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Frequency response of fresh water content in shelf waters*

Tetsuo YANAGI** and Tetsuya OHBA***

Abstract:

The frequency response characteristics of the variation of fresh water content in

shelf waters to that of river discharge on the shelf is estimated by data analysis in the Bungo
Channel, Huga-Nada, Tosa Bay and the Kii Channel in the south western part of Japan.

The river discharge has a prominent variability with a period of one year.

The amplitude

ratios of the seasonal variations of fresh water content to those of river discharge change
from 0.5 month to 0.9 month and phase differences of the seasonal variation of fresh water

content to those of river discharge change from 0.3 month to 6 months in those areas.

1. Introeduction

In recent years human activity spreads its
industrial field from the coastal area to the shelf
sea area as the coastal area has already no suf-
ficient space. It is urgent to clear the character-
istic variabilily of oceanic condition on the shelf

sea for the harmonic development with human
The input of {resh
water into continental shelf waters alters the

activity and nature there.

physics, chemistry, biology and sediments in the
shelf waters. The runoff waters are also the
main source of pollution in shelf waters. How-
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Fig. 1.

Map of the Bungo Channel, Hyuga-Nada, Tosa Bay and the Kii Channel.
Salinity observed stations are shown by black dottes.

Major rivers are also shown.

Thin full line shows the bottom contour and numbers the depth in meters. Broken

line shows the drainage area.
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ever, the behavior of fresh water flown into the
shelf sea has been little known.

This paper is concerned, by data analysis,
with the frequency response characteristics of the
variation of fresh water content in the shelf sea
waters to that of river discharge from the land
and backward inner coastal sea in the Bungo
Channel, Hyuga-Nada, Tosa Bay and the Kii
Channel in the south western part of Japan.

2. Data analysis

The Bungo Channel, Hyuga-Nada, Tosa Bay
and the Kii Channel (Fig. 1) situated in the
south western part of Japan are classified into
two types of continental shelf sea. The Bungo
Channel ard the Kii Channel have inner coastal
sea, Seto Inland Sea, at the back of them,
whereas Hyuga-Nada and Tosa Bay abut on the
land.

Salinities were observed every month from
1977 t0 1981 at Om, 10m, 20 m, 30 m and 50 m
depths at 22 stations in the Bungo Channel, at
30 stations in Huga-Nada, at 20 stations in Tosa
Bay and at 27 stations in the Kii Channel by
Ehime, Ooita, Miyazaki, Kochi, Tokushima and
Wakayama Prefecture Fisheries Observatories.
Salinities from the sea surface to 50 m depth at
each station were averaged by a depth weighting
method. The fresh water content F in each
area is estimated every month by the equation,

F:2<SO”SZ')><V¢.
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Fig. 2. Seasonal variation of representative

salinity in the open ocean which is obtained
by averaging salinity at 50 m depth at Stn. 4
off Toi in Hyuga-Nada shown by open circle
in Fig. 1 from 1977 to 1981.

Here So means the representative salinity in the
open ocean, S; the depth average salinity at the
station 7 and V; the water volume occupied by
the station . Sy is made equal to the salinity
at 50 m at Stn. 4 off Toi in Huga-Nada, which
is shown by open circle in Fig. 1, because it
usually showed the highest salinity in these areas.
Since the salinity at 50 m at Stn. 4 shows a
prominent seasonal variation, monthly values
shown in Fig. 2 are used for S, in the following
analysis.

The river discharge over the coastline is esti-
mated by summing the mothly discharges of the
first-class rivers, whose discharge are gauged
every day, and those of small rivers. The dis-
charge of small river is estimated by multiplying
the discharge of neighboring first-class river by
some factor. This factor is determined by the
drainage area ratio of small river to the neigh-
boring first-class river. The effects of direct
precipitation on the shelf waters and evaporation
from the sea surface of shelf wates are neglected,
because they have nearly the same volume flux.
Moreover the fresh water movements from one
area to another area are neglected, because the
most fresh water are moved away at the open
end of each area by the strong Kuroshio which
flows along the coast of Kyushu, Shikoku and
Honshu Islands.

River discharge and fresh water content in
each area are obtained every month from 1977
to 1981 and the average and standard deviation
values are calculated (Table 1). Normalized
monthly variations of river discharge and fresh
water content with the average and standard
deviation values in each area are shown in Fig.
3. River discharge has one prominent peak in
a year and the local maximum fresh water

Table 1. Average and standard deviation values
of river discharge and fresh water content in
each area from 1977 to 1981.

Fresh water discharge Fresh water content

(km®/month) (km?®)

Ave. S.D. Ave. S.D.
Bungo 2.50 1.71 4.07 2.48
Hyuga  1.51 1.24 2.58  2.91
Tosa 0.88 0. 66 1.31 1.58
Kii 2.37 1.20 3.51 0.91
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Fig. 4. Average seasonal variations of river discharge (full line) and
fresh water content (broken line) from 1977 to 1981.

content occurs several months after that of river
discharge. The average seasonal variations of
river discharge and fresh water content are
obtained by averaging monthly values from 1977
to 1981 and shown in Fig. 4. The maximum
river discharges occur in June or July, the rainy

season in Japan. On the other hand, the maxi-
mum fresh water contents occur in July or
September in the Bungo Channel, Hyuga-Nada
and Tosa Bay, and in January in the Kii Channel
only.
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Fig. 5. Auto-correlation coeflicients of river discharge and fresh

water content variations.

3. Response function

We consider a linear system model which has
one input (river discharge) and one output (fresh
water content) in each area. The output signal
is represented by the following convolution
integral of the input signal,

y(t)zgjxu—r»h(c,)dc, @D

Here, v(z) denotes the fresh water content, x(f)

the river discharge and A(r) the unit response
function of each area. The oceanic character-
istics of each area is represented by the unit
response function A(7). There are four methods
to estimate A(r); (1) the direct method (e.g.
HiNo, 1977), (2) the correlation method (e.g.
BoX and JENKINS, 1976), (3) the integral transfer
method (e.g. FUJITA, 1982) and (4) the cross
spectral method (e.g. HINO, 1977). Here the
correlation method is used for estimating the
unit response function for its high precision and
simplicity. -

At first the auto-correlation coefficients of
variations of river discharge and fresh water
content are calculated in each area as shown in
Fig. 5. The seasonal variations seem to dominate
except for the fresh water content in the Kii
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Fig. 6. Cross-correlation coefficient between river
discharge and fresh water content variations.

Channel. The cross-correlation coefficient be-
tween the variations of river discharge and fresh
water content in each area is shown in Fig. 6.
The correlation is not so high in the Kii Channel
only. The unit response function is estimated
by the correlation method as,

7 }
Czy(T)ZSOh(U)-Cm(T—v)d77. 3-2)



Frequency response of fresh water content in shelf waters 7

Here, C.y(r) denotes the cross-correlation co-
efficient between the variations of river discharge
x(t) and fresh water content y(¢), T the obser-
vation period and Ci.(r) the auto-correlation
coefficient of the variation of river discharge.
Equation (3-2) in finite difference with unit time
of one month is written in matrix form,

C2:(0), Cua(1), - , Cox(m) [ A0) ™ C.y(0)

Coll), 2 Came) || WD) | | Col)

Caalm), Coe(m1), ~Cas(@h(m)d L Cay(m)
(3-3)

where m is taken as 7 months for the Bungo
and Kii Channels, 6 months for Tosa Bay and
5 months for Hyuga-Nada from Fig. 5. The
unit response function A(z) is obtained by solving
the linear simultaneous equations (3-3). The
estimated discrete unit response function is shown
in Fig. 7. The characteristics of frequency
response of the variation of fresh water content
to that of river discharge, which has the vari-
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Fig. 7. Estimated unit response function. Broken
line denotes the approximated analytical func-
tion to the discrete estimated one.

ability with wide range of frequency, is known
by the Fourier transform of unit response func-
tion. However, it is very difficult to carry out
the Fourler transform of the discrete unit response
function. Therefore the discrete unit response
function is approximated by a simple analytical
function. The principle of approximation is as
In the Bungo Channel and the Kii
Channel which have the inner coastal sea at the
back of them, the unit response function is
expressed by the summation of exponential
functions and solution of diffusion equation as

follows:

2 A
h(T)=72 anpe” "+ —=¢ B/, (3-4)
n=1 vz
In Hyuga-Nada and Tosa Bay abutting on the
land, the unit response function is expressed by
the summation of exponential functions as

h(t)= ZZZ aneon", (3-5)
n=1
Coefficients an, br, A and B are obtained by the
nonlinear least square method (Quasi Marquart
method). The analytical forms of unit response
function are obtained as

Bungo ]Z(T) =0.065 ¢79-2477 - 0.062 e~0.246¢

+0' 21_1_6—-0.610/1"
T
Kii h(z)=3.378 ¢713-087 —3 (049 ¢6-5237
@6—5.111/7 s
T
Hyuga A(z)=0.231¢702%74(.301 ¢704087 |

Tosa  A(r)=0.600 01007 —~(),349 ¢=0:9%0¢
3-6)

They are shown by broken lines in Fig. 7. The
variation of fresh water content estimated by
Eq. (3-1) with the analytical form of wunit
response function (3-6) and observed river dis-
charge is shown in Fig. 8. The coincidence
between the variation of estimated fresh water
content and that of observed one is fairly good
except for the Kii Channel.

The amplitude ratio and phase difference be-
tween the variation of river discharge and that
of fresh water content are estimated by Fourier
transform of the analytical form of unit response
fuhction;
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where H(w) denotes the frequency response
Therefore, the amplitude ratio |H(w)|
and phase difference ¢(w) are

function.

|H(w)| = vHp¥w)+Hrw), (3-8)
$(w)=tan™" < H’f“’; ) (3-9)
anbn A i
HR(w>—§w+b >t —Z)e v 2Bw l
(cos v 2Bw—sina/ 2Bw) s 3-10
Wanp
Hiy(w)= 77: m .

The estimated amplitude ratio and phase differ-

ence in each area are shown in Fig. 9. As for
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the prominent seasonal variation, the Bungo
Channel has the largest amplitude ratio of about
0.9 month; the amplitude of seasonal variation
of fresh water content in the Bungo Ceannel is
obtained by multiplying the amplitude of river
discharge to the Bungo Channel by 0.9 month.
The amplitude ratios of seasonal variation in
Hyuga-Nada, Tosa Bay and the Kii Channel are
0.8 month, 0.5 month and 0.5 month, respec-
tively. The phase difference of seasonal variation
in the Bungo Channel, Hyuga-Nada, Tosa Bay
and the Kii Channel are 0.5 month, 0.3 month,
0.3 month and 6 months, respectively. These
values will be useful for comparing these areas
from the viewpoint of the resistivity of shelf
waters against the pollution and of the pro-
ductivity of shelf waters.

4, Discussion

The difference between full line and broken
line in the amplitude ratio and the difference
between full line and 90° in the phase difference
in Fig. 9 show the openness of each area, be-
cause the broken line and 90° represent the
amplitude ratio and the phase difference of a
closed basin, respectively. The opennes of each
area relates to the water exchange ability, which
depends on the flow system in each area. For
example, the tidal currents are dominant in the

5. KII
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Fig. 8. Observed fresh water content (full line) and estimated one (broken line)
with the approximated unit response function.
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Bungo and the Kii Channels because of their
shallowness and of presence of the inner coastal
sea at the back of them. On the other hand,
tidal currents are not dominant, but flows of
other types such as frontal eddies are dominant
in Hyuga-Nada and Tosa Bay. The Bungo
Channel has the most closed character among
the four areas for the input signal with one-year
period but Hyuga-Nada and Tosa Bay have
more closed character than the Bungo Channel
for the input signal with several-month period.
The tidal current works as a strong stirrer for
the fresh water input with several-month period
but does not for the fresh water input with
one-year period.

Although the Kii Channel shows the peculiar
characteristics of amplitude ratio and phase
difference, the cross-correlation coefficient is low
as shown in Fig. 5, so that the reliability of
frequency response function of the Kii Channel
is fairly low. The salinity observation area of
the Kii Channel (Fig. 1) is narrow, because the
Kii Channel has three large rivers along its
coastline while the Bungo Channel has no large
river along its coastline. More salinity data are
needed in wider area and in longer period for
estimating the accurate frequency response func-
tion of the Kii Channel.

There are many elementary physical processes
in shelf waters such as tidal current, density-
driven current, wind-driven current. They are

influenced by the irregularities of horizontal
geometry and bottom topography of shelf area.
Some standard measures are needed for compar-
ing characteristics of continental shelf area
governed by different composite physical
processes. In this context, the frequency response
function is one of useful measures. Moreover,
it will be able to predict the time variation of
concentration of any man-made contamination
from land in shelf waters if the frequency response
function is correctly given.
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