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Submergible digital holographic camera can measure the in situ size and shape
of suspended particles, such as complex flocs and biological organisms, without
disturbance. As the number of particles in the water column increases, overlapping
concentric rings (interference patterns) can contaminate the holographic images. Using
light intensity (LI), this study proposes a practical method to assess the degree
of contamination and screen out contaminated images. The outcomes from image
processing support that LI normalized on a gray scale of 0 (black) to 255 (white) can
be a reliable criterion for defining the contamination boundary. Results found that as LI
increased, the shape of the particle size distribution shifted from a positively skewed to
a normal distribution. When LI was lower than approximately 80, owing to the distortion
of particle properties, the settling velocities derived from the contaminated holograms
with mosaic patterns were underestimated compared to those from the uncontaminated
holograms. The proposed method can contribute to a more accurate estimation of the
transport and behavior of cohesive sediments in shallow estuarine environments.

Keywords: hologram, floc, light intensity, contamination, interference

INTRODUCTION

Digital holography is an imaging method that records holograms using a charge-coupled device
(CCD) camera. The reconstruction of such images is numerically performed using digitized
interferograms (Mills and Yamaguchi, 2005). Since the introduction of holography into the
scientific community in the 1940s (Gabor, 1948), it has become an indispensable technique used
in various fields of fluid mechanics, metrology, and medical imaging (Nayak et al., 2021). Because
holography is a proven method that enables the provision of a solution to the limitations of the
focal plane, the marine science community has recently adopted it to collect information on the
three-dimensional properties of particulate matter (e.g., sediment and plankton) suspended in a
water column (e.g., Graham and Nimmo-Smith, 2010; Choi et al., 2018; Nayak et al., 2019; Giering
et al., 2020).

The application of holographic techniques to cohesive sediments distributed in coastal
environments has been somewhat limited. It is because the high concentration of fine-grained
suspended particles greatly reduces the optical transmittance within the water column (Sun et al.,
2002). For instance, flocculated cohesive sediments are readily settled and deposited on the bed
during slack tides, and then resuspended into the overlying layer during tidal acceleration periods.
Such cyclic behaviors form a high-concentration (greater than hundreds of mg l−1) near-bed layer,
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which makes it hard to meet the optical transmittance required
to acquire the proper hologram and conduct post-processing
for image analysis. To overcome this technical problem,
several studies have developed a post-processing procedure for
background correction and modified segmentation sequences,
and suggested the maximum theoretical suspended sediment
concentration (SSC) for measurable operation (e.g., Sequoia,
2014; Giering et al., 2020). However, the threshold for capturing
proper hologram varies with the local bed properties because the
SSC greatly depends on the size and shape of particles (Davies-
Colley et al., 2014; Merten et al., 2014), causing difficulties in the
accurate detection of complex cohesive sediments.

Owing to the aforementioned technical issues, there is a need
to define a widely applicable criterion to assess the degree of
contamination and then screen out the contaminated images.
Therefore, the main objectives of this study were to: (1) identify
a criterion to screen contaminated holograms and (2) evaluate
the associated practical method in the view of behaviors (e.g.,
settling) of flocs in cohesive sediment dynamics.

MATERIALS AND METHODS

Study Sites and Data Collection
Two study sites representing a tide-dominated estuarine system
were selected on the west coast of Korea (Figure 1A): Ganghwa

Tidal Flat (GTF) and Geum River Estuary (GRE). In both
sites, the bed sediments predominantly consist of fine-grained
sediments (clay and silt) supplied from the river. Under a
hypertidal regime with a tidal range of up to 10.2 m, the
suspended sediments in the water column are repetitively
resuspended and settled by tidal currents. Such a dynamic
condition is optimal for investigating in situ holograms of fine-
grained particles.

The GTF lies in the estuary of the Han River (Figure 1B).
The total surface area of the tidal flats is 302.4 km2, and its
southern part contains 86% of them extending up to 6 km from
the coastline (Woo and Je, 2002). Within the GTF, the mixed
(sand and mud) flat is widely distributed, and median particle
size (d50) was approximately 17.5 µm, which was measured by
a particle-sizing instrument (Malvern, Mastersizer 2000S) in a
dispersed state (Table 1). The imaging data were obtained using
a submergible digital holographic camera (LISST-Holo, Sequoia
Inc.). By installing a path reduction module, the optical path
length was reduced from 50 to 10 mm to extend the upper limit
of the measurable SSC. The LISST-Holo attached to a H-frame
system was deployed at 0.15 m above the bed in the upper tidal
flat during October 12–20, 2019. For the analysis, two typical tidal
cycles (October 12 and 16) were chosen based on the SSC varying
from 53 to 221 mg l−1.

The GRE is a 396-km-long drowned river valley with the
watershed area of 9,836 km2 (Figure 1C; Kim et al., 2006;

FIGURE 1 | (A) Satellite image showing the study area in Korean Peninsula: (B) Ganghwa tidal flat (GTF) and (C) Geum river estuary (GRE). Sampling stations are
marked by the yellow circle in panel (B) and the cyan triangle in panel (C). All satellite images were downloaded from https://map.kakao.com/.
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TABLE 1 | Summary on hydrodynamics and sediment properties for Ganghwa
Tidal Flat (GTF) and Geum River Estuary (GRE).

GTF GRE

Median particle size (µm) 17.5 30.7

Mean current velocity (m s−1) 0.02 0.5

SSC ranges (mg l−1) 53–221 1.9–45.3

Number of holograms used 2,224 776

Figueroa et al., 2019). In the GRE, the sediment was sandy-silt and
d50 was 14–58 µm (Ministry of Oceans and Fisheries, 2019). The
mean current velocity reached approximately 0.5 m s−1 during
the spring tide (Figueroa et al., 2020). The optical backscattering
sensor and LISST-Holo were profiled at intervals of 30 min for
12 h on September 2, 2016, to collect the particle information.
With cyclic tidal phases, the SSC in the water column varied in
the range of 2–45.3 mg l−1.

The laboratory water tank experiments have been conducted
to convince the in situ results. We used a suspension of known
particle size and shape with varying concentration. Details on
laboratory experiments are given in Supplementary Figures 1–3.

LISST-Holo
The LISST-Holo is a device designed to measure the properties
(e.g., size, number, shape, and volume concentration) of
suspended particles (Sequoia, 2014). This device is capable of

capturing in situ size (20–2,000 µm) and shape for suspended
particles such as complex aggregates and biological organisms
(Graham and Nimmo-Smith, 2010; Graham et al., 2012). To
visualize the holograms generated from LISST-Holo, several
parameters such as exposure, shutter, brightness, gain, and laser
power should be balanced. In this study, each parameter was
set as the default value suggested by Sequoia Inc. A detailed
description of the settings is provided next. The exposure and
shutter indicate the amount of light per unit area reaching
the surface of the electronic image sensor and of the passed
light for a determined period, respectively. Thus, the observed
holograms could be contaminated depending on the exposure
values modulated by the shutter speed and lens aperture (Sequoia,
2014). In a condition where the suspended particles are freely
transported in the water column, the longer the shutter time, the
blurrier the hologram. This is because a few microseconds are
required to capture the hologram image. If suspended particles
move more than half a pixel during that time, the captured image
includes the trajectories of the particles, resulting in a blurry
hologram. Sequoia (2014) recommended that the current velocity
should be lower than 0.5 m s−1 with a camera shutter of 30 ms
and a pixel of 4.4 µm. The brightness is an attribute of visual
perception in which a source appears to be radiating or reflecting
light. The gain is a process of increasing the optical power by
transferring the medium’s energy to the emitted electromagnetic
radiation to obtain an appropriate intensity of the hologram.
Adding more voltage to the pixels in CCD causes the pixels to

FIGURE 2 | Conceptual flow chart for hologram image analysis (modified after Many et al., 2019). Light intensity (LI) normalized on a gray scale of 0 (black) to 255
(white) can be a reliable criterion for defining the contamination boundary. The holograms follow sequential steps to generate the Euclidean geometry of particles
such as axis length, perimeter, area, and equivalent circular diameter (ECD).
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amplify the intensity, and thus brighten the hologram image.
Higher-voltage pixels can also determine the light reflection
and intensity of acquired images in the ranges of 0–255 (for
brightness) and 56–739 (for gain) but cannot determine the
brightness when measuring the image.

These parameters are balanced to best capture clear images,
and the properties of suspended particles on the hologram are
saved in the format of a portable gray map (file extension name:
PGM). The interference patterns of the particles are displayed as
concentric rings in a rectangular image (1,600 × 1,200 pixels)
with a gray scale from 0 (black) to 255 (white). The concentric
rings contain information about the phase and amplitude of
the diffracted wave, representing characteristics such as size
and position of suspended particles, so that their shapes and
intensities are all different (Graham and Nimmo-Smith, 2010;
Katz and Sheng, 2010; Davies et al., 2015). The intensities of them
decrease (dark) or increase (bright), depending on the size, shape,
and distance from the CCD of suspended particles within the
sample volume. Each concentric ring with several fringes on the
hologram generally had a peak of intensity at the center, and the
intensity decayed with distance from the center of the concentric
ring (Katz and Sheng, 2010). The light intensity (LI) refers to
the average of all intensities in a hologram, which represents the
degree of darkness or brightness of the hologram.

The hologram analysis followed the workflow from data
collection to the extraction of particle properties (Figure 2).
A digital hologram was created on a 7 mm × 5 mm-
sized CCD by a collimated beam (659-nm solid state diode
laser) being scattered when passed through a water sample
with particles. The interference between the collimated and
scattered lasers is usually visually represented as a pattern of
concentric rings on the hologram. Such patterns with different
fringe spacings contain unique information of the phase and
amplitude to deduce the size and position of suspended particles
(Graham and Nimmo-Smith, 2010). The interference patterns
on the hologram were reconstructed using Holo Batch R© software
(Sequoia Inc.) (Owen and Zozulya, 2000; Graham and Nimmo-
Smith, 2010; Choi et al., 2018; Giering et al., 2020). The
noise and stationary particles on the image were removed
by reapplying the collimated beam to the hologram. This
creates a virtual image of the object positions behind the

hologram (Graham and Nimmo-Smith, 2010). Segmentation was
then applied to derive the particle parameters of interest. The
particles located within a three-dimensional volume along the
path length (typically 3–50 mm, 10 mm in this study) are
shown as in-focus monochrome (binary) images with a high
pixel resolution (1 pixel = 4.4 µm × 4.4 µm). Using image
analysis, Euclidian and fractal geometry parameters for each
binarized particle were determined as follows: perimeter (P),
area (A), major (a), and minor (b) axis lengths (Olson, 2011;
Choi et al., 2018; Many et al., 2019), where P is the total length
surrounding the projected particle area, A is the extent converted
from pixels occupied by the projected two-dimensional area of
the particle, a is the axis passing through the center of the particle
corresponding to the minimum rotational energy of the shape,
and b is the perpendicular axis to a (Olson, 2011).

RESULTS AND DISCUSSION

Light Intensity as a Practical Criterion
In image processing for extracting particle properties, the
evaluation of whether a hologram is contaminated is relatively
subjective; further, the definition of the criterion for determining
the contamination is not clear. This is because hologram
contamination is primarily related to out-of-range SSC (i.e.,
SSC lower than the lower limit or higher than the upper limit
of the instrument) during LISST-Holo measurements (Zhao
et al., 2018). A critical SSC that generates mosaic patterns on a
hologram depends on the particle size and beam attenuation with
path length, as follows (Agrawal et al., 2008):

c = − ln t/L (1)

SSC = c × d50/1.13 (2)

where c is the beam attenuation coefficient (m−1), t is the
optical transmission (0.8), and L is the path length (m). The
maximum SSC, in which the LISST-Holo captures a hologram
with identifiable concentric rings, has a wide range from 8 to
16,456 mg l−1 (Table 2; Sequoia, 2014). Because finer particles
increase the beam scattering, the measurable range of SSC greatly

TABLE 2 | Maximum theoretical suspended sediment concentration (SSC) as a function of particle size and sample path length (L) of LISST-Holo.

Median particle diameter Wentworth grades *Maximum theoretical SSC (mg l−1)

µm phi L = 50 L = 25 L = 10 L = 5 L = 3

2 9 Clay 8 15 39 77 128

3.9 8 Very Fine Silt 15 31 77 154 257

7.8 7 Fine Silt 31 62 154 308 513

15.6 6 Medium Silt 62 123 308 616 1,027

31.3 5 Coarse Silt 123 247 617 1,234 2,057

62.5 4 Very Fine Sand 247 494 1,234 2,468 4,114

125 3 Fine Sand 494 987 2,468 4,937 8,228

250 2 Medium Sand 987 1,975 4,937 9,874 16,456

*Calculated by Eqs 1 and 2.
The gray-shaded column indicates L used for this study.
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FIGURE 3 | Variations in median particle size (d50) by (A) suspended sediment concentration (SSC) and (B) light intensity (LI).

decreases according to the reduced optical transmission (Agrawal
et al., 2008). For the GTF and GRE, the identification of the
concentric rings on the hologram distinctly varied depending
on the SSC variability. Because the d50’s of bed sediments at
both sites were 17.5 (medium silt) and 30.7 µm (coarse silt),
respectively, and L was fixed at 10 mm (see the shaded column
in Table 2), the theoretical SSCs that the LISST-Holo would be
able to measure were 308 and 617 mg l−1 for GTF and GRE,
respectively (Table 2). Both theoretical values were high enough
to cover in situ SSCs measured at GTF (53–221 mg l−1) and GRE
(2–45.3 mg l−1) without any hologram contamination.

The LISST-Holo detected different sized particles ranging
from 19.7 to 261.8 µm in GTF and GRE (Figure 3A).
However, the distributions of d50 decreased logarithmically as
SSC increased. The d50 eventually converged to approximately
30 µm above a specific SSC (GTF: 150 mg l−1; GRE 30 mg l−1).
This made it appear as if only suspended sediments of uniform
particle size existed in high-SSC conditions (see Supplementary
Figure 1 for laboratory results). Even though the SSCs for GTF
and GRE did not exceed the maximum theoretical SSC (Table 2),
the holograms at SSCs above 69.9 (GTF) and 14.3 mg l−1

(GRE) already included the mosaic patterns not suitable for
image processing (see the holograms in Figure 2). This suggests
that the actual upper limit of SSC may have differed from the
maximum theoretical SSC because of the various local sediment
properties (e.g., particle shape and composition) (Andrews et al.,
2010; Graham et al., 2012). Such contradictory results between
theoretical and actual conditions made it difficult to distinguish
whether the hologram was contaminated. On the other hands,
the LIs were similarly modulated in the range of 40–100, despite
the difference in SSCs between GTF and GRE (Figure 3B). As
the LI decreased (i.e., SSC increased), the d50 for GTF and

GRE also decreased to converge toward approximately 30 µm
(see Supplementary Figure 1 for laboratory results). Unlike
the maximum theoretical SSC that depends on local sediment
characteristics, the LI allowed quantitative comparison of the
overlapping degree of the concentric rings. The LI represents
how intense (or dark) the gray shade of concentric rings is
on a gray scale (Nakadate, 1986). Whether the hologram is
contaminated is determined by the distinguishability of its
interference patterns (concentric rings). In low-SSC conditions,
for instance, concentric rings separated by certain distance from
others can be identified. As the SSC increased, the overlap of
bright and dark areas between the concentric rings limited the
separation of the individual rings. This turned the hologram into
a dark mosaic plane, which was a hindrance to detect particles
with high accuracy (Murata and Yasuda, 2000).

Particle Properties Distorted by
Contaminated Holograms
Many concentric rings with different fringe spacings were
produced on the holograms at the GTF and GRE. Following
the procedure presented in Figure 2, each hologram including
spatially incoherent particles within a sample volume was
reconstructed at in-focused planes with an interval of 0.5 mm.
The montage of the particles from the planes was visualized in
the reconstructed image (file extension name: tiff) (Figure 4).
For the GTF and GRE, the number of particles counted in the
reconstructed images was in the range of 0–1,800 (Figure 5).
In uncontaminated holograms with LI > 80, particles of less
than 1,000 were reconstructed. As the LI decreased from 80 to
70, however, the number of particles with small A of 199.4–
386.7 µm2 abruptly increased, as shown in Figure 4. Their
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FIGURE 4 | Representative holograms (left) and montages of reconstructed
images (right) with different LIs. Cyan crosses on the hologram denote the
centroids of particle area. Black bounding boxes on the reconstructed images
exhibit the smallest area containing individual particles. Based on the LI, the
holograms can be classified into uncontaminated [concentric rings, (A,B)] and
contaminated [mosaic patterns, (C–F)].

number, consequently, had reached up to 1,800 at LI = 70
with increasing SSCs to 191.7 (GTF) and 45.3 mg l−1 (GRE).
While LI decreased from 70 to 40, the number of particles
approached nearly zero, even though the SSCs still increased.
Considering the mosaic pattern on holograms with LI < 80
(Figures 4C–F), an abnormally large number of particles was
derived from contamination. This is because the excessive
number of suspended particles in the sample volume caused the
concentric rings to overlap with each other (Brunnhofer et al.,
2020). Therefore, the possibility of false extraction of particle
properties on the reconstructed image was enhanced, resulting
in increasing the number of small particles.

FIGURE 5 | Changes in the number of particles under the various LI
conditions.

For GTF and GRE, the particle size distribution (PSD)
extracted from the contaminated hologram (LI < 80) had a
positive skewness with d50 of 30 µm (Figures 6A,B). The silt-
sized particles lower than 64 µm accounted for approximately
96% (GTF) and 93% (GRE). As LI increased, the shape of
the PSD shifted from a positively skewed (d50 = 30 µm) to
a normal distribution (d50 = 56 µm). When LI was higher
than 80, for GTF and GRE, the population of particles less
than 64 µm decreased to account for approximately 61% and
46%, respectively, and the d50 increased to 48.2 and 63.3 µm,
respectively (see Supplementary Figure 2 for laboratory results).
Moreover, the particle shapes (e.g., A and P) visualized in the
reconstructed image were distorted (Figure 6C). Such particle
shapes are usually represented as a combination of monochrome
pixels in the reconstructed image. Furthermore, it was found
that fine particles developed into irregularly shaped particles
through flocculation. The cross-section of the particles had
an uneven arrangement of pixels within A in the range of
279–1,305.1 µm2. Depending on the local properties of bed
sediments, the P of GRE was approximately 1.47 times higher
than that of GTF in the equivalent particle area, because of
the elongated or irregular shape by more flocculation. The A
at GTF and GRE was greatly reduced to 423.2 and 400.8 µm2,
respectively, owing to the generation of 30 µm-sized distorted
particles as the LI decreased. Meanwhile, P was slightly higher
(approximately 10 µm) compared to the particles of equivalent
A on uncontaminated holograms, leading to an increase in
particle irregularity.

Implications for Cohesive Sediment
Transport
Contaminated holograms with distorted properties should be
screened to derive accurate particle properties. In general, the
three-dimensional structures of flocs expressed as a shape factor
(e.g., A and P) of particles are irregular because of the repetitive
flocculation and breakage (Jarvis et al., 2005; Maggi, 2013). In
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FIGURE 6 | Particle size distribution (PSD) at (A) GTF (circles) and (B) GRE (triangles) under various LI conditions. (C) Relationship between perimeter and area of
particles. Note that the PSD shifted from the positively skewed to normal distribution (blue shaded area for LI: 80–90), as the LI increased. The particles with smaller
area and longer perimeters were mostly measured from the contaminated holograms.

FIGURE 7 | (A) Perimeter-based fractal dimension (DFp) and (B) settling velocity (Ws) determined by the particle size. Note that the Ws derived from the
contaminated holograms was lower than that from the uncontaminated.

sediment dynamics, the shape factor is essential to determine
the irregularity and settling velocity (Ws) of particles using the
following equations (Maggi, 2007):

DFp = 2
log(P)

log(A)
(3)

DF3D = −1.63DFp + 4.6 (4)

Ws =
a

18b

(
ρp − ρw

)
g

µ
d3−DF3D
p

dDF3D − 1
f

1+ 0.15R0.687 (5)

where the perimeter-based fractal dimension (DFp), modulated
in the range of 1 (sphericity) to 2 (irregularity), is derived based
on the relationship between A and P of individual flocs under
the assumption of A = P2/DFp (Maggi and Winterwerp, 2004). In
Eq. 4, three-dimensional fractal dimension (DF3D) is calculated
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in the range of 1.34 (irregularity) to 2.97 (sphericity) according
to the DFp (Lee and Kramer, 2004; Many et al., 2019). The ratio
of a and b indicates the eccentricity of particles, ρp denotes the
density of the primary particle (2,650 kg m−3), µ is the dynamic
viscosity of seawater (1.08 × 10−3 Pa s), g is the gravitational
acceleration (9.81 m s−2), dp is the primary particle diameter
(1 µm), df is the floc diameter (µm), and R is the floc Reynolds
number [R = Ws × df /ν, where ν is the kinematic viscosity of
seawater (1.05× 10−6 m−2 s−1)] (Winterwerp, 1998).

The DFp was distributed in the range of 1.28–1.41 (GTF)
and 1.45–1.54 (GRE) (Figure 7A). As the particle size and
LI decreased, DFp gradually increased. The DFp derived
from contaminated holograms was overestimated by up to
2% compared to that from uncontaminated holograms (see
Supplementary Figure 3 for laboratory results). Because the
irregular shape of flocs resulted from flocculation, the distorted
particles appeared to be highly flocculated compared to normal
particles. This can be further extended to the subsequent
determination of Ws which is essential to predict settling flux
of fine sediments (Figure 7B). The irregularity of the floc shape
normally contributes to the drag force on the flow through the
suspended particles (Dietrich, 1982; Vahedi and Gorczyca, 2011;
Maggi, 2013). Compared to flocs with circular shapes, flocs with
irregular shapes have a lower Ws (Droppo et al., 2005). As the
distortion of floc size and shape for GTF and GRE was enhanced,
Ws decreased by approximately 0.01–0.04 mm s−1 (Figure 7B;
see the Supplementary Figure 3 for laboratory results). This
was an underestimation of Ws since the increase of SSC as
a concomitant of the strong current velocities contaminated
holograms. However, it could be misunderstood as the flocs being
broken into smaller flocs or primary particles with lower Ws
by the strong current velocities (Winterwerp et al., 2006). The
contaminated holograms, therefore, should be properly screened
using our proposed method to prevent confusion.

Limitations
The practical method proposed in this study can be applied before
performing image processing in the workflow (see Figure 2).
This work reduces the labor and time required to determine
whether a hologram is contaminated. Using LI, nonetheless, itself
has inherent uncertainties. The LI could increase, for example,
if suspended particles within the sample volume move faster
than the recommended speed (up to 0.5 m s−1) (Sequoia, 2014).
Assuming that the particle moving velocity is close to the current
velocity, a drastic increase in current velocity caused by natural
forcing or artificial disturbances would lead to concentric rings of
particles to be stretched. Such rings would appear as long bright
lines along the trajectory of the particles, which could eventually
increase the LI of the hologram.

The LI screening method is optimized for a high-SSC
environment where frequent resuspension of cohesive sediments
is observed. In offshore areas (e.g., Ha et al., 2015; Many
et al., 2019), where the sediment supply is significantly limited,
the possibility of hologram contamination caused by the
overlapping concentric rings would be considerably low. In this
case, the criterion of LI to screen the contamination might

be higher than that proposed in this study. Therefore, the
screening method requires additional post-processing (filtering
and segmentation) suitable for each environment to extract the
accurate particle information.

CONCLUSION

A practical method was proposed to screen holograms
contaminated by overlapping interference patterns. The
distorted particle properties of contaminated holograms were
quantitatively estimated. The conclusions drawn from this study
can be summarized as follows.

(1) The LI, which can be normalized on a gray scale of 0
(black) to 255 (white), is a reliable criterion for determining
the contamination of holograms on the basis of the
overlapping degree of concentric rings.

(2) Based on LI as a contamination boundary, the holograms
were classified into contaminated images (LI < ca. 80) with
mosaic patterns and uncontaminated images (LI > ca. 80)
with identifiable concentric rings.

(3) The shape of the PSD shifted from a positively skewed
to a normal distribution as the LI increased from the
contaminated to uncontaminated holograms.

(4) Owing to the distortion of particle properties, the settling
velocities derived from the contaminated holograms with
mosaic patterns were underestimated compared to those
derived from the uncontaminated holograms. Therefore,
by screening the contamination, the proposed method can
contribute to a more accurate estimation of the transport
and behavior of cohesive sediments in shallow estuarine
environments.
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