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ABSTRACT

Spatial patterns of the upwelling in Tokyo bay induced by the wind forces were investigated using
infrared images taken by the advanced very high resolution radiometer (AVHRR) on the NOAA
satellite platforms. The generation-propagation processes of the upwelling were also examined
through the satellite data analysis and numerical experiments. The processes of the upwelling
strongly depend on the wind conditions, and consist of two stages as follows: 1) during the
northern wind blowing, the upwelling is generated at the region stretched along the east coast
from the northern head of the bay to southern bay mouth. This generation process can be
explained as a part of the vertical circulation system induced by wind forces and this was basically
suggested by Ohtubo and Muraoka (1988). 2) after the northern wind stops blowing, the
upwelling region propagates anticlockwise along the coast, and is localized in the northern head of
the bay. This propagation process is in agreement with that of the internal Kelvin wave which was
previously suggested by Unoki (1990) and Matsuyama et al. (1990).

Key Words: Internal Kelvin Wave, Satellite Infrared Image, Sea Surface Temperature, Aoshio,
Little dissolved oxygen water

1. INTRODUCTION

Although the coastal upwelling in the open ocean, for example, off Peru and off California, is
recognized as an important physical factor in coastal environment, the roles of the upwelling in
bays on the water quality changes have not yet well understood because its intermittent occurrence
makes observations difficult. In the sea areas enclosed by land, such as bays, the upwelling is
easily generated by the wind forces with very short response time, and brings the water mass near
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Figure 1 Two mechanisms of the upwelling in Tokyo bay: (a) upwelling generated as a
part of the vertical circulation induced by the offshore wind blowing (Ohtubo and
Muraoka, 1988), (b) upwelling associated with the internal Kelvin wave which is
generated as the interface setup during the wind blowing and propagates anticlockwise
along the coast after the wind stops blowing (Unoki,1990; Matsuyama et al.,1990).

the sea bottom to the sea surface which contains the rich nutrient and the little dissolved oxygen in
the eutophicated bays. Therefore, it is suggested that the upwelling in bays causes the rapid
change of the water qualities in the coastal area.

As one of the water quality problems in Japan which are directly influenced by the upwelling, the
phenomenon called 'Aoshio' gives us a good example. Aoshio is the phenomenon which upwells
the little dissolved oxygen water near the sea bottom to the coastal region. In the case of Tokyo
bay, Aoshio occurs mainly at the end of summer and its occurrence periods tend to correspond
with those of the northern wind blowing. During the Aoshio occurrence, shellfish and fish
inhabiting the coastal region often suffer sever damage because they are exposed to the almost no
oxygen water brought by Aoshio. The detail of Aoshio is mentioned in section 2.

The mechanisms of the upwelling causing Aoshio have been investigated by many researchers in
Japan under the simple condition of the two layered sea area because Tokyo bay is strongly
stratified in summer as described in section 2. Those mechanisms can be classified into the
following two types according the wind force conditions inducing the upwelling. Ohtubo and
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Muraoka(1988) considered the condition of the steady offshore wind blowing, and showed that
the upwelling is generated at the upwind side of the bay as a part of the vertical circulation system
driven by the offshore wind blowing (Figure 1(a)). On the other hand, the mechanism proposed
by Unoki(1990) and Matsuyama et al.(1990) includes the unsteady characteristics of the wind
forces, and consists of two stages related with the wind conditions (Figure 1(b)). The first stage
proceeds during the wind blowing, in which the upwelling is generated at the upwind side of the
bay and extended along the left-hand coast to the direction of the wind blowing. This upwelling
pattern can be explained by the former mechanism by Ohtubo and Muraoka(1988) if the effects of
the Coriolis force are introduced into their mechanism. After the wind stops blowing the second
stage starts, in which the upwelling region generated during the wind blowing propagates along
the coast in the anticlockwise direction. This propagation pattern of the upwelling region can be
interpreted as the oscillation of the density interface affected by the Coriolis forces, what is called,
the internal Kelvin wave. The internal Kelvin wave rotates anticlockwise in the northern
hemisphere about the amphidromic center with amplitudes increasing from zero at the center to a
maximum at the boundary of the bay. Consequently, the upwelling generated at the large
amplitude region propagates in the same way.

It should be noted that there is the apparent difference in the upwelling patterns led by these two
mechanisms, i.e., regarding the upward direction in Figure 1(b) as the north, while the former
mechanism suggests that the upwelling region is stretched southward along the east coast as the
northern wind blows, the latter suggests that the upwelling region propagates northward after the
wind stops blowing.

Giving a focus on this difference in the upwelling patterns, Ueno et al. (1992) investigated the
relationship between the upwelling regions and the wind conditions in Tokyo bay using the
satellite infrared images, and showed that some upwelling patterns are in agreement with the later
mechanism proposed by Unoki(1990) and Matsuyama et al.(1990). In the present study, a large
number of infrared images taken by the advanced very high resolution radiometer (AVHRR) on
the satellite platforms of NOAA were collected and further investigation to Ueno et al.(1992) was
made to show the general characteristics of the wind-induced upwelling in Tokyo bay. A brief
background of Tokyo bay and Aoshio is presented in section 2. Descriptions of the satellite
infrared data and data processing are given in section 3. In section 4 the upwelling patterns
obtained from the infrared images are shown and related to the wind conditions. In section 5 the
processes of the generation and the propagation of the upwelling are examined by the numerical
experiments. The general characteristics of the upwelling in Tokyo bay are also discussed in
section 5. Finally, the conclusions of this study are summarized in section 6.

2. BACKGROUND of TOKYO BAY and AOSHIO

Tokyo bay is the sea area almost enclosed by two peninsulas. It is approximately 50km long and
30km wide and is connected with the Pacific Ocean through the bay mouth of 7km wide at the
south side of the bay(Figure 2). The depth increases from about 10m at the northern head of the
bay up to about 70m at the southern bay mouth and the average depth is 17m. The feature of
quasi-enclosed topography of Tokyo bay keeps the weak water exchange between the bay and the
ocean. The land area faced on Tokyo bay has been so fully industrialized and heavily populated
that a large amount of industrial waste water and urban sewage has been flowing into Tokyo bay.
As aresuit of the weak water exchange and the high loading, the processes of the eutrophication
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in the bay have proceeded causing many problems in the water environment, for instances, the
occurrence of the red tides, the generation of the little dissolved oxygen water and so on.

Seasonal changes of the vertical profiles for the density and the dissolved oxygen concentration at
the center of Tokyo bay reported by Unoki(1985) are shown in Figure 3. During summer, the
strong stratification is generated due to the high solar radiation and the high precipitation. The the
dissolved oxygen concentration near the sea bottom decreases as the stratification becomes strong
because the strong stratification restricts the vertical flux of the dissolved oxygen; besides, the
dissolved oxygen is consumed at the high rate under the eutrophication condition. Thus, the
stratification as well as the weak water exchange is considered as an important physical factor
which influences the processes of the water quality change in Tokyo bay.

Funabashi

Keiyo Sea Berth

>

Figure 2 Topography and location map of Tokyo bay.
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Figure 3 Seasonal changes of the vertical profiles of (a) the density, ot and (b) the
dissolved oxygen concentration, DO observed at the center of Tokyo bay (Unoki, 1985).
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Figure 4 Wind roses measured for 6 years at the Keiyo Sea Berth near the center of
Tokyo bay for (a) summer form June to August and (b) winter from December to
February.

789



Wind roses at the center of Tokyo bay
during summer and winter are
represented in Figure 4. During winter,
the northern winds become dominant and Tiba
act as the main driving force to keep the
anticlockwise residual current in the bay.
During summer, although the dominant
wind direction can be estimated as the
south, its dominant tendency is weaker
than that in winter. Therefore, the stable
residual current system can be hardly
observed in summer. The unsteady
currents which quickly respond to the
change of the wind forces with a
response time of less than one day, have
been observed in stead (Morikawa and
Murakami, 1986; Odamaki et al.,1990;
Ueno et al.,1993). Thus, for the study of
the upwelling as well as the residual
currents, the unsteady characteristics of
the wind forces must be considered.

Funabashi

Kisarazu

N

Aoshio is a symbolic example of the Figug‘e 5§ Regions where the occurrences of
processes of the water quality change Aoshio have been rep9rted (Kataoka et. al.,
1988). Note that Aoshio has been sometimes

strongly depending on the upwelling. e ey

The meaning of 'Aoshio’ can be
translated to English as ' blue tides'
because the sea water color changes to milky-blue due to the colloidal sulfur particles which are
produced by chemical reaction from the dissolved sulfide brought by Aoshio. Aoshio occurs from
June to October, especially, at the end of summer of almost every year. Main regions where the
occurrence of Aoshio has been reported are shown in Figure 5 (Kataoka et al.,1988). Aoshio
occurs mainly at the northern head of the bay off Funabashi. It should be added that Aoshio has
been sometimes observed at the east side of the bay off Kisarazu, in spite of no description in
Figure 5. Since Aoshio is often observed when the northern wind blows, itis roughly explained
that the cause of Aoshio is the upwelling induced by the northern wind. This explanation can be
supported by either of the two mechanisms described in section 1, because the upwelling periods
led by those two mechanisms are relatively close to those of the northern wind blowing.
However, the detail of the mechanism has not yet well examined. Many inhabitants near the coast,
such as shellfish, crabs and flounders, suffer severe damage under little oxygen condition caused
by Aoshio, at the worst, almost none of them survives.

3. SATELLITE INFRARED DATA and WIND DATA

Since satellite infrared imagery has proven to be a useful tool in the study of the coastal upwelling
(for example, Kelly, 1985), the same technique used in the coastal upwelling analysis was applied
to detect the upwelling in Tokyo bay, i.e., the regions where the sea surface temperatures (SSTs)
are locally lower than the global SST over the bay are regarded as the upwelling regions.
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To select the infrared images suitable for the upwelling analysis, we, first, searched all images of
quick-look type from 1984 till 1992 which have been stored at Touhoku university, and selected
the images which are relatively cloud-free and of which the passing time is close to the period of
the northern wind blowing. The selected images were processed at the Japan Weather
Association, and checked again the inadequate cloud masking over the bay. Finally, a total of 19
images were used in the analysis (Table 1). It might be considered that the selection rate, 19
images out of the 9 years of images, is too small. This is due to the weather condition that Tokyo
bay is subjected to the cloud masking in the periods of the northern wind blowing.

The SSTs were estimated using the Multi-Channel Sea Surface Temperature (MCSST) algorithms
(McClain,1985; Japan Weather Association,1992) for the AVHRR data of NOAA 7, 9, 11 and 12
and the conventional black radiation theory for NOAA 10. Some SSTs images, however, showed
rather large temperature biases of about 2°C probably due to the effects of aerosols and fogs.
Therefore, the qualitative patterns of the upwelling are mainly discussed in this study, since the
quantitative analysis using absolute SSTs is not acceptablein some images affected by large
temperature biases.

Table 1 List of satellite infrared images used in the upwelling analysis

- Satellite Wind Upwelling
Year Date Time No. condition pattern - Remark
1984 21 Sept. 20:48 7 during NE No *
9 June 14:36 9 during SW No Figure 8
12 June 14:03 9 after NE LN Figure 8
1986 30 July 19:44 9 during SW No a little cloudy
4 Aug. 20:28 9 during N SE
5 Aug. 20:17 9 during N SE
25 Aug. 14:15 9 after N LN Figure 11
1987 14 Sept. 13:56 9 after N LN a little cloudy
20 Sept. 20:21 9 during N No *
1988 31 July 13:03 10 after N LN
6 Aug. 13:34 10 after N LN
1989 25 Sept. 13:17 10 after N No *
4 Oct. 13:16 10 during N No £
2 Aug. 13:04 11 during S No Figure 9
1990 7 Aug. 2:27 11 after N LN Figure 9
7 Aug. 13:51 11 after N LN . Figure 9
15 Aug. 14:04 11 during SW No Figure 6
1991 15 Aug. 20:16 11 during N SE Figure 7
25 Aug. 20:01 11 during N SE

Year, Date and Time, satellite passing time in standard time of Japan; Satellite No., NOAA satellite
platform number; Wind condition, for examples, during N:during the north wind blowing, after N: after
the north wind stops blowing; Upwelling pattern, No:No upwelling in the bay, SE:upwelling generated
mainly at region Stretched the along the East coast, LN:upwelling generated mainly at the region
Localized in the Northern head of the bay, see section 4.1 in the text; Remark, reference of figure and
additional condition, *:the estimated upwelling pattern is not reliable because the passing time is too late
for period of stratification that the upwelling may not be detected by the SSTs pattern.
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The wind data were measured at the Keiyo Sea Berth near the center of the bay (Figure 2) and the
wind velocities and directions averaged over one hour were used. The records of the Aoshio
occurrence off Funabashi observed by the Funabashi fishermem's cooperative were also used.

4. UPWELLING PATTERNS RELATED TO WIND CONDITIONS
4.1 Classification of Upwelling Patterns

The upwelling patterns estimated from the SSTs images are listed in Table 1. The upwelling
patterns are strongly related on the wind conditions and classified into the following three types:
1) no upwelling during the southern wind blowing (marked by No in Table 1), 2) upwellings
generated at the region stretched along the ease coast the from the northern head of the bay to the
southern bay mouth during the northern wind blowing (SE), and 3) upwellings generated at the
relatively local region in the north part of the bay after the northern wind stops blowing (LN).

In the following sections, typical examples of these three types of the upwelling are represented
with the SSTs images and the wind conditions. The direction and the speed of the propagation of
the LN type of the upwelling are also examined. In addition, An examplein which the reflection
rate of the visible rays band, albedo, increased after the Aoshio occurrence is reported.

4.2 No Upwelling during the Southern Wind Blowing

Time series of the wind velocity vectors from 9 through 18 August 1990 and the SSTs spatial
pattern on 15 August 1990 are represented in Figure 6. The SSTs pattern was taken when the
stable and almost steady southwestern wind blew. The SSTs pattern shows that SSTs
continuously increase with distance from the southern bay mouth and highest SST occurs at the
northern head of the bay. This is the typical SSTs pattern in summer which has been observed in
field surveys. In this case, it can be considered that no upwelling is generated because no local
region showing lower SSTs exists in the bay.

4.3 Upwelling during the Northern Wind Blowing

Wind data from 10 through 19 August 1991 and the SSTs pattern on 15 are shown in Figure 7.
The SSTs pattern was taken during the stable northeastern wind blowing. The SSTs pattern
shows that particularly low SSTs region is stretched along the east coast from the northern head to
the southern bay mouth. Off the north coast, the low SSTs region tends to be deformed along the
north coast. These shows that during the northern wind blowing the large scale upwelling is
generated along the north and east coasts. This upwelling pattern is similar to that formed by the
vertical circulationinduced by the wind force as has been described in section 1 (Figure 1).

4.4 Upwellings after the Northern Wind Stops Blowing

The wind velocities from 4 through 15 June 1986 and the SSTs patterns on 9 and 12 are shown in
Figure 8. The strong northern wind blew from 4 through 7 and Aoshio occurred off Funabashi
from 5 to 7. The wind direction changed to the southwest from 8 and the SSTs pattern was taken
on 9. Then, the wind direction changed again and the northeast wind blew till morning of 12.
After then, when the wind became weak the other SSTs patiern was taken.
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As compared between these two SSTs pattern, the drastic change of the SSTs pattern within three
days can be found. The SSTs pattern on 9 is the typical one in summer in which SSTs are low at
the bay mouth and high at the northern head, as shown in Figure 6(b) which is taken also during
the southern wind blowing. On the other hand, the SSTs pattern on 12 is completely different
from that on 9, that is, the relatively low SSTs region appeared in the north part of the bay and
stayed along the east and north coasts. This region is rather localized in the northern head of the
bay as compared with that of Figure 7 which was taken during the northern wind blowing. In the
period from 9 to 12, there were no significant meteorological events, such as the heavy rainfalls
and the floodwater discharge from rivers, but 2 days of the northern wind blowing.

The other example of the upwelling after the northern wind stops blowing is shown in Figure 9.
The weak southwestern wind blew from afternoon of 1 through 2 August 1990 and the SSTs
pattern was taken on 2. Then, the strong northern wind began to blow and from afternoon of 5
the wind became much weaker. The two SSTs patterns were taken on 7 during the period when

(N) Aoshio lNOAA lNOAA
e

(s)y6/4 5 6 7T 8 9 10 11 12 13 14 15

(a) Time series of the wind velocity vectors

(b) SST Funabashi | |(c) SST Funabashi
9 June 1986 12 June 1986
14:36 14:03 ;
NOAA-9 NOAA-9
Kawasaki

Kawasaki

unit : °C

Figure 8 (a) Time series of the wind velocities from 4 through 15 June 1986, SST's
patterns (b) on 9 June 1986 during the southwestern wind blowing, and (c) on 12 June
1986 after the northeastern wind stopped blowing. The upwelling region is relatively
localized in the north part of the bay.
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Figure 10 The movement of the upwelling region traced from two SST's patterns at
2:27 and at 13:51 on 7 August 1990 after the northern wind stopped blowing. The
movement speed is estimated as approximately 25cm/s which is close to the phase
velocity of the internal Kelvin wave.

the northern wind blowing was getting stopped. Aoshio was observed off Funabashi on 6 just
before these two SSTs patterns were taken. From 8 the southern wind began to blow and became
stronger. The SSTs pattern on 15 has been already shown in Figure 6(b).

While the SSTs pattern on 2 is the typical one during the southern wind blowing, as well as
Figure 6(b) and 8(b), the two SSTs patterns on 7 show quite different patterns in which the low
SSTs region is localized in the northern head of the bay. This dramatic change in SSTs pattern was
achieved within 5 days without any significant rainfalls and floods except about 4 days of the
northern wind blowing.

As the common feature of the upwelling pattern after the northern wind stops blowing obtained
from Figure 8 and 9, it can be pointed out that the upwelling region is localized in the north part of
the bay, at least, in the sense of comparison with that observed during the northern wind blowing
(Figure 7(b)). This upwelling pattern corresponds to that associated the internal Kelvin wave as
has been described in section 1 (Figure 1(b)) and will be examined in section 5.1.

4.5 Direction and Speed of Upwelling Propagation
Comparing between the upwelling regions in Figure 9(c) and (d), it is apparent that this upwelling
region moves northward. To estimate the direction and the speed of the upwelling movement, the

regions and the center points of the upwellings are traced in figure 10. Here, the center points are
determined to refer to the lowest SST point inside the upwelling region. The direction of the
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upwelling movement is anticlockwise, and agrees with that of the propagation of the internal
Kelvin wave as described in section 1. The distance between the upwelling centers is about
10.3km resulting in that the movement speed is approximately 25cm/s. This speed is very close to
the phase velocity of the internal Kelvin wave, as well as the propagation speed of the density
interface setup in Tokyo bay which was calculated by Matsuyama et al.(1990). Thus, from a
viewpoint of the upwelling propagation, it is emphasized that the upwelling observed on 7 August
1990 is in agreement with that associated with the internal Kelvin wave.

4.6 High Albedo Pattern after Aoshio

The albedo is estimated using the data of AVHRR channel 1 whose sensitive frequencies belong to
the visible rays band (Japan Weather Association,1992). The value of albedo is often reported to
show good correlation with the turbidity of the water.

As an example of the high albedo pattern observed after the Aoshio occurrence, SSTs and albedo
patterns on 25 August 1986 are shown in Figure 11. Before 25, the northern wind blew from 22
till morning of 24 and Aoshio occurred off Funabashi from 23 till 24. The patterns show the high
albedo at the northern head of of the bay as well as the upwelling at the almost same region.

Onizuka et al.(1987) reported that the occurrences of the red tides in which the water color
changes due to the increase of plankton, are sometimes observed after Aoshio. Referring to this
report, there is some possibility that the high albedo pattern observed here may be due to the red
tides. It is suggested that the upwelling may become important for not only physical processes but
also biological processes such as the growth of plankton.

Figure 11 (a) SST's patterns and (b) Albedo pattern estimated by using AVHRR ch 1
on 25 August 1986 after the occurrence of Aoshio off Fnabashi. Note the high albedo
pattern at the northern head of the bay.
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5. UPWELLING PROCESSES
5.1 Numerical Experiments for the Upwelling Processes

The processes of the generation and the propagation of the upwelling and their mechanisms are
investigated through the numerical experiments by Matsuyama et al.(1990) and Ueno et al.(1992).

First, to examine the generation process of the upwelling, the numerical experiment for the
upwelling in the rectangular basin which is 45km long, 20km wide and 20m deep was
implemented using the two levels model (Ueno et al.,1992). The attention was paid on the
transient process of the upwelling after the wind begins to blow. The north wind of 5m/s was
acted under no stratified condition. The level model used here is the conventional type with
constant horizontal and vertical eddy viscosities. The details are referred to Shibayama(1992).

The results calculatedat 1 and 3 hours after the wind begins to blow are shown in Figure 12. It
was confirmed that the steady state was achieved in the results after 3 hours. The results after 1
hour show that the directions of the horizontal velocities are relatively parallel to the wind
direction resulting in that the upwelling is generated along the north side of the basin. On the other
hand, in the results after 3 hours, the upwelling region extends from the north side to east side of
the basin because the velocity directions are inclined by the effects of the coriolis force. The
upwelling velocities after 3 hours become larger that those after | hour. The developing pattern of
the upwelling regions is shown in Figure 13. The upwelling regions are defined to the regions
where vertical velocities exceed 103cm/s. The upwelling region is localized in the north side of
the basin until 1.7 hours, and then, stretched along the east side. Finally, at 2.8 hours later, the
upwelling region is fully developed along the north and the east sides of the basin. This final
region is quite similar to that observed in Tokyo bay during the northern wind blowing (Figure 7).

Matsuyama et al.(1990) calculated the upwelling patterns in Tokyo bay the using the two layers
model, and showed that the propagation patterns of the density interface setup corresponds with
those of the internal Kelvin wave. To show the propagation process of the upwelling region after
the wind stops blowing, one of their results is quoted in Figure 14. The lines in Figure 14 show
the upwelling region and numerals on lines is elapsed time after the wind begins to blow. The
northeastern wind was generated for 24 hours and then stopped. The upwelling region at 24 hour
extends along the north and the east coasts of the bay, which is the almost same pattern calculated
by two level model (Figure 13, 2.8h) and observed in Tokyo bay (Figure 7). After the wind stops
blowing, the upwelling region propagates anticlockwise along the coast. Some of the upwelling
patterns in Figure 14 are quite similar to those in Figure 8(c), Figure 9(c)(d), and Figure 11(b)
which were taken after the northern wind stopped blowing.

The main mechanisms in the processes of the upwelling can be explained as follows: In the
generation process during the northern wind blowing, the upwelling is generated as a part of the
vertical circulation system induced by the wind forces. The upwelling region are influenced by the
effects of the coriolis force, i.e., as the effects of the coriolis force become significant, the
upwelling region is stretched southward along the east coast. In the propagation process after the
northern wind stops blowing, the interface setup propagates anticlockwise along the coast in the
same way of the internal Kelvin wave. Consequently, the upwelling associated with the internal
Kelvin wave also propagates anticlockwise (Matsuyama et al.,1990).
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and (b) 3 hours after the northern wind stops blowing.
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5.2 General Characteristics of Upwelling in Tokyo Bay

Using results. obtained from the proceeding sections, the general characteristics of the upwelling
in Tokyo bay is attempted to be schematized in Figure 15. The several days of the northern wind
blowing are assumed here.

Each stage in the upwelling processes is explained in the following:

(a) At the beginning of the wind blowing, the weak upwelling is locally generated along the
northern coast of the bay.

(b) As the wind blows, the upwelling region is stretched along the east coast. At the steady state,
the strong upwelling is generated at the large region extending along the north and the east
coasts.

(c) After the wind stops blowing, the upwelling region propagates anticlockwise along the east
coast.

(d) As time passes after the wind stops blowing, the upwelling region propagates further and is
localized in the north head of the bay.

(e) As the upwelling propagates, upwelling region will become unclear due to the mixing and the
energy loss.

The stages from (a) to (b) are generated as a part of the vertical circulation system induced by
wind forces under the effects of the coriolis forces. This mechanism was based on that previously
suggested by Ohtubo and Muraoka(1988). The stage of (a) is estimated from the result through
the numerical experiments (Figure 12(a)), the stage of (b) is depends on the results from the
satellite data analysis as well as the numerical experiments (Figure 7 and 13). The stages from (c)
to (d) follow the propagation pattern of the internal Kelvin wave as suggested by Unoki (1990)
and Matsuyama et al. (1990). The examples of the stage of (c) are shown in Figure 8, 11 and 14,
and the stage of (d) in Figure 9 and 14. The stage of (e) is based on results from neither the
satellite data analysis nor the numerical experiments. However, since the bottom friction and the
mixing at the interface dissipate the energy of the internal wave and make the interface unclear, the
internal wave can no longer exist at last. In order to investigate the fate of the internal Kelvin
wave, it is necessary to study the quantitative characteristics of the upwelling as well as the energy
dissipation and the mixing processes of the internal Kelvin wave.

The other conditions which were not considered in the present study but will be of importance to
the upwelling processes, are briefly described below.

Only two types of wind conditions, during the wind blowing and after the wind stops blowing,
were considered in this study. However, in order to generate the internal Kelvin wave, to stop the
wind blowing is not always necessary. Correctly speaking, the changes of the wind forces acted
on the sea surface, for examples, the wind speed change and the wind direction change, are
needed to generate the internal oscillations. When wind conditions, such as speed and direction,
change periodically and the period is close to that of the internal seiches, the resonant oscillations
will be developed resulting in the strong upwelling. Since the period of the internal standing wave
in Tokyo bay is estimatedas 1 to3 days, which is relatively close to the time scale of the change.
of the wind conditions, the possibility of the resonant internal oscillations can not be ignored.

Topography conditions of the bay will be also important to the propagation patterns of the internal
Kelvin wave. In Tokyo bay, water depths at the north part are shallower than those at the south
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part. Thus, when the internal Kelvin wave propagates from the south part into the north part, the
shoaling, the increasing and the steepening of the wave height, occurs. Besides, under critical
conditions, the internal Kelvin wave may break. Since the shoaling and the breaking will make the
mixing stronger, the upwelling characteristics included these phenomena should be examined.

6. CONCLUSIONS

The spatial patterns of the upwelling induced by the wind forces in Tokyo bay were investigated
using the satelliteinfrared images taken by the NOAA AVHRR. The processes of the upwelling
generation and propagation were also examined through the satellite data analysis and the
numerical experiments.

The upwelling patterns obtained from the satellite infrared images are classified into the three

types according the wind conditions, i.e.,

1) No upwelling generated during the southern wind blowing.

2) Upwellings generated at the region stretched along the east coast from the northern head of the
bay to the southern bay mouth during the northern wind blowing.

3) Upwellings generated at the relatively local region in the northern head of the bay after the
northern wind stops blowing.

The processes of the upwelling consist of two parts driven by the different two mechanisms, i.e.,

1) The first process proceeds during the northern wind blowing. At the beginning of the wind
blowing the weak upwelling is generated along the north coast of the bay, then, the upwelling
region is stretched along the east coast, and finally, the strong upwelling is generated at the
region extending along the north and the east coasts. This generation process of the upwelling
is explained as a part of the vertical circulation system induced by wind forces. The basic
mechanism in this process was suggested by Ohtubo and Muraoka (1988).

2) The second process is generated after the northern wind stops blowing. The density interface
setup along the north and the east coasts which has been completed during the northern wind
blowing, propagates anticlockwise along the coast. The propagation pattern of the interface
setup follows that of the internal Kelvin wave. As the result, the upwelling associated with the
internal Kelvin wave also propagates anticlockwise along the coast. This mechanism was
previously suggested by Unoki (1990) and Matsuyama et al. (1990).
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ABSTRACT

A three-dimensional numerical model for thermal plume with computational efficiency
has been developed to simulate the coastal currents, the thermal jets from outfall, and
the excess temperature fields in the shallow coastal waters. The model adopts
computational meshes with horizontally variable and vertically stretched grid system.
Because of large water-level changes, the model takes into account of tidal flats along
the coastline. The computed currents and thermal plume patterns changing in time and
space were compared with the observed field data including the Landsat images.

Key Words : 3-Dimensional Model, Thermal Plume, Mode-Splitting

1. INTRODUCTION

Most of nuclear and fossil power plants in Korea are located on the coast area and
their heated water from the generation units discharges into the coastal waters.
Recently, many power plants have been constructed, and the use of the sea water as
cooling water has increased rapidly. The heated waters from the power plant have
caused many environmental problems due to the increase of the surrounding -water
temperatures in the coastal waters. Therefore, it is very important to predict the
behaviour of thermal plume and assess its environmental impacts in the coastal waters.

As a part of environmental impact assessment, a thermal plume study was conducted
for a nuclear power plant sited at Yeong-Kwang on the west coast of Korea. The
power plant of two generation units has been in operation since 1987, discharging the
cooling waters of 115 m®/sec directly into the coastal surface water. The excess water
temperature of AT = 8-9C is discharged from once-through system. Because of
strong tidal currents in the order of 1lm/sec parrallel to the coastal line, the heated
water masses discharged from the power plant are mostly transported along the coast.

In order to understand the transport phenomena of thermal plume at Yeong-Kwang
coast, we carried out field survey including tides, currents, and vertical profilings of
water temperature on the seasonal basis in 1991-1992. The analyzed data from Landsat



images was also used to verify the dispersed patterns of thermal plume which are
changed due to tidal actions.

In this study, a three-dimensional numerical model has been established to simulate the
tidal currents and the excess temperature fields due to thermal jets and tidal actions.
The computed currents and excess temperature fields were compared with the field
surveyed data and the Landsat images.

2. FIELD MEASUREMENTS

In order to obtain the thermal plume data, extensive field survey including tides,
currents, and vertical profilings of water temperatures at 30 different locations (Figure
1) was conducted on the seasonal basis in 1991-1992. The remote sensing images
observed by Landsat were also analyzed to obtain the dispersed patterns of thermal
plume. Figure 1 shows the depth profiles and the location map of field measurements.
The vertical profiling of water temperatures were performed at more than 30 points
twice per every three month interval. The survey area covers 16Km radius distance
from the outfall of the nuclear power plant.

( LEGEND
@ CURRENT
kbpe ’ B TEMPERAFURE]
|}
?
=
7

Figure 1 Location map of thermal plume study at Yeong-Kwang coast of Korea

Two current meters, the Aanderaa RCM-4's, were deployed at about 3 meter above the
sea bottom at the stations Cl and C2 to measure the currents, water temperature and
salinity. Tides were measured for one month at 5 stations situated at the open
boundaries of numerical model, by mooring the pressure-type gauge’s. Sampling
intervals for tides and currents were fixed at 10 minutes. The mean tidal range in the
study area is approximately 540cm during spring tide and 220cm during Neap tide.
Semi-diurnal tides are dominant and tidal flats are wide along the coast.

3. NUMERICAL MODEL

A 3-dimensional model were developed for this study. The model (Jung, 1993) uses
fully nonlinear, time-dependent, three-dimensional, o0-tranformed equations of motion
and equation of heat transport. The governing equations together with their boundary



conditions are transformed by non-dimensional variables and solved by a finite
difference method. An implicit numerical scheme in the vertical direction and a
mode-splitting technique in time have been adopted for computaional efficiency. Surface
elevation was calculated by an elliptic-type finite difference equation and the variable
rectangular grid system was employed for differencing in the horizontal directions. To
resolve tidal flats, a treatment technique for moving boundaries were employed.

(1) Governing equations

Two simplifing approximation are used for Reynolds averaged eqautions of motion and
equation of heat : first, it is assumed that the weight of the fluid identically balances
the pressure (hydrostatic assumption), and second, density differences are neglected
unless the differences are multiplied by gravity (Boussinesq approximation). Consider a
system of orthogonal Cartesian coordinate with x increasing northward, y increasing
eastward, and z increasing vertically downward. The surface located at z=-n(x,y,t)

and the bottom is at z=h(x, y).

The continuity equation is

du Jv . Jw =0 (1

+

9 x dy dz

where (u, v, w) are velocity components in the (x, y, z) directions.
The Reynolds averaged momentum eqations are

du , ), _a(w) , 3 (uw) 1 ap, _3 du
at ' ax ay 2z V=" 9o Tax T Tax (AE5y)
du du
+ (AH ay )+ (AV 32) (2)
v, a(w) , 8w, dw . 1 dp, _3d av
at " ax ay T ez T4 oo Tay fTax A Tax)
+ e (An ) (A5 ) 3)
—g—g—=pg (4)

where f is the Coriolis parameter, po is the refence density, p is the water pressure,
Ay is the horizontal momentum exchange coefficient, Ay is the vertical momentum
exchange coefficient, g is the gravitatioal acceleration, and p is the in situ density.

The advection-diffusion equation for water temperature 7T is

3T  _a(ul) a(wT) , _awT) __23 aT
at © ax | ay 9z - ax Bigy)
¢ (Bu5 )+ (B ) (5)

where By is the horizontal exchange coefficient of temperature, and By is the vertical
exchange coefficient of temperature.
The density of sea water p is computed by an equation of state of the form (Eckart,
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1958)

p =(5890+38T-0.375T2+3S)/[ (1779.5+11.25T-0.0745T")
+(38+0.017)S+0.698(5890+ 38T~ 0.375T%+3S)] . (6)

where S is the salinity. In this study, the salinity is specified as the seasonal mean

value (constant) based on field survey.
The governing equations (1), (2)-(4), and (5) are transformed by nondimensional

variables on 0-coordinate (Figure, 2; Freeman et al, 1972) (all asterisks will be
dropped for notation convenience).

_z+7
X 0_h+n x’
/ z=0  z=q(x,y.t) =0
[ g y v y'
— <]
\\\__ = A
\\-‘ /
z \ /
S = N
z= h(xy) — =
7777 V7777777470
o o=1

Figure 2 Nomalization of z-coordinate

1 _an . K, a(Hu) _+a(Hv) aQ
" ot T H' ax ay K 5q =0 (7
1 _3(Hu) 1 _8(Huw) , 1 _3(Huw) a(Qu) _
g ot Bl —ax *H” ay )*Rov=
3 Pa Re
oL e o5
1 _a du ., 1 2 du , ,  bo2_1 du
T ar H e ) T oy H oy ) e 5 a0 (Vo) (8)
1 _a(Hv) 1 _9(Huw) 1 _3(Hw) , a(Qv) _
H ot Bl —ax *TH  ay )-Rou=
3ps _3n _Re _3a __8H
3y oy FI . 8y(prd°) 93y P
1 2 av . 1 _a 2 av
A N e LN E S e )
1 _3(HD) 1 _a(HuT) . 1 _a(HvD) . 3D \,_
Plor—5¢ "Ry —ax *H  ay ° ao )I°
1 _3 aT .. 1 _3a T ., bo2 1 _3 aT
e e e P 5 (10)



where bo is the reference distance, ho is the reference depth, uo is the reference
velocity, velocity components (u®, v*, ') are (u, v, @bo)/uo, time t* is t/to, distances
(x", y*, @°) are (x, y, 0bo)/bo, reference time to is bi/Am, water depth H' is H/ho,
reference Reynolds number R. is uobo/An, Ro is fbo/Am, F? is ub/gho, F: is the
reference Froude number, Y is Av/Am, B is Bv/Bu, surface elevation 7" is
1/(Anud/gbo) , K is gbdho/(A%), Prandtl number P, is Au/Bu, vertical velocity 2
is do/ dt, o is (n+z)/H, total depth H(x,y, t) is h+m, and h(x,y) is the mean water
depth.

Rearranging of (8) and (9) with neglected atmospheric pressure gives

1 _3(Hu) _(bo 2 1 _3 du .\ _ __an
7] 3t +Rov-( ho) i a0 (y 30 )=c(u,v,2) ax (11)
1 _9(Hv) ,  bo 1 _2 v \_ __8n
- Rum () = = (Y —gg) =d(up®- =7 (12)

where c(u,v,2) = rest of terms in x-momentum equation, and d(u,0,2) = rest of terms
in y-momentum equation.

By integrating (7) from 0=0 to 0=1(sea bottom) and rearranging, the vertical
component Q of velocity is obtained as

_ (o-1) ! 1
2,= 2= foADVdm HLADVdo (13)

a (Hu) | 3 (Hv)
ax dy

where ADV=

(2) Boundary conditions
The boundary conditions at the free surface z=-1(x, y) are

a a - *
(5o “go)=TH(TL, 1) (14)
3T _ Knh

B350 = ey H(T-Te) (15)

where (1}, T}) are the nondimensionalized surface wind stresses, (Tx, T3) = (Tx, Ty)/To,
To=(pouoAn)/ho, Tx and 7T, are the surface wind stress in the x and y direction
respectively, Y1 is the non-dimensionalized vertical momentum exchange coefficient at
water surface, Kr is the surface haet transfer coefficient, 7. is the equlibrium water

temperature, and C, is the specific heat of water at constant pressure.
The boundary conditions at the sea bottom and the side wall are

u=v=9=0 (16)
T _
30 -0 (17



Surface elevations are specified at the open boundaries and Neumann condition is used
for determining u, v, and T at the open boundaries. At the outlet of heated waters, the
velocity and water temperatute were specified.

(3) Finite difference formulation

A numerical algorithm, based on SMAC(simplified marker and cell method, Amsden and
Harlow, 1970) with mode-splitting technique(Paul and Lick, 1985), was used for
computational efficiency. The surface elevation was solved by an elliptic-type finite
diference equation to avoid time-step restriction by CFL (Courant-Levy-Fredrich)
condition that time step must be less than the ratio of horizontal grid size to long wave
propagation speed (¥gH). The relative positions of the variables on the staggered "B”
grid are shown in Figure 3. The equations of motion, (11) and (12) are differnced as
follows.

¥l + il n+ b e + + n+
Ii{n ult-ul+ ot I}(In [61HRov? 1-(72)2—(227)2-Hu[7?+11/z(u?.11-u; .

n+l n -8
- u M= Al -8y -2 - (1-89 ST (22—

[(Yre(ubi-ul) - YEe(ul-ul-D]-Ro(1-81)uf] (18)

pil At N b 0 . N .
12,. vl At IL,. [81H Rou? 1+(Tz')2'ﬁrHu[Y?~1l/z(U?~1l—v? D

ool o me L a2 A gl POy _g.y 80", bo 2 1-682
YI‘W(UI Ux-l)]] At[cl 63 3y (1 83) ay +( h ) (Hn)z

[Yhewia-v) -1 (v -v D1+ Ro(1-8)u? (19)

where i is the vertical node number that is 1 at the water surface and L+1 at the sea
bottom, n is the present time step, n+1 is the furture time step, (81, 82, 63 are the

weightinf factors each for Coriolis terms, vertical momentum exchange terms, and water
surface gradients; 0 means explicit, 1(used in this study) means fully implicit, 0.5

means Crank-Nicolson type, Hc=H"H"!, and H,=H"/(H"")3
Equations (18) and (19) exist at all horizontal grid points. ¢} and di are diffrenced by
centered space method at time level n.

Equations (18) and (19) can be rewritten in vector form as

— - — n+l -

AT+ H RO =G U-0s—29—1 (20)
i n+l
AD-0uH Roti=F+ V-8~ —1 1)
ap -B; uf't vt Gl+ct
-€2 a2 -P2 - g™l us'! - g 3! Ga+ch
where A= ,  u= q i B q" ) = 3
=€r-1 ar-1 -Br-1 . . .

-&L ar ul! vt Gi+cl
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Fi+d} ul v? 1
F3+d3 1 uz| 1 v 1
= . , v=—A'? ., V=_At_ .|, I=].|, aiBifi = coefficients dependent on
Fil+dL ul vl 1
. n B n b
differencing, At = time step, Gl=_(l'93)_aale -Ro(1-81)v] +(TZ)ZW 20 [

11 (BT H" +(1-82YUEHM + (1-82132 ], GT=-(1-8) —5 = Ro(1-81)0]

LO_ 2 1 (1-82)
+( ho) (H"? (Aa0)*

(Y 2(ub-uP) - vre(u? -ul1)] for 2<i<L,

i " 1 b
F}=-(1-83) %—lrﬁ’o( 1-81)ul+( '—h%)z_(.;n)E 20

[-Y1(813 "H - (1- 82)153H™)

vi-vl

0 )2 1 (1—92)

c(1-05 222 pre-(1-80 L Ro(1-00u7 + (42 L [ahn(ols

o’ (HM? (ac
-1 2(v?-vE1)] for 2<i<L, Ac = the vertical grid size.
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Figure 3 Computational mesh

Now, write equations (20) and (21) as

BT=Ti-T;
- - - —_— . a.ﬂrwl
where B= A ..G‘H‘R"I], T=(.‘£), 1“1=(:G:"-q), =19 " 9% 1
-01HRoI A v F+V ol o
93'—'l—ay I
Write
' T +T°
such that
B =T,
BTo=T;,

(22)

(23)

(24)
(25)
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This splitting is valid since we are working with a liniear equation in T. Equation (24)
is a tridiagonal matrix and solved by Thomas algorithm.
Formally, the solutions to (25) are

T

P=Q (26)
n+1 n+l
- [T _on  _4..97m 1A
where P=(£.), Q= 81A¢H R B3 dy 83 dx ,f=(lg),
Uo ann‘l aILrwl A
"elAtHcRoe3 3 x -93 ay
R_’l= %t-i’ RTB=A7, R=(81HRo)’I+AA, I is the a matrix with unity on the
diagonal.

Now, integrate the equations (20) and (21) over the vertical coordinate, i.e., sum them
up vertically using the following summation scheme:

4
Z;\IHX.‘ (27)
AL =1
where X; is the appropriate equation and ¥;= 2 b= .
Ao 25iZL
The result is
n+l
—‘é?Z,:‘l'i(unf"1-u?)+82¢un'i'l+91HcRoZ':'l'mn?"=—193—a;,];— +Z‘l‘iG? (28)
n+1
%tZ‘:‘l‘.’(vnf"l-v?)+92¢vn'i'l-91HcRoZ‘:*iun?’l=-193l;]y— +$\I"F? (29)
= n+l
where X=Zi‘i= LI}/Z =(L-%)A0, ¢=(Z—z)2%—72'«11/2, un?t s IL,, u!, and
n+1
on?! is Ii{,. g

Next, take the numerical divergence of these two equations, first multiplying the
equations by the total depth. This is equivalent to

—m[HAj*l,k'l*HAik*l_HAj‘l"‘_HA’;k]

1
+ W[HBjd,k*l*HBjd,k‘HBjIﬁI'HB;',k] (30)

where HA=H"X(28), HB=H"X(29).
Diffrencing the vertically summed continuity equation by Leap-frog method gives

(™= oz v
2K At

H™ Q" jozkare=
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(Hu)b jores1+ (HU) ke 1= (HU) b1~ (HU) 2k

+ 2N 28x(k+1)
R z’i (Hv) .‘,j~1,ko1+(Hv2)A;,;%;:i)Hu) iik+1— (HU) ik 31)

where Ax(k+1) is the grid size between node k and node k+1 and Ay(j+1) is the
grid size between node j and node j+1. In the case of using depth-averaged equation,
the first term H"Q 112412 is neglected.

Using (31) in (30), get

—_— n+l__n-1
ezt""+ezx';,;1+elﬂcnw:"—elmRou;"=—xeavzn""+G+F——’JK—"Mr (32)
here e —LCHOUNE™)jerer+ CH"Oun'™) jeoy = CH"0un™) jyge= CH"0un’™) )
whnere Bx Ax(k+1) »
el [CH" ounE Y jorker+ (H"0nT ") jo = (H"0vnT ") jieo1 = (H"ovn? ") il
By = Ay(j+1) ’
. S (H oA Y jorker+ (H on? Y jeer- (H" on?" 1) jore- (H on? 1) i
n+l_ i
% - Ax(k+1) ’
. ;i;[H"un?'l)j.l,k.l+(H"un?"),-.l,k-(H"un?"),-,k.l—(H"un?"),-,k]
uy = Ay(j+1) )
n+1l n+l
Lo ——a—‘-‘—),qk.ﬁ(H"—"—),k.l e L
vl Ax(k+1)
n+l n+l
[H"'L;Ly—)ylk'ﬁ(H"—n—)plk (H"—TI—),,k'l (H"-a—u—"),;k]
3
Ay(j+1) ’
G- ey DL HG okt + (HO 1= (HGY g4~ (HO i),
-F=_Ay_(ljmzl:*i[(HF):jOI,kd'*(HF)Zj*l.k-(HF)gikol‘(HF):‘tj,k].
The corresponding equation in terms of ? and ? is
H Q' jovoxe 12 +82T B 0215, +81 H Rowr-81H Rouy= G+ F (33)
Subtracting (33) from (32) and using (23) and (26), get
AL L e el . W WY Lyt
LAURERLE 2KAt ' Ax(k+1) T ay(i+1) 3 kel
X+E _ n aT] A+E _ II n+l
Haxk+D) Ay(j+l) 85(H" 55 -3k Ay(_/+1) W3(H" 5V
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B LEE 5 n_07 \ne1 X+E 5 n_9TM \n+l
[ axtee D " e P o Vi I8y Gy ™ Taxtkr D) BT gy ik
X+E 3 n_0T \ne1l _ X+eE 3 n_0T \ns1
Ty D kD) 0 Ty i IR Gy T A 93 g ke
_ X+E ) n_3TM \ne1
(2 G D ™ otk B 5y ik (34)
where s,;k=-92¢1£;k-At(GchRo)ZZ‘l'ilf,‘;k, 5j,k=-Atﬁ1HcRoﬁz¢lﬁ;k+91HcRoZ‘:*ilf;k.
The diffrence forms for the water surface gradient terms are
al). _ M1k M 12k 2~ M el k- vt Tl -2 k-1/2 (35)
ax Ax(k+1)+ Ax(k)
an Ve = M jevzke /24N jeaeke-1/2~ N j- 12k 124 T j-1/2k-1/2 (36)
ay 'k Ay(j+1)+ay())

Equation (34) was solved by Point-SOR(successive over-relaxation) method. Equation
(34) is only for the interior grid points, away from all boundaries. Near a boundary, a
similar equation is derived: however, instead of using the summed horizontal
momemtum equations at the boundary points, the appropriate boundary condition is
used.

For the transport equation of temperture, the similar method with (18) was used for
differencing and the resulting tridiagonal matrix was solved by Thomas algorithm.

4) Stability Constraints

The differece method for advective terms and horizontal diffusion terms limits the time
step of circulation model. By neglecting vertical advection term, get the stability criteria
as

[R.(uotvo)l®at
4

At _ 1 -
’ sz s 4 (37)

<1

For the stability criteria of transport model of temperature, we can get by mutiplying
Pr to the left hane side for the second constraint of (37).

4. APPLICATION TO YEONG-KWANG SITE

The grid system for numerical computation were shown in Figure 4. The horizontal
grid size varies from 60m near the outlet to 1000m at off-shore boundary. There are
34X 41 rectangular meshes. The water column was divided into 5 layers equally ( Ag=
0.2) to resolve the vertical variations of currents and temperature. The water depth
(Figure 1) at every grid point was read from the hydrographic chart of this area. The
numerical time step for computation was determined as 20sec.

The initial condition was n=u=v=2=0 and the precomputation for 7, u, v, @ during 3
tidal cycles was performed before computing water temperature fields. The circulation
and water temperatures were computed for more than 10 tidal cycles to reach
quasi-steady state. The boundary conditions at the open boundaries were specified with
the tidal heights combined with 5 major consitituents ( M2, Sz, Ki, O1, N2) analyzed
from the tidal measurements. The outlet conditions were specified with the designed
discharge (2unitsX57.5 m*sec) and the excess temperature (82T). A value of

30 Watt/m%/C was chosen as the heat exchange coefficient.
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Figure 4 Numerical grid system of 3-D model

The vertical exchange coefficients, Ay and By (Officer, 1976) are determined as

Av = Awf(Ri) (38)
By = Bwg(R) (39)

where Aw is the vertical exchange coefficient of momentum under neutral state, Bw is
the vertical exchange coefficient of water temperature under neutral state, and f(R;)
and g(R;) are the stability fuctions respectively. Comparative evaluations for 5 stability
fuctions shown in Table 1 were conducted by Jung (1993).

Table 1 Examples of stability function

Researcher AR g(R;)
Munk and Anderson \-05 315
(1948) (1+10R;) (1+3.33R))
vamayev (1958)* e-0.4R1 e-O.SR:
Delft Hydraulic -15R; “30R:
Lab, (1974)% € €
officer (1976) (1+R)™! (1+R)?
Vreugdenhi 1% (1+30R) ™ 1.17(1+653R) ™"

* referenced from Leendertse and Liu (1975)

A three-dimensional model was applied to the heated water discharges into the
stagnant water with the same conditions with hydraulic experiments of Pande and
Rajaratnam (1977). The calculated velocity decay and temperature decay along surface
center-line were compared with the hydraulic experimental data set. The numerical
simulation results were not affected by the form of stability function but the exchnge
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coefficients under neutral state. In this study the stability function of Munk and
Anderson (1948) were adopted for the application to YeongKwang area. The vertical
exchange coefficients under neutral state are computed by Bowden et al. (1959) as

Aw=Bw=0.0025HU [4(1-0)0] (40)

where U is the depth averaged velocity.

To check the performance of the circulation model, the computed tidal currents at 5
layers were compared with the observations at St. C1 and St. C2 as shown in Figure
5.The velocity magnitude and the general trends of variations are in good agreements
with the observations. Figure 6 shows the distribution of computed tidal currents during
spring tide. In Figure 6, symbol * means the dried area of tidal flats. The tidal flats
were treated appropriately by the model. The basic concept for the treatment of tidal
flats is to consider as a land in the calculations when the water depth is less than
10cm. The flood and ebb currents far from the outlet flow parallel to the coastline.
Figure 7 shows the comparison of the spatial distribution of the excessive water
temperature with the field observations during a neap tide in the February of 1992.
General patterns of the thermal plume and excessive temperature distribution are in
good agreement with the observations. To check the simulation results qualitively, a
Landsat image (Figure 8) was analyzed. Figure 9 shows the spatial distributons of
surface water temperature in spring tide for the present case of 2 units operation. The
isolines of the heated water temperature are moved toward the northern coast during
flood tide, while they are turned toward the southern coast during ebb tide. Figure 8 is
a Landsat image at low water in spring tide, and the pattern of thermal plume is in a
good agreement compared with the compued results of Figure 9(a). In this area the
additional two units are under the construction. The change of excess temperature
distrbution by additional 2 units (totally 4 units) operation was predicted as shown in
Figure 10.

CALCULATED CURRENTS

(a)

CALCULATED CURRENTS

(b)
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6 12 24y 6 12 18 2y
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//w ¥ZL ///‘(/ 74
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Figure 5 Comparison of tidal currents at Cl(a) and C2(b) stations
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Figure 6 Computed currents at 3-layers during the flood(a) and ebb(b) cycles

in Spring Tide
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Figure 7 Comparison of the excessive temperature field during the flood(a) and
ebb(b) cycles in Neap Tide

Figure 8 LANDSAT TM image of the Yeong-Kwang coast on October 27, 1987
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Figure 9 Computed excessive temperature fields during the flood(a) and ebb(b)

cycles in Spring Tide
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Figure 10 Computed excessive temperature fields during the flood(a) and ebb(b) cycles
in Spring Tide for the case of 4-units operation (under construction)
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5. CONCLUSIONS

In this study, a three-dimensional numerical model with computational efficiency was
developed and applied to simulate the circulation and transport of heated water
dicharged from the Yeong-Kwang nuclear power plant of Korea. The model results are
in a good agreement comparing with the field obsevations. The tidal currents are the
major forcing factors to transport the thermal plume along the Yeong-Kwang coast of
the Yellow Sea.
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ABSTRACT

WWSM is a system for bringing seawater into a basin by using wave power. It

was reported from field survey that WWSM was able to exchange sufficient amount
of seawater and it was useful for purifying the basin water. In this report, the
authors proposed a method to plan WWSM regarding applicability, required
quantity of seawater inflow, layout of the submerged mound and training channels.
Moreover,a calculation method of deciding its structure and scale in order to
get enough amount of seawater inflow, was proposed.

Key Words: Water-intake works,Water Purifying

1.INTRODUCTION

In Japan, most of calm basins in fishing ports are used for live fish stock which
supply fresh and valuable fish to japanese people. Moreover these basins are
requested to be used for nursery culture before seed liberation. So improvement
and conservation of seawater quality in basins is increasing its importance.

In order to improve and conserve seawater quality in basins, it is necessary

to construct wastewater treatment works and training facilities which bring
clean seawater to basins. Training facilities are not always necessary at every
fishing port. But at the fishing port of which scale is small or medium and
seawater exchange efficiency is not so high, WWSM is effective. For bringing
clean seawater to a basin, it is economical to utilize natural powersuch as tide,
wind waves, internal waves. Some methods have been studied up to now, but almost
studies are about utilizing tidal power.
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Authors have been studying WWSM which is effective to exchfnge seawater by
utilizing wind waves even if wave height is relatively small . WWSM is composed
of a breakwater with training channels, a seawater pool, and a remote submerged
mound(Fig.1). Wind waves breaking at the remote submerged mound cause wave-set up
at the seawater pool between the breakwater and the submerged mound. So mean
seawater level at the seawater pool is higher than the one at the basin behind the
breakwater. And seawater flow from the seawater pool to the basin through the
training channels.
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Fig.1l Schematic drawing of WWSM

Layout and scale of the submerged mound, wave force acting on the breakwater,
and flow pattern in the basin have been investigated experimentally. Conclusions
of these studies are as follows.

(1)Quantity of seawater inflow canbe estimated by wave height.

(2)The impermeable submerged mound is more effective than the permeable one. Its
crown height should be nearly equal to mean seawater level. And its slope
should be 1/1-1/3.

(3)The training channels should be under seawater level not to increase
transmitted wave height.

- (4)Plural channels increase mixing seawater in the basin

By designing WWSM to satisfy these conclusions, improving seawater quality in
the basin becomes possible even if wave height is small.

Recently WWSM’s are constructed or under construction at several fishing ports
in Japan, for ‘example, Yokata fishing port (Toyama pref.), Oshima fishing
port, Sikanoshima fishing port (both Fukuoka pref.),and so on.

Field surveys were carried out at above three fishing ports. The outline of
field survey on Yokata fishing port is described later.

In this report, on the basis of these experimental studies and field surveys,
planning and design of WWSM are investigated for the purpose of improving
seawater quality in fishing ports and breeding fishes in a closed sea area.

Fig.2 shows the process of planning and designing WWSM.
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Fig.2 Flow chart of planning and designing WWSM




2. ESTIMATION OF PLAN SCALE AND ENVIRONMENTAL CONDITIONS
2.1 PLAN TARGETS

Planning targets for improving seawater quality are depend on how to use the
supposed area. For example, one is improving seawater quality and sediments

for fishing port environment, the other is improving or keeping seawater
quality to breed fishes and stock live fishes. The former is enough to consider
mean (long time scale) seawater quality. But the latter needs to consider more
severe conditions not to be below the survival limit in a short time. In case of
the closed nursery culture ground with embankments, scale and type of facilities
for improving seawater quality should be selected on the basis of not also
construction cost but also management cost.

Generally the planning condition is most severe environmental condition during
breeding fishes. Phenomena which may have possibility of improving sea water
quality by exchange seawater are as follows.

(1) Lack of dissolved oxygen (DO) for fishes

Lack of dissolved oxygen occurs from late spring to early summer when weather
is mild and aquatic organism become active, or from late summer to autumn when
dissolved oxygen decrease gradually. These Phenomena are related to biological
consumption and generation of oxygen, oxygen supply by seawater circulation
and oxygen supply from the surface which depend on wind speed.

Generally at a closed shallow sea , DO reaches saturation during day-time by
photosynthesis of phytoplankton. But DO is decreasing during night and reaches
minimum value at dawn. So severe status occurs at dawn on the next day when it
is rainy or cloudy and calm.

On the other hand, in a deep bay, seawater becomes stratified from spring to
summer because of decrease in salinity and water temperature rise at the upper
layer. So oxygen supply from the upper layer to the bottom layer is cut off,
and DO at the bottom layer reaches minimum value in early autumn.

Salinity of the seawater brought by WWSM may be high. And DO is also high be
cause wave breaking at the submerged mound will cause aeration. Possibility

of improving seawater quality by utilizing these characteristics should be
investigated.

(2)High seawater temperature ,or low seawater temperature

In a shallow sea, seawater is also easy to be heated and cooled. So troubles
on breeding fishes may occur because of severe seawater temperature changes.
Seawater is mainly heated by radiant energy from the sun -short wave radiation-,
and is cooled by radiant energy from the seawater surface to the atmosphere -long
wave radiation- and water evaporation energy which is in proportion to wind speed.

Short wave radiation depends on permeability of the sunlight which is changed
by the amount of clouds and humidity, and an angle of the sun. In case of

high seawater temperature, possibility of cooling seawater by bringing outside
seawater should be investigated. In case of low seawater temperature, we should
investigate possibility of heating seawater by bringing outside seawater.
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(3)rapid salinity reduction due to rainfall

Direct rainfall to the sea area, inflow from rivers and underground water
decrease seawater salinity. Seawater brought by external force, such as tide,
supply salinity to this area. Especially in the of rivers discharging this area,
salinity reduction is remarkable. In such cases, it is necessary to improve
efficiency of exchanging seawater.

2.2 METHODS TO EXCHANGE SEAWATER

Accordh?g to the Design manual of Facilities for Improving Coastal Fishing
Ground™’, "As natural forces, we can utilize tide, current, wind waves,internal
wave, wind, long-period wave, water oscillation in bay and so on. And We must
investigate these forces quantitatively." Wind waves are generally most powerful
of these forces, and tide is the next. But there are few methods to utilize wind
wave for exchanging seawater. Because wind waves are too irregular to utilize
their force easily (shown table 1).

Table.l Wave power and tidal power

Tide Wave

Wave height ~0.4m in the Japan Sea 0~10m,
0.5~3m in the Pacific Ocean | violent, variation

Prediction Regular variation with a Not predictable
period of half month because of irregularity
Displacement Long in shallow region Short, less than 10m
of a water
particle

Moreover, excursion length of water particle is calculated by eq.(1l) which is
derived under long wave condition. As an order of calculated value is only 1
meter, the effective region by only training channels is very narrow in comparison
with a fishing port or a nursery culture ground.

120 5. (@) 000 e (1)
H ; Wave height T ; wave period
g ; gravity acceleration d ; water depth

But in the case of the bay of which shape is similar to a suck, displacement
of a water particle is calculated by eq.(2)

1=H.T. (/) %/ (2. 7 )sin(2. 7 . x/L) —=mmmmmmmmmmmm e (2)

x ; distance from reflection phase
L ; wave length

According to eq.(2) excursion length of water particle will become short if
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longitudinal length of the bay is short. In such a case, it is possible to
increase exchanging seawater by constructing jetties and water-routes.

On the other hand, if we can change even small waves to flow, excursion length of
water particle will become long. So in a narrow sea area, wind wave will be
come effective force for exchanging seawater.

2.3 MAXIMUM SEAWATER INFLOW

Seawater inflow -Qin- by WWSM is depend upon wave height, tidal level, cross
section area of training channels and so on. According to ?uﬁ?ors’ exp%rb@ents
(fig.3), maximum seawater inflow by WWSM is about 1/5. (g.®H)"*.  "(g.H)"*"

is an index of overtopping rate. Qin can be calculated by eq.(3).

Qin=Cin. (g. Y2 e (3)
Cin=0.2.tanh(4.0.A/BH)
A; Cross section area of a training channel

B; length of a submerged mound
H; Incident wave height

0.3

T y=0.2-tanh(4X)

opgel

Yz

| ! 1 ]

0 0.2 04 0.6 0.8 1.0
X-A/BH

Fig.3 Efficiency of seawater inflow

If the submerged mound works effectively, seawater inflow will be 200m3/hour
every 1 meter of the submerged mound ,when incident wave height is 0.2 meter.
In such a case, Oxgen supplied by seawater inflow will be about 40 kg/hour. In
another words, seawater inflow by 1 mete{ submerged mound is equal to the
quantity of exchanging seawater in 2400m” sea area by tidal wave of which
amplitude is 1 meter. If incident wave height is 1 meter, seawater inflow is
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eleven times as much as the above case. At a nursery culture ground or an
aquaculture pond, assuming that difference between DO inflow and discharge is
2.0ml/1 and fishes can use 0.5ml/1 in 2.0ml/1 DO, seawater inflow by WWSM will be
good enough to breed 200-500 kg fishes,when wave height is 0.2m. But the capacity
should be actually estimated at about 100-250kg fish.

2.4 DESIGN WAVE HEIGHT

In a bay or a fishing port, sludge and sediments at the sea bottom have a

great influence on seawater quality. And wave energy change seasonally. So the
monthly mean wave should be adopted as the design wave for improving seawater
quality and sediments.

In a narrow sea area, seawater quality such as DO change every day. In case of
breeding fishes, it is important to investigate the hourly variation of seawater
quality. In general, DO is mainly consumed in the night and DO reaches minimum at
dawn. According to this phenomenon, the minimum wave in the night should be
adopted as the design wave. But the Japan Sea often continues to be calm for a few
days from spring to summer. Only seawater inflow by WWSM may not be able to
recover the lack of DO under such a calm condition. And minimum of useful wave
height to WWSM is about 20cm. If wave height continues to be less than 20cm for
a long time, countermeasures should be taken to recover the lack of DO. Some
countermeasures are as follows.

(1)While seawater inflow is zero, nursery culture grounds or aquaculture ponds
have enough room for DO consumption in order to keep minimum DO for fishes. In
another words, culture density need to be less than the standard.

(2)Aeration equipments or feeding pumps need to be prepared for DO supply to
nursery grounds or ponds.

(3)In order to restrain biological DO consumption, the amount of feed need to
be reduced.

3. REQUIRED SEAWATER INFLOW AND PLAN OF WWSM
3.1 REQUIRED SEAWATER INFLOW

Required seawater inflﬁw, for keeping seawater quality good ,is calculated by
balance equation on DO"'. From this equation, the equation on required seawater
inflow is as follows.

V.dC/dt-Q. (CO-C)+K1.R.V-K2. (Cs-C).A+K’1.C.A+(a 0-a1).V+k.Wb.N=0

V,A ; Volume and area of the supposed sea area

C,C0,Cs ; DO inside and outside of the supposed sea area, saturated DO

K1,K2,K’1; Coefficient of DO consumption, DO supply, and DO consumption at
the sea bottom

R ; Biological oxygen demand

Q ; Seawater inflow

a0,al ; DO consumption and DO production per unit volume in the sea
k ; DO consumption rate by fishes per unit weight

Wb,N ; Weight of fish, number of fish

t ; Time
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Every term shows DO variation rate, DO supply from outside by seawater inflow
Q, DO consumption and supply underwater, DO consumption at the sea bottom, DO
consumption by plankton and DO production by phytoplankton, and DO consumption
by fishes.

Planning conditions at a narrow sea are as follows.

(1) wind speed is equal to zero.
(2) DO variation is independent of time

And C is replaced with C* that is required DO in eq.(4). So eq.(4) is
simplified as follows.

Q=K1.R.V+K1.C.A+@0.V+k.Wb.N/(CO-C*) ==—m—mmmmmmmmmmmmeem e (5)

This equation is based on the assumption that DO is homogeneous , and this
phenomenone is stationary. In order to know DO distribution , numerical
simulation, such as box model and finite difference equation, need to be used.

In order to decide required seawater inflow on the basis of required DO, DO
consumption rate must be observed in the field. But in case of closing sea area,
giving baits to fishes or exchanging seawater, the environment of the sea area
change rapidly. For this reason, it becomes hard to estimate DO consumption rate.
For examples, floating seaweed with seawater inflow was brought to the nursery
pond ,in which flounder juveniles wrere stocked, and the seaweed sunk in that
pond. Under such condition, DO consumption rapidly increased. On the other hand,
seawater inflow by WWSM might purify sediments in Sikanoshima fishing port
(Fukuoka pref.), and the severe DO reduction in the night have never occurred
since WWSM was completed.

Assuming that DO consumption and supply is equilibrium, oxygen required to
decompose organic matters brought into the sea area, is supposed to be multi
plier of useful DO=(DO in seawater inflow)-(necessary DO for the sea area) and
seawater inflow.

Proteinic matter such as plankton is decomposed to carbonic acid gas and nitric
acid by oxygen. In this process, oxygen need 1.24 times as much as protein. So
feed for fishes need the same amount of oxygen supply. For example, assuming that
weight of feed in a day is equal to 5% of fish weight and useful DO is 5mg/1,
required seawater inflow in a day is calculated as follows.

1,000,000g x 0.05(g/day)/5(g/m)=10,000(m’/day)

Pollution sources are feed, filthy water, organic matters in sediments and so
on.

3.2 SEAWATER INFLOW

Seawater inflow can be calculated by eq.(3) ,if the submerged mound is im
permeable and its crown height is equal to mean seawater level. In this sec
tion, authors proposed a method of calculating seawater inflow in case of
tide level changing and the permeable submerged mound.
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Fig.4 Explanation on method to calculate quantity of seawater inflow

WWSM is hydraulically composed of three parts which is the submerged mound, the
inlet and the outlet (show fig.4). Wave-setup 4h generated by wave breaking at
the submerged mound is divided to three above part Ahl,4h2,4h3.

Ah=Ahl+Ah2+4h3 —mmmmmmmmmmmmm e (6)

Applying the formula on the submerged sluice gate” to relationship between inflow
Q and 4hl, the equation is as follows.

Ve -— (7)

Q=(C1.h1.B).(2.g8.4h1)

hl,h2; sea level at front edge and end edge of the submerged mound
Cl ; Coefficient of inflow rate
B ; length of the submerged mound

From the results of experiments on impermeable submerged mound, Coefficient of
inflow rate is calculated by eq.(8).

h2/h1<0.71  C1=0.32
h2/h15>0.71 c120.45.h2/hl  ==—=====mmmmmmmmmmmmmmmm—e—————— - (8)

Relationship between Ahl and flow rate Ql is calculated by eq.(9).

Ahl=1/ {2.g(cl.n1.B)%} .Qi’=R1.Q1? ————-———- - — (9)
R1 ; resistance Coefficient

In case of the permeable submerged mound,_return flow in the submerged mound

831



exist. It is calculated by eq.(10)

Q0=(C0.hd.B). (2.g. 4ho)* e (10)
co=(2. gm)™  e— (11)
83 B0(1-1)/(A%.d)

£0; 2.2

Im; width of the permeable submerged mound
A ; void ratio(=0.4)
d; diameter of stone

So relationship between head loss 4hO and resistance in the permeable mound
is as follows.

4h0=1/ {2.g.(CO.hd.B)?} .Q0%=R0.Q0}  —mmmm e (12)
Head loss 4h2,4h3 at the inlet and the outlet are calculated by eq.(13),(14).

Ah2=1/ {2.g. (C2.A)"} .qQ2 =R2.q2! S — (13)

Ah3 =R3.Q2? e (14)
The relation ship between 4hl,4h2,4h3 is shown schematically fig.3. So in

flow Q1 above the submerged mound is divided into effective inflow Q1 and
return flow QO.

Q1=Q2+Q0 e (15)
Ah2+4h3=(R2+R3).Q2"=R0. QO'=Ry,q . Q1 e e e (16)
Substituting eq.(16) for eq.(15), coupled resistance Coefficient R is
derived as follows.
l/Rm,01/2 =1/(r2+R3) 241 /R0 O (17)
Rygot  =(R2+R)L R0/ ((ro4r3) 0!y (18)

So total resistant Coefficient R is expressed eq.(19)
R=R1+RHL0 e e e e e (19)
Q1*=4n1/R ————— (20)
Substituting eq.(19) for eq.(9), eq.(20) is derived.
4h1=R1.Q1t=(R1/R) 4h NE—— (21)
From eq.(6), eq.(22) is derived.
AhZ+Ah3=(R2+3‘0/R).Ah S R S R e S S e (22)
So seawater inflow can be calculated by eq.(23).

Q2= { (Ryy /R). b/ (R2+R3)} 1/ e e (23)
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(Case of permeable submerged mound)
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Fig.5 Flow-chart to calculate seawater inflow




Wave-setup at the seawater pool can be éalculated by eq.(24).
Ah=0.49. (HO’-hc)
Ah=0 HO0"<0.78.h &r he<-H0' = == meeee (24)
HO; equivalent deepwater wave height

Using these equations, seawater inflow can be calculated (shown fig.5). Fig.6

shows the comparison of calculated inflow and experimental one. From this figure,
this method is sufficiently applicable.
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Fig.6 Comparison of inflow between in calculation and in experiment
In authors’ experiments, regular waves are used as external forces. So it is
necessary to convert irregular wave height to regular wave one. Relationship
between regular wave and irregular one is as follows.

HO’=0.66Hs e (25)

Hs ; significant wave height

In case of wave not acting normal to WWSM, length of the submerged mound should
be corrected to its length normal to wave direction.

3.4 TRANSMISSION COEFFICIENT

For ensuring seawater inflow at a wave height, there is some choices in
designing the submerged mound and the training channel. For instance, one is
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to design a short submerged mound and a large training channel, and the
another is to design a long submerged mound and a small training channel. For
designing WWSM, it is important to estimate transmitted waves. From authors’
experiments, transmission Coefficient is about 0.15-0.3 (shown fig.7). Trans
mission Coefficient is depend upon cross section of the inlet and depth of the
inlet, height of the submerged mound, incident wave period and height. Trans
mission Coefficient is calculated by eq.(26), (27). Eq.(27) is for WWSM having
plural training channels.

A T=1Lbs.  T=22s
678 2
0.3+ s 100 & -
P L = 5
- 2
Hi/Hg
0.2+
01T
1
0 7
Fig.7 Wave transmission coefficient in WWSM
Eisgt, (B8 =000 e (26)
PRt P E 0000 e (27)
b0 ; Width of a training channels
1 Length of a submerged mound

r ; Distance from the end of training channel
; Transmission Coefficient at the end of training channel(shown fig.7)

In case that the ratio of b0 and 1 is 0.1, averaged transmission Coefficient
is less than 0.1. For fishing port, small transmitted waves is better. But
transmitted waves are sometime useful to removed sediments such as sludge, silt
and baits sunk.

4. LAYOUT PLANNING

4.1 POSITION OF THE SUBMERGED MOUND

Position of the submerged mound should be decided from the following points.
(1)Incident wave height is big enough to get required seawater inflow by the

submerged mound when seawater quality becomes worst in the fishing port or the
nursery culture ground.
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(2)The submerged mound is normal to incident wave direction.
(3)Sediment transport is a little at the submerged mound.

(4)Depth at the submerged mound is larger than double the design wave height
which is not for its stability but for its function.

(5)The sea bottom is stable.
4.2 SUPPLEMENTAL FACILITIES TO THE SUBMERGED MOUND

If incident waves is too big, velocity of seawater inflow will be too large,
and transmitted wave will be too big. So countermeasures to control inflow and
transmitted wave are necessary. One of them is a remote submerged mound in front
of the main submerged mound for reducing only big waves.

If incident wave height is not enough big, it is necessary to plan following
supplemental facilities in order to strengthen the function of the submerged
mound.

(1)Jetties

Two jetties are in front of the submerged mound for concentrating incident waves.
Their angle to wave direction is about 25 degree. But they are unsuitable in case
that wave direction often changes. The amplification ratio by them can be
calculated by eq.(28).

oty S S —— (28)

H ; Wave height in front of the submerged mound
H’; Wave height in front of jetties

B’; Distance between front edges of jetties

B ; length of the submerged mound

(2) Submerged mound in shape of lens

This is in front of the main submerged mound for concentrating incident waves
by using wave refraction. To amplify wave height to double, its length needs
at least four times as long as the main submerged mound length.

4.3 INLETS

Outflow from the inlet diffuse at an angle a (tana=1/4) to flow axism).In
the case of one inlet, velocity reduction along flow axis is not so large,
and outflow reaches relatively in the distance. But circulation flow and dead
water region is generated.

On the other hand, in the case of plural inlets, flow diffusion is large, and
velocity reduction along flow axis is relatively large. From authors’experiments,
scale of flow diffusion by two inlets ,of which distance is 10 times as long as
the inlet width, is double the one by only one inlet.

So in case of planning plural inlets, it is necessary to estimate the extent of
flow diffusion comparing with scale of the supposed sea area.
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When stormy weather, nets of cages in the sea area are fluttered by strong
current. This phenominone is inconvenient to cultured fishes in cages. In a
fishing port, current speed at the quay wall, which is against the inlets,
should be less than 1.0m/sec for fishing ?ﬁat moored at this quay wall.
Velocity of jet is calculated by eq.(29).

I8 711 o T S — (29)

Um ; velocity at the supposed point

U0 ; velocity at an inlet

b0 ; width of an inlet

X ; distance from an inlet to the supposed point

If inflow velocity, or transmitted wave height exceed the limit value or a
large amount of sand with inflow is brought through this facility, it is
necessary to take countermeasures such as a gate.

4.4 OUTLETS

For a fishing port, an outlet of WWSM is just equal to fishing port entrance.

But for a nursery culture ground or an aquaculture ground, layout of an outlet
is very important to get enough seawater inflow effectively. Layout of an out
let should be decided from considering the followings.

An outlet should not be against wave direction. If outflow velocity against wave
direction is large, wave height will become large because of the interaction
between outflow and wave, and wave breaking may cause wave-setup at the outlet.
So sea level difference between the inlet and the outlet will be reduced and
" inflow from the inlet may be almost zero.

5. THE OUTLINE OF THE FIELD SURVEY AT YOKATA FISHING PORT
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Fig.8 Position and plan of Yokata fishing port



Authors carried out the field survey on WWSM constructed in Yokata fishing
port cooperating with the Toyama city office in 1991. Yokata fishing port is
located in Toyama prefecture as shown fig.8. This fishing port is up to now
under construction for its enlargement, and live fish stock in its new basin
is planned. For this reason, WWSM was constructed with the main breakwater in
1990 (shown fig.9,10). Incident waves, sea level variations at the sea water
pool, velocity in the training channel were measured from Dec. 4th to Dec.
22th in 1991.
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Fig.10 Cross section of WWSM



Fig.11 shows variations of the tide level, incident wave height (significant
wave height) and mean inflow velocity. In this figure, the dashed line is the
level of the submerged mound crown. Maximum incident wave height was 1.5m at
1:00 Dec. 19th and maximum velocity was 1.2m/sec at the same time.

From this figure, it is found that inflow velocity is closely related to incident
wave height. But, although incident wave height was nearly constant 0.6m from
18:00 Dec. 19th to 13:00 Dec. 20th, inflow velocity changed 0-0.6m/sec.
Comparing the tide level with the level of the submerged mound crown in this
period, it is clear that inflow velocity became large at the time when the tide
level was nearly equal to the level of the submerged mound crown. On the other
hand, inflow velocity reduction was great when the tide level was below the

submerged mound crown. So inflow velocity is also depend upon the tide level and
the level of the submerged mound crown.

Fig.12 shows the comparison between measured velocity and calculated one by
using the above mentioned method. Measured velocity almost agree with calcu
lated one. So authors’ method is enough applicable to prototype.
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Fig.11 Variations of tide level, wave height and inflow velocity
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6 . SUMMARY

Authors proposed the method of planning and designing WWSM, such as its scale
for requested seawater inflow, layout of submerged mound, training channel and
outlet,and applicability to purifying seawater in a fishing port. Moreover
WWSM may have applicability to improving seawater quality in the bay which is
much larger than a fishing port.

Hereafter, authors will investigate countermeasures in case that tide
amplitude is large, because the performance of WWSM is sensitive to the tide
level.
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ABSTRACT

Penang Harbor, located at the northern most enterance point of
the Malacca Straits is historically one of the oldest and largest
port in Western Peninsular Malaysia. The paper will discuss to
what extent the port is polluted due to its activities hand-in-
hand with other impacts and inputs, arising as a consequence of
human activities in the vicinity, in conjunction with its
hydrography. Heavy metals, PCBs, pesticides as well as
hydrocarbon contamination will also be considered in related
areas. Microbial contamination in oysters, the green-Tipped
mussel, etc., in relation to age dependence will also be
pondered. '

Words: Water Quality, Penang Harbor, Biological Impact,
Pollution.

1. INTRODUCTION

Penang harbor, situated within the Northern and Southern Channels
accommodates the pressure of been the second most busiest
international waterways in the world - the Malacca Straits. The
Straits of ca. 1,000. Km in length is plyed by ca. 3,000 vessels
daily out of which a majority of them call in Penang Harbor. The
Penang Harbor, is so contained whereby it is engulfed by the
Swettenham Pier, Butterworth’s Container Wharf, Prai Industrial
Estate, Prai Electric Plant, The Penang Free Trade Zone, etc.,
inclusive of vast inputs from municiple solid and Tiquid
discharges together with river inflows from the Sungai Pinang,
Sungai Prai, Sungai Juru and Sungai Jelawi.
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As a forerunner, the volume of vessels arriving at the Penang
Harbour in 1992 were as follows: container carriers; 715 (GRT -
4,537,902) lash; 6 (GRT - 115,691), roro; 77 (GRT - 265,433),
naval vessels; 90 (GRT - 379,190), passenger vessels; 81 (GRT -
456,825) oil tankers; 585 (GRT-2,329,391), other tankers; 268
(GRT-1,515,791), dry bulk carriers; 333 (GRT-3,070,476), others;
2,442 (GRT-5,240,662) and emergency vessels (=75 GRT); 1,669
(GRT-227,299). Hence, the total tonnage handled by the port in
1992 amounted to 18,138,660 GRT. In conjunction with this, the
Penang Ferry System carried 7,412,917 passengers, 185,974
bycycles, 2,597,107 motorcycles, 983,470 motorcars, 186,057
Jorries, 154 goods items etc., and issuance of tickets amounting
to 19,670 for the same year using 6 new and 2 old ferries. The
ferry systems by itself had an income of ca. RM 12,434,903/- in
1992. Based on the above, it is evident that the port is heavily
taxed with traffic.

2. HYDROGRAPHY OF PENANG HARBOR

The port of Penang between the Ferry Terminal and the island is
ca. 1.7 nautical miles. The depth of the port varies from 6
meters to 28 meters. The Northern Channel is located between
longitude 100° 21’E, latitude 5% 25.2 ‘N. In this connection6
the Southern Channel is between Tongitude 100° 20’E, latitude 5
5.5'N and longitude 100° 11’E latitude 5° 5.5’N and Tongitude
100° 11'E latitude 5° 16’N. This topographical layout is as
indicated in Figure 1.

The diurnal tidal and seasonal salinity variations in the straits
of Penang are as indicated in Figures 2 and 3.

Since large amounts of sediments are brought into the Straits by
the Kuala Muda in the tune of 500 tons/yr, 50% incident light is
absorbed in the first meter resulting in very little penetration
at 9 meters depth (Figure 4).



—

Figure 1. Physical features of the Penang Harbor between the

Northern and Southern Channels

The Straits of Penang harbour are relatively shallow covered
extensively with mudflats stretching North to South. The Great
Kra Flat in the Southern Straits is formed by silt deposition
contributed by the Krian, Muda and Tengah rivers of the
mainland. Most parts of the Straits are shallow under 3 fathoms
(6 m) at Spring low tide. The North and South Channels are
between 4 - 5 fathoms (8 - 10 m) whilst near the deepest part of
the Straits near the Ferry Terminal 11 - 14 fathoms (22 - 28 m).
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Figure 3. Seasonal variations in salinity in the Straits of
Penang

Based on figures 2 & 3, it is obvious that the harbour
experiences a daily diurnal tidal system which is normal to this
region and is not one of any pecularity. In addition, the
salinities are lowest between the months of April to December
probably due to the fact in large inputs of fresh water from

adjacent rivers as a consequence of the rainy seasons prevailing
at this time of the year.
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Figure 4. Actinic 1ight penetration in the Straits of Penang.

Figure 4 illustrates that at Teast 50% of the incident light is
absorbed in the first 1 meter, while in the Western Channel > 90%
at a depth of 3 meters. In comparison, this is ca. 80% in the
Southern Channel. Take note, too, that at 9 meters depth
relatively little light is detected. Hence, the waters in the
Western Channel are much turbid than that of both the North and
South Channels.
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On a similar basis the tidal current characteristics at the
Western Channel of the Straits over a complete tidal cycle are as
illustrated below. ’

0.4
‘ 4
02
*
K'o.s
¥
i /v ¢
¢ 2
100 1800 1900 2300 000 0300 0900

TIME IN HOURS

Figure 5. Tidal characteristics of the Western Channel

It is apparent that the Straits of Penang experiences a semi-
diurnal tidal pattern with a Mean High Water Spring (MHWS) at 2.5
m, Mean High Water Neap (MHWN) at 1.8 m, Mean Low Water Spring
(MLWS) at 0.6 m and Mean Low Water Neap (MLWN) at 2.3 m. Water
flows into the Straits from the North at rising tide and recedes
in the opposite direction. In the Western channel, where it is
rather shallow at the centre, i.e. 6 - 10 m, there is no counter
current.  The water mass moves in one direction generated by
tidal current and changes direction twice a day in a tidal cycle.



The isothermal distribution in the Straits of Penang are as
indicated below, while the Port area is between 30 - 31.59¢.

Figure 6.
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Isothermal distribution in the Straits of Penang.
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No distinct diurnal variation in water temperature of the Penang
Channels was observed though a slight drop of 0.5°C to 1.0°C was
detected for surface waters during the night and early morning
hours. The observable maximum range of water temperature within a
day is 1.4°C at the surface while below 1°C at bottom waters.
Nevertheless, throughout the whole year the maximum and minimum
water temperatures recorded in the Straits of Penang was 32.1°C
and 27°C, respectively, deriving an annual range of 5.1°C. The
annual mean water temperature is 29.5°C. There is evidently a
significant seasonal variation in water temperature in the
Straits of Penang demonstrating two periods of high temperatures
in the months of June and January /February. On the contrary, a
slight drop of mean temperature is recorded during April and a
dramatic decline noticed at the end of the year, i.e.
November/December months when the temperature drops to below
28°C. This seasonal trend is rather consistent.

The vertical stratification of temperature of the water mass in
the harbour is not detected. The fluctuation in water
tempergture between the surface and bottom is within the region
of 1.1%C.

On the whole, the distribution variations of isotherms of surface
waters at the Straits of Penang overall is small though
interestingly a slight lTower temperature is recorded at the North
Channel, i.e. 299C - 30.5°C, while a slightly higher temperature
in the vicinity of Penang Harbour and the South Channel, i.e.
30.5%C - 31.5°C.

On a similar basis Figure 7 illustrates the DO (cc/1)
distribution in the Straits of Penang.



Figure 7.

L oo e
DO distribution in the Straits of Penang.
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The dissolved oxygen content in the Straits of Penang is usually
well above 3 cc/L, which is about 58% its saturation. In most
cases, the dissolved oxygen content fluctuates within the region
of 3 cc/L and 5cc/L, i.e. ranging from 58% to 100% saturation.

Regarding surface dissolved oxygen content in the Western
Channel, it fluctuates in the region of 20% between the highest
and lowest values. The oxygen content is higher during daylight
as compared to darkness as a consequence of photosynthetic
processes.

The mean monthly surface dissolved oxygen content in the
Straits is well above 58% saturation while in the Western
Channel it varies from 3,87cc/L to 5.84 cc/L. Further, it
demonstrates a seasonal trend, being high in the months of
May/June and hence decreasing slightly to 3.5 - 4.0 cc/L in the
months of July/August. The dissolved oxygen content increases
again after September and reaches peak values of 5 - 6 cc/L in
November/December while dropping again to 3.8 - 4.0 cc/L in
March/April.

In general, the horizontal distribution of surface dissolved
oxygen content in the Straits of Penang, especially in the North
Channel and the harbour Timits are fairly uniform, i.e. in the
region of 4 - 4.5 cc/L. It is interesting to note here that the
dissolved oxygen content in the Great Kra Mudflat is slightly
lower ranging between 2.5 cc/L to 3.5 cc/L. However, in the
South Channel proper near Pulau Rimau, the dissolved oxygen
content is much higher, i.e. 5 cc/L.

Maximum B.0.D. value in the Straits of Penang is 4.36 cc0,/L,
near the Ocean Sewage Outfall, while the lowest is 0.18 cca /L
at the North Channel. The average B.0.D. value being 1.84 cc
OZ/L. It is noted that the B.0.D. value is rather high in the
Penang Harbour between latitudes 5° 20’ and 5° 25’, along the
eastern end of the Great Kra Mudflat and river mouths. This is
relatively lower in both the North and South Channels proper.

Taking into consideration of the large phosphate (P04; 2.37 mg-
at-P/L) and possibly high NO3 (12.39 ppm) input from the sewage
outfall at Jelutong, Fggures 8 & 9 demonstrate the phytopigmegt
(highest; 25-50 mg/m°) and zooplankton (0.28 - 1.2 g/m°)
distribution patterns in the Straits of Penang, respectively.



Figure 8:
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Distribution patterns of Chlorophyll -a in the Straits
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High concentrations of Chlorophyll-a has beeen recordeg along
the Straits coastline, with a value usually above 2 mg/m”. The
water columns between the Ferry Terminals, Middle Bank and the
Prai River mouth arg high in Chlorophyll-a content in the region
of 3.85 - 7.82 mg/m°. This enriched phytoplankton characteristic
extends further along the coast of Province Wellesley spreading
over the adjacent mugflats where the highest concentrations range
between 25 - 50 mg/m®. In the North Channel the average is lower
than that of the South Channel. However, lower concentrations
are recorded for deeper parts of the Straits. Disregarding
nanoplankton, the bulk of the phytoplankton from the Straits of
Penang consist of diatoms, dinoflagellates and blue-green algae.
Diatoms are by far the Tlargest group, consisting of 49 spesies
belonging to 24 genera. Additionally, 7 genera and 15 species of
dinoflagellates and 2 genera of blue-green algae are detectable
in the straits.

The average standiqg crop of zooplankton in the Straits ?f in the
region of 0.64 g/m°>. Its biomais varies frq? 0.28 g/m> - 1.20
g/m°> by net weight and 0.31 ml/m° - 4.59 ml/m” by volume. High
standing crop is recorded between Penang Harbour and the Middle
Bank, Juru River mouth, Great Kra Mudflat southwest of Pulau Awam
and along the Northern beaches of Province Wellesley. A high
standing crop is also recognizable south of the Muda River mouth.
On the whole, the zooplankton standing crop is higher in the
North Channel as compared to the South Channel. Over 80% of the
zooplankton population belongs to the order of Crustacea, which
constitutes the most important group of planktonic forms in the
Straits environment.

3. HYDROCARBON CONTAMINATION IN THE STRAITS OF PENANG

Hydrocarbon content in the harbor (= Glugor Naval Base) ranges
between 30 - 50 ug/1 as compared to that in Teluk Bahang; 10-80
ug/1 and Teluk Kumbar; 70 - 120 ug/1. These values in comparison
to the East Coast are fairly low:- Bachok; 90 ug/1, Dungun; 70-80
ug/1, Kota Baru; 110 ug/1, Kuala Besut; 40 - 80 ug/1, Kuala
Trengganu; 50-70 ug/1, Marang; 70-130 ug/1, Rantau Abang; 30-50
ug/1 and Tumpat; 50-70 ug/1.
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4. MICROBIAL CONTAMINATION IN THE STRAITS OF PENANG

While most adjoining rivers of the Straits of Penang funnel lots
of microbial flora into it besides other sources, there is still
prevalent of one culprit, which is the 40 year old Jelutong Ocean
Outfall-constructed during the colonial days - flowing into the
Western Channel bringing into the waters of the harbour ca. 60%
of Georgetowns untreated raw sewage. The biochemical
characteristics of this sewer is as indicated in Table 1.

Table 1: Biochemical characteristics of raw sewage discharged at
the Jelutong Ocean Outfall.

Parameters Values
Moisture Content 99.95%
Org. Matter 0.04%
Inorg. Matter 0.01%
pPH 7.05
Daily Disch. Vol. 16.75 x 106 Gal.
BOD / Day 6.3 x 109 ppm.
COD / Day 1.1 x 1O2 ppm.
Nitrate 12.39 ppm.
NH3— N 8.01 ppm.
Total - P 2.32 ppm.

The coliform, E. coli, total aerobic and tal spore_formers
cognts (/100m1)3of the dischare are, 4.9 X 10/, 1.6 X 107, 1.3 X
10® and 2.3X10°, respectively. Further, it harboured in 250 ml
ca. 2,375 eggs of Ascarus Tumbricoides, 308 eggs of Trichurus
trichura, 108 eggs of hookworms and 50 eggs of Toxocora canis.
The precise bacterial composition of the discharge (log MPN/100
ml) itself is: -£. coli; 10.1 + 0.8, Klebsiella sp.; 8.6 + 0.4,
Shigella dysentriae; 6.5 + 0.8, Salmonella paratyphii A; 7.3 +
0.7, Vibrio parahaemolyticus; 8.1 + 0.2, Vibrio alginolyticus;
8.5 + 0.4, Vibrio vulnificus; 6.2 + 0.9, Vibrio cholerae; 5.2 +
0.3 and Flavobacterium sp.; 7.8 + 0.2. As an input of this
microbial flora the composition of them in adjacent waters as
compared to a clean area is indicated in Figure 10.
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Figure 10: Microbial composition of coastal waters adjacent to
the Ocean Outfall

As a consequence of this it has also been noted that the f' coli
counts in the port ranged betwegn 4.1 X 105 - 2.3 X 10° counts
/100 m1 while coliforms 1.5 X 10° - 7.1 X 10° (Figure 11).
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Figure 11. Comparative microbial contamination of waters in the
Port to those around the island.

The impact of these microbial contaminants on oyster spat
settlement are illustrated in Figure 12. Here it is noticeable
that the oyster spat settlement at the Port is only 900 as
compared to that in the clean shores of Muka Head where the
number is 3,300.



Figure 12: Oyster spat settlement in relation to microbial
contamination.
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As illustrated in Figure 10 it is obvious that the waters in the
vicinity of the Ocean Outfall within the Western Channel of the
Straits of Penang harbours 10 species of bacteria, which on
comparion of those in waters of Teluk Boon Siew on the
northeastern side of the Island of Penang is several folds in
number. Further, the bacterial species of Shigella dysentriae
and Vibrio parahaemolyticus are not existent in waters of Teluk
Boon Siew. This high density of pathogenic bacteria in waters of
the vicinity of the Ocean Outfall could posssibly be the
causative factors for both "red boil" fish-disease in adjacent
mariculture farms as well as the human community in the

surrounding shores demonstrating a high intensity of cholera,
dysentry and thyphoid cases.

Comparison of the microbial contamination in waters around the
IsTand of Penang, reflects that the Northern Channel areas where
the Penang Harbour exists has_the highest coliform count of 7.1.
x 10° and £. coli of 2.3 x 10°. In contrast, the cleaner wgters
of Muka Hfad i]]ustratgg figures in the tune of 7 - 7.5 x 10¢ and
0.3 x 10 - 3.9 x 10°, respectively. All in all, Figure 11
evidently transpires the fact that the waters of the Port area is
highly contaminated with microbes. In conjunction with this, the
prevalence and survival of rock oyster spats in the rocky shores
of the harbour are the least i.e. 900/sq. meter, as compared to
the clean waters in the northeastern side of the island which
harbours the Tlargest amount of spats, i.e. 3,300/sq. meter.
Nevertheless, the southern waters of the Island had the least
amount of oyster spats, which could be accountable due to the
large input of piggery muck from adjacent farms. The small
amount of oyster spats in the Port area could be a cumulative
effect of both microbial numbers as well as the impact of
tributyltin. At this juncture, it should be noted that data on
the content of tributyltin is yet to be decifered.

Pending on age these microbial contaminants in mussels (Figures
13 & 14) and oysters (Figures 15 & 16) convey the message,
explicitly for each species along with harvesting locality.
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Figure 13: Variation in microbial flora in the green-lipped
mussel, Perna viridis Linnaeus, from the Port area.
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Figure 15: Variation in microbial flora in the rock-oyster,
Saccostrea cucullata BORN, from the Port area.
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Figure 16: Variation in microbial flora in the rock oyster,
Saccostrea cucullata BORN, from Teluk Aling, a clean
area.

Under these considerations Figure 17 demonstrates the microbial
flora distribution in parrot-fish, Liza dussumieri, from the Port
area.
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It is noticeable in both Figures 13 & 14 that the microbial flora
of E. coli, Klebsiella sp., Vibrio sp., Pseudomonas sp.,
Neisselia sp. and Micrococcus sp. exist commonly in the green-
lipped mussel, Perna viridis L., harvested from both Tocalities
of the Port area as well as Teluk Aling. However, the ratio in
distribution of MPN/gm is ca. 2 folds in samples from the Port
area. With age, too, it is explicitly noticeable that these
microbial flora are least in number in the age groups of 7.5
months, indirectly transpiring the fact that 1in general the
harvesting months of these organisms should fall at this age when
it is Teast contaminated.

With regard to the rock-oyster species, Saccostrea cucullata
BORN, the samples from the Port area harboured 9 species of
bacteria, viz. E. coli, Klebsiella sp., V. parahaemolyticus,
Vibrio sp., Neisseria sp., Pseudomonas sp., Corynebacterium sp.
and Micrococcus sp., while those from Teluk Aling only £. coli,
Klebsiella sp. V. parahaemolyticus, Vibrio sp., Pseudomonas sp.
and Achromobacter sp. (Figures 15 & 16). It should be noted
that samples from the Port area harboured no Achromobacter sp.
Almost identical to mussels, the intensity of bacteria in samples
from the Port area are 2 fold, while the Teast bacterial counts
at both sites prevailed at the age groups of 10.5 months.

In Figure 17, the distributional patterns of microbial flora in
parrot - fish, Liza dussumieri, from waters of the Harbour
indicate the non-existence of them in finfish meat, while in the
skin; E. coli, Neisseria sp., Pseudomonas sp., Salmonella sp.,
Shigella sp., Vibrio alginolyticus, V. parahaemolyticus and
Vibrio spl., in the gills; all the above exceptinp Neisseria sp.,
Shigella sp., V. parahaemolyticus and Vibrio sp.” and harbouring
additionally Streptococcus faecalis and Micrococcus sp., and 1in
the intestines; all thf above mentioned species inclusive of
additionally Vibrio sp.“. This reflects the high intensity of
contamination by bacterial species in finfish from the Harbour
area.



B

PCBs AND PERSISTENT PESTICIDAL CONTAMINATION

Although the levels of PCBs and persistent pesticidal residues
were not detectable in water samples the levels of PCBs (KC -

400)

Pinctada
and mussels;
Perna
while no p,

mentioned previously,

99.9 -

p’DDD was detected.

599.9 ppbs.

in Anadara granosa ranged between 174.45
Barbatia bicolorata; 472.25 ppb, Atrina vexillum;
vulgaris; 467.25 ppb, Saccostrea cucullata; 461.57 ppb
In the green-lipped mussel,
viridis L., p, p’ - DDE ranged between 3.69 - 17.38 ppbs
In other shellfish species,
these contaminants were absent excepting

335.31 ppbs,
519.79 ppb,

cockle samples from Batu Maung with a p,p’DDE content of 9.24

ppb.
Table 2: PCBs and persistent peoticides in the green-lipped
mussel.
Locality Date Species pp’-DDE*  pp'-DDD* 1DDT® PCBs* Source
(KC—400)*
Malaysia (present study)
Weld Quay (old pier) Perna viridis 12-46 ND 12-46 400-9  This study
Marine Depot Perna viridis 17.38 ND 17-38 4423 This study
Permatang Damar Laut Perna viridis 3-69 ND 3-69 99-9  This study
Batu Maung Perna viridis 1715 ND 17-15 480-7 This study
Gertak Sanggul Perna viridis 1617 ND 16-17 495.9  This study
Pulau Jerejak Perna viridis 10-12 ND 10-12 599-9 This study
Singapore (present study)
Ponggol area Perna viridis 711 ND 7-11 170-4 This study
Selatar area Perna viridis 8.12 ND 8-12 2569 This study
Serangoon area Perna viridis 7-82 ND 1-82 139-8 This study
USA (west coast) 1976
Bogeda Head Mytilus californianus 17-34-6 7-23 NG 10-50 Goldberg ef al. (1978)
Tillamook Bay M. edulis <3-11 <2-44 NG 9-25 Goldberg et al. (1978)
San Pedro harbour M. edulis 330-17000 150-<1200 NG 440-8700 Goldberg ez al. (1978)
Puget Sound M. edulis <2 <2 <4 41 Goldberg et al. (1978)
San Diego harbour M. edulis 29-517 NG NG 360-1400 Goldberg e/ al. (1978)
USA (east coast) 1976
Narragabsett, Rhode Island mussel 25-6-37-2 NG NG 281-626  Goldberg er al. (1978)
Portland mussel <7-88 NG NG 94-6  Goldberg ef al. (1978)
Boston mussel <44.4 NG NG 635 Goldberg et al. (1978)
New Haven mussel <7-43 NG NG 129 Goldberg er al. (1978)
Herod Point mussel 17-6 NG NG 316 Goldberg et al. (1978)
Northwestern Mediterranean 1973-1974 M. galloprovincialis NG NG 88 268 Marchand et al. (1976)
Baltic Sea 19661968 M. edulis NG NG 30 30 Jensen er al. (1969)
Archipelago of Stockholm 1966-1967 M. edulis NG NG 40 3 Jensen et al. (1969)
Holland Coast (Rhine) 1965-1968 M. edulis NG NG 100-250 6001100 Koeman and Van Genderen (1972)
Sweden 1972 M. edulis NG NG 95 13 ICES (1974)
Germany 1972 M. edulis NG NG 25 90 ICES (1974)
Holland 1972 M. edulis NG NG 9 37 Ten Berge and Hillebrand (1974)
Canadian Atlantic Coast 1970 M. edulis NG NG 20 140 Zitko (1971)
Norway 1972 M. edulis NG NG 25 30 ICES (1974)

* Concentration in ppb on dry weight basis

* Kanechlor 400

Note. ND = not detected; NG = not given

867



6. HEAVY METALS CONTAMINATION IN PENANG PORT WATERS.
The heavy metal input into the Straits of Penang by the Ocean

Outfall is indicated in Table 3. The large input of the various
heavy metals is noticeable.

Table 3: Heavy metals input by Jelutong’s Ocean Outfall.

Metal sp. Kg / Day

cd 14.32

Co 3.4 x 102
Cr 2.01 x 10°
Cu 3.44 x 10°
Fe 3.41 x 10°
Mn 7.45 x 1O2
Ni 6.01 x 10°
Pb 1.29 x 10°
Zn 2.46 x 103

Comparison of the levels of these metals as compared to Boon Siew
Bay, a clean area, is reflected in Table 4.

Table 4: Heavy metals content in Port waters as compared to Boon

Siew Bay.

Metal sp. Outfall Boon Siew Bay
cd 0.163+ 0.005 0.192+ 0.002
Co 0.95 + 0.06 0.27 + 0.03
er BDL BDL
Cu 0.342+ 0.022 0.342 + 0.22
Fe 1.74 + 0.043 0.877 + 0.021
Mn 1.161+ 0.004 0.098 + 0.008
Ni 0.70 + 0.050 0.362 + 0.040
Pb 0.141+ 0.001 0.073 + 0.006
Zn 0.44 + 0.001 0.22 + 0.002




The biodeposited heavy metals in Perna viridis L. from the Port
area as compared to other areas is indicated in Table 5, while
for finfish in Table 6.

Table 5: Heavy metals in Perna viridis L. from the Port area as
compared to those from other areas.

. -1
Metal concentration (pg g )

STATION
cd Co cr Cu Fe Mn Ni Pb Zn

Ocean outfall ‘at Penang 3.23 25.98 11.91 12.38 2166.33 75.15 81.21 21.04  162.36
Telok Aling 5.27 17.69 soL" BDL 271.05 12.05 22.39 9.40 mvu.vsh

Batu Ferringhi 5.26 17.65 BDL BDL 458.61 2L, 0ok 27.98 9.38 216.35

Port Weld L.85 10.83 BDL BDL 365.28 27.67 10.31 8.65 133.02

Mariné Depot 3.97 8.85 BDL BDL 31h. 35 22.62 16.85 7.07  126.87

Permatang Damar Laut 5. 31 11.86 BDL BDL 653.10 36.35 28.28 9.8  145.77
Gertak Sanggul 5.60 11.48 6.52 BDL Lu89. 11 23.50 21.85 18. 34 117.51
Telok Asam 8.36 18.66 BDL BDL 563.08 38.22 17.76 .91 152,78
Table 6: Heavy metals in Liza subviridis L. as compared to other

species.
Metal concentration (ug s'l)
Fish
cd Co cr Cu Fe Mn Ni Pb Zn

Liza subviridis L. 2.6 56.0 18.9 4.6 2713.9 38.8 118.5 106.3 269.2
Stromateus cinereus " ND ND 0.7 10.8 ND ND 1.k 12.0
(Black pomfret)
Stromateus cinereus ND ND ND 0.4 10.3 ND ND 1.1 6.7
(White pomfret)
Stolephorus commersonii ND ND ND 0.6 11.8 ND ND 2.5 28.0
Megalaspis cordyla ND ND ND 2.3 3Lk ND ND 1.0 22.0
Rastrelliger kanagurta ND ND ND 1.4 17.9 ND ND 1.2 19.3
Polynemus spp. ND ND ND 0.7 5.4 ND ND 1.2 L.t
Dasyatidae spp. ND ND ND 0.3 3.9 ND ND 0.5 1.5
Soleidae spp. (sole) ND ND ND 1.2 40.3 ND ND 0.6 8.0
Selaroides leptolepis ND ND ND 1.3 13.7 ND ND 1.3 19.5
Polynemus tetradactylus ND ND ND 0.9 10.5 ND ND 4.0 15.4
Soleidae spp. (flatfish) ND ND ND 0.k 6.5 ND ND 0.8 1.6
Scomberomorus spp. ND ND ND 0.0 2.2 ND ND 0.7 T.3
Chirocentrus dorab D ND ND 0.3 2k ND ND 0.1 8.1
Osphromenus trichopterus ND ND D 0.3 5.6 XD ND 0.9 14.9
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Regarding PCBs, as shown in Table 2, the levels found in mussels
from the harbour area are high (KC - 400) along with pp’DDE as
compared to those found worldwide. Table 3 illustrates the very
high input daily of most heavy metals via the Jelutong Ocean
Outfall and this is visualized as high concentrations of Co, Fe,
Mn, Ni, Pb and Zn in adjacent waters as compared to Boon Siew Bay
(Table 4). Based on this input the bioaccumulated levels of
heavy metals in the green-lipped mussel (Table 5) and finfish of
Liza subviridis L. in harbour waters are also high as compared to
other species around the Island of Penang/marketed ones (Table
6).

7. CONCLUSIONS

Thusfar, we have noticed that in lieu of contaminants
originating from overtaxing effects of Port usage, the waters of
the Straits of Penang is immensely influenced by river input and
wantom sewage discharge. It is apparent at this juncture to note
that in order to maintain water quality there is an urgent need
to have proper wastewater treatment plants in conjunction with
well oriented civic minded educational aspects objectively to
revive the contaminated and dead rivers. Environmental Taws
should also be much more stringently promulgated hand-in-hand
with acidness in its implementation so as to maintain the
healthiness of them. If contrary, the tourist industry would be
greatly effected besides the health of the future and present
generation. Obviously, this will boomerang also on the
fisheries landings in the long run.

The levels of PCBs, DDTs and oil contamination also appear to be
high in harbour waters and this necessitates indepth extensive
studies. Further, the practicing of mariculture of both finfish
and shellfish in harbour waters should also be not encouraged.
Since the harbour experiences heavy usage by commercial vessels,
studies should also be extended to evaluate the Tlevels of
tributyltin and its biological effects on spats/fingerlings of
marine organisms. Appropriate measures should also be taken so
as to prevent heavy siltation within the harbour to maintain
safety depthness of its waters concomitantly protecting valuable
breeding grounds therein.

PMS/khaa
fn:water2.qly
08041994
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ABSTRACT

Besides the prosperity resulting from the exploration of coal, the south region of the Santa
Catarina state has serious problems concerning its environment. With about 220 km square,
the lagunar complex situated in that region receives contributions from the hydrical net
formed by the hydrographic basin that integrate the catarinense coal basin. This paper
presents some important results obtained in two years of environmental monitoring of the
lagunar complex.

Key Words: Hydrographic Survey, Hydrodynamic Survey, Biologic Measurements.

1. INTRODUCTION

1.1 Presentation of the Problem

Santa Catarina State, in Brazil, has achieved great prosperity due to the coal mining activity,
but nowadays the catarinense natural resources are suffering from serious environmental
problems, which affect the life of the major part of the population.

The lagunar system of the region has a surface area of approximately 220 km? and it gets all

the river discharges from the so-called "catarinense coal hydrographic basins". The daily rate
of acid effluents discharged in these basins approximately 300.000 m3.
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The acid effluents carried by the Tubardo river and by the Lavrador of Capivari have
accelerated the environmental degradation process within the lagoons of Santo Antonio,
Imarui and Mirim, causing serious social and economical problems for the region.

In order to have an idea of the problem, in the last decade there was an 80% reduction in the
production of shrimps. Consequently, 20.000 fishermen families had there annual income
diminished.

The environmental impact caused by the coal mining activity has been affecting all the south
region lagoons and particularity the lagoons of Santo Antonio, Imarui and Mirim, where the
pollution reached high levels, causing damage to the aquatic life, to the fishery and to the
touristic activities.

1.2 Aim of the Study

The aim of the short-time studies (1991-1993) proposed by INPH for the environmental
survey of the lagunar system was to find out the present situation of the lagoons of Mirim,
Imarui, Santo Antonio, Ribeirdo Grande, Santa Marta, Camacho, Garopaba do Sul e
Manteiga (Figure 1), concerning to its environment.

The studies comprises the determination of the hydraulic and sedimentologic behaviour of
the lagoons, the determination of the degree of chemical pollution, as well as the
determination of the present situation of the biological resources.

The field survey will make it possible for the Government of Santa Catarina to contract the
medium-time studies (1993 to 1995) - flow motion, pollution dispersion and salt intrusion
simulations - that will help in the decision about what to do in order to improve the
environmental conditions of the lagunar system, according to the PROVIDA - SC Program.
In summary, it were performed the following activities:

- Hydrographic survey of the lagunar system, which comprises a surface area of 220 km2.

- Hydrodynamic survey of the lagoons, chemical measurements, to check for the presence of
heavy metal and other substances.

- Biologic measurements, regarding the existing aquatic fauna the flora.

2. STUDIES AND FIELD MEASUREMENTS PERFORMED
2.1 - Hydrographic Survey

The hydrographic survey was based upon the IBGE Datum and it was referred to the
Horizontal Datum of Corrego Alegre.

Based upon this hydrographic survey it were drawn 18 bottom contour maps, 17 of them in
the scale of 1:10000 and the remaining one (Ribeirdo Grande lagoon) in the scale of 1:5000.
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The south-catarinense lagunar system is shown in Figure 1.
2.2 - Hydraulic Measurements

For the perfect understanding of the dynamics of the flow motion in the lagunar system, it
were performed the following studies:

- Currents measurements

- Salinity, water temperature and suspended matter concentrations measurements
- Meteorological measurements

- Tide and water level measurements

2.3 - Meteorological, Tide and Water Level Measurements

The local wind climate in the regions was established by using the data measured by the 2
meteorological stations shown in Figure 1. To analyze the water level variation in the
lagoons, 4 tide gages and 6 tide staffs were installed at the points marked on Figure 1.

For the duration of the field measurements, i.e. 01/03/92 to 30/11/92, it was possible to
verify that the lagoons located to the south, present a still water level smaller (+ 15 to 20
cm) than the others, because there is no significant tide penetration in these lagoons. The
tide amplitude in the lagoons is comparatively smaller than the one measured at the Port of
Laguna, due to the tide damping at the entrance chance).

As an example, Figure 2 shows the water level and the wind variations measured at several
stations. Starting on 15/06/92, it is possible to verify that the Northeast wind causes the still
water level to drop down.

2.4 - Hydraulic-Sedimentologic Measurements

In general the velocities of the currents in the lagunar system are very small, getting to
almost zero as far as the measured point is from the entrance channel.

Although we have detected tidal influences in the lagunar system, they have a significant
value only in that places located in the vicinity of the entrance channel, i.e., the Santo
Antonio lagoon, which has shown the biggest flow motion of all the lagunar system. The
major physical parameter enveloped in the problem is the meteorological one, caused by the
wind climate and by the atmospheric pressure of south region of the country, which is
directly related to the atmospheric changes in the Antarctic Continent.

When a cold front is moving to, or when it reaches the south region, the most frequent
winds become those coming from SSE to WSW. These winds push the sea towards the
coast, causing the still water level to raise and, as a consequence, more sea water enters the
lagoons. On the other hand, when there is no cold fronts in the region, or when there is a
hot front, the most frequent wind directions become those from NNE to ENE, which cause
the flow to move towards the sea (Figure 2).
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This behaviour of the lagunar system is shown by the correlation between the winds and
currents directions at the boundaries of the system: Barra, Ponte de Cabegudas e Perrexil.
At these places, due to its morphological situation, one can observe an intense flow
interchange with the sea, as well as at the boundary between Santo Antonio and Imarui
lagoons, and at the boundary between Imarui and the Mirim lagoon (Figure 4).

Another indication of this behaviour is given by the salinity, temperature and suspended
matter concentrations measured along the longitudinal path of the lagunar system (Figure 3).

When the south wind is blowing, it was observed an increasing of the salinity and a
decreasing of the temperature, as well as of the suspended matter concentrations, in the
main flow motion regions, indicating salt water penetration in the lagoons.

On the other hand, when the NE wind is blowing it becomes clear the dropping down of the
salinity and the increasing of the two other parameters, indicating a flow motion toward the
sea.

3. PHYSICAL-CHEMICAL MEASUREMENTS

From the results obtained, we can notice, based on the parameter oil/grease, the strong
antropic action that there is at the regions located near the urban centers; however, the
COD - chemical oxygen demand - parameter is relatively high at the C6, C7, C26 point,
where there is also potassium concentration (Figure 5).

It seems that there are two situations: the values measured at C6 and C7 probably are due to
the currents, which carry organic matter to this areas, as well as to the influence of
Cabegudas and Laguna cities; the values measured at C26 seems to be much more related to
the presence of organic material. The bottom material collected at MF 36 point confirms
that this is a dead zone.

The points C15 and C21 are located at the two boundaries of the Mirim Lagoon, and they
are those where were measured the highest amounts of coliforms.

The fact that point C21 has higher concentration of coliforms than point C15, located near
the city of Imarui, does not invalidate the antropic influence. This is a lagoon, that has no
significant current velocities, is less marshed, and has its margins occupied by houses and
gas stations.

Concerning to the bottom material, we can verify that the Imarui and Mirim lagoons present
a high correlation between the iron and manganese concentrations; the same happens with
the lagoons of Santa Marta and Ribeirdo Grande. This phenomenon happens less frequently
at the lagoons of Santo Antonio, and it almost doesn't happen at the lagoons of Manteiga,
Camacho and Garopaba do Sul (Figure 5), showing that these are places where fine material
sedimentation occur, while the Santo Antonio lagoon is a place where occurs the deposition
of the largest grains material.
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4. BIOLOGICAL MEASUREMENTS

Those measures have by objective diagnostic ate of the present situation of the aquatic
habitat that occur on the lagoon complex from the south of the state of Santa Catarina
contributing with subsidy to obtain a global vision of the ecosystem from the region.

This lagoon system as others geographical regions, develop a function of critical biotic for
the survival of juvenile form of migrant species which are live resources of economics
interest.

Between them the complex Mirim - Imarui - Santo Antonio is the most important system for
the state with a natural production of shrimp and crabs that achieve of 500 kg/year, which
means a participation of until 30 % of all the non industrialized.

The location of the stations and zones of biological sampling as coincident with the punctual
stations showed on the Figure 1.

On this campaign could be verified inside the benthonic community, that the space
distribution of the crustaceans on the lakes show the same concentrations on Imarui, where
was collected 34,5 % of all the samples on the lagoon Mirim of 12,8 % and Santo Antonio
of 12,6 %.

5. NUMERIC MODELS

INPH pretends, with the data gathered and analyzed from the lagunar system during the
summer and winter campaigns (presented on this paper), to encourage the Santa Catarina
State Government on conducting a program on the improvement of water quality at the
lagunar ecosystem in the south region of the State of Santa Catarina.

As an example, we will focus on the studies related to the opening and fixation of the
Camacho bar, situated on the south side of the lagunar system where the Camacho and
Garopaba do Sul lagoons, with an area of approximately 24,52 km? and depth around 1,5
meters (IBGE) may be considered as a fresh body due to the results of the measurements
conducted by INPH.

The study, therefore, to determine the salt concentrations in the lagoon, close to the
Congonhas river, after the opening and fixation of the bar channel. The channel that links
the lagoon with the open sea will be 1 km long by 40 meters wide, and about 2 meters in
depth.

Studies were conducted for conditions of wind absence and wind blowing from a given
direction. With no wind the circulation occurs with greater intensity at the Camacho lagoon
and in its inside (Garopaba do Sul lagoon) with low circulation.

With the presence of wind, the circulation was significant on both lagoons and presenting
the vortex phenomena. Regarding the salt concentrations, the mathematical model indicated
that the salt wedge will penetrate up the inner most part of the Garopaba do Sul lagoon, and
the water will be marsh waters.



Figures 6 and 7 shows the current circulation pattern and salinity concentrations in the case
wind action coming from NE and S directions, respectively.

6. CONCLUSIONS

Based upon the winter's field survey data (15t campaign) we can come up to the following
conclusions:

Hydraulic Parameters

- The meteorological conditions play an important role upon the water flow motion within
the lagunar system, because there are strict interactions between the winds and the water
levels within the lagunar system . In opposition to the climatic actions, the
morphological configuration of the system, characterized by small depths, and the
presence of some narrow transversal flow sections, is responsible for the difficulty the
waters find to flow within the lagunar system (almost all the current velocities measured
were equal or less than 0.15 m/s).

- When the NE wind is blowing the data showed a decreasing in the lagoon's still water
level, even though with a time lag for the inner places. For the SW wind the phenomenon
happens on the other way around.

- As far as the measurement point was from the mouth of the system, smaller was the degree
of salinity measured. This is an indication of the salt wedge difficulty to reach these
places, taking into account not only the astronomic tide wave but also the meteorological
one, which most of the time is the main force acting on the water flow motion within the
lagunar system. In the occasions when it were possible to measure both the water salinity
and temperature, and also the suspended matter concentrations under NE and SW wind
conditions, it was observed that:

. The salinity always reached higher values when the SW wind was blowing;

. Except for the Sta. Marta lagoon, the water temperature was always smaller when the
SW wind was blowing;

. the suspended matter concentration was smaller when the SW wind was blowing.

Physical - Chemical Parameters

- There are important evidences of antropic contributions (via organic matter and
coliforms);

- The Tubar#o river must have an influence on the industrial antropic contributions (coal, oil
and grease);
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- There is a accumulation of heavy metals (iron and manganese) in the lagoons of Imarui and
Ribeirdo Grande, via deposition of gel and other metals adsorbed.

Biological Parameters

In general the results of the field survey allow us to corroborate the biological importance of
the south-catarinense lagunar system, in particular concerning to the behaviour of the
lagoons of Imarui, Mirim and Santo Antonio as habitat for migratory estuarine specimens
like the shrimps and the mullet fish, which region's fishery activity. The maximum size not
only of the migratory specimens, but also of the already settled aquatic populations, shows
the presence of young specimens, confirming the natural raising up behaviour of the
ecosystem, and, consequently, its importance for the maintenance of profitable levels for the
fishery activity in the region.

Finally, by using these data, as well as the data collected during the summer's field survey,
INPH will be able to calibrate mathematical models and to perform simulations which will
indicate us what to do in order to get lower pollution levels in the south-catarinense lagunar
system, as well as what type of civil engineering works will give the best results for
improving the water quality of the lagunar ecosystem.
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ABSTRACT

Large scale model channels (30m long, 1m wide and 1.3m deep, 6 parallel chan-
nels) were constructed for contact-purification experiments at the inner coast
of Tokyo Bay. Each channel was filled with crushed stones which were expected
to be coated with natural biofilm. Coastal saline water was pumped up to pass
through the interstitial space in each channel. Different sets of hydraulic
retention time(HRT) of the flow (HRT: 1-5 hours) and stone size(dso: 2-11cm)
were applied for each channel. After one year's monitoring, removal rate and
removal mass of Suspended Solids(SS) and Chemical Oxygen Demand(COD) were
analyzed. Supplemental experiments were also conducted for hydraulic charac-
teristics and particles settling.

Even for saline coastal water with lower organic concentration than that in
waste water or effluent from waste water treatment plants, biofilm was de-
veloped on the surface of stones. Organic particles were effectively removed
by settling and biological uptake. SS was removed well by 60-90% after the
film development, though the removal rate for COD was 15-30%. Effluent from
channels became clearer with longer HRT and smaller stone size, while the
maximum removal mass was obtained for the highest hydraulic loading (15m*/h).
The inclination of water surface was a good index for the detection of clog-
ging which were developed among stones by the accumulation of resuspended film
sludge. Maximum limits of the appropriate surface loading is estimated for SS
and COD removal. Preferable values of such basic design parameters as HRT and
stone size are proposed for the channel-type purification facility.

Key Words: biofilm, contact purification channel, coastal water, SS removal,
COD removal, hydraulic loading, surface loading, clogging, stone size
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1.INTRODUCTION

Most of the large cities are located at the inner bottom end of enclosed bays
in Japan. Waterfront areas of these cities are expected to provide amenity
space for citizens. People wish to enjoy the open space with wide scenery,
fresh wind and good water quality. On the other hand, inner water surface of
an enclosed bay is often stagnant and more vulnerable to the contamination.
Technological developments are required for water quality improvement of this
area.

Comparing to waste water, we can find following characteristics of coastal
water that influence treatment technologies;

a). containing salinity: Salinity gives the coagulation effect for particles
and the buffer effect to pH change.

b). tidal and wave movement of water: Target water is moving around and total
volume of water to be treated becomes enormous.

c).low level of contaminant concentration: Present and required concentra-
tion of the coastal water is 1-2 order lower in organic matter and nutrients
than that of waste water influent. It is not economical to apply convention-
al waste water treatment technology directly to the coastal water.

d). rich in biological activity and biodiversity: When certain environment
is given, suitable species easily grow there as the sea water contains various
species of microbe. If the area has gradient and diversity in environment,
different species can live along the gradient. The set of various species
with different trophic level will give the ecological stability against the
environmental fluctuation.

Accordingly, one of the practical options for water quality improvement at
coast will be the utilization and enhancement of biological purification
activities. Biofilm technology was originally developed from the analogy of
the microbial purification activity on the surface of river bed materials.
This method requires very little electricity and reagent.

2.BIOFILM TREATMENT METHOD
2.1 Principle of Biofilm Treatment Method

Microbial treatment is a process that microbes utilize organic particles as a
food source, get energy from them, and assimilate them into their microbe
body. Biofilm treatment method is a kind of microbial treatment and utilizes
attached biofilm on the surface of bed materials. Two types of bed materials
are common for waste water treatment, those are; 1) crushed stones are used in
the trickling filtration, and 2) flat disks are applied for the rotating disk
method. Contact between biofilm and water is made by either the movement of
bed in stagnant water or by the water flow running among the interstitial
space of fixed bed materials.

Biofilm consists of various microorganisms such as bacteria, germs, plankton,
and microanimals (Protozoa and Metazoa). As they are attaching on the bed
surface, species of slower reproduction rate can also survive in the biofilm
without flushing out by water flow. These species sometimes includes large
sessile animals. Attached biofilm becomes thick, as it grows. Thick biofilm
consists of two layers; aerobic layer near the film surface and anaerobic



layer inside the film near the bed. The aerobic layer consumes oxygen for the
degradation of taken organic mater. Thick film can easily peel off and be
resuspended from the bed by the friction stress of contact flow. If resus-
pended materials are accumulated at a certain open space, then the space
becomes narrower and difficult for water passing. Biofilm system is said to
have less production rate of the excess sludge than suspended activated-sludge
system. It is because uptaken organic matters are utilized and degraded more
easily owing to the complex foodchain network including the co-existing large
animals in biofilm system. Sludges from the biofilm system are also said to
settle faster than those from suspended system.

Different from the above-mentioned biological degradation activity, settling
and sedimentation is another function for the removal of suspended particles.
Particles in inflow water settle down on to the biofilm during passing through
the interstitial space, and are caught by the film. Resuspension of individu-
al particles from the bed surface is very small due to the adhesive biofilm,
while scraching-off of the film materials may occur with high friction stress
on the bed surface.

2.2 Channel Type Contact Method

Various types of design are possible for biofilm treatment methods. Trickling
filter and rotating disk contactor are the most typical for waste water treat-
ment. Here, we chose a channel-type contact method with crushed stones inside.
Water comes into one end of the channel and flows down among the stones along
the channel to the other end. Biofilm is expected to develop naturally on
the wet surface of the stones inside the channel. This method has an advan-
tage of low cost for construction and maintenance because of its simplicity.
Expecting saline ecosystem inside, simple design with environmental gradient
is preferable and flexible for the fluctuation of the natural environmental
conditions. As water treatment facilities for saline waste with low organic
concentration like sea water, we have not enough experiences nor design crite-
ria for any types of biofilm reactors yet. Applicability and efficiency of SS
and organic removal of the channel type facility were unknown for coastal
water. As it is difficult to scale up from a small size model to a prototype
facility for the biological processes, large scale channels with natural sea
water are preferable for designing research.

3. EXPERIMENT FACILITIES
3.1 Experiment Channels

Experimental yard and channels were located beside a small waterway of inner
bottom end of Tokyo Bay as shown in Fig.-1. Six channels with 30m long x 1m
wide x 1.3m high were constructed in parallel. Crushed stones were filled up
to 1.2m high in each channel. Coastal water was taken from the waterway by a
submerged pump and introduced to the entrance pit of each channel through a
flow regulator. Water flowed down inside the stone layer. Water surface of
the flow was beneath the top of the stone layer. Shading sheets covered the
channels to prevent stones from being exposed to the sunlight. Effluent from
each channel was returned back to the waterway again.

At every entrance pit, aeration was made by an air compressor to improve DO
concentration. Water in only the channel #6 received aeration during flowing
down.
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Fig.-1 Location of experiment channels

3.2 Experiment Cases and Seasons

Different set of stone size and flow velocity was applied to each channel.
Mean diameter of filled stones, porosity, water discharge and hydraulic reten-
tion time(HRT) were listed in Table-1. Difference of the conditions between
channels #1 and #6 was aeration during the flow. Hydraulic retention time of
one hour for 30m long is equivalent to the current of 0.8 cm/s (=
3000cm/3600s). Taking the stone diameter as representative length, Reynolds'
number of the interstitial flow is in the order of 10¢ to 10

Table-1 Experiment cases

channel 1 2 3 4 5 6
stone media )
diameter (mm) 100-150 100-150  100-150  40-80 20-30  100-150
50 (nm)  113.0 113.0 113.0 42.2 24.6 113.0
relative
surface(n?/m3)  31.7 31.7 31.7 53.8 216. 31.7

porosity of
clean bed(-) .487 .487 .487 .466 .459 .487

flow rate(ma/hr)

Oct'90-Feb'91 3.0 6.1 11.0 5.6 5.8 3.0
Feb'91-0ct'91 3.8 7.6 15.5 7.0 6.9 3.8
hydraulic reten-
tion time(hr)
Oct'90-Feb'91 540 25 1.4 2.6 2.4 5.0
Feb'91-0ct'91 4.0 2.0 1.0 2.0 2.0 4.0
line aeration none none none none none done
washing stones none L Ap '91 Apr.'91 Apr.’'91 none

Channel experiments were started from September 3, 1990. For the first one
month, hydraulic characteristics was checked. During this month, water was
supplied only when the experiments were conducted. From October 1 on, treat-
ment experiment was conducted with continuous flow for thirteen months until
October 18, 1991. On April 16 and 17, 1991, in the middle of the continuous
flowing, stones in the channels #2,3,4 and 5 were washed by sea water and
attached excess solids were removed for the recovery of easier water flow.



More over, on June 27,1991, stones at the entrance two meters (0-2m) in chan-
nels #4 and 5 only were replaced to new stones with equivalent diameter due to
heavy clogging by attached bivalves.

3.3 Observation

Fig.-2 shows the conceptual arrangement of sampling pits for water and stones.
Water quality such as Suspended Solids(SS), Total Organic Carbon(TOC), Chemi-
cal Oxygen Demand(COD), Dissolved Oxygen(DO), Transparency, Water Temperature
and Salinity were monitored as well as Water Discharge(Q). Water samples
were taken at sampling pits including influent head-pit and effluent end-pit.
Observations were made 1-3 days a week from October 1990 to October 1991.
Samples were taken from two channels per every observation day. So, three
observation days were necessary for sampling from all six channels. Inflow
water was taken at ten o'clock in the morning. After that, water was sampled
at each sampling pit at the moment equivalent to the traveling time from
10:00.

Biological monitoring was made almost once every two months. Attached mi-
croalgae, microanimals and sessile as well as biofilm were observed on stone
samples. Numbers of species and individuals were counted.
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Fig.-2 Conceptual diagram of six channels and sampling pits arrangement
(unit:mm)

3.4 Associated Experiments and Supplemental Observation

Hydraulic measurements for the initial condition were conducted prior to the
full-year continuous monitoring. Porosity, water surface gradient along the
channel, mass transport velocity and horizontal diffusibility by the tracer
experiment were measured. Besides the regular monitoring for water quality,
biofilm condition and flow resistance were measured when necessary. When
clogging was evident in spring, supplemental observation was made for the flow
resistance and attached bivalves. After the regular monitoring was over in
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October 1991, a settling experiment was made using Kaolin particles as trac-
ers.

4. OBSERVATION RESULTS
4.1 Hydraulic Characteristics

Porosity in the layer of media stones was estimated by counting the volume of
filled water inside each channel. Results are already shown in Table-1.
Hydraulic gradient and permeability (transmission coefficient) were observed
for media stones of each size for flow ranging from such relatively slow as
applied to the channel experiment up to fast flow within the water surface
inside the stone layer. Obtained permeability ranged 5-20 cm/s for bare
stones without biofilm. Even for the shortest HRT case of channel #3, water
surface gradient was observed as less than 0.001 (several centimeters for 30m
of the channel length).

Using the porosity, we can guess the flow velocity inside the stone layer.
This velocity could be compared with mass transport velocity by the result of
a tracer experiment. Mass transport velocity was observed using sodium chlo-
ride (NaCl) as a tracer. Electric conductivity was monitored at two layers in
each sampling pit for two times longer period than HRT from the injection.
Though there happened some troubles like density stratification of initial
flow after the instantaneous dumping of tracer, mass transport velocity was
very close to the calculated hydraulic velocity. Horizontal diffusibility
was also estimated by the first-order moment method to the monitoring data and
estimated as the order of 10- cm“/s.

4.2 Water Quality of Inflow Water

Water quality of original inflow ranged 10-25 %0 for salinity, 1-15 mg/1 for
SS and 3-7 mg/l1 for COD. The relatively low salinity suggests that this
waterway receives fresh water discharge from the land area. High SS concen-
tration was sometimes observed after a strong storm. COD changed as high as
6-7mg/1 in summer (June - August) and low in late autumn. This fluctuation
along with high concentration of nutrients (annual mean: T-N 6mg/l, T-P
0.4mg/1) indicateg that the waterway is eutrophic. Chlorophyll-a reached as
high as 7-34 mg/m° in spring and summer.

4.3 Biofilm Development and Attached Fauna and Flora

a)Biofilm development

Biofilm attached within a month and developed for a few months (Hosokawa et
al., 1992). The color of the biofilm indicated the degree of assimilation
activity.

Observed color was usually light brownish, which showed a rather small load of
organics. Temporal change of collected dry mass (SS) on the unit surface is
shown in Fig.-3 for channels #1,3 and 6(Mouri et al., 1993). Stones in the
4m-pit near the entrance were always covered with larger mass than that in
the 19m-pit behind. In channel #1, attached mass became larger up to
75g/m2 until June, 1991. Then, the dry mass were suddenly dropped down in the
next three months. Contrary to this channel, channel #3 with Ehort HRT and
high inflow lord reached the maximum dry weight of over 150g/m“ within four
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months of operation and dropped down to the stable mass of around 50g/n2. It
means that earlier and larger development was observed for the higher inflow
load condition. Between the dry mass in channels #1 and 6, observed mass was
relatively smaller_ in channel #6. Attached dry mass fluctuated within the
range of 10—50g/m2 for channel #6 and 10-75g/m“ for channel #1. Aeration
effect to the biofilm growth was not significant for this experiment condi-
tion.

at 19m-pit

-
=
]
=
-
o
=
%

Nov. Jan.  Mar.  Apr. June  Sep.

Nov. Jan.  Mar. Apr. June  Sep.
1990 1991

attached mass on unit surface area of stones (g-dry/m?)

month

Fig.-3 Temporal changes of attached dry mass on unit surface of stone media

b)Biofilm components

Collected biofilm was examined for 1).VSS per unit volume of stone media,
2).organic component ratio in unit dry weight (VSS/SS), and 3).DO uptake rate
(rr). Results are summarized on Table-2. At the initial stage of
November,1990, though VSS/SS ratio was low due to the low organic load at the
initial stage, r,. per unit VSS weight was estimated as high as that of facili-
ties for waste treatment. At this stage, biofilm was developed with high
activity among large amount of inorganic particles settled. After a half year
elapsed, in March, VSS/SS ratio'grew up to 30-40%, and 30-60% in September.
This ratio is close to that observed on the bottom bed or flat plates in
eutrophic rivers(Nakamura et al.,1990).

c)Attached fauna and flora

For attached microalgae, diatoms such as Aphanotheca sp. and Skeletonema sp.
were dominant species. All dominant species are marine inhabiting. Density
was not large due to the light shadowing.
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Table-2 Attached biomass and DO consumption rate at 20 °C

channel sampling VSS in unit volume VSS/SS ratio oxygen uptake rate
pit(m) (kg/m°) It (mg/1/hr/g)

/days 31 184 337 31 184 337 31 184 337

#1 4 .11 1.44 1.51 .13 .40 .50 65.1 19.0 8.5
19 - .80 1.80 - .43 .58 - 9.5 3.1

#2 4 - 1.76  2.67 = «31 .45 = 13.0 4.4
19 - 1.09 3.01 - .34 .27 = 8.1 .9

#3 3 17 1.94 2.09 B/ +35 .61 53.7 15.1 13.9
18 =  1.32 2.57 - 35 .36 - 39.3 9.6

#4 4 .40 2.13 4.00 sl .30 .58 14.3 15.5 2.7
19 = 1.33 1.67 = .19 .32 - 7.9 7.8

#5 4 .24 4.63 NA .10 .34 NA 32.3 6.8 NA
19 - 3.27 NA = .08 NA = T:5 NA

#6 4 .07 .81 1.02 22 w8l .98 73.4 8.4 4.0
19 E .54 « 10 - .41 T = 8.2 4.3

A total of 36 species of microanimals in Protozoa and Metazoa were observed in
the attached biofilm during the experimental thirteen months(Suda et al.,
1994). In November, Carchesium sp. was dominant among 1771 N/cm“, and then
Vorticella sp. took after the dominant specie for the total number of individ-
uals 5115 N/cm2 in January. These two species are well known as dominant
species in biofilm facilities for fresh water. In March, among the similar
number density (4929 N/cmz) as that in January, Zoothamnium sp. became domi-
nant. In June, total individual number decreased rapidly to 1479 N/cm2 and
the dominant specie was Peritrichida sp. Rapid succession was observed in
the channels for one year. As for the spatial distribution in one channel,
microanimals were always larger in number in the head part (at 4-m pit) than
that in the lower part (at 19-m pit). Among the channels #1,2 and 3, highest
number was observed at the maximum discharged channel #3. Not so significant
difference was seen among the channels with different stone sizes nor between
the channels with and without aeration.

Large size sessile and benthic animals of marine species were found in the
biofilm and spaces among stones. Those were Neanthes japonica, Serpulidae
sp., Ficopomatus enigmaticus, Mytilus edulis and others. These animals are
expected to consume organic particles or biofilm materials and to reduce the
total volume of the accumulated sludge.

In the flowing water, one marine diatom named Skeletonema costatum was domi-
nant as the concentration order of 103 cells/ml whole through one year.

4.4 Water Quality Improvement

Fig.s-4 and -5 are plotted from the data obtained after the first 31 days'
operation. SS concentration and turbidity decreased along the channel flow as
seen in Fig.-4. In this figure, SS and turbidity is expressed as relative
turbidity based on the inflow concentration (CO). Transparency was also im-
proved along the flow. Removal of turbid particles is clear. An example is
shown in Fig.-5 for the change of the diameter distribution of suspended
solids along the flow. We can see that larger particles were removed fast and
mean diameter shifted to the smaller size as water traveled along the channel.
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Fig.-5 An example of change of diameter distribution of suspended solids
along the channel flow (channel #6)

Monthly change of SS concentration is shown in Fig.-6 for each channel. Chan-
nel #5 stopped receiving water after August 20,1991 due to heavy clogging.
Though the inflow concentration fluctuate widely, effluent was clean to main-
tain almost below 2mg/l of SS. High transparency was obtained.

4.5 Oxygen Uptake and DO Deficit

A typical DO profile in the channel is shown in Fig.-7 after one month's
operation. Sudden drop of DO at the first 5m occurred due to active DO uptake
by attached fresh biofilm. Contribution of inflow water itself to DO uptake
was very small. Channel #5 with the smallest stones showed the fastest de-
crease of DO concentration among the channels #2,4 and 5 of the similar HRT.
Effluent from each channel, except channel #6, always showed low DO.
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Fig.-6 Monthly fluctuation of SS concentration in inflow and effluent water
(SS at head & end pits is averaged for each month. As observation dates were
different, mean inflow concentration is slightly different among channels.)

Using detailed DO profile in Fig.-7 and oxygen uptake rate(r ) in Table-2, VSS
in unit volume of each channel can be estimated. Calculated results are
presented in Fig.-8 (Hosokawa et al.,1992). Applying observation data of
VSS/SS ratio, stocked volume of total solid (VSS+SS) can also be evaluated
assuming relative weight of VSS as 1.1 and SS as 2.1. The lower part in
Fig.-8 expresses longitudinal distribution along each channel. Biofilm (VSS)
started developing from the entrance section within the first one month.
Solids (VSS+SS) were also accumulated from the entrance section for all chan-
nels except channel #6. In channel #6, solids were held evenly in all sections
along the flow due probably to the internal mixture by aeration.
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Fig.-8 Developed biofilm(VSS) in unit volume of each channel (unit:g/m3) and
longitudinal distribution of stocked solids (unit:cm3/m3) after one month

4.6 SS and Organic Removal Rate and Mass Flux

Product of 'flow discharge rate' and 'inflow concentration' gives an inflow
loading rate at the influent pit of each channel. Integration of this loading
rate for a certain observation time period gives total loading weight of a
contaminant. If we apply the effluent concentration in stead of the inflow
concentration, then we can get total effluent weight which expresses the mass
weight of a contaminant flowing out from the channel effluent pit. Ratio
"total effluent weight' over 'total loading weight' for a certain duration is
defined here as passing rate. Unity (1) minus passing rate gives removal
rate. This removal rate indicates overall efficiency of water quality improve-
ment for the large scale experiment with some fluctuation of both flow rate
and initial concentration.

For the appropriate temporal integration, total observation duration can be
divided into three stages, those are, the first 'developing stage' from Oct.
to Jan., the next 'cool season' from Feb. to May, and the final 'warm season'
from Jun. to Oct. Calculation results for SS and COD are plotted separately.
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guess that a channel with slower flow among narrower space gives higher remov-
al rate of particles and organics.

For the water quality improvement of natural water surface, channel contactors
are expected to remove larger amount of mass weight of pollutants efficiently
from the water area for a certain time period. Removed mass is another impor-
tant index for the facility evaluation. Difference between 'total loading
weight' and 'total effluent weight' was calculated as 'total removed mass
weight' for each channel. Fig.-11 shows total inflow mass and removed mass
of SS. Mass weight of inflow was almost proportional to the water discharge
rate, though the daily fluctuation of inflow SS concentration was large.
Among the channels, channel #3 received largest mass weight of SS (700kg in 13
months) and removed largest mass(400kg for 13 months). Removal rate of this
channel was lowest among the six channels but maintained 50-70% still, as seen
in Fig.-9. In spite of receiving four times (x4) larger flow rate than the
smallest one of the channel #1, channel #3 kept high removal rate, much higher
than one quarter (1/4) of that of channel #1 (60-85%). Almost 30-40kg of SS
were removed every month by channel #3, while 10kg/month by channel #1. In
the first half year until spring, channel #5 with smallest media stones also
showed high removal mass flux of 20kg/month. But this channel started clog-
ging in late spring to decrease removal efficiency and increase flow resist-
ance. Within the range of the experimental conditions, the channel of the
shortest HRT with large stones maintained highest mass weight of SS removal.

720 7]
7

mass weight of $S (kg)

channel
inflow 35 &Y removed S

Fig.-11 Mass weight of inflow and removal of SS
(Weight for channel #5 is the integration result for 8.5 months until June.)

4.7 Flow Resistance and Clogging

Clogging can be detected by the change of hydraulic gradient. Two types of
clogging were observed during the experiment. One was the clogging by sepa-
rated biofilm from stone surface, and the other by the dense attach and growth
of bivalves in spring and early summer.

a)Clogging by separated film

As the particles removed from flowing water and accumulated on the surface of
stones, films became thick and easy to be separated by the stress of water
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flow. After 60-80 days of operation, higher SS concentration was sometimes
observed at latter pit than SS at the entrance. SS profile of averaged concen-
tration over five months from Dec. 1990 to Apr. 1991 is shown in Fig.-12 for
channels #1,#2,#3 and #6 with the largest size of media stones. Considering
the SS removal along the flow as seen in Fig.-4 and the longitudinal distri-
bution of captured solid mass shown in Fig.-8, we can guess that film develops
its thickness from the front part of channel and that thick film at the front
part is easy to peel off from stones into the flow. This high SS concentra-
tion at 7.5m pit in channel #3 can be considered as 'self-turbidity' due to
the separation and resuspension of film sludge from the stone surface.

SS (mg/1)

0 1.5 15 22.5 30

flow distance (m)

Fig.-12 SS profile of averaged concentration for five months
(December, 1990 - April, 1991)

Accumulated solid mass of removed SS for 192 days (from Oct.'90 to Apr. '91)
is shown in Fig.-13 for channels #1,#2,#3 and #6 of the same stone size.
Among them, channel #3 removed and captured over 180kg of solids and is ex-
pected to receive the separation effect heavily inside the channel due to the
fastest current. Hydraulic gradient profiles on the 192nd day (Apr. 1991) can
be seen in Fig.-14 for the same four channels. Maximum gradient is found
downward as removed mass in the channel becomes larger(channel #1 < #2 < #3).
That is, clogging was significant at the latter part in channel #3 with high-
est inflow load, while max. gradient at the entrance part in channel #1. Flow
resistance can be converted into the occupied volume of the clogging solids
under the assumption of the relation of Fair-Hatch equation between hydraulic
gradient and apparent diameter. Maximum gradient value in each channel on the
figure is estimated as -50% occupation of the open space among the stones.
Removed solid mass in channels #1 and #6 is similar as shown in Fig.-14, but
hydraulic gradient in channel #1 was higher at every part than that in channel
#6. All these results suggest that:

1). separation of film will easily occur as it becomes thicker after the
accumulation of solids on the stone surface,

2). after separation, solid film body will be resuspended and transported by
the flow towards the downward, but as film body is larger and bulky than the
inflow SS, it is easily caught inside the stone layer again,

3). recaptured film body will interfere the flow and clog the open space among
stones, and

4). this separation and recapture cycle will bring the clogging point downward
along the flow.

Aeration in the channel along the flow contributes to the resuspension and
dispersion of film and to less clogging. After one year operation on 344th
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day, hydraulic gradient values at some points decreased than those on 192nd
day. In channel #1, all the hydraulic gradient on Sep. 1991 (after 344 days
of operation) became lower than the data on Apr. 1991. Local mass of the
clogging solids, and so is the local hydraulic gradient, is thought to be
influenced by the combination of following processes;

1). accumulation of settling solids from inflow water onto the surface film,
2).separation of film solids, and

3).re-accumulation and re-separation of the separated materials, as well as
4).biological digestion and utilization of the accumulated organics.

i_me
;i e

channel 8

Fig.-13 Total accumulated mass of removed solids in channels #1,2,3 and 6
after 192 days operation (unit:kg)
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Fig.-14 Hydraulic gradient profiles on the 192nd day in channels #1,2,3 and 6

b)Clogging by bivalves

In June 1991, water surface in channel #4 and #5 was found to rise extremely
over the top of the stone layer near the entrance. On the surface of stones
near the head pit and on the flow-regulation wall of the head pit, dense
mussels (Mytilus edulis), rock barnacles and worms were observed. Shell
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length of Mytilus was 4-22mm. Mussels attached to stones or other shells
firmly by their strong threads with sludges. We could not remove them by
normal washing by aeration nor water flushing. So, media stones of these two
channels were replaced by new ones for 0-2m section on June 27, 1991. After
this replacement, mussels started attaching again on the new stones at the
entrance section. Hydraulic gradient after 42 days from the replacement is
presented in Fig.-15 for the heading 0-12m of the two channels. In this fig-
ure, hydraulic gradient on the restarting day of operation (Jun. 28, '91) is
plotted together. Gradient is calculated by the difference of water surface
elevation between neighboring two pits. Gradient data are plotted against the
center of the observed two pits in the figure. We can easily understand that
clogging by attached mussels for 42 days in this season gave far more impact
to the transmissibility of water flow than those by the separated biofilm for
a half year's operation as shown in Fig.-14. Clogging by mussels was signifi-
cant for the entrance area within 0-3m. Flow was interfered more severely in
the channel #5 with smallest stones. If a channel facility of this type is
planned to operate for years for eutrophic coastal water, size of media stones
should not be smaller than that for channel #1.
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4.8 Other Indices

Removal of the bacteria was observed significantly high (around 90%). E.Coli-
form and chlorophyll were also removed effectively. Though particulate phos-
phorous was removed with SS, nitrification and denitrification were not sig-
nificant without aeration for these HRT conditions.

4.9 Apparatus Settling Depth

Solid removal in the stone layer was dominantly driven by settling and filtra-
tion as well as biological effects. For the settling tank analysis, tracer
experiment is often applied with particles of known settling velocity as
tracers. Here, we conducted a removal experiment with Kaolin as a tracer in
Sep. 1991. The same flow rate of 13m“/m was selected for every channel as the
experiment condition. Channel #5 could not be used due to heavy clogging.
Assigning the settling velocity distribution of Kaolin particles, apparatus
settling depth among media stones was estimated by the data of travel time and
removed rate at observation points (head pit, pits at 4m,7.5m, 15m and 22.5m).
This analysis is based on the assumption of the ideal settling tank model. A
typical example of temporal change of tracer concentration at each observation
pit is shown in Fig.-16. Calculated results for apparatus settling depth are
tabulated in Table-3. The apparatus settling depth obtained is ranging be-
tween similar to the diameter of media stones and one-quarter(1/4) of it.
These results of settling depth is thought to be the reasonable order of
magnitude but a little smaller than the actual physical opening. Filtration
and biological uptake may contribute to the removal of Kaolin tracers other
than settling mechanism.
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Fig.-16 A typical example of temporal change of Kaolin concentration
at each observation pit (case for channel #1)
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Table-3 Apparatus settling depth caluculated from Kaolin experiments

channel d50 SS passing weight (g) overflow rate(mm/s) settling depth(cm)

(cm) head-pit 4m-pit 7.5m-pit 0-4m 0-7.5m 0-4m  0-7.5m
#1 11,3 72,9 38.2 33.1 .079 .054 10 12
#2 113 73.8 27.0 17.1 .034 .016 4 4
#3 11.:3 37.6 10.2 T:1 .02 .013 3 3
#4 4.2 63.1 18.7 13.0 .023 .014 3 3
#6 11.3 72.9 40.2 34.0 .092 .058 12 13

Experiments were made at the constant flow rate of 13.2m3/hr for all channels.

5.DESIGNING PROCEDURES

5.1 Surface Loading

As seen in the previous section, removal of suspended solids is effectively
conducted in the stone layer of the channels. Surface load is defined as the
inflow load per unit surface area of the stones per a day. This index ex-
presses the strength of load on the unit film area. Biofilm is said to regu-
late its own biomass by depending on its food source. Biofilm develops its
biomass by rapid uptake of organics, if organic load to the unit film in-
creases. This smooth response makes it possible to maintain high removal rate
against load fluctuation. But, overall removal rate will decrease when bio-
film receives excess load over its adaptability. Relationships between sur-
face load vs removal rate are presented in Fig.-17 for SS and Fig.-18 for COD.
For SS, surface load over lg/mz/d makes the removal rate decrease. Surface
load exceeding 0.5g/m“/d for COD makes the removal rate down. These numbers
may be one of the critical values for designing sound biofilm development
though our experimental conditions were limited.
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Fig.-17 Relation between surface load and removal rate for SS
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Fig.-18 Relation between surface load and removal rate for COD

5.2 Retention Time Requirement

Shorter hydraulic retention time with high flow rate decreases the removal
rate of SS and organics. But, so long as this decrease is not so large com-
paring to the increase of flow rate, removed mass per unit time increases. At
the extreme condition of zero hours for retention time, removed mass is ex-
pected to be none. Removal rate vs retention time is plotted on Fig.-19 for
spring data (Feb. 1991 to May 1991) and on Fig.-20 for summer data (Jun. 1991
to Oct. 1991). Plotted data are for channels with largest stones. High remov-
al rate even for short HRT can be recognized in Fig.-20, which might be par-
tially due to the fluctuation of both solids size (settling velocity) and
concentration of inflow SS by a summer storm. Within the range of 1 to 5
hours HRT in both figures, we cannot find a critical value below which removal
rate and removal mass are both dropped. Within this range, shortest retention
time is preferable so long as no interferences occur for the treatment and
the management. More than one hour might be preferable for HRT.
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Fig.-19 Relation between removal rate vs retention time for spring data
(Feb. 1991 to May 1991)
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5.3 Necessary Considerations

For the prevention of clogging by attached bivalves, larger media like rocks
might be effective for the first few meters from the entrance head pit. If
clogging by resuspension solids is expected, longer length is necessary to
compensate self turbidity by the detachment and to maintain the required
removal rate. Operation experience of channel #1 for larger stones suggests
that moderate flow rate with lower organic load gives long life of its removal
ability without clogging nor washing. We could not yet analyze the critical
friction stress which makes surface film peel off, nor size distribution of
resuspended film. Effluent from the channel facility requires the recovery of
dissolved oxygen concentration. End pits gave some contribution to the hy-
draulic aeration for the effluent. Necessary capacity of aeration for DO
recovery is not evaluated yet. Problems of offensive odor did not occur
during the channel experiment for one year.

5.4 Design Procedure

Recommended design procedure is proposed as follows:

First, assign inflow concentration and required removal mass of pollutants.
Then, flow discharge rate and removal rate are decided. Necessary retention
time is estimated from the removal rate.

Select media materials of proper diameter.

Then, necessary volume of the stone layer can be calculated by the required
surface load.

Assuming a set of dimension (length x width x depth) of the stone layer and
the channel, we can evaluate cross-sectional velocity of flow. Applying this
velocity, we can check retention time and head loss. Necessary initial water
head is compared with the dimension assumed.

Details for the entrance and end of the channel is designed.

6 .CONCLUSIONS

Large scale channels were used for the experiment on coastal water purifica-
tion. After one year's operation, followings are understood:
a). Even for saline coastal water with lower organic concentration than that



in waste water or effluent from waste water treatment plants, biofilm was de-
veloped on the surface of stones.

b). Organic particles were effectively removed by settling and biological
uptake. SS was removed well by 60-90% after the film development, though the
removal rate for COD was 15-30%.

¢). Effluent became clearer with longer HRT and smaller stone size, while the
maximum removal mass was obtained for the highest hydraulic loading (12m“/h).
d). Permeability ranged between 5-20 cm/s for initial bare stones. The incli-
nation of water surface was a good index for the detection of clogging which
were developed among stones by the accumulation of resuspended film sludge.
For small stone media below 10cm diameter, acute clogging by attaching bi-
valves in spring and summer gave fatal effect for water flow.

e). Maximum limits of the appropriate surface loading was estimated for SS and
COD removal. Preferable values of such basic design parameters as HRT and
stone size are proposed for the channel-type purification facility.

This channel experiment was conducted as a cooperative study between Port and
Harbour Research Institute and Sea-Blue Technology Research association. The
association consisted of the following 17 private companies; Daito Kogyo Co.
Ltd., Fudogikenn Co., Ltd., Fujita Corporation, Honma Corporation, Kumagai
Gumi Co., Ltd., Kurita Water Industries Ltd., Mitsui Harbour and Urban Con-
struction Co., Ltd., Obayashi Corporation, Penta Ocean Construction Co. Ltd.,
Rinkai Construction Co. Ltd., Saeki Kensetsu Kogyo Co. Ltd., Shimizu Con-
struction, Taiyo Kogyo Corporation, Takenaka Civil Eng. & Construction Co.
Ltd., Toa Corporation, Toyo Construction Co. Ltd., and Wakachiku Construction
Co. Ltd. The authors express their sincere appreciation for kind arrange-
ments of PHRI and for the enthusiastic participation of the member companies.
The authors also appreciate Dr. Horie , Director of Marine Hydraulic Division,
PHRI for his advises. Some parts of the research results have already present-
ed to academic journals. The authors appreciate IAWQ and Pergamon Press for
the reprint permission of two figures from Water Science and Technology, and
Japan Society on Water Environment for the reprint approval from its Journal.
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ABSTRACT

This paper describes field measurement results of sand covering work to purify sea bottom
sediments in Mikawa Bay, Japan. A great amount of nutrients are released from polluted sea
bottom sediments. The nutrients cause eutrophication in enclosed coastal seas. In order to
reduce the release rate of nutrient salts from the sediments, sand covering, that is the cov-
ering work over the organic bottom sediments with non-polluted sea sand, was conducted.
The sand covering area was 150m in length, 100m in width and 0.5m in thickness. The sand
covering showed favorable effects on improving sediment quality and recovering ecological
condition for benthos.

Key Words: sand covering, polluted sediment, nutrient salt, benthos, water quality

1. INTRODUCTION

Water quality in enclosed seas is contaminated due to various causes such as oil spills, float-
ing garbage, sewage discharge, etc. Great efforts have been paid on such measures as the
advancement of sewage treatment systems and total pollution load regulation policy in ma-
jor enclosed bays in Japan. Table 1 shows the outline of ports and marine environment
improvement works administrated by the Ministry of Transport. Among them, main works
are described briefly as follows:
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e Waste Oil Disposal Work : The work constructs a facility for waste oil disposal. Since
the establishment of this work in 1967, 81 port management bodies in Japan constructed
the facilities by the work.

e Port Pollution Prevention Work : This work began at 1972 in Minamata Bay, where
contaminated sediments with organic mercury were removed by dredging and reclaimed.
At present, contaminated sediments in 52 ports have been dredged by the work.

e Marine Clean-Up Work : This work began at 1974. Several ships were constructed to
collect floating garbage and spilling oils in coastal seas.

e Wide Area Reclamation Site Construction Work : A remarkable concentration of pop-
ulation and industry in coastal region causes several difficult problems. Among them,
the most serious problem is the treatment of waste disposal produced from urban and
industrial areas. In order to dispose these wastes, it is necessary to construct new
reclamation lands with a area of 3120 hectares with a capacity of 410 million cubic
meters.

Above mentioned works have been carried out by the Ministry of Transport to prevent water
pollution and to conserve marine environment in Japan, whereas Marine Environmental
Creating Work is recently introduced as the work to improve water quality. The Ministry of
Transport carried out the pilot work of the sand covering in Mikawa Bay, and investigated
the effect of the sand covering on bottom sediments quality, ecological conditions of benthos,
etc.

2. WATER QUALITY IN MIKAWA BAY

Many works to conserve marine environment were carried out by several organizations. In
spite of these efforts, however, the compliance ratio of the water quality standard in terms
of COD (Chemical Oxygen Demand) is still low as shown in Figure 1. Several causes of sea
water contamination are considered as follows:

e A large amount of sewage is discharged into these coastal seas from rivers, factories,
farms, houses, etc.,
e Nutrient salts are released from contaminated bottom sediments, and
~ e internal production of phyto-plankton by photosynthesis.
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Fig.1 Compliance ratio of water quality standard
in enclosed coastal seas in Japan.



Table 1 Outline of ports and marine environment improvement works
administrated by the Ministry of Transport.

Classification Item Beginning Qutline of the Work
1. Prevent Pollution |Port Pollution 1972 1) Dredging work or water conveying work to
in the Port Prevention Work be carried out based on a pollution control
program or by the order of the Home
Affairs Minister and the sand covering
stipulated by other cabinet order.
2) Work to construct or improve the port
pollution prevention facility.
Marine Clean-Up 1974 Work to recover floating refuse and oil in the
Work inner sea and inner bay (excluding ports and
fishing ports areas, etc.).
Construction of 1974 Work to construct cleaning ships needed to
Cleaning Ships perform clean the water in the port.
Waste Oil Disposal 1967 Work to construct or improve waste oil
Work disposing facilities (by port authorities and
private companies, etc.).
|Marine Waste Disposal 1973 Work to construct or improve the acceptance
Facility Construction facility, incineration and crushing facilitics for
Work waste which from ships and occan facilities
and waste produced during the work by the
port authority.
Disposal of Sunken 1974 Work to dispose of unidentified sunken ships
Ships in the port.
Stockpiling of Materials 1975 Work to stockpile the oil fences required to
to Remove Port remove the oil contamination in the port.
Contamination
Designing and Research 1979 Designing and research necessary to implement
for Sediment sediment purification (by dredging or covering)
Purification at in the area where sea-bed contamination is
pronounced.

2. Maintenance of |Waste Reclamation 1973 Work to construct or improve the revetment
Waste Reclamation|Revetment Construction for reclaiming the waste to be disposed of.
Site Work

Wide Area Recramation 1982 Work to construct or improve the waste

Site Construction Work reclamation site for wide area waste (generated
in coastal areas and broader areas inland)
disposal.

3. Environmental Green Zone Facilities 1973 Work to construct or improve port
Improvement of  |Construction Work environment improvement facilities such as the

park or green zone.
the Port
Marine Environment 1988 Work such as the sand covering or

Creating Work

improvement of the beach in order to create
refreshing space for public-access to the sca by
improving the water bed quality.




Table 2 Fctors of water contamination of five representative
enclosed coastal seas in Japan.

No || Name of Sca Tokyo Bay | Mikawa Bay | Osaka Bay | lliroshima | Suo-Nada
1| Area(kn®) 1000 510 1400 1000 3000
2| Volume(10%m3) 18 4.6 38 25 72
3 || Mean Depth(m) 18 9.2 27 25 24
River Discahrge
60 11
4 (10°0?/day) 26 12 16
Mschczed | s5p 285 50 285 70 50
5| Load
(ton/day) TP 22 4 30 3 |
Bslexsad | enp 96 13 131 12 477
6| Load
(ton/day) | PO4P 6.3 3.3 13.7 13 9.7
Volume/Discharge
3 633 2270 4500
! (No.2/No.4) 692(day) 38
COD : Ratio of
8 No.6/No. § 0.34 0.86 0. 46 0.60 9.5
PO4P : Ratio of
9 No. 6/No. § 0.29 0.83 0. 46 1.3 8.8

Fig.2 Locations of enclosed coastal seas in Table 2.

Table 2 shows the characteristic indices of water contamination of five representative en-
closed seas in Japan. The locations of these seas are shown in Figure 2. In the table, the
values of row 8 show the ratio of the amount of COD discharged from surrounding rivers to
the one released from bottom sediments. These values range between 0.34 to 0.86 except
the case of the Sea of Suo-Nada. This means that the amount of COD load released from
sediments is about a half of the one discharged from surrounding rivers. In case of inorganic
phosphorus(PO,-P), the ratios are almost the same as of COD. It is said that the nutrient
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released from polluted bottom sediments is one of the main causes of sea water contamination.

In the paper, we describe the results of field measurements concerned with the effect of sand
covering on improvements of water quality and marine environmental conditions in Mikawa
Bay. Mikawa Bay, with a surface area of 510 km?, is located at the central part of Japan,
and is connected to Ise Bay as shown in Figure 3. With an average depth of 9.2 meter, the
bay is characterized as shallow and semi-enclosed coastal sea.

Figure 4 shows the yearly trend of annual mean concentrations of COD of Mikawa Bay. The
total load of COD is decreasing because of total pollution load regulation policy, but the
concentration of COD still remains at contaminated level. The reason why the water quality
in Mikawa Bay is still contaminated is considered that the large amount of nutrient salts are
released from contaminated sea bottom sediments.
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Figure 5 shows the horizontal distributions of COD of bottom surface sediments in the bay.
From the figure, almost all values of COD exceed 20 mg/g in dry weight, so the bottom
sediments in Mikawa Bay are considered as very contaminated situation. We carried out
laboratory tests in order to know nutrient release rates from contaminated bottom sediments.
The nutrient release rate from bottom sediments is the function of the concentration of
nutrient of bottom sediments and the concentration of DO (Dissolved Oxygen) of bottom
water as shown in Figures 6 and 7. In Figure 6, black circles show the release rate of PO4-P
from the sediments 50 to 80 cm below the bottom surface, and white circles show the one of

Fig.5 Contour lines map of COD of bottom sediment.
(unit : mg/g in dry weight)
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50 - B0ca below bottom surface R
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Fig.6 Relationship between the release rate Fig.7 Relationship between the release rate
of phosphorus and concentration of T-P of phosphorus and concentration of DO
of bottom sediment. of bottom water.
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the sediments from the bottom surface. Figure 6 shows that the release rates of phosphorus
from the bottom surface sediments are much larger than the one from the sediments 50 to 80
cm below the bottom surface. Figure 7 shows the release rates decrease as the concentrations
of DO in bottom water increase. For non-polluted sand, which is used as the sand covering
material, the concentration of T-P of the sand is very small, and the sand does not consume
oxygen in bottom water. Therefore, it is considered that the release rate of phosphorus is
almost zero from the sediments covered with non-polluted sand. = These laboratory test
results say that sand covering or dredging works have large effect on reduce the nutrient
release rate from the polluted bottom sediments.

3. SAND COVERING WORK AT OFF-KOWA PORT IN MIKAWA BAY

Since 1979, the Ministry of Transport has been studied polluted bottom sediment purifica-
tion techniques. The study was carried out in five enclosed coastal seas in Japan as shown
in Figure 2. Among them, we describe the field investigation results in Mikawa Bay as an
example. Sand covering work to cover the polluted sediments with non-polluted sea sand
was conducted at off-Kowa Port in Mikawa Bay. The area of test works of sand covering is
located in Western part of Mikawa Bay. The outlines of the test field are shown in Table
3 and Figure 8. Contaminated sediments were covered with non-polluted sea sand with 0.5
meter in thickness in the area of 150 meter long and 100 meter wide. In order to avoid the

Table 3 Outline of test field. N
Name of Sea Mikawa Bﬁy
Location of Kowa Port
otest field (Fig.8)
Water Depth 5m below
datum line
Date of sand June, 1987

covering work

Sand covering
area

151
(100w x 150m)

Thickness of
sand covering

50 cm

Sand covering
technique

Unloader barge

Kowa Port

::Icovmd

o monitoring point

Fig.8 Location of sand covering test field.
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extreme disturbance of the contaminated sediments during sand covering works, improved
unloader barge was employed for the construction.

The sand covering was carried out in June 1987. After the covering, the follow up measure-
ments were carried out to know the effect of sand covering on environmental improvements
for water quality, sediment quality, benthos, etc. Figure 9 shows the temporal change of -
vertical distributions of COD concentrations , total sulphate(T-S), total nitrogen(T-N), and
total phosphorus(T-P) of the bottom sediments. In the figure, white circles show the data
before the sand covering, white triangles show the one after one month, and white squares
show the one after 20 months from the construction. From the figure, it is shown that the
COD of the surface sediment is greatly reduced at the covered area compared to that at the
non-covered area immediately after the site work.

Due to the sedimentation, gradual increase of sediment COD is obtained at the surface of
sand covering area, but the values show that the quality of the sediment is still improved
condition. The improvement of sediment quality changes the ecological conditions of benthos
in the sea bottom sediments of the sand covering area. Figure 10 shows the comparisons
of individual number and species number of benthos in the sea bottom sediments between
with sand covering and without one. After the sand covering construction, number of species
of benthos in the sand covered area is larger than the one in the non-covered area. Gen-
erally, the species number of benthos is small in the contaminated sediments compared to
non-contaminated sediment(Odum,1971).  Therefore, it can be concluded that the sand
covering improves the ecological conditions for benthos.

The most important effect of sand covering with non-polluted sand on water quality is to
reduce the release rate of nutrient salts from contaminated bottom sediments. Figure 11
shows the comparison between the concentration of total phosphate(T-P) of interstitial wa-
ter in the bottom sediment with sand covered area and the one without sand covered area.
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From the figure, it is shown that the concentrations of T-P of interstitial water in sand cov-
ered layer are almost zero except bottom surface layer. This fact says that the release rate
of nutrient salts from the sediment with sand covered area is smaller than the one without
sand covered area. As described before in Figures 6 and 7, release rate of nutrient salts
is the function of sediment quality and DO concentration, and small release rate from bot-
tom sediment covered with non-polluted sand is obtained by laboratory test. These facts
imply that environmental conditions for benthos life are improved by the sand covering work.

Unfortunately, the sand covering area is very small compared to the area of Mikawa Bay, so
it is very difficult to show the fact of water quality improvement due to the sand covering
with non-polluted sand. In order to estimate the effect of sand covering work on improve-
ment of water quality, following numerical simulations are carried out by using nutrient cycle
mathematical model. In the model, we treat only phosphorus cycle, because the phospho-
rus is a limiting factor to the nutrient cycle in eutrophic bays. The model consists of mass
conservation equations of organic phosphorus, inorganic phosphorus, COD, and DO. Flow
field is divided into three layers in vertical. Detailed description of the model is written in
the Horie’s paper(1987). The reader who wants to know the model in detail had better read
his paper.

By using the model, we carried out two cases of numerical simulation of water quality in
Mikawa Bay. These are present condition case and sand covering condition case. In case
of present condition, the release rates of phosphorus and COD from bottom sediments are
adopted as shown in Figure 12, which are based upon laboratory tests. While in case of sand
covering condition, we assume that the release rates are zero from the sediments for whole
area of the bay.

Computational results of the simulation are shown in Figures 13 and 14. Figure 13 shows
the contour lines of computed COD concentration in case of present condition, and Figure
14 shows the same one in case of sand covering condition. These figures show that the con-
centration of COD in case of sand covering condition is less than half of the one in case of
present condition. This result indicates that the sand covering for whole area of the bay has
large effect on water quality improvement.

Marine environmental improvement work has been systematically pursued since 1988 based
upon the results of the study of bottom sediment purification. The work aims at improving
water quality and recovering marine environment through sand covering with non-polluted
sand. From the viewpoint of economical aspects, it is desirable to use high quality sand
which is produced by dredging works in waterways or anchorages. In case of Mikawa Bay,
non-polluted sand for covering was transported from the entrance of the bay, where dredging
work was carried out to construct the waterway of Nakayama Strait. At present, 3 projects
for coastal seas and 7 projects for harbors of Marine Environment Improvement work have
been developing by the Ministry of Transport and some local governments. The concept of
the marine environmental improvement work by sand covering is shown in Figures 15 and
16. Figure 15 shows the environmental image of coastal seas on condition of contaminated
bottom sediments, and Figure 16 shows the environmental image of coastal seas after the

916



Release rate of P0,-p (mg/n?/day)
Release rate of C00 (mg/m?/day)
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which are based upon laboratory tests.
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Fig.13 Contour lines of computed COD concent- Fig.14 Contour lines of computed COD concent-
ration in case of present condition. ration in case of sand covering condition.
(release rates are shown in Fig.12) (release rates are zero for whole area)
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improvement of sediment quality by sand covering with non-polluted sand. A favorable
marine environmental conditions, which are improved sediment quality and increased DO
concentration at the sea bottom, is obtained for fish and benthos by sand covering work.

Indusrual Sewage N
VI -.C}._

ﬁ‘““: -

Contaminated Sediment

Fig.15 Environmental image of coastal seas on condition of
contaminated bottom sediment.
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Fig.16 Environmental image of coastal seas on condition of
after improvement of sediment quality by sand covering.
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4. CONCLUDING REMARKS

Field measurement studies were carried out in order to know the effect of sand covering
work over polluted sediments with non-polluted sea sand on water quality, sediment quality,
and ecological conditions for benthos at off-Kowa Port in Mikawa Bay. Several results are
obtained as follows:

(1) By the sand covering works, the COD concentration of surface sediment was greatly re-
duced at the covered area compared to at the non-covered area.

(2) The number of species of benthos in the sand covering area is larger than the one in the
non-covered area. This means that the sand covering improves the ecological conditions for
benthos.

(3) The interstitial total phosphate of the bottom sediment in sand covering area is smaller
than the one in the non-covered area. This means that the nutrient release rate from bottom
sediments is effectively reduced by the sand covering work.
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ABSTRACT

Breakwaters located at the bay entrance have a role to protect the area from natural disas-
ters such as tsunami waves or typhoon storm surges. However, water quality deterioration
is feared due to the reduction of the cross sectional area of the entrance by the breakwaters.
In this paper, the authors investigate the effect of horizontal circulation and vertical circu-
lation flows on water exchange, and the influence of the breakwaters on water exchange by
using hydraulic and mathematical model experiments. Experimental results show following
conclusions: The existence of the breakwaters promotes water exchange because a horizontal
circulation flow is generated behind the breakwaters, but reduces the exchange because the
vertical circulation flow is suppressed by the breakwaters. One-way flow generated by the
layout of breakwaters or by gate operation in a channel has a large effect on water exchange.

Keywords: Water exchange, Hydraulic model experiment, Horizontal circulation, Vertical
circulation, Enclosed coastal seas

1. INTRODUCTION

Enclosed coastal seas are utilized for many purposes such as port, fishery, marine leisure,
etc., because the region is tranquil. Many large cities in Japan are located in the hinterland
of enclosed seas. Thus a great amount of sewage from the urban and industrial areas is
discharged into the region. Water exchange between contaminated bay water and clean
ocean water plays a great role in determining the water quality of the region. The enclosed
coastal sea, however, has a low water exchange ratio because the cross sectional area of the
entrance is small. Due to the large amount of sewage discharge and the small water exchange
property, the water quality in enclosed coastal seas is generally contaminated.

Japanese coastal areas were often damaged by tsunami waves and typhoon storm surges. In
order to protect the coastal areas from these kinds of natural disasters, breakwaters were
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constructed at the entrance of the region. By the construction of the breakwaters, the
cross sectional area of the entrance decreases. This means that the region protected by
the breakwaters becomes an enclosed coastal sea. Since the area of the entrance section is
reduced by the breakwaters, many persons fear the degradation of the water quality in the
region. Prior to the construction of the breakwaters, we must investigate the influence of
the breakwaters on water exchange as well as on tsunami wave height.

Water exchange is caused by several mechanisms such as turbulent mixing, horizontal cir-
culation flow, and vertical circulation flow. Effect of these mechanisms on water exchange
is dependent upon the flow field of the area concerned and configuration of the entrance.
In this paper, the authors describe the water exchange mechanisms in enclosed coastal seas
and comments on how to consider the influence of marine structures on water exchange
between enclosed region and ocean water bodies. The authors investigate water exchange
enhancement techniques by generating a one-way flow and the horizontal circulation flow.

2. WATER QUALITY IN ENCLOSED COASTAL SEAS

The grade of enclosed property of coastal seas is defined simply by the following expression.

=_‘/EK (1)

E.I
Dpl DP2

in which, E.I. is the enclosed index, S, the area of coastal sea, W the width of the entrance,
Dy, the mean depth of the coastal sea, and D,; the mean depth at the entrance cross section.
Table 1 shows the E.I. values of the representative Japanese inland seas as shown in Fig. 1.

Table 1 Enclosed Index(E.L.) values of the representative Japanese inland seas.

Type Current | Name of Bay Sa(km2) | Dyy(m) [ W(km) | Dpp(m) | E. 1.
Kinkowan Bay 250 136 2.1 33 31.0
Ohmura Bay 320 14.8 0.33 32.2 | 25.3
Enclosed | Tidal Ofunato Bay 7.9 14.9 0.2 16 13.1
Sea Current | Ariake Bay 1700 20 4.4 50 3.7
Kagoshima Bay 1130 100 10 70 4.8
E.1.>2 Kamaishi Bay 3 30 0.5 13.5] 12.5
Suzaki Bay 3.3 10 0.3 15 3.8
Mutsu Bay 1720 32.6 | 10.5 62.7 2.1
Tokyo Bay 1160 15.8 T3 32.6 2.3
Osaka Bay 1400 30 8.8 58 2.2
Mikawa Bay 500 6.8 13.3 8.2 1.3
- Tidal Ise Bay 1600 18.7 | 11.4 41 1.6
Semi- -Ocean (Ofunato Bay) 7.9 14.9 0.8 40 1.4
gnclosed Current | Hakata Bay 125 12 5.4 15 1.7

ca

Beppu Bay 430 35.8 | 27 46.2 0.6
2>E. 1.1 Funka Bay 2270 59 29.7 63.1 1.5
(Kamaishi Bay) 7.9 30 2.3 42 0.9
(Suzaki Bay) 3.3 10 1.6 15 0.8
Open Sea | Ocean Shibushi Bay 400 35 20 70 0.5
Current | Suruga Bay 2300 880 56 1000 0.7
E.1.<I { Akita Bay 800 30 50 50 0.3

() Before the construction of the breakwaters.
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In general, the water quality in enclosed coastal seas is contaminated due to small water
exchange. Figures 2(a) and 2(b) show the time series of the annual mean concentration of
COD(Chemical Oxygen Demand) of Tokyo Bay from 1974 to 1988 and the total load of COD
discharged into the bay. The total load of COD is slightly decreasing owing to several water
quality controls. However, the concentration of COD still remains at the contaminated level.

Japanese coastal areas were damaged by tsunami waves and typhoon storm surges. Table 2
shows the representative tsunami waves and typhoon storm surges, and the damages suffered
from these disasters. Ofunato Bay is located at the Pacific Ocean side of the Northern part of
Japan. The bay has been seriously damaged by tsunami disasters several times. Especially,
the bay was damaged by Chilean Tsunami in 1964. After the serious disaster, Ministry of
Transport constructed the tsunami breakwaters at the bay entrance in order to reduce the
tsunami wave height. By the construction of the break waters, the enclosed index of the bay
increased from 1.4 to 13.1. Figure 3 shows the time series of the depth of transparency in
Ofunato Bay. From the figure, it is considered that the water quality became considerably
poorer after the construction. The contamination is seemed to be caused by several factors
such as over feeding of fishery farming, small water exchange due to the breakwaters, etc.

Fig.1 Representative enclosed seas in Japan.

-9  [nner part of the bay (ton/day) Total load of COD

©-©  (entral part of the bay
4= Near bay mouth 5 |

(ag/) ol |

B others
24 Industrial sewage
. Urban sewage

COD in Tokyo Bay

—mu;um\laws

...............

55555585883 8458 g & § 8

Fig.2(a) Annual mean concentration of COD Fig.2(b) Total load of COD in Tokyo Bay.
in Tokyo Bay from 1974 to 1988.

923



Table 2 Disasters by tsunamis o

d typh . 15 Transparency
Sl \ypheans of. Japan 12 Inner part of the bay
Name of | Year | No. of 9 ’,..4——"/
Disaster killed : ’
Nankai 1946 | 1330 a *—= from 1969 to 1973
. _ (102) w *— fron 1962 to 1965
Tsunami | Chilean | 1960 119 15 Transparency
(20) 1 Center of the bay
Nihonkai | 1983 100
Chubu g
Hokkaido | 1993 201 6
Nanseiok (29) 3 *—= fron 1969 to 1973
Muroto 1934 | 2866 P *—— frop 1962 to 1965
(200)
15 Transparency
Typhoon | Isewan 1956 %;gg) " Entrance of the bay .
Second | 1961 | 194 g AL
Muroto (8) 6
( ) unknown " *— from 1969 to 1973
*==* from 1962 to {965

@ > . -
> = o
1)

8855553588¢28&
Fig.3 Transparency in Ofunato Bay before(dotted)
and after(real) the breakwater construction.
3. WATER EXCHANGE MECHANISM

3.1 Mechanism

The tidal cycle average of mass transport along the axis of an estuary or a bay is expressed
by

.1 4T

= — C dA dt 2

M=7 /0 /A“ (@)

in which, velocity u and concentration C profiles are decomposed by Fischer(1972) as follows:
U= U+ Uy + Ugp + Ugy + Uy + U (3)

C=C+C1+Cu+C,, +C,+C, (4)

Then the mass transport ) is expressed by the following expression.

M= AougCo + Co(Arur) + Ao((ustCot) + (UsuCio) + (wiC}) + (u/ CT)) (5)

in which, u , C : instantaneous velocity and concentration profiles, u,,C, : average velocity
and concentration over cross sectional and a tidal cycle, u;,C; : cross sectional averages
at any time during the tidal cycle, minus the tidal cycle averages, wu,;, Cy; : the horizontal
variation of the vertical mean, u,,,C,, : the vertical variation of the vertical mean, u},C;
: the horizontal deviation from the vertical mean, ul,C, : the vertical deviation from the
vertical mean.
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The first two terms in Eq. (5) may be combined to give C,Q;y , when Qy is the discharge of
one-way flow of the cross section. Ay (uuCyt), Ao(UsrCiv) A,(u}C}) , A,(ulC?) represent
respectively mass transport by the horizontal circulation flow, the vertical circulation flow,
the horizontal oscillatory shear and the vertical oscillatory shear. The last two terms are
considered as the turbulent diffusion transport. According to above consideration of mass
transport decomposition, the net mass transport components that pass through the bay
entrance are composed of the one-way flow term and the other water exchange terms such as

the horizontal circulation flow, the vertical circulation flow and the turbulent diffusion.

Water exchange is a very important phenomenon which dilutes the contaminated bay water .
with clean ocean water. Water exchange mechanisms are schematically explained as shown
in Fig.4(Murakami,1992). In the figure, the mechanism (a) is caused by turbulent mixing,
(b) is caused by horizontal circulation flow, and (c) is caused by vertical circulation flow.
Turbulent mixing is caused by turbulent flow.  This is the fundamental mechanism of
water exchange caused by oscillatory tidal current. Horizontal circulation flow is caused by
tidal residual flow, which is generated by the non-linearity property of tidal current. When
breakwaters are constructed at the entrance of a bay, tidal velocity is increased because of
the reduction of the cross sectional area. Therefore, horizontal circulation flow is generated
behind the breakwater by relatively strong tidal velocity. The horizontal circulation flow
has an effect on water exchange between two water bodies. The water exchange mechanism
caused by horizontal circulation flow is explained as tidal pumping by Fischer et al.(1979).

Vertical circulation flow also has an effect on water exchange between two water bodies. The
vertical circulation flow is generated by density current or wind driven current. In a small
bay, abrupt rising of water temperature occurs frequently due to strong tidal current(so called
Kyucho). It is thought that the phenomenon of the Kyucho is caused by vertical circulation
flow induced by density current. The abrupt water temperature rising implies that the water
exchange occurs abruptly.

3.2 Water Exchange Ratio and Averaged Residence Time
The water exchange phenomenon is explained in two ways. One is the water exchange ratio

(tidal exchange ratio) investigated by Parker et al.(1972). And the other is the averaged
residence time investigated by Bolin et al.(1973). The former considers the mixing process of
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materials at the bay entrance. And the latter considers the amount of the remnant materials
in the enclosed region. Parker et al. investigated the concept of water exchange ratio at
Golden Gate in San-Francisco Bay. They defined the water exchange ratio as the fraction
of new water entering the bay on the flood tide. The water which passes through the bay
entrance on a flood tide consists of water which has been in the bay before (old water) and
water which has not (new water).

Bolin et al. investigated the concept of residence time in natural reservoirs. The residence
time means the duration which a particle spends the region before removal to adjacent region.
The short residence time is the same meaning of large water exchange ratio. The averaged
residence time is expressed by the following equation (Takeoka,1984).

_ 00 }Z(t) _ o)
L f de—/; r(t)dt (6)

in which , 7, : average residence time, R(t): the amount of material which still remains
in the region at a time t, R, : the amount of material at t=0, r(t) : remnant function

(= R(t)/R, ).

This concept is suitable for water exchange studies by using physical model experiments and
numerical simulations. In this paper, the author utilizes the concept of the remnant function
of the average dye concentration of enclosed region and the average residence time.

4. HYDRAULIC AND MATHEMATICAL MODEL EXPERIMENTS ON
WATER EXCHANGE

4.1 Hydraulic Model Experiment Procedure

In order to predict the influence of reclamation lands or breakwaters on tidal current and
substance dispersion, hydraulic model experiments are generally utilized. Water exchange
is also investigated by hydraulic model experiment. Hydraulic model experiment of water
exchange is carried out by the following procedure as shown in Fig.5

At the first stage, water is filled in the model basin up to the mean water level. Then the
water is divided into inner bay water and outer ocean water by the barrier board installed
at the cross section of the bay entrance. Fluorescein sodium dye is used as the tracer of
contaminated substance. The dye is put into the inner bay water, and mixed up sufficiently

1st stage 2nd stage 3rd stage

4ppm‘

. Ocean

Ocean Ocean

barrier sampling

board

0 ppm

Fig.5 Experimental procedure of water exchange by physical model.
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Table 3 Experimental cases and maximum current vellocity at the entrance.
( Suzaki Bay model )

Exp. Exp. Condition Flood Tide | Ebb Tide || Compu.
Cases | Breakwater | Density (cm/s) (cm/s) Cases
Run-A | without without 1.6 0.8 Case-03
Run-B with without 10.5 8.9 Casc-04
Run-C | without with 2.9 2.3 Case-01
Run-D with with 6.0 13.8 Case-02

until the water becomes a homogeneous dye concentration. At the second stage, the barrier
board is removed from the cross section which divides into two regions. At the same time,
the operation of tide generator starts. Then the mixing between two water bodies begins
due to tidal current and turbulent diffusion. At the third stage of the experiment, a small
volume of water is picked up from each gathering station distributed in the model basin in
order to measure the dye concentration distribution every several tidal cycles. Eighty pieces
of water gathering equipment can collect water samples from each station simultaneously.

4.2 Horizontal Circulation Flow

As described before, horizontal circulation flow has a large effect on water exchange between
two water bodies. Figures 6(a) and 6(b) show the float trajectories for two tidal cycles in
case of "with” and ”without” breakwaters at bay entrance, which are experimental results
of the Suzaki Bay model basin (Murakami,1988). From the figures, it is shown that the
horizontal circulation flow is generated behind the breakwaters. Tidal amplitudes in inner
region for both cases show almost the same values. This result means that the net volume .
of water entering into enclosed region from the outside during flood tide is almost the same
under the experimental condition of with and with out breakwaters.

Table 3 shows the maximum current velocities measured by ultra-sonic current meter installed
at the center between two breakwaters. The maximum velocity in case of with breakwaters
is much higher than the velocity in case of without breakwater. This high velocity current
generates the horizontal circulation flow behind breakwater, which is the tidal residual flow

caused by non-linearity of tidal current.
W
'y C\ﬁa "
)

Fig.6 a.{) Iloat trajectories for 2 tidal cycles. Fig.6(b) Float trajectories for 2 tidal cycles.
(with breakwater without density current) (without breakwater without density current)

Sfﬂ?@
J/{ &?
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Fig.7 Decay curves of remnant function of average dye concentration.
without density current : Suzaki Bay Mmodel)

Figure 7 shows the decay curves of the remnant function of the averaged dye concentration
whole over the enclosed region in case of with breakwaters plotted by white circles and without
breakwaters plotted by black circles. According to the figure, water exchange is promoted
by existence of the breakwaters at the bay entrance. This depends upon the horizontal
circulation flow generated by tidal residual flow. This experimental result shows that the
horizontal circulation flow has an effect on water exchange promotion.

The concept of water exchange is applied to other coastal seas. = Kagoshima Bay is an
extremely enclosed region as shown in Fig.8. The effect of the new channel excavation, as
shown in the enlarged part of the figure, on water exchange is studied by hydraulic model
experiment. Water exchange experiments are carried out by using the Kagoshima Bay model
basin (Murakami et al.,1986). Experimental cases are shown in Table 4. In order to generate
horizontal circulation flow in enclosed region, a gate which is installed in the new channel of
the model is repeatedly operated in the following way. The gate is opened while the tide is
flood (or ebb), and closed while the tide is ebb (or flood). Enforced unidirectional flow is thus
generated in the new channel. As a result, enforced circulation flow is generated in the area
of inner bay. Figures 9(a) and 9(b) show the pattern of the average tidal velocity obtained
by float movements for two tidal cycles of Flood-Only and Ebb & Flood cases. It is clearly
shown that counter clockwise horizontal circulation flow is generated by the operation of the

new channel

generater

Pneumatic tide

Inner Bay

Outer bay

£310 BUTYS0Zwy

~

existing

channel
%
L

Fig.8 Hydraulic model basin of Kagoshima Bay
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Table 4 Experimental cases of Kagoshima Bay model.

Case No. | Name Experimental Conditions

Case I Present No new channel

Case I Ebb & Flood | With ncw channcl, but no galc opcration
Case I | Flood-Only Gate is opende during [lood tide

Case IV | Ebb—Only Gate is opened during ebb tide

30 tidal
unit: 0.1 ppm

Fig.10(a) Horizontal distribution of dye  Fig.10(b) Horizontal distribution of dye
tracer concentration(Ebb & Flood) tracer concentration(Flood-Only)

gate which is opened while the tide is flood. ~Figures 10(a) and 10(b) show the horizontal
distributions of dye tracer concentration after the 30 tidal cycles from the initial condition,
which is set up 4 ppm in the dye concentration for the inner bay water and 0 ppm for the
outer ocean water. In case of Ebb & Flood, the most inner part of water is diluted due to the
excavation of the new channel, but the inner bay water does not diffuse to outer bay region
through the existing channel very much. On the other hand in case of Flood-Only, the inner
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Fig.11 Decay curves of remnant function of average dye concentration.
(Kagoshima Bay model)

bay water is transported to the outer bay region passing through the existing channel.

The decay curves of the remnant function in cases of Flood-Only and Ebb & Flood are shown
in Fig. 11. From the figure, it is found that the average concentration in case of Flood-Only
decreases more quickly than the concentration of Ebb & Flood case. This result implies that
the enforced horizontal circulation flow generated by the gate operation has a large effect on
water exchange between two water bodies.

The reason why the new channel excavation does not have an effect on water exchange in case
of the Kagoshima Bay model experiment is thought as follows: Tidal amplitude measured by .
wave gauge does not change whether the new channel is excavated or not. These results mean
that the net volume entering into inner region during flood tide does not change whether the
new channel exists or not. Therefore, the total volume that. passes through the existing
channel decreases due to the new channel excavation, and the new channel does not generate
horizontal circulation flow in inner bay region.

As described before, the horizontal circulation flow generated by the gate operation or by
tidal residual current behind the breakwaters has an effect on water exchange between con-
taminated inner bay water and clean ocean water. Several ideas proposed by some researchers
to promote water exchange are based upon the effect of horizontal circulation flow on water
exchange. In this section, the authors only considered horizontal circulation flow because
the hydraulic model experiments are generally carried out by homogeneous water condition.
The method does not consider the vertical circulation flow induced by density current or
wind driven current.

4.3 Vertical Circulation Flow

So far, the authors have not mentioned vertical circulation flow. In an enclosed region, vertical
circulation flow is generated by density current or wind driven current. For hydraulic model
experiments, the density current and wind driven current are usually ignored, because it is
very difficult to control both currents precisely in the model basin.

When we consider well mixed conditions for enclosed region, the narrow entrance causes the
high speed current velocity which generates the horizontal circulation flow in the region. As
described before, the horizontal circulation flow has an effect on water exchange. Therefore,
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the narrow entrance does not contribute to water contamination in enclosed region if the flow
is in a well mixed condition. However, the water in enclosed coastal seas is generally con-
taminated. Several reasons are considered for the water contamination of enclosed regions.
Among them, small water exchange ratio is one of the most important reasons. Therefore,
the vertical circulation flow should be considered as well as the horizontal circulation flow
when we consider the water exchange problems in enclosed coastal seas.

Considering above mentioned viewpoints, the author carried out hydraulic model experiments
of water exchange on the condition of the flow field with and without density current by using
the Suzaki Bay model basin (Murakami & Shirai,1990). For without density current, the
experimental results are already described in Figs. 6 and 7. The consideration of density
current in the hydraulic model basin is carried out in the following way. At the first stage,
seawater in the basin is divided into inner bay water and outer ocean water by the barrier
board. Then the inner bay water is mixed well with freshwater up to homogeneous salinity,
which is 0.05% less than the salinity of ocean water. The other procedure is the same as the
experiment without density current.

By the density difference between inner bay water and outer ocean water, density current
is induced in the model basin. The water in upper layer flows from the bay to the ocean,
while the water in lower layer flows from the ocean to the bay. Table 3 shows the maximum
velocities at the bay entrance measured by current meter. According to these results, the
maximum velocity with breakwaters is much higher than the velocity in case of without
breakwaters, and the horizontal circulation is generated behind the breakwaters. These flow
patterns are considerably similar to that of without density current.

Figure 12 shows the decay curves of the remnant function in case of with breakwater plotted
by white circles and without breakwaters plotted by black circles. As compared with Fig.
7, it is evident that the water exchange with density current is much larger than that of
without density current. As to with density current, water exchange is decreased due to the
existence of the breakwaters at the bay entrance. This is mainly due to the reduction of
cross sectional area of the bay entrance. This implies that the influence of the breakwaters
on water exchange is negative whether the density current exists or not.

Thus, the existence of the breakwaters at the bay entrance enhances the water exchange
by horizontal circulation flow, but decreased the exchange owing to the suppressed vertical

o—— Without breakwaters
o-—-o with breakwaters

A A 1 1 \?---—g
0246810 15 20
tidal cycles

Fig.12 Decay curves of remnant function of average dye concentration.
(with density current : Suzaki Bay model)
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circulation flow.
4.4 Mathematical Model Experiments on Water Exchange

Water exchange experiment by hydraulic model technique with density current has a problem,
which is the unrealistic still water and homogeneous high density distribution in the enclosed
region at the initial stage of the experiment. Therefore, a very strong vertical circulation is
generated just after the removal of the barrier board which divides lighter inner bay water
and heavier ocean water.

In order to avoid this unrealistic conditions, we carried out mathematical model experiments
on water exchange by using a simple rectangular bay with constant depth. Experimental
conditions are the same as in Table 3, that is, Case-01 for without breakwater and with
density current, Case-02 for with breakwater and with density current, Case-03 for without
breakwater and without density current, and Case-04 for with breakwater and without density
current.

Three-dimensional mathematical model is employed in order to consider the vertical circu-
lation flow induced by density current and the horizontal circulation flow generated by tidal
residual current. The computational condition is shown in Table 5. In this computation,
water depth is divided to 5 layers by sigma stretching coordinate technique. The mode split-
ting technique is employed, so time step for external mode is 30 seconds, and for internal
mode is 300 seconds. Salinity conditions at initial stage and along the open boundary are
fixed as 32.0 ppt, and fresh water is discharged into the inner part of the enclosed region.

The density difference between freshwater and saltwater induces the density current. Ac-
cording to computational results, vertical circulation flow is generated in case of with density
different, and horizontal circulation flow is generated in case of with breakwaters.

Figures 13(a) to 13(d) show the horizontal distributions of the contents of inner bay water
after 30 tidal cycles computation from the initial condition. And Figure 14 shows the decay
curves of the remnant function of the inner bay water contents calculated by mathematical
model. From these figures, it is shown that the horizontal circulation induced by breakwaters
has an effect on water exchange, and the vertical circulation induced by density current has
an also effect on water exchange by the mathematical model experiment, too. And, the
density current is decreased by the existence of the breakwaters.

Table 5 Computational conditions of mathematical model experiments.

Variables Computational conditions

Time interval external:30s, internal 300s

Initial condition u=v=0.0, salinity=3.20

Boundary condition salinity=3.20%, amplitude=1.2m
Number of layers 5 layers

Fresh discharge 10 m3/s for each colume

Bottom friction vp2 = 0.0043

Viscosity coefficients | horizontal:5000cm2/s,vertical:8cm2/s
Diffusion coefficients | horizontal:5000cm2/s,vertical:lcm2/s
Exchange tracer Inner bay ¢=0.0, Outer bay c=1.0
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4.5 Discussion

By using hydraulic model experiments and mathematical model experiments, water exchange
mechanisms in enclosed coastal seas were investigated. = The influence of breakwaters on
water exchange has two aspects in relation to density current condition. The authors tried
to explain this contradictory result of the influence of breakwaters on water exchange by
using the concepts as shown in Fig. 4.

Hydraulic model experimental conditions are shown in Table 3. Water exchange mechanisms
in hydraulic model experiments are assumed as follows. In case of Run-A, water exchange
is caused by turbulent diffusion (a) only. In case of Run-B, water exchange is caused by
turbulent diffusion (a) and horizontal circulation flow (b), Run-C is caused by turbulent
diffusion (a) and vertical circulation flow (c), and Run-D is caused by turbulent diffusion (a),
horizontal circulation flow (b), and vertical circulation flow (c). Furthermore, the author
assumes that the water exchange volume by turbulent diffusion and vertical circulation flow
are proportional to the cross sectional area of the bay entrance.

According to these assumptions, the volume of water exchange of each experimental run is
expressed respectively in the following equations.

Run—A : qg=a-Q (7)
Run-B : g=(3)Q ®
Run—-C : g=(a+p)-Q. (9)
Run—D : q4=(as§1+ﬁ+7s§’)-Q (10)

where, a is the water exchange ratio by turbulent diffusion, # is the ratio by horizontal
circulation flow, 7 is the ratio by vertical circulation flow, @ is the volume of water entering
into a bay during flood tide or ebb tide, s’ is the cross sectional area of bay entrance with
breakwaters, and S is the area of bay entrance without breakwaters

(t) =exp{—Ad~tf‘} (11)

where, 7(t) is the remnant function, t4 is the number of tidal cycles, A4, By are empirical
constants. Average residence time is defined by Eq.(6), and empirical constants Az and By
are obtained in Table 6 of each experimental run. From the table, water exchange ratios
for one tidal cycle of each run can be estimated. By substituting these exchange ratios into
Egs.(7) to (10), water exchange ratios of each mechanism are obtained as a =0.199 from
Run-A, 3=0.198 from Run-B, and y=0.433 from Run-C. These values are substituted into
Eq.(10), and the water exchange ratio in case of Run-D is estimated as 39.1%.

Table 6 Average residence time and the value of empirical constants.

Case Aqg B4 T q(days)
Run-A | 0.143 | 0.63 15.3
Run-B | 0.201 | 0.57 13.2
Run-C | 0.688 | 0.58 1.3
Run-D | 0.358 | 0.68 2.7
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Fig.15 Comparison between experimental results and estimated results
of remnant function in case of Run-D

This value is relatively close to the value of 43.6% obtained by the result of Run-D. By
substituting the water exchange ratio and average empirical constant By into Eq.(11), the
remnant function for Run-D is estimated. Figure 15 shows the comparison between the ex-
perimental result and the estimated result of the remnant function for Run-D. The estimated
remnant function agrees with the experimental result.

From these considerations and very rough assumptions, different water exchange behaviors
between with density current and without one can be explained successfully. Especially the
contradictory effect of the influence of the breakwaters located at a bay entrance on water
exchange is explained successfully.

5. PROMOTION OF WATER EXCHANGE BY CONFIGURATION OF THE
ENTRANCE

In this chapter, the authors consider the water exchange mechanism induced by horizontal
circulation flow only. As described before, the water exchange induced by vertical circulation
flow is also very important. However the reduction of cross sectional area at bay entrance
by breakwaters is absolutely necessary in order to protect the sheltered region from natural
disasters such as tsunami waves or typhoon storm surges. Based upon these situations,
the author investigated the water exchange promotion techniques by using hydraulic model
experiments under the condition of a well mixed flow field.

The hydraulic model experiments of water exchange are carried out for several experimental
conditions as shown in Table 7. The hydraulic model basin used here is a rectangular shape
of 5.4m in length, 5.4m in width and 0.15m in depth. In the table, width (W) and length
(L) of the entrance, number of entrances, and the layout of the breakwaters are alternated in
order to investigate the effect on water exchangé. The tidal amplitude of each experimental
case is 0.5cm, 1.0cm, and 3.0cm, respectively.

Figure 16 shows the velocity vectors of the tidal residual flows, which are the average values
of tidal velocities for one tidal cycle, and the decay curves of the remnant function of the
averaged dye concentration in enclosed region in case of Run-10, and Fig.17 shows the same
graphs in case of Run-30. At first, the comparison for entrance width W is carried out.
Tidal amplitudes at inner region for both cases show almost the same values in spite of the
different entrance width. Tidal residual flow in case of Run-10 is much larger than the flow
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Table 7 Experimental cases of the rectangular model basin.

No. Entrance Width Length
Run-10 | 1: center 90 cm 0 cm
Run-11 | 1: center 90 cm | 180 cm
Run-20 | 1: center 180 cm 0 cm
Run-30 | 1: center 270 cm 0 cm
Run-40 | 1: right end | 90 cm 0 cm
Run-50 | 2:both sides | 45x2cm 0 cm
2

Run-60 :both sides | 45x2cm | jetties

of Run-30. The remnant function of the averaged dye concentration in inner region in case of
Run-10 decreases more quickly than that of Run-30. This is the same effect of the horizontal
circulation flow on water exchange as described in Section 4.2.

Next consideration is the effect of the entrance length L. Figure 18 shows the same graphs
in case of Run-11. At the entrance, the cross sectional average current velocities in cases of
Run-11 and Run-10 are almost the same values for both ebb and flood tides, because the
volume of water entering from outside during flood tide and the entrance width are almost
the same for both experimental conditions. In spite of same current velocity at the entrance,
the tidal residual flow in case of Run-11 is much smaller than the flow of Run-10, and the
dye concentration reduction curve in case of Run-11 decays slowly compared to Run-10.

The above difference is seemed to be caused by the following reason. In case of Run-10,
there is no channel with length L=0cm, so the cross sectional area changes rapidly from
outside to inside. For this entrance condition, the large vorticity is generated by the tidal
current at the entrance. In case of Run-11 with the channel length L=180cm, the velocity
profile of flood flow is refined due to the friction of the training walls, so the relatively weak
vorticity is generated by the tidal current at the entrance. By above mentioned reasons,
the relatively weak tidal residual flow is generated in case of Run-11, and the average dye
concentration decay curve decreases more slowly compared to the decay curve of Run-10.

Next the authors consider the location of the entrance. Figure 19 shows the velocity vectors
of tidal residual flow and the averaged dye concentration decay curve in case of Run-40 whose
entrance is located at the right end with W=90cm width and L=0cm length. The average
dye concentration decay curve in case of Run-40 decreases slightly slower than the decay
curve of Run-10. The reason for this is considered to be that the tidal residual flow in case of
Run-40 is slightly weaker than the flow of Run-10 because the distance of the left-hand part
of the inner region in case of Run-40 is much far from the entrance compared to the distance
of Run-10. But the difference of the average residence time between Run-10 and Run-40 is
very small.

Next consideration is the number of entrances. Figure 20 shows the results of Run-50. In
case of Run-50, there are two entrances with 45cm width and Ocm length. The average dye
concentration decay curve in case of Run-50 decreases slightly slower than that of Run-10.
In case of Run-50, both entrances generate horizontal circulation flows in opposite directions.
Therefore, the energy of the horizontal circulation flow generated by one entrance is dissipated
by the opposite direction of the horizontal circulation flow generated by the other entrance.
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Fig.20 Tidal residual flow and decay curve Fig.21 Tidal residual flow and decay curve
of remnant function (Run-50). of remnant function (Run-60).

This is why the water exchange in case of Run-50 is slightly smaller than the case of Run-10.

Until now from Run-10 to Run-50, the experimental conditions has been one entrance or two
entrances symmetrically. By these conditions, the horizontal tidal residual flow is generated
by the vorticity at the entrance, but the one-way flow at the entrance is not generated. Cross
sectional average flood flow velocity is almost the same as the ebb flow velocity, so there is
no significant net volume of water passing through the entrance. In order to promote water
exchange, one-way flow is generated by the layout of the breakwaters as shown in Fig. 21.
The right hand side of the entrance shape has the property of which the water is easy to
enter from the outside, and the left hand side one has the opposite property. Therefore,
weak clock-wise horizontal circulation flow is generated in the whole region. Figure 21 shows
the velocity vectors of the tidal residual flow and the average dye concentration decay curve
in case of Run-60. In case of Run-60, the tidal current is refined by the training jetties.
Therefore a weak vorticity is generated around these entrances, and one-way flow from right-
hand side entrance to left-hand side entrance is generated by the existence of the training
jetties. In this way, a relatively weak tidal residual flow and one-way flow are generated as
shown in Fig.21. The average dye concentration decay curve decreases relatively faster than
the decay curve of other cases even if the tidal residual flow is weak. This result implies
that the one-way flow generated by the training jetties has a large effect on water exchange
between inner and outer water bodies. According to these experimental results, the average
residence time (Eq.6), the total energy of tidal residual flow (Eq.12), and the total value of
the circulation (Eq.13) in enclosed region are estimated.

Erp = %E (u?{+v?e) (12)
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where, Er : the total energy of the tidal residual flow in enclosed region, Lp : the total

value of the circulation in enclosed region, up : the velocity of the tidal residual flow in
x-direction, vg : the velocity of the tidal residual flow in y-direcrion.

Figure 22 shows the relationship between the total energy of the tidal residual flow (Eg) and
the total value of the circulation (Lg). A good relationship between these values is obtained
for every experimental case. This means that the tidal residual flow in the enclosed region
is generated by the convection of vorticity which is released at the entrance of the region.
In cases of Run-11 and Run-60, the total energy of the tidal residual flow is smaller than
other cases because the shape of the entrance for both cases has training jetties or training
channel, which generates relatively weak vorticity at the entrance.

Figure 23 shows the relationship between the average residence time and the total value of
the circulation for each experimental case. From the figure, the following characteristics of
the average residence time are obtained. The average residence time decreases as the total
value of the circulation increases. In case of the same amplitude experimental conditions,
the average residence time becomes small as the width of the entrance decreases and the
length of the entrance channel decreases. One-way flow in case of Run-60 has a large effect
on water exchange even if the total value of the circulation is not large.

6. CONCLUDING REMARKS

In this paper, the author investigated the water exchange mechanisms in enclosed coastal
seas by using hydraulic model experiments.  Especially, the influence of the breakwaters
located at the bay entrance on water exchange is examined. Conclusions obtained from these
experiments are summarized as follows:

(1) The tidal residual flow is generated by the vorticity which is formed at the entrance of
the region. (2) Water exchange is promoted by the total value of the circulation. =~ The
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total value of the circulation increases as the width of the entrance decreases and the length
of the entrance channel decreases. (3) To excavate the new channel without gate operation
affects water dilution only near the channel, but does not have effect on water exchange for
whole over the enclosed region. (4) One-way flow generated by the training jetties or the
gate operation in the new channel has large effect on water exchange. The generation of
enforced horizontal circulation flow induced by the gate operation has a large effect on water
exchange promotion between contaminated inner bay and clean ocean water bodies. (5)
Influence of the breakwaters located at the bay entrance on water exchange has two aspects.
As to the case without density current, the existence of the breakwaters promotes the water
exchange because the horizontal circulation flow is generated behind the breakwaters. On
the other hand in case of with density current, water exchange decreases due to the existence
of the breakwaters because the vertical circulation flow is suppressed by the breakwaters. (6)
Based on some very rough assumptions, this contradictory result of influence of breakwaters
on water exchange is explained successfully. (7) When we predict the influence of marine
structures on water exchange, we must consider both configuration conditions and detailed
flow field conditions of concerned area.

These considerations are carried out by using hydraulic model experiments. Water exchange
experiment by this model has a fundamental problem, which is the unrealistic still water in
the enclosed region at the initial stage of the experiment. The author would like to continue
the investigation by using mathematical model experiments for stratified flow condition.
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ABSTRACT

Field survey and monte carlo method finite difference method was conducted

to estimate the soil diffusion for point of dredging work and outlet of muddy
water in the Euam Dam in Kang Won-Do,Korea. As a result of comparing the values of
on-the-spot survey and the two theoretical method, the following conculusions can be
obtained.1) We see the possibility of modelling about the diffusion of moving flow
by Monte Carlo method which pursuits the volume of flow, time, and the number of
particles using the sampling of random number not solving the Fick’s diffusion
equations.2) In the Lagrangian approach by Monte Carlo method which focus on the
movement of particles, the density and the range of diffusion of sediment using the
regular random number are almost same as in case of using the uniform random number,
3) We see the high stability of calcualtion, the non-accumulation of error, the high
precision by increasing the number of random sampling, and the simple application
even in complex boundary conditions, if we use the Monte Carlo method in the
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prediction of the diffusion of turbid water due to desilting and reclamation
according to the developement of Boongeuh island within Yeuam lake.,4) As a results
of estimation of the sediment density and the diffusion range of the drained
sediment at the desilting spot and at the drainage of desilting sediment, the obtain
ed three sediment densities which are one by on-the-spot survey, by the Monte Carlo
method and by the difference method for the solution of diffussion equation almost
same within the range 10-20 % error.

1. INTRODUCTION

The purpose of this papaer is the development of the prediction model of the
density and the diffusion range of floating dust which occurs around the cutter
and the turbid water which discharges from drain tile and spillway due to
desilting and reclamation within lake.

The numerical prediction and on-the-spot survey are carried out about the density
of turbid water due to the developement of Boongeuh island within Yeuam-Dam lake. On
-the-spot survey 1is conducted at the desilting spot and at the outlet of turbid
water. The numerical prediction methods are the difference method which is one
of the deterministic method transforms the basic equationas to the dispersion
value, and the Monte Carlo Method which is one of the probability method pursuit
s the volume of flow, time, and the number of particles using the randomness not
solving the differential equations.

2.FIELD SURVEY

2.1 Outline of survey

On the purpose of the developement of Boongeuh island within the Yeuam-Dam lake,
Choonchon City, Kangwon Province, the desilting work is to perform from August 1991
to December 1992, The area of developement is 96,000 pyung. The pump desilting ship
is used. The average working time of desilting is 17 hours per day. The maximum
amount of desilting is about 3,000 m® per day. The physical properties of desilting
ship are as follows: Length: 22 m, Width: 7 m, Diameter of drain pipe: 350 mm.

Four spots are selected to investigate the distribution of bottom material.

2.2 Method of survey
In order to investigate the distribution of bottom material within Yeuam lake,

the sampling is‘performed using the sampler at four spots which indicated on figure
=l
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In order to investiagte the distribution of turbid water due to desilting, the
turbidity measurement is conducted in the topstratum and the meddle-stratum at the
desilting spots, and at outlet of turbid water as shown figure 2-1.

DESILTING
SPOTS

-
-3

Fig.2-1 Point of turbidity

2.3 Analysis of results

The results of grain size analysis of bottom material at four spots within Yeuam
lake as follows: the bottom materials of Yeuam lake are sand and gravel, the
distribution percentage of silt is less than 4% At No. 4 spot the size of sampled
gravel is 30mm-70mm,

The results of analysis of turbid water collected at desilting spots as follows: the
density of turbid water collected at desilting spots is 40-250 mg/l, the one of the
outlet at spot ‘A’ is 3-912 mg/l, and the one of the outlet at spot ‘B’ is 2-60
mg/1.

3.DIFFUSION OF TURBID WATER DUE TO PUMP
DESILTING

3.1 Diffusion of turbid water by Monte Carlo Method

The methods of numerical analysis of diffusion model are the Eulerian
method(deterministic method) represented by finite difference method and the
Lagrangian method(probability method) represented by Monte Carlo method that we
focus on the movement of particle. The prediction method of the diffusion of turbid



water due to desilting and reclamation according to the developement of
Boongeuh island within Yeuam lake is the Monte Carlo method which contains the
conservation of mass, the high stability of calcualtion, the non-accumulation of
error, the high precision by increasing the number of random sampling, and the
simple application even in complex boudary conditions. The dispersion of movement
is appeared as figure 3-1.

JAVAY)
ViR

AV

T=T

Fig.3-1 variance of particles
3.2 Diffusion model by sampling of random number
The one dimensional flow describes as:
u=U+ By + 7z
where U is the average velocity in x direction
B, 7 are the linear distribution functions in the directions y
and x respectively
At time t=nAt, the particle moves from (x'™,y™,z™) to (x™9, y®™V 2™V after
time At. The distances of movement in directions x, y, z which correspond to vortex
diffusion term due to sampling of random number are 1y, 1y, 1, respectively. Then:
M L R T By o 2y Ay
O L 1, (3-1)
z(n*l) - z(n) 1,
where
yhvuw = (ymd) n y“”)/Z (3-2)
B
I, 1,1, ¢ Each has different value for each time step. In order to determine the
distances of movement 1., 1y, 1, the uniform random number used. The sampling range



of random numbers a, b, ¢ is -0.5 - 0.5. The random numbers a, b, c are different
each other. Then A, B, C are expressed as:

a
A=
(az*bz’cz)
b
B = (3-3)
(aZ+bZ+CZ)
C
Gz

(aZ ¥ bz + CZ)

In equ.(3-3), the average value of A, B, C is zero. Because the dispersion is %
distribution, the relation of the dispersion of distance of movement 0% and the

coefficient of diffusion is expressed as:
K= o2t (3-4)

and using the equation (3-4), the distances of movement are discribed as:

I, = AX(3X2X At Xke)"?
1, = BX(3X2X At Xk,)"? (3-5)
1, = CX(3X2X At Xk,)"?

In case of normal random numbers A, B, C, the average is 0 and the disprsion is 1.0.
Then the distances of movement of particle can be written:

1, = AX(2XAtXk)"?
1, = BX(2X AtXk,)'"? (3-6)
1, = CX(2X At Xk,)"?

The calculation of density is carried out by considering the number of particles
which get in the grid at time (t) = t, assumed that N particles started from time
t=0, x=0, y=o.

In the process of calculation of density, it makes the dispersion small as average
because the dispersion of particles is great in case of small number of particles.
The dispersion of turbidity can be considered about only two procedures of moving
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flows and diffusion in those four procedures of moving flow, plunging, diffusion,
and refloatation. The number of sampling in random numbers A, B, C is 20,400
respectively. The table 1 shows the conditions used in the estimation of the
diffusion of turbid water at the outlet of drainage and the spot of desilting.

Table 1 condition of calculation

mean velocity 4cm/sec
diffusion coefficient(kx) 4,300 cm2/sec
diffusion coefficient(ky) 4,300 cm2/sec
diffusion coefficient(kz) 500 cm2/sec
mesh size(Ax) 50 m

mesh size(Ay) 50 m

mesh size(Az) lm
sampling volume of turbid water

at the desilting spot 7,111 mg/sec
point of sampling x=11, y=11, z=1
sampling volume of turbid water

at outlet(A) 912 mg/sec
sampling volume of turbid water

at outlet(B) 362 mg/sec
point of sampling x=1, y=11, z=1
time interval(At) 60 sec
working time 1920 sec

3.3 Numerical analysis by Monte carlo Method
The figures 3.3.1-2 show the horizontal distributions of the density calculated
using the uniform random number and the normal random number after the working time

1920 seconds at the outlet of turbid water (A), (B), and the figure 3.3.3 shows it at
the spot of desilting.
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Fig.3.3.1 distribution of concentration for turbid water at outlet(A)
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Fig.3.3.3 distribution of concentration for turbid water at the desilting spot

3.4 Equation of diffusion
The diffusions of suspension material, warm-water drainage, salinity at lake, river,
sea area mainly due to the moving flow by the movement of diffusion, dispersion and
average flow. There are two diffusions, namely, the particle diffusion due to the
difference of density and the turbulence diffusion due to the turbulence of flow.
The classic theory of diffusion is established by Fick. The diffusion equation about
the sediment due to the desilting in Yeuam-Dam lake can be expressed by the Fick
type equation about the two dimensional flow.
2 2

s

Considering the plunging of sediment, the above equation could be
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2 2
ac ac ac ac ac
+ + =k, + k. — WoC =
at x ey el Yoay! ¢ (3-8)
where Wy : the velocity of plunging

3.4.1 Difference equation

In the soluton process of diffusion equation, the foreward difference method used in
the difference of time term, which obtain the unknown variable at time t=(n+l)At
from known variable at time t=nAt and leap-frog method used in the difference of
moving flow term. The figure 3.4.1 shows the results of calculation of the density
distribution of turbid water after working time 1920 seconds at the desilting spot

and the outlet of drainage (A), (B).
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Fig.3.4.1 distribution of concentration for turbid water by difference method

4. RESULTS AND DISCUSSION

4.1 Discussion of the application of model

In order to investiage the application of prediction model for the sediment density
and the range of diffusion about the drained sediment at the desilting spot and the

outlet of drainage,

shown in figures 4. 1-2.

random number),

In the figure,
(X:difference

method),

densities after working time 1920 seconds.

(O:uniform random number),
(O: on-the-spot

the three sediment densities which obtained by on-the-spot
survey, by the two Monte Carlo method(uniform random number,
and by the difference method for the solution of diffussion equation

regular random number)
compared as
(@:regular

survey) indicate the
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5. CONCLUSIONS

In order to estimate the densities and the range of diffusion of floating material
due to desilting and plunging, on-the-spot survey carried out at the desilting
spot and the outflow area of turbid water, and the numerical prediction was
conducted by the difference method that the basic equation which is one of the
deterministic method transforms as the dispersion value and the Monte Carlo Method
which is one of the probability method such that it pursuits the volume of
flow, time, and number of particles using the randomness not solving the
differential equations.

As a result of comparing the values of on-the-spot survey and the two theoretical
method, the following conculusions can be obtained.

1. We see the possibility of modelling about the diffusion of moving flow by Monte
Carlo method which pursuits the volume of flow, time, and the number of particles
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using the sampling of random number not solving the Fick’s diffusion equations.

2. In the Lagrangian approach by Monte Carlo method which focus on the movement of
particles, the density and the range of diffusion of sediment using the regular
random number are almost same as in case of using the uniform random number.

3. We see the high stability of calcualtion, the non-accumulation of error, the high
precision by increasing the number of random sampling, and the simple application
even in complex boundary conditions, if we use the Monte Carlo method in the
prediction of the diffusion of turbid water due to desilting and reclamation
according to the developement of Boongeuh island within Yeuam lake.

4. As a results of estimation of the sediment density and the diffusion range of the
drained sediment at the desilting spot and at the drainage of desilting sediment,
the obtained three sediment densities which are one by on-the-spot survey, by the
Monte Carlo method and by the difference method for the solution of diffussion
equation almost same within the range 10-20 % error.
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ABSTRACT

A physical-biological model for Tokyo Bay was employed to calculate an effect of a nutrient
absorption process by seaweed in a shallow water region. The numerical model is effective for
the estimation of water quality distribution controlled interactively by biologic and hydraulic
processes. The biological model contained 8 biological compartments. The physical model -
predicted 3D flow in the bay. It had 1 km mesh resolution in the horizontal plain and 3 levels’
layers in the vertical axis. We carried out simulations for 3 different boundary conditions.
Those were 1) a present condition, 2) a past condition, and 3) a tentative condition. In the
past condition, a tidal exchange rate was assigned bigger than that in the present condition.
The standing mass of nitrogen in the bay was decreased by this effect. In the tentative
condition: the seaweed vegetated more than that in the present condition, and absorption
rate of nitrogen was bigger than that in the present condition. The standing mass of nitrogen
in the bay was also decreased. By using analysis, we could estimate the spatial effect of the
nutrient absorption by seaweed was compared with the spatial distribution of residence time.

Key Words: Numerical Simulation, Sensitivity Analysis,vResidence Time, Tokyo Bay, Nu-
trient Capacity in the Bay

1. INTRODUCTION

In 1936, the water surface of Tokyo Bay was about 1140 km? inside the boundary line
connecting Futsu and Yokosuka. The area of shallow water region (less than 10 m depth)
was about 450 km?. After many reclamation projects were completed, those areas were
decreased to about 900 km? and 180 km? in 1984.

Tokyo Bay’s ecosystem is dominated by phosphorus as introduced by Sasaki(1991). Sasaki(1991)
also pointed out the absorption process in the shallow water region plays an important role
for nutrient circulation. The shallow water region is potential habitat of seaweed. Seaweed
can absorb nutrients. The local reduction of the shallow water region will decrease the nutri-
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ent assimilation capacity in the bay. A physical-biological model was employed for making a
trial calculation to estimate this effect.

In the section 2., the physical-biological modeling is introduced. The model can be written
as two parts. One is a part of biological reaction process. The other is a part of physical
(hydraulic) process. A residence time analysis method is also described in this section for
the estimation of the nutrient circulation in the bay.

In the section 3., some results obtained through the model calculations are described. 1) We
applied sensitivity analysis of the biological model, 2) Comparisons among the results under
the different conditions with 3D model and 3) results of remnant time analysis.

2. A PHYSICAL-BIOLOGICAL MODEL AND
RESIDENCE TIME ANALYSIS

2.1 Biological Model

(1) Outline of the Model

The biological model was constructed for the simulation of the nutrient circulation as Hosokawa
et al.(1993). The model contains eight compartments as: Phytoplankton (PHY), Zooplank-
ton (ZOO), Dissolved Organic Carbon (DOC) for detritus, Particulate Organic Carbon
(POC), Dissolved Inorganic Phosphorus (DIP), Dissolved Inorganic Nitrogen (DIP), Dis-
solved Oxygen (DO) and Chemical Oxygen Demand (COD). Kremer et al.(1987) showed a
masterpiece of biological modeling for Narragansett Bay. Nakata(1993) improved the Nar-
- ragansett Bay model and introduced new model parameters. Our model stands on these
valuable works, but it is simplified. A schematic view of the model is shown in Fig. 1.

(Load )

> DOC - outer cell excretion | P{Y
| inorganize respiration| I 1se ttlin
= g
degradation DIP photosynthesis
inorganize DIN | excretion
N 1 grazing
withering
POC excretion death Z00
lseuling d absorption
v
adsorption

Figure 1: Schematic View of Biological Model

Loads come from rivers and bottom sediment in the form of DOC, POC, DIP and DIN. Nu-
trients circulate in the system through PHY and ZOO compartments. DO and temperature
(T) restrict the each reaction rate in this system. In this model, temperature is assumed as
a function of the depth of the each layer.
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(2) DIN Absorption Processes
In the shallow water region, DIN is absorbed by seaweed and adsorbed by bed materials.
The adsorption rate from overlaying sea water to the bottom sediment (v;)[mg atm /(m? -
day)]| is written as,

v = 0.021- NO3 ™. (1)

NO; value is assumed as NO3 = DIN / 2. The Eq.(1) was based on the observation data
obtained in the deep water region. So, we used three times bigger adsorption rate for the
shallow water less than 10 m depth.

The absorption rate from sea water to seaweed was assumed as a function of the depth. In
the region that 0-5 m depth, the absorption rate is v,s = 20.7[mg atm /(m? - day)]. In the
region that 5-10 m depth, the absorption rate is v,0 = 29.2[mg atm /(m? - day)].

2.2 Physical Model

(1) Outline of the Model
The physical model was constructed for the prediction of the 3D flow in the bay. It is required
that the model can treat:

e density stratified flow,
e enough spatial resolution to describe the geographical boundary condition, and
e tidal current is controlled by water elevation at the open boundary at bay mouth.

For the first request, we employed the level-model for the treatment of density stratified flow
~ with some simplification.

For the second request, the model has 1 km mesh resolution in the horizontal plain and 3
leveled layers in the vertical axis.

For the last matter, the simple open boundary condition is set at the bay mouth. We assign:

e water elevation is fluctuated as a sinusoidal curve, and
o velocity vector does not change when across the open boundary.

(2) Governing Equations

Figure 2 shows coordinate system for governing equations. Governing equations are based
on Navier-Stokes Equation and a mass conservation equation. Simplification was made as-
suming:

fluid is not compressible,

horizontal velocity speed exceeds vertical one,

spatial density variation is small,

pressure is described by hydrostatic pressure, and

buoyant effect can be treated by Boussinesq’s approximation.

The continuity equation described as:

ou Ov Ow
+_

=gt el (2)
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The momentum mass transport equation described as:
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Where u,v and w are velocity components parallel to z,y and z axis. p is density of the
fluid that is determined by density diffusion equation and p; is the fixed reference value of
density. v, and v, are kinetic viscosity for the horizontal direction and the vertical direction.
F is Coriolis force.

Governing equations (Eq.(2)~(5)) were integrated for each vertical layer. For solving these
equations by the ADI method as Kaneko(1975), each equation was differentiated using a
staggered mesh system.

2.3 Residence Time Analysis

Residence time (7,) is a life time indicator for an entrained object in a designated region as
described by Takeoka(1984). It was defined as:

A /Ooo r(t)dt. (6)

Where, 7(t) is a remnant function of the object normalized by initial concentration 7.
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If we assume a simple first order reaction process for r(t), r(t) is written as

dr
5 = Y (7)
and r(t) = exp(—at). (8)

In this case, Eq.(6) can be easily integrated as 7, = 1/a.

3. RESULTS AND DISCUSSIONS
3.1 Sensitivity Analysis of Biological Model

A sensitivity analysis for the biological process was conducted by using one box model. A
basic case was selected as to express Tokyo Bay’s configuration as shown in Table 1.

Table 1: Model Parameter for One Box Model

Parameter Value

Total Volume of Water Mass 13.8 km?

Mean Depth 13.8 m
Shallow Water Region
0~5 m depth 90 km?
5~10 m depth 91 km?
Tidal Exchange Ratio 0.4 % / day
Load from River
POC 81.6 t-C / day
DOC 101.9 t-C / day
DIP 0.17 t-atm / day
DIN 14.3 t-atm / day

(1) Tidal Exchange Rate
Figure 3 shows the result of sensitivity analysis for the tidal exchange rate. The horizontal

axis denotes relative input value of tidal exchange rate based on the tidal exchange rate at the
basic case. The vertical axis denotes the relative values of iterated output for the standing
mass of PHY, ZOO, DIP and DIN based on the output at the basic case.

The most sensitive output is DIN. The standing mass of DIN has nearly linear relationship
with the tidal exchange rate. Contrary, the standing mass of PHY is least changeable by
the tidal exchange rate. Nevertheless, an approaching speed to the steady value is more fast
when the tidal exchange rate is assigned larger value.

The standing mass of ZOO is responding as non-linear relationship with the tidal exchange
rate. It seems to be caused by the interaction with PHY, ZOO and DIP as follows. ZOO is
dominated by PHY not only its standing mass but also its decaying speed. When the DIP
is enough to feed PHY, PHY is decayed slowly. It causes that ZOO can graze PHY and can
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support DIP. Once DIP is not enough to feed PHY owing to the rapid tidal exchange, PHY

decays very rapidly. Then, ZOO is decays more rapidly and DIP is partially supported by
the death of ZOO and decays more slowly.

(2) Dominant Parameter of DIN

Fig.4 shows the sensitivity analysis result of the standing mass of DIN for various conditional
variables. The variables are tidal exchange rate, temperature of sea water, absorption rate
of seaweed and adsorption rate of bottom sediment. The horizontal axis denotes input of

variables compare to the basic case’s value. The vertical axis denotes iterated output values
for DIN based on the basic case’s one.
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Figure 4: Sensitivity Analysis of DIN’s Existence Rate for Various Incidents

The tidal exchange rate influences the standing mass of DIN most dominantly within the

whole region in these cases. The absorption rate of seaweed becomes a more influential
parameter for DIN when it has big value.

From this figure, increase of the capacity of DIN in the bay will be achieved by increase of

the tidal exchange rate. Furthermore, vegetated area of seaweed in the bay will be expected
also an important factor to increase the capacity of DIN.
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3.2 Comparisons of DIN by 3D Model

We carried out numerical simulation to three different boundary conditions. Those were 1) the
present condition, 2) the past condition, and 3) a tentative condition. In a tentative condition,
we increased a shallow water area (seaweed vegetated area) without the modification of the
present shoreline’s location. By the comparison with 1) and 2), the nutrient capacity in the
past condition can be estimated. By the comparison with 1) and 3), the ability of recovering
the nutrient capacity by seaweed vegetation can be estimated.

The model had 1 km mesh resolution in the horizontal plain and 3 leveled layers in the
vertical axis (0-5 m, 5-10 m and over 10 m depth). By the hydraulic model, we obtained
velocity distribution vectors data for one tide cycle. By the biological model, we obtained
spatial distribution of the standing mass of each compartment after 60 tides’ computation.

(1) Flow Field

Boundary conditions of three types of Tokyo Bay are shown in Fig.5 for the configuration
and summarized in Table 2.

Table 2: Summary of Boundary Conditions for Hydraulic Model

Case # Total Vol. Mean Depth Shallow Water Area*

(km?) (m) (km?)
1 13.6 15.2 181
2 14.6 12.8 447
3 12.1 13.5 341

% : The depthis 0 ~ 10 m

Examples of obtained surface velocity fields are shown in Fig.6. These figures show the
surface flow field in the ebb tide, the flood tide, and the residual flow of the case 1. In the
ebb tide, the flow is more rapid than the flow in the flood tide. A strong residual circulation
near the Cape Huttsu can be seen in the figure.

Figure 7 shows a comparison for the scalar values of surface velocity vectors at ebb tide to
the flow in the case 1. In the case 2, the flow is accelerated almost all region in the bay. The
accelerated ratio is about +0.5 in the center of the bay up to +5.0 near the coast. In the case
3, the flow is accelerated along the west coast and the top of the bay. The accelerated ratio
is almost +0.2 in the center of the bay up to +0.8 in the top of the bay. It is hard to draw
the conclusion directly from these figures, because the configuration of the bay is different
among 3 cases. Nevertheless, we can guess that the tidal exchange rate increase in the case
2 and 3 relative to the case 1.

(2) Distribution of DIN
According to the sensitivity analysis for the simplified one-box model, DIN is one of the most
sensitive parameters. So, we compared distribution of DIN for the each case.

Figure 8 shows the distribution of DIN for the case 1. The unit is pg-atm/I.
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Figures 9 and 10 shows the distribution of increase of DIN in the Cases 2 and 3. Those values
are obtained by the subtraction of Case 1 from that for each case.

Table 3 shows a comparison of the total amount of the standing mass of DIN in the bay.
The standing mass of DIN is reduced by almost 30 % due to the change of geographical
configuration of the bay.

In the Cases 2 and 3, the reduction is clear along the west coast. In the Case 2, the reduction
is significant in the whole layers. This means that the change of tidal exchange system is
affecting DIN distribution in the Case 2. In the Case 3, the reduction is significant only in
the bottom layer. This shows that DIN distribution in the Case 3 is mainly controlled by the
absorption process of seaweed. To clarify this argument, we conducted the residence time
analysis in the next subsection.

3.3 Comparison of Residence Time
For the estimation of the effect of the configuration change, the residence time was calculated

for sea water and DIN in the bay. The sequence for the residence time analysis in this paper
is:

obtain the spatial distribution at steady state for each compartment,
mark up existence water and DIN in the bay by the tracer,

cut the load from the land off,

reset a time counter as t=0,

BN =

Figure 5: Boundary Conditions of Tokyo Bay : Depth (m)
(left: Case 1 center: Case 2 right: Case 3)
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Figure 8: DIN’s Distribution in the Case 1 (unit:[ug-atm/1])

(left: surface level center: middle level right: bottom level)

Figure 9: Relative DIN’s Distribution in the Case 2 (unit:[ug-atm/!])

(left: surface level center: middle level right: bottom level)
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Figure 10: Relative DIN’s Distribution in the Case 3 (unit:[ug-atm/I])

(left: surface level center: middle level right: bottom level)

Table 3: Total Amount of DIN’s Mass in the Bay

Case # Mass Rate

(t-atm)
1 66.2 1.0
2 48.0 0.73
3 42.0 0.63

5. continue the physical-biological model calculation,
6. obtain the remnant function 7(t) for the water and DIN, and
7. calculate the residence time 7, by Eq.(6).

(1) Residence Time of the Sea Water
Fig.11 shows the remnant function of the water in the whole bay for each case.

Residence times of the sea water are estimated as 250 days for the Case 1, 142 days for
the Case 2 and 200 days for the Case 3. By the comparison with the Case 1, change of
the residence time is more significant for Case 2 than Case 3. The tidal exchange is more
promoting in Case 2.
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(2) Residence Time of DIN
Fig.12 shows the remnant function of the standing mass of DIN in the whole bay for each

case.

Residence times of DIN are 14 days for the Case 1, 8 days for the Case 2 and 10 days for the
Case 3. By the comparison with the Case 1, change is also more significant for Case 2 than
Case 3. But, the residence time in Case 3 is close to that of Case 2. It can be said that other
factors except the tidal exchange rate are affecting in Case 3.

In Case 3, the shallow water region is expanded as Table 2. It rose larger absorption rate
along the coastal line by seaweed. That may be a dominant factor in the Case 3.

According to the Table 3, the highest capacity for DIN is obtained for Case 3. It is caused
by the process of absorption for seaweed. This result shows a possibility to use a seaweed
absorption process instead of a tidal exchange process to improve the capacity of DIN in the
bay.



(3) Spatial Residence Time of DIN

We conduced a spatial residence time analysis to estimate which region’s absorption process
is more significant. The bay is divided into 7 regions as shown in Fig.13. The sequence of
the analysis is the same with the residence time analysis but marks up the tracer for each

region.
I ‘V‘Erﬁ II
b
II1 v

AV VI

%l

Figure 13: Regions Used in Spatial Residence Time Analysis

Table 4: Configurations and Results for Spatial Residence Time Analysis

loads from residence time residence time

region # river for water mass for DIN
(day) (day)
I high 333 2
II low 333 25
III high 333 5
v low 250 17
\% high 143 10
VI low 100 17
VII low 500 17

Results are tabulated in Table 4. From these results, regions that a) high loads comes from
river, and b) long residence time for the water mass cause short residence time for DIN
(regions I and III). These conditions should be considered when we would utilize seaweed to
absorb DIN and improve DIN concentration more efficiently in the bay.

4. CONCLUSIONS

We coded the simplified physical-biological model for the calculation on nutrient circulation
in the bay. In conclusion, we obtained the understanding of its basic system responses and
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the experience of its application to Tokyo Bay as follows:

e The most sensitive output variable in this model was DIN.

e DIN was controlled mainly by tidal exchange rate.

o If the standing mass of DIN exceeded certain value, it was also controlled by an ab-
sorption process of seaweed.

¢ In the past Tokyo Bay’s condition, water exchange rate is almost 1.8 times bigger than
that in the present Tokyo Bay’s condition.

e DIN'’s capacity is controlled dominantly by tidal exchange rate in the past Tokyo Bay’s
condition.

o If we make shallow water region and vegetate seaweed in the present Tokyo Bay’s
condition, DIN’s capacity is controlled by absorption rate of seaweed.

e The absorption process in the high loaded and stagnated area is effective to improve
the DIN’s capacity in the bay.

The physical-biological model that we employed here is required to improve for application
to get quantitative information. The more field data correction will be essential to improve
the accuracy of biological parameters.
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Abstract

Intermittent aeration devices were installed at a pavilion in Nippon- Maru Memorial
Park as a remedial measure against the red water phenomenon at Yokohama Port in
Japan. Field observations show that intermittent aeration devices have prevented the
appearance of red water and, also, improved the transparency of the water at the park.

Key Words: Red Water, Red Tide, Aeration, Transparency

1. INTRODUCTION

In 1989, an international exposition was held in Yokohama City. A sailboat pavilion
was constructed at the Nippon-Maru Memorial Park using seawater of Yokohama Port.
During the exposition, plans were made to control the predictable occurrences of red water.

This paper presents the results of a two-year investigation of the occurrences of red
water. It, also, investigates the efficacy of countermeasures designed to prevent these occur-
rences.

2. FACILITIES OF THE PAVILION
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Figure 1: Location of Nippon-maru Memorial Park

Figure 1 shows the exposition site at Yokohama Port. The Nippon-Maru Memorial
Park pavilion was used to exhibit classic sailboats in a 200 m long, 25 m wide, and 10 m
deep dock. Two 1200 mm diameter pipes were used to pump water in and out from the dock
from and into Yokohama Port. Pollution at the dock was kept low by draining the waste
water generated at Nippon-Maru into the public sewer system.

In the past, red water used to appear when there was continuous insolation in the
months June to September. A pump with discharge rate of 0.25 m?®/s was installed in 1986

and the seawater from the innermost part of the dock was drained. However, the pump was
unable to control the appearance of red water in the dock.

3. EXPERIMENTAL METHOD AND
COUNTERMEASURES FOR THE RED WATER

3.1 EXPERIMENTAL METHOD

Field observations were conducted to investigate the mechanism of the red water phe-
nomenon and estimate the efficacy of countermeasures against it. Fifteen thermometers were
used to measure vertical profiles of water temperature at four different points as shown in

Figure 2.
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Flgure 3 Interrmttent aeration device

In addition, at the times of occurrence of red water and its clearing away, water qual-
ity at three depths, surface, middle and bottom layers, was examined and the number of
plankton measured. Daily measurements were made of the transparency of the water which
serves as an index of red water.

3.2 COUNTERMEASURES FOR THE RED WATER

An intermittent aeration device was used as a countermeasure against the red water
because of the limited size of the facility at the park, and the main cause of red water was
believed to be a thermocline. The components of the intermittent aeration device installed
at the park are shown in Figure 3, namely, a buoy for maintaining upright position, a pipe
for lift, an air room, an air tube, an absorption mouse, mooring chains, a sinker, and a
marker buoy.

The mechanism of aeration can be outlined as follows:
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Figure 4: Change of transparency and water temprature

(1) air is transmitted to an air box and the box is filled with air as shown by an oblique
line in Figure 3, and

(2) air lump gushes out from an upper outlet.

Two aeration devices were placed at the stem and stern of Nippon-Maru as shown in
Figure 2.

4. RESULTS
4.1 CHANGE OF WATER TEMPERATURE

Figures 4 shows the temperature and transparency of the surface water. In Figure 4,
the transparency shows a decrease with increase in water temperature because of the clear
weather from July 22 onwards. The transparency decreased to a low of 22 cm on July 25.

On this worst transparency day, the intermittent aeration device was activated, after
which transparency increased to 1 m, water temperature decreased to 27 °C, and red water
disappeared in two days time. Transparency was maintained in the range 90 cm to 1 m while
the intermittent aeration devices were working and the red water was controlled.

Figure 5 shows the vertical distribution of water temperature. When the red water
appeared, a thermocline was observed at a depth of 1.4 m and its thermal difference was
3 °C, as shown in Figure 5(a). Figure 5 (b) shows the thermal distribution on the worst
transparency day. On this day an even stronger thermocline with a temperature difference
exceeding 30 °C existed above the 1.4 m deep thermocline.
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Figure 5: Vertical distribution of water temperature and red water height

Figure 5 (c) shows the thermal distribution when the aeration devices were working.
On this day, the transparency was 1 m and red water did not appear. In addition, there
were no thermoclines as the seawater in the dock was mixed by the action of the intermittent
aeration devices.

Figure 6 shows the vertical distribution of water temperature when the surface tem-
perature was maximum at the four measuring points. At the side of Nippon-Maru ( no. 1
), a 40 cm deep thermocline occurred and another 70 cm deep thermocline occurred at the
near stem of the right hand side of Nippon-Maru. Therefore, it appears that the seawater
of the dock was not mixed vertically at these two points.

At point no. 3, at a distance of 10 m from the closer intermittent aeration device, a
complete vertical mixing of the seawater was achieved though the temperature at its bottom
was the highest among the four instrumented points.

4.2 CHANGE OF WATER AND SEDIMENT QUALITY

The results of the analyses of water and bottom sediments in the dock are listed in
Table 1. All water quality data satisfied the existing environmental quality standards. In
all cases the dissolved oxygen (DO) was remarkably high because of the photosynthesis of
plant plankton which was, also, the cause of red water.

On bottom sediments, total nitrogen (TN) exceeded 2 mg/g which was considered the
result of an eutrophic state which has a bearing on the appearance and disappearance of red
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Table 1: Analyses of water and bottom sediments

Measuring I 1987 1988
Point July/13 Augst/18 June/27
Items &) ® ) O) &) O]
.. | COD (mgn) 1.4 1.8 1.2 1.0 2.8 2.8
Z |LT-N_(mg)) 1.09 3.98 0.84 0.73 1.27 0.98
8 T-P_(mg/l) 0.08 0.10 0.12 0.11 0.12 0.12
5 Salinity Content (%) 2.87 2.79 2.87 2.92 2.56 =
= | pH 7.8 7.8 7.8 7.9 7.4 —
z DO _(mg/) 16.3 15.9 71 6.5 8.0 =
g | lgnition loss (%) 14.0 15.7 14.7 12.0 4.8 =
S | COD (mg/g) 45.2 46.8 51.7 45.5 445 —
g T-N (mg/g) 4.27 3.74 3.55 3.01 4.41 =
b= T-P _(mg/g) 1.17 0.88 1.04 0.70 1.58 =
R pH 7.6 7.6 7.8 77 7.5 —
Transparency (cm) 215 100.0 100.0
Water Temp. (upper) ( °C) 25.8 27.6 22.8

water. These measurements indicate that the water quality did not change by the action of
the intermittent aeration devices.

4.3 CHANGE OF PLANKTON NUMBER

Table 2 shows the results of the analyses of planktons in the dock. Plankton is the
cause of red water and it was found to belong to the prorocentrum species. A number of
plant planktons, both diatoms and dinophyta were seen at all times, and some zoo planktons
which fed on plant planktons were, also, observed. However, at the time of red water 95 %
of plant plankton was of the Dinophyta type, and zoo plankton decreased by one fifth when
red water cleared away.

Figure 7 shows the ratio of plant and zoo planktons at the surface layer. The ratio was
less than 10° when the water was clear but it increased by about 10° when red water appeared.
These results indicate a drastic imbalance in the number of plant and zoo planktons.

5. CONCLUSIONS

A countermeasure against the phenomenon of red water at Yokohama Port in Japan
was studied. A pavilion housing a dock in Nippon-Maru Memorial Park with water pumped
from Yokohama port was used as a test site. Intermittent aeration devices were used at
the dock to test its efficacy in preventing the appearance of red water. Field observations
confirmed that the installed equipment was able to prevent the appearance of red water and,
in addition, improved the transparency of the water at the park.
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These results indicate that in small enclosed bodies of water such as reported in this
study, intermittent aeration devices are effective in preventing red water because these de-
vices lead to a thorough vertical mixing of the water.
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ABSTRACT

In order to understand the mechanism of the sandy beach surf zone as a nursery ground, a
series of investigations for distribution of fish larvae and juveniles has been carried out as
well as natural conditions at Hasaki Beach, a typical exposed sandy beach. It was found that
there are many fish larvae and juveniles in the surf zone of exposed sandy beach, and that
the distribution of several dominant fish larvae and juveniles is dependent on the tide level
and diurnal time. In particular, ayu sweetfish Plecoglossus altivelis and mullet Mugil
cephalus are pointed out as residents or seasonal migrants in common with a sheltered beach.
The role of surf zone as a shelter from predators is discussed for a nursery grounds for fish
larvae and juveniles.

Key Words: Sampling, Fish Larvae and Juveniles, Exposed Sandy Beach, Hasaki Beach

1. INTRODUCTION

Sandy beach surf zone has not been interested in as a nursery ground for marine organisms
in contrast with tranquil environments such as tidal flat, seagrass bed and estuary because of
strong wave action, wave driven current and heavy sand transport as well as difficulty of in-
situ investigation and observation.

As reported by Higano (1990), however, the benthic community with diversity was observed
in the exposed sandy beach. Lasiak (1986), and Brown and McLachlan (1990) also suggested
that the surf zone of the sheltered sandy beach is an nursery ground for fish larvae and
juveniles. The same indication was also reported for this area in Japan (Senta & Kinoshita,
1985).

However, there are little information or studies on the distribution of fish larvae and juveniles
in the surf zone of the exposed sandy beach. In order to study this subject, Suda et al
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(1992a,b) began to investigate about the
distribution of marine organisms in the surf zone

of the exposed sandy beach located at Hasaki, \

the central part of Honshu Island in Japan, from HASAKI
October 1991. They firstly investigated the N ’
relationship  between the distribution of

organisms and the sea bottom topography. They TOKYO M\
found that density and diversity of the dr W 2\
phytoplankton in the offshore direction increase A

at the breaking point. They also found that lots N S
of fish larvae and juveniles like mullet Mugil
cephalus and ayu sweetfish Plecoglossus altivelis
inhabit in the swash zone which is located at
the most onshore-ward within the surf zone.

PACIFIC
OCEAN

On the other hand, many tidal flats and seagrass
beds being important places as the nursery
grounds have been reclaimed and disappeared at
the estuarine coast of Japan. Coastal . . o
development will be gradually extended to the Figure 1 Proposed site for investigation
open sea coast. It is an important subject to

understand appropriately the function of the surf zone as a nursery ground in order to provide
a valuable information for coastal management and conservation.

From these points of view, the authors have been carrying out a series of investigation at
Hasaki Beach, typical surf zone at the e?osed sandy beach, up to the present time in order
to evaluate the relationship between the distribution of fish larvae and juveniles and natural
conditions. In this paper, natural conditions of the sampling site are firstly described, and
then the distribution of fish larvae and juveniles is presented and discussed in relation to
wave condition, current, beach topography, time and tide levels.

2. INVESTIGATION METHODS

The proposed site for this investigation is located on the central part of Hasaki Beach, Ibaraki
prefecture as shown in Figure 1. Various investigations were carried out in the surf zone
near the Hasaki Oceanographical Research Facility (HORF) of Port and Harbor Research
Institute, of which site is presented in Figure 2.

i

Figure 2 Site view of the HORF
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Figure 4 Photograph of sampling with net sampler

The net sampler with 1m in height and 5m in width equipped with the central cod end (mesh
size 1mm) was used for sampling fish larvae and juveniles as indicated in Figure 3, and the
net operation in the sampling is as also shown in Figure 4.

The sampling was carried out to investigate the distribution patterns of fish larvae and
juveniles due to 1) diurnal and tidal changes in the surf zone and 2) difference between the
cusp horn and bay under the beach cusp condition. The investigations for the former were
done 7 times, April 21, May 22, June 3, August 24 to 26, October 12 to 13, December 7
to 8 in 1992 and January 12 to 14, 1993. The net was towed for 50m parallel to the shore
line in the surf zone where the water depth was ranging from 0.5 to 1m. The investigation
for the latter was done at the beach cusp located at 250m north of the HORF at both low
and high tide on July 14-15, 1992.

In addition, net sampling was also conducted at several places in order to investigate the fish
larvae and juveniles fauna in the proposed site.
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Figure 5§ Bed topography and location of instruments along the HORF

Natural conditions at the proposed site were investigated as explained in the following. Wave
height and period were measured for 20 minutes every 1 hour intervals with 6 ultrasonic

wave gages (USW) installed at the
pier deck of the HORF as shown in
Figure 5. The beach profile along
the pier was surveyed once a day
with a lead from the pier deck and
a surveyor's staff and level. Current
field and turbidity in the surf zone
where sampling was done were
investigated with the two pairs of
electromagnetic  current  meter
(EMCM) and turbidity meter (TBM)
installed at 47m and 63m away from
the base of the pier as indicated in
Figure S.

The topography of the beach cusp
was directly surveyed by rod leveling
during the low tide. Furthermore, a
simple measurement of current was
carried out with floats and a tethered
float during the low and high tides.

3. RESULTS OBTAINED FROM
INVESTIGATION

3.1 Natural Conditions

The offshore and the nearshore
significant wave heights, H;, and H,

on the sampling days are presente

in Figure 6. The values of are
ranged from 0.6 to 23m. The
sampling sites are located in the surf
zone within the area from Om to
90m from the base of the pier. The
significant wave heights in the
sampling site are estimated to be less
than 50cm.
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Figure 7 Overlapping of bed profiles on the sampling days

In Figure 7 are shown the bed profiles on the sampling days. The ground elevation at the
sampling site varies by 0.8 to 1.5m through 1 year. It can be seen that the location of the
D.L.£0m moves about 70m for this time.

The offshore and the nearshore significant wave heights and wave periods, the averaged
velocity, the on-offshore and longshore current velocities, averaged current direction and tide
level measured during January 18 to 22 in 1993 are summarized in Figure 8. It is found
that the wave height in the surf zone is affected by the tide level consequently being
dependent on the water depth and that the average current direction is parallel to the
shoreline. It can also be said that a longshore current with a velocity of 40 to 80 cm/sec
is generated at the investigation time. These phenomena are closely related to incident wave
conditions and beach topography, and indicated different behaviors at each sampling date in
Figure 6.

The turbidity measured at the same location for current velocity indicated an average value
of about 100ppm with 2300ppm in maximum, and significantly differed from that in the
trough, 50 to 60 ppm measured by using thrown-type turbidity meter.

Beach cusps are formed seasonally on Hasaki Beach, and there is a trend for generating local
longshore current and rip current. In Figure 9 are shown the topography and the current
field at high and low tides at the investigation time. The wavelength of the cusp was about
100m and the water depth in the bay is deeper than in the horn. It was also found that the
shore shows a straight line without a clear rip current in high tide, while both clear current
toward the bay and rip current are observed in low tide.

3.2 Fish Larvae and Juveniles

48 species and 1158 individuals of fish larvac and juveniles were totally collected as
summarized in Table 1. The dominant species were M. cephalus (n=410), P. altivelis (259),
Engraulis japonicus (126), Terapon jarbua (80) and Salangichthys ishikawae (68). The
growth stages of the samples were postlarva and juvenile except for S. ishikawae,
Eleutherochir mirabilis and Paraplagusia japonica in the adult stage.

The minimum and maximum body length specified by the total length were 4.3mm for Nibea
mitsukurii and 207mm for P. japonica, respectively.
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Figure 9 Topography and current distribution in the cusp

Table 1 Numbers of fish larvae and juveniles from the surf zone of Hasaki Beach
(SL:standard length, TL:total length)

‘91 92 "93 | Body length

Scientific name Total | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May June Uuly Aug | Oct | Dec | Jan | range (mm)
Sardinella zunasi 1 i 1 SL29.2
Konosirus punctatus 1 | 1 SL23.5
Engraulis japonicus 126 10, 6| 15| 28| 56| 11 TL5.5-SL39.4
Anguilla japonica 1 1|TL62.4
Salangichthys ishikawae | € 68 |\ |l _2| 8! 1 2| 2] 51
Plecoglossus altivelis 259 15
Cololabis saira 1 1 SL12.5
llyporhamphus intermedius 9 9 SL101.3-130.4
llalicampus grayi 1 1 SL23.3
Syngnathus schlegeli | | V) S N (A S S (R R U U S SL77.7
Syngnathidae sp. 1 1 TL46.9. SL45.0
Valamugil seheli 4 2 2 SL11.9-22.9
Mugil cephalus 410 336 5| 18 1 2 46 2 |SL13.7-99.4
Liza haematocheila 9 1 6 2 SL7.9-22.3
Lateolabrax japonicus | ¢ L3 DR SR S N A N S S SR ) U S S SR TL9.6-SL41.0
Sillago japonica 2 2 SL9.0, 11.5
Trachinotus baillonii 1 1 SL14.6
Caranx lugubris 1 1 SL63.5
Coryphaena hippurus 1 1 SL19.2
Gerresoyena | | | 2 S S B b2 ____|SL7.5-10.6
Rhyncopelatus oxyrhynchus 19 19 6
Terapon jarbua 80 1| 72 7
Acanthopagrus latus 1 1 SL9.2
Acanthopagrus schlegeli 3 1 2 SL8.1-17.0
Evynnis japonica _ 1 _ SRR (N (R (R S I S N | SL17.0
Nibea mitsukurii 22 22 TL4.3-6.3
Girella punctata 4 4 SL15.1-16.4
Mugiloididae sp. 7 1 2 4 SL7.5-11.0
Pseudolabras japonicus 1 1 SL13.0
Scomber japonicus __ _ 2 - A A
Tetragonurus cuvieri 1 s
Tridentiger trigonocephalus 7 7 SL10.8-14.5
Acanthogobius flavimanus 2 1 1 SL12.9, 14.4
Sagamia geneionema 1 1 SL15.0
Luciogobius guttatus |  : K3 D S I I S N S A __l____|SL10.6-13.4
Gobiidae sp. 13 13 SL7.2-20.4
Pictyblennius yatabei 6 1 4 1 SL11.3-14.6
Scartella cristata 1 1 SL15.2
Blenniidae sp. 1 1 SL13.7
Blenniidae sp. [ ] 1 JE S S S S (OIS SO . N sL12.2
Sebastes thompsoni 2 2 SL30.6, 38.8
Hexagrammos otakii 1 1 TL13.6
Platycephalus indicus 43 6| 37 SL7.1-10.4
Eleutherochir mirabilis 12 1 4 5 1 1 SL6.3-52.2
Pseudorhombus sp. [ | | 3| S [T SN NN (N S S S SO N 1 _ TL9.4
Paraplagusia japonica 8 1 2 2 1 1 TL14.3-207.0
Rudarius ercodes 1 1 SL8.8
Canthigaster rivulata 1 1 SL10.2-20.6

Total 1158 0 0] 353 8] 21 0 11] 271 18| 34186 [ 191 |284] 25




In terms of the seasonal change of the number of sample, there is a trend that the number
of individuals increases in autumn and winter, while the number of species increases in
summer and autumn. Among the dominant species, M. cephalus and P. altivelis are largest
in December, E. japonicus in summer and autumn, and T. jarbua in summer alone.

3.3 Diurnal Occurrence Change

The diurnal change of the number of individuals and species on October 12 to 13 and
December 7 to 8 in 1992 are presented in Table 2. Tide level during the time are shown
in Figure 10. E. japonicus, S. ishikawae, P. altivelis and M. cephalus are dominant in these
two investigations. In October, the number of individuals were larger at the high tide level.
E. japonicus are mostly sampled in the evening, while S. ishikawae in the dawn. Sampling
numbers in the day time was scare. In December, it is difficult to say the effect of tide
level on number of individuals and species because of the insignificant change in tide level
from 7 to 8, but these numbers are largest in the evening as in October. Number of species
was few in any time. The preliminary investigation on August 25 in 1992 indicated that the
number of individuals increased with rising tide with the number of 66, 92 and 225 at low,
middle, and high tide times, respectively.

Table 2 Diurnal change of the number of individuals of dominant species

Oct. 12,1992 Oct. 13 Dec.7,1992 | Dec.8
Dominant species 16:30- 19:20- 22:36- 05:13- 08:33- 10:32- 12:59- [12:45- 15:58- [10:12-
16:56 19:42 23:17 | 5:47 9:03 10:45 13:01 | 13:05 16:23 | 10:42
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10

Engraulis japonicus 54 0 0 0 2 0 0 0 5 0
Salangichthys ishikawae 1 0 1 49 1 0 0 0 0 0
Plecoglossus altivelis 0 0 0 0 0 0 0 0 221 0
Mugil cephalus 0 0 0 0 0 0 0 11 4 30
—~ 200 200
5 #
< - #8
= #10
% 100 Aﬂ? /.\”5 7 100> P \J9 /\v o
2 ey /
& #6 /
F #3
0 0
12 0 12 0 12 0 12
Oct. 12 Oct.13 Dec. 7 Dec. 8

Figure 10 Change of tide level during Oct.12-13, Dec.7-8, 1992

3.4 Difference of the Occurrence within the Table 3 Differcnce of the number of mysid

Cusp shrimp between cusp horn and bay
Because only a few fish were collected at the Horn Bay
cusp, the number of the mysid shrimps are #1  #2 #1  #2
discussed here. In Table 3 are shown the July 14, 1992 | 12 7 5
number of individuals in the towing area of 11:25-11:39

N/100m® . There is no clear difference |[July 14, 1992 [ 15 4| 957 187
between the homn and the bay at low tide 14:20-15:00

times where the cusp is clearly formed and July 14, 1992 | 8 4| 192 475
there is a trend that the number of 18:00-18:27
individuals at high tide, where the cusp is July 15, 1992 | 704 81 | 1569 958

unclear, are greater in the bay part than in 04:59-05:41
the horn part. July 15, 1992 | 11 3 8§ 10
09:58-10:36
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4.DISCUSSION
4.1 Comparison with the Fish Species in the Sheltered Beach

Kinoshita (1984) reported 86 species of fish larvac and juveniles from the surf zone of a
sheltered sandy beach located at the Tosa Bay, Shikoku Island. Although about half species
of the present study are also collected in Tosa Bay, the dominant species were different in
these two sites. The dominant species were Konosirus punctatus, P. altivelis, Crenimugil
crenilabis, Takifugu niphobles and Gerres oyena in Tosa Bay among which only P. altivelis
was dominant in Hasaki Beach.

4.2 Resident, Seasonal Migrant or Stray ?

In order to understanding the function of the surf zone as an important nursery ground for
marine organisms, it is necessary to classify the fish larvac and juveniles found at this zone
into the residents, seasonal migrants or strays as proposed by Brown and McLachlan (1990).
The residents and seasonal migrants require the surf zone environment at least in a part of
their life history, whereas the strays are those accidentally coming into the surf zone by wave
action or current.

When the species obviously classified to the strays according to the atlas edited by
Okiyama(1988), the surf zone residents or seasonal migrants at Hasaki Beach will be
Sardinella zunasi, K. punctatus, S. ishikawae, P. altivelis, mullet M. cephalus, Lateolabrax
japonicus, G. oyena, Rhyncopelatus oxyrhynchus, T. jarbua, Acanthopagrus latus,
Acanthopagrus schlegeli, N. mitsukurii, gobii and Platycephalus indicus. Kinoshita (1984)
pointed out that K punctatus, S. zunasi, P. altivelis, Chanos chanos, silver sides, mullets (M.
cephalus, M. affinis, C. crenilabis), Lateolabrax latus, N. mitsukurii, G. oyena, Sparus sarba,
A. schlegeli, A. latus, Cottus kazika, P. indicus and T. niphobles are the resident species in
the surf zone in Tosa Bay. Thus, P. altivelis and M. cephalus are common residents or
seasonal migrants in both sites.

4.3 Function of Sandy Beach of Sandy Beach Surf Zone as Nursery Ground

Brown and McLachlan (1990) pointed out that plenty of feed and a role of shelter from the
predators would be important factors for the sandy beach surf zone as a nursery ground.
Among them, a brief discussion on the sheltering mechanism is given based on the facts
obtained from this study. First point is that the decrease of the transparency of sea water
induced by suspended sediment at the breaking point is suggested to work as a barrier against
predators. Furthermore, floating seagrasses, macrophytes and gabages are supposed to play
an important role as a shelter for the fish larvae and juveniles in the surf zone.

Second point is that the larger fish (predators) would be hard to control their action in the
surf zone with shallow water depth and strong water turbulence, which could result in
difficulty in catching feed. Although the strong wave in the surf zone may be disadvantage
to small juveniles because of injury by turbulence (Lasiak, 1986), it is suggested that the
condition acts as one of the protection factors from predators.

In this study, we didn't discuss the feed supply for the juveniles fishes. In the future, further
studies about the distribution of microorganisms such as phyto— and zoo-plankton and gut
contents of the fish juveniles are desirable.

5.CONCLUSIONS

The following conclusions can be made from the present study.

1) The sampling at the proposed site clearly indicated that there are many fish larvae and
juveniles in the surf zone of the exposed sandy beach.
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2) The distribution of several dominant fish larvae and juveniles suggested to be dependent
on the tide level and diurnal time.

3) The residents or seasonal migrants at the proposed surf zone are presented, and P. altivelis
and M. cephalus are common one both in the proposed and Tosa Bay sites.

4) The surf zone could play an important role as the shelters against the predators.
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ABSTRACT

A new harbor for small crafts was recently built on the sea front of Aghios Nikolaos, a popular

touristical center of the island of Crete, Greece. The two moles of the harbor modified the

nearshore processes and caused extensive erosion to the beach adjacent to the town. In 1992

a study was commissioned by the relevent public authority aiming at restoring the urgently
. needed municipal beach.

A pattern of nearshore mechanisms was established after evaluation of results from direct
measurements and computations . A system of two detached breakwaters was designed to
provide protection to the beach. The location and orientation of the structures were also dictated
by the entrance to the harbor. The coastal protection and restoration scheme was completed by
a beach replenishment programme. The granulometry of the replenishing sediment was
prescribed following the sediment investigation mentioned above.

Key words:

1. INTRODUCTION

Ag.Nikolaos is a popular tourist town on the northeastern coast of the island of Crete, Greece.
Among the main attractions of the area is the coastline, combined with a mild climate.

In 1991-92, the National Tourist Organisation of Greece (NTOG) built a new marina on the
southern coast of the town, aimed at providing facilities for local and visiting yachts. Two moles
protect the marina basin from waves approaching from the NE to S sector. The new marina is
less than 200 metres from the town's traditional sandy beach, which in the past was used mainly
by the local inhabitants.

The construction of the new marina modified the nearshore physical processes and caused rapid
destructive modification of the beach. In less than a year, a major part of the beach was
damaged and nearby properties were threatened. More than 150m of the beach vanished
completely.
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Marina of
Ag.Nikolaos

Figure 2 The eroded beach of Ag.Nikolaos

A sea wall was urgently built to provide "protection” to a neighboring soccer field but created
considerable problems at the entrance of the marina, due to wave energy reflected on the wall.
Figures 1and 2 show the location of the marina and the eroded beach.

In 1992 NTOG commissioned a study, aimed at restoring the much needed (and remembered)
municipal beach. The study included various field measurements and mathematical modeling, in
order to obtain a sound insight to the physical mechanisms causing the coastal instability. As a
result of this study a program of coastal works were proposed.
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This paper presents the methodology of the study, and a description of the structures
recommended. As these structures are currently under construction, it is expected that the
results and observations from their performance will be discussed when this paper is presented.

2. DESCRIPTION OF THE STUDIES

A programme of sediment sampling from the sea bed of the eroding zone and the adjacent
coast was executed. Sediment samples were collected from characteristic locations (1,2,3 and
4) along various transverse sections. Statistical parameters such as the mean diameter Mz, the
standard deviation o, skewness S and kurtosis K of the grain populations were computed and
compared (see Fig.3). As expected, the coarsest grain population was found along the eroded
zone. The finest grains accumulated in the zone of accretion and gave the coastline the
typical shape of an accretion line. Examination of grain-size distributions, prior to their erosion,
showed that sediment could easily be transported by the waves, and in some cases, by the
currents in the area.

Sea currents induced by mechanisms other than waves were measured along the study area.
Current-meters were deployed and collected data for periods of 20 days. Figure 4 shows typical
histograms of current speeds and directions.The study determined that dominant current-induced
flow is in the longshore direction to the right of the coast (southwards). Maximum observed
current speeds are as follows:

Current speed Direction (azimuth)
(cm/sec) (o)
(1) 24,4 135
(2) 19,6 165
(3) 18,7 135
(4) 18,3 135
(5) 17,8 195
(6) 17,4 300
(7) 17,2 195
(8) 16,9 135
9) 16,7 195
(10) 16,5 240

Statistical analysis of existing wind data showed that dominant winds in the study area are as
follows:

Wind direction Annual frequency percentage Maximum force
NW 38,7% 8Beaufort
w 11,6 8
N 7,6 9
S 7,7 10
Sw 7,7 8
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Wave parameters were estimated using wind characteristics and fetch considerations. Design
waves in deep-sea were chosen as follows:

Directrion Wave height Wave period
Hg T
N 2,9m 6,6sec
NE 1,8 5,0
E 1,4 45
SE 21 53

Wave approach to the eroding coast was simulated using the refraction-shoalling-breaking model
in use at the NTUA. Bathymetric data was collected from the Hydrographic Service and the
NTOG. Computations were carried out for conditions before and after the construction of the
new marina. Typical results from the computations are shown in Fig.5. The main conclusion
drawn from the results of these simulations was that before the construction of the new marina
waves were attacking the coast obliquely with a dominant longshore drift southwards. Wave
energy was mostly absorbed by the sandy beach. After the construction of the marina the
dominant direction of wave-induced longshore flow changed to the left (northwards).
Considerable amount of wave energy is found to attack the coast perpendicularly.

3. STRUCTURES TO BE BUILT

Evaluation of the results from the field measurements and computations led to a pattern of
nearshore mechanisms. The presence of the mole of the new marina modified the mode of
wave action on the beach. Waves started attacking the coast perpendicular and causing
suspension of the fine fractions of the bed sediment. Wave-induced dominant longshore flow is
now to the north. Suspended sediment migrated northwards (southwards) under the action of
waves (currents) and the fine grains in the beach were depleted. The construction of the sea
wall eventually caused further erosion.

A system of two detached breakwaters was then designed to provide protection to the coast.
The location and orientation of the two structures were defined taking into account the following
two conditions:

* location of wave breaking zones
* location of the entrance of the marina

The first parameter imposed the construction distance of the breakwaters from the coastline.
This distance was defined following sound coastal engineering principles. The second condition
demanded that the breakwaters be built at a distance from the entrance leaving sufficient space
for manoevering of small crafts. These two conditions imposed contradicting restrictions. To
aggravate the situation, local authorities made it clear that permission would not be granted if the
structures were not to be built at a considerable distance from the coast line leaving sufficient
space for bathers. A technicosocial compromise was finally reached after long negotiations.

The coastal protection and restoration scheme was completed with a beach replenishment
programme. The granulometry of the replenishing sediment was prescribed following the
statistical parameters of the in-situ sediment.
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4. DISCUSSION

The new harbor for small crafts of Ag. Nikolaos caused extensive erosion to the adjacent beach
of the town. In 1992 a study was commissioned aiming at restoring the municipal beach. The
study included a programme of current and sediment field measurements as well as wave
approach modeling in order to gain a sound insight to the physical mechanisms causing the
coastal instability. Analysis of the data collected from the programme of measurements showed
that the dominant direction of current-induced flow is in the longshore direction to the right
(southwards). The simulation of wave approach to the eroding coast in the presence of the
harbor structures led to the conclusion that dominant direction of wave-induced longshore flow is
to the left (northwards). Considerable amount of wave energy was found to attack the coast
perpendicularly. Examination of the grain-size distributions showed that grains can easily be
transported by the waves and, in some cases, by the currents.

A patern of nearshore mechanisms was established after evaluation of results from direct
measurements and computions. A system of two detached breakwaters was then designed to
provide protection to the beach. Restrictions to the selection of the location and orientation of
the structures were imposed by the location of the entrance to the harbor. The coastal
protection and restoration scheme was completed by a beach replenishment programme. The
granulometry of the replenishing sediment was prescribed following the properties of the grains,
as found from the field measurements.
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ABSTRACT

The Port Madero has been constructed excavating the sandy beach facing the Pacific Ocean.The
port mouth is protected by two parallel rubble mound breakwaters.The depth of access channel
is maintained to be more than -9 m by dredging and the west coast is protected by groins and
sea-walls of rubble mound.The past shoreline change in the east coast is analysed using
eigenfunction and its future change caused by further prolongation of the breakwaters is
predicted by one-line theory to check the reasonability of maintenance dredging at the access
channel. As for the west coast,the protection measure against erosion is detailed and its effect
and reasonability are considered from the analysis of shoreline change using eigenfunction.

Key Words: Littoral drift, shoreline changes, groins and sea-wall.

1. INTRODUCCION

Port Madero is located on the southern part of Mexico, facing the Pacific Ocean, as shown in
Fig. 1-1. The port was planned for commercial and fishery activities, and then in 1972 the
construction of the east and west breakwaters begun together with dredging of the inner basin.
Until 1975 when the port was opened for ships, the cast and west breakwaters had been
prolonged in 800m and 630m,respectively. The arrangement of port structures in 1993 is shown
in Fig. 1-2 with their construction period.
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The first 100m long of the east breakwater is permeable with a core of rubble stone of 500 kg
covered by two layers of large stones of 7 ton, the other length of 700m of this breakwater and
the total length of 630m of the west breakwater are composed of a core of rubble stones of 250
kg covered by two layers of large stones of 500 kg and two exterior layers of large stones of
7 ton.

Accretion and erosion ocurred respectively in the east and west sides of the breakwaters , and
also some part of sand passed trough the voids betwen stones of the east breakwater to deposit
in the access channel of the port. In order to reduce the erosion in the west cost, successive
construction of stone groins from No. 1 to No. 17 was made from 1975 to 1977, but it wasn’t
successful, so that from 1978 to 1990 was constructed 2850m long of stone sca-wall betwen the
west breakwater and the groin No. 16.

On the other hand, in order to protect the access channel from shoaling, from 1978 to 1989 was
prolongated the cast breakwater by 115m, and also in 1980 was constructed on the east coast
a stone groin of 135m long at 110m apart from the east breakwater. This short groin wasn’t
successful , and the access channel has been maintained by constant dredging since 1983.

At present, as for the port facilities, there are three piers of 6.5m dcep for fishery ships, one pier
of 7m deep for military ships, one pier of 7m deep for combustible services, and one pier of
9.5m deep for commercial ships, as shown in Fig. 1-2.

The coast of Port Madero was ncarly straight sandy beach with the foreshore slope of nearly
1/13 before the construction of the port. At present the scdiments on the backshore is composed
of fine sand of 0.38mm in Dy, in the east coast and mostly coarse sand of 0.50 mm in D, in
the west coast.

The astronomical tide of Port Madero are of the semi-diurnal type. The average tidal range is
about of 1.47m. The datum level for the port structures and sounding of sea bottom is taken
at Mean Lower Low Level, which is 0.693m below Mean Sea Level.

The prevailing directions of the incoming waves are S~SW, and the predominant periods arc
10~12 seconds, but in the rainy season from May to October southerly strong waves come
causing by cyclones.

2. CHANGES OF SEA BOTTOM CAUSED BY THE CONSTRUCTON OF
BREAKWATERS

2.1 Depth contour lines change

Fig. 2-1 shows the change of the contour lines according to the construction of breakwaters.
In December of 1971 before the construction of breakwaters, the contour line of 9m deep is
located near the tip of the planned east breakwater, whereas the contour line of 8m deep is
located on the tip of the planned west breakwater. In April of 1975 when the port was opened
for ships, the contour line of 9m deep advances offshore from the tip of the east breakwater,
and the contour line of 7m deecp is located on the tip of it, whereas ncar the tip of west
breakwater the contour line of 8m deep is located in front of the tip of it. In comparison with
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December of 1971, erosion and accretion occurred in the west and east coasts, respectively.

In December of 1984 when both breakwaters had becn prolonged until the length planned at
first; the contour line of 6m passes in front of the tip of the east brecakwater and the shorcline
of +0m advances about 300m along the cast breakwater compared with December of 1971. In
the west coast, the water dcpth at the tip of the west breakwater does not change compared with
December of 1971, but contour lines of 2~5m decp go back landwards.

In January of 1993, the shoreline advances about 100m more in the east coast and the east stone
groin already located totally on land. The contour line of Sm deep passes in front of the tip of
the east breakwater, although the breakwater was prolonged by about 100m compared with 1984.
On the west coast, the countour lines locate without noticeable change compared with December
of 1984.

2.2 Shoreline Change
(1) East Coast

Fig. 2-2 shows the change of the shoreline from March of 1983 to December of 1987 in the
vicinity of the east breakwater. The shoreline along the east breakwater advanced continuously
until 1986 and scarcely changed after 1986, although in the part apart from the breakwater the
shoreline changed irregularly.

Fig. 2-3 shows the change of the shoreline after 1989 when the prolongation of the brecakwater
was suspended. Near the east breakwater the shoreline advanced seaward by about 130m
between May of 1989 and January of 1991, but the other shorelines are between these two
shorelines. At about 2000m from the breakwater the shoreline advances most in January of 1992
and February of 1993 and retreats most in May of 1989. At about 4000m from the breakwaters,
the shoreline advances most in August of 1992 and February of 1993 and retreats most in
August of 1991. As a whole, the shoreline secms to have advanced with ycar from 1989 to 1993.

(2) West Coast

Fig. 2-4 shows the change of shoreline in the west coast from January of 1957 to April of 1991.
After the start of the construction works of the breakwater , the shoreline within 1500m from
the west breakwater retreated landward by 20~40m until 1973. After 1978 when the stonc sca-
wall begun to be constructed , the shoreline were stable until 1985, but the shoreline of April
of 1991 retreated again in the vicinty of 1000m from the breakwater which was caused by the
sinking of the stone sea-wall there. On the other hand, in the west side of groin No. 17 occurred
severe erosion after August 1978.

2.3 Beach profile change
Fig. 2-5 shows the change of the beach profile along the east breakwater from December of

1971 to August of 1992. The profile from +3m to -9 or -10m moved in parallel scawards with
the slope of about 1/50~1/60 between -0 and -8m, although its yearly advance is very irregular.
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Fig. 2-6 shows the change of the beach profile along the west breakwater from December of
1971 to August of 1992. The profile only between from -0 or -4m to -10m is shown because the
shoreline was protected with stone sea-wall. As a whole, the movements of the slope is not
noticiable and its slope changed from about 1/50~1/60 in 1971 to about 1/80~1/100 in 1992.

3. ANALYSIS OF THE SHORELINE CHANGE USING EMPIRICAL
EIGENFUNCTIONS

3.1 Method of analysis

In order to make clear the characteristics of the shoreline change , has been found out a set of
empirical eigenfunctions which best fits the shoreline data in the least squares sensc, following
the method which was used by Winant, Inman and Nordstrom (1975) in the description of
seasonal beach change using empirical eigenfunctions.

In this analysis, the position I, of the shoreline from the datum line, where the indexes t and
x indicate the measured time and thc distance along the datum line from the breakwater
respectively, is expressed in term of a normal mode expansion as follows:

n
Top = E Cplt) .e,(x) 3-1)
p=1
(1 <t<N, 1<x<n 1<p<n)

But, in the analysis, the deviation from the mean value in time at each position was taken as
the value of I, of the equation (3-1).

Forming the correlation matrix A with the following elements:

N
= ik
I5= - % tz_; Tie-Ije (3-2)

(1 <i<n and 1 <j<n)
e, (x) of (3-1) is obtained as the eigenvector of the matrix A from the following equation:

Ae, = A, e, (3-3)

Where A, is eigenvalue and the contribution rate of e, (x) is calculated as follows:
n
Contribution rate of e, (x) =4,/ Y A (3-4)

i=1

cp(t) is calculated as follows:
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n

C(t) =Y I,.. elx (3-5)

x=1

3.2 Analysis of the shoreline in the east coast

At first, the change of shoreline in the east coast has been analyzed for the data of 50m
intervals in the direction of the shoreline until 450 meters from the east breakwater. Those
analysed shorelines have been shown in Fig. 2-2 of the chapter 2. Fig. 3-1 shows the values
of the first and second modes, which correspond to C, (t).e,(x) and
G, (t) . e, (x) of Eq. (3-1), respectively.

Mode 1 is 50% in the rate of contribution for the shoreline change, which corresponds to Eq.
(3-4), has the following characteristics:

(1) The shoreline of this mode advances seaward with time except the periods between March
and May of 1985 and between July and October of 1986. Its reason is not clear, but it is
assumed that the materials dredged in the inner basin would be discharged on this beach
in May of 1985 and August of 1986. However, in total the shoreline of this mode advances
with year.

(2)  During 1983 to 1985 the part near to the cast breakwater more advance than the other
part, but during 1986 to 1987 it is reverse, which shows that the east breakwater could
not nearely interrupt materials to pass westward beyond the tip of the cast breakwater
since 1986.

3) As a whole, this mode would be assumed to show the yearly change.

Mode 2 of 33% in the rate of contribution shows the following characteristics:

(1) There is a node at the distance of 240m from the east breakwater.

) Taking the said node as the boundary, the shoreline of this mode is divided in two
groups; the first group which advances in the side of the breakwater and retreats in the
other side and the second group which retreats in the side of the breakwater and
advances in the other side.

3) The shorelines of May, July, August, September and October enter in the first group and
those of November, December, March and April enter in the second group without
relation with year. The period from May to October corresponds to the rainy season
when cyclones often attack the coast with highly and easterly waves. The other period
corresponds to the dry scason when low and westerly waves continue. Thercfore, the
materials accumalated near to the east breakwater in the rainy scason seem to move
eastward in the dry scason.

(4)  As a whole, this mode seems to show the scasonal change of shorcline.

Next, the shorelines after 1989 when the plongation of the breakwater was suspended has been
analyzed on the base of the values which have been shown in Fig. 2-3. The result is shown in
Fig. 3-2.

Mode 1 has 85.4% in the rate of contribution and the following characteristics:
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(1) The shorelines of this mode advance with time except August of 1992, but, its velocity
of advance is very slow.

2) In the part within 1100m from the east breakwater, the shoreline of the rainy season
retreats except August 1992, and it of the dry season advances.

3) As a whole, this mode seems to show yearly change including some seasonal property.

Mode 2 of 6% in the rate of contribution is difficult to be extracted its property.

3.3 Analysis of the shoreline in the west coast

Data of the shoreline at 100m intervals in the direction of the shoreline have been analyzed
within the distance of 2.3 Km from the west breakwaters during from April of 1967 to April of
1991, which have been shown in Fig. 2-4 in the forgoing chapter, where 2.3 Km corresponds
about to the situation of the groin No. 12. The results of analysis is shown in Fig. 3-3.

Mode 1 of 49.9% in the contribution rate shows the following characteristics:

(1) There are two nodes in the shoreline of this mode; the first node is situated at 200m
from the west breakwater and the second node at 1150m from the same one.

) The shorelines of this mode are divided in two groups; the first group retreats within the
said two nodes and advances in the both sides of it and the second group advances
within the said two nodes and retreates in the both sides.

3) The first group contains the shorelines of the rainy scason such as May, August and
October except April of 1991 and the second group contains the shorelines of the dry
season such as November, December, January, March and April. As shown in Fig. 1-2,
the shoreline between the groins from No. 13 and No. 16 was consolidated by stone
sea-wall in 1989 and 1990, so that the shoreline of April of 1991 seems to remain in the
first group.

4) As a whole, this mode scems to show the scasonal characteristics.

Mode 2 of 22.1% in the rate of contribution shows the following characteristics:

(1)  The change of the shoreline of this mode becomes smaller with the increase of distance
from the west breakwater.

(2)  The change of the shoreline becomes much smaller after 1977 than before it. It has
relations with the construction of groins of No. 1 to No. 17 during 1975 to 1977 and the
construction of stone sea-walls after 1978.

3) There is not seen scasonal change.

(4)  As a whole, this mode seems to cxpress the yearly property including the effect of
structures of groins and stone sea-walls.

In the changes of shorelines which show the seasonal change such as Mode 2 of Fig. 3-1 and
Mode 1 of Fig. 3-2, the first node is seen in the distance of 200~250m from the breakwater.
Assuming that it is caused by edge waves in the coast, their wave length would be about
800~1000m. Mode 1 of Fig. 3-3 has also the second unclear node at 700m and the third clear
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Fig. 4-1 Typicals cross section at the end of 1988 to the begining of 1989
in the west coast
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Fig. 4-2 Severe erosion occurred at the end of 1988 to the begining of 1989
in the west coast
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node at 1150m. The distance between this two nodes is about 1/2 of the said length of edge
waves.

4. PROTECTION AGAINST SHORE EROSION IN THE WEST COAST
4.1 Development of protection against the shore erosion

As have been mentioned before, the coastal protection started on the west coast in 1975 with the
construction of seventeen stone groins using the typical cross section shown in (a) Fig. 4-1.
Their lengths and the positions have been shown in Fig. 1-2. The construction of groins was
completed in 1977, but they weren’t successful, so that in 1978 begun the construction of the
stone sea-wall .

During 1978 was constructed 960m long of stone sea-wall between groins of No. 1 to 6, using
the typical cross section as shown in (b) of Fig. 4-1.

From 1979 to 1980 was constructed 1400m long of stone sea-wall between groins of No. 6 to
13, using the same cross section. In 1980 was carried out the construction of stone sea-wall
within 175m from the groin No. 1 using the cross section with the cover layer of 300 to 1000
Kg in the sea side . The protection of 190m long near the west breakwater was completed
during 1987 by the typical cross section as shown in (c) of Fig. 4-1.

During the end of 1988 to the begining of 1989 when the cast brecakwater was prolongated by
75m long, severe erosion occurred within groins of No. 13 to 17. The crosion damaged houses
and roads as shows in Fig. 4-2 , and also the embeds of the groins Nos. 15, 16 and 17 were
broken and their structures were separated from the land .

Fig. 4-3 Sea-wall in proccess of construction within groin
of No.13 to 16
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The restoration of the erosion arca was carried out by the construction of 413m long of stone
sea-wall at the position shown by dotted lines of Fig. 4-2, within groins of No. 13 to 16 from
July of 1989 to December of 1990. The Fig. 4-3 shows its restoration works and damaged
houses. The restoration included the embed of 75 m long of the groin No. 17. The typical cross
section of the stone sea-wall is almost the same as (b) of Fig. 4-1, but 50 to 5000 Kg of stones
were used in place of 20 to 4000 Kg of stones.

4.2 Behavior of the shore erosion structures at present

According to the measurement carried out in December of 1992, one ycar after the above-
mentioned restoration works of the arca between groins of No. 13 to 16 , the behavior of this
structure can be sumarized as follows:

(1)  The crest of the sea-wall sinked by almost 0.20m between groins No. 13 to 14, 0.50m
between groins No.14 to 15, and almost 0.80m between groins No.15 to 16.

(2) In the east side of groin No. 17 accretion occurred and the shoreline advanced scaward
by almost 30m, whereas in the west side of it the shoreline retreated more landward.

According to visual inspection of thc shore carricd out in September of 1993, the present
condition of structures can be sumarized as follows:

(1) The seaward end of the groins of No. 1 to 16 is deteriorated and sinks , whereas the
structure of groin No. 17 is good, but the crosion in the west side of this is incrcasing.

2) The stone sea-wall is deteriorated and sinks below M.W.L. in the arca within groins No.
5 to 8 , and the elevation of the sca-wall sinks by 1 to 1.5m within groins No. 1 to 5
and within_groins No. 9 to 10, compared with the designed level.

5. PROTECTION AGAINST SHOALING OF THE ACCESS CHANNEL
5.1 Simulation of the past change of the shoreline in the east coast

In order to determine the factors necessary to predict the change of shoreline near to the cast
breakwater which will be caused by further prolongation of it, the past change of shoreline has
been simulated by the so-called one line theory using data shown in Fig. 2-2. The simulation
has been carried out by means of the method of Komar P.D. (1976).

The characteristics of sand transport in the cast coast would be sumarized from the matters
described in chapter 2 and 3 as follows:

€)) In the rainy season, the alongshore sand transport is generated westward by casterly high
waves caused by cyclones, resulting the advance of shoreline in the part near to the cast
breakwater.

(2)  In the dry season, some part of sand accumulated near to the breakwater tends to move
castward by relatively smaller and westerly waves.

(3)  The east breakwater could not cnoughly interrupt sand to pass itself since 1986, that is,
the great part of sand reaching the breakwater passed beyond the tip of it or through the
voids of stones of the breakwater.
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(4)  The sand transport is much more strong in the rainy season than the dry season.

Considering the above characteristics of sand transport, the condition of the simulation was
determined as follows:

(1) The direction @, of breaking waves

In the rainy season from May to October, the direction of waves in the breaking line was taken
to be 15 degree against the datum line of MC which is a little larger than the inclination of the
shoreline in March of 1983 which is about 10 degree against the same datum line. In the dry
season from November to April, it was taken to be zero degree so that the some part of the sand
accumulated near to the breakwater moved eastwards.

(2)  The height D of beach profile which moves in parallel and scaward as the result of
alongshore sand transport.

From Fig. 2-5, it is seen that the beach profile moves nearely in parallel until -9m. Therefore,
adding +3m of the height of backshore, the height D was taken to be 12m.

3) The alongshore wave energy P per day and the alongshore transport rate Q.

The alongshore sand transport rate is expressed as follows.

Q=KUP. % sin (2a,) (5-1)
where P : Alongshore wave encrgy at breaking line
a, : Breaking angle
K ; Coefficient

The value of P per day was taken to be 3x10* and 0.5x10* ton. m/m in rainy scason and in dry
season respectively, through trial and error of calculation. Morcover, the coefficient K was
taken to be 0.4.

4) Boundary Condition

Dividing the distance of 2 km from the east breakwater in cells of 50m wide as shown in Fig.
5-1, the change of shoreline after the time AT was calculated by following cquation:

Y(I) = Y(I) + (Q(I-1) - Q(I)) AT/ (AX*D) (5-2)
where Y(I) : Position of the shoreline of X=I
QM : Alongshore transport at the Y(I)
Ax : Width of each cell, 50m

In the right side of Fig. 5-1, the condition of Q(NY), which is the value of Q passing the cast
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breakwater, was given as follows after trial and crror of calculation:

For the rainy season

Q(NY) = Q(NY-1)/ 1.5 4 in 1983 and 1984
Q(NY) = Q(NY-1)/1.2 . in 1985 and 1986
Q(NY) = Q(NY-1) / 1.05 5 in 1987

For the dry season
QINY) =0 ; for all years

In the left side, Q(0) was taken to be same as Q(1), so that Y(1) did not change through the
period of simulation.

()] Initial position of shoreline

The position of the shoreline in March of 1983 of Fig. 2-2 was taken as the inicial position of
shoreline, where from 400m to 2000m it was taken to be 50m which is the same value as it at
400m.

The result calculated with the time step A T of one day under the above-mentioned conditions
is shows in (b) of Fig 5-2. Comparing with the ficld data shown in (a) of the same figure, the
result of simulation roughly coincides with the ficld data in the part near to the cast breakwater,
though the part apart from it does not coincide so well. This descrepancy parcialy would
depend to the discharge of the dredged material as mentioned before.

5.2 Estimate of shoreline change caused by the further prolongation of the east breakwater

In order to predict the advance of shoreline caused by the further prolongation of the east

breakwater, the simulation has been carried out under the same condition as the forgoing one

in Section 5.1, except the follows:

The length of simulated shoreline 6 km

The condition of Q(NY) : Q(NY) = 0 for all season and all ycars

The inicial shoreline : The shoreline of December of 1987 which resulted in the foregoing
simulation and the part between from 2 km to 6 km was taken to be
50m.

The result of the simulation is shown in Fig. 5-3. In such simulation, the advancc of the

shoreline tends to become short when the simulated shorcline is short, but the calculation with

the shoreline of 4 km resulted to be shorter only by 2m than the case of 6 km at the advance
of shoreline along the east breakwater after 15 years.

According to Fig 5-3, the shoreline at the cast breakwater advances by 146, 233 and 305m from
the position of December of 1987 after 5, 10 and 15 years, respectively.
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5.3 Consideration on protection measures against shoaling of the access channel

Using the value of the alongshore wave energy per day P obtained in the foregoing section, the
alongshore transport per month Q,, in the rainy season is calculated using Eq. (5-1) as follows:

Q.= K.P. % .sin (2a,) x 30

0.4 x (3 x 10 x % x sin (2 x 15°) x 30

9 x 10* m* / month

For six months from May to October in the rainy season

Q= 9x10*x6
= 54x10°m’

In the above-mentioned simulation, the alongshore transport is supposed to be zero in the dry
season, so that the value of 54 X 10* m’ corresponds to thc annual transport. That is the net
alongshore sand transport is estimated to be about 500,000 m* per year from the simulation.

Table 5-1 shows the volume of sand dredged in Port Madero from 1983 to 1991, where 1,671,073
m’ is the total volumc dredged in the access channcl during seven ycars from 1985 to 1991. The
access channel is now maintained to be deeper than 9m in the width of 80m. In this case, the
average dredging per year become about 240,000 m®, which corresponds approximately to the
half of the net alongshore transport estimated in the above.

Table 5-1 Dredging volume (m*)

Locations Access Expantion of Inner Other

Years Channel Channel Basin
1983 232,880 117,690
1984 558,440 140,098
1985 80,222 23,180 130,372
1986 11,830 88,262
1987 569,939 238,223
1988 280,170 264,363 79,410
1989 539,900 228,220 119,608
1990 602,787 159,280 101,328
1991 (Until 137,955 31,443
Sep.)

Total 1,671,073 1,365,230 1,397,951 300,346
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On the other hand, in the foregoing scction, the shoreline has been estimated to advance by
about 300m at fifteen years after the present under the assumption that the east breakwater
interrupts completely the alongshore sand transport. If the breakwater is prolongated until the
depth-line of 10m deep which is at present located at about 400 meters from the tip of
breakwater, although such prolongation can not completely interrupt the alongshore transport,
the necesary length of such prolongation becomes 300 + 400 = 700m. At thc same time, it
would be necessary to prolongate the west breakwater by some length.

The cost of such prolongation of breakwaters would surpass the cost for fifteen years of the
maintenance dredging which is 240,000 m’ per year as mentioned above. Therefore, the
authority of Madero Port would continue dredging the access channcl, although the breakwaters
would be prolongated little by little so as to maintain the depth of the tips of the breakwaters
deeper than the present. The dredged sand would continue to be discharged in the west coast
so as to prevent further shore-crosion.

6. CONCLUSIONS

In the beach of Port Madero,severe accretion and erosion have occurred respectively in the cast
and west sides of the breakwaters.The alongshore transport rate has been estimated to be about
five hundred thousand cubic meters per ycar from the simulation of past shoreline changes.The
present protection measurc against thc access channcl shoaling by mcans of dredging and the
present protection measurc against shorc crosion by mcans of groins and sca-walls of rubble
mound type seem to be effcctive and rcasonable.
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ABSTRACT

Caldera Port was constructed in 1981 on the coast of Costa Rica, Central America, facing
to the Pacific Ocean. Ever since the beginning of operations, however, there had been a
serious problem of sand transportation around the tip of breakwater, into the inner basin
due to the northward longshore sand transport under the action of steady and obliquely
incident waves. To prevent this situation, the existing breakwater is extended 272 meters
based on results of numerical simulation done using the one-line theory. Furthermore,
two additional countermeasures are also considered. One is the construction of a jetty
located on the upper-side beach to reduce the rate of longshore sand transport. Another
is to remove sand from the beach outside of the breakwater. This paper narrates the
historical vents that occurred while implementing these these countermeasures.

Key Words: Wing-Breakwater, Longshore Sand Transport, Shoaling of Basin, Jetty
Costa Rica

1. INTRODUCTION

Costa Rica extends roughly from the latitude of 11 ° N to 8 ° N. It is a narrow country,
located roughly between the longitude of 83 ° W and 86 ° W, comprising part of the
Central American isthmus. Costa Rica is bordered on the north by Nicaragua, on the
south by Panama, on the west by the Pacific Ocean and on the east by the Atlantic Ocean.
Its minimum width from the Pacific Ocean to the Atlantic Ocean is 119 km. In 1981,
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Caldera Port was constructed on the Pacific coast to be a major gateway for the
international trade of Costa Rica, as well as the port nearest to the national capital, San
Jose. The port began to lead the national economy and industry and support the livelihood
of the Costa Rican people through commodity supply. Just after opening the port,
however, one of the three berths of the port, which is the deepest and most important,
became gradually shallower due to the sand sedimentation in the harbor. Since then,
various technical efforts have been done for maintaining the port, through the field survey,
repeated dredging of basin, extension of the breakwater, construction of a jetty and so on.

Here, the history of desperate endeavors and its result are reported.

2. NATURAL CONDITIONS AROUND CALDERA PORT

As shown in Figure 1, Caldera Port is located at the latitude of 10.4 ° N and the longitude
of 84.7 ° W, and it is situated at the eastern shore of the Gulf of Nicoya, the mouth of
which is open to the Pacific Ocean in the south to southwest direction. The natural
conditions around the port are as follows, of which some parts are the summary of the
report by JICA ( Japan International Cooperation Agency ) of 1986.
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Figure 1 Location map of Caldera Port, Costa Rica ( Goda, 1983 ) .
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2.1 Wave Conditions

Waves were intermittently measured at a spot approximately 1.8 km offshore from Caldera
Port, at a water depth of 15.5 meters below the datum line, during 7.3 years from June
1978 to November 1985. A total duration of wave observation was 3.3 years. According
to the wave data obtained, the probability of significant wave heights between 0.5m to 1.5m
is 88.3%, and that of significant wave periods longer than 10.5s is 61.6%. Using the data
of the 29 waves of significant wave height greater than 1.8 meters, probable wave heights
were estimated by adopting a Weibull distribution with an exponent of 1.25. The results
are listed in Table 1. The significant wave period of each probable wave is estimated from
the relationship between the significant wave height and the period of extremely large
waves as shown in Figure 2.

Table 1 Probable wave heights.

Recurrence Significant Wave | Significant Wave
Period (years) | Height H13 (m) | Period 713 (s)
5 3.692 17.97
10 3.980 18.26
20 4.259 18.50
30 4.419 18.62
50 4.617 18.78

12
1
Hiz (m)
Figure 2 Relationship between significant wave height and period of large waves.

As prevailing wave periods are relatively long, the waves are swells which are coming
from the Pacific Ocean through the mouth of the Gulf of Nicoya. Predominant direction of
incident waves is considered to be from the SEE to the SW. In the case of extremely
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large waves, the significant wave period of 18s or so belongs to a quite long periodicity. By
analyzing the wave data obtained in Caldera Port in May 1981 and inspecting the weather
charts of the Pacific Ocean, Goda(1983) found that strong winds were blowing over the
Southwest Pacific Basin which was 7000 to 9000 km far from Costa Rica, about 5 to 7 days
before the coming of extremely large waves to Caldera Port. After some considerations,
he concluded that the swells with such a long period were generated by strong winds in a
large fetch area near the New Zealand and travelled over a long distance.

2.2 Tidal Conditions

A harmonic analysis was performed using the data obtained by means of a simple water
pressure type tide gauge at Caldera Port on 15 days in October 1985. According to the
result, a half day M2 periodic component is prevailing, while a single day component is of
lesser importance. The representative tide levels were calculated with constants of the
foue principal tidal harmonics. The large tidal range is 2.59 meters, the mean range is
2.05 meters, and the small range is 1.51 meters, respectively.

The results of field measurements on tidal currents in the offshore area of Caldera Port
show that the northward currents during the flood and the southward currents during the
ebb are prevailing, respectively. The maximum current velocities are approximately 20
cm/s in the both directions.

2.3 Conditions of Littoral Drift

Due to one way approach of waves, that is northward from the Pacific Ocean as explained
above, the sands supplied from rivers and soft sea cliffs are being transported northward
along the eastern shore of the Gulf of Nicoya. However, the coast line is not straight but
consists of some headlands, river mouths and beaches, which make the condition of littoral
drift in this area more complicated.

In order to make a general appraisal in the vicinity of Caldera Port that would help
understand the local littoral drift phenomena ( specially predominant directions of sand
transport ) the area was visited and analyzed. This analyses resulted in the conviction
that the area should be divided into segments namely the Puntarenas Zone, the Caldera
Zone and the Southern Zone as shown in Figure 3. The reasons of these subdivisions are
as follows:

1) Boundary between Puntarenas zone and Caldera zone

(@) The foreshore slopes in the Puntarenas zone are about 3 to 5 degrees, while those on
Caldera beach between Carballo Cliff and Caldera Port are about 10 degrees or more.

(b) A color of sand on the beach in the Puntarenas zone is light brown. On the other hand,
on the backshore higher than the high tide level in the Caldera zone, a large amount of
black sand which is heavy and magnetic is accumulated everywhere.

(c) The formation of long sand spit in the Puntarenas zone definitely indicates the
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Figure 3 Littoral segments.

westward sand transport which is shown by arrows in Figure 3. On Caldera beach of
about 3 km long, the mean diameter of sand is 1.0 mm near Carballo Cliff, which gradually
decreases in the southeast direction to be 0.1 mm near the mouth of estuary, Mata de
Limon. This change of mean diameter suggests the southeast-ward sand transport as
shown by arrows in Figure 3. Then, it can be concluded that Carballo Cliff is the
boundary between these two zones.

2) On long sand spit

Since the bed slope of Barranca river, whose mouth is located at the east-end of the
Puntarenas zone, is very steep, being 1/160 in the stretch of 6 km from the mouth, it is
supposed that the water discharge is fair amount and the flood is fast in the rainy season.
Although it is very hard to quantitatively estimate the actual volume of sand discharged
from this river due to a lack of information at present, we can infer that a large quantities
of sediment must be discharged. Then, the sand spit of 7.5 km long is considered to have
been formed with the sand discharged from Barranca river.

3) On the Carballo Cliff

The height of Carballo Cliff is about 60 meters. It consists of sands and rocks with weak
interlocking. Thus, the base of the cliff can be easily eroded by the action of waves. Asa
matter of fact, a railway was constructed around the base of cliff in 1910. Seven years
after, however, the route had to be shifted to the hinterland due to the rapid erosion. At
present, the trace of railway has completely disappeared. This cliff is the source of sand
to Caldera Beach.
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4) Boundary between Caldera zone and southern zone

The boundary between these two zones, or the south-end of the Caldera zone, is not so
clear. However, we think that Loros Headland may be the boundary between them,
because it angles out into the sea and there exists the rocky shoal that extends about 300
meters offshore. Then, the sand transported from the south may go out from this point
into the deep sea. Sands originated from Jesus Maria River, which is located in the
south—end of the Caldera zone, are transported in the north direction through Tivives
Beach and pass by small scale headlands until they reach Caldera Port.

3. Initial Stage of the Shoaling Problem in Caldera Port

The construction of Caldera Port was started in November 1974, with a landfill confined by
two external jetties and one sheet pile quaywall of 490 meters long. The rubble mound
breakwater of 250 meters in length had been completed in 1981 ( see Figure 4 ). As
there exists the northward littoral transport due to the constancy of the wave incidence

250m

Corralillo
Beach
0 500 l)'OO

Scale (m)

Figure 4 Caldera Port in 1981.

angle, ever since its initial construction in 1974 there has been a process of sedimentation
going on at the west sea side of Caldera Port, where New Beach has been formed as seen
in Photo 1. New Beach has kept growing and in 1981 the excess sand began to be
transported around the tip of breakwater into the port ( see Figure 5 ).

In order to increase the sand holding capacity of New Beach and so diminish the sand
transport into the inner harbor, the Ministry of Public Works and Transports ( MOPT )
initiated construction of a wing—breakwater oriented 45 degrees off the main breakwater (
see Figure 6 ). This expansion of the main breakwater was so designed as to use
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July 1983

Before Storm After Storm
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Figure 6 Wing-breakwater before and after large waves.

breaking wave energy to generate a counter flow that should delay growth at the north
side of New Beach.

Beginning on July 1983 the breakwater extension reached the 80 meters long. On the
17th and the 18th of July 1983, large waves of 3.5 meters in the significant wave height
and 17.5 to 18.5 seconds in a period attacked the port and destroyed the last 40 meters of
the wing-breakwater. At the same time, these waves transported a large quantities of
sand into the main harbor basin, which built up another small beach, New Beach Junior,

Photo 2 New Beach Junior on the 21st July 1983.
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behind the breakwater as shown in Figure 6 and in Photo 2. In order to make fluorescent
sand tracer, we took the sand from New Beach Junior, of which diameter is about 0.2 mm.
During an attenuation of this storm, on the 26th July, when the breaking waves still
diffracted and propagated along the inner side of the breakwater, we injected fluorescent
sand tracers of 200 kg at the point near the base of wing-breakwater, which is indicated
by an asterisk in Figure 6. On the next day, the sands were sampled from the surface of
New Beach Junior. Figure 7 shows a distribution of fluorescent sand tracer, which well
agreed with the topography of New Beach Junior. Then, it is inferred that the sand
transported from New Beach around the tip of breakwater into the port was carried in
suspension farther along the inner side of breakwater to New Beach Junior where the
turbulence of diffracted waves well diminished. From here on a subsequent slow process
of sand dispersion toward the first berth surely occurred. That is because the scale of
New Beach Junior gradually decreased by the action of diffracted waves and disappeared by
the beginning of August.

Center line on Breakwater (m)

50 100 150 200
L 1 1 1
337 300
106 ) 00
5 u 1§M 100
\_/5040
/ =) 30 1
’4 23 D o35 7
33 o 2 °

o
*o

Figure 7 Distribution of fluorescent sand tracer ( one day after injection ).

It was urgently necessary to extend the wing—breakwater as far as possible to prevent the
further shoaling in the basin. Then, MOPT continued construction of the wing-
breakwater at a constant but slow pace due to the limited budgets. A slow speed of
construction brought a favorable condition: the small deposits on the extension of the
center line of the wing—breakwater ( 2 to 5 meters below mean sea level ) reduced
significantly the cross sectional areas to be built, when compared to the original
breakwater construction depths ( which were in the range of 10 to 12 meters ). In spite
of decreased rock volumes to be placed, construction difficulties increased due to the
closeness to the wave breaking zone. Common storm waves easily scoured the
breakwater foundations, which made the breakwater unstable.

In order to roughly understand the volume of sand entered into the basin, the volumes of
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Figure 8 Definition of control area and location of intersection.

sand accumulated in the control area which is located immediately behind the breakwater (
250 m x 150 m as shown in Figure 8 ) were calculated by utilizing the sounding data. In
order to roughly indicate the development of New Beach, the location of intersection
between the wing-breakwater and the —2 meters contour line is defined as a distance
from the corner of breakwater, which is denoted by a symbol X in Figure 8. The results
of calculation for the period from 1982 to 1986 are shown in Figure 9, in which the
distance of X and the length of wing—breakwater are also shown. During the first three
years from February 1982 to February 1985, the sand accumulated with a almost constant
rate of 26,000 m°/yr, or 0.7 m/m °/yr in the control area. The extension of
wing-breakwater was not very effective in preventing the sand from entering into the
basin. This is due to the slow construction of the wing-breakwater, which was nearly
same as the speed of advancement of —2 meters contour, as shown with a dotted line in
Figure 9. In other words, the speed of New Beach developing was nearly same as that of
extension of wing—breakwater.

On 13th September 1985, large waves of 2.77 meters in a significant wave height and 17.6
seconds in a period attacked this port, by which the last part of the wing—breakwater was
destroyed and at the same time the sands were transported into the basin. This situation
induced a loss of adequate depth for docking at the berth No.l. Then, in order to keep
designed operational depths at the inner basin of the harbor, an urgent dredging was done
until January 1986. A dredging volume was 30,000 m ° in total. The second full
dredging was executed during the months from March to April in 1987 for a total dredged
volume of 303,000 m * , of which 80,350 m ° were taken from the control area.
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Figure 9 Volume of sand accumulated in the control area, length of
wing-breakwater and location of —2 meters contour line.

4 . RESULT OF FUNDAMENTAL SURVEY IN 1985

In response to the request of the Government of the Republic of Costa Rica, the
Government of Japan decided to conduct a study on the maintenance project of Caldera
Port and entrusted the study to JICA. A most important objective of the study was the
establishment of adequate strategies to respond to the sedimentation problem. JICA send
to Costa Rica a study team during a period from September to November, 1985. The
study team conducted a field survey, an analysis of existing data, and numerical simulations
on the littoral drift, of which result was reported in JICA Report (1986). Here, we quote
important items from JICA Report, which are strongly related to the littoral drift in Caldera
Port.

The budget of sand transport in the south side area of Caldera Port is estimated based on
the results of soundings which have been executed repeatedly by MOPT since 1981.
Figure 10 shows roughly estimated budget of sand transport in areas less than —10 meters
deep. The annual northward drift sand volume offshore Corralillo Headland is estimated
as 200,000 m ° /yr. Within this volume, the sand volume transported in the zone between
the —5 meters and —10 meters contour lines is estimated as 88,000 m * /yr. A sand
volume of 14,000 m ° /yr accumulates at Corralillo Beach, and 98,000 m ° /yr is supplied to
New Beach. Part of the sand supplied to New Beach, which is estimated as about 26,000
m * /yr, accumulated there. The rest passes by the wing tip, goes toward the north side
of the foot of the breakwater and accumulates near its foot.

According to Figure 9, it seems on the whole that the sand deposited in the control area at
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Figure 10 Budget of sand transport at the southern beach of Caldera Port.

a constant rate, being independent of the extension of wing-breakwater. However, it is
noticed that rate of sand deposition changed a little from period to period. The volume of
sand going into the basin in a short period depends on the relative relation between the -
sand volume stored in the out side area of port and the location of wing tip. Figure 11
shows the extension progress and the location of —2 meters contour line which is utilized
as an indicator for the sand volume stored in the outside area, for the years from 1980 to
1985. From this figure, the distance, D, from the wing tip to the intersection of the
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Aug.’82 (L=65m)
Jul.’83 (L=40m)

After Damage
Apr.’80 — Oct.'81 (L=0m)
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Figure 11 Shoreline changes and wing length.
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wing-breakwater and —2 meters contour lines is read for each, of which result is listed in
Table 2. The volume of sand accumulated in the basin, which is wider than the area of
control area in Figure 7, is calculated for each term and also listed in Table 2, where Qs is
the equivalent volume of sand accumulated in a year.

Table 2 Relation between D and Qs.

Length of Wing— Sand Sediment
Period breakwater (m) | D (m) Volume (n® ) | Qs (mY year)
1980. 4—1981.10 0 45 * 12,000 8,000
(Average
1981.10—1982. 7 65 25 21,000 28,000
*
1982. 7—-1983. 8 . 65damalge) 15 40,250 37,000
1983. 8—1984. 8 80 20 24,125 24,000
1984. 8—1985. 9 90 10 94,500 *3 87,000
*] The length of wing during damage in July 1983 is assumed as 65 meters.

*2 D in 1984.4—1981.10 is assum

as an average value.

*3 This value includes the dredged sand volume.

Figure 12 shows the relation between D and @s, which shows that Qs is depending on D.
When D is more than 60 meters, the value of Qs is zero. If D becomes shorter, then Qs
becomes greater. Finally, Qs approaches asymptotically to 112,000 m * /yr, that is the
sum of the littoral drift volume at Corralillo Beach and New Beach ( see Figure 10 ).
Therefore, under the situation of continuous accumulation of sand in the upper beach, the
distance D gradually becomes shorter with time, which brings the undesirable condition;
namely that the sand volume of more than 100,000 m ° /yr enters into the basin and
deposits there in future. In any case, it is clear that countermeasures must be taken
against the sand accumulation in Caldera Port, that is, extension of wing—breakwater or

x 10°
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T T T T
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Figure 12 Relation between D and Qs.
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continuous dredging in the basin, or their combination.

If the wing is extended enough in length, the maintenance dredging will not be necessary.
The construction cost of breakwater, however, is very high. On the other hand, no
extension of wing costs nothing, but the cost of maintenance dredging becomes high.
Then, an optimum extension length must be so determined as to minimize the total cost of
construction and dredging. For this purpose, the one-line theory was applied. First of
all, it was confirmed that the actual shoreline changes and the calculated ones on New
Beach and Corralillo Beach were quite similar for the period from September 1981 to
September 1985, in which the sand budget shown in Figure 10 was taken into
consideration. In this calculation, the shoreline was defined as the contour line of
D.L.+1.4 meters. Next, by utilizing the same theory, the further estimations of shoreline
change and volume of sand deposited in the basin of Caldera Port were carried out for
several cases of varying extension length of the wing—breakwater.

The usual one-line theory can hardly predict the volume of sand which is transported
around the wing tip into the basin. Here, however, a smart method of utilizing Figure 12
made it possible to predict it as follow. At first, the location of shoreline on New Beach
was calculated by the usual one-line theory. Next, the location of —2 meters contour line
was estimated by assuming from the result of data analysis that it is always 68 meters
offshore from the shoreline, D.L.+1.4 meters, near the wing—breakwater. When the
distance D becomes less than 60 meters, the sand volume which enters into the basin is
evaluated from Figure 12. The resultant shoreline is calculated by taking the annual sand
volume (Qs) into consideration. As the distance, D, becomes shorter and @s increases
with time, this treatment is repeated in every calculation step. Figure 13 shows the result
of prediction for the case of 350 meters in total wing length as a typical example. As seen

! 1 ";:/ ; / E
Scale (m) e ity o
- 3

Figure 13 Predicted future shoreline ( Wing length = 350 m ).
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in this figure, the annual shoreline advance rate in the early stage is 7m/yr. It becomes
less in the latter because the water depth gradually becomes deeper and also the sand
volume going around the wing tip into the basin becomes larger with the advancing of
shoreline.

Now, costs are estimated assuming the most reasonable procedures for the wing
construction and the dredging for each extension length. In the estimation of dredging
cost, not only the dredging of sand coming around the wing tip, but also a primary
dredging of sand deposited before 1985 and the usual maintenance dredging every five
years are included. The maintenance dredging in the entire basin is necessary because
very fine material, being about less than 0.1 mm in diameter, is being accumulated at the
rate of 12 to 16 cm/yr. The transport of this fine material is mostly due to tidal currents.
Figure 14 shows the wing construction costs, the dredging costs and the total costs of each
wing length over the lifetime of 30 years, including the case where the wing—breakwater is
not extended at all. From this figure, it is decided that the most economical
countermeasure against sand deposition in the basin is to extend the wing-breakwater by
a length of 350 meters in total. It is also confirmed in the simulation that the wing
extension does not significantly influence on the counter movement of sand from the north
side beach, Caldera Beach, into the basin.
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Length of Wing-breakwater ( m )

Figure 14 Cost comparison of each wing length.

5. EXTENSION OF WING-BREAKWATER AND OTHER COUNTERMEASURES

According to JICA Report in 1986, two works were urgently required for Caldera Port.
One was a primary dredging in order to extract sand which had already deposited. Another
was an extension of the wing—breakwater up to be 350 meters in total length. During the
first months of 1987, a maintenance dredging program was completed satisfactorily. At
this time, the wing of 150 meters in length had been already constructed (see Figure 9),
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but the distance D was nearly zero. Then, the extension of wing-breakwater for 200
meters more had to be done as soon as possible. However, as financial prospects for a
maintenance for Caldera Port turned meager due to the political and economical difficulties,
MOPT eas forced to tackle the construction job for the 200 meters of additional length for
the wing on its own, with the reduced resources of the ordinary budget and with old
equipments in bad condition.

Figure 15 shows the location of the wing tip during a period from 1987 to 1992. The
location of —2 meters counter line is also shown as well as the volume of sand deposited
in the control area. As seen in this figure, the extension rate was almost constant, but it
was very slow. Only 275 meters reach of wing had been constructed by 1992, which is 75
meters shorter than the target length. Furthermore, the location of wing tip retreated
often, which was due to accidents with rubble stones that were scattered to the inside by
actions of large waves because the weight of armor stone was too light to overcome the
large waves. According to JICA Report (1986), the design weight of armor stone is 17
tons and, particularly for the head of wing, the stones used should be no less than 25 tons
in weight. In actuality however the weight of the stones used for construction was 6 to 8
tons. There were large stones more than 20 tons in a quarry and a construction crane on
the breakwater had enough capacity for lifting them. However, a loading capacity of trucks
which transported the stones from the quarry to the construction site were 8 tons in
maximum. Moreover, as the construction of wing was done from its crown, the arm
length of crane did not reach the base of breakwater. Then, it is inferred that an
execution of its foundation was not necessarily enough.

Figure 16 shows the location of wing tip in detail, during a period from May to August
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Figure 15 Changes of wing tip location ( from 1987 to 1992 ).
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Figure 16 Changes of wing tip location ( from May to August 1987 ).

1987. On the upper side, the days when large waves came are indicated by arrows. At
first the large waves came on the day of 18th June, Sunday, by which the rubble stones in
the crown of breakwater above L.W.L. and within 10 meters from the wing tip were
scattered into the lee side area. As the lower part of wing was still remained, the
destroyed part was quickly restored to the former condition and extended a little more by
putting other stones on the top. However, the second waves came on the day of 25th
June, Sunday, and destroyed again the 12 meters from the wing tip. On the next day, the
part of destroyed reach was restored again. Moreover, another large waves came on the
day of 23rd July, Sunday, which destroyed the further 10 meters from the wing tip. Also
in this case, the restoration work was done on the next day. The fight against the large
waves was similar to an ant fighting an elephant. Beside, it is only known that the large
waves were long period waves. There is no further information on these waves, because
no wave gauge was installed near Caldera Port and every large waves came on Sunday.

The wave on the days of 27th, Saturday, and 28th, Sunday, July were extremely large.
According to an eyewitness, a large overtopping occurred over the wing in the reach of
about 100 meters from the wing tip. The rubble stones located 85 meters from the wing
tip and above L.W.L. were scattered into the lee side area. Also in this disaster, a reach
of 56 meters was restored with other stones in a short period. The total length of wing is
272 meters at present ( see Photo 3 ).

As seen in Figure 15 again, the distance from the wing tip to the —2 meters contour line,
D1, was about 20 meters in 1987 and 1988. Under this situation, the sand of bout 64,000
m ° in volume had been deposited in the control area by the beginning of 1989. The
large waves came three times during months from June to July 1989, which transported
sand into the port around the tip and made New Beach Junior again just behind the
breakwater. However, the distance, D2, was about 50 meters due to the extension works
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Photo 3 Wing-breakwater in 1993.

of wing in 1989. In this conditions, the sand deposition in the control area did not take
place. Apart from this preferable situation, as the extension speed of the wing was slow,
the sand already accumulated in the basin until 1989. Then, a third full dredging program
was carried out in the whole area of basin during the period from March to June in 1990.
On this occasion an over—dredging job was accomplished to create a sand trap in the
control area with a maximum depth of 16.8 meters. The net dredged volume was about
300,000 m °, of which 150,000 m ® were taken from the control area.

In the first half of 1991, the wing was extended 80 meters more from 235 meters to 315
meters in length at a high pace. In July 1991, however, almost full length of newly
extended reach was destroyed by very large waves. Although the distance from the wing
tip to —2 meters contour line, D3 in Figure 15, was still about 60 meters, some volume of
sand deposited in the control area since the waves were too large. Immediate
reconstruction extended the wing to 286 meters, which made the distance, D4, longer to
be 125 meters. After that, in the second half of 1991 and in 1992 there was some erosion
in the control area.

Furthermore, the location of —2 meters contour line near the wing retreated onshore as
seen in Figure 15. This retreat of the beach is considered to be due to a local counter
flow in the southward direction generated by the waves reflected by the the wing. This
situation is welcome for reducing the volume of sand transported around the wing tip into
the basin. However, we must keep in mind the undesirable possibility that a local
scouring at the toe of wing-breakwater may occur in the neighborhood of the tip, which
will require us to reinforce the toe of wing for its safety.

As the extension speed of wing was slow and the existing length was still shorter than the
designed length, two more countermeasures have been considered. One is the
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Photo 4 Small jetty located between New Beach and Corralillo Beach.

construction of new jetty at the upper side of the littoral drift. Another is direct sand
extraction from New Beach.

It is also effective to construct a new jetty at the upper side of the littoral drift. The most
effective location for this construction is at Corralillo Headland ( see Figure 10 ). However,
there is no approach road for the jetty construction there. Temporary works such as the
construction of an approach road would be very expensive. Construction of the new jetty
from the sea using a construction ship would also be very expensive. Moreover, as you
can easily infer from the coastline configuration shown in Figure 3, the wave energy
concentrates to Corralillo Headland. The design cross section of the jetty should be as
same as that of the wing or more. Then, as the second best location, the new jetty of 90
meters long was constructed on a rocky reef located between New Beach and Corralillo
Beach in 1990 ( see Photo 4 ). The jetty could be designed with smaller size rock than
that used for the wing by virtue of diffracted small waves. An effect of this jetty has
emerged as an advancement of the shoreline on Corralillo Beach ( in the foreground in
Photo 4 ). However, its efficiency is not enough, because some of the drift sand is
supplied from the offshore of Corralillo Headland to New Beach directly as shown in
Figure 10.

Removing the sand at the seashore of New Beach is also an effective way to prevent
sedimentation in the harbour. As a complementary step, sand removing by a private
industry has been done at New Beach with the objective of reducing its growth. In spite
of the small grain size of these sands ( ds0 = 0.2 mm ), which makes them of a little use
for developers and builders, mean extracted volumes of 3,400 m ° /month have been noted
since 1992. A system of sand extraction is very simple and requires no special machinery.
The sand is scraped up to the higher level by bulldozing at the low tide. Because the
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Figure 17 Topography in February 1993.

sand accumulates again during the successive high tide, the process can be continuously
done by this simple system.

Figure 17 is a contour map of topography in February 1993. A depositional topography is
noticed in a north side area of wing-breakwater, where the rubble stones scattered from
the wing were settled due to the repeated disasters and no dredging was conducted in the
past. The sand trap topography in the control area, which was formed by over dredging in
1993, is almost unchanged. The sand deposition is not recognized on the basin in front of
berth. In short, since February 1992 no shoaling has been detected in the basin, which
means that the combination of three kinds of countermeasure is helpful to prevent the
further entering of sand into the basin of Caldera Port.

6. SUMMARY AND CONCLUSIONS

Since its completion in 1981, Caldera Port has been exposed to a serious matter of sand
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sedimentation in the basin, which is due to the northward littoral drift of about 200,000
m ° /yr by the predominant waves in obliquly incident. To prevent this situation, the
extension of wing-breakwater started. According to the result of numerical predictions by
the one-line theory, the optimum length of wing-breakwater was 350 meters. However,
due to lack of funding, the extension works of wing were done at a slow pace with old
equipments in bad condition. The wing was repeatedly destroyed by the large long waves
of about 18 seconds in period. At present, the wing has been reconstructed up to be 272
meters in length, which is considered to be not long enough for the near future. Then,
other two countermeasures have also been considered to reduce the volume of sand
transported into the basin. One is the construction of jetty at the up-side of littoral drift,
another is to take sand from New Beach. The latest results of topographic monitoring
show that the combination of these three kinds of countermeasure is helpful in preventing
further sedimentation in the port.

The valuable experiences piled through the fight against the littoral drift problem in
Caldera Port are of fundamental importance. These can be enumerated as follows:

(1) The phenomena of littoral drift are very complicated, so there is very much left to
study. The result of sand movement, however, is exceedingly simple, that is to say,
either there is resulting erosion or deposition. Then, in order to sufficiently grasp the
result of sand movement, it is basically important to monitor the change of topography by
conducting repeated sounding survey. In the case of Caldera Port, sounding surveys has
been carried out with a high frequency since 1981. Especially the data accumulated by
1985 were very helpful for improving the accuracy of numerical simulation.

(2) An effect of countermeasures for the littoral drift doesn’t always appear soon. Then,
there is a possibility of making an incorrect decision and taking the haphazard way of doing
them. In order to avoid this kind of mistake, it is of importance to examine thoroughly
the effect of countermeasures on the topography in advance by a scientific method such as
the one-line theory. It is also kept in mind that quantitative predictions of topographical
changes are still difficult at present due to the multiplicity and high level of complexity of
the various processes involved. To make up for this deficiency, the effect of
countermeasures must be followed and checked in the field at regular intervals, during and
after their the execution.
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ABSTRACT

Due to the need of new installations and to take profit of several unused areas, the Bilbao
Harbour Authority launched an expansion project, which logically consists in the construction
of a new breakwater in the left margin of the river. Since this new breakwater can alter the
local hydrodynamics, several studies have been undertaken to estimate its influence on two
adajacents beaches located inside the harbour. First results indicate that the Ereaga beach will
be more stable after the construction of the breakwater. On the other hand, and because the
breakwater will increase the wave height in front of the Arrigunaga beach under certain
conditions, this beach could be potentially affected. However, since this beach is mainly
composed by very coarse sediments, results must be considered as indicative. To estimate the
real effects of the expansion works on both beaches a monitoring programme has been
launched with a duration of five years.

Key Words: Bilbao Harbour, environmental impact, wave propagation, beach evolution.

1. INTRODUCTION

The Port of Bilbao is the largest harbour in Spain in terms of volume of traffic. It is situated
in the Spanish Cantabric Coast, within the Bay of Biscay. Bilbao Docks are over 20 kilometers
long, stretching down the Nervion River to the Punta Lucero Breakwater, located at the end
of the river inlet (Figure 1).

Originally the Port of Bilbao was a fluvial harbour, but at the end of 19th century it started to
expand towards the sea. In 1902, both the Santurce and the Arriluce breakwaters, which close
the river mouth, were constructed. After this, the first available information on the harbour
expansion toward the Outer Estuary is from the 50’s. In 1971 the works for the construction
of the Punta Lucero Breakwater and its joined pier started. For this pier, water depths of 32m
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