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Abstract

Results of the field observations of surface waves in the Kuroshio current were
obtained by making use of the holographic method. The directional dispersion of the
surface wave spectrum was recognized in the Kuroshio, and the propagating direction
of longer waves was found to run parallel with the averaged stream of the Kuroshio,
while the wave direction is closely related to the dircetion of local wind outside the
Kuroshio area.

A tentative interpretation of the difference in directional spectrum between
outside and inside the Kuroshio was done by two dynamical processes. One oi the
processes utilizes the non-linear interaction between a shearing current and incident
waves, which is computed numecrically by using the two-dimensional DPierson-
Moskowitz spectrum including the radiation stress cffect, and the other deals with a
wind-generated wave on a shearing current on the basis of Phillips® theory,

Only the resonance mechanism of generating the waves on a shearing current as
proposed by Phillips (1957) can be considered as onc of the possible processes which

viclds the dispersion of directional spectrum.

1. Iatroduction

When gravity waves propagate into a current, the wave length and direction are
changed. Several papers deal with this problem (Evans, 1955; Johnson, 1947; Unna,
1942; Ursell, 1960).  All of these studies indicate that no coupling takes place between
the waves and the current and that the wave energy travels at the velocity (V4-C)),
where C, is the group velocity. and V the local current velocity. The coupling is, however,
of importance. TLonguet-Higgins and Stewart (1960a, b; 1962) considered that short
waves riding on the backs of longer waves are substantially modified to an extent much
greater than if there were no interchange of encrgy between the waves and the current.
The amplitude of surface waves on currents is affected by a non-linear interaction
between the waves and the components of the currents; the coupling terms are propor-
tional to the radiation stress.

Waves cntering on a shearing current that varies in the direction of wave pro-

pagation undergo an amplification that is greater than the previous one and is
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dependent on whether the variation in current is made up by a small vertical upwelling
from below or by a small horizontal inflow from all the sides. Longuet-Higgins and
Stewart (1960a, b; 1062) calculated the amplification of waves on a transverse shearing
current. The interaction between waves and a current produces an amplification
which is different from that obtained by neglecting the interaction terms.

Recently the dispersion of the directional spectrum of short gravity waves was
obtained from air photographs of the Kuroshio using the holographic method (Sugimori,
1978, 1975). Low-frequency components in the direction of the averaged stream of
the Kuroshio can be clearly seen. On the contrary, the directional spectrum of waves
outside the Kuroshio current is closely related to the direction of local winds.

In order to explain the difference in wave spectra characteristics inside the
Kuroshio, two dynamic processes might be considered. The first process deals with
the non-linear interaction between the Kuroshio current and incident waves which
are generated outside the Kuroshio as mentioned above and include the radiation
stress effect. The second process can be narrowed down to a process of gencration of
wind waves in general. Recent theories on this process can be included in the resonance
mechanism (Phillips, 1957). The resonance theory of wave generation predicts that,
when a scalar wave-number K is given in the two-dimensional instantancous wave
spectrum, the resonance maxima should occur at angles o, such that KU cos a,= (gK)Y2,
where U is the wind speed at a height of approximately K-1 above the surface. This
means that waves grow most rapidly by means of a selective resonance between the
Fourier components of the fluctuating pressure distribution convecting across the
water surface by the mean wind and such components of the wave field that have
both the same wave number and the same velocity. In spite of the wind wave theory
in still water, resonance mechanism on a shearing current is also variable in this case,
becanse the observed result on both sides of resonance maxima in higher wave number
range of the wave spectrum can be explained simply by this model. The angle in-
creasing of wave spectrum near the resonance maxima might become broad as the
coupling effect between wave and current becomes stronger.

These processes are to be successively referred to, in order to examine which of
them will most reasonably interpret the observed result. However, it should be
remarked that the estimate of cach effect should be done with some reserve, because
no meaningful estimate can be done for individual effects il thesc are correlated with

cach other by a non-lincar coupling.

2. Measurement

Arcal distribution of surface temperature was measured for defining the meander
of the Kuroshio by an infrared radiation thermometer, and also air photographs of
sea surlace were taken by aircraft of the Maritime Safety Agency of Japan on August
17th, 1971. The directional slope spectra obtained from the aerial photographs using
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Fig. 1. Contours of directional power spectra of the waves from Bayonnaise Rocks to
Tokyo Bay. “a’ is a contour map ol directional power spectrum outside th
Kuroshio. “b” through *“f” are those inside the Kuroshio. “d” is that near
Mivake Island.
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the holographic method are shown in Fig. 1, a to g. These figures are for 7 points on a
course which is from Bayonnaise Rocks to Tokyo Bay and passes across the Kuroshio.
However, the flight altitude chosen was about 450 m because it is an optimum altitude
for observation with an infrared radiation thermometer. Hence, the spectra of
observed surface waves were limited for a range of shorter gravity waves.

Tt is clearly seen in these 7 figures that surface waves are uniformly developed in
all directions, irrespective of the wind {SSW wind) and current direction (NE flow),
especially inside the Kuroshio if the wave length is shorter than 1 m; but a directional
distribution is revealed for longer waves, as shown in Iig. 1, b to f. On the other
hand, the direction of the waves longer than 1 m coincides with that of the averaged
stream of the Kuroshio, whereas it coincides with the local wind direction outside the
Kuroshio. Most of the energy is concentrated in the local wind direction outside the
Kuroshio (Fig. 1, a and g).

In order to study the change in directional dispersion of wave spectra between
inside and outside the Kuroshio, the average is determined for an interval of 10 degrees
from the direction of the wind, for example Fig. 2. TFigure 3, a and b, indicates the
distribution of the power about the angles at a constant wave length for the spectra
of Fig. 1, c nad g, respectively. The drop of power spectrum except for the direction
of local wind in the range of wave lengths shorter than 1 m outside the Kuroshio is
wellseen.  Inother words, the power spectrum in such a wave-length range is conserved

quite uniformly in every direction inside the Kuroshio.

3. Interpretation by the radiation stress

3.1 Single wave on a shearing current

Waves propagating in the opposite direction in a current with horizontal shearing
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Fig. 2. Drocessing example of the power spectrum
(Fig. 1, b through g) at each fixed wave
length picked up by angular interval of 18
degrees,
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Fig. 3. An angular variation for a constant wave length in the dircctional spectra:
“a” on the inside (Fig, 1, b) and b’ : on the outside (Fig. 1, g) of the Kuro-

shio.

have their amplitudes greater than those ol still water waves. Longuet-Higgins and
Stewart (1960) showed that the effect of a shearing current on the wave amplitude is
proportional to the so-called radiation stress, and that the current does work on the
waves at a rate 1/25,,(61,/0x 40V ;/ox,;) per unit distance where the suffixes ¢ and ;
(Z, j=1, 2) refer to rectangular coordinates arbitrarily chosen, S,; being the radiation
stress.

The energy equation is gencrally written as

2 v Bl VI 5 Suf

BV, 8V,
O 1
at ) 4 (1)

o T an
on the assumptions that the current velocity has only the y-compounent ¥, that y-
component V' is not variable with v and the depth, and that the apparent angular

79
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frequency is constant outside and inside the current, the above-mentioned authors

obtained
£ cos 6 sin ¢ =const (2)
and
7&_:(£)W: (gln 280)11’2 3)
a, E, sin 26

where 6 and 6, denote the angles between the directions of current and wave inside and
outside the current, respectively. Obtained results hold good for a single wave. Since
waves in nature are for from being a single wave, it is now tried to generalize the above
theory for application to the waves of various frequencies and directions and to inter-
pretation of the directional power spectrum observed.

3.2 Random spectrum of the waves on a shearing current
If the wave frequency is actually observed on a shearing current, it is denoted by
in the frequency relation:

& =gK =(w—K-V) (4)
where  is a frequency on a still water. Now we reconfirm Eq. (2), starting from the
following wave action conservation law:

9(a a s 5
az(a)*v [5(cg+V)}_0 (5)
where ¢, is the group velocity in the current. Since the phenomenon is assumed to be
conserved with y and the time, the above equation is reduced to
0 [a?
2| g l= 6
55 [(_u_(,g cos j 0 (6)
Using the relation Cg:(lf‘z)(f‘:(l/Q)g/cﬁ in deep water and substituting Eq. (4) into
Eq. (6), we obtain
ala J
—| 2 cosf|=0 7
5L KOO8 (7)
K being the wave number in the current.
Since the wave number conservation law reduces vx K=0 or d(K sin 6)/ox=0
with the above-mentioned assumption, Eq. ( 7) is simplified as

_3655[a3 sin 20]1=0 (8)

which is identical with Eq. (2).
In case of a random field the following relation is obtained:
a* = E(K)dK = E(K, 0) KdKd6 (9
and Eq. (7) becomes 3[E(K, 6) cos §dKd6]/dx=0. Then, energy conservation equa-

tion can be expressed as follows:

-
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E(K, 8) cos 0dKd0 = E,(K,, 0,) cos 0,dK,d8, (10)
K, being the wave number in a still water. The cquation of the wave number conserva-
tion is (6K/6t)4- (0w/ox)=0. Since only the steady state is here dealt with, the angular
frequency o does not vary with x. In a still water, Eq. (4) is written as
&+ KVsinfl = a, (11)

With the relations:

g, = (K,Co)” = gK,

& =(KC)?=gK, (€=C— Vsin#)

o* = (KC)* = gK,
Eq. (11) becomes

VKo = JK[1+N;’§V sin a]>o (12)
Or substitution of the relation K sin =K, sin 4§, into Eq. (11) gives
. 1K,
VE =vE[1=Bvsino,] (13)

Then, IEq. (13) is substituted into the rclation oK (6K = (K, /K)\/2-2,/K/g V sin 6,
which is derived from Eq. (12), and the following equation is vielded:

B

JE )
oK, 1+,\‘f EVV sin &,

oK 1 [Koo, .
1—./="V sin 8,
Vo

From the wave number conservation relation the following equation is obtained:

2

. si B ;
sinfl = ———— 0(1‘!"\/'%'1] sin ﬂ) sin A, (15)

Therefore, Eqs. (14), (15) and (10) give

1+,\/%V sin 8,

cosf otf
D (16)
cos 0y 9, (l— /&V sin 6’,,)
Ng
Tinally we have
E(K, 0) 1 (Bt o
= =1- V sin ¢ 17
E(K,, 0y) Vg ' o

14,/ v sino
g

Eq. (17) defines the spectrum growth rat eon a shearing current which is (1—.//,/g I sin
8,). The wave energy is decreased at this rate when the incident waves turn in the
direction of the shearing current, and is increased at the same rate when the waves

and the shearing current are in the opposite direction. A numerical example is given
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below to show the change of the wave number spectrum in the current, by using the
Pierson-Moskowitz spectrum. The Pierson-Moskowitz type spectrum for ocean wave
is as follows:

Ey(Kon 0= Ki™ exp[— *3(}*( -‘gﬁ) ] cos “(¢—B,) (18)
g

where «, g: constants,
K,: wave number in a still water,
U,: wind velocity over the incident waves,
¢t main direction of incident waves,
8,: direction of each wave number component of the incident waves.
If the peak wave number ol E (K, 0,) is denoted with K, then the [ollowing relation

-2
K US 8

is obtained:

Hence, Eq. (18) becomes

T
EVE, 1=K, exp[—z(%“) | cos *g—0y) (19)
0o/

For the wave number spectrum, Egs. {12) and (19) give

b'e -8
EJ(K, ﬂa)=%-K“(1¢N/£V - a)

X exp L (K ) (1+ aKV sin ﬁ)_j
X cos [ -sin™! {sin 6(1+,\/§V sin 0>ﬁ2}] (20)

Therefore, the Pierson-Moskowitz spectrum of surface waves on a shearing current is
found by substituting Eq. (20) into Eq. (17):

E(K, 0)= ;K‘* exp {—2(‘%)? ot (ff%—ﬁ )
X[(1+\/’§V sin E?)—u
O SRy
) cos“[—gifésm ! {sm 0(1+\/‘V sin (i) Z}J

(28
oost (£-1)

Energy spectrum computed by Eq. (21) and Eq. (17) is illustrated in Fig. 4 as a
function of K/K,. In this computation the shear structure of the current is given by

(21)

the following relation:

— 82 —
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‘lv

Fig. 4. Modulated slope spectrum of the surface waves in a shearing
current,

Fig. 5. A prioyt given slope spectrum of the surface waves in a still water.

172
({f_) V=02
g

where K, is the peak wave number of £, K, 8,), and V' the current velocity. TFigure b
is the energy spectrum of the surface waves in a still water given for this numerical
example. After the waves of this directional spectrum have entered into the current

with the same velocity as the Kuroshio (the x-axis is taken as the main direction

o s
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of the spectrum), the shape of the directional spectrum is modified by the radiation
stress.  I'igure 4 shows the resultant spectrum, which spreads with the angular distribu-
tion of cos 4 on both sides of the dominant direction., Large wave number components
have disappeared.

It is noteworthy that the shape of the directional spectrum can never be dispersed
by the radiation stress effect, and the direction of dominant wave in directional
spectrum becomes opposite to the stream of the Kuroshio by the radiation stress as
seen in Fig. 4.

4. Wind-generated wave on a shearing current

The resonance theory (Phillips, 1957) were proposed for the generation of waves
by wind. This theory is a random excitation by atmospheric pressurc fluctuations,
and the ocean is viewed as a resonant system excited by incoherent turbulent
atmospheric pressure fluctuations. However, the resonance theory was based on an
assumption of no current in the ocean, and here the model is modified into a case with a
current. Phillips predicts that, for a given scalar wave number X in the two-dimen-
sional wave spectrum, resonance maxima should oceur at the angle ¢, such that

1/2
Ucos ¢, = C(K) = (}%) (22)

where ¢, is defined by an angle between the dircetion of dominant wind and the direc-
tion of resonance wave, and U the velocity of dominant wind. Condition (22) 1s well-
known as the resonance condition, and waves, whose wave numbers and directions
of propagation under a given wind ficld satisty Eq. (22), will be called resonance waves,
This theory, then, makes the simple prediction in a still water that, for a given scalar
wave number of the spectrum, there will be resonance peak in the wave number spec-
trum at each of the angles =-¢,.

The apparent phase velocity of waves on the current, for a given scalar wave
number, will consist of the phase velocity of the resonance wave and the component
of current velocity in the direction of wave propagation. Therefore, the Eq. (22) is
modified into

K

where 77 is the current velocity and ¢y 1s defined by the angle between the wave and

172
U cos ¢, = Vcos ¢, + CK) = V cos &, + (91) (23)

current. (See Fig. 6).

The phasc velocity of resonance waves seems to ride apparently on the current,
and velocity becomes (C-- ¥ cos ¢,) as in Eq. (28). TItis, however, reasonable to con-
sider that the inherent phase velocity of resonance waves C in the current may be
smaller than that of apparent one by V cos o, because (C+V cos ¢,) keeps a balance
with U cos ¢, in Eq. (28). Therefore, the inherent wave number K for small ¢ will
become larger as in the following equation:

— 84 —
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y k=4

Cs
Uwind L
The direction if U, shows not only a
dominant one of local wind, but also direc-

tion of surface waves generated by the local

c wind. As angle ¢; becomes larger, the

¢4 resonance waves on both sides of the domi-
4 nant wave will get a higher wave number
4;2 than that of dominant wave, since angle ¢,
) N decreases as angle ¢, (¢,+¢.=constant)
Vewrrerit increases and V cos ¢, in Eq. (23) conse-

Fig. 6. The rcsonance mechanism quently increases, or K in the second term

(Phillips, 1957) on the follow- of Eq. (23) should also become larger in
ing cakwent. order to keep an equilibrium state with left
side of this equation 77 cos ;. In other words, the resonance waves on the current
with high wave number K may be generated on both sides of the direction of domi-

nant waves (Fig. 7), and the angle spreading of wave spectrum becomes broader.,

1]

$=0° $=20°  ©=40" Kuw

k no current

o1m' 02m 03m'

Fig. 7. Angular spreading of the surface waves on the following
current in wave-number domain,

5. Conclusion

A tentative interpretation of the difference of the directional spectrum between
outside and inside the Kuroshio was made in the present paper. Two kinds of dynam-
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ical processes were taken into account.  In one of the processes, the non-linear interac-
tion between shearing current and incident waves is computed numerically by using
the two-dimensional Pierson-Moskowitz spectrum modulated with radiation stress
effect, and in the other wind-generated waves on the shearing current arc dealt with
on the basis of resonance mechanism.  The former process is interpreted by the point
of view that the incident waves generated outside the current would interact with the
shearing current oncoming from the outside. The latter process is used for an inter-
pretation of wind-generated waves on a shearing current because the results ol observa-
tion show the range ol shorter gravity waves.

Only the resonance mechanism of generation of waves on a shearing current, as
proposed by Phillips (1957), might be considered as one of the possible processes which
will yield the dispersion of directional spectrum, and Pierson-Moskowitz spectrum due
to the radiation stress effect shows the propagating direction of the wave opposing the
current. It can explain the observation result about the dircction of waves parallel
with the meander of Kuroshio, since the holographic method has an ambiguity of 180
degrees in direction.

It is, moreover, noteworthy that from an analytical derivation on the basis of radi-
ation stress effect, the wave energy will be decreased by the rate of (1—./Kylg V sin fy)
when the incident waves turn in the direction of a shearing current, and will be increased
at the same rate when the waves and the current are in opposite directions.

Another possible process is the effect of current of vertical shear on waves.
However, our knowledge of the process is still too poor to estimate how it comes into
play, though it was discussed by Hunt (1955), Benjamin (1957, 1959), Velthuizen ¢/ al.
(1969) and Chia-Shun Yih (1972). This problem should be more extensively studied
in the near future. No definite conclusion is drawn, unless the measurements of both
horizontal and vertical shears in the fluctuations of the Kuroshio and the air over the
current are conducted with suflicient accuracy, simultaneously with the wave observa-
tion. These measurements, even though they are particularly difficult in such a strong
current as the Kuroshio, are very helpful to have insight into dispersion of the surface

waves inside the Kuroshio.
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