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The application of Acoustic Doppler Current Profiler (ADCP) can be used not only for measuring ocean currents, but also for
quantifying suspended sediment concentrations (SSC) from acoustic backscatter strength based on sonar principle. Suspended
sediment has long been recognized as the largest sources of sea contaminant and must be considered as one of the important
parameters in water quality of seawater. This research was to determine SSC from measured acoustic backscattered intensity of
static and mobile ADCP. In this study, vertically mounted 400 kHz and 750 kHz static ADCP were deployed in Lembeh Strait,
North Sulawesi. A mobile ADCP 307.2 kHz was also mounted on the boat and moved to the predefined cross-section, accordingly.
The linear regression analysis of echo intensity measured by ADCP and by direct measurement methods showed that ADCP is a
reliable method to measure SSC with correlation coeflicient (r) 0.92. Higher SSC was observed in low water compared to that in
high water and near port area compared to those in observed areas. All of this analysis showed that the combination of static and

mobile ADCP methods produces reasonably good spatial and temporal data of SSC.

1. Introduction

Measurement of suspended sediment concentration (SSC)
is important in the studies of sediment transport [1]. The
measurement can be done in various ways, for example,
by using conventional (laboratory analysis), optical, and
acoustic methods. Conventional methods using gravimetric
method in the laboratory have several disadvantages; for
instance, it requires numerous water samples at each point
and each depth of the observation station. Although this
method is the most accurate for determining SSC to date, it
still has limitation: it is unable to provide time series data and
spatial characteristic of SSC because it requires continuous
water sampling [2, 3]. Moreover, this method is also relatively

expensive and takes a long time of measurement process
and sampling at all observation site, as well as optical
method using laser in situ scattering and transmissometry
[4]. To overcome this problem, the application of underwater
acoustic technologies is used to quantify SSC, which can
provide continuous and large coverage in greater detail of SSC
data [5].

Utilization of acoustic instrument for determining SSC
can be conducted using Acoustic Doppler Current Profiler
(ADCP). This process uses extracted amplitudes from ADCP
as echo intensity (EI) and converts it to SSC through
calibration based on the sonar equation principle [6]. The
calibration process was done by comparing the EI value
to the laboratory-analyzed SSC at each layer of the water
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FIGURE 1: Research location in Lembeh Strait, North Sulawesi, Indonesia.

column using simple linear regression analysis. The slope
and intercept obtained from linear equations were then
used to convert EI values into SSC (mgL_l). There are
two acquisition methods of ADCP, static (upward-looking)
and mobile (downward-looking). Usually SSC is measured
statically using ADCP [7]. However, this method has a
disadvantage of not being able to see the spatial distribution of
SSCin a particular area. The combination of static and mobile
method will provide better and more detailed information of
temporal and spatial resolution data of SSC [8].

The purpose of this study was to acquire and quantify the
acoustic intensity of static and mobile ADCP to determine
suspended sediment concentrations. In this study, we used
three ADCP instruments with various frequencies in several
areas in Lembeh Strait. This study also compared the results
of suspended sediment concentrations obtained from ADCP
and from laboratory results, as well as comparing SSC results
from static and mobile ADCP methods. Specifically, the
objectives of the study focused on the calibration methods
of each ADCP instrument, the estimation of total suspended
solids concentration from backscatter in static and mobile
ADCP, and the comparison of the effect of tides on sus-
pended sediment concentrations in oceanography aspect.
This research is important because there has not been much
research done on strait area with the influence of dominant
tidal currents using the combination of static and mobile
ADCP methods.

2. Methods

2.1. Time and Location. The collection of water samples
and field data using ADCP instruments was conducted in
Lembeh Strait, North Sulawesi, Indonesia (Figure 1), in April
2016. Data processing and analysis were done at Laboratory
of Ocean Acoustic Data Computation and Sonar System,
Marine Acoustic and Instrumentation Division, Department
of Marine Science and Technology, Faculty of Fisheries and
Marine Sciences, Bogor Agricultural University, Indonesia.

Static ADCP instruments were placed in two differ-
ent locations: (A) shipping lane area (1°28'2.8800" LU-
125°14'6.3240" BT) and (B) dive site area (1°27'31.2240" LU-
125°14'2.1846" BT), while mobile ADCP instrument was
mounted on the boat and moved according to predefined
cross-section: (A) shipping lane area, (B) dive site area, and
(C) Port of Bitung area.

2.2. Tools and Materials. The tools and materials used in
this research were static ADCP Nortek WAV 6579 with
400 kHz frequency and SonTek Argonaut-XR with 750 kHz
frequency and mobile ADCP Teledyne RD Instruments
Workhorse Mariner 307.2 kHz frequency (Figure 2) equipped
with Differential Global Positioning System (D-GPS) C-Nav
and gyroscope motion sensors. Tides data were recorded
using Tidemaster Tide Gauge. For the laboratory analysis of
SSC, Whatman filter paper with 47 ym diameter and vacuum
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FIGURE 2: ADCP setup: static ADCP (a) Nortek, (b) SonTek, and (c) Mobile ADCP RD Instrument.

pump were used. Water sample was taken using van Dorn
Bottle Sampler. Horiba U-50 water quality checker was used
as tool to measure temperature, salinity, and pH.

2.3. Data Acquisition, Processing, and Analysis

2.3.1. Experiment Setup. Both static ADCP instruments were
deployed on the seabed in two different places (Figure 1)
from April 3, 2016, to April 23, 2016. Vertical profiling of
SSC was made using upward-looking SonTek ADCP which
was deployed at (A) shipping lane area, and Nortek ADCP
was deployed at (B) dive site area. These static ADCPs
were mounted 50 cm above the seabed with 1.5 m resolution,
maximum depth 15, and 30 m for ADCP SonTek and ADCP
Nortek, respectively, and were set to 20-minute recording
interval. Mobile ADCP was placed 0.65 m below the water
surface, with maximum detection depth 50 m and resolution
1m, and recorded at 1 s interval time. A previous research was
conducted using an optical method of LISST-SL measuring
device and was compared in stationary and moving mode to
evaluate suspended sediment concentration [9].

Water sampling was conducted to measure the SSC
concentration at several stations points along with the tidal
time. One liter of water sample was taken using a van
Dorn bottle; then it was stored in a clean polyethylene
bottle. The samples were preserved by being kept in cold
conditions in a closed place and hidden from sun. To compare
the results between laboratory-analyzed and ADCP-based
SSC, data were collected at the same depth and the same
time, and to compare the results between static and mobile
ADCEP, data from mobile ADCP were collected at coordinate
1'28'2.8800"'N-125°14'6.3240"'E (location of SonTek ADCP)
and at 1°27'31.2240"'N-125°14'2.1846"'E (location of Nortek
ADCP) at a particular water sampling time. All of the
experiment setup is shown in Figure 3.

2.4. Data Analysis

2.4.1. Correction of Transmission Losses. Several corrections
were necessary for converting raw data recorded by ADCP
to SSC, for example, changes in transmission power due
to distance, sound absorption by particles and chemical
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FIGURE 3: Research framework of data acquisition and processing for measuring suspended sediment concentration.

compounds in water column like magnesium sulphate and
boric acid, and acoustic energy at near field. In the process
of sound wave propagation, attenuation and geometrical
spreading were primary factors needed to be removed due
to suspended sediment or particles in the water column [10].
The problem was corrected by calculating the transmission
loss (TL):

TL = 20log;,R + aR, 1)

where « is absorption coefficient (dBm™) and R is the
range between ADCP transducer and the measured layer of
bin (m). ADCP instrument can differentiate and measure
concentration of suspended sediment at different depths

(bin). The measurement on this research was performed
on each bin. TL values depended on frequency and SSC
because of the ADCP frequency used and SSC encountered
in this research. For frequency above 100 kHz, the movement
of suspended sediment by sound generated from ADCP
produced viscous drag which caused transmission energy
loss. The distance between ADCP transducer and the bin was
measured in R for each depth:

0.5L
R = r+ Xxmit . (2)

cosf

From (2), r value is the distance between transducer
and the center of bin or half of the bin size, L, is the
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transmission length of acoustic pulse, and 0 is the angle
of transducer. Absorption coefficient is highly dependent
on temperature, salinity, pH, and the presence of materials
that can absorb sound waves. In addition, the absorption
coefficient factor is also determined by the frequency of
ADCEP [11]. Absorption coefficient was calculated using the
following formula:

fif?

o = 0.106—21L ((PH-8)/0.56

fi+f?

+0.52<1+%><%> f;zf;e—p/g (3)

+0.00049 2~ T/27+P/17)

where f is the frequency used in ADCP (kHz), T is the
average measured temperature in water column (°C), D is
the maximum depth (m), pH is the average pH, and S is the
average salinity in seawater (psu). The frequency of ADCP
used in the research was the most important term because
absorption coefficient depended on the frequency of acoustic
instruments. Since the distribution and difference of pH in
seawater were not much different, the pH value was not very
important in this equation. Based on (3), f; and f, values
indicate absorption by specific chemicals which were boric
acid and magnesium sulphate, respectively, and are calculated
as
f,=0.78 S gt
(4)

1, = 4267"/17’

where T is the temperature in water column ("C) and S is
the salinity in seawater (psu). Both f; and f, depend on
temperature, but only f,, the boric acid frequency, depends
on the salinity.

2.4.2. Echo Intensity to dB Conversion. ADCP instruments
received acoustic signal as echo intensity (count). E, symbol
belongs to the noise in counts. The measured echo level values
on transducer (RL) were calculated by reducing the echo
intensity on each depth in count unit (E) with constant of
measured RSSI amplitude seen by the ADCP in the absence
of the noise in counts unit (E,), and then the results were
multiplied to echo intensity scale (K,). The echo intensity
(E) values must be much greater than the noise (E,) since E,
may be affected by environmental noise (E > E,). E, value
used in this research could be found by analyzing the signal
received in each transducer [11] which was 40 counts. Echo
level calculation was determined as

RL=K, (E-E,). ©)

In RL value based on (5), K, value depends on tempera-
ture variation but is relatively constant in each depth of each
site. K, values were calculated by

127.3

T T 273 ©

where K_ is a factor used to convert the amplitude counts
reported by the ADCP’s receiver circuit to decibels (dB per
RSSI count), numerical value of 127.3 is the mean value of
RSSI measurement from ADCP manufacturers, and T, is the
temperature of the ADCP electronics (°C) and add 273 to
convert from degrees Celsius ("C) to Kelvin (K). Relative
acoustic backscatter (RB) could be determined by adding (5)
to (1). Since ADCP principle is active sonar, the transmission
losses (2TL) were used in this formula. The RB values were
calculated as follows:

RB = RL + 2TL. ?)

The conversion process from echo intensity in counts to

dB was simplified by
Egp = K. (Ecount — E,) + 4010g, R + 2aR. )

Equation (8) shows that E;5 depends on the TL. Based
on the empirical formula, 1 count of static ADCP Nortek
400kHz is equivalent to 0.45dB, and 1 count of SonTek
750kHz is equivalent to 0.72dB. In mobile ADCP RDI
3072kHz, 1 count is equivalent to 0.43dB [12-14]. This
variation of conversion process depends on the instrument
frequency.

The distance between the transducer and the first bin
should be longer than the near field zone or in the far-field.
The factor that can distinguish the far-field from near field is
the critical range and written as follows [1]:

nR
Rcr = TO) (9)
where R, represents the distance of Rayleigh area (m) which
depends on the frequency used [12]. The near field area was
determined by the calculation of the correction factor (y)
based on the equation [15] as follows:

B [1+1352 + (252)*?]
- 1352+ 252)%]

v (10)

The contrast between R, and R, was symbolized as Z.

2.4.3. Conversion to Suspended Sediments Concentration
(SSC). Data retrieval using ADCP over a given time span
resulted in variation of relative acoustic backscatter (RB)
values along with the movement of suspended particles and
the amount of suspended sediment. The variation of echo
intensity in dB (E,p) value in water column can be attributed
to the amount of suspended sediment concentration (SSC)
in mg L. This relationship is based on the following sonar
equation:

SSC = 104 BEw) (1)

The values of A and B were obtained from simple linear
regression of laboratory-analyzed SSC. The SSC estimation
was conducted on suspended sediment samples obtained
through in situ measurement using ADCP and through
gravimetric analysis. The depth for water sampling had to be



at the same level as the bin depth observed by ADCP [16]. The
comparison between laboratory-analyzed and ADCP-based
SSC was then tested using the analysis of independent sample
t-test with 95% confidence interval.

2.4.4. Laboratory Analysis of SSC. Water samples were taken
from 30 different depths, starting from 1 until 30 m with
1 m interval by using van Dorn bottle. The amount of water
sample was 1liter and then stored in polyethylene bottles. The
bottles were later put in a cooling box packed with ice cube
(<4°C) before being analyzed in the laboratory. This process
was repeated 5 times in different water tidal conditions (from
high water tide, ebb tide, and then low water tide). Filter
paper with pore diameter 47 um was used to filter 200 mL
of water (C). Before the filtration process, the filter paper
was dried at the temperature of 103-105°C for 1 hour, and
then the paper was cooled in a desiccator and weighed (B).
After water filtration process, the filter paper plus residue
was dried again for at least one hour at 103-105°C, cooled
in the desiccator, and weighed (A). Direct SSC measurement
(mg L™!) was calculated by [17]

_ (A-B)x 1000

$SC(mgL™") C

(12)

2.4.5. Comparison between Static and Mobile Method. In
evaluating SSC measurement using ADCP, it is important
to understand the comparison between the results of static
and mobile method. Since frequency is the distinguishing
factor between these two methods, verification process was
required to evaluate the SSC results. The comparison areas
were located at A (shipping lane area) and B (dive site area)
because at those stations, the data acquisition was performed
using both static and mobile ADCP. This process was done
by taking the same time and coordinate of ensemble data
from static and mobile ADCP. All mobile ADCP data were
acquired at location A on April 10, 2016, and at location B on
April 11, 2016. This mobile ADCP data was corrected from
tidal condition and plotted using MATLAB.

3. Results and Discussion

During the field observation in static ADCP area, it was found
that the seabed substrate consisted of mud and fine sand.
Lembeh Strait had strong water currents, likely caused by
tidal and bathymetry morphology. In Figure 4, it can be seen
that the water condition near the bottom was categorized as
turbid with visibility ranging from 5 to 10 m. Based on several
factors that have been described, the transmission losses cor-
rection factors (absorption and distance) became important
because they were related to sound signal propagation. The
factors affecting sound propagation recorded by ADCP were
distance, medium, and coefficient of attenuation [18, 19].

3.1. Echo Intensity Conversion. Acoustic signal attenuation by
suspended sediment («,) was divided into three factors: due
to medium viscosity, scattering component, and diffraction
caused by the loss of energy [20]. By substituting the study
area environmental condition (temperature (T) = 28.55°C,
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FIGURE 4: Conditions near the bottom in the deployed static ADCP
area.

salinity (S) = 33.23 psu, and pH = 8.13) into (3), absorption
coefficients () were determined as 0.0533 dBm™ on ADCP
Nortek 400 kHz, 0.1676 dBm ™' on ADCP SonTek 750 kHz,
and 0.0361dB m™" on ADCP RDI 307.2kHz. The average
sound speed of the ADCP device was 1538.98ms ' and
has 20° beam angle on ADCP Nortek and RDI and 25°
on ADCP SonTek. Each tool had different scale factors.
The value of 1 count echo intensity was equivalent to
0.72dB count ™' on SonTek ADCP instrument; 0.4 dB count ™"
on the Nortek ADCP instrument; and 0.43 dB count™" on the
RD Instrument. The results of echo intensity correction to the
transmission losses were then converted into dB units with
the result of the time series shown in Figure 5.

The backscattered values of Figure 5 indicate that the
water column could be divided into three layers according
to the backscattering strength: near surface, water column,
and above bed. Backscattering from near the bottom was
greater than that from the near surface and water column
area. The color differences displayed on the echogram were
the representation of the relative acoustic backscatter. Based
on previous research [21], if the relative acoustic backscatter
value had a high value then it was indicated that the
observation area had high concentration of suspended sed-
iment. There were various relative acoustic backscatter values
obtained from each ADCP instrument. The relative acoustic
backscatter values obtained from ADCP Nortek, SonTek, and
RDI ranged between 53-89 dB, 60-95 dB, and 58-85dB on
the near surface; 68-107 dB, 75-110 dB, and 85-98 dB in the
water column; and 82-134 dB, 100-138 dB, and 85-100 dB
near the bottom of the water, respectively. The highest value
was found at the depth of 25 to 30 m. The cause of acoustic
backscatter differences in Figure 5 was the presence of sus-
pended sediments in the water column. The characteristic of
acoustic backscatter might reflect those of the concentration
of scatterers in water column such as suspended sediment.
Stronger acoustic backscatter values were due to an indication
of higher suspended sediment concentrations in the detected
region and vice versa. In addition, the following observation
depended on the ADCP’s frequency used in the acquisition
process. Despite this, the high acoustic backscatter near the
bottom of water was indicated by the resuspension of fine
fraction of suspended sediment which resulted in negligible
variation of the backscattering strength.
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TaBLE 1: Comparison of the results of simple linear regression analysis for three ADCP instruments used in the study. Each calibration process
involved 50 data pairs at different tidal conditions in 8 hours during the ebb, flood, high water, and low water of tides.

Method ADCP instrument n Slope Intercept r
Static Nortek 400 kHz 50 0.0392 1.4021 0.9457
SonTek 750 kHz 50 0.0435 1.4639 0.9346
Mobile RDI Workhorse 307.2 kHz 50 0.0202 1.6121 0.9226
Time series data of relative backscatter (dB) Time series data of relative backscatter (dB)
from 400 kHz ADCP (dB) from 750 kHz ADCP (dB)
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FIGURE 5: Conversion of echo intensity to relative acoustic backscatter from (a) Nortek, (b) SonTek, and (c) one of the sites near the Port of

Bitung using RDI ADCP Instruments.

3.2. Calibration. Measured ADCP backscattered data were
converted to SSC data using the laboratory data as calibra-
tion and linear regression analysis. SSC data attained from
laboratory analysis were then compared to relative acoustic
backscatter from ADCP at the same measurement depth.
Simple linear regression was used for this analysis. Water
sampling was conducted over the ebb, flood, high water,
and low water of tidal condition at every one hour during
observation. This calibration process was used to determine
slope and intercept data, given at Table 1. Figure 6 illustrates
a rather high correlation between acoustic backscatter and
laboratory-analyzed SSC with all correlation coefficient > 0.9
with each calibration process involving 50 data pairs.

The calibration results show that the relative acoustic
backscatter values of ADCP were positively correlated to the

laboratory-analyzed suspended sediment concentration. The
slope and intercept values were later used to estimate the
time series and spatial distribution of suspended sediment
concentration. The relative acoustic backscatter values of
each bin at all ensembles were then multiplied by the slope
and intercept obtained from (9) and the concentration of
suspended sediment was figured [22].

3.3. Results of Estimated Suspended Sediment Concentration

3.3.1. Static ADCP. InFigure 7, itis shown that the concentra-
tion of suspended sediment near the seabed was higher than
those near the surface and water column. At the dive site area
(Figure 7(a)), the highest fluctuation was found at the depth
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FIGURE 6: Calibration of ADCP relative acoustic backscatter data using the laboratory-analyzed SSC. Each sample was collected in every one

hour at different tidal conditions.

between 25 and 30 m. The lowest concentration of suspended
sediment in the observed area shown in the echogram was
45mgL™" and the highest value was 95mgL™". The SSC
were different among the locations and likely depended on
location. The SSC at shipping lane area was markedly higher
(Figure 7(b)) than those at the other locations and the highest
concentration was found at 12-16 m.

The suspended sediment material at the water column
was composed by substrate material from the seabed, plank-
ton (especially zooplankton), and other floating microor-
ganisms and particles in the water column. Based on the
observation, substrate conditions on the seabed at both
locations were almost similar, composed by sandy mud and
very fine sand [23]. Resuspension of sediment that primarily
contributed to the SSC near bottom was possibly due to
advection of bottom water. The movement of suspended
material was also influenced by the tidal currents.

This area had an average tidal range of 1.2m and the
tidal pattern was mixed semidiurnal. There were correlations
between SSC differences with that tidal condition at high

water, low water, ebb tides, and flood tides. The comparison
between ebb and flood tides in SSC measurement shows that
the concentration varied. It was indicated that the SSC values
were lower during flood tide, but the SSC values were higher
during ebb tides. For more details, the data in Figure 7 was
magnified by only three days’ observation time to prove that
the SSC was affected by tidal current (Figure 8).

The effect of tidal current to the SSC values was also
confirmed by tide phenomenon that occurred periodically.
The indication was the tidal caused water mass movement
through tidal currents, carrying suspended particles that
affected the amount of suspended sediment concentration.
During the low water, the SSC values were significantly
higher because high amount of suspended sediment was
alternatingly eroded, resuspended, and deposited. If the size
of sediment was small (e.g., in sandy mud or very fine sand
form), the suspended sediment would have higher concentra-
tion [23, 24]. This tidal current affected suspended sediment
concentration as an energy source, causing transport of
particles.



Advances in Acoustics and Vibration

Time series data of SSC (mg L™ Time series data of SSC (mg L

-1 -1
from 400 kHz ADCP (mgL™) from 750 kHz ADCP (mgL™)
100 100
E EC
g 0 £ 90
) 9 " "\ VY / i 4 W A AN A
a AR Ay - a Y Mml 1 n-f ATAY
T RN 1R 30 15 | \k i ‘r‘ I H}I‘H Hf\ | A ﬁilu. .&’ b i 80
<t O o] (=) (o] <t o o0 (=) N <t =) <] (=) o o 0 (=] o
e £ ¢ £ Z £ Z Z g g e £ 2 Z -4 : g £ g g
<t < < oy < <t <t < < oy < <t <t < < oy < <t <t <
Time Time
—~ 1 : : : : : ~ 1 : : : : :
E o 60
5 5
5 50 & 50
3 o]
& g
= 40 =05 - i : i 40
o D~ f=] o o (=)} N
(=] (=] — — — — N
g 4 4 g g & g
2 2 2 2 2 2 2
2016
(b)

FIGURE 7: Time series of suspended sediment concentration from static ADCP at (a) dive site area and (b) shipping lane area after acoustic data

processing with tidal water level (m) comparison. From this data, it is shown that the upper layer of the water column has lower concentration
compared to bottom layer.

(mgL™)
100
90
E 80
g
a |
Wi 70
60
50
40
Time
0.4" R - 1 - T o L o T
E o2l Ebbtide Floodtide . . o~
)
B oLt/ . N \l .......................
E 0.2 : . :
& —02fF - T Co NS i
3 .
-0.4

L 1
(=3 [}
=3 (=}
(=3 N
S —
o [
(=} [=}
= —
(=% (=%
<< <

Apr 05, 12:00 -
Apr 06, 00:00 |-- - -
Apr 06, 12:00 |- - -

F1GURE 8: The influence of tides on suspended sediment concentration.



10

Ebb tide

Advances in Acoustics and Vibration

Higher low water Flood tide

125°'110"E
125°12'0"E

125°13°0"E
125°14°0"E
125°15'0"E

m)

Depth (i

1°29'0"N

- A Ensemble number
17280°N

s
P Al

A
b

Bitung city

m)

1°27'0"N

@

Depth (

s =2 3
g & g

1°26'0"N - =] ]

T Ensemble number
v

ooe? & Flood tide

1€

= 2
8 2
I} @

Ensemble number Ensemble number Ensemble number

Flood tide High

<
3

% 2 60

Ensemble number 'mble nur e number

Higher high water EbD tide Higher low water
™ T

1°25'0"N

Depth (m)

2
&

Ensemble number

3

Depth (m)
.

40

3
2

5100

5

5250

5300

9700
5

.-
s =

9850

z g =

Ensemble number Ensemble number Ensemble number  x10*

FIGURE 9: Spatial distribution of suspended sediment concentration using the mobile ADCP in three observation areas of Lembeh Strait

during four different tidal conditions.

3.3.2. Mobile ADCP. For the mobile method analysis, the
averaged data of the surveyed cross-section at different loca-
tion and tidal time were chosen. The research has previously
been performed with various detailed echo intensity at each
depth. Field investigations were performed during both high
and low tides and also flood and ebb tide cycles in all
area. Spatial distributions of average suspended sediment
concentration are shown in Figure 9.

Over the cross-section area, the deepest point was around
40 m. Suspended sediment concentration values along Lem-
beh Strait using mobile method ranged from 45 to 80 mg L ™"
The range increased during low tide, which was increased by
10 to 15mgL™" in all locations. Comparing all of the sites,
spatially, the near port area had the highest concentration of
suspended sediment. The reason for the higher SSC values
obtained at near port during this research was likely because
there was sediment input through inlet from Port of Bitung.
Port activities such as dredging and disposal to the water
column increased SSC [25]. At the locations of shipping lines
and dive site area, the limited supply of suspended sediment
from mainland or rivers led to lower concentration when
compared to areas near the port.

An important aspect of tidal condition in Lembeh Strait
was that the current usually flowed from the southwest to
northeast during ebb tide to low water and vice versa during
flood tide to high water. During high tide, the volume of
water in Lembeh Strait increased and thus reduced the con-
centration of suspended sediment. The fluctuation patterns
of suspended sediment concentration at all locations were
relatively similar. Based on Figure 9, during the ebb tide to
low water tide, the concentration of suspended sediment was
higher, otherwise during the flood tide to high water tide, the
concentration of suspended sediment was lower.

Based on static and mobile ADCP measurements, it was
proved that suspended sediment variation along Lembeh
Strait was affected by tidal condition. Suspended sediment
concentration was affected by the types and characteristics

of suspended sediment, morphology of bathymetry, seabed
sediment, frequency of ADCP instrument, and factors of tidal
condition.

3.3.3. Comparison between ADCP-Based SSC and Laboratory-
Based SSC. In evaluating the estimation results of the sus-
pended sediment concentration, the correlation between
the measurement results of ADCP to the measurement
in the laboratory was required to be identified. Accuracy
and precision were considerable factors in the utilization of
ADCP for the quantification of suspended sediment, and
errors were still found in the calculations [4]; for example,
on Figure 10, it shows the distribution of suspended sediment
concentration derived from ADCP acoustic intensity and
direct measurement. By comparing the 1:1line to the best fit
linear regression line, the ADCP-based SSC estimates were
slightly lower than the estimates based on direct measure-
ment. Results of the acoustic method show a good qualitative
agreement with statistical relationships between the SSC and
direct SSC measurement method with coefficient correlation
(r) > 0.8.

The result of the measurement shows that the estimated
concentration of suspended sediment was slightly lower than
actual measurement through laboratory analysis which was
caused by several factors; for example, there were differences
of particle size distribution at various depths as well as
differences in sampling intervals. Limitation of ADCP in
observing different grain sizes of suspended sediment has
been described previously by researcher (e.g., [5]). The ADCP
instrument was unable to distinguish between large particle
sizes and small particle sizes that accumulate in particular
volume in this research, so the measurement using ADCP
will be slightly lower in estimating the suspended sediment
concentration [26]. However, in other studies different results
were found, that is, overestimation in the estuary because of
relatively large events on net suspended sediment flux [27].
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measurements.

3.3.4. Comparison between Static ADCP and Mobile ADCP.
Based on the SSC measurement using static and mobile
ADCP, it was known that statistically the results obtained
from ADCP were not significantly different when compared
to laboratory measurements. However, a validation of the
results from ADCP was required by comparing these two
methods. During data processing, the mobile and static
ADCP coordinates were equated to obtain the same data at
one point of the observation area. Factors of data retrieval
also needed to be considered. The data in Figure 11 were
obtained from the results of ensemble number selection
on mobile ADCP RDI Workhorse 307.2 kHz which had the
same coordinates as the static ADCP SonTek. A total of 44
ensembles were selected based on the location of the same
coordinate points. Intensity data on April 10, 2016, at 10:15
to 14:05 were selected; then the data were transformed into
suspended sediment concentration. Figure 11 consists of the
time series data of suspended sediment concentration of the

static ADCP SonTek on April 10, 2016, for 24 hours and
partially collected data from 10:00 to 14:10.

In Figure 11, it is indicated that the SSC results from the
two methods had similar characteristic near the bottom of
the water with the depth of 12-15 m. The suspended sediment
concentration was higher than those of other depths, ranging
from 75to 83 mg L. This strengthens the evidence that in the
observation area there was stirring of the bottom sediment
so at that depth the concentration was higher. At 2-10m
of depth, the suspended sediment concentration obtained
from static ADCP SonTek was slightly higher than that of
mobile ADCP. The results obtained from the static ADCP had
blue and green colors in echogram and had concentrations
ranging from 53 to 58 mg L™ while the results of the mobile
ADCP had darker blue color with the concentration ranging
50-55mg L. This was due to the higher frequency of static
ADCP (750 kHz), making it more sensitive to detect smaller
particles when compared to mobile ADCP (307.2kHz).
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Because of its high sensitivity, the static ADCP was able to
quantify smaller sediments, thereby affecting the intensity
of the echo reversing back into the transducer to be higher.
The suspended sediment concentration in Figure 11 was then
extracted and plotted to analyze the error between static and
mobile ADCP methods.

Based on the results of the analysis in Figure 12, the high-
est suspended sediment concentration indicated by reddish-
yellow color was found in the 25-30 m depth range with the
concentration of 70-80 mgL™" (Figure 13). This result also
proves that there was a suspended sediment stirring process
in this area as well. At the depth of 2 to 23 m, the concentra-
tion of suspended sediments tended to be the same. This was

because the frequencies used in the static and mobile ADCP
were not much different (400 and 307.2kHz). The result of
data processing of suspended sediment concentration was
then extracted and plotted using MATLAB.

In determining the suitable data retrieval method using
ADCP for monitoring suspended sediment concentration
in a region, things to consider were data factors provided
by ADCP. If the time series data was to be obtained, then
static ADCP method had to be selected. However, if the
distribution of sediment concentration available in an area
was required, the mobile ADCP method could be used [28].
From the results of the study (Figures 11 and 13) it can be
seen that both data retrieval methods using ADCP were
equally good. The comparison of results obtained from static
and mobile methods shows a close relationship with the
correlation coefficient, with (r) 0.95. What was needed to
be considered, however, was the frequency of the ADCP
tool used for the detection and quantification of suspended
sediment.

The plot result involved 340 data items with slope and
intercept values of 0.9488 and 2.1558. The resulting cor-
relation coeflicient () had a value of 0.9545 (Figure 14),
greater than the comparison between static ADCP SonTek
and mobile ADCP RDI. This might be due to frequencies that
did not vary much in the static ADCP Nortek (400 kHz) and
the mobile ADCP RDI (307.2 kHz), unlike SonTek which had
a frequency of 750 kHz compared to RDI's 307.2 kHz. From
this finding, it can also be indicated that the results obtained
from the static ADCP and the mobile ADCP measurements
had a close relationship.

4. Conclusion

The intensity echo value (EI) obtained from the ADCP
instrument could be converted to suspended sediment con-
centration based on sonar equations. The results showed
that suspended sediment concentration in the Bitung Port
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area was the highest, which was caused by input from the
mainland. The highest suspended sediment concentrations
in all locations were located near the bottom especially in
areas that had a central slope at the bottom of the strait.
The combination of static and mobile ADCP methods for
quantification of suspended sediments in Lembeh Strait
waters provided good data and could be used as a tool in
monitoring sediment transport. Tidal and low tide factors
influenced the concentration of suspended sediment.
Further research is needed on the acoustic response of
static and mobile ADCP based on the particle size and
suspended sediment in the water column. This needs to

be performed in order to determine the concentration of
suspended sediment of each size and type.
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