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Gyre System in Lake Biwa Derived
from Recent Current Measurements

Shuichi ENpoH and Yasuaki OKUMURA

Abstract

On the basis of recent current measurements, we propose a new gyre system in
Lake Biwa during summer. A great volume of current data was obtained with
automatic current meters moored in the surface layer of Lake Biwa during 1977-1991.
This data was statistically analyzed to obtain information regarding the time-aver-
aged current velocity field. Trajectories of several drifters tracked by radar were also
analyzed to explore typical surface circulation patterns. As a result, the mean surface
circulation was found to consist of two large gyres, one counterclockwise and the other
clockwise. The positions of these gyres differ substantially from those estimated in
previous studies. The so-called Third Gyre was not clearly observed.

Key words : Lake Biwa, gyre system, surface circulation, current meter, drifter track-
ing

1. Introduction

It is well-known that gyrate currents (gyres)
are present in the surface layer of Lake Biwa
during the season of thermal stratification
(EnpOH ef al., 1981). Supa et al. (1926) first
proposed the presence of three gyres, namely,
the First (counterclockwise), Second (clock-
wise) and Third (counterclockwise). Subse-
quent citations of this gyre system (Fig. 1) have
since gained acceptance largely because of a
paucity of direct current measurements of
gyres.

OkamoTo and Morikawa (1961a) found that the
gyre in Lake Biwa is in geostrophic balance and

can be estimated from water temperature distri-

Lake Biwa

bution . On the basis of that study, a number of

observations have been carried out to obtain

horizontal and vertical distributions of water 0 10 ZPkm
temperature (density) so as to evaluate the

current velocity field by dynamic calculation or

a diagnostic analysis (OkamoTo and MORIKAWA,

1961b ; KuNisht ef al., 1967 ; Enpon, 1978 ; Im-

AWAKI et al., 1979 ; EnpoH ef al., 1981). Figure 2 Fig.1. Gyre system in Lake Biwa proposed by

shows an example of water temperature distri- SUDA et al. (1926).
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Fig.2. (a) Horizontal distribution of water tem-
perature at 10 m averaged over four days,
28-31 August 1973. (b) Distribution of
horizontal velocity calculated by diagnos-
tic model (after ENDOH, 1978).

bution in summer and the diagnostically
evaluated surface velocity field (Expon, 1978).
The colder water region in this figure corre-
sponds to a cyclonic gyre with an eslimated
current velocity of 10-30 cm » sec™!. According
to the results of many water temperature ana-
lyses including those in Figure 2, the position of
a large cyclonic gyre (the First Gyre) differs
greatly from that of Supa ef al. (1926). Strictly
speaking, these studies were not based on direct
measurement but were inferred from the den-
sity field. Therefore it was necessary to verify
the above estimate by performing direct current
measurements of gyres.

In this paper, by integrating the results of
recent current measurements, we propose a new
position and characteristics for gyres in Lake
Biwa.

2. Observations

Recently, with the development of various
new techniques for measuring water current
velocity, a great deal of information on water
movements in Lake Biwa have been accumulat-
ed. We applied two techniques: continuous
current recording by automatic current meters ;
and tracking of drifters by radar.

Since 1977, we have carried out a great num-
ber of continuous current measurements in
Lake Biwa using automatic current meters
(EnpoH et al., 1982 ; Okumura and Expon, 1985 ;
Enpon and Oxumura, 1989). The current meters
used are Aanderaa RCM-4, ALEC ACM4, and
Okumura’s DCM-3 (OkUMURA, 1992). The prop-
erties of these current meters and the method of
field observation have been described in detail
by Oxkumura and Enpon (1985). Accuracy of
current speed measurement is within = 1 cm -
sec”! for all the current meters. Current direc-
tion is accurate to =5 degrees for RCM-4 and
DCM-3, and *2degrees for ACM4.

Figure 3 shows the locations of current meter
moorings in August or September of 1977-1991.
These current geasurements were performed
at depths of 5~7 which corresponds to the
epilimnion since the thermocline developed at
13~18 m that season in Lake Biwa. These
measurements were continued annually for a
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Fig.3. Bathymetric map of Lake Biwa showing

locations of current meter moorings in the
surface layer during summers, 1977 to 1991,
Some depth contours shown in meters.

period of about one month, during which data
regarding current velocity, current direction,
and water temperature were obtained every ten
minutes. The duration of current measure-

ments at each mooring site is shown in Table 1.

In addition to this Eulerian method, we de-
veloped a new method of Lagrangean current
measurement, that is, tracking of drifters by
radar (ExooH et al., 1987). This method enables
us to determine simultaneously the positions of
drifters with an accuracy of about 50 m even at
night and under bad weather conditions. The
radar scanner was set on an elevated location
near the lake shore or on the island. A drifter
is constructed from a window shade drogue in
the water connected by a rope to a surface
float, and a radar wave reflector on top of a
pole above the water surface. The procedure
and analysis of this method are described in
detail by Enpon et al. (1987).

Radar trackings of drifters have been carried
out almost every year since 1981. In this paper,
we show two results obtained in 1983 and 1986.
The former observation was carried out on 1-4
September 1983 by setting a radar scanner on
Takeshima islet. The latter was done on 13-15
September 1986 at Kitakomatsu, on the western
shore (Fig. 3). In both cases, several drifters
were traced at 30-min intervals by taking pho-
tographs of a radar display. The reading of the
drifter position is estimated to be accurate
within 1%, that is, about 50 m.

3. Results and discussion

Figure 4 shows the frequencies of current
direction (current roses) based on current data
Each of the 16
current directions is expressed by a radial line

obtained every ten minutes.

Tablel. Current meter moorings in surface layer of Lake Biwa during summer, 1977 to 1991.
Period of current Measurement Station code
measurement depth (m) (Current meter*)
1 Aug.-31 Aug., 1977 3 A(R), H(R)
1 Aug.- 8 Sep., 1981 5 (D), 1(R), 2(R), 3(R)
9 Aug.-14 Sep., 1982 5 4(R), 5(R)
8 Aug.- 4 Sep., 1983 5 6(R)
11 Aug.-15 Sep., 1986 5 7(R), 8(R), %R)
10 Aug.-11 Sep., 1987 5 10(R), 11(R), 12(R)
8 Aug.- 2 Sep., 1988 7 13(R), 14(R), 15(R)
6 Sep. -26 Sep., 1989 7 16(R), 17(R), 18(R), 19(A), 20(A), 21(D)
8 Aug.-31 Aug., 1990 7 22(D), 23(A), 24(R), 25(R), 26(R), 27(A)
1 Aug.-31. Aug, 1991 7 28(R), 29(A), 30(R), 31(A), 32(R)

* current meter

R :RCM-4, D : DCM3, A : ACM4 (See text)
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Fig.4. Frequency percent of current directions
represented by 16 radial lines.

extending from the center position. The length
of each line represents the frequency (%) of a
given current direction. The current pattern in
the northern half of the basin (between Sta. 12
and Sta. 31 in Fig. 3) evidently indicates that the
surface-layer water is circulating in a counter-
clockwise direction. This is the First gyre as
discussed below. The current off Myojin (Stas.
7 and 32) is dominant in a northeast direction.
In contrast, no dominant current direction can
be clearly detected near the southern end of the
basin.

Figure 5 shows a horizontal distribution of
current vectors averaged over about one month.
Although this figure does not indicate the simul-
taneous distribution of the current, it shows the
typical surface circulation pattern during sum-
mer. For example, the averaged current
vectors at the two adjacent stations 7 and 32 are
almost the same, even though the data were
obtained independently in 1986 and 1991. A
large counterclockwise gyre is visually evident
with a typical current speed of 10 cm * sec™! in
the northern portion of the basin. To the south
of this gyre, a clockwise gyre can be seen. The
current near the southern end of the basin is

Fig. 5. Horizontal distribution of current vectors
during summers of 1977-1991, averaged
over about one month.

very weak, and no gyrate currents can be
detected there.

Figure 6 shows the trajectories of surface
layer drifters tracked by radar in 1983 and 1986
as mentioned above (after ENDOH ef al., 1987).
In this figure, trajectories of four drifters are
shown for each observation with marks (circles
or triangles) every 6 hours. Numerals beside
the marks indicate day and hour (for example,
312 means 12: 00, 3rd September). In the 1983
tracking (symbol A in Fig. 6), all four drifters
are at a depth of 10 m and moving in a counter-
clockwise direction at an average speed of 10
cm - sec”!, and rotating once every 2 or 3 days.
In the 1986 tracking (symbol B), the four
drifters at a depth of 5 m rotate clockwise with
a speed of about 10 cm « sec™!. These current
patterns and speeds are almost equal to those
obtained by current meter records shows in
Figure 5.

There are many kinds of currents in Lake
Biwa (e.g., OkamoTo, 1984). EnpoH and OKUMURA
(1989) pointed out that gyres, wind-driven cur-
rents, internal waves and inertial oscillation are
dominant in the surface layer of Lake Biwa
during summer. By calculating a time average
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Fig.6. Trajectories of drifters at a surface layer
tracked by rader during summers of 1983
(A) and 1986 (B). Numerals show day and
hour, e.g., 312 means 12 : 00 on 3rd Septem-
ber (after ENDOH ef al., 1987).

of the current data (Fig. 5), we can remove the
oscillatory current associated with inertial
oscillation and internal waves. The wind -
driven current would have been included in
Figure 5, but it is not so effective on the time-
averaged current field since the wind is rather
calm on Lake Biwa during the summer season.
Trajectories obtained in drifter trackings
involve some effects of wind-driven and oscil-
latory currents. In the case shown in Figure 6,
however, the wind was weak ; mean wind speed
was 1.5 m * s7! for 1-4 September 1983, and 2.0
m s for 13-15 September 1986 (from the
Hikone Meteorological Observatory). Inertial
oscillation and internal waves were also found
to be weak according to the current meter
records during those radar trackings. The
rotating movement of surface drifters in Figure
6 is thus attributable mainly to gyres.

On the basis of observational results shown in
Figures 5 and 6 as well as temperature distribu-
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Fig. 7. Schematic pattern of gyre system in Lake
Biwa. Solid line represents gyre system
proposed in this study, broken line that
proposed by SUDA et al. (1926).

tion such as that in Figure 2, we can conclude
the existence of two large gyres, the counter-
clockwise First Gyre and the clockwise Second
Gyre. These positions, schematically illus-
trated in Figure 7 (thick solid line), are consider-
able different from those estimated by Supa et
al. (1926) (broken line). Though the work of
Supa ef al. (1926) was significant and estimable
at that time, it should be noted that the accu-
racy of their current measurements was low.
They measured the current velocity instantane-
ously only at several points by using current
meters from a drifting boat. Therefore, the
proposal of the revised gyre positions in Figure
7 is mainly due to the recent development of
new techniques in current measurement and
data accumulation.

- The revised positioning of gyres is important
in explaining distributions of dissolved or
suspended materials in water as well as sedi-
mentation processes. For example, a high con-
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centration of chlorophyll @ was observed near
the center of the First Gyre (Sayo and Sa.
KamoTo, 1970). Kamitan (1988) found very fine
bottom sediment in this area. The mechanisms
of these distributions has yet to be well ex-
plained, but the horizontal convergence of sur-
face water associated with the gyre (EnpoH,
1986) should play an important role in the trans-
portation and selection of suspended materials.
The current speed of the gyres is critical for
problems arising from the transportation of
materials related to water pollution. It is well
-known that the electric conductivity of surface
water is almost uniform in the north basin of
Lake Biwa. This should be due to the intense
water mixing and diffusion by stable gyres with
a velocity as high as 20 cm « sec™.
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