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Summary : The coastal area of Hokkaido bordering the Sea of Okhotsk is famous for cultivating scallops,
however, there have been problems of damage to scallops caused by suspended solids supplied from
rivers flowing through these areas after low pressure events ; therefore, the development of a simple and
wide-range monitoring method for suspended solids is required. This study aimed to develop a turbidity
monitoring method using only an aerial drone, that does not require a special device, targeting the
estuary of the Tokoro River flowing through the Tokoro Town located in east Hokkaido. The specifications
of commercially available cameras for use by general customers are often not disclosed ; thus, when using
such cameras for measurements, it is necessary to analyze their specifications in relation to the object of
measurement. The relationship between the turbidity of the turbid water sampled in the estuary of
Tokoro River and the reflectance calculated from the images of the river surface photographed with the
hovering drone at the site of water sampling were compared using a linear regression model and an
exponential regression model. The drone mounted camera detected turbidity with high reliability when
using the exponential regression model. As a result of comparing the Root Mean Square Error (RMSE) of
both models, the camera mounted on this drone was found to have high reproducibility of high turbidity
when using an exponential regression model. However, the precision of this model is slightly insufficient
for routine monitoring for daily condition of the river with low turbidity. Thus, improvements such as
simultaneous observation of phytoplankton other than inorganic suspended solids are necessary.
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1. Introduction

tain the high productivity of phytoplankton in fixed

The coastal area of Hokkaido bordering the Sea of
Okhotsk is famous for its prosperous fisheries. The
fisheries catch of the foreshore adjacent to the Sea of
Okhotsk reaches 379,000 t per year.
species captured in this coastal area include scallop
(63.6%), salmon (11.4%), and arabesque greenling (9.7%)".
Because scallops are benthic, growing in fixed coastal

The major fishery

areas until harvesting, a locally stable food source is
required. Scallops tend to feed on phytoplankton, which
are primary producers in the sea, with productivity being
driven by the surrounding environment”. Thus, to main-

areas, high concentrations of nutrients are required. The
coastal area of the Sea of Okhotsk from winter to spring
is occupied by the nutrient-rich Okhotsk surface water.
However, the nutrient poor Soya warm current flows
through these coastal area from early summer to late
autumn, from the coast of Hokkaido to nearly 40 km
offshore™.

offshore waters (more than 74 km from the coast) exceed

For example, during summer, nitrates in the

20 uM, whereas nitrates in the Soya warm current are

', The area offshore from Tokoro Town,

just 2 uM or less’
which is an important fishing area for scallops (Figure 1),

has also been filled by the Soya warm water from June
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onwards”. Therefore, for phytoplankton to grow off-
shore from Tokoro after June, a different nutrient source
must be supplied to the water mass influenced by the
Soya warm current other than the intermediate cold
water. For instance, Tokoro River flows through Tokoro
Town and supplies an alternative source of nutrients.
Tokoro River is the largest river on the coast of east
Hokkaido that flows into the Sea of Okhotsk. The catch-
ment basin of this river is 1,930 km® and the average

19 Materials supplied from rivers

flow rate is 2641 m’s
include both nutrients and organic and inorganic sus-
pended solids, with Tokoro River being no exception.

These organic and inorganic suspended solids are preyed
on directly by filter feeding bivalves, such as scallops,
that inhabit the benthic substrate. Part of the suspended
solids is digested and assimilated in the gastrointestinal
tract of bivalves, while the remaining organic matter is
excreted as feces and the inorganic suspended material
is excreted as fake feces. The physical strength of
bivalves is weakened by the excretion of fake feces”. Tt
was confirmed that the ciliary movement of the gill of
scallops is noticeably suppressed by suspension containing
0.05% (about 500 degrees in terms of turbidity) mud in
sea water'”.

Typhoons and explosive cyclones occur under condi-
tions of low pressure, and have occurred with greater

113, Consequently, there is

frequently in recent years
concern about scallops being suffocated by increased
concentrations of sediments flowing out of rivers in the
coastal area of Hokkaido in the Sea of Okhotsk following
19 However, it is difficult to establish the

extent of damage caused by low pressure weather events

such events

in the coastal area of the Sea of Okhotsk. Yet, the munici-
palities and fisheries community in this area need to
implement methods for estimating damage to the coastal
area following such events'”. Beside sediments flowing
out from rivers there may also be drifted sediments gen-
erated by the rolling up from the seafloor due to waves
caused by strong wind, but it is reported that there is
almost no impact while the river water is increasing" 18
In the case of steady state of the river, there is also the
influence of sedimentation of drifted sediments from the
seafloor, but this study does not treat it because the
study is targeted at the time of river water increases.
Observation of plumes of suspended solids from Tokoro
River and estuary using satellite images in our previous
study showed that the plume spreads about 8 km east-

wards'.

However, because visible to near infrared
wavelengths were used to observe suspended solids,
satellite imagery is susceptible to the influence of clouds.
In particular, the turbidity of river suspended matter may

be instantaneously high during typhoons and explosive
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Fig.1 Map of Tokoro coastal area on the eastern part
of Hokkaido coast bordering the Sea of Okhotsk.
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Fig. 2 Enlarged map of the estuary of Tokoro River,
representing the gray square presented in
Figure 1. The drone was launched and landed
at the piers in the estuary of Tokoro River,
Tokoro Fishing Village Center and Tokoro
Fishing Port. The camera icon shows the
photographed point using the drone. The
dotted line shows a tidal boundary line pre-
dicted from the drone image.

cyclones. Because clouds develop during such events, it
is not possible to capture that moment or immediate
aftermath of the event with satellite imagery. Sometimes,
clouds temporarily clear shortly after typhoons or gales
stop blowing, however there is a very low probability of
the satellite passing through at that moment. Furthermore,
even if the wind subsides, the waves on the coast remain
high, making it difficult to observe turbidity from a
fishing boat.

In recent years, drones (or Unmanned Aerial Vehicle,
UAYV) have been effectively used to establish the situation
following natural disasters, including volcanic eruptions™ W
earthquakes, and landslides®. Drones fly at low altitudes
above the ground, but below the clouds, compensating
for satellite observations ; thus, this approach could be

used as a substitute for satellite imaging. For oceanic
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and coastal areas, problems remain, including battery
duration and susceptibility to weather ; however, high
precision observations with drones are possible through
the installation of hyperspectral cameras or high resolu-

##_ For instance, high performance rotary

tion cameras
wing type drones with a resolution of 4 K or more are
now available at relatively low costs. These drones are
equipped with GPS and autonomous navigation systems,
allowing them to fly under certain wind conditions with
no problems, and even beginners can easily operate them.
It is possible to photograph aerial images showing how
plumes spread from the mouth of rivers around coastal
areas with drones, even when cloud cover is heavy
following the passing of typhoons, as long as the wind is
not strong. However, drones developed specifically for
sensing are still expensive; low cost drones for beginners
are equipped with a CCD camera for general customers.
Although CCD cameras for general customers are designed
to look vivid with human eyes™, their specifications are
not disclosed, and in many cases the specifications for
observation objects are not known. This technique of
making the camera image look vivid is implemented with
an exponential curve called the y correction”. Therefore,
to use low cost drones for observations, it is first required
to find a calibration method and the value of .

This study aimed to estimate the amount of suspended
solids flowing from the estuary of Tokoro River following
the passing of a typhoon, in addition to estimating the
amount of suspended solids that settled in the coastal
area offshore of Tokoro Town, using a low cost drone with
an installed aerial camera and no special equipment.

2. Materials and Study sites

2.1 Measurement of the outflow range of suspended
solid from the estuary of Tokoro River

To measure the outflow range of suspended solids
from Tokoro River, sea surface reflectance was calculated
from images photographed with a drone. These aerial
images were obtained using a DJI Phantom 4. To convert
the photographic images to sea surface reflectance, a
standard white board with 99% Lambertian reflectance
(Labsphere Inc.) was photographed before the flight, and
this white board photographed again after the flight.
Figure 2 presents a map of the estuary of Tokoro River.
The drone was launched and landed at the piers in the
estuary of Tokoro River, Tokoro Fishing Village Center
and Tokoro Fishing Port. The lighthouse in the estuary
of Tokoro River, the Tokoro Jonan Beach, the lighthouse
in Tokoro Fishing Port, the Breakwater of the Lake Inlet
of Lagoon Notoro-ko and Cape Notoro were photographed
as landmarks. The area of the plume on the surface was
measured using the GPS system onboard the drone

combined with positional information of landmarks on
the map. The tidal boundary information was separated
from the sea surface color of the drone RGB images (e.g.,
blue color of the ocean sea surface or brown color of
turbid water from the river).

Aerial imagery using the drone was collected on
October 24, 2017, immediately after Typhoon Lan
(Typhoon No. 21), and October 27, three days after the
typhoon, when conditions had calmed down. On October
31, 2017, only water surface imagery of the river was
obtained with hovering of the drone because the wind
speed exceeded 7ms™' due to the low pressure devel-
oped in the Sea of Okhotsk. To document the steady
state of the estuary, water surface imagery was obtained
on September 28, 2017, December 4, 2017, April 13, 2018
and April 20, 2018 by hovering the drone.
imagery was obtained with the hovering of the drone,

Thus, aerial

from which the turbidity and water surface reflectance
of the estuary were measured.

2.2 Measurement of turbidity, sedimentation rate

and particle size of suspended solids

To determine the amount of actual suspended solids
flowing out from Tokoro River, the surface water of the
estuary of the river was sampled with a hydrochloric
acid washed bucket, in accordance with the drone flight.
The sampled water was analyzed with a transmitted
beam type digital color turbidimeter, WA-PT-4DG
(Kyoritu Chemical Check Lab., Corp.), calibrated with
polystyrene particles. The dry weight concentration was
measured for water sampled on October 31, 2017,
December 4, 2017, April 13, 2018 and April 20, 2018. A
total of 500 mL turbid water was passed through the
Whatman GF/F filter, then the dry weight was weighted
from the difference in weight of the filter before and
after filtration.

The sedimentation rate was measured using river
water sampled on October 31, 2019. The sampled water
was dispensed in a 500 mL graduated cylinder (45cm
height). Then, 10 mL water on the surface was sampled
with an auto pipette. The turbidity of surface water was
measured with a digital color turbidity meter. Turbidity
was measured at set time intervals until 2 degrees
turbidity was reached®. This value (2 degree turbidity)
is the costal revetment standard in Japan that is assumed
not to affect coastal fisheries. According to the environ-
mental standards of rivers in Japan, the turbidity of less
than 25 degrees is not considered to impact river water
quality®.

The particle size of the suspended solids was measured
using river water sampled on the same day to measure
the sedimentation rate. The sampled water was poured
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in a 500 mL graduated cylinder that was prepared sepa-
rately to that used to measure the sedimentation rate.
After allowing the sample to stand for 20 days, supernatant
water was gently discharged with a tube and concentrated
to 2omL. Then, 05mL of this concentrated water sample
was pipetted out with a micro pipette and the number of
particles for each particle size was counted with a bio-
logical microscope (Olympus CX41 Upright Microscope).
A 05mL volume of the concentrated water sample was
fractionated by 1,000 fractions. The size of each fraction
was b um square. The number of particles in each
fraction was 524. One-hundred particles were randomly
selected, and particle size was measured.

3. Results

3.1 Influence range of turbid water from the mouth
of Tokoro River

Figure 3 shows a situational view photographed with
the drone of the estuary of the Tokoro River on October
24, after Typhoon Lan passed through. The tidal boundary
between the density of the turbid river water and the
density of the clear seawater was visually confirmed by
flying the drone on the west side and north side of the
lighthouse (Point E in Figure 2 ; Figure 3), and was located
near Tokoro Public Pool on Jonan Beach 500 m west of
the lighthouse (Point J in Figure 2 ; Figure 4) and 1750 m
north of the fishing village center (Point V in Figure 2).
By turning the drone towards the tidal boundary line,
this boundary line seemed to draw a clean arc without
interruption. Likewise, the tidal boundary line was delin-
eated 2500m on the east side of Tokoro Fishing Port,
before the inlet of Lagoon Notoro-ko (Point P in Figure 2 ;
Figure 5). Thus, suspended solids existed on the sea
surface for about 5km in a west to east direction from
500m west of the estuary (Point J in Figure 2) to 2500 m
east of the Fishing Port (Point P in Figure 2), and 1750 m
in a south to north direction from the Fishing Village
Center to 1750 m north of this center (Point V in Figure
2). The Nadia image over each tidal boundary line on
October 24 is shown in Figure 6, and a similar image on
October 27 is shown in Figure 7. Compared to Figure 6,
the contrast between the inside and the outside of the
boundary line clearly decreased.

3.2 Calculating turbidity from drone imagery

Figure 8 is the aerial picture of the work scenery of
surface water sampling photographed with the drone on
October 24, 2017. The square area over the river surface
and the standard white board image were cropped to
100 x 100 pixels from Figure 8 to obtain each pixel value.
Nine of the pixel values of the Tokoro river estuary
image were divided by the pixel values of the white

Lps
Fig. 3 Situational view of the estuary of Tokoro River

photographed with the DJI Phantom 4 on October
24, 2017.
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Image of the tidal boundary between turbid water
and seawater fronting Tokoro Town Public Pool
at Tokoro Jonan Beach on the west side of the
estuary of Tokoro River on October 24, 2017.

Inret of Lagoon Notoro-ko |

Boundary between turbid water and clear seawater

Fig. 5 Image of the boundary between turbid water and
seawater at the Inlet of Lagoon Notoro-ko Tokoro
on the east side of Tokoro Fishing Port on October
24, 2017.

board, and were then multiplied by 255 to obtain 8-bit
normalized imagery (Hereinafter, all the pixel values
indicate normalized values). Histograms were created
from the R, G, and B channel images cut into squares
from Figure 8 ; These histograms are shown in Figure 9.
The average pixel value of each R, G, and B channel in
Figure 8 was 1324+39, 1165+ 3.9, and 89.7 + 3.8, respec-

tively. In comparison, turbidity based on the turbidimeter
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Fig. 6 Image showing the nadir view near the tidal
boundary line between turbid water and clear
seawater on October 24, 2017. a) Above the
estuary. b) Offshore from Tokoro Jonan Beach.
¢) Offshore from Tokoro Fishing Village Center.
d) East side of Tokoro Fishing Port, near the
Lagoon Notoro-ko inlet. Squares in the figure
were used as test site to calculate turbidity.
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Fig. 7 Drone image of the nadir on October 27, 2017,
obtained at the same place as in Figure 6.
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Fig. 8 Drone image when sampling surface water on
October 24, 2017.

of the water sampled on the estuary surface on this day
was 60.0 degrees. All average normalized pixel values
for R, G, and B are presented as xg, x;, and xg, respectively.
The turbidity observed with the turbidimeter is repre-
sented by 7, while the turbidity based on the ratio of the
dry weight of the suspension in 1L water is represented
by w. Table 1 presents the xy, x; and xy obtained from
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Fig. 9 RGB Composed image and each image of the R,

G, and B channels and each histogram based on
the white square shown in Figure 8.

Table 1 Average normalized pixel values of x, xg and x
for each R, G, and B channel obtained from the
drone, turbidity 7, and dry weight turbidity w.
turbidity from dry weight .
date place  turbidimeter  turbidity average pixel value
T w XR XG XB
2017/9/28 estuary 8.9 - 101.9+1.8 1129+13 1054+1.8
port 0.6 - 103.8+2.6 1122+24 1120+24
2017/10/24 estuary 60.0 - 1324+39 116.5+39 89.7+3.8
2017/10/27 estuary 2.4 - 545+28 96.3+2.1 83.0+3.2
port 3.7 - 108.2+5.5 113.1+6.1 86.9+6.0
2017/10/31 estuary 64.3 129.0 1389+£9.4 123.7+84 1059+6.6
2017/12/4 estuary 1.9 2.4 679+15 920+1.8 66.7+1.4
2018/4/13 estuary 34.6 51.6 123.6+£2.7 122.1£3.1 97.7+59
2018/4/20 estuary 33.5 478 120.8+4.5 119.7+5.1 94.2+7.7
a
) @ 60.0 o °
Q
E
g 40.0 7=0.72 xy - 52.70
£ R =0.631
-_g 20.0
0.0 ® . XR
50 70 90 110 130 150
by .
= 60.0
i =161 x4 - 156.78
;’ 40.0 R2=0.474
8
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5
T00 *_o Xg
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©)
0 60.0 o e
) 7=0.49 x5 - 22.70
g 40.0 R2=0.071 P
3
-5 20.0
E .
0.0 . s @ . Xp
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pixel values (8-bit digital number)

Fig. 10 Relationship between g, x;, x5 and 7 presented

in Table 1. Solid line shows the regression line
between the pixel values and z. a) R channel, b)
G channel and c¢) B channel.
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the drone images using the same method on October 24,
and 7 and w obtained by water sampling during the
observation period. The highest 7 during this period was
64.3 degrees in the estuary, which was recorded on
October 31, just after the low pressure from the Sea of
Okhotsk. The xg, x; and x; were 1389+94, 123.7+84,
and 105.9 £6.6, respectively, on this date.
was 0.6 degrees in the port on September 28. The xg, G,
and x were 103.8+26, 1122+24, and 112.0+ 24, respec-
tively, on this date.

The lowest 7

Regression lines were calculated
from relationships between each xg, x;, and x5 and 7 from
Table 1. These regression lines are shown in Figure 10.
The regression formula of xz and 7 was expressed as :

t=0.72x3 — 52.70 (R*=0.631, P<0.01)---(1).

The root means square error (RMSE)® is often used to
indicate precision in remote sensing (rather than the
standard deviation), and was RMSE =14.69 when applying
formula (1). The regression formula of x; was expressed

as:
t=161x,—156.78 (R*=0474, P<0.05)---(2).

The RMSE in formula (2) was RMSE =1754. The regres-
sion formula of x5 was :

t=049:x,— 2270 (R*=0.071, P=049>0.05)-(3).

Thus, x5 showed little correlation with 7. Based on these
results, xz was excluded from the subsequent discussion.
The estimated value of  was expressed as a function of
the linear combination of xz and x; :
T=agxg tagxs+b. - (4)

The optimal parameter found by the least squares method
using MS-Excel’s solver by placing 7, xz and x; in Table 1
to formula (1) was @z =0.987, a;= —0.674 and 5=0.060.
However, since a; became negative, the multiple regres-
sion analysis of 7 and xy, x; was performed. The P value
for xy in this analysis was 0.01, but the P value for x; was
0.3>0.05. This result indicates the confidence interval of
x; contains 0.

Next, to suppress the vivid correction for the camera,
the method of estimation was modified from the linear
combination regression to exponential curve regression.
Since this suppression correction is expressed by the in-
verse operation of gamma correction, so the corrected xy’
is expressed with the pixel value x; and the parameter
of gamma correction for R channel y; :

1
Xr )ne

IR =255<255

Using this corrected pixel value in R channel with the
regression parameters ci and dy, rewriting the regression
equation for 7 can be expressed as :

a) ~~ 60 0 1 (]
e OV _ Xg \0147
g0 | oo mesass ()7
= R2=0.936
5 20.0
g 00 R
50 70 90 110 130 150
b) Yo \oiee
0.066
5 600 T=127 x10* {255 (ﬁ) } o
S 400 R*=0.644
2 200
£ 00 xG
2 50 70 90 110 130 150

pixel values (8-bit digital number)

Fig. 11 Relationship of the y corrected xy and x; with z
a) R channel, b) G channel.

1
T=cr |255 (2“;’*5)“‘]+dk. -+(5)

Figure 11 shows the relationship for the y corrected pixel
values of x; and x; with 7. In the curve shown in Figure 11,
the determination coefficient R*=0.936 was maximized
when y;=0.147, ¢zx=17.65 and dz=0.0. The P value was
P<0.01 and RMSE=2.04 at this case.
placing cy, &z, yr and dy with cg, . 7¢ and d;; respectively

Similarly, by re-

in the curve shown in Figure 11 b), the determination
coefficient R*=0.936 was maximized when y;=0.066, c;=
1.27x10", d,=0.0, P<0.01 and RMSE =4381.

3.3 Relationship between turbidity 7 measurements
based on the turbidimeter and the dry weight
turbidity w of suspended solids

The turbidity 7 obtained with the turbidimeter was an

optically relative value determined from the polystyrene
standard. To quantitatively evaluate the inflow of various
suspended substances contained in river water, it must
be converted to the weight of the actually flowing sus-
pended solids. Figure 12 shows the relationship between
7 obtained with the turbidimeter and the dry weight
turbidity w of the suspended solids in sampled water
(shown in Table 1). The solid dotted line in this Figure
shows the linear regression formula :

w=2027-10.09 (R*=0.961, P=0.02<0.05)"-(6).

The 7 estimated from the drone using formula (5) was
converted to w of suspended solids using this formula (6).

3.4 Estimation of sedimentation rate of suspension

The number of particles of the sampled water in the
estuary of the Tokoro river counted with the microscope
is shown in Table 2. Assuming that the number of
particles N(D) follows a bi-modal normal distribution of
particle diameter D in the sampled water, this particle
distribution could be expressed as :
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160.0
140.0
120.0
100.0 w=2.021-10.09
80.0 R*=0.961
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turbidity T from turbidimeter (degrees)

dry weight w (mg L)

Fig. 12 Relationship between the turbidity 7 and
the dry weight turbidity w in the estuary
of Tokoro River.

1 7(D7/41)2> 1 <7 <D7u2)2>

«/271"0'18 ’ \/27T'0'2e ’ ’ (7)

where u, is the mode diameter of small particles, o), is

N(D)=

the standard deviation of small particles, u, is the mode
diameter of large particles, and o, is the standard devia-
tion of large particles. When formula (7) was matched to
the counted number of particles shown in Figure 13 by
the least squares method, this size distribution has two
peaks, the optimal parameters of 1, =5.0, g, = 1.3, 1, =150,
and 0,=5.1 were calculated. The bi-modal particle size
distribution curve of these parameters is shown by a
dotted line in Figure 13.

Figure 14 shows the change in the time dependent
turbidity of surface water sampled in the estuary of
Tokoro River on October 31, 2017, based on the method
presented in section 2.2. From the observation results of
particle distribution, a sedimentation velocity of two
particles expressing a decrease in r with time ¢ was
described as :

r=a: e’ +az e, (8)

where o, and f, are the decreasing parameters of large
particles and @, and p, are the decreasing parameters of
small particles. The optimum value of formula (8) using
the least squares method in relation to measured turbidity
was shown as &, =1640, f,= —6.90x 10", a,=24.09 and
B,=—116x10"" in Figure 14. The 7 calculated using
formula (8) did not decline to 0.0, requiring 750 h (31
days) to reach <0.1. If a,=0 was substituted, the 7 of
large particles only could be calculated, which required
70 h to reach <0.1.
5.0 um of small particles obtained the above results in the

Substituting the mode diameter

Stokes equationzg), where the average particle density
was 1.11gem ™.

The terminal sedimentation velocity of
small particles was 167x10 >cms ™' or 144X 10 *mday "
Similarly, the particle density of large particles was 1.13
gem * with the mode diameter of 150 um. The terminal
sedimentation velocity of large particles was 1.77x107*

cms tor 153x10 'mday L

Table 2 Number of particles of suspended solids in
the estuary of Tokoro River on October 31,
2017. D um is particle diameter and, 1V, is
the number present in 100 particles and 2V,
is the number of particles in 1.0L.

D um N, Ny
25405 10 1.05x10®
35405 32 335x10°
50 0.5 54 5.66x10°
8.7 £0.5 1 1.05x107
15.0 0.5 2 210x10

20.9 £0.5 1 1.05x10
1.E+09
oy ®  counted
2 T2 R R bi-modal size distribution
8 1LE+08 | @
] ;
£
<
o / e @
S i
5 1.E+07 L] AN
<) ! .
< ; .
=
=
1LE+06 ¢
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particle diameter (um)

Fig. 13 Bi-modal particle size distribution of the sus-
pended solids in the surface waters at the
estuary of Tokoro River on October 31, 2017.
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Fig. 14 Variation in the turbidity of the surface water

of the estuary of Tokoro River over time on
October 31, 2017. Solid line shows the approximate
curve of the relationship between lapsed time
and turbidity.

4. Discussion

In order to estimate turbidity 7 from aerial drone images,
the linear regression model and the exponential regression
model, which were calculated from each pixel value of xg,
x. and xp photographed with the drone, were provided
and compared. In the case of the linear regression model,
significant correlation was found between each x; and xg
with respect to 7 from the results of formula (1) and (2) in
Section 3.2, but x5 in formula (3) was not significant for z.
Thus, xz could not be used to estimate 7 in the linear
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regression model. The coefficient of determination be-
tween x; and 7 was 0.631, the coefficient of determination
between xp and 7 was 0474 ; That means the correlation
between xz and t was larger than the correlation be-
tween x; and = In addition, when x; and x; were linear
combined shown in formula (4), there was a problem that
the coefficient of the G channel became a negative value.
The result shows that 7 is difficult to express as the simple
linear combination model of x; and x;. Therefore, when
is expressed by the linear regression model, it is desirable
to express only by xz shown in formula (1). From Figure
10 B), it is obvious that xp is not significant for 7 even in
exponential regression. In the case of the exponential
regression model, significant correlation was found between
each x; and x; with respect to 7 from the results of for-
The RMSE when using xz was 2.04 and the
RMSE when using x; was 4.81, so there was a 24 times

mula (5).

difference in precision. For this reason, the two models
consisted of only xz. The RMSE of the linear regression
model was 14.69 and the RMSE of the exponential curve
model was 2.04, so the exponential curve model became
valid. Since the expanded uncertainty of this model was
2 RMSE =408, it is possible to estimate the environmental
standard of rivers of 25 degrees for highly concentrated
rivers. However, in order to detect turbidity of 2 degrees
that is not affected by the fishery, the expanded uncer-
tainty should be below 1.0, so the precision of this model
is not enough. In order to estimate the low turbidity range,
there should be an accumulation of observation data and
increased precision in the future. On the other hand, the
reason why a; the coefficient of x; became negative in
spite of the x; and 7 small correlation could be that the
multiple regression parameter a; may have been adjusted
to minimize RMSE.

solids such as soils reflect red light more strongly than
30)

In general, inorganic suspended
green light™, but Chlorophyll ¢ in phytoplankton has the
opposite spectral characteristics due to photosynthesis”.
Thus, in order to increase the precision of estimating z, it
is necessary to collect chlorophyll @ concentration data.
Finally, the example of applying the w estimation model
provided in formula (5) and (6) to drone observation over
and around the estuary of the Tokoro river was examined.
Table 3 shows pixel values in the white square area in
Figs 6 and 7 and the estimated w calculated with formula
(5) and (6) from the pixel value x;. Figure 15 a) shows
the distribution of w calculated by interpolation and
extrapolation with GMT®, a geographic information sys-
tem, from the drone imagery on October 24, 2017. The
difference in w between the inside and outside of the
tidal boundary line was large at all three locations of
Jonan Beach, the fishing village center and the east coast
of the fishing port. The w inside the boundary line indi-

Table 3 stimated w calculated with the formula (5) and
(6) from the x; from sample areas from Figures
6 and 7. the value of w remains including the
uncertainty RMSE (=2.04). The asterisk * rep-
resents when w was less than 2 RMSE. The
double asterisk ** represents when w was less
than RMSE. Black fills indicate w>25 and light
gray fills indicate w>2.

average pixel estimated dry

date location test site value x g weight turbidity w
El 127.6 64.8
estuary
E2 109.2 15.7
off the Jonan
beach J3 37.4 08"
e T
ill
off the village V2 1087 151
center =
V3 40.7 0.8
P2 49.5 0.8
E3 90.3 4.1
estuary
E4 94.7 55
off the Jonan J4 108.5 15.0
beach
2017/10/27 J5 109.9 16.5 _
off the village V4 80.2 22
center V5 71.4 14"
P4 113.9 22.4
east of the port
P5 109.1 15.6

cated higher than the river environmental standard of 25
degrees at all three locations of Jonan Beach, the fishing
village center and the east of the Tokoro fishing port. On
the other hand, w inside the tidal boundary line indicated
lower than 2 degrees of the coastal revetment standards
at all three locations. In this result, on October 24, there
were large differences in w between the high turbidity
The high turbidity area
exceeding 25 degrees covered 285% of the sea area 7.2
kmx45km (320km? from the river estuary. The w=
55.1 degrees in the northern tidal boundary of the high

water area and other areas.

turbidity area and w=45.1 degrees in the eastern tidal
boundary were slightly lower than w =64.8 degrees in the
vicinity of the estuary. However, w=111.1 degrees in the
western boundary was higher than the turbidity in the
vicinity of the estuary. Figure 15 b) shows the distribution
of the surface turbidity on October 27 calculated from the
drone image similar to a). Compared to October 24, the w
inside the tidal boundary line was lower than 25 degrees
in all three places. The difference of the w between the
outside and the inside of the tidal boundary line became
small in all places. However, the value of the w=16.5
degrees in the offshore of Jonan Beach and w =224 degrees
in the eastern offshore of Tokoro fishing port indicated
higher values than the value of the w =55 degrees in the
vicinity of the estuary. From these observation examples,
there were 2.8 times a clear difference between the average
surface turbidity 50.3 degrees in the high turbidity area
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on October 24 after passing the low pressure and the
surface turbidity 17.7 degrees after 3 days.

Since the time for large particles to settle from the
surface layer is 70 hours from the result from section 3.4,
the large particles supplied from the Tokoro River in
these three days are considered to have settled immedi-
ately from the surface layer. The sedimentation flux of
large particles was 1857 gm 2day ' on October 24, 2017
and 19.74 gm 2day ' October 31. Each flux was calculated
by multiplying w in Table 1 by the terminal sedimentation
velocity. The w on October 24 was converted from tur-
bidity and formula (6).

cases are almost twice as fast as the previously known
1

The sedimentation flux in these

the normal state sedimentation flux of 9.24 gm *day~

32 :
', However, the difference

offshore of Lagoon Notoro-ko
between the inside and outside of the tidal boundary line
was small on October 27. It is reported that the suspended
solids derived from rivers are mixed with seawater slowly

after diffusing to the surface once®™.

The small particles
could stay on the surface for more than 31 days, from the
result of section 34, so the small particles remaining on
the sea surface are considered to have mixed with sea-
water and diffused across the tidal boundary line. This
drone observation seems to have captured the diffusion
of the suspended solids before and after being mixed
with seawater in the surface layer.

The estuary of the Tokoro River faces the northeast
as shown in Figure 2 and the Soya Warm Current flows
toward the east on the north side of the estuary. Under
this condition, suspended solids should flow northeast.
However, the results shown in Table 3 indicated that the
turbidity on the west side was higher than the turbidity
of the vicinity of the estuary, the source of suspended
solids. There is a shore reef on the shallow sea floor just
east of the estuary, and the flow of the river is blocked
by this shore reef, once heading west, then heading to
north®.

solids flowing from the estuary stayed in the vicinity of

For this reason, it is considered that suspended

the western tidal boundary line. The cause of the higher
turbidity in the vicinity of the west boundary line than
the turbidity of the estuary cannot be identified, but there
may be factors other than the influence of suspended
solids from the estuary because of the nearness to the
inlet of the Lagoon Notoro-ko.

It is difficult to observe such as these two above
instantaneous phenomena with satellites and ship obser-
vation. In order to take advantage of the convenience of
drone observation for environmental monitoring of the
coastal area around this estuary in the future, real-time
calculation of the turbidity estimation model and
continuous shooting with movies will be necessary.
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Fig. 15 Surface distribution of w calculated using the
GMT from the drone imagery. a) On October

24, 2017. b) On October 31, 2017.
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