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PROPERTIES OF OCEAN WAVES GENERATED ON CURRENT

D. Manabe_'

The ‘Kyushu University, Faculty of Engineering, Japan.

ABSTRACT

Properties of waves produced on’ ocean ‘and ‘tide currents
are ‘investigated from the viewpoint of theip steepness and
damping on the basis of observed records around Japan,

These analysed results are applied to the criterion for
the rolling safety of seagoing ships.

1, INTRODUCTION

The Japan Archipelago is' entirely ‘surrounded by steady
ocean currents.  This geographical envircnment causes many
noticeable effects on the properties of ocean waves. Owing to
the ‘existence of stationary currents, wave motion is often very
stable and wave height becomes very high in“head winds and
vanishes ‘rapidly ‘in ‘tail winds. " ‘Thus/ the ‘condition of the sea
surface 'is ‘quite different especially in eddy viscosity because
of emulsed foams generated from the rough ‘Sea surface.

As a result, in such a confused sea, the ship's safety is
very important. The character of its molling motion is differ-
ent when there is no' current. The author was once engaged in
revising the rules and laws concerning marine safety, and has
since investigated oceanographical and meteoroclogical data
around the coast of Japan, from the naval architectural point of
view. ' It has been found; that .there are important. differences
in ocean waves when current exists. This paper summarises the
results of lengthy research begun. in; 1947,
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2 Generation of Ocean Waves by Prevailing Winds:

Many distinguished papers concerning the theory of ocean
waves have been published by Sverdrup and Munk, Darbyshire, and
other scientists in England and U.S.A. These theories are
mainly applicable to vast open sea areas such as the Atlantic
Ocean or the Pacific Ocean. _ However, in the case of the coasts
of Japan, a monsoon which blows for several weeks with constant
veleocity and direction seldom occurs. Hence the theory of the
above-cited authors is not ‘applicable. Moreover, wind force
changes daily, and ocean and tidal currents sweep the coasts
quitesstrongly.: o Thus we are obliged to:establish,another
theory which expresses more exactly the state of waves around
Japan,

The growth of a wave is given in Fig. 1, which shows
that wave age (given by 8 = c/u = wave velocity/wind velocity)
tends to unity when wind duration tends to infinity. This
tendency seems to be quite natural because there is no relative
motion: petween wind-and wave din this .state. . Theduration
curve in this figure is expressed-in the following fundamental
equation, ’ 24

d (EC)
= Rrzo b _ (&)

where E and C are total energy and velocity of wave, R is
force generated by wind. Using wave age B and wave steep-
ness &, the above equation is transformed to the form:

a (85520%) . = . 20 g, g(1-8.7 82620" . (2)
dt [P i

where g is gravitational acceleration, o is essentially the
sum of frictional and sheltering .coefficients chosen by
Sverdrup: aad, Munk, namely. or= 0.013/2 + 0.0026 =:0.008L
(which is the same value as/ analysed from -the data around, the
coast of Japan)p! and . g, arve density of air and sea water.
Fere, writing H, L and J as height, length and slope of wave
respectively

E=%—pg32 - 1’; % ghs2y’
R =op  (ULey? 3% = w2p (R g2 a2 Ua. ' (3)-
g =’ C/U, & =H/LY T =3H/L? L'="2n 02/g

The term 7% is the rate of momentum tranémission by 2

Michell's theory for a Stokes wave, and the term op' (U-C)
is the frictional stress caused by the roughness of the sea
supface with the correction of relative velocity between wind
and wave.
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33 Wave Steepness ‘and Wave Age:

- T?e relation between steepness 'and age of an -ocean
wave is easily deduced from the viewpoint of mutual exchange of
energy between wind and wave,  If we assume that gL times the
energy of the wind is supplied completely to 'the wave, the
following equation is valid; namely ?

1ol
: U2 2

G ot N (1)

| =
o] =

K .is an “absorption-coefficient and is-almostrequdl to unity,
which means that wind energy in one wave length corresponds to

total wave energy. = The above equation leads di
next relation: . e dricigs

gd i= (5)

Assuming that «

1
1 and putting p =.0.001205 grm/cma, p =

17025 gnn/cms, the numerical. value 'of 'the ‘right-hand side
b?comes 0.02736, which gives'a curve ‘passing through the
middle part of observed data in Fig. 2. In this figure the
steepness curve for the significant value is drawn as 1/10T

of the right-hand side value, namely
B§ = 0.03183 (6)
which means k = 1.353.

According to the results derived by Darbyshire

S8 = 0,163 /¥ U(kt), this gi =
! 4 s gives k = 18.26/U(m/sec
for the above value U = 13,49 m/sec. ' 8752 2152 51455

On the other hand, wind velocities fo
1 r these data
occur most frequently in the vicinity of 10~ 15 m/sec, so we

may accept the validity of the above-cit i
AT B cited view of energy

i, Waves Generated by Monscons:

Now returning to Fig.'l, when we a i
. (e | > apply the previous
relation between age and stee nes; of waw
1 e, t
equation becomes 7 Seaibens

191be (7)
2 =2 dg - pr
3B%(1- )T G = De‘% 2 Dy = 2.0 == = 0.00002140

or, after integrating and using the condition that B = 0
when t = 0,

1
3 [TB- + 2log(l -B) + (B- li = DO 55' : (8)
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Data in the range of gt/U=lﬁ%~ 10" are obtained at inland seas
and gulfs. y 5
The region of 10 as 10~ -corresponds to seas at.coastal areas,
' and fof'loiﬁilds data from swells on the open sea surface are
included. This ‘curve -is;similar to that of duration-graphs
drawn by Sverdrup and Munk, Bretschneider, etc.: _I? the ‘waters
near Japan, the most frequently occurring wave age is mear
unity. On the other hand, according to Dapbysh%re'ﬁ result,
the relation T(sec) = 0.25 x 3/2 U(kt) holds, which indicates
that g = g/2n. T/U = 1.137. Thus the condition that veloc-
ities of wind ‘and wave -are equal seems to be the most stable
one. [ :

5. Waves Generated by Moving Storms:

When the direction and velocity of the wind change
continually, such as in travelling or developing stomms (this
is the usual weather condition around Japan), we should .
consider another theory for predicting waves. The following
equation holds at-every instant, with-a varying wind, because
of the interaction of the sea surface with the wind:

; 5
HoCRI %7 Y ceB) il (9)
et Dyog (1=:8)
o dﬁ' == 1 D (1_3)2 -5 S i{l (10)
dt; 5 came | 6 dt
3 g2U

This equation can be integrated graphically using isocliniﬁ
curves in the ‘plane (B, t) for a given value of U(t)'at every
stage ofstorm. Now, let us consider the maximum value of
the height or period of a wave in the vieinity of the storm
centre. i

Before the centre arrives, i.e. before the maximum
wind vslocity is reached, wind velocity increases almost.
steadily so that wave age keeps a stationary value. This
condition is expressed.as: ¢

a

it o {12589 %08 naSiiry 108 (11)

Rqgs 5 AlzabY) o _pav@yiioy,
t 5g3H01 Dog dat

l

{ah

so that wind velocity gradient determines wave age.

As du/dt = lew 3 m/sec/hour, then from this relation, B. =
0.3a 0.5, which is in.the vicinity of the state of maximum
steepness introduced by Sverdrup and Munk, namely: B = 0.4,
§ ="0.1, Taking (for brevity) mean values of observed
data as B = 0,5027, We get the maximum height and period of
wave in thercentre of storm:

' 12
T(sec) = 0,3210U(m/sec.), H= 0.01025 U2(m/sec) (12)
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6. Waves Generated by Tides and Ocean Currents:

Ocean waves are generated not only by wind, but“dlso

by currents. Especially in Japan, where there'are many narréw
channels and straits, we can see these very high waves on the
sea surface everywhere. Of 'course, this kind ‘of wave occurs

even in calm weather, but when the ‘wind is''directly against-/the
current, sharp, regular and violent'waves with'breaking’crests

form,” which may cause serious accidents' to ships.”““Ifi 'general,
drift currents after storms have passed  away ~may~havée thé

same effect also.

The steepness of this current wave sometimes exceeds
1/10, so that there may be higher transmission of wave energy
than;that explained by the. Stokes. wave theory. . . According . to
the. observed data shown in Fig. 3,the appropriate speed should
be J.V; which is proved by the theory of drift motion of a ship

swaying amongst waves., The fundamental equation becomes:
dE
e R : . (13)
in which
E = % ogH?, R=ap'V2 v (i)

Here V is the velocity of the current, and other notations are as
before., - Then we -obtain

dH

= | oo d o (15)
so that under| the assumption that tide current varies as
C = C max sinwt, integration of the result leads to
MaxH = 2D Cmax/w . Taking roughly w = 27/12 x 3600, the
numerical value of the above relation becomes Max. H(m)=0,151%
Vmax(kt), which is indicated in the figure Fig. 4 drawn as a
straight line, :

Next, we consider the waves.produced on. an ocean
current, under the action of wind.. As is.seen from the
observed results, wave steepness usually reaches more than 1/7
that of a cycloidal wave, and the’ velation of energy contrib-
ution from current to wave is

1 e . 1o ye2 - >
B LB i T ds k¥ ple Wateog . (18)

where W is ocean current, velocity. .The factor.l/2m _is' the
same sort of factor as  (used before) and so. chosen.that the.
wave steepness has the value of 1/m, , Then combining. the
relation of energy exchange. between.wind and wave;, we obtain

18,3 21, 2 e ) '
g egH =L { 5 0'U l‘fcosﬂ co§¢_l. o5 P} (17)
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in which. _is difference of direction of current and wind,
As is seen in this relation, if the velocity is only a few
knots, wave height may increase with a head wind or decrease
with a tail wind by a_factor of up to 2.

Table 1 shows the observed sea state at a light-
house where the warm equator current sweeps eastwards.. "
Maximum wave height is then increased in an easw:.' opposing wind.
Referring again to Fig.. 2, all data above the 51gn1f1capt 3
curve are produced by a head wind, and data below are observe
in a tail wind.

TABLE" 1

Frequency of Sea State for" Eastern and' Western Wind®Direction

(Left W, Right E).

Grade of Wind Force
0 1 2 3 m 5 6. | Total

0
8
g 111 nlsrief1 3 8 20
p 2 111753 (1631 | 3 & g 36 90
. ' 79
w | 3 14 15 |25 34 |15 26 4 54
(o]
o | u 7 u |20 12 3722 |18 8 2 89 16
o
12}
“nls g R O - i s T 1 e A Y 11789 ko

6 3" S0t g b iy (s
Total |1 2 |45 91 |80 83 |9 73 |56 30 |20 u.|1 3 |297 286

e Decay of Sea State:

The existence of ocean currents have an important
effeet on the process of decay of waves., [From Fhe daily record
of the sea state, superposing all dates when maximum values
occur, and overlapping the further records for every properjlong
term, then taking the mean value at every date, we can obtain
the average process of decay.

This phenomenon 'is’ generally expressed in the
following equation
das

= 18
(& AS. = F(td (18)
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F(t) is the term of effect of wind force on. sea state. & is
deviation of sea state from mean value and A is damping

coefficient. Through the above mathematical treatment we
obtain 2 &

Mean S’ ="Mean S6'e™ At (19)"

using
Mean“ F(t)'="0 (20)

Table 2 shows the, frequency,distribution of . i
around Japan. Heve the left end corresponds to isolated
islands in the Pacific Ocean and the right end to the inland
sea., Accordingly, ‘owing ‘to' the oceanclrrent, the restoring
time from storm to calm sea surface is reduced. The Japanese
Islands experience westerly winds after storms;pass and, since
the current direction is eastwards, this natural environment
smooths rough seas in-a short time.

TABLE 2

Frequency of Decay Coefficient of Sea. State

Damping Coefficient of | | ik
' Decay of Sea State: A 0E5T] 1.0 [{1:5-[0240 [1245:3.0
Freguency {total ol 3 - adl
l (Total Number = 54) C P L e W S
8. Safetyof a Ship-on Stormy:Seas:

As has been stated, seas and:swells:around Japan
seem to be somewhat higher than in other areas of open sea,
especially where there are currents. Actually, the total
number of accidents of vessels exceeds one-thousand-a year
due to heavy seas and strong winds.| For the purposeiof
preventing -these accidents; the author considered the limit-
ing ability of a ship to voyage safely, considering
oceanographical and meteorological data.

The equation of the rolling motion of a ship can
be written'as follows :

2. bas | - :
450, o dBi2 . : R
IS E;E_ KS(HEO +Mng -ﬁgGm YsJ°°S@sF;*§T° CAU ar e (21)

in which 8 is.the roll angle, I.the moment of inertia, K the
damping coefficient. . Mg is displacement, G, is restoring
leveryc Ggi= 4Gz =

;= metacentricheight,“J is maximum wave
de [ '
6=0

slope and 27/w. ™ 1_ is resonant wave neriod. ¥_ is ~nafEinians
P!
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Wit Giierear au? il (28)
rite R
atid i ke gt a2 A - 1(29)
2 m o
Then: (27) becomes GU2 + HU - Sd =06 (30)
where (31)

=g 2 = - 2)a(m)s, (degy) Mg(ton)
Gl5i5p CaAa(Umax/U) 6,./Mg 0,000002653A(m")a(m)6_(degy)/tg

3
in whikh % 6’/ =72 0,000076( ton/n")

H_lGa.Z
and 2 m-%— (not wave height)
"sadk L g r ' o (see)ie (32)]
5 Gm o3 T 0.03513Gm(m)/ 2 ( ) £

mi i
in which, assuming that == 0.8, N_ (deg ™) = 0.02, so that
95 (deg) = 360/8 , and _ ,
8 = gr /om U5 g=9.80665m/sec” .

The critical wind velocity that a-ship endures is then
expressed by a root of the quadratic equation (30), i.e.

_l 2 _j T 33
U.--QE—"H +1¥GSd (33)

The frequency distribution of the llnearlsed
damping factor is shown in Table 3.

TABLE 3
Frequency of Damping: Coefficient Analysed from Records of
Rolling of a Ship. In this case, Equation of Motion is

Fxpressed as O 0+k 8+rs 8=0

Linearized Damping D1 021008 1.5 0,5
Coefficient k

Frequency Y1 B8m 8 b i -

i (Total Number = 17)

At the left end is the data obtain from the
readings on rough seas with a current, and the right end
corresponds to that of still waters.  This indicates that
the sea area where a current flows, or where drift prevails
after a storm, should be the most dangerous, since heavy
resonant rolling. occurs due to the joint action. of decreases
of damplng factor and increase of wave height. In fact,
the positions where ships were capsized-are distributed over
the narrow zone of Equator Current.

A333

of ;effective slope, o' is density of air, ¢ is drag coefficient
A is exposed area and_a is the height between the centres of
wind and water pressure respectively, above and below the load
water line.

The | GZ curve is already known for the given
load condition. First, we considér the action of the wind.
Unax is the peak gust with appropriate duration and the
relation’between” Upay and mean’ velocity Uii§ Seen’incFig.'5)
where the straight line shows the significant gustiness as

2 2

Umax /0" = 2 (22)

This gust causes steady heel to the’lee side, given by

p sy f 2
SaoFigsinabylal qo Mg, (23)
Thus we can easily guess that the whole area of the GZ curve
above. the 'straight line may correspond. to the reserved
ability for restoring the ship. This:area is, expressed

approximately as %i - Gza'ar° where Sd =T RS et
z
o

dynamical” lever and 3 is the maximum range”of stability
where G (e ) = VipR ) :

Next, we consider the acticn of'alwave. " The

fundamental equation'is readily. transformed to
3 3 v 62 2 203
052 s ) 8g =
5 Ns + ms, ms J' cos w$t (2u)
SN =k /I ,02% < ug /1 (25)
4. g s/ertasin Nareom’Ts '
where 2n/ms=rs is' the natural period of rolling.

Assuming 0 = 6, cos(wgt+ €) and multiplying both sides of the
equation’ and integrating over one swing, we obtain the
relation in theé resonance 'state

p2d =

m
Eﬁ; i J (26)

The corresponding area can be ‘expressed’as

€
: =
o)
so that equating the two values of ‘this® area we obtain the
following equilibrium ‘condition’,

- =L 2 ' |
Sq = Cpa by = 3Gy 0; (27)

Now, let us further simplify this equation for the criterion
of safety of a ship.
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Table U shows the estimated maximum wind velocity
for two famous accidents caused by typhoons’, which shows that
the above method seems to be' useful for the purpose of judging
the safety of a ship. ' coall

~TABLE. 4

Wind Velocity‘of-Typﬁooﬁs-whieh_Cagsized Passengér,ShiEs f

Name of Name € Date |Estimated |“OBserved Velocity
Capsized,Ship of . Typhoon: | Velocity: - | 6 Name of Station

Aoba-maru Della, VI“20 21;-1512ﬁ/5ec. 22 .0m/sec. Bofu
1949 | 47-763

Tovamam | “Marie, 1x26127,|38 Bm/sec. | 361 1m/see . Esashi
y ay el gsy |l SR .-

Thus ‘in;Japanese waters, voughly speaking, for-the limit, of
stability to be reached U must exceed 15m/sec. for(coastal.
ships, and 20m/sec. for ocean-going ships. If a ship is
anchored insa;harbour or. at,the centre of a storm, thus
eliminating the effect.of: waves, danger velocity is calculated
from U =/ S_/G, which exceeds 25m/sec for coastal ships and
35m/sec for ~ocean-going ships’ for limit;of stability. The
former valies correspond to the prevailing wind, and the
latter to the maximum velocity of the storm for lows or

typhoons . ‘

g, “+9% ‘Conelusion:

| The i influence, of tide, ocean, and;drift. currents
on the character of waves is very complicated, especially
because the increase of wave height by the action lof above-
cited) factors causes tips of wave crests. to.becut and blown
down. The surface layer of the sea then encloses foam and
its 'eddy viscosity changes... The analytical. considerations of
the mechanism of propagation of waves across the current or
around the centre of storm whould be continued/further, though
the growth theories of decay, of oceanic waves seem to have
been completed up to the present. The author expresses his
thanks for the help. of a number of members of the Meteoro-
logical Agency and Maritime Safety Agency and Institute of
Meteorology, and Dr. S. Inoue of the Kyushu University, and
daily assistance of Miss K, Kawakatsu of his Department.
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Fig.3 Frequency Distribution of ‘Wave Age
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