
 
 

3.  Results  

3.1. Physical Oceanography 

3.1.1. Tide and Water Current 

(1) Tide 

The time series of tide level are shown in Data Book version of the present 
report. At all the three points and for both the rainy and the dry seasons, 
variations of tidal range were apparently induced by spring and neap tidal 
cycle. The maximum tidal range during the rainy season was nearly 3 m at 
Humen (T01) whereas during the neap tide it was less than 1.5 m.  The 
range of 3 m was also observed during the dry season. 
 
The tidal range at the outer locations (T02 and T03) was slightly smaller 
than that at Humen. The dominance of semidiurnal tide was conspicuous at 
all the locations. In addition, a substantial diurnal inequality of the 
semidiurnal tide was apparent.  
 
The harmonic tidal constants calculated for the regional tide are presented 
in Table 3.1.1 for the rainy season and Table 3.1.2 for the dry season. As can 
be seen, the amplitude of semidiurnal constituent (M2) was the largest 
among all the components. The amplitude of M2 constituent at Humen (T01) 
was nearly 65 cm in the rainy season and 55 cm in the dry season, and at 
Zhuhai (T02) and Guishan (T03) around 45 cm for both the seasons. The 
incremental increase of semidiurnal tide can also be recognized from the bay 
mouth to the upper bay. The amplitudes of diurnal components (K1 and O1 
constituents) were also large. The amplitudes of K1 constituent at the three 
locations were 36 to 38 cm in the rainy season and 48 to 53 cm in the dry 
season, and those of O1 constituent were 29 to 33 cm in the rainy season and 
27 to 29 cm in the dry season. The phase difference of M2 constituent 
between the upper bay (Humen) and the bay mouth (Guishan) was 56 
degrees in the rainy season and 79 degrees in the dry season, meaning that 
the time when the high tide occurs at the upper bay area trails about 2 and 
3 hours from that at the bay mouth. 

 
(2) Water Current 

The harmonic constants obtained from the time series of currents are shown 
in, 
z Table 3.1.3 to 3.1.8 for spring tide in the rainy season, 
z Table 3.1.9 to 3.1.14 for neap tide in the rainy season, 
z Table 3.1.15 to 3.1.20 for spring tide in the dry season, and 
z Table 3.1.21 to 3.1.26 for neap tide in the dry season. 
 
The tidal residual currents are shown in, 
z Figure 3.1.1 for spring tide in the rainy season, 
z Figure 3.1.2 for neap tide in the rainy season, 
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z Figure 3.1.3 for spring tide in the dry season, and 
z Figure 3.1.4 for neap tide in the dry season. 

 
 

 
 

During spring tide, regular variations of tidal currents were clearly 
observed at all points and all layers, except some irregularity induced by 
diurnal inequality of tides. 
 
According to the harmonic analysis, semidiurnal components dominated at 
all points and in all layers. 
 
The directions of the residual currents at the upper layer at all points 
showed southerly. However, the directions at the middle and bottom layer 
showed different in each point. 
 

 
 

The regular variations of tidal currents were also observed at all points and 
all layers even during neap tide. The amplitudes of tidal variations were 
significantly smaller than those in the spring tide. The asymmetry between 
ebb and flood tide during neap tide was also greater than that during the 
spring tide. 
 
Comparing to the harmonic constants of 25-hour current data for neap tide, 
the difference from the spring tide was that there were cases in which 
diurnal component (K1) was comparable to or greater than the semidiurnal 
component (M2). 
 
The direction of residual currents in the upper layer at all points showed 
southerly.  But the directions in the middle and the bottom layers were 
variable at each point. 
 

 
 
 

 
 

During spring tide, regular cycles of tidal currents were clearly observed at 
all the locations in all the layers, except some irregularity induced by 
diurnal inequality of tides. 
 
According to the results of harmonic analysis applied for the 24-hour period 
during spring tide, dominance of semidiurnal component was apparent in all 
layers at every location.  
 
The tidal residual currents in the upper layer were southerly, while in the 
lower two layers they were northerly in some points. 
 

1) Rainy Season 

Spring Tide 

Neap Tide 

2) Dry Season 

Spring Tide 
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Regular cyclic tidal currents were also seen during neap tide, with smaller 
tidal amplitudes and greater asymmetry between ebb and flood tides 
compared to the counterparts during the spring tide. 
 
The harmonic constants for the 25-hour observation period during neap tide 
showed a notable difference from spring tide. There were some cases in 
which influence of the diurnal component (K1) was comparable to or greater 
than the semidiurnal component (M2). 
 
Tidal residual currents for the neap tide in the upper layer were southerly 
at all the locations except P19. In the lower two layers, however, northerly 
to westerly components were dominant, suggesting possible occurrence of 
density circulation. 
 

(3)  Tidal Level and Currents 

Time series of current vectors during the 25-hour period in the three layers 
of each continuous survey point are shown in, 
z Figures 3.1.5 to 3.1.10 for spring tide in the rainy season, 
z Figures 3.1.11 to 3.1.16 for neap tide in the rainy season, 
z Figures 3.1.17 to 3.1.22 for spring tide in the dry season, 
z Figures 3.1.23 to 3.1.28 for neap tide in the dry season, 
 

 
 

 
 

The variations of tidal current in the three layers at each survey point 
during spring tide changed regularly along with the variations of the tide. In 
other words, the current directions were southerly during ebb tide and 
northerly during flood tide. The timing of change of current direction 
synchronized in the three layers at most of the survey points. But some 
phase differences were recognized at the southern survey points. 
 

 
 

The tidal range between low and high tide during the neap tide survey was 
much smaller than that during the spring tide survey. Thus, the amplitude 
of current velocity during the neap tide survey was also less than that 
during the spring tide survey at most of the survey points. But the southerly 
currents at some survey points during the neap tide survey were stronger 
than those observed during the spring tide survey. It was likely influenced 
by the river flow. Basically, the current direction was southerly at the ebb 
tide and northerly at the flood tide. The phase differences in current 

Neap Tide 

1) Rainy Season 

Spring tide 

Neap tide 
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direction change among the layers were recognized at some survey points, 
which was different from the spring tide survey. 

 
 

 
 

 
 

The tidal currents in the three layers at each survey point during spring 
tide varied regularly according to the tide, pointing to the south during ebb 
and to the north during flood. The changes in direction nearly synchronized 
in the three layers at all the locations with minor delays observed at some 
southern survey points. 
 

 
 

The phases in current direction changed in the three layers precisely 
synchronized when the current direction changed from NW to SE. In the 
upper layer, however, the phase of direction change from SE to NW trailed 
about 2 hours behind the lower two layers and so did the phase of the peak 
current occurrence. The duration of southerly current in the upper layer was 
longer than those observed in the lower two layers. 
 

(4)  Vertical Velocity Profile ( ADCP ) 

The harmonic tidal constants obtained from the time series of currents are 
shown in Table 3.1.27 for 30-day dry season survey and in Table 3.1.28 for 
24-hour transient season survey. 
 

 
 

The harmonic constant of the semidiurnal component (M2) dominated at all 
layers followed by the diurnal component (K1). 
 
The prevailing direction of residual currents was southerly at 0.0 m to 3.0 
m-depth and northerly at 3.5 m to 6.5 m-depth. The residual current 
magnitude ranges from 26.4 cm/s at 0.0 m to 1.9 cm/s at 3.5m-depth. The 
middle layer, 3.5 m, was the turning layer for both the current direction and 
the magnitude. 
 

 
 

The results showed similar trend in the semidiurnal component (M2). 
However, the results should be regarded as a reference only since the survey 
period for the harmonic analysis was short. 
 

2) Dry Season 

Spring Tide 

Neap Tide 

1) Dry Season 

2) Transient Season 
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3.1.2. Intensive Survey 

The results of physical oceanography survey are summarized in three 
transverse lines shown in Figure 3.1.29 so that the vertical structure of physical 
property can be seen. 
 

(1)  Temperature and Salinity 

The vertical distributions of temperature and salinity are shown in: 
z Figure 3.1.30 for temperature during spring tide in the rainy season, 
z Figure 3.1.31 for salinity during spring tide in the rainy season, 
z Figure 3.1.32 for temperature during neap tide in the rainy season, 
z Figure 3.1.33 for salinity during neap tide in the rainy season, 
z Figure 3.1.34 for temperature during spring tide in the dry season, 
z Figure 3.1.35 for salinity during spring tide in the dry season, 
z Figure 3.1.36 for temperature during neap tide in the dry season, 
z Figure 3.1.37 for salinity during neap tide in the dry season, 
z Figure 3.1.38 for temperature during neap tide in the transient season, 

and 
z Figure 3.1.39 for salinity during neap tide in the transient season. 
 
 

1) Rainy Season 
 
 

Temperature and salinity were both well-mixed vertically at the upper bay 
section during the spring tide. A weak stratification of salinity and 
temperature existed at the middle section of the estuary to the bay mouth. 
The extent of low salinity water mass from the upper bay was about 45 km. 
The distribution of salinity governed the distribution of density in this area.  
 
Temperature along the western line during the spring tide was vertically 
well- mixed for the stretch of 0 to 25km with some weak stratification 
beyond 25 km. Temperature along the centerline was also well-mixed for the 
stretch of 0 to 25km with a weak stratification in the stretch 25 to 75km. In 
the stretch over 75 km, a clear temperature stratification could be seen at 
around 9m depth. Temperature along the east line was well mixed vertically 
for the stretch of 0 to 27 km, and a weak stratification could also be seen 
from 27 to 50 km. Thus, isotherms run on a slant for that zone. For the 
stretch over 50 km, a clear salinity stratification could be seen in the depths 
ranging from 5 m to 10 m. 
 
Salinity along the western line during spring tide was also vertically well 
mixed for the stretch 0 to 25km with some weak stratification beyond 25 
km.  Salinity along the central line was also well mixed for the stretch, 0 to 
25 km. Relatively clear salinity stratification was observed from 25 to 45 
km. From 45 to 60km, the distribution of salinity was almost homogeneous 
in the stretch from 16 to 20. Beyond 60km, clear salinity stratification was 
recognized around 7m-depth. Salinity along the east line was well mixed 
vertically for the stretch of 0 to 27 km and a weak stratification could be 
seen from 27 to 50 km. Thus, isopleths of ran on a slant in that stretch. In 
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the stretch over 50 km, comparatively clear stratifications could be seen in 
depths ranging from 3 m to 6 m. 
 
The extent of low salinity water mass at upper layer, which was shown as 
yellow color in the figure, was about 50km in the center and east line. 
 

 
 

In contrast to the vertical distributions of salinity during the spring tide, the 
profiles of salinity distribution during the neap tide were horizontal. The 
extent of low salinity water mass apparently depends on the river inflow. 
 
Temperature along the western line during the neap tide was well-mixed in 
the 0 to 10m layer, although a weak stratification was recognized in the 
bottom layer for the horizontal stretch of 0 to 10km and the over 35 km 
section. Along the centerline, a weak stratification was recognized in the 
bottom layer for the stretch 0 to 30km. For the stretch over 30km, 
stratification of salinity was seen of around 5m depth. In the stretch 
between 35 and 65 km the stratification was particularly pronounced. A 
weak temperature stratification existed in the stretch 0 between 40 km 
along the eastern line. The stratification in the stretch over 40 km is more 
pronounced, stronger than that in the centerline. 
 
Salinity along the western line during the neap tide was well mixed along 
the entire line except in the bottom layer for the stretch between 0 and 15 
km, where a weak stratification of salinity appeared. For the stretch 
approximately 20 km along the central line, salinity was well mixed in the 
upper layer. A weak salinity stratification in that section was also 
recognized in the bottom layer. For the stretch over 20 km, a clear 
stratification was present in the depth 2 to 5m. For the stretch near 15 km 
along the eastern line, salinity was well mixed in the upper layer. In the 
bottom layer of that section, a weak stratification was recognized. For the 
stretch over 15km, a clear stratification was present in the 2 to 5m-depth. 
For the stretch beyond 40 km, the stratification was much stronger than 
along the central line. 
 
The horizontal extent of low salinity water mass in the upper layer, shown 
in yellow in the figure, exceeded 70km, far greater than 45km that was 
observed during the spring tide.  The Steering Committee suggested that 
the phenomenon were likely because the river inflow during the neap tide 
survey was greater than that during the spring tide survey. 
 

 
 

During the spring tide, temperature along the western line was vertically 
uniform for the stretch between 0 and 25 km, with some weak stratification 
observed farther to the south. Along the central line temperature was also 
vertically uniform for the stretch between 0 and 64 km with minor 
stratification discernible farther to the south. Along the eastern line, the 
entire transection shows uniform vertical temperature profile. 

Neap Tide 

2) Dry Season 
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During the neap tide, vertical temperature profile along the entire western 
line was uniform. Along the central line, a weak stratification can be seen in 
the upper layer, at around 4m-depth for the stretch between 0 and 25 km. A 
weak temperature stratification was also seen for the stretch between 0 and 
30 km along the eastern line. 
 
The temperature range encountered along the three transverses during the 
dry season survey was only 2oC at the most, far smaller than 8oC observed 
during the rainy season survey. The temperature stratification during the 
dry season; therefore, was practically nonexistent. 
 
During the spring tide, vertical salinity profile along the western line was 
uniform for the extent beyond 14 km toward the south with some weak 
stratification present in the northern stretch. 
 
Along the central and the eastern lines, vertical salinity profiles were 
uniform during the spring tide with exceptions of some weak stratification 
seen in the bay mouth area.  
 
Low-salinity water mass with value under 10 spreads up to 30 km 
southward along the western line, and up to 10 km along the central- and 
the eastern lines. There are two of the 8 river mouths, Hongquili and 
Henmen, in the middle of the western line exemplified by the red-color in 
the figure. The extent of influence by the freshwater, however, was much 
smaller than that observed during the previous rainy season survey. 
 
The salinity profile along the western line during the neap tide was nearly 
homogeneous. Weak salinity stratification was seen in the stretch between 0 
and 60km along the central line, and between 0 and 55km along the eastern 
line. 
Presence of low-salinity water mass in the upper layer was not clear except 
along the western line as influenced by the two river-mouths in the middle 
of the stretch. 
 

(2)  Density 

The vertical distributions of density are shown in, 
z Figure 3.1.40 for spring tide in the rainy season, 
z Figure 3.1.41 for neap tide in the rainy season, 
z Figure 3.1.42 for spring tide in the dry season, 
z Figure 3.1.43 for neap tide in the dry season, and 
z Figure 3.1.44 for neap tide in the transient season. 
 
 

1) Rainy Season 
 
 Spring Tide 
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The distribution profiles of “sigma-t” in each line were very similar to those 
of salinity, indicating that the salinity distribution controlled the 
distribution of density in this area. 

 
 
 

The distribution profile of sigma-t during neap tide was very similar to that 
of salinity, as the same as that in spring tide. At the bottom of 0 km point 
( P01 ), comparatively greater density water mass existed which caused the 
density circulation, suggested in the current section ( See section 3.1.1. (2) 1 
Neap Tide ). 

 
 
 

 
 

The density profiles (“sigma-t”) along the three lines during both the neap 
and the spring tides were nearly identical to those of salinity, indicating also 
that the salinity distribution was the primary factor of the density variation 
in this region. 
 
In the vicinity of P01, where the water depth was more than 20m, noted was 
the existence of a comparatively high-density water mass in the bottom 
layer that may indicate the presence of density circulation. 
 

(3)  Turbidity 

The vertical distributions of turbidity are shown in, 
z Figure 3.1.45 for spring tide in the rainy season, 
z Figure 3.1.46 for neap tide in the rainy season, 
z Figure 3.1.47 for spring tide in the dry season, 
z Figure 3.1.48 for neap tide in the dry season, and 
z Figure 3.1.49 for neap tide in the transient season. 
 
Suitable periods were extracted from the data of continuous survey points 
(P01, P04, P11, P12, P19, and P20) and used as intensive survey data. 
Longitudinal distances (x-axis) were defined as the distance between P01 
and every point. 
 

1) Rainy Season 
 
 

The turbidity during the spring tide was very high. The shallower the 
survey point the greater was the turbidity, indicating the influence of high 
current velocity during the spring tide. 
 
For the stretch up to 15km along the western line, turbidity was over 150 
FTU in the bottom layer. And for the stretch 25 to 35 km, turbidity was over 
200 FTU in all the layers. For the extent over 35 km, the high turbidity, over 
200 FTU, was also observed in the middle to bottom layer. 

Neap Tide 

2) Dry Season 

Spring tide 

I -  35



 
 

 
Along the central line. high turbidity values, over 200 FTU, were also 
observed in all the layers for the stretch 10 to 25 km Similar turbidity 
values were observed below 2 m-depth for the stretch between 38 and 64 km 
along the central line. 
 
Along the eastern line, high turbidity values, over 200 FTU, were also 
observed in all the layers for the stretch between 10 and 30 km. Similar 
values were also observed below 2m-depth in the stretch between 45 and 51 
km along the eastern line. 
 
Turbidity values tended to be large at the points with depths shallower 
than10m, suggesting that the influence of tidal current was great at the 
shallow survey points. 

 
 
 

 
 

The magnitudes of turbidity during the neap tide were less than those 
observed during the spring tide. 
 
Along the west line, in the stretch up to15km turbidity was about 100 FTU 
in the bottom layer. And for the stretch between 35 and 45 km, it was over 
200 FTU in the middle to bottom layers.  
 
Along the central line, in the stretch up to 30 km turbidity was over 150 
FTU in the bottom layer, and was over 100 FTU in the upper to middle 
layers.  
 
Along the eastern line, in the stretch between 32 and 39 km turbidity was 
nearly 100 FTU in all the layers. For the extent around 47km, turbidity was 
also about 100 FTU in the middle to bottom layers.  
 
Generally, turbidities during the neap tide were lower than those during the 
spring tide, although they tended to be large at the survey points with 
depths shallower than 10m. 

 
 

 
 
Along the western line, in the stretch up to 10 km, the shallowest of the 
three, turbidity was strongly stratified, with over 200 FTU in the bottom 
layer to around 50 FTU in the upper layer while in the southern stretch over 
25 km, turbidities were almost uniform at around 50 FTU in the entire 
depths. The high turbidities over 200 FTU were also noted at several 
locations along the deeper central line. High-turbidity zones appear more 
sporadically along the deepest eastern line. The thickness of the 
high-turbidity layer was also thinner along the eastern line than along the 
other lines. This suggests the existence of a relationship between water 
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depth and occurrence of high turbidity, which in turn, implies the occurrence 
of bottom sediment re-suspension where water was shallow and tidal 
currents were strong. 
 
High-turbidity water masses, over 100 FTU, were seen at every shallow 
survey points along the three lines during both the spring and the neap tide. 
Overall, however, turbidity values during the spring tide were higher than 
those during the spring tide. 

 
(4)  Light Quanta 

The vertical distributions of turbidity are shown in: 
z Figure 3.1.50 for light quanta during spring tide in the rainy season, 
z Figure 3.1.51 for light quanta during neap tide in the rainy season, 
z Figure 3.1.52 for light quanta during spring tide in the dry season, 
z Figure 3.1.53 for light quanta during neap tide in the dry season, and 
z Figure 3.1.54 for light quanta during neap tide in the transient season. 
 
The suitable periods were extracted from the data obtained from the 
continuous survey points (P01, P04, P11, P12, P19, and P20) and were 
substituted as the intensive survey data. The longitudinal distances (x-axis) 
were again defined as the distance from P01 and every point. 
 
Light quanta attenuation rate, the ratio of light quanta measured at the 
survey depth to the quanta measured on-board of the survey vessel 
simultaneously, was determined to evaluate the so-called compensation 
depth of primary production. Generally, it is defined that the compensation 
layer of primary production is the water depth at which the attenuation rate 
becomes 1%. During nighttime or precipitation, light quanta were not 
measured. 

 
1) Rainy Season 

 
 

Compensation depth turned deeper along the longitudinal distance toward 
the south, indicating a relationship between distribution of turbidity and 
compensation depth. 
 
Along the central line, in the stretch 0 to 12km, compensation depth was 
about 1m. In the farther stretch southward, it became deeper. For the 
stretch over 80km, it was more than 5m. 
 
Along the eastern line, in the stretch 0 to 25km, compensation depth was 
also about 1m, turning deeper in the farther stretch toward the south. For 
the stretch beyond 60 km, it was more than 5m. 
 
Comparing the vertical distributions of turbidity, the relationship between 
low-turbidity and deeper compensation depth is evident. 

 
 

Spring tide 
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Compensation depth turned deeper with distance toward the south, similar 
to the case during the spring tide. 
 
Along the western line, in the stretch near 0km, compensation depth was 
about 6m.  Farther than 10km, it decreased to as shallow as 2m. 
 
Along the central line near 0km, compensation depth was about 6m and 
farther up to 12km it was about 3m becoming deeper toward the south. Over 
40km, it reached almost to the local bottom. 
 
Along the eastern line, for the stretch near 0km, compensation depth was 
about 6 m.  For the stretch near 12km, it was about 3m gradually 
increasing toward the south. In the stretch over 30km, it was over 5m. 
  
Comparing the vertical distribution of the turbidity, the low turbidity 
sections, such as at 0km in all the lines or at 85 km in the central line, 
showed deeper compensation depth. Thus, a relationship between 
low-turbidity and compensation depth is evident. 

 
 

 
The compensation depth, as defined, along the western line during neap tide 
was about 3 m throughout the length of the transverse. The blue area in the 
upper layer indicates absence of data due to precipitation. Along both the 
central and the eastern lines, the compensation depth tends to become 
deeper with the distance toward the south. Comparing with the vertical 
distribution of turbidity shown, the low turbidity zones such as the 60 to 88 
km stretch along the central line or the 42 to 73 km section along the 
eastern line coincide with the zones of deeper compensation depth.  
 
During the neap tide, while the compensation depth along the western 
transverse was almost steady at about 4 m throughout the line, it turns 
deeper with the southward distance along the other two lines, the same 
tendency observed during the spring tide survey.  
 

3.1.3. Continuous Survey  

(1) Temperature and Salinity 

The vertical temperature and salinity distributions for 24 hours in 6 survey 
points are shown in: 
z Figure 3.1.55 to 3.1.60 for spring tide in the rainy season, 
z Figure 3.1.61 to 3.1.66 for neap tide in the rainy season, 
z Figure 3.1.67 to 3.1.72 for spring tide in the dry season, and 
z Figure 3.1.73 to 3.1.78 for neap tide in the dry season. 
 

 
 

 

2) Dry Season 

1) Rainy Season 
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Distribution of temperature and salinity depended on the condition of tide 
and tidal current i.e.; 
z salinity / temperature stratification was present during flood tide or 

during northerly tidal currents; and, 
z salinity / temperature stratification disappeared or became weak during 

ebb tide or during southerly tidal currents. 
 
The vertical distribution of salinity and temperature at P01 during the 
spring tide was almost homogeneous through the survey period. At the flood 
tide (at 23 to 5 LST and 14 to 17 LST), when the tidal current direction was 
NW, salinity became slightly greater in the bottom layer and temperature 
became slightly lower. However, the changes were very small. 
 
At P04, the vertical distribution profiles of salinity were almost uniform 
throughout the survey period in the spring tide. Some changes in the 
temperature variation were recognized between with ebb and flood, 
although the differences were very small. 
 
In the time series of salinity at P11, comparatively clear salinity 
stratification was recognized at 10 to 16 LST and at 22 to 10 LST, except 
during the period when strong southerly currents dominated. The depth of 
the stratification turned deeper along with the increase in the current 
strength. Temperature stratification disappeared after the low tide, when 
the current speed reached the maximum, and uniform salinity distribution 
persisted about 6 hours until 22 LST, the high tide. Afterward, 
comparatively distinct stratification of salinity persisted at around 5 m 
depth until the survey was terminated. In the latter half of the survey 
period, salinity stratification persisted even during the ebb tide because of 
the smaller amplitude of tidal current velocity by diurnal inequality, and it 
became were pronounced along with the change of tide from ebb to flood at 5 
LST. The time series of temperature was similar to that of salinity. 
 
Weak salinity stratification at P12 began to disappear when southerly 
current started at 12 LST, and uniform-salinity water mass prevailed for 6 
hours until northerly current started at 18 LST. In the latter half of the 
survey period, the stratification persisted even during the ebb tide because 
of the weaker tidal current velocity influenced by the diurnal inequality, and 
it turned more distinct along with change of tide from ebb to flood at 5 LST.  
Salinity stratification in the latter half of the survey period was more 
pronounced than that in the former half with its depth between 3 and 9 m. A 
pattern of the temperature variation was similar to that of salinity, although 
the temperature stratification was much weaker. 
 
Salinity stratification at P19 was weaker compared to the other survey 
points. The vertical distribution had the tendency to become homogeneous 
during the flood tide, when the current direction was NW. Weak 
temperature stratification in the upper layer at P19 became 
indistinguishable following the change of tide from ebb to flood. The vertical 
temperature distribution became uniform after 20 LST when the northerly 
current ceased in the three layers. A cooler water mass appeared at the 
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bottom layer after 4 LST when the tide began to change from low tide to 
flood and it persisted until the end of the survey. 
 
When southerly current dominated at P20, distinct salinity stratification at 
3 to 7 m depths persisted until 23 LST, when the current changed to 
southerly again. From 16 to 18 LST when the southerly current at three 
layers reached the maximum, a weak vertical mixing occurred. The same 
phenomenon was recognized at 11 LST, when the northerly current in the 
three layers turned southerly.  A high salinity water mass was recognized 
below 10 m-depth at every 6 hours regularly.  A weak stratification existed 
at around 5 m depth all the time except when the aforementioned 
phenomena occurred. These might indicate the existence of upwelling from 
the deeper outer sea, which was also suggested by the Steering Committee.  
The time series of temperature showed the same profiles as those of salinity.  
The same phenomena, the weak vertical mixing and upwelling of cold water 
mass, were also recognized. 
 
 
 
 

 
 

The degree of salinity / temperature stratification during the neap tide was 
stronger than that during the spring tide. The stratification persisted at 
most points throughout the survey regardless of strength and direction of 
the tidal currents. 
 
During the neap tide, salinity in the upper layer within 5m at P01 always 
showed 0 value because of the weaker tidal influence. Salinity contour lines 
formed horizontally throughout the survey, without discernible 
stratification.  A comparatively high salinity water mass persisted in the 
bottom layer during the survey even when the currents were southerly.  
Weak temperature stratification persisted at around 10m-depth throughout 
the survey.  Horizontal contour lines formed below 10m-depth similar to 
that of salinity distribution, although vertical contour lines were observed 
above 10m-depth. 
 
Unlike the other points, the profiles of time series of salinity at P04 were 
almost homogeneous. Contour lines of temperature formed vertically, 
indicating that the water mass at P04 was well mixed by the steady 
southerly current. 
 
Strong salinity stratification was observed at P11 at 3 to 5m-depths 
throughout the survey. The stratification was steady, although some 
turbulence was recognized at the point of tidal transition, such as at 11 LST 
and at 17 LST. The same tendency appeared in the time series of 
temperature; however, the changes were much smaller than those of 
salinity. 
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The depth of salinity stratification at P12, 2 to 3m below the surface, was 
shallower than that at P11. The stratification of salinity became unclear at 4 
LST when the current velocity at all the layers became weak. A 
comparatively high salinity water mass appeared in the bottom layer when 
northerly current persisted, at 13 to 17 LST and 0 to 7 LST. The same 
tendencies were recognized in the time series of temperature: shallower 
stratification depth, weak stratification at the point of tidal transition, and 
appearance of cooler water mass in the bottom layer. 
 
The salinity stratification at P19 persisted throughout the survey period. 
The depth of stratification varied from 2 to 5m, depending upon the tidal 
current condition. The depth of stratification became deeper as the southerly 
current persisted and became shallower during the northerly current. Time 
series of temperature at P19 showed the same tendency as that of salinity. 
 
The salinity stratification at P20 also persisted throughout the survey 
period in the depth, 2 to 3m, depending upon the current condition. During 
the southerly current, the depth of stratification turned deeper and it 
became shallower after the tidal current changed to northerly. The depth of 
salinity stratification was 1 m at 5 LST when the strong northerly current 
started to change its direction. In addition to the upper layer as mentioned 
above, the secondary salinity stratification formed at around 5m depth, and 
it became sharper every 6 hours such as at 21, 2, 8, and 9 LST.  This 
suggests the existence of upwelling, as discussed in the previous section. 
The time series of temperature at P20 showed similar profiles as that of 
salinity. 

 
 
 

 
 

The vertical temperature distribution at P01 during the spring tide was 
almost homogeneous throughout the survey period. Salinity varied with the 
tidal change. After the northerly flood-currents persisted, a somewhat 
higher-salinity water mass appeared in the bottom layer (0 to 3 LST). On 
the other hand, following the southerly ebb-currents, a lower-salinity water 
mass appeared in the upper layer (7 to 13 LST). The range of salinity 
variation, however, was small compared to the results found in the previous 
rainy season survey 
 
At the other survey points during the spring tide, the vertical salinity and 
temperature distribution profiles remained almost steady. The distribution 
patterns were vertically mixed and the range of salinity variation was 
within 5 while that of temperature was less than 2oC, significantly smaller 
than those observed in the previous rainy season survey. 

 
 
 

During the neap tide at P01, a low-salinity water mass appeared in the 
upper layer after the prolonged southerly ebb-current (0 to 7 and 13 to 18 
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LST), forming weak salinity stratification. In the bottom layer, a 
comparatively high-salinity water mass remained all the time. As the range 
of temperature change was within 2oC, its distribution profile was almost 
uniform. 
 
Weak salinity stratification was observed at P11 from 23 to 5 LST, following 
the persistent southerly ebb-current. 
 
At P12, weak salinity stratification was also observed from 0 to 5 LST, 
following the southerly ebb-current. 
 
Weak salinity stratification at P19 seen from 23 to 16 LST persisted longer 
compared to the other survey points. This was likely because the duration of 
southerly current was longer in the upper layer than in the other two layers, 
while the southerly current brought high-salinity water masses into the 
middle and the bottom layers. 
 
At the other survey points, the vertical salinity and temperature profiles 
were almost uniform throughout the neap tide. The ranges of salinity and 
temperature fluctuations were within 5, and 2oC, significantly smaller than 
those observed during the previous rainy season survey. 
 
The patterns of time series for salinity and temperature during the neap 
tide were primarily horizontal, whereas they were vertical during the spring 
tide. 
 
The salinity / temperature stratification during the neap tide was 
significantly stronger than that observed during the spring tide. 
 
Compared to the results of the rainy season survey, salinity values observed 
at all the survey points were significantly greater in the dry season. 
 

(2) Turbidity 

The vertical turbidity distributions for 24 hours in 6 survey points are 
shown in: 
z Figure 3.1.79 to 3.1.80 for spring tide in the rainy season, 
z Figure 3.1.81 to 3.1.82 for neap tide in the rainy season, 
z Figure 3.1.83 to 3.1.84 for spring tide in the dry season, and 
z Figure 3.1.85 to 3.1.86 for neap tide in the dry season. 
 

 
 

 
 

Turbidity increased along with the increase of current magnitude, especially 
at the shallow survey points. 
 
Turbidity at P01 was generally low at all the layers during the survey period 
compared to the other survey points except P20. However, the values tended 

1) Rainy Season 

Spring Tide 

I -  42



 
 

to be large when the current velocity increased, for example at 21, 0, 6, 13, 
and 17 LST. 
 
Turbidity at P04 was consistently greater than at P01. The tendency that 
the greater the current velocity the higher the values of turbidity, was also 
recognized at this point. 
 
The background turbidity was very low at P11, although it became much 
higher following the increase of current magnitude. Turbidity values, over 
200 FTU, were observed in almost all the layers at 16 and 17 LST. 
 
At P12, increase turbidity was observed in the bottom layer at 14 LST, and 
in all the layers at 17 to 21 LST, and at the bottom layer at 6 to 9 LST.  The 
increment of turbidity increase was over 200 FTU each time. The turbidity 
increase occurred consistently when the tidal current strengthened. 
However, the increase of turbidity at all the layers from 17 LST trailed 
about one hour from the maximum tidal velocity.  
 
Turbidity at P19 always was persistently high in the middle to bottom 
layers throughout the survey, without any relation to the current strength 
and directions, likely because of the shallow depth. When the current 
magnitude increased, the turbidity also increased for example at 16 to 17 
LST, 1 to 2 LST, and 9 to 10 LST. 
 
Turbidity at P20 was low throughout the survey period except 16 to 20 LST, 
when it increased in the middle to bottom layers following the increase of 
the tidal current velocity. 
 

 
 

Turbidity at P01 was low throughout the survey period. When the current 
velocity increased, the turbidity values tended to increase in the bottom 
layer, for example at 5 LST and from 14 LST. 
 
The southerly tidal current dominated at P04, and the turbidity increased 
with the increase of current speed. Especially, the turbidity in the latter half 
of the survey period was higher than that in the first half, because of the 
stronger tidal currents. 
 
Turbidity at P11 was low throughout the survey period. When the current 
magnitude increased, the turbidity values tended to increase in the bottom 
layer, for example at 13 LST and at 3 LST. 
 
Turbidity at P12 was also low throughout the survey period, except some 
slight increases at 12 to 14, 17, and 0 to 2 LST, when the northerly current 
dominated. 
 
Turbidity at P19 did not vary significantly throughout the survey period, 
except for occasional increase in the bottom layer when the tidal currents 
were strong.  

Neap tide 

I -  43



 
 

 
The time series of turbidity at P20 were homogeneous and their values were 
very low, likely as a result of the weak tidal currents and the deeper depth. 
 

 
 

 
 

Turbidity during the spring tide showed a clear correlation with the current 
magnitude especially in the shallow waters. 
 
At P01, turbidities in the bottom layer were generally high during the 
spring tide. The thickness of high-turbidity layer became greater when the 
southerly current component increased, as seen in the figures at 6 to 8 LST. 
 
At P11, high-turbidity layer extends from the bottom to the surface at 21 to 
23 and 4 to 10 LST at which current magnitudes and turbidities also tended 
to be higher. 
 
At P12, high-turbidity layer also extended from the bottom to the surface at 
4 to 6 LST following the persistent high tidal current. 
 
At P19, turbidity was high all the time except during 20 to 0 LST without 
apparent relation to the current magnitudes or the directions. The 
shallowness and the strong influence of tidal currents of the area were likely 
reasons for this phenomenon. 
 
At P20, turbidity was generally low throughout the survey period except 3 to 
7 LST when it increased from the bottom to the surface following the 
incremental increase in the tidal current magnitude. 
 
At P22, the turbidity was relatively low throughout the survey period. The 
current magnitude was also small compared to the other survey points. 
 

 
 

Turbidity at P01 during the neap tide were also low throughout the survey 
period. When the current magnitude increased, the turbidity also tended to 
increase in the bottom layer. 
 
The turbidities at the other locations were comparatively low throughout 
the neap tide. 
 

(3) Light Quanta 

The vertical light quanta distributions for 24 hours in 6 survey points are 
shown in: 
z Figure 3.1.87 to 3.1.88 for spring tide in the rainy season, 
z Figure 3.1.89 to 3.1.90 for neap tide in the rainy season, 
z Figure 3.1.91 to 3.1.92 for spring tide in the dry season, and 
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z Figure 3.1.93 to 3.1.94 for neap tide in the dry season. 
 
 

 
 

 
A relationship between the compensation depth and turbidity distribution 
was recognized at several survey points. 
 
At P01, compensation depth was 2 m during the first half of the survey 
period. The depth tended to be deeper in the latter half. No relationship was 
detected between the distribution of turbidity and the light attenuation rate. 
 
At P04, compensation depth at was deeper than that at P01. The depth was 
between 3 m to 5 m throughout the survey period. It reached almost to the 
bottom at 18 to 19 LST. The compensation depth tended to be deeper at 10 
and 15 LST when the turbidity became lower. 
 
At P11, compensation depth was 3 to 5 m throughout the survey period 
except at the 1 m-depth between 17 and 18 LST, just after the tidal current 
magnitude reached its maximum. At that time, high turbidity, generated by 
strong tidal current, reached to the water surface. 
 
At P12, compensation depth was 1 to 4 m throughout the survey period 
except between 18 and 19 LST and at 6 LST, when the compensation depth 
reached to the bottom. Both phenomena occurred when the current direction 
started to change. The high turbidity, which reached to the water surface 
between 16 and 18 LST, caused the decrease in compensation depth. 
 
At P19, compensation depth was 2 to 4 m throughout the survey period 
except between 18 and 19 LST, when the direction of tidal current started to 
change. No relationship was recognized between the distribution of turbidity 
and the light attenuation rate. 
 
At P20, compensation depth was 3 to 12 m throughout the survey period 
except between 18 and 19 LST and at 7 LST, when it reached almost to the 
bottom. It coincided with the change in direction of tidal current. 
 
Although relationship between the turbidity and the light attenuation rate 
was not precisely clear, the decrease in compensation depth followed the 
increase of turbidity at surface at several survey points. 
 

 
 

Comparing with the spring tide survey, a relationship between the 
compensation depth and the distribution of turbidity was hardly seen 
because of the low turbidity values resulting from the weaker tidal current. 
 
At P01, compensation depth was 1 to 3m throughout the survey period 
except at 12 LST when the compensation depth reached 12 m and the tidal 
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current velocity was at the maximum. No relationship was recognized 
between the distribution of turbidity and the distribution of attenuation 
rate. 
 
At P04, compensation depth was 3m in the first half of the survey period. In 
the latter half, when the turbidity increased by the northerly tidal current, 
the depth became 1 m. 
 
At P11, compensation depth was 4m throughout the survey period and it 
was steady. The turbidity was also low. 
 
At P12, compensation depth was 5 to 10m throughout the survey period. No 
relationship was found between the turbidity and the light attenuation rate. 
 
At P19, compensation depth was 5 to 7m throughout the survey period and 
it reached to the bottom during most of the survey period.  The turbidity at 
the surface was low throughout the survey. 
 
At P20, compensation depth was 8 to 12m in the first half of the survey 
period and 8 to 18 m in the latter half.  At 10 LST, compensation depth 
reached to the bottom, 18 m, even though it was relatively deep. The 
southerly currents at the three layers were not very strong at that time. The 
upwelling influence, indicated by the clear visibility water mass, could be 
the reason since such an increase of compensation depth also occurred at 15 
LST. No relationship was found between the turbidity and the light 
attenuation rate. 
 
 
 
 

 
 

 
 

A clear relationship could be seen at several survey points, between the 
compensation depth and the turbidity distribution driven by the tidal 
currents during the spring tide  
 
At P01, compensation depth during the spring tide was 3m in the leading 
half, increasing toward the trailing half when the high-turbidity layer turns 
thinner. 
 
At P11, compensation depth was steady at about 2m during the spring tide. 
 
Light quanta data were absent for P12 and P19 because of the rain. 
 
At P20, compensation depth during the spring tide was about 7 m while 
turbidities remain relatively low. 
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At P22, compensation depth was about 6m throughout the spring tide while 
turbidities were also low. 
 
During the neap tide, the compensation depths were typically greater than 
those during the spring tide coinciding with the lower turbidities and the 
weaker currents. 
 

 
 

At P01, compensation depth during the neap tide was about 3 m from 7 to 11 
LST increasing to almost 6m following the persistent northerly currents 
that brought the low-turbidity water mass from the bay mouth. 
 
At P11, compensation depth during the neap tide varied from 3 to 6 m 
reaching almost to the bottom. Despite the shallowness, turbidities were 
comparatively low throughout the period as a result of the weak currents. 
 
The compensation depths at the other survey points during the neap tide 
were also deep, 3 to 9 m, throughout the period during which turbidities 
were low and currents were weak. 
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