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Vertical Structuore of Internal Waves
in Lake Biwa, Japan

Jiac Chunmeng Michio Kumagai
{ Lake Buva Research Instituze, 1-10 Lchrde-hama, Oeswe, Shiga 520, Jupan)

Abstract  Ficld observations on internal waves in the North Basin of Lake Riwa were camied out
during Biwako Transportation Experiment (BITEX'93), Rotary spectrum analyses of current show that
beside the fundameneal internal Kelvin waves, in the top epilimnion. there were waves rotating clock-
wise with a peniod of 24h which are thought to be wind — induced oscillations. In the thermocline, pure
Potncare waves of their first mode were found, which were the governing mode at the depth. The
Pomncare waves made the current at that depth rotate clockwise with a period of 16 — 18h. I[n the hy-
polimnion bottom, seiches with a peried of ! Lh were found which were not rotating and purely gravitarn-
onal. All of these illustrate that there are different kinds of governing mternal waves in different verercal
ZONCS.

Internal wave rescarch by current measurement, an important methed, can distinguish the Potnecare
waves from internal seiches. The earth rotation effects are responsible for the current rotation, as well as

wind rotation phenomena. Thus. the important physieal factors on internal wave dynamies during stragi-
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fication pened 0 the lake scem to he wind stress, stratfication, Coriohs foree and shore constraines.
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Lake Biwa is a typical deep lake in the mid-latitude, Japan. During stratification period,
there are three permanent gyres in the North Basin. The first one is located in the north part ro-
tating counterclockwise, and the second one is in the middle rotating clockwise. The third one ex-
1sts in the south part, motating counterclockwise but it is relatively weak and unstable! . In the
north and the middle part of the North Basin, the permanent movements, the gyres, are domi-
nant and much stronger than the periodic ones, the internal waves. Therefore, one can expect
that research on internal wave mechanics will be easy in the south part of the North Basin.

Several theoretical works and observations on internal wave mechanics have been carried
out'> ¥, Firstly, in the Great Lakes of North America, researches show typical characteristics of
free motions in large lakes. Using a simple theoretical mode! Gfea.z Lake with a circular basin of
constant depth, containing two layers of fluid of slightly different density, subject to rotation,

[3.9-11 ) |ustrated

and having a diameter comparable to the dimensions of the Great Lakes, Csanady
the existence of some main classes of free internal waves. The most typical internal waves are
Kelvin waves, rotating counterclockwise with a period more than the half pendulum day, and
Poincare waves, rotating clockwise with a period slightly shorter than the half pendulum day.

This model was thought to be overidealized and revised into a long rotating channel model''™ . I

n
[ake Michigan, current observations by the thirty-eight station network were carried out over the
approximate 2-year period in the Project GLIRB™’. These observations confirmed the theoretical
models mentioned above and indicated that the observed rotary currents in the interior of the lake
to be a direct consequence of the excitation of the lower internal Poincare modes. Secondly, in
small size lakes internal waves have been described by a lot of authors, which are basic, pure
gravity uninodal form of free oscillation { for instance, Mortimer"" ). However, the internal wave
dynamics in mtermediate size lakes like Lake Biwa has not been well understood.

[15. 18]

By field observations and numerical simulations, Kanan confirmed the existence of in-

ternal Kelvin waves and pointed out that there exists only one mode of Kelvin waves in Lake Bi-

wa. By continugus current measurements, Endch, et alt”

illustrated the seasonal variation in pe-
riods of internal Poincare waves in the north part of the North Basin and emphasized that the wa-
ter movement m the hypolimnion is strongly controlled by the internal waves.

In summer of 1993, continuous measurements of temperature and currents were carried out
at several selected depths in the south part of the North Basin. Multiple kinds of internal waves
wete detected including linear, nonhinear, free and forced intemal waves. A conspicuous aspect of
these observations is the discovery of a vertical structure of internal waves.

The present paper describes this observation and emphasizes the vertical structure of these in-

ternal waves as illustrated with the rotary spectral analyses.
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1 Field observation S COSHINKYOKU

TOWER L:r. n N
1.1 Instrument locations{Fig.1) Y
By using a concept of “equivalent

N
.
depth”, Csanady''® verified that the ef- “

Lo o w
fect of depth vanation across the trans-
verse sections is likely to be quite small in
the Great Lakes of Narth America. How-

ever, this effect is not negligible in Lake

Biwa because the singular regions, where Py . . ‘/ﬁ-‘\;\

N

the thermocline surface intersects the | oo L

bottom, occupy a large percentage of the

transverse sections, The effects of such

tam Rwer
singular regions are hard to elucidate for i
the mathematical difficulty. During BI- i
TEX’'93, for the simplicity of theoretical f/ N L e

T . N h N
15 52 E 16" 60 E

analyses and also for the significance of ¥ % E

internal wave observation, nine current Fig.1 A map ot the transition between north and south

meters { ACM) were moared vertically on basins of I_ake Biwa. The depths contours at 10m
Sta. N with depth of 52m (Fig. 1),

which is located in the middle of a trans-

internal are shown by solid lines. St. N carnes
9 clectromagnetic current neters. The Koshnkyolou

tower carrics an automatic anemometer St Horai
verse section. (In the west side of the

carnes ﬁDOthel' automatic Ancmomecter
lake, an anemometer was supported (o
recard wind velocity and direction. Another anemometer was installed in the middle of the lake
{Fig.1). As well known, the wind charactenistics is variable aver the lake. These anemaometers
provided quite reliable wind information just near the ohservation point of current.

It should be mentioned that these devices were anly a part of the instrumentation during BI-
TEX'93.

2.2 Design of the mooring system (Fig.2)

A schematic map of the mooring system is shown in Figure 2. The sensors of the nine elec-
{romagnetic current meters are located at depths of 8. 7m, 13.5m, 17 .8m, 22.5m, 27.2m, 36.
6m, 45.8m, 49 . 5m and 51. 4m, respectivehy. The current meters are equipped with tempera-
ture, conductivity, pressure, turbidity sensors as well as three dimensional current sensors. The
burst titne of this measurement was 10min, and the sampling number was 30 at each burst time.
One of the anemometer was installed on an automaric mereorological station { Sta. Horai) with
sensors of wind velocity, wind direction, air temperature, radiation and precipitation. The other
anemometer was installed on a tower floating in the middle of the lake, which is called Ko-

shinkyoku {Fig.1). The current meters and the anemometers were interrogated at 10 min inter-
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vals. The current observation was carried ocut from
August 13th until September 13th, 1993, while the

anemometer was done from August 22nd to September

A4

11th, 1993. The current meters and the anemometers
were operated simultaneously almost throughout the
observation pericd. The ﬁnoorin,g system as shown in
Figure 2 has not been used in Lake Biwa by other au-
thors and is thought w he specifically u.seful to show
the vertical structure of mternal waves.

In this paper, internal waves are classified in .
terms of periodicity and rotary characteristics of cur-
rents. This periodicity sometimes is strongly interrupt-

, ed by some aperiodic events such as typhoons and other

A synoptic meteorological disturbances. Furthermore,
/—// some specirum analyses methods like FET ( Fast Fou-
/ rier Transform ) have a disadvantage of mstability.

Therefore, a large volume of samples in necessary for

this kind of analyses. For internal wave analyses with

T . a period of 24h or more, the data with a time length of
‘The moori
StN] \ mooring system at least 30d are thought to be needed to calculate the

) spectrum accurately.
Fig.2 Schemauc diagram of rhe moorning P ¥

system  The current meter chain 1.3 Wind during the observation period
wes moored at 52m dopth with During the ohservation pericd, there were three
9 clectromagnetic current meters typhoons passing over the lake, that is, Typhoons MNo.
at various selected depths(8.7 — 51.4m) 9311, MNo.9313 and No. 9314, among which Typhoon
9313 was strongest in wind velocity.

According to Edagawa™®', the local winds in the north part of Lake Biwa are rotating clock-
wise with a period of 24 h. Similar phenomena were also detected by our anemometer during the
observation pericd. The fundamental feature of the winds over Lake Biwa was the rotating winds
with 24h period superimposed by some events such as typhoons and other synoptic meteorological
disturbances. [n other words, periodic components were superimposed by some aperiodic compo-

nents.

2 Rotary spectrum analyses

2.1 Data processing
Current and wind data by BITEX' 93 are processed by performing spectral analyses. Cont-
rary to Tivers, the current in lakes flows m every directions, i.e., m the range of 360 degree.

The spectrum analyses by one-direction component are not enough to display current in lakes two-
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dimensicnially, which stimulates the usage of Rotary Spectrum Analyses™ .
By the combination of current componerits, a complex function can be acquired as follows:
2{2) = ule)y + ivie) (1)
where «(¢t) is the time series of North-South component of current, and v{7) is East-West com-
parent.

The complex Fourier transform of ={¢) is as follows:
Ztw) = | _=lorede (2)

The complex inverse-Fourier transfotm of Z(w) can be pbtained:

o

z(!)=J Z(w)e=dr (3)
Eq.(2) can be divided into two parts, that is:

Z+{w}=j

T s(oedn Zo(wy = [ sleede (4)

Finally, the counterclockwise spectrum is defined as:

S, (w) = [22Z] (0)Z, (o)) T (5)
to express the tendency for current to rotate counterclockwise. Similarly, the clockwise spectrum
is defined as: '

S (w)=[2nZ2 (w)Z_ ()T (6)
to express the tendency for current to rotate clockwise, where T is the time length of the data,
while 25 {w) and 2. {w) are the conjugate complex of Z, {(w) and Z_{w) respectively.

The FFT method is chosen to deal with the huge volume of the data. In order to filter out
high frequency components in the spectra, which will not be discussed in this paper, Hanning
filter'™! was used. To overcome the instability disadvantage of FFT method, following process
was carried out; By sub-samples of the data, that is, a selected portion of the data, several spec-
trum functions { clockwise or counterclockwise) can be obtained, for instance, S, (w). The aver-
age of these spectrum functions is as follows:

Stw) = =318, (w) (7)

where n is the total number of the sub-samples. The averaged spectrum functions will be used for

analyses.,

2.2 Results of the rotary spectrum analyses .
The 9 ACM current meters were arranged vertically at Sta. N, which formed a current

meter chain and covered a range from the eplimnion to the hypolimnion. The strength levels of

current at each layer were different from each other, which makes the spectrum functions at each

layer to be quite different even by orders. In order to compare these spectrum functions with each

other, non-dimensional spectrum functions are defined as:

S(w) = S{w)max[S{w)] (8)
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where max[ S(w)] is the maximum of the spectrum function ${w). The non-dimensional spec-
trum is called relative spectrum.

Figure 3 shows the counterclockwse (a) and clockwise {(b) power spectral distribution of
current at the 9 layers respectively. All the values are expressed by the relative spectrum men-
tioned above. In Fig.3(a), the spectra have dominant energy peaks at about 11h in the hypolhm-
nion and the other dominant energy peaks at about 48h in almost all layers except surface and bot-
tom layers. Other relative maxima in the individual spectral distribution are less conspicuous
(though with some exceptions). So there are two kinds of major internal waves with periods of
11h and 48 hours respectively in the counterclockwise meanings.

In Fig.3(b), there are 3 dominant peaks. In the hypolimnion, energy peaks at about 11h
are dominant. The peaks at about 16 — 18h are governing in the metalimnion. Lastly, the domi-
nant peak with a period of 24h at 8.7m, the upmost layer in our mooring system, can be clearly
seen.

As will be explained later, the spectrum peak at 8.7m with a period of 24h is extraordinary
to the traditional theories. To analyze it further, the rotary spectrum {clockwise and counter-
clockwise) of current at this depth is shown 1n Figure 4(a), in which the spectrum peak, pointed
by an arrow, is not only a relative maxtmum in clockwise spectrum but also a governing peak be-
tween clockwse and counterclockwise spectra. Figure 4(b) shows the rotary spectrum distribu-
tion of wind on Horai automatic meteorological station, in which the clockwise spectrum peak,
pointed by an arrow, is a goverming peak between clockwise and counterclockwise spectra. The
spectrum of wind on Koshinkyoku tower station also shows a peak with the period of 244 but less

CONSPICUOUS.

3 Discussion

The rotary spectrum analyses indicate that there were several kinds of internal waves with
different periods prevailing in different layers. It is interesting to investigate them individually.

Firstly, in the surface layer ( the epilimnion), a clockwise spectrum peak with a period of
24h is dominanmt (Fig.3(b)), which disagrees with the traditional internal wave theories. Ac-
cording to Csanady ™, the internal waves with a period longer than the half pendulum day (about
21h in Lake Biwa) should rotate counterclockwise, which was confirmed by Kanari' (o be inter-
nal Kelvin waves of their first mode. The discrepancy between the observations and these theories
suggests that the peak was not caused by internal process and promotes us 1o search for the cause
from outside. The rotary spectrum analyses of current and wind { Fig. 4) give us a reliable evi-
dence that the waves in the epilimnion were wind-induced oscillations. More directly, the corre-
spondence between wind and current can be found in Figure 5. This direct inspection is perhaps
mare objective than spectrum analyses. A careful inspection of wind {in the upper part of Fig.5)
reveals a conspicupus daily cvcle mainly along the lake's axis. At the Koshinkyoku station, this

signal was weaker and sometimes overshadowed by relatively strong wind gusts, which reveals the

£ OO0 http://www.cqvip.com|
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Fig.3 The distnbution of anti-clockwise rotary spectra {a)
and clocltwise rotary spectra (b} of current in the 9 layers.

Current data from Aug. 13th to Sep. 13th, 1993 were used for the spectrum analysis
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Iih

H ANTI-CLOCKWISE '

RELATIVE SPECTRUM

| S CLOCKWISE H

B ROTARY SPECTRUM OF WIND

i ANTI-CLOCKWISE
S CLOCKWISE

RELATIVE SPECTRUM

Fig.4 Rotary spectra of current (a) at 8.7m depth and of wind{ b} on St. Horai. Current data from
Aug. 13th to Sep 13th, as well as wind data from Aug. 220d 1o Sep. 1lth, 1993 were used for analysis
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spatial inhomogeneities of wind aver the lake. The daily eycle of wind shows that the wind over
Lake Biwa seems to be channeled along the lake by the mountaing on the two sides. The result of
direct inspections that the current was in-phase with the wind confirms again thar the oscillations
in the eplimnion were produced by resonant wind foreing (Fig. 5). It is noteworthy that these
oscillations only appeared in the epilimnion and can not be seen by temperature measurements be-
cause surface laver is an isathermal zone.

Secandly, the internal waves ratating counterclockwise with a period of 48h and rotating
clockwise with a period of 16 — 18h were dominant in the metalimnion as shown in Fig. 3. the
former were internal Kelvin waves, which have been investigated by Kanari'" and out of the -
range of this paper. Its periodicity and rotating characteristics indicate that the latter were internl
Poincare waves, Internal Poincare waves were gaverning in the metalimnion even in the normal
wind situations.

Finally, near the bottom, the dominant pezks with a period of about 11h existed bath in the
counterclockwise spectra and m the clockwise spectra (Fig.3), which means that these ocscillations
were nat ratating but purely gravitational. A direct inspection of current near the battom reveals
that the analyses mentioned above are generzlly right but nat exactly right. This inconsistency is
thaught o be the result from the influence of nternzl waves in the metalimnion { clockwise and
counterclackwise ones), because sometimes the internal waves with large amplitudes can be trig-
gered by strong winds.

These internal waves presented above compose a vertical structure, as shown in Figure 4,
which seems ta be caused by basin constraints. According to Csanady-'"", the generation of inter-
nal waves in lakes, which are much longer than they are wide, can be studied on the assumption
that end effects are negligible. By this assumption, this kind of lakes can be abstracted by & long
ratating channel madel. One can nat expect that this model give an accurate description of internal
waves in Lake Biwa, but some qualified results should be possible.

By this two layer model, the frequencies o, of internal free oscillations in a lake can be ab-

tained as follows ', :

6"1 = fz + C%(%)lin = 1l3’5|“' (9.}

C, = {glp —p)hh'flp+{h +h)]}" (10) :

where C, is the propagation velocity of internal waves: f the Coriolis parameter; n the mode
number; & the width of the lake; h and k™ are top and bottom layer equilibrium depths respec-
tively; p and p” are densities correspondingly.

_ Eq. (9} shows that the frequencies of internal waves are determined by the earth ratation ef-
feets and basin constraints { through the width # ). In large size lakes such as the Grear Lakes in
Narth America, # is very large, which makes the second term on the right side of Eq. {(9) much
smaller than the first term. Therefore, the earth rotation effect is the gaverning factor, and the

internal waves rotate clackwise with a period of near the half pendulum day {the period corre-
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sponding to the frequency £). Contrarily, if

the width & is smali, the second term on the Depth in meters

right side of Eq. (9) will overcome the first £ =S g 3 2 o

term to become dominant, and the internal

waves become purely gravitational waves, on gp Memaloeches

which the earth rotation has less effects. Be- ; tetnal Pomcare Waven e - -

cause of its mid-width in the metalimnion in - S|

Lake Biwa {relative to the Rossby radius of g Wind -forced
. ] a ¥ cacilltion

deformation ), the freguencies of internal T

waves in it are determined by the combina. # sl

tion of the earth rotation effect and the basin
constraints. However, near the bottom of
the lake, the width is much smaller, whach
makes the internal waves to be almost purely
gravitational waves without rotation, that
is, non-rotating seiches. Therelore, it is the

basin constraints that producea the vertical

structure of the internal waves in Lake Biwa.

4 Conclusions

05

internal Kelvin Waves

09

Fig 6 Vertical structure of internal waves

at St. N in Lake Biwa during stratification period

The wvertical structure of several kinds of internal waves was discovered in Lake Biwa. This

structure can be summarized into following conclusions as described in Tab. 1. The fundamental

internal waves are Kelvin waves, which affect the current in almost all the depth, but in the epil-

imnion and near the bottom, the influences are secondary. The internal Poincare waves are domi-

nant in the metalimnion, especially at the mid-thermocline where the river intrusions often occur.

One can expect that the internal Poincare waves may have considerable improtance in the disper-

sion of any effluents discharged from rivers. Near the bottom, the internal gravitational seiches

are governing. The dominance of such motions near the botton should again have interesting con-

sequences for the maintenance of the benthic nepheloid layer, which is often observed near the

bottom of the sampling point in summers. The topographic constraints effects are thought to be

responsible for this structure. ~

Tab. | Pericdic internal waves m Lake Biwa ohserved in BITEX'93

Periodic internal waves Kelvin waves Wind-forced oscillations Poincare waves Transverse seiches
Period - 2d 24h 16-13 h 11.372 1
Rotational direction Anti-clockwise Clockwise Clockwise Noa-rotational
Free or forced oscillavion Frae Forced Free Fres
Eflective depth All depth Epilimnion Meralinmion Hypobmnion
Elfective mode First mode First mode First rmode
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Another conspicuous feature of the internal waves in the lake is that their wave parameters
such as the frequencies are changeable place to place. The global characteristics of the internal
waves in the lake has not been well understood. Further research may be productive il several

point observations with similar mooring systems as mentioned in this paper are carried out,
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