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ABSTRACT

Tidung Island, located near Jakarta Bay, is a tourism and conservation area. It is necessary
to keep these seawaters unpolluted. To calculate the level of pollution, it is necessary to
know the sediment concentration. Quantifying concentration suspended sediment is
important for knowledge of sediment transport. Researchers usually use water sample
analysis and optical method for quantifying suspended sediment in seawater. Less
accuracies of these methods are due to under sample of seawater and the existence
of biological fouling. One promising method to measure concentration of suspended
sediment is using Acoustic Doppler Current Profiler (ADCP). ADCP is usually used
by oceanographer and hydrographer to measure ocean current. In this research, ADCP
with 300 kHz operating frequency was used effectively to measure suspended sediment
concentration (SSC) and ocean current simultaneously. The echo intensity received
from suspended sediment was computed using sonar equations to quantify SSC.
The empirical equation between echo intensity and SSC was found. The SSC value
obtained by ADCP was also compared with in situ measurement. The result showed that

quantified SSC value obtained by ADCP

was nearly equal with SSC obtained

from in situ measurement with coefficient
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was correlated with ocean current condition. In small currents, suspended solids will
settle faster so that the concentration in the water column will decrease. Conversely, if the
velocity is high, suspended solids will continue to float carried by the current in the water
column so that the concentration is high.

Keywords: Acoustic Doppler Current Profiler, suspended sediment concentration, Tidung Island

INTRODUCTION

Improvement of sediment transport monitoring is a crucial for coastal management.
Knowledge of sediment concentration provides a better understanding of marine
environment. Degradation of marine fisheries resources can damage coastal ecosystems
such as fish, coral reefs, and another marine biota. Therefore, the study to quantify sediment
concentration is vital to detecting and monitoring sediment in the ocean. The decrease of
photosynthesis is caused by the high concentration of suspended sediment.

Suspended sediment is one of marine pollution indicator that is very important in the
aquatic environment. In coral reef ecosystems in coastal areas, the life of underwater biota
is strongly influenced by the concentration of suspended sediments. But until now, the
measurement of suspended sediment concentrations is still constrained by conventional
methods, which cannot be measured continuously. The Acoustic Doppler Current Profiler
(ADCP) device, which was originally designed to measure the profile of ocean current speed
and direction, can be used to measure suspended sediment concentrations simultaneously
by converting echo intensity from sediment using Sonar equation.

Determination of suspended sediment concentrations is of fundamental importance in
studying sediment transport (American Public Health Association, 2012). Measurement of
suspended sediment concentration can be conducted in two ways, namely by gravimetry and
acoustic methods. The conventional method using the gravimetric method in the laboratory
has several disadvantages, namely requiring many water samples at each point and depth of
the observation station, therefore it is not possible to gather time series data. Other reason
is this method takes time to conduct and thus needs more budget (Medwin & Clay, 1997;
Ainsle & McColm, 1998; Deines, 1999; Downing, 1996; Poerbandono & Mayerle, 2004;
Ghaffari et al., 2011; Poerbandono & Suprijo, 2013). Therefore, ADCP instruments are
used as an alternative since it can produce continuous suspended sediment concentration,
(SSC) data with a long-time scale and broad distribution (Manik et al., 2020).

State of the Art

The current study demonstrates the application of sonar equation to quantify echo intensity
of ADCP instrument and measure the suspended sediment concentration in Tidung Island
seawaters, Indonesia. ADCP is usually to measure ocean current, however in this research
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measurement of suspended sediment concentration and ocean current was simultaneously
conducted.

The hydroacoustic technology utilizes sound waves for various purposes of underwater
detection. The ADCP device is able to detect and quantify underwater objects accurately by
emitting sound to the target then the target reflects back sound waves until they are received
by acoustic devices (Holdaway et al., 1999; Gartner & Cheng, 2001; Gruber et al., 2016).
Through acoustic signals obtained, the determination of spatial and temporal suspended
sediment concentrations can be better obtained when compared to conventional methods.

This research is significant to monitor the condition of marine waters in the ecosystem
of Jakarta Bay from the threat of suspended sediment pollution. The objective was to
quantify real time and accurate of the acoustic intensity obtained from ADCP instrument
to be used in determining the suspended sediments concentration (SSC).

METHODS

The procedure for collecting field data included data collection using ADCP and water
sampling. Data processing carried out the conversion of data in the form of echo intensity
from ADCP to the concentration of suspended sediments. In laboratory measurements,
gravimetric analysis was compared to acoustic method for suspended sediment
concentrations measurements. The value of suspended sediment concentration obtained
from the results of analysis in the laboratory was in absolute value, so the level of confidence
was very high.

Figure 1 shows data acquisition using one ADCP moves with downward-looking sound
waves. Data acquisition was done with two lines that represent the characteristics of the
waters of Tidung Island. Determination of the data collection transect line is based on the
location in the field, namely the water near the port and in a location far from the port.

Gyro
Compass

Differential

Figure 1. The method of data acquisition using the ADCP in a downward-looking method
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Water sampling was carried out during the high tide and low tide period with the aim of
comparing the measurement results from the ADCP.

The ADCP instrument was installed at 0.65 meters below the sea surface, the maximum
depth of detection was 50 meters, and the thickness of the bin and hose data was 1 meter and
1 second. ADCP are designed for motion is relatively slow and unaffected by ocean waves.
A flux-gate compass and inclinometers can measure pitch, roll, and heading effectively.

Echo intensity was derived from ADCP calibrated with the laboratory measurement and
analyzed using a linear regression. The results of the analysis produce slope and intercept
values could be used in the process of converting echo intensity (EI) values to SSC using
Valeport Datalog X2 software to produce spreadsheets, then plotted in MATLAB.

In this research we also used a sensor to measure turbidity value of seawater and
correlated it with SSC value.

Sonar Equation for ADCP

ADCP instrument transmits the acoustic signal into water column and hits the underwater
object such as suspended sediment (Simmonds & MacLennan, 2005). The acoustic signal
from suspended sediment was backscattered to the ADCP transducer. The value of acoustic
backscatter was processed to quantify suspended sediment using Sonar Equation. The
foundational sonar equation between SSC and the relative backscatter (RB) can be expressed
as in decibel (dB) (Equation 1) (Gartner, 2004):

SSC = 10(A+BRB) or 10 log (SSC)=A + B. (RB) (1)

where 4 and B are empirical parameters derived from known SSC and RB data pairs.
The relative backscatter is the measured acoustic backscatter corrected for transmission
losses in units of dB. Acoustic waves in the water will experience sound propagation in the
form of geometric attenuation and shrinkage due to the presence of suspended sediments
in the water column.
Relating RB and SSC can be expressed as Equation 2:

RB=RL+2TL )

where RL is the reverberation level and 2.7L is the two way transmission loss. The RL is
given as Equation 3:

RL=SL-2TL+TS 3)
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where SL is source level and 7S is target strength of suspended sediment. Here 7S depends
on acoustic frequency, particle size and shape, and rigidity. ADCP instrument measures
the RL using Equation 4:

RL=K.(EI-E) 4)

where K, is the received signal strength indicator scale factor, £/ is the echo strength
(counts), E, is the reference level for echo intensity (counts). K. can be estimated using
Equation 5:

1273 5
€ T+273 5)

where T is the real time temperature of the amplification circuits in °C. Measuring
Transmission Loss (7L) depends on spherical spreading of the beam and absorption of
sound, and is given by Equation 6:

TL=10Y log(R)+aR (6)

where W is a near field correction factor, R is the slant range from transducer head to
measured bin (m), o is absorption coefficient of sea water and attenuation from suspended
sediment. (Francois & Garrison, 1982a; Francois & Garrison, 1982b; Sassi et al., 2012).
The correction factor for near field spreading loss is (Equation 7):

_1+135Z+(252)%2
= 1352+ (25277 )

where Z =R / Riyes and R,iicr = m a°/ A. , a is the radius of transducer (cm) and A is
acoustic wavelength. Sound absorption in sea water is calculated by Equation 8:

3.38.1076.f2
a, = 8.687 —— (8)

fr

where f1s operating frequency (Hz) of ADCP and f;, the relaxation frequency (Hz) depends
on sea water temperature (T) as in Equation 9:

1520
f = 21,9 x 10¢7273+7 9)
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The attenuation due to absorption of sediment («,) is calculated in this research by
Equation 10:

@ === (W) (10)

where W is water corrected backscatter.
Final equation of SSC is expressed by Equation 11:

SSC = 10A+B (Kc(EI-Ey)+2(10log(R)+ aR)) (11)

where echo intensity (EI), slant range (R) and reference level (£,) can be measured with
ADCP, while K, and a are estimated.

The data used are scattered backwater water intensity data from four beams of ADCP
type RDI Workhouse 307.2 kHz on lines 1 and 2 on the waters around Tidung Island
showed in Figure 2. Line 1 is in the north of Tidung Island while line 2 is in the South of
Tidung Island.

For gravimetric method, one liter of seawater was sampled and analyzed in the
laboratory. A 500 ml of sub water sample was used and then processed with vacuum-filtered
with a 1.5 pm particle retention. The filters were dried for 24 hours at 100 °C, reweighed
to measure in situ concentration of suspended sediment.

106°29'0"E 106°30'0°E 106"3‘1'0"E 106"?‘:2‘0"E
- r

106°29'0"E 106°30'0"E 106°31'0°E 106732'0"E

Figure 2. Analyzed track location (— Lines 1 and 2 are for collecting ADCP data). Sea water depth ranged
from 5 to 60 m
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RESULTS AND DISCUSSIONS

Figures 3 and 4 show the linear relationship between the scattering value of each beam with
other beams. Figures 3 and 4 illustrate the echo intensity detection in Count unit resulted
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Figure 3. Comparison of backscatter values in line 1
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Figure 4. Comparison of backscatter values between beams in line 2
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from the four beams of ADCP and comparison this echo for each beam from the ADCP
transducer. Finally, the average signal of each beam was combined to further process of
echo intensity to measure suspended sediment concentration.

The screening of data was performed on ADCP data recorded in each beam. A beam
to beam comparison of the echo intensity value was conducted for all four ADCP beams.
Figures 3 and 4 show the scatterplot of echo intensity (blue dot colour) for each beam
and for combined ADCP beam (red dot colour). Echo intensity data were recorded in
beam coordinated and the data quality were retained for ensemble of each beam. The
applications of the comparison ADCP beams is to provide careful application of the
instrument calibration and particular attention to the measurement of echo intensity of the
beam-by-beam.

Figure 5 shows the curve of echo intensity against suspended sediment calibration
obtained from ADCP with a high correlation coefficient () of 0.96 in Equation 12. Figure
6 shows the SSC estimated by ADCP compare to direct measurement of SSC using
gravimetric analysis with » = 0.98 in Equation 13. Figure 7 shows the high relationship
between turbidity (NTU) and SSC (mg/L) with » = 0.91 in Equation 14:

10 log 1o (SSC) = 0.2843 EI (dB) - 46.66 (12)
SSC est — 10 1.0607 RB —2.32 (13)
SSC = 1.8395 Turbidity **' (14)

The results of the conversion of counts into relative backscatter (relative dB) in line 1
are presented in Figures 8 and 9. Conversions were carried out by a scale factor of 0.43
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Figure 5. Echo intensity against direct sample of suspended sediment concentration (SSC)
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Figure 6. Validation of the estimated SSC using ADCP and measured SSC using gravimetric analysis

SSC (mglL)

90

80

70

60

50

40

30

20

20

40
Turbidity (NTU)

60 80

Figure 7. Suspended sediment calibration for a turbidity probe

for every 1 count. The intensity value (in count) ranged from 80 to 180 in line 1 where
the high value was at the surface while the low value was near the bottom of the water.
The intensity value in line 2 ranged from 60 in deep waters to 180 counts on the surface.
Overall, the backscatter pattern in lines 1 and 2 had similarities, in the surface layer to a
depth of 10 m was the layer with the highest intensity and the intensity decreased with

increasing depth.

372

Pertanika J. Sci. & Technol. 29 (1): 363 - 385 (2021)



Suspended Sediment using Acoustic Doppler Current Profiler

180
CURIET o A T T AT T T " T
10 | | | 160
140
E 120
=
g
e 100
80
60
3550 3600 3650 3700 3750 3800 3850 3900 3950 Intensity (count)
Ensemble Number
(a)
T | I T T ” I T T ] T I T T &
TR LRI AR TR T AR T T A T 7 TN
70
60
€
E)' 50
40
30
3550 3600 3650 3700 3750 3800 3850 3900 3950 Intensity (dB relatif)
Ensemble Number

(b)

Figure 8. Example of the results of conversion of backscatter values in units of count (a) to relative dB units

(b) using a scale factor of 0.43 in line 1
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Figure 9. Example of the results of the conversion of backscatter values in units of count (a) into relative dB

units (b) using a scale factor of 0.43 in line 2
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The vertical profile of SSC in lines 1 and 2 of Tidung Island waters was obtained
after the backscatter value (relative dB) (Figures 8 and 9) was changed to SSC (mg / L)
concentration using Equation 10. The SSC concentration for each beam and the average
on line 2 are presented in Figure 10 for line 1 and Figure 11 for line 2.

High SSC (> 55 mg / L) were in the surface layer to a depth of 12 m. At a depth of 15
m to the bottom of the water the SSC ranged from 40 mg /L to 50 mg/ L. The area to the
west (left) had a lower concentration than the east at the same depth.

In contrast to line 1, SSC on line 2 showed a variation between high, moderate, and
low SSC. This is because the depth of the water on line 2 was quite deep (more than 50
m, but because the detection distance was only set to a maximum at a depth of 50 m, so
that the bottom of the water was not detected). High concentrations (55 mg / L to 80 mg /
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Figure 10. Distribution of SSC (mg / L) on each beam and the average in line 1.
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Figure 11. Distribution of SSC (mg / L) on each beam and the average in line 2

L) were found in the surface layer to a depth of 12 m, while moderate concentrations (55
mg /L to 45 mg/ L) were at a depth of 12 m to a depth of 32 m, then low concentrations
(<45 mg/ L) at depths greater than 40 m. Near the sea bottom, the SSC had a wave-like
contour. On the surface, the SSC in the western part was higher than the eastern part,
contrasting with the SSC near the sea bottom where high concentrations were in the east.
This indicates that there are different factors that affect the concentration of SSC on the
surface and in deeper waters. The existence of suspended sediment in the surface bottom
is coarse sediment. This is supported by the result of previous research (Li et al., 2005).
In general, the concentration of SSC on lines 1 and 2 had the same pattern where high
concentrations were on the surface. This result is contrary to the results of the previous
study in the Lembeh Strait which showed high concentration was located near the bottom of
the water (Dwinovantyo et al., 2017). This is probably due to differences in oceanographic
conditions in both waters. In addition, the concentration of SSC on line 2 (south of Tidung
Island) was higher than that of line 1 (north of Tidung Island). This could be seen from
the SSC of the surface layer to a depth of 10 m. This is probably because in the southern
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part there is more have an anthropogenic activity because there are main ports and the
construction of physical buildings. In addition, the southern part is also closer to Jakarta
Bay which has a higher turbidity.

From this result, we had succeeded in converting echo intensity to suspended sediment
concentration and validated its results with in sifu measurement by using gravimetric
method and turbidity sensor. By using Rayleigh scattering theory (Thorne et al., 1991),
we estimated the particle size of detected suspended sediment was less than 1600 um.

Relationship between SSC and Ocean Current

Extracting ADCP data resulted in the component of water current velocity and direction. The
component data of the current velocity in the direction of x (u) and the velocity component
in the direction y (v) are further processed to obtain the magnitude and direction of the
current. The current magnitude is calculated by Equation 15 (Urick, 1996):

V =vVu?+v? (15)
while the direction of the north direction as 0° is calculated through Equation 16:
Direction (°) = 270° — a tan? (v,u) (16)

where:

arctan

e
Sl
~

if u>0;

arctan +m ifu<Oand v=0;

—~
gls
—

v
atan2 (v, u) = ¢ arctan (E) - ifu<Oand v<0;
i
t3 if u=0andv> 0;
I
) ifu=0and v <0;
undefined ifu=0and v=10

with 7 stand for 180°.

Because the current velocity and the concentration of suspended solids vary with depth,
a correlation is performed for the average current data and suspended solids concentration
(SSC) for all pinged data depths. The current relationship with SSC is expressed by Pearson
linear correlation formulated as Equation 17:
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r= Y (X=X - }7)_ (17)
T (xi-X)25 (vi-V)?}
where X = Y1 = and y=3nr Y ; n is the amount of data per depth, X is the current

speed while Y is the SSC Value.

A strong relationship if the value of r approaches 1 or -1, with a negative sign (-) stating
the relationship between X and Y is the opposite. Correlations were also made for each
individual ping on both lines.

Vertical distribution of suspended solids (SSC), velocity and direction of flow were
shown in Figure 12. The current velocity on line 1 ranged between 0 and 0.9 m / s, but
the dominant speed was 0.2 to 0.4 m / s (blue to light blue). Figure 12 also shows the
current velocity variation as well as SSC variation. High speed on the surface to a depth
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Figure 12. (a) Distribution of SSC; (b) current velocity; and (c) current direction on line 1
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of 10 m while low speeds were near the bottom of the water. This is because one of the
driving factors was the wind so that near the surface the influence of the wind in moving
sea water was very large. The direction of the flow tended to be uniform on line 1 which
was towards the east. This indicates that the current driving factor on the surface to the
bottom is the same. These results are in good agreement with previous research (Gartner,
2004; Park & Lee, 2016).

The value of SSC in the eastern region had a higher value than the western region at
the same depth. This is most likely caused by currents. The current direction was dominant
to the east (Figure 13). This caused suspended solids to be carried eastward.

The value of current velocity on line 2 (which is in the south) was far greater than that
of line 1(which was in the north). This can be seen from the red color (the value of the
high current velocity, > 0.6 m / s) on Figure 13 on line 2 which dominates more. On line
2 there was also a stratification of the current velocity. The highest ocean current velocity
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Figure 13. (a) Flow velocity distribution; (b) current direction; and (c) suspended sediment concentration
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Figure 14. Current roses at: (a) 2.71 m; (b) 14.71 m; and (c) 28.71 m on line 1

value was at a depth of 10 m, the deeper, the lower the current speed. The direction of the
dominant current on line 2 was also almost the same as line 1 which was eastward.

To see more clearly how the velocity and direction of the distribution were made
current rose for both trajectories in three layers of depth were 2.71 m depth, 14.71 m and
28.71 m each of which represented the surface conditions, the middle layer and the deeper
layers (Figures 14 and 15).

At a depth of 2.71 m, the dominant current direction went east with a speed of less
than 0.6 m / s (Figure 14). The dominant speed at this depth was 0.2 to 0.4 m /s, while the
frequency of speeds of 0.4 to 0.6 m / s was very small. At a depth of 14.71 m, the current
speed was higher than at a depth of 2.71 m, where the speed of 0.4 to 0.6 m / s was high,
even at this depth there was a current speed of 0.6 to 0.8 m / s. The direction of flow at
a depth of 14.71 m was more varied with the direction from east to southeast. At a depth
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Figure 15. Current roses at: (a) 2.71 m; (b) 14.71 m; and (c) 28.71 m on line 2

of 28.71 m, the current direction was almost the same as the depth of 14.71 m, but the
speed was lower, and was dominated at speeds of 0.4 to 0.6 m / s. This pattern is due to
the surface and near the bottom, the current will have a friction which will inhibit the flow
of current. The SSC distribution was influenced by tidal current and this research was in
good agreement with other researchers (Li et al., 2015).

The ocean current pattern on line 2 was similar to line 1, which was a low current
velocity at a depth of 2.71 m and a maximum at a depth of 14.71 m. The current velocity
on line 2 was higher for each layer compared to line 1. While the direction of the current
was almost the same between line 16 and trajectory which was east to southeast (Figure 15).

The relationship between ocean current and SSC values is shown in Figure 16. This
relationship is expressed by Pearson’s correlation coefficient. Correlation was performed
on the average data of current velocity and SSC.
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Figure 16. Relationship between current velocity with the concentration of suspended solids on: (a) line 1;
and (b) line 2
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The average current velocity of each depth with the SSC value of each depth on lines
1 and 2 had a very high linear correlation of 0.97 for lines 1 (Figure 16a) and 0.99 for line
2 (Figure 16b). Based on Figure 16, the SSC value was high in a fast ocean current. This
is related to the settling velocity of suspended particles which is influenced by the velocity
of the fluid and the grain size of the particles. In small currents, suspended solids will
settle faster so that the concentration in the water column will decrease. Conversely, if the
velocity is high, suspended solids will continue to float carried by the current in the water
column so that the concentration is high. This is confirmed from the vertical SSC profile and
current. The effect of onshore SSC increased on the tidal pumping of sediment. This is also
found by previous researchers (Wall et al., 2006; Yu et al., 2012). The highest SSC value
on both lines was at a depth of 5 to 15 m, corresponding to the maximum current velocity
value at that depth. In addition, the higher SSC value on the line 2 compared to the line 1
also confirms that it corresponds to the higher current velocity on line 2 higher than the
line 2. This indicates that there is a difference in the transport mechanism or the size of the
dissolved particles between the two lines. This research result is in agreement to previous
research (Chen et al., 2006; Jiang et al., 2007; Moore et al., 2012; Rai & Kumar, 2015).
They stated that ocean hydrodynamics and biological processes affected the distribution
of suspended sediment. Sediment transport in coastal water is important because of the
impact it has on water quality, turbidity, marine habitats (Tessier et al., 2008; Thorne et al.,
2014). In the next research we suggest to measure the attenuation of suspended sediment
for computing sonar equation to gain the SSC. We had effectively used a new technology
using ADCP because it is recognized as having the capability of measuring suspended
sediment with high spatial-temporal resolution and ocean current simultaneously.

CONCLUSION

Acoustic Doppler Current Profiler (ADCP) had been used to quantify the concentration
of suspended sediments. The estimated SSC from the acoustic technique showed a high
correlation coefficient of 0.98 with in situ measurement using gravimetric method. In
general, the distribution of SSC for line 1 and line 2 for all ADCP beams had the same
pattern where high SSC occurred at the sea surface.

ADCP measurements reliably assess SSC from the water column until the seabed.
Sonar equation theory confirms the empirical calibration. By using Rayleigh scattering
theory for 300 kHz frequency, the particle size of suspended sediment of less than 1600
um was predicted.

The ocean hydrodynamic condition such as ocean current is the key factor responsible
for SSC distribution in the study area.
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