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THE ACCUFACY OF PRESENT WAVE FORECASTING METHODS
WITH REFERENCE TO PROBLEMS IN BEACH EROSION ON
THE NEN JERSEY AND LONG ISLAND COASTS

ABSTRACT

Uetailad weathar data and wave data for every four hours ware
abtalned from 22 April 1942 to 3 &y 1948, An attempt was made
to it the obhssrved significant height and significant psried to the
forecasted significant height and significant period within the
renge of ascuracy of the weather data., It was, in gensral, possilble
to obtain pocd agreement batmeen the cobsarved and forecasted
significant heightas.

Various exarples of the techniyuas amploysd are dsscribed. In
particular, an east coast storm and a tropical hurricane are studiad,
Ihe dats were tabulated with reference to singla valuved versus
multiple valusd forecaste, z2nd vith refersnce to acceapted wave fore-
casting mathods, and, as yet, thaorstieally unjustifi=d sxtanedone,
Since wod height amrsement was obtainmad by a delibarate choice of
fereacast parameters within the rance of Lheir pessible values, only
tha accuragy of the psriod forscsst is discussad,

A statistical study of the results obtainad showa that the
forecasted significant periods, no matter what the method, are not
soourate and that bthey ars not distributed according to the dis-
tribution of the obsurvad significant periods. Mcre accurate
forecasts would hsve bsen obtained by making 3 simple climatological
forecast, that is, by forscasting the average value of all observed
8l gnificant poriods in all cases, Tabla 10 summariszes tha statistisal
reeults which ware obtained.

An attempt 18 mada to verify the refraction diagram for Leong
Branch, New Jersay. It is showvn that the forscasted values for dsep
vater were 50 inaccurate that verificstion of the diagram is not
pessible.,

The data are sulficisantly accurate, however, to permit the
qualitative discussion of problams connectad with beach erosion.
The direction of the littoral ocurrsnt for various deep water wava
directions 1s discussed both for waves from a distance and for
lozal waves, Some of tha sffects of an east coast storm on the
shore line are described, and the statistical propartiass of zast
coast storms ars given.



It s coneluded that hindcaste- whigh dre mde in order to ob-
tain statistical data about waves at a given localion may not be
accurste engugh to be worth the effort inwived.

In addition,  problem in wave action which depends critizally
upon ths mve pnriﬁ?cft:nt. be n“m;‘:ulr handisd by the present
forecasuing methods,

Saction 1 — Formulation of Problem

Ths problsm investigated in thie study can be formulatsd as
follown, Oiven mave records takesn every four hours st long Branch,
New Jersey from 4 p= 22 April 1648 to 12 midnight 71 Yay 1948, and
givan all availsble weathsr information for the above paried, -mli
the vave forwcasting techniquos doveloped by Sverdrup, Munk (16,17),
and fridur (1, 2) % the weather and Sompare the forecasted values
with tha ohss values in order to deterwming if the forecasted
technique 2 work and if the forecasted vaiuves of wmave helight, period
and direction can replace the observed valuss in problems conmected
with bsach erosion. Thus this =ztudy is not an attempt to forecest
the waves; to the contrery, it {5 an attemt to determine whethar
or not the forecasting techniques can vield the cbeerved valuse of
the wava parameters given the cholces pessible in ploking the fore-
vasting paramstars due to the limitations of the available data,
Evary effort war nmtle to gat the obesrved and forecasted values to
agres, and therefors the lack of sgreerent widch will be demonstrated
is in »a larps part the conssguence of 5 failure of the forecasting
ewthod . '

& 2 - mlo

In order to carry out this wave forecasting study, weather
dats, refrsction data for Long Hranch, and wave records at long
Branch wars gbtained, The weather data were most comprehsnsive
and represeated the best poseible weather coverapge of the Atlantic
Coese and of the sast coast of the Unfted States near long Branch,
Tea refrazetion dats consisted of the valuss which were obtained by
Pizrzon (14) in 2 previous revort. The wmve records wore obtained
by the Beach Brosion Board,

e weather data consistad in psrt of aix hourly weather maps
whishk inclwled the sastarn edge of the United States and the Atlantic
Oosan within & radius of several thousand nautical miles of Long
Sranch., Two différent analyses of the weather data were anmployed.
One sst of weather maps was obtained from the North Atlantic Analysis
Section at la GQuardia ¥ield through the courtesy and cooperation
of the Weathsr Pursau. The second sat of weather maps was
from the Search and Rescue Section of the United States Ucast Ouard
through the courtesy and cooperation of the Coast Ouard. Thus two



rmaps for aach obsarvalion period were available. Since %he analysis
of weather maps in part depends on the subjective gpplication of
various analysis techniyuss, the two snelyses varjed slightly for the
same weather dota and the two maps were compared in order to obtain
the hest wave forscasts.

In addition, the weather data consisted of ufresy cbservations
at La Juardia Field, Floyd Bunnett Field, Atlantic City, and Lake-
hurst Naval Air Station. These cbserviations at each station were
usually made hourly, but {f the westher was changing rapidly, they
vwere made more freguantly. The winds reportad in the airway observa-
tions were acourzte to within one wils per howr and they proved to be
most helpful in foresasting waves due to winds nsar the ccast.

The mave records were phtainad at lLong Branch, New Jarsey, by
the Beatch Erceion Hosrd. Th: recording instrurment mas a step
resistance gage Jdeveloped by the Heach Erosion Board (4). Ths true
height of ths water surface as a function of time was recorded. It
is important to peint out that low reriod wavss =ould not have besn
filtersd out by ths procwss of recording because the instrurent was
not a pressurg-typs recordar. The wave recordar was operated svery
four hours for saven minutaa. § discussion of the analysis of the
wave Jdata will be postpened until the next section.

The refraction data was obtainsd by the orthogonzl method nrt-ur
a2 stuldy of the techniyves described by s'nrrdrup and “unk (18), and
Johnson, C'Brien and Isaacs (l1). Figure 1 gives the refraction
diagram for vaves with periods from three seconds to fourteen seconds,
The theory of wave refraction is based upon the assumption that the
waves are purely periodic. A discussion of this phase of the study
is given by Pierson (14). Some concluasions as to the accuracy of
Figure 1 are possible as & result of this study of forecast methuds,
and they are given in section 2.

Section 3 - Analysis of Wavs Records

The wavé records wsre recordsd on Prush Becordsr Rells, The
Beach Erosion Board analysed tha records for significant meight and
pericd and fumished both their analysis and the original records for
the study.

The definition of significant waves as given by Sverdrup and
Mink (17) is bassd upon a statistical analysis of the wave records.
Significdnt waves are dafined as waves having the “average height
and period.of ths one third hizhest wavea." Ine above definition
at first appsars to be preciss, but in reality the analysis of wave
rapords according to the above definition is subject to considera-
able subjective interprestation on the part of the analyst. Also the
definition itself 4is sometimesinconsistant and lsads to contradict.
ory resulte in the evaluation of dher wave parameters.
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Consider, for axample, the three hypothetical wava records in
Figure 2. First, a dscieion as Lo wiatl e a wave must be made, If
ths occurrance of teo succassive trouchs (points D and E) i3 called
a wave, there are the =am@ number of waves in both record A and
record B. Then theoretizally all the waves in the record should be
counted and the hedght of each ons shoyld be tabmlatad., Ths highest
ons third of the Meights should then be deterwined and an average
takan of those height values. Since these ars, by construction, the
samd nunber of waveo in both records, and sinca Lhere are more low
ruves in record B, the #ignificant heizht of the waves in the record
D 18 lower than the significant height of the wmves in recard A. Now
consider record C, It might arize if the waves in segments 2, 4, and
6 of racord B wers too low to bo risible on ths record. If e ie
analyzed in the sams way that A and B were analysed, there would be
only kalf the aumber of maves in C as there were in A and 8., pBut
dlso the psrcoentags distribution of heights in C would be exactly
Lthat of A, and the significant hedight of record C would bo thw same
a= record A.

Ihe vave records can be used to evaluate the potential emergy
¢f the ses surfacs disturbance at a point averaged over tlme, and
it can bs s20n [rom Lthe {iesurs that the potential energy of record €
is halfl of that of record A, Since ths significent Eicht iz the
samé in both cases, it is evident that the significant height cannct
s used to computs the potential energy. Caution is therefore {n-
dicated on the use of the significant height as & measurs of incoming
wave ensrgy in thaoretical work,

Records which approach record C in that the waves over a con-
siderable time interval are quites low do ocour and the sulijective
intarprétation of the record anters at this point. The analyst
does nol count all of the low waves in order to deterntine the cone
third highest, and so in mmlnl ths reported significant height
is too kigh,

The significant waves reported in this paper wers analysed b4y
counting the total number of waves prasent (except possibly the
vary low waves), dividing by three, tabulating tha% number of high
wavas, and computing the average height. Some spot checks of the
reported hei ghts were made before procsading with the forscast atudy
and the spot check values agrsed with the Peach Erosion Bourd's
valugs so ths height data which they furnished ware used,

Az the forscasts were oarrisd out, thay were thres simificant
height cbservations which could not be fitted to the haight fore-
castes wharsas usually the height forecasts could bs mde to agree
quite successfully with the cobserved heights. Thess thres observa-
tions ware checksd, and in 2ach cass 1t was found that probably
some computation or tabulation error had been made, The signifi-
cant haights vere correctad as follows:



TABLE 1. CORFECTED SINNTFICANT WEINHTS

(mta Tima Valus Corractsd Unlun
29 lop § p.m. K.0.7. .53 fu, 2,90 £t,
a8 Wy 12 npon E.0.T, L.54 It. 2.8¢€ It,
g My & pauy BT 1.1 15 .73 .

e snglysis of mave pariods sasms to be rubject W aven <wre
mbjestive interpratation on b2 part of the analyst. Some ra-
sorida «311 bs dipdesssd in ssotion 7 shich stew Lwo parfeds super-
1mpessd as in aurve A of Firmre 3 ond 4t will alsoe ba ehown Lhat
[ooguently saversl vava traine can be forecast to arrive sfimultens-
cusly 2 that the supsrimnosed pericods sannct bo dsparated uy
smmlysie,

wvan Tian ths veathar slbuation shors that oaly vas wave tradn
sheuld acrive =% Lons Branch, somé of tha wave recomis ara Lifisuly
to analysa bagsusa of thelr axtrems frrecularity. Consider for ex-
awpla the remeining twe hypothetical wave records in Mieure 5, Jurvs
i prasonks sne type of problam. Aro Lhe small irregularitiss ok (1),
(?) and (3) to he sonsidersd as waves or J2 bthe majer trond represens-
ad by (5) to be constdarad a wave? IF (1), (2) and (2) are avararad
with () aml (€), & low value for the pericd results, If ths smll
irvegularitiss arz ignored and (5) 18 averaged with (L) anl Eeg .
Mgh wmivo Sor tha paric) results, Flmlly 4f only (1) nod (§) are
sonridersd, s modarata valus of Lhe period results, And as moon s
rslza mwerning such aftustions ara dafinad, semsthing liks (7) ocsurs,
aad the wules fail to work,

In record C, tha high waves have shortar pariods and the low
wavas have longor periods. 1f (1) and (?) are avaraped, one valu is
ebtalned; 4 Lhe lov vaves are amonz the thisd hishest, snd 1f (2
and (4) are sverzpad vith (1) and (2) a M frarent valus {& nblaimd,

A= tha vest forscasts pregeedsd, it bacama evident that ithe
signifisant perdicds vore not being foracastsd acoumtaly. Sc the
wava régurds ware re-wmlyssd for valuss of the significant paricd.

lav recorde 1ila record A mers detacted. Macords 1ike recced B
wsre apuounterad most {reyuently. In the indeoendent ro-zralys!s,
tha ten high=st =ost "save-lilka" vaves in Gho record osuch as (4)
and {6) 1o 3 vara sslsctad and their pericim vore measured, Tia
averap of the tan was cslled the wave project efgnificant peried,
The valuss obtainsd are gmaphed in sscticn 7 slogr mith thow
tabtmlated by the Bsach'drosion Roard. I i3 pot claised that the
ra—srelyzed valuss ara more socyrate. The re-analysie was meds
eith the hopa that thoe forecasts lor the paried would verify betier
with tha ner valuss.



FIG.3 HYPOTHETICAL WAVE RECORDS TO ILLUSTRATE THE DIFFICULTY IN
EVALUATING THE SIGNIFICANT PERIOD




Section 4 - Sources of Error in Osta
L ]

The weather data, the wave fata, an! the refraction data are
all dirdefini®s to a certain extent, Thay ars msasured or computed
value=s and hence they can te in effor. In addition, the wmather
data, by thm way in whizh it i{s reported, can lead to srrors in the
wave forecasts,

The sources of srror in the wave data amalysis have already
basn pointed out. The sources of error in tle refraction diagram
ware in part discussed bty Pisrson (14).

In addition to the sources of error in the refraction dia-
gmn, errors in the forecast values due to refraction could also
anter because of inacocurate valuas of the deep water wawve direction
or bagansa of inacourats values of the pariod. The errors which
snter becauss of inaccurate deosp water wave direction cam be mini-
mized and Ltho arror dus to incorrect periods can be evalunatad to
a certain extent., The methods of mccomplishing the above are dis-
cussad in section 5 and section 8.

By far the greatest sourcs of wave forecast errors liss in the
mature of the six hourly mather meps, To obtain a forscast,
a fatoh muat be determined; the wind directieon, spsed, and duration
must ba evaluated before the forecasting graphs are employed. In
ths forecasting method it is assumed that effectively the wind
starts blowing at an instant of time and blows at a constant
valocity for &0 many hours and & tops instantaneously., Various
empirical rules hawve besen put forward for averaging variable
velocitias to gat the =ingls velocity value nseded for the forecast
(ssa Arthmr {2{). Effectively the rules weight the high wlecitias
more than the low velocities,

The present &ix hourly weather mps persit a range of cholcas
in determining the needad parameters for the forecast. The direction
of the winds over the fetch i= reported to only 16 points of the
compass, the winds are reported in the feaufort Scale (see Berry,
Bollay, Bears (5)) with a range of possible velocities for each
cods symbel, and the duration of the winds is of courss indeter-
minate to witaln six hours at both the start and the stop of the
winds,

For example , suppase that four sucoessive meather maps repoct
nartheast winds of strength Beaufort six over Lhe given arsa of
the ocean, and that the weather mapes both bafore and after ahow
light winds over the same area. The direction of ti» winds zan
be any valus fron 3° east of north %o 57° east of north, The
wind velocity can be any valw from 22 knota to 27 kmots. The
duration can range from twenty four hours to close %o thirty six
hours depending on the time chosen for the starting of the winds
bafore the first of the four maps and the atopping of the winds
after the last of the fowr maps, The range of values possible
in the forecasted height, period, and direction is therefore very
largae.

9



Frequently it is posaibls % restrict the range of the above
mntioned valuse by other considarations. A ocheck of the movesant
of a storm cantar can determins the duration mors ascurataly.

If half of the ships in the ares report Boaufort & and half report
Seaufort 7, then a better astimate of the wind speed is 27-28
knota. If the fetch tarminates apeinst the coast, bhe hourly ob-
sarvations of coastal stations fix the dwation to within an hour
or so and tho veloctiy to within a knob.

Congiderabla attention is givan by Sverdrup and Munk (17),
hrthur (2) and Bmmons (7), to the problam of the computations of
the winds over a fetch from the {sobar spacine and the pecstrophic
wind, This problem wae not encountared in this study because the
ship reportes wore usually dense enough to obtain the wind volocities
directly within tha accuracy of the Ssaufort Scals. In addition
in the devaloping east cosst stora the non-geostrophic wind com-
ponents appeared %o b oo largs that computations based upon
geostrophis winds would have been highly doubtful.

All of the abova sowrces of arror were minimized to 2 large
axtent by the techniguss used in Lhe preparation of the test
forecasts, liowever, there ie one remaining besis inconsistency
batwaen the forecast methods end the actual weabher situation.
It is that the wind field varies continuouely in time and spacas
(except possibly at shear lines snd fronts) and many times it
geemad %o be a highly srtificial procedurs to split up the wind
field into arbitrary zeneration and decay areas and to dsclis
upon constant wind spesds and definite durations,

- Forecast is

The usual forecast techniques as desoribed by Sverdrup and
Munk (17) and trthur (2), were employed in the preparatien of
ths test forecasts, Tha paper by Arthur (1) on the variability
of wave direction proved to be moat helpful. In addition, two
Lypes of weather situatione arose frequently in which the tech-
niques given oy Lho above authors did not seem applicable, and
two néw unproved methods were adopled for forecasts for thess
situations.

The forecastinz charts that were used for the test forecasts
are found in “Revised Wave Forecasting Oraphs and Procedure® by
Arthur (2). Plates I, IT, » IV, ond V ware used. The proced-
uras described for I‘oflurlug and opposing winds were used when-
ever applicabla.

The peper entitled "Tariability in (rection of Wave Travel®
by Arthur in combination with the refraction diagram given in
Figure 1 mde it possible to explain the occurrence of mny wavas
which otharwise could noct tave been forecast®. Reference to the

#5ee also the comments by Donn in the same referencs and tha
poper by Donn (6) in the A.G.U.

10



refraction dlagrar zhows that waves with pericds from 8 throuch

17 ssconds (for arzapls) are stronely sttanuated by refraction unlass
they appreash [ro= Jdoe east or from an asimuth of

150°, In addition without Arthur'es vesults local wimis trom the
south scuth wast would not be swmpacted to produce very high wavas

at long Branch.

Arthur's couclusions md the alisnment chart wiich he gives
(Figure 4 of refsrence 1) make it possibls to maximize the fore-
caoted wave heicht by bringing the waves in from & desp water
diregtion of either due east or from an azimuth of 150° for the
whole range of possible wind directions from sast north sast to
south south wast if the foitch terminatee agaiast the coast, Thus
if the ferscast paried ig high enough to yleld very low valmes of
kgD for say maves from the southeast, it is possibla to bring the
wavas out of tiz fesbch at an angle of forty-five desgrees (with a
raduction of mnly 10% cor so in the pariod and 40 to 508 in tle
height) and usa the refraction value for waves from due sast. Low
period local wind waves from south winds can also be brought in
at an angle of 0° to the feich and the attenuating effect of
refraction thus minimized.,

For distant felches, of course, such freedom does not sxist,
wt Arthur's results permit the determination of many distant
fetches which ctherwise could not be used to forecast the arrival
of wavas at Lung Branch. For axample, strong northeast winds in
the area north of a line running due sast of the southsrn tip of
Sapé Cod cccurred frequently. Were the waves to travel in the
diraction of the winds, thay could not reach Long Branch, but if
the felch penetrated a 1ittle to the south of Cape Cod, it would
then be possible to bring the waves out of thd fetch ab an angls of
45° znd bring them in to Long Pranch from due east. The above con-
siderations frequently axplained waves which could not have been
sxplained in any othsr way. The application of the variability
in ths directicn of wave travel to specific cases will be diecussed
when the forscaste are discussed,

In additien to the standard techniques just dascribed, btwo
naw procedurss ad 4o be employed in order to eéxplain waves which
could not ba sxpleimed by praviously known matheds, The two pro-
ceduwres waras adapted to sccount for the descay of waves in the
fetch and to acoount for the effects of turning and increasing
winds in close-by rapidly moving sast coast storms.

Uns weather sitwation which ccourred quite frequently might
be described by the following example. Suppose that thare were
cast winds off the coast of New versey axtending cver the Atlantic
to distances of the order of five hundred nmautical miles. Suppove
that the ssst winds last for say, thirty houre, snd than dde out
suddenly. The usual methods permit forecasts of the waves up to
the time that the wind stops Ylowing, bt just after the wind
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stops, the ocean out to distances of five hundred maukical miles is
coverad with maves traveling leward shore. New, the Sverdrup-Munk
theory states that, except for Lhe last elghby or so mlles of the
feloh, the same sipgnificant waves will be found over the entire
fatsh, but it doss not tell us what waves will bLe observed at the
and of a fetch several hours after the winds over the fetoh have
ceased. In the atove situation, it is expected however, that waves
will continue to ba chserved for quite a while after the winds have
ceased,

1t should a1sc bs noted that s entire theory of the decay of
waves is based upon ths valuwes of the significant height and
period at the end of the fetch. A situation exists thersfcre in
which the present theory is not applicable. For the prepatation of
the test forscasts for this psper, the significant waves at varicus
distances from Lthe shore ware decayed that distance % the shore.
The area was treated as if the origimal fetch had terminated at
say, fifty miles fro= the coast, and a forecast for the waves, say,
four or five hours =fter the winds had stopped was obtaimed. Then
the waves one hundred miles from the coast ware decayed that distance
to the shora and a forecast for the waves eight or ten hours after the
winds had stopped waa obtained. By exhausting the entire fetoh (with
proper regard to the fact that the langth of the fetch and not tle
duration of ths wind was the limiting factor at ths far end) it was
possibls to obtain forecasts for wuves which could not otherwise have
been foracast,

Tha decay in fetch method has been used on the west coast ao a
goneral preocedure when Situations similar to the one described above
arose. The method will be described in a forthcoming publization
by the Hydrsogrmaphic Office. The "decay in fetch" procedurs las
apparently not bsen justified theoretically. An example in which
it was used 1s given in ths follewing section, and a statistical
analysis of the results obtained by its use 4s given in section 7.

Finally, during the passage of an east coast storm, the winds
wight be southeast 20 knots for 15 hours, then sast south sast
27 knots for 9 hours, and then east 3 knots for 4 hours. The usual
procedures for averaging did not seem to ba sppropriate anml so a
me thod was developad which gave good results for the heights but
which lsd to inconsistencise in the period. The method for ac-
counting for turning and increasing winds will be described when
the forscaste for an east coast storm are amalyzed,

L 6 - 1A n snd : Las

As the test forecasts were attempted it soon became svident
that it was extremely difficult to hit the period forecasts. Or,
to put it another way, to obtain values mear the obsarved signi-
ficant paricd would require the use of winds outside of the possible
rangs of the reported values or would result in tremsndous dis-
crapancies in the reported heights. ©On the other hand, 1t usually
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ssensd to ke poseible tc obtain a valus for the significant haight
which mas oloss to Uha: obeervad value by 2 chodcs of the forecast
pararatsrs Fitain Vs range af the possibls reporied values, Ths
prossdirs thst mis'gsed in all 2ases, Lhen, was to attempt ts fore-
uut. the heiphts =3 clossly a® poswibla, If 4% wa2 possinle to gst

d agrednent in the perisds élso withdyt too great an error in the
heipht, 1t wse done. The rosalte which follew can ba sopsidared to
be 2 -S'tud}' et srror in the foresastad psriod after an attempt
to gat thy best possibls hedght forecast. If the forecast method
works perfabtly, ths best possibls peight forscsst sl impliss the
bagt possibls pericd forecast, Ir the forecast methed work impsrfect—
1y, the sbova procecdure throws the major part of the srror inte srrors
in the forscast paried and thus magnifise thosa errors,

When tha [ovecist parameters weve indelerminats, say, for a
distasce etorm, considerable labtitude »as possible in Lheir choies,
Gn the otker hapd, when the fetch terminated apainst the ceast, it
ws2 wbually found gt the cozstal hourly vbservations fixed Ier
Iurﬂ:ut paramsters vilhin a very small range of valuss, [re-
quentily under these condillons the haight forecasts were still
pood anr:t the pericd forecakts ware off.,

Figuras 4,.5, &, and 7 are graphz of the ferscast versus the
cbssrved vulues of the significanl hedipht and pariod. The teop
graph' in each Pigure gives the vslues of the forecasted sigmifi-
sant period, the Peach Erogiom Board significant pericd, and the
wave project sigificant poriod. The bottom graph in sach figure
gives the valus® of Yhs forecastad significant height and the ob-
sarved slgnificent helght. Where multipls height forecasts ccowr
ths orossss représent the squars root of the aum of the syuares of
the ipdivicual forecasts, or what will be referred 16 as the root
mean squars helght,

A study of the forscas!t graphs shows that it was generally
posaible %0 coms wary cldss to the observed halphts in the fore-
tasted Yalpghts, It wap ret possible tc get forscasis for 20 May,
4 a.z,. through 8 puf. and for 22 May, 8 a.n, through 8 p.m, Thers
d4d rot s3gn Lo be any possible fetek anywhere which would lave
agused the cbeerved wuvas. The repertsed waves were abeut two feet
high., These nine <2523 are not insluded in any analysis of the
results which follew, Jt i also evident that there are dafinite
foarecast trends in the hedght, Thers were two well developad east
cosBt sborms during ths perdoed and A third which was nol quite =e
intensa, Thess shborme can be pickad out easily on the graphs,

The graphe-of the forecast pericd versue the (two) obssrved
periods are also of interest., The Beach Erosion significant
period is &lmost almays higher than the wave preject significant
pericd, Ihe various'ssgments of the curves which represent Ule
ferecast per ¢d sre sach based upon a separate farecast unit, 1.s.
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a distant feteh and the other [orecast parsmsbers associated with it.
Zuwch segment 1s usually a continuously inoreasing curve which
terminates when the foregast heiphts become too low to amount to
anything or possibly when the fatoh is exhausted in the casé of a
situation in which decay in the fetch was used, Ones difficulty in
the present forscasting methods seems to be that once the process

of forecasting for a given fetch is started it bscomes almost
imposaible to forecast non-inoreasing or decreasing periods if the
fetch ie fairly long.

The trend in the obssrved value should also be noted. There
ars definite trends in the heights which sometimes persist for
soveral days, and it was usually possibla to sea how they could be
associated with the mjor metsorological changas. The trends in
the obsarved periods are much less proncunced and the values seem
to fluctyate much more rapidly from one obssrvation to the next,

Fimally it should be mentioned that six observations per day
are reported, The observed valuss ars thersfore dense in time,
and it is possible to study the muild-uyp of waves in the fetch
and other points of intersst, Les= frequent obssrvations, say,
twice a day, would have mde the probléem of testing the forecast
mthods mwoh more 4ifficyit, CJantinoous reacording of wave records
such as reported by Isascs and Saville (10) would havs helped in
determining the time of arrival of waves from a distant fetch,

The techniques smployed in carrying out the foregasts will now
be discussed by describing actual sxasples of the methods summarised
in Section 5. The sxamples to be discussed in order are: (1)
Bxample of tha Decay of Waves in the Fatch, (2) Bxamplas of Vari-
ability in Direction of Wave Traval, (3) Example of East Coast
Storm, Tumming and Increasing Winds and Associated Wave Racords,

(4) Example of 2 Hurricans and Associated Wave Records, (5) Bxamples
of Superimpossd W=ve Forecasts and Associated Wave Becords. The
purpose in discussing thase axamples is threefold, First, the dis-
cussion shows how the forecast techniques are applied, Second,

the new techniguss described in Section 5 are of interest. Third,
the disoussion will in part help to substantinte some of the con-
clusions which are made in the following sections.

1. Example of the Decay of Waves in the Fetch., A well de-
fined exampl= of the occurrence of such a situation was found on
April 27, 28, snd 29 during the passage of a not-too-intense east
ooast stors as illustrated in Figure 4. The first saw tooth rise
in wave helght was causad by twenty-knot northeast winds from 0400
to 1000 on the 27th. The fatoh (1imited by Long Island) wae short
apd Lhe waves died out rapidly as scon as the winds stopped. The
sscond saw-tooth rise in wave height wae cauzed by twaniy-two-knot
south south sast winde from 1400 to 2400 on the twenty-seventh.
Thers was a lull from 0000 to D400 on the 28th.




The 0030, April 28th, synoptic map shows a smll low paosing
Hattaras with an open metsorclomical wave in it. The wave devslop-
ed over the ocean snd moved In such a way that i was possible
0 find » fetch with east south east winde about five hundred
pautical miles long, terminating at Lone Branch, The cosstal wind
raports gombinsd with the syneptic maps indicatad that the effective

be GLOO EST and that ths effactive end of
EST. The coastal winds and the ship reports
that the sverage wind velocity was 23 Imols
throwghout the above time interval. The 1930 synoptic chart and
showsd that Lthe "low®™ had moved rapidly
the past six hours, that th= winds over ths part{ of the fatch
nearest the ccast were light and nearly perpendicular to the origimal
:fetch, and that no new foich had been foarmed which
could explain the observed waves after 1500 E£ST. Thus in ordar to
forecast the waves st Long Branch up to 1500, the following table
was prepared,

TAHLE 2, HUILD GP OF SAVES FHDN 0400 AFHIL 28 10
1500 APFIL 28. WIND 23 XNOTS DIRECTION ESE

1 hour 241 <98 2.1 2.2 0500 EST Apr 28
4 hours 5.8 - 55 3.4 0BDO EST
ﬁ hours 7-? -93 ?c! lnﬂ' ltm m
8 hours 8.0 G2 y 4od 1200 EST

11 hours 8.2 91 7.5 49 1500 EST

(Notation: By, Significant Height at Bnd of Petch, HEF, Refraction
Coefficient; and B, 3ignificant Height after Refraction)

The forecastsd haights overshot the obsarved haights Sy aboub
saven-tenths of a foot. The problsm, though, &# how to [orscast
the wve hed ghts after 1500 EST. The decay in fetoh method seemed
to be the only possibtila way so0 forscast the waves after 1500 EST.
Accordingly, it was sssumed that waves with a bhaipht of 8.3 feet
and & period of 4.9 seconds sxisted over the snbire fatch sxcept
at the far and, Thea ths waves fifty naulical milas offshofe were
decayed that distance to the ccast, By increasing the decay
distanca by fifty nautical miles increments, it waz possible to
forecast waves until Aprdil 30, 0200 EST. Table 3 shows the forecast
parame tors which had to be evsluated in carrying out the abowve pro-
sedure.

19



TARLE 3. EXAWLE OF WAVE FOREIAST BY THE OSCAY T FEIMCH METHOD

Waves B.3 ft. high with a 4.9 secomd period over the
fetsh at 1500 april 28.

Decay Mistance Hyfiy Ref, Travel Time Hf T Tine

50 J% L2 6 hrs 6.0 5.4 2100 4pr 28
100 .60 L2 11 krs 46 5.9 02200 Apr 29
150 o5 .93 16 hrs .2 8.3 0700
200 42 - 19 hrs 3.3 6.8 1000
250 36 - 24 hra 2,8 7.2 1500
300 N .82 25 hrs 2.4 75 1700
350 26 B6 29 Irs 21 8.0 2000
400 26 .85 2 hrs 1.8 €2 2%

450 22 .80 35 hrs ldd  B.6 0200 for 0

(Notation: Hpy/Hp; Ratio of Significant height of waves after decay
to signifisant height of maves at the snd of the
feteh; Tp, period of waves after decay, Other
notation same as in Tabla 2)

Note that im Figure 4 and Table 4 the forecasted heights follow
the observed heights throughout the entire period of the brecast, If
either the Beach Ervsion Board or the Wave Préject eignificant pericds
ars used as a check on the forecast pariods, peither ond agrees wall
with the forecast periods. Ths forecast perlods lie between the
spread of valuss of the observed periods, When the time of the fore-
cast did not correspond to the btime of the cbeervation, the lorecast
valuas were interpolated linsarly for the statisticsl apalysis in
Bection 7. Tabls L gives the observed snd forecasted valwes lor
the example discussed,

TAHLE 4. ORSERVED AND FORECAST VALUES FOR THE
EXAMPLE OF THE DECAY TN FETCH METHOD

Observed Obsarved Forecast Obsarvad Forecast
Tima BER Sig. Wave Project Sig. Sig'. m;
Pariod 8ig. Period Paricd Halght Haignt
A 28 0800 BEST 6.5 &6 5.3 £.82 6.67 (nMs)Y*
1200 EST 6.6 &7 hed 6.76 T.4
1600 EST 7.4 4ol 5.0 6.86 7.25
2000 EST 7.5 . 5.4 5.3 6.55 6.25
2400 BST B.4 5.7 547 5.52 5420
A 29 Q400 EBT 7.4 5.2 6.1 3.97 L.20
0BOO E8T 8.2 5.5 6.5 3.51 3.63
1200 88T 7.5 6.2 7.0 J.50 3.10
1600 BST 7.4 5.5 7 ol 2.56 2.60
2000 BST 7.5 5.6 8.0 2,20 2.1n
2400 BT 7.7 Sam 8.3 2.22 1.67
A 30 0400 ES? 6.4 5.4 B.3 1.94 1.27
#fee Section 7 multiple valusd forecasts,
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1f waves continue to come out of an arsa in which they have
been generated after the winds have cessed over the area, then
some additional theeretisal investisation of their nature 15 neaded.
The above exampls shows cne case in which a weather situstion in-
dicates that such considarations are the only possible way to ex-
plain some of the wavss which oscur in nature, In order to be
consistent in this study svery casa in which a decay in fetch situa-
tion arose was treated in the same way as the one described above.
In =o doing, many waves w=re forezast which could not otherwise have
beon foracast and additicpal situations in which multipls forecasts
arose wers encountarad, The limsa over the height graphs in Fipares
by 535 6, and 7 show those freecast values which were obtained by
tha decay in fetch method, The accurscy of the msthod will be dis-
cussed in The section which follows,

2. Bamples of Variability in Direction of Wave Travel. An
example inp which the wvariability in direction of wave travel had te
bs conaidered was found on April 21, April 22, and April 23, On
April 22, tlare had bean northaasterly winds in the corner forwed
by Long Island and the Haw Jerssy coast, but at about 1400 the
winds died out rapidly and there wars light winds incapatla of
raising the high waves which were observed. Ihe values for the
local waves are plotted for April 22, 1600 and 2000. East north
sasterly winds were also blowing in a band fifty to one hundred
nautical miles wide to the south of Nantuckst.

On April 21, 1930, the wimds appearad to start with a force
of Baaufort 5 and they lasted until April 22, 1930. On tha next
six hourly maps they had fallsn off to a speed of 11 to 12 knots,
and thereafter a high dominated tha area and tha winds were light.
Figure B portrays the abtove fasts pictorially, It alseo shows
that ths major wave Urain moves on pasi the area of interest, and
that the way to forecast {or Long Branch was to bring the waves
out of tha gensrating area at an angls of 30°, Tabla 5 shows the
various forecast paramstars which were evaluated in order to carry
out tha forecasts.

TABLE 5. EXAMPLE OF VARTARILITY IN DIFECTION OF WAVE TRAVEL
Decay Distance 170 NM. Fetch 420 NM. Winds start
at epril 21, 1930. Wind speed 25 knots. Duration

18 hours,
a f;gm“ 170 NM Oecay Forecast
Duration Hg Hg EP!HQ Travel Time Rl H,
g{- To/Tp Ta b T
_Time
6 hrs 8 .87 7.0 .35 20 hrs 96 2,35
4.1 <95 3.9 5.9 5.9
Apr 22 710 EST
Sed -1 5.1 6.8 &8
Apr 23 010 E
18 hrs 1l1.8 B2 91? +55 17 hra 1,00 53
6.2 96 5.9 7.5 7.5
Apr 23 0630 E



(Netation: Wg/Hp, Ratio of height of waves at & to fetch to
hei of waves at 09 to feteh. T h‘r, Ratio of griad
of waves at C° to fetch to pericd gi' wavae at O° to
fetoh, Hpfilg, Ratio of height of waves after dicay to
height of ‘waves at &7 w fetch, Ty, porioed of waves
after decay).

In order to obtain forecasts afver fMpril 23, 0630, it was
necessary to combine the theory of waves coming oub of the fetoh
at an angle with the concepl of decay in the fetch. The observed
helghts fluctuate considerably and the forecasis agres only near
the psake, The periods agres fairly well,

In addition to situations in which waves came oubt of a distant
fateh at an angle, Arthur's résults were useful for forecasting
local waves. For example, on May 9 and May 10 there were twanty
knot winds along Lhe coast which were south south sast [from 1200
May 9 through 1600,May 9, south from 1600 May 9 throuwgh 2000,May 9,
nnd scuth south weot from 2000, May 9 through 2000, May 10, The
eight hours of south south sasterly winds and south winds wers
added to the duration of the south south westerly winds in the
computation of the waves during the time that tha south south wast-
arly winds were blowing, The refraction diagram at Long 2ranch
(Figure 1) shows that pure wave trains from tle south scuth must
would be strongly attenuated by refraction, but Figurs B shows
that the large scale orientation of the coast permits ile zsnars-
tion of waves by south south westerly winds over the area of the
ocean to the scouth of Long Branch, By bringing waves out of the
gonerating area at an angle of 45, the effect of strong attenus-
tion by refraction was minimized, and the forscast values graphed
in Pigure 5 ware obtained, Table & shows the various parameters
which were evaluated in order to carry out the forecasts, If the
waves had heen traveling only in a south south westerly dirsction,
their heipht at long franch would have been less than eight tenths
of a foot, In this cass, the choice of either 20° or would
have been possible and essentially the same results would have
bsen obtainad in tha heighta becanse the incrsase in the wluwes
of vouldi bave been compensated for by a decrease in tha
refract coafficient,
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TARLE 6. EXAMPLE OF LOCAL WAVES IN WEICH THE VARIABILITY
IN DIRECTION OF WAVE TEAVEL WAS CONSIDSRED,
¥inds 20 kmots, 35W st 2200 Wy 9, effective
duration 10 hours.

_9 =45° Forecast
H
Duration Hy  He/Hy H Ref X
Ty __To/TF T Time of Forecast
10 houra 6.3 60 3.B B85 3.2
i-a‘l t?:" Juﬂ "tn
May 9 2200
i2 wours 6.5 59 3.B B2 3.15
4.8 .51 g W | 4o
May 9 2400
16 hours 8.0 .58 4eb +E0 A7
5.3 91 4.8 448
wmy 10 0400
22 houars 8.0 «57 l’-}-ﬁ .78 3.6
5.9 00 5.3 £+
May 10 1000
32 bours B.5 «55 4aT 1R ENA
6.9 90 6.2 6.2
Mav 10 2000

(Notation: MMy, Matic of height of waves at & to fetch to
meight of waves st 0° to fetch. Tg/lp, Ratio of
5 Of yaves at @ to fetch to period of waves at

I
3. Example of

11 il

Wi - i . : i st stoms
ooeurred during the period of the study, One esst coast storm
affected Long Rranch from May 4 through May 8 (Figure 5). The
second ecast poast ntorm affected Long Branch from May 13 through
Mey 16 (Figure 6)., The sarlier storm will be discussed in detail,
and then mwme of the interssting differences between Lhe first
storm mordl the second siorse will s described.

Figurs 9 (o 4 two pape summary of the weather maps which are
of intarest in the study of the storm. Ten six-hourly weather
mape of the area of interest from May 4, 0730 through May 6, 1330
are shown, The hourly wind observations at La Ouardia Field
during tha same period are also given in Figure 9. The hourly
winda at La fuardia are representative of the winds ismediately
offehore from New Jersey throughout the length of time considered
(although vometimes when fronts are in the area they ars not re-
presantative ).
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The map for My 4, 0730 BSD shows light variabla winds over
the area of interst., The waves at long %ranch at tiat time w=re
causad by minor winds which cccurred on the third of ‘my.

Thd map for May 4, 1370 EST shows that the storm of intarst is
Just entering the weslern 2ide of the map and that the warm [ront
Rasociated with the storm is about 150 milas south of Cape Hattaras,
South south ssst nipeteen knot winds were reported at La Guardia
from Vay 4, 1100 E to May 4, 1600 E but tiey died oct again afiar
1700, _

The map for May 4, 1930 =ST shows continuad advance ssstward
of Lhe storm. The reported winds in the meishborhood of Tong
Pranch are rather light and vary considerably in direction, Since
the nineteen-knot winds mentioned above have died out, the waves
gensrated by the winds from My 4, 1200 to 1700 wers permittad
W dle down and the truve build-up of the waves at long franch were
consi dered to have started some time after Way 4, 1700.

'he map for May 5, 0130 EST shows that the apyroaching stom
is an ocelusion with a small wave in the warm [ront sector. The
thrga reported oonstal winds in the area of interast are southsast
Seaufory threa, The hourly ohedrvations of coastal winds showad
that the winds are frequently stronger bLhan Basufort three especiaslly
to the south of Long Branch., The isobaric pattarn indicates that
the winio over the fetch were southeast over the rensratins area,

The map for Muy S5, 0730 EST shows the storm to be centered
near Capa May, New Jersay, Reparted winds over the arsa of interasat
are east Beaufort 7, 5, and 4; east south east msaufort 5, and south
sast Beaufort 4. la Tuardia reports dominately sast south east
winds from 0400 to 0B00. The map sugpests that the winds over the
generating area should be east scuth sast, (Note the large non-

gaostrophic wind components. )

The maps for May 5, 1330 and 1930 EST, showa the center of
the storm moving off the coast, Northsast winds are reported at
the coast, tut strong sast Deaufort 6 winds are reported offshore
at 1930.

Tne reported significant wave haights increase until May 5,
2000 EST. Then the wave height drops three f2et in four hours.
The sscending portion of tha height curve will ba examined first.
The winds over the gererating area change gradually fro~ south east
Beaufort 3 to sast Dsaufort 6, The problesm is to adapt this gradopal
change to the constant wind, constant direction mathods which are
nocassary in the forecasting theory. By studw of all the 2ast
cosst hourly observations, santioned in ssction 2, by study of the
weather maps described above, and by adjusting the first values
chosen in order to get & better heipght forecast fit, the following
possible averags wind fiald was chosen:
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1. SE12 knots Way 4 2000 E to May 5 0200 E

2, BSE'] knots May 5 0200 E to May 5 1200 E

Wy 51200 to May 5 1920 &8

At the end of time interval 1, the forecast waves were (.8
feet high with a pericd of j.3 seconds., It was sssumed that the
east south east winds would continue to increase Lthe leight of the
waves and that ths wave direction had changed gradually until the
wavas were now traveling toward the west north west., Twenty-one
knot winds would have raised wuves of tha same haight in four hours,
so four hours were added to the duration of the sast south east
winds and the build up of the waves was contimed. Twenty-one knot
winds for four hours do not raise waves with the same sipnificant
period as 18 knot winds for 6 hours and thus the forecast signi-
ficant periods are not consistent.

3i B 27 knots

The following table zives ths procedurs and the paramters
which had to be evaluated in ordsr to forecast the waves 2t Long
Branch.

TASLE 7. EIAMPLE GF FORECASTS MCR TURNING AND IRCREASING

WINDS,

For 2h (+ih) = 6h, resd true duration plus
correction aquals effective duration,

(Notation: Same as othar tatles)

Duration T REF T Tim
' ﬁ knots SE qufﬁ to 0200 E
h 2.6 2.2 95 2.5 2.2 2000 & May 4
th 4.0 29 9% 3.8 2.9 0000 & May 5
th 4.8 3.3 92 bk 3.3 0200 8
21 knots ESE 0200 E to 1200 E
Zh {‘-‘h = 6‘ h 6|ﬂ 3.7 cgj 5#6 3.7 mm !
ih f"‘h =Qh T od 4-3 91 Et& £|3 Wm R
Th Ehﬂh; =11k 7.6 47 .87 6.6 4.7 0900 E
10h(eth) =24% 8.0 5.1 .90 7.2 51 1200 E
27 knots E 1200 £ %0 1930 E
2n(+4.5h) = 6.5h 9.5 4.5 93 8.8 4.7 1400 E
s'ﬂ-&-ﬁh} = 8.5h 1.5 s.l L9 9.7 5.1 1600 £
&i' "A-ih..g *m.ﬁh]l.z 51‘ Igj m-? 5'& l_am !



The beight forscusted by the abovs progedum follow the ob-
served haight curvs and alsp tha eglopes of Lhe Lwo curves colncide,
Note that the forecssied period decraasse from 1200 E to 1400 B and
that the method is imconzistent in the forecast of siznificant
perdode. Any ableml to find cne constant wind spsed and Hrection
spplicable over the snmiire foresact period would have lad to large
inconsistenclies in ithe beights, and probably no better forecasts
for the psricds, Th: decresse in wave project significant pericd
from 1200 EIT to 1800 E0T 48 probably accidental.

As the storm movasd away from tha New Jerssy coast, the diffi-
culty in applying the concspt of a fateh with a wind of constart
direction and censtant speed %o the actual oyslonic winds in the
storm became svident. The winds at La Guardia and also along and
offshore from Lhe coast were northeast and north north east for
nine hours during the Lime whsn the waves wore being forecast Ly s
due sast twenty-seven knot wind, MNorth sast winds can Le 2ffect-
ive only over a twenty-fiva nautical mile fetch, Thirty-five knot
north 2ast winds could have generated waves eleven fset high befors
refraction on May 5, 1300 EST, but the pesak height would then have
occurred six hours before the observed peak haight, The avermpe
value of Lhe windz at La guerdis from 1000 to 1900 is twenty-four
nots, With a twenty-five nautical mils fetch the waves bafore
refraction would hsve bean at =8t only seven and one halfl feot
high, A study of figura 5 shows that the waves dacreased rapidly
in beignt from May 5, 2000 EST to May 5, 2400 EST. A study of
Figure 4 for fpril 28 and 29 shows that waves lor that previous
storm did not desrenss s rapidly after the peak haight had been
ranched, The gharp drop 4in wave height is probably partially due
%o the very strong winds at s sharp angle to Lho waves of the main
fetch orientad sastwest. The concept of the variability in the
direotion of waves coming from a fatch doss not seem to be applica-
ble because it does net explain this very sharp drop in wave haight.,

It is possible toc rind a partial explanation lor the wave
hoights observed on May 5, 2400 EUr and May &, 0400 EOP. 1If 27 knmot
winde from 572 sast of north ars chosan to represent the averaped
effect of nerth and nor theast winds at Ls Guardia and north sast
and esst winds at Nantucket, s thirty mile fetch resulta, ¥aves
9.0 foet high with = 4.4 second period with haights after refraction
of 8,1 feet are then obtained.

The waves which ocourred sfter May 6, 0400 wars forecast as
waves arriving from distant felchzs. The curve for the lower fore-
casted heights which runs from May 6 throogh May 8 was all the rssult
of waves gwneratod by the storm shown in Figure © s that storm
moved cubt over tha Atlantic Ocean.

The sap for Wy 6, 1730 85T shows another low on the western
edge of the mpn. A w=r= front is spproaching Cape Hatteras. A
secondary ctorm 18 approaching the east ccast. The second in-
crease in vave hoight on May 7 and May B was caussd by
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this secondary storm. The secondary atorm will be discussed when
axamples of supesrimpossd wave {ormcasis are describad later,

The east coast store of Mey 13, 14, 15, and 16, can now be com-
pared with the sust ccast storm of May 4, 5, €, Tand 8., The second
storm (Fiprs &) shows a buildeup of the reported wave heights with-
out & sudden rise as atl Msy 5, 1200, TIhe waves in the second storm
were generated by winds frowm Lhe 2ast north east instead of east
winds and the level top of the curve ocourrsd because ths waves had
reached an upper limit on height and peried fixed by Lhe limitation
of the length of the fsich. In She sscond storm the wind= shifted
te north esast and north =ast (ae in the first), and the wave height
droppad [ive fset in elght hours, The forecaats aftsr ¥Way 14, 1600
are again based upon the decay of waves from a distant fetch, but
no sacondary storm follows close after the primscy store and the
wavas dwindle dowm to heights of ons and ona half fesl, Note alac
that the wave project significant period partially followa the sharp
drop in forecasted signilicant pariod, which follow the maximum ob-
served height, but Lhal the low values of the significant period
ware not obsarved lor the lsngth of ti-e that they were forecast.
In the first storm the forecasted drop in peried was spparantly not
cbsarved.,

Figure 10 a2 11 consist of three minute sections of the wave
records which muce obtaired during the passage of the =sast coast
storm of May 4, through May B, Miny of the points mads in Oection
3 are evideant in these wave records, In particular, countarparts
of record B in Figure 3 can readily be found.

The wave record in Flpure 10 for May 4 at 0B0O shows smocoth
waves {rom the omall disturbanse oFf May 3. At 1200, the uild-up
of the 'irst minor wuves can bo ssen. They were caused by tha
svuth south east winds mentioned in the discussion of the May 4,
1330 surface map, I'here is some evidence that these wavss dis out
again by My 4, 2000 EDT. Note the axtreme irregulariby of thase
records,

The builld-up of Lha waves from ths major storm started on ¥ay 5
000. The increass in the significant heizht from record te record
is svident although the variation in the significant pericd is mot
obvious,

The peak recorded storm wmave height was reached on May 5, 2000
as shown in Figure 11, Some of the individual waves in this recerd
are over seventesn fe¢t high. Thereafter the wave hsichts decresss
during the passazs of the major storm.

The racord for May 7, 1600 is of great intersst. All indicatione
are that there should bs two wave trains present in the record. |
nearby storm has gonerated 6,7 fool forocasted waves with a L.0 second
forecasted period, and the distant storm which started on May 4
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WAVE RECORDS AT LONG BRANCH
DURING PASSAGE OF AN EAST COAST STORM

3

S — )
MAY 4  DBO0DEDY GM.HT L84 FT A PEMIOD 45 SEC
- 7 d
MAY & 1200 EOT BGNT AQEFT SN FERIOD TO SEC
! . £ - J ‘
HMAY 4 600 EDT. SILHT ATAFT &M PERMIOD &3 SEC
W‘W
MAY 4 2000 EDT. BILHT. Mi4FT. ®d PEMOD &4 SEC

MAY 5 0000 EDT, SIANT ATRFT. M FERIOD T.Z BEC
L '_.._.. F 4 - —_—

MAY = 0400 EDT SML.NT A3TFY 50 PEMOD A4S SEC
PWM\WMWMM\
MAY S o800 EDT. B HT ATarFT i PEMIOD 50 SEC
WAY S 1200 EDT. ' - S HT AN FT e PEROD A2 SEIC



WAVE RECORDS AT LONG BRANCH
DURING PASSAGE OF AN EAST COAST STORM

MAY 5 1600 EDT SIGHT 347 FT SKd PERIOD &T SEC

MAY & 200G EOT SIGHT HO2 FT 5iG PERIOD 7.7 SET

MAT & a0 EOT SGAHT BO3 FY sS4 PERIOD 8.7 SEC.

MAY & 0800 EOT, BIGHT EAT FT si6 PERIOD 95 SEC.

MAY & 1200 EOY SIGHT 489 FT 56 PEMOD B3 3EC

0400 EOT. SIGHT. 449 FT  BIS& PEROD E5SEC

WAY T 1600 EOT SIGHT BOZ FT. =& PERIOD 68 SEC



is still camsing 2,5 fool forecasted waves with an 8,7 second
forecasted period, (See Pizure 5), To date, it has nol bean
possible W discover any mstnod of significant wave amalysis mhich
can discover any diffsrence bDelween this record and, say, the record
for WMy o, 0800,

4, Exawpls of a Burriocune and fasoclated E'EE Records. A
tropical storm which first dewloped near ing RMock in the Carib-
san moved north north sastward to a point aboot two hundred milase
west south west of Srwuda, Then it recurved and moved south
sastward about three undrod milss to a point about four hundred
milss south scuth westmrd of Bermuda, The murricans stagnated
a2t thie peint for = day and a half, and then moved northward,
erratically, [he ztorm wsakened rapidly ag it moved nortimard, and
it diszipated compleiely by the time it was duwe east of Long Rranch,
Tigure 12 shows the path of the storm centar, and some o%thur pertin-
ant deta adout the stomm,

The arrival of the first waves from the distant hurricane is
soewhatl' obs¢ured by the presence of lozal wind wavas offshore from
long Oranch. Light south 2ast winds ware blowing to a considarable
distance offshors from Long Branch on Yay 24th and on May 25th
until about 1200 E0T. Waves were forecast by the decay in fetch
m2thod [rom Lhe sbove time unti]l May 26, 1000 EDT as shown in
Mgura 7.

It might ssem that for a distanl murricans, it should be possitle
to decide upon sn ascurate daep water direction for the waves ap-
proaching Long franch, Howevar, this ia not the case. [Ihe radius
of the hurricane, for example, on May 24, 1330 was 250 nautical
miles, The winds in the storm in the sector formad by a line running
northsast through the center and southsast through Lhe oenter were
southeast ae it movad from iLE point of origin to the position it
oocupied on May 24, 13210,

© It was pussible to find a perarating area over which the winde
increased from Beaufort five to Meanfort seven as the atorm moved
from its origin to ite May 24, 1330 position, 4 line connecting
Bermuda and the 1930 May 25 position could reprasent the windward
edge of the fetch excepl that the right side of the fetch was about
o8 hundred Tifty miles short of Bermuda., Since the waves can
come oub of the fetch at an angle, it is possible to choose a deep
vater wave direstion with any s=imuth from 145° to 160° (Figure 1).
An asimuth of 145° was chosen to avoid tha problam of multiple
waves 8t Long Branch. The forecast curves for tha vave height and
period from May 25, 1200 to May 26, 1400 in Figure 7 woyo obtained
from forecaste from this fetch, The last few forecasts based upon
this fetch were somewhat in doubt,

Similarly the deep water wave direction is in doubt for all

other hurricane forecasts, In fact, the d4ifficulty in choosing one
value to represent the wave direction is similar to the difficulty
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in chooxing ¢ne vxlue for tls vave pariod, Thssd npoints will be
ddscuzssd agaln vhan ths problas of verifying the =ave refraction
dlamun is discossed,

A pmerating area which wac the sare for seventy-two hours
sould @ foun! 32 the storm moved from its May 24, 01D to ite Mmy
27, 010 positicn, The decay divtance was sssentlally fivs hundred
ard fifty mautizal =ilss for all of the above time intarval, Ths
J2ap water direction was chosson al an asimuth of 145, Beaufort
5 and Beaufort € winds ware reported equally often over Lthe genarat-
ing sres and 1ipght winds wsre reported over the sres of decay. A
value of twenty-tec knots was chosen for the wind velooity over the
genavatine arma,

It my sesm strange that a gemersting area in a hurricane
would have Ywenty-two knot winds over it., At this stage of its
development the storm undoubtedly had winds of hurricane force
(75 mph) nesr its center., However bthe hurricans forcs winds would
be blowine around & tight 1ittls circle noar the center, and it
i2 2ifriswdt to s2¢ how the conoept of a feteh can be applisd to
the hurricana canter, The panarating area chpsen did £1t the
usual concepts of a feteh in that winds fairly uniform 4n direction
and speed were found over the enbire area.

The forecast paramsters which were avaluatad in order to fore-
gast waves at Long Branch f'rom the distant hurricane are given in
Tables &.

The [orezast veraus the obsarved valuss as graphad in Flpure 7
for tha ebove fetch, wind, and duraticn show zomg pointe of intarsst.
The forecasted wave helght decrzases aftay Way 264, 2900, Yet tlé
wgves in the gemrating drez wers increading in hﬂight, and their
forecasted heicht btoforo refraction was also insrsasing with bLime.
The decr=ase in haight is entirely due to refraction. Thus the
decrease in wave helipht =ight Seem to bs & good verificatdon of the
refraction diagram. This 15 not the case, however, The trend of
tha obssrved periods is dowmward, if anything, and the forecest and
ohsarvad pariods do not agres,

orn (6) gives an sxampls which shows the decrsase of swall
period with time from a tropical cyclone of Saptamber 12-15, 1946.
This axampls 15 tle refore not an exception tc the genoral ruls,
Howsvar, in both oases it is wvary difficult to take into consider-
ation the affect of refraction since ths evwell in dsep water =y
have a spectrum of psriods,

Tro other fatchas wors located ss the hurricane moved north-
ward and before the hurricane dissipated, Forecasts from them
ware not of particular interest, and they will not bs discusssd in
detail. As the burricane moved nort/ward much strongsr opposing
wints wers [ound over what had beon the feich used for the forecasts
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TARLE £, WAVE JOTECASTS AT IONOQ SPANCH FOR WAVES FaoM
A ITSTANT HUTRIZANE

Start of winds ovar fetch May 22, 0130 E; 22 knote; 550
rautical mils decay distancs; deep watar azfmoth 145",
(Kotation: Same as previcus tablas).

Duration Ep Hnml-‘ Raf. Travel Time Forecast
Fp
Tr Tp T
Time
+ €h 6.3 11 5 41 hrs <35
j'.ﬂ EI& Blﬁ
May 26, 0200
+12% 8.0 .13 wk 3 hre &0
5.0 9.1 9,1
May 26, 0470
+18h 0.0 25 o5 38 hrs i §
546 Bl 5.6
Wy 26, 090
+24h 10.0 o3 By 3 hrs - 25 |
6.4 10.1 10.1
vay 26, 1330
«30n 10,5 36 1.1 3 hrs F A
7.2 10.4 1G.4
May 26, 1730 E
«3th 10.5 « 39 Lal 533 hrs F
7«5 10.8 10.4
My 26, 2230 £
*42h 1045 41 N 2 hbrs 3.5
g.0 11.1 11.1
ey 27, 0330 E
«48h 10.5 ol .B 1 hrs 35
B.2 11.2 11.2
May 27, 0B30 E
+54h 10.5 L5 «7 3l hrs 3.3
B.6 1l.4 11.2
May 27, 1430 E
«&0h 10.5 «4B T T hrs 3.4
9.0 11.5 11.5
May 27, 1530 &
+E6h 10.5 «50 ols X hrs 2.1
74 12,2 12,2
¥ay 28, 010 £
+712h 10.5 5L 3 29 hrs 1.6
0.8 12.6 ) 12.6
. May 78, 060 E
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WAVE RECORDS AT LONG BRANCH
GENERATED 8Y A DISTANT MURRICANE

MAY 23 0800 EDT 6 WT 268 FT  SI0 PERIGO TR BIC

WAY ES I200LOT WG WT EAT FT SG *fRI0D T SEC

MAY 253  ISO0ELT $IG WY 234 FT S0 PERWOD T SEC

r - -
MAY ¥% EOOOEDLT S MT B4 FT 916, PERIOD AT SEC

MAY 26 OO0-0OELT SIG.HT 492 FT. S0 PERIOD /2B BEC

SI0.MT. 386 FT. SIG PEAIOD 08 SEC

T - .
MATES 0800 EDT SHLHT 429FT S PEMIOD %2 SEC

200 EDT SIG WT 402 FT  Si6 PEMOD A2 SEC
Fig. 3
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WAVE RECORDS AT LONG BRANCH
GENERATED BY A DISTANT HURRIGANE
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| MINUTE —————————f

M-M" 26 2{:O0EDT. SIGHT 396 FT. SIG, PERIOD |00 SBER

F & . L
MAY 2T O#400EDT 516G HT 382 FT 56 PERIOD 96 SEC

e AN oot e e St sl el 0

MAY 27 1200 EDT. SIBHT 3463 FT 8i6, PERIOD 80 SEC
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MAYZT 20000EDT SIG.HT. P30 FT. 516 PERIOD B8 SEGC
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MAY 2B {200 EDT SIGHT 250 FT, g2 PERIOD B4 SEC

P SR e = 3

MAY 28 20:00 EDT, SIG.HT. 284 FT SlG FERIOD 8.0 SEC

MAY 29 O4O00EDT SIGHT %D FT 5I6. PERIOD 7.6 SEC



in Table 8; and shorafore, the decay “In fatch melhod was not used,

Fome of the wove regords which were oblainad from the distant
turricans are shown Ip Pizures 13 and 14, Three minute segrents of
the wave reacord ares shown. Tha records in Figurs 13 cover the perind
fros May 25, OBOD to May 26, 120C6. The records from Way 25, 0200
end M=y 25, 1200 were theorsticzlly recorded bafors the arrival af
the dis t‘-!l"lt swell from the hurricana. They show very irregular local
wind wveves. At May 05, 1600, the distant swell has theoretically
arrived, tt it is difficaulv to see any Ui fference between this
racord and the teo vecords above, Similar remarks hold for ths =ars
rozord of May 25, 2000. The wave record for May 25, 2400 shors
that the swall from the distzat lurricane has ddfinitely arrived,
The ewell itself 1s quite drrspular, and some local wind waves ara
probably superimpesed upon it. The r=corda which follow are quils
smooth, amd the local wavzs srs no longer in eviddnce.

flmure 14 shows the wava racords at aight howr intervals from
Yay 26, 2000 to May 29, 0400, It is possiosle to see the tendency
towsrd an apparent deersase in psricd {rom record to record. Ths
daprease in hedght ls also esvident.

5o lxamples of Euperimpossd Wave forecgsts and Associa
Tavs Reconals, A survay of Figures 4, G, &, and 7 shows that thers
vera u nunber of cases in wnich twe or mers differént signiflcant
waves ware forscasted to arriva at Tong Zranch st the mme time,
In soma cases 1t was poseibls Lo ss2 Lhe low period local wind
wavss muporimpossd upon the hicher pardiod sSwell from a distamce.
In o%rer cases the various »ava traine gould not ba separated one
from the obhar,

Figure 15 showe soma of these reccrda. The records for \pril
25, 0800, 1200 and 1600 are one group to ba considered, Fisure 4
shews thal high period swell frow a distant fetch was arriving at
Ion: Branch 2t 0800, 1200 and 1E00. Fipurs 4 also shows that
1real viad vaves bezan te tmild up after 0800. The first =sve re-
sord in [igure 5 chows the minor short psriod local wind waves
suparimmosad on the distant swall, The thisd wave record shows
that the local vaves have build up in height and tilmst the supposedly
stil]l presant distant swell camot be detectad.

The reccrds for May 7, 0800 and 1200 are ancther group to be
sopsidared. These records were mede during ths passape of ths
szoondary storw following the primry storm which occurred on
Vay 4, 5, 6, and 7 as shewn in Floure 5, The forscasts indicate
that hisher pericd swell from tha distant storm is still pressnt,
b there s3ssms 0 be no way to sepgrabs the two forecasted waves
truins. 52& also the records in Figure 11,

The last two records in Figur: 15 for May 11, 1600 and 2000
were mads when Lhroe diffsrent wave traine were forecasted Lo
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WAVE RECORDS
FOR EXAMPLES IN WHICH MULTIPLE
WAVES WERE FORECASTED

R U N T T O Y i e i A ik o i a foaa & F & & & 5 i aa a3 i oadoan

| MINUTE
APRIL 23 0800 EST SIGHT 243 FT 516 PERIOD B2 SEC
APRIL 25 1200 E3T SIG HT 189 FT SIG PERIOD 7.3 SEC.

—— e i L S S — ‘. T -5

AFRIL 25 (1600 E&Y SO MT 498 FT. 514 PERIOD 85 SEC

MAY T 0800 EOT SI6 NT. 554 FT.  SIG PERIOD BT SEC

MAY T 12:00 £DT SiG HT. 618 FT. S PERIDD 61 SEC

g g 2T

MAY 1800 EDT SIGHT 250 FT. S0 PERIOD 626 SEC

MAY W 20-00 EOT. SIG HT. 387 FT. SI6 PERIOD 488 SEC
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arrive at Ionr 2ranch as shown in Figure 5. The presence of three
wave treins ix not vizibly evidant in ths recownds.

Hots amin the wavs recorda at the ctart of tha hurrlcans in
Figurs 13, In summary, in a fow cases it is possibla to =28 tle
seperimesed local and distant waves, ut in most casas, the various
forscasted wave Srains cannot ba ssparated visually.

In addition t¢ tle gereral forecast techniguas which mave just
teen cascribed, it is possibla to give additicral information on tha
wverall na%ure of ths forecasts by showing the location of the
distant fetchas'and the {roquensy of ccourrenca of fetches which
terminate against the coagh., The desp waber wave dirsction as pick-
sd for the lerecarts, although somewhat inaccurate, iz important in
problems connected with bsach erosion and the {imrss to be
discuagsed will show tlie frequancy of occurrencs of the varicus deap
watsr wave directicns,

4 dizsant feteh is dafined as a feitch or gensrating area sa-
parated from Lthe obzervation point by an arsa of relative calm
through which Lthe waves must travel, Cases in which dacay in the
fetch was used but in whish tha fstoh originally terminated against
the cose=t mre mot included. Pigure 16 shows the location of all
of the dirtent fatches which wre foun? during tha peried of study,
The arrov indicalss the dirsction that the waves wure considered
to lesve the letch. The number above the arrow is the direction
of desp water npproach to the cecast; 90° is due east, 135°, south-
sant, ate, The number below tha arrow is the docay distamce. Tha
bar s located st the near snd of the [fetch., The angles betwean the
bipr and the arrow repressnts the angls that the vaves ware taken
cut of the fetch according to Arthur's (1) Sheory. Ths numbar
alowe Lka vall of the arrow is tha langth of the fetch and the
Sunkér below i8 Uhs number of four hour wave forscasts which wers
ortaingd from the #ivan fetah,

50w of the broken arrow symbels ery displaced slightly from
thair troe pesition bscagss thay would be too crowded if located
correotly. Their corract position can be infarred from the data,
(utsida of the dashed sircla the decay distancé is not to scals
for oo of the smbols, '

Thare ara szventesn distant fetches located on tha diagram,
and thay repres=nt 115 four hour forscasts. There were 226 four
four obssrvations during the period studied. Thus, nsglscting
cverlapping forecasts, of which there wure A4, the above distant
fatches account for about 50€ of the wavas observed at Lonp Rranch.
0f th=s= distant fetoches, aix required the yse of Arthur's diagrams
involving variability {n the direction of wave travel. Ths fore-
sazts basad on Arthur's work and iavelving distant fetches acsount
for about 147 of tha total numbsr of forecasts,
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The distant [z%:h=s do not appsar tc be squslly dHetrihutad
with respact 0 Lhe deep va‘er draction of wave appreach %o Long
Branch, There ars no sloss-by distapt fetches tc the south and
southsast, because for ths period studiad, such fetches all termi-
nated sgainet ths coast, The direction of deep watsr approach
should b ecopsidsred accur~ate only to within plus or winue 15°
since the width of the gensrmating arsa permits considersble arbitrari-
aoss in ths choles of wave direction.

The local fetches all terminated apeinst the ccast at the start
of the forsczast onit, Cases# in vhich tha decay in fatoch method was
amployed are Inaludsd. To within an socuracy of sixtean points of
the commats, the dasp water wave disasctions and the total number of
four hour ferscasts for sach direclion are shown in Figure 17. For
exanple, there were 15 fiur hour foraczats for waves from due south,
0f tha total of 136 four hour forscasts, 2E four hour forecasts wore
frem a direction with a sovtherly orronent, 14 four hour forecasta
were frow Jue east apd 3 four hour forscasts were from & Mrection
with & northerly component. IThus according to Putnam, WMunk and
Traylor (13), 0% of the local waves would produce a nortiward littoral
current, 10% would be indeterminate, and 30% would produce s south-
ward littoral current.s In addition, 20% ol the forecasts were based
gpon Arthor's results on the variability in wave direction.

Section 7. Analysis of Forscasts

Ae pointed out in ths orevious ssctions, the trial forscasts
sere garried out in order to oblain the bLsat possible apresment in
“ha height forecasts. In many capes, it =as not posaible to pot
spresmenl in the peried forecasts, In othar cases partial success
vaf obtalned during part of a given forscast sequence; but, after
initis? good agreament was ohtained, the forecasts dictated by
the origiml choics of forecast paramsters became progressivaly
poersr in time, Then the times of ths foreecast did not sgres with
the obssrvation times, the forecaste were intsrpolated linearly.

In the discussion whish follors, the forecast data will be
dfvyilisd inte thrss main categoriss. Multiple valued foracasts,
that is, these forecasts in =hich two or more significant wave
tpaing wars forscasted to arrive at Lonp franch, will be discvuseed
First. Ten 311 single valusd foracests, both those tased on the
Sverdrup—Maets extandsd theory and these based upen the decay in
fatch method, wil)l ' amalysed. Finally ths purely Sverdrup-Munik
forecasta will be ssparated f{rom the decay in fetch forecasts

#Tre zhove sgtimate i2 somevhat cruds, The directicn of the waves

vy Lhey cross tha thres fathom line dependas also on the pariod as
ghown in the refraction diagram obtained by Plerson (1£).
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and the results analysad,

Wultiple ny%d forecasts. There were forty-four cases in
which two or more different significant wave trains were [orecasted
to arrive at Long RAranch at the same time. As shown in Saction &,
somatimes it was possible to ses that the two weve records supsr-
impoged, but usaally it was not possibla. When several significant
haights are forscasted at the same time there are two possible
simple ways in which they can be combinad to obtain the one observed
simificant height. One way 8 to forecasl the sume of the fore-
casted signirficant heights, or Il forecast = H = H + H + ......
The other way is to forecast the square root of the sum of the
squares of the sisilicant heights, or

i forecast = Hp,, = {Hf + H:’ . ..,}5

Tha first way would be more plausible if the waves added one on top
of the other, and if the pericds were nearly the sama, Tha secord
way would be more plausible if the =mignificant heishts ware mors
nzarly related to the energy of ths wave train.

Figure 1 shows histograms of the numbar of forescastis for =2ach
hsight interval. The sum of the leights is slways greater than the
BMS hedight, and thus much higher values ware forecast by the sum of
ths Mﬂlt’ mathod.

Figure 19 shows the histograms of the errors with regard to
sign of the Lwo methods. Forecasts which were too high are plus
values, and forecasts which were too low ara minus values, The
histopram of the errors in the RMS heights is centared nearly about
the sero error line, whareas ths histogram of the errors in the
heights is cantered about an error of about 1.3 feet. The m=an
absolute RAMS error vas .68 feet, and the msan absoluta T height
error was 1,38 feet, Statistically then, ths RM5 forecasts are
brtter Lthap tha S hedight forecasts, Ths existance of a mathod
which 1= better than elther of the two is not precluded.

There does not seom to be any logical method Lor combining two
forecasted significant meriods in order to dbtain one observed
significant period. If the strist definition of periodic (in the
gense of a wave train with ons period and one height) is acceptad,
any such attempt would be absurd,

All single wave for ts. There were ond hundrad and elghty
thraa forecasts in which only onas wvalue for tie siznificant wave
beight and period was forecast., The distribution of the observed
and forecasted heights for this group, of the arrors in the fore-
casted hi;ht:, of the observed and forecasted periods and of the
érrors in the forecasted pariocds will be dsecussed in order,

Figure 20 shows histograms of the height distributions of
interest. The uppor valuss of the histogram at the top give the
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height distribution of all 236 obssrvations made during ths pariocd
of stody. Ths curve is skewad with a maximum at 2.25 feet and falls
off gradually toward hizher valuss and sharply toward lower valuss.
The msan significant height of all waves was about 3.4 feet. The
maan sigaificant haight of 3.4 fest indicatés Lhat the period studisd
was stormisr than usual for the east coast. Mla prasentad by Hall
(9) indicatss that the mesan wave height for Long Branch for a year
is of the order of 1.9 feet. The fact that the study was mie during
stormiar weather is of coursa an advantage because it zives hettar
defined sitvations for amlysis. The froguency distribution of tha
heights reported by Hal 1 was the same gensral shaps as the fraquency
distritution given hare, and thsre wore more low waves reported.

The middle wilude of the histogram at the top give tha helght
distribution of the 1B3 observations fer which single valuzd wave
forecasts ware obtained, There were 44 multiple forecasts and 9
22865 in which no forecasts were made. This histogram is assential-
ly tne samd a® the uppor histogram and the 187 observations are a
fair sasple of the total of 23 observations.

Tha uppar histograw of the bottom two in Figure 20 gives thas
distribution of the 183 foracasted single valued significant
heights, The mean forecastad heizht was about 3.9 feet, This slight
dif ference between the observed and forecasted mean can be accounted
for by noting that the detritution of the forecasted values has
chopped of £ a number of values at the sharp peak in the observed
values from 2,0 to 3.0 feet and filled them in from O to 1.5 feet.
Reference to Figures 4 through 7 show that the forecasted leiphts
kzap on decreasing for low walues of the observed wave height
wheraas the observed wave hedisht usually stays above 1.5 fest., The
two distributions for the singls valued forecasta agree essentially
sxsapt for the low wvalues of wave beight.

The uppar histogram in Pigure 21 shows the frequancy distri-
oution of the residual height srror after ths attempt to get the
bast possible forscast fit in all singls valusd forecasts. A few
misses greatar Lhan ona foot are in svidemce, The mean of the
absolute value of the arrors was .40 feat. The residual error
reprasents partly those cases in which good agreement just could
not be found, and partly an upper bound on the patience of the
analyst in attampting to pet a bettar fit in the height forscast,
Six tenths of a foot is atout 17¢ of the mean height of the sample,
i-‘-, three and one kalf feat,

There wa: a very slight tendency for the single valued fore-
cagts to be teo low, The maan algebraic error for all single
valued forecsa=ts was -,14 feet. On the whole, if the size of the
sample is considered, Pigure 21 shows that the errors in height
ware small and distributed roughly aczording to ths norml srror
distribution.
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Figure 22 shows ths histograms of the perled distributions of
intersst. The apper curve of the uppsr group of histograms shoss
the distribution of all of the obsarved parioda as reportad by the
Beach Erosion Board, The middle curve shows the distributicn of
those periods for which single valued forecasts ware obtained,

The mean valwea of Lthe two Mstributions sre essentially ths same,
viz., 7.6 seconds. Hth distributions are uni-modal, The msan
nsarly coincides with the mode, and the curves correspond closely
to a nomal distribution,

the nistograms in ths centear of Fizurs 22 give the distribution
of the observed periods a® anslyzed by the wave project. If the
size of the sample is conasidered, the distritution is again closely
associated vith a normal curva, The mean of the middlie curve is
about four tenths of a second greater than the means of the upper
surve, Ths: method ol analysis employed by the wave project gives
lower pericls because intervals such as interval 5 in curve B of
Figure 3 were eliminated and only intervals such as 4 and 6 which
wara wall dafimsd for the ten hishest most regular waves were
employed. The difference is the means of ona and ons half seconds
betwesn the Boach Erosion Board and wave project curves is thus &
rasult of tha drfersnce in analysis.

The upper histogram of the histograms at the botbtom gives the
distribution of all of the forecasted perliods for which single
valued forecasts wars obtairmed, These valuss are to be verified
against the values whose distributions ars shown in the middle
curves of the top and center groups of histograms, Ths most
striklng thing about this histopram is that it doss not correspond
in shape evan approximately to sither of the two distributions
shomrn above. The distribution is wider and flatter. The modal
value is at Lhe low and of ths scale, and the values are not
normally distributed., Tt is evidant that the overall distribution
of the forecssted values (both pure Sverdrup-tunk forecasts and
decay in fetch forecasts) covers too wide a range and that
agreement hatwean forecasted and observed values can be expected
only in the reglon where the forecast graph crosses the graphs
of the obssrved values. (Sea Figures 4, 5, 6, and 7).

Soma 'statistics on the magnitude of the errors in forecasted
periods can now be given. From Figurs 22, it 1s evident that the
errors will be large. Figure 23 gives the frequency distribution
of the errors in the forecasted periods,

The upper histogram at the top of Figure 2) gives the errors
in the forecasted period for zll single valned forecasts as
verifiesd against the wave project smalysis of the significant
period, There were just about as =many forecasts which were too
high as there ware {orecasts which were too low, The msean absolute
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orror of tis forecasts, that is, tha average value of all errors
without regard to sign, mas 2,10 scconds. Tha mean obssrved wave
project paricd for the semple was 6.15 seconds. Thus the percent-
age error was 3% of the mean period and was doubles the percentage
error in the height forecasts.

The upper histogram at the bottem of Figure 23 gives tha errors
in the forecasted pericd for all single valusd forecasts as veri-
fied against the Beach Brosics Board amalysis of the =iznilicant
pariod, [here ware more forscasted pariods which were too low than
there waere forecasted periods which were too high. The mean ab-
solute error was 2.4, seconds., The corresponding msan period was
7.6l seconds and the parcentage error wmas 4.

A very simple way to forecast the observed wave periods for
Long Branch would be to forscast the averags observed wave pariod
for the time interval studied. In meteorological work, suck a
forecast would be csllad a climatelegical forecast, For example,
the mean temparature at Honolulu for the month of January is 71
degrees. Instead of forecasting the day by day termperature at
Honoluly it would be possible to forecast the mean tamperature and
‘than ses how wall the forecasts wverily.

Supposs then that a periocd of /.41 ssconds had been forecasted
for Long Branch all of the time and verified by the Beach Erosion
Data, The mean absolute error In the forecasts would than have
bean .95 seconds as compared to an error in the technigues
amployed of 2,44 saconds, A forecast mathod which cannot do better
than a climtological forecast is certainly not of much practical
utility., If the wave project analyais had besn used, the corras-
ponding valuas would have been 1.49 seconds as compared to an
error in the techniquae employed of 2.10 seconds, snd again the
ciimtological [orecast would have baan superior.

Objection might be raised to the use ¢of the mean of the fore-
cast samples for a climatological forecast. Such a procedure is
necessary when data is limited, and it had to be employed for the
wave project period analyses, Hall (9) bhas recently reported
scoma statistice for the wave recorder at long PBranch, and from
them it is possible to discusa the results of a climstological
forecast bassd ypon data other than the test data, Tatle 9 sum-
marizses the data on periocds which can be obtainad from Bsach
Erosion Board Technical Memorandum No. 17.



TAMLE 9, SPATISTICS ON SAVE PSRICUS AT LOSS BRANCH
(after Hall)

Wl VAN SNMS 4/ lB  4/2/8

PERIOD to o to to o
IN SEC 0/ /48  &/B/49 MW/R/6s . 4/D/9 N0/3/9
-2 b4 1.9 € 0.9% 0.5%
e 0.1 1.6 1.0 1.7 1.8
=5 Juk 3l .2 EW) 2.4
5-6 6.6 bt 23,7 647 5.1
67 17.8 10.6 .8 14.4 1.4
7-8 2449 18.6 20.3 21.9 22 4
8-9 25,3 27.1 10.7 26.2 29.9
9-10 7.9 15.7 1.3 11.5 14.1
10-12 9.7 10.4 10.0 10.3
12-14 b 2.0 342 2.5
lis L'IJ, l:'-l ﬂ.l 0-1
Maan Period B.06 T4 8.4 3.00 8.19

The parcentags distribution of the periods in Tahbla 9 shows
first of all that thw sample studied in detail in this paper is
répresentativé of much largsr sappl2s, and that all of the periods
obearved at Llong Branch as analyzed the Beach Erosion Board
are grounad slesely in an approximately normal distribution about
& central mean near B seconds,

The mean of the ssmpls employed in this study was 7.60
seconds,. If & mean of 8,0 ssconis ie used to verify a clima-
‘tological forecast for all single valusd wave forecasts at long
Smmnch, the mean absolute error widch results is .99 sacords.
if & mean of £.4 ssconde (which is not %00 representative because
e time interval covers the susmer months only) is used, the
mwan z2bsolute srror is 1.38 secondis, Thus a climstological fore-
cast bassd upon sampless whish 40 not include the dates of thie
study wpuld =211 % supsrior to the present wave forecasting
mathods,

forecasts basad upon Swerdrup-Munk method only. The forecasts
whioh will now bs discussed wars bassd only on those weather
slwations whare the Sverdrup-Munk method aoovlied. The modifi-
oalions introduced by Arthur (1, 2) suzh as the concapt of wavas
coming out of Lha fetch at &an angle ware also amploysd. All cases
where the decay in fetch mathod was used were eliminated.

Mguras 20, 21, 22, and 22 can now be restudied for the 118
cases in which forecasts basad upon the present accepted theory
of vave forecasting were mada, All of ths unshaded hisbtograms in
thass figures show data which are applicable to thsse forecasts,
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Figurs 20 shows that the distribution of the observed heights
for the sampls ia close to the total distrilution of all observa-
tions except possibly that a slightly greater porportion of low
haipght cobservations have bsen removed. The distributicn of ths
Yarecasted heighbs shows that a slightly greater proportion n!
thaz low Corscasted heivhts has bean removed,

Figure 21 shows that tho Jdistribution of the height errors in
the smaller sample is assentially the same zs the distribution of
the height errors in the larger sample. The mean absolute error
in the heights is still .60 feut which shows that the parcentapge
haight error is slightly smallar becauss the maan hedisht of the
sample is 3,81 feet, Howaver, there is stil. some residual error
in the sample,

The hiztoerams of the observed values of the pericd in Figure
22 for sample of 11€ obeservations show that the obssrvations which
ara to verify the Sverdrup-Munk forecasts are not so olwicusly
normally distriluted as tha total sampls, The m2ans of the 118
observations correspend clesaly to the m3ans of the 18] obsarva-
tions which were used to verify tha singles valued forecasts.

The hdstogram of the forecasted values of the puariod at the
bottom of Fijure 22, for thosa cases in vhich the Sverdrup-Munk
metiwd only was employed, ie markedly different from the histogram
far 211 single valuaed forecasts. Many of the high pericd forecasts
tave besn éliminated and only a few of the low pericd forecasts
have besn eliminated, Tha mean of the sample is 4.07 seconds as
comparad to the mean of all single valued forecasts of £,17 seconds,

Figure 2] shows the pericd forecasts as verifisd apainst the
vave preject periocds. There is a definite tendsncy to lorscast
periods which are too low, Ths mean absolute arror in the fore-
cast pariods is 2,08 saconds, If ths periocd forecasts are veri-
fied against the Beach Erosion Mard periods there is dafinite
svidence that the forecast periods are too low. The mean absclute
error ie 2.87 seconds,

These forecasls which are based solely on the gsnarally
accopted theories for forscasting ocean wawes can now ba tested
against a2 climatological forescast. If the forecasts are verified
by ths wmave project simificant pariod analysis, and if a forecast
of €.17 seconds is made for all forecasts, a msan absolute error
of 1.07 seconds i¢ found, Again a3 climtolopical forecast which
is superior to the forecastine method is obtained,

1f the lerecasts ars verified by the Beach Erosion Soard
gignificant perdicd analysis and if = forescast of 7.6l ssconds is
mada for all forecasts, a mean absolute arror of 1.00 saconds is
cbtained. Azain, ths climatolowrioal forscast is supsrior to the
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forvcasting methed .

Decay io Fels « Mmres 20, 21, 20, and 23 show
that the decay in fetch method is not much good either. Ths fore-
cast paricds are too high; the distritution of Ui cbserved pariods
do2s not correspond to the distributicn of the forscast pariods.
Figures &4, 5, 6, and 7 show that thers is no tendsncy for the con-
tinued incresase in the period as required by ths fomec=sting mathod.

Table 10 summarizes the statistical data which has bssn prosent-
ed in this ssction.

Some adlitional interesting information can be obtained by
cons idering the distribution of the diffasrences vith regard to sien
l#twoen Lhe Beach Erosion Board pariods and the VWave Projsct parieda,
Flgure 24 shows ths hi=tograms of this dif farence for those periods
sssceiated with the single valund foreacasts and the Sverdrup-Munk
forecasts. It is ¢asy to ses [rom the wave recorda which accompany
thi= paper that such a diff=rence can sasily arise and that the
Beach Ercelon Board pericdes will usually be greater than the Wave
Project perieds, Tt is felt that the Beach BErosion Board analysis
more closely apmroximites what would usually be considered to he
the slgnificant paricd becavse the irregularities in most wave

“records are smoothad either oy ths recording imstrument or by the
analyst,

Tie Viave Pro ject re-analysis of the data was undertaken in
Lhs hope that better agrsement between the forecasted and obssrved
pariods would result., The slight immrovement which was obtainad
still does pot give batter results than a simple climatological
forecast.

donn (6) and Isaacs and Saville (10) have reported that the
forecasts of the period according to tha Sverdrup-Munk mthod are
not too accurate, [nn also reports that height forecasts in
goms cames are qQuite uncertain, YNo Quantitative sstimates of the
ragnituds of she arrors in the forscasted periods are given.

Dern (€) gives examples of local storms in which it would
bs mecessary to have sxtremely high winds in order to forscast
the observed peried. He aleo illustrates a study of waves from
a tropical storm with wave spectra which show a decresasing signi-
ficant periocd.

Isaacs and Saville (10) report & mean absolute error in
height of less tihan one foot for actual forecasts. They also
state that, "the forecast of wave pericd ... does not display the
sams degree of reiiability....."
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Section B - Attesptad Verifisution of the Refrsction Oisgram
Eqr jong Branch

In order to verify a refraction dizgram for one particular
point on a coast, the desp water wavs hsight and period, the deep
watar wave diregiion, and Yhe wave height, perisd, and direction
after refraction zhould ali be acourately kmown, [be haights and
periocds of the sigmificant waves afler refraciion (posaibls loss of
sporgy due to bDottos friction, and diffraction) ars tha only ob-
sarved valmes. The Jata are aimpiy not sufficiant for a preciss
verifization.

It is notad in passing that Sverdrup and Munk make the follow-
ing statament in Wind Sea and Swelly Theory of Peiations for Fore-
casting. "Thersefore, Lhe growth and dscay of significant wawves do
not obey the lawes thst would apply to Lthe waves of classical btheory..."
The statement might be amended to mend; Therefere the growth,
decey, refraction and diffrsction of significant wayes do not ohay
the laws that would apply % the wavaes of classical thmory, The
theory of wave dif fraction and rafraction as amployed in practice
is based upon classical waves of constant height and period, and
there is considerable doubt that one value for the significant
height, ona valus for the significant period, and cre valus for the
desp water wve direction sdequassly characterize the ses surfaca,

In the test forecasts described pravicusly, tle waves were
refragted with the forecasted period. The height after refraction
was verilied againet bthe obearved neipght valus, and an attempt was
mada to obtain the best agreemnt possibls., It has beon shown that
the forecastod puriod was in error froquantly by more than twe
secomds. An error of plus or minus two seconds can result in huge
percentags errors in the leight forecasts as shown by Figure 1 Af
the value for the perlod 4s critical. In this ssction, sn altempt
will be made Lo discover how the errors in the pariod affect the
;::.'ﬂ'l in the beight which entsr because of the use of the refraction

grRm.

The forecasted poricd and the forscastsd height are inextri-
cably conneoted in the forecast method., If, despita this fact, the
vave height at the instrument {s computed from the refraction diagram
by using the forecastsd deep water siznificant wave height and the
cbserved significant wave period at the instrument, it is possible
to obtain an estimats of the effeats of refrsction upon the accuracy
of the forecast heignts.

Figure 25 shows the histograms of the errors in height which
result if the waves ars refracted by the observed period instead
of ths forecasted pericd compared to tha errors whish resultad by
rafracting the waves with the ferecast parjods and compared to the
orvors which would nave resulted Lf the deep watar wavs haipht
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had been forscasted bto be the height at the instrument. The third
histogram from the tep in Flgurs 25 is 2 copy of Figure 271 for
comparison,

Tha top histogram in Figure 25 show the errors which result if
the forecasted dsep water waves ars refracted by the obssrved Beach
Krosion Board Periods. It is to be expected that this pair of
histograms would Xave a preater dispersion than the third pair of
histograms because the third pair of histograms gives in a sanse the
least error pcssible. The mean absolute error is 50 par cent greater
than the original height error minimum for all single valusd fore-
casts and over 100 psr cent greatsr for the Sverdrup-Mumk forscasts.

The second pair of histograms gives the corresponding data for
refraction by the Wave Project Sienificant Period. The masan ab-
solute error in both cases is about 50 per cent greater than the
original minimum height error.

The bottom pair of histograms gives the height error which
would have occurred if the deep water wave height had been fore-
casted to occur at the instrument; i.e., K4D = 1 for all periods
gend all directions. The mean absolute error is comparabls to
the errors reported in the first two pairs of histograms, Waves
which were too high would have been forecasted more often.

A mzan absolute error of six tenths of a foot iz 17 per cent
of the mean height of the sample, and so a mean absclute error of
one and one quarter feet would be atout 36 per cent of the mean
height of the sample. Thus the errors in height due to the re-
fraction diagram are of the sam2 order of magnituds percentape-
wise as tha errors in the farascastaed period., It must be concluded
that the original forecasted deep water values are not adequate
snouzh or accurate enough to verify the refracstion diagram. If
the percentace errors in height had been double or triple the per-
sentags errors in period, it might have been possible to study the
acouracy of the refraction diagram more adequatsly.

The author is also of the opinion that it would have been
possinle to obtain mean absolute errors nsar six tenths ¢f a foot
in all three casss by changing the original values of the forecast
para==ters within the range ol possible choicas and trying te fit
the foracasted heights to the observed haights at the instrument
after refraction hy the observed periods or after no refraction
whatsoever. Or to state it another way, the addsd refinement of a
relraction diagram at Long Branch on an average hasls, gives such
small corrections to the forecasted heights as compared to the
possible errors in the forecasted desp water neights and pericds
and the possible range of choices in the forscast paramsters, that
its effect is negligibla in improving the forecast.



I% should not be goncluded from tha above statasant thad the
refraction diasgran ir of no wee, I the Torecasting method were
betiar, the relfrsoction diapgrar would than be of grest impartance.

Section 9 - Tie Mat 4 Ussfuiness of Actual Forscasts
Pedce !‘Hmi_:ﬂhnds

The woelulness of a forecasting me Lhod depends upon wiat the
forecasts are o be used for and upon tha effect of an ervor in the
forecasted values on the overall results, Thus the Sverdrup-Mank
Method , modified by practisal exporience, hes proved useful in many
spplications. For example; rescus operstions at ssa, military
operations, offshore oil drilling operations, and engineering pro-
Jects such a= the construction ¢f breakwuters and Jettiss are all
made safer and more fccnomical by forecasts of the wave heights,

In these applizations, the metheods at their present stage of develop-
ment ATe adejuets.

Foremnts ol mve heights over the open ¢csan under conditicns
in which the wave perded is not important have been made for three
years by the United States Cosst Ouard Search and Besscve Section
in New York. A thirty hour gsneral forecast is prepared, and a
specific spot f{orecast for sach Testue oparation 18 also prepared,
The individusl forecasts are verified eithar as right or wrong., A
one foot error for heights up to five feet, a two foot arror for
eights up to 10 fest, and & three foot error for heights up Lo
fifteen fest, and a four foot error for heights up to twenty feet
is permitted. For heighis greater than twenty fest a five to six
foot errer is permitted. The thirty hour forecasts as verified
by this m=thod sre 85 per cent accurate, The spot forecasts for
sagh rescue oparation with a range from two to four hours are 65
par cant acourats,

The ussfulness of the forecast mothod in the ¢il industry is
discussed by UOraham and Geyer (B) in connection with the overull
application of ¥Metascrology %o operatiomal problems. They report
that many operations depend almost sntirely on favorahle sea con-
ditions, and that bthe wave height forecasts save Uime and pruvide
akiitional saTety for the operational crews,

The importance of wave forecasts in conoection with engineer-
ing applications has been discussed by Mason (12). The importance
of vave forecasts in invasions has been discussed by Hates (3).

From the above short sumary, it is evident that the Sverdrup-
Munk mave forecastiing mathod has given and will continue to give
important information to many oersons connectad with the warious
activities of mnkind on the oceans and at the shore. for Limse
applics tions and others which have not bteen given such as fishing,
mglﬁﬂn warnings, stc., the method is accurate enough to be
uan i
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However, tha method has ite limitations, Amy wave effsct which
depends critically on the forscasted pericd is diffienlt to forecast
and to interpret. Il appsars also that tha more fundamental pro-
blams connected with beach e¢rosion and the dessisn of structures
cannot be successfully atiscked with the present concept cf the
significant wave and that if possible mare refined and mors accurate
rothods of wave record analysis snd wave forecasting should b%e

dl"lmdr
Section 10 - mmm £ Begioh Frosion

Althourh this study has not' been i’-hﬂmu;h enough or accurate
enough to give precise quantitative results on problems comsctled
with bsach erosion, it is still possible to discuss some important
conclusions which can be reached in connection with the gualitative
understanding of the processes involwed, Wicker (19) has given
the basic explanatiocn of the cbserved littoral drift on the Few
Jersay coast, amd it is poueible from this study further to sub-
stantiate his explanation and to restate it in what is belisved
to be a more cise form from a meteorclogical point of view. It
is also possi to discuss the relative rrotection of varicus
points on the coast from wave attack. The energy associated with
the various directions of deep water wave spproach can bes sati-
ma ted,

In section 7, it was pointed out that the peried studied was
stormler than usual and that the mean significant wave height was
considerably hdgher than average. The discussion which follows
therefore applies only to the period studied and is not representa-
tive of a whole average jyear. Periods of greater storm sctivi
are of interest in themselves because of the changes they can
affect in the shore line.

In addition, the frequency of waves {rom various dirsctions
rmay not be the same in this study as they are on an average., Deep
water vaves from due east may be more frequent in this study than
usual .

Figure 26 is a schematic representation of New Yerk Harbor
and of tle Long Island and New Jerssy Paysiogecaphic Units., It
illustrates the point that the Long Island and New Jersey coasts
intersect in a corner at the entrance to New York harbor and that
the two ccastlines are roughly symeetrical upon reflaction in the
axis of the Rudson canyon.

In section 6, some statistics on local maves and waves from
distant fetches were presented., From these statistics and from
the statistics on observed wave pericds given in section 7, it
is possible to give an explanation for the obsarved littoral drift
on the Long Island and New Jersey coasts, It is necessary to
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discuss ths effects of lom] maves, of maves from a diatance and of
waves from an cast coast storm in ordsr te describe the efl=2chs of
the maves on tha Mesohas,

Consider, first, tha affect of local wmaves on the toasts,
Figure 17 shows thst about half ¢f the waves at Long Branch wers
caussd by lopal winds. In addition, Lks statistical distribution of
the observell pericdd shows Lhat half of Uis wsves at Long Sranch
have obssrved periods loss than eight segconds. Thersfors the waves
are not unduly affected by the Hudason Zanyon, and =0 the affect of
refraciion is purely & local prohlem and not a large scale problem,
To a good dapgree of anproximetlon, it is pos=ible Lo =ay that the
rave breaks at the shore at an angle determinmed by whathsr the wave
direction 12 to the laft or right of a line perpendicular to the
ghore a8t a gven point on Lbs coast,

In Figure 26, consider the paired points 4, A'; B, R'; and C,
Cr,, ATt &', any low period wave with a deep watar direction esast-
vard of the lire runndng southward through A' will tend toc cause a
littoral drift tovard ths west. At A, only low period mavss with
8 Hrection southward of the 1ime running sastward through A will
tend to cauee & littoral drift toward the north. Alsc thers le
not mich ocean 1aft to the north of A and to the wesi of /' #o Lhat
the areas in which waves can be generated to cawe oppositely
directed littoral currents are limited and the possibla directions
ars regtriocted.

Suppese that northeast winds are blowing over the sntira area
shovn in Figure 26, There ars two possible ways to foracast the
wavas st A. The first would be to use the distance of 24§ miles
from & to A' g5 8 fetch and forecast desp water waves travelling
toward tha sutlwest, The second way would be toc assume as
Arthur does (1) that northeast winds produce some component
significant wavas whish travel toward the south scuth weat and
toward the wast,

For the same wind speed, the [irst forscasting msthod givaes
mch lowsr waves at A than at B due to the limitation of the fetsh.
For the same wind speed, the second [lorecasting method zivas waves
traveling more nearly normal to the shore at 4 than at I, because
the distance BB' is longer and it is tc be expected that vhe waves
would travel mores nesarly in the direction of the wind, rho waves
might be nsarly the same holght at A and B in the seconl case,
However, in either casa, that portion of ths wave ensrgy rhich pro-
duses the 1ittoral ocurrent is lsss at A than it is st B, Similar
remarks hold true for any wind direction [rom north through sast
northeast, and in every case the presence of long Island sugresta
that the strangth of the littoral current toward the south should
increase as the distance from Few York Harbor incrassss,



Points A and A' and Band B! are symwwebric, and with obvious
changes exactly aralogous rem:rks ¢an be made for A! and B on
long lsland, Points C and 2' are not quite as symmstric as the
othar points bacause of the curvatwre of the New Jerssy coast south
ef B. At C, for maves from the northesast, the littaml current
should be stronger than st B becauss of the greatsr angle of break-
ing .+ If the loaml winds are low gnough so that the fatch i= mot
a limiting factor southwest waves would protduce the sama litloral
surrent at B' and 0!, other things beine =qual,

Local winds froem any soubherly direction at A and B would
produce a nerthward littoral durrent of nsarly the same strangth,
but at 0 the waves must be caunsed by winds from the scuth of south
sast before a littoral current toward the north is produced,

In sumeary then, the waves caused by local winds producs
differsnt resulis along the New Jerssy coast. For winds which
tend to gensrate waver which produce soutlward [rom A to B %W C.
Thoee winds which cayse waves which result In northward 1ittcoral
currents yield the sams strength currents at both A and B, and
if the current is northward at all, a weaker ourrent at ¢. Finally,
as pointed out by wicksr (19), if the wind distribution is the
same at 81l thres points with respect to direction, the littoml
current will be southerly more oftsen at C than at A and B.

Bow consider the effect of waves from a distant fetch on the
points shown in Fipure 26. fistant fetches account for the othar
half of the waves observed at Long Branch (point A). Few of the
obsarved significant periods were pgreater than ten seconds, ut
Figure 1 shows that they would be somewhat affected by the large
scale refraction features. Figurs 16 shows that only one of the
seventeen distant fetehes which wers located during the period of
the study could have produced a littoral current toward the south
at Long Branch. Many distant fetches which might have causaed
southward littoral currsnts seem to have been neutralized by the
application of Arthur's theory. Several could have produced morth-
ward littaral curranta.

The situation is desidedly diffarent in one important aspect
at points B and O, Those distant fetches with generating aress
running northeastward from just sast of Cape Cod and whioh cause
wavas 4t Long Branch from nearly due east can cause waves at
points B and C from the east north sast snd north east, These
wavas would produce a soutiward littoral currant,

All of the reported distant fatches would have producad west-
ward littoral currents on long lsland. The area to tha westward

-

# The assumption that the dscrease in wave energy due o refracticn
dees nobt offset the effact of a greater breaking angle ia mada,
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of the lime running souttwarsd from A', ', and C iz the only source
region for distant wavaa which could causs eastward littoral sur-
rents, This area is not a sourcs resion of very many hizgh waves
bacause strong winds are not Ireyuant,

East coasl storms are probably e mest isportant single cause
of srosion on the New Jersey and long Island coasts., Atlantic
storms at distances greater than ome thousand nauticsl =flas from
the coast are probably sosondary in importance, Tropical hurricanas
at distances greator than six humired nautical miles from the coast
may have sone affect, but as hurricanes move northward thay assume
extra tropical characteristics and, if near enough % the coast,
they can be classifisd with the east coast storms,

Miller (13) hes made a study of cyclogenesis in the Atlantie
coastal region of the United States, From this study, it is
possible to describe som2 of the average properties of aast coast
storms. Thare were two hundred and eight east coast storms during
the period of his study from 1929 to 1939. Eighty-six slorms,
2lasaified at typs A, were formed as weteorological mives on a
cold front, and one hundred twenty-two, claesified a= typs B, were
formad in advance of an ocolusion as the example shown in Figura 9
for May 5, 0130 BST. Of the total number of storms stuliesd, tla
data presented by Miller show that approximtely seventy-fivs per
cont of the storms formed at a location such that Lheir future
paths would sweap from south to north along a track Loward the
northeast, which would pass to the east of the New Jersey-long Island
coasta, The tract of the low center of the storm studied in Figure
9 is typical of a very larger percéntage of type B storms, and the
point of origin of the storm 1s almost axactly at the point of
maximum frequency of cyclogenesis for such storms. The most freguent
arsa of origin of type A storms is about one hundred fiftvy nautical
milsa south south west of Cape Hatteras.

Fortunately, then, the storm studied in detail in Section &,
Fisure 9, 48 a typical sxample of an sast coast storm and its affecte
on the beaches would be representative of the effects of many such
storms. This storm will therafore be discussed in connection with
the littoral currents which 1t w=ight have produczd at points A, AY,
B, B', and C, C' in Figure 26.

At the start of the uild up of the waves from the storm, the
waves ware from the southeast and build up to a height of four fest
in six hours 35 shown by the May 5, 0130 map and by Table 7. The
wavé direction ia representative for all points along the coast.
Waalk northward 1ittoral currents wera therefore to be expected at 4
and B, Thare should have been practically no current at C. A', Bf,
and ' should have had westward littoral currents.

During the next eight hours, the waves wars probabtly from the
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east south wast at A, B, A", B', and C';, It the May 5, 0730 map
ghows that the winds :.m:l L‘mrﬂfﬁrn tha yaves were [vomp dus east
near point C, The vaves bnﬂhup Ao a neight of seven Feut at

Long Branch (4); and thay were probably four or five fest higher

at C, The littoral currents would have besn nortiomard st L =nd B,
wastward at A', 3, snd {', and soubthward at ¢, Note that the
position of the points with respect to tha storm centar ir dimportant
whan the storm is at the coast.

For the next seven anil one bhalf houra the waves were probably

from due east at A, B, A', B' and C'.. The curvature of Ltha iscbtars

around the low ::mt.ur, tha coastal ﬂndn, and the fact that the
dominant fetch is to the north of G Gy 211 suggest that tha wswas at
0 had a noctherly component. The littoral currsnt .at A and B was
probably amall (although the wavee are alout twslive fest hizh),
because the wavas wmre nearly normal to the cosst. Tie ocurrent
was wostward at A', B' and O' and probably quita strong. At C,
the current was snutlﬂﬂy.

The sharp drop in wave height after 2000 May 5 as shown in
Figurs 5 is difficult to explain by pressnt forscasting technigues.
After May 6, 0120 ths situation is batter definsd and the waves can
be forecasted mers e228ily. The May &, 0130, 0730, and 1]:{} maps
all show a gensrating area to the east, of Capa Cod. In addition,
the generating area is to tha north of the New Jersey ccast, The
sast and northesst winds over the generating area combined with the
sheltering effeot of Long Island and the concept of wevee comlng
out of tha fetch at an angle, show that the angla of the bresking
waved with the coast 2t A should have been less than the zngle of
the bresking wave with the coast st B. In turn, the angls of tle
tresking wave with the coast at B should havs buan lass than at C.
The waves were probebly slightly lower ab C than at A bul the daep
water wave direction compared to the noramal Lo the ccast at the
point variss through almost 90°, Thus the strength of the south-
ward littoral current should have increasad toward the south from
Ato Bt C. The littoral current was westward at A', 8', and !

Table 11. Probabls Directlion and Zstimted Inbtensity of the
Littoral Jurrent at Six Points on the New Jersay
and Tong lsland Ctasts During tha Passags of an
East Coast Storm.

From 7o A B G- ol B

May 4 May 5 North North ’ﬂaut.ral Wost: Fast West
2000 0200 Teak Wealk Yaak Weak Weak
May 5 May 5 North  North 'Ehuth Yast  Wast West

0200 1200 DModerate Modsrate  Moderats . Moderate Mcdersts Moderate

Mey 5 Mey 5 Neutral  Neutral . Scuth . West - West  TWast

1200 1930 Moderate Stromg Stromg Strong
Yoy 5§ My 5 Neutral(?) South(?) South Wast Tast Wost
1930 0130 Weak Moderate Mpderats ¥odersts Moderate



Wy &€ May 6 Youbral(?) South Seuth Vest  Test Tast
0130 1320 Weak(South) Weak Wwderate Yeak Weak  Weak

Dominant Borth North South Wast Yaet Test
Current (Msutral)

Table 11 summarizes the Jirections toward which the littoral
current was probahlly flowing [or convanient time intervals du=ing
the passaze of the storm. A ecrude estimate of the strength of the
littoral current is imcluded, At the present state of knowledge
concerning the effect of waves on the beaches, it is not possible
1o give actual values of the currents, nor is it possible to com-
pute the quantity of sand moved by this one east coast sterm.

It is possible fro= the forecast data to dacide upon the desp
water wave direction toc within sixteen points of ths compass, If
the waves were classical waves, the square of the wave height would
92 propertioml to ths potential enmergy per unit area of tha sas
surface. Sinca the waves are significant waves, the square of the
significant heights is an over estimete of the wave energy and may
ba in error as shoem in Section 3. On the other land, in Section 6
the significant maves far multiple valued forecasts combined as if
the vave heights were closely related to the wave energy, and the
error may not b too zreat on an averags ba=is.

The deep wvater vave direction was known from the forecast
data, The forecasted deep water wave height before refraction was
also known, The wave heichts as forecastad for four-howr intervals
were tabulsted according to direction within the accuracy of the
weather data to the nearest sixteen points of ths wwpass, Each
deep water wave haight was squared and the sum of 2l Lhe squarss
for 2 given direction was computed. Fipure 27 shows the parcent-
age of total wave epergy which traveled toward Long Branch zlong
sach reportsd direction. About 24 per cent of the wave snergy is
aprroximately neutral., 133.4 per cent would produce southward
li.t-tar:l currents and 42,6 per cent would produce northward littoral
currents.

Figure 27 doas not represont snergy Mux toward the ooast, If
Lhe waves were classical waves, sach height could have bteen weighted
by the vave period and the energy flux in deep water would have
been proportional to H2T, but since suwh considerations have not
been shomn to apply to significant waves, such a computation was
not made, Figure 27 does homever, suggest that the net littoral
surrent was northward at Long Pranch during the peried of study.

All of the data presented in this section substantiated ths

conclusions and observations which have been presented by Wiclker(10).
Wicker makes the following points in the abtove referense which aras
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pertinent to this discussion.

1. "Tha data—{on Atlantic City, Ceoean Mity; Wildwood and
Cape May)--show that waves approsch thase baschas fros
directions north of normal to tha saneral set of the shore
line much mors of%en than [roms puint.i south of the normal.®

2. "It my be inferred that the northesast swell is con-
siderably reduced in significance in Nortlern New Jarsey due
bo the les provided by Long Island, also that Lhe scuthsast
gwell is likely to impinge on Lhe beach at an angls to ts
south of pormal to the northern New Jersey shore lime."

3« "Applying this to the New Jarsey coast, it is seen
that a wave induced littoral current {lowing towards New York
Harbor ie likely to be ancountered morth of Barnegat Inlat,

. and that a similar ourrant mettling towarde Delawsrs Bay

. 1 should exist south of Rarnegat Inlet, Direct observationz
‘govaring & consideratle piricd are availshle at Atlantic City,
whire a recording current velocity and direction apparatus
vas maintained in operation for about two yesrs., The data
obtained showed the existence of a non-tidal currant gonerally
flowing toward Cape y."

4y "Ths forces that generate the littoral drift are such
that its predordnant or resultant directicn of movement is
nerthward to the northern extremity of Sandy Hook from an ares
(sometimes called tha 'nods') between Manasquan River and
Bnm:pt. Inlet, and southward from the node to the tip of Japs
May.

One final commant on the overall problem of baach ercsion is
that the theory is purely Qualitative and that it needs to be made
quantitative. In the opinion of the author, the concepts of =igni-
ficant height and significant pariod are not mccurats enough to
permit quantitative resulte on the energy flow with Lbe waves
refracticn, diffraction, and sand transport.

Seotien 11. nelusi d mmendations

curacy of Foracast st The forecast techniquas whioh
wers amplo wers designed to test the Sverdrup-Munk tleory, Lhe
theory of variability in wave direction, amd the decay in fetch
method, An attempt to eliminate the errors which would snter be-
cause of inadequnte weather data was made by fitting the cbserved
heightes to the forecasted heights as accurately as pessible,

There were & number of aituations in which multiple waves vers

forecast, Statisticzally the squars root of the sum of the squares
of the significant heights 1= mors adcurate than the sum of the
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signiricant heights as a forecast of the obeerved significant heights,

The Sverdrup-Munk method, either combinad with or ssparated
from the decay in fetch mathod, doea not verifly with respect to fore-
casted significant pericds, dreater acouracy is obtained by fore-
casting the msan annusl obsarved significant period. It follows
that the descay In fetch method will not verify with respect to fore-
casted significant pericds either.

The concapt of the variability in direction of wave travel as
developed by Arthur was most helpful in explaining the observed wave
haights. The forecasting graph which was presented resulted in such
small percentage changes in the forecasted significant wave paeriods
for the range of values which occurred, that no attespt was made %o
verify its accuracy by separating those [orecasts which depended on
the method from those forecasts which did not depend on the method.
The error in the overall method is so great that whatever accuracy
this graph may have is probably completely masked.

Actual test foresaste for long Rranch without foreknowledge
of the actual significant wave heights and significant wave periods
are baing completed, From them, it will be possible % discuss
the errors in ths forecasted height,

An attempt to verify the refraction diagram presented in the
previous report was made. The errors in ths forecastad significant
period cause errora in the significant heights aftar refraction of
the sam percentage order of mgnitude as the errors in the fore-
casted significant perieds, Therefore, the refraction diagram
could not be varifisd. The aitempt to verify the refraction diagram
rith only forecasted significant values in deep water might be
compared to an attempt to measure the diameter of a dime with an
uncalibrated yardstick.

. Usefulness of the Forecast Msthods: The forecast methods
studied herein are useful in many applications., Howaver, any situa-
tion which depends critically upon acourate wave periocds cannot be
adeqmtaly forecasted, The sucocesaful solution of more imtricate
problems commectad with ocean waves (smh as beach ercsion) in the
cpinion of the suthor must await better msthods, Hindcasts based
upcn the methods for the purpess of collacting statistical data for
a given baach may not be accurate smough or detailed enough to
wmarrant the effort,

0 n; The large scale features of
the littoml currents on tha New cersey ccast and the Long Island
goast have teen explained qualitatively. Ths waves [rom &n east
coast storm ssem t0 De the most important singla factor in the
study of erosion in the area considsred.

73



hﬁmumu. The results of this study in the opinion of
the author make it evident that better methods of wave analysis which
will eliminate the cencepts of sipnificant period =nd sipnificant
height are needed, Better observalions at more points on the Few
Jersey and Long Island coasts and in deep water will yield more
reliable data than hindcasts. Numbers which stand for something
precise are dasparately needed.
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