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SYNOPSIS

The dynamic response of a two-layered stratified lake subject to the wind
stress was investigated theoretically and experimentally. The fundamental equations
for the currents in the upper and lower layers, as well as the elevations of the
water surface and its interface were solved to determine the dynamic response of the
lake to the instantaneous rise in the wind stress over the water surface.  The
solutions were applied to simulate the vertical oscillations of the interface in
response to a succession of wind pulses representing the actual wind conditions.

The oscillations obtained from theory in comparison with those from experiments and
field observations show a good agreement.

INTRODUCTION

The vertical structure of water temperature in a lake and storage reservoir is
controlled by the heat transfer from the water surface, turbulent mixing due to
wind, temperature and volume of the inflowing water, etc. Usually, a remarkable
thermocline layer is formed from summer to the beginning of fall.

Moreover, the density stratification of salinity and other materials is formed
in the freshening process of the artificial lake created by closing the inner side
of the estuary.

When the wind acts on a closed basin of a two-layered stratified field, the
internal seiche and interfacial wave occur on the interface of the discontinuous
density in the same manner as the ordinary seiche and wind wave on the free
surface of a homogeneous closed basin.

A number of theoretical and expeérimental researches (10),(17) have been done on
a small-scaled interfacial wave of discontinuous stratified layer generated by wind.
This is because it deepens the understanding of a discontinuous stratified layer and
the entrainment phenomena generating the mass transportation from non-turbulent
layer to turbulent layer.

On the other hand, attention for large-scale internal wave in stratified
density field has been paid in the field of oceanography in an early period of time
due to the accumulation of observation data (3) and the advancement of the
theoretical research (16). 1In Japan, some researches on internal seiche had been
done in Lake Biwa (7),(8) and Lake Chuzenji (11),(12) etc. These researches were
performed to investigate, only from qualitative point of view, the response
properties of the stratified field to the external force of wind, and the
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oscillatory characteristics of internal seiche following the stopping of wind. 1In
these researches it was confirmed that the observed period of internal seiche agrees
almost with the results of eigenvalue analysis for the condition of density
stratification. However, the interfacial displacement and the current responding to
wind stress are not yet investigated quantitatively.

On the other hand, a theoretical study on internal seiche by Heaps and
Ramsbottom (4) was performed. Nevertheless, in their study the experiments and the
observations to examine the validity are lack. Therefore the basic problem
concerning with the damping of wave height is left over. In this paper, the authors
executed the field observation in Ohno Reservoir of Tottori Prefecture in 1984 (1)
and conducted an experimental work in a wind-wave tank (2). Furthermore, we
investigated the characteristics of the internal seiche generated by variable wind
stress and its analysis.

RESPONSE SOLUTION OF INTERNAL SEICHE TO WIND

A narrow rectangular closed basin in a two-layered stratified density was
chosen as the subject of investigation. We consider the case in which the wind
begins to blow with a constant strength in the longitudinal direction over the still
water surface. When it finally reaches a steady state after long time, the water
surface inclines inversely to interface due to the action of thrusting aside from
wind stress. In the upper layer the circulating flow which consists of favorable
current near the water surface and adverse current near the interface is formed.

The internal seiche exists as the transitional phenomenon in the process shifting to
this steady state (2),(4). The oscillation of the interface due to the internal
seiche is a standing wave, of which the neutral axis is the final inclined interface
and both sides are loop. The wave height of the internal seiche rapidly damps
because of the resistance of the interface and only the steady circulating flow
appears to remain in the upper layer. If the wind stress on the water surface
changes into another strength, the internal seiche occurs again in the process
shifting to a steady state for this stress. Therefore, if the wind stress changes
successively, then the internal seiche changes the wave height and wave form
responding to the wind stress.

The internal seiche is a damping oscillation controlled by the wind stress as
the motive force, the inertia force, the restoration force of pressure gradient
according to the inclination of, water surface, interface and the friction force on
the interface and the bottom. Here, we assume that the internal seiche can be
treated the same as the long wave of small amplitude and the phenomenon is linear
approximately. Then, we find the impulse response function of the internal seiche
to the instantaneous rise in the wind stress, we can obtain the response to the
variable wind stress by the principle of superposition. This method was used by
Heaps and Ramsbottom (4) to explain the internal seiche observed in a two-layered
lake. However, they considered only the resistance of the bottom and disregarded
the wind-driven circulating flow in the upper layer and the interfacial resistance
which play an important role. Here we derive the response function of internal
seiche including the interfacial resistance, based on the theory of Heaps et al.

Interfacial resistance of two-layered flow

The model of flow, the coordinate systems and the used symbols are shown in
Fig.l. The wind-driven circulating flow, ug, of the upper layer in the steady state
are typically described in the figure. Wu (19) and Ura (17) made the two-layered
flow with salt water and fresh water in a wind-wave tank and measured the
circulating flow in the upper layer generated by a constant wind. Ura (17)
indicated that the velocity on the interface, ug;, is in the direction opposite to
the wind and ugj=-1.85ux, in which u,=/T;/p; is the friction velocity on the water
surface and Q01 is the water density of the upper layer.

The wind-driven flow in a homogeneous lake is a phenomenon provided by the wave
velocity'/gﬁ, but the flow caused by the internal seiche in a two-layered basin is a
phenomenon provided by vegh, in which g is the gravity acceleration and €=(py~p;)/p;.
Therefore, it is considered that the wind-driven steady velocity on the interface



63

Wind
z X ——— - l x={
-
}f 01 Ui ‘:7:;?/ (1}
1

he Pz S

Fig.l A longitudinal section of the two-layered lake while the water
in motion. ug is the velocity of the steady wind-driven current.
uj, up are the currents caused by the internal seiche.

ug; is established before the flow caused by the internal seiche begins to
oscillate. Consequently, the relative velocity u,, which provides the interfacial
shear stress T; of the internal seiche, is given as

Uy = ujtugi=up = (uj~up)-1.85ux N

where uj and up are the currents of the upper and lower layers due to the internal
seiche, respectively.

Next, in the interfacial resistance expression Ti/p=(fi/2)]ur!ur, fi is
expressed as a function of Iwasaki's number W:(h]ur/v)(uéygghl)=u§/v€g shown in
Fig.2 in which v is the kinematic viscosity. Kaneko's expression (9) £.=0.2Y
is shown by the dotted line in the same figure, has often been used fog‘practical
use. On the other hand, Ura et al. (18) obtained a semi-theoretical expression, by
measuring the flow and turbulence near the interface where the interfacial wave was
generated. Their result is shown by the one point chain line in the same figure.

In their expression, f; is rather a curve which ig almost proportional to V¥V to the
power —1/3 and -1/2 where in 10°SY<3x10” and ¥210° respectively. Hino et al. (5)
shows f;, as a ratio of two parameters (ugj/ugy), the interfacial velocity ugj to
the mean velocity ugj of the upper layer flow, and the internal Froude number

F.=u_ //€gh . At ugj/ug(=0.6 and Fi=1.0, f; is shown as the two point chain line in
the Same figure. Nakano et al. (13) proposed a similar expression of Hino et al.

(15).
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In Fig.2, the measured data are scattered remarkably, so it is not clear in
detail. However, each semi-theoretical expression of f; varies with gentler slope
of ¥ to the power ~1/2. Therefore, the following expression of f; shown by the
solid line in the same figure is used here.

£.=0.07y"1/3
1/3 (2)

T./p=0.035(veg) '“u

i r

Moreover, the bottom friction Tp/P2 is assumed to be as follows:
5 :

T 8

b M
= = —l Ju ; (3)
Py h21/3 2172

where ny is the Manning's roughness coefficient.
Response solution of internal seiche

If the internal seiche is regarded as a long wave with small amplitude, the
fundamental equations of motion and continuity in the upper and lower layers reduce
to:

du; 30y

higt = —ghigzl+ -é%(TS-Ti) (4)
hzgﬁﬁ = ~eghz%§3 - ghz%i-gil +~6%(Ti» T,) (5)
n 2 4 B2 _ g )

where £1 and T2 are elevations of the water surface and the interface measured from
their mean level respectively. Tg, T; and Ty, are the shear stress on the water
surface, interface and bottom respectively.

Here, we consider the case in which the wind begins to blow over the water
surface at time t=0 and the distribution of wind stress is given as

Tg/P1 = H(t)Ay'sin(nmx/1) : (8)

where H(t) is Heaviside's unit function, n a positive integer and Ap' an amplitude
of the wind stress changing in the x direction.

Further, we introduce the following functions as the solutions to the internal
seiche satisfying the boundary conditions at both sides, x=0 and x=1.

t1 = Zy(t)cos(omx/1)
t2 = Zy(t)cos(nmx/1)
Ul = Ui(t)sin(omz/1) (9)

uy = Us(t)sin(nmx/1)

]

ux = Uxpsin(omx/1)
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where Zy, Zp, Uy, Ug and Uxp are the amplltudes of Gy, L, up, up and ux changing in
the x-direction, respectively. Using Egs.! to 3, and pp=(p+P3)/2 the shear stress
on the interface and the bottom can be obtained as

T{/Op = 2f(uj-up-1.85ux%) ' €10)
Tb/02 = 2kup : (1
where
175
2f = 0.035 (veg)
- (12)
2k = nlighzllaguz‘

Tt will be shown later that the influence of the coefficient 2k of the bottom
resistance is negligible compared with that of the coefficient 2f of the interface
resistance. Here we treated 2k as a constant in the following way.

First, we introduce the non-dimensional quantities as follows:

x/1 = £, : t/{1/Vgh) = T

2 . 2
gzl/u* = N1, gzz/u* = N2

= = 13
Ul/u* ~U1 , Uz/u* v, (13)
f/U*2= f 5 k/u =

= 2
Aé/u* = A Bé/u* =B

where B‘=2fxi.85U*n. Substituting Eqs.8 to 13 into Egs.4 to 7, then taking the
Laplace transforms

n = foe—STn(T)dT

where the transformed quantities denoted by the overbar, we have

vgh h — o N —
V8 1 _ a7h 1 Pm
o, 1 sV = -—T—L + (An+Bn}E~ E:'2f(UI—U2)

/gh h, — h ~— P~ e 1
ygh 1y = Do 01 — = ) = m - B -
w, 152 T oGhT, +en, ) - 2kU2 + 5 2£(0,-0,) - B~

’ z (14)
/gh ho—
“W“E*J1+ sy~ sMz = 0
Uy
vgh hy—
T*nh02+sn2=0

These simultaneous linear equations for 61,132, ﬁl and Ny can be solved easily, but
the obtained solutions are so complex that we can not directly take their inverse
Laplace transformation. However, an approx1matlon of P/pg= pm/pl—pm/pz—l and
omitting the former term of the factor (k+F(h/h)2) included in the equations of ]
and Ny (the values of k and T will be shown later), we can obtain the functional
forms in order to find the inverse Laplace transformation. After the cumbersome
calculations, the elevations n; and ny are given as

- hi 301 —01 T
m Aﬁ“ﬁ“{COS(nﬂﬂ'nT)+ nﬂoiHSLD(nﬁo mle
n’ h 1
- A «——Wcos(nﬂc T)+(f"§—'"k)nno Ei-——*- sin(nmznr)}e”o‘zT
1 /gh
- o .
Bn{cos(nﬂgznr)+ ;EE&—Sln(nWGZnT)}e'QZT] (15)

2n
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N, = E%ﬁ?é(AJ —E—;Bn)[ 1~ cos(nmo, )+ no‘;smsm(nﬂc o} —O‘ZT]
where (16)
~ uxl
a, = kEh
E (zml/nmz (17)
B BT |

0,2= €hyh,/h®~ (o, /nm)?

Eqs.15 and 16 are solutions to the case of U§n N ng,>0- If the resistance of the
interface and bottom are large and Olr)’ 02r1<0 the trigonometric functions in
the -equations become the hyperbolic functions, with no oscillations the flow
asymptotically shifts to the steady state having the slope of the water surface and
interface in accordance with the wind stress. However, in the actual water area,
Eq.17 which represents O?rx and G%:z’ each 2nd term is very small in comparison
with the lIst term.

The currents Uy and V) generated by the internal seiche are obtained easily
from the equations of continuity, Egs.7 and 6, as follows:

U, = - l ux h dn2
2 Vf‘“'h dr
h
=..W(An+m_3) _h? Jenf <0c2 21 . -0,
h, RS h + ) }sin(amo, T)e
/“” p 2 nﬂ nmo, 5 2n
(18)
_ L _uxh o dNy dnpy_ 1wk hodny _hp . _h,
! nn/ghhl( dT ar ) nT g hy dT by 2F Ty V2
! (19)

Eqs.15 to 19 give the response solutions in the motion of the lake generated by the
wind stress in Eq.8.

Here, consideration of the more general case in which the wind stress over the
water surface is arbitrarily distributed in the x~direction is taken as

Tg/P) = H(E)A' (x) (20)

where A'(x) is any distributed function of x (0<x<1l) which may be represented as a
Fourier series:

A (x) = 3 apsin(amx/1) 2n
(A;=~%& A'(x)sin(anx/1)dx)

The flow system is regarded linear and so the response to this wind can be obtained
by the sum of the responses of each component of the wind (each term of Fourier
series). If we rewrite Z(t) and U(t) etc. of Eq.9 in terms of Z(n,t) and Uy(n,t)
etc. in order to represent the response function of each component, the responses to
wind in Eqs.20 and 2! are obtained by the following.

= gazl(n,t)cos(nﬂx/l)
= ﬁ:zz(n,t)cos(nﬂxllj
" (22)
uj mES»U;(n,t)sin(nﬂx/i)

- 2‘1 Up(n,t)sin(omx/1)
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These expressions give the elevations(Cl,Cz) of the water surface and interface
as well as the currents(uj,up) of the upper and lower layers generated by the steady
wind stress. On the basis of these solutions, we consider the response of the lake
of the general case in which the strength of the wind stress varies with time. We
assumed that the profile of the wind stress distribution above the water surface
does not change and its strength varies with time only, and the wind stress
represented as

Tg/Py = ${t)A"(x) (£>0) (23)

We consider the response of water surface elevation dfj at time t to the
rectangular pulse wind stress shadowed in Fig.3. The rectangular pulse can be
regarded as the condition that the wind stress rises stepwise with the strength § at
time t' and with the strength (-%) at time t'+dt'. 1If Ty' denotes the response to
unit wind stress stepwise, we have

g, = S(t')2;1'(t—t’)-«‘}(c')?;l'(t—(t‘+dt'))

1f we regard the wind stress to vary with time as shown in Fig.3 as a series of
steps:

$(e') = 9, k o0t <thy)
= 9 (thst <ty)
= 93 (thst <ty)

the response at time t is given by the total sum of the responses to each pulse from
time t'=0 to time t'=t as

C1=9101(t)+(92-9,)z1Ce-t')
+(83-92)01(t-ta) 42+ (9

1+1

[ 1 (24)
"Si)cl(t‘ti)

Substituting o', uy', up' instead of ;' in Eq.24, we can obtain the other
response L9, uj, up to the successive variable wind.

1 ] i
0t t,ty aidt'}- t
e t! ! t-t'

Fig.3 Variable wind stress with the passage of time

EXPERIMENT OF INTERNAL SEICHE BY THE WIND-WAVE TANK
The experiment and its apparatus

The experiments were performed in a wind-wave tank, as shown in Fig.4, 6.00m in
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Fig.4 Experimental flume with wind tunnel

length, 0.28m in depth and 0.30m in width, the upper part of which was the wind
channel of the same width and 0.32m in height. In the blower side it was provided
with the rectifying wind channel 4m in length, which had the same section as the
wind channel above the water tank. After making two-layered stratifications by
floating tap water carefully above the salt water of a uniform density (in the
experiments, O9=1.008~1.025g/cm?®), the wind was fanned by the blower and the
variation of interfacial level was measured. Moreover, in order to obtain the
conditions of the density stratification, the density distribution was measured by
salinometer, at one section in the water tank before the start and after the ending
of the experiment, when the water in the tank was quieting down. Measurement at the
three sections A, B and C as shown in Fig.4 were done during the experiment of
ventilation.

The interfacial displacement was measured by the internal wave gauge with
resistant wire set up at the two stations of A and C Im away from both sides of the
water tank. Because the rotation of blower was not variable, the wind velocity was
varied by changing the opening of the blower valve in steps and was measured by the
anemometer provided at a height of 10cm above the water surface in the center (St.B)
of the water tank. Wind stress T, on the water surface was evaluated by measuring
the wind velocity distribution near the water surface in detail before the variation
of the winds opening of the blower valve to obtain the relation between the wind
stress T, and the representative wind velocity Up,. These measurements was done at
a height 10cm above the water surface. Further, the wind stress in regular
experiment of the variable wind was obtained from measured Uy, and the relation
between T, and Up,.

The experimental results and its considerations

a)The wind stress on the water surface and the flow conditions

To evaluate the wind stress on the water surface, the ordinary method was used
in experiment, which is to apply the measured wind distribution near the water
surface to the logarithmic rule and then calculated backwards. The wind
distributions for various openings of the blower valve are plotted on semi-
logarithmic paper as shown in Fig.5. The wind velocity in a height more than 10cm
is almost uniform, but the plots of the wind velocity near the water surface are
approximately a straight lines in semi~logarithmic paper and conform to the
logarithmic rule which is:

Ua  2.30 (25)
5;;-~7Zm~1og(z/zo)

where uy is the wind velocity at a height z above the water surface, ux, the
friction velocity of the wind, n the von Kdrman's constant(=0.4) and zq the
roughness length. wux, is calculated backwards for the straight lines in Fig.5 by
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using Eq.25. These values are plotted to the representative wind velocity Up, in
Fig.6. The wind stress on the water surface is given as

T, = Pjus,?2 ‘ : (26)

where 0, is the air density.

Further, the wind distributions were measured at stations A, B and C as shown
in Fig.4 and then we obtained ux, at each station. However, a significant
difference at each station was not recognized. Thus, the uniform wind stress acting
on the water surface in the water tank was regarded. }

1f the wind blows with a constant strength continuously, the interface rises on
the windward side and falls on the lee side, and inclines with the slope according
to the wind stress, and the steady circulating flow is formed in the upper layer as
shown in Fig.l typically. 1In the process of shifting to a steady state, the
internal seiche generated in the water tank is one node standing wave to be loop at
both sides and node at the center, which oscillates about a steady interface
position. Therefore, the flow of internal seiche is considered to be composed of
the uniform reciprocating flows in the upper and lower layers, which are mutually in
the opposite direction, and a steady circulating flow. These flow conditions are
included in the expressions of the interfacial resistance and the bottom resistance
given in Egs.10 and 11.

The steady circulating flow of the upper layer near the interface is in the
opposite direction to the wind and carries the interfacial mixing water to the
windward. Thus, with the passage of time the thickness of layer of discontinuity
becomes thick at the windward side but thin at the lee side.

m:::“?fﬁiﬁerf 22%/ 3% ? ;?%; 6%"
) yi;f w“’y
e dd
o ??9 ‘

. fa ! ! | | ! ]

1 2 3 4 5 & 7 (m/s)
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Fig.5 Velocity distribution of the wind above the water
surface at $t.B of the wind tunnel flume.

m/S L /
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U, | /O/
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Fig.6 Relation between representative wind velocity
and wind friction velocity.
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b)The interfacial oscillation and its simulation

The interfacial displacement was measured by the internal wave gauge at St. A
and C shown in Fig.4. One example of the experimental results is shown in Fig.7.
The wind speed in experiment was changed in steps at 8~9 minutes intervals. Fig.7
shows clearly the behavior of generation and damping of the internal seiche and the
variation of the wave height accompanied with the changing in the wind speed.
Moreover, we can find that the inclination of the mean interface, which is a center
position of the oscillation, is completed rapidly after the changing in the wind
speed.

The changing in the interfacial displacement is simulated by using the response
solutions and the method of superposition. First, we obtain the wind stress on the
water surface from the measured wind speed Up,, Fig.6 and Eq.26. The water surface
stress Tg is almost equal to the wind stress T, on the water surface, so that

T, = Ts = Prug? (27)
a 8

Furthermore, Tg can be regarded as a uniformly distributed throughout the water
surface so that the Fourier series expression on Ty is given as

Tg/p,= H(t) gaéguisin(nﬂx/l) (28)

(where, n=1,3,5, «+- )

Therefore, in this case A, and B, are treated as
Ap= (4/am) Bo= (2£x1.85)(4/am)

In this case, we can rewrite Eq.22 of £,. Omitting the sin term in Eq.16 because
the coefficient multiglied by the sin is very small compared to unity and neglecting

the second term in 02t10f Eq.17, we obtain from Eq.16, 17 and 22 the following:

§%£~ﬁﬂ2a i«4%~qcos(nﬂg){lwcos(nnazf)e'ugT}
o aey DOT
¥
= n,al(5-6) -T2 g0y (29)
‘ (n=1,3,5---)
wherein,

Oz =€ hy h, /h?
N,, = E%T{i+(2Exl.85)§;}
0 = m(E+0,71)

0" = m(E~0,71)

In Eq.29, the positive sign of @ and ©' is taken as -7 £0 (or 0') <0 and negative
sign for 0 £0 (or @) ST.

The oscillating shape of the interfacial displacement given by Eq.29 is shown
in Fig.8. But, the wave shown in this figure is a fundamental wave that is
accompanied with no damping(0,=0) at station £(=0.7). The actual wave shows a
damping oscillation of which the neutral position is located at the dotted line of
this figure and the amplitude damps exponentially with time.

It is found from Fig.8 that the internal seiche oscillates has a period of
about TO;T=27. - Therefore, the oscillating period T is given by
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T = 21//egh(h ha/h2) ‘ ‘ (30)

When T=w in BEq.29, the final form of the interface is obtained as a straight line to
£. The gradient of interface is given by

: 2

dg o h ux :

222w - LT .2, S ) 31
3 {1+(2fxl.85) 2}8 11 : (31)

This equation agrees with the equation of interfacial gradient which is derived from
the balance of the forces composed of wind stress on the water surface TS/Dl=u*2 and
interfacial friction Ti/pm=~2fxl.85ui. . )

The result of the calculated simulation of the experiment is shown in Fig.7.
According to this figure the calculated wave heights are a little larger than
measured, but the variation of wave heights accompanied with the changing in wind
velocity and the damping of wave heights are expressed almost correctly. Therefore
the validity of the theoretical solutions and the technique of calculation can be
admitted. 1In this experiment, the value of f given by Eg.!2 becomes f=1.,0x107"
m/s, and if Manning's roughness coefficient is assumed to be ny=0.01 and uy=0.01m/s,
then the value of k becomes k=0.009x 10" *m/s. Thus, the bottom resistance can be
disregarded compared with the interfacial resistance.

Moreover, each second term of 0 and O, in Eq.17 is minute compared with
each of the first terms, so both terms can be aisregarded.

(em) Uuu (“/5)
(0o 5.26 —sf— 4,10 —op— 5.2 ——rfe— 280 —sp— § ——|
2 3
(2 X St.A
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] LR + At et + + + g
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L Exp. Cond.: hi=13.0 cm
st.C h2=15.0 cm
-1f £=0.021
L temp. =18.§°C
s P PR SO 5 P i . N s | —_— . P
] 10 29
t (min) 30 i

Fig.7 Interfacial elevations [, at St.A and C corresponding to wind
velocity Uy, (the thick line shows the experimental results
and fine line by simulation).
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0, T

Fig.8 Oscillation of C,given by Eq.29 (a,=0)
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THE INTERNAL SEICHE IN OHNO RESERVOIR BY THERMAL STRATIFICATION
Ohno Reservoir and the field observation

Ohno Reservoir, is located at the north slope of Mt. Daisen, 480m above sea
level, in Tottori Prefecture. It is used mainly for irrigation purposes and small
in size as shown in Fig.9. It is l.lkm in circumference, with a total storage
capacity of 1.19x10%m3. The water surface area of the reservoir is 5.3x10%m2 with a
mean depth of 2.26m. A very little water flows into the reservoir from the ground
surface, and this reservoir is filled with relatively cold water sgringing from the
bottom (the water temperature is 14°C and the spring rate is 0.08m3/s).

Consequently, for this reservoir size the stratification of the water temperature
appears remarkably in summer season, due to stabilization of the atmospherxc
pressure pattern during this time of the year. The wind direction is so separated
that the valley wind blows from the north in daytime while a mountain wind from the
south in nighttime. As the prominent direction of wind agrees with the longitudinal
axis of this reservoir, the internal seiche can be observed frequently in summer
season.,

To observe the internal seiche responding to the wind, we conducted the field
observation of the water temperature, the wind direction, the wind velocity, etc.
continuously from the 3rd to the 6th of August 1984. We measured the water
temperature for 12 fixed depths at each station A, B and C shown in Fig.9. - In each
station, the thermocouples were suspended from a fixed buoy to 2.4m in depth with a
space of 20cm vertically. The water temperature for a total of 36 points were
recorded almost simultaneously at | minute interval (the switching time between
sensors was 0.1 second).

Wind direction and wind velocity were measured by propeller anemometer provided
at a height of 1.64m above the water surface at station B, wherein the wind
direction and the velocity averaged for one minute were recorded, too. Moreover, the
atmospheric temperature was measured at a height of 20cm above the water surface in
station B simultaneously. All measured items were recorded on a digital tape
recorder at one minute interval.

For observation period, the weather was almost fine, but there was a light rain
from 12 to 14 o'clock on the 5th of August. The discharge correspondlng to the
spring water was always overflowing through the spillway weir in ‘the northern end of
the reservoir,

100

[N |

Fig.9 Ohno Reservoir showing the depth contours
and the observation stations

The observed results and its considerations

(a)The wind stress and the changing in the water temperature

The conditions of stratification is shown in Fig.10. This is the vertical
distribution of the water temperature at the three stations A, B and C at 0:00
on the 5th of August when the reservoir was calm. There is isothermal surface
layer which is from the water surface to a depth of 0.8m, followed by a thermocline



layer to the bottom where the water
temperature falls almost linearly.
There is no hypolimnion layer because
this reservoir is shallow.

The time series of the wind velocity
andthe wind direction for two days of
the observation and the calculated wind
‘stress on the water surface (component
in the south direction) are shown in
Fig.1l. It was a weak wind comparatively
and the wind velocity was less than 4m/s.
There were two patterns of the wind
direction, it blew from the north in the
daytime and from the south in the nighttime.
It seemed that a disturbance in the
atmospheric pressure passed from 15 to 16
o'clock on the 5th, so that the wind
velocity became strong lightly with
simultaneous changes in the wind direction
from the north to the south and there was
a light rain.

depth
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by Phillips (14).
than 5m/s according to him.

the wind stress (southern direction component) calculated using Eq.32.

~ Wind stress on the water surface was obtained by the following calculation. The
relation between the coefficient of resistance Cp on the water surface and the wind
velocity Ujg(wind velocity at 10m in height above the water surface) is summarized

Cp is a constant value of about 0.9%10"3 for a weak wind less
Therefore, T, was calculated using the expression:

T, = 0,CpUig2 5 Cp = 0.9x1073 (32)

The wind velocity Ujg was converted from the wind velocity measured at 1.64m in

height using Eq.32 and the logarithmic rule of wind velocity.

The wind stresses

shown in Fig.ll are the components in the south direction which are the products of
T, and the cosine of the azimuch of the wind direction.
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Time series of the water temperature measured for each depth at the three
stations A, B and C are shown in Fig.l12. The water temperature of the surface
layer, from the water surface to a depth of 0.8m changes at a range of about 2°Cin
the diurnal period and so it appears to be caused by the heat transfer from the
water surface by sunlight. The water temperature in a layer below 1.4m in depth
changes in a much shorter period than diurnal period. This consideration is that
the layer below l.4m is almost independent of the water temperature from the surface
layer and the change in the water temperature has been caused by the current due to
wind such as the internal seiche. Especially, after the blowing of the wind on the
S5th of August at 13:00, the water temperature oscillates at large amplitude with a
period of above 2 hours. In addition, the amplitudes of oscillation at stations A
and C are large considerably compared with that at station B.
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Fig.12 Tige series of the water temperature observed for each depth at St.A, B
an

Next, we transform the wave of the water temperature to the vertical
displacement of water particle. As the vertical distribution of water temperature
is almost linear below the surface layer, the water temperature is assumed to be
changing lineary between two thermo-sensors which are provided at 20cm intervals,
and then the depth of the desired temperature is calculated by interpolation. The
changing in depth of this isothermal layer (vertical displacement of isothermal
layer) is almost a reverse shape of the shape of the vertical temperature wave in
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Fig.12. The changing in the depth of isothermal layer, in which the water
temperature is 22°C at stations A, B and C from 7:00 on the 5th to 3:00 on the 6th
of August, is shown in Fig.13. To avoid the overlapping of lines, the lateral axis
of time is common, but the vertical axes are drawn to be a little shifted mutually.
In this figure, if we compare station A with C, the phases of waves are perfectly
reversed mutually, and therefore when the displacement of one side is positive, the
another side is negative. Moreover, the amplitude of displacement at station B is
considerably small compared with that at stations A and C. According to the fact as
mentioned above, it is understood that the oscillation of isothermal layer shows the
internal seiche in which the center of reservoir is a node and both sides are loop
in longitudinal axis direction.

(b)Auto~correlation function, spectrum of the vertical displacements of the
isothermal layer and the predominant period of the internal seiche

To examine the relation between the period and the magnitude of amplitude of
the internal seiche, the auto~correlation function R; of the time series of the
displacement from the mean depth of each isothermal {ayer was calculated. For the
calculations, we used the data of 1024 minutes starting from 7:00 o'clock on the
5th. Rj; at stations A and B is shown in Fig.14 -and R; at station C is omitted,
because it is almost the same as at station A. Accoréing to this figure, Rj at
station A is clearly admitted to be periodical but R; at station B is not. For Rj
at station A, except Rj of 18°C and 19°C in the bottom water layer, the lag times of
the positive peak correlation appear on the points to be integer multiple of about
2.3 hours, and so it is comsidered that the predominant period T of internal seiche
is about 2.3 hours. Moreover, as far as the value of correlation in lag time of 2.3
hours ‘at station A is concerned, R: of 21°C and 22°C isothermal layers are the
largest. This is considered that 1n this internal seiche the isothermal layer of 21
or 22°C corresponds to the interface in a two-layerd stratification.

The power spectrum of the time series of the vertical displacement at 22°C
isothermal layer at stations A and B is shown in Fig.I15. It was calculated by FFT
method and used the data of 2048 minutes starting from 18:00 on the 4th. There is a
high peak in frequency which is equivalent to period of 2.3 hours at station A and
so it is evident that the wave motion due to the internal seiche is prominent.
Simultaneously, it is shown that there are peaks to be equivalent to the periods of
1.14, 0.75 and 0.53 hours and the high frequency waves, which have 3 times frequency
of the internal seiche predicted theoretically besides 2 or 4 times frequency, are
contained.

As mentioned above, it is clear that the internal seiche having a period of 2.3
hours is prominent. This value of the period agrees almost with the theoretical
solution of the fundamental period obtained generally for various stratification.
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Fig.13 Time variations of the layer depth with temperature
22°C and simulated results at st.A, B and C.
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For instance(15), if the Brunt-Vdis3ld frequency N‘=[-(g/p)(dp/dz)]l/2 is taken as
a constant in the whole depth and the water density is given by

P = pyexp(~-N2z/g) 4 (33)

then, the fundamental period of the internal seiche in a rectangular lake of a depth
h and length 1 is given by

T = 2(1/N)Y(n/1)%+ (n/h)* (34)

We apply this expression to Ohno reservoir. By assuming p, to be the water density
of a temperature 29°C and N=0.10s"!, the distribution of the density corresponding
to water temperature shown in Fig.!0 can be approximated by Eq.33 without the
surface layer. And if 1=350m and h=2.8m are assumed, T becomes 2.18 hours.

Moreover, regarding the layer of water temperature at 22°C as the interface and
using the values shown in Table 1 and Eq.30 we obtain the fundamental period to be
T=2.19 hours. Each theoretical value of fundamental period almost agrees with
observed value. )

Finally, we calculate the displacement L2 of the interface at stations A and C
by the previous mentioned calculation technique under the conditions shown in Table
. It is assumed that p, and 0, are water densities equivalent to the temperature
25 and 19°C respectively and the interface is at a depth of 22°C in temperature.
The values used for simulation is after 7:00 on the 5th of August and it is assumed
that before that time there is no wind and after that time the wind stress shown in
Fig.ll acts uniformly on the whole water surface. The simulated results are shown
in Fig.1!3 together with the observed depth at a temperature of 22°C. The observed
and the simulated waves are considerably similar, though there are a few difference
in the mean levels of the waves, and so this simulating method is admitted to be
valid to calculate the response of the internal seiche to the wind. However, the
two—layered flow theory is applied to Ohno Reservoir which is stratified
continuously and so the range of the replacement of a continuous stratification flow
to a two-layered flow must be examined in the future.
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Table 1| Values used in the simulation.

1 350 m

by 1.7 m

hp I.lm-

0 997.1 Ns2/m#

0r 998.3 st/ma
CONCLUSION

The behavior of the internal seiche generated by the wind in a closed basin is
investigated. The theory is constructed on a basis of a small-amplitude wave theory
for two-layered flow in consideration to the interfacial resistance. The theory is
applied to simulate the results of a wind-wave tank experiment and a field )
observation in Ohno Reservoir, and then its validity is made clear. The obtained
main conclusions are as follows:

(1)Internal seiche is generated in the process of shifting to a steady state
according to the change in wind stress.

(2)Internal seiche oscillates vertically on the inclined interface according to the
wind stress and its amplitude decreases rapidly.

(3)The theory of the internal seiche introduced the interface resistance and the,
bottom resistance is obtained analytically to improve Heaps et al. methods. Also,
rapid damping of the internal seiche is caused by the interfacial resistance, and
the bottom resistance can be disregarded.

(4)Interfacial oscillation obtained from the field observation shows the complex
wave form including the internal seiche and is small-scaled interfacial wave, but
the prominent period can be obtained by auto-correlation function and spectrum
analysis. Moreover, the interfacial displacement of the internal seiche in the
field observation can be explained by numerical simulation calculated using the
response functions to the wind with a constant strength.
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APPENDIX - NOTATION

The following symbols are used in this paper;

Ans Ay’ = factors expresing wind stress distribution, Eqs.I13 and 8,
‘respectively;

Bpns By' = parameters, Eq.13;

Cp = drag coefficient of wind on water surface;

¥y = USX//EEE?’ internal Froude number;

£, £ = interfacial friction coefficient defined by Eq.10 and its

non-dimensional notation, Egq.13, respectively;

£i = interfacial friction coefficient;
g = gravitational acceleration;
H(tL) = Heaviside's unit function;

h, hy, hy = total depth, upper layer thickness and lower layer thickness,
respectively;
k, ¥ = bottom friction coefficient defined by Eq.!! and its non-
dimensional notation, Eq.13, respectively;
% length of lake; k
N = Brunt-VAisdld frequency;
n = integér; ‘

Y = Manning's roughness coefficient;
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auto-correlation function;

fundamental period of lake;

wind stress acting on the water surface;

friction stress on water surface, interface and bottom,
respectively;

representative wind velocitys;

current velocities in upper and lower layers defined by Eq.9;
wind velocity at 10m above water surface;

friction velocity of water surface due to wind stress and its
amplitude, Eq.9, respectively; ‘

current velocities in upper and lower layers generated by
internal seichey

wind velocity and friction velocity of wind on water surface;
relative velocity between upper and lower layers;

mean velocity of upper layer flow;

interfacial velocity in wind—-driven current;

coordinates taken horizontally and vertically upwards on water
surface, respectively;

elevations of water surface and interface defined by Eq.9,
respectively;

parameters, Eq.17;

(p1= p2) /023

elevations of water surface and interface caused by internal
seiche;

non-dimensional elevations of water surface and interface
defined by Eq.13, respectively;

wind intensity defined by Eq.23;

kinematic viscosity of water;

x/13

water density and air density;

water density of upper and lower layers, respectively;
parameters defined by Eq.17;

non-dimensional time, t/(1//gh);

non-dimensional current velocity of upper and lower layers
defined by Eq.13, respectively; and

Iwasaki's number, ur3/v€g.
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