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ABSTRACT

Using echo sounders to detect gas plumes in seawater is common, especially 
in the context of hydrothermal circulation areas or gas hydrate-bearing cold seeps. 
To understand the distribution of gas plumes in the southernmost Okinawa Trough, 
we have conducted 13 cruises with a 38 kHz single-beam echo sounder (EK60). A 
total of 266 gas plumes of acoustic image, associated with the hydrothermal circu-
lation, are detected. To estimate the near-seafloor bottom current speeds, 201 gas 
plumes are further used. As a result, the gas plumes around the axial depression of 
the Okinawa Trough generally tilt to the northeast at rising tides and high tides, sug-
gesting a northeastward flow of the bottom current. However, the gas plumes in the 
Keelung continental slope tilt to the southwest at ebb tides and low tides, suggesting 
a southwestward flow of the bottom current. Our results significantly show a good 
estimation of the near-seafloor bottom currents from EK plume images in the case 
of lacking real observations. The directions of the bottom currents depend on semi-
diurnal tides. Assuming a quasi-constant speed of upward gas bubbles out of seabed, 
we have estimated the bottom current speeds in 6 hydrothermal circulation zones 
near the rifting center of the southernmost Okinawa Trough. The estimated bottom 
current speeds in submarine volcanic areas vary largely from 2 to 160 cm s-1, but bot-
tom current speeds in relatively flat region are between 20 and 50 cm s-1. The large 
variation of the bottom current speeds in the submarine volcanic areas could be due 
to the variable emissions of the gases out of the submarine volcanic areas.
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1. INTRODUCTION

Relative to the Eurasian Plate, the Philippine Sea 
Plate moves northwestward at a speed of ~8 cm yr-1 around 
Taiwan (Seno et al. 1993; Yu et al. 1997). The Philippine 
Sea Plate is subducting beneath the Eurasian Plate and has 
formed the Ryukyu subduction zone (Letouzey and Kimu-
ra 1985; Sibuet et al. 1987). Okinawa Trough is an active 
back-arc basin behind the Ryukyu Arc (Uyeda 1977; Lee 
et al. 1980; Kimura 1985; Sibuet et al. 1987) (Fig. 1). Our 
study area is located in the southernmost Okinawa Trough. 
Morphologically, Keelung Valley and Mienhua Canyon are 
loacated in the northern margin of the Okinawa Trough and 
transport sediments from the East China Sea to the Okinawa 

Trough (Hsu et al. 1996). The current rifting of the southern 
Okinawa Trough area could start at 0.1 million years ago 
(Sibuet et al. 1998).

Kimura et al. (1986, 1988) and Shyu and Liu (2001) 
have pointed out unusually high geothermal flows in the 
Okinawa Trough, especially some hydrothermal hillocks 
and biota. It reveals an actively hydrothermal circula-
tion system in the Okinawa Trough. Earthquakes and ac-
tive submarine volcanoes are common in the southernmost 
Okinawa Trough (Lin et al. 2007, 2009). It suggests inten-
sively magma activity associated with abundant submarine 
volcanoes. Base on the multi-beam bathymetric data from 
the ACT cruise of the Taiwan-French cooperation in 1996 
(Lallemand et al. 1997), there are more than 70 submarine 
volcanoes in the southernmost area of the Okinawa Trough 
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(Fig. 2). Hydrothermal circulations are linked to the activi-
ties of the submarine volcanoes (Massoth et al. 1988). In a 
hydrothermal circulation area, volcanic materials are carried 
by hot water to form a smoky zone (Baker et al. 1995), cre-
ating a “Black Smoker” feature, which provides an impor-
tant conduit for the exchange of seawater and crustal metals.

Because of a hydrothermal circulation, volcanic mate-
rial could be carried by hot water and form a relatively tur-
bid area in the seawater. Using a 38 kHz single-beam echo 
sounder, German et al. (1994) have observed the hydrother-
mal circulation phenomenon of the mid-ocean ridge in the 
northeastern Pacific Ocean. Similarly, Tsai (1999) and Lee 
(2005) also have observed a hydrothermal circulation sys-
tem in the southernmost of the Okinawa Trough; 12 active 
hydrothermal areas were discovered (Lee 2005). A 38 kHz 
single-beam echo sounder has also been used to observe cold 
seep systems associated with gas hydrates. For example, the 
researches on gas hydrates in the Black Sea (Polikarpov et 
al. 1989; Naudts et al. 2006), Hydrate Ridge (Heeschen et al. 
2003), and the southwestern Taiwan (Chen et al. 2010; Hsu 
et al. 2018). However, it is remarkable that several acous-
tic images of the gas plumes in water columns have been 
tilted, instead of a vertical ascent. Veloso et al. (2015) used 

three typical examples of plumes image from single-beam 
echo sounders to explain how a near-seafloor bottom current 
could affect rising bubbles from a seabed. The application of 
multi-beam echo sounder water-column imaging technology 
allows us to understand the relationship between the shape of 
the plume shape and the direction of current in the seawater 
(Urban et al. 2017). Additionally, the mooring observation on 
the hydrothermal mounds of the mid-ocean ridge (Fujioka et 
al. 1997) and the ADCP (Acoustic Doppler Current Profiler) 
observation in the Hatoma Knoll hydrothermal field of the 
southern Okinawa Trough (Furushima and Yamamoto 2015) 
have shown that the fluctuation cycle of temperature, pres-
sure, and current is synchronized with semidiurnal tides.

In this study, we will analyze the EK60 acoustic im-
ages from 13 surveys in the southernmost Okinawa Trough 
(Fig. 3), with the purpose of better understanding the gas 
plumes distribution and the relationship between the gas 
plumes images and the near-seafloor bottom current in the 
southernmost Okinawa Trough. As mentioned previously, 
gas plume locations could be excellent sites for the ex-
change of seawater and crustal metals; thus, bottom current 
directions may be used to indicate the probable precipitation 
areas of metalliferous sediments.

Fig. 1. Bathymetry Bathymetric map of the Okinawa Trough between Taiwan and Japan. The regional map of the Okinawa Trough, which could 
be separated into three portions. They are the Northern Okinawa Trough (NOT), the Middle Okinawa Trough (MOT), and the Southern Okinawa 
Trough (SOT), separated by the Kerama Gap and the Tokara Fault respectively. This study area is located in the westernmost OT.
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Fig. 2. Topography of the study area. The main features include the southernmost Okinawa Trough back-arc basin, the Keelung Valley (KLV), the 
Turtle Island (TI), and the Mienhua Canyon (MHC). The stars indicate the locations of the 266 gas plumes. The pink stars indicate the locations 
of 201 complete plume images and the light blue stars indicate the locations of 65 incomplete gas plume images. The red boxes indicate 6 active 
hydrothermal circulation zones and 11 gas plume images used to estimate the near-seafloor bottom current velocities. The yellow zone indicates the 
axial portion of the Okinawa Trough.

Fig. 3. The ship-tracks of 13 surveys used in this study. The ship-tracks mainly show NE-SW orientation. The data covers the areas of southernmost 
Okinawa Trough, the Keelung Shelf slope and the northeast side of the Turtle Island. Based on the Ocean Data Bank, the currents at 20 - 300 m deep 
in the study area are dominated by the northeast flow. The yellow boxes indicate same locations as in Fig. 2.



Tsai et al.652

2. DATA COLLECTION AND PROCESSING

The bathymetric data used in this study were collected 
during 13 cruises from 2014 to 2018 with EK60 scientific 
single-beam sounder, which uses the split beams technol-
ogy and two frequencies (38 and 120 kHz). Because the 
water depths in our study area are generally deeper than 
500 m (Fig. 3), we only use the 38 kHz. The transducer has 
a 7° beam width. Post-processing of data is done with the 
FM-Midwater tool in the Fledermaus software suite, so that 
the gas plume images and the adjustment of energy were 
obtained.

Based on the existing data of physical oceanography 
for the water depth as deep as 300 m (Ocean Data Bank of 
the Ministry of Science and Technology, Taiwan, R.O.C.), 
the annual average current flow has a stable northeast flow 
in the shallow part to the east of 122°20’E. The current flow 
becomes faster eastward (Fig. 3). To the west of 122°20’E, 
morphologically the area belongs to the Keelung continen-
tal shelf and slope. It has a slower velocity of flow and in-
consistent flow direction; especially the flow direction is 
quite unstable at a water depth of 300 m (Fig. 3). In any 
case, there is a lack of current velocity information for the 
water depths greater than 300 m.

Among our 13 cruises, there are 3 deep-tow sonar sur-
veys with a ship speed of ~2 knots and 10 multi-beam echo-
sounder cruises with a ship speed of ~6 knots. Based on our 
EK60 data in the southernmost Okinawa Trough, we have 
identified 266 gas plumes (Figs. 2 and 3 and Appendix A). 
According to Veloso et al. (2015), the relationship of a gas 
plume image to a bottom current could have 3 cases: (1) cur-
rent from the opposite direction of the ship’s movement, (2) 
current from the same direction as the ship’s movement, and 
(3) current oblique to the ship’s movement. In the second 
case, a most complete and clear plume image can be imaged. 
Because a gas plume image in the third case is obliquely ob-
tained by cutting across the gas plume, the plume image near 
the seabed is usually missed. In consequence, the portion of 
the gas plume image could be mistaken for a school of fish 
in the seawater. Therefore, based on the completeness of our 
266 gas plume images, we separated 201 complete images 
of gas plume (remark A in Appendix A) from 65 incomplete 
images (remark B in Appendix A). Figures 4 to 16 display 
the 201 complete images of gas plume that will be further 
analyzed in this study.

3. RESULTS AND DISCUSSION
3.1 Gas Plumes and Hydrothermal Circulation

During our 3 deep-tow sonar surveys, sidescan sonar 
data (120 and 410 kHz) were collected. Active gas plumes 
(emitting gas bubbles) associated with hydrothermal circu-
lation can be clearly observed in the sidescan sonar images 
(Figs. 4 and 5). As shown in the sidescan sonar images of 

Fig. 5, gaseous bubbles or materials carried by hot water 
have escaped from chimneys or mounds (Hsu 2017). Those 
gas plumes imaged in the sidescan sonar can also be imaged 
in the 38 kHz single beam sonar (EK60) (Figs. 4 and 5). The 
gas plume heights are generally around 350 m, but can be 
as high as 800 m.

3.2 Gas Plumes and Tidal Variation

Crone et al. (2010) indicated that tidal variation could 
affect current velocity near a hydrothermal vent. Chemi-
cal concentrations and temperatures of a current may also 
be changed (Larson et al. 2007). For example, Veirs et al. 
(2006) showed that the semi-diurnal tide affects the tidal 
oscillations of ocean currents around the Grotto mound in 
the Juan de Fuca Ridge region. Semi-diurnal tides also af-
fect the deep ocean around the mid-Atlantic Ridge (Fujioka 
and Mitsuzawa 2001) and around the seabed near Oahu of 
Hawaii (Aucan et al. 2006). In addition, Berdeal (2006) 
found significant inertial oscillations in the time series of 
horizontal flow in an 11-month near-bottom ADCP obser-
vation; similar result was obtained in the southern Okinawa 
Trough (Furushima and Yamamoto 2015). It is concluded 
that a semi-diurnal tide will affect the current flow direction 
and flow rate in the seawater.

In our study area, the lower bound of the seawater ther-
mocline is generally at 600 m deep and can be as deep as 
800 m deep. Therefore, most of the seawater shallower than 
600 m contains a fairly thick suspension layer. In conse-
quence, most of the gas plumes in our study area can only 
be imaged clearly at the water depth deeper than 600 m. 
However, as imaged by the EK60, several gas plumes have 
a tilted tendency that could be associated with the bottom 
current (Figs. 4 to 16). In order to understand the gas plume 
tilt phenomenon, we compare the gas plume images with 
the tidal data. For that, we adopt the global ocean tide mod-
el NAO.99b (Matsumoto et al. 2000) and relate each gas 
plume image to the tidal variation at the same period of data 
acquisition. In Figs. 4 to 16, we use blue, red, yellow and 
green colors to mark the rising tide, ebb tide, high tide and 
low tide respectively.

As shown in Table 1, we have integrated the tilt direc-
tions of the EK60 plume images in Figs. 4 to 16 and different 
tidal conditions. Because EK60 is a single-beam detection 
system, the change of a gas plume image can only be ob-
served along the ship track. Therefore, only the tilted gas 
plume images along the plane of the ship tracks (i.e., NE-SW 
orientation) are considered in this study. For that, the 201 
plume images in Figs. 4 to 16 were collected when the ship’s 
course was parallel to or against the current directions.

As shown in Fig. 11, the gas plume images from h21 
to h33 in the middle portion of the southernmost Okinawa 
Trough indicate that the plume images incline to the north-
east when the tides are rising or at high tides. At ebb tides 
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Fig. 4. EK60 images of the gas plumes of a-series. Each gas plume image is generally situated at the middle of each panel. The relatively tidal height 
of each plume is shown in the top panel. Four kinds of tidal situations are shown in different colors of blue, red, yellow, and green, which correspond 
to rising tide, ebb tide, high tide, and low tide, respectively. It is noted the plumes a21, a22, a27, and a28 have clear images in the water columns of 
deep-tow sidescan sonar data.
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Fig. 5. EK60 images of the gas plumes of b-series. The relevant descriptions are shown in Fig. 4. The plumes b02 to b04 and b21 plumes have clear 
images in the water columns of deep-tow sidescan sonar data.
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Fig. 6. EK60 images of the gas plumes of c-series. The relevant descriptions are shown in Fig. 4.
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Fig. 7. EK60 images of the gas plumes of d-series. The relevant descriptions are shown in Fig. 4.

Fig. 8. EK60 images of the gas plumes of e-series. The relevant descriptions are shown in Fig. 4.



Gas Plumes and Bottom Currents in Southernmost OT 657

Fig. 9. EK60 images of the gas plumes of f-series. The relevant descriptions are shown in Fig. 4.

Fig. 10. EK60 image of the g01 gas plume. The relevant descriptions are shown in Fig. 4.
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Fig. 11. EK60 images of the gas plumes of h-series. The relevant descriptions are shown in Fig. 4.
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Fig. 12. EK60 images of the gas plumes of i-series. The relevant descriptions are shown in Fig. 4.
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Fig. 13. EK60 images of the gas plumes of j-series. The relevant descriptions are shown in Fig. 4.
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Fig. 14. EK60 images of the gas plumes of k-series. The relevant descriptions are shown in Fig. 4.
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Fig. 15. EK60 images of the gas plumes of l-series. The relevant descriptions are shown in Fig. 4.

Fig. 16. EK60 images of the gas plumes of m-series. The relevant descriptions are shown in Fig. 4.
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Cruise 
number

Plume number 
(figure number)

Ship-track direction

NE-SW NW-SE WNW-ESE ENE-WSW Others (NNW-SSE; 
N-S; NNE-SSW)

OR1-1136 a (Fig. 4)
ebb SW

low SE
rising NE

OR1-1162 b (Fig. 5)

ebb SW

ebb NWlow SW

rising NW

OR2-2055 c (Fig. 6) rising NE rising unclear

ebb unclear

low S

rising NNW

rising N

rising NNE

OR2-2119 d (Fig. 7)

ebb NE

low NWlow NE

rising SW

OR2-2120 e (Fig. 8)

low NE

low SW

rising SW

OR2-2159 f (Fig. 9)
ebb SW

rising ESE
rising NE

OR2-2160 g (Fig. 10) low unclear

OR2-2163 h (Fig. 11)

ebb SW

ebb unclear ebb WSW
low SW

rising NE

high NE

OR2-2231 i (Fig. 12)
ebb SW ebb unclear

ebb WNW
rising NE rising unclear

OR2-2232 j (Fig. 13)

low SW

rising NE

high NE

ebb NE

rising SW

OR2-2289 k (Fig. 14)

ebb SW

ebb ESE

rising NE
high NE
ebb NE
low NE

rising SW

OR2-2290 l (Fig. 15)

low SW
rising NE
high NE
ebb NE

OR1-1195 m (Fig. 16)
ebb unclear

low ESE ebb unclear
rising unclear

Table 1. List of gas plume tilt directions related to tidal changes in this study.
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or at the lowest tides, the plume images incline to the south-
west. As shown in d02 to d08 in Fig. 7, the plume images 
in the Keelung continental slope area incline to the south-
west when the tide is rising. The plume images incline to the 
northeast when the tides are on the ebb. At the lowest tide, 
the plumes keep the same direction as on the ebb. However, 
in the areas around the Meinhua Canyon, there is no consis-
tent tilt of the gas plumes (Fig. 13).

Furushima and Yamamoto (2015) have used ADCP to 
observe bottom currents in the Hatoma Knoll hydrothermal 
circulation area of the southern Okinawa Trough in April 
2004 and May 2005. Their results showed that the bottom 
currents have a variation of 12-h semi-diurnal tidal cycle. 
During the rising tide, the water current flows northward; 
conversely, during the ebb tide, the water current flows 
southward. Their result is consistent with the results that we 
have observed the plume images in the central portion of 
the southwestern Okinawa Trough. Similarly, our deep-tow 
side-scan sonar images in Figs. 5 and 17 also indicate that 
the hydrothermal fluid from a single black chimney flows 
southward. Because the gas plumes keep the same direction 
at the rising tide to the highest tide and the same direction is 
on the ebb and at lowest tide, there could be a time lag effect 
of the tidal rise and fall effect on the flow of the water layer. 
It agrees with a stable flow of ~3 h during the transition of 
the rising and ebb (Furushima and Yamamoto 2015).

3.3 Near-Bottom Current Velocities Estimated from 
Gas Plume Images

As mentioned previously, the bottom currents as well 
as gas plume images can be affected by tidal variation. A 
real observation of the bottom current speeds will be imple-
mented soon by ocean-bottom current meters by Academic 
Sinica. However, in the case of lacking real ADCP obser-
vations near seafloor, the tilted images of gas plumes from 
seabed could provide an alternative way to estimate near-
seafloor current velocities. As illustrated in Fig. 18, a gas 
plume image is related to a bottom current velocity. We can 
measure each plume height h from the seafloor to the top 
of a plume, and the horizontal distance d. The rising time 
Δt of a gas bubble from the seafloor to the top of the plume 
could be calculated by h/Vp, where Vp is the upward veloc-
ity of the gas bubbles of the plume. Then, the near seafloor 
current velocity Vc can be calculated by d/Δt. In that case, 
the value Vp is a critical for calculating the current veloc-
ity Vc. Because the bottom-current velocity (Vc) is a linear 
function of upward velocity of the bubbles (Vp). The error 
estimation of the Vc is thus proportional to the error estima-
tion of Vp.

Xu et al. (2013) have observed Vp of the hydrother-
mal plume of the Main Endeavour Field in the Juan de Fuca 
Ridge area by using the Cabled Observatory Vent Imaging 
Sonar (COVIS) instrument. They found the Vp of the hy-

drothermal plume is between 0.11 and 0.24 m s-1. Using the 
temperature anomaly observed by CTD, Cen et al. (2017) 
have established a dynamic mode of the hydrothermal 
plume in the middle Okinawa Trough and obtained a Vp of  
0.35 m s-1. In the southern Okinawa Trough, Chi (2017) used 
ROV images of Wang (2016) and obtained a bubble rising 
velocity of 0.47 m s-1 in YK4-1 (Yonaguni Knoll IV-1) and 
0.32 m s-1 in PFZ (Penglai Fault Zone) (Figs. 2 and 3).

Veloso et al. (2015) showed that clean or dirty bubbles 
have slightly different rising velocities. However, the bub-
bles in the middle or southern Okinawa Trough have faster 
rising velocities (Cen et al. 2017; Chi 2017). The reason 
could be ascribed to a very active backarc basin rifting and 
an active hydrothermal circulation in the Okinawa Trough. 
Here, we use the Vp value of 0.47 m s-1 from Chi (2017) 
to estimate the maximum near seafloor current velocities 
(Vc) in our study area. The results are shown in Table 2 and  
Figs. 4 to 16.

Belonged to 6 hydrothermal circulation zones, 11 
plume images are used for further analysis (Table 1,  
Figs. 2, 4, 5, 11, and 13). Except for FDV-2 (Fire Dragon 
Volcano 2), the rest of the plumes are located near the rift-
ing center of the Okinawa Trough (Figs. 2 and 3). Those 
plume images are detected along the survey tracks in the 
NE-SW orientation. The estimated current velocities are 
based on the rising speed of bubble at 0.47 m s-1 (Table 2). 
In the 6 hydrothermal circulation zones, the tides flow to 
the NE during the rising tide and the highest tide, and flow 
to the SW during the ebb tide and the lowest tide (Table 1). 
The gas plumes are situated in the water depths from 1150 
to 1550 m (Table 2); in other words, the 7° beam width of 
EK60 indicates that the coverage of a single footprint is be-
tween 140 and 190 m in diameter. Hence, each of our esti-
mated current velocities can be considered as an average of 
the near-seafloor current velocities from the bottom to the 
top of the gas plume. All the estimated near-seafloor current 
velocities are shown in Table 2.

Our estimated near-seafloor current velocities show the 
slowest velocity of 2.5 cm s-1 occurs in region YK4-1 and the 
fastest velocity of 156.9 cm s-1 occurs in region FDV-1 (Fire 
Dragon Volcano 1). As mentioned previously, tidal varia-
tions can affect gas plume directions and the directions of 
the currents. In order to understand the relationship between 
current velocities and the tidal variations, we calculated the 
slope change of the tides between 15 min before and after the 
plume recorded time (Table 2; Figs. 4 to 16). The results show 
that the slopes of the tides do not influence much the near-
seafloor current velocities in region YK4-1. Nevertheless, the 
gas plumes i09 and i10 in submarine volcano region FDV-1 
do display different tilt angles of plumes (Fig. 12), demon-
strating the tidal variation influence. One possible reason is 
that the upward velocities of the bubbles (plumes) are dif-
ferent at two different times because the different emissions 
of the gases out of the seabed at different water pressures 
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Fig. 17. Estimated near-seafloor current velocities in the deep-tow sidescan sonar image (Hsu 2017), collected simultaneously with plume image 
b21 in Fig. 5.

Fig. 18. Schematic relationship between current velocity Vc and upward gas bubbles (plume) float speed Vp. h is the height of the plume from the 
seabed; d is the horizontal distance of the plume tilt.

Plume number 
(figure number)

distribution 
area

Water depth 
(m)

Plume height 
(m)

current velocity 
(cm s-1)

30-minute tidal slopes before and 
after the plume (cm min-1)

a08 (Fig. 4) PFZ -1447 628 34.0 0.579 - 0.359

b04 (Fig. 5) PFZ -1471 758 23.7 0.209 - 0.153

b10 (Fig. 5) PFZ -1503 573 28.6 0.032 - 0.064

h24 (Fig. 11) PFZ -1465 831 21.2 0.420 - 0.217

b19 (Fig. 5) GLM -1516 632 28.1 0.269 - 0.264

b21 (Fig. 5) GLM -1516 949 49.0 0.154 - 0.012

f05 (Fig. 9) YK4-1 -1333 610 2.5 0.371 - 0.437

j09 (Fig. 13) FDV-2 -1390 388 31.4 0.238 - 0.375

i14 (Fig. 12) MHV -1380 605 36.2 0.314 - 0.110

i19 (Fig. 12) MHV -1381 651 33.1 0.293 - 0.088

i09 (Fig. 12) FDV-1 -1187 220 156.9 0.440 - 0.443

Table 2. Estimated near-seafloor current velocities (Vc) from 11 gas plumes.
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(depending on the tidal variation). The different inclusions of 
gases into the seawater can largely change the densities of the 
plumes and thus the buoyancies of the plumes.

As shown in Table 2, the near-seafloor currents show 
different velocities. However, it is remarkable that there is 
a large variation of estimated current velocities in the sub-
marine volcanic area (in areas YK4-1, FDV-1, FDV-2, and 
MHV in Table 2). Tectonically, submarine volcanic areas 
contain more volcanic gases in the sediments, thus variable 
gas emissions and the upward velocities of the plumes ap-
pear in submarine volcanic areas. On the contrary, in the 
relatively “smooth” seafloor areas such as in regions PFZ 
and GLM (Geolin Mounds), the estimated current veloci-
ties are considerably consistent (Table 2). In fact, by us-
ing ADCP, Furushima and Yamamoto (2015) also observed 
variable current velocities at the same site; at 4 m above 
the seafloor, the current velocities can have a variation of  
20 cm s-1, and at 62 m above the seafloor the current veloci-
ties can have a variation of 50 cm s-1 (Furushima and Yama-
moto 2015). Their observation is consistent with our values 
in plume b21 estimated from the deep-tow side-scan sonar 
(Fig. 4); the near-seafloor current velocity Vc has increased 
from 11.6 to 28.0 cm s-1.

4. CONCLUSION

After analyzing the single-beam EK60 echo sounder 
data in the seawater and comparing the gas plume images 

with tides in the southernmost Okinawa Trough, we can 
draw the following conclusions.
(1)  In total, 266 active gas plumes out of seabed are found. 

Most of the plumes are related to submarine volcanoes 
or hydrothermal circulation.

(2)  In the middle of the southernmost Okinawa Trough, the 
lower boundary of thermocline generally appears around 
600 m deep; therefore, most of the areas shallower than 
600 m deep have a fairly thick suspension layer.

(3)  The tilts of the gas plumes are changeable; they depend 
on the semi-diurnal tidal variation.

(4)  In the middle of the southernmost Okinawa trough, the 
gas plumes incline to the northeast during the rising tide 
and highest tide, indicating that the near-seafloor cur-
rent flows northeastward during that period. In contrast, 
the gas plumes incline to the southwest on the ebb tide 
and at low tide, indicating that the near-seafloor current 
flows southwestward during that period (Fig. 19).

(5)  In the Keelung continental slope area, the gas plume 
images incline to the southwest at rising tide and high-
est tide, indicating a southwestward flow of the near-
seafloor current. At ebb tide and low tide, the gas plume 
images incline to the northeast, indicating a northeast-
ward flow of the near-seafloor current. This result is in 
opposite to the flows in the middle of the southernmost 
Okinawa Trough (Fig. 19).

(6)  Our estimated velocities of the near-seafloor currents 
in the submarine volcanic area range between 2 and  

Fig. 19. The distribution of the gas plumes (red starts) and near-seafloor current patterns in the southernmost Okinawa Trough derived from acoustic 
echo sounders.
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160 cm s-1. However, in the relatively flat area, the near-
seafloor currents are relatively stable with velocities be-
tween 20 and 50 cm s-1. The rising bubbles (and plume) 
velocity used in the bottom current velocity estimation 
can be different and related to the quantity of the volca-
nic gas at each plume site, as gases in sediments are very 
compressible during a tidal variation.

(7)  The near-seafloor bottom currents could be significantly 
estimated from EK plume images in the case of lacking 
real observations of bottom currents.
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APPENDIX A

No. longitude 
(degree:minute)

latitude 
(degree:minute)

water 
depth (m)

observation date 
(dd/mm/yyyy)

observation 
time (hh:mm:ss)

ship speed 
(kts)

plume height 
(m) tidal type remark

a01 121:47.43576 25:12.56184 -113 07/05/2016 03:26:32 B
a02 121:47.63472 25:12.55806 -107 07/05/2016 03:27:33 B
a03 121:47.65872 25:12.55668 -107 07/05/2016 03:27:41 8.6 47 ebb A
a04 121:50.74851 25:12.56010 -124 07/05/2016 09:39:17 B
a05 121:47.58168 25:10.59646 -54 07/05/2016 09:40:31 B
a06 121:50.98935 25:10.59184 -88 07/05/2016 03:27:40 B
a07 122:41.86062 24:58.59666 -1485 07/05/2016 15:32:30 2.5 340 ebb A
a08 122:37.91028 24:50.23554 -1447 08/05/2016 04:02:26 2.1 628 ebb A
a09 122:37.51998 24:48.97314 -1335 08/05/2016 12:20:15 2.4 553 high tide to ebb A
a10 122:37.29696 24:50.06250 -1447 08/05/2016 13:30:13 10.7 460 ebb A
a11 122:43.00716 24:58.69914 -1494 08/05/2016 14:24:51 B
a12 122:43.05498 24:58.76298 -1478 08/05/2016 15:08:54 2.3 326 ebb A
a13 122:36.89502 24:47.97881 -1267 08/05/2016 21:32:34 1.9 442 rising A
a14 122:37.01140 24:50.22617 -1466 09/05/2016 15:17:59 11.7 800 ebb A
a15 122:37.13220 24:50.37137 -1479 09/05/2016 15:18:54 11.7 142 ebb A
a16 122:37.28952 24:50.07708 -1448 10/05/2016 06:05:48 1.4 605 ebb A
a17 122:36.87420 24:50.27052 -1474 10/05/2016 08:17:10 11.8 432 rising A
a18 122:37.15296 24:50.57274 -1486 10/05/2016 08:19:03 11.8 690 rising A
a19 122:36.95040 24:50.24094 -1470 10/05/2016 13:07:56 10 670 rising A
a20 122:37.12314 24:50.45832 -1482 10/05/2016 13:09:36 10 826 rising A
a21 122:41.86537 24:50.80725 -1377 12/05/2016 08:59:57 2.1 250 low tide A
a22 122:42.04920 24:50.61720 -1396 12/05/2016 09:07:40 2.1 216 low tide A
a23 122:15.55134 24:47.17074 -743 12/05/2016 19:45:07 8.9 132 ebb A
a24 121:57.50070 24:39.05388 -126 13/05/2016 05:55:30 B
a25 122:22.27182 24:54.94032 -1309 13/05/2016 20:08:50 B
a26 122:34.71846 25:03.57126 -1355 14/05/2016 21:04:10 11.7 873 ebb A
a27 122:34.90614 25:04.02223 -1225 14/05/2016 23:13:05 2.1 590 ebb A
a28 122:34.68302 25:03.68023 -1315 14/05/2016 23:23:10 2.1 200 ebb A
a29 122:33.24162 25:1.433700 -1409 15/05/2016 00:25:28 B
a30 121:49.97292 25:13.04082 -123 15/05/2016 05:53:49 B
b01 122:36.53412 24:53.182080 -1516 18/04/2017 17:30:37 4.7 719 ebb A
b02 122:37.33144 24:50.828171 -1486 19/04/2017 08:09:58 1.9 763 ebb A
b03 122:37.19129 24:50.546268 -1486 19/04/2017 08:19:39 1.9 784 ebb A
b04 122:37.06395 24:50.296641 -1471 19/04/2017 08:27:47 1.9 758 ebb A
b05 122:35.62902 24:47.426212 -1252 19/04/2017 10:00:08 2.4 476 low tide A
b06 122:35.57349 24:47.320465 -1234 19/04/2017 10:03:34 2.4 434 low tide A
b07 122:35.41258 24:47.026960 -1211 19/04/2017 10:13:07 2.4 481 low tide A
b08 122:36.69654 24:52.912200 -1515 19/04/2017 12:10:16 2.4 768 rising A
b09 122:40.13232 24:57.080820 -1401 19/04/2017 15:55:59 2 652 rising A
b10 122:37.03319 24:50.883776 -1503 19/04/2017 19:21:23 2.2 573 ebb A
b11 122:35.21622 24:46.935120 -1209 19/04/2017 21:25:42 B
b12 122:35.20493 24:46.871271 -1209 19/04/2017 22:24:25 B

Table A1. The detailed information of 266 plume images in this study (remark A means complete plume image; remark B means incomplete plume 
image).

Xu, G., D. R. Jackson, K. G. Bemis, and P. A. Rona, 2013: 
Observations of the volume flux of a seafloor hydro-
thermal plume using an acoustic imaging sonar. Geo-
chem. Geophys. Geosyst., 14, 2369-2382, doi: 10.1002/

ggge.20177. [Link]
Yu, S.-B., H.-Y. Chen, and L.-C. Kuo, 1997: Velocity field of 

GPS stations in the Taiwan area. Tectonophysics, 274, 
41-59, doi: 10.1016/s0040-1951(96)00297-1. [Link]
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No. longitude 
(degree:minute)

latitude 
(degree:minute)

water 
depth (m)

observation date 
(dd/mm/yyyy)

observation 
time (hh:mm:ss)

ship speed 
(kts)

plume height 
(m) tidal type remark

b13 122:35.42186 24:47.298994 -1224 19/04/2017 22:26:59 B
b14 122:36.86601 24:50.239885 -1472 19/04/2017 22:44:25 11.3 769 low tide A
b15 122:37.03230 24:50.573263 -1495 19/04/2017 22:46:23 11.3 719 low tide A
b16 122:37.13851 24:50.792554 -1491 19/04/2017 22:47:39 11.3 752 low tide A
b17 122:39.84594 24:57.167280 -1405 20/04/2017 02:17:38 B
b18 122:39.96714 24:57.082560 -1392 20/04/2017 09:35:52 11.4 752 ebb A
b19 122:36.78618 24:53.001780 -1516 21/04/2017 09:57:05 1.7 632 ebb A
b20 122:36.68766 24:53.148600 -1514 22/04/2017 16:35:10 5.2 911 rising A
b21 122:36.54606 24:53.174400 -1516 23/04/2017 02:01:34 2.5 949 ebb A
b22 122:36.41460 24:53.297880 -1516 25/04/2017 22:45:43 B
b23 121:54.31500 25:15.025560 -139 26/04/2017 08:46:02 B
c01 122:7.04100 24:57.77640 -399 17/09/2014 13:36:32 6.8 78 rising A
c02 122:7.02564 24:57.83544 -384 17/09/2014 13:37:02 6.8 90 rising A
c03 122:6.27378 24:55.58400 -531 17/09/2014 17:00:40 5.6 118 rising A
c04 122:3.46080 24:53.31174 -612 18/09/2014 00:03:17 B
c05 122:2.68920 24:52.07862 -583 18/09/2014 02:37:20 7.2 292 rising A
c06 122:2.42334 24:52.24362 -482 18/09/2014 05:01:27 5.2 104 rising A
c07 122:2.42065 24:52.07774 -506 18/09/2014 05:02:55 5.2 180 rising A
c08 122:2.41783 24:52.01381 -516 18/09/2014 05:03:29 5.2 55 rising A
c09 122:2.19052 24:50.96919 -533 18/09/2014 05:13:15 5.2 87 rising A
c10 122:1.93262 24:50.95265 -476 18/09/2014 05:20:21 7.4 98 rising A
c11 122:1.95074 24:50.99587 -476 18/09/2014 05:20:57 7.4 104 rising A
c12 122:2.09602 24:51.97487 -472 18/09/2014 05:30:59 7.4 120 rising A
c13 122:2.09150 24:52.09888 -461 18/09/2014 05:32:01 7.4 100 rising A
c14 122:1.33779 24:50.62721 -386 18/09/2014 08:25:37 B
c15 122:1.36107 24:50.83574 -424 18/09/2014 08:27:23 B
c16 122:1.38907 24:51.29688 -457 18/09/2014 08:31:13 B
c17 122:1.11996 24:51.08898 -430 18/09/2014 11:06:37 6.9 262 ebb A
c18 122:0.67374 24:52.02895 -337 18/09/2014 13:58:12 B
c19 122:0.46198 24:50.61269 -253 18/09/2014 14:10:14 5.6 142 low tide A
c20 122:0.43200 24:50.33287 -291 18/09/2014 14:12:34 5.6 128 low tide A
c21 122:0.42266 24:50.25845 -286 18/09/2014 14:13:12 5.6 170 low tide A
c22 122:0.40357 24:50.13377 -265 18/09/2014 14:14:16 5.6 166 low tide A
c23 122:0.24690 24:51.20742 -378 18/09/2014 14:31:58 B
c24 122:0.07374 24:51.34416 -363 18/09/2014 16:52:02 7.1 66 rising A
c25 121:59.9886 24:50.81712 -248 18/09/2014 16:56:36 7.1 174 rising A
c26 121:59.9654 24:50.69910 -242 18/09/2014 16:57:38 7.1 201 rising A
c27 121:59.9569 24:50.66605 -238 18/09/2014 16:57:56 7.1 150 rising A
c28 121:59.9012 24:50.59674 -228 18/09/2014 16:59:00 7.1 124 rising A
c29 121:59.8626 24:50.59939 -226 18/09/2014 16:59:32 7.1 213 rising A
c30 121:59.7106 24:51.16032 -291 18/09/2014 17:06:36 B
c31 121:59.7526 24:51.22082 -295 19/09/2014 03:13:46 7.8 63 rising A
c32 121:59.9946 24:50.82802 -251 19/09/2014 03:17:05 7.8 63 rising A
c33 122:0.03654 24:50.75773 -250 19/09/2014 03:17:41 7.8 196 rising A
c34 122:0.09400 24:50.68038 -257 19/09/2014 03:18:23 7.8 79 rising A
c35 122:0.34722 24:50.29332 -252 19/09/2014 03:21:45 7.8 126 rising A
c36 122:0.44634 24:50.14902 -278 19/09/2014 03:23:01 7.8 150 rising A
c37 122:0.62826 24:49.85712 -307 19/09/2014 03:25:29 B
c38 122:2.49906 24:50.35044 -572 19/09/2014 06:03:37 B
c39 122:2.20578 24:50.89254 -535 19/09/2014 06:08:35 B
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c40 122:2.23211 24:51.66115 -517 19/09/2014 06:15:47 7.4 123 rising A
c41 122:2.26786 24:51.72484 -522 19/09/2014 06:16:21 7.4 140 rising A
c42 122:2.40032 24:51.96696 -527 19/09/2014 06:18:31 7.4 83 rising A
c43 122:2.46990 24:52.09873 -528 19/09/2014 06:19:41 7.4 143 rising A
d01 122:27.45384 25:12.27260 -799 16/09/2015 16:20:47 4.6 234 ebb A
d02 122:27.17598 25:09.72342 -808 17/09/2015 07:37:10 5.8 76 rising A
d03 122:28.92708 25:10.83370 -902 17/09/2015 07:57:52 5 246 rising A
d04 122:27.96828 25:09.46422 -938 17/09/2015 08:39:01 6.1 291 rising A
d05 122:26.72466 25:08.77878 -930 17/09/2015 08:52:04 5.4 258 rising A
d06 122:21.95070 25:06.12684 -932 17/09/2015 09:41:22 B
d07 122:26.79012 25:08.02368 -968 17/09/2015 15:11:56 6.8 185 ebb A
d08 122:10.30632 24:58.53470 -610 17/09/2015 18:50:23 6.2 158 low tide A
e01 122:13.07700 24:55.06990 -1103 21/09/2015 09:41:16 6.2 417 rising A
e02 122:12.67112 24:54.90132 -1072 21/09/2015 09:45:16 6.2 368 rising A
e03 122:12.07674 24:54.02088 -1102 21/09/2015 10:00:16 6.4 228 rising A
e04 122:35.93888 25:03.80614 -1363 21/09/2015 22:23:36 B
e05 122:35.50185 25:03.60770 -1388 21/09/2015 22:28:04 5.4 775 low tide A
e06 122:35.00175 25:03.36039 -1386 21/09/2015 22:33:20 5.4 735 low tide A
e07 122:33.45720 25:02.60808 -1400 21/09/2015 22:48:40 6.3 809 low tide A
e08 122:34.48506 25:04.29324 -1325 21/09/2015 23:42:28 6 328 low tide A
e09 122:34.35660 25:08.58780 -1177 22/09/2015 05:52:24 B
e10 122:33.28500 25:12.03930 -857 22/09/2015 11:29:56 5.9 293 low tide A
e11 122:33.24990 25:12.27204 -877 22/09/2015 12:00:56 6.3 268 low tide A
e12 122:30.50538 25:10.99218 -916 22/09/2015 13:53:12 6.4 466 rising A
e13 122:30.16170 25:11.91012 -881 22/09/2015 15:27:45 5.1 184 rising A
e14 122:31.04928 25:14.85156 -790 22/09/2015 16:24:21 B
f01 122:33.37920 25:02.73180 -1825 19/04/2016 07:32:58 6.4 997 rising A
f02 122:42.17064 24:50.61978 -1397 21/04/2016 14:18:39 4.8 571 ebb A
f03 122:42.06510 24:50.77866 -1348 21/04/2016 14:55:39 5.2 668 ebb A
f04 122:42.18024 24:51.01878 -1219 21/04/2016 14:58:31 5.2 354 ebb A
f05 122:41.97792 24:50.96232 -1333 21/04/2016 18:50:31 5.2 610 rising A
f06 122:41.86212 24:51.09972 -1302 21/04/2016 19:17:51 5.3 608 rising A
g01 122:33.62808 25:02.99238 -1382.00 26/04/2016 06:31:35.6 8.3 212 low tide A
h01 122:42.04206 24:50.83140 -1375 05/05/2016 13:18:11 12 647 ebb A
h02 122:43.16988 24:58.69440 -1498 06/05/2016 17:05:40 6.2 660 rising A
h03 122:42.97428 24:58.69782 -1500 06/05/2016 21:01:40 5.8 328 rising A
h04 122:42.82872 24:58.79136 -1481 05/06/2016 21:37:07 B
h05 122:41.98362 24:58.58502 -1491 07/05/2016 06:49:28 5.5 460 rising A
h06 122:37.59948 24:48.97866 -1338 07/05/2016 08:34:36 5.9 299 rising A
h07 122:37.41108 24:48.92952 -1334 07/05/2016 08:55:04 5.9 140 rising A
h08 122:37.95426 24:50.12514 -1447 07/05/2016 09:08:12 B
h09 122:41.77320 24:58.54824 -1488 07/05/2016 10:40:16 5.9 415 rising A
h10 122:37.84356 24:50.26794 -1449 07/05/2016 12:56:12 B
h11 122:37.29138 24:49.02384 -1340 07/05/2016 13:10:28 B
h12 122:36.85944 24:48.06066 -1274 07/05/2016 13:21:20 5.2 541 ebb A
h13 122:37.64544 24:50.20494 -1457 07/05/2016 13:47:40 B
h14 122:37.46962 24:50.16793 -1461 07/05/2016 17:20:04 5.5 452 rising A
h15 122:37.41507 24:50.05328 -1442 07/05/2016 17:21:20 5.5 400 rising A
h16 122:37.38773 24:49.98682 -1428 07/05/2016 17:22:04 5.5 352 rising A
h17 122:36.62244 24:48.28260 -1292 07/05/2016 17:41:00 5.9 203 rising A
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h18 122:36.46548 24:48.24186 -1287 07/05/2016 17:49:36 5.6 545 rising A
h19 122:37.22454 24:50.02332 -1440 07/05/2016 18:08:48 5.4 776 A
h20 122:40.20090 24:57.11874 -1405 07/05/2016 20:32:12 5.8 384 rising A
h21 122:37.43281 24:50.83457 -1490 07/05/2016 21:40:36 5.8 843 rising A
h22 122:37.34504 24:50.63361 -1488 07/05/2016 21:42:56 5.8 805 rising A
h23 122:37.25904 24:50.44596 -1482 07/05/2016 21:45:08 5.8 833 rising A
h24 122:37.16016 24:50.23662 -1465 07/05/2016 21:47:40 5.8 831 rising A
h25 122:37.01454 24:50.23770 -1466 07/05/2016 22:44:24 5.8 739 high tide A
h26 122:37.17618 24:50.62746 -1487 07/05/2016 22:48:52 5.8 771 high tide A
h27 122:39.99144 24:57.05250 -1384 08/05/2016 00:00:00 B
h28 122:39.83514 24:57.15108 -1402 08/05/2016 01:12:08 B
h29 122:37.11696 24:50.82839 -1495 08/05/2016 02:25:04 6.2 791 ebb A
h30 122:36.87783 24:50.32349 -1481 08/05/2016 02:31:52 6.2 715 ebb A
h31 122:36.58740 24:50.03958 -1417 08/05/2016 03:30:12 5.8 291 ebb A
h32 122:36.92208 24:50.80584 -1506 08/05/2016 03:38:32 5.8 548 ebb A
h33 122:36.76464 24:52.86552 -1515 08/05/2016 17:26:20 6.1 537 low tide A
h34 122:36.72912 24:53.17368 -1516 08/05/2016 20:02:08 5.6 934 rising A
h35 122:36.53694 24:53.13180 -1515 08/05/2016 21:32:04 5.6 685 rising A
h36 122:15.91903 25:02.87999 -776 09/05/2016 02:30:56 B
h37 122:15.72340 25:02.95878 -715 09/05/2016 02:32:12 B
h38 122:15.58939 25:03.01194 -659 09/05/2016 02:33:04 B
i01 122:36.56627 24:53.23438 -1513 07/04/2017 07:35:02 4.9 922 rising A
i02 122:36.84848 24:53.06042 -1514 07/04/2017 07:37:47 4.9 771 rising A
i03 122:37.50606 24:50.19276 -1460 07/04/2017 08:41:11 6.9 726 ebb A
i04 122:37.19286 24:50.37870 -1477 07/04/2017 08:44:24 6.9 855 ebb A
i05 122:41.97390 25:06.93762 -1385 07/04/2017 13:52:12 6.0 971 ebb A
i09 122:32.54004 24:54.13110 -1187 10/04/2017 13:25:25 6.5 220 ebb A
i10 122:32.31738 24:54.14604 -1303 10/04/2017 16:13:46 6.4 724 low tide A
i11 122:35.61846 25:03.45132 -1377 11/04/2017 01:58:19 5.9 602 ebb A
i12 122:35.76450 25:03.80796 -1373 11/04/2017 02:01:50 5.9 624 ebb A
i13 122:35.79810 25:03.90120 -1372 11/04/2017 02:02:41 5.9 355 ebb A
i14 122:35.66838 25:04.15384 -1380 11/04/2017 03:59:27 5.7 605 ebb A
i15 122:35.61835 25:04.02019 -1373 11/04/2017 04:00:48 5.7 209 ebb A
i16 122:35.55865 25:03.87180 -1374 11/04/2017 04:02:18 5.7 301 ebb A
i17 122:35.46471 25:03.64079 -1388 11/04/2017 04:04:43 5.7 655 ebb A
i18 122:35.12118 25:03.39624 -1387 11/04/2017 10:17:06 5.4 155 rising A
i19 122:35.25898 25:03.72546 -1381 11/04/2017 10:20:42 5.4 651 rising A
i20 122:35.40202 25:04.10702 -1387 11/04/2017 10:25:07 5.4 522 rising A
i21 122:35.06496 25:03.81289 -1326 11/04/2017 12:42:00 6.6 314 ebb A
i22 122:34.94747 25:03.51430 -1369 11/04/2017 12:45:21 6.6 761 ebb A
i23 122:32.53968 24:57.50520 -1487 11/04/2017 13:52:30 5.7 530 ebb A
i24 122:32.49528 24:57.38904 -1489 11/04/2017 13:53:42 5.7 794 ebb A
i25 122:32.32482 24:57.54444 -1489 11/04/2017 18:32:37 6.2 952 rising A
i26 122:34.72758 25:03.55866 -1362 11/04/2017 19:54:49 4.9 948 rising A
i27 122:34.79928 25:04.29942 -1329 11/04/2017 22:30:33 5.2 726 rising A
i28 122:22.75344 24:55.27152 -1314 12/04/2017 04:22:16 8.9 356 ebb A
j01 122:34.54716 25:04.27806 -1323 13/04/2017 10:17:32 8.9 250 rising A
j02 122:33.57534 25:02.42076 -1401 13/04/2017 12:42:40 5.2 360 high tide A
j03 122:33.32256 25:01.80990 -1411 13/04/2017 12:49:40 5.2 350 high tide A
j04 122:33.08934 25:01.77259 -1410 13/04/2017 18:38:11 6.4 285 rising A
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j05 122:33.36570 25:02.45893 -1404 13/04/2017 18:56:19 6.8 990 rising A
j06 122:33.39529 25:02.53489 -1402 13/04/2017 18:58:51 6.8 706 rising A
j07 122:33.28068 25:02.83188 -1396 13/04/2017 21:35:35 B
j08 122:35.12502 25:07.99194 -1207 14/04/2017 04:59:39 5.4 320 ebb A
j09 122:29.79868 24:55.11381 -1390 14/04/2017 08:02:27 6.3 388 rising A
j10 122:34.46501 25:08.46681 -1165 15/04/2017 15:30:37 B
j11 122:34.01034 25:07.85514 -1180 15/04/2017 16:09:25 5.8 611 ebb A
j12 122:33.80892 25:07.82325 -1150 16/04/2017 00:11:49 B
j13 122:33.71219 25:08.08471 -1110 16/04/2017 00:54:53 5.5 168 high tide A
j14 122:32.18146 25:05.27541 -1298 16/04/2017 10:39:25 6.4 818 rising A
j15 122:32.13055 25:05.14374 -1307 16/04/2017 10:40:49 6.4 575 rising A
j16 122:31.63586 25:04.45576 -1273 16/04/2017 18:03:09 5.8 475 ebb A
j17 122:31.97088 25:05.79804 -1223 16/04/2017 19:47:49 6.5 502 low tide A
j18 122:31.76810 25:05.87408 -1174 17/04/2017 01:17:09 B
j19 122:34.00046 25:10.38862 -939 17/04/2017 05:02:54 B
j20 122:33.96796 25:10.30323 -969 17/04/2017 05:03:54 B
j21 122:34.29048 25:10.03050 -992 17/04/2017 05:30:46 5.8 286 ebb A
k01 121:51.08244 25:10.64736 104 14/03/2018 03:57:19 5.1 97 ebb A
k02 122:10.69314 24:47.34618 223 14/03/2018 09:16:01 4.9 88 high tide to ebb A
k03 122:14.68548 24:48.11568 795 14/03/2018 11:33:54 B
k04 122:14.92976 24:47.87954 700 14/03/2018 14:10:38 6.3 104 ebb A
k0S 122:15.10925 24:48.39673 794 14/03/2018 14:16:08 6.3 157 ebb A
k06 122:15.18323 24:48.62531 855 14/03/2018 14:18:32 6.3 114 ebb A
k07 122:15.92268 24:so.72676 1462 14/03/2018 14:40:41 B
k08 122:16.54356 24:52.50714 398 14/03/2018 15:00:05 6 224 low tide A
k09 122:15.38660 24:48.74790 905 14/03/2018 19:45:35 B
k10 122:15.30876 24:48.48746 834 14/03/2018 19:48:53 B
k11 122:15.16673 24:48.12952 719 14/03/2018 19:53:36 4.8 104 rising A
k12 122:15.52032 24:48.62100 923 14/03/2018 22:24:18 5 205 high tide to ebb A
k13 122:21.86868 25:06.35471 888 15/03/2018 01:51:09 4.6 235 ebb A
k14 122:21.89781 25:06.41817 853 15/03/2018 01:51:54 4.6 198 ebb A
k1S 122:22.00404 25:06.28512 908 15/03/2018 02:01:30 4.5 267 ebb A
k16 122:15.70200 24:48.64770 903 15/03/2018 05:25:52 6.2 215 rising A
k17 122:23.21718 25:08.68632 788 15/03/2018 13:18:53 5.4 258 ebb A
k18 122:17.14644 24:51.78942 1151 15/03/2018 16:27:04 B
k19 122:15.51900 24:47.24934 711 15/03/2018 17:18:58 5.2 86 rising A
k20 122:23.39412 25:08.12904 911 15/03/2018 23:14:10 5.9 253 high tide to ebb A
k21 122:17.04258 24:48.60810 976 16/03/2018 07:44:07 4.6 271 rising A
k22 122:17.45004 24:45.46896 760 19/03/2018 15:17:16 5.9 160 ebb A
k23 122:20.27982 24:53.09664 1116 18/03/2018 16:44:37 5.8 520 ebb A
k24 122:27.37884 25:12.14142 770 18/03/2018 20:19:49 B
k25 122:26.61870 25:08.81052 932 18/03/2018 21:01:37 B
k26 122:26.58204 25:08.70516 938 18/03/2018 21:02:46 B
k27 122:20.69670 24:52.91262 1188 19/03/2018 00:06:06 B
k28 122:18.86118 24:47.94852 810 19/03/2018 01:04:27 B
k29 122:17.94060 24:45.43818 804 19/03/2018 01:32:35 5.4 154 ebb A
k30 122:21.27000 24:53.03172 1204 19/03/2018 03:56:51 B
k31 122:21.96660 24:54.90984 1364 19/03/2018 04:18:38 B
k32 122:26.82264 25:08.01192 977 19/03/2018 06:52:31 5.3 460 rising A
k33 122:27.90834 25:09.49254 943 19/03/2018 08:15:58 6.4 260 rising A
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l01 122:22.58058 24:55.19514 1316 22/03/2018 10:57:08 B
l02 122:27.38316 25:66.62448 1055 22/03/2018 13:29:49 B
l03 122:28.93146 25:10.84356 912 22/03/2018 14:17:41 5.4 156 high tide A
l04 122:28.96914 25:10.95924 907 22/03/2018 14:18:55 5.4 237 high tide A
l05 122:21.79782 24:53.01264 1233 22/03/2018 22:08:47 5.4 535 rising A
l06 122:22.58346 24:48.83064 1113 23/03/2018 10:56:08 6.1 195 rising A
l07 122:23.11652 24:48.55148 1178 23/03/2018 12:52:20 B
l08 122:23.25352 24:48.92977 1163 23/03/2018 12:56:32 B
l09 122:23.38523 24:49.24968 1166 23/03/2018 13:00:11 5.5 630 rising A
l10 122:23.48298 24:49.54314 1204 23/03/2018 13:03:26 B
l11 122:23.51394 24:49.62876 1263 23/03/2018 13:04:23 5.5 265 rising A
l12 122:33.13134 25:12.28986 891 24/03/2018 05:11:10 B
l13 122:33.37064 25:12.12494 865 24/03/2018 05:20:10 5.6 135 ebb A
l14 122:33.30584 25:11.92467 896 24/03/2018 05:22:28 B
l15 122:25.22646 24:50.06544 1310 24/03/2018 09:25:47 5.7 465 low tide A
l16 122:18.99276 24:46.81308 872 24/03/2018 11:38:26 6 136 rising A
l17 122:29.75856 24:55.05750 1284 25/03/2018 00:23:56 4.2 780 rising A
m01 122:34.96194 25:03.48648 -1366 04/05/2018 06:13:19 11.1 855 ebb A
m02 122:35.47140 25:03.60918 -1380 04/05/2018 06:16:07 11.1 879 ebb A
m03 122:32.58720 24:54.07938 -1133 09/05/2018 09:03:58 7.1 218 ebb A
m04 122:32.46246 24:54.17898 -1202 09/05/2018 15:29:19 2.7 335 rising A
mo5 122:35.46742 25:03.47854 -1370 11/05/2018 01:16:31 7.9 576 low tide A
m06 122:35.10787 25:03.64018 -1267 11/05/2018 01:21:46 7.9 635 low tide A
m07 122:34.84143 25:03.70536 -1235 11/05/2018 01:24:13 7.9 410 low tide A
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