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              Internal Waves in Lake Biwa (H) 
        —Numerical experiments with a two layer model— 

                        By Seiichi KANARI 

                           (Received January 27, 1973) 

                             Abstract 

 Surface and internal elevations and velocities in two layer Lake Biwa have been calculated 
 numerically using a constant depth model with  25  x  62 square  mesches of 1 km intervals. Linear 

 hydrodynamic equations for the equivalent volume transports and the equivalent elevations were 
 integrated by means of an implicit method, taking into account wind stress, bottom stress and 
 Colioris  force. 

   In the present experiment, the case of duration time of 450 minutes for a NW-wind of 5  m/sec and 
 of interface position of 17.5 m at the equilibrium and density difference of 2.5 x  10-3  g/crns between 

 upper and lower layers was treated. 
   From the results of Fourier spectrum analysis for the calculated time series of elevation and velo-

 city at various sampling positions in the model lake, the long period internal Kelvin waves and 
 internal Poincare waves were distinguished. 

1. Introduction 

 The problem of the current pattern and of lake water oscillation under geostrophic 
effect is one of the most important topics in recent physical limnology, because the 
rotation of the earth affects the movements of lake water, especially in the large scale 
lakes which are always playing the important role of a natural reservoir. Consequent-
ly, from the stand point of water quality control or prevention of water pollution of 
lakes, these effects can never be ignored. 

 However, up to the present day, there are many points concerning the large scale 
motions in the stratified lake under geostrophic effects, which have not been solved. 

 This situation is also true of Lake Biwa. From the time series analysis of a large 
number of temperature records which were obtained during the period from summer 
to late autumn, two or three day periods internal oscillations and other higher har-
monics can be often found in Lake Biwa. The analyzed period of order of two or 
three days often has agreed with the period calculated as a longitudinal oscillation 
in a two layer lake by using the Merians formula in the case of no  rotationo. It 
seemed that there was no trouble apparently about such a long period internal oscil-
lation whose existence was confirmed recently. 

  It is not reasonable, however, that such a large scale motion of the long period 
can be free from the Colioris effect. Another difficulty was found from an  observa-
tion at Funaki-saki, situated midway along the western shore of the north basin. 
If we consider the long period internal oscillation as the longitudinal one without any 
rotation, the node must be found at Funaki-saki. From the result of the observation, 
unfortunately, the considerably large amplitude oscillation of the long period, which 
is comparable with those found at the north or the south end of the north basin,
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                    Fig. 1. Bathymetric map of Lake Biwa (in meters). 

were also found at Funaki-saki. Then, it was considered that the observed result 
might be suggesting the rotating internal waves. G. T. Csanady2) and G.  E. 

 Birchfield3) have treated theoretically a large scale motions in the Great Lake as a 
simple two-layered rotating circular basin using linear equations of motion, and clarifi-
ed the natures of the long period internal Kelvin waves and the median period 
Poincare waves in the Great Lake. 

  In the present model lake the complicated feature of the shore line of the real lake 
was taken into account. Accordingly, in consequence of the complicated boundary , 
it is difficult to obtain the theoretical prospects, but the numerical method enables 
us to obtain some realistic behavior of water movements. In such a situation , the 
numerical model experiments of the two layer Lake Biwa (35°N, 136°E) were perform-
ed, using the constant depth model (north basin, 50 m; south basin, 5 m) with 25 x 
62 square meshes of 1 km intervals, in which the direction of  j-axis is toward N 
26°30'E and i-axis is toward  E26°30  'S as shown in Fig. 2. Of course, the numerical 
integration of the equations of motion by means of implicit method may be unsuitable 
to give the prospects of the analogous phenomena, but it will be convenient when 
comparing the results of numerical experiment with the results of observation . 

 2. Equations of motion 

 The present paper deals comparatively large scale and long period motions of the 

period greater than 2 hours (this limit is due to a sampling interval of the calcu-
lated time series). The only exception can be seen in the treatment concerning the 
response of the surface elevation to the wind action . In this case, though, the lengths 
of the studying time seriesare less than 15 hours , a sampling was made every 10 
minutes.
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         Fig. 2. Computational grid and longitudinal cross-section of model Lake Biwa. 

  If we ignore the inertial nonlinear terms in the equations of motion and define ver-
tically integrated volume transport vector in both upper and lower layers, then the 
equations of motion and the equation of continuity can be written as follows; 

 8  Ul 2.,.,-p•\OC1+1/             —/Yir- — g(hi + CI —S2)--r—0- tx—rix)  at                                 Oic  Pt 

                     ,.      eV  
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where  U1, U2, etc. denote the horizontal volume transport in the respective layers 
defined by 

     Uir-Sh, k                ILidZ,U2=5 u2dz, etc.   (3) 
        -r,hrt2
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and f is Colioris parameter,  r„  ri and  re, are surface, interface, and bottom stresses 
respectively. The subindex  I and 2 show the quantity referred to its respective layer. 

 zip  (=p2—pi) is density difference between the upper and the lower layer respec-
tively. 
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            Fig. 3. Definition sketch of constants and computational variables 
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           Fig. 4. Computational grid employed in model Lake Biwa. Black 

                   circles denote depth points; open circles indicate elevation 

                   points. Arrows indicate  flow points. 

 Of course, in the derivation of equations (1) and (2), the nonlinear terms of eleva-
tions were neglected assuming that the surface elevation C1 and the interface elevation 
C2 are both small compared with the depths  h1 and  h2 of the respective layer and that 
the pressure field is hydrostatic. 

 Definitions of the variables used in eqs. (I) and (2) are illustrated in Fig. 3, even 
though the illustration was provided for the future model of variable depth. 

 The equations of (1) and (2) cannot be independent, because of the coupling 
through the surface and the interface elevation,  CI  and.  C2. According to  Veronis4) 
and also  Charney,5) however, these two sets of equations can be transformed into two 
independent sets of equations by assuming the barotropic and baroclinic variables 
in the upper and the lower layer, that is
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 IU,,,= a„,Ui+ U2 
      i V„,—  a„,V  i  +  V2   (4) 
 tCs; =a„,,C1.+8,CC 2 

 where am,  trf,„ and  p',Th are constant coefficients of linear combination of variables 
for barotropic mode  (m—,^) and baroclinic mode  (m--ti) respectively. 

 The three coefficients can be determined by transformation of six variables  U1, 
 VI,  U2,  V2,  Cu  Cs into the new variables  Um,  17,,,,  C., using the equations (1), (2), 

(4), and then comparing each term of the new equations with those of the following 
equations for barotropic and baroclinic modes. 

             O9U,,,  _ iv.= GI  OC„,  ax+ Fmx 
            aVrn + f U„,— — CI Cy ±F„,,,               at 

 0CmOU,OV„,6Y              + + -=  0  0  
t  ax ay   (5). 

  The equivalent wave velocity Cm in the equation (5) can be determined as the roots 
of the Stokes equation which is obtained by the coefficient determining equation, 

             C,„— g(h,. 4- h2)C1+ a eliih2-= 0   (6). 

                          P Then, neglecting the terms of  0  ((4)2), the determined coefficients and the wave 
velocity can be written as follows; 

 a,=a;  =-  1—  40/2/P(hi±h2) 

            ' ii's=z1ph2/o(hi + h2) 

 i 

  (7), 

            Cs =4g(hi +its) 

and 

 I cri=a=  —h2/hi  8;  =14  -  h2/hi   (8). 

 Ci=  V  zip  ghih2/P2(hi+h2) 

  1
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where  r,z,  r„,  r, denote x-components of surface wind stress, interface stress, and 
bottom stress respectively. 

 The equation (5) takes the same form for two modes, therefore, we can treat these 
modes independently as a two-dimensional equation for the entire body of lake water, 
and as will be mentioned later, calculation of the two modes was carried out with 
different time increments. 

3. Initial and boundary conditions. 

  Surface seiches and internal seiches in Lake Biwa are mainly induced by wind stress 
blowing over the lake surface. Unfortunately, there are few meteolological stations 
around the lake shore, not to mention  over the lake surface, so the distribution of 
wind stress over the lake surface is not certain. Therefore, it was assumed that the 
constant wind stress suddenly acts on the model lake, which has initially no motion. 

 As it is usually stated, it was assumed that wind stress,  r, is proportional to the 
square of wind velocity; 

 rs=Par!Wl  ITT  I    (11) 

where,  pa  is density of air, and  ni is the drag coefficient, and W is the wind velocity 
vector. Until recently, it has been supposed that the stress coefficient,  ri varies 
with the wind  velocity6), however, it will be assumed that the coefficient takes the 
constant value of 2.6  x  10-3 in the present model, which  may  be slight over-estimation 
for the wind velocity of 5 m/sec. 

  In this paper, as mentioned above, a comparatively slow motion of the period 
longer than 2 hrs or so will be treated. For such a motion, the interface must be 
stable, because a sharp thermocline is kept for long periods in early autumn in Lake 
Biwa. Consequently, we assume the stress of interface,  74 to be negligible. 

  Though there is no reasonable expression for the bottom stress, and only a few 
examples were found in the numerical experiments of storm surge,  Reidn, and also 

 Miyazaki8) proposed an expression for the  bottom stress in the following form, 

 to  -=Pw7if  VI VI  —firs   (12) 

where,  p is some constant and it takes the value of 5  ni, in Reid's formula, and  4
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is the coefficient of bottom stress. In a recent study,  Nakano showed the bottom 
stress of the seiche motion in lakes, is just proportional to the flow velocity, and the 

proportionality explains reasonably the decay of the amplitude of surface oscillation. 
  Then, we also assumed the linear relationship for the bottom stress, that is 

 rb=pwIC,U—gr,   (13) 

where,  K,,, is a constant coefficient of the same dimension as that of flow velocity, and 
U denotes the flow vector. In the present paper, we may take the value of p to be 
1.0 and of  KT, to be 2.6  X 10-2 (cm/sec), which corresponds to the bottom stress in 
the case of the flow velocity of 1 cm/sec in (12). 

 The flow velocity normal to the shore line must vanish at the shore. Consequently, 
it leads to the following boundary condition; 

 V-n=  0   (14), 

where n is a unit vector normal to the shore line. 

4. Difference equations. 

 As illustrated in Figs. 3 and 4, the mesh point of flow calculation is in the center 
of the two adjacent depth points which have the mesh interval of 1 km, and the mesh 

point of elevation calculation is in the center of the four depth points. Therefore, 
the mesh interval between flow and elevation is  ds12. In addition, the calculations 
of flow and elevation are carried out alternately with the time increment of  At respec-
tively. Hence, the time step of the calculation for successive flow and elevation is 

 tit  /2. 
  Then, we can write the difference equations of equation (5) in the form of predic-

tion equations of flow and elevation at the point (i, j) at every time increment  dt„„ 
i.e., 

 Ukl(tm+  zit.)=U;;;I(t„,)—  2;;{(;;71-  f(t,„-F  44/2)—  (;;;j(t„,+  ift./2)} 

              + UV:Y(4)+na(t„,)} dt„, 

 V;;;i(tm+  Lle„,)=-  VV(t„,)—  ALACV1(tri+  4412)  —  Ce,;j(t.+  A412)1 

 —  {fUki(t„,)—F;;;1(t.)}  zit.   (15) 

 Cki(t„,+  tit„,)=C;;(t,,,)—  (it  GI  if  s)-(UL7'.  i  (4,-1-  zit  ,,,/  2)  —  Uki(t„, +  dtm/2) 

 + V;;;/“(t.± dt,„/ 2)—  V;/(t„,±  4  4,12)} 

where, 

 A;;;'  =  (zit./  4s)2(C4;02   (16) 

and  (CV)2,  Flyz, FV„ are given by the following formulas according to the modal 
index m.



76 S. KANARI 

 (q;;Oi=  s  =  gli 

 (C;;;01—(=  4P  ghial—hiVP211  (17) 

             R=(14,;+Ilitia+M-hi,i,i+110+1)/4 

 ,Li            =   Pa (1+ i9)711V I WI*(cos 0)_ 01 cvai,1+1.Ilk;(t,n) 
     .F1,;:"„,_,01sin 061+1, j vIn. j(43 m=i 

  (Fh'xi (COS 0\           =-P(1+ 8 –—11)T2WIW l' 
     .b",;,•yi  ,n_i  P2 hi \ sin 0) 

                    aid.' • U;;;j(t„,) 
   —01C  (18) 

                       Cri+l'i*V4At2n)m=i 

   (a1.1•)=(2/(Hi j+ HiJ_1))       ci. 1.f2/(Hii +11,41,j) 

 It is to be noted that in the region of one layer, h1 in equations (17) and (18) should 
be replaced by  .a. 

5. Stability of calculation. 

  In calculation of the difference equations (17), the validity of results may be destroy-
ed by numerical instability induced by wrong selection of the value of  time interval 

 Sm. 
 The problems on the numerical instability have been discussed by Courant, 
Friedrichs, and Lewy (1965), Courant and  Hilbert (1937), Kasahara (1965), and 
Fisher (1965). However, we do not intend to introduce a detailed discussion here. 

 According to the theory of numerical stability discussed by Courant-Friedrichs-
Lewy, the stability criteria for a hyperbolic-type difference wave equation in the case 
of one layer is given by 

   4 t 1   (19)
,              .(18  <  C 

where, C is a propagation velocity of waves in the original wave  equation10. And 
in general, in the case of n-dimensional space, the condition (19) can be written as 

 followsm); 

         ilt 1    < (20).              tlsVa.C 

  Consequently, from (7) and (8), the expressions for the calculating time intervals 
of the barotropic and the baroclinic modes may be given by the following formulas
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respectively, 

       zits=—
,= 4.012 g •  (21)              42G 

            zit; =-18 =4Is Vp2(Hma„)/(221pghlh2,„a2)   (22)                V2 CI
; 

where,  zip is 2  x  10-3 (g/cm3), h1 and  h2max are 17.5 m and 32.5  rn, respectively, and 
 1-1„,„=14+  hymn in this case. Since the value of  As has already been set at 1 km, the 

stability criterions for the two modes become  ilt,< 30 sec and  St< 1600 sec. How-
ever, for safety's sake, they were chosen to be 

 44=20 sec. 

 tIti=  1200 sec. 

6. Numerical results and analysis. 

  In the process of numerical calculation, the inversely transformed flow  patterns 
in the both layers and elevations of surface and interface at all mesh points were 
printed out with the time interval of 15 minutes. At the same time, the flow velocities 
and flow directions in both layers, the elevations of surface and interface at ten sam-
pling points were punched out with the time interval of 45 minutes as the input data 
for the time series analysis. Such a rough sampling interval of 45 minutes is based 
on the limitation of capacity of data processing. However, as will be mentioned 
later, it causes a wrong spectral component for short period surface seiches. 

(a) Variation of elevation and velocity. 

  Some examples of the variation of the elevation and velocity components at some 
typical sampling points are shown in Fig. 5  (I) and Fig. 5 (2). In these figures, 
the upper curve shows the variations of interface elevation, the middle shows the varia-
tion of surface elevation, and the lower one shows the variations of the velocity com-
ponents in both layers (the numerals 1, 2, 3, and 4 correspond to the velocity com-
ponents of  u1,  v1,  uz, and v2 respectively). 

  As mentioned above, the time interval of the curve plotting is 45 minutes, therefore, 
short period changes of less than 90 minutes are uncertain. Jigging change in the 
surface elevation also may be due to the comparatively long sampling intervals. 

  More detailed change of the surface elevation at the typical mesh points of (8, 56), 
(4, 24), (10, 40), (20, 38), and (8, 2) are shown in Fig. 6. Under the surface condition 
of NW-wind of 5 m/sec, setup of the new equilibrium water surface seems to be ac-
complished about 1.2 hrs (about one-fourth of the prevailing period) after wind has 
risen. During the wind blow, the water surface is oscillating around the tilted equilib-
rium surface, but after the wind ceases, it oscillates freely as surface seiches around 
the horizontal equilibrium surface.
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(b) Surface and interface configurations. 
 The water surface configurations at the stage of surface setup are shown in Fig.  7(1), 

and also the configurations at the stage of surface setback are shown in Fig. 7(2). 
From these figures it seems that the surface oscillation is prevailing in the longitudinal 
direction of the entire basin, and the maximum amplitude may appear in the south 
end of the south basin of the model lake. 

 2-1  1-1 

 0 1+1/ 
 141 

 0 

     30  min  GO  min 90  min 120  1413 

        Fig. 7 (1). Spatial elevation patterns (in centi meters) of the model lake surface 
                 during wind blow. 

                         \\-\\ 
 fr-) 

                                     ul 

 .0 

 490  min  510m  In 540  nth; 570  mln 

        Fig. 7 (2). Spatial elevation patterns (in centi meter) of the model lake surface 
                   after blowing down of wind.
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  In the north basin, the node of the tilted equilibrium surface lies on the line  of  j= 
38, therefore, the tilt of the equilibrium surface in the north basin is 0.4 cm/20 km. 

  Fig. 8 shows the interface configuration at the time interval of 240 minutes. In 
this stage of the surface setup, the interface elevation is in contradiction to the surface 
elevation pattern in north basin, though its magnitude is more than several hundreds 
times of the surface elevation.  After the ceasation of wind, however, the interface 
configuration takes a more complicated pattern as if it has no connection with the 
surface configuration. The apparently confused pattern will be made clear by Fourier 
analysis as will be mentioned latter. 

(c) Power spectra  . 
  At every sampling point, the Fourier power spectra and phase differences were 

estimated for the calculated time series of the surface and interface elevations in the 
stage of free oscillation. Some examples of the estimated power spectra are shown 
in Fig. 9 and Fig. 10. In these spectra of the surface elevation, Fig.  9  (3) shows 
the spectrum of surface seiches at the point of (10, 3) in the south basin, and the 
others show that in the north basin. It must be noted that the seiche motion with 
the period of 4.5 hrs is prevailing through the entire basin , while another one with 
the period of 2.2 hrs exists in the north basin only. A small fraction of the internal 
components are also appeared in the range of longer period. 

  In the spectra of the interface elevation as shown in Fig. 10, remarkable peaks 
appeared at the periods of 18.1 hrs and 12.7 hrs, and other smaller peaks appeared 
at the periods of 31.7 hrs and 63.4 hrs. 

  Now, we will examine some behaviors of oscillatory motions using the results of 
Fourier analysis. The n-th Fourier component at a sampling point , (i,  j) can be 
expressed by 

            Cn(i, j,=Con(i,  Deos(49n—  font)   (23). 

  Therefore, if we put t=0 in (23), we can describe a topographic pattern of surface 
or interface for each component by Fourier spectral phase,  9„(i, j) and amplitude 

 j) at every sampling point. If we putt= T,14, then (23) becomes 

         Cn(i, j,42)=Con(i,j)cos(vn—0  (24). 

  Consequently, we  will be able to compose  the topographic pattern of the same com-

ponent at  t=  T„/4, from (24). In the same way, change of the spatial pattern at 
any time  (t= T„/4,  T„/2,  3  T„/4, and, e.t.c.) in a cycle can be obtained. 

  The distributions of spectral phase and amplitude of the dominant components 
in surface and interface, and the topographic patterns of their components at t=0 
and  t=  T„/2 (or  t= T„/4 for interface), obtained in the same way as described above , 
are shown in Fig. 11 and in Fig. 12 respectively. 

  In Fig. 11, the surface seiche with the period of 4.5 hrs has only one node at the south 
end of the north basin, and the phase difference between the oscillation in the north 
basin and that in the south basin is about 180 degrees. The amplitude in the south 
basin is about ten times greater than that in the north basin. The oscillation of this 
type can be usually observed in Lake Biwa as a longitudinal uninodal seiche of the



                  Internal Waves in Lake Biwa (II) 83 

                                          ii 
                                      2 ' 

                                                              t 
.• 

                                                                  I+)  I+)-: 

 0 

 -OA 

 \ 

                         I / 

                                                                                                                                  '-1  0 AIIPOo;I 
 I--) 

 _I'  I-) 

   240  min  480min  720  m  In 

                    2,it 

 It, 
 i.i., 

 ,...,  . 
              H.,           

, 
                         0

.. 

. 

       \ ,              \ 
                  ,,, , 

          . 

                                                                    .., 
 -i 

 960  min  1200mlny/  .I, 

                                                                         Fig. 8. Spatial elevation patterns (in meters) of the model lake interface .



84 S. KANARI 

!  s               A   

 6 13  

            

I I  
. - 

 (a) I   U1) I i   

v   ;  A  ii    .. 4.444,44./N..- ... .. A  1 kLm,...).,, 
,,:•,•••  

  1paTtypHict.,.,,i.At *  ,„,,,..T.w.. ,,Aik  ;  
1   !    A A  

 

! A  i
l 4 4t  

- . 

(b) ; I                  1  (e) ; 

      I . ................,A...........              .14,.... i  j: \ 4   i\L  
   1,-,...-,A,^^;".....I.)  k                                                                4.   ,44'k 4.,.2 ,_... .... I  \..,. 

 I' 
    IFEITIMMiiiill31WgilyinqAqiit'54?il1/27PMW: MittiirantiiintiEnWiiii124i651MIMMS:SininaMM 

 :i   7 1.......... .., .............. . 

 i  

.   .  i    (C)  ;  % 11 1 ;  in ;   
 V\li1\ .        is .;•        —,‘,....--/— I +, I' It 

    a Tift-iiieilliritrn4reriaili1ffiiM7Mi:Ekli.Mnd . .= 
  i 3:.."  i  ''gliii-W“"g":17.::74:::111231K214.3t.152PAIT:::::2                                                                 I - 

Fig. 9  (I). Power spectra of surface elevation Fig. 9 (2). Power spectra of surface elevation 
         at the sampling points of (a), (4, at the sampling points of  (d), (10, 

        24); (b), (7, 20);  (c), (8,  56). 40); (e),  (11, 60);  (f), (20, 38). 

     '; 1               11 

 i           

i \  

 1 

 .- 

                                : - 
 IV 

             Fig. 9 (3). Power spectrum of surface elevation at the south end of the 
                     south basin (9, 3) of the model lake.



                   Internal Waves in Lake Biwa (II) 85 

              111 (al (d)     
t   

                             I t                                t if"  

 3•  ...   .,)....:ma    
 , 

 I    

 (b) (e)  ,  

  •  

 1'                                        Mi
.:I4CFe.AIMP.P771.t9    

 1 - •r  - 

!   1    

 (c) (0 

   t•    
. rirWm...,!4MMiq?  ts . .    

Fig. 10 (I). Power spectra of interface elevation Fig. 10 (2). Power spectra of interface eleva-
         at the sampling points of (a), (4, tion at the sampling points of (d), (10, 40); 

        24); (b),  (7,  20); (c), (8, 56). (e),  (II, 60); (f),  (20,  38). 

period of 4 hrs, though the estimated period in the present model is greater by 10% 
than observed  °nen). 

 Another seiche as shown in Fig. 9 is also a longitudinal uninodal seiche with a 

period of 2.2 hrs. The nodal line lies between Kitakomatsu and Hikone, and the 
phase lag between the oscillations at the region of the northern part of the nodal line 
and at the southern part of the nodal line is also just 180 degrees, besides the amplitude 
in southern part of the nodal line is about three times greater than that in northern 

part of the nodal line.  However, oscillation of this type has not yet been observed 
in Lake Biwa. It is to be noticed that the time interval of the time series which were 
expanded in Fourier series, was 45 minutes. Therefore, the period of 2.2 hrs lies 
near the lower limit of the period range which is thought to be able to analyze. 
In other words, at the range of the period of 2 hrs or so, a high resolution of the 
spectral analysis cannot be expected. Besides, it can be shown that the peak of the 

period of 2.2 hrs is due to an aliasing phenomenon. It is illustrated in Fig. 12. 
The thin solid line shows the calculated elevation of surface seiches at the sampling 

point of (4, 24), which was plotted with the time interval of 15 minutes from the line
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printer out-put. The elevation curve contains the short period oscillations of the 

period of 60 to 70 minutes rather than the longer period oscillation of the period of 4.5 
hours, which is shown by a thick solid line. Oscillation of the period of 2.2 hours 

is evidently never contained in the original surface oscillations. However, if we take
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the sample of time series with the time intervals of 45 minutes as shown by open 
circles, the resultant time series which is shown by broken line, does not contain 
the original short period oscillations, but contains the apparen oscillation of the 

period of 2.2 hours which was produced by rough sampling intervals. 
 The distribution of spectral phase and amplitude of the dominant components of 

interface elevation along the lake shore of the north basin and also the change of the 
interface topography are shown in Fig. 13. Each figure of (a), (b), (c), and (d) 
corresponds to the spectral components of the periods of 63.4 hrs, 31.7 hrs, 18.1 hrs, 
and 12.7 hrs respectively. Fig. 13 (a) shows the distribution of phase angle which 
varies almost linearly from 0 to 360 degrees around the lake shore, and the amplitude 

pattern seems to be an uninodal oscillation. However, the amplitude pattern at 
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    Fig.  13 (c), (d). Distributions of the spectral phase and the amplitude (arbitrary unit) of 
             interface elevation around the lake shore of the north basin of model lake, and 

             the position of nodal lines at t = 0 and  i  =7114.  

/  =  774 shows that the spatial pattern is rotating in anticlockwise direction with the 

period of 63.4 hrs. In other words, the oscillation has an amphidromic point between 
Funaki-saki and  Hikone. Taking the length of smoothed shore line of the north 
basin as 108 km, then, the apparent propagation velocity of the rotating oscillation 
around the lake shore is  C,=1.7  km/hr. 

 G. T. Csanady (1967)2), and G. E.  Birchfield  (1969)3) have treated the two layer 

problem for the circular Great Lake model, and showed that the long period internal 
Kelvin wave in the circular lake always has an apparent propagation velocity close 
to the velocity C2 which would be the wave propagation velocity in the absence of
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rotation. 
  In the present case, the wave propagation velocity without rotation becomes 

 C2  =  Nizip  gltih2/  P(hi+  h2)  =1.9 km/hr 

 (=53 cm/sec), 

Therefore, the ratio of  C,, and C2 becomes nearly equal to unity. 
 According to Birchfield, more detailed characteristics of the longest period internal 

Kelvin wave in the circular basin are that the initially horizontal interface is elevated 
on the left side of the basin and depressed on the right side of the basin, facing down-
wind. With the rise, the cotidal lines shift very slowly in a counterclockwise direc-
tion. The point of maximum displacements are confined to within a short distance 
from the coast. 

 A longitudinal section of interface elevation pattern of the present model along 
the line which is in right-angle to the initial nodal line, is shown in Fig. 14. The 
longitudinal section of the elevation pattern containing the exponential increase 
(or decrease) of elevation at the coastal region, and showing a rise on the left side 
(facing downwind) and a depression on the right side of the  basin. Of course, the 
pattern rotates in anticlockwise direction with the nodal line. These features just 
coincide to those which were summarized by Csanady2) and also  Birehfield3). Conse-
quently, the rotating pattern shown in Fig. 13 (a) are concluded to be the longest 
period Kelvin waves in Lake Biwa. 

  The oscillation shown in Fig. 13 (b) also has the same behavior as that mentioned 
above, though it has two nodal lines. 

  Now, we will apply the circular basin analogy to the present model, then the cri-
terion of the possible internal Kelvin modes is stated as the following inequality; 

        (re        it)2> k(k +1)   (25), 
where,  re is the equivalent radius of the lake, and R2 is the Rossby's "radius of defor-
mation" for the internal mode which is characterized by 

 R2  =  C2il  (26), 

and k is the azimuthal wave number and takes positive integers. For the present 
model,  (re/R2)2 takes the value of 4.9, therefore, the inequality of (25) can be satisfied 

 by  k  =1 only. 
  If we apply the criterion to the surface mode, then,  (re/R3)2 becomes 0.00023, 

and therefore, there is no Kelvin wave in the surface mode. The long period Kelvin 
waves as seen in surface spectra with a small fraction are not the Kelvin waves of the 
surface mode, but a small contribution of the Kelvin waves of internal mode. 

  As mentioned above, if we apply the circular basin analogy to Lake Biwa, then, 
the internal Kelvin waves will be permissible only for  k=1. However, the oscillation 
of 31.7 hrs period which has two nodal lines, is showing anticlockwise rotation. It 
seems that the oscillation of 31.7 hrs period is the second mode Kelvin wave for k=2, 
and therefore, the criterion of the long period Kelvin waves as discussed above must 
be taken with some adjustment for Lake Biwa.
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   Fig. 14. Cross-sectional interface elevation pattern at  t= 2500  min. The broken line shows 
           the contribution of the longest period Kelvin wave, which was separated from the 

           original elevation pattern shown in upper panel by multiplying the factor of exp 

 (—  fix),  It=  f  I  Ca. The solid line in the lower panel shows the residue of subtraction 
           of the  Kelvin wave contribution from the original elevation pattern. 

 The other oscillations as shown in the figures (c) and (d) also showing the rotatory 
natures, though they have more than two moving nodal lines and rotate partly in 
clockwise  direction. Their rotation is not so clear, because of the composition of 
clockwise and anticlockwise rotations with variable amplitudes. They have periods 
slightly shorter than the inertial period. Besides, as shown in Fig. 14, their distribu-
tion of amplitudes along the longitudinal direction are larger in the inner part of the 
lake rather than near the shore. Consequently, these oscillations may be the higher 
modes Poincare waves. 

  Fig. 15 shows  some examples of magnitudes of the spectral power of the surface 
oscillations and the internal oscillations. From the figure, it is seen that the ratio of 
the spectral amplitudes between surface and interface elevations are in the order of 
10-2 in the range of the long period internal waves and in the order  of  10-3 in the range 
of the period of surface seiches. 

 In the same figure, the power spectra of the case of twenty hours of wind blowing 
are  also shown as model—L7. From the comparison between the power spectra of
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the present model (model—L6) and of the other model (model—L7), it is seen that 
the maximum peak of the model—L7 is shifted to the period of the longest Kelvin 
wave (63 hrs), while the maximum peak of the present model is near the inertial peri-
od. Such a tendency may be suggests that the oscillations in the longer period range 
may resonate with wind, depending on the length of wind blow, and the length of 
wind blow may determine the prevailing period of internal waves. 

 The characteristics of various oscillations discussed above are all tabulated in 
Table I. 
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                         Table  1. Characteristics of Oscillations. 

 Length of Period Power Wave Wave Velocity Wave    L
ayerlengthRemarks 
 wind blow(hrs)  (cm2/cihr)(km)(kin/hr) numbers 

               108 Rotatory,                 63
.4*  9.6  X 10-41.7 (apparent) I      S

ur- lengthanticlockwise. 
            faceOrdinaryseiche,                   4

.5  1.3  X 10-2 120 26.7 
 uninodal. 

                63.4  3.3  x 10 1081.7 (apparent) 1 Rotatory, 
 anticlockwise. 

7.5 hrs. Internal 
                31.7 3.5 x 10 54 1.7 (apparent) 2    I

nter-Kelvin waves. 
    face Rotatory, clockwise 

                  18.1  8.0  x 10  36 1.7 (apparent) 3 and anti-clockwise, 

                                                                  partly. 
                12.7  7.9  x  10 27 1.7 (apparent) 4 Internal 
                                                                                Poincare waves. 

 • This oscillation is one of the Internal Kelvin modes appeared in surface . 

  (d) Pattern of lake currents. 
  Pattern of wind driven lake currents at the final stage of wind blow are shown in 

Fig. 16. In the upper layer (titled as  layer-1), high velocities appear at the south 
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               Fig. 16. Horizontal velocities at the final stage of wind blow.
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end of the north basin and at the south end of the south basin. A weak anticlockwise 

gyle is seen at the south end of the south basin, however, almost all current vectors 
are directed towards south or south-east. In the lower layer  (layer-2), two small 
scale anticlockwise gyles appear in southern part of the north  basin. 

 Fig. 17 and Fig. 18 also show the patterns of current vectors in both upper and lower 
layers at 4800 minutes and at 6000 minutes after falling down of wind. In these 
figures, large scale, but weak circulation patterns are also recognized, however, it 
is to be noted that the direction of the circulating currents cannot be unchanged. 
For an example, at the north-western part of the north basin, the circulation of the 
upper-layer is clockwise at a time of 4800  min after the falling down of wind, but this 
circulation has turned to an anticlockwise one at a time of 6000  min. These slow 
variations of the current patterns will be due to a large scale quasistatic motion as 
the longest Kelvin wave, superposed by the internal Poincare waves. Concerning 

 LAYER-1, AT 4800  min AFTER FALLING  LAYER-2, AT  4800  min AFTER 
 DOWN  OF  WIND.  FALLING  DOWN 
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          Fig. 17. Horizontal velocities at 4800 minutes after falling down of wind.
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to the current system, many investigators still now be entertaining an opinion of the 
existence of the everlasting three strong gyles in Lake Biwa, as was insisted by early 

 investigators. However, it is not the usual pattern, but some stage of the current 

system which is slowly changing as the quasi-static motions. 

 LAYER-I, AT 6000  min AFTER LAYER-2, AT 6000  min AFTER 
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           Fig.  18. Horizontal velocities at 6000 minutes after  falling down of wind. 

7. Conclusion. 

 In the present paper, response of the two layer model Lake Biwa to a suddenly 
imposed NW-wind of 5  misec was treated. The obtained results are as follows; 

  (1) The setup of the new equilibrium water surface is accomplished about 1.2 hrs 
after wind rises. During wind blow, the water surface oscillates around the tilted 
equilibrium surface, but after the blowing down of the wind, it oscillates freely as 
surface seiches around the horizontal equilibrium surface.
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  (2) The surface seiche with the period of 4.5 hrs is prevailing as the uninodal 
seiche. The nodal line appears at the south end of the north basin and maximum 
amplitude occurs at south end of the south basin. Another maximum amplitude 
occurs at north end of the north basin but its magnitude is less than one-tenth that 
of the south basin. 

 The other surface seiche with the period of 2.2 hrs is also prevailing as the uninodal 
longitudinal seiche. The nodal line appears at the middle part of the north basin. 
However, the seiche has been never observed in real Lake Biwa. Consequently, 
it is supposed that the seiche might be due to an aliasing effect. 

  (3) In the spectra of the interface elevation, the dominant peaks are at 18.1 hrs 
and 12.7 hrs. Other comparable peaks also appeared at the periods of 31.7 hrs 
and 63.4 hrs. The oscillation of the period of 63.4 hrs having a nodal line initially 

parallel to the wind direction and the elevation pattern rotates in the anticlockwise 
direction around the lake shore with the apparent propagation velocity of 1.7 km/hr, 
which is very close to that in the Great Lake model (the apparent velocity is 1.6 km/hr 
in the Great Lake). From the analogy of a circular model basin, the rotating oscil-
lation was classified as the longest period Kelvin wave. But, the analogy of a circular 
model basin cannot be applied to the higher modes of Kelvin waves, because the cen-
ters of the respective rotating nodal lines of higher mode Kelvin waves appeared at 
different positions in the present model, while the center of rotating nodal lines 
appeared at the same position which is the center of the circular basin. 

  The oscillation of the period of 31.7 hrs has the nature of anticlockwise rotation, 
though it has two nodal lines. Also, this oscillation may be the second mode of the 
internal Kelvin waves in the present model lake. 

  The other two oscillations have three or four nodal lines and their spatial patterns 
also rotate anticlockwise, but also partly clockwise direction with respective periods 
which are close to the inertial period. These may be classified as the baroclinic Poin-
care waves, however, more detailed analysis will be needed for this point. 

  (4) Local weak gyles appeared in the current system of both upper and lower 
layers. However, they seem to be changeable depending on the quasistatic oscil-
lations. 

  (5) As presented in the experiments, the maximum spectral amplitude appeared 
at the period of 18.1 hrs. But, in the other model of the duration time of twenty 
hours of wind, the maximum amplitude occurs at the period of 63 hrs of the longest 

period Kelvin mode as shown in Fig. 15. 
  The problem of the existence of the rotating internal seiches, especially of the long 

period Kelvin waves, is the main topic of the present paper. The experimental re-
sults show the existence of such rotatory seiches also in Lake Biwa, though it is not yet 
confirmed in the real Lake Biwa. However, as mentioned in section 1, the observed 
results at Funaki-saki (Fig. 19) seems to support the experimental results. Of course, 
concerning to the point, the direct confirmation through a high speed cruising survey 
is now under consideration.
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               Fig. 19. Recorded temperature oscillations of 15 meter-layer obtained by thermister buoy 
                       station at 200 meters off the shore of Funaki-saki. The arrows show the maximum 

                       elevation of the top of hypolimnion. The mean interval of adjoining arrows is 
                       56.7 hrs  which corresponds to the period of internal seiche in this season. The 

                       amplitudes of the temperature variations are not less than that observed at the both 
                     end of the north basin of Lake Biwa. 
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