcn W el le nr eg ime werden un t e r su d i t  und die
Zsisani nienh~inge cwi schen \ \ d l c n r e gi me und den st:irker dyn. imischen Re l i e fe l ensun te n  darge-
st el l t .  I in einie l nm wur de fesi ge stel li , d.al~ Kor al  en— und M .ingro vck u cte t i  n itt in Rs ’g ionun n i l

~r oNer  Wclkneuer g ic vorkommen.  Uber ~ ‘
~~ der erf aCst en K ii r a l le n-  und M .an gr iiv enhe r cic he

l~ei,.’f l in Gebi cten mit m:i fh ger W el lene nerg i e .  \ la r s i i  - un d \V.nte nkü stcn  sind fa s t  .iussdii eI~l idi
.suf Gebie t i mit  sehr n iedr i gen \Vc lIe n  b eschr iinkt . Sand s tr t z i d e  und N , - I , r un ,z cn  ws’r slcn ~,iii,

uberw ie gend in Gebiete n nia1~i gcr Well encner g ie an ge t r o f f en .  I n den Gibieten mis  h&h ster
Wellenenerg ie her rschcn hog en f i~rm i g-konk.ivc St r a n i l l i n ie n  sowic S.ind str ,ind e ruben c ls r ’ s - i s

K.ip s \~(5~

Summary .  .-\ new descri p t ive  c I . s s s i l i c . s t i o n  of co a sta l  I and f orms  based upon coastal l i t l i o l i s g i - ,

i1spo gr. s p hy , an d shoreline type is pr esented wi th  app lic a t ion io the coastal areas of the  \ i i i c r l C , i s

on a sc. ile ~f 1 20. 000 ,0 00 . Hemisp heri c sy mmet ry  and dep .srt , ,r e s  from s s , n n , e t r v  in the
d~5t r ib u t  ion of l ,s n i l  f o r m  I vp es are i’s am,~sed . ,s,id d i f l ’eri ’nees (~~ wecn Nor th  a nd Sout Ii .\ incrica

arc noted. The rel,it i nch i p~ betw ei n shisre l  I r e  cli,s r i d er ci Cs .in i1 eisa ci ii w ave clim ates ire
.i n .siv,ed m d  th e w.sve c i im ,m te  dep end ency for the more dvn an i i c  l ,mn df orrn types is pre sent ed.
Spe e i t i d . s i i v . cor al  and n i . hng r ov c shor e l ines  w ere  fI l l  found to occur in hi gh w.t ve - enc r c~v
rc-g ions , a ri d more i h.a ii 50 “.~ of recorded o c c u r r e n c e s  were in areas of moder ate  cv ., v e inc r ,~l i - c

M i t c h  and m u d f l a t  shore l ines  were almost e s c i n c i v e l  r e - I  r i c t  cii to areas of v e r y  i~,w cs- s c cc

San d b~’.scIicc and b ,mrr ier i s lands were fi ’i ind pre-cm inentlv ri areas of nioderaii w a v e  energ ies .
In .i rea s  of h i ghe st w.s vi ef l e r g ~ cc , pocket b i tche s  m d  m d  I sc.i dmc s w i t h  rod~ lic a dl sn d ,lono l i n e  -

Re sume. Un e nouvel Ic c1 .issi f i ca  I Oil dcccr i pt i i  di ’s (ormes i l l S  I - r I -c b.isi~c cur I a I t h iilo g ie. l.a
r.s p h ~

- ct Ii type di ri v .i ge cci  pN’ si n t i~e ; rI le  est icc 1,11,  p.i ri) i -c de s in  .m pp l ic .t t ot s i i i
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ri~gion s cC~ti~ rcs des Am~ri ques ~. Pédmelle du 1 :20  000 000. La symi~tr ie hémisp hér iqu c cc Ics
ecarts ~ la symétr ie dans Ia distribution des types de formes soot examines et des di f f erence s
en rre I’AmCrique du Nord et du Sud soot noted . Les relations entre les car .-sct Cr ls t iqu cs dii
r i va g e et les climats cAdets sont anal ysées; u s  ty pes de morphologic côtière Ies plus d ynar n ique s
soot effeccivement concrAlCs par Ic dimat , car ce) ui-ci determine l’importan ce des vagues Spéci fi-
quement , les rivages de coraux et de mangroves ne me t r ouvcnt pas dart ics reg ions oil k’s vague s
ont unit haute Cnerg ie; plus de 50% des formcs de ic  type qui ont etC observCes , se trou v ent dans
des regions oil l’Cnergie des vagues cit modCrée. 1.cs li gnes de rivage mar Ccagcuscc it boucuses
sort presque cxclusivement rCpart ieo dan, de~ regions o~ I ’acrion des vagucs eat tr~’s rCduit e .
Les p lages de sable cc les iles de barrii,s sonc localisCcs avant tout dans des regions oil l’Cner g ic
des vagues est modCriie. Dans les re gions oil l’action des vagues est Ia p lus gr.an de, di’ pet ite s
p lages de sable alternent avec des promontoires rocheux.

I ntrod uction

For more tha n a century, geologists and geomorpholog ists have been concerned
with developing a widely applicable classification of coastal landforms. Since the
mid-I SODs , more than twenty classifications have been published. Some of the
dis cipline ’s most distinguished members are among the contributors; and , at the
time of his death , R. J .  RUSSELL was considering a new cla ss if ica tion based upon
his extensive field observations ’.

With this rich literature , is there a need for another class ificAtion? When the
senior author of this paper agreed to map the coastal landforms of the United
States for the U. S. Geological Survey National Atlas (DOLAN 1970), he thought
the answer would surel y be negative. However , following a review of the existing
classific ations , we ,agreed with MCGILL (1959) who pointed out that:

The development of a classification is a mental challenge, a s t imula t ing
problem mainl y in deductive reasoning, whereas application of the new scheme
to the mapp ing of the world’s coasts is regarded by many as physica l drudgery,
.and hence a much less popular undertaking.

Classifications are numerous , ~et there are few examples of app licatio n. 
-

The objective of the Nat ional Atlas mapping was to provide as much inf or-
mation as possible about the coasts of the United States at a scale of 1 : 7,500,000
whil e omitting the detail presented within the other thematic maps of the Atlas.
Existing coastal classifications were inappropriate: most are either too detailed ,
demanding complex or non-existing data , or too simple even for .t scale of

7,500,000.
A second and more comprehensive program of mapp ing coastal phenomena

was begun by the authors in 1971, under the spons orshi p of the Geography
Programs , Office of Naval Research. The objective was to determine whether or
not the energy and mass transfer systems within the coastal ?one can serve as a
basis to systemat ize coastal information. With the use of a modified version of - -

the ori ginal National Atlas classification , the Americas were mapped at a scale

1 It is interesting to rote that Russrr.r. closed his book , Riv er P lai ns and S - .1 ( O i I . i I I .

(Univers i ty of California Press, Berkeley, 173 p.) in 1967 with thi s statement : “ 1 regard gels

morphology as an exciting science in its infancy, not as one about wh di so mit di S known
t h at it is profitable to sit in an office engag ing in the proposal of classification of l , an d f i sr i , i s. ’

-c 7e~r,~ ,r, ft (Sr Ceom orpheIo eie ’ r. ~ l lp p I. .BIl . 22
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of I : 5,000,000 to provide detailed data on ceast al landforms. Since the
I : 5,000,000 sheets measure 101.6 cm ~ 152.4 cm, the mans accompany ing this
paper are reduced to a less awkward size at a scale of 1 : 20 ,000,000 (South-
America) and 1:  25 ,000,000 (North-America).

Literature

The earliest publi sh en classif ication vet discovered appeared in 1827 in an Ency-
clopedia ot Geograph y b y M A L T E - B R U N  (1827). Brief and sketch y, it list ed such
descri ptive categories as steep, broke n , h il ly , los , , flat , and indented coasts and
gave an exam ple with a genetic-focused text.

in 1876 , PE SCUEL presented one of the first formal discussions of coastal
geomorp hology, and ten ve.s rs later R,cH ’rHorisN introduced the first scientific
sy stemati zation of co,istal landform s a . The cla ssifications which have since
appeared are di verse in approach bts t can be categorized as either genetic or
descri ptive.

None of the classifications have proved satisfactory on a world-wide basis
because data and information arc inconsistent and frequently lacking. Definitions
of basic terms are weak or non-existent , and tlacre are disagreements as to which
of the many coastal elements should be used in classification. However, most
researchers agree that genetic classif icat ions are scientificall y desirable , but the
de scri pt iv e  systems are favored in practical app licatio n.

The R 1cHT 1-sorEN classification of 1886, wh ich described coasts in terms of
struct ural trend , shorel ine confi gurat ion , and presence of cliffs , strong ly influ-
enced subsequent work. Elements of it were adopted or mod ified by SuEss (1888) ,
P I N . K  .894), DAvis ( 1898), Dc MAR T0NNE (1909), and COTTON ( 1918). \~“it h
Gut .,ivus. ( 1899) and DAvis (1912), genetic systems began to rep l ace the descri p-
ti ve systems . In their consideration of coasts formed by the elevat ion or lowering
of continents , the concept of the geomorp hic cycle and the changing base level
w.ls introduced. JoHNsoN (1940) was concerned with the most recent change in
base level , so he not only adopted the two-part Davisian scheme , hut expanded i t
to include four categories: coasts formed by submergence, emergence, a conabin ,a -
tion (compound), or neither (neutral).  Though more refined , d ifferent iat ion
bet ween co,s -,tal types was still inadequate  since nearl y all were typed as com-
pound .

J o HN S O N ’s scheme and the 1)avi sian cyclic concept were widel~’ .icccpte d
theories i n coast,s l morp hology for many years. In fact , they were so entrenched
that the hesita ncy to acknowled ge new concepts retarded progress in coastal
studies. For examp le , the next  maj or  classification system to appear in l i terature
(Si-iE P ARD 1937) was strong ly crit ic iied for it s introduction of the concept of
gl acial control on sea leve l (Luci ~i 1938; Si-IFPARD 1937 and 1938) . The growing
knowled ge that coasts had undergone both submergence and emergence dur in g
the Holocene rendered r ouNsoN s sm-stem funct ionless.

In one discussion (VoGti 1966) of the history of coastal classific ation , it is stated tlt .st
Ru  I i  ruo r i N had a shoreline cla ssi f ic at ion as earls-  mc 1566. However , no other d i scuss ion  knowis
to us dated RI(I!THor-I \ earlier than 1586 Althou gh he may have devised a c l a s s i h e a t o r s
scheme in I 8(~6, none .mppc .srs to h ave hcen pub l i she d t inr i l  1886.

_ 
-~~~~~~~~~ - -  -
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Major divisions of the SiIc I ’ARD classif ication distingui shed coasts b domi-
n an t  develo pment process and development stage: Youthful  coa sts formed
m a in l s. by terrestr ial  processes and mature coasts modif ied mainl y b y mar ine
processes. A h y brid system , the classification extended the work of DAVIS and

J o h NSON .  Although genetic , the ele ments of soni c of the subdivisions are mostl y
descri pt ive (delta coast , mangrove coast , etc. ). SHEI ’ARD h-ad hoped to show
that coastal ori g in and history could be determined by nautical charts and photos .
While the classification failed in thi s attempt , it did prove to be ex t r e me ly  useful
in s tudy ing coasts from charts and photos .

Focusing on base-le vel change in the tradition of JOHNSON , COTTON (1918 ,
1942 , 1952 , an d 1954 b) devised several dichotomous genetic classificatory sche-
nscs , cads of which modified and added to his earlier systems. The 1952 scheme
was base d on stable -and mobile coast reg ions with subdivisions of submergence
and emergence. Widespread app li cat ion of the COTTON systems is questionable
becau se the~ were devised largel y on a basis of New Zealand coastal types. A
f urther  disadvantage is the inclusion of the geomorp hic-c ycle concept , whi ch has
been app l ied in other landforn s classifications with little success.

I n 1952 V~ L c x i I r s  introduced a new theory concerning base-l evel changes
and th e I )avis ian geographical cycle. He recognized the importance of niarine
proces ses and suggested that horizontal advance and retreat is as important as
submergence and emergence. The V A L E N T I N  svstens then was two-fold: Coasts
we re classified by confi gurations resulting f rom past processes and by the t p e
of the present coastal dynamics .  This approach eliminated the problem of Jos-i x-
SON ’S overly large “ compound coast ” category. In his goal of provid ing an
exp lanat ion rather than a descr i ption of coasts , \T ai FN T IN ’s “Die Kuesten der
E rde ” stood as the most comprehensive attempt at a genetic classification (also
see VAI EN T I N 1972 a and 1972 b). However , th e classification fell prone to the
problems inherent in genetic systems: The lack of adequate information.

.-\ltho ugh most of the class ifications that appeared in the 1950’s wc ie  gco-
grap hicall y rest ricted in scope, their methods and ideas were nevertheless impor-
tant . The system conceived by F1 s ssixG & ELLI OTT ( 1956) was si gn if icant
becatsse it considered several variables in the context of a marine  env ironment 3.
Like COTTON. PRICE formulated several classifications. His 1954 genetic classi -
fication of coastal types of the Gulf of Mexico was s imi la r  to the Fl E M I N G  &
EL L I o T  system; yet , in the treat ment of geologic structure , it followed the
tradition of Rico- i - l i o n -N & Sucss. The major interest of this system was its intro-
duction of numerical symbols to codify coastal types. The TANNE R clas sification
of 1958 was basicall y descri ptive and localized ; however , it represented an
important attempt to describe relationshi ps between bedrock, materials in transit ,
energy levels , and geometric patterns.

MCGILL ’S world coastal classification was a si gnsfica nt descriptive scheme,
par t icu l a r l y  since the system of landforrns  and shore features was  presented in

- 
5 .-\ lthoug h the Ft \ i t N G  & Fi I i oTT sy s tem was published in 1956 . i t  was in m a n u s c r i pt

t o r us  in 1950. Their work was signif icant  to Pxic~’s .ss he stated: ~F1.EMINC & Fi .i  t o r T ha s- c
ma de a beg inning  o f aim overall quant itat ive and qualitative oceanographic approach i s  the
s tud s -  of shorelines which is here revised , enl arged , and treated in greater det.s il in soni c of i ts

p is (Pgicr 1954) 

—— —

~~~
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map form (MCGILL 1958). Althoug h more d i f f i cu l t  to read than V - s 1 E r s T i \ s ,
McGn.i ’s maps were onl y a first  approximation derived from a data base of
small-scale topographic maps. The effort was part of a larger project to inv est i-
gate aspects of coastal environments (PUTNAM et al. 1960).

Several Russian researchers devised classifications or discussed the problem ,
hut for most there were translation difficulties.  The classifi cation compiled by
Io~ ix et al. (1964) at the Institute of Oceanolo gy appeared in map form and was
disc ussed by ZENK0 v1-i-ci-I (1967 a). Althoug h recognizing the obstacles of map-
ping a genetic scheme on a world-wide scale, the work tried to indicate the basic
relief-formin g processes. The classification was based on factors of marine pro-
cesses and coiasidered development state , while g~~!og ic structure and types of
vertical movement were not considered as classi ficatory elenients ~.

ALEXANDER ’S classification of 1962 , thoug h locali zed , was si milar  to
MCGILL ’S both in its descri ptive nature and the presentation of results in map
form. ALEXANDER worked on much larger scale maps and classified according
to detailed shore form, such as vertical profile and shore outline , rather than by
landfor m type. The ALEXANDER system more satisfactori ly described and Cl as si -
fied shorelines and was easier to app l y than McG ilL ’s, ~-et it was suitable only
for det ailed mapp ing. To map the world’s coasts according to AL EXANDi -R ’s
classification would require several hundred maps.

Continuing the interest in marine processes begun by VAL E N I I N  and then
extende d by FLEMING & ELLIOTT , PRICE & TANNER (1960) , the classification by
DAVIES (1964) described the world shorelines in terms of storm waves , swell , and
energy environments. Althou g h the ideas were not entir ely new , they did foc us
atte ntion on wave and tidal a c t i v i ty  and did fur ther  demonstrate that classifica-
tions which did not consider the ef fec ts  af marine processes failed to rec ogni ic
some of the most important factor c in the coastal envi ronment .

The OTT MANN classific ition ( 1962 and 1965) was a simp l istic scheme prima-
ri lv concerned with topographic relations between the coastal area and the con-
t i nenta l shelf. The coast types were distin guished by relief , structure , and confi-
guration. A scheme similar to that of VAI I-:NTIN , altho ug h devised to f it local
conditions , was proposed by Sw~ x in 1967 and 1968; it distinguished between
prograded and retrograded coasts. The system questioned tile va l id i t y  of the
cyclic concept s ta t ing  that coastal development was the result of severa l comp lex
factors.

In 1969 , OotrM introduced an ecolog ical clacsif ic. ition of coastal systems of
the United States based on the processes which dominate the functional activit y
of the system. A s a c  !assificat ion concerned with dominant  energ\’ flows , i t  w.ss
th e first to deal with many biolog ical , chemical , and phy s ical stress elements of
coastal are-as in a sy stematic w a .  Tn addition , it considered the stress influen ce
of man ’s activities on the coastal environment .  Althoug h estuarine areas were the
ob ject , the wo rk presented concept s which could have interest i ng rec u lts if app lie d
to all coasts.

-l M etit i on of other Russ i an coastal classification schemes is g iven by 7.i x t o v i i - s i i
(1967 Ia : 3S3-.447).
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The f inal classi f ication of impor tance was that of INMAN & NOK I#S TKOM
(1971). Athoug h genetic , it includes strong descriptive elements. Stimulated by
the exp losion of theories and data on continental drift , the classification
attempted to discover a system of variations in world morphology as related to
moving tectonic plates. Like \‘A L L N I - I N , the classification was concerned with
past land movements as well as present marine dynamics. IN MAN & NORDSTROM
introduced two important concepts to coastal classification:

1. The extent of coastal features should be statistically analyzed as well as
presented in map form;

2. The scale problems of MCGIL l. and ALEXANDER can be overcome by
systemati zing coasts as to levels or orders of coastal features.

Classification of Coastal Land fo rms  of the Americas

The confi gu ration of any coastal reg io n can he described in terms of four funda-
mental factors:

1. Lithology of the materials exposed along the coast;
2. Confi guration or attitude of the materials;
3. Intensity of the coastal processes;
4. Stability of the land-sea interface.
Since most of the coasts underwent submergence during the late-Wisconsin

tim e and since our detailed knowledge of coastal processes is limited to a few
• areas , we focused on the attributes , lithology, and confi guration. Therefore the

classification is almost purel y descri ptive. In 1967, RUSSELL stated:
-‘ “Were I to forecast the basis upon which a sound classification of shorelines

mi ght be based , I would first think in terms of litho logy. Crystalline rock coasts ,
for examp le, exhibit striking sin ailarities , regardless of climatic , vegetational , or
other environmental contrasts ”.

We agree litho logy and topograp hy best describe the nature of coastal land-
fo rms; and when coup led with descri ptions of specific shoreline types , such as
deltas , fj o rds , and harrier islands , the serious student of landforms can easil y
reach conclusions concerning process-response relationshi ps.

In mapp ing the Americas , three scales were used (fi g. 1):
1. A scale of I : 5,000,000 for base-line data required in our anal y sis  of

coastal environments;
2. Scales of 1 :  7,500,000 and 1 :  10,000,000 for establishing reg io nal

patterns.
3. Scale of 1 : 20,000,000 for showing relationshi ps between tile continent s.
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Data

The selection and justification of the attributes discussed in the previous section
are simple enough conceptuall y, but actual mapp ing is not an easy t ask. The
primary problems are the avai labili ty of data and their consistency. Several data
sources were used (table 1) in compiling the landform maps according to the
devised classification system.

1. Geolog ic material (lithology) was the firs t element to be mapped.
Although detailed information is presented on some of the geologic maps, the re
are difficulties in determining rock types because many of the source maps
emphasize chronology .

2. For decisions concerning re lief , topograp hic sheets at I : 250 ,000 were
preferred; however , for South America and parts of Mexico , 1 : l .CD ~ , D00 was
the largest scale map available.  A 30.48—rn (1 00-ft) contour in t cr s  ai is p resented
on most I : 250 ,000 maps, but the interval on the smaller scale maps wa s both
larger and variable. For example, aeronautical charts have a 305-rn (l ,000-ft)
contour interval while the 1301 USARMTOPCOM series contour interval varies
around 91-rn (300-It). It was impossible , then , with 1 :  1,000,000 maps to make
decisions equ iv~slcnt to those made with I : 250 ,000 maps. In this case , info r-
mation from Sailing Directions and Nautical Charts was used exten s ively .

Table I D.st a S sur ~ cs

Elements of Classification l) .rta Source

Geology Maps: I . Carte g~olog i que de l ’Am&i que du Sod (I
Commis sion de Ia Ca rte G~ologi que do Moods- . R i’’ de
jar seiro, 1963.

2. Geolog ic Map ,sf North America ( 1 :  5,000.000). U. S. Ge isl .
Sury c s- , W ashington , 1965.

Books: I .  Handbook of South American Geology, W. F. )~ si ks . Ge,,-
log ical Soc. Americ a , Mem. Nr. 65, 1956 .

2. Prin sary l i te ra ture  (J ourn a ls  and Reports).

Relief Maps:  I .  Topograp hic  Maps of Canada, (1 :250,000 ser ies) Dept.
- Energy, Mines and Resources , Ottawa.

2. Topograp hic Maps of U. S., (1 : 250.000 se r i s -c ~~. U~ ~~ -

Geol . Survey .
~~. Topo~r~ph ic Maps of N l c x t c , s  as Avai lab le  (Seri es 1501

at I 250,000). U. S. Army Topograp hic Comm and.
4. Aeronaut ica l  Charts (1 : 1 ,000,000 ser ies) for  \or s ls  and

South Amer ica .  U. S. Ai r  Force , St. Lo uis . \l i s s n i r , .

5. )-lv drograp hic Charts , (various scales) for Nor th  and
Souih Amer ica ,  U. S. N a va l  Oceanograp hic  O f f i ce,

Books: I - Sai l ing Directions , s- ii u r s t e s  for Central  and South -\ t i t e r
and  Can ad a .  U. S. N a y .sI ()cea nogr .sp h ic Of f i ce .

2. Pilot ( b i n s , U. S. ( i sa s t  and Geo13~ r ic S t r v c ~ -

Sh ort -b t i e  h i s e t e r  M t p- - - I - ‘t opographic Ma ps . op. c it  -

2. ,\ er on a u t  cal (u.s rt s, op. cii ,
Sa i l i n g  I )t r c ,  I l o r i s , op. ci t .
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Table 2 At t r ibutes  of the Classif ication

Classificatory Class Subclass Definition
Attr ibutes

Relief Spatial confi~ uratio n s of topograp hic gradi ents
in vic ini ty of coastal zone.

Hi gh 30.48-rn (IO 0- ft )  contour present wi thin  6.4 km
(4 miles) ot coastline and generall y para llel and
adjacent to the coastline.

Low 30 ,48-rn (100-f e)  contour far ther  than 6.4 km
(4 miles) from coastline with contours either
parallel to the coast or in d ic.sti ve of hill s -
features.

Coastal 30.48-rn ( 100- h) contour farther than 6.4 km
Plain (4 miles) inland wi th  shallow topogr ap hic gra-

dient in the in te r ior  reg ion,

Cliff e d Presence of contours  immediatel y adja.ent to
the shoreli ne or as reported in Sa i l ing l) i r ec t ions .

Non- Absence of steep topographic gr a die n ts at coast -

cu ffed line.  Dominant character is t ics  of nodes exposed
Lithologv .slong coast and the i r  re la t ive respons iveness to

change.
Olde r M a ter i , a l s  that  respond slowly to co.sstal pro-
Resistant cesses. Local and reg ional geology dominates.

Few , if any, fe.itur e s associated with the la te
Wisconsin sea-level stand. Mostly older crystal-
line rocks.

Low Materials  that respond rap idly to coastal pro-
Re sist , snt cesses. Predominantly poorly consolidated sedi-

mentary  nodes.
Recent Extrusive volcanics.
Volcanics
Fluvia l & Deposits associated with the te rminal  a rea  of
De ltan c f l u v i a l  transport.
Glacial & Glac i a l  t i l l s  and gl.scial outwa sh.
Gla c io f luv ia l

Shoreline The dominant fe a tu re  or associated fc,uures
character compris ing a v i cu ,s l l v  r ecogni eab le un i t  of the

co.sstl inc.
Sand Beach Sand-heads interface un in te r rup ted  Iss rocky

points  on he adland s .
Sand Beach wi th  Sand-heid i  in t e r f a ce  interrup ted lss rock s he.sd
Rock Headlands  l.snd s w i t h  head land - to—headland  sp. se in i g ~~t -  s i r

t h i n  5 km (5 mi les~.
Pocket Beaches S,snd-be.sch in t er f ,r c c  in t e r r u p t e d  by he.sJI.snds

or po in ls with spacing of he sil l  snd s tsr point s

le s s tha n 8 km (5 miles ).
Rock y I ns t e r f a ce  of r es isr .snn t  rock w i t h o u t  n defuis. shle

be,ich st r u c t u r e .

M udflat s F nc ~e~h nsent co.i st of loss’ t I’ , I I ’ l l , -~ t ~I - ~t

\l ,irch usu.s l lv  d ruin n i t  cd 1w gr. iss s

Sw-imp l ine cedinient co Ons n sf low ’ , ‘p :t I ~ h 5 l - .  g s u n i t
‘.I.xngrov e us ni .n Ils’ dunn n i  t ’ d  bs- s u m  z
( oral  ( , s s i s  of !, . i r n l c r  or t r t n i t n - . t , ,  is 

~‘ - ‘i - s i l t
f ros tn  i i i - . t u s h  In - i Ii ’s tsr n s i i s t _~ v , ’ ’  -sm

- , -  —. - , - - -  —- —~~~~~~ - ~~—---- —
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3. Topograp hic sheets at 1:  250,000 provided a variety of relativel y
detailed information about the shoreline which was easily translated for the
landform map. Althoug h a great deal of information was also available on the
1 : 1,000,000 scale, it was far from adequate. To compensate, coastal descri p-
tions ~given in the Sailing Directions were used. Though extremely helpful and
amazingly detailed , consistency was an obvious drawback. The Sailing Directions
describe the prominent features for purposes of navi gation. In the frequent cases
where cultural features were more prominent than physical , the ph ysical shore
character was given little or no attention.

4. Finall y, if map sources failed to provide adequate information , we turned
to primary data in the literature.

Maps

The spatial distributions of the three attributes mapped at a scale of 1:10 ,000,000
are presented in fi gures 2 and 3. The mapp ing of each attribute required decisions
consistent with the definitions and subclasses presented in table 2.

In order to facilitate the anal ysis of the distribution of the coastal landforms
of the Americas, the characteristics of each laridform unit were coded on data
cards. The information recorded for each unit included: geolog ic material , reli ef ,
shoreline type, con tinen t, water body, nation , state codes, latitude and long it ude
of th e mid points of the unit , and the length of the unit  in miles. The manner in
which the length of the unit is found can si gnificantl y alter the predominance of
landforrn types. The length used in the following anal ysis was determined by
(1) firs t smoothing the coastline by eye at a scale of 1: 1,000,000 (fi g. 4) and (2)
measuring the arc length between the endpoints of the landforrn unit. The data
stored on the cards constitutes a matrix of coastal landform information .

Tabl e .3 Shoreline Characteristics of North and South America

(Percent) (Percent)
North America South America North Americ ,s South Anu eric a

Total miles 51,862 19 ,729 Total mile s 51 ,862 19 .72 1
(Percentages ) (Percent .sgcc)

Cliffed 54 % 45 % Recent fluvia l
Hig h relief 37 % 27 % and delta ic 2 % S %
Low relief 15 % I S  ‘7 Gla ct of luvia l  2 % 4 7;
Coastal plain 2 %  3 7; Sand beads
Non-cu ffe d 46% 55 ‘7 & barrier island 2~ ‘7 30 %
Hig h relief 7 % 3 ‘7 Sand beads with
low relief 19% 7 %  rock headland 2 %  1 7,
Coastal plain 20 ‘7 44 7; Pocket beaches 8 °. i S

Recent volcanic 4 % I ‘7 Rodev 37 7; 20
Older r esistant 66 ‘7 34 ‘7 Mu d ( lat s  ns ,srsh 29 ‘7 4 7
l o w  resistant 26 ‘7 S4 ‘7 ‘cw .st s t p  m a n g r o v e  2 7~ 2(’ 7;

S or ,uh 1 7 3 ‘7
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- - i Fi g. 4. D e c e r m i n a t u u u n  i_s f lei sgul s if a
LANDFORM unit by a smoothed coa st l ine ,

B

SMOOTHED
~~-COASTLI~~E

LANDFORM
A ~~-5-- M l DP 0lMT

L 
LANOFORM 

-

Comp i_ r i/on. Shoreline Chara ctcrz ~tics of North A m e n _ i  S t i / l !  South - l s i i& - s i i _  .i

The percentage of shoreline type in each hemisp here of the Americ as  ch .ir acteri ied
by the various attr ibutes of the landf orm classific ation is pre sented tn table ~
whil e the relationshi ps among these ,t tt r ibut cs is given in t able 4. Sever a l obser-
vations show the similarit ie s and differe n ces in con t i nen t  orientation , sha pe , and
position .
- 

North and South America are s imilar  in that each has an ex t en sive western
Hank of generall y resista nt material and a southeastern f lank  of coa ’tal p lain.
However , the t w o  cOnt ine ! l t S  d i f fe r  wi th  respect to the shorelines w i th  e.lst— w est
orie ntation in the po lar regi ons of the Northern Hemisp he re and in tropical
regions of the Southern l-lemi sp h e te .

In characteristic.s of coasts) relief , Nort h and South Americ a are s imil ar
altho ugh South Americ a h a s  more coastal pla in largel y because ot i t s  t ropic a l
ea s t— west axis. The c ont i n e n t s  d~t fer si gn i f i ca n t l y in lt thol og ic character is t ic s :
The North Americ an east-west axis is dominated by older resistant maiet’ial  at sd
the South American ea s t - -wes t  a x I s  is dominated Lw 

- 
low—re s i s tan t  mate r i a l s .

Sand beaches and bar rier islands .ini equal l y  common in both hem i sp heres and
re f lec t  the hemi sp heric s imi l a r i t y  i f  e a s t — f a c i n g  co a s t l i n e s . l as t -we st  a x i s  s h l o n i _ ’
l ine characteristic s i I t  the Iw o  c ontinent ’ are d i s s imi la r :  The N sr sl i  Amer ic an
sho re line is dominated 1w n sud f l a t s  and marshes , and sit e South American shot s .—
l ine l,s swamps and man grusves .

Rt ’1atio~zs iuij ’ : .Shorc ’!inc (J ia i .s ,  Id / I /c  .51/ i l  \V’ z :  c ( ‘ / 7 ’ i J , l ! c s

l i i  I Is-i_ Icr S It establ i’-lt r e l a t o u n sh i ps between slic t r e l i fl i .’ i si s - se t i_ - r I  ~t i_ s i f s t  n i , s r o t e

proce sses . the ss as e cl int . i te s  I I I  the co.issal /o t t e  i i i  the  Atss i _ ’nIe.I s were c 1 i — ~ I ed -

Rita f rom 1) .-~sti I \ ,  ( l ~~~u~~~. ( ; \ I  i t _ s et i i .  I 9h~ ) I , It t I I  I (lu)5~~I , R t s s l  I I  l I 1o~~~.

L. S. \ , s v a h  C)ceanc ugra p liu c  O t t t ~ s’ ( I h i ( s i l , .ini _ I t h e  I -
- “ ~‘\ . iv .t l  \ \ I. t I h t r 5 , s r s  l i _ s
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Command (SSMO Series) were assembled and stratified according to the wave
energ ies focused on the coastline. Five wave classes are defined below (by yearl y
energy duration) and their distributions are shown in fig. 5.

1. Very High: Waves greater than 1.5 m (5 ft) more than 50 percent of the
tune.

2. High: Waves greater than 1.5 in (5 ft) 40—49 percent of the time.
3. Moderate: Waves greater than 1.5 m (5 ft) 30—39 percent of the time.
4. Low: Waves greater than 1.5 m (5 ft) 20—29 percent of the time.
5. Very low: Waves greater than 1.5 m (5 ft) less than 20 percent of the time.
The wave climate for each unit of shoreline type was recorded , and the

percentage of shoreline type in each wave class calculated. The results show
several noteworth y observations (fi g. 6). For examp le, coral and mangrove shore-
lines are not found in regions of hi gh or very hi gh wave energy. Furthermore ,
over 50 percent of each of these shoreline types is dominated by moderate wave
climates. Mudflats and marshes , frequentl y considered hi gh-latitude analogs of
coral and mangrove swamps , occur almost exclusivel y itt areas of very low
waves.

Sand beaches and barrier islands are found predominantl y in areas of m ode-
ra te wave energ ies. In areas of very hig h energy, the predominant shoreline
types are pocket beaches and sand beaches with rodc headlands. Rodc shorelines
occur more commonl y in coastal areas of lower wave energ ies mainly because
of the extensive areas of glaciated rocky coastline in central Canada.

While similar comparisons were made between relief and lithologic charac-
teristics and wave climate classes , noteworthy relationshi ps were few. Generally,
coast al plai ns and cliffed coastal plains were found in reg imes of low-to-moderate
wave energ ies, and most of the coasts dominated by hi gh and very hi gh wave
climates are of higher relief and are frequently clif fed. However , the reverse
is not found to be true: High-relief and hi gh-relief cu ffed coasts are found in all
wave climate classes.

Conclusion

In 1877 , WILLIAM J EvONS pointed out:
Science c.in extend onl y so far  as the power of accurate classification extends.

If we cannot detect resemblances and assi gn their exact character and amount ,
we cannot have that generalized knowledge which constitutes science; we cannot
infer from case to case (p. 730).

Of every class , so far as it is correctl y formed, the princi ple of substitution
is true , and whatever we know of one object in a class we know of the other
objects . . . it is the . . . classif ying and generalizing powers whidi enables the
inte llect of man to cope in some degree with the inf in i te  number of natur al phe-
nomena (p. 674).

While the Classification of Coastal L sndform s of the Americas is prel imi-
n , srv , the app lic ation of the class ification in map form is, in effect, a call for
furthe r efforts clarif ying natur a l  discontinuines of coastal landforms.

II
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.113 S’I’R AC~t’

.10 increase in st orm damage along the  east coast of the t ’tii tcd Stau-s coincides wi th  seu ular variati uun,.
of the general circula t io t s t l t u cu n ie t t t ed  bt - several recent utvestigati 105. t o  ctetetttSine t he coup ling twt wec ,i
large—scale circt , lat ion h a t  tern s and extr atrop k’al sI u,rms along the ntid— .\t lat ,tic coast , a I lritlcil,al’cont ! s u t t e l i t
analy sis is used to character ize os t t e r t t s  of 5-day nt eatt  sttr face pressure and , u v i t h i t i  oh uj e c t i v u ’ c a t , - g ’ur ie s
of these pat terns , conditional irob alui l it  es of storm t ic curr el uc e s arc calculated. lia sci f itn t h i s  rid al
coup ling, secular vatiations in frei iu enác s of surface j ures sure p a t t e r n s  are used I i ,  csI tiate si -u it lar  Var ia
(ions in nud-Atlantic stu irm cl imate.  ‘l’he results suggest that  a signiflu -ant trend h a~ u i u - u -urr e i l  in large - sI a le
circul ati ,un.  Physical in te r h ure ta t i t un  f th is  clsange sitggt’ sts  an increase in the  f r e u i u e t t u -

~
- if h i g h - l a t i t t i i l e

blocking. Associated recent scu -ular ch anges in storm climate arc 1) an , ,tT sh ,ur e this l , lacetss ent ~if t he mean
storm track ; 2 an increase in the number  of s tuur m s nto viu g i,hTsh ,ir e a f l I l  , 3 1  ~( te nul ent  V tt,warul i l l , ,  nt is  Ii ’,.

rather than one , u i  s t u l r ni  tracks alu ung the mit!- .1 tl att tic coast. Sint C SU, It -hanges a l t e r  the frequenu’y i if
extreme svave and surge cu lnuh i t i , l n s  a l ,u n g the ~~las t , th e c,ln sel iuencu s are h ig lt l~- sign iti ~ant in terms 1 hum at s
impact.

1. Introduction conies fron t a ( l oCun l ent a t i l i n b~’ Brvson ci a!. (1970)
of shifts its mean positions of Isiajor f rontal  systems

Based on economic criteria , t h e  frequency of dam- in North Amer ica.aging storms along the east coast of the United States Kutz lsach (1967 1970) antI l’ r i t t s  ci a l. (1971) hav e
has risen from two or three lkr  \.(

~ii~ in t he  1920’s dens otsstr ated t h a t  ns t , l t i var i i t t e  s t a t i s t i c a l  techni ques
and 1930’s to over seveti per ~ear ( luring the early 

~~x isruvitk numerica l character izat ions 01 se, ’tt lar
1960’s (Mat her ci a!., 1964). .-~s an index of secular var iations in the general c irct i ia t i on of the attssosp hser e .
ch ange , an increase in damaging storm s may be biased In thi s ~>ap~r , coup ling between large-scale circulation
by increased coastal development and general shore— patterns , OS speciti c(l by a l ) r i t s ( ip a l ’co i t l I ) ( inc t i t  anal t’ .
line recession. However , considerable ii sc lepc ts t lent cvi- 

~~ ~ behavi or of synoptic weather SVstct sIS along
dence supports occurrence of secular changes in t ’l i t t i a t e  the east coast of u s e  E t t i t e d  Stat es is invest igated.
liver the last century . Landsberg and Mitchell  (1961) Condit ional 1trobabihlie s of s tun t ,  tracks dependent
and M itchell  (1961) noted a worldwide xv arn li ng trend on large-scale circulat ion j ) a t t c rns  are tised to establish
culminating in the 1930’s and a subsequent cooling, secular changes in the winter  ex t  rat roj ucal sI or t t s
Lamb (1966) found signi f icant  changes in t rojtic al c-h tsla t c oh ing t h e  tt i id . A sl an t  ic ci st.
ra i n f i l l  reginses anti documented recent long-t ertn de-
creases in the strength of I t h u j u u r  zu md wind St reams.

- 2. Large-scale stratificat ion of stormsAdditionall y , Lamb s (1966) aittI lx.t,tzbach s ( 19u0)
results indicated si gn ih ican t changes in the large-s cale Kl c i ts (1957) in I t n  m e t  eli t lsc ’ t l is t  r i h t t t  ii i t t  i If s t u  ru t s
t i r u ’t l lat ion patterns. (‘onin lens u rat t .’ chat sges in sea - dl t lie east coast l i i  be a sitsg le , hro~id st i n n  t r ack
surfac e t em~ R,rat t ire Pitt I crtss ha vc I cet s re~ t ort  i’d by mn d no a I t  et sq tt WilS 151mb l i i  st’~ l i i  ra h i ’  s ut i recs ill

N it  t t t i a s  (1969, 1972). 11 indeed recent change s it , ~~ 
vitn iat itm n other  t i tan  h~ ’ gros t~ u ttg st I i rtt i 

, 
I r acks liv

general dn t , h a h i m  have ucctirre I , i t  is reason al k’ ~~ 
t s t lmn I Is. Ru  u \vt e am I \V etgh I t i t an  (19 14 ) , ~\ I t l  k r  (1040)
antI .-~ist i t - cws (1963) In c o rp u i r : t t  c ul  I I t e  I v i le i l  l~ ii i t  t I l t s

suspect t hat t ile  t rack ing of e\ t r at r op i t ’a i s tc t r n i s  along . . . .
III ( sc l i ij . , t t R s t ’, i t i t t i  t h t  i r I t s s t h i t  l t t i u t t  t i  ‘~h i u r t t t  t t  i t

thc  rts ul - ‘It l int Ic i - ’ ast i i i  th e I. nit ed Si at cs ma ol sim l i t  hot ig hs sever al i t t  vest ga l i i  it t s  h av e inc l ic at  eti cois
have u hanged. Evidence sti lm l ton ing this  i I ) n t c n t  ii ~fl ~~ t ~~ re la t i t t s i t i i  Is I let wt ’t ’tt l it rgc - s t i li ’ u i ‘ u t i  l . t  t ii in

f e a t u re s  i t u i l  nsi g n t t orv hot s ( S t u t i - l i t l t ’  . i t si l l u ~, i~ k t ’ ,
I ( 5~ .‘t r t n v  CII r ps of Izn g ir teu’ rs Wat CtO L I  S l ;S l le r i l l le t i t  1 t)5() N a t t t  as , I 965 Kti l  , I OSt t , I 000 

~, a s’uStClsS t t i’.

St at io r t , Vii k s t i t t r g ,  Miss. a t t e mp t  I t t  ‘ i rg i l l iz e  s t ( I r l t t  h lch las ’ i , r  i t t  t l t i s  l iasIs i~

12 2 3
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I - ic, I - ( ‘.r iul l i m e  f u r  s tur lau ’’ r e s s l I re  ‘ I t  a u-hi ch are ii i i i i  I i ’  ur is i l — n  m m  s u m S _ l i t  u tm a tvs i s ,  S t i n  lug  1 1n i i t l t 5  is 0 liii 15, 1- t uy  I i i

l u m m i g i t t t t l e  t i ( ’ iul’c c’ II  2t)5Y m u  (,i) N . Nu i ru  h of (t i) I I t u ’ ~: a i — i i n a  i s - .uu l justs ’i I  I i i  z i \ ’ c i iJuI’ ui\l l luitis ’ IV is iu ll d i — t i i t i t m m - s ,i ’ t \ \  CCII  1115515,

lacking.  Since storms represent j i e r t t u n I u u t i u i t m s  Ii t t i I t ’ — w i t h  1 5 I tn - u i - t i t h e r  i t sd  nt u t s n i t ig  t i s nu i tug ls 2-I 20 \l tr -ls

averaged or lar gc — su ’ i lc i] ,m ws ’, ut s i h ar t ’  ill ’ ct ’tetl l iv  ‘ r  25 3(t \ l ur cIs  f u r  leap y ear s ,

fact ors other  than t h e  large-stale  ( c u l t u r e s , t he n a tu re  A~s 551 ‘ I ’  s i m m  ‘1 s n j u : t r c s  and ~ l ’n st. l l r u i t l i t )  I u l a t n i \
of the link between th se  two atmu ls lihit- ri e scales of f i r  the 11 1 _ I u u u i t s t  g r i t !  u v. i s  m i l u - t t l i t ctl f ro t u  5 Lv t i se u t s
t is ot i ’mn is p r o l t t h l i st ic  r a t he r  t h a n  u l t - l e r t s u i t u i s l i e .  s _ t r I o  i . i r i - ’.surcs :
(‘ ui t ts eqtu en t lv , la r g e - s c ale  lmat t c ’rt ss arc tus cu l  its t i s i s  . .- —

- .. - . ‘ ,, .‘Is~ ,5L(~ , , u = 1 ,~~ u l . m m i =  111 , (1)
st t i i ls ’ to s t r u t t lv  s lu , r t t t  hchiat’ior , t I lt t , ,  I i u r , -i i st  i ’ \ , i i ’t

mll~’cnscnt  or t l c v e l i u l l t t i e l l l .  \ V l l i - t ’e .1. is t l t e 5~~( ‘I  t i t u t r i ~ ‘ 1  l i i -  I l l  g t i , l  poin t s

In te rn i s  if least s u l u t i r e  error . h r t t u i l i l _ e n n t s l m i , n c s t  of ~ i l a s  t i ~ ’ in  surf u ,- i t ’i - sSi n- , .  ( ,, t i l e i lms u - r v . i l i m i n

an t h vsis p n i i v i  Its ill uu l :tit ls ul luc ius n i l  o lmj t ’t ’tiv elv  t t l l l t ’iX , i~i i l  - (~ - t i l t ’  t I ’i t l i s l Iu i s c  il t h e  i u l i s i ’ r v u h i n ’ t i

s1~~~’ii y it s g  1i a t t e r t s s  in large liell ls if ilat t I L i ir e t s z , t i i a l t - i x .

1950 ; ( i i l t t u r t , 1’)57 ; K t t l z h :uu ’lt . 1967). ll i si t ’u llv , due - , - - - -
- ‘ 

— 
— t s m - i  i .  t , I l i t-  n m - c u-  n t  I n g u -  u , l  I l i i ’ l i i i  i l  v a r u a l m u e  t i n 1 c u i l , I I m l . i l  ‘I

an t Is ~ ts t r i t t s l u i r t l l m i  1 s i t  if t t l t e r e i ’ i ’ i ’ i’ i t i l t’O y , i r u a l i - s  - - - —I t t ’ , u ’m i i t g i -  ui i i u t i u l  s , m r n . i m  u i - u i  ~ I t o  I n n I  i t ?  s t a l l ,  I ,  — — l i t ,
in t o  1 t icis -  u u i u i n u l l t t t t ’ s~ — t i ’ t t t  svut h i t t i s i ’ i ’u - t i l  ‘ t i t l 5 h t ( ’ t l  ‘~ , ‘ .  u~~~ m m m li u - f t e u V u s  l i l t ’ . I S lii ’  V t t i u i i ’ s I l l  t u i t i l i l i f ?  t u l u ’  . i r u ’

luntl l tenti t ’ s. ~t st ’ t \ t S  Hi t i l t ’  n u tS’ t ’O i i r l i l l t u t l _ ’ t . \  S t i l l  t i m e  c i m i u t i n  t h u .’ u u u  r l’ t- ’. ni i n d i l m g  i - n z i ’ n s a l i i i ’  l i v i , l n  ‘ I  a S Im s -  ,.uilli

lin ear - i n i l i i n t h i i i t i s  ‘ i t ’ t h u  t , t ’i g it i a l  y u r i u l t - s  t u h  a ri a l U m - i a ’ I i s a i l u u - s .

i t i u t ua l l v  , u r l l i u i i . p u i i ; t t ,

.1 I l t - po its t  a n ’ 1  was u l i ~~~i - t t  l u ,  i m \ - l-r l i i ’ i ’ i - a n i t s , - 
(‘ u u m u l , , l n s i  

-

f r o n t  0~ h i ,  15) i \ \  Ii S m e l l  t t u i t ’  u t t i l  20 n i  ‘ t t ~ 
- N l u t i t  t u u i e  - - 

I l l  i i  I t l , i ” i  t i  s i n

n u t  t i u r  \ ; u i l ; u I I m u \ 3 u ..m n t m u i l  v . i r i ; u , i u e u ’ . j l . i t i i i ’ u t
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t S t ’ i , ’ l i i  k I t ) ~~ I l l )  N .-~ t~ h I  ‘F .  R I-; S I I )  ,-\ N I s  t I  R 1’ I ’ I- . t ’ . I I  I I I i  I - N 12 2 5

‘Fh e e i g c n \ i u l t u e s  an (l c’igt ’lss ’ ect u i r s  i ,f th u c (- m \ ’ tuni t i t s ( - (’ of the gnid arc -t i t . l I ’ u \ t ’ i I  in l”i g. 4 d u n i t l g  th c  t t s on t h s

th at nix sc( rc’ calculated in the u st t ah nsa t ine r , of I )t’ i et t u I ,i’r t h n u u u g h s ~sl a ru I t in I he \-ears 1 5~)~) 1938

~ F — E L ~ 
lt fl ( 1 1947 10(mS . ‘l’he s i i i i r u - e uI this i t s f u , r t u tu t iu , n  is the

— ,s ,,i ,,u , ‘~~ Du~i1v .“ vi iuupl ic  S i r / e s  of II i s h i r i c m i l  ii ‘euz l/ii’r t f u p s :

whe re .E ,  Is th e cu~tsip iete e i gct l v cu - t u n  mat r ix  ou r - ,Vimr lm u ’r,, uf e ,nu ’sp / i e re , S i t  I, t i  m
’
, i’s lmnc ’lta re d he t h e

r c - ’sp ’i l lu l i t i i i  t i  t he  s’icc ’tuv tulsiu. ’ s  1., ( / = 1 , to ) . ‘I ’ht e v i m n i - t ’. 5, \V ct t t l t t ’ r  I l t i n c t u t u  i i i  t ’i l i u p e r t t t i t i n  svi th the . ‘Irns\ - ,
I tu c e ex i t l ulitet 1 hi ’ t lie iir sl &‘igh t i - i ~~m -l i  s s - m t n  i rs is given Xii s-v it sd .-~ir F u n - c. Es- cit t in  tug h Sn i i i  i t ’  c m i  ur is ill ’

iii I’ali lc I , a ts t l  I i tt’ i-i~ i- lu S.’ et ’t ‘ ni. c u  irnes~mc in il in g t i u  h erent in i n l en i l u  l i t  ii in s of St i ir ln  t rac k met steen t i t i l s ’
Vit1 utuv alttei. 2 thro u gh S ire ns t 1mj me d its l ug ’s .  2 ani h .3 . s t o r t i t  iS t i n  i r i s . l u l l  ,pi t lg t t - c h t u i i t u i ’ s  were (~i i l l s l S t  i - l i t .

l ’ ;ict’ lus - i-i - t  u n  I 15 Is i i t  nu i t i  Ij ied li eu - t i lust- i t  h its api Sri i’d — (‘cinseu ucnt ly n um I u i~t S 1 sri  nigh l i t t l e  is i,’x~ met - ted.

mu te l y  I hi’ S t i l l  i i -  ss’eight itlg i itS e S _ i t  grid point  m d  In u urd er  h i  i ana lyze  I ise i i r g u t l i z i t  ‘i t s  u , f  s ti lr t l l  l i i i  ne-

m m i i tl n t  be eontu ,tun ed w i t h  th u ’ S i n u c  c u u n t u , u r  i t st c ’ r v a l  mc’nt , st orm I ru c’k s  were gt- u i t t ~ lc- uh accu i r ih ing  1cm t h i e
us the o thers .  In tha t  th u ..’ .SS( ‘I’ m a t r i x  was used , fol l i mu ’ing s p a t i u l  criteria
rat her I hs un t he  m m  v a r i anc e  mat  ni \ , the tu u g t s i t  uile of -

- . . , . 1) .s Iorms t i - h u h  on u g u ISa I I ’m I u i t t  I side if t h e  a rca
t h e  t ir st  t ’lget lvalt ie 15 lance ( 1  able 1). 1 his u l u i e s  . - .  ‘ . .

- - ‘ 
- - 

‘ . s lu i iw t i  i t s  l ug,  4 were 1- l ass u-ul ac-cordin g i n ,  their  l m u , t n t
n u t  lower the i.~gt uiliu. - :mts i , - cml t he  ht gh i- r  u,rder .

- of e i itrv I n to  the  inc a.
t - ig e t lv e c t ur s ,  - . . .  , , -

- . - - ‘ ‘ - 2) So irnls Is-Il l  ch i r tg it sa ted st -u I h i t  i t lie a rca shosvt i
I )loje i ’l i s u ’  5~ ~‘eiI u u ; i  i i i  t i  n u t  large—scale l I l t  ternS of . . .

— - . . . i t s  I i ’’ . 4 u-crc cI uss m -u l according t o the in iun t  at which
s I t ’ s  t is eat s su i r l a i e h i r t - Ss t i n t ’ w t s  obtai ned hs ’ I t i r s i s i n g  -

t he  s to r m was I i r s t  m a n i f e s t  in list’ sunface  ,resssirc
the  ust ler p r um dt tc t  i,etsvc ’en slsi ’ i ,hser x’a t t imn m a t r i x  m d
th sc t i r s t  c ig i s t  e lc e t i  t e d ’ ins 

field ,

- w = F 6 ’ ( 3 )  I l t i s u t i n s i .  i u f  t he grid i t t  Fig. 4 i r e  .35°N atid 75° 30’W.
- “ ‘ . 5 .  ‘ The h i t nt ’t ss ii ins ‘ ‘ I ’ t he  g r i u h  ce ll s are 2° I~d it t i t l e  by

svisere 5-E, ,, is the u n i t t ls l sn ss ’ ‘ i f  the m a t r i x  cumis t u i i s i t g 2.5° lui ng i l m u u l c  ill t h e  area adj u ’ent In, shore. Rs -:u ~n uiis

the f ir st ei gh t  i - o l t imt ss  ( t h e  first u - ig h t m - i g u - l i v s - d l u i r s l  fu , r  t h e  t t i t u u r e  n I l  ti se g n u  u i s u-uI  in t h i s  s t t t i l v  ii ,-  in
i f the t - , i l t i h i l e te  c ’igetss- t-t ’t u i n  tss atrix u~~u l ‘.\\‘. is t i t i le  x - an i t uh i l i t s ’ i u f  sv~uv e i n t l  siung i-  g , - t u i - r t m t i u i n  f r u l t o

n s t i l n i \  u n i f l t u i t l i t l g  t i s e  ss-ei ght m g s  of t -:~~h i .i . — t i a~ ’ mean s torm s u - i t i r u c tenized i l t  t his  t i u t iu im cr  (R , ’ d n an t i

sort ies- 1ins-sstu rs - on t h e  l i n s I  c i g i m l  t ’ i g u ’ i m v t ’ i t u m r s .  ~ n t he h u b -t i 1073t , Scvi ’tslet’ t s s to rm I V ~u”s are l lC I ’t t l eul :

I s i s i s  ii 1 i -  I~ 
sit  ii n tnt ! tn a gt s i  I t ide of mnes sure ul l ’  i l l s -  ‘sevl’fl c h i t  er in 10 t lie g n u  ii  rca h i s  ni ou gh lint ’ segtssetl is I

u i 0  s . t h ree , - i g u - n v t - i  t i u r s .  ~~~~~ / ‘ ‘. ats ul I t .  were Ci l iusc i l  t l sr u i tu ’’ h 7 ;  st s t l  l e t s  u u n i g i t t i t u -  s s ’ I l h t i t l  gr i l l  l , l u i u ’ks a

st r u l u k  t h e  ‘n m I i i  111111’ h I t t ’r e l l lc ’r t t s .  Since li i i  p n iu — t i t ru miu g h For i ’ot ssis h e tsc \ ’, st i i t ’t n  t r i u -ks \v t -r s-  issugli ,’ml

n llt it lee d i t i , i u i , ’ s  h r  i t  si r shiv is i ,u t s s  were u ’ v i u i c r t t  in  I hct to t i le  5-d iv i u i - r i m  n i  [5 st’i t ich the  slorni  i’m- l IO n ss ts
i h i s t r i t t u t i o n s s  ‘ i f  h i t -s t  eig env eu ’tor t re ig h i t s , the mct l s ot l  m l nu s i ’ s t  to t h e  cen l i -r  of g n u  I,lu,ck i i ,  S t n m r t s t  t v l m t ’ S ii . h i
,,f ihissu’ u l m i i i  wt tS usi -ul  to  u , I m l u i t ~ i - l asses of l u n g e — s c a l e  an t! c ; ii anti  g; e ~ttd I t :  tu t u f and i st-cr c t ’m l t i s i l i t l ed

1 m a t t e r t l ’ s .  
. 

l i i  O’ i ’ t t l l l l t l i i l t ’  1 St t t l u i . ’ t ’ t l t  s u t n p hc ’ b un t he  I i n r l t i n s i - if

b i n  h c - i g t ’ t i s , ’ i t u l r  55 15 p t m r t i l i l l i l t ’ l l  i t i t o  t l s ree  t ’iu te g l m — u j e l i n i i l g  , l i s t n i i n u l i i , n s  if i -ve l ng ~ n u-s i s  tt sd st n nn n i t s s i m V i ’

n c’s of sve i L ’I t I ’-m : b ent  w i t h i n  s m i u n i l i  m - :il i -g n mn i u ’s. llu hiu’ iduu:u l  S h , u n l l t  i r a ,  l~s

I t  I I ’  < —3U ~ 
were tn il h ll l c ll ch I n ’  t i s t ’  S t i t i l t ’  11 0 1 1 I n c  i l l  ~~5 I  m i l l s  it ’ ’

2 1 — 3t 1-  I I ’ -( ,Ot L 
ettr n it sg w i t h i n  e u-h St u r t l i  I s  t i c . reguruik’ss u i  i t s

3 1  I l >  311 J l~u ru re - sca lt ’ - la , s ii im it ion . ‘l’ lst ’ nt ’sttlts i t s d um ~u t e  a pnu l-
iS nt tU i ’uI n e g n l t u n i t v  f u r  sh , , r t i l s  I h i t s  ~I r a h i I i c t l .

st- h ere Ii . rc ’llr ei ’S ’ti t ’. t hte w’cig i t h i l i c ’  of t ,S i l t ~’ i st ,_g tt t  bri m t u  s : i l i ip Il ’ u I 1( 171 5 i n s ’ 1, t ’ n i uu d s . t h e  n u t : ,  of

t m r l - s s i l n u’ i t t  u - l a u - l i v s - u  n o r  i ( i 2 . 3. I l  t ’ u i c u u l u I e l l  f r t ’t i i  I h e  t s t t t s t l u , ’r of s l n n n m l i s  I i  l i s t ’  t u t i t r i h t ’ r  if 5 u l t u y  ~ t’1’t~m~1’s
1 : 1 .  ( , 3 t , ‘ l ii , ’ i h i u h u ’u - of r . t i i t t ’r  l , u t ’~ i - i’ t u t i a i ’ s  I i -  t h u - s i ’  ..,~~m l di’ul  ~~~~~ t ’ , l t ’ t i l u t t ’ u I  ‘ in  i u i -C u l ts  lost ’, 1 i l l S  u ’ u t , ~u ’ l i

h - Cu rl - ’. w a s  I sr i i t l p t e , l  i t s ’ lo u , f , m , l m m r s ,  ! ‘ in ’ si , t Im , ’ s , m  t n n n ’ , 2 , . 3 : u t u u l  t ( l ’ a l i l , - 2 1 . I hi ~ 1,1 3 1 ,  is e l p u t u l  h u m

n ( - h i , i i ’ i l i l  n , f  t h e  ruso l l s  is I u i g l s u ’ r  f t  a ‘ s n t iu i l  n t u t i s i , e r  h i l t ’  1 o r u u h u l n l i m s ’  u , f  a s h u i r l u ,  ‘ n u t u u t — t ’ i t l g  , i i u l ’ i oC  a S u I , i y
of u ml  , - a ’ ’ r i , - ’~ t i n t n  for t l an a i ’  i s t u t i t h e r  il cal i -g n u -’., 3 i I ’ t i n u i l  t u t u 1 t n t  n m i i v , l u l ,  l i i  u I’. U - t i n t ” 1  st m m i i  f t - e u l t u e l l c v .
S t -u n t i l , t i n s  s h i l l s  is t s , ’t  i t s l e n i l e u l  I , ,  prl~vi ih t ’  .171 

-

i ’ \ t i u I , 1 ) 7 1 1 1 ’  i l t - p~’ t ui l~- ;i t  j u r i~I c t h m i l i t t ’  m l s l u i t ’ l s l  l u , - h , i v i u ’ r .  I s i ,  2. M i m i  m , ’s 1 u r u — ’. n ’ - L ,’ ~~~u u I I I ~ i i , ’ 1 1 1 u n t , \ m M  M t ’  l I l l f l h i ’ u ’ ,

S i n , , -  I ,n m l i , I i l m t v  u ’ . a l ’ t ~~’~~~ 
i f  l , u i , ~~- t i ’ r t i t  f r u ’ u i m i u l i u  u s , ni s t , n i m m n s  ‘ m m  j i m  u~~l m n u u l  s , m l i m i m l u , i ’ m l ’ u u l n u . .  ‘ ‘ I  i t t ’ s

sun hi  a so, I iu t i ,it s v i m u t l i l  t ie  i m u i ’ t i t u i t l g l u ’ s s .  R a h i u - n , l i i i .  i r , n n L , h i u , t ,  ‘tu t u  m m , -  i u , u u u l  u i ,  u , : u ’ . s u n ’ u ” -  2 , 1 u , m , l  -I ui I i ’

— h I m - t i m ,  — n u n  l , i u  u -  ! ‘ i u  — — t i m ,  -
st t u t l v m l h , - I m l l l s  u u t i l ~ ‘ u  i h t ’ l e m t r s i t t , ’  t h e  t - ’ j , I u - l u u  i -  tim

t u n i l l  i ’ s  St i - i l ’  I ’  ‘ i f  ~i , i t t  r I r i - tm i hs  in ‘sI i ,n t ts  h,ch tvi i in ,  I - - n u t  - 
S S I - U - I i )  , ~

- - S

3. Specification of conditional probabilities for 
i i  i~~2 in 0 t i l t  U I I , ’i

extratrop ica l storms ,

5b ’’r t n  m u  ks stI nt ’ us a l lpt -hI  fc,r u ‘s.mIii ~
ihu’ n u t  51 1-4 

0 u I S i l u  0

( ‘- i n t l  r ’ ‘~ 5’ m l  “ t u n r i t i s  ss h i ’h j li t s ’S ’ ul t i t r i u s ig l i  S ’i t l S l ’  h i l t
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Wi thin ei getis’ector categories , the conditional pnoha- the cir ct i iat ion pattern based oii u ’ ig i - t sv (- c - tmur  2 is
hi l i tv f u r  each of the bwe ls ’e storm types , given tha t  sv ithin c~utcg cmr v j ;  !‘( S I~’. = /) is th e c u i n i h i t i , m n ~t I
a storm tl ,m es occur , su’~ts ea heu lat t ’t l . ( ;ivt ’l l  t ha t  the  l m r i m h a l m i l i t y  u , f  h av ing  a SI orb I t , gi vt - mm t h a t  t h e  cir t u la—
et Tects cml i-:

~~, L~ utnd F1 are independet st , t he proba — ti on pattern based on ei gen s’eetom 2 is withits i u t e g m m r >  /
‘ ;

h i l i t v  of stu rt ss t rack i occurring during a 5—dsus ’ period I ’(E 2 =j) is the proha h i l i ty of occurrence if u i n  o h m -
can be expressed as t iun  patterns w i t h i n  category j ;  and ~~i t int !  ~~ art

dehined aS
1’ ( ‘T ,)  ° [

~~~ 
I ”(T , - 1’.2 /) I ’( . S  F~= j( I ’ (L 2 j ) ] t~m i ~ 5, 3

j~~t 

. 
(4) P’ (i ’~ F — / ’ ) / ’ (S  E5 k) I ’ ( I ’~,= k (

ss’isere 1” (T 0 1~~~ = J )  is the conditional probability of =~~~~~~~ —— — —  . ( 5
storn s ty pe i given that a storm does occur and t h a t  P

-
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_ _ _  1 _ _ _ _

( 1,1

l u ; , 2 , 5,’i , , t I ,h  u’ j ’.i, ’ m u ’ .t ’ u t u u [  1 if m l , , s  I n n u - , u s s l i r i au  C u t ,  -.~ i u i  / t h l j n u t  i ’ i ’_ Zu l i \ u m  i n , r  ‘ I , ’ ut .S ‘L i ’ .  m , n u - . u l u  siun f;u ru ’ n m ,  ‘- — i i , ,  1
Iu,,i n ml t i - m a , - m u s u - ’ m r  i l ‘ui _S , i t , s  nm, - .u ,u “ m I r i a m , - r r , - s ” m m r ,  I ,;  m i t  m nf i t i  u ’ i u t , ’ m m s - u - , m u i r t i l t  u i  5 I _ t i  mimi - _ u i ,  , n i , I , , ,  ~ t u r u - s~m i r m ’ / . ,).



t k - i u u u u - ~~ 0)75 lI t) \ ,\ I. I )  1’ , t~ I-: s I t )  .5 5 II  I t R I ’ I ,  1’ . I I  S S 0 1 ,  1 2 2 7

~~~~~

I i n .  2 i ‘ ‘ ‘ mi n t , , ,  /

‘ t i l t  lu! , i l  1 i 1i1 St  ‘ m I m i  I t n t - n  l i l ’l l i ’Y \s i l  I t i t i  i - u n  Ii I . ,  I C ’  s i , i  IC
~~ I ” i I , I~~~ I 1 I’ i 5  I , 1j 1 ’ i I , I u  u , i l i g u u l \  , u t i m l  s i - i s  u n n i t u I u , m r e u l  s t i m i m  st u n s ,  I F I ’ j l : u i l m i i ’ .I I , s 7 l m ~~,I ~ , ‘ I  In t o t i m e m , - i , n h i ’ i h i

,,~
- _ - 

-
- , ( u tI ,  

/ ‘ i S  I 5 — n . I — / ~~, / ~: / l - / ‘ - ,S / / 1
a l i t - r u -  I ’ 5 t I l t ’  10, 111 l l t ’ I i , t u I i i i i l s ’  ml  s l ’ , t ’ u m i  I ’u pt’ I t n m r

- - _ 
/ ‘ t , S / 1,- i  1 , 5 / - - / lt i u t ’ i t i l l l ’ i ’ S . i l l l l u I h  ; i t t u h  t i , ’ o o t h t e r I t - m I l l s  art ’  t , l i t l l i ’ c i u i i s  _

. —
to t enn I s  n u  l ’ i  - I I I - 

- 

I
_

h 
I~

o ‘ ‘

1 lit ’ v . u l i ( l i t v  ‘‘ I  h i l t ’  , i s - ~u I m l i l u t i n n m u  ‘ ‘ I  l l i i h i - l i i - l i u i , - h i m m - for
ur g e - s i t u , - t I l t - i t S  on s t , , n t i u  I F I m t m l ” i u u v ti tuS ( “ s i t u  In ’ l h , ’ i u ’ l T i f n l i u m l t  I ’ ,  m i ,  u l i  I h i ’ . i s !  t i t i l u  ml ‘l ’ i r im i i i
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(ttien( ’y and t lie act t ial n umber of st u u ri s us ss’ it li  in recoi ls titt ’tsdt’ d by ( ‘tx ’ii r u tn  ( 1 1) 5 2 ) .  ‘Ultt ’ 5~ ‘,- i i i  u - i .  I r i in
large - st ,ilt’ categ umn i e s w~s ( ( t ) t ) l )  Tist-re itre i t t s u l h i u i e t l l  t i l l - si’ I t i h i l e s , 1.5— I t i n u l  J , 1)$ , 151 - r u -  t l u i t  s i g b u l l l t t t t u t  es- , - t i
, h a b t u I n  i i l v i - s t i g t i t c  s torm R il e s  w i t h i n  l t i t g -  su u s ’  at l i s t ’  ( 1 ,5 les’i’l , i t s d i i -; i t i m i g  I l i t u t  t h i -  , t r g i -  su - a l ~ ’ cat,-

~t l eg cmn ies , g u u n i z t u s i u i s s  s n u u e s ~I i i l l v  s l r ; i t i t ’ui- ’ s  I l l -h n I  t h e  s , t m i ; t t i u , i u
Befo re Eq. (4) st-as il l Il >h i e u l  l i i  I it e i- st i l l t ; L t  iot i  of u t  s l t m r t s l  m c i  

~~~~~scct i lar  v~u m i ; i t h u n s in s tm , t ’ t t t—t r a c k  f r e qui e i u u ’s- , t h e  cor-
relat ion bet wt -eui 1 lin e ut sd ‘st u nto Imei p ut - t I cs ’  ~1~. i t ~~— 4. Results
u i en t  ,f the  ha rg d- si -t i l e  c ’I assit ieati o,n t i t us m u s t  st  ig ,u t ~- i .  ii. I ‘uirlui/iu i ii  In /uir gc-su ’uili ’ u ’ir u u / , i I i u m  /m t i / / u r u i
( ‘cmn t in g enc v tab les scene c u u m u s i  n i u t -l e i l f , m r  ‘ . t u , r n i  fr i 1X 110 Jt,u7(/

~~~~~ ~s’it hsiti Ih,.’c;tdt’S fu r  t w u u  l ; im ~n- sm m It’ s i l t  gn ,n i e s , i\I c’;it i st ’ci gh t i t u gs i u n  t i l t ’  I )n sl  t i g h t  ‘ iC ’ 1 1 5 1  . i n I ’ .  ‘‘ s-
and s_~ values w ere c’ ,u l cu i a i  eul f l i t  each in 1 he n i  ii  t ie r  .4 i lii l I l i an  I mm i-s ’ .u me were ca cut  l , u t c ’il I” m m c i i  h u m i l I l t -n

~ T/ \  ~~
T
~T> /

/

I
‘

5 ’ -- ‘  -

I n ’ . 1 i i i  I ig. 2 m ’ u , _ j _  ‘ ( n u n  i s u t i  i , m , m I, , o m m u l  , i ’ d i t i m  l i u t , - n , i u - u l n ’t ~ ‘ u t _S ‘ l u ’  ili, .~~, s u m m I t , ,- ‘ i _ s _ t m ,

-4 

_ _ _ _ _ _ _ _ _ _
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_ _ _  ~~~
(c)

I - m i t . ,t . C,n, i l / i i l ie i / ,

( i ’ i g .  5) ,  ( ) t slv t i le l I l t t l ’ m i s  represented in ci g e t iv ect u ur 2 ( L t i t i m l , . 19W >) . R , u i t u f t u b h  n t -g in o ’ s  i ts  l n u u l u l u  t i  ~ l i  1 , 1  l it

u i t i n h t - r g n is - s ’ ,u 1 l r u i h l u i l l t i t ’s ’u l  ‘su’t’u u l ; i n  t r ebs d  i t t  t i m e  p en i uud t ltc ’ 1 0(,( i ’s t l l u l mt ’ t l r  b i u  nt ’s u ’ h l , i o l u ’  ~i t i ’ n ~’ u ‘ ‘ s i l t  t i i n e t t - u ’l u h h i

f n u , t n  1800) 107 0, ‘I ’ m t i - S I  t h e s i g t u i l ’icat sce if t i m i s  t r e r i u l , t - e t t l u r v  I s u r i m t u b s  t h ; u m i  l u n t r m ! i : u i s  ‘f l i l t ’  t’ . i r h \  l 0 (M ( .

I h i e  n i u m s i l s e r  ,, f 5 - u n I n i - r i n n i l s  s v i t l t i h l  lar ge - si l I e  s - i t t -g o - (L~i t i s h . l O I u i u ) ,  l ’ i - l n p i - u i l i i r i - l t a l t t ’ n i l s I i  1isc’ t n i t t ’ o I

nb -s l u t i s t - i l  ‘ u t s  e igu ’lt ve c - t ’ i r  2 o t i s  uhi~ui b uu ’ ui  fs u r  u ’tn u bu 5l:iO’S ~Innimug Ilu , ’ lt)(,Il ’s tip~m u- .i r I , ,  l i i i , -  nt’hL ,r ii ,-u I t m

u i s- u t u u i u - n I  t h u .’ I~)I)( l ’s t in , !  hi - s i t - u i  t i s a i ’, , t i t i b l g i ’ i l c s  I t t i m i t ’ , l ut utt en i l s ‘ s i t i s i l t i r  l i i  t h i s ’  c’a r l\ ’  IS o — 55 1111 t i t t o l  l , , t ’ s s s- ‘ m m ,

‘l ’ht - \~ val t ie  f u n  t i s i s  u n , l i t i l u C u ’nu v t a l> l e  is 8 i 7 4  a t t u l  1 1) 7 ( 11  Ot t  tu si - ui t ’h i lw iui e  lu, isi s , l n e t u u i s  I l l  ,,u n u i , u l l y  us - , I

w it h  14  h - m i -u- s  ml ’ t’rec u l i , t l l  is Siglm il i c ’t m t m t t u h u n u s e b i t t ’  t i m m i  tclmu l lt _’niilult ’eS l i - l i t - i t i i i , - s _ n i l ,  l , -l uu l, - n n s m u  nt ’ h t u r t s
( 1 ,11(11 lt’s’ t - h .  ‘ l ’ b l i m s , i t  t q l ~m d ’t u l’ s t h a t  l i m e  In _ t i l l  in  t ing e - I ’’ t ’ l i t m i ; i n u ’ nt’g i m l m u -s ml 111, ’ 18(51 ’s ( \ l u l c i s e l i , 101, 1) ,

n b , -  t - i r c u i l a t i i u t l  l u t u t m e n t m s  t u s s u u u i t u t e u h  \ s ’ t hh l  l i l t ’  s t c i g l l t s  l Im e i n u l l u - m u t i u m m i  of an l i i i ,  usc i t t  m I t t ’  (r i m j l , e l ’ i  ~‘m ‘ n i

i i  u - i g , ’n s t-s l n n t ’ 2 i~ h cy ’ ’ i t u l  vu i t t u t  I l m i g h i t  r u u i u ’ t , m t u b h m ’ lie lu l u om - b l u i g highs t u l  lu i gh  l t i h i t n , l t - s  is u s ~~m i m  n I b ’ s  ni l , ‘m , t i i t

t-\ I u t ’ u t t - u l  fm o t t m n t , t i i i u ’ m n  , h s - y i , i t i n u m i s , i i ,  l I l t ’  1, It ~~s i u t u h  i t i l c ’ n 1 i n u ’ t t i t i m n ! 1  ‘ ‘ I  t ’ Ig , - n \ u n  I t  2. Ii Is

‘l ’ ht ’ l i t i u t ’  st- n i- ”  i f  t i v u - r , , C i -  s v u - i a b i l s  ott s ’ i g , ’umv- u i n l  2
suig gu-sts a lui ’ m n , i mh n ti t uii t tti of irs-ighll s u n n  n l t I \ i b t t 0  u u f  ç ‘ s

’.~~~ m_ ’ - -

m i ,-g a t i v i -  s t i - I g h u l ’ s  t ’ \ t t ’ t s u l i t i L t  i l l ”  t i l t -  1 )20 ”. f u u l l i u sv& ’ui - - 
t” -

it s ’ a t n e t s t h  0 w t u n u l  f r e u i t u e t l u ies u u f  m i m u  m i b t i  t m m l i  h i - i ! li ’rto ~~~ - -~ 
“ 

-

lo Ire , lu is i ’ h s  n u- sm ’ m m m h h i t u g  t h e  m in k’  l l l l H i ’i. mmii  1- , - r b i t i 1 , s  - ‘~~~ - - - .~~ /
u ’ mi n l i t- r pens “is ,  -

SlL 1 , 1 , n n r l i l i g  , - y i , l u ’ m l u  ,- four  t i m t  m’ ’ , i s t t ’ t l ’ ’ i’ t I  sl tt ’il ml ‘ 
- 

-

t ’h n t u i t i m  u h n , n m n g u ’ i l l  I b i t ’ l t ) ( Si ’_ 
‘ l i i i ” f r u i m i i  s u t  - i ’ t~ i m i ’m i - i l l  ‘ 

-

i l i y u - s0 g I t i ’ ’ n s ,  ( h u n ,-  lm ti s h ,,’, ’tm a I u n m i t l u , l l I m u I ’ u I  , ‘h : u m l g i -  i t s
sl~~7 - i , n u u -  I i  i t l l m u ’ i , t l I h r t ’  b I b -n i. i t t  l i m u ’  1 ’ lu , i i ’s l’s ’. ,,

i t o - i l  svi bit a r ,-v i - n s t i b  n u t  t i m e  t ’ h i l i t t l t ?u ’ i b , u i i i m t uIt! t n t - b I l l  -

uI h o ’  - t u b ’ s  10 ( 50 ”. \ , n m i , i . t s , h u i l n O ? :  t u l u l l  sot ,  u ’ l~ (~- I , I -i

it s , -  , h i — i n i l , u t t i u u m i  m i  su t i  s t m r f , m i  e I u - m t u l , t - r t u I l l l i ’ s i t t  I h i e  /
7

\ ‘ ‘ r h l l  , \ b b , u l i i l ,  b i t i s  m l i i i ,  I n  f ’,- ’.u ’ l Imb , l t ’  t i u i ’  p t i h i t r t t

ru v , , i h i u i  t m ’ s  h i l t ’  — I L l S ’s ’  t i i ’b ’ut’t’u ’tt 1 u S °  t i t i u l  1S ,’~b i  - I

( I  - t i ) , , 1 5 1 ,  ih i -  ‘.i r i - n a t  ii ‘ ‘ l  t h t-  i m i , u t n  a ‘ t u , m l  s s i m u u i  ‘
~

‘.1 r u - o i l ’ .  l i t l i t ’  n — I  ‘ I r i s  ‘ ‘ I  i i , , -  m i u n n l u i  h i , , -  h~ -, - i n  i b m - u r i t — t m i g  I n n ,  I u , u n ’ )  , u m u , m  f ’ m m  e \ u n ’ iu I m s  II  , s n l , ’ r , , ~ S - u ’ t , i u ’ ’ l  10171

s l l l n  C~~ t m I L n ’ i l l l l i i l I  l i h n h  , u p i m r ’ n ’  i O , , t l u  I s  m o l u i 2  l , , l t s t b i , 5 ‘ l u  ‘ u i i ’ n u l s  i S u I m  , ‘ \ t I i l l l l i i , ~ I ’ m ,  i ’ ’ I l n t  m s l i i u l m n ’ . . :  ‘ ‘ I I , ,

‘ i i  l u  - 5 — s - u n i _ I t ’  ‘ l s i l t  ii b b , i s  i - b i n  I i ’  m l ,  i l l  ,_‘ , m l ,  n i  s s i m u u  I i i , - _~ i n _ t i  m i i i  I n m n  hi , ’ t~ , u s  - - i i , ,  l I n u s, —I , ‘ , m n ,  m u , I n  i i  1 , 1

- - - ‘ - - u n l a  i ,  I In , ’ I , , , ,  — m ‘ . m m m n - m t t  i, i i i ,  t i  ni t ’s , m m ,  I i i i  “‘ I i  ‘ I i  h u m  I n  1,. i m ,  m t , m ’
s, ’ b u u i  i i i ’ — b i n ’ .  I~, i  I t  , , t i  I t S  ( u n - u -  I l l  l i i i  I m ’  ‘ 1 i t i  i i i  I t  m I u - s i ’ . ’ i t , u i m ” t  10 ,i i n l l l i l t ’ ,  7 ) i m r  I I , ,  . I i u  I l l ’  ui l i i m  hi t I l I ’’ ’ t i m ’ , i~t t i  - i ’ ’ ’ )
hI ’’. k i t i g  b i t y b n — . t I l i l r ’ b i  I, t t l h l l i l , ’ ” m h t , m t m n t ’ t b 0  l ’ 1l ,0 ’~ s i i m lu jmi  i h t i ’  t e l  . t i ’ .u t n t , u t u  n i  ‘v
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m u ; . 5 . t m i u , , -  1 _ i n ; , !  m m l i  ui i l u u ’  i t s , - , , , ,  u m  i , : i _ m I  , , u  i: ’ l m i i m n g  u s  lu, ’  1 , 1 — ’! i’it_’t t i  u i,t u t i n ’ ’ l n u i s _ t$ ’l ’l  111,55 m i m i u l  10-17 l u i 7 I l _

1dausi lde t h a t  t i s e  n u t  t t t t  ; t t i u , l m l , l l ’ , u t u , m t , ’ l  ht ~’ i i i  i t s —  ( , ; l l s , - n 1 U 1 - u i t l \  , m t t t  i l t l t - t i l l l b  I i ,  rec i , n stru icl  i— t m-ni  eli -
t n t - mis t ’  in h i g h  b a t i t t u i t ’  I , l n m u  I - l u g  m i m i g h t  n t - s t - t u l I , l t -  t i t i s  u t al t ’s  I ’ m  u _ s b p e n i t t l s  ml t i t u m u ’  ,‘eu p i i t ’ t’s t h e  u sl- cml all
l ) a t k ’rtt w i t h  a ( i amb of low l~~ s—h r , i - \ t t ’ I i n i l l i g i i  r uss h i n t- i - i ~~u - b u v i - i  I ns ,
tist’ ,~~t l a t t i i u  ( I ,  ~- , i i l  t u i s i l  h m i g i t t ’ m  l I n t - s ’ . u l n d ’  e x t t ’ t s t l i u i g  I I I  l” m , , t t s  I ’ u i  ( I I , sI i m n m m s - - I y ~,e fn t ’ , 1t i e t u i - iu- s  we t - c i i i
t i le i i ’ i r t h i ,  I Is , ’ , ‘ , n — m ’ . t ,  t i ’ s  l,u _ ’ t w u - , - t i  s m u i i u u ’  n u u h s , - -, ‘ ‘ I  t uba l , ’ , l  li ,r t’t~~’h t u l m ’ u t i i l , -  m l  t h ~ l ’ X M b ’s ( ‘l ’ u i l l e 4 ) , t ) t t
( t h o u  k m i t g  o u t 1  w m - u g i m i m i m C s ’ m I t a - m i s - t i  I n  2 l I t ’ ‘ s i t oo s i t i  l I t , ’  u i — u s  t , f  1st - i t t  t i t i t m t i m t l  \ v t ’ I g I l l i t u g s  u u t t  i - i gi - t i s - ,’s t i m  2 ,
in 1- i g .  ( t . h i l t ’  l 02 ( t ’~ O t t o !  10b~~l ’i- tnt -re s l t u l i s t u  l i t  he I l in su ’  l i t u i s l

- - - - - — i h i . .~ i m n i h . u u ’  I i u u t - i b l g  l i l t ’  !t t ’ i ’ i t t , i  I s u l i l  l ’l (t , l ig ,  7 i h i m u s
li . I iIY tuIIl i ’ l /  I I I  u i It ’ ,i / t ’  ‘ i’’ ‘ l u l/  n / m ’t ’i i  , /1 11111/I ’ I t ’ s~u1 10 , () - - - -

I n t i b u - ’. t btu ’  u l l i i i ’ b ’ u ’ t m ,  s i u , - I w t ’ t ’ t t  l b i t ’’-.t ’ h i - ,  i i hi’ ~. I l l  t i - I  i i i ’ .

\ s  s i m n i s i t i  I t t  l u g .  S , l , i b ’ Ct -  ‘.u m b , -  I i n u l i i ; l t i ’ u t m  I , t ! b l -b’ n s  m u )  - L o b ’ I l i  l , t ’ I s m u v i u u r ,  t )s’ t ’nt u l l , t i l t -n t ’  5 a ‘I bi ’
i , i I , ’ u i  is i t h  h i t , ’ ’ iC - l i s t - I  I n n ’. i u s ,- i I ’ ’  m t l , m I i I \  ‘ . b m u l ’ t l i  t i ‘.I i u r i i i  i I i s i l ’ u i l l  l i st’ b l l i i h  , \ b l ; t t i t i i  u ’ u , u s i , l l u u ’ s u , vt i ,

itt’lt mt ~’it ur i i i  t h i s  ~t u u u i ~ ( I  - . I . . , ,  I , h i , u s,- s ,mr ii -u I t h t ’ m u i t g h i  u b~, i u i u ,’m - ’. its I l l , !  s l u , u l u i t i  I l m s I r i i t u u l i u , t t  ‘ i t  s l u u t ’ i l i ’ — t l t . I k , ’  t u e
h I l l - . I- _ V u - I l  t u , u u i g h  , , s , - r ; i g u -  s t i t i l e r  ss , - i g li t l i t ,’’-. ‘ ‘ h i  u - i g u - b i - I l l ,  r u - n - -, t u l l i ,  ii h i l g b u u - n  I o n  s I n , ’  m t - u i ” , ‘l It , ’ , l i m - . l n i i u t t t i u t u t
s i n  or 2 i n ,  l i s t ’  n o b ’ s  u i - u t _ i  s i - i h i , i t  i ’ ’ t i h , i i t t  .u ‘ ‘ m l ’ ’  i o n  ‘ h  ot s l n ’ r t i , ’ .  , nu s s i t m a  m I t t , ,  bitt’ u_n i l  . u i u - ,u  i t t  l i i i ’  100,1 1 ’,, IS

‘.i n I _ i n  t nt-i i it , tilt- ’ l , m l , m  f u , r  II,’ ’ i i i ,  ‘ n t ’ . -~ t t u , i  I t i  l i u . t t k l ’ I b i ’ , u n I t .’ i t i t m m , , t i , u l  t i l , i b u  l u  lilt’ l 1201 ’s, s s i t h m
t .uin tt ’ult l Iu mn.u l , t u t u i ~i m , t h i i ,’i, ’ i  n I i i -  ‘ ‘ t u b ,  n n i l  i i t ’ i . l i l tS _ u m i a x i u m i a  I l l  ‘ s t ’ i l I t l  1 1 1 m m - S 2 l I m b  S , \ u h u h m t j u , u t t i l l ~ ’ , t l ~u.’

‘ ‘  - — —-‘ ‘ - — ‘ — ‘-‘ “ - ~~~~~~~~~~~~~~~~~~~~~~~~~
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I i , ;  ~‘ . I, m ’ t l ( t l l  i n , , ! .

tsican st or t t s  I rack sl s’ usv s a disi dacc t ls e t t  I n ~ii~ l i ’ in , ’ u’ s- i  ~ l tt ’li t ’s h ’s St ut I sem u t  of ,  ( I  ‘)(rb ) t I l t 1  I t ,  , s s e n n m t l  1 t t t t t  I
olc ’nt’ttl  i ,v ’,t , l I -t ’r t ’ tuse in stu ,r t sl  IV i te  4 an mi  i l m u n u’ , l s, ’s i ),u i ,i t u I 1’I0~~1 ‘ ‘ O u r  Sl tb sst!  t i - S I > c u i i -  ts f , n u l l u j u , m l ’ u s u u r u  (‘it ’

in SI’ Irtis types f m tr t  her 11115111 Ire (except 51 ’ , n m u I vpe j ) - I hit-st . nt -sitl I i - , 51 :11 i se m t /  n i / .  t i tt ’m u l t t t ’ b s t  ti  u -h ang t ’ it t I it ,’

‘i’he inu’r casc j u t the l , i t s i o thmil i t v t ,f t he  ~t i t m t 1 l  b t l l b t t i _  t t t t t n l ut ’r ~if i I , l I h i ; u g i l i g  s l n m n i m i s  f r I t O 2 .4 bk ’t’ ~‘c .um its t h e

I a t i t t n  is u I ihI i t ’tib t to t’t ’ l t i l i ’ t o a s h I m  i l l s ’ pru j n ’m l y  if 10 2 b ( ’s Itt u,ver  
~~~~~ 

vi to’ its l i s t ’  100,1 1’s, ‘fl t i s  I t t - l u ! is

t he large - sta le eiru ’ii i a t i tu t t , hut tI lt ’ t t t l sh i l r e  ihsp l: u t t’ - , t i > v i i l u l s l v  t t t u e h  l, trg , ’r I h uts  t ’ \ h l , ’ ,’ I u ’l l i lu i t ’  I , ’ I I t t ’

t I s t ’ tlt ,tf sttl r thts eats toe I ibh k , ’ l l  uh i r e t ’ t l v  u n  l i se  in n - I ’ . , - , 1  , t s -c rm u hh iou  r s - t m s u - ’ h  ‘ . I m , n i t i  f r u ’ i l u l , - t u u \ i ’ S t i t t t i h t ’ i t  l iv l’.n l -  I I ) ,

frequency t 1  h si g is - l~t t i t m u i l c  bb ’ti ’ki ng , I ) o ni i sg  ~~~~~ ‘if \ , n i i ,  bi t ut t l i e Ii ,  t ins siu t it u s i l t , t I ’ t m s , ’ u I  u n ’ i ’ . t . t l  uhc ’ve l , i i l

h ig h —ia t i tu t I t ~ l u h u t u - k i t s g ,  larg e t u l u l i u s i ’ h n m t u , ’s i t , u i 1 t i t ~:t Ie n t u ’ t , h ,  g u ’t t&- r m uh s bum , n , ’ lnuu ’ n u - n u” . s i u u l l , , n t h , , , e- .  it s s h u t n m t s

the ( r u - i ’ t l l t t l l i (  I I t i v i s  S l r m u i b  n t - ’~ i u u m m  m t t i ’ l I b i s i t ( ’ i l t .  l i i i ’  n i , I i l i , i t ! i ’ nu -~~u n h ’ -. Ihs i L’ilb t ’ \ l t l t i i t l  lilt ’ ul m ’ .m I t - I  u , u l l i  s l u ,

f l t t r tf lutl  1- u i n r ~,’ it e x t m t t t r u t b t i  m u! I ’Vu b , , t , , - s , h urt in g t i t e  I w i i ’ h i  I t l u ’  ( b t t l g l O t l u i l m ’  n I t  t i se t m ,  t , - ,u ’ . i  ill i ! . u m l u , u g i I u g

t u l l e , ’  ‘.i’ ‘rit m i O l b i b i t t t ’ l ’ll 1 , 1  Ii tt’ lu tsv t ’n m t u ’I , iII m l u , mt - i’s,

ti st t ‘ t ’lsisutrc u l i sp l mi cet ilen t u , f  t t IC t rack.  it t,  t m h t s  l I t ’ ’ Ii, - h i t  S 

-- -.-- “
~~ ~~~~

-_ - - -- _ -_ -- 
—- -



—~~~--
- --- - - -

- -
- 

-
~~~~~~~~~~~~

‘
~~~~~~~~~~~~~~~~~~~~~~~

-- -
~~~~~~ 

_ i
~~~~~~. 

, - ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ,

12 32 j ( l h R N , -S L 01” ~ l’ l’ I . I F 0  \l i- , ’!’ h - : t , l < u I . uI I;v V,, t n sii- 14

— —  “— , - “ ~~‘—r’—-— ’ ‘ 1 ” ~~~~ r~~~~~~ ”r’———I—— -— —T————— 1 I,.- !
h -’) , ‘ i  - 10 :0 , ‘n ’ -,~ u ’ 4i

- 

( A  /

m880 1900 1920 1940 90C

1<_n a = tIn ’ , i m t  a n n ua l  wei g h t i n g  on g i e - -. , t ’,- n ’~~ t o r  2 .  
?~,: = A t l an t i c  ‘zonal  c i r c u l a t i o n  i n s I , :-: -. ;u n ri u a l  , , ‘s ’ , - m , m - : , -  v a l u n - ; ;  c t  i i i ’ ’

A z o r e s — I c e l a n d  ‘i ’’ - ,-m a u r e  ‘ t u t i n - r u ’ i n ( ’ t ’  n ’ c n ’ m ’ - , t - - , i i i i  ?, :‘t i ’ ,; e”,’, - u  ‘m l
- l ’ ’ u ’ r . t ,~~,’ 1 89 . 1— 1 9 5 2  (L :itiib , 19661

IsO = Fr’.-~~uencv of w, - ,e ) ,‘r l ;- t e n , ’  dt , ’s - s  in  I me On i i  e l m  I t - I - s  I ’  m : - , 1 0( , I -
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An increase in storm damage along the east coast of the United
States coincides with secular variations of the general circulation
documented by several recent investigations. To determine the
coupling between large—scale circulation pattern s and extratropical
storms along the mid—Atlantic coast, a principal-component analysis
is used to characterize patterns of 5-day mean surface pressure and ,
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ities of storm occurrences are calculated. Based on this probabil-
istic coupling , secular variations in frequencies of surface pressure
patterns are used to estimate secular variations in mid-Atlantic
storm climate . The results suggest that a significant trend has ‘

occurred in large-scale circulation. Physical interpretation of this
change suggests an increase in the frequency of high-latitude blocking.
Associated recent secular changes in storm climate ar e 1) an offshor e
displacement of the mean storm track ; 2) an increase in the number of
storms moving offshore; and 3) a tendency toward two modes , rather
than one , of storm tracks along the mid—Atlantic coast. Since such
changes alter the f requency of extreme wave and surge condit ions alon g
the coast , the consequences are hi ghly signi f icant in terms of human
impact. (U)
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Storm Wa~e Climates at Cap e Hatteras , North Caroli na :
Recent Secular Variations

l~r ct i ’ m P . I I ~t v d m ’ m  m
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Storm Wa ie Climates at (‘a pe Hatteras. North Carolina:
Recent Secular Variations

Abstract , Mid—/i i/ a nt ic - c oastal sS ’at ’ i i -lt,nate,s ha t- i un m/l ’rg onu stgitt f t i an( -hm,rtt ~’i ’ S mt/ u
in the las t three dei ’ade,c i ’h ’ durati on and lrequen( v u i  s immrP?t t  gener alttt ,g ht g /t 1,11 ii

and t he length o/ the R in g er ilu urnl Ha i - i’ i , u Iuu  in hm~ m u  ins reu.u em! / h1 - u - i han t~ 
- u ( (t i l t  -

part . al l -ouni lop the oh t ’r c- ed tren d in chi ire / i  rn t ’r ort , n a/m t pt c~ the ( ‘sl i t  i u  Si It I I I  thu -

t ttii ~d ,Slate,-

[he I - S .-\rnt~ 
( im rp ’ . of I- ngtnec r ’ .  (hIs tiing rei,’eS ’ . lmu l l  iii IhC s himr ei tn &’ I ) it ~ (‘III

ass Igned more than ~~ii pereenl u~t the sIlIrt li trend u t ’ . been Il lt t hulcd to ,t S I l l

shore itne along Ihe ‘\tlantlc e ii , l ’ . l  il l the c i .  il lam I I ’ .  inmi m idi ng I I lite m-urr ert t ‘t’.u

I n i t e d  ~ l . t t e’ . to the ca egil rte’. ol erosion cccl ru ’ . e- , I l l )  l im e ret ithed stipp ls ml m u - ms

or c r m t i c , t i  e r ,msI t fl ( I t .  N~imiti ,’ ru u im ’ .  engIneer- s,t nd’. t m . u i m u  tn land s u m l l i i . C’ . ( I l l )  f m m l t i l , , I m  It
been tm pl eme n l e i l  t i c  i t e ’.  l h . t l  t i l e r  t h e  u . m ’ . t , u l  O e i u T t u m I t I l l l i I I

I i ,  ml u cm k t(lc u, mi t l tmn  u i e u  , .tnm l i s  I t  m m c c i  . t s c r - l ~~c t e I l t r . t I  pie ’ .
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mmmii ,’ u t  dattia~ cti g ‘.tc l rn l ’. 1—’) PI eS iiiU5i~m i,itite I ‘. , u r u , I t u u u m i ’ .  Ill ‘.li iriml ss ,mme l re q mmcmmu m mini s i th  the 1Y42 i)(u S ,ermuud In ,tdd utu u mu iii

unrecmmL ’t t i /cd ‘.ccuiar m . c r j . m t l u u n ’ . in s t i t r t t l  t nagn it udc ‘ ‘.m u i u  c ‘1-12, I, nlcmlfl ,ul u luul . uI  nululuer the increa se d Irequene’s ui I I - l u u u u l  s t i i r t t l
. im t stsl t t mm ’ . ‘51111 S , I S C .  VFC. m I eF tl i.c fl ‘. ted . 11.

sc , m \C  LitIthI ~e’. ~I IC re ported here .i ’ . s e t  a n— - Same emet i l ’ .  and .m m re.uer l) t im h lmIr t m uut l  it
- fliC~t ti ,t I1II UJ I f lU IlI her sit ‘. tuir l l t ’ .  S mmli sm _m m t’’, -

im t her Itttp cu r l.I nt l,m ~ tuir eofl hrt l) Lmtl f l g 1cm the gre ater t hmu t m I I ccl . am mmi I I I .  ~e,m rl~ nmcan numn - ‘.t~~1t~~’. t’e~iiJuiI ig Ib i s  u I l , u m ~l t l ( l l ( i m ,  t he ,u m c r -

,‘uua ’ .t,c i erosIon bet sit lmuuur ’ . u t  ‘5 .1’ C ’  g re,tme r lha rm I I t~ et age annual duratIon 5)1 ‘.ii~_ f t  s t m l rrn Si 1 I I, ’.

~ ‘
.111m m the I3tetsChflCldeI mcthmld . I have 

I’ - ~ I I  l i t  
increased u m s e t  the ‘ ., i t i te pe rm o d I r u i lmi  1 )42

htndca’.ted the nutnher ol s lccurrcflces ,Ifld 
ijlilS tul l9(i~ t he .lserage annual durut iimn i i  I I -

the durat iimtt ill sh u nt scam s -’. at Cape l I m i t -  t~ 42 i)4~ 3(1 ~ 
b (m4 I) t i imi t  s a m e ’ .  ‘ ma ’ .  ~(J ,~ hours Sl i tee l1)(u ’. In

ten t ’ ., \uirt hi ( ~irli( mIi~t , or cacti im f ’ se men l~)4~’ t~i5tt t~ ~ 4 t t  “ “ 4 umerage annual d mm r atm uin  ill I 1 im i l imu r ’ .  h:im.

dee p-ms atCi ‘ . i m t i l i t i u j , I f l t  sac c-fieimi ht c~u !e- ~~~ I )”” Pi~t t  t . 4. ~ been reemmrd ed I hi’. dtt1e reii~e at t immun t ’ .  I

u i u u r l C ’ . i  ~‘ I to ~~ ket I 1 (m i l l  2 4  It I I~ ~ I t o t9(mtl t u b 1 ’. 1 i : 4 m u  41) Ii ‘~ ~ Ill PC1LC~~ ifli , rc.lsc In the t im i ,ti annual

t I l l  eel 2~ to 3 4 l t t ) ~ f ) ~ i t i m 14 1 )  ‘eel ‘ bhu ’~ t 97 t1 ~ 2 ~ lI 1 d u r a t i i i n

I ~ 4 tO —I 1 ttl ) 14 I to  l’~ I) fee t I4-3 to ~ 2 ~~ li ) 74 21 ,l l  u ‘. 22 . ’ 1 lie l I t i I ’ . t  recent per lilli s t udie d t , luis

t )11 I ‘ I t u m  21) I) led S 2 t o  Im I t im ~ 21) I t im 1 7 )  t bm r mi u g im J une j u l ’ 4 1  t ’ .  t he stor mIest

23 11 ted ( I i  I to ‘ 1 m m l t ~ and 23 I 1m m ~2 f eet  urn rc~~u i rd u i ;  ( .mj ’ c l l , m t l e r ,u ’ .  in ‘ . j m l t c  it t he

I” (I hi ~) -~ t o )  ~~~ I mttui ’ .e ~,I i’eet as the emi , ’c p l i u u t h m i i m  i,IIIil me.u r  t rout  .lmmIm t ’ ) 3 t o

~‘auscd ( mm deep- ms ate ;  s a m e ’ .  In cs~ e- .’. u t  I I - - -

lu im me st I t t~ t t because smaller ~s ,mme ’ . dmi ilot - ‘ - lane I i  4 I- \~~ludlIltt t h i s  u n u ’ . u . m I I m  cm t i f l )
- fe et , In 972 and I t  - durIng Ileid st udies ‘ -

er i m d c t f te  harr ier —i sland dune t .mu ,’e ,m lonmu - u c ’~mr, t he mean m tn nmmmil d ur ,mtu n u t  ‘m ule ’ .— mit ( a pe Hatte r . t ’ .. I found t hat i uv e , in u u_  -

the u_ m u ,l’.t it N u u r t l i  ( , m r u i t i m t , m  15cr II feet  tota ls 4’) huiurs . rmea r is t tmr ee
- mm erms isit mcmi ’ . mni t ia t ed imn k hs deep- ms ate ;

I-et c h lenuth sc m’ . est i mated f r mm t r i  I S - 
- t t n me ’ .  limIt umb ’ .e rm ed for  the sc , u r ’  (m u _- t i m e

- m5, Ime ’ .  it II le~ t im r more, \ u_ ur di tmmil ’ . , I -

\~ eather l3mm rem tu 12 - and 24- Im miur s m n i l p t l c  - 
‘ ~)(~ ~~~ u i i i  mfmm rmnm t the i l  II s . t e m s e r

- 
- f iav e  ‘.un’m m,irm,ed the I requemicle’ . oi msmim e

scem it her charts . I i i h t a i n c d  scInd speed osc r . ‘ 
‘ .t iurl t ls  th,tn before i m , I m e  e u _ l i t  I i~ Clt mc . u m e ’ .

- c m e n t ’ .  u mt ~ teet m u  g reater  and t he t u e  —

the fe tch  are mt tr c mrmi recmmr ds ui the ( ape ~ m u _ . u i v i  t i tan ‘. levi . u u m m u _ m u _ t, .1 I,mru,ie ~u _ r
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1.

ABSTRACT

Using surf height and direction statistics collected

during the Cooperative Surf Observation Program (COSOP)

for Virginia Beach, Virginia seasonal transitions in wind

wave climates along the U.S. Atlantic coast are identified .

The summer surf regime begins around May 6th and ends

about August 10th. The following Fall storm season runs

through October 20. In addition , spectral analyses of the

daily weightings of the principal component functions are

found to exhibit several periodicities. Periods commonly

found include 6.5, 8, 10—12, 15—17, 27—30 , and 43—45 days

and are noteworthy in that similar periods have been re-

ported for various atmospheric phenomena. The conclusion

that a structured seasonal chronology of coastal wave

climates exists supports the meteorological literature on

singularities and natural seasons.

—‘4
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1. Introduction

Ocean surface wind waves and the associated gener-

ative processes have been extensively investigated ;

less studied are the temporal and spatial variations of

wind waves in the coastal zone. With the exception of

statistical summaries , and a few hindcasted storm records ,

the science of coastal wave climatology hardly exists

at all. In part this deficiency resulted from long—held

beliefs tl’at there is no systematic organization within

the annual cycle. Evidence is presented here that there

is.
In this paper methods are developed for using the

eigenvectors of the correlation matrices of 3-day running

means of surf heights and directions . The resulting empi-

rical orthogonal functions , and the time series of their

weightings, were analyzed for the purpose of specifying

the seasonal chronology of coastal wave climates. Spec-

tral analyses of time series of the eigenvector weightings

are used to identify recurrent events of the wave climate

record. 

- - - -  -- ---- -
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2. Background

Wi th the exception of a recent paper by, one of the

authors (Hayden , 1976),, the concept of a preci se seasonal

structure in coastal wave climates as presented in this

paper does not have precedence in the literature . Coastal

investigators in general have not recognized a seasonal

wave climate structure shorter than the broad winter/sum-

mer cycle. The concept of a seasonal structure ’, however ,

is not without theoretical substance. The relationship

between wind fields and wave generation is well recognized

and seasonal chronologies of various aspects of the general

circulation of the atmosphere are recurrently reported on

in the literature: Talman , C.F. (1919), Brooks , C.E.P.

(1946 ), Ehrlich, A. (1954), Bryson , R.A. and Lahey , J.F.

(1958), Caskey , J.E. (1963), Bradka , J. (1966), Namias , J.

(1968), Wahl , E. (1972), and Lamb , H.H. (1973).

Namias (1968) demonstrated the existence of a late-

November singularity which was in part characterized by

frequent cyclogenesis off the mid-Atlantic coast . The

• Fall season transition of the southward shift of the polar

front in mid-October (Bryson and Lahey 1958) and the con-

commitant rise in , the magni tude of the Wadswo rth stormi-

ness index should give rise to increased storm wave acti-

vity . That natural climatolog ical seasons are definable

in terms of synoptic characteristics is demonstrated by

Lamb (1973). The hypothesis here is tha t there is a corn-

mensura te seasonal structure in coastal wind wave climates .

~

- 
~~~~~- - - ~~~—- - - —-- -~~~ “ - - - -~~ - —--- — -- — -



- — - -- ~~~ ‘ 
-~~~~~~~~~~~~~~~~~~~~

“ ‘~ T~~”

3

3. COSOP Data

At 26 Coast Guard stat ions located around the conter-

minous United States visual observations of daily surf

characteristics were collected betw een the mid -1950’ s

and 1970. This program of data collection is known as the

~ERC-USCG Cooperative Surf Observation Program (COSOP)

and was begun in 1954 by the Beach Erosion Board of the

U.S. Army Corps of Engineers. COSOP data consists of

visual est imates of surf height , direction and period .

Observation frequency is 6 times daily , visibili ty per-

mitting . Heights are estimated in 1 ft. intervals and

directions are assigned one point of the standard 8 point
- compass. While most of the illus trat ive materials used

here are for the Virg inia Beach , V i rginia , Coast Guard

station record , similar analyses have been completed for

Moose Peak , Maine; Hampton Beach, New Hampshire ; Point

Judith, Rhode Island; Atlantic City, New Jersey ; Ocean

City, Maryland; Hilisboro Inle t , Florida; Pensacola ,

Florida ; St. Joe , Florida ; Point Argue ].lo, California;

Point Arenas , California and Cape Flattery , Washing ton .

In the presen t study 15 year mean observational fre-

quencies in wave height and directions classes for each

calendar day were calculated and subsequen tly smoothed

using a three-day running mean. The resul ting 365 day

climatological time series of frequencies were analyzed .

_ _  

_ _ _
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4. Analysis

The surf height and direction frequencies of the

COSOP data constitutes a multiple variab le information

set. As such systematic organizat ions among the vari-

ables may be specified by principal component analysis.

In terms of least square error , principal-component analy-

sis provides an opt imal means of object ively specifying

patterns in data fields (Lorenz , 1956 ; Gilman , 1957 , I~utz—

bach, 1967 and Resio and Hayden , 1975). Basically the

analysis transforms a set of intercorrelated variates into

a new coordinate system with inherent statistical proper-

ties. The axes in the new coordinate system are linear

combinations of the original variates and are mutually

orthogonal.

The correlation matrix from which eigenvectors were

calculated consisted of N observations , the number of

days in the time series (365), on M variables , the sum of

the number of surf height and direction classes. In order

to distinguish fair-weather from storm wave climates three

separate subsets of the data (the Virginia Beach , V irg inia ,

COSOP record ) were analyzed. Subset 1 consisted of all

wave observations, subset 2 — surf less than 4 ft. and

subset 3 — surf greater than 4 ft. Because the number of

variables , M , is relatively small , only an equal number

of eigenvectors may be calculated . In this study only the
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first eigenvictors are used as interpretation bases. The

time series of weighting on the eigenvectors calculated
were plotted and examined . Because periodicities were

apparent in these time series plots , power spectral analy-

ses were conducted to specify the recurrent periods.

5. The Eigenvectors

The variable multipliers for the first eigenvectors

for the all waves , fair—weather, and storm—waves data

subsets , are given in Table 1. The first eigenvector

for all waves distinguishes low surf from the southeast

direction (positive eigenvector weight) from higher surf

from the northeast and east (negative eigenvector weight-

irig). This eigenvector may be referred to as a general

fair weather/foul weather function.

The first eigenvectors calculated for surf less than

4 ft. and surf grea’ter than 4 ft. are also given in Table 1.

The general form of the low surf eigenvector does not

differ significantly than that calculated using the all

waves subset of the data.

The first eigenvector for the high surf data subset

is heavily weighted on the surf height variables while

weightings on the direction components is modest. The

occurrence of high waves from southeast and east , implies

that the causal storms track offshore south of Virginia

~~~~~~~~~~~~~~~~-—  
_~~~~~~~~:
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TABLE 1

Eigenvector 1 Multipliers in Tabular Form

Variable All Waves Waves .~~ 4 ’  Waves .~~ 4’

NE — .2543 — .4328 — .0744

E — .2120 — .2780 .1545

SE .3284 .5120 .0803

0—1’ .3029 .2630

1—2’ .2321 .2592

2—3’ — .3861 — .4154

3—4’ — .4598
’ 

— .4053

4—5’ — . 4328  .4568

5— 6’ — .2585 .5239

6—7’ — .1375 .5334

7’ + — .0584. ~~~~

t
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Beach and move northeastward . The form of this high surf

function differs significantly from the high waves portion

of the all waves eigenvector. Under the all waves analysis

high waves are associated with northeast and east surf

directions. High waves are present at Virginia Beach

when a storm track~ offshore near to the north of Virginia

Beach. With this type of storm movement high waves from

the southeast are not expected .

6. Seasonal Chronology

Plots of the eigenvector weightings for each obser-

vation day constitutes a climatological time series of

the surf conditions at Virginia Beach (Fig. 1). It is

immediately apparent that curves A and B, all waves and

waves ~ 4 ft. respectively , are nearly identical. This

attribute results from the preponderance of low surf

observations. If the all-waves eigenvector is a general

fair/foul weather function, then this attribute character-

izes the conditions of the summer-winter transition . Sum-

mer apparently begins about May 6th and ends August 10th.

The summer surf regime is southeast, waves generally less

than 2 ft. These waves are classed as swell and their

origin would be at~nibuted to the subtropical anticyclone

of the North Atlantic. Around August 10th higher waves

out of the northeast and east begin to dominate . These

~ 

- -
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waves are probably the result of cyclones and fronts to

the east and north of Virginia Beach.

The chronology for the eigenvector of waves in

excess of four feet as mentioned earlier is consistent

with southerly storm tracks first yielding southeast

surf , then east surf and finally northeast surf. These

storms begin around the 10th of August and may ir4clude

hurr icanes; however , hindcast studies of storm wave con-

ditions at Cape Hatteras clearly indicate that each of

these peaks (Fig. 1 curve C) can be attributed to extra—

tropical cyclones. Fall (Aug. 10 - Oct. 20) is clearly

the major season for these storms. It is quite probable

that the recurring southward excursions of the zonal

westenlies reported by Wahl (1972) and thus the southward

displacement polar front during this period accounts for

the frequent and recurrent southerly tracking storms.

At the end of February and beginning of March there —

is another period of high weighting on the high surf

eigenvector. More southerly storms at this time are also

expected because of the tendency for the primary mid-

winter low index (southward westerlies) to occur around

these dates. Hindcast studies for Cape Hatteras indicate

that 80% of the most severe winter storms occur between

mid-February and mid-Narch. Thus this hi gh surf eigen-

vector may characterize thl:’ c1~~mato logy  of the most damag-

in g  type  of A t l a n t i c  coasta l storm . In any case the con-
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cept that storms occur randomly in time with a prefer-

ence for the winter storm season should be reconsidered.

7. Power Spectra

Because the time series of eigenvector weightings

(Fig. 1) appeared to exhibit some periodicities , spectral

analyses were performed (Fig. 2 and 3). Periods of 43—

45 days, 27—30 , 15—17 , 10—12 , 8, and 6.5 days were evi-

dent in the Virginia Beach record of waves in excess of

4 ft. While the assignment of causality to each of these

periodicities is not within the scope of this investi-

gation several of these period~ have been reported in the - -

meteorological literature (Table 2). While the trend

components of the time series were not filtered and to —

date no confidence limits have been calculated , we are

convinced that several periodicities exist and are real.

Confidence is bolstered in this case because several of

these periodicities were also evident in similiar analy-

ses for Moose Peak on the Gulf of Maine , Hillsboro Inlet ,

Florida and for Cape Flattery , Washington (Fig. 3).

8. Conclusions 
-

Definition of :the onset and close of atmospheric

seasons has been debated and remains controversial among

L
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atmospheric scientists. There has been no equivalent

debate on the questions of natural seasons in shallow

water hydrodynainical conditions. Our studies at other

Atlantic and Pacific coast COSOP stations indicate that

the dates of season beginnings and endings are geogr~ph-

ical].y synchronous. This suggests a global scale pheno-

mena. That the observed periodicity should be present in

climatological time series of 15-year means further sug-

gests that a structural seasonal organization must exist

in the coastal wave environment. Should further studies

confirm these findings then renewed interest in the causal

atmospheric phenomena should result. 
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